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Preface

Our understanding of the immunological mechanisms of rejection has
greatly improved over the past 10 years. Much of this is the result of technical
innovations in the laboratory, resulting in more detailed analysis of experimen-
tal graft rejection and better ways of detecting and monitoring the patients’
immune response to the allografted organ. Transplantation Immunology:
Methods and Protocols focuses, in the main, on practical methods of detecting
the immune response to the allografted organ. The first six chapters are,
however, more theoretical. They provide an update on current practices of
renal, liver, islet, and lung transplantation, and pathways of antigen presenta-
tion and chronic rejection. A possible novel therapy of transplant rejection
involves the overexpression of molecules of interest in donor or recipient
tissues, the issues of the best vectors, whether viral or nonviral is reviewed in
Chapters 8 and 9. Methods of HLA typing and methods of detecting HLA
antibodies have considerably changed in recent years and current methods are
described in two chapters. More specialized methods, generally confined to
research labs at present, such as proteomics, laser dissection microscopy, and
real-time polymerase chain reaction, are described. Whereas monitoring the
antibody response to transplantation has been performed by many laboratories
in the past, monitoring the T-cell response is still laborious and hence the
province of very specialized laboratories. The traditional method, quantitative
limiting dilution analysis, is described and compared with new techniques. The
area of tolerance induction and reprogramming of the immune system is
covered in Chapter 11, and current practices of organ preservation and
immunosuppressive drugs (Chapters 15 and 16) are also included. Finally,
chronic rejection has been difficult to mimic in experimental models, all
models are limited, and this subject is updated in the final chapter.

Transplantation Immunology: Methods and Protocols is intended for
clinicians and scientists interested in the practice of solid organ transplanta-
tion. The chapters all give broad overviews and as such will be suitable for
relative newcomers to the field. For those already familiar or expert in certain
laboratory methods, we hope they find the chapters about the newer techniques
of interest and value.

Philip Hornick
Marlene Rose
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Current Status of Renal Transplantation

Christopher ). Callaghan and J. Andrew Bradley

Summary

Renal transplantation is the best treatment for most patients with end-stage renal fail-
ure. It markedly improves quality of life and in some cases increases life expectancy.
Advances in immunosuppression and other areas of practice have led to an incremental
improvement in outcome; 1- and 5-yr graft survival after cadaveric renal transplantation
is now around 90 and 70%, respectively. This success has led to increased demand for
transplantation that cannot be met by cadaveric heart-beating donors, numbers of which
have remained relatively static. Increasing use is now being made of kidneys from
so-called “marginal” or “extended criteria” cadaveric donors and from non-heart-
beating donors. More reliance is also being placed on living kidney donation, which
accounts for around 25% of kidney transplants in the United Kingdom and 50% of trans-
plants in the United States. Much effort in renal transplantation is now being directed
toward improving long-term outcomes. This chapter provides an overview of these and
other issues in renal transplantation, focusing on some of the topics of current interest.

Key Words: Renal transplantation; immunosuppression; organ donation; long-term
outcomes.

1. Introduction

The first kidney transplant that was successful in the long term was performed
in Boston in 1954 between genetically identical twins. The immunological bar-
rier between genetically unrelated individuals was then overcome in the 1960s,
when azathioprine and steroids were used with moderate success. Cyclosporine
was introduced in the late 1970s and heralded the modern era of kidney trans-
plantation (). Renal transplantation is now the optimal therapy for the majority
of patients with end-stage renal disease (ESRD). Not only does renal transplan-
tation provide a better quality of life than either peritoneal dialysis or hemodi-
alysis (2,3) but there is increasing evidence that it offers a survival advantage

From: Methods in Molecular Biology, vol. 333: Transplantation Immunology: Methods and Protocols
Edited by: P. Hornick and M. Rose © Humana Press Inc., Totowa, NJ
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2 Callaghan and Bradley

Table 1
Underlying Renal Disease in UK Adult
Kidney-Only Transplants, 2003-2004

Not reported “ 37.3%
Polycystic kidneys, adult type 10.4%
Pyelonephritis/interstitial nephritis 8.4%
Glomerulonephritis 7.7%
Diabetes mellitus (types 1 and 2) 6.7%
IgA nephropathy 6.6%
Renovascular disease 5.7%
Other diseases 17.2%

“A high proportion of this group is made up of patients
with end-stage renal disease of unknown cause.

Personal communication, UK Transplant, July 2004.

IgA, immunoglobulin A.

over dialysis (4). Transplantation is also the most cost-effective treatment for
ESRD (5,6).

This chapter aims to provide a brief overview of renal transplantation, with
emphasis on issues of current interest. For a more complete account of the field,
the reader is directed to one of the comprehensive textbooks available (7).

1.1. Current UK Activity and Results

The majority of patients with ESRD should be considered for renal trans-
plantation. The most common underlying diagnoses in adults undergoing renal
transplantation are glomerulonephritis, diabetes, pyelonephritis, renovascular
disease, and polycystic kidney disease (Table 1).* Contraindications to renal
transplantation are listed in Table 2. The success of renal transplantation is
reflected in the ever-growing numbers of patients waiting for a transplant. In
March 2003, 6447 people were on the active waiting list for a renal transplant
in the United Kingdom (Fig. 1), with a median waiting time for adults of approx
500 d. Although 1667 kidney transplants were performed in 2002, an increase
of 5% from the previous year, the disparity between demand and supply con-
tinues to grow (Fig. 1).

The total number of renal transplants performed annually in the United King-
dom has remained relatively static since the mid-1990s, despite recent improve-
ments in the number of living donor kidneys used. This is owing to reductions

* Statistics prepared by UK Transplant from the National Transplant Database maintained on
the behalf of transplant services in the United Kingdom and Republic of Ireland. UK Transplant
statistics can be found at http://www.uktransplant.org.uk/ukt/statistics/statistics.jsp.
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Table 2
Contraindications to Renal Transplantation

Predicated patient survival <5 yr

Malignancy
Severe refractory disease elsewhere
AIDS

Predicted graft loss >50% at 1 yr
Patients unable to comply with immunosuppressive medication

History of noncompliance
Poorly controlled psychosis or regular use of class A drugs

Immunosuppression predicted to cause life-threatening complications
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Fig. 1. Kidney-only transplants and active transplant list at year end in the United
Kingdom, 1995-2004. (Courtesy of UK Transplant.)

in road traffic accidents and cerebrovascular accidents, the two leading causes
of death of cadaveric heart-beating donors (Renal Transplant Audit 1990-1998,
UK Transplant, Bristol).

Kidney transplant survival is improving year after year (8), as a result of
refinements in immunosuppression, postoperative management, and labora-
tory support services. Ninety percent of cadaveric grafts survive to 1 yr, with
5- and 10-yr allograft survival rates of approx 70% and 50%, respectively.
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1.2. Determinants of Long-Term Outcome

Improvements in long-term graft survival are mainly a result of better out-
comes in the first year posttransplantation (8,9). It is disappointing to note that
the rate of graft loss after 1 yr has remained relatively unchanged since the
1980s, at 3—5% per year. Long-term graft loss is primarily the result of chronic
allograft nephropathy (CAN) (40%) or death with a functioning graft (40%).
Recurrence of the initial renal disease in the renal transplant is also an impor-
tant cause of graft failure (10% of late graft loss). CAN is characterized histo-
logically by intimal hyperplasia in small- and medium-sized arteries, interstitial
fibrosis, glomerulosclerosis, and tubular atrophy. Both immunological (chronic
rejection) and nonimmunological factors contribute to the development of CAN
(10). The clinical manifestations of CAN are a progressive decline in renal
function with proteinuria and hypertension. The precise mechanisms are poorly
understood, but a number of risk factors have been identified.

Immunological risk factors for CAN include previous episodes of acute rejec-
tion (8) and suboptimal immunosuppression (11). Mismatches between the donor
and recipient at the human leukocyte antigen (HLA)-DR, HLA-A, and HLA-B
loci also reduce long-term graft survival in renal transplantation (12). Mismatch-
ing is expressed as a mismatch (MM) grade, and the MM grade may vary between
0-0-0 (full house match) and 2-2-2 (complete mismatch), with each integer signi-
fying the HLA-A, -B, and -DR locus, respectively. In the United Kingdom, the
number of donor—recipient HLA mismatches has been reduced through the intro-
duction of HLA matching into the National Kidney Allocation Scheme.

Nonimmunological factors leading to CAN are numerous and include increased
recipient age, male gender, hypertension, and increased donor age (12). Because
there is no effective treatment for CAN other than retransplantation, it is impor-
tant to try wherever possible to minimize associated risk factors (11).

The rates of recurrent renal disease in the transplanted kidney and its clini-
cal impact vary depending on the underlying disease (13). Histological changes
suggestive of diabetic nephropathy can be identified in most grafts in diabetic
recipients, but clinically overt diabetic nephropathy is uncommon. In contrast,
up to 50% of patients with focal segmental glomerulosclerosis experience dis-
ease recurrence, and there is a 50% chance of graft loss within 2 yr.

Death with a functioning graft is most commonly the result of cardiovascu-
lar disease (CVD) in the recipient (14). This is discussed in more detail later.

2. Recipient Evaluation

Evaluation of a prospective recipient for renal transplantation should be per-
formed as soon as it becomes apparent that therapy for ESRD will be required.
Early transplantation is desirable in patients with ESRD, and there is evidence
that pre-emptive transplantation (i.e., transplantation in the months preceding
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the need for dialysis) is associated with a particularly good outcome (15). Patients
with ESRD secondary to diabetic nephropathy may, if sufficiently fit, be suitable
candidates for simultaneous pancreas and kidney transplantation (16).

With improvements in anesthetic, surgical, and HLA typing techniques, renal
transplantation can now be offered to groups of patients previously considered to
be at an unacceptably high risk. This includes older patients, those with signifi-
cant comorbidities such as diabetes mellitus or ischemic heart disease, and
highly sensitized patients requiring retransplantation. Advanced age alone is
not a contraindication to receiving a renal transplant because improvements in
graft survival now mean that survival benefits outweigh potential risks to eld-
erly patients (17,18). In practice, however, transplantation is rarely considered
in those over 75 yr of age.

Evaluation of renal transplant candidates should be undertaken to determine
that the risks of surgery and immunosuppression are acceptable to both the
patient and the transplant team. Clinical assessment should focus on assessing
general fitness (especially of the cardiovascular and respiratory systems), exclud-
ing concurrent malignancy and infection, and identifying any psychosocial issues
that may interfere with compliance with immunosuppressive therapy (19).
Screening for CVD is a vital component of the assessment process because of
its high prevalence in patients with ESRD (see Subheading 9.). Patients with
diabetes and older patients require particularly rigorous screening for cardio-
vascular pathology.

3. Expansion of the Donor Pool

The majority of donor kidneys in the United Kingdom come from cadaveric
heart-beating (brain-stem-dead) donors declared dead using well-recognized
criteria (20,21). The steady decrease in the number of these donors has led to
the need to improve organ utilization and to investigate other potential sources
of donor kidneys such as marginal donors, non-heart-beating donors (NHBDs),
and living donors.

3.1. Marginal Donors

The lengthening waiting list for renal transplantation has led to a relaxation
in the selection criteria for kidney donors and the use of kidneys from so-called
marginal donors. There is no widely accepted definition of what constitutes a
marginal kidney, but examples include donors at the extremes of age, those
with longstanding hypertension or diabetes, or donors where there is an increased
risk of disease transmission. As might be expected, the results of transplantation
with marginal kidneys are inferior to those with standard kidneys (22).

Transplanting both kidneys from a very marginal donor into one recipient is a
potential option and may result in better renal function in the recipient. Dual
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kidney transplants from marginal donors has been reported to give similar results
to single kidney transplants from nonmarginal donors (23), and dual transplanta-
tion does not appear to increase the rate of surgical complications (24). This
procedure is rarely undertaken in the United Kingdom, with only one dual trans-
plant performed in 2002-2003.

Objective methods of assessing donor kidney quality are necessary to enable
rational decision making about organ usage, but none are in widespread use.
Scoring systems using donor variables such as age, history of hypertension,
renal function, kidney biopsy findings, cause of death, and HLA mismatch
may provide a quantitative approach to identifying marginal kidneys (25,26).
Until scoring systems become widespread, careful consideration is required as
to how best to allocate these organs from marginal donors. It is also important
that potential recipients offered kidneys from marginal donors receive careful
counseling to enable informed consent to be given (27).

3.2. Living Donors

The outcome of kidney transplantation from living donors has been shown to
be superior to that of kidney transplantation from cadaveric donors (8). Although
they are usually poor matches for HLA, grafts from living unrelated donors
have 3-yr survival rates equivalent to those from living related organs (28).
Concerns surrounding living donor transplantation center on the potential risks
to the donor and on the possibility of coercion, which may be difficult to detect.

The peri-operative mortality rate for live donor nephrectomy is in the region
of 0.03% (29), and the peri-operative major complication rate is approx 2%.
There is no long-term increase in mortality after kidney donation, but donors
may develop asymptomatic proteinuria and hypertension more often than the
general population (30). In addition to a rigorous health screen, potential
donors must be carefully questioned by the transplant team about their
motives for donation and all attempts must be made to ensure that coercion
does not occur.

Medical evaluation of the prospective donor is extensive and can be divided
into different phases (31). ABO blood grouping and cross-match testing are
performed first to establish that living donor transplantation is feasible. This is
followed by a complete medical assessment, including assessment of renal
function, and radiological definition of the renal vascular anatomy. If both kid-
neys have single renal arteries, the left kidney is usually selected for donation
because the longer left renal vein makes the recipient operation marginally
technically easier.

Removal of the donor’s kidney has traditionally been performed through a
15- to 20-cm-long flank incision (open-donor nephrectomy). Postoperative
wound pain, which may be chronic in around 5% of donors, and poor cosmesis
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are potential problems with this approach. Advances in surgical techniques and
fiber-optic technology have enabled the introduction of laparoscopic (keyhole)
live donor nephrectomy (LLDN) (32) in an attempt to reduce postoperative
morbidity. Instrument access to the kidney is gained through four abdominal
ports requiring 1- to 2-cm incisions each, and the donor kidney is then removed
after mobilization through a 6-cm abdominal incision.

Although no large randomized controlled trials have been performed, long-
term graft function after LLDN is similar to that after open nephrectomy. Some
studies have suggested that early graft function may be marginally delayed after
LLDN (33,34). The laparoscopic approach requires a longer operative time (35),
although this disadvantage is counterbalanced by improved cosmesis, shorter
postoperative stay, reduced analgesic requirement, and earlier return to work
(36). Morbidity is similar for the two approaches, although LLDN may leave
the donor at long-term risk of small bowel obstruction from adhesions. Some
centers offering LLDN have observed increases in donation rates (37), although
it difficult to know whether LLDN per se is responsible for this.

Although the number of living donor transplants in the United Kingdom is
increasing (Fig. 1), it makes up only 21% of total kidney transplant activity
(UKT 2003 data). This compares poorly with North America, Scandinavia,
and Australia, all of which have higher rates of living donation. United Net-
work for Organ Sharing data for 2001 showed, for the first time, that the num-
ber of living-donor kidney transplants in the United States exceeded the number
of cadaveric transplants undertaken. There is, therefore, considerable scope for
further increasing the living kidney donor rate in the United Kingdom.

3.3. Non-Heart-Beating Donors

NHBDs are donors from whom organs are retrieved following declaration
of death by conventional means, that is, irreversible cessation of circulatory
and respiratory function. NHBDs were the main source of organs before the
widespread acceptance of brainstem death criteria in the late 1970s but then
declined markedly owing to less favorable results. In recent years, the use of
NHBDs has increased in many centers in an attempt to offset the severe short-
age of kidneys from cadaveric heart-beating donors.

NHBDs can be separated into categories on the basis of their mode of death
(38) (Table 3). Uncontrolled NHB donations (categories 1 and 2) occur in
emergency settings, and because the process of seeking consent from relatives
is often protracted, warm ischemic times must be minimized by inserting a
double-balloon triple-lumen catheter via the femoral artery, allowing selective
perfusion of the renal arteries with cooled organ-preservation solution (39).
Controlled NHB donations (categories 3 and 4) are derived from critically ill
patients who have died in an intensive care setting. This allows time for con-
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Table 3

Maastricht Categories of Non-Heart-Beating Donors

Maastricht

category Description Location

1 Dead on arrival Outside hospital,

emergency room

2 Unsuccessful Emergency room,
resuscitation intensive care, general ward

3 Treatment withdrawn, Intensive care
awaiting cardiac arrest

4 Cardiac arrest while Intensive care
brainstem dead

From ref. 38.

sent to donation to be taken from relatives. Once medical intervention has been
withdrawn and death has been declared by the medical staff, the transplant
team waits a further 5-10 min before starting the organ-retrieval operation.

The insertion of medical devices into uncontrolled NHBDs before consent
has been obtained from the relatives raises ethical and legal questions (40). In
the United Kingdom, the acceptance of this technique in potential uncontrolled
donors has been achieved by discussions with the local ethics committee and
by requesting the coroner’s permission before inserting a double-balloon triple-
lumen catheter (41).

The principal concern relating to renal transplants from NHBDs is the higher
rates of delayed graft function (DGF) and primary nonfunction (PNF) when
compared to kidneys from cadaveric heart-beating donors (42,43). Careful
donor selection may minimize PNF (44,45), and despite a higher incidence
of DGF than after transplantation with kidneys from cadaveric heart-beating
donors, the long-term survival of heart-beating and NHBD kidneys is very
similar (43-45). Other trials report similar PNF rates between the two groups.
Although DGF after transplantation of kidneys from cadaveric heart-beating
donors may be associated with reduced long-term graft survival (46), the long-
term graft survival of NHBD grafts appears comparable to cadaveric heart-
beating grafts.

There are significant logistical difficulties in instituting a NHBD program.
Referrals of potential uncontrolled donors call for enthusiasm and dedication
from accident and emergency department staff and a rapid response from the
transplant team. Controlled NHBDs often require the surgical team and operat-
ing room nursing staff to wait for prolonged periods for the patient to develop
asystole once ventilation has been discontinued.
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Although the use of kidneys from NHBDs is increasing, the number per-
formed in the United Kingdom remains relatively small. Only 103 transplants
from NHBDs were performed in 2002-2003 (6% of the total kidney transplants
undertaken). This low level of utilization reflects the medical, ethical, legal, and
logistical hurdles that need to be overcome before the concept of NHB donation
is widely accepted. NHBDs have the potential to make a major contribution to
the organ donor pool. A 40% increase in the overall supply of cadaveric kidneys
has been reported from a Dutch center using NHBD kidneys (47); if maintained,
this would substantially reduce the renal transplant waiting list (42).

3.4. ABO-Incompatible Renal Transplants

Traditionally, ABO blood group compatibility is considered an essential
prerequisite for successful kidney transplantation. ABO-incompatible kidney
transplants are likely to be rapidly destroyed by hyperacute rejection owing to
anti-A and/or anti-B antibodies binding to A and/or B antigens on the graft
endothelium, activating the complement cascade and inducing platelet aggre-
gation and intravascular thrombosis (48,49).

Graft loss is not inevitable, however, and in 1981 Slapak and colleagues
observed that plasmapheresis overcame rapid rejection in an accidental ABO-
incompatible renal transplant that resulted from a blood typing error (50). There
has recently been increased interest in the use of ABO-incompatible living
donor kidney transplants, particularly in countries where, because cadaveric
donation is rare for cultural reasons, there is no alternative donor source. Japa-
nese surgeons have reported that selected subgroups of patients can achieve
acceptable outcomes following transplantation of ABO-incompatible kidneys
if pretransplant anti-ABO antibody reduction is combined with splenectomy
and/or postoperative anticoagulation and high-dose immunosuppression.

Pretransplant anti-A/anti-B immunoglobulin (Ig)G and IgM antibody titers
are reduced by either plasma exchange or immunoabsorption, with subsequent
replacement with type AB plasma. Splenectomy is performed in an attempt to
reduce the recipient’s ability to produce anti-A/anti-B antibodies once the
ABO-incompatible living donor kidney transplant has been performed (51).
Anticoagulation with platelet aggregation inhibitors is used to prevent the ini-
tiation of intra-renal disseminated intravascular coagulation due to humoral
rejection. The need for time-consuming preoperative treatment means that this
approach is readily applicable only to recipients of living donor and not cadav-
eric donor organs.

From 1989 to 1998, a total of 312 ABO-incompatible living kidney trans-
plants were performed in Japan (52), approx 10% of all living donor grafts.
The procedure has shown the most promise for recipients younger than 15 yr,
with progressively less favorable results in older age groups. The largest study
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of pediatric recipients of ABO-incompatible living kidney transplants reported
actuarial 1- and 5-yr graft survival rates of 87% and 85%, respectively, with
100% patient survival (53). There are no significant differences in graft sur-
vival between A- and B-incompatible transplants (52).

Blood group A can be subdivided into A, and A, types on the basis of the
degree of expression of the A epitope by tissues. Type A, is strongly expressed,
and A, is only weakly expressed. In Europeans, A, is the dominant A blood
group and makes up approx 80% of the total type A population (54). In con-
trast to A,-incompatible kidney transplantation, A,-incompatible transplants
do not require pretransplant antibody removal if recipients with low anti-A
serum titers are selected. This means that A,-incompatible cadaveric renal
transplants can potentially be undertaken. One single-center series of A,-incom-
patible cadaveric kidney transplants reported an actuarial 2-yr graft survival of
94% for those patients with a low pretransplant anti-A IgG titer (55). These
results have been difficult to replicate (56), and therefore this approach remains
confined to a small number of units.

At present, a number of factors prevent A;BO-incompatible living kidney
transplants from achieving widespread acceptance in the Western transplanta-
tion community. These include the relative availability of ABO-compatible
cadaveric and living grafts, the complex and expensive pretransplant plasma-
pheresis required, and the inferior early graft survival rates when compared to
ABO-compatible kidney transplants. An alternative approach to dealing with
ABO-incompatible living donors and recipients is to undertake paired dona-
tion. This involves an exchange agreement between two donor-recipient pairs
such that kidneys from two living donors who are both ABO incompatible with
their intended recipients are donated to the reciprocal ABO-compatible recipi-
ents. This has been practiced successfully in South Korea for many years and is
also undertaken in a small number of American centers. Under current UK
legislation, paired donation is illegal (57), but there is hope that new legislation
might enable this approach to be used for ABO-incompatible living donor kid-
ney transplantation.

4. Recipient Operative Technique

Operative techniques for renal transplantation have remained relatively con-
stant for the last 40 yr (Fig. 2). The donor kidney is placed extraperitoneally in
either iliac fossa. The renal vein is anastomosed to the external iliac vein, and
the donor renal artery is anastomosed to either the external or internal iliac
artery. Once the venous and arterial anastomoses have been completed, the
vascular clamps are removed to allow perfusion of the graft, and the ureter—
bladder anastomosis is then performed. Insertion of a double-J ureteric stent has
been shown to reduce urological complications, particularly urine leaks (58).
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Fig. 2. Schematic view of right iliac fossa renal transplant. Anastomosis of renal
vessels to external iliac vessels.

5. Current Immunosuppressive Strategies

The commonly used oral immunosuppressive agents are of broadly three
classes: calcineurin inhibitors (cyclosporine, tacrolimus), antiproliferative agents
(azathioprine, mycophenolate mofetil), and steroids (prednisolone). Combined
use of a single agent from each class is known as triple therapy, the standard
regime of immunosuppression in early to midterm posttransplantation. This pro-
vides broad immunosuppression based on the differing mechanisms of action of
each class. Additional immunosuppression at the time of renal transplantation
(induction therapy) is common practice because the risk of acute rejection high-
est in first 6 mo. Induction therapy usually consists of antibody prophylaxis with
either daclizumab (Zenapax®, Roche) or basiliximab (Simulect®, Novartis) (see
below).

Cyclosporine (CyA, Sandimmun®, Novartis) was introduced in the late 1970s
by Sir Roy Calne in Cambridge and resulted in a marked improvement in graft-
survival rates (59). CyA combined with azathioprine (AZA) and prednisolone
became the standard immunosuppressive regime during the 1980s. The mid-
1990s saw the introduction of a CyA microemulsion formulation (Neoral®,
Novartis), resulting in better absorption and more consistent dosing (60). Other
new drugs to emerge at this time were tacrolimus (Prograf®, Fujisawa) and
mycophenolate mofetil (MMF, CellCept®, Roche). Substitution of tacrolimus
for CyA in the triple therapy protocol led to a significant reduction in acute
rejection (61), as did MMF when compared to azathioprine in CyA-based triple
therapy (62).
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Table 4
Adverse Cardiovascular Risk Profiles
of Common Immunosuppressant Medications

Medication Diabetes  Hypertension Hyperlipidemia
Corticosteroids +++ ++ +++
Cyclosporine ++ ++ ++

Tacrolimus +++ ++ +

Sirolimus - - T+

Within each of the three main classes of immunosuppressive drugs, the side-
effect profiles are similar. The calcineurin inhibitors, although chemically unre-
lated, are associated with hypertension, hyperlipidemia, and the development of
diabetes to varying degrees (Table 4). Of most concern are the nephrotoxic
effects of calcineurin inhibitors, which can cause permanent renal damage and
contribute to CAN. The antiproliferative agents lead to dose-related nonspe-
cific bone marrow suppression, and MMF causes gastrointestinal disturbances.
The debilitating side effects of steroids are well known and include osteoporo-
sis, cataracts, hypertension, adrenal suppression, skin atrophy, neuropsychiat-
ric changes, and peptic ulceration. Also, the continued use of steroids may be
associated with poorer long-term graft outcome (12). Posttransplant immuno-
suppressive protocols have been developed that are entirely steroid-free (63),
but in most centers steroids are given at the time of transplantation and then
slowly tapered to the minimal required dose. In some patients steroids can be
stopped completely, but unfortunately steroid withdrawal can initiate an epi-
sode of acute rejection, especially in black recipients (64).

A new class of immunosuppressants, the mammalian target of rapamycin
(mTOR) inhibitors, was launched in the late 1990s. The first member of the
mTOR inhibitor class to enter clinical practice was rapamycin (sirolimus,
Rapamune®, Wyeth). The main side effects of sirolimus are hyperlipidemia
and myelosuppression. An advantage of the mTOR inhibitors is their lack of
nephrotoxicity. Cyclosporine withdrawal from a sirolimus—CyA—steroid regi-
men has been shown to lead to improved graft function and reduction in hyper-
tension (65). There is hope that the calcineurin-sparing effects of sirolimus
may lead to decreased rates of CAN in the long-term. At present the optimal
role of sirolimus in renal transplantation is unknown and the long-term results
of trials are awaited (66).

As acute rejection rates have dropped and the number of clinically effective
immunosuppressant agents has increased, the clinical focus has moved towards
optimizing long-term outcomes and tailoring immunosuppressive regimes to
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the needs of the individual patient. Tacrolimus should be avoided in patients
with diabetes, and sirolimus should be used with caution in patients with pre-
existing CVD. Steroid use should be minimized for both groups. Patients who
are at particularly high risk of an acute rejection episode may benefit from
more potent immunosuppression.

6. Acute Rejection Monitoring and Management

Acute rejection occurs in approx 30% of renal transplant recipients within
the first 6 mo postoperatively, depending on the immunosuppressive regime
and the immunological risk profile of the patient. In the majority of cases,
acute rejection is reversible and results in early graft loss in less than 10% of
rejection episodes. Acute rejection may, however, be an important predictor of
chronic rejection (67) and therefore of long-term function and graft survival
(8). Acute vascular rejection and rejection episodes that are severe, recurrent,
or of late onset are associated with an increased risk of chronic rejection (67).
The prevention, early diagnosis, and effective management of acute rejection
are therefore vital.

Acute rejection is recognized clinically by a rapid deterioration in graft func-
tion (i.e., increased creatinine) after exclusion of alternative diagnoses such as
dehydration, urinary tract infection, calcineurin-inhibitor toxicity, or inflow/
outflow obstruction. Percutaneous ultrasound-guided biopsy is often valuable
and can be performed under local anesthetic with a major complication rate of
0.5% (68). Histological analysis enables the diagnosis, classification, and scor-
ing of acute rejection according to the Banff criteria (69,70).

Recognition that the prevention of clinical acute rejection may result in
improved long-term graft outcomes has led to an interest in detecting sub-
clinical rejection with serial biopsies (protocol biopsies). Subclinical rejec-
tion is defined as the presence of histological changes meeting the criteria for
acute rejection in patients with stable graft function (71). The incidence of
subclinical rejection in the first 3 mo posttransplant varies from 5 to 50% (71).
In one small study its presence was shown to be associated with increased
rates of CAN at 2 yr (72), and treatment with methylprednisolone correlated
with improved 2-yr graft outcomes (73). In an era of increasing graft survival
and decreasing acute rejection rates, subjecting patients to protocol biopsies
and the potential morbidity of high-dose steroids may be inappropriate given
that the natural history of subclinical rejection is not known with certainty
(74). A prospective randomized trial with long-term follow-up is needed to
resolve this issue.

Noninvasive methods to detect imminent acute rejection are also being devel-
oped. Techniques include measurement of perforin and granzyme B gene
expression in peripheral blood (75,76), and measurement of soluble C4d and
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adhesion molecules in the urine by enzyme-linked immunosorbent assay (77).
Noninvasive tests for CAN are also being investigated (78,79), but none have
undergone large-scale trials or entered routine clinical use.

6.1. Management of Acute Rejection

First-line treatment of acute rejection is with high-dose intravenous steroid
(e.g., methylprednisolone 0.5-1 g daily for 3 d). In up to 50% of cases, acute
rejection is steroid resistant and treatment with polyclonal antithymocyte globu-
lin (ATG) is required (80). This is given under close supervision as a result of
the risk of pulmonary edema from cytokine release syndrome. Anti-CD3 mono-
clonal antibody (muromonab-CD3, Orthoclone OKT®3, Ortho Biotech) has also
been used with similar efficacy and side effects (81). Early reports have sug-
gested that high-dose pooled human immunoglobulin may be superior because
of its relatively benign side-effect profile (82).

As already noted, both daclizumab and basiliximab, monoclonal antibodies
directed against the interlukin-2 receptor o chain (CD25), reduce the incidence
of acute rejection by approx 30% when given prophylactically around the time of
transplantation (83,84). These agents, which are widely used, appear to be free
from significant side effects, and their ability to reduce acute rejection makes
them cost-effective (85).

6.2. C4d Staining and Antibody-Mediated Rejection

Since the mid-1990s, it has become increasingly apparent that antibody may
mediate allograft rejection in settings other than hyperacute rejection. This has
occurred through the recognition that C4d deposition in graft peritubular capil-
laries is a reliable marker of antibody-mediated acute rejection (86). C4d is a
stable inactive degradation product of complement factor C4, formed when the
classical complement cascade is activated by the binding of antidonor antibod-
ies to the endothelium of the allograft.

Capillary C4d staining has been found in 30% of biopsies performed for
renal graft deterioration (87) and has been found to be 95% sensitive and spe-
cific for the presence of antidonor antibodies (88). The definitive diagnosis of
acute antibody-mediated rejection requires morphological evidence of acute
tissue injury with immunopathological evidence for antibody action (C4d stain-
ing or immunoglobulin and complement in arterial fibrinoid necrosis) and
serological evidence of antidonor antibodies (69).

C4d staining may also occur in CAN, mildly altered graft function, or with
normal histology. In these settings, the clinical significance of C4d staining
remains unclear. However, when features of acute cellular or humoral rejec-
tion are present, C4d staining appears to be a marker of severity (89). Therefore,
anti-B-cell therapy (antithymocyte globulin, intravenous immunoglobulin,
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mycophenolate mofetil) or removal of antibody (plasmapheresis, immunoab-
sorption) should be considered (90).

7. Management of the Sensitized Patient

Exposure to foreign HLA leads to immunological sensitization and the gen-
eration of lymphocyte cytotoxic or binding antibodies in the recipient’s serum.
Sensitization to alloantigens may result from previous failed grafts, pregnan-
cies, and blood transfusions. Preexisting antibodies against a donor’s HLA
may cause hyperacute rejection and immediate graft loss; to avoid this prob-
lem, a crossmatch test, in which serum of the prospective recipient is tested
against donor lymphocytes plus complement, is routinely performed before
making the final decision to carry out transplantation. In general, a positive T-
cell cross-match test (donor cell lysis) is a contraindication to renal transplan-
tation.

Sensitization is reported as the panel-reactive antibody (PRA). This is the
percentage of panel cells, selected to include common HLA antigens, which
are lysed by the patient’s serum. Highly sensitized patients are arbitrarily defined
as those with a PRA of 85% or greater. Such patients are more likely to have a
positive lymphocyte cross-match test and will thus wait longer for a transplant
if this is not taken into account in allocation systems. This will tend to disad-
vantage young patients requiring multiple transplants. Management of the sen-
sitized patient involves techniques to reduce PRA as well as organ allocation
schemes to prevent excessively long waiting times. Strategies to reduce the
incidence of sensitization by minimizing exposure to alloantigens in the trans-
plant population are also important. The UK kidney allocation scheme avoids,
wherever possible, poorly HLA-matched kidney transplants, especially in
younger recipients.

The introduction of recombinant human erythropoietin has revolution-
ized the treatment of the anemia of chronic renal failure by reducing the
need for blood transfusion. This has also reduced sensitization (91). Despite
the introduction of leucocyte-depleted blood products in the United King-
dom in 1999 to minimize the risk of variant Creutzfeldt-Jakob disease
(vCID) transmission, studies elsewhere have not demonstrated the expected
reduction in allosensitization (92).

Organ-allocation schemes play the major role in managing highly sensi-
tized patients. Under the UK National Kidney Allocation Scheme, highly sen-
sitized patients are given priority over patients with PRAs of less than 85%
such that blood-group-compatible kidneys are allocated to 0-0-0 mismatched
highly sensitized patients. Eurotransplant has similar programs and has dem-
onstrated reduced waiting time to transplantation for highly sensitized patients
(93). The recent publication of HLAMatchmaker, an algorithm that determines
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HLA compatibility at the level of amino acid triplets in antibody-accessible
regions of HLA molecules, may also be valuable in identifying more HLA-
matched donors for this group of patients (94).

Clinical strategies to decrease PRAs, and thus increase the chances of a nega-
tive crossmatch, include administration of intravenous gammaglobulin (95),
induction immunosuppression with antithymocyte globulin (96), plasma exchange/
immunoabsorption (97), or a combination of the above (98).

8. BK-Virus-Associated Nephropathy

Renal transplant recipients are, like all transplant recipients, at increased
risk of infection, particularly viral infections such as cytomegalovirus infec-
tion (99). A review of infectious complications after renal transplantation is
beyond the scope of this chapter. However, since it was first reported in 1995,
BK-virus-associated nephropathy (BKVN) has emerged as an important cause
of renal allograft loss and is therefore highlighted here.

BK virus (also known as polyomavirus hominis 1) is an unenveloped double-
stranded DNA virus that infects 75% of the general population. Primary infec-
tion occurs in childhood, resulting in a vague flu-like illness. The route of trans-
mission is unclear. BK virus then persists in the urinary tract, from where it may
undergo asymptomatic reactivation in immunocompetent individuals. In the
immunocompromised the disease is more virulent, especially in kidney trans-
plant patients (100).

In renal transplant recipients, BK viral disease has a wide variety of mani-
festations, including ureteric stenosis, transient graft dysfunction, or irrevers-
ible allograft failure secondary to BKVN. BKVN is defined as deterioration of
graft function associated with histologically apparent BK virus allograft infec-
tion (101). It occurs in approx 8% of renal transplant patients (102), and the
incidence appears to be rising. This may be the result of the use of more potent
immunosuppressants, increased awareness, and better diagnostic tools.

Definitive diagnosis of BKVN requires allograft biopsy (103). BKVN is seen
as intranuclear inclusion bodies in tubular epithelial cells with enlarged nuclei.
Ongoing viral replication leads to an accompanying inflammatory response with
fibrosis and eventually atrophic tubules. Infected cells shed into the urine are
known as decoy cells. Quantitative polymerase chain reaction (PCR) of BKV
DNA in serum is the most commonly used noninvasive test, with sensitivity
and specificity of 100% and 88%, respectively (102).

In the absence of rejection, which is often coexistent, management consists
of immunosuppressant reduction. If rejection is present, management is diffi-
cult—a two-step protocol of antirejection treatment followed by lowered immu-
nosuppression has been advocated (100). Antiviral treatment with cidofivir may
be of use, but it is potentially nephrotoxic and has not yet been evaluated in
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randomized trials. Much remains to be learned about the natural history, diag-
nosis, and optimum treatment of this disease.

9. Cardiovascular Disease in the Renal Transplant Patient

As short-term success rates in kidney transplantation improve, clinical atten-
tion is focusing increasingly on maximizing long-term survival. Death with a
functioning graft causes 40% of late graft losses, with CVD accounting for
approximately half of all deaths after renal transplantation (14). CVD includes
ischemic heart disease, peripheral vascular disease, cerebrovascular disease,
and cardiac failure. A recipient aged 25-34 yr has a 10 times higher relative
risk of dying of CVD than an age- and gender-matched control (104). Overall,
kidney recipients have a prevalence of CVD five times that of the general popu-
lation (105). Prevention and management of CVD and its risk factors is there-
fore a high priority.

Studies on the general population such as the Framingham Heart Study have
identified risk factors for the development of CVD and ischemic heart disease
in particular. Modifiable risk factors include hypertension, hypercholester-
olemia, obesity, sedentary lifestyle, smoking, and diabetes; age, gender, ethnic
group, and family history of CVD are unmodifiable risk factors. Although these
traditional risk factors also apply to renal transplantation patients, they tend to
underestimate the prevalence of CVD (106). Proteinuria, chronic immunosup-
pression, infections, and hyperhomocysteinemia may help to explain the higher
than predicted CVD burden of the transplant population (Fig. 3).

CVD is often already present prior to transplantation. ESRD and hemodi-
alysis are associated with hypertension, fluid overload, anemia, and the meta-
bolic effects of chronic uremia on the cardiovascular system (107). In addition,
diabetes or renovascular disease may be the underlying cause of ESRD, plac-
ing the patient in a very high-risk group. All patients referred for consideration
of renal transplantation should therefore undergo screening and management
for both CVD risk factors and overt CVD (19). Smoking cessation advice and
support is especially important, as is encouragement to exercise regularly.

Once transplantation has occurred, screening should continue in the outpa-
tient clinic because calcineurin inhibitors (tacrolimus, cyclosporine) and corti-
costeroids are associated with the development of hypertension, diabetes, and
hyperlipidemia to differing degrees. Hypertension should be treated initially
with general measures such as weight reduction, salt restriction, and exercise.
However, antihypertensive drugs are often necessary. In patients with uncon-
trollable hypertension, renal artery stenosis should be excluded. Hyperlipi-
demia is commonly treated with diet control and HMG-CoA reductase
inhibitors (statins). In addition, statins may have a role in the primary preven-
tion of CVD (108) as well as a potential immunosuppressant action (109,110).
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Fig. 3. Cardiovascular disease risk factors in renal transplant recipients.

In practice, the majority of renal transplant recipients receive statins and
antiplatelet agents such as aspirin in an attempt to reduce cardiovascular mor-
bidity and mortality. Postttransplant diabetes mellitus (PTDM) has an inci-
dence of 4-18% (111), and fasting blood glucose tests should be undertaken
every 3 mo (112). Initial treatment is with dietary modification, although oral
hypoglycemics or even insulin may be necessary. Preexisting diabetes requires
intensive monitoring and blood glucose control. Control of hypertension, hyper-
lipidemia, and PTDM may also require modifications to the patient’s immuno-
suppressive regime.

Other risk factors may also play a part in the development of CVD in the
renal transplant recipient. Elevated plasma homocysteine has been identified
as an independent factor for CVD in the renal transplant population (113), but
as yet there is no evidence that reduction of homocysteine levels reduces the
incidence of CVDs. Routine homocysteine measurement and the use of folate
supplements are therefore currently not recommended (114). Systemic inflam-
mation or low-grade infection may also play a role in the development of CVD



Current Status of Renal Transplantation 19

because C-reactive protein, a marker of inflammation, is associated with an
increased risk of ischemic heart disease in renal transplant recipients (115).
Proteinuria has been shown to be an independent risk factor for both cardio-
vascular and noncardiovascular death (116). Treatment with an angiotensin-
converting enzyme inhibitor, even in normotensive patients, should be
considered (117).

10. Conclusion

As with other types of organ transplantation, the major problem facing the
field of renal transplantation is a shortage of organs due to declining rates of
cadaveric heart-beating donors. Although the use of alternative sources of
organs such as living donors and NHBDs is rising, at present this increase is only
sufficient to keep the overall number of transplants performed static. Techniques
to enable ABO-incompatible renal transplantation are expected to widen access
to living donor kidneys, a high-quality source of grafts. With advances in immu-
nosuppression and increasing long-term graft survival, the clinical focus is shift-
ing to improving the quality of life of renal transplant recipients by minimizing
immunosuppression-related side effects and preventing cardiovascular diseases.
Despite this progress, CAN remains a significant problem. Further work on the
prevention and early detection of CAN is essential if the significant gains in
long-term renal graft survival seen over the last 20 yr are to continue.
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Current Status of Liver Transplantation

Peter ). Friend and Charles J. Imber

Summary

Liver transplantation has become the treatment of choice for a wide range of end-
stage liver disease. As outcomes have improved, so the demand for this therapy has
increasingly exceeded the availability of donor organs. Access to liver transplantation is
controlled such that donor organs are generally allocated to the patients who are likely to
benefit most, although if all patients who might benefit were placed on the waiting list,
the donor shortage would be greatly increased.

Recurrence of the original liver disease is emerging as an important issue. Fewer pa-
tients are transplanted for liver tumors, as earlier results showed a very high rate of recur-
rence. In recent years there has been a change in the underlying conditions of patients on
the waiting list, and a preponderance of patients now present with hepatitis C and alcoholic
cirrhosis.

Increasingly, transplant units are looking to sources of donor organs that would pre-
viously have been deemed unsuitable—such marginal donors include non-heart-beating
donors (NHBDs). Results from controlled NHBDs—those cases in which cardiac arrest
is predicted—suggest that this is a good source of viable organs.

Splitting a donor liver to provide two grafts has successful enabled the transplanta-
tion of a child and an adult from one organ. The transplantation of two adults from a
single organ remains a greater challenge.

Transplantation from living donors has been practiced increasingly over the last decade,
although anxieties have been expressed over donor safety. In many countries this now
represents a significant contribution to overall liver transplant activity.

Key Words: Liver; transplantation; donor; allocation; indications.

1. Historical Perspective

The first human liver transplant was performed on March 1, 1963, at the
University of Colorado on a 3-yr-old boy suffering with biliary atresia (1). He
died before the operation was completed; it was not until 1967 that the first
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meaningful survival was reported (2). Between 1967 and 1980, 170 liver trans-
plants were performed at the University of Colorado, and between 1968 and
1983, 138 transplants took place in Cambridge, England (2), with 1-yr survival
rates of approx 30%. With the emergence of cyclosporine, pioneered by Borel
and Calne, as well as gradual refinements of various technical aspects, particu-
larly bile duct reconstruction and coagulation support, outcome figures improved.

In 1983, a National Institutes of Health (NIH) Consensus Conference con-
cluded that liver transplantation was now a therapeutic option for patients with
end-stage liver disease, rather than an experimental procedure (3). This led to a
rapid expansion of the number of patients referred for liver transplantation
worldwide. Five years after the NIH conference, 616 patients awaited liver
transplants in the United States. Ten years later, this number had increased to
12,056.

Since the early 1980s, there have been significant advances in all aspects of
liver transplantation, including recipient selection, donor management, opera-
tive technique, immunosuppression, and postoperative management of liver
recipients. These changes, which have marked the evolution from an experi-
mental technique to established and routine therapy, have resulted in enormous
improvements in outcome. The overall 1-yr survival for adults and pediatric
orthotopic liver transplants is now expected to be in excess of 85%, with 5- and
10-yr survival in excess of 70 and 60%, respectively (4=7). Partly as a conse-
quence of this improved outcome, the selection criteria have broadened, lead-
ing to changes in the demographics of the patient population.

2. Current Indications for Liver Transplantation

The goal of liver transplantation is not only to prolong life, but also to improve
the quality of life. The selection of patients to achieve these goals and the ideal
time at which to intervene during the course of chronic liver disease remain
among the greatest challenges for the transplant team. The current indications
for liver transplantation can be categorized as follows: advanced chronic liver
disease, fulminant hepatic failure, inherited metabolic liver disease, and liver
tumors.

Controversy exists over transplantation for alcoholic liver disease, hepatitis
B, hepatitis C, and hepatic malignancy because of the risk of recurrent disease
and consequent reduced long-term survival. There has been much ethical
debate in relation to the use of a scarce resource in both patients with self-
inflicted diseases and conditions with a high probability of recurrence.
Neuberger and colleagues clearly demonstrated the difficulties faced in attempt-
ing to allocate such a scarce resource (8). This study showed that the priorities of
the public differed from those of the medical profession. The former placed
greater emphasis on factors such as age of recipient, whereas doctors felt that
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outcome and value to society were a greater priority. Patients who displayed
traits consistent with antisocial behavior (e.g., alcoholism) were given a low
level of importance by all. In general, the indications for liver transplantation
can be defined as either an intolerable quality of life (because of the liver dis-
ease) or an anticipated length of life of less than 1 yr because of liver failure.

3. Organ-Allocation Policies

Various schemes have evolved to allocate organs with some reference to
urgency. In the United States, the Model for End-Stage Liver Disease (MELD)
score, based on serum creatinine, bilirubin, and international normalized ratio
(INR), was developed initially during a retrospective study at the Mayo Clinic
of patients undergoing transhepatic portosystemic shunts (TIPS). It was subse-
quently validated as a determinant of short-term prognosis in patients with
chronic liver disease (9) and utilized as a disease severity index. In February
2002, the MELD score was implemented by the United Network for Organ
Sharing (UNOS) as a criterion for organ allocation to adult patients with
chronic liver disease followed the ruling of the Department of Health that allo-
cation be conducted according to medical urgency. Priority is still given to
status 1 patients (fulminant hepatic failure or early graft failure following trans-
plantation requiring emergency re-transplantation); these remain a local and
regional priority. After these patients, livers are offered to patients based upon
their probability of candidate death derived from MELD scores. With a MELD
score of 6 or less, the time on the waiting list is also used as a prioritization
factor (10). Early reports indicate that this allocation system based on medical
severity may reduce the number of deaths on the waiting list (11).

In the United Kingdom, four fundamental concepts underpin the allocation
policy, as agreed at the Edinburgh colloquium in 1996 (12). First, guidelines
need to be drawn up and agreed on by all those involved. Second, the main
criteria for selection must be based on quality of life and anticipated life
expectancy. Third, patients selected for transplantation should have a more
than a 50% probability of being alive 5 yr after the transplant. Finally, livers
are allocated to give the maximum outcome (in preference to every potential
recipient having equal share of the donor pool by right). Thus, it is generally
agreed that organ allocation should be based on utilitarian rather than
deontological principles.

In UK practice, certain patients (those with either fulminant liver failure or
primary nonfunction of a transplant—the equivalent of UNOS status 1) have
national priority (these patients are deemed “super-urgent”). Thereafter, livers
are offered first to the retrieving unit and then, if there is no suitable recipient
locally, around the rest of the country on a continually rolling priority based on
the balance of net export at each individual center. Thus, livers are allocated to
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the most urgent patients on an individual basis (i.e., ad hominem), but other-
wise all livers are allocated to the transplant unit (rather than to the individual
patient). At a local level, individual patient prioritization is usually established
at a multidisciplinary meeting. These difficult decisions are based on the prin-
ciples outlined above, with general co-morbidity of the recipient, length of
time on the waiting list, as well as disease progression all taken into account. If
a patient’s condition deteriorates while on the list, it may be necessary to con-
sider removing him or her from the active waiting list. Effective communica-
tion not only between members of the medical team but also with the patient
and his or her family is clearly essential at every level of the process.

In addition to blood group matching and, to some extent, size matching, the
selection of the recipient for a particular donor organ may also be affected by
the quality of the liver on offer. In the interests of obtaining the maximum
benefit for the maximum number of patients, there is a strong argument to
utilize organs from the better donors in the sicker recipients—the patients who
are least able to tolerate a poorly functioning transplant in the immediate post-
operative period. Healthier recipients are more able to cope with the period of
poor initial graft function that can be associated with the use of a marginal liver
(see below). This is now a generally accepted principle in the interests of
obtaining the maximum benefit from the limited donor supply, but one that
clearly poses ethical issues on occasions.

4. Hepatitis C/HIV Infection

There has been a clear shift in indications for transplantation in the last 15 yr,
with a continued increase in non-cholestatic liver diseases predominantly made
up of hepatitis C and alcoholic liver disease. In the United States, the proportion
of recipients with hepatitis C virus (HCV) infection increased from 12 to 37%
between 1990 and 2000, with a similar increase in the number and proportion of
liver transplant candidates registered with hepatitis C on the waiting list (13).
According to the UNOS, in 2001 there were 9783 patients with hepatitis C await-
ing a cadaveric liver transplant. Combined infection with hepatitis B or C and
HIV (contracted together through either sexual or intravenous routes) has led to
a cohort of such patients with chronic liver failure being considered for trans-
plantation. Reservations have been voiced because of the potential for reemer-
gence of hepatitis in CD4-deficient recipients, as well as the use of a scarce
resource in an individual with a preexisting life-limiting disease. However, with
continual improvements in anti-retroviral medication in HIV (the use of pro-
tease inhibitors in combination with non-nucleoside reverse-transcriptase inhibi-
tors), there is now a greatly improved life expectancy with this condition. This
allows many patients coinfected with HIV and hepatitis B/C to be considered
for liver transplantation with reasonable prospects for survival.
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A recent report on HCV-infected liver transplant recipients estimated the
risk of developing recurrent cirrhosis to be as high as 44% at 5 yr posttransplant
(14). Berenguer et al. reported data from the UNOS registry demonstrating that
5-yr graft survival in recipients transplanted for hepatitis C was 56.8%, the
worst of all indications with the exception of malignancy (14). Antiviral agents
(interferon, including pegylated interferons, ribavarin, or combinations) have
a low rate of success because of poor patient tolerance, side effects, or a lim-
ited and/or transient response.

In contrast, significant progress has been achieved in the outcome of hepati-
tis B virus (HBV)-infected liver recipients with the use of current HBV antivi-
ral agents. Han and colleagues reported negative hepatitis B surface antigen
serology in 98.3% of patients after transplantation using intramuscular anti-
hepatitis B immunoglobulin and lamivudine (15).

5. Tumors

Another major demographic shift is the reduction in the proportion of patients
transplanted for primary liver cancer. This diagnosis is clearly associated with
poor outcome because of recurrent disease. In the European Liver Transplant
Registry (ELTR) data, the 1-, 5-, and 9-yr patient survivals for patients with
cirrhosis (79, 69, and 62%) are significantly better than for patients treated for
primary liver cancer (67, 40, and 26%). With improvements in imaging tech-
nology, as well as the adoption of defined selection policies, the proportion of
livers being transplanted for cancer is falling.

6. Retransplantation

In recent years there has been a significant decrease in the number of retrans-
plants performed. This reflects improvements in every step of the transplant
process, including choice of donors, preservation fluids, surgical techniques,
and, perhaps most important, postoperative recipient management and immuno-
suppressive protocols. This issue was addressed by Clemente et al. (16) in a
large retrospective analysis covering more than a decade. They demonstrated
a shift in the major cause of retransplantation from chronic rejection to pri-
mary graft failure, with 5-yr actuarial survival rates dependent on the cause
of graft failure (45.5% for chronic rejection and 19.4% for primary failure)
(16). Graft loss caused by rejection is now uncommon after liver trans-planta-
tion. The incidence of chronic rejection in 1048 liver recipients followed for
a mean period of more than 6 yr was only 3% (17). In a randomized trial
comparing cyclosporine with tacrolimus after liver transplantation (the
Tacrolimus vs Microemulsified Ciclosporin [TMC] study), the incidence of
chronic rejection was only 0.3% in the tacrolimus group (18). Another study
concluded that chronic rejection does not occur in the pediatric liver recipi-



34 Friend and Imber

ent population as long as baseline immunosuppression with tacrolimus is
maintained (19).

7. Immunosuppression

The mainstay of post-liver-transplant immunosuppression is triple therapy
with a calcineurin inhibitor (usually tacrolimus), together with an anti-prolif-
erative agent (mycophenolate or azathioprine) and a corticosteroid (predniso-
lone). Increasingly, clinicians are tailoring the immunosuppressive regimen to
the individual recipient. For example, faster withdrawal of corticosteroids has
been shown to be efficacious in recipients transplanted for hepatitis B, where
the drug is known to increase viral replication (20). In contrast, prolonged low-
dose steroid use in autoimmune hepatitis has been shown to reduce disease
recurrence in the graft (21).

Particularly since publication of the TMC study in October 2002, the large
majority of liver units have preferentially used tacrolimus over cyclosporine as
a first-line calcineurin inhibitor (18). This randomized prospective multicenter
study of 606 patients demonstrated a significantly better graft and patient sur-
vival at 1 yr in patients on tacrolimus. The combined primary endpoint of death,
retransplantation, or treatment failure (owing to rejection) was reached in 21%
patients on the tacrolimus arm and 32% in the cyclosporine arm of the trial—
a significant difference.

Tolerance remains the goal of the transplant physician. There is evidence
that some patients are able to have immunosuppression withdrawn and yet
maintain adequate graft function. Starzl’s group in Pittsburgh have proposed
that dissemination of donor leukocytes (including pluripotent stem cells) occurs
from allografts inducing donor/recipient nonreactivity. A series of 95 recipients
was reported in which weaning from immunosuppression was attempted (22).
These patients were all more than 5 yr from transplant and had stable graft
function. At the time of the report, 20% were drug free up to 4.5 yr later, and
39% remained in the weaning process. Twenty-six percent of patients required
reinstitution of their immunosuppression for biopsy-proven or presumed acute
rejection. Chronic rejection was not seen. This group has also described spe-
cific genetic polymorphisms of tumor necrosis factor (TNF)-a and interleukin
(IL)-10 in children that have been successfully weaned from immunosuppres-
sion after liver transplantation (23).

Other tolerance-induction strategies have been attempted in animals, includ-
ing total body irradiation, costimulation blockade, development of chimerism,
and lymphocyte depletion using a variety of monoclonal and polyclonal anti-
bodies. Buhler and colleagues recently published a case report of combined
human leukocyte antigen (HLA)-matched donor bone marrow and renal allo-
transplantation. This is the first example of an intentional and clinically appli-
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cable approach to inducing renal allograft tolerance achieving potent and sus-
tained antitumor effects in patients with multiple myeloma (24).

8. Donors

The biggest obstacle to the continued expansion of liver transplantation is
the increasing gap between waiting lists and organ availability. If localized
primary liver tumors, alcoholic liver disease, and allograft failure are accepted
as indications, the demand for liver transplants has been calculated to be 25 per
million population (25). Using current donor criteria, no more than 80% of all
donor livers can be used (25); thus, depending on donor incidence, between 30
and 80% of the patient demand can be met. In 2001, 1978 potential liver recipi-
ents died on the waiting list in the United States without receiving a graft
(UNOS database).

On first consideration, the prospects for the future are not encouraging. Donor
numbers have decreased because of a progressive (and welcome) fall in the two
leading causes of brain death in the United Kingdom: head injury from road
traffic accidents and intracranial hemorrhage (26). Between 1989 and 1992,
the annual number of donors in the United Kingdom resulting from road traffic
accidents fell from 279 to 194, a decrease of 30%. The situation is further
complicated by changes in neurosurgical practice. Improvements in imaging
and shortage of intensive care beds have resulted in a more restrictive policy in
the transfer of patients to regional neurosurgical units: patients with a very
poor prognosis can now be identified at an early stage. For this reason many
patients who would previously have been assessed in a neurosurgical intensive
care unit are no longer identified as potential donors (27).

A number of strategies are evolving to address the current situation. These
include the use of organs from marginal donors (those outside the criteria pre-
viously used in respect to age, co-morbid condition, and cardiovascular stabil-
ity), organs from NHBDs, the more extensive use of liver splitting (to obtain
two transplants from one donor liver), and the transplantation of organs from
living donors. Each of these potential solutions raises specific clinical and ethi-
cal issues.

9. Marginal Donors

What constitutes a “marginal donor” remains controversial, and different
transplant units have developed their own arbitrary policies to determine whether
a liver is used or discarded based on broadly accepted guidelines. A selection of
10 major studies in the last decade on this subject includes no less than 32 sepa-
rate parameters in the various definitions. These include preexisting liver dam-
age (steatosis, obesity, alcohol, deranged liver function tests), adverse lifestyle
(drug abuse, homosexual practice), age, hemodynamic instability (hypotension,
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inotrope use, cardiac arrest, NHBDs), risks of sepsis and malignancy, and others
(Iength of stay on intensive therapy unit [ITU], malnutrition, hypernatremia).

Widening the acceptance criteria in an effort to expand the donor pool has
become a necessity. The use of livers from marginal donors has been shown in
several studies to lead to an increased risk of primary graft dysfunction (28—
31). This term encompasses both catastrophic primary nonfunction, resulting in
death or retransplantation in the first week, or impaired primary function mani-
fest as a coagulation disturbance and increased transaminase levels and result-
ing in prolonged ITU stay and increased requirement for renal support (and
greatly increased cost).

Both primary nonfunction and impaired primary function represent the clini-
cal manifestations of cumulative injury derived from the period of brain death
within the donor, subsequent warm/cold ischemia during preservation, and
reperfusion at the time of transplantation.

A recent study from Birmingham suggested that the two most important inde-
pendent donor variables that correlate with graft dysfunction are macrosteatosis
(>30% on histopathological analysis) and donor age (32). In the study the out-
come with such marginal organs could be dramatically improved if cold
ischemia time was restricted to no more than 12 h. Strasberg et al. reaffirmed
this association by describing cold preservation time, steatosis, and donor age
as the only three parameters with a proven relationship to early graft outcome,
the others having an uncertain relationship that required further evaluation (33).

10. Reduced-Size Liver Transplantation

Size reduction of an adult liver was implemented initially to overcome the
need for size-matched grafts in pediatric recipients. The technique was intro-
duced clinically in 1981, and the first successful transplant of part of a liver
was reported by Bismuth and Houssin, who transplanted the left lobe from an
adult to a child in 1984 (34). Further experience at several centers suggested
that the use of the left lateral segment (segments II and III) taken from an adult
donor would provide an ideal-sized graft for a small child and that the results
were comparable to whole size-matched grafts (35). An additional refinement,
reported from both Europe and Australia, was the retention of the recipient
vena cava, to which the venous outflow (the left hepatic vein) of the graft was
anastomosed (36,37). This allowed even larger donor-to-recipient size mis-
matches as well as retaining a right hemi-liver with intact vena cava. This
enabled the concept of liver splitting and, subsequently, living donation.

10.1. Liver Reduction

Liver reduction involves transplantation of part of the liver, the remaining
liver being discarded. It is a solution to size discrepancy, but does not affect the
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overall availability of donor organs. Liver transplantation from reduced livers
(as opposed to split livers) is now usually restricted to left liver grafts (seg-
ments [-IV), usually including the donor cava, and left lateral segmental grafts
(segments II-III), excluding the vena cava. Generally, if a right lobe graft
would fit, then the entire liver would be suitable. The technique has been
developed further by the transplantation of a single hepatic segment—either
segment II or segment III (38).

Patient and graft survival is equivalent to, and in some circumstances better
than, survival after full-size grafting (39). Rates of arterial thrombosis are lower
when a pediatric recipient receives a reduced adult graft rather than a cadaveric
whole pediatric graft, presumably because of the larger caliber of the donor
vessel (40). Conversely, the presence of a cut surface increases the rate of
bleeding and bile leaks in the reduced grafts. The development of liver reduc-
tion has made possible a reduction in pretransplant deaths in small children
from 25% in 1989 to less than 10% today (41). This technique also led directly
to the surgical techniques necessary for liver splitting and living donor trans-
plants.

11. Split Liver Transplantation

Split liver transplantation, first reported by Pichlmayr et al. in 1988 (42),
has the advantage of providing not only organs suitable for small children, but
also additional transplants suitable for small adults. Usually, the adult would
receive the right-liver graft including segment IV with the inferior vena cava
attached and a child the left lateral segment. Segment I (the caudate lobe) is
either preserved or discarded, depending on local preference.

Transplants have also been performed of two adult recipients using a single
split liver. In these cases, segment IV is retained with the left lobe. The main
technical challenge is to provide an adequate mass of liver tissue to both recipi-
ents: the left lobe (typically 40% of the liver mass) is sufficient only for a
recipient of small body mass. Postoperative liver function can be predicted
based on the transplanted liver mass as a proportion of the weight of the recipi-
ent. A proportion of 1% (transplantation of a 700-g liver lobe into a 70-kg
patient) is considered a safe limit.

Although usually performed as an ex vivo procedure (the operation is per-
formed on the explanted, cooled liver), the splitting procedure can also be per-
formed in situ during the donor-procurement procedure. This has the
advantages of less preservation injury (shorter cold ischemia time) and improved
hemostasis of the cut surface (25). Ex vivo splitting is also associated with a
higher rate of biliary complications (22% vs 27%) compared with whole-organ
(4%) or in situ split grafts (0% vs 3%) (43). However, the logistics are complex
because of the considerably prolonged donor operation and the necessity of a
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very experienced retrieval team. It places enormous additional strain on the
already stretched resources of liver-retrieval teams, other transplant teams, and
donor hospitals. The ex situ technique is therefore generally employed, with
the procedure performed once the liver has been returned to the transplanting
center.

The early experience of liver splitting involved application of the new pro-
cedure in high-risk patients, often as a desperate measure; this was reflected in
a high morbidity rate (44). Between January 1987 and June 1999 a total of
1036 split grafts (mostly ex situ) was transplanted in 898 patients. In adults, the
1-yr patient and graft survival rates were 68 and 60%, respectively. In children
(<15 yr), the corresponding figures were 75 and 59%. Survival rates were sig-
nificantly better in centers that had performed more than 40 split transplants,
suggesting a significant learning curve (European Liver Transplant Registry.
Custodian: R Adam, Villejuif, France).

12. Living-Related Transplantation (LRT)

One of the most challenging and controversial developments devised as a
means of reducing waiting list deaths is the use of partial liver grafts from
living donors. The first clinical success was reported in 1989 (45), and since
that time the technique has been adopted in many centers with great success.
Initially, the major proponents were the Japanese liver units where legal and
cultural issues render cadaveric donation rare.

The use of living donors has enormous potential advantages in terms of organ
quality (absence of the adverse effects of brain death, short cold ischemia time),
which reduce the risk of early dysfunction. Also, it enables the transplant to be
carried out as a planned procedure at a time optimal to the patient and suitable
for the donor and the transplant team. However, although increasingly widely
performed not only in Japan, but also in North America and Europe, living
donor liver transplantation has yet to make a major impact in the United King-
dom. This reflects unresolved anxieties about donor safety as well as the basic
ethical dilemma of putting a healthy individual’s life at risk. Living donation
must meet three major ethical requirements if it is to succeed: (1) a convincing
need for the technique, (2) acceptable risk and benefit to the participants, and
(3) a satisfactory process for ensuring adequate informed consent and protec-
tion of the donor. It is yet to be seen whether this technique will become widely
practiced in Britain.

13. NHBDs

The use of organs from NHBDs is increasingly seen as an important solu-
tion to the discrepancy between the supply and demand for donor livers. This is
accentuated by the changes in neurosurgical practice (described above)
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whereby patients with catastrophic cerebral injury are identified at an early
stage and allowed to die following withdrawal of medical support. These
patients, therefore, are usually not diagnosed as brain dead, and death occurs
and is defined by cardiac arrest. Because cardiac arrest in these donors is pre-
dicted, it is possible to prepare the transplant team and to await the moment of
death. Such donors are, therefore, termed “controlled” NHBDs. Other situa-
tions are unpredictable (e.g., the cardiac arrest that occurs outside the hospital
or in the emergency department), usually preceded by an unsuccessful attempt
at cardiac resuscitation. The logistics of organ retrieval in such cases are more
complex. These organ donors are termed “uncontrolled” NHBDs.

Many ethical issues are involved in retrieval of organs from NHBDs. The
points of potential conflict of interest (between care of the donor and recipient)
include intervention prior to declaration of death and the duration of manda-
tory no-touch period after cardiac arrest before organ retrieval. The clinical
and moral requirements governing NHBD cadaveric organ-procurement policy
can be summarized as follows: (1) organs can only be taken from donors who
are dead; (2) the care of the living must never be compromised in favor of
potential recipients; and (3) informed consent must be obtained prior to retrieval.

In HBDs death is defined by neurological criteria, whereas in NHBDs death
is declared only after cardiac arrest. Thus, a fundamental difference between
HBDs and NHBDs is that, until the moment after cardiac arrest, the NHBD is
alive. The rationale for the mandatory “hands-off period” is to delay any inter-
vention until such time as any central neurological activity, present before car-
diac arrest, will have ceased beyond doubt.

The time between cardiac arrest and the start of the organ-retrieval process
varies in different institutions: intervals ranging from no waiting to 10 min
have been reported. The first international workshop in Maastricht, Nether-
lands, held in 1995 recommended that a 10-min period after cardiopulmonary
arrest be allowed before intervention by the transplant team. However, there is
evidence that the 10-min no-intervention period contributes to an increased
incidence of primary nonfunction and delayed graft function.

Clinical experience with NHBD liver transplantation is limited (46—48). Under
controlled circumstances, with shorter warm ischemia times, the results are
acceptable (49). In an uncontrolled setting, when cardiac arrest occurs outside
the operating room, results have been poor with a high rate of primary non-
function (47). Otero and colleagues reported a primary nonfunction rate of 20%
in 20 grafts from Maastricht category 2 (uncontrolled) NHBDs (50); the corre-
sponding primary nonfunction rate in 40 HBDs was 2%. Most of the successful
cases reported from this group utilized continuous in vivo perfusion with car-
diopulmonary bypass or chest compressions with oxygenation. It is likely that
this provides some recovery of cellular energy stores prior to cold storage.
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14. Auxiliary Liver Transplantation

There are two situations in which it is logical to transplant a donor liver but
to preserve part of the patient’s own liver: transplantation for fulminant liver
failure and transplantation for metabolic liver disease.

In many patients with fulminant liver failure, regeneration of hepatocytes
leads to recovery and avoids the need for transplantation—the operation is indi-
cated in those patients who are unlikely to survive long enough for adequate
regeneration to occur. The objective in auxiliary liver transplantation is to trans-
plant enough healthy functioning liver tissue to bridge the patient over the period
of acute liver failure while allowing the native liver time to recover.

In patients with certain metabolic disorders, liver transplantation has been
recommended in order to provide one liver-specific enzyme—the function of
the liver is otherwise normal. It may be possible to provide adequate levels of
enzyme function by transplanting part of a donor liver (34). Examples of such
metabolic defects include Crigler—Najjar syndrome type I (51), ornithine trans-
carbamylase deficiency (52), and propionic acidemia (53).

The advantages of auxiliary transplantation in these circumstances are clear—
the patient is largely spared the risks normally associated with graft failure due
to rejection and other causes. Importantly, in the case of fulminant liver failure,
if the native liver recovers, immunosuppression can be gradually withdrawn,
sparing the patients all the long-term morbidity of immunosuppression, includ-
ing infection, malignancy, and nephropathy.

Currently most groups performing auxiliary partial orthotopic liver transplants
(APOLTs) use right, left, or left lateral splits/reduced grafts. Technical problems
include compression of major venous vessels into and out of the graft, inad-
equate portal flow into the donor graft and subsequent thrombosis, inadequate
graft size, and toxic liver syndrome in patients with acute failure. These prob-
lems have largely been overcome, and satisfactory results have been reported
(54); auxiliary transplantation is being considered by a number of centers as a
potential adjunct to orthotopic transplant (55). Experience with immuno-
ssuppression withdrawal is limited; however, the collected European experience
found that 65% of patients surviving more than 1 yr with a successful auxiliary
liver transplant were free of immunossuppression (54). In this series the overall
1-yr patient survival rate of 62% in auxiliary liver transplantation was similar to
that for orthotopic liver transplantation (61%).

15. Xenotransplantation

The use of animals, particularly pigs, as an organ source presents a very
attractive alternative to human organs. Pigs can be bred and raised under very
clean and controlled conditions. The anatomy and physiology is similar to
human counterparts, and the waiting list could be cleared with huge expansion
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of the potential donor pool. Before this can become a clinical reality, however,
problems relating to immunological, microbiological, and physiological barri-
ers need to be overcome.

In 1992 and 1993, two orthotopic xenotransplantations were performed,
placing baboon livers into patients with liver failure secondary to hepatitis B
infection. These patients survived 70 and 26 d (56). The livers worked, but not
normally, with levels of proteins including albumin remaining in the normal
range for baboons and not humans.

No long-term pig-to-primate liver transplants have been performed, although
porcine livers transgenic for human complement regulatory proteins have func-
tioned successfully in the short term. Patients with acute liver failure have been
supported for a few hours to days with extracorporeal liver perfusion (ECLP)
while a human donor liver is sought (57). These procedures have indicated the
pig liver to be functional in the short term, with improvements in clinical status
and reduction of blood ammonia and lactic acid levels. Whether genetic engi-
neering would be able to “humanize” a pig liver adequately remains to be seen.
The major porcine complement factors are only 70% homologous with human
factors, and pig and human albumin 65% homologous, discrepancies that may
be exaggerated in cascade or regulatory systems.

Pigs and humans represent discordant species, and xenografts from one to
the other would be expected to undergo hyperacute rejection because of the
presence of preformed antibodies to the a-gal epitope on vascular endothelium
leading to activation of the classical complement pathway. Transgenic tech-
niques have been developed to prevent the hyperacute response. These include
the production of pigs transgenic for a human complement regulatory pro-
teins—the introduction of a single human complement regulator gene has been
shown to abolish the immediate, complement-mediated hyperacute xenograft
rejection. However, induced antibodies and subsequent cellular mechanisms
are not controlled by this means (58).

Having controlled the immediate effect of complement activation caused by
preformed antibodies, a xenograft is at risk of damage from induced antibodies
(delayed xenograft rejection). This has proved difficult to control using conven-
tional immunosuppressive drugs. McGregor and colleagues recently reported
that by combining the use of organs that express human decay accelerating fac-
tor (hDAF) with the administration of a soluble Gal glyco-conjugate and other
immunosuppressive agents, the survival of pig hearts in baboons is extended to
amedian of 76 d (59). The recent generation of pigs that do not express the main
target antigen (60) (o1,3-galactosyltransferase gene—knockout pigs [GT-KO])
might prevent the antibody response.

Safety issues include concern about transmission of exogenous viral infec-
tions, such as cytomegalovirus, from donor pig to recipient. Early weaning and
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subsequent isolation can lead to an absence of virus in these piglets. The pres-
ence of endogenous retroviruses in all pig cells has also led to concern. Oldmixon
et al. showed that certain pigs lack the capacity to transmit porcine endogenous
retrovirus to human cells in vitro (61).

However, even if the safety and immunological barriers to porcine xenotrans-
plantation were overcome, there are real doubts as to the potential value of liver
xenotransplantation. Although probably useful in the short-term treatment of
liver failure (as a liver-assist device), it is widely agreed that there would be
large-scale incompatibilities involving many enzyme systems within the pig
liver and proteins synthesized by the liver. It is unlikely, therefore, that the pig
liver will prove to be a good substitute for the human liver in clinical transplan-
tation, at least without major genetic engineering.

16. The Future

The practice of liver transplantation has become a victim of its own success,
with an inexorable rise in patients waiting for surgery and a donor pool that
remains static. The future must involve improved utilization of potential organ
donors—current initiatives within the British transplant community are address-
ing this. Optimization of donors including improvements in nutrition as well as
possible techniques for ameliorating reperfusion injury are being investigated, as
are improvements in preservation techniques and viability assessment (including
normothermic extracorporeal perfusion). Living donor transplantation remains a
controversial technique, but one that could go a long way to redressing the short-
age of donors. Improvements in immunosuppression have had a major effect on
the survival of liver-transplant patients, a trend that is likely to continue. A clini-
cally applicable means of achieving immunological tolerance would radically
reduce the short- and long-term risks of liver transplantation. Although clearly
desirable, this would have the effect of expanding still further the population of
patients for whom transplantation is the preferred treatment.

References

1 Starzl, T. M., Marchioro, T. L., and Von Kaulia, K. N. (1963) Homotransplanta-
tion of the liver in humans. Surg. Gynecol. Obstet. 117, 659-676.

2 Starzl, T. E., Iwatsuki, S., Van Thiel, D. H., et al. (1982) Evolution of liver trans-
plantation. Hepatology 2, 614-636.

3 (1984). National Institute’s of Health Consensus Development Conference State-
ment: Liver Transplantation. Hepatolog; 4, 107S—110S.

4 Jain, A., Reyes, J., Kashyap, R., et al. (2000) Long-term survival after liver
transplantation in 4,000 consecutive patients at a single center. Ann. Surg. 232,
490-500.

5 Gordon, R. D., Fung, J., Tzakis, A. G., et al. (1991) Liver transplantation at the
University of Pittsburgh, 1984 to 1990. Clin. Transplant. 105-117.



Status of Liver Transplantation 43

6

10

11

12

13

14

15

16

17

18

19

20

Abbasoglu, O., Levy, M. F., Brkic, B. B., et al. (1997) Ten years of liver trans-
plantation: an evolving understanding of late graft loss. Transplantation 64,
1801-1807.

Asfar, S., Metrakos, P., Fryer, J., et al. (1996). An analysis of late deaths after
liver transplantation. Transplantation 61, 1377-1381.

Neuberger, J., Adams, D., Macmaster, P., Maidment, A., and Speed, M. (1998)
Assessing priorities for allocation of donor liver grafts: survey of public and clini-
cians. BMJ 317,172-175.

Kamath, P. S., Wiesner, R. H., Malinchoc, M., et al. (2001) A model to predict
survival in patients with end stage liver disease. Hepatology 33, 464-470.
UNOS. Policy 3.6.: Allocation of livers. Available at: http://www.org/organData
source/OrganSpecificPolicies.asp?display=Liver., Accessed August 13, 2003.
Freeman, R. B., Rohrer, R. J., Katz, E., et al. (2001) Preliminary results of a liver
allocation plan using a continuous medical severity score that de-emphasizes wait-
ing time. Liver Transplant. 7T, 173-178.

Select Committee of Experts on the Organisational Aspects of Cooperation in
Organ Transplantation. Meeting the organ shortage: current status and strategies
for improvement of cadaveric organ donation. Madrid: ONT, 1996.

Kim, W. R. (2002) The burden of hepatitis C in the United States. Hepatology 36,
S30-S34.

Berenguer, M., Prieto, M., Rayon, J. M., et al. (2000) Natural history of clinically
compensated HCV-related graft cirrhosis following liver transplantation. Hepa-
tology 32, 852-858.

Han, S. H., Martin, P., Edelstein, M., et al. (2003) Conversion from intravenous to
intramuscular hepatitis B immune globulin in combination with lamivudine is
safe and cost-effective in patients receiving long term prophylaxis to prevent hepa-
titis B recurrence after liver transplantation. Liver Transplant. 9, 182—-187.
Clemente, G., Duran, F., Loinaz, C., et al. (1999) Late orthotopic liver retrans-
plant indications and survival. Liver Transplant Spanish Group. Transplant Proc.
31,511-514.

Jain, A., Demetris, A. J., Kashyap, R,. et al. (2001) Does tacrolimus offer virtual
freedom from chronic rejection after primary liver transplantation? Risk and
prognosic factors in 1048 liver transplants with a mean follow-up of 6 years. Liver
Transplant. 7, 623-630.

O’Grady, J.G., Burroughs, A., Hardy, P., Elbourne, D., Troesdale, A., and the UK
and Republic of Ireland Liver Transplant Study Group (2002) Tacrolimus versus
microemulsified ciclosporine in liver transplantation: the TMC randomised con-
trolled trial. Lancet 360, 1119-1125.

Jain, A., Mazariegos, G., Polzharna, R., et al. (2003) The absence of chronic
rejection in paediatric primary liver transplant patients who are maintained on
tacrolimus based immunosuppression: a long-term analysis. Transplantation 75,
1020-1025.

Yokosuka, O. (2000) Role of steroid priming in the treatment of chronic hepatitis.
Br. J. Gastroenterol. Hepatol. (Suppl.), E41-45.


http://www.org/organDatasource/OrganSpecificPolicies.asp?display=Liver
http://www.org/organDatasource/OrganSpecificPolicies.asp?display=Liver

44

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Friend and Imber

Heffron, T.G., Smallwood, G.A., Oakley, B., et al. (2002) Autoimmune hepatitis
following liver transplantation: relationship to recurrent disease and steroid wean-
ing. Transplant. Proc. 34, 3311-3312.

Mazariegos, G., Reyes, J., Marino, I.R., et al. (1997) Weaning of immunosup-
pression in liver transplant recipients. Transplantation 63, 243-249.
Mazariegos, G. V., Reyes, J., Webber, S. A., et al. (2002) Cytokine gene poly-
morphisms in children successfully withdrawn from immunosuppression after
liver transplantation. Transplantation 73, 1432—1435.

Buhler, L. H., Spitzer, T. R., Sykes, M., et al. (2002) Induction of kidney allograft
tolerance after transient lymphohematopoietic chimerism in patients with mul-
tiple myeloma and end-stage renal disease. Transplantation 74, 1405-1409.
Busuttil, R. W. and Goss, J. A. (1999) Split liver transplantation. Ann. Surg. 229,
313-321.

New, W., Solomon, M., Dingwall, R., and McHale, J. (1994) A question of give
and take: improving the supply of donor organs for transplantation. Research
report, Kings Fund Institute, 18.

Briggs, J. D., Crombie, A., Fabre, J., Major, E., Thorogood, J., and Veitch, P. S.
(1997) Organ donation in the UK: a survey by a British Transplantation Society
working party. Nephrol. Dial. Transplant. 12, 2251-2257.

Ploeg, R. J., D’ Alessandro, A. M., Knechtle, S. J., et al. (1993) Risk factors for
primary dysfunction after liver transplantation—a multivariate analysis. Trans-
plantation 55, 807-813.

Makowka, L., Gordon, R. D., Todo, S., et al. (1987) Analysis of donor criteria for
the prediction of outcome in clinical liver transplantation. Transplant. Proc. 19,
2378-2382.

Rull, R., Vidal, O., Momblan, D., et al. (2003) Evaluation of potential liver
donors: Limits imposed by donor variables in liver transplantation. Liver Trans-
plant. 9, 389-393.

Salizzoni, M., Franchello, A., Zamboni, F., et al. (2003) Marginal grafts: finding
the correct treatment for fatty livers. Transplant. Int. 16, 486—493. Epub 2003
Mar 28.

Tekin, K., Imber, C. J., Atli, M., et al. (2004) A simple scoring system to evalu-
ate the effects of cold ischaemia on marginal donors. Transplantation 77, 411—
416.

Strasberg, M., Howard, T. K., Molmenti, E. P., and Hertl, M. (1994) Selecting the
donor liver: risk factors for poor function after orthotopic liver transplantation
[see comments]. Hepatology 20, 829-838.

Bismuth, H. and Houssin, D. (1984) Reduced size orthotopic liver graft in hepatic
transplantation in children. Surgery 95, 367-370.

Broelsch, C. E., Emond, J. C., andThistlewaite, J. R. (1988) Liver transplantation
including the concept of reduced size liver transplants in children. Ann. Surg. 208,
410-420.

Ringe, B., Pichlmayr, R., andBurdelski, M. (1988) A new technique of hepatic
vein reconstruction in partial liver transplantation. Transplant. Int. 1, 3035.



Status of Liver Transplantation 45

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

Strong, R., Ong, T. H., Pillayb, P., Wall, D., Balderson, G., and Lynch, S. (1988)
A new method of segmental orthotopic liver transplantation in children. Surgery
104, 104-107.

de Santibanes, E., McCormack, L., and Mattera, J. (2000) Partial left lateral seg-
ment transplant from a living donor. Liver Transplant. 6, 108—112.

Badger, I. L., Czerniak, A., and Beath, S. (1992) Hepatic transplantation in chil-
dren using reduced size grafts. Br. J. Surg. 79, 47-49.

Houssin, D., Soubrane, O., Boillot, O., et al. (1992) Orthotopic liver transplanta-
tion with a reduced-size graft: an ideal compromise in paediatrics? Surgery 111,
532-542.

Malatack, J. J., Schaid, D. J., Urbach, A. H., et al. (1987) Choosing a paediatric
recipient for orthotopic liver transplantation. J. Pediatr. Surg. 111, 479-489.
Pichlmayr, R., Ringe, B., Gubernatis, G., and Hauss, J. (1988) Transplantation of
a donor liver to two recipients (splitting transplantation)—a new method in the
further development of segmental liver transplantation. Langenbecks Arch. Chir.
373, 127-130.

Rogiers, X., Malago, M., Gawad, K., et al. (1996) In situ splitting of cadaveric
livers. The ultimate expanion of a limited donor pool. Ann. Surg. 224, 331-339.
Bismuth, H, Morino, M, Castaing, D, et al. (1989) Emergency orthotopic liver
transplantation in two patients using one donor liver. Br. J. Surg. 76, 722-724.
Strong, R. W., Lych, S. V., Hin Ong, T. H., Matsunami, H., and Koido, Y. (1990)
Successful liver transplantation from a living donor to her son. N. Engl. J. Med..
322, 1505-1507.

Gomez, M., Garcia-Buitron, J. M., Fernandez-Garcia, A, et al. (1997) Liver trans-
plantation with organs from non-heart-beating donors. Transplant. Proc. 29,
3478-3479.

Casavilla, A., Ramirez, C., Shapiro, R., et al (1995) Experience with liver and
kidney allografts from non-heart-beating donors. Transplantation 59, 197-203.
D’ Alessandro, A. M., Hoffmann, R. M., Knechtle, S. J., et al. (1995) Successful
extrarenal transplantation from non-heart-beating donors. Transplantation 59,
977-982.

Reich, D. J., Munoz, S. J., Rothstein, K. D., et al. (2000) Controlled non-heart-
beating donor liver transplantation: a successful single centre experience, with
topic update. Transplantation 70, 1159-1166.

Otero, A., Gomez-Gutierrez, M., Suarez, F., et al. (2003) Liver transplantation
from Maastricht category 2 non-heart-beating donors. Transplantation 76, 1068—
1073.

Rela, M., Muiesan, P., Vilca-Melendez, H., et al. (1999) Auxiliary partial orthoto-
pic liver transplantation for Crigler-Najjar syndrome type 1. Ann. Surg. 229, 565—
569.

Uemoto, S., Yabe, S., Inomata, Y., et al. (1997) Coexistenct of a graft with the
preserved native liver in auxiliary partial orthotopic liver transplantation from a
living donor for ornithine transcarbamylase deficiency. Transplantation 63, 1026—
1028.



46
53

54

55

56

57

58

59

60

61

Friend and Imber

Saudubray, J. M., Touati, G., Delonlay, P., et al. (1999) Liver transplantation in
propionic acidaemia. Eur J Pediatr. 158, S65-S69.

van Hoek, B., de Boer, J., Boudjema, K., Williams, R., Corsmit, O., et al (1999)
Auxiliary versus orthotopic liver transplantation for acute liver failure. J. Hepa-
tol. 30, 699-705.

Langnas, A. N., Fox, L. J., Heffron, T. G., et al. (1995) University of Nabraska
Medical Centre Liver Transplant Program. Clin. Transplant. 177-185.

Starzl, T. E., Fung, J. J., Tzakis, A. G., et al. (1993) Baboon-to-human liver trans-
plantation. Lancet 341, 65-71.

Makowka, L., Cramer, D. V., Hoffman, A., et al. (1995) The use of a pig liver
xenograft for temporary support of a patient with fulminant hepatic failure. Trans-
plantation 59, 1654-1659.

Waterworth, P. D., Cozzi, E., and Tolan, M. J. (1997) Pig-to-primate cardiac
xenotransplantation and cyclophosphamide therapy. Transplant. Proc. 29, 899—
900.

McGregor, C. G., Teotia, S. S., and Schirmer, J. M. (2003) Advances in preclinical
cardiac xenotransplantation [abstr 47]. J. Heart Lung Transplant. 22, S89—-S89.
Phelps, C. J., Koike, C., Vaught, T. D., et al. (2003) Production of alpha-1,3
galactosyltransferase-deficient pigs. Science. 299, 411-414.

Oldmixon, B., Wood, J. C., Ericsson, T. A., et al. (2002) Porcine endogenous
retrovirus transmission characteristics of an inbred herd of miniature swine. J.
Virol. 76, 3045-3048.



3
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1.

Summary

Clinical outcomes of pancreas transplantation were superior to that of islet transplan-
tation until the introduction of the Edmonton protocol. Significant advances in islet iso-
lation and purification technology, novel immunosuppression and tolerance strategies,
and effective antiviral prophylaxis have renewed interest in clinical islet transplantation
for the treatment of diabetes mellitus. The introduction of a steroid-free antirejection
protocol and islets prepared from two donors led to high rates of insulin independence.
The Edmonton protocol has been successfully replicated by other centers in an interna-
tional multicenter trial. A number of key refinements in pancreas transportation, islet
preparation, and newer immunological conditioning and induction therapies have led to
continued advancement through extensive collaboration between key centers. This chap-
ter provides an overview of the history of islet transplantation followed by a discussion
of the state of the art of clinical islet transplantation. The challenges facing the clinician—
scientist in the 21st century are also presented in this review.

Key Words: Type 1 diabetes; transplantation; islet cell; islet isolation; Edmonton
protocol.

Introduction

Diabetes mellitus (DM) is a clinical syndrome of abnormal carbohydrate,
lipid, and protein metabolism characterized by hyperglycemia and glucosuria
owing to the inadequate secretion and/or utilization of insulin. Insulin-depen-
dent diabetes mellitus (IDDM) is an autoimmune disease caused by the pro-
gressive destruction of the insulin-secreting B-cells in the islets of Langerhans
(1). The loss of more than 90% of the B-cell mass, triggered by unknown envi-
ronmental factors and mediated by cytotoxic T cells, condemns genetically

susceptible individuals to a lifelong dependence on insulin therapy (2,3).
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There are an estimated 177 million diabetics worldwide. Of the 8 million
patients in North America, 1 million have type 1 diabetes and 7 million have type
2 diabetes; and another 8 million are believed to be undiagnosed. About 30,000
new type 1 cases are diagnosed each year in North America, and the incidence is
rising annually (4). According to the Diabetic Resources Network, there are an
estimated 1.5 million diabetics in Canada, and this number is expected to double
by 2010. It is the leading cause of death by disease and the number one cause of
adult blindness (5). Diabetes is responsible for 25% of cardiac surgeries, 40% of
end-stage renal disease (ESRD), and approx 50% of nontraumatic amputations.
The economic costs and its burden on Canadian society are staggering, consum-
ing in excess of 10% of health care expenditures, or about $9 billion in 2000 (6).

1.1 Diabetes and the Quest for a Cure

The Diabetes Control and Complications Trial (DCCT) of 1993 and its fol-
low-up report in 1997 established that aggressive control of blood glucose low-
ered (but did not correct) glycated hemoglobin (HbA, ) values and significantly
delayed the progression of chronic diabetic complications (7,8). The United
Kingdom Prospective Diabetes Study Group (UKPDS) of type 2 diabetics with
microvasculature disease reported similar findings (9). These studies confirmed
unequivocally that tight control of blood glucose is essential if the microvascu-
lar complications are to be prevented.

Intensive therapy is based on frequent self-monitoring of capillary blood glu-
cose (four or more times each day) using skin puncture sampling and analysis
with a portable glucose meter (10). Insulin can be self-administered by multiple
injections (three or more times a day) or by pump therapy (11,12). The penalty
for this optimal metabolic control is an alarming threefold increase in severe
hypoglycemia. Even with aggressive medical management, exogenous (subcu-
taneous) insulin therapy will never recreate the real-time variation of blood
glucose. The effects of chronic hyperglycemia and peripheral hyperinsulinemia
are believed to accelerate diabetic microangiopathy (13,14). These observa-
tions have prompted researchers to explore alternative methods to restore physi-
ological blood glucose regulation.

B-Cell replacement is the only treatment that reestablishes and maintains
long-term glucose homeostasis with near-perfect feedback controls (15). Pan-
creas transplantation is the standard therapy for insulin-dependent diabetics with
established or imminent ESRD (16). Pancreas transplantation is also an option
for patients who (1) require urgent third-party intervention for frequent, acute,
and severe metabolic complications (hypoglycemia, hyperglycemia, ketoacido-
sis), (2) have incapacitating clinical and emotional problems with exogenous
insulin therapy, or (3) exhibit frequent acute complications despite strict com-
pliance with optimal medical management. Normalization of blood glucose can
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reverse diabetic nephropathy (17) and stabilize or improve neuropathy (18) and
cardiovascular status, but not advanced retinopathy (19). Clinical outcomes have
improved dramatically since the first cadaveric pancreas—kidney transplant in
1966 by Kelly and Lillehei at the University of Minnesota (20). The procedure
is technically demanding and continues to have significant peri-operative mor-
tality and morbidity despite refined surgical techniques, effective immunosup-
pression modalities, antiviral prophylaxis, and posttransplant monitoring
(21,22). Although graft rejection rates are low, the risks associated with pan-
creas transplantation have generally limited its use to co-transplantation with
other organs. The current 1-yr graft and patient survival rates are 80-90% and
as high as 95%, respectively (23). In contrast, islet transplantation with its
reduced antigen load, technical simplicity, and low morbidity has the potential
to prevent chronic complications and improve quality of life. From a research
perspective, islet transplantation is the ideal model for testing novel immuno-
suppression and tolerance, and cytoprotection protocols. It has several advan-
tages over other experimental models because (1) unlike failed heart, lung, and
liver transplants, which require life-saving emergency retransplantation, a dia-
betic would resume insulin therapy if the islet graft fails, (2) retransplantation is
associated with low morbidity, (3) allogeneic and autoimmune barriers must be
neutralized, and (4) islets can be cryopreserved or manipulated in vitro to reduce
immunogenicity or to induce cellular expansion.

The potential of pancreas transplantation for the treatment of diabetes began
in 1889 when Minkowski and von Mering unexpectantly discovered that removal
of the canine pancreas resulted in hyperglycemia and glucosuria, followed by
ketoacidosis and death (24). The first clinical attempt to transplant the pancreas
was performed 5 yr later by Williams, who implanted fragments of freshly
slaughtered sheep’s pancreas in the subcutaneous tissues of a 13-yr-old boy
dying of diabetic ketoacidosis (25). Although there was temporary improvement
in glucosuria before his death 3 d later, it was inevitable that the xenograft would
fail without the benefit of immunosuppression. Pioneering experiments by
Minkowski, Ssobolew, Barron, and others quickly gave rise to the realization
that the exocrine pancreas was not necessary to treat diabetes (26). In 1902,
Ssobolew proposed transplanting only the endocrine tissue, but he had no prac-
tical means to separate the islets from the acinar tissue. Consequently, this
approach would lie in a near-dormant state for more than 60 yr (27,28).

The discovery of insulin by Banting and Best in 1922 transformed diabetes
from an inevitably fatal disease following the onset of ketoacidosis to that of a
chronic incurable illness with debilitating comorbidities and premature death
(29,30). Clinicians were eager to declare that insulin therapy would cure diabe-
tes, a fact that was not overlooked by Banting, who concluded his 1923 Nobel
laureate lecture with: “Insulin is not a cure but is a treatment; it enables the
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diabetic to burn sufficient carbohydrates, so that proteins and fats may be added
to the diet in sufficient quantities to provide energy for the economic burdens of
life” (31). Meanwhile, surgeons continued to refine pancreas and vascular sur-
gery techniques that would eventually set the stage for future breakthroughs in
organ transplantation and transplantation immunology. However, it was obvi-
ous by the 1930s that exogenous insulin therapy did not prevent the progression
of the clinical syndromes now known as the complications of diabetes. It was
not until the late 1940s that the scope and severity of the disease was really
known. The consequences of 15-20 yr of persistent hyperglycemia resulted in
renal failure, blindness, heart disease, neuropathy, and atherosclerosis (32). The
clinical introduction of glucocorticoids and azathioprine (and later cyclosporine)
coupled with the success of kidney transplantation in the early 1960s provided
the impetus to once again explore the possibility of pancreas transplantation as
a treatment for insulin-dependent diabetes (33). Canine and clinical studies of
vascularized pancreas transplantation in the late 1960s and early 1970s were
disastrous. While organ procurement and preservation were major obstacles,
peritonitis, graft rejection, and septicemia secondary to the breakdown of the
duodenal anastomosis in the presence of high-dose corticosteroids were largely
responsible for a mortality rate in excess of 60% and a dismal 1-yr graft-sur-
vival rate of 3% (20). Because some of these problems resulted from contami-
nated exocrine tissue in the graft, efforts were undertaken to determine the
feasibility and efficacy of grafting only the insulin-producing tissue.

1.2. The Evolution of Clinical Islet Transplantation

Prior to the late 1960s, the harvesting of islets for morphological and physi-
ological studies required the meticulous microdissection of rodent pancreata
(27). Lacy and Kostianovsky extensively refined Moskalewski’s technique of
dispersing minced rodent pancreatic tissue into fragments from which large
numbers of islets could then be separated (34,35). Briefly, the pancreas was
distended with a balanced salt solution via the pancreatic duct, which was then
chopped into small fragments and mechanically agitated with bacterial collage-
nase enzyme. In 1970, Younoszai et al. demonstrated some amelioration of glu-
cosuria and glycemia in diabetic rats by intraperitoneal implantation of
allografted islets (28). The first reports of successful islet transplantation in rats
with chemically induced diabetes were published in 1972 by Ballinger and Lacy
and others. Kemp et al. demonstrated that the liver was the most effective envi-
ronment for islet implantation in rodents (36). The islets undergo a process of
angiogenesis and neovascularization to form a rich nutritional blood supply and
a core-to-mantle microvascular network that optimizes intercellular -to-o/d
signaling for precise insulin and glucagon secretion. Transportal embolization
is the method of choice in clinical islet transplantation, although there is some
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debate as to whether the liver is the best site (37). In 1977, Najarian et al. at the
University of Minnesota performed the first successful clinical islet allotrans-
plant under protective cover with azathioprine and corticosteroids (38). One year
later Largiader et al. reported the first C-peptide-negative diabetic to achieve
insulin independence at 1 yr after simultaneous kidney transplant and
intrasplenic infusion of nonpurified pancreatic tissue from a single donor (39).
Researchers prematurely predicted that islet transplantation would cure diabe-
tes and that vascularized pancreas transplantation would only be a footnote in
the history books. However, the extrapolation of rodent islet transplant tech-
nology into the clinical arena proved to be very problematic. This was due in
part to the inability to prepare an adequate islet implant mass from the more
fibrous human pancreas. Little attention was given to the composition, purity,
and viability of the pancreatic digest or the consequences of transplanting such
tissue into human subjects (40). Most attempts were disappointing and very
often catastrophic, with hepatic infarction, portal vein thrombosis, dissemi-
nated intravascular coagulation, and splenic infarction accounting for much of
the morbidity and mortality (21). These events and ineffective immunosup-
pression would critically hinder the development of clinical islet transplanta-
tion for the next 20 yr (41). Methods would eventually be developed that
enabled the isolation of islets from dogs, pigs, primates, and humans (42,43).
Indeed, the present-day concept of clinical islet transplantation is based on
techniques developed in large animal models (41).

There were sporadic reports in the 1990s of insulin independence following
islet allotransplantation for extended periods (44-48). In 1992, Pyzdrowski at
the University of Minnesota reported a series of five patients (ages 12-37 yr)
who became insulin independent after intrahepatic islet autotransplantation fol-
lowing total or near-total pancreatectomy (>99%) for severe chronic pancreati-
tis (49). Other autotransplant studies demonstrated that a critical mass of
300,000 islets could reestablish and maintain insulin independence beyond 2 yr
(50,51). These were the first studies to prove that islet autotransplantation was
feasible and safe. More than 240 autotransplants have been performed world-
wide in the last 15 yr (52). Most recipients had undergone total or near-total
pancreatectomy for intractable pain and/or failure to thrive secondary to chronic
pancreatitis. Oberholzer et al. recently reported long-term insulin independence
in two patients who underwent islet autotransplantation following distal pan-
createctomy for insulinomata well localized to the surgical neck of the pan-
creas, with no signs of recurrence at 3 and 6 yr posttransplant, respectively (53).
To date, the longest period of insulin independence following autotransplanta-
tion is more than 13 yr (54).

Of the 237 well-documented allotransplants recorded in the Islet Transplant
Registry (ITR) database in Giessen, Germany, from January 1, 1990 to Decem-
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ber 31, 2000, less than 12% of recipients were insulin-free at 1 yr posttransplant.
Graft survival, defined as basal C-peptide less than 0.5 ng/mL, was 41% (48,52).
The majority were islet—kidney transplants. Tolerance was induced with either
antilymphocyte globulin (ALG) or antithymocyte globulin (ATG). Cyclosporine,
azathioprine, and glucocorticoids were used for maintenance immunosuppres-
sion. Although these disappointing results were in sharp contrast to those of clini-
cal autotransplantation, there were two notable exceptions. In 1990, Tzakis et al.
at the University of Pittsburgh reported a small series of nondiabetics who had
undergone islet and co-transplantation of a liver, kidney, and bowel following
multivisceral resection for primary or secondary hepato-biliary malignancies
(44). Two years later, Ricordi et al. reported a follow-up series of 22 cluster
organ—islet allotransplants (45). Most grafts were from a single pancreas of a
multi-visceral donor and were implanted in the liver via the portal vein following
reperfusion. More than 50% of recipients were able to remain insulin-free (the
longest >5 yr) before succumbing to recurrent metastatic disease. These studies
provided a unique opportunity to study islet allografts in the absence of autoim-
mune reactivity. Other factors believed to contribute to the success of these multi-
visceral organ—islet transplants were as follows: (1) the use of partially purified
preparations allowed a greater number of islets to be implanted (55); (2) the
patients who were able to achieve insulin independence had a larger implant mass
relative to their body weight (48); (3) tacrolimus monotherapy in the absence of
corticosteroids provided effective immunosuppression (56); (4) experimental
studies have shown that liver transplantation improves immunological tolerance
to other organs from the same donor when simultaneously transplanted (57); and
(5) cachectic individuals are known to be very sensitive to insulin (58).

1.3. Early Clinical Trials: Prelude to the Edmonton Protocol

In 1989, the first two of seven patients in an early cohort received approx
260,000 islets isolated from two cadaveric donor pancreata. A kidney from the
first donor was also implanted (59). Intravenous insulin was administered for
10-14 d with intensive blood glucose monitoring to maintain normoglycemia
and preserve B-cell function. Immunosuppressive therapy included Minnesota
antilymphoblast globulin (MALG), corticosteroids, azathioprine, and
cyclosporine. Posttransplant C-peptide production gradually declined over 1-3
mo. Graft failure coincided with cytomegalovirus (CMV) infection, with nei-
ther patient achieving insulin independence. Subsequently, four patients were
transplanted with fresh allografts supplemented with cryopreserved islets to
create a total islet mass of more than 10,000 IE/kg (islet equivalent [IE]: stan-
dardized to the volume of an islet 150 um in diameter per kilogram body weight
of the recipient) (60). One patient remained insulin-free for more than 2 yr (48).
The seventh patient underwent a simultaneous liver and islet transplant. Embo-
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lization of partially purified pancreatic tissue into the liver via the portal vein
resulted in complete portal vein thrombosis and required emergency retrans-
plantation (55,56). All patients eventually required insulin therapy. Two allo-
grafts remained C-peptide positive, the longest for more than 9 yr. Researchers
from Pittsburgh, St. Louis, Milan, and Miami also reported some early success
with islet allotransplants, but technical problems, particularly with the collage-
nase, would temporarily dampen enthusiasm for developing islet transplanta-
tion (47,61,62).

These data demonstrated that most patients were unable to achieve or main-
tain insulin independence because (1) the islet implant mass was subtherapeutic
(63), (2) a high proportion of the islets failed to engraft (64), (3) the islets were
damaged in the liver (the site of implantation) by direct, local toxic effects of the
immunosuppressants (65), and (4) ineffective immunosuppression failed to pre-
vent acute or chronic rejection or the recurrence of autoimmune diabetes (66).
The high metabolic demand of preexisting insulin resistance in patients with
incipient renal failure also placed undue stress on the islets (67,68). Implanted
islets were also lost owing to functional exhaustion (69). Four criteria have been
identified with insulin independence: (1) the critical islet implant mass was 6000
IE/kg or more; (2) the critical cold ischemia (preservation) time (CIT) was less
than 8 h; (3) polyclonal antibodies such as ALG or ATG were very effective in
depleting cytotoxic T cells; and (4) the liver was the favored implantation site
(70-72).

By the late 1990s, controlled pancreas distension with low-endotoxin
Liberased (Roche, Indianapolis, IN), automated tissue dissociation, and purifica-
tion on continuous Ficoll gradients made it possible to manufacture high-yield
islet preparations suitable for experimental and clinical transplantation (73,74)
(Fig. 1). The Giessen protocol employed endotoxin-free reagents during pro-
cessing and intravenous insulin, parenteral hyperalimentation, and antioxidant
therapy (nicotinamide, pentoxifylline, vitamin D) to improve islet engraftment
and overcome early graft rejection (75,76). Insulin independence was achieved
in about 25% of patients with ATG induction and maintenance immunosuppres-
sion with methylprednisolone, azathioprine, and cyclosporine. Maffi et al. of
Milan reported that mycophenolate mofetil (MMF), vitamin D, cyclosporine,
steroids, and metformin enhanced islet allograft survival from 33% to more than
50% (77).

Using a similar strategy that emphasized strict quality-control criteria and
aggressive peri-transplant management, Oberholzer et al. reported improved islet
allograft function in 13 patients with IDDM followed over a period of 3 mo to 5
yr under cover of basiliximab (a chimeric anti-interleukin ([IL]-2 receptor-o
monoclonal antibody [anti-IL-2R-a0 MADb]), steroids, cyclosporine, and MMF
(46). Based on these data, the Swiss-French (GRAGIL) consortium, using a cen-
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Fig. 1. Schematic view of clinical islet cell transplantation.

tral processing facility and refined peri-transplant management protocols, reported
a 1-yr allograft survival rate of 50%. Two of five patients with single-donor
allografts achieved insulin independence after 6—8 mo. Interestingly, both recipi-
ents received islets shipped from another center (78). Three individuals eventu-
ally resumed insulin therapy but remained C-peptide positive. There were no
episodes of primary graft failure (PGF). The remaining five allografts eventually
lost all function.

1.4. Development of Steroid-Free Immunosuppression

The resurgence of autoimmune activity is an ominous sign indicative of impend-
ing graft failure. The importance of an effective immunosuppressive regimen is
well demonstrated by the fact that autoimmune recurrence following identical
twin-to-twin segmental pancreas transplantation can be prevented (79). The lim-
ited success of early clinical islet transplants revealed that conventional immu-
nosuppressants were relatively ineffective in preventing allograft rejection
when compared to their effect on vascularized pancreas grafts. Most if not all
agents were associated with impaired -cell function, reduced graft revascular-
ization, or serious long-term side effects such as nephrotoxicity and malignancy
(80). Cyclosporine and glucocorticoids exert their diabetogenic synergism
through reduced insulin secretion, increased peripheral insulin resistance, and
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direct toxicity to the fl cell (81). Azathioprine, a purine analog originally devel-
oped as an anticancer agent, revolutionized renal transplantation in the early
1960s. It inhibits T-cell proliferation by blocking DNA and RNA synthesis.
Leukopenia is the most common side effect. Azathioprine toxicity is dose depen-
dent and often reversible. Azathioprine monotherapy does not appear to adversely
affect -cell function or insulin sensitivity. MMF provides more specific potent
immunosuppression by inhibiting the de novo synthesis of guanosine nucle-
otides in T and B cells. Unlike azathioprine, MMF is not teratogenic (82). MMF
also potentiates the antiviral effects of ganciclovir and inhibits the upregulation
of adhesion molecules on the surface of cytotoxic T cells. Overimmunosup-
pression can result in life-threatening opportunistic infections and malignancy,
particularly lymphoma (83,84). Polyclonal antibodies such as ATG and ALG
are very effective in high-immunological-risk patients (85).

The introduction of sirolimus was a major key to the development of ste-
roid-free immunosuppression (23,86). Unlike other immunosuppressants,
sirolimus interrupts cell-cycle kinetics late in the G, phase, prior to entry into
the S phase. The specific inhibition of the lymphocyte response (growth factor
mediated) to mitogenic stimuli leaves other proliferative pathways unaffected.
Thus, sirolimus blocks T- and B-cell recruitment, activation, and clonal expan-
sion by inhibiting IL-2 and other cytokine production. Its low diabetogenic
potential, minimal nephrotoxicity, and synergism with tacrolimus and other
calcineurin inhibitors has been responsible for very low rejection rates in clini-
cal liver, kidney, and pancreas transplantation (87). Sirolimus-based protocols
have demonstrated prolonged islet graft survival and improved function through
enhanced insulin half-life and increased insulin sensitivity (88). Tacrolimus is a
more potent calcineurin inhibitor, and, like cyclosporine, its inhibitory effects
on insulin secretion are dose-dependent (89). Low-dose tacrolimus combined
with sirolimus and corticosteroids have resulted in unprecedented low rejec-
tion rates in liver, kidney, and pancreas transplantation (90). Daclizumab
(Zenapax®, Roche Pharmaceuticals) is a recombinant MAb engineered to spe-
cifically target the o-chain of the IL-2 IL-2R-0., which is expressed only by acti-
vated lymphocytes. It provides potent immunosuppression by inhibiting both T-
and B-cell proliferation and inhibiting interferon-y secretion (91,92). It has been
very effective in renal transplants. Its safety profile is unmatched by any other
immunosuppressive agent currently in use. Thus, triple therapy with tacrolimus,
sirolimus, and daclizumab prevents activation of the immune cascade at sev-
eral sites by inhibiting (1) T-cell activation, (2) IL-2 and other pro-inflamma-
tory cytokine production, and (3) IL-2a receptor ligand engagement and T-cell
proliferation and clonal expansion (93). This steroid-free strategy is particu-
larly advantagous in the setting of a marginal islet engraftment mass in that it
reduces B-cell toxicity substantially.
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Table 1
Effect of Islet Cell Transplantation

Islet transplant ~ Type ldiabetic Nondiabetic

recipients subjects control subjects
n 7 7 7
Sex (M/F) 6/1 4/3 3/4
BMI (kg/m?) 23.0+1.2 243+1.4 24/2+0.8
Age (yr) 43+3 39+3 375
Duration of daibetes (yr) 27+6 26+3 —
Total islets transplanted per patient 840,155 + 52,943 — —
HbA, (%) 5.8%+0.1 9.7%£0.6 54%0.1

2. The Edmonton Protocol

In 2000, we reported that seven consecutive nonuremic patients with type 1
DM transplanted with an average of approx 800,000 islets were insulin inde-
pendent beyond 1 yr (94). The Edmonton protocol, a glucocorticoid-free immu-
nosuppression regimen combined with an optimal islet engraftment mass, was a
dramatic departure from previous attempts. The protocol addressed specific
barriers to insulin independence identified by Hering and Ricordi. Autoimmune
recurrence and allograft rejection were counteracted with the novel cocktail of
daclizumab, sirolimus, and low-dose tacrolimus. This landmark study confirmed
for the first time in the history of clinical islet transplantation that long-term
islet function and excellent blood glucose control could be achieved with results
similar to that of vascularized pancreas transplantation (66). Expeditious graft
processing followed by immediate transplantation, the limitation of prolonged
cold ischemia, the avoidance of culture and cryopreservation, and the elimina-
tion of exposure to xenoproteins, such as fetal calf serum (FCS), further opti-
mized the recovery of functionally viable islets. Subsequent follow-up of the
original cohort confirmed that long-term insulin independence was possible and
that the therapy was safe and well tolerated (95-97) (Table 1).

2.1. Patient Selection and Preoperative Evaluation

The benefits of insulin-free status must be carefully weighed against the
potential risks of long-term immunosuppression on an individual basis. Most
early islet transplants were combined with a kidney transplant in patients with
end-stage diabetic nephropathy (52). These individuals often have significant
peripheral insulin resistance, which can be very slow to reverse after success-
ful transplantation (67,98). This problem and the concomitant nephrotoxicity
of the calcineurin inhibitors can be easily overcome by transplanting only C-
peptide-negative diabetics who have adequate renal reserve (creatinine clear-
ance >80 mL/min/1.73 m? or microproteinuria <300 mg/24 h) (99).
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We select adults (18—65 yr) with type 1 DM for more than 5 yr who are at
greatest risk and exhibit one or more of the following: (1) at least two episodes
of severe hypoglycemia with reduced awareness during the preceding 12 mo,
(2) marked glycemic lability (“brittle diabetes™) characterized by erratic blood
glucose levels that interfere with daily activities and/or requiring third-party
intervention on two or more occasions during the previous 12 mo (100), and
(3) the presence of early but progressive secondary diabetic complications that
fail to stabilize with intensive insulin therapy (7,8). Diabetics with severe coro-
nary artery disease are excluded. Patients with unstable retinopathy should not
be transplanted because sudden changes in blood glucose can precipitate reti-
nal hemorrhage (101). Diabetics with a recent or active history of substance
abuse (including smoking), daily insulin requirements of more than 0.7 IU/kg,
body weight greater than 90 kg, BMI higher than 28 kg/m?, active infection
(including hepatitis B and C, AIDS, and tuberculosis), or a history of malig-
nancy (except basal cell carcinoma or squamous cell carcinoma) are not eli-
gible. A positive pregnancy test, intention of future pregnancy, or failure to
practice effective contraception also preclude enrollment. Only 10% of the
more than 1500 Canadians with DM we have evaluated are suitable candidates
for islet-alone transplantation.

A thorough and independent review of potential candidates was performed
by two diabetologists and a multidisicplinary transplant team. Upon enrollment,
each patient gave written informed consent and underwent the following
baseline tests: a complete blood count (CBC), liver function tests (LFTs), elec-
trolytes, calcium, magnesium, thyroid function, lipid panel, renal function tests
(RFTs), and coagulation profile. Patients with labile diabetes or recurrent hypo-
glycemia secondary to adrenal insufficiency and celiac disease were excluded.
Prostate-specific antigen (PSA) levels were determined in men older than 40 yr.
Women older than 40 yr underwent mammograms. Eye assessment, chest X-
ray, dental assessment, abdominal ultrasound, and an electrocardiogram (and
other cardiac tests, if warranted) were also performed. All patients were screened
for CMV, HIV, hepatitis, Epstein-Barr nuclear antigen (EBNA), varicella-zoster,
syphilis, tuberculosis, and toxoplasmosis. Lymphocytotoxic antibody screens
were performed. Blood glucose and C-peptide levels before and after 90 min of
ingesting a standard mixed meal were recorded. Serum was analyzed for anti-
insulin antibodies and islet autoantibodies.

2.2. Pancreas Procurement

We process organs that the Human Organ Procurement Exchange (HOPE)
program does not allocate for pancreas transplantation. In 2000, Health Canada
reported that only 65 organs from 473 donors were used for vascularized pan-
creas transplantation (102). Two-thirds of the pancreata were never recovered
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from suitable donors, and a significant number arrived at the isolation labora-
tory with CITs exceeding 8 h. Donor pancreata were selected according to
factors known to have a positive influence on islet yield and subsequent insulin
independence: age over 20 yr, high BMI, blood glucose greater than 10 mMol/L,
and no history of prolonged cardiac arrest or severe hypotension requiring ino-
tropic support. Mean donor age was 44 + 11 yr. Islet injury from excessive cold
storage (mean CIT 7.5 + 4 h) was minimized whenever possible by employing
chartered jet transport.

The pancreas is a difficult organ to procure for transplantation (103). Surgi-
cal expertise, procurement technique, and minimal warm ischemia time (WIT)
of less than 20 min have a major impact on the recovery of functionally viable
islets and posttransplant clinical outcomes (104). Most reports describe meth-
ods for the combined removal of the pancreas and liver (105). Until recently,
the harvesting of the pancreas specifically for islet transplantation had not been
addressed (106,107). The whole pancreas or a segmental graft can either be
resected en bloc with the liver as part of the multiorgan retrieval process or
removed while the liver is perfused with University of Wisconsin (Viaspan or
Belzer UW; Barr Laboratories, Inc. Pomona, NY) solution (107). The follow-
ing surgical principles are of paramount importance: (1) atraumatic handling
of the pancreas (a damaged pancreatic capsule leads to enzyme leakage, loss of
ductal integrity and, ultimately, poor islet yields) (108), (2) rapid in situ cool-
ing to minimize WIT and stabilize endogenous enzyme activity (107), and (3)
immediate processing to minimize cold ischemic injury. We have demonstrated
that rapid mobilization of the spleen to the midline after cross-clamping the
aorta and embedding the entire pancreas in iced saline-slush led to a doubling
of islet yield and a significant improvement in islet viability (106,107). 1deally,
the pancreas should be removed en bloc with the spleen and a stapled cuff of
proximal and distal duodenum.

2.3. Islet Preparation

The islets were prepared using controlled pancreas perfusion with Liberase
HIO, automated tissue dissociation in a modified Ricordi chamber, and osmotic
stabilization with chilled UW solution for 30 min prior to purification on con-
tinuous Ficoll gradients using a refrigerated COBE 2991 cell apheresis system
(COBE BCT, Inc. Lakewood, CO) (71). More recently, the islets were cultured
in modified insulin-transferrin-selenium (ITS) medium containing hydro-
xyethyl piperazine ethane sulfonate (HEPES) buffer and nicotinamide for 48 h
(97,109). Insulin independence is rarely achieved with less than 9000 1E/kg
(about 640,000 islets) (52). The mean cumulative islet mass transplanted at our
institution is currently 13,000 IE/kg. Although we usually do not use prepara-
tions with less than 250,000 IE, the smallest islet mass that has secured insulin
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independence in our series is 230,000 IE. Islets were prepared from two (and
sometimes three or four) sequential donors in the majority of cases. The mean
time between the first and second implants was 70 d. Each preparation was
matched to the recipient’s blood type and cross-matched for lymphocytoxic anti-
bodies but not HLA phenotypes. Samples of the final preparation were sub-
mitted for signal transduction and activation of transcription (STAT) Gram
stain and aerobic, anaerobic, fungal, and Mycoplasma culture. Islet viability
was determined by the membrane dye exclusion technique. Islet function was
assessed using static incubation in low- and high-glucose media. The endocrine
composition of the grafts was determined by immunohistochemistry (110).

2.4. Islet-Alone Transplantation

Preoperatively, blood glucose was maintained between 6 and 10 mMol/L
using a 10% dextrose infusion supplemented with potassium chloride and insu-
lin (7,8). The islets were transplanted in the liver by percutaneous transhepatic
intraportal embolization using the modified Seldinger technique (111). Performed
under local anesthesia with conscious sedation, the procedure was usually com-
pleted within 15 —30 min. A portal venogram was used to visualize the intra-
parenchymal venous architecture and to confirm the position of the needle and
catheter tip within the main vein. Some centers prefer direct visualization of the
portal (or mesenteric) vein to minimize the risk of hemorrhage and portal vein
thrombosis. This can be safely accomplished by either mini-laparotomy or hand-
assisted laparoscopic surgery in conjunction with therapeutic heparinization.
These methods may be more suitable for centers with little or no experience in
islet transplantation. The transjugular route offers an alternate means of avoiding
multiple punctures. However, serious complications such as biliary rupture, cap-
sular puncture, and extrahepatic portal vein puncture have been reported (112).
The majority of patients (>90%) were safely discharged within 12-24 h.

2.5. Pretransplant Conditioning and Posttransplant Therapy

Posttransplant blood glucose was maintained between 4 and 10 mMol/L.
Blood glucose is often normal for the first 16-24 h, after which time it is usually
necessary to resume insulin therapy (Lispro preprandial and neutral Protamine
Hagedora at bedtime), albeit at much lower doses. Daily insulin requirements
were about one-half that of pretransplant (7,8). Daclizumab (1 mg/kg) was given
intravenously at the time of transplant and repeated at 2-wk intervals for a total
of five doses (91,92,113). This method allows time for a supplemental trans-
plant procedure. The induction course was repeated if another transplant was
required beyond 10 wk. Sirolimus was given orally as a loading dose of 0.2 mg/
kg orally immediately pretransplant. The maintenance dose (initially 0.1 mg/kg/
d) was adjusted to 24-h target serum trough levels of 12-15 ng/mL (as deter-
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mined by high-performance liquid chromatography) for 3 mo and were then
reduced to 7-10 ng/L thereafter (87,114). To minimize the risk of drug-induced
islet injury, low-dose tacrolimus (at one-quarter to one-half the standard dose for
other organ transplants) was administered beginning on d 10 at 2 mg orally twice
daily and adjusted to target 12-h serum trough levels of 3-6 pug/L (87,115). All
patients received ganciclovir (1 g orally three times a day) for 3 mo for CMV
and posttransplant lymphoproliferative disorder (PLPD) prophylaxis (84,116),
preemptive oral trimethoprimsulfamethoxazole if the white blood cell (WBC)
count was less than 2.5 x 10°/L (target range 5-10 x 10°/L), and pentamidine
(300 mg/mo) for prevention of Pneumocystis carinii pneumonia (PCP) (84).
Campath-1H, a humanized MAb (Millennium Pharmaceuticals, Cambridge,
MA) directed against the surface antigen CD52 expressed by lymphocytes and
monocytes, has been proven to be highly effective in the treatment of many
hematological malignancies and autoimmune diseases (117). To date, there
have been no reports of increased risk of malignancy, posttransplant lym-
phoma, or life-threatening infections among the more than 200 kidney trans-
plant recipients worldwide (118,119). Despite its excellent safety profile and
its ability to induce profound lymphocyte depletion, the use of campath-1H
and sirolimus without calcineurin inhibitor therapy has raised some concern.
Kirk et al. treated seven living-related kidney transplant recipients with only
campath-1H (110,118). In the absence of maintenance immunosuppression,
acute rejection was evidenced by an increase in the number of circulating
monocytes, an atypical monocytic infiltrate in the graft, and augmented tumor
necrosis factor (TNF)-o expression. Low-dose sirolimus reversed graft rejec-
tion and provided excellent renal function in all cases. After careful consider-
ation, it was felt that the risk of endothelium-directed monocyte-mediated
rejection would be much less likely in the islet setting. Although most donor-
derived endothelial cells are removed during the purification process, we felt it
prudent to add a micro-dose of tacrolimus. Micro-dosing without drug-level
monitoring (0.5 mg orally once every other day or about 10% of the low dose
currently used in Edmonton protocol) was delayed until d 7 posttransplant to
minimize toxicity to the freshly transplanted islets. Unlike previous trials,
which relied on extensive preconditioning with corticosteroids, only campath-
1H (20 mgiv) was given on d 2 and 1. Complement-mediated cytokine “storm,”
a toxic condition characterized by low-grade fever, mild hypertension, nausea,
vomiting, and urticaria, was avoided by predosing campath-1H on d 2 with a
single dose (10 mg/kg iv) of anti-TNF-o (infliximab [Remicade]).
Abdominal ultrasound with Doppler interrogation of the portal vein was con-
ducted within 24 h of transplantation. Postoperative hemorrhage was detected in
9 of 98 procedures by the presence of free fluid and/or a drop in hemoglobin.
Five patients required transfusion for non-life-threatening hemorrhage, while



Clinical Islet Cell Transplantation 61

250
—o— st transplant (n = 42)
—o—2nd transplant (n = 32)
—4—3rd transplant (n = 8)
200

AST (U/L)
8

Py

(=]

o
L

504 /

1 6 11 16 21 26 31 36 4
Post-transplantation (Days)

Fig. 2. Peak aspartate aminotransferase (AST) after sequential islet transplantation.

another experienced a rise in portal pressure following infusion of the final (Iess
pure) layer of islets. The patient was anticoagulated and transfused and under-
went successful decompression of a subcapsular hematoma and partial hepatec-
tomy because of an expanding intrahepatic hematoma. These risks are potentially
avoidable, particularly if the procedure is performed under ultrasound, computed
tomography (CT), or fluoroscopic guidance, and the catheter tract is plugged
with Gelfoam (Pharmacia and Upjohn, Mississauga, ON) after islet infusion.
Hemostatic gelatin-sponge embolization was abandoned early in the study when
a customized stiffened 4-Fr micropuncture catheter became available (Cook
Canada Inc., Stouffville, ON). The percutaneous transhepatic intraportal approach
has a proven safety record and remains our method of choice. We are currently
evaluating the efficacy of catheter tract ablation with laser photocoagulation and
mini-laparotomy in conjunction with full-dose heparinization and preemptive
anti-inflammatory treatment with anti-TNF-o (infliximab) (120).

Postoperative liver enzyme levels were elevated in about 50% of procedures.
This phenomenon is self-limiting and resolves within 3 wk posttransplant.
Although the exact cause is unknown, islet embolization most likely induces
hepatic injury by obstructing peripheral portal inflow. Liver transaminase lev-
els were lower following subsequent transplants, suggesting that immunosup-
pression may have a protective effect (121). The difference in the median peak
aspartate aminotransferase (AST) after sequential islet transplantation was not
statistically significant (Fig. 2). Even though portal venous pressures returned
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Fig. 3. (A) Mean portal pressures measured during first, second, and third islet
infusions. (B) The mean acute change in portal pressure increases as patients receive
more than one islet transplant.

to baseline between procedures, the incremental rise in peak postinfusion portal
pressure with successive transplants suggests that the elasticity of the portal
system is limited (Fig. 3). It is unknown at this time whether these acute changes
will have any long-term significance; however, multiple (two to four) sequen-
tial islet transplants can be performed safely if only highly purified islets are
implanted and portal venous pressure is carefully monitored (122). The risk of
portal vein thrombosis can be minimized even further by using a closed-bag
gravity infusion system, graded low-dose intraportal heparinization (35 U/kg
body weight if the packed cell volume [PCV] is <5 mL or 70 U/kg if >5 mL),
and smaller infusion volumes (<10 mL and preferably <5 mL) (123).
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Fig. 4. Kaplan—Meier survival curves showing a mean 82% insulin independence
in 118 cosecutive islet-alone transplantations.

2.6. Clinical Outcomes

Our latest series includes data from 48 consecutive C-peptide-negative patients
and 98 percutaneous transhepatic procedures and is the largest single-center
series worldwide (97). All patients had chronic complications including meta-
bolic lability (86%), microalbuminuria (64%), retinopathy (50%), neuropathy
(29%), and vasculopathy (7%). As of January 2003, 34 patients have received
completed transplants (mean cumulative islet mass 369,940 = 130,000 IE),
whereas another 14 await a second transplant. Gender was well matched (21
males, 27 females). The mean recipient age was 42 £ 9 yr. Mean duration of
type 1 diabetes was 25 = 11 yr. Mean pretransplant recipient weight was 70 =9
kg. Daily mean pretransplant insulin requirement was 0.6 = 0.2 IU/kg. The trans-
plant is considered to be a success if there is restoration of sustained euglycemia
either without any exogenous insulin or with reduced insulin requirement. Inde-
pendence from insulin injections is defined by (1) fasting glucose levels of more
than 7.8 mMI1/L more than three times a week (using the morning fasting glu-
cose level) and (2) 2-h postprandial glucose values (using any postmeal glu-
cose) of more than 10 mM/L more than four times a week. The transplant is also
considered to be a success even if an intercurrent illness or other event (such as
high tacrolimus levels) requires insulin for more than 14 d, provided medical
assessment after the event demonstrates insulin independence and adequate glu-
cose control.

Islets were transplanted under either the original or modified Edmonton pro-
tocol incorporating infliximab and/or campath-1H. Using Kaplan—-Meyer sur-
vival analysis, the rate of insulin independence at 1-yr post-transplant is 82%.
(Fig. 4) This compares favorably with previous reports by our group (94-96).
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Fig. 5. HbAlc at 3-mo intervals after islet transplantation in subjects who remained
insulin independent.

The majority of grafts remain functional beyond 3 yr. Micro anti-insulin anti-
body (MIAA) concentrations generally returned to normal after the discon-
tinuation of insulin therapy (124). It is interesting to note, however, that even
with effective immunosuppression, the presence of autoimmune reactivity in
some autoantibody-negative recipients with vascularized pancreas allografts
suggests that an increase in autoantibodies (glutamic acid decarboxylase
[GAD] and ICA 512 [islet cell antibodies]) and not their presence pretransplant
may be a better predictor of pancreas and islet graft failure (125). In our latest
series, prophylactic immunosuppression failed to prevent autoimmune recur-
rence in two cases (at 8.5 and 9 mo, respectively). Both individuals had GAD
levels in excess of 30 times the upper limit of normal. We intend to retrans-
plant these patients using protocols that specifically inhibit the autoimmune
pathway (126). Tacrolimus toxicity and islet “burnout” (complete loss of insu-
lin reserve) resulted in PGF in two patients at 9.5 and 11 mo, respectively.
Most patients have excellent glycemic control and exhibit normal or improved
HbA . values. Mean HbA . values fell significantly from 8.0% pretransplant to
6.0% posttransplant (Fig. 5). Graft survival (as defined by detectable C-peptide
>0.5 ng/mL) is 88% over 3 yr, confirming that islet allografts can retain long-
term function. C-peptide secretion (fasting 2.3 ng/mL vs stimulated 5.8 ng/mL)
remained stable over 3 yr. Mean body weight was reduced by 6%.

The treatment has been generally safe and well tolerated. To date there have
been no deaths, life-threatening infections, malignancies (including posttrans-
plant lymphoproliferative disorder [PTLD]), CMV infections, or CMV serocon-
versions despite the use of multiple donor/recipient mismatches, presumably
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because the infected lymphocytes are removed during the purification process.
Two patients developed potentially fatal neutropenia (<5 X 10%/L), requiring
hospitalization and temporary granulocyte-colony stimulating factor (G-CSF)
therapy (127). Most patients developed painful superficial mouth ulcers, but
these resolved when the target sirolimus level was lowered and the liquid form
was changed to a capsule formulation. About 60% of patients developed
sirolimus-related dyslipidemia and required statin therapy (128). About 50% of
recipients required either starting or increasing antihypertensive therapy fol-
lowing transplantation. Intestinal upset was an inconvenience in about 50% of
cases but gradually settled down over time. One patient with preexisting coro-
nary artery disease required an angioplasty. (Cardiac disease amenable to medi-
cal or surgical intervention should be corrected before transplant.) Three
patients who achieved insulin independence required photocoagulation therapy
for retinal hemorrhages. This emphasizes the importance of stable retinopathy
pre-transplant. Retinopathy has stabilized in all patients. Other minor com-
plaints included headache, diarrhea, and tremor.

All patients remain unsensitized except for one recipient, who had detectable
donor-specific panel reactive antibodies (PRA) after 2 yr following the com-
plete withdrawal of all immunosuppressants. This is an important factor to con-
sider for patients who may eventually require a kidney, liver, or heart transplant.

Campath-1H was well tolerated, and profound lymphocyte depletion was
maintained for more than 230 d (absolute lymphocyte count [ALC]: 11%; CD3
marker: 5-10%). Infliximab therapy lowered serum TNF-o levels, lowered
peak liver enzyme rise, and improved islet engraftment significantly when com-
pared to untreated controls.

Three patients were successfully converted from tacrolimus and sirolimus
to tacrolimus and MMF. One patient had severe diltiazem-induced ileal ulcer-
ation posttransplant, whereas another developed intractable gastroparesis. Both
patients remain insulin-free, and despite high tacrolimus levels (10 ng/mL),
one patient continues to have normal glucose tolerance, confirming our previ-
ous findings that in the absence of corticosteroids, high-dose tacrolimus therapy
outside the engraftment window is safe and effective (115). Renal function
remains unchanged in all but two cases, even after conversion from tacrolimus
and sirolimus to MMF and sirolimus. Both patients require small amounts of
insulin, despite relatively high C-peptide levels (which are likely the result of
inadequate renal clearance). This observation suggests that sirolimus interferes
with islet neovascularization early in the engraftment phase (129). MMF and
sirolimus may therefore not provide adequate protection against autoimmune
recurrence and allograft rejection during the conversion phase. A third patient
was converted to MMF and sirolimus because of tacrolimus-induced diarrhea
and headache.
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All patients enjoy a marked improvement in overall quality of life. The elimi-
nation of glycemic lability and the life-threatening consequences of unrecog-
nized hypoglycemia have been the most obvious benefits (94-97,130). Despite
prolonged insulin independence and near-normal glycemic control, islet trans-
plantation does not restore hypoglycemic counterregulation or symptom recog-
nition in recipients with longstanding diabetes and loss of hypoglycemic
awareness (131). While robust glucagon response to arginine stimulation con-
firms the presence of functioning B-cells, the absence of glucagon and epineph-
rine response to a stepwise hypoglycemic clamp suggests that islets implanted
in the liver do not function in a physiological manner. This abnormal metabolic
sensing and signaling may be due to the influence of an unidentified soluble
factor in the liver or an acquired defect following transplantation such as the
loss of B-cells during processing. Because the liver is the site of endogenous
glucose production, higher intrahepatic glucose levels could potentially pre-
vent transplanted islets from sensing peripheral hypoglycemia, thus impair-
ing glucagon secretion (132). However, this explanation is not satisfactory, as
intrahepatic islets are implanted on the portal venous side, which has a slightly
lower ambient glucose level as a result of the mixture of portal vein and hepatic
artery blood (133,134). The absence of the recovery of epinephrine response to
glucose and symptom recognition may reflect posttransplant subclinical hypo-
glycemia or the incomplete renervation of the islets in the presence of an under-
lying chronic autonomic neuropathy (133). Tacrolimus, like cyclosporine, has
been shown to have a direct negative effect on -cell function, but its effect on
a-cell function is unclear (87). Although sirolimus has little diabetogenic poten-
tial, its effect on a-cell function is also unknown (139). The correction of hypo-
glycemic awareness, even in patients with partial grafts, appears to have little
or no impact on clinical outcomes. However, the failure to restore counterregu-
latory responsiveness has the potential to jeopardize susceptible recipients to
recurrent episodes of hypoglycemia, especially in individuals who may require
temporary insulin therapy for an intercurrent illness. Long-term prospective
studies are therefore needed to determine the significance of this defect and
whether it regresses over time.

Metabolic tests have confirmed that graft function remains relatively stable
over time, but mean insulin reserve is only about 20% of normal. Unfortu-
nately, the onset of hyperglycemia often heralds the irreversible destruction of
more than 90% of the B-cell mass. Glucose tolerance is markedly impaired in
most patients. To date, only one patient has normal glucose tolerance (95-97).
There is no simple test to detect islet graft rejection, unlike the situation in
patients with kidney grafts, where a progressive rise in serum creatinine is
indicative of organ dysfunction and impending graft failure. The acute insulin
response to arginine correlated better with transplanted islet mass than acute
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insulin response to glucose (AIR,) and area under the curve for insulin (AUC,).
The AIR, and AUC; were more closely related to glycemic control. The AUC;
directly posttransplant was lower in those individuals who eventually became
C-peptide deficient. Therefore, a reduction in AIR, as well as proinsulin levels
and split-proinsulin levels over time may be an early indicator of graft dys-
function (136,137). Preliminary findings in our series suggest that both total
intact and split-proinsulin levels and total intact and total split- proinsulin—to—
insulin ratios are significantly lower in transplanted patients. Low proinsulin
levels may reflect a suboptimal -cell mass. Low proinsulin-to-insulin ratios
strongly suggest that intrahepatic islets release insulin into the systemic cir-
culation via the hepatic vein rather than into the portal venous system. It is
unknown at this time whether impaired glucose tolerance with insulin inde-
pendence and a normal HbA . will be adequate protection against secondary
complications of diabetes. Thus, the long-term outcome of islet transplantation
remains under proactive review.

2.7. International Multicenter Trial of the Edmonton Protocol

The Immune Tolerance Network (ITN) is a collaborative international agency
dedicated to developing clinical tolerance therapies for a wide range of immune-
related conditions, including transplantation and autoimmune diseases (138). The
ITN, with generous financial support from the Juvenile Diabetes Research Foun-
dation (JDRF) and the National Institutes of Health (NIH), is committed to imple-
menting (1) novel short-term immunotherapeutic strategies that involve gradual
weaning and complete withdrawal of all immunosuppressants by 1 yr and (2)
tolerance protocols incorporating hemopoietic chimerism with an emphasis on
T-cell depletion and irradiation-free regimens.

The Edmonton protocol and its minor variants have been successfully repli-
cated in more than 25 centers worldwide, with cumulative data from more than
300 patients. Encouraging findings from the ongoing (3-yr) ITN international
multicenter trial include the following:

1. Insulin independence has been achieved in 75% of single-donor islet transplants
using a protocol of perfluorochemical-based (two-layer) preservation, short-term
culture, and preemptive co-stimulatory signal blockade (139,140).

2. Islets cultured for 24-48 h in antioxidant-enriched Miami medium improves the
quality of islet preparations and facilitates the shipment of islets between centers
(141).

3. Perfluorochemical (PFC)-based preservation optimizes islet recovery and post-
transplant graft function without inducing oxidative stress (142-147).

4. Rescue gradients improve the recovery of trapped islets lost during purification
(C. Ricordi, personal communication).

5. Insulin independence has been achieved with islet grafts derived from NHBDs
(148).
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6. Sirolimus-based therapy can induce insulin independence following sequential
kidney—islet transplants (149).

7. Anti-inflammatory and calcineurin-inhibitor-free strategies with profound T-cell
depletion have been shown to improve islet engraftment (97,150).

3. In Search of the Elusive Islet

The Collaborative Islet Transplant Registry (CITR), funded by the NIH and
administered by the EMMES Corporation of Rockville, Maryland, is collect-
ing comprehensive data from centers in the United States and Canada and will
share this information with the ITR (151).

3.1. Technical Challenges in Clinical Islet Transplantation

Many technical and ethical challenges must be addressed if clinical islet
transplantation is to move forward (152). Cooperation between organ trans-
plant centers, the procurement team, and the isolation laboratory is crucial if
all available cadaveric pancreata are to be referred appropriately and expedi-
tiously. Islet yields remain quite variable (typically 25-75% of the potential
islet mass). Clinical results vary considerably across centers despite compre-
hensive efforts to standardize isolation/purification procedures and establish
strict quality control criteria in accordance with World Health Organization
(WHO) Good Manufacturing Practice (GMP) guidelines (153). The produc-
tion of high-quality islets is expensive, labor-intensive, and time-consuming.
Because the process has a steep learning curve and has yet to be standardized,
the technology would be best served by establishing centralized processing
facilities and regional networks dedicated to recruiting potential recipients and
procuring and transplanting organs (78).

Efforts to manufacture high-yield preparations suitable for clinical trans-
plantation have been challenging. Numerous methods have been attempted,
including continuous or discontinuous density (isopygnic) gradients, magnetic
microspheres coated with islet or cytotoxic antiacinar MAbs, photothermolysis
of exocrine tissue by antibody-mediated radiosensitization, exploitation of the
osmotic permeability differential between the exocrine and endocrine tissues,
fluorescence-activating cell sorting, cryopreservation, antiacinar cytotoxic anti-
bodies, tissue culture, and cell sorting by simple filtration (154).

Some concern has been raised about the assay used to determine islet viabil-
ity. The gold standard is the fluorescein diacetate/propidium iodide (FD/PI)
membrane integrity technique (110,155). Preliminary data from our laboratory
using Syto-Green and ethidium bromide (SG/EB) suggests that the former
method considerably overestimates the extent of islet viability (156).

Despite efforts to manufacture highly purified and standardized collage-
nase blends, the heterogeneity of the preparations, the quality and nature of
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Fig. 6. The Continuous Glucose Monitor System (CGMS) (MiniMed, Sylmar, CA).

donor pancreata, and prolonged cold ischemia times hamper a process that is
inherently difficult to control (157). One solution would be to determine the
acinar, ductal, and endocrine elements of the donor pancreas using sophisti-
cated genetic or phenotypic and molecular assays and then prepare an enzyme
cocktail incorporating specific recombinant collagenase enzymes for each
donor pancreas (158,159).

Careful patient selection is essential as clinical islet transplantation becomes
more widely available. Lability has been difficult to characterize (160). We
have developed a new scoring system, the lability index (LI), as a means to
better assist the selection of potential recipients, particularly those with severe
metabolic lability, who may have been overlooked by the less reliable mean
amplitude glycemic excursion scoring system (161). The latter, which is based
upon seven readings per 24 h for 2 consecutive days, provides an inaccurate
analysis of lability. The Continuous Glucose Monitor System (CGMS; Mini-
Med, Sylmar, CA) has been very effective in monitoring real-time blood glu-
cose trends of highly labile diabetics (162). This device has helped to document
improvements in blood glucose control and predict whether another transplant
is required (Fig. 6). Metabolic studies have shown that an implant mass of
16,400 IE/kg is necessary to reduce insulin requirements by 1 IU.

3.2. Pancreas Preservation Before Islet Isolation

Although UW solution has proven to be very effective for vascularized pan-
creas preservation, organs stored in UW solution before islet isolation for even
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Fig. 7. Two-layer (University of Wisconsin solution/perfluorochemical [UW/PFC])
cold-storage method. The pancreatic graft is on the surface of PFC, covered with UW,
and oxygenated during preservation mainly because of direct diffusion of dissolved
oxygen in PFC.

short periods has a profoundly negative impact on islet yields and clinical out-
comes. In some circumstances it may be more appropriate to defer a cadaveric
graft intended for vascularized pancreas transplantation, the rationale being
that a pancreas destined for islet transplantation has a more critical CIT (ide-
ally <8 h) than its vascularized counterpart, which can tolerate up to 30 h of
cold ischemia (163,164). We have provided evidence of the detrimental impact
of cold ischemia on posttransplant islet function (107). The ischemic index,
which takes into account the CIT for any given islet implant mass, has a posi-
tive correlation with insulin secretion.

Refined procurement and preservation techniques would allow better alloca-
tion of pancreata among islet-isolation facilities and organ-transplant centers
and more efficient use of limited resources. PFC-based preservation (two-layer
method [TLM]) supplies oxygen and metabolic substrates to the pancreas dur-
ing preservation, thereby maintaining cellular integrity and reducing ischemic
cell swelling (Fig. 7). This method improves metabolic parameters during pres-
ervation and optimizes islet recovery (Fig. 8) and posttransplant graft function
of cold and warm ischemically damaged pancreata without inducing oxidative
stress (142-147) (Table 2).

The TLM also improves the viability of vascular endothelium and stabilizes
the microcirculation, an effect that can be further augmented by supplementing
UW solution with a thromboxane A, (TxA,) synthetase inhibitor such as
OKY046 (165). The immunosuppressive properties of PFCs originally pre-
cluded their use as a blood substitute, but animal studies suggest that TLM-
preserved pancreata are associated with a reduced incidence of acute rejection
when compared to pancreata preserved in UW solution (166). Thus, the TLM
has the potential to maximize the use of donor pancreata that would otherwise
be discarded. While the effects of TLM on whole-pancreas transplantation have
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Fig. 8. Prepurification (white) and postpurification (black) islet yields from human
pancreases after >10 h of cold storage in UW. Additional preservation by the two-
layer method was performed in the UW-PFC group. *p > 0.05.

been well documented, little is known about the mechanisms of cold ischemic
injury on diminishing islet yield over time. Reliable methods for the detection
of ischemically damaged tissue as well as specific markers predictive of suc-
cessful clinical outcomes are also lacking.

3.3. Strategies to Improve Islet Engraftment

Clinical outcomes are influenced by numerous factors that are known to
exist prior to the donor’s demise, during procurement and preservation,
throughout the isolation and purification process, during culture, and follow-
ing transplantation (66). Posttransplant metabolic data suggest that 25-75% of
the islets fail to engraft (95,96). Islets are lost during the early posttransplant
phase by a variety of non-immune-related mechanisms, including ischemia,
apoptosis, and nonspecific blood-mediated platelet binding and complement
activation, a process known as the instant blood-mediated inflammatory reac-
tion (IBMIR) (167). Ozmen et al. have demonstrated that IBMIR was respon-
sible for both the loss of transplanted islets and portal vein thrombosis (168).
The reaction, which is mediated by exposure to ABO-compatible blood, can be
abrogated in an in vitro loop system by blocking the activation of islet-bound
tissue factor (TF) with MAbs or inhibiting thrombin activity with Melagatran
or its oral prodrug principle, H376/95 (Astra Zeneca, Gothenburg, Sweden).
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Table 2
Human Islet Transplantation from Pancreases With Additional Preservation by the Two-Layer Method

. Fasting glucose C-peptide at 90 min Glycosylated Exogenous isulin
Transplanted islets (mrifl/L) b p(ng/mL) hemﬁgloﬁin (%) vse (Ulke/d)
(IE/kg) of recipient’s
Patient body weight Pre-Tx  Post-Tx  Pre-Tx Post-Tx Pre-Tx  Post-Tx Pre-Tx Post-Tx
Ist Tx
A 7007 17.6 6.4 <0.302 3.80 6.4 5.5 0.67 None
B 6411 8.6 6.2 <0.302 4.59 6.6 5.1 0.57 0.13
C 5086 10.2 5.6 <0.906 2.80 8.9 6.7 0.70 0.53
2nd Tx
D 5970 8.6 5.8 2.11 3.29 6.5 6.0 0.19 None

E 6310 7.0 5.3 0.87 4.32 6.6 6.0 0.17 None
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These studies suggest that inhibition of TF activity before transplantation or
clinical protocols incorporating thrombin inhibitors or site-inactivated factor
VlIla might prevent IBMIR (169). Pretreating islets before transplantation with
antisensing agents that either block the expression or inhibit the synthesis
of TF would also eliminate the adverse effects associated with systemic
therapy.

Most centers employ short-term culture (typically 24—48 h) prior to trans-
plantation (170). 1t is unknown at this time whether the 10-20% of islets that
die during culture would also be lost if they were transplanted immediately
following isolation and purification as described in the original Edmonton
protocol. Human islets cultured in modified serum-free media (M-SFM) and
antioxidant-enriched ITS media have exhibited sustained posttransplant via-
bility and function (171). Islets cultured in TCM-199 and 95% FCS for 24 h at
37°C, followed by cooling to 24°C for an additional 24 h, has been shown to
enhance islet survival in a single-donor—to—single-recipient rat allotransplant
model (172). Because short-term culture eliminates the need for fresh islets,
potential recipients are no longer required to live within close proximity of
the transplant center. Tissue culture also reduces immunogenicity, improves
islet purity, and possibly prevents portal vein thrombosis. Extended islet cul-
ture (for days or even months) has the potential to improve clinical outcomes
by allowing time to (1) better match the donor to the recipient, (2) precondi-
tion the recipient, (3) expand the islet mass in vitro, and (4) manipulate the
islets in vitro to improve islet purity, prevent thrombosis, and reduce immu-
nogenicity.

Encouraging strategies in development or early clinical trials include:

1. Therapies with growth factors and other biologics to promote neovascularization
and islet growth (173,174)

2. Macrophage sequestration therapy with 15-deoxyspergualin (DSG) to enable
the use of unpurified preparations derived from single-donor pancreata (175,
176)

3. Anti-inflammatory treatment directed at neutralizing the effects of pro-inflam-
matory cytokines, most notably TNF-a, with monoclonal antibodies to improve
engraftment of a marginal islet implant mass (97)

4. Low-dose aspirin and other platelet antagonists, low molecular weight heparins,
soluble complement receptor-1 antagonists (TP-10) to prevent portal vein throm-
bosis (177)

5. Antioxidant therapies (nicotinamide with or without verapamil, vitamin D3 ana-
logs, pentoxifylline, lazaroid compounds, and cholesterol-lowering agents) to
minimize nonimmunological islet injury (178)

6. Inactivation of major histocompatibility complex (MHC) class II passenger
dendritic cells by low-temperature high-oxygen culture, antidentritic cell anti-
bodies, cryopreservation, or ultraviolet irradiation (179,180)
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3.4. Single-Donor Islet Transplantation

B-Cell replacement therapy will no doubt replace pancreas transplantation
as the definitive treatment for diabetes. The critical shortage of donor pancreata
and the inability to recover large numbers of high-quality islets from a single
pancreas are major obstacles to the widespread application of clinical islet
transplantation. Some clinicians have argued that the ultimate goal should not
be insulin independence but rather blood glucose stability (181). Although this
approach would benefit more patients, we strongly believe that most diabetics,
particularly those disabled by recurrent episodes of hypoglycemic unaware-
ness and marked metabolic lability, would be reluctant to accept the potential
risks of long-term immunosuppressive therapy if they were to have only partial
control over their diabetes. While multiple-donor transplants continue to be
the norm, single-donor—to—single-recipient transplantation may soon become
a reality as better methods of pancreas preservation, improved islet isolation
and purification techniques, and innovative strategies designed to promote islet
engraftment are developed (182). Therefore, insulin independence should remain
a priority. Autotransplant studies have shown that if ischemic injury and immune
reactivity can be circumvented, it is possible to induce and maintain normogly-
cemia with fewer islets. Several strategies have shown promise in facilitating
single-donor islet transplantation limiting non-immune-mediated graft loss and
improving islet engraftment, including (1) the taming of endogenous enzyme
activity with serine protease inhibitors during the digestion phase, (2) the use
of less toxic non-Ficoll gradients, and (3) anti-inflammatory strategies coupled
with insulin-sensitizing drugs (183,184).

3.5. Living-Donor Islet Transplantation

Large animal studies with nonpurified islet grafts suggest that it may be
possible to treat multiple recipients from a single pancreas (185). A review of
111 live-donor segmental pancreas transplants performed at the University of
Minnesota initially demonstrated that donors had only a modest increase in
procedure-related complications (21,22). The avoidance of obese donors and
high-risk individuals with positive autoantibody serology has largely elimi-
nated this problem (41). Live donation of a segmental graft specifically for
islet transplantation (perhaps by laparoscopic and hand-assisted removal) is an
attractive alternative, but the risk of inducing diabetes or creating a pancreatic
fistula in an otherwise healthy donor is a major concern (186).

3.6. Stem Cell Technology, Xenotransplantation, and Gene Therapy

Islet transplantation in its present form would benefit less than 0.5% of type
1 diabetics. It has long been recognized that alternative sources of insulin-
producing, glucose-responsive tissue must be found to treat the more than 175



Clinical Islet Cell Transplantation 75

million children and adult diabetics worldwide (187). "Islet farming” may be
one solution. Embryonic stem cells have been transformed into islet-like clus-
ters that reverse diabetes in mice (188). Human embryonic stem cells have
been coaxed to secrete insulin, albeit in low concentrations and without glu-
cose feedback (189). Human adult stem cells and pancreatic ductal elements
have been induced to transdifferentiate into islet-like or insulin-producing cells
(190). Adult stem cells expressing c-kit have induced islet regeneration and
reduced hyperglycemia in streptozotocin-induced diabetic mice (191). A novel
proliferating insulin-secreting cell line derived from a neonate with persistent
hyperinsulinemic hypoglycemia of infancy (PHHI), also known as nesidio-
blastosis, has proven to be a useful tool in diabetes-related research. NES2Y f3-
cells not only lack functional ATP-sensitive K* channels, they also exhibit
impaired expression of the insulin gene-regulatory protein transcription factor,
PDX-1 (or IUF-1). Triple transfection with the genes encoding the two sub-
units of the K*ATP channel and PDX-1 appears to restore glucose-responsive
insulin secretion in vitro. However, preclinical studies are required to deter-
mine if these cells can indeed maintain physiological glucose homeostasis and
will not undergo senescence or degenerate into malignant cells over time
(192).

Xenotransplantation has great potential as a means to alleviate the critical
shortage of organs, but controversial ethical and epidemiological concerns must
be overcome. Pigs are the most favored source of donor tissue because they are
in plentiful supply and share a number of physiological and anatomical simi-
larities with humans. Porcine insulin, which differs from human insulin by
only one amino acid, was used successfully for decades but has since been
replaced with recombinant insulin (193). The public fear of a porcine endog-
enous retrovirus (PERV) pandemic has significantly delayed clinical trials.
Even though there have been reports that PERV is transcriptionally active and
infectious across species in vitro, there is no evidence of viral transmission,
clinical infection, or disease in humans with porcine xenografts (194). Selec-
tive breeding, targeted gene deletion (colloquially termed gene knockout), and
cloning are possible solutions to this dilemma. Transgenic pigs expressing
human complement-regulatory proteins have been developed to overcome
hyperacute discordant rejection, but very large doses of cyclophosphamide are
required (195). The role of this phenomenon in xenotransplantation is uncer-
tain because xenograft rejection also occurs in complement-deficient rodent
models, suggesting that other mechanisms are also involved (196). Fetal por-
cine islet-like cell clusters (ICCs) have reversed diabetes in experimental ani-
mals. Although co-transplantation of porcine ICCs and a kidney in human
diabetics did not induce insulin independence, porcine C-peptide was detect-
able in the urine for 200—400 d (197). Adult porcine islets are very fragile and
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difficult to isolate, although some researchers have reported some success
(43,198). Korbutt et al. have developed an isolation and culture technique that
consistently yields large numbers of functional neonatal porcine islet clusters
(110). Neonatal porcine islets, which have the unique ability to replicate in
vitro and in vivo, are more susceptible to hyperacute xenorejection than adult
porcine islets. Since the latter expresses very little of the gal o [1,3] gal epitope,
microencapsulation of transgenic neonatal pig islet clusters might overcome
these barriers (199). Despite the concerns and problems of xenotransplantation
described above, clinical trials using porcine fetal and neonatal ICCs have been
undertaken worldwide (197,200,201).

Conceptually, gene therapy involves treating an organ prior to transplanta-
tion by activating or dampening specific genes known to be involved during
the early phase of acute graft rejection. The goal is to convince the host immune
system to recognize the transplanted organ as self. One major advantage of
pretreating the organ before transplantation is the elimination of the recipient’s
immune response to the viral vector itself when it is administered systemically.

Other promising approaches in B-cell replacement therapy include the gen-
eration of a human endocrine pancreatic cell line by transfection with SV40
DNA, induction of islet neogenesis, transformation of hepatocytes to secrete a
single-chain insulin analog, expansion of cloned human insulin-producing cell
lines, tissue engineering of B-and non-B-cells to secrete insulin, and genetic
engineering of intestinal mucosal K-cells to secrete insulin (202,203). Major
challenges thwarting clinical application of these technologies at this time
include the inability to both induce physiological glucose-sensing with posi-
tive feedback mechanisms and prevent senescence or malignant transforma-
tion.

Many technological and biological limitations as well as ethical, political,
and regulatory obstacles must be overcome (204,205). While many of these
issues appear to be insurmountable, a large prospective multicenter trial based
on a classical randomized control-test paradigm with clearly defined endpoints
and rigorous scrutiny of all data would allow these technologies to move closer
to clinical reality.

4. Novel Immunosuppressive Strategies
in Clinical Islet Transplantation

The ultimate goal of islet transplantation is to reestablish physiological glu-
cose homeostasis with an abundant source of insulin-producing tissue and
eliminate the need for immunosuppressive therapy. However, the complexity
of the human immune system (and a limited understanding of the mechanisms
of autoimmune recurrence in particular), the inability to detect early allograft
rejection, and the lack of a preclinical autoimmune model of diabetes are major
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obstacles (64,206). Despite overwhelming success in small animal models, the
induction of permanent graft function or stable tolerance in large animals, non-
human primates, and humans have been elusive.

4.1. Graft Accommodation and Minimal Immunosuppression Therapy

Accommodation, or the acceptance of a graft as self, is a well-recognized
phenomenon in experimental and clinical organ transplantation. Although the
mechanism is not completely understood, it enables the tapering of drug dos-
ages to subtherapeutic levels and, in some cases, the complete withdrawal of
all antirejection agents without destabilizing the graft (207-211). This approach
has the potential to significantly reduce the risk of drug-related side effects,
lymphoma and other malignancies, graft-vs-host disease (GVHD), and life-
threatening nosocomial and opportunistic infections. One of the most effective
means of promoting robust tolerance is donor-specific bone marrow transplan-
tation following myeloablation (212). High-dose whole-body irradiation and
powerful chemotherapeutic agents are very effective cytoablative modalities
for treating hemopoietic malignancies, but this approach is difficult to justify
in islet transplantation. Unlike other transplant recipients whose only hope for
survival is a vital organ transplant, the majority of diabetics can be safely man-
aged with insulin (7,8). However, carefully selected patients with unstable
diabetes arguably represent the ideal population to test the efficacy of non-
myeloablative methods and new tolerance protocols as the risk—benefit ratio is
clearly in their favor (213).

Some liver, kidney, and pancreas transplant recipients have been success-
fully withdrawn from all immunosuppressants for one or more reasons at vari-
ous times posttransplant (207). Starzl et al. were able to deliberately wean a
small number of patients with liver and kidney grafts off all immunosuppres-
sion (208). This concept of late operational tolerance was further developed in
a large study of liver, kidney, pancreas, and intestinal transplants using
thymoglobulin induction and tacrolimus monotherapy unless other agents were
required to suppress breakthrough rejection (209). Despite histological evi-
dence of immune activity, about 60% of recipients with surviving grafts after 1
yr were safely weaned to tacrolimus dosing once a week. Tanaka and Kiuchi
were also able to successfully withdraw all immunosuppressive agents in more
than 60 children who received living-donor liver transplants (214). Tacrolimus
monotherapy was reduced to once a week prior to complete drug withdrawal.
Although the mechanism of operational tolerance in these patients has not been
defined, it is believed to be a result of the large number of host CD4*CD25*
regulatory T-cells (211). It is not known whether this tolerance will remain
stable over time. Experimental and clinical studies have shown that there is a
risk of accelerated chronic rejection (212).
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4.2. Islet Transplantation in Immunoprivileged Sites

The existence of immunoprivileged sites was recognized very early in the
development of organ transplantation when researchers attempted to transplant
nonhemopoietic tissues and cells such as thyroid and parathyroid tissue fol-
lowing radical surgery for malignancy and fetal brain tissue or adult adrenal
tissue to treat Parkinson’s disease (215). The immunoprotective properties of
the testis (the most studied site), vitreous humor of the eye, brain, and thymus
cannot be explained solely on the basis of a simple physical barrier. Fas-Fas
ligand (Fas-FasL) interaction and other antiapoptotic pathways are most likely
responsible for this unique feature (216). Islets transplanted in immunoprivi-
leged sites have demonstrated marked prolongation or indefinite survival (217).
Islet allografts transplanted into intra-abdominally placed testes, co-transplan-
tation of allogeneic islets and testicular cell aggregates, and co-encapsulation
of Sertoli-enriched testicular cell fractions with islet xenografts have afforded
some degree of immunological protection (218,219).

4.3. Immunoprotection Through Bioencapsulation

Cell encapsulation technology has enormous clinical potential as a thera-
peutic modality for the management of a wide range of diseases including dia-
betes, hemophilia, cancer, and renal failure (220,221). In 1954 Algre et al.
demonstrated that cultured cells enveloped by a semi-permeable membrane
prevented allograft rejection (222). Ten years later, Chang proposed using arti-
ficial microcapsules for the immunoprotection of transplanted cells (223).
While bioengineering initially promised to prevent allograft and xenograft rejec-
tion by eliminating cell-cell contact and interaction with large molecular
weight immuno-globulins, islet graft destruction through toxic cytokine-medi-
ated pathways suggests that complete immunological protection will be a more
formidable obstacle if only insulin, nutrients, and metabolic waste products are
to diffuse freely across the membrane (224). Several immunoisolation systems
have been developed including devices anastomosed to the vascular system as
arteriovenous (AV) shunts, diffusion chambers or macrocapsules, and spherical
microcapsules (225). Experimental diabetes has been cured in rodents implanted
with microencapsulated islets. The intense fibrosis and destruction of the encap-
sulated tissue induced by contaminants in the alginate carrier or by shed graft
antigens has been a frustrating obstacle. Few studies have been able to demon-
strate consistent and unequivocal protection against autoimmune recurrence
unless combined with immunosuppressants or monoclonal antibodies (226).
However, sustained insulin independence has been achieved beyond 9 mo in
spontaneously diabetic dogs after intraperitoneal implantation of microencap-
sulated islet allografts (227). To date, only one patient treated with microen-
capsulated islets transplanted into the peritoneal space has achieved insulin
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independence in the absence of immunosuppression (228). Sun et al. demon-
strated the potential of microencapsulated xenografts when cynomologus
monkeys with autoimmune diabetes were implanted with adult porcine algi-
nate-encapsulated islets and remained normoglycemic for 803 d without any
adjunctive immunosuppression (229). BALB/c and nonobese diabetic (NOD)
mice transplanted with syngeneic and allogeneic islets encapsulated with an
inert non-poly-L-lysine-alginate (barium chloride) carrier were rendered norm-
oglycemic beyond 350 d (230).

4.4. Innovations in Tolerance Induction

T-cell activation and clonal expansion is a complex process that involves
engagement of donor antigen with a T-cell receptor (TCR), which consists of
the TCR itself and its corresponding CD3 complex, or a non-antigen-specific
inductive stimulus (co-stimulator) provided by an antigen-presenting cell (APC)
(231,232). There are two pathways of graft antigen presentation: (1) the direct
pathway, where recipient T cells recognize antigens in the context of a major
histocompatability complex (MHC) on the surface of donor APCs that are
capable of co-stimulatory activity (donor APC dependent), and (2) the indirect
pathway, whereby host T cells recognize graft antigen in the form of a peptide
in the cleft of the recipient class II molecules, which is then processed and
presented by host APCs (host APC dependent). Both pathways are believed to
play a role in allograft rejection, although the direct pathway is perhaps the
most crucial initially, whereas the indirect pathway is the primary mediator of
chronic rejection, particularly in xenograft rejection. The interaction of the TCR
complex with the donor antigen activates the first signal (signal 1). Co-stimula-
tion, or signal 2, is provided by the interaction of a myriad of surface molecules
and APCs, the most prominent chimeric cell being the dendritic leukocyte (233).
T-cell co-stimulation by molecules on the APC is required for optimal T-cell
proliferation (signal 3). Co-stimulation blockade results in functional inactiva-
tion (anergy) of the corresponding T cell and triggers apoptosis.

A number of novel immunosuppressive biologics are in preclinical develop-
ment or early clinical trials (234) (Table 3). The major targets of these agents
are (1) cell-surface molecules involved in recipient/donor immune cell interac-
tions (most importantly, the co-stimulatory pathway), (2) signaling pathways
involved in T-cell activation, cytokine production, and T-cell proliferation, and
(3) trafficking and recruitment of immune cells associated with graft rejection.
Some of the most promising agents include (1) campath-1H induction and
anti-inflammatory prophylaxis with infliximab (97), (2) a humanized anti-
CD11aMAD (anti-LFA1), (3) a second-generation humanized CTLA4-Ig MAb
(LEA29Y) directed against B7.1/B7.2, (4) a humanized CD45 MAD (anti-
CD45RB), and (5) a humanized anti-CD52 antibody (anti-CD52).
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Table 3
Major Targets of New Agents in Immunosuppression Development

* Interference with cell-surface molecules important in immune cell interactions
e Inhibiting signaling mechanisms

e Inhibiting T-cell proliferation

e Alter trafficking and recruitment of immune cells responsible for rejection

4.5. Intrathymic Induction

The recent discovery by Nomura et al. that the thymus also produces small
amounts of insulin has important implications in the pathogenesis and treat-
ment of type 1 diabetes (235). It is believed that the higher levels of thymic
pro-insulin expression might promote negative selection (deletion) of auto-
reactive T lymphocytes. This may explain why NOD mice are protected from
primary disease when islets are implanted in the thymus (236). Tolerance is
achieved by the deletion of alloreactive cells migrating through the thymus
before they encounter donor antigen in the peripheral circulation (237).
Intrathymic inoculation of donor antigens such as islets, splenocytes, lympho-
cytes, and donor-specific MHC peptides has resulted in the long-term survival
of rodent islet allografts (238). Intrathymic implantation of bone marrow
supplemented with a single dose of ALG has also been shown to induce toler-
ance in rodents by thymic T-cell-negative selection after donor-specific islet
transplantation (239). While small animal studies have confirmed the effec-
tiveness of this approach, clinical application has been limited as a result of
age-related thymic atrophy, technical difficulties, and the fact that alternative
sites for either positive or negative T-lymphocyte selection have been poorly
characterized (240).

4.6. Mixed Hemopoietic Microchimerism

Donor bone marrow infusion following myeloablation has been used to
induce high-level microchimerism and tolerance of donor immune cells in
recipients with hematological malignancies (212,241). The extent of stable non-
responsiveness depends on the degree of chimeric activity (242). High-dose
bone marrow transplantation in the presence of effective immunosuppression
significantly reduces human liver rejection rates and enhances graft survival
(243). Preliminary trials of bone marrow infusion combined with other solid
organ or islet transplants suggest that donor-specific tolerance can be achieved
(244). Ricordi et al. demonstrated that donor-specific bone marrow transplanta-
tion without myeloablation and temporary immunosuppression resulted in a
high level of donor microchimerism and unresponsiveness to islet allografts in
rats for more than 6 mo (245).
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4.7. Co-Stimulation Blockade

One of the most interesting strategies is co-stimulation blockade with mono-
clonal antibodies to prevent signal 2 activation at the time of transplantation
while leaving signal 1 TCR-antigen engagement unaltered. In 1991 Linsley et
al. reported that the fusion protein antigen-4-immunoglobulin (CTA4-1g) could
uncouple second-signal interaction and prevent activation by binding to CD28-
B7.1/B7.2 molecules on both cytotoxic T and B cells, respectively (246).
CTLAA4-Ig has been shown to prolong allograft and xenograft function in car-
diac, renal, small bowel, and lung transplant models in rodents and was more
efficacious when combined with donor-specific bone marrow transplantation
and/or low-dose immunosuppression (229,247). CTLA4-Ig administration has
enhanced survival of islet allografts and xenografts (248,249). Co-transplanta-
tion of CTLA4-Ig-secreting myoblasts or biolistic delivery of the CTLA4-Ig
gene have also been shown to improve islet allograft survival in diabetic mice
(250). Humanized CTLA4-Ig and monkey islet allografts led to suppression of
both humoral and cellular immune responses and a prolonged graft-survival
rate of 40% (251). An even more potent CTLA4-Ig, LEA29Y, has been shown
in primate islet transplant studies and clinical trials of patients with rheumatoid
arthritis and renal transplantation to be safe and effective (252,253). Murine-
skin allograft transplant models treated with either CTLA4-Ig or anti-CD40L
alone did not result in long-term engraftment. However, combined co-stimula-
tion blockade with both agents led to dramatic synergistic interaction and long-
term survival and function (254). These inhibitors were also effective in
preventing antigen sensitization in murine islet transplantation (255). This has
important implications for clinical islet transplantation, particularly when mul-
tiple donors are required to achieve insulin independence. Kirk et al. found that
administering anti-CD40L or CTLA4-Ig significantly extended renal graft sur-
vival in rhesus monkeys but that co-administration of both agents led to indefi-
nite survival and donor-specific tolerance to secondary skin grafts (256). We
have found that inducible co-stimulator (ICOS) signaling blockade in combina-
tion with sirolimus or additional co-stimulatory blockade significantly reduced
allospecific T-cell proliferation and effector function and induced operational
tolerance of islet allografts (257).

CD40-CD40L interaction plays a critical role by upregulating T-cell adhe-
sion (B7) molecules and TF expression on the surface of endothelial cells
(258,259). CD40L is expressed on activated CD4+ T cells, stimulated mast cells,
basophils, activated platelets, and vascular endothelium of various organs.
Blockade of the CD40/CD40 ligand (CD40L) pathway can induce long-term
tolerance of renal allografts in monkeys and other nonhuman primates (260-
261). Despite impressive evidence in rodent models and preclinical studies with
primates, the phase I trial of a humanized monoclonal antibody directed against
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CDA40L (anti-CD154) in patients with rheumatoid arthritis was abruptly halted
following reports of unexpected thromboembolic complications, including one
fatality (254). Biogen’s Hu5C8 MAD has an increased binding capacity for
islets, which in turn sets up the scenario for thromboembolism. While throm-
boembolic complications have been reported previously with other antibodies
in humans and monkeys, highly refined humanized preparations have elimi-
nated most of the risk (262). Kenyon et al. demonstrated that HuSC8 MAb
extended functional islet allograft survival in rhesus monkeys and baboons but
also reversed multiple episodes of rejection without any evidence of throm-
boembolic complications (260,261). IDEC131 (E6040) (IDEC Pharmaceuti-
cals Corporation, San Diego, CA), which targets a different epitope of Hu5CS,
has been used effectively in patients with systemic lupus erythematosus and
psoriasis. Anti-CD40 therapy, which targets CD40 directly, has safely extended
renal allograft survival in nonhuman primates (263).

If techniques to induce robust tolerance to alloantigens fail to protect the
graft from autoimmune attack, an adjuvant strategy of co-stimulatory blockade
or bone marrow conditioning in combination with micro-dose immunosuppres-
sion would be a logical approach. Low-dose sirolimus in the absence of gluco-
corticoids, which are also known to interfere with active tolerance pathways,
has a distinct advantage because apoptosis remains unimpaired in activated T
cells (264).

Another effective strategy is the induction of peripheral tolerance with
anti-CD3-based diphtheria-conjugated immunotoxin (265,266). Knechtle et
al. reported that renal allografts transplanted into nonhuman primates were
able to maintain rejection-free tolerance for more than 4 yr following a 2-wk
induction course with diphtheria immunotoxin (266). The underlying mecha-
nism of this operational tolerance involved the immunotoxin-mediated deple-
tion of circulating and sessile naive and memory T-cell subtypes, while the
dual action of DSG blocked the activation of pro-inflammatory cytokines
induced by the immunotoxin and promoted indefinite systemic production of
T-helper cell (Th2) cytokines.

Calcineurin inhibitors have been the cornerstone of immunosuppression regi-
mens since the introduction of cyclosporine in 1983. However, they have not
had a dramatic impact on long-term renal graft outcome as measured by graft
half-life (267). In a side-by-side study of tacrolimus vs cyclosporine, 66% of
renal allograft biopsies at 2-yr posttransplant had evidence of chronic trans-
plant nephropathy (268). Acute rejection and acute nephrotoxicity (especially
in cyclosporine-treated patients) at 1 yr posttransplant had a strong correlation
with the development of chronic transplant nephropathy. While these agents no
doubt provide effective immunosuppression, calcineurin inhibitors also under-
mine the mechanisms of establishing tolerance. Consequently, there has been
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much debate about eliminating or reducing the reliance on calcineurin inhibi-
tors. In 1999, Solez et al. reported the first multicenter trial of a calcineurin-
inhibitor-sparing regimen in primary renal transplants (269). Daclizumab,
MMF, and steroids were demonstrated to be safe and effective. At 4-mo fol-
low-up, 45% of patients had developed biopsy-proven acute rejection and were
treated with corticosteroids and/or a humanized anti-CD3 monoantibody
(OKT3-0a1-Ala-Ala or OKT3). Patients exhibiting signs of graft failure were
treated with calcineurin inhibitors. Even so, 60% of recipients were able to
remain off calcineurin inhibitors with excellent renal function, as evidenced by
significantly prolonged mean and median times to rejection.

The most promising tolerance protocols use a combination of modalities.
Central tolerance through mixed chimerism is based on the intrathymic clonal
deletion of alloreactive T cells and the removal of immunoreactive antibodies
to the donor graft by implanting donor-specific bone marrow cells in the recipi-
ent prior to islet transplantation. This method has been successful with skin
allografts in rodents, skin and kidney allografts in pigs, kidney and discordant
heart xenografts (pig-to-sheep), and kidney transplants in primates (245,270).
Bone marrow replacement following total body irradiation and anti-CD40L
(CD154) antibody therapy induced donor-specific allotolerance in NOD mice
without autoimmune recurrence and prolonged islet graft function beyond 100
d (271). Durham et al. showed that B6 recipients of totally MHC-mismatched
BALB/c skin grafts treated with repeated doses of donor bone marrow and anti-
CD40L developed durable (>300 d) multilineage hemopoietic chimerism and
both indefinite (>300 d) allograft acceptance and donor-specific tolerance to
secondary skin grafts without cytoreductive conditioning (272).

5. Islet Cell Transplantation, Children, and Type 2 Diabetes

Judicious split/mixed or basal/bolus insulin therapies are excellent treatment
modalities for the majority of pediatric patients (273,274). The risks associated
with islet transplantation are significantly lower than those associated with pan-
creas transplantation (21,94). Because end-organ damage evolves over many
years, the trade-off of exchanging frequent blood glucose testing, daily insulin
injections, and dietary restrictions for life-long immunosuppression cannot be
justified in all children or adolescents at this time (275). However, deliberately
exposing high-risk individuals to the risks of a steroid-free immunosuppres-
sion regimen has some merit, especially those experiencing (1) recurrent epi-
sodes of unexplained severe hypoglycemia and its life-threatening sequelae,
despite optimal medical management (7,8), (2) the presence of progressive vas-
cular complications (particularly retinopathy and nephropathy), which have the
potential of severe disability and premature death in early or mid-adulthood
(276), and (3) concurrent immunosuppressive therapy for a co-morbidity (such
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as kidney, heart, or liver transplant) that can be safely and effectively treated
with a steroid-free regimen (277,278). Clinical trials are underway in North
America and Europe to assess the efficacy of OKT3 in children and adolescents
with new-onset type 1 diabetes. We are also assessing the impact of de novo
islet-alone transplantation in children who are at risk of premature death from
severe metabolic lability. In the meantime, insulin therapy will continue to be
the method of choice for the majority of type 1 diabetics.

The underlying metabolic defect in type 2 diabetes is the result of insulin
resistance from abnormalities in insulin receptor number, function, and
postreceptor signaling (279). -Cell dysfunction can also coexist in type 2 dia-
betes and has been demonstrated in small animal models of type 2 diabetes
(280). Chronic liver disease is associated with impaired glucose tolerance and
diabetes (281). Combined islet-liver allografts in patients with cirrhosis and
overt type 2 diabetes, which occurs in about 20% of cirrhotic patients, have
much greater improvements in insulin requirements, HbA . levels, and overall
metabolic control than one would expect with orthoptic liver transplantation
alone (282,283). Retrospective studies of pancreas transplants performed inad-
vertently in type 2 diabetics have shown excellent long-term graft function
with insulin independence (284). It is unclear at this time if pancreas transplan-
tation can override the abnormal insulin demand caused by peripheral insulin
resistance without B-cell exhaustion, or whether patients with high C-peptide
levels inadvertently transplanted represent an atypical subgroup of type 2 dia-
betics with mutations in the glucokinase gene. Small animal and preliminary
clinical studies suggest that 10 times more islets might be required to over-
come the effects of peripheral insulin resistance (285). While islet and pan-
creas transplantation will continue to dominate the management of type 1
diabetes, prospective randomized trials incorporating metabolic studies would
help to define the nature of the disease and whether B-cell replacement therapy
has a role in the treatment of type 2 diabetes. Islet transplantation as a treat-
ment option for type 2 diabetes must therefore await the development of other
tissue sources.

6. Conclusions

There has been remarkable progress in clinical islet transplantation since
the introduction of the Edmonton protocol nearly 5 yr ago. Insulin indepen-
dence with effective immune prophylaxis can be achieved in more than 83%
of recipients at 1 yr posttransplant. Islet transplantation has effectively elimi-
nated glycemic lability and the sequelae of severe hypoglycemia. All of our
patients, even those who are not insulin-free, consider the transplant to be
worthwhile and beneficial. Emerging worldwide data suggest that positive
protective effects on secondary diabetic complications will emerge at 5-10 yr
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posttransplant. The clinical reality of immunologic tolerance is on the horizon
and may very well be first accomplished in the field of islet transplantation.
The continuing success of the Edmonton protocol is most encouraging and is
only one of many developments in the quest to cure diabetes.
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Current Status of Lung Transplantation

Allan R. Glanville

1.

Summary

Lung transplantation has come of age with the development of a critical mass of
experienced clinicians who are committed to pooling their knowledge to solve the clini-
cal problems that continue to confound the benefits individual patients may enjoy from
these life-saving procedures. Adequately powered clinical trials are in progress to assist
decision making regarding the role of newer immunosuppressive agents. Therapeutic
drug monitoring has become critical to minimizing preventable complications such as
renal dysfunction with calcineurin inhibitors. Fibroproliferation inhibitors are used more
widely to ameliorate the abnormal healing response to allodependent or alloindependent
injury, the latter perhaps related to underrecognized gastroesophageal reflux disease for
which fundoplication is now proposed as an effective preventative measure. Cumulative
damage to the graft from low-grade rejection is now appreciated as a potential cause of
graft loss perhaps via an insidious small vessel vasculitis causing bronchiolar ischemic
injury. Clearly, despite some progress, substantive challenges remain.

Key Words: Lung transplantation; broncholitis obliterans; rejection; therapeutic
monitoring.

Introduction

The last 20 yr have been both exciting and fulfilling for those privileged to be
involved in this rapidly changing modality of care. Patients for whom no other
therapy offered a realistic chance of ongoing survival and quality of life at last
had hope. During these years the science of lung transplantation evolved from
an experimental procedure to an investigative procedure to an accepted main-
stream therapy for patients with life-threatening pulmonary diseases (1-5).
Similarly, living lobar pulmonary transplantation, first performed in 1993, has
now achieved a position as a legitimate therapy, particularly where lung trans-
plantation using a cadaveric donor is not available in a timely fashion (6,7).
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International guidelines for the referral of patients for the consideration of list-
ing for lung transplantation have been promulgated, debated, and revised (8,9).
The consensus achieved by the working groups involved with the production
of these documents has not only set a benchmark for international collabora-
tion in the field of solid organ transplantation, but also typifies the willingness
of the medical community to identify and solve key problem areas in this new
field. As a result of this type of collaboration, adequately powered multicenter
trials of new immunosuppressive agents are building on earlier single-center
studies (10) to identify superior drug combinations for the prevention of rejec-
tion and obliterative bronchiolitis (OB) (11). Similar trials using rapamy-
cin derivative (RAD; everolimus; Novartis Pharmaceuticals Corporation, East
Hanover, NJ) are investigating effective therapies for established bronchiolitis
obliterans syndrome (BOS), and a new position paper has been developed to
assist in the diagnosis of BOS (12,13). Experiences gained in lung transplanta-
tion have provided new insights into other orphan diseases, such as primary
pulmonary hypertension (PPH) (14-17), o,-antitrypsin deficiency (AATD)
(18), and pulmonary lymphangioleiomyomatosis (19). Viable alternatives to
lung transplantation have been developed for certain patients, including PPH
(20), postthromboembolic pulmonary hypertension (21), and, most importantly
for emphysema, where the role of lung-volume-reduction surgery is under
review (22). Diagnostic bronchoscopic techniques such as transbronchial lung
biopsy (23) and interventional techniques such as laser therapy (24), balloon
dilatation, and stent placement have undergone major advances as a direct
result of the need to examine the allograft for rejection and infection (25) and
to manage the sequelae of bronchial anastomotic strictures (26-29). These tech-
niques have been transferred to the management of patients with conditions
including lung cancer, posttuberculosis stricture, and tracheo-esophageal fis-
tula (30).

The development of isolated lung transplantation, coupled with the early high
perioperative mortality rates reported for heart—lung transplantation (HLT), led
to a reduction in the yearly rate of HLT from a plateau of about 220 procedures
per annum in 1988-1995 to only 71 procedures in 2002 (31). For the 2973
patients in the International Society for Heart and Lung Transplantation
(ISHLT) Registry database up to 2002, 1-yr survival was 62% and 5-yr survival
was 41%. However, while the overall 7}, was only 2.8 yr, the conditional 7,
(i.e., for 1-yr survivors) was 8.3 yr. In contrast, 1-yr survival for HLT at St
Vincent’s (Sydney, Australia) has been 81% overall and 93% during the last
decade (n = 42). For experienced units with higher-than-average 1-yr survival,
this is still an excellent operation with a substantial number of patients now in
the 15- to 20-yr survival group (32). Predominant indications remain congen-
ital heart disease (CHD) (32%), PPH (24 %), cystic fibrosis (CF) (15%), chronic
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obstructive pulmonary disease (COPD) (6%), AATD (2%), and idiopathic pul-
monary fibrosis (IPF) (3%). Retransplantation accounts for 2%. Arguments still
exist regarding the equity of performing this triple organ transplant where sepa-
ration of the donor bloc might service two or even three individuals, but in
truth, few surgeons have achieved substantive experience with the nuances of
this procedure, and this alone biases toward the performance of separate heart-
and lung-only transplants. Moreover, where the heart transplant team is involved
with the discussion regarding organ allocation, there are often cardiac patients
who seem to have a more pressing need than the potential HLT recipient. As a
result, the majority of units now routinely service all indications other than
CHD with the lung-only procedures (5).

For lung-only transplants, an activity plateau of about 1650 procedures per
annum was reached during 1996-2002. The numbers of bilateral sequential
single lung transplants (BSSLT) have slowly risen during this time to account
for just over half of the procedures performed per year. It is of interest that
although the 1-yr survival figures for single lung transplant (SLT) (n = 8581)
and BSSLT (n = 6686) are superior to HLT at 73 and 75% with T, of 3.9 and
5.3 yr, respectively, the 5-yr figures are equivalent for SLT but superior for
BSSLT at 43% and 51%, with conditional T),, (conditional on 1-yr survival) of
6.2 and 8.3 yr, respectively. St Vincent’s has a 90% survival at 1 yr for BSSLT
(n = 275) and 80% for SLT (n = 140), with 5-yr survivals of 65 and 57%,
respectively.

Indications for SLT remain COPD (53%), IPF (24%), and AATD (9%). In
comparison, CF (31%) comprises the largest group for BSSLT, followed by
COPD (23%), AATD (10%), IPF (10%), and PPH (8%). Differences in organ-
allocation systems throughout the world are associated with regional differ-
ences in mortality rates on the waiting list. The equity of duration of time
waiting versus medical urgency as a criterion for priority of transplantation
remains questionable. IPF and CF have the highest mortality rates on the wait-
ing list (33). Late referral compounds this problem, particularly for patients
with IPF (34).

Some 46% of all lung transplant recipients are in the age range of 50-64 yr,
with 50% of procedures during 1997-2003 performed in this age group. Simi-
larly, the mean donor age rose from 24 yr in 1989 to 34 yr in 2002. The number
of pediatric recipients (<10 yr) has been static at 35 per year during this time,
emphasizing the fact that no pediatric program can have the benefits that accrue
from the experiences gained in a high-volume transplant unit. Registry data
confirm lower survival rates for units performing fewer than nine lung trans-
plants per year (35). Coupling adult and pediatric units in adjacent facilities
may allow sharing of expertise, better outcomes, and increasing rates of pediat-
ric transplants if a cooperative approach is utilized.
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2. Long-Term Outcomes
2.1. Survival

The causes of death after lung transplantation vary with the time posttrans-
plant; to provide ease of grouping of like causes it is useful to divide the time
after lung transplantation into operative, perioperative (within 30 d of trans-
plant), early (defined as within the first postoperative year), medium term (1-
3yr), and late (beyond 3 yr). To add some complexity to this analysis, it is
important to acknowledge that causes of death are still evolving, representing
the dynamic nature of developments in the field over the last 10 yr. Although
some units have reached maturation, many have become defunct. Only a few
have taken up the challenge anew. In fact only 44 of 126 centers that have
performed HLT are still active compared with 91 of 161 SLT centers and 91 of
148 bilateral lung transplant centers (35).

Thirty-day mortality, not surprisingly, is predominantly dependent on surgi-
cal factors, factors related to donors, organ harvesting, ex vivo preservation,
and early high-dose immunosuppression. In order of prevalence, causes of death
include nonspecific graft failure (NSGF) (31%), noncytomegalovirus (non-
CMV) infection (24%), technical factors (8%), cardiac causes (12%), acute
rejection (5%), OB (0.5%), and CMYV infection (0.1%). Primary graft failure
carried a mortality rate of 63% in one series (36).

1. Early deaths (31 d to 1 yr) are largely the result of non-CMV infections (39%),
and NSGF (18%), followed by OB (6%), cardiac (4%), posttransplant lympho-
proliferative disease (PTLD) (3%), CMV (4%), technical (3%), malignancy (2%),
and acute rejection (2%).

2. Medium term (1-3 yr), the pendulum has swung toward OB, which accounts for
29% of deaths. Other major causes include non-CMYV infections (39%) and NSGF
(16%). Minor causes include malignancy (5%), cardiac (3%), PTLD (2%), acute
rejection (2%), CMV (2%), and technical (1%).

3. Late deaths (beyond 3 yr) are dominated by OB (32%), non-CMV infection
(20%), and NSGF (17%). Malignancy accounts for 7%, with other minor causes
including cardiac (4%), PTLD (2%), acute rejection (1%), and CMV (1%).

It is perhaps disappointing that NSGF accounts for so many deaths, as it
suggests that an in-depth analysis of etiology has not been made, nor has post-
mortem information been available. It is likely the effects of ischemia-
reperfusion injury account for the majority of cases (37). Few centers have
routinely reported postmortem data, but this final assessment is strongly rec-
ommended (38). One center that has analyzed postmortem data found an espe-
cially high rate of pulmonary thromboembolism in ventilated patients (39).
Although acute rejection does not account for a significant proportion of deaths,
these data do not include an assessment of the relationship between therapy for
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rejection and resulting infection. This potential relationship is perhaps even
more important in the nexus between OB and infectious death. The major trend,
however, is the dominance of OB as the cause of death for long-term survivors,
with an increasing frequency of malignancy as a late cause of death. It is impor-
tant to emphasize that the cause of death is not confirmed by postmortem
examination in the majority of these, and therefore the diagnosis of OB as the
cause is usually based on the presence of BOS (13). This can only result in an
overestimate of the real incidence of OB as a factor. Significant OB is always
associated with a loss of lung function.

Data from 1995 to 2002 identify the major risks for 1-yr survival as retrans-
plantation with an odds ratio (OR) of 2.42, diagnosis of sarcoidosis (OR 2.2),
use of intravenous inotropes (OR 2.26), diagnosis of PPH (OR 2.24), trans-
plantation from a ventilator (OR 2.21), donor diagnosis of diabetes mellitus
(DM) (OR 1.95), diagnosis of AATD (OR 1.67), recipient diagnosis of malig-
nancy (OR 1.61), diagnosis of IPF (OR 1.60), and CMV mismatch of donor
(seropositive) and recipient (seronegative) (OR 1.32).

Both linear and quadratic analysis identify risk factors as increasing age
(OR 1.0 at51) (p <0.0001), reduced center volume (OR 1.0 at 20 transplants/
yr) (p < 0.0001), and increasing pulmonary vascular resistance (OR 1.0 at 3)
(p <0.02), as well as a combination of increasing donor age with increasing
ischemic time (p = 0.03). Factors not associated with an increased risk of 1-yr
survival include recipient factors such as pCO,, chronic steroid use, transfu-
sions, and recent infection requiring intravenous drug therapy; donor factors
such as clinical infection, history of hypertension, and history of cancer; and
transplant factors such as procedure type, ABO compatibility, human leuko-
cyte antigen (HLA) mismatch, year of transplant, and height ratio of donor
and recipient.

Recipient age (30-50 yr OR 1.0 with 65 yr OR 2.0) and donor age (55 yr OR
1.5) remain important factors for 5-yr survival, as do transplantation from a
ventilator (OR 2.24), retransplantation (OR 1.98), donor infection within 2 wk
of transplant needing intravenous therapy (OR 1.36), diagnosis of IPF (OR
1.07), and HLA mismatch (OR 1.07/mismatch). Of interest, donor weight of
less than 70 kg is protective (p = 0.02), as is recipient pulmonary vascular
resistance less than 3 wood units (p = 0.002).

Factors not associated with increased risk of 5-yr survival include recipient
factors such as hospitalized status, chronic steroid use, transfusions, history of
malignancy, panel reactive antibody positivity, gender, forced vital capacity
(FVCO), forced expiratory volume in 1 s (FEV,), height, and weight, whereas
donor factors not associated include gender, clinical infection, history of hyper-
tension, history of cancer, history of diabetes, and height. Transplant factors
include procedure type and ABO compatibility.
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2.2. Morbidity
2.2.1. Overview

Given the depressing list of potential complications that have been recorded
after lung transplantation, it is encouraging that most are infrequent or, at least,
well-known and predictable sequelae of immunosuppression for which there
are now preventative strategies. Hypertension is the most prevalent serious com-
plication, occurring in 50% of recipients at 1 yr and 86.4% at 5 yr; renal dys-
function occurs in 25.8 and 38.4%, respectively, with 1.9 and 3.4% requiring
dialysis. Hyperlipidemia occurs in 16.3 and 45.5% and diabetes mellitus in 20.1
and 29.4%. These four complications are all predominantly related to immuno-
suppressive therapy with calcineurin inhibitors and corticosteroids superim-
posed on pretransplant risk factors related to underlying disease states. Recent
data suggest that changes in monitoring techniques hold promise in ameliorat-
ing renal dysfunction (40-42), but these techniques have not yet been embraced
by the broader lung transplant community, although an international trial is
about to commence.

2.2.2. Surgical Complications

Despite recent improvements in perioperative mortality rates, morbidity related
to wound dehiscence remains an important cause of prolonged impatient stay.
Common causes include wound infection with common bacterial pathogens,
particularly multiresistant Staphylococcus aureus (MRSA), but even fastidi-
ous organisms such as Mycoplasma hominis are reported to cause wound break-
down and should be considered where wound swabs show pus cells but no
organisms on Gram stain (43). Culture takes 5-8 d, so plates should not be
discarded early in this situation. Preliminary evidence also implicates Chlamy-
dia pneumoniae as a potential contributor to early postoperative mortality from
airway dehiscence and inflammatory airway disease, but confirmation of diag-
nosis requires more sophisticated tools such as polymerase chain reaction
(PCR) of bronchoalveolar fluid because most laboratories are not able to cul-
ture wild strains (44). Empiric prophylactic antibiotic therapy with macrolides
with or without a tetracycline may eradicate this organism if treatment is suffi-
ciently prolonged (>6 wk).

An inevitable consequence of bilateral thoracosternotomy performed for bilat-
eral lung transplantation is cutaneous paresthesia and commonly dysesthesia
related to surgical section of cutaneous nerves. Return of sensation is variable,
and it is prudent to warn patients of the likely alterations in chest wall and
nipple sensation at the time of acquiring informed consent. Postoperative
arrhythmias are predominantly atrial in origin and probably no more frequent
than with other forms of thoracic surgery (45). Most patients cope well with
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the rate disturbance, but the risk of embolic phenomena makes it worth con-
sidering prophylaxis and/or early electroconversion. Pharmacological therapy
with amiodarone is often effective, but the potential risks of acute and chronic
pulmonary toxicity should be kept in mind, particularly if pulmonary infil-
trates develop (46). Fungal anatomical infection may present with exsaguinat-
ing hemoptysis due to erosion into a pulmonary artery. Preventative strategies
include the use of prophylactic inhaled amphotericin in the perioperative
period (47). Inherent in the risk profile of thoracic surgery is the risk of opera-
tive ischemic events, perhaps related to inadvertent hypotension and
hypoperfusion secondary to uncontrolled bleeding. Pulmonary vein thrombo-
sis has been reported with an increased frequency in lung transplantation but
may be successfully managed by early intervention (48,49). The use of car-
diopulmonary bypass, however, does not necessarily prevent these events and
adds a significant risk of cognitive dysfunction, which may persist in the long
term (50). Atrial anastomotic thrombus, which may be detected by transeo-
sophageal echocardiography, adds another potential embolic risk of neuro-
logical deficit.

One surgical complication that may respond to medical therapy is the devel-
opment of significant gastroparesis with secondary gastroesophageal reflux dis-
ease (GERD) resulting from either section, traction, or thermal trauma to vagal
efferents (51). Therapy with dietary advice, elevation of the head of the bed,
prokinetic agents, acid suppression, and newer anti-reflux therapies such as
proton pump inhibitors may ameliorate symptoms. It is often the passage of
time, however, that affords resolution of simple traction or thermal injuries.
Abdominal weight loss is important in this group to further reduce the risk of
aspiration. Silent nocturnal aspiration of gastric contents is now recognized as
a potential risk factor for the development of BOS (52-54). The mechanism
may be complex, involving the interaction of a competent immune response to
epithelial injury followed by the development of an autonomous propagation
of the response to alloepithelial antigens (55). Surgical attempts at cure using
fundoplication should be undertaken before permanent airway damage ensues
(56-58). Phrenic nerve palsy, whether by inadvertent intraoperative section,
thermal trauma, or traction may delay weaning from assisted ventilation and
pose ongoing problems with breathing while recumbent, particularly at the time
of bronchoscopy.

2.2.3. latrogenic Complications

Bronchoscopy with transbronchial biopsy (TBBx) carries an appreciable
iatrogenic risk for patients undergoing lung transplantation. In services where a
policy of allograft surveillance with TBBx is followed, the majority of patients
will undergo at least six procedures in the first postoperative year. The total
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risk for an individual patient, therefore, is the unit risk per procedure multi-
plied by the number of procedures. Complications of TBBx in lung trans-
plant recipients include pneumothorax (1-3%), pulmonary hemorrhage (10—
15%), postprocedure fever (5-7%), need for assisted ventilation (0.1-0.5%),
arrhythmia (2%), upper airway obstruction requiring intervention (10%). and
cardiorespiratory arrest and death (~0.01%) (59). The putative benefit rests
in the hope that early therapeutic intervention resulting from the diagnos-
tic procedure might prevent development of permanent allograft dysfunc-
tion.

Interventional bronchoscopy for the management of airway anastomotic
breakdown or stricture by its very nature has a much higher risk profile. Tor-
rential bleeding from granulation tissue, airway rupture, creation of a false pas-
sage, misplacement of a stent, migration of a stent, and late stent occlusion
from granulation tissue or inspissated secretions are all recognized complica-
tions. Nevertheless, excellent individual results can be obtained with long-term
good-quality survival, but group results are inferior to those seen in patients
who do not need airway intervention (28).

Other common but potentially risky procedures include insertion of central
venous access devices, particularly Swan-Ganz catheters (60-62) and large-
bore indwelling vascular catheters for dialysis, pleural drainage tubes, and
urinary catheters. Death from perforation of the jugular vein leading to hemo-
thorax and hypotension, air embolism (63), undiagnosed tension pneumotho-
rax, lacerations of intercostals arteries, splenic puncture, and direct myocardial
transfixion have all been recorded (64,65).

In addition to morbidity related to immunosuppressive agents, three rela-
tively common idiosyncratic adverse drug reactions seem to have a predilec-
tion for transplant patients. Ciprofloxacin-associated Achilles tendon disease
is characterized by pain, gait disturbance, swelling, and occasionally rupture
and is reported to occur frequently in lung transplant recipients (66). It does
not appear to be a dose-related phenomenon. Nor is it related to postoperative
steroid dose, age, or underlying disease process. Aminoglycoside ototoxicity
is a potential complication worth considering in addition to renal toxicity and
may occur even with inhaled therapy. Risks are even more difficult to assess
in the ventilated patient. Formal audiological testing at the time of transplant
assessment is particularly useful in patients with CF to identify patients at high
risk. Statin-related acute and chronic rhabdomyolysis may be a devastating
complication with profound global weakness, myoglobinuria, and renal failure
or may present simply with subtle fatiguability (67). Triazole antifungal agents
alter calcineurin metabolism so that catastrophic levels of muscle breakdown
may ensue in patients taking statins. Pravastatin is reported to have the lowest
rate of this effect at low and intermediate dosages.



Status of Lung Transplantation 113

2.2.4. Generic Complications of Inmunosuppression

Opportunistic infections are perhaps the most frequent cause of morbidity
and direct mortality following lung transplantation. Common agents include
CMV (68,69), MRSA, other herpesviruses, including Epstein—Barr virus
(EBYV), varicella-zoster, and human herpesvirus 8 (70), typical and atypical
mycobacteria (71), Pneumocystis carinii, Aspergillus fumigatus, Nocardia
species, Burkholderia cepacia (72), and Pseudomonas aeruginosa. Concerns
regarding multiresistant agents such as vancomycin-resistant Enterococcus
(VRE) affect all who work in this area.

PTLD is found more commonly after lung transplantation than other forms
of solid organ transplantation, which may reflect the bulk of lymphoid tissue
transplanted with the pulmonary allograft, the tendency for young lung trans-
plant recipients to be EBV-naive, or simply use of a higher level of immuno-
suppression after lung transplantation (73,74). EBV mismatch, where an
EBV-naive recipient receives an EBV-positive graft is reported to carry such
a high incidence (30-50%) (75) of PTLD that serious questions have been
raised regarding the utility of transplant for EBV-naive recipients because
PTLD is often fatal. Not all units have found this association, however, or
such a high mortality rate (76). One recent report outlines a strategy to reduce
the incidence of PTLD to an acceptable, almost negligible level by avoiding
cytolytic therapy using low-level immunosuppression and lifelong antiviral
therapy in the high-risk group of EBV-mismatched recipients (77). The spe-
cific role of antiviral therapy is debatable. However, once PTLD is diag-
nosed, most units advise reduction of the ambient level of immune
suppression guided by serial monitoring of EBV viral load kinetics. Indeed,
this latter strategy can be used prospectively to determine a threshold for
preemptive therapy akin to strategies used for CMV (78-81). PTLD repre-
sents 53% of posttransplant malignancy occurring in the first postoperative
year but only 17% by the fifth year posttransplant. Conversely, cutaneous
malignancy assumes a more important role as time passes posttransplant. At
1 yr it causes 15% of malignancy, but by 5 yr 56% of cases (35). In particu-
lar, cutaneous squamous cell carcinoma (SCC) in the immunosuppressed lung
transplant recipient has a predilection for metastatic spread, thereby causing
significant morbidity in this group. While exhortations to practice sun-safe
behavior are frequently made to this group, it is more likely that the rate of
SCC reflects solar damage that occurred 10-20 yr previously. Regular and
frequent dermatological review is nevertheless important to detect early SCC
at a stage where interventional management may be efficacious to avoid dis-
figuring surgery and fatal metastatic spread. The issues of female genital
health and especially the risk of genital tract neoplasm related to human pap-
illomavirus infection have received scant attention in the literature to date.
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Our recent review records a higher rate of cervical intraepithelial neoplasia
(CIN; grades 1-3) after lung transplantation (82). Frequent surveillance PAP
smears are needed to detect early recurrence after therapeutic endeavors.
Extensive surgery may be required for vulval intraepithelial neoplasia (VIN).
Routine surveillance mammography or indeed self-examination for the early
detection of breast carcinoma after lung transplantation has not been proven
to have advantageous cost—benefit ratio, but logic dictates that benefits might
accrue to individual patients who have higher risk profiles.

Lung cancer may occur in the transplanted lung, but more reports have dealt
with the problem of lung cancer in either the explanted lung or the remaining
native lung (83,84). Depending on the underlying disease process, it may be
very difficult to detect a small primary neoplasm, and where patients spend a
protracted time on the waiting list, it is wise to perform review thoracic com-
puted tomography scans on a 6-mo basis to detect early lesions. The cost effi-
ciency of this strategy is such that only 1 case per 100 lung transplants needs to
be detected to provide a favorable cost-utility ratio. There are no prospective
data on the potential role or cost-efficiency ratio for the use of positron emis-
sion tomography (PET) scans in this group. Careful review of chest radiogra-
phy performed on the night of the transplant is of course invaluable to detect
larger lesions (>1 cm), but chest x-ray is neither sensitive nor specific, and the
decision to defer lung transplantation is difficult in this situation. The risk of
proceeding needs to be weighed against the likelihood that a particular lesion
is malignant and will not be cured by resection.

2.2.5. Multifactorial Complications

Coronary artery disease (CAD) rarely causes death after lung transplanta-
tion, but transplant-related CAD after HLT occurs frequently in conjunction
with OB, suggesting that both may be forms of chronic allograft rejection.
Transplant-related CAD is often difficult to appreciate on standard coronary
angiography, which underestimates the severity and extent of pathology due
to the diffuse and concentric nature of intimal changes (85). Intravascular
ultrasound is the procedure of choice. Hypertension (HT) is the most frequent
complication after lung transplantation. Therapy with calcineurin inhibitors,
corticosteroids, renal dysfunction, obesity, and underlying disease states com-
bine to produce an incidence of HT of 50% at 1 yr and 86.4% at 5 yr. HT
is often refractory to therapy with conventional agents but may respond to
angiotensin-converting enzyme (ACE) receptor antagonists, which fortunately
have a lower rate of troublesome cough and angioedema than ACE inhibitors
per se.

Oral health is not always appreciated as a sine qua non of optimum success
after lung transplantation, but recent studies demonstrate improvements in qual-



Status of Lung Transplantation 115

ity of life and outcome measures with attention to oral health issues. Severe
gingival hyperplasia related to cyclosporine therapy may require conversion to
alternative agents.

Libido may be depressed or enhanced after lung transplantation. Alter-
ations in body image, postoperative chest pain, side effects of medications—
especially corticosteroids—and changes in the dynamics of longstanding
relationships related to shifts in the need for care/caregiving may all impact
negatively on the desire to maintain a sexual relationship. Conversely, the
freedoms that accrue with the liberation from the shackles of oxygen therapy,
improvements in exercise tolerance, and a general feeling of health all con-
spire in the opposite direction. It may be commented that the desire to pro-
create often transcends common sense in healthy young transplant recipients.
A considered individualized approach is advised as the preferred method for
discussing these issues, after which optimum perinatal care is required for
both mother and child (86). Fortunately, outcomes are often more positive
than anticipated.

2.2.6. Corticosteroids

Although the ramifications of corticosteroid therapy are legion and well
known, it is puzzling that more attempts to individualize therapy based on
solid pharmacokinetic data are not made. It is as if the oldest and most fre-
quently prescribed immunosuppressive in the pharmacopeia is somehow
blighted by the curse of familiarity, and hence our patients pay a heavy pen-
alty of unwanted and largely preventable side effects. A move towards rou-
tine performance of area under the curve (AUC) monitoring for prednisolone
therapy may assist in the rational utilization of this most dangerous medica-
tion (87).

Subtle alterations in bone mineral density occur promptly after lung trans-
plantation, and the greatest damage is done during the first 6 mo (88,89). Ste-
roids combine with calcineurin inhibitors to promote rapid bone loss during
this time and preemptive strategies to prevent this trend should be part of rou-
tine management (90,91). The risk of osteoporosis (OP) after lung transplanta-
tion should not be underestimated. OP is a mortality risk factor in some series,
and the reduction of quality of life and rehabilitation potential associated with
pathological fracture resulting from OP is well recognized (92).

Proximal myopathy related to steroid therapy seriously hinders rehabilita-
tion as well and may be so severe as to prevent independent walking and
resumption of activities of daily living. Relative inactivity due to proximal
myopathy forms part of a vicious cycle leading to further deconditioning and
loss of function (93,94). In addition to the direct effects of steroid therapy,
posttransplant myopathy is a complex end result of pretransplant decondi-
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tioning (95), the preexisting disease state (96), and cyclosporine effects (97,
98). The success or failure of lung transplantation as a discipline ultimately
depends on the functionality of the survivors, so it behooves all working in
the area to act aggressively in the interests of optimum patient care to minimize
the incidence of these catastrophic complications. In one sense, lung trans-
plantation is perhaps the key for true pulmonary rehabilitation for selected
patients (99).

Cutaneous fragility remains problematic even on low-dose steroid therapy
and is a great source of concern to many older patients. Seemingly minor
trauma often results in significant skin tears requiring surgery, with or without
skin grafting to repair the defect. The risk of secondary infection further com-
pounds the impact of this all-too-frequent complication. In the younger age
group, by comparison, acne is the usual problem, and while it may be con-
trolled by topical therapies, it is the passage of time that more often provides
resolution. Again, the distress of what we see as a relatively minor complica-
tion cannot be underestimated. Quality of life may be significantly impaired
because of alterations in personal image. Acne may therefore require more
aggressive systemic therapy in selected patients.

DM occurs de novo posttransplant in 15-20% of patients. Patients with CF
and patients on tacrolimus are at the highest risk, but onset is often related to
augmented immunosuppression, with high-dose corticosteroids given for
rejection. In addition to the usual risks of ketoacidosis and therapy-related hypo-
glycemia, DM may be associated with accelerated microvascular disease and
thereby contribute to overall vasculopathy in the transplant recipient. Dietary
management is important to help maintain optimal body mass index (BMI) and a
balanced nutritional intake (100-102). Many transplant recipients blame their
overeating on their steroid therapy, and for this reason alone, attempts to mini-
mize steroid dosage are justifiable. Hyperlipidemia is, of course, exacerbated by
dietary indiscretion, poor diabetic control, and excessive alcohol intake.
Calcineurin inhibitors and rapamycin, in particular, all contribute to the diffi-
culty of normalizing lipids after transplant.

Posterior subcapsular cataract formation is the ocular hallmark of steroid
therapy after lung transplantation and is so frequent that it is good policy to
incorporate a yearly eye examination schedule (103). Fortunately, lens extrac-
tion is now performed as a minor procedure, and thus, the burden of dimin-
ished visual activity in this group may be reduced. The accelerated nature of
cataract formation in this group mandates expediting ophthalmic surgery to
maximize quality of life. Avascular necrosis of the femoral head presents with
pain and a limp. Bone scan findings are typical, and treatment of choice is total
hip replacement for severe cases. Perhaps 5% of patients are so afflicted, but
age and previous treatment are cofactors in assessing relative risk.
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Obstructive sleep apnea syndrome (OSAS) is an important but little appre-
ciated cause of morbidity after lung transplantation (104). Whereas lung trans-
plantation cures OSAS in the immediate postoperative period, a number of
subjects develop OSAS rapidly thereafter. Lung transplantation behaves as an
accelerated model for development of OSAS. Pulmonary denervation per se
does not cause sleep disturbance (105,106). Potential mechanisms include
localized fat deposition in and around the upper airway and steroid-induced
myopathy of the genioglossus. Weight gain is both a cause and consequence
of OSAS in this group. Other sequelae include sleep fragmentation, hyperten-
sion, cardiac dysfunction, and a tendency to desaturate during fiberoptic bron-
choscopy. The latter may be managed by therapeutic or, indeed, prophylactic
insertion of a nasopharyngeal tube (107).

2.2.7. Calcineurin Inhibitors

The relative roles of the principal calcineurin inhibitors, cyclosporine and
tacrolimus, in the generation of HT, hyperlipidemia, DM, and oral health issues
have already been discussed. HT, particularly in the younger patient, is impli-
cated in the potentially fatal complication of cerebral neurotoxicity manifest by
major motor epilepsy and, on occasion, status epilepticus (108). Blood pressure
control is essential for satisfactory short-term management. Other forms of neu-
rotoxicity include tremor, an exaggerated physiological tremor that may be ame-
liorated by the use of a small dose of B-blocker, and peripheral neuropathy,
which may respond to dose reduction if detected early. Delirium may be seen as
an idiosyncratic response in new transplant recipients with initial drug expo-
sure. Hypomagnesemia and hypokalemia are thought to be contributory factors
(108). High-dose steroids alone may cause a similar response.

Hirsutism may seem a small price to pay for adequate immunosuppression,
but insofar as it impacts negatively on self-esteem and thereby limits social
interaction, it can defeat the aim of lung transplantation to return functional
patients to real-world situations (109). Therefore, a proactive strategy is needed
to provide patients so afflicted access to optimal therapies to manage this prob-
lem. Nephrotoxicity was and is the major complication that requires ongoing
consideration (110). Some 38.4% of lung transplant recipients have significant
renal dysfunction by 5 yr posttransplant (35). This rate alone calls for an urgent
reappraisal of current immunosuppressive strategies. The technology and phar-
macological knowledge already exist to allow more sophisticated use of cur-
rent drugs, and for the sake of renal preservation we must forgo outmoded
approaches and embrace a new strategy (111). Every nephron is important, and
the minor inconvenience of performing AUC monitoring or a limited sampling
strategy is eminently worth the investment of time and cost if superior out-
comes can be achieved.
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3. Bronchiolitis Obliterans Syndrome

Other authors will discuss the issues regarding BOS, but it would be remiss
in this summary of the status of lung transplantation not to provide some fur-
ther commentary. It is important when discussing BOS to clearly differentiate
it from the diagnosis of OB, which is a pathological description (112-114).
The two conditions are not mutually exclusive, however, and most but not all
patients with OB will have BOS and vice versa. A distinct number with BOS
will have other diagnoses, such as undetected invasive fungal infection, necro-
tizing bronchiolitis, chondromalacia, native lung volume hyperinflation syn-
drome, mycobacterial infection, Chlamydia infection, or PTLD. The value of
postmortem studies as a teaching tool in this regard should not be discounted.
The logical corollaries are (1) that all attempts to achieve a firm tissue diagno-
sis should reasonably be made within a suitable risk—benefit framework and
(2) that empiric augmented immunosuppression carries a mortality risk for a
percentage of patients with BOS (115). One year after lung transplantation the
rate of BOS is 9.4%. By 5 yr it rises to 34.4%. These are conservative estimates
in that they are based on self-reporting of rates determined from 1- and 5-yr
survivors, not all of whom will have had regular lung function testing assessed
for this complication. Furthermore, there is a well-recognized trend for units to
underreport complications. Does BOS always connote OB? Certainly, the rec-
ognition of “reversible” BOS and the recently reported impact of therapy with
azithromycin (116) as well as surgical therapy for GERD (52) point to an
alloindependent mechanism associated with airflow limitation in the absence
of bronchiolar obliteration. The paucity of careful postmortem studies corre-
lating physiological with pathological findings limits observations in this area;
nevertheless, it is likely significant OB is associated with severe airflow limi-
tation, and once a terminal bronchiole is lost, the effect is permanent no matter
the etiology. Hence, recurrent injury leads irrevocably to a cumulative situa-
tion of airway loss, which may be conceptualized as the progressive loss of the
cross-sectional area of all the terminal bronchioles summed together. Notwith-
standing the damage done to the whole respiratory epithelium, as posttrans-
plant allograft epithelial injury is widespread, it is the impact on the terminal
bronchioles that is so devastating from a functional perspective. It is these
guardians of the acinus that stand as the last barrier in and out of the gas-
exchange unit. Indeed, there is no effective collateral ventilation beyond this
level that can be accessed breath by breath.

The paradigm of graft injury and defective repair with an exuberant
fibroproliferative response has been the basis of much research in this area.
Recent careful pathological work from the Cambridge group has identified a
reduction in the number and patency of the tiny vessels that comprise the micro-
vasculature surrounding the terminal bronchioles in patients who developed
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OB (117). Perhaps rejection-associated microvasculitis is the root cause of most
OB and the resultant ischemic injury the reason that repair is so inefficient.
Bronchial vessels strangely have been ignored in the focus of rejection deter-
mined by TBBx, largely because the pulmonary vessels are so accessible to
biopsy and so visible in the section. Most centers that report according to the
ISHLT grading of pulmonary vasculature (A grade) and bronchial mucosa (B
grade) will have detected the close correlation of A and B grades, so it is not
difficult to assume that the missing link in the equation is the direct
allodependent damage of the bronchial microvasculature, which would lead to
mucosal loss. Whether epithelial injury occurs independent of microvascular
injury is a moot point in true rejection but may explain the ability of alloinde-
pendent epithelial injury (such as GERD) to heal effectively. Microvascular
ischemia may well be the true limiting factor after all. Ischemia itself likely
leads to amplification of the inflammatory response by cytokine release with
activation of resident dendritic cells, and upregulation of epithelial HLA expres-
sion to augmented airway epithelial damage.

Several studies have linked the finding of acute pulmonary allograft rejec-
tion with the subsequent development of BOS, but none has then analyzed the
positive predictive value of the diagnosis of BOS for the confirmation of OB
postmortem in sufficient numbers to allow meaningful analysis (118-122). The
possibility that treatment of BOS confounds the natural history should not be
excluded from any proper discussion in this area. Perhaps a more useful signal
for the development of (possibly) BOS or (certainly) OB will be the severity
and persistence of lymphocytic bronchiolitis on transbronchial lung biopsy
(28). It seems strange that the focus for so long in this area has been on the
parenchyma rather than the airway.

Approaches to the management of BOS have been described in this volume
and elsewhere (123,124). Early-recognition signals (125) are needed to allow
institution of therapies at a stage where maximum preservation of lung func-
tion can be achieved. Every terminal bronchiole is important and, once lost to
fibrosis, will never be recovered. A suitable metaphor for the effect of OB is to
consider the total cross-sectional area of the 30,000 terminal bronchioles
summed together as the area of a clock face. As the area of a single terminal
bronchiole is lost to fibrosis, just over a second passes. Initially, there is no
clinical evidence of disease because the lung has such a great functional
reserve. By 6 o’clock the loss of 50% of the cross-sectional area is now appre-
ciable, physiologically and symptomatically. Much irreversible damage has
already been done, and it is here that the majority of interventional studies
have usually commenced management! It is no wonder that the rate of effec-
tiveness is so small. Proven effective treatments can only be established by
properly powered multicenter trials that are not biased to a negative result by
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the time of entry to the study. We need the best evidence as soon as it can
collected to guide management in this area, which is so critical to the long-
term viability of individual patients and to lung transplantation per se. Simi-
larly, in the scientific domain, research should focus on vascular and epithelial
injury patterns (126) and the fibroproliferative response of the human lung
fibroblast (127,128) with or without epithelial interactions (129). This infor-
mation will then allow a rational choice of therapies for individual patients.
Ultimately, the goal remains prevention, which hopefully will make early
detection and therapy redundant.

4. Future Trends

The future of lung transplantation looks secure as a vigorous and deter-
mined global scientific approach is now being taken to identify and solve the
major problems that bedevil the chance of an optimum outcome for the indi-
vidual patient. Positive trends to guide forward planning and development
include the development of consensus documents from the international com-
munity in the areas of listing of candidates, donor selection and management,
primary graft dysfunction, the diagnosis and grading of acute and chronic pul-
monary allograft rejection, and the description and grading of pulmonary allo-
graft dysfunction (8,13,113,114,130). The revised grading of the pulmonary
allograft dysfunction document includes a more sensitive descriptor of small
airway dysfunction with the aim of identifying BOS at an earlier stage, which
may be more amenable to reversal with interventional therapy, or at least to
allow stabilization with maximal preservation of pulmonary functional reserve
(131). Publication of the results of trials designed to prevent and manage BOS
is awaited with great interest. Whether positive or not, the proper template now
exists to examine these questions in a scientifically rigorous manner. The
recognition of the precious nature of donor resources has led rightly to the
reevaluation of evidence describing acceptable criteria for pulmonary organ
utilization (130). Recommendations from the ISHLT position paper are yet to
be tested widely in the crucible of clinical practice, but a patent willingness
exists to implement them based on the experiences of a handful of avant garde
units (132,133). Knowledge gained from the study of patients with orphan
diseases referred for transplantation has led to the development of therapeutic
alternatives for pulmonary hypertension and emphysema with further refine-
ments of listing criteria ensuing. It is likely that organ-allocation strategies
will continue to reflect the dynamics of the local transplant community, with
major differences existing between countries and indeed within some larger
countries. It is to be hoped that inequities of organ allocation thus accruing
can be solved ultimately by a system that takes cognizance of differing rates
of urgency between disease states and rates of decline. Only thus can we, as a
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global community, hope to minimize the phenomenon of death on the waiting
list (33).

5. Summary and Conclusions

1. Alternatives to lung transplantation: The focus on lung failure generated by the
transplant community has led to new initiatives and understandings of alterna-
tive therapies for specific conditions. Lung transplantation remains the optimal
therapy for selected patients.

2. Expanding the donor envelope: Traditional conservative concepts of the opti-
mal donor are being superceded by a reasoned, outcome-based approach, with
acceptable results taking into account the opportunity cost of not using a sub-
optimal donor for a potential recipient.

3. Expanding the recipient envelope: The concept of whom to exclude from trans-
plant has been superceded by the approach of whom to include within an accept-
able risk—benefit ratio individualized to a specific patient.

4. Sophisticated drug monitoring: High rates of renal dysfunction mandate the
use of more sophisticated techniques such as AUC monitoring and limited sam-
pling strategies targeted to reflect this.

5. Individualized immunosuppressive therapy: The availability of techniques to
examine in vitro the response of individual patient’s tissues to immunosup-
pressive agents lends itself to high level information regarding likely response
in vivo.

6. Multicenter trials: The template now exists to help answer the important ques-
tions. Initial studies are underway.

7. Risk factor management: This remains essential for optimal outcomes.

Side effect prophylaxis: The price of freedom is eternal vigilance.

9. OB: the last challenge: As in Arthurian legend, OB is the once and future chal-
lenge and its conquest the holy grail of lung transplantation.
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Chronic Rejection in the Heart

Philip Hornick and Marlene Rose

1.

Summary

The dramatic improvements in 1-yr survival following cardiac transplantation have
not been matched by similar improvements in long-term graft survival. Long-term sur-
vival of allografted hearts is limited by a progressive fibroproliferative disease, result-
ing in intimal thickening and occlusion of the grafted coronary vessels. This disease,
variously known as accelerated transplant coronary artery disease or cardiac graft
vasculopathy, is also known as chronic rejection. The histology and clinical sequelae
are briefly described. The disease can be thought of as a model for nontransplant ath-
erosclerosis, postangioplasty restenosis, and vein graft atherosclerosis. There is com-
pelling evidence that it is driven by alloantigen-dependent mechanisms. The evolution
of the disease consists of three phases, an antibody-mediated phase, a cell-mediated
phase, and a phase of tissue remodeling that is dependent on cytokines and growth
factors. Experimental studies show that adoptive transfer of immunglobulin can trans-
fer features of intimal hyperplasia to transplanted arteries in immunodeficient recipi-
ents. Damage to donor endothelium is likely to be an important initiating factor in this
disease because it exposes a thrombogenic subendothelial matrix. Whether T cells of
antibody are most important in damaging the endothelium is currently the subject of
much research. Although T cells are sometimes present in atherosclerotic lesions, an
association with acute rejection has never been consistently shown.

Key Words: Rejection; graft vasculopathy; intimal hyperplasia; smooth muscle cells;
endothelium; antibodies.

Introduction

Despite improvements in the short-term success rate of clinical organ trans-
plantation during recent years, the rate of long-term graft attrition has remained
constant (I-3). The progressive improvement in short-term patient and graft
survival since the inception of organ transplantation is principally because of
better immunosuppressive management of acute rejection episodes, improved
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diagnosis and treatment of infectious complications, more effective organ pres-
ervation, and improved donor selection. However, the acquisition of increas-
ingly detailed knowledge of the immunobiology of rejection and more effective
methods of immunosuppression have both failed to prolong the long-term func-
tional survival of organ allografts as a result of chronic rejection. In this regard
transplantation has not yet lived up to its potential as a long-term treatment for
a lifetime disease.

Chronic rejection may be defined as the progressive functional deterioration
of transplanted tissue occurring months or years after engraftment. It is associ-
ated with vascular obliteration and other structural changes that lead gradually
to organ fibrosis (2,4-6). The half-life of cadaveric renal transplants after the
first year has elapsed has remained constant at 67 yr (1-3,7,8).

Cardiac transplants exhibit graft arteriosclerosis, which produces a progres-
sive luminal narrowing and obstruction in 40-45% of recipients at 5 yr follow-
ing transplantation (9—12) and remains the leading cause of death after the first
year has elapsed. The incidence of this vasculopathy has been cited as between
15 and 20% of patients per year (9,11).

Chronic rejection of the cardiac allograft is manifest by the development of
transplant-associated coronary artery disease (TXCAD) and was first described
in humans by Bieber et al. (13). It is similar to the type of proliferative vascular
lesions observed in renal allografts with chronic vascular rejection (14,15). Its
morphological characteristics differ from conventional coronary artery disease,
although in its most advanced form it may resemble conventional non-trans-
plant-associated atheroma (11). It can therefore act as a model for atheroscle-
rosis in nontransplanted hearts, postangioplasty restenosis, and vein graft
atherosclerosis. In recipients with TxXCAD in the implanted donor allograft, the
epicardial vessels can be palpated as firm and cord-like, often bulging onto the
epicardial surface. Grossly, the cut surface of an epicardial vessel affected with
TxCAD will contain orange or yellow gummous material (16). Although the
term TxCAD invokes similarities with nontransplant atherosclerosis, conven-
tional atherosclerotic lesions are focal, involve proximal bifurcations of the
coronary vasculature, and are eccentric in their distribution (17). The lesions
frequently contain calcium and disrupt the internal elastic lamina (17). Finally,
even in patients with familial hyperlipidemia, the conventional atherosclerotic
lesions develop over many years (18). TXCAD, however, tends to affect the
epicardial arteries as well as the proximal parts of the intramyocardial arteries
in a diffuse fashion, and less extensive changes have been described in coro-
nary veins (19). The process involves the great arteries and venous structures
up to but not beyond the transplant suture line (the division between donor and
native tissue). In the early stages of the disease there is a diffuse, concentric
intimal proliferation with preservation of the internal elastic lamina. The main
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components of the intimal thickening are smooth muscle cells and endothelial
cells (ECs), as well as cellular infiltrates consisting predominantly of fibro-
blasts, dendritic cells (DCs), macrophages, and T lymphocytes (CD4 and CDS)
(16,20,21). Lipid-containing foam cells and later cholesterol clefts appear in a
segmental fashion with eventual replacement of lesions very similar to those
encountered in atherosclerotic plaques with occasional necrosis and secondary
thrombosis. These late atheromatous lesions tend to be segmental, the internal
elastic lamina is intact until only very late in the disease process, when it can
be disrupted, and calcium deposition is occasional (11,16). Such lesions are
almost always superimposed on the diffuse type of the disease and possibly
represent a later stage or a different form of the disease (22). Some authors
have described this as a superimposed “naturally occurring atherosclero-
sis”(23). The media of the affected arteries is usually normal or thin. Some
patients develop extensive necrotising arteritis with destruction of all layers
including the media and internal elastic lamina (20). TxCAD is exclusively
limited to the allograft, and its progression is more rapid in comparison to con-
ventional atheroma (9,11,24-26). Distal vessels are the earliest to occlude, pre-
sumably because of their smaller luminal area (19). TXCAD has been observed
as early as 3 mo posttransplantation (16).

The clinical manifestations of TXCAD result from perfusion failure and
ischemia and include myocardial infarcts, arrhythmias, mitral regurgitation
secondary to ischemia, heart failure, and sudden death (27). Angina pectoris,
the classical sign of myocardial ischemia, is usually absent in the denervated
cardiac allograft (28,29).

The primary method by which TxCAD is diagnosed is by surveillance coro-
nary angiography, with many centers performing this on at least an annual
basis, with some performing routine postdischarge angiography in order to
obtain baseline comparative information. It is also pertinent to note that current
financial constraints have impinged on this practice, with some UK centers
abandoning routine angiography altogether. Although coronary angiography
is quite specific for nontransplant coronary atheromatous disease, it appears
that it underestimates the presence of TxCAD due to its circumferential and
diffuse nature, as well as the involvement of intramyocardial branches (30).
The advent of intravascular ultrasound and its application to the assessment of
TxCAD can show intimal thickening developing in the epicardial coronary
arteries of cardiac allografts even in the face of a normal-appearing angio-
gram (31-35).

The difficulty in the accurate assessment of TxCAD is further compounded
the absence of effective therapy. Prevention remains the primary goal, which
continues to be elusive despite advances in immunosuppression. The incidence
of TxCAD does not appear to have been affected since the introduction of



134 Hornick and Rose

cyclosporine alone or in combination with or without azathioprine and/or ste-
roids (10,30,36-39), nor is TXCAD generally responsive to antilymphocyte
antibody treatment (40), and in an animal model of transplantation FK506 has
not been shown to affect the development of TXCAD (41).

Invasive therapeutic options for focal nontransplant coronary atherosclero-
sis include coronary artery bypass grafting (CABG) and coronary angioplasty
and ultimately heart retransplantation. Apart from anecdotal reports, CABG is
generally not attempted due to the diffuse nature of TXCAD. Angioplasty is
attempted more frequently because of the less invasive nature of this therapeu-
tic modality and is reserved for the small numbers with higher-grade lesions
superimposed on the generalized process (42). Ultimate improvement in prog-
nosis is likely to be hampered by the rapidity of this diffuse and progressive
process. The only definitive therapy for TXCAD is retransplantation (27). This
raises obvious philosophical issues as well as concern as to whether patients
who receive retransplants actually have an overall worse prognosis compared
to first-time recipients (43).

2. Mechanisms of Chronic Allograft Rejection, Antigen-
and Non-Antigen-Dependent Events in Chronic Rejection

Although the designation of rejection implies a central role for immuno-
logical mechanisms in the histopathological changes responsible for TxCAD,
the protracted time course allows the additional influence of other factors that
are nonimmune in origin. Chronic rejection is undoubtedly a multifactorial
disease. The vascular tissue bears characteristic changes of diffuse concentric
intimal hyperplasia leading to progressive and obliterative vasculopathy.
These changes may thus be regarded as the end result of immune and nonim-
mune interactions with the coronary vasculature, which also include respon-
sive adaptations including tissue remodeling as part of a response to injury
and tissue repair mechanisms in much the way Ross described in the context
of conventional atheroma (50).

3. Non-Antigen-Dependent Events
in Chronic Cardiac Allograft Rejection

Non-antigen-dependent factors thought to be important in the development
of TxCAD are (1) those pertinent to the recipient, including the conventional
risk factors for atherogenesis, namely, age, sex, obesity, hyperlipidemia, hyper-
tension, smoking, and diabetes, as well as (2) pretransplant diagnosis, (3) donor
age and sex, (4) immunosuppressive agents and protocols, (5) nonimmune endo-
thelial injury (donor ischemic time and reperfusion injury), and (6) cytomega-
lovirus (CMV) infection (reviewed in ref. 51). In the main, the available data
from major transplant centres are variable and somewhat conflicting (e.g., refs.
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27,30,37,38,52-57; reviewed in ref. 51). The variability of such data is most
likely the result of the limitations of the studies concerned as well as the fact that
these studies are retrospective, include small patient numbers, and utilize coro-
nary angiography for the detection of TxCAD. The most consistently described
relationship is that between hyperlipidemia and TxCAD. The observation of a
posttransplant lipid disorder is in part related to the fact that a high proportion of
recipients suffer from this condition pretransplant and it was responsible for their
preoperative diagnosis of ischemic cardiomyopathy. However, it appears most
likely that obesity and the immunosuppressive agents prednisone and cyclo-
sporine play a significant predisposing role in the development of posttransplant
hyperlipidemia.

4. Alloantigen-Dependent Events in Chronic Rejection

Despite the foregoing, a consensus exists that TXCAD is primarily immune
or alloantigen mediated. Any explanation for the pathogenesis of TxCAD must
explain the preferential involvement of the engrafted vessels with sparing of
the host’s native arteries. This suggests that some factors pertaining selectively
to the allograft vasculature rather than some nonspecific consequence of the
transplanted state must underlie the pathogenesis of TXCAD. An acquired dys-
lipidemia or acquired CMV infection alone would not account for selective
involvement of the grafted vessels. Immunological mechanisms could explain
arteriosclerosis in the engrafted arteries and veins with sparing of the native
vessels as well as the rapid progression of TXCAD in comparison to conven-
tional atherogenesis. The histopathological distinction with conventional
atheroma suggests a different pathogenesis until at least late in the disease pro-
cess. Non-antigen-dependent processes, e.g., dyslipidemias, may exacerbate
the early immune-mediated injury and may play a more important role with
prolonged allograft residence. In this regard, antigen-independent processes
such as ischemia or other types of injury to the endothelium around the time of
transplantation may also contribute to this process.

5. Experimental Evidence for an Immune Basis for TXCAD

Lurie et al. showed in a deliberately mismatched rat heart transplant model
that almost all of the animals developed a proliferative vascular lesion within
20 d (58). In a rabbit heterotopic heart transplant model, animals receiving
high-cholesterol diets and those receiving a normal diet developed prolifera-
tive vascular lesions in the allograft to the same degree; however, fatty prolif-
erative lesions developed only in the cholesterol-treated animals (59). These
data would suggest that the proliferative lesion itself is independent of the lipid
milieu, but when hyperlipidemia is present, this appears to affect the makeup
of the vascular lesion.
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A number of experimental approaches have provided more tangible evidence
for the involvement of alloantigen-specific immune mechanisms in chronic
rejection. Pretransplant immunization with donor splenocytes accelerated the
rate of development and progression of TXCAD compared with nonimmunized
recipients in a rat cardiac transplant model (60). Manipulations aimed at induc-
tion of donor-antigen unresponsiveness, such as pretransplant intrathymic
inoculation of donor cells in combination with recipient lymphocyte ablation,
resulted in a significant decrease in the extent and degree of TxCAD (61). The
receptor-ligand pairs CD28-B7 and CD40-gp39 are essential for the initiation
and amplification of T-cell-dependent immune responses (62,63). Larsen et al.
(64) have shown that by blocking CD40 and CD28 costimulatory pathways,
T-cell clonal expansion in vitro and in vivo promotes long-term survival of
fully allogeneic skin grafts and inhibits the development of TxCAD.

The evolution of chronic rejection in general and of the vascular lesions in
particular has been conceptualized as consisting of three phases, an antibody-
mediated phase, a cell-mediated phase, and a phase of tissue remodeling that is
largely dependent on cytokines and growth factors (65,66).

Chronic rejection has long been considered an antibody-mediated phenom-
enon because anti-human leukocyte antigen (HLA) immunoglobulins, comple-
ment, and antiendothelial antibodies have been found in areas of vessel wall
necrosis and intimal thickening (67), although it has also been suggested that
this may be the result of altered vascular permeability (68). Recent studies in
severe combined immune-deficient mice have shown that passive transfer of
antidonor antibody causes TXCAD in long-standing cardiac allografts (69). The
best established example of a contribution of humoral immunity to vascular
complications of transplantation is hyperacute rejection, where preformed natu-
ral antibodies directed against determinants on the surface of the allogeneic
ECs elicit an immediate complement-mediated injury that leads to acute throm-
bosis and immediate failure of the allograft (70). The generation of major histo-
compatibility complex (MHC)-derived or EC antibodies following engraftment
might lead to a similar but less dramatic process on an ongoing basis. Sublytic
injury of vascular cells by complement might promote the release of growth
factors that could contribute to a fibroproliferative rather than a desquamative
or necrotic process (71). In the 1970s Minick and Murphy demonstrated that
antigen—antibody complexes can potentiate atherosclerosis as well as its devel-
opment in cholesterol-fed rabbits (72). Shed alloantigen combining with host
antibodies could furnish one source of antigen—antibody complexes. In the
human the importance of anti-HLA and antiendothelial antibodies in the devel-
opment of chronic rejection has been suggested by a number of groups (73—
76). The precise significance of the initial wave of antibody deposition remains
unknown, especially as such alloantibody formation is often associated with
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cell-mediated rejection. In small-animal models of transplantation, the progres-
sion of vascular lesions is often associated with a decline or disappearance of
detectable antidonor antibody titers.

A clearer perspective on the relative contribution of the cells involved in
alloantigen-mediated damage was shown by Shi et al. (77). In a mouse model
of TxCAD in which carotid arteries were transplanted across multiple histo-
compatibility barriers into seven mutant strains with immunological defects,
an acquired immune response with the participation of CD4+ (helper) T cells,
antibody, and macrophages was essential to the development of the concentric
neointimal proliferation and luminal narrowing characteristic of TxCAD. CD8*
(cytotoxic) T cells and natural killer cells were not involved in the process.
Arteries allografted into mice deficient in both T-cell receptors and antibody
showed almost no neointimal proliferation, whereas those grafted into mice
deficient only in helper T cells, antibody, or macrophages developed small
neointimas. These small neointimas and the large neointimas of control ani-
mals contained a similar number of inflammatory cells; however, smooth
muscle cell number and collagen deposition were diminished in the small neo-
intimas. The reduction in neointimal size in arteries allografted into mice defi-
cient in helper T cells, antibody, or macrophages may be accounted for by a
decrease in smooth muscle cell migration or proliferation.

Despite the differences between TxCAD and conventional atherosclerosis,
hypotheses regarding the pathogenesis of atherosclerosis may be qualitatively
applicable to the transplantation scenario, with the differences being more
quantitative. In this regard, Ross’s response-to-injury model is particularly
attractive (50,78,79). This hypothesis states that the primary process is injury
to ECs, which then leads to subsequent vascular damage. If the injury pro-
duces EC death and denudation, then the loss of local prostacyclin (PGI,)
production combined with the exposure of the thrombogenic subendothelial
collagen matrix would lead to platelet aggregation and release of platelet fac-
tors such as platelet-derived growth factor (PDGF), which is a potent smooth
muscle cell mitogen (17). Replacement of individually detached ECs by
neighbouring ECs can result in a more subtle nondenuding form of injury
(80,81). Although this type of injury may not have any morphological mani-
festations, it may result in increased permeability of the endothelial bar-
rier, allowing constituents of plasma access to the subendothelial layers and
increased uptake of plasma constituents (e.g., immunoglobulin) by the endo-
thelium itself, or stimulate EC production of growth factors such as PDGF
(17). Modifications to the endothelium such as those mentioned may occur
when ECs are injured in a sublethal manner that does not result in replace-
ment or morphological changes. In the case of TxCAD, it could be that one
or more of the various forms of endothelial injury described results from an
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immune response directed against allogeneic vascular endothelium, resulting
in an atherosclerotic vascular response.

6. Acute Rejection and TxCAD

Because acute rejection episodes constitute one of the most frequent causes
of profound tissue damage in the early posttransplant period, it is likely that
they are among the most powerful events to initiate chronic rejection. Alloan-
tigen-independent events factors such as prolonged ischemia, surgical manipu-
lation, reperfusion injury, and lipid-mediated tissue injury may enhance
antigen-dependent events either through upregulation of alloantigens and cell
adhesion molecules or at the level of increased production of mediators com-
mon to various pathways of tissue injury. As indicated previously, there is
compelling experimental evidence suggesting that chronic rejection is prima-
rily allo-antigen driven and that immune mechanisms resulting in acute car-
diac allograft rejection also contribute to the pathogenesis of TxCAD.
However, in clinical cardiac transplantation the association between acute
rejection and TxCAD remains controversial. Studies that have attempted to
clarify the relationship between acute rejection and TxCAD have produced
conflicting results. Whereas a positive correlation was found in some studies
(27,55,82-84), others have been unable to confirm a direct correlation of
TxCAD with biopsy-diagnosed rejection, incidence, or severity (30,35,55,85-
87). Limitations to these studies include the fact that they are all retrospective
and include small patient numbers, the use of varying grades of severity of
biopsy-proven clinical rejection, and, in most cases, angiographic detection of
coronary arterial abnormalities. Furthermore, prophylactic and maintenance
immunosuppressive regimes vary among patients within each study and between
studies. Acute rejection that merits treatment varies according to the immuno-
suppressive policy of the particular transplant center, and accordingly some
series focus on International Society for Heart and Lung Transplantation
(ISHLT) grade 3A (88) or above as being clinically significant. The policy at
Harefield Hospital (United Kingdom) of minimizing the long-term use of ste-
roids in maintenance immunosuppression has led to the view that mild diffuse
disease (ISHLT 1B) should be treated with a brief course of intravenous ste-
roids. This center and others (87) therefore regard grade 1B as clinically sig-
nificant, particularly because recurrent mild episodes may insidiously damage
vascular endothelium. In a study by Winters et al. (38), the number of previous
clinically treated (moderate or severe) rejection episodes only weakly corre-
lated with percent luminal narrowing demonstrated by digitized video-image
analysis. However, if the total number of rejection episodes was analyzed
(including even minimal rejection that normally would not be treated), the dif-
ference in percent luminal narrowing between patients having fewer versus
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those having more rejection episodes became highly significant. As acute cel-
lular rejection diminishes dramatically over time (19), the practice of most
centers is to reduce the dose of all immunosuppressive agents over the first
year after transplantation in order to reduce toxic side effects. Although this
may be quite reasonable for the prevention of acute cellular rejection, it may
not be the correct approach for TxCAD. Moreover, mild subclinical cellular
rejection episodes may still substantially contribute to TXCAD development
and/or progression. Finally, TXCAD in all of these studies is considered as
being either present or absent. However, stratification on the basis of time when
TxCAD developed may help to apportion both immunological and nonimmu-
nological risk factors more appropriately.
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Direct and Indirect Allorecognition

Philip Hornick

Summary

The design and effectiveness of strategies to promote long-term graft acceptance
requires a fundamental understanding of the mechanisms underlying acute and chronic
rejection. This chapter discusses the two pathways of allorecognition—direct and
indirect—and suggests that the direct pathway plays a major role in the early weeks
after transplantation and that the indirect pathway may contribute to the process of
chronic rejection. The results of in vitro and in vivo experimental models are dis-
cussed, together with clinical data.

Key Words: Direct allorecognition; indirect allorecognition; chronic rejection; acute
rejection.

1. Introduction

One of the most striking features of the T-cell response provoked by major
histocompatibility complex (MHC)-incompatible cells is its vigor. This is
reflected by the mixed leukocyte reaction (MLR) in vitro (1) and in vivo by
the rejection of solid organ transplants and graft-vs-host disease in recipients
of allogeneic bone marrow transplants. Indeed, it was the very strength of the
alloresponse that led to the discovery of MHC molecules and their products,
which were first designated “transplantation antigens.” The strength of this
response is accounted for by the uniquely high precursor frequency of T cells
with specificity for allogeneic MHC molecules. This feature of the allore-
sponse was first detected by Skinner and Marbrook (2) and Fischer-Lindahl
and Wilson (3) for class I-reactive T cells.

Direct allorecognition is defined as the recognition by recipient T cells of
the intact MHC alloantigens displayed at the surface of donor (dendritic) cells
carried within the graft. No other cells intervene in this initial step of the direct
pathway.
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Any discussion pertaining to the direct recognition of allogeneic cells needs
initially to focus on two fundamental issues: (1) the high precursor frequency
of alloreactive T cells that recognize allogeneic MHC molecules and (2) the
fact that the rules of self-MHC restriction are apparently disregarded in the
direct binding of the T-cell receptor (TCR) to the allogeneic MHC molecules.

T-cell precursor frequencies of 1:10°-~10* have frequently been recorded
against foreign MHC molecules compared with 1:105 or less for nominal, anti-
gen-specific, self-MHC restricted T cells. It appears that recognition of nomi-
nal antigen in the context of self-MHC molecules and the recognition of
alloantigen is not by two distinct T-cell populations, but rather by an overlap-
ping population. T-cell clones have been generated that recognize nominal
antigen in a self-MHC restricted fashion and cross-react on allogeneic cells
(4,5). It has further been shown that approximately half of the cells involved in
generating an alloresponse have been primed previously to nominal antigen
(6). The precise nature of the ligand recognized by the alloreactive T cells still
remains unclear. There are two main hypotheses, which make very different
assumptions about the nature of the ligand bound by the alloreactive T cells.
The multiple binary complex hypothesis was proposed by Matzinger and
Bevan in 1977 (7). This hypothesis proposes that the antigen-binding grooves
of the MHC molecules expressed on normal cells are occupied with an extreme
diversity of peptides derived from the processing of serum and cellular pro-
teins, presented with class I or class I MHC molecules. Alloreactive T cells
are specific for individual complexes of MHC and peptide, as are nominal
antigen-specific T cells. As a consequence, a single allogeneic MHC molecule
will be able to stimulate a large number of different T-cell clones, each with a
distinct peptide, MHC specificity, and hence account for the high precursor
frequency.

The second hypothesis, proposed by Bevan, is referred to as the high-deter-
minant-density hypothesis (8). It proposes that the attention of the alloreactive
T cell’s receptor is focused on the exposed residues of the allogeneic MHC
molecule that differ from the responder, whether the antigen-binding site of
the molecule is occupied or not. If the specificity of the alloreactive T cell is
for the allogeneic MHC molecule itself, then in theory all foreign MHC mol-
ecules of any given isotype (e.g., human leukocyte antigen [HLA]-DR) dis-
played by the allogeneic stimulator cell could act as ligands for the alloreactive
responder T cell. The implication of this hypothesis becomes obvious when
the total number of MHC molecules, i.e., ligand density, is compared to the
ligand density available to an antigen-specific T cell. This issue has been
addressed by Harding and Unanue (9). Following the internalization, process-
ing, and presentation of an antigen by a class II-expressing antigen-express-
ing cell (APC), it is probable that only a small fraction, probably <1%, of
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class II molecules will be occupied with the particular peptide for which the T
cell is specific. It follows that there may be a 100-fold higher number of
ligands or determinant density per cell available for the alloreactive T cell
than is available to an antigen-specific T cell. The corollary of this is that cells
of lower affinity than is required for an antigen-specific response may be
called into the alloreactive repertoire such that T cells with low and medium
as well as high affinity for the allo-MHC molecule could lead to the genera-
tion of a high precursor frequency.

In order to understand fully the phenomenon of direct allorecognition, this
now needs to be accommodated within the framework of a T-cell repertoire
that has been positively selected to recognize peptide in the context of self-
MHC.

At face value the foregoing discussion appears to break the rules of self-
MHC restriction, but the two hypotheses to account for the high precursor fre-
quency of alloreactive T cells can be accommodated within the context of
self-MHC restriction. This is easiest to envisage where responder and stimula-
tor MHC molecules are similar, sharing conserved sequences in the exposed
TCR-contacting surface of the molecule. Differences in the peptide-binding
groove allow binding and display of different sets of peptides (10). The allo-
response is thus directed to the multiplicity of different peptides bound by the
MHC molecule. When the exposed surfaces of the responder and stimulator
MHC molecules are substantially different, the alternative, high-determinant-
density hypothesis may provide a better explanation for the observed strength
of the alloresponse. In order to reconcile this with self-MHC restriction, it only
needs to be suggested that a small fraction of T cells whose receptors were
selected for self-MHC recognition cross-react, by chance, with a foreign MHC
structure. Given the bias that appears to exist in TCR genes for MHC recogni-
tion (11), this is likely to occur in structurally dissimilar responder, stimulator
combinations with sufficient frequency to account for the numbers of
alloreactive T cells identified by limiting dilution analysis.

It has long been assumed that the in vitro MLR correlates with acute trans-
plant rejection. Until recently it had not been shown that T cells with exclusive
direct allospecificity can effect acute rejection. Pietra et al. (12) reconstituted
severe combined immunodeficiency mice (SCID) with syngeneic CD4+ T cells.
This led to rejection of MHC class II-expressing heart grafts, but not MHC
class II-deficient grafts. Moreover, they were also able to show that SCID mice,
also MHC class II deficient, rejected allogeneic grafts when reconstituted with
CD4+ T cells. Because these mice had no CD8* cells and no MHC class II-
expressing APCs, direct cytotoxic and indirect allorecognition would not have
occurred. Thus, CD4+cells were both necessary and sufficient to mediate allo-
graft rejection.
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2. Observations of Direct Pathway Hyporesponsiveness

In vitro primed donor-specific direct pathway alloreactive T-helper (Th) cells
have been found to induce acute graft rejection when adoptively transferred
into irradiated recipients that had been transplanted with an allogeneic kidney.
Rejection occurred only in the presence of donor genotype dendritic cells (DCs)
(13). However, in animals bearing an established graft, the renal parenchymal
cells were unable to reactivate the alloreactive T cells. These results indicate
that while direct alloreactive T cells play a dominant role in acute rejection, in
the absence of donor DCs, T-cell hyporesponsiveness can occur.

Direct alloreactive T cells are primed in the spleen and draining lymph nodes
following the migration and maturation of donor DCs (14). Effector functions
are carried out by CD8* cytotoxic T lymphocytes (CTLs) within the graft with-
out necessarily further input from Th or DCs. While cytokines secreted by Th
cells will facilitate the initial stages of clonal expansion of the CD8* compart-
ment, thus amplifying the rejection response, thereafter CD8* cells are likely to
be autonomous in their activity (15). Th cells can initiate antibody production at
sites distant from the allograft by allospecific B cells. Delayed-type hypersensi-
tivity (DTH) responses may be orchestrated by Th cells that have infiltrated the
graft having left the recipient lymphoid tissue. Here, primed or memory antigen-
specific CD4+* cells may be activated by immature donor DCs that still persist
within the graft. Such activation has been demonstrated in vitro (16), and memory
T-cell activation by antigen-loaded, immature tissue DCs may be one mecha-
nism by which secondary antigen-specific responses are initiated very quickly
(17). 1t would thus appear that for the allograft, MHC-expressing, immature DCs
within the graft may play an important role as immunogenic targets for activated
CD4+ cells. The eventual replacement of donor DCs by recipient interstitial DCs
(18) and the apparent paucity of cells capable of stimulating direct allorecognition
left within the graft and their potential for inducing anergy is likely to account for
the hyporesponsiveness of direct pathway T cells in the experimental systems
thus far examined.

3. Clinical Correlates of Donor-Specific Hyporesponsiveness

In recipients receiving immunosuppression, episodes of acute rejection become
less frequent and less destructive with the passage of time following transplanta-
tion, while the progression of chronic rejection remains unaffected (19).

Limiting dilution techniques specific for the direct pathway have been uti-
lized to estimate recipient, antidonor Th and CTL frequencies in patients who
have chronic rejection. Following preliminary investigations by Deacock and
Lechler (20), Mason et al., utilizing a range of B-lymphoblastoid cell lines
expressing donor DR antigens have been able to show donor-specific hypo-
responsiveness in some patients with chronic renal failure (21). Such findings
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are important because they indicate that for humans as for rodents, the pro-
longed residence of an allograft can induce donor-specific hyporesponsiveness
in T cells with direct allospecificity. These findings also suggest that chronic
rejection can progress despite such hyporesponsiveness.

Chronic rejection is under the influence of alloantigen-dependent and non-
alloantigen-dependent factors. The importance of HLA matching, acute graft
rejection, rapid progression in allogeneic as compared to syngeneic grafts, as
well as more tangible experimental evidence (22-24), points to a determining
role for alloantigen-dependent processes. Direct allorecognition is likely to be
an important event in the initiation of chronic rejection in that the clinical
picture in the early posttransplant period is dominated by tissue damage caused
by episodes of acute rejection. However, chronic rejection may occur in the
absence of previous episodes of acute rejection (25), and the observation of
direct pathway hyporesponsiveness following graft residence and depletion
of donor DCs mitigates against this pathway being a driving force in the pro-
gression of chronic rejection.

4. Indirect Allorecognition

Tangible evidence for a second route of allorecognition was provided by
retransplantation experiments in a rat model. Lechler and Batchelor observed
that MHC-incompatible kidney allografts depleted of indigenous passenger leu-
kocytes (by “parking” kidneys in enhanced hosts) were permanently accepted
without immunosuppression in certain donor/recipient combinations, but in oth-
ers suffered rejection (26). This second route for the recognition of allogeneic
MHC is known as the indirect pathway, whereby allogeneic MHC molecules
and/or other donor alloantigens are processed and presented by recipient APCs.
This is the normal mechanism of T-cell stimulation by nominal antigens, i.e., as
processed peptides associated with self (recipient)-MHC class II molecules.
Alloantigens shed from a graft will in general be treated as exogenous antigens
by recipient APCs, leading to a dominance of Th cells recognizing allopeptides
bound to MHC self class II molecules. The observations made thus far indicate
that T cells sensitized by the direct pathway might initially dominate the rejec-
tion process occurring in nonimmune recipients, but that T cells sensitized by
indirect allorecognition might contribute substantially to continuing long-term
or chronic graft damage after the allograft has lost its DC population (26) and
direct alloreactive T cells have been rendered hyporesponsive.

5. Evidence for Indirect Allorecognition in Small Mammalian Models

In a murine system, Benichou et al. (27) showed that T cells collected from
mice that had been sensitized by allogeneic splenocyte infusion or skin graft-
ing proliferated to synthetic peptides derived from the polymorphic regions of
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the o and B chains of the allogeneic class I MHC molecule presented by host
APCs.

Peptide immunization of allogeneic MHC antigens has been shown to hasten
the rate of graft rejection for skin and kidney allografts (28, 29). Perhaps the
most compelling evidence showing that an indirect response could initiate allo-
graft rejection was generated once MHC class II-deficient knockout mice were
generated by targeted gene disruption (30). Since grafts from these mice were
unable to stimulate a direct CD4+ T-cell response, rapid rejection of their graft
in a CD4*-dependent manner suggested that indirect T-cell stimulation could
lead to graft rejection (31). Further importance of indirect alloresponses is sug-
gested by the downregulation of T-cell responses following thymic administra-
tion of allogeneic MHC-derived peptides leading to prolonged survival of
subsequent renal allografts. Such peptides could not have affected the direct
pathway, which suggests that indirect presentation is critical to the rejection
process (32). These data also imply dominance over the direct pathway.

6. Evidence for Indirect Allorecognition In Vitro

Evidence that processing and presentation of MHC-derived peptides occurs
physiologically has been provided by Chicz et al. (33), who eluted peptides
from HLA-DR1 molecules derived from naturally processed self MHC poly-
peptides from either the invariant chain or HLA-A2. This suggests that pro-
cessing and presentation of such peptides is a common event in vivo.

Both MHC class I (34) and class II (35) allogeneic peptides may be pre-
sented in the context of self-MHC class II. It is probable that the precise cellular
origins of donor antigens will be of little significance, as donor antigens are
processed and presented by recipient APCs, the important factor being the quan-
tity of donor antigen available. Class I MHC antigens are likely to be of greater
importance than class II antigens, being more common in the long-term life
span of the allograft (36), at least in the absence of acute rejection episodes
(37). With the knowledge that crosstalk between the endogenous and exog-
enous pathways can take place, presentation of exogenous antigens by self-
MHC class I molecules may also occur. The actual physiological significance

Fig. 1. (opposite page) Direct allorecognition involves the recognition by T cells of
the polymorphism of the C alloantigens displayed at the surface of donor dendritic
cells. No other cells intervene in this initial step of the direct pathway. Indirect
allorecognition involves the recognition of donor alloantigens (primarily allogeneic
MHC molecules) in the same way as for any nominal protein antigen, i.e., as pro-
cessed peptides associated with self (recipient)-MHC class II molecules. Following
activation of indirect T-helper cells, allospecific effector cells may be stimulated in
the same localized environment.
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of this in graft rejection is questionable. One view is that CD8+ cells sensitized
by peptides presented in the context of recipient MHC class I molecules will
not find such a determinant expressed by donor cells except in cases where
donor and recipient MHC class I molecules are matched (38). IL-2 secreting
CTL (39) may, however, potentially react with such self-restricted peptides and
thus provide the cytokines necessary (in addition to cytokines generated from
indirect HTL) for driving directly sensitized CTL, B-cell, and DTH responses
against the graft and not by their own actual interaction with the donor and
hence lysis of donor cells.

7. Evidence of the Indirect Pathway in Humans

The frequency of T cells engaged in the indirect recognition of synthetic
DR1 peptides in an in vitro culture system was found to be about 100-fold lower
than that of T cells participating in direct recognition of native HLA-DR anti-
gen (40). Such data, however, do not necessarily imply dominance of direct
pathway mechanisms, as there is the potential for the generation of a multi-
plicity of epitopes derived from MHC molecules. The strength of the indirect
response would therefore be the sum total of all indirect frequencies estimated
for each epitope. It thus becomes clear that a failure to demonstrate an indirect
alloreactive frequency might reflect the sensitivity of the assay system and the
methodology utilized (41). This conceptually challenges the precept that direct
allorecognition dominates the rejection process in its early stages just because
high precursor frequencies are produced in vitro.

Recent data derived in the context of acute rejection in recipients of heart
grafts and utilizing synthetic peptides corresponding to the hypervariable regions
of the mismatched donor HLA-DR antigens have indicated an association
between acute rejection and activation of the indirect pathway (42). Frasca et al.
raised T-cell clones from an HLA-A2-negative patient whose A2-positive kid-
ney failed as a result of chronic rejection. The clones responded in a self-
restricted manner to a single peptide of HLA-A2 (43).

The relative contribution of alloantibody in the rejection process is not well
understood. In the context of chronic rejection, humoral mechanisms have long
been thought to make important contributions. Taylor et al. (44) and Russell et
al. (45) indicate in the rat the importance of humoral immune mechanisms in
the development of chronic rejection. In humans, recent evidence indicates their
potential importance in chronic rejection (46,47). Because the alloantibodies
formed during chronic rejection react with donor cells and often exhibit
antidonor specificity, this process is likely to be mediated by Th cells recogniz-
ing donor MHC-derived peptides and bound to host MHC molecules. Donor
alloantigens released from the injured graft may provide soluble MHC mol-
ecules, which produce antigens for indirect allorecognition. Such processes may
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expose the graft to the continuous attack of allopeptide-reactive Th cells, which
can mediate rejection long after the donor APCs have migrated from the graft
and provide help to B cells to produce antidonor HLA antibodies (48). Anti-
HLA antibodies can bind soluble HLA antigens, forming immune complexes
that are internalized by APCs via Fc receptors. This again would result in effi-
cient processing of alloantigens and stimulation of allopeptide reactive Th cells
(49,50). 1t is possible that sublytic injury of vascular cells by complement may
promote the release of growth factors that could contribute to a fibroprolifera-
tive rather than a desquamative or frankly necrotic process (51). B-cell anti-
body production thus must involve T cells with indirect allospecificity.
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HLA Typing and Its Influence on Organ Transplantation

Stephen Sheldon and Kay Poulton

1.

Summary

Human leukocyte antigen (HLA) molecules are expressed on almost all nucleated
cells, and they are the major molecules that initiate graft rejection. There are three clas-
sical loci at HLA class I: HLA-A, -B, and -Cw, and five loci at class II: HLA-DR, -DQ,
-DP, -DM, and -DO. The system is highly polymorphic, there being many alleles at
each individual locus. Three methods for HLA typing are described in this chapter,
including serological methods and the molecular techniques of sequence-specific prim-
ing (SSP) and sequence-specific oligonucleotide probing (SSOP). The influence of HLA
matching on solid organ and bone marrow transplantation is also described. HLA match-
ing has had the greatest clinical impact in kidney and bone marrow transplantation,
where efforts are made to match at the HLA-A, -B, and -DR loci. In heart and lung
transplantation, although studies have shown it would be an advantage to match espe-
cially at the DR locus, practical considerations (ischemic times, availability of donors,
clinical need of recipients) make this less of a consideration. Corneal grafts are not
usually influenced by HLA matching, unless being transplanted into a vascularized (or
inflamed) bed.

Key Words: HLA molecules; crossmatching; tissue-typing; serology.

Introduction

Human leukocyte antigen (HLA) molecules are expressed on the surface of

virtually all nucleated cells and play a pivotal role in the fundamental necessity
of the immune system to distinguish self from non-self. HLA antigens are the
vehicles used to present peptides on the cell surface. Non-self determinants
presented by HLA can instigate an appropriate immune response through HLA/
T-cell-receptor interaction. In humans, the genes that code for the HLA anti-
gens are located on the short arm of chromosome 6 (6p21.3) within a region
termed the major histocompatibility complex (MHC).
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The evolution of this complex of HLA genes within the MHC has been
driven by the need of the immune system to effectively identify and respond to
pathogens. The HLA system has responded to the evolutionary pressure gener-
ated by the ability of pathogens to constantly mutate, by itself becoming highly
polymorphic within populations. This strategy increases the chances of at least
a portion of a population being capable of effectively presenting and respond-
ing to new pathogens as they appear. If HLA polymorphisms are lacking within
a population, a new pathogen has a greater potential to wipe that population
out. The high level of polymorphism found within the HLA gene pool may
well be central to the efficiency of the immune system in dealing with infec-
tion, but this has proved to be a major problem within the field of transplanta-
tion. In the artificial situation of transplantation, HLA molecules function as
histocompatibility antigens.

Because each individual inherits sets of several highly polymorphic HLA
genes from both father and mother, the chance of two nonsibling individuals
having an identical HLA phenotype is small. Because HLA antigens act as the
markers that serve to communicate the identity of self or non-self within the
immune system, any transplanted HLA disparity may act as the stimulus for an
immune response. In the case of an HLA-mismatched allograft, the response is
to initiate a cellular- and/or antibody-mediated rejection of the graft. Such a
response can be instigated by passenger antigen-presenting cells (APCs) of
donor origin, which can persist for some time posttransplant. This pathway is
referred to as direct allorecognition and is unique to transplantation. If recipient
APCs activate a rejection process, this is referred to as indirect allorecognition,
this mechanism being comparable to the host’s natural response to an infection.

The field of histocompatibility and immunogenetics has therefore evolved
mainly through the need to identify and catalog the genetic polymorphisms
within the HLA system in order to quantify the levels of disparity between
donors and recipients.

2. Early History

The origins of HLA typing as we know it today stem from observations
made by hematologists in the 1930s, who observed leukoagglutinating anti-
bodies in patients with leukopenia. In the late 1950s, workers including Jean
Dausset, Rose Payne, and Jon van Rood observed leukoagglutinins in serum,
which were attributed to the patients having been exposed to alloantigens
through transfusions or pregnancy (I-3). The reaction patterns displayed by
the different antibodies identified against random cell panels revealed clusters
of antisera with similar specificities. Individual research groups were therefore
able to use these antibodies as reagents to phenotype individuals for the differ-
ent specificities identified. The analogy with the genetically determined mice
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histocompatibility antigens described by Snell at the Jackson Laboratories and
Gorer in England in the 1950s (4,5) was soon recognized, as was the impact
that the study of these gene products could have in understanding the processes
of allograft rejection.

As the number of investigators increased, collaboration was needed to develop
a standardized nomenclature and typing methods. In 1964, the first International
Workshop was convened in Durham, North Carolina. HLA antigens were cat-
egorized according to their structural and functional similarities into class I and
class II. Since 1964, there have been 14 International Workshops, during which
time three HLA class I (HLA-A, -B, and -Cw) and five HLA class II (HLA-DR,
-DQ, -DP, -DM, and -DO) loci have been identified and comprehensively stud-
ied. More than 1800 polymorphisms have now been defined, with more con-
tinuing to be identified (6).

3. Typing Methods
3.1. Serology

The earliest methods used to define HLA polymorphisms were entirely based
on serological techniques. The complement-dependent lymphocytotoxicity
(CDC) assay was developed in the 1964 by Terasaki and McClelland to dra-
matically reduce the volume of precious typing reagents required to define an
individual phenotype (7). The CDC assay requires only 1 mL of typing reagent
per test and 1 mL of target cells at a concentration of 2—4 x 10%mL. Cells and
sera are mixed under oil to avoid evaporation in sloping-sided wells of a Terasaki
tray. After 30 min, rabbit serum is added as a source of complement (4-5 mL)
and the assay is incubated for a further 60 min. If a well contains an antibody
with specificity to HLA molecules expressed on the cells’ surface, the binding
of that antibody will activate the rabbit complement. The lytic action of the
activated complement results in cell death. The reactions are then fixed, stained,
and read through the underside of the Terasaki tray using an inverted micro-
scope. Cell death is recorded as a positive reaction, and the pattern of these
reactions is interpreted to assign an HLA phenotype.

Screening individuals who have been previously exposed to non-self HLA
antigens can identify HLA-typing reagents. The most productive source of
high-titer monospecific HLA-typing reagents is multiparous women. During
pregnancy, women may produce HLA-specific antibodies after immunologi-
cal exposure to non-self paternal HLA antigens expressed by the fetus (3).
Serum from these women can be screened against a panel of cells of previously
defined phenotype. The pattern of positive reactions can therefore be analyzed
to determine the specificity or specificities of any detected antibodies. These
well-characterized sera can subsequently be used as typing reagents. Patients
who have had transfusions or a previous transplant with some degree of HLA
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mismatch may also develop HLA-specific antibodies, although these patients
are more likely to develop antibodies directed against multiple HLA antigens.
If this is the case, a serum becomes less useful as a typing reagent.

The target cells used in the CDC assay are usually peripheral blood lympho-
cytes (PBLs), which can be isolated from anticoagulated whole blood by den-
sity gradient centrifugation. As an alternative source, lymphocytes can also be
flushed from the spleen or lymph nodes of cadaveric donors. Other cell-prepa-
ration techniques available include negative selection of PBLs by lysis of red
cells and nonlymphocyte leukocytes with monoclonal antibodies (MAbs; e.g.,
LymphoKwik, One Lambda Inc). Antibody-coated magnetizable microbeads
can also be used (e.g., Dynabeads, Dynal Ltd, or Fluorobeads, One Lambda
Inc). These bind to specific cell populations and are then isolated using a strong
magnet. These later methods allow class II-expressing B cells to be isolated
independently as a target cell for class II (HLA-DR and -DQ) typing (8).

The costs with respect to time and human resources required to screen, iden-
tify, and control the quality of alloantisera for use as CDC typing reagents has
driven most HLA-typing laboratories to use class I and class II monoclonal
antibody typing trays, which are now commercially available. Because the sup-
ply of MAbs provided is in theory unlimited and the avidity of the antibodies
can be adjusted, this CDC method provides an added advantage in that the
target cell can be added to both the MAb and complement in a one-step assay
without reducing sensitivity. This simplifies the protocol and reduces the total
incubation time required to just 1 h.

Although serology-based techniques allowed scientists to first identify the
polymorphic nature of the HLA system, the advent of molecular biology has
allowed us to radically improve the level of polymorphic definition that can be
achieved.

3.2. HLA Typing by Molecular Methods

Our understanding of the HLA system was dramatically improved when it
became possible to define HLA specificities by genetic analysis. The very ear-
liest techniques involved probing Southern blots of genomic DNA digested
using restriction enzymes, yielding a variety of banding patterns, which were
crudely related to HLA class II alleles. As more sequence data became avail-
able and DNA-based technologies progressed, it became possible to identify
HLA alleles present by testing specifically for individual alleles.

By the early 1990s, two diverse DNA-based HLA-typing systems were estab-
lished and embraced by the HLA community. Both of these methods utilize the
polymerase chain reaction (PCR) to produce multiple copies of the HLA genes,
focusing predominantly on exons 2, 3, and 4. These exons encode the peptide-
binding grooves of the HLA molecules, where most of the base changes are
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located, giving each allele its unique sequence. One of these methods involved
specific amplification of HLA alleles using PCR-sequence-specific priming
(SSP) (9). The second technique involved locus-specific amplification of HLA
genes and resolution of specific alleles present by probing the PCR-amplified
DNA using PCR-sequence-specific oligonucleotide probes (SSOP) (10,11).
These methods have proved so efficient and adaptable that they are still widely
used today in some form.

3.2.1. PCR-SSP

When HLA typing using SSP, multiple simultaneous tests are performed on
a single sample. Each test looks for the presence or absence of one polymor-
phism using PCR primers specific only for that sequence. The system relies on
the lack of 5' to 3' exonuclease activity of Tag DNA polymerase, used in the
PCR reaction. Using this enzyme, PCR amplification only occurs if alleles
with sequences identical to those of the PCR primers used are present in the
sample to be tested. Specificity of the PCR amplification is conferred by the
base at the 3' end of each primer, where an exact match is required in order to
allow the synthesis of a new strand of DNA.

It is necessary to run multiple simultaneous SSP reactions in order to obtain
an HLA typing. Typically, at least 96 reactions are required to define HLA-A,
-B, and -DRBI1 alleles present at the lowest resolution. As a control against
amplification failure, which could give a false-negative result, primers that
amplify a highly conserved gene (often human growth hormone) are included in
each reaction. These internal control primers amplify a band that is easily dis-
tinguished from specific amplification by size, using conventional agarose gel
electrophoresis stained with ethidium bromide under ultraviolet light (Fig. 1).
In some cases, primers do not amplify specific alleles but amplify allele groups,
and specificity is defined by looking at combinations of positive and negative
results. Results are interpreted by comparing these reaction patterns either manu-
ally or with the aid of a computerized software package designed specifically
for each test.

The major advantage of this system is that it is the quickest method of obtain-
ing a full HLA typing using molecular methods widely available at the moment.
From receipt of sample to interpretation of the gel image, a complete HLA typ-
ing by DNA-based methods takes approx 3.5 h. It is possible that this technol-
ogy may be replaced in future by real-time PCR methodologies (e.g., TagMan,
Applied Biosystems Inc.), which will remove the need to analyze PCR product
using gel electrophoresis, but at the time of going to press these technologies
were not readily available in most laboratories. As the most rapid of the DNA-
based technologies available, PCR-SSP is still the technology of choice for most
centers performing HLA typing of cadaveric donors for transplantation. As a
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Fig. 1. HLA-DRBI1 typing by PCR-SSP (low resolution).The presence of specific
amplification bands in lanes 5, 6, and 17 indicates the presence of HLA-DRB1*03,
and a positive reaction in lane 8 indicates the presence of DRB1*04. The specific
amplification in lane 22 indicates the presence of DRB3* alleles, which are in linkage
with DRB1*#03 alleles. Lane 23 shows the presence of DRB4* alleles, in linkage with
DRB1*04. M = size marker to identify size of amplified products (bp)

result, this technique has been heavily exploited commercially, and a number of
manufacturers now market comprehensive PCR-SSP HLA-typing reagents
(Dynal Biotech, One Lambda, Protrans, and Biotest, among others)

One disadvantage of PCR-SSP is that it remains a comparatively expensive
technique, consuming relatively large quantities of primers and DNA poly-
merase and using relatively large amounts of DNA. For HLA typing of mul-
tiple samples, it could also be regarded as a rather time-consuming procedure.
The 3.5 h it takes to process a sample is not reduced dramatically by processing
multiple samples, and the ability to process samples simultaneously is limited
by resources such as the number of thermal cyclers available at any one time.
A far more suitable system for HLA typing of multiple samples is based on the
alternative technology established again in the early 1990s: SSOP.

3.2.2. S0P

This is also a PCR-based system, relying on amplification not of specific
alleles as in PCR-SSP, but of exons in the HLA genes containing the hyper-
variable regions that confer allele specificity. Multiple Southern blots of the
amplified PCR product are prepared on nylon membranes, which are then hybri-
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dized against a series of labeled SSO probes directed against specific base
changes that bind to regions of complementarity. Excess or nonspecifically
bound probes are removed after hybridization using stringent washing proce-
dures with either tetramethylammonium chloride or sodium saline citrate. SSO
probes remain bound after stringent washing procedures only when the sequence
of the probes is an exact match to that of an HLA allele present in the sample.
Bound probe is detected, usually using enhanced chemiluminescence-based
techniques, and the HLA type of the individual is interpreted by comparing
patterns of positive and negative reactions (12).

One obvious advantage of PCR-SSOP is that this system is best suited for
typing large numbers of samples simultaneously. When compared with HLA
typing by PCR-SSP, little additional expenditure is required to process 96
samples compared with processing a single sample in terms of thermal cyclers,
technician time, and reagents. This approach to HLA typing is also the most
economical in terms of the amount of DNA required because only one PCR
amplification is required per sample. This makes PCR-SSOP the method of
choice for research studies, where it is essential to conserve sample whenever
possible.

Over the years, the PCR-SSOP system has been subject to various techno-
logical modifications used to improve the efficiency or the safety of the meth-
odology used in routine practice. For example, the most efficient labeling of the
oligonucleotide probes was originally achieved using radioactive labels (*?P).
In time, this was superceded by substituting biotin-labeled probes, followed by
an enhanced chemiluminescence detection system. Robotic workstations and
automated (real-time) development systems have replaced laborious manual
pipetting and interpretation of autoradiographs, reducing the potential for intro-
ducing human error into the system. A modification of the SSOP is used suc-
cessfully in the form of reverse slot blot assays produced commercially for
HLA typing (13). An overview of this method is summarized in Fig. 2.

4. HLA Nomenclature

As would be expected in this fast-growing field, nomenclature for both exist-
ing and novel alleles is strictly regulated by the WHO Nomenclature Commit-
tee for factors of the HLA system. Regular updates documenting the details of
newly identified HLA alleles are published in Tissue Antigens, but the official
repository for HLA sequences is the IMGT/HLA sequence database, which
can be accessed at www.ebi.ac.uk/imgt/hla. In July 2005 this database con-
tained sequences for 1325 class I alleles and 763 class II alleles. The database
is updated at 3-mo intervals.

Over time, major revisions of HLA nomenclature have been necessary to
accommodate the increasing number of HLA alleles identified. The most recent
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Fig. 2. The principle of sequence-specific oligonucleotide probing (SSOP) has been
used in the manufacture of reverse slot blot strips for HLA typing. PCR, polymerase
chain reaction; HLA, human leukocyte antigen.

major revision was published in July 2002 (6). A guide to the current nomen-
clature for HLA antigens and alleles is summarized in Table 1. HLA alleles
described in publications printed before July 2002 may have changed their
nomenclature, and it is advisable to refer to ref. 6 for clarity.

5. Influence of HLA Matching
5.1. Solid Organ Transplantation

We shall see that the influence of HLA matching in solid organ transplants
depends on which organ is being considered for transplant. The degree of HLA
matching deemed suitable or necessary by individual transplant communities is
very much country- and center-specific. In general, the degree of HLA mis-
match for a particular transplant is the number of broad antigen specificities (as
defined by serological nomenclature) mismatched at the HLA-A, -B, and -DR
loci, in that order. A totally HLA-mismatched transplant is therefore referred to
as a 2:2:2, whereas a 0:0:0 transplant would indicate that no broad antigens
were mismatched at any of the three loci.
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Table 1

Reference Guide to HLA Nomenclature

Nomenclature Interpretation

HLA-A Indentification of HLA locus

HLA-A24 Serologically defined HLA antigen

HLA-A* Asterisk denotes HLA alleles defined by analysis of DNA
HLA-A*24 2-digit resolution Denotes the allele group

(corresponds where possible to the
serological group; often termed
“low resolution”

HLA-A*2402 4-digit resolution Sequence variation between alleles
results in amino acid substitutions
(Coding variation, or nonsynonymous

changes)
HLA-A*240201 6-digit resolution Noncoding variation; sequence
changes are synonymous, do not
result in amino acid substitution
HLA-A*24020102 8-digit resolution Sequence variation occurs within
introns, or 5'/3' extremities of the gene
HLA-A*24020102L  Alphabetical suffice  Letters (see below) may be used as a
suffix to describe the biological
expression of the encoded molecule
A Aberrant expression
C Molecule present in the
cytoplasm only

L Low levels of expression

N Null allele (not expressed)

S Secreted molecule present only
as soluble form

HLA, human leukocyte antigen.

5.1.1. Kidney Transplantation

The surgical event of kidney transplantation has been developed to the point
of becoming a relatively routine procedure. As a result, technical failure rates
are very low, and the major barrier to successful transplantation is preventing
and/or managing graft-rejection processes.

The immediate concern is the risk of early antibody-mediated rejection, often
referred to as hyperacute rejection. This can be prevented by ensuring that both
donor and recipient are ABO blood group compatible, which eliminates the
potential thrombotic effect of naturally occurring anti-ABO isoagglutinins.
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Early antibody-mediated rejection owing to preformed HLA-specific antibod-
ies is also a risk factor (14). Recipients need to be screened pretransplant for
the presence or development of HLA-specific antibodies. If sensitization to
any HLA specificities is identified, these can be highlighted as “unacceptable
antigens” and avoided as mismatches with any potential donor. A prospective
CDC crossmatch is also used to identify transplants with potential for hyper-
acute rejection. More recently protocols involving flow cytometry have been
introduced to provide a more sensitive method of crossmatching if required.

In kidney transplantation it is widely accepted that the avoidance of HLA
mismatches improves actuarial graft survival and reduces the incidence of acute
rejection and sensitization to mismatched specificities. Evidence-based single-
and multicenter studies can demonstrate an incremental increase in actuarial
graft survival over time as the number of HLA mismatches is reduced (15-18).
Opelz et al. (15) showed that graft survival was 17% lower for 2:2:2 mismatched
transplants than 0:0:0 10 yr after transplant. The strongest impact is accepted as
being due to HLA-DR mismatching, followed by HLA-B and finally HLA-A.
Beyond 10 yr, the influence on graft survival of the three loci was found to be
equivalent and additive.

The sharing of kidneys between centers can dramatically minimize HLA
mismatches within transplant programs. The benefit of allocation of kidneys on
the basis of HLA specificity matching is still debated, however (19), given that
multidrug, high-dose immunosuppressive regimens can minimize the influence
of poorly HLA-matched transplants. The counterargument for shipping organs
to improve matching, however, arises from the inevitable extension of cold
ischemia times incurred in doing so (20), which is itself a well-documented risk
factor. The potential for longer waiting times for patients with less common
HLA phenotypes (such as those belonging to ethnic minorities) also exists.

There is a balance, therefore, between making efforts to minimize HLA mis-
matches or to rely on more aggressive immunosuppressive regimens to coun-
teract the influence of increased HLA disparity. The payback for the latter
protocol is increased susceptibility to posttransplant complications including
infection and cancers.

The policies used in different parts of the world for the allocation of kidneys
tend to be influenced to a great extent by the geographic constraints of organ
sharing. Where localized alliances can be used to exchange organs to improve
the degree of matching, it has been demonstrated that the cold ischemic time
need not be significantly increased (21). The time implications generated by ship-
ping organs over vast distances across the United States, however, has resulted in
legislation requiring kidneys to be shared only when there are no HLA-A, -B, or
-DR (0:0:0) mismatches. Beyond this, kidneys are transplanted locally using
other criteria. In Eurotransplant, kidneys are shared whenever possible to mini-
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mize HLA mismatches. The United Kingdom has developed a system whereby
sharing of kidneys occurs for 0:0:0, 1:0:0, 0:1:0, and 1:1:0 mismatched trans-
plants. If only poorer HLA matches can be identified, kidneys are transplanted
locally, with priority recommended to recipients with minimum mismatch at
HLA-DR. Where a tie exists, other factors are considered. The factors used high-
light the transplantability of an individual as predicted by the commonality of
their HLA type in combination with their level of preexisting sensitization to
other HLA specificities. In addition, factors such as donor-recipient age dispar-
ity and transport times where excessive cold ischemia time is predicted are also
weighted into the allocation decision (www.uktrans plant.org.uk).

In the long run, one further advantage of minimizing HLA mismatches that is
often overlooked is the effect that this has of limiting the potential for a recipient
to become sensitized to multiple non-self HLA epitopes. Following a poorly
matched kidney transplant, a patient can become highly sensitized, developing
antibodies reactive with more than 50% of the donor population. In this situation
it becomes much more difficult to find a cross-match-negative donor should these
patients subsequently require a second transplant. Highly sensitized patients may
remain relisted for many years before a suitable donor can be found, if at all.
Opelz et al. (15), using multicenter analysis, also demonstrated that the influence
of HLA mismatches when transplanting sensitized patients was even stronger.
The difference between graft survival at 5 yr for these patients is 30% less for
recipients with six mismatches when compared to those with no mismatches.
Such evidence-based practice should be recognized by transplant centers and
used to develop allocation policies to make the best use of the precious but lim-
ited supply of donor kidneys.

5.1.2. Heart Transplantation

Alternatives to heart transplantation such as the use of angiotensin-convert-
ing enzyme inhibitors (22) are noticeably reducing the number of patients being
listed for heart transplantation. This may be compounded in the future by the
use of implantable ventricular assist devices, which are currently under devel-
opment. Heart transplant activity is currently on the decline and may well con-
tinue to decrease (23). Given the highly polymorphic nature of the HLA system,
shorter waiting lists only exacerbate the difficulty of finding a well-matched
recipient for an individual heart. In contrast to kidney transplantation, much
more consideration is required in terms of size matching the donor and recipi-
ent. Once this, together with ABO blood group compatibility, age matching,
and perhaps Cytomegalovirus (CMV) compatibility has been taken into account,
selecting suitable HLA-matched recipients from a small waiting list is extremely
limiting and may not even be possible in some instances. Given the clinical
urgency to transplant patients who are listed, the addition of a further selection
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tier allowing HLA compatibility to be considered has not been supported. In
addition, the relatively short cold ischemia time permissible for hearts (ideally
<3 h with a 6-h upper limit) prevents long-distance shipping of the organ from
being a viable option in the pursuit of better matching. Even when a patient with
identified HLA-specific antibodies requires a prospective crossmatch, the lim-
ited time available can exclude donors where sample transportation time to the
laboratory is too excessive. In this respect the field of kidney transplantation has
big advantages.

The influence of HLA in the allocation of donor hearts is, therefore, on the
whole overridden by these other risk factors. If a center has two potential recipi-
ents with equal clinical suitability, there is evidence to support using HLA mis-
match, with particular emphasis on HLA-DR, as a supplement to the selection
process (24-27). The level of HLA matching achieved in kidney transplantation
will never be reached in heart transplantation. However, by not considering the
level of HLA mismatching within the recipient selection process, who knows
what golden opportunities may be being overlooked.

5.1.3. Lung Transplantation

The influence of HLA in lung transplantation is open to debate. As with heart
transplantation, and for much the same reasons, donated lungs are allocated on
the whole without consideration of HLA compatibility. Only when a potential
recipient has been found to be sensitized to predefined HLA specificities is the
donor HLA type used to determine suitability. As a result, HLA-mismatch data
collected for heart and lung transplants record few cases in which little or no
mismatch exists. With time, more cases where few HLA mismatches exist are
gradually added. This, however, is a slow process, and the bias of data collected
toward transplants with few matches has been a major obstacle to comparative
analysis. The poorer outcome of lung transplants compared to hearts is indica-
tive of additional risk factors that help to mask other influences such as HLA.

More recently, as databases have expanded, publications have indicated that
HLA mismatches have an influence on acute rejection (28) as well as on the
development of bronchiolitis obliterans syndrome, one of the most significant
posttransplant obstacles to long-term graft function (29). Yet again, HLA-DR
mismatch is commonly recognized as having the greatest influence (30,31).

5.1.4. Liver Transplantation

The influence of HLA compatibility in liver transplantation has not yet been
clearly determined. A dualistic effect of HLA matching, first reported by the
Pittsburgh group in the late 1980s, postulates that the potential benefit of a
liver transplant having reduced allogenicity through HLA matching is masked
as a result of the graft being more subject to recurrent disease. Donaldson et al.
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(32) examined this theory in the early 1990s in a study of 466 liver transplants.
This study concluded that full class I matching in liver transplantation may
have an adverse effect, but that some matching may be desirable.

Subsequent studies have found contradictory evidence, leaving unclear the
influence of HLA matching in liver transplantation. There is one constant find-
ing, however, that influences other than HLA compatibility are also involved
in determining graft outcome.

The unusual divergence from the expected with liver allografts is further
extended by them apparently being much more tolerant to ABO blood group
incompatibilities that other solid organ transplants. Even positive HLA-spe-
cific crossmatches have been reported as being tolerated in some cases. Both
of these scenarios are still on the whole identified as strong risk factors.

5.1.5. Corneal Transplantation

Each year, more than 2000 people in the United Kingdom have their sight
restored following corneal transplantation. In the United States, this figure is
more than 40,000. Less than 10% of primary grafts undergo immune rejection
despite no routine HLA matching and with immunosuppressive protocols lim-
ited to the topical application of corticosteroids. This success is indicative of the
eye being an immunologically privileged site. The avascularity of successful
corneal allografts is the traditional explanation for this phenomenon, but other
mechanisms have now been recognized in sustaining this process. Suppression
of inflammatory resources in the eye has thought to have arisen through evolu-
tionary pressures to protect vision (33). The expression of Fas ligand (CD95L)
in the eye acts to induce apoptosis of infiltrating inflammatory cells, whereas
T-helper-cell-1 responses are actively suppressed. The fact that no passenger
donor APCs are transplanted with the allograft, as in other solid organ trans-
plants, means that the potential for direct allorecognition is eliminated. This is
also thought to be a protective factor.

Graft rejection does, however, occur if the graft bed becomes vascularized.
In cases where a regraft is required, HLA matching, or the avoidance of HLA
mismatches identified from the primary graft is required (34). As in all solid
organ transplantation, any reexposure to mismatched HLA antigens in a sec-
ond graft that have provided the target for a primary sensitization event is a
contraindication to transplant.

5.2. Hematopoietic Stem Cell Transplantation

Hematopoietic stem cell transplantation (HSCT) is used to restore impaired
bone marrow and is most commonly used to treat acute and chronic leukemias,
myeloma, or aplastic anemia. In some cases HSCT may be used to resolve a
congenital metabolic disorder, such as an enzyme deficiency. Autologous HSCTs
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may be carried out by stimulating an individual to produce a large number of
stem cells, which can then be harvested, stored, and returned to the donor after
intensive chemotherapy. This technique allows the delivery of more extensive
chemotherapy, knowing that the patient’s immune system can be restored safely
after treatment. There is no need for HLA matching for autologous HSCT.

Allogeneic HSCT refers to transplantation where the donor is a second indi-
vidual. It is in these instances where HLA matching is of prime importance. In
HSCT, the recipient’s bone marrow is ablated and replaced by the donor’s hema-
topoietic stem cells. The donor’s stem cells migrate to the recipient’s marrow
cavity, where they seed and produce a new, healthy immune system. It is essen-
tial that the HLA match of the donor be as close as possible to that of the
recipient, and it should be matched not only for HLA-A, -B, and -DR, but also
for HLA-C, -DQ, and, if possible, -DP (35). Otherwise, as the donor marrow
engrafts, the circulating donor leukocytes may identify the recipient as foreign
and produce an immune response directly against the recipient. This phenom-
enon, graft-vs-host disease (GVHD), may affect skin, gut, and liver, among
other organs. GVHD ranges in severity from mild (skin involvement) to life
threatening (multiple organs affected).

It is interesting that where the donor is a monozygotic twin of the recipient,
there is an increased risk of leukemia returning posttransplant (relapse), com-
pared with cases where the donor is an HLA-identical sibling. There is clearly
a compromise with matching, therefore, where there is an advantage for the
donor to have a slightly different genetic background. This facilitates the elimi-
nation of any residual leukemic cells within the recipient’s marrow by the leu-
kocytes of the newly seeded graft. This phenomenon, the graft-vs-leukemia
(GVL) effect, is associated with increased overall survival.

In matching for HSCT, we aim to achieve a balance between the GVL effect
and GVHD. The best overall survival rates are obtained when the donor is an
HLA-identical sibling. Unfortunately, this is an option for only approx 25% of
patients. The remaining 75% of patients in need of donor stem cells must rely
on finding a suitably matched unrelated donor from one of the many donor
registries worldwide. The biggest limitation on HSCT is the availability of
adequately matched unrelated donors. The probability of finding a suitably
matched donor is directly related to the population frequency of the HLA alle-
les present in the recipient.

In 1999 a special report recommended that typing of HLA alleles should be at
allele group resolution (two digits) (36). This has now been recognized as inad-
equate, and accreditation bodies such as the European Federation for Immuno-
genetics recommend that donors and recipients be matched for all loci at the
allele level (four digits), where possible, with priority given to matching for
class II alleles. Using this approach, survival rates for patients receiving trans-
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plants from unrelated donors are not significantly different from those where the
donor is an HLA-identical sibling (37). Some centers have extended matching
by including additional markers within the MHC in an attempt to extend the
matching of HLA haplotypes (38).

Petersdorf et al. (39) suggested that in unrelated donation, a single mismatch
at the allele level (four digits) at either HLA-A, -B, -Cw, -DRB1, or -DQB1
does not significantly increase the risk of graft failure, whereas a single mis-
match at the allele-group level (two digits) does. This introduces the concept
that it may be possible to “trade off” acceptable mismatches in unrelated donors
in favor of other desirable characteristics of a donor, such as matching for CMV
serostatus, donor age, and donor gender (40).

6. The Future

There is overwhelming clinical support for transplantation as the treatment of
choice for end-stage organ failure. As a result, this is a quickly expanding field
both clinically and academically. Technical advances in developing molecular
methodologies for high-resolution HLA typing are always in progress. The most
promising of these methods are the Luminex and Microarray technologies, both
of which use the underlying principals of PCR-SSOP described earlier.

Clinically, it is quite possible that the near future will see an expansion in the
use of single-cell populations in transplantation. This approach, utilizing pan-
creatic islets and neural cells, has already been pioneered at some specialist
centers. Scientific manipulation of embryonic stem cells may also hold the key
to future advances. Until such advances materialize or developments in immu-
nosuppressive therapies allow grafts to be protected with no known side effects,
there will always be a need for HLA matching.
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Strategies for Gene Transfer to Solid Organs

Viral Vectors

Charlotte Lawson

Summary

A major complication associated with transplantation of solid organs is immunologi-
cal rejection, which is currently controlled pharmacologically with immunosuppressive
drugs, which must be administered indefinitely and may have harmful side effects. Gene
transfer to donor organs or recipient immune cells prior to transplantation could limit
their use. The effects of transfer of candidate genes in experimental models of allograft
rejection is outlined in this chapter, followed by a description of the features of an ideal
gene-therapy vector. Finally, a brief overview of viral vector systems used commonly
for gene transfer is presented.

Key Words: Gene therapy; transplantation; viral vectors; retrovirus; adenovirus;
adeno-associated virus; herpes simplex virus.

1. Introduction

Solid organ grafting remains the only cure for several end-stage diseases. A
major complication associated with transplantation is immunological rejection
of organs, which is currently controlled by systemic administration of immu-
nosuppressive drugs indefinitely. This can lead to opportunistic infections and
drug-specific toxicity. One of the major challenges in transplant immunology
today is to overcome the need for such long-term regimes. Ex vivo gene trans-
fer to donor organs or recipient immune cells prior to transplantation is an
attractive approach.

2. Genes To Be Delivered to Solid Organ Grafts

Although at this time no gene-therapy trials are registered in either the United
States (www4.od.nih.gov/oba/Rdna.htm) or the United Kingdom (www.doh.
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gov.uk/genetics/gtac) addressing the complications of solid organ transplanta-
tion, gene-transfer strategies have been employed in several animal models of
allotransplantation using a number of different approaches. These therapies
fall broadly into three categories: induction of immune tolerance, reduction of
inflammatory responses, and prevention of ischemia/reperfusion (I/R) injury.

2.1. Induction of Immune Tolerance

A recent review (1) has described some of the strategies for the induction of
immune tolerance of allografts by co-stimulatory blockade or molecular chi-
merism. Transfer of genes encoding soluble co-stimulatory molecules such as
cytotoxic T-lymphocyte antigen-4-Ig or CD40-Ig can prolong survival of renal
(2), islet (3), hepatic (4), or cardiac (5,6) allografts in rodent models.

Donor-specific hyporesponsiveness has been achieved by transfer of autolo-
gous hematopoietic stem cells genetically modified to express donor-specific
major histocompatibility complex (MHC) genes (molecular chimerism) in sev-
eral rodent and large-animal allotransplantation models. This prolongs survival
of renal and skin allografts (7-9) and can induce long-term T-cell tolerance (9).

2.2. Cytokine Gene Transfer

Cytokines play a critical role in modulating inflammation and cellular infil-
tration in transplanted organs. Proinflammatory and T-helper-type cytokines
such as tumor necrosis factor, interferon (IFN)-vy, interleukin (IL)-8, IL-12, and
IL-18 are upregulated during cold ischemia and are associated with poor out-
come. It has been hypothesized, therefore, that overexpression of potent anti-
inflammatory cytokines such as IL-10 and IL-4 in graft tissue could limit
ongoing inflammation and prevent further injury (10). Gene transfer of human
(10), mouse (11), or viral (derived from Epstein-Barr virus BCRFI open read-
ing frame [ORF] [12]) IL-10 in animal models of lung transplantation has been
shown to prolong early graft function and reduce bronchial obliteration, while
gene transfer of human (13) or viral (14,15) IL-10 has also been shown to
prolong cardiac allograft survival. Gene transfer of IL-13, another anti-inflam-
matory cytokine, prior to allotransplantation modestly improved graft survival
(16). Intracoronory transfer of transforming growth factor-3 gene to donor
hearts was also beneficial (14). In contrast, administration of autologous den-
dritic cells engineered to express IL-4 prior to transplantation led to enhanced
pro-inflammatory gene expression and accelerated organ rejection of murine
cardiac allografts (17).

2.3. Modulation of Ischemia/Reperfusion Injury

Nonallospecific processes also have an important role in graft survival, not
least of which are inflammatory responses and I/R injury to donor organs at
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time of transplantation. Several studies have examined the possibility of reduc-
ing the impact of this damage by transduction of potentially cytoprotective
genes. Transduction of rat hearts with heat-shock proteins-70 and -72 or IL-1
receptor antagonist using inactivated hemagglutinating virus of Japan prior to
heterotopic transplantation has been shown to reduce I/R injury (18-20),
whereas in a model of liver transplantation, gene transfer of copper—zinc super-
oxide dismutase led to indefinite graft survival and reduction in necrosis (21,
22). Catalase and hemoxygenase-1 can also protect against I/R injury (21-27).

2.4. Inhibition of Vasculopathy

Vasculopathy is a well-described feature of chronic rejection of solid organ
allografts comprising formation of an extensive neointima within grafted ves-
sels. The lesion is similar in many respects to the lesion seen after restenosis
injury with proliferation of smooth muscle cells, recruitment of inflammatory
and hematopoietic cells, platelet aggregation, and thrombus formation. Several
studies have shown that overexpression of genes that negatively regulate cellu-
lar proliferation in vitro can reduce neointima formation in vivo in animal mod-
els of restenosis injury (28). Overexpression of the cyclin-dependent kinase
inhibitor p274r! (29) or a fusion protein of p27%?! and p16™ (30) attenuated
smooth muscle cell proliferation and neointima formation in a balloon-injured
porcine artery model. Inhibition of transcriptional activity of the transcription
factor E2F by expression of a constitutively active form of Rb, a negative regu-
lator of cell-cycle regulation (31), or Rb2 (32) or Rb-E2F fusion protein (33)
has also all been shown to be effective in limiting neointima formation. The
transfer of similar genes to allografts could prolong graft function beyond cur-
rent expectations.

2.5. RNA Interference

An exciting possibility for the future is the inhibition of genes that may
promote allo-immune reactions (e.g., co-stimulatory molecules, adhesion mol-
ecules, cytokines, or their receptors). Delivery of antisense oligodeoxynucleo-
tides to intercellular adhesion molecule-1, using nonviral methods, to allografts
at the time of implantation has been described and has been shown improve
graft survival (34-36). The efficacy of such approaches may be improved with
the development of techniques for RNA interference. This is a conserved pro-
cess that involves the silencing of specific genes with double-stranded RNA
(37,38). Short double-stranded RNA oligonucleotides (small interfering RNA
[siRNA]) have been shown to “knock down” specific genes in vitro (39-41),
whereas adenovirus vectors encoding the sequence required to produce comple-
mentary strands of siRNA attached via a linker can infect cells, leading to gene
silencing of targeted genes in vitro (42) and in vivo (43). Recently, gene silenc-
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ing of Fas has been achieved in vivo, leading to significant amelioration of
fulminant hepatitis (44).

3. General Considerations for Gene Transfer

Although there are some examples of efficient transfer of naked DNA into
cells and tissues, introduction of genetic material into most sites requires the
use of a vector to efficiently deliver the DNA to cells. The ideal gene-therapy
vector has several properties, which are outlined here. Current research into
the development of vectors for gene therapy can be divided into viral and
nonviral vector-mediated gene delivery. The relative advantages and disad-
vantages of both delivery methods are discussed in the next chapter.

1. Efficient delivery of DNA: In general, naked DNA is very inefficiently taken up
by cells, so there has been much effort to improve gene delivery using either
modified viruses (viral vectors; see below) or refining nonviral delivery by tar-
geting to cell-surface proteins (discussed in the following chapter).

2. Safety: Vectors must not be pathogenic or toxic to patients. Although nonviral
delivery systems are considered to be a relatively safe method of gene transfer,
there are several safety concerns with viral vectors. One concern is that recombi-
nation events could occur in vivo between endogenous viral elements and trans-
duced viral vectors, leading to the formation of potentially pathogenic
replication-competent virus. Second, although the integration of introduced
genetic material into the host cell genome is desirable, since it leads to longer
term expression of the transgene, it carries with it the risk of insertional mutagen-
esis and activation of oncogenes. Introduction of plasmid DNA (either naked or
packaged) is not without risk, however. A recent study has shown that bacterial
lipopolysaccharide (LPS) contamination is an obligatory contaminant of plasmid
DNA purified from bacteria by standard laboratory procedures and cannot be
completely removed from plasmid preparations. Thus, introduction of plasmid
DNA could have pathological consequences, triggering LPS-mediated toxicity
in vivo (45). In addition, selectable markers derived from bacterial genomes,
which may be incorporated into vectors for ex vivo propagation, could be anti-
genic if they enter the hematopoietic cell lineage. It is possible for protein to be
expressed, which could be presented in MHC class I and cause CD8 T-cell immune
responses (i.e., genetic immunization could occur). This could be detrimental to
the patient (46).

3. Specificity: It is important to avoid unpredictable side effects because of the ectopic
expression of the transgene in normal tissues (in the context of transplantation these
are recipient tissues).

4. Regulation: This is a highly desirable property, allowing for activation of a trans-
gene when needed, maintenance of transgene expression within a therapeutic
window, and the possibility of silencing if necessary. There has been some suc-
cess in vitro and in animal models using antibiotic-responsive promoters (e.g.,
TetON) (47) or use of a hypoxia switch (48-50), which may be of particular use
in the transplant setting.
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5. Delivery of any gene, whatever size or function: In theory, there is no limit to the
size of DNA that can be delivered by nonviral methods of gene transfer. On the
other hand, there is often a limit to the amount of foreign DNA that can be inserted
into viral vectors depending on the size of the wild-type viral genome and the num-
ber of viral genes deleted because inserts much larger than the endogenous DNA
that has been removed will not be efficiently packaged by viral structural proteins.

6. High-level and long-term expression: DNA delivered by nonviral methods can
be rapidly removed from cells by lysosomal degradation. There are many strate-
gies to overcome this (see Chapter 9). Viral transfer of DNA is more efficient
than nonviral transfer, and viruses have evolved strategies to avoid degradation
within the host cell. However, immunogenicity of viral genes, necessary for trans-
duction of target cells, may limit the duration of transgene expression.

7. Cost-effectiveness: Vectors should be inexpensive to produce in large quantities.
The production of sufficient quantities of viruses for gene-therapy applications
often requires complex purification procedures and quality-control measures. On
the other hand, vectors for nonviral transfer of DNA take less time to prepare, do
not require such stringent quality control assays before use, and have less batch-
to-batch variation in potency.

4. Viral Vectors

The viral life cycle has evolved to efficiently transfer genetic material into
host cells (infection) followed by expression of viral proteins and assembly of
new viral particles (replication). Gene-therapy vectors have been developed
that take advantage of the viral life cycle with a modified genome carrying a
therapeutic gene cassette in place of the viral genome. Transduction is defined
as the abortive (nonreplicative) infection introducing functional genetic infor-
mation expressed from recombinant vectors in target cells.

The viral genome comprises genes required for replication and infection as
well as cis-acting regulatory sequences. In order to improve safety and prevent
reconstitution into productive viral particles by recombination events, where
possible most viral genes and regulatory sequences are removed during con-
struction of viral vector plasmids. It has been found that viral genes can be
expressed in trans on separate plasmids in “helper” or “packaging” cells to
ensure stability and limit remobilization (51). Packaging cells are engineered
eukaryotic cells that express viral proteins needed for propagation of vectors.
This is generally achieved by permanent transfection of plasmids encoding
viral proteins into cultured cell lines. Packaging cell lines typically express the
viral proteins required to package the vectors but lack a packaging signal. In
contrast, viral vector plasmids typically lack some or all of the genes required
for propagation, but they will have a packaging signal and other virally encoded
essential regulatory sequences, as well as a strong constitutive promoter (some-
times endogenous to the original virus or from other viruses, e.g., cytomega-
lovirus [CMV] early promoter) and polyadenylation signals. They may also
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contain sequences required for efficient propagation of the vector in bacteria
and a multicloning site for cloning of insert DNA. To further minimize replica-
tion-competent virus production, these genes may be encoded on more than
one separate plasmid. Shuttle vectors or gutless vectors encoding only the gene
of interest together with a strong promoter and polyadenylation sequences and
essential viral packaging signals have also been employed in different viral
delivery systems. Helper viruses are not often used because of the likelihood
that a replication-competent virus could be generated through high-frequency
recombination (52) (Fig. 1).

Several different virus families have been exploited for gene therapy-appli-
cations owing to the efficiency of infection and cell tropism (Table 1). A brief
overview of viral vector systems used commonly for gene transfer is given
here.

5. Retroviruses

Retroviruses are RNA viruses that replicate through an integrated DNA inter-
mediate (see ref. 53 for full description). Retroviral particles encapsulate two
copies of the full-length viral RNA, each copy containing the full genetic infor-
mation needed for virus replication, including the gag (group-specific antigen),
pro (protease), pol (polymerase), and env (envelope) genes. Retroviruses can be
classified into simple and complex retroviruses. Complex viruses encode the
essential viral genes above as well as several accessory genes. Further classifica-
tion divides retroviruses into oncoretroviruses (mostly simple retroviruses, e.g.,
murine leukemia virus [MLV]), lentiviruses (complex retroviruses, e.g., human
immunodeficiency virus-1 [HIV-1]), and spumaviruses (complex retroviruses,
e.g., human foamy virus). Currently all three types are being exploited as gene-
therapy tools. (For recent reviews see refs. 52, 54, and 55.)

Fig. 1. (opposite page) Strategy for viral vector production. (A) Typical viral genome
with essential viral genes, regulatory sequences, and packaging signal. In order to pro-
duce replication deficient viral vectors, the genetic material is separated onto (B) plas-
mid encoding viral packaging signal and minimum viral regulatory sequences, and
(C) helper plasmids encoding essential viral genes required for viral replication and
packaging. (D) Production of packaging cell line by transfection of helper plasmids.
(E) Production of producer cell line by transfection of packaging cell line with viral
vector plasmid. (F) Isolation and purification of virus particles from producer cell
culture supernatants (e.g., retrovirus vectors) or lysates (e.g., Ad5 vectors). (G) Infec-
tion of target cells with viral vectors and (H) expression of protein of interest in target
cells (can be secreted, cell surface, or intracellular protein or could be siRNA to inhibit
expression of endogenous protein).
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Table 1
Characteristics of Commonly Used Viral Vectors

Characteristics Advantages/future potential Drawbacks
Oncoretrovirus  Single-stranded RNA Relatively high titers Risk of insertional mutagenesis
simple retrovirus (108107 cfu/mL) Possibility of formation of replication-
Broad cell tropism competent retrovirus by homologous
Viral genome integration leading recombination with HERVs
to long-term expression of transgene  Degradation of virus particles by
transgene complement
No toxic effects on infected cells Only infect dividing cells
Up to 10 kb can be inserted
Lentivirus Single-stranded RNA Can infect nondividing cells Possible serum convesion to HIV-1
complex retrovirus Expanded cell tropism by pseudotyping  (current generation vectors)
Stable gene expression due to Insertional mutagenesis
integration of viral genome Presence of tat and rev regulatory
Relatively high titres proteins may cause immune
(10°~107 cfu/mL) response
Up to 10 kb can be inserted Possible recombination with HERVs
leading to replication-competent virus
Foamy vius Complex retrovirus Stable gene expression due to viral Risk of insertional mutagenesis
with some simular- genome integration Recombination with HERV's
ities to herpes simplex Innocuous to natural hosts in vivo, Serum conversion to human foamy virus
virus life cycle although cytopathic to cells in culture (not shown to be pathogenic to humans
Humans are “dead-end hosts” accidentally infected)
Resistant to complement-mediated lysis
Can be pseudotyped

Relatively high titers (10°~107 cfu/mL)
Up to 14 kb can be inserted
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Adenovirs (Ad) Nonenveloped virus with
linear double-standed
DNA genome

Adeno- Small nonenveloped
associated virus  single-stranded DNA
(AAV) genome
Belongs to Parvoviridae
family

Herpes simplex Large enveloped double-
virus (HSV) stranded DNA virus
152 kb genome
Wild-type HSV is highly
pathogenic

Very high titers (10'? pfu/mL)

High levels of gene expression
(transient)

Can infect nondividing cells

Up to 7 kb can be inserted
(can be greater if more of Ad
genome is detected)

Wide cell tropism

Infection of nondividing cells

High titers (10'° cfu/mL)

Possibility of latent infection
and integration into host cell
genome

Up to 4 kb can be inserted

Nonpathogenic, nontoxic

Titres in the range (10*-108 cfu/mL)
Up to 30 kb can be inserted
(including multiple genes)

No integration into host cell genome

Long-term episomal expression of
transgene in neuronal cells

Cytopathic effects in cancer cell

Inflammatory and cytotoxic host
immune responses

Preformed neutralizing antibodies to
Ad particles

Not suitable for long-term expression
of gene since no integration into
host cell genome

Complicated vector genome

Difficult to purify

Helper virus (Ad or HSV) may be
required for propagation

Preformed neutralizing antibodies to
AAV

Integration into host cell genome is
not directed in AAV vectors and
could result in insertional
mutagenesis

Inflammatory and toxic reactions
in patients

Complicated genome and
propagation

HERYV, human endogenous retrovirus.
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5.1. Oncoretroviruses

To date, several registered gene-therapy trials using retroviral transfer have
used vectors based on MLV, an amphotropic (able to infect human cells)
oncoretrovirus. Oncoretroviruses have a relatively simple genome, which can be
easily rearranged to generate replication-defective recombinant viral vectors. In
general, they retain retroviral long-terminal repeat sequences, a minimal packag-
ing signal, and the gene of interest. Recombinant replication-defective particles
are produced after transfection of oncoretroviral vectors (e.g., pMFG [56], pBAbe
series [57]) into a suitable eukaryotic packaging cell line (e.g., Omega E; GP+E;
GP EnvAml12 [57-59]). One disadvantage is that these vectors require divid-
ing cells to be taken up and integrated into the host cell genome for long-term
expression of the transgene. Therefore, their usefulness may be limited in clini-
cal applications in which nondividing cells are the targets for gene therapy (60).

5.2. Lentiviruses

There has been some progress in the development of vectors based on
lentiviruses, in particular HIV-1. The lentiviruses have a more complex genome
than oncoretroviruses and therefore a more complex replication cycle. Lenti-
viruses are able to infect nondividing and terminally differentiated cell types,
which is a major advantage over oncoretrovirus vectors for gene-therapy appli-
cations (60). The development of lentivirus vectors and packaging cell lines has
been more difficult than that of oncoretrovirus vector-delivery systems. Early
vectors based on HIV were nearly intact viral genomes with the env gene deleted
and substituted in ¢rans. This enabled the vectors to target CD4-expressing cells
efficiently, but targeting to other cells was limited, and viral titers were low.
Substitution of the amphotropic MLV envelope glycoprotein broadened the cell-
type specificity of these vectors (61), while vesicular stomatitis virus-G-protein
(VSV-G) improved vector titer and greater stability of virus particles (62). This
is known as pseudotyping. Literally, a pseudotyped virus is one in which one or
more of the structural proteins of each virus particle are not encoded by the
genetic material carried by the virus. However, in the gene-transfer field a
pseudotyped virus is one in which the outer shell (the use of envelope glycopro-
teins from an enveloped virus or the capsid proteins from a nonenveloped virus)
originates from a virus that differs from the source of the genome and replication
apparatus (for review see ref. 63).

A second approach was to delete almost all of the viral genome, leaving
only a few essential cis-acting sequences and providing viral proteins in trans.
Early attempts relied on co-transfection of viral vectors with helper DNA plas-
mid constructs. However, this strategy resulted in low titers and increased the
risk for generation of recombinant replication-competent virus. The newest
vectors (e.g., VSV-G pseudotyped HIV-1 vectors) can be produced with rela-
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tively high titers (64-66). They are able to infect cell cycle-arrested cells in
culture as well as retinal, muscle, and hepatic cells in vivo with stable expres-
sion for several months (64,67-69).

There are now many lentiviral vectors are based on HIV-1 in part because of
the huge amount of research into HIV-1 biology. However, owing to concerns
over safety, vectors have also been developed from other lentiviruses, which
are less pathogenic to humans, including HIV-2 and simian immunodeficiency
virus, as well as from feline lentivirus (feline immunodeficiency virus). Chi-
meric lentivirus vector systems have also been developed. Pseudotyping with
VSV-G combined with strong promoters such as CMV promoter has been used
to improve cell tropism and transgene expression (55).

5.3. Spumaviruses

Spumaviruses or foamy viruses (FVs) are so named because of the cyto-
pathic foam effect they induce in culture. They are complex retroviruses encod-
ing three accessory genes designated bell, bel2, and bel3 (70,71). They are
innocuous in their natural hosts, which are mainly primates, although nonpri-
mate FVs have been identified (72), and appear to be absent in humans. There
have been some cases of accidental infection in humans, but they appear to be
apathogenic (73), and there have been no reports of horizontal transmission,
suggesting that humans may represent dead-end hosts (74). They persist indefi-
nitely in their hosts, even in the presence of antibodies directed against FV
proteins (75). There is a striking similarity between the replication cycles of FV
and hepatitis B virus (76).

FVs are highly lytic in culture and have a large cellular tropism (77). FV vec-
tors have been developed that contain only the minimal viral sequences neces-
sary for efficient gene transfer. This vector has been shown to transduce human
hematopoietic CD34+ cells and human mesenchymal stem cells in vitro using a
four-plasmid packaging cell system (78). Because of the lack of endogenous
human FV, the apathogenicity after accidental infection, lack of horizontal
transmission, ability to infect nondividing cells, and wide cell tropism, FVs are
a promising prospect for future gene-therapy applications.

6. Adenoviruses

Adenoviruses (Ads) are nonenveloped viruses with a linear double-stranded
DNA genome. There are 50 distinct serotypes in humans. They are associated
with the common cold and can cause respiratory, intestinal, and eye infections
in humans (79,80). Ads have been widely used for gene transfer because they
have a broad host range and can infect proliferating or nondividing cells. Infec-
tion with Ad vectors lead to transient gene expression because the Ad genome
does not integrate into the host cell genome.
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The genome is functionally divided into early (E) and late (L) regions based
on the time of transcription of each gene after infection, with inverted terminal
repeats (ITRs) at either end (80-82). Ad enters the host cell via specific cell-
surface receptors, including the well-described coxsackievirus and Ad recep-
tor (83). Itis internalized rapidly via receptor-mediated endocytosis, facilitated
via receptors including integrins av3 and ovB5 (84).

Many types of Ad vectors have been developed, including replication-com-
petent and replication-defective vectors, mostly based on serotype 2 (Ad2) or
serotype 5 (Ad5). The first generation of Ad vectors were E1- and E3-deleted.
The second generation includes E1-, E3-, and E4- or E2-deleted vectors based
on Ad5. El-deleted Ad5 vectors are replication defective, but they can be
grown in specific cell lines transformed with Ad EI, e.g., human embryonic
kidney 293 cells (85), to supply E1 in trans. Deletions of up to 3.2 kb can be
made in the E1 region. The nonessential E3 region has also been deleted to
accommodate larger inserts. The left-hand ITR and packaging signals from the
left-hand 300 bp of the genome are required for replication in 293 cells (86).

First-generation Ad vectors were only transiently expressed due to a strong
immune response elicited by the viral proteins. The use of immunosuppressive
drugs could be used to extend transgene expression in the eye (87), lungs (88),
and in a model of cardiac transplantation (89).

Second-generation Ad vectors have overcome Ad immunogenicity to some
extent by introduction of a mutation in the Ad E2a gene (90-92) or deletion in
E4 (93). However, these modifications did not mediate significant prolonga-
tion of transgene expression compared to first-generation Ad vectors (94).

A gutted (or gutless) Ad vector has been developed with all of the viral
genes deleted in order to reduce immunogenicity. It contains only the ITR
required for replication and 5'-cis-acting Ad encapsulation signals necessary
for packaging (95-100). However, this vector is difficult to produce, requir-
ing the use of helper virus to provide all the viral proteins in trans (80).

7. Adeno-Associated Virus

Adeno-associated virus (AAV) is a small nonenveloped, single-stranded
DNA virus belonging to the parvoviridae group (for review, see ref. 101).
There are two ORFs encoding for nonstructural proteins (Rep) and capsid pro-
teins (Cap). ITR sequences at each end of the genome have been identified as
the only cis-acting elements required for replication, packaging, and integra-
tion of AAV. Thus, AAV vectors can be generated by removal of ORFs with
the gene of interest, between the two ITRs, giving AAV vectors a packaging
capacity of 4.1-4.9 kb (102).

Between 50 and 90% of the population is seropositive for AAV. There is no
conclusive evidence of any association of AAV with pathology at this time. Six
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AAYV serotypes have been identified in primates. Serotype 2 has been isolated
from humans and extensively studied. Heparin sulfate proteoglycan, fibroblast
growth factor-R1, and av5 have been identified as primary and co-receptors
for AAV (80).

AAV is dependent on the presence of a helper virus for propagation, usually
Ad or herpesvirus (103,104). Some genotoxic agents may also induce AAV to
replicate (105-107). In the absence of help, AAV integrates into human chro-
mosome 19 at a particular locus on ql3.3qter and establishes latency. After
co-infection with the helper virus, the AAV genome is rescued, replicated, and
encapsidated into progeny viruses (108-110).

AAV vectors have been produced by co-transfection of the AAV plasmid
together with AAV helper plasmid containing the Rep and Cap genes into a
human cell line (e.g., ref. 293). Early vectors required infection with helper
Ad, but this has been eliminated by co-transfection of plasmids encoding Ad
E2A, E4orf6, and VA RNA transcription units (80), eliminating the possibility
of infection of the host with replication-competent helper Ad and subsequent
adverse immune responses.

Site-specific integration of latent AAV into human chromosome 19q13.3-
gter has generated much interest. However, this process requires AAV Rep
proteins, which are not present in AAV vectors, although transgene expres-
sion has been reported for months and up to several years in some in vivo
models (111-116), possibly owing to the presence of long-lived double-
stranded episomal rAAV genomes (117-120) or random integration into the
host cell genome (96,121-125).

AAV vectors have been used to deliver transgenes to proliferating and qui-
escent cells of various species in vitro and in vivo, including muscle, liver,
lung central nervous system, eye, and heart (111,112,114,121,126-129). One
difficulty that has been encountered is a variation in transduction efficiency
between different cell types.

One advantage of using AAV vectors has been the apparent lack of induc-
tion of cellular immune responses, possibly because of the fact that the only
genes expressed are the viral capsid and the transgene or the poor transduc-
tion of antigen-presenting cells. Lack of immunogenicity may account for the
prolonged expression of transgenes in vivo. There is limited activation of the
innate immune system and chemokine production, but to a lesser extent than
for Ad (130). Humoral responses to AAV have been detected in animal mod-
els, and the presence of neutralizing antibodies greatly reduces the success of
vector re-administration (131,132). Up to 32% of human subjects could have
preformed neutralizing antibodies to AAV-2 (133), which could limit the use-
fulness of AAV for gene-therapy applications (80).
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8. Herpes Simplex Virus-1

Herpes simplex virus-1 (HSV-1) is arelatively large enveloped double-stranded
DNA virus with a 152-kb genome, encoding at least 89 proteins with well-char-
acterized disease pathology (134,135). Wild-type HSV-1 is a highly pathogenic
virus, infecting mucosal epithelial tissue with subsequent lysis of the infected
cells. The virus infects sensory neurons and is transported to the nucleus of the
neuron. The virus then enters either a lytic or a latent state, both of which are
attractive to exploit for gene-therapy applications (136-139). The lytic cycle of
HSV-1 has been exploited for cancer therapy with attenuated replication-com-
petent HSV-1 (140-142). In the latent state, viral DNA remains extrachroma-
somal, with only latency-associated transcripts being transcribed. This process
is poorly understood but is attractive to gene therapists.

Given the relatively large size of HSV-1, the major benefit of utilizing rep-
lication-defective HSV-1 rather than other viral transfection systems is the abil-
ity to insert large and/or multiple foreign genes into these vectors. Also, HSV-1
has a relatively large cell tropism, and the genome remains extrachromasomal,
minimizing risks of insertional mutagenesis.

HSV-1 genes have been classified as essential or nonessential, depending
on their requirement for viral replication in cell culture. However, even genes
classified as nonessential are important for HSV-1 replication, and so HSV-1
mutants have been categorized as either helper virus dependent or indepen-
dent. The helper virus-dependent viruses are also termed amplicons and con-
sist minimally of packaging sequences and an origin of viral DNA replication
(143,144). Helper virus-independent viruses (replication defective) have dele-
tions in one or more essential genes (e.g., deletion of immediate early genes a
4,a 22, and a 27) (145) and can be grown in packaging cell lines that express
the essential gene(s) to provide the gene product in trans.

It is possible to insert up to 12 kb of new genetic material into a replication-
defective HSV-1 vector by deletion of essential genes (immediate early genes)
as well as nonessential genes. In one such vector, genes encoding 1L-2, granu-
locyte-macrophage—colony-stimulating factor, B7.1, and LacZ or IFN-y were
inserted as separate transcriptional units and simultaneously expressed in vitro
in primary melanoma cells for up to 1 wk (146) or L929 tumors (147). HSV-1
replication-defective vectors are therefore an attractive tool in the transplant
setting because genes to induce tolerance, limit I/R injury, and dampen inflam-
matory responses could all be combined into one vector for delivery.

9. Summary

Gene transfer to donor organs remains an exciting possibility for the future
in that it could overcome the need for lifelong immunosuppression of recipients
and allow the implantation of allogeneic or xenogeneic organs without adverse
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consequences. At this time there are no registered trials for human gene therapy
to prolong allograft survival, but several research groups are focusing on pro-
longation of allograft function using gene-transfer technology. Most of these
studies have used viral methods of gene transfer, which, as outlined above,
provide an effective route of administration, although concerns about safety,
immunogenicity, and longevity of expression of transgenes may limit the use of
current generations of viral vectors in human transplantation gene-therapy tri-
als. However, many gene-therapy trials using viral vectors have been approved
and have shown minimal harmful side effects in other areas of medicine, and
research continues to improve vector safety and efficiency.
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Nonviral Vectors

Louise Collins

1.

Summary

Gene therapy holds great promise for treating a variety of human diseases and con-
ditions. The field of gene therapy has advanced rapidly in the last decade. However, a
major limiting factor remains the lack of a suitable vector for gene delivery. Although
viruses are currently the most commonly researched vector, because of continuing
safety concerns research has broadened to developing nonviral alternatives.

Nonviral vectors fall into several categories. They can be physical methods, which
provide relatively crude delivery approaches, such as direct cell injection, or chemical
delivery vehicles. Chemical vectors almost always include a polycation component to
assist the passage of DNA to the cell’s nucleus.

The passage of the transgene through the cell to the nucleus is hampered by many
obstacles. Approaches to overcome these, both intracellularly and extracellularly, in
order to maximize gene expression are currently under investigation.

Nonviral vectors offer a safe and versatile alternative to their viral counterparts.
Although still in their infancy, the different nonviral approaches under development
hold great potential for many clinical applications.

Key Words: Nonviral; gene therapy; vector.

Introduction

Viral vectors have been successfully developed to produce relatively long-
term, high-level transfection efficiencies to a wide variety of cells, both repli-
cating and postmitotic. However, they are still far from the perfect vector.
Nonviral gene-delivery vehicles have received increasing focus in recent years
because they offer substantial safety advantages over viral vectors. The pre-
dominant concern with viral gene delivery is that of insertional activation
within the host genome, leading to oncogenic or tumor-suppressor activation.
Concerns have been highlighted, first following the death of a teenager from
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Table 1

Collins

Advantages and Disadvantages of Viral and Nonviral DNA Vectors

Viral vectors

Nonviral vectors

Advantages
High transfection efficiency
Long term gene expression through
integration of transgene
(retrovirus, AAV)
Intrinsic properties for intracellular

Advantages
No viral components
Low or no immunogenicity
No limit to DNA insert size
Cell specificity possible with targeted
ligands

trafficking Relatively simple preparation procedures
Standardized homogenous, stable reagents
Scale up possible
Disadvantages Disadvantages

Low transfection efficiency
Transient gene expression—episomal

Replication competent virus
formation by homologous

recombination expression
Oncogenic activation following Intracellular barrier—may require
integration additional agents
Helper virus carryover (AAV) Cellular toxicity with some vectors
Immunogenicity (PELliposomes)
Viral protein overload Inflammation due to unmethylated
Limited cell tropism CpG DNA sequences

Time consuming preparation
Batch to batch variation

AAV, adeno-associated virus; PEI, polyethyleneimine.

adverse immune responses to adenoviral treatment for a liver enzyme defi-
ciency (1) and, more recently, in reports of two boys developing leukemia after
being treated for severe combined immunodeficiency with retroviruses (2).

It is with this concern, as well as other well-documented disadvantages,
illustrated in Table 1, that research into nonviral alternatives has advanced
with such speed in recent years. Nonviral vectors must achieve by design
what viruses have evolved to do naturally, mimicking the advantageous com-
ponents for rapid transport and efficient expression of foreign DNA within a
host cell, but including none of the associated limitations. For transplantation
applications they offer a nonimmunogenic alternative for delivery of genes to
the graft or to the host immune system in an otherwise immunologically over-
loaded environment.

Many different approaches to nonviral vector design have been documented.
These use both physical and chemical methods, but as yet there is not one sin-
gle system that can be effectively applied in every gene-therapy situation.
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Although publications involving nonviral vectors for immunoregulatory gene
delivery to a specific transplantation target are few, there is significant progress
in gene delivery to targeted cells or transplantable tissues. Additionally, ex vivo
gene delivery has shown great potential with many nonviral gene-delivery sys-
tems. Relevant research is discussed here, in reference to the appropriate vec-
tors.

2. Physical Methods

The need for a vector at all is questionable because delivery can be crudely,
but effectively, achieved by direct administration of naked plasmid DNA to
the target tissue or cell (reviewed in ref. 3). Direct injection to skeletal muscle
tissue results in transient gene expression, which indicates its promise as a
vaccination procedure (4). Direct delivery of donor major histocompatibility
complex class I antigen to skeletal muscle has been shown to modify allograft
response in a transplantation model (5). Efficient levels of transfection have
also been achieved with direct injection into the liver (6), myocardium (7,8),
skin (9), as well as brain (10,11) and solid tumors (12).

The development of intravascular plasmid delivery has markedly increased
the interest in the field of naked DNA gene therapy. Vascular delivery may be
systemic or regional, in which DNA is introduced directly into vessels that sup-
ply a specific tissue, improving cell access (13). Intravascular or direct injec-
tion of immunomodulatory genes in donor grafts is an attractive alternative to
current systemic immunosuppression treatments. Delivery of the functionally
immunosuppressive cytokine transforming growth factor-B1 to murine cardiac
transplant models by direct DNA injection was shown to significantly prolong
graft survival (7).

Untargeted systemic injection of naked DNA into whole animals results in
low-level, short-term, and wide tissue distribution of gene expression (14).
However, increasing hydrodynamic pressure by rapid delivery of a large DNA
volume results in a substantial increase in transgene expression, almost exclu-
sively located in the liver following systemic administration (15). More impor-
tantly, hydrodynamic gene delivery can be applied to localized delivery for
specific organs including the liver (unpublished data) and kidney (16).

Other physical methods for DNA delivery include particle bombardment
using DNA-coated gold beads (17,18) and ultrasound methods to temporarily
disrupt membranes (19). Most important in recent years, however, has been the
development of electroporation technology. This is a technique routinely used
in the laboratory for making transient pores in cell membranes (20). Refinement
of pulse conditions to reduce cell toxicity, and the development of equipment
that enables in vivo use, have renewed interest in it for gene-therapy applica-
tions (21,22).
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The advantage of these physical methods, apart from the lack of viral compo-
nents, is their obvious simplicity. However, physical methods are generally harsh
and unphysiological in their nature of cell entry. A fine balance is required to
keep cell stress to a minimum but, at the same time, achieve sufficient mem-
brane disruption to allow the DNA in.

3. Chemical Methods

There are many different nonviral gene delivery vehicles that make use of
the properties of chemicals and proteins to assist cell entry. Nearly all success-
ful nonviral DNA-delivery systems contain some form of polycation. The
charge enables binding to plasmid DNA resulting in condensation, as well as
electrostatic binding to anionic cell surface groups such as proteoglycans (23).

3.1. Liposomes

Liposomal gene delivery, or Lipoplex, was the first purely nonviral system
to reach clinical trials through the pioneering work of Felgner and colleagues in
1987 (24). They developed a cationic lipid that forms small (average diameter
100 nm) unilamellar liposomes under optimal conditions (25). The surface of
these liposomes is positively charged and thus readily attracted to the negative
phosphate backbone of DNA, spontaneously forming lipid/DNA complexes in
which the DNA is protected from intracellular degradation (26). Internalization
is thought to occur via both coated pit and noncoated endocytosis pathways,
depending on the positive charge of the liposome and the size of the complexes,
resulting in efficient cell transfection (27).

Since the initial design, many effective variations have been reported, some
of which are shown in Fig. 1. Several of these are available commercially
(reviewed in ref. 28). A cationic lipid generally consists of four different func-
tional domains: a positively charged head group (usually a single or multiple
amine-derived group), a spacer of varying lengths, a linker bond, and a hydro-
phobic anchor. The relationship between structure and efficiency of gene deliv-
ery has been an area of intense research (29).

Most of the cationic lipid preparations used for cell transfection have con-
stituted a cationic amphiphile together with a neutral “helper” lipid, such as
dioleoylphosphatidylethanolamine or cholesterol. The helper lipid is required
for stabilization and has been shown to improve transfection significantly (30).
It is also thought to play a role in membrane disruption, enhancing passage of
DNA through the cell, although the precise mechanism remains unclear (31).

The success of lipoplex delivery is widespread. Reports of efficient cationic
lipid-mediated delivery of DNA and RNA both in vitro and in vivo have been
extensively published, providing transient and stable transfectants to a wide
range of tissues and organs in many animal species. Several transplant models
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have used liposomal delivery methods. Viral interleukin (IL)-10 has been deliv-
ered using lipid-mediated gene transfer to both rat lung (32) and murine cardiac
(33) allografts and has shown enhanced graft survival by inhibiting donor-spe-
cific cellular and humoral immune responses.

Intravenous injection of lipid-DNA complexes produces increased levels of
gene expression compared to naked DNA alone (34), with accumulation in the
lung endothelium (35). However, because of the high positive charge, com-
plexes aggregate with serum proteins (36) and potentially with other body flu-
ids (37), leading to problems in vivo. Some cell toxicity has been reported
(38). It has been shown to be possible to lengthen the circulation time, shield
the cationic charges, and divert the lipoplexes to other organs by incorporating
a hydrophilic polymer, polyethylene glycol (PEG) (39,40). This can occur with
or without added tissue selectivity by including natural targeting ligands such
as transferrin (41), folate (42), asialofetuin (43), or antibodies (44). Transfer-
rin-enhanced lipids have been shown to successfully deliver viral IL-10 to cor-
neal endothelium, suppressing corneal allograft rejection (44).

The inclusion of additional features to enhance liposomal DNA delivery
have consisted of polylysine (45,46) or membrane-permeabilizing agents (27).
In a similar way, liposomes have been shown to enhance other nonviral vector
systems, such as the arginine-glycine-aspartate (RGD)-peptide integrin target-
ing vector (47-49), and also to improve transfection with some viruses, includ-
ing adenoviruses (50) and the hemaglutinating virus of Japan (51).

3.2. Receptor-Mediated Gene Transfer
With Polylysine-Based Polymers

Receptor-mediated gene transfer takes advantage of the ability of receptors
on the cell surface to bind and internalize a ligand, enabling increased cell-
target specificity. Targeting ligands can be natural or recombinant proteins,
synthetic peptides, vitamins, carbohydrates, or specific antibodies.

The fundamental components of a receptor-mediated gene-delivery system
(see Fig. 2) are the ligand that binds effectively and specifically to a cell surface
receptor and the DNA-binding moiety, usually a polycation, that is conjugated
or synthesized with the ligand, and which electrostatically binds and condenses
the plasmid DNA.

The DNA-binding moiety serves as the link, binding the DNA to the target-
ing ligand, and in addition it compresses the helical structure of the plasmid and
condenses it into a small, tightly packed molecule. Most of the DNA-condens-
ing agents are polycations, although other high-affinity binding molecules have
also been used, including the DNA-intercalating agents bisacridine (52) and
Hoechst 33258 (53), sequence-specific DNA-binding proteins, such as the
DNA-binding domain of the yeast GAL4 transcription factor (54), or naturally
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Fig. 2. Basic components of a receptor-mediated gene-delivery system.

occurring DNA-binding proteins, such as spermine (55), histones (56), and pro-
tamines (57).

Undoubtedly the most effective and extensively researched DNA-binding
moiety to date is the naturally occurring, biodegradable peptide poly(L-lysine).
It has been shown to be a highly effective condensing agent (58,59). As part
of several different polyplex vector systems, it has been shown to shield the
DNA effectively from degradation by cell nucleases (46,60). It has also been
suggested that polylysine may possess nuclear trafficking properties, further
enhancing gene delivery. The length and type of positively charged amino
acids have been reported to influence DNA condensation and ultimately the
size and stability of the resulting DNA-ligand complexes in solution (59,61).

The ligand is the most important component of the receptor-mediated gene-
delivery vehicle. Lysine chains of high molecular weight have been shown to
mediate gene delivery effectively alone. However, polylysine is most effective
when linked with a targeting ligand. The ligand provides the specificity of the
system by the initial contact with the cell surface and subsequent internaliza-
tion. Three categories have been used to date: whole naturally occurring pro-
teins (such as asialorosomucoid, transferrin, or insulin), structural motifs of
receptor-binding affinity from natural ligands (galactose residues or RGD pep-
tide), or antibodies against an epitope on the extracellular portion of the recep-
tor (e.g., polymeric immunoglobulin receptor).

Table 2 illustrates the wide range of targeting ligands and antibodies that
have been investigated as DNA vectors, together with the polycations utilized
and their intended cellular targets. It is apparent that many of these targeted
systems have huge potential in the transplantation gene-therapy field. Many
are targeted to organs such as liver and lung as well as to specific cell types
such as endothelium and vascular smooth muscle cells, which play a signifi-
cant role in graft rejection and immune regulation.
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Table 2

Ligands Used for Receptor-Mediated Gene-Delivery Vectors

Ligand Polycation Receptor Cell/tissue target Reference

ol-Antitrypsin motif peptide Polylysine, oligolysine ~ Serpin-enzyme complex  Liver, brain 105,106
receptor

ASGP, asialoorosomucoid Polylysine ASGP receptor Liver 107,108

EGF and anti-EGF Polylysine, PEI EGF receptor Tumor cells 79,89,109

FGF Polylysine FGF receptor Various 110

Folate Polylysine, EPI Folate receptor Tumor cells 42,111,113

Galactosylated ligands Polylysine, oligolysine,

(various, e.g., albumin) histones ASGP receptor Liver 114,118
Insulin Polylysine Insulin receptor Liver 119,120
Malarial circumsporozoite Polylysine Unknown Erthyrocytes 121

protein
RGD peptides Oligolysine, PEI Integrins Multiple cell types 77,97,122,125

Synthetic ligands, Polylysine, PEI Sugar-specific receptors  Liver, tumor, endothelium, 126,129

galactosylated, lactosylated, (e.g., lectins, mannose monocytes, macrophages,

or mannosylated ligands receptor) lung, epithelium, etc.

Transferrin Polylysine, protamine, Transferrin receptor Rapidly dividing tissues, 74,78,130

PEI

(e.g., tumors)



60C

0-CD3 antibody

Anti-CD5

Antibody ChCEy

Anti-her2

Antisecretory component
antibodies

Anti-thrombomodulin
Anti-TGF
Anti-IgG

IgG

Polylysine, PEI
Polylysine
Polylysine

Polylysine
Polylysine

Polylysine

Polylysine

Polylysine

Polylysine

CD3

CD5

ChCE7

Her2

Polymeric
immunoglobulin
receptor

Thrombomodulin

EGF receptor
Surface

immunoglobuin
FcR

Peripheral blood
mononuclear cells

Lymphocytes

Neuroblastoma

Lund and live epithelium
Neuroblastoma, endothelium,
leukemic cells

Tumor cells
lymphocytes

Macrophages

76
131
132

133
134

132,135

136

137

138

ASGP, asialoglycoprotein; EGF, epidermal growth factor; EPI, polyethyleneimine; FGF, fibroblast growth factor; RGD, arginine-glycine-

aspartate; TGF, transforming growth factor; IgG, immuoglobulin G.
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It must not be forgotten that in partner to the ligand, the receptor is an essential
consideration in vector design. Ideally a receptor would be unique for a specific
cell type or tissue to provide a highly specialized targeted delivery system. The
binding affinity of the ligand to the receptor is important. If it is too high, it may
prevent the ligand—DNA complexes from dissociating from the receptor follow-
ing internalization, and they may be returned to the cell surface (62), but if it is
too weak, it would reduce binding to the cell surface and corresponding internal-
ization efficiency. Receptor targets for ligand-directed gene delivery are almost
exclusively actively recycling receptor types that associate with coated pits.

The most attractive advantage of the receptor-mediated gene transfer system,
however, is the targeting property of the ligand to the cell receptor that makes
possible the development of a highly specific system. The cell also remains rela-
tively unharmed because the process of cell entry exploits natural cellular uptake
pathways. In particular, the design of peptides or structural motifs derived from
larger molecules eliminates any unwanted side effects associated with the rest of
the molecule, producing smaller vector complexes to aid in diffusion and reduce
any potential immunogenicity.

Polylysine has been shown, in some circumstances, to induce an inflamma-
tory response when injected into animals (63), but animals in which the DNA-
ligand—polylysine complexes are introduced via receptor-mediated endocytosis
have not shown any immunological response (64). This would make multiple
administrations possible if necessary.

3.3. Organic Polymers

Polyethyleneimine (PEI), a polymer widely used in the manufacturing indus-
try, has been more recently exploited in the gene-therapy field (reviewed in
ref. 65). Available in both a linear and a branched form and in many different
molecular weights (see Fig. 1), it has proved a valuable method of nonviral gene
delivery.

PEI is a highly positively charged polymer, which allows rapid and effec-
tive DNA condensation into small, stable complexes protected from nuclease
degradation under physiological conditions (66). The positive charge allows
electrostatic binding to the cell surface followed by natural endocytic uptake
processes. The high buffering capacity (“proton sponge”) over a broad pH
range, a result of the high number of protonable nitrogen groups, aids delivery
of plasmid DNA to a variety of cell types in vitro and in vivo without the
addition of any membrane-disruption agents (67,68).

Gene expression has been achieved in a number of in vivo models including
rat kidneys (69), mouse brains (67, 70), mouse tumors (71,72), and rabbit lungs
(73). Following systemic administration, transgene expression is found pre-
dominantly in the lungs, similar to cationic liposomes.



Nonviral Vectors 211

Toxicity has been associated with the use of PEI in vivo, thought to be caused
by the excessive positive charges on the polymer (67). This can be significantly
reduced by shielding PEI-DNA complexes with PEG (74), as has been shown
with lipids. This shielding also diverts intravenous delivery of the complexes
away from the lung and toward the liver (75), adding some degree of specificity
to the PEI vector. The untargeted nature of PEI limits the suitability of the vec-
tor for clinical applications. Targeting has, however, been introduced by the
addition of ligands, such as transferrin (76), RGD peptides (77), anti-CD3 (78),
and epidermal growth factor (79), either with or without the added PEG shield.

Polyamidoamine cascade polymers, or Starburst dendrimers, were the first
polycations to show high transfection potential without the need for additional
endosomolytic agents. Dendrimers are spherical, highly branched polymers
with varying degrees of branching forming different generations, many of which
are commercially available (see Fig. 1). Like PEI, they are highly positively
charged, with high densities of amines on the surface, which are able to electro-
statically condense the DNA and internalize by endocytosis. The remaining
inner amine residues are then available to neutralize the acid pH in the endo-
somal vesicles, allowing DNA to escape degradation (80).

Like liposomes and several polycation-delivery systems, dendrimers have
been shown to transfect corneal endothelium and to deliver genes encoding
soluble tumor necrosis factor receptor immunoglobulin (TNFR-Ig) to block
TNF action and reduce corneal allograft rejection (81). Dendrimers have also
been used in a murine cardiac transplantation model to deliver viral IL-10,
resulting in prolongation of graft survival (82).

4. Barriers for Nonviral Gene Delivery

The administration of DNA complexes, and subsequent passage to the nucleus
of a specific cell type for expression, is a path hampered by many obstacles (see
Fig. 3). Barriers to successful transgene expression may be extracellular or intra-
cellular.

4.1. Extracellular

The route of administration of the complexes is of particular importance. It is
important to establish the intended tissue target and deliver accordingly. For
example, aerosol delivery to the lung or direct intravascular delivery to the liver
are far more direct, localized methods compared to intravenous delivery to tar-
get a distant tissue or organ. Further tissue specificity can be achieved by the
inclusion of tissue-specific promoters and enhancers in the plasmid DNA to
limit expression to the tissue of choice.

For transplantation purposes, ex vivo graft manipulation offers an attractive
and highly targeted delivery method whether the vector is cell targeted or not.
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Fig. 3. Receptor-mediated endocytosis via clathrin-coated pits.

There is no possibility of unwanted gene delivery in distant organs or tissues,
which often occurs following systemic delivery.

Almost all nonviral vectors are highly positively charged, which is beneficial
for electrostatic attachment to cell-surface anionic molecules. When applied
systemically, however, this leads to many nonspecific interactions with blood
components and plasma proteins including albumin, fibronectin, and Ig (83),
leading to short circulation time and reduced cellular uptake. There is also the
possibility of aggregation with erythrocytes, potentially resulting in vessel
obstruction. It is thought that the high cationic charge, together with the size of
some of the complexes, leads to complement activation in a number of situa-
tions, especially with large polylysine molecules and PEI (84).
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To address these potential hurdles, complexes have been sterically stabi-
lized by the attachment of hydrophilic polymers, such as PEG (40) or human
placental microsomal aromatase (85), to shield the cationic charge in order to
improve circulation stability, prevent aggregation, and reduce toxicity.

Diffusion through the tissues is strongly influenced by size, charge, and solu-
bility of the DNA vector complexes. However, it is essential that complexes
can be transported through capillaries, extravasate out of blood vessels, and be
taken up by the cell. Extravasation through the endothelium is strictly limited
by size, and it is only in some tissues such as liver, spleen, bone marrow, and
some tumors that large fenestrations make it possible for particles of 100 nm or
more to enter the parenchymal cells. In other tissues the natural defense system
of the reticuloendothelium prevents access by any unwanted foreign particles.

4.2. Intracellular
4.2.1. Uptake by Target Cell

The membrane lipid bilayers selectively screen all foreign molecules enter-
ing the cell. Uptake through cellular membranes is dependent on the DNA
complex surface charge and size. It is thought that the route of entry for cat-
ionic nonviral vectors is adsorptive or receptor-mediated endocytosis through
clathrin-coated pits (86). Although an innovative way to introduce gene-
therapy vectors into the cell, it does have its disadvantages as it exposes the
complexes to enzymatic degradation in the endosomal-lysosomal pathway (sea
Fig. 3).

The use of transduction domains from viral proteins such as HIV-TAT (87)
or herpes simplex VP22 (88) is being investigated. Such proteins are capable
of taking large molecules directly into the cytoplasm, circumventing the endo-
cytic entry mechanisms.

4.2.2. Endosomal Release

Interruption of the endosomal-lysosomal pathway is thought to be the most
rate-limiting step to successful nonviral gene delivery. Prevention of intraen-
dosomal DNA degradation has been addressed in a number of ways, using both
organic and natural agents.

PEI and dendrimers have been shown to have intrinsic endosomolytic prop-
erties resulting from their ability to become highly protonated in the acid lyso-
somal environment, leading to endosomal swelling and subsequent rupture
—the “proton sponge” hypothesis (67,80). They have thus effectively been
used either alone or in combination with targeting ligands to achieve high trans-
fection levels. Similarly, some cationic lipids have shown endosomolytic prop-
erties when used at very low levels, and these are able to enhance other nonviral
vectors without any reported toxicity (31).
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Receptor-mediated polylysine-based delivery vehicles require assistance
with endosomolysis, since they lack any buffering capacity during the pH drop.
Original success was achieved by the simple addition of the organic lysosomo-
tropic agent chloroquine. Chloroquine allows DNA to escape by preventing
pH decrease and, hence, enzymatic degradation within the endosomes (89).
The success of its use has been widely reported in vitro, but toxicity has limited
its use in vivo and for any clinical applications.

One of the most sophisticated methods has been adapted from viruses. Desta-
bilizing proteins are present in many viruses. The best studied is a 20-amino-
acid peptide synthesized from the hemagglutinin protein of the influenza virus
(90). Inside the lysosomal compartment, the peptide gains fusogenic activity
following protonation in the acidic environment, resulting in a hydrophobic,
helical structure that inserts and disrupts the vesicular membrane, releasing the
contents. This is an elegant use of nature’s evolutionary success in a nonviral
system. Other synthetic peptides displaying similar properties have also been
used, such as glutamic acid—alanine—leucine—alanine (GALA) (91) and lysine-
alanine-leucine-alanine (KALA) (92). The immunogenic potential of these pep-
tides is minimal because they are small.

Other membrane-disrupting methods employed include ultrasound (39) and
a method called photochemical transfection, which uses photosensitizing com-
pounds to accumulate in lysosomal membranes of a selected tissue, which dis-
rupt the vesicle upon illumination (93).

4.2.3. Cytoplasm Stability

Transport across the cytoplasm is a relatively slow process, depending on
the size of the complexes. A fine balance, however, is needed between the
requirement for protection of the DNA from cytoplasmic nucleases and the
ability of the complexes to disassemble, freeing the DNA for nuclear entry.
Recently, intracellular release of DNA has been more specifically triggered by
using polyplexes (85,94) or cationic lipids (95) containing disulfide bonds,
which reduce and release the DNA in the cytoplasm. However, there is evi-
dence of intact PEI-DNA complexes reaching the nucleus, so it may not be
necessary to separate components prior to nuclear entry (86).

4.2.4. Transport to the Nucleus

DNA nuclear entry has been suggested to be dependent on cell division and
nuclear envelope dissolution. However, this is not universal to all nonviral vec-
tors, and certainly linear PEI (96) and RGD peptides (97,98) have been shown
to successfully transfect postmitotic cells. It is thought that DNA is also able to
enter through pores in the nuclear membrane.

It has been suggested that less than 1% of the plasmid DNA molecules in the
cytoplasm actually reach the nucleus. These levels can be improved by incor-
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porating a nuclear localizing signal (NLS) peptide to redirect DNA transport to
the nucleus. Some vectors, including polylysine, the fusogenic peptide, and
PEI, are thought to have intrinsic nuclear homing abilities. Some sequences
within the plasmid DNA have been suggested to lead to nuclear import by
binding to cellular proteins such as transcription factors (99).

Several NLSs have been isolated from proteins that are naturally synthesised
in the cytoplasm but are required in the nucleus. Most are centered around a
lysine or arginine motif. The most commonly used NLS is from the SV40 large
T antigen (100).

5. Specificity and Longevity of Gene Expression

Gene delivery using nonviral vectors results in transient episomal expression
of the plasmid. This has major advantages over integrating viral vectors, which
have been shown to integrate into the host genome at sites of tumor suppres-
sion or oncogenic activation. However, expression with nonviral vectors is short
lived, and, despite its low immunogenicity, which would enable multiple admin-
istration in vivo, for many clinical applications long-term expression would be
favored. To address this issue, research has looked at a number of approaches.
The inclusion of tissue-specific locus control regions (101,102) and similarly the
addition of ubiquitous chromatin-opening elements in the DNA plasmids have
been shown to improve longevity of expression by delaying gene silencing and
holding the DNA in a more open, transcriptionally active conformation. The pro-
duction of artificial chromosomes containing all of the features necessary to con-
fer their own gene transcription and regulation independently of the cell’s
machinery (reviewed in ref. 103) is another avenue explored. More recently, a
safer system for site-selective mammalian genome integration using transposons
(e.g., Sleeping Beauty) has been developed (104).

6. Conclusion

Nonviral vectors have many distinct advantages over viruses, not least because
they lack all potentially hazardous viral components. They can theoretically take
a DNA piece of any size to a targeted type of cell or tissue for treatment of a
specific disease. From a manufacturing point of view, they are readily standard-
ized, easy to prepare, and relatively low in cost.

The major disadvantage of nonviral vectors is that, currently, the transfec-
tion efficiency is lower than that achieved with viruses and expression is only
transient, although their relative nonimmunogenicity makes them ideally suited
for repeat administration.

It is clear that there will never be a universal DNA vector applicable for all
gene-therapy treatments. Delivery strategies need to be optimized on a dis-
ease-by-disease basis. While nonviral vectors have not yet reached clinical use,
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there are, to date, more than 80 clinical trials for a range of diseases including
cystic fibrosis, arthritis, artery disease, and many cancers, all using nonviral
vectors (http://www.wiley.co.uk/genetherapy). As a better understanding of
extracellular and intracellular barriers to gene delivery is unleashed, we will in
time develop a more refined nonviral design that will ultimately lead to suc-
cessful gene-therapy treatment.

While still in its infancy, the application of gene therapy for transplantation
holds great promise for modulating graft or host immune responses. It may
eventually replace or at least substantially reduce the aggressive immunosup-
pressive regime that is currently essential to organ graft survival. Additionally,
there is a possibility of furthering the genetic modification of organs to make
them acceptable for xenotransplantation.
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Detection and Clinical Relevance
of Antibodies After Transplantation

John D. Smith and Marlene Rose

Summary

Until recently, the role of antibodies in graft failure has been hampered by poor meth-
ods of defining specificity. Development of solid phase assays using purified major his-
tocompatibility complex (MHC) molecules has greatly advanced our ability to monitor
anti-human leukocyte antigen (HLA) antibodies in patients and to distinguish between
HLA and non-HLA antibodies. The purpose of this chapter is to describe the methods for
detecting antibodies and what we have learned in recent years regarding the role of well-
defined antibodies to HLA and non-HLA antigens. Use of the complement-dependent
lymphocytotoxic test was instrumental in defining patients who are sensitized to donor
HLA antigens, and it still plays a major role in avoiding transplantation of organs into
sensitized patients. However, solid phase assays are more useful for following patients
posttransplant. A major advance has been the demonstration that anti-MHC class II anti-
bodies are made late after transplantation and contribute to late graft failure. This has
been demonstrated for renal and lung transplantation, but has not yet been confirmed for
other organs. Clearer definition of non-HLA antibodies has been achieved, such as the
autoantigen vimentin and MHC I-related chain A. Experimental studies using minor mis-
matched strain combinations confirm that non-HLA antibodies bind to donor endothelial
cells; these antibodies seem to cause apoptosis but not complement-mediated lysis.

Key Words: Antibodies; humoral rejection; non-HLA antigens; HLA; complement;
antiendothelial antibodies.
1. Methodological Considerations

Human leukocyte antigen (HLA) antibodies can be detected by a number of
different techniques that employ live cells or purified HLA molecules. Tradi-
tionally, cell-based techniques assessing cell viability were used, but newer
methods utilizing purified HLA molecules bound to a solid surface giving
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greater sensitivity and specificity are now employed. Indeed, solid phase meth-
ods have revolutionized detection of antibodies and have led to greater recog-
nition of their importance in posttransplant events.

1.1. Complement Dependent Cytotoxicity

The earliest method commonly used to detect HLA-specific antibodies was a
microlymphocytotoxic assay known as the complement-dependent cytotoxicity
(CDC) assay (1). Briefly, viable lymphocytes are incubated with sera; during
this stage, any antibodies present in the serum specific for the HLA molecules
expressed on the surface of the target cells bind to the cell surface. Rabbit
complement is added, and antibody bound to the cell surface activates the clas-
sical complement pathway, leading to production of the membrane attack com-
plex of complement (C5-9), which ultimately causes lysis of the target cell.
Staining of the cells is used to determine cell viability. The most commonly
used stains are the cocktail of the fluorescent stains ethidium bromide and acri-
dine orange.

In order to determine the frequency and specificity of HLA antibodies in
antisera, a panel of HLA-typed lymphocytes are used as targets and the speci-
ficity determined by the patterns of reactivity. An adequate cell panel is neces-
sary in order to be able to detect all HLA antibodies. The method of selection
of a cell panel is an important consideration. Panels can be selected to cover
the majority of known HLA specificities, which may not reflect the frequency
of HLA antigens in the general population, or panels can be random, where
sera are screened with a panel of cells that are representative of the population.
For example, a serum containing antibodies directed against the HLA-A2 anti-
gen may react with 40% of the cell panel if a random panel is used because the
HLA-A?2 antigen maybe present in approx 40% of the population one is using.
However, if a selected cell panel is used, the reactivity may be much lower.
The results from the CDC assay have therefore been reported as a percentage
of the cell panel with which a serum has reacted, known as the percentage
panel reactive antibody frequency (%PRA). Each laboratory will have pro-
duced its own panel, and because of the differences in panel composition, the
PRA results from different laboratories cannot be compared. Therefore, the
use of the term PRA is decreasing, with the majority of laboratories no longer
using the phrase.

CDC assays are able to detect both immunoglobulin (Ig)G and IgM antibod-
ies with the use of dithiothreitol (DTT) in the assay. Although relatively crude
and insensitive, DTT breaks down disulfide bonds, and because IgM contains
significantly more than IgG, the IgM reactivity is preferentially degraded.

Despite its widespread use in the past, the CDC assay has a number of limi-
tations. First, an adequate cell panel is difficult to obtain and maintain. Second,
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cell viability and the source of complement can easily influence the specificity
and sensitivity of the assay. In addition, only complement-dependent antibod-
ies are detected, and not all antibody reactivity detected may be HLA specific.

Furthermore, false-positive results owing to the presence of IgM non-HLA
autoreactive antibodies can also lead to misleading results. IgM non-HLA anti-
bodies react with the majority of normal lymphocytes, but not with lympho-
cytes from chronic lymphocytic leukemia (CLL) patients. These antibodies have
been shown to be irrelevant to transplant outcome in renal transplantation (2),
and therefore a patient should not be considered sensitized purely on the basis
of percentage PRA. These antibodies are of the IgM class and will therefore be
removed by treatment with DTT, and in order to determine the presence of HLA
antibodies it is necessary to define an HLA specificity to the antibodies.

As HLA class II antigens are only found on B cells within the lymphocyte
populations, the detection of HLA class II antibodies has always been problem-
atic. Historically, this has been achieved by using lymphocytes isolated from the
peripheral blood of patients with CLL, a B-cell lymphoma. However, the sensi-
tivity and accuracy of the assay was limited, and identification of class II anti-
bodies was almost certainly underestimated. For ethical reasons it is now difficult
to obtain blood samples from CLL patients, and their use is thus limited.

Following transplantation, therapies used to combat rejection include the
use of the monoclonal antibody (MAb) OKT3 and antithymocyte globulin,
which are antibody preparations directed against T cells. Unfortunately, these
antibodies are detectable in the serum of patients in the CDC assay demon-
strated by an IgG response to all panel members’ lymphocytes.

With the introduction of newer, more sensitive techniques, the use of CDC
has declined, and it is now used as an additional test rather than a front-line
method for the detection of HLA antibodies. Until the mid to late 1990s, the
majority of all HLA antibody screening and published studies utilized CDC
screening, and it was often difficult to determine the true nature and effect of
HLA antibodies on the outcome of transplantation.

1.2. Flow Cytometry

Flow cytometry assays were originally developed to be more sensitive than
the CDC assay. Rather than using panels comprised of individual cells, flow
cytometry antibody screening used pools of cells designed to cover all of the
major serological HLA specificities (3). The cell types used included CLL cells,
Epstein—Barr virus transformed lymphoblastoid cell lines, as well as periph-
eral blood lymphocytes (PBLs).

The assay involves an initial incubation of serum with target cells followed
by a series of washes and incubation with a fluorescein isothiocyanate conju-
gated (FITC) MAbD directed against human IgG. Following this, the cells are
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passed through the flow cytometer, and the number of positive cells and chan-
nel shift increase above negative controls is calculated. Screening sera with
individual cell panels is cumbersome for initial antibody screening, but the use
of pooled cells enables the initial detection of antibodies. Once it is established
that a serum contains antibodies, screening against individual cells allows the
identification of HLA specificities. As with CDC, there are problems associ-
ated with assigning a %PRA.

1.3. Solid Phase Assays

In recent years, advances have been made in the detection of HLA-specific
antibodies with the introduction of assays utilizing purified HLA molecules. The
HLA molecules are purified from either lymphoblastoid cell lines for class I and
class II molecules or from platelets for class I (4—6). Two distinct types of assay
are available involving mixtures of HLA molecules from many (up to 100 indi-
viduals) cell lines to detect the presence or absence of HLA antibodies or HLA
molecules purified from individual cell lines in order to determine the specific-
ity of the antibodies. Three different types of solid phase assays are available.

1.3.1. Flow Cytometric Bead Assays

Flow cytometry microparticles coated with soluble HLA molecules are incu-
bated with serum followed by a further incubation with an FITC MAb against
human IgG. Beads coated with either mixtures of HLA molecules or individual
molecules make possible detection of the presence of HLA antibodies or the
identification of HLA specificities. Studies have shown these flow cytometry
microparticles to be a more sensitive and specific test than CDC for the detec-
tion of HLA-specific antibodies (7).

1.3.2. Enzyme-Linked Immunosorbent Assays

Enzyme-linked immunosorbent assays (ELISAs) also incorporate soluble
HLA antigens coating the surface of plastic trays (4,5). Two types of ELISA
tests are available. The first uses mixtures of HLA molecules and allows the
determination of the presence of HLA-specific antibody, whereas the second
assay uses HLA molecules purified from individual cells coated into separate
wells of the plastic tray, allowing the identification of specificity. These ELISA
tests have the advantage that reactions are based on optical density readings
and can be ranked in order of strength to allow determination of reactivity. It is
generally considered that ELISA test kit sensitivity is greater than that of CDC,
but less than that of flow cytometry.

1.3.3. Luminex Assays

The luminex bead system incorporates minute polystyrene beads that con-
tain varying amounts of two different fluorochromes. The differing amounts of
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the two fluorochromes enable the separate identification of 100 different beads
when passed through the flow cell of a specialized flow cytometer known as a
luminex machine. Because the beads can be identified according to the amount
of fluorochromes contained within the bead, many different bead types can be
multiplexed in a single reaction. It is therefore possible to use panels of a large
number of beads to identify antibody specificity. The advantage of the luminex
assays is that they are extremely specific, highly sensitive (comparable to flow
cytometry), and extremely rapid.

1.4. General Comments on Solid Phase Assays

Solid phase assays have several advantages over conventional CDC assays:
e There is no requirement for viable lymphocytes and complement.
e They detect only HLA-specific antibodies.
e They detect non-complement-fixing antibodies.
e They are objective and can be partially automated.
e They are commercially available.

Large studies of solid phase assays have found that they are extremely reli-
able in detecting IgG HLA antibodies, although the use of reagents to detect
IgM antibodies appears to be less reliable. More recently, production of recom-
binant HLA molecules has enabled both flow cytometry and luminex beads to
be coated with single HLA antigens, making the identification of HLA antibod-
ies and, in the case of highly sensitized patients, the identification of HLA anti-
gens to which the patient is not sensitized, simpler.

1.5. Crossmatching

Crossmatching for solid organ transplantation has traditionally been per-
formed using the CDC test (8). In 1969 Patel and Terasaki were able to demon-
strate that 80% of patients with a positive crossmatch against donor lymphocytes
experienced graft failure within 2 d of transplantation compared with just 4% of
patients with a negative crossmatch (9). It has been accepted since this time that
renal transplantation should not proceed in the face of a positive crossmatch.

The CDC crossmatch involves incubation of donor lymphocytes (T cells, B
cells, or a mixture of T and B cells) with recipient serum samples followed by
the addition of rabbit complement. An increase in cell death over control wells
indicates the presence of donor-specific antibodies and is considered a positive
crossmatch. Many centers also perform the crossmatch in the presence of DTT,
as it is now believed that IgG antibodies are those significantly associated with
graft failure.

The recently developed flow cytometric crossmatch test is considered a
highly sensitive method for detecting donor-specific HLA antibodies. Unfor-
tunately, both the CDC and flow crossmatches detect not only HLA antibodies
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but non-HLA antibodies as well. The target cells for both techniques are donor
lymphocytes commonly isolated from donor spleen, lymph node, or peripheral
blood. More often, T cells are isolated for detection of class I antibodies and B
cells for the detection of class I and class II antibodies by the CDC assay. The
use of PBLs for crossmatching is less than ideal because PBLs contain rela-
tively low numbers of B cells, which could affect the reliability of the test,
particularly for detection of class II antibodies.

The crossmatch test, whether using CDC or flow cytometry, is always per-
formed prior to renal transplantation, whereas in cardiothoracic transplantation,
the limitations of time caused by the short ischemic time of the organs mean that
crossmatching must be performed retrospectively (usually the following day)
with recipient serum collected before transplantation. For sensitized patients
undergoing cardiothoracic transplantation, a crossmatch against donor lympho-
cytes is usually performed prospectively with lymphocytes isolated from periph-
eral blood, with the transplant proceeding only if the result is negative.

A crossmatch result is either negative or positive. A positive result is usu-
ally due to the presence of donor-specific antibodies but, as with CDC screen-
ing, may also be the result of non-HLA antibodies. If the result is caused by
IgM non-HLA antibodies, this is not generally considered a contraindication to
transplantation.

As with CDC antibody screening, the CDC crossmatch suffers from a num-
ber of inherent problems. First, the test is relatively insensitive compared with
flow cytometry and solid phase assays. Second, the requirement for viable cells
of good quality is often a problem. Third, lymphocytes express many more
molecules than HLA, and it is therefore possible that any reactivity detected
may not necessarily be attributed to HLA antibodies.

1.6. Screening Strategies

It is essential that the histocompatibilty and immunogenetics (H&I) labora-
tory develop a comprehensive program for HLA antibody detection and identi-
fication when providing a service for solid organ transplant programs. It has
been shown that fewer than half of the patients awaiting solid organ transplan-
tation will have produced HLA antibodies (10). In the modern era it is neces-
sary to have a test capable of rapidly detecting the presence of antibodies,
followed by more extensive methods to define the specificity of the antibodies
detected in the initial screen. The techniques outlined in the previous sections
are all commercially available to the H&I laboratory and should not be consid-
ered alternative techniques. However, these techniques can all yield different
information, and it is therefore advisable to devise screening strategies that
utilize a combination of these techniques to maximize the information avail-
able to the clinician.
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The crossmatch is the final test used before transplantation, and it is there-
fore essential that the screening techniques provide information predictive of
the crossmatch test and have a comparable sensitivity and specificity.

1.7. Detection of Non-HLA Antibodies

Antibodies directed against a number of molecules and cell types have been
detected and implicated in decreases in graft survival and function (11-17).
Antibodies to cellular proteins are commhonly described using ELISA tech-
niques where the target protein is either bound directly to the ELISA plate or
captured into the assay with MAbs specific for the protein bound to the surface
of the plate. Patient serum would then be added, followed by detection with a
MADb to human Igs conjugated to an enzymatic system such as horseradish
peroxidase or alkaline phosphatase allowing a colorimetric detection.

Antibodies to particular cell types such as endothelial cells (ECs) or epithe-
lial cells (14,18,19) are often detected using flow cytometric techniques. Either
cell lines of the specific type or primary cultured cells are incubated with patient
serum followed by a second incubation with an FITC antibody to human Igs
(these can also be isotype-specific). The amount of fluoroscein binding is then
measured in the flow cytometer.

2. Association Between Posttransplant
Production of Antibodies and Rejection

It is universally accepted that transplantation of organs into patients with
preformed antibodies to donor antigens can cause hyperacute rejection, and
this situation is avoided whenever possible. However, more controversial is
whether antibodies formed after transplantation have a pathogenic role. There
are three major problems with ascribing a role for antibodies in graft deteriora-
tion: poor definition of antigen specificity, failure to localize antibodies in the
graft, and lack of information regarding mechanisms of damage. Considerable
progress has been made with regard to tissue-localization of antibodies, espe-
cially in the area of renal transplantation; e.g., deposition of C4d in the graft is
one of the diagnostic citeria for humoral rejection following renal transplanta-
tion (20). More is now known about complement-independent pathways of
antibody activation (21). This chapter focuses on the progress made in defin-
ing the specificity of antibodies made after transplantation and in particular the
distinction between HLA and non-HLA antibodies.

Although antibodies can be damaging at any time after transplantation, the
current interest in the long-term fate of grafts has helped to focus attention on
antibodies. Many grafts fail or become dysfunctional because of a fibrogenic
and obliterative disease affecting the main conduits, be they blood vessels or air-
ways. Such complications are known as cardiac allograft vasculopathy (CAV),
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bronchiolitis obliterans syndrome (BOS), or chronic renal rejection following
heart, lung, and renal transplantation, respectively.

Precise identification of antigen specificity is crucial to understanding the
role of antibodies in graft failure, partly in order to obtain robust assays, the
results of which can be compared between labs. Also, knowing the precise tar-
get of the antibody response could lead to therapeutic intervention.

2.1. Antibodies to Major Histocompatibility Complex Antigens

Until recently, live cells were used to measure antibody reactivity in patient
sera, as described above. This was done using complement-dependent cytotox-
icity or, alternatively, flow cytometry. However, using live cells underestimates
antibodies to major histocompatibility complex (MHC) class II antigens, which
are only expressed on monocytes and B cells in peripheral blood. Even speci-
ficities attributed to MHC class I antigens, which are abundantly expressed on
the surface of leukocytes, were not always confirmed using blocking MAbs.
Use of solid phase assays has been especially useful for defining reactivity to
MHC class II antigens. It has been reported that a B-cell-positive crossmatch
prior to transplantation is associated with more rejection episodes (22) or poor
graft survival (23), but it is not known to what extent B-cell reactivity repre-
sented reactivity to MHC class II antigens. Human microvascular ECs constitu-
tively express MHC class II antigens (24), and antibodies targeting ECs could
be damaging. Palmer et al. have demonstrated a high association between de
novo production of antibodies to donor-specific MHC antigens (using flow
cytometric analysis of HLA-coated beads) and development of BOS after lung
transplantation (25). They concluded that although de novo production of donor-
specific anti-HLA antibodies is rare after lung transplantation (occurring in 10
of 90 patients), 8 of 10 patients developed BOS as opposed to only 38% of the
flow-negative patients. Of considerable interest was the observation that in 90%
of the flow-positive cases, antibody was to MHC class II antigens. Jaramillo et
al. (26) also reported a strong association between antidonor antibodies and
BOS after lung transplantation; these authors compared the ELISA method with
complement-dependent cytotoxicity and found that only 2 of 15 BOS patients
were antibody positive by complement-dependent cytotoxicity, but 10 of 15
were positive using the ELISA method. In contrast to Palmer et al. (25), none of
the antibodies were against MHC class II antigens—they were all to class I
antigens. The results of Palmer et al., along with recent studies from renal trans-
plantation, suggest that anti-class II antigens are much more common than pre-
viously thought and are associated with late graft failure. Worthington et al.
(27) studied 112 recipients of renal allografts that had failed within 5 yr. This
group was compared with 123 recipients with functioning allografts who had
been transplanted during the same time period. All recipients had been negative
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for donor HLA-specific antibodies before transplantation. After transplanta-
tion, 50.9% of the 112 patients in the failure group produced donor HLA-spe-
cific antibodies, compared with 1.6% of the 123 controls (p <0.0001). For 60%
of the donor-specific antibody-positive patients, antibodies were detected be-
fore transplant failure. In 17 cases, these were MHC class I-specific, in 14 cases
they were class II-specific, and in 3 cases they were specific for MHC class 1
and class II. Interestingly, a significant number of patients made antibody to
DQ antigen in the absence of antibody to DR, demonstrating the importance of
monitoring reactivity to DQ. In the studies of Palmer and Worthington, de novo
production of antibodies and especially MHC class II antibodies sometimes
became apparent many years after transplantation (1-8 yr) and still preceded
organ failure or BOS. That antibodies to MHC class II tend to appear at later
times than antibodies to MHC class I (27) may explain why such antibodies
were not detected by Jaramillo et al., who only followed their patients for 2 yr.
In the long-term study of renal transplant recipients by Pelletier et al. (28), it
was shown that alloantibodies to MHC class II, but not class I antigens are an
independent risk factor for chronic rejection. Our own studies have shown that
4 of 9 patients who required retransplantation had anti-class II donor-specific
antibodies (Smith, J. D. and Rose, M. L., unpublished), suggesting that these
antibodies also portend poor graft survival after heart transplantation. It is antici-
pated that widespread use of solid phase assays will more clearly define the role
of MHC class II antibodies after transplantation.

Solid phase assays have been used to examine the specificity of the B-cell-
positive crossmatch (29), which has commonly been thought to represent MHC
class Il reactivity. The authors examined 62 recipients of renal allografts trans-
planted across a B-cell-positive (T-cell-negative) crossmatch. Surprisingly, in
only 23% of cases was this reactivity caused by anti-class II antigens, most of
which were against donor DQ. In 16% activity was due to IgM autoantibodies,
and in the remainder of cases (61%) the specificity of the response could not be
determined. Whereas the clinical course of the autoantibody-positive patients
did not differ from controls, patients with anti-class II antibodies prior to trans-
plantation fared worse. Three of them with donor-specific anti-DQ antibodies
lost their grafts within 3 mo because of vascular rejection. Overall, however,
the 3-yr survival of the B cell* class II* patients was no worse than controls. In
view of the detrimental effect of de novo production of MHC class II antibod-
ies (25,27,28), it will be interesting to discover whether longer-term follow-up
of these patients reveals an adverse effect of the class II-positive crossmatch.

2.2. Antibodies to Non-MHC Antigens

There is a long history of non-HLA antibodies being produced after renal or
cardiac transplantation, in particular, anti-EC antibodies (AECAs). The initial
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interest in AECAs was stimulated by cases of hyperacute or accelerated rejec-
tion in patients who had been transplanted with a negative crossmatch to donor
leukocytes. The early suggestion of a common polymorphic non-HLA anti-
gen system between ECs and monocytes (12,30) has not been confirmed by
biochemical identification of the relevant antigens. It also clear that renal
graft failure can occur because of IgM or IgG antibodies against donor ECs
that do not cross-react with donor monocytes, lymphocytes, or keratinocytes
(31,32). Although cases of hyperacute rejection in the face of a negative leu-
kocyte-specific crossmatch seem rarer these days, possibly owing to better
crossmatch procedures, the story of non-HLA antibodies does not go away.
Indeed, with more interest in the long-term fate of grafts and pathogenesis of
chronic graft vasculopathy, there is increased interest in the role of non-HLA
antibodies.

There is strong evidence that non-HLA antibodies, in particular AECAs,
can be made at any time after transplantation and are associated with acute and
chronic rejection. One of the earliest studies to show an association between
AECAs and chronic cardiac allograft vasculopathy used Western blotting to
measure AECAs (13). That AECAs correlate with chronic cardiac allograft
vasculopathy has been confirmed using flow cytometry (18) and ELISA (33,
34). More recently, a syndrome of septal capillary injury, accompanied by endo-
thelial localization of Clq, C3, C4d, and Ig deposition, has been associated
with production of AECAs after lung transplantation (35). These patients hhhwere
negative for PRAs at the time of diagnosis, but unfortunately this study did not
investigate production of donor-specific antibodies. Bas-Bernardet et al., showed
that 47% of renal transplant recipients who are presensitized to HLA antigens
also have AECAs in their sera (36). Sera from these patients was absorbed
against platelets (eliminating antibodies to MHC class I antigens) and tested
against resting ABO- and HLA-matched aortic ECs. The AECAs of IgG iso-
type predominantly reacted with EC surface antigens upregulated by interferon
(IFN)-y and tumor necrosis factor-a; in contrast, AECAs of IgM isotype only
reacted with untreated ECs. The EC antigens recognized by IgG were 35 and 50
kDa. Clinically, no significant effect of pretransplant AECAs on acute rejection
or 5-yr graft survival was detected, but as the authors caution, only 52 patients
were analyzed in this study.

Production of non-HLA antibodies is also associated with BOS after lung
transplantation (14), in this case antibodies to epithelial cells. Thus, AECAs
were found in 5 of 11 patients who developed BOS and 0 of 11 patients who
remained free of BOS. In this study the serum had absorbed any anti-HLA
antibodies, confirming that reactivity was not against HLA antigens. Interest-
ingly, in this study, patients with BOS who were not producing non-HLA anti-
bodies were making antibodies to HLA antigens (14).
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As with the technical difficulties of monitoring antibodies to live cells
described previously, the non-HLA story is complicated by the fact that
groups use different methods of detecting AECAs, namely live, fixed, or pro-
cessed ECs. Identification of antigen specificity not only gives one mecha-
nistic insight, it usually leads to more reliable assays. Using two-dimensional
gel electrophoretic separation of endothelial proteins, we were able to iden-
tify the most abundant immunoreactive endothelial antigen targeted by patient
sera as the intermediate filament vimentin (37). Since then we have reported
that use of a simple robust ELISA for anti-vimentin antibodies identifies
patients at risk of developing CAV (15,38). Vimentin is the intermediate fila-
ment characteristic of ECs, fibroblasts, and leukocytes. Interestingly, although
desmin is the main intermediate filament of quiescent smooth muscle cells,
vimentin is co-expressed in smooth muscle cells, which are proliferating or
migrating. Vimentin is therefore abundantly expressed in the intima of blood
vessels with CAV. The question arises as to what the source of vimentin in
the clinical setting is. We have shown that vimentin is not present on the
surface of healthy ECs, but it is exposed at the surface of ECs that have been
driven into apoptosis or necrosis (Holder and Rose, in preparation). It is also
present on the cell surface of some cell lines. In view of the fact that apopto-
sis/necrosis occur at every stage after transplantation (39), the most likely
explanation is that vimentin is exposed on apoptopic cells—these could be of
donor (ECs) or recipient (infiltrating leukocytes) origin. As far as we know,
vimentin is not a polymorphic antigen. The current view is that it is acting as
an autoantigen. We would then suggest that apoptopic cells are recognized
by recipient dendritic cells (40) and that antigens derived from the apoptopic
cells are processed and presented to recipient T cells in an MHC self-restricted
manner. Recently we have used vimentin peptides bound to A*0201 tetram-
ers to demonstrate the presence of vimentin-specific self-restricted CD8* T
cells in cardiac transplant patients (41), confirming that vimentin acts as an
autoantigen after heart transplantation and that cross-priming, as described
above, probably occurs.

Experimental studies have demonstrated that transplantation breaks toler-
ance to autoantigens (42). Clinically, there have been numerous descriptions
of antibody responses to autoantigens after heart transplantation, including anti-
cardiac myosin antibodies (43,44), antiphospholipid antibodies (45), and anti-
bodies to oxidized low-density lipoprotein (LDL) (46). Such responses are
associated with more rejection episodes. Collagen V has been identified as a
major component in human bronchiolar lavage, and experimental studies have
suggested that immune reactivity to collagen V may reduce survival of lung
allografts (47,48). The majority of clinical studies have used antibody response
as a readout of an autoimmune response.
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Recent studies suggest that there may be a wide range of antigens that can act
as autoantigens after transplantation; thus expression cloning using EC cDNA
libraries from either human umbilical vein ECs or coronary artery ECs has iden-
tified a great diversity of putative autoantigens that are recognized by sera from
patients with cardiac graft vasculopathy (49,50). These antigens include riboso-
mal proteins L7 and L9 (50), autoantigens that are also associated with autoim-
mune diseases such as systemic lupus erythematosus. Although most of the
antigens identified were nuclear or cytoplasmic antigens, neuropilin-2 (np2), an
antigen expressed on the surface of ECs, was also identified as a possible
autoantigen after cardiac transplantation (49). This is interesting because np2 is
a receptor for vascular endothelial growth factor (VEGF), suggesting that auto-
antibodies to np2 might be able to activate VEGF, thus causing EC growth,
which might contribute to the diffuse and concentric narrowing of coronary
arteries characteristic of cardiac graft vasculopathy. Further studies are in
progress to test this hypothesis. A working hypothesis for involvement of auto-
immune responses after cardiac transplantation would be that organs are dam-
aged at every stage after transplantation (including prior to implantation), lead-
ing to release or exposure of putative autoantigens.

There is interest in the role of apoptopic cells as reservoirs of autoantigens
(51). Cytosolic and nuclear antigens are disorganized during apoptosis, result-
ing in exposure of cryptic epitopes (52); for example, ribosomal proteins are
expressed as blebs at the surface of apoptopic keratinocytes, suggesting a pos-
sible stimulating source for the antiribosomal protein antibodies we have found
in some of the cardiac transplant patients (50). Similarly, expression of phos-
phatidyl serine could lead to production of antiphospholipid antibodies, which
occurs after clinical heart transplantation (45). Indeed, immunization of mice
with apoptopic cells results in autoantibody production (53). The fact that the
indirect pathway of antigen presentation comes to dominate immune respon-
siveness in long-term transplant patients (54) also gives support to this hypoth-
esis. Whereas the majority of studies have used peptides derived from HLA
antigens to detect the indirect pathway, there is no reason why peptides derived
from autoantigens cannot be processed and presented by recipient antigen-pre-
senting cells to potentially autoreactive T and B cells.

Another advance in the area of non-HLA antibodies has been use of B-lym-
phoblastoid cell lines transfected with MHC class I-related A (MICA) or MHC
class I-related B (MICB) antigens (I7) to screen for antibodies. MICA and
MICB genes are located in close proximity to the HLA-B-locus on chromo-
some 6 and encode 62-kDa cell surface glycoproteins, which share limited
sequence homologies with HLA class I (55). ECs and monocytes may express
MICA (56), whereas lymphocytes do not. A recent study of 748 sera from 139
renal transplant patients showed that the presence of anti-MICA antibodies
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(before or after transplantation) correlated with rejection episode and early graft
loss (17). Importantly, the antibodies causing graft loss were formed in the
absence of donor-specific antibodies. This interesting study raises the possibil-
ity that reactivity to MICA antigen, expressed on ECs, may explain some of the
earlier reports of graft loss in patients with a negative crossmatch to donor leu-
kocytes (11,31,32) as well as positive binding of sera to the cell surface of live
ECs (18,34). It must be said that Sumitran-Karuppan et al. (32) reported their
endothelial antigen to be 97-110 kDa, which suggests it is not MICA or MICB.
The study of Jaramillo et al. (26) reported that antibodies to epithelial cells did
not react with ECs, excluding MICA as an antigen. However, these authors did
report their epithelial antigen to be a 60-kDa cytosolic molecule that was present
on the surface of some but not all cell lines. This raises the possibility that it
could be vimentin, which we have found to be expressed on the surface of some
EC lines (A. Holder, M. Rose, unpublished data).

2.3. Mechanism of Damage of HLA and Non-HLA Antibodies

Traditionally, complement-mediated lysis has been considered to be the major
mechanism whereby IgG antibodies binding MHC class I antigens cause dam-
age. It is now clear that complement-independent mechanisms are also involved.
There is little published about how antibodies to MHC class II antigens are dam-
aging. Although we know that anti-MHC class II antibodies cause activation of
leukocytes, far less is known about their effects on parenchymal cells such as
endothelial or epithelial cells. Recently, it has been shown that ligation of IFN-y-
treated human fibroblasts with MAb to HLA-DR causes secretion of Rantes,
interleukin (IL)-8, monocyte chemoattractant protein-1, and IL-6 (57). In the
context of transplantation, it will be important to know whether alloantibodies to
MHC class II antigens cause activation (pro-inflammatory or apoptopic?) or lysis
of parenchymal cells. This is likely to be an area of rapid advancement it the next
few years.

As far as non-HLA antibodies are concerned, there is not going to be a single
or common mechanism of damage. The wide diversity of specificities of non-
HLA antibodies means that mechanisms of damage are likely to vary accord-
ingly. It is more straightforward to understand the mechanism of damage if the
antigens are expressed on the cell surface, such as MICA and neuropilin (dis-
cussed earlier). Antibodies to MICA cause complement-dependent lysis of donor
kidney microvascular ECs and MICA-transfected cells (17). In the absence of
complement, they induce tissue factor and plasminogen activator inhibitor of
microvascular ECs. Similarly, antibodies that bind to a 60-kDa antigen expressed
on epithelial cell lines cause signal transduction, resulting in epithelial cell prolif-
eration and upregulation of transforming growth factor-§ (14). These antibodies
were derived from lung transplant recipients with BOS. The target of anti-
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vimentin antibodies is currently not known, but the recent report that activated
platelets express cell surface vimentin (58) suggests that anti-vimentin antibod-
ies may cause platelet aggregation and initiate thrombosis. Although titers of
antibodies to oxidized low-density lipoprotein (LDL) correlate with impaired
coronary artery endothelial vasodilation in heart transplant recipients (46), the
reason for this correlation may not be directly linked to antibodies. It may be that
levels of antibodies in this case reflect the load of oxidized LDL in the arteries.
F(ab), fragments of AECAs from a patient with Kawasaki disease have been
shown to activate human ECs to secrete IL-6 and show enhanced expression of
adhesion molecules (59), but the precise cell surface antigen target was not eluci-
dated. Indeed, it was suggested that AECAs may contain multiple target anti-
gens, a situation that would apply equally to transplantation. It is difficult to
attribute a damaging role to antibodies when the target antigen is cytosolic, but it
is likely that some autoantibodies cross-react with cell surface antigens. Experi-
mental studies that transplant across minor-mismatch MHC combinations (60-
62) are valuable because they provide unambiguous evidence that non-HLA
antibodies bind to donor ECs. Antigalactose antibodies, raised in Gal”- mice,
bind to Gal** ECs and cause rejection of xenografted rat hearts transplanted into
mice. Interestingly, the ability to cause rapid rejection was not restricted to
complement-fixing antigalactose antibodies; IgG1 antibodies, which poorly fix
complement, also cause rapid rejection (62). Wu et al. concluded that, although
non-HLA antibodies bind to donor ECs, they are not efficient at fixing comple-
ment; nevertheless non-HLA AECAs transfer chronic graft vasculopathy in vivo
and cause apoptosis of donor ECs in vitro (61). Interestingly, Bas-Bernardet et
al. (36) confirm using human sera that IgG AECAs from renal transplant recipi-
ents induce apoptosis of human ECs but do not cause complement-mediated
lysis. The biological effects of these in vitro assays still need to be ascertained by
in vivo experiments. Why AECAs are so inefficient at lysing ECs by comple-
ment fixation is not known; it could be a function of the relative resistance of
ECs to complement-mediated lysis or the isotype of the binding antibody. This
issue is yet to be resolved.

3. Conclusion

There is good evidence that de novo production of antibodies to MHC and
non-MHC antigens contribute to graft deterioration at all times after transplan-
tation. Recent studies suggest an important role for anti-MHC class II antibod-
ies in late graft failure. There are multiple mechanisms of antibody-mediated
injury depending on the nature of the antigen and the tissues that express the
antigens. Some of the non-HLA antigens may be part of a polymorphic system
(such as MICA), while others may represent minor antigen mismatches and
others appear to be autoantigens. Although complement-mediated lysis is the
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conventional way to measure antibody-mediated damage, it is likely that non-
HLA antibodies cause chronic damage to target parenchymal cells by multiple
mechanisms including pro-inflammatory cell activation, induction of growth
factors, fibrogenesis, thrombotic events, and apoptosis. Regular monitoring of
posttransplant antibody production using solid phase antigen-binding assays
will continue to clarify the role of antibodies in graft deterioration.
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Reprogramming the Immune System Using Antibodies

Luis Graca and Herman Waldmann

Summary

Tolerance induction induced by monoclonal antibodies or co-receptor blockade is
robust enough to resist breakdown by adoptive transfer of lymphocytes. Such resistance,
the hallmark of dominant tolerance, is mediated by CD4+ regulatory T cells. CD4*CD25*
T cells inhibit lymphopenia-mediated accumulation of T cells in vivo, but caution should
be exerted when investigating antigen-specific regulation in replete mice. A number of
different deletional and tolerogenic processes following antibody-induced tolerance are
discussed in this chapter, including activation-induced cell death, immunosuppressive
cytokines, and immunopriveleged sites. The possibility of spreading tolerance to other
cells, including parenchymal cells, is also discussed. This chapter emphasizes recent
evidence that shows that self-tolerance does not rely on several mechanisms running
independently, but rather a continuum of synergistic and overlapping mechanisms.

Key Words: Transplantation; tolerance; regulatory T cells; antibodies; immuno-regu-
lation; CD4; CD25.

1. Introduction

The immune system has evolved as a mechanism to protect the body against
foreign pathogens while being harmless to self-constituents of the body. As a
consequence, the exquisite ability the immune system has developed to react
against foreign antigens has become the major hurdle for clinical transplanta-
tion. In current clinical practice, alloresponses are prevented by use of immuno-
suppressive drugs that penalize the whole of the immune system. There is a
need for strategies that, by reprogramming the immune system, can lead to long-
term tolerance or, at least, to the minimization of immunosuppression. The use
of monoclonal antibodies (MAbs) has proved promising in reprogramming the

immune system toward transplantation tolerance in experimental animals.
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2. The Use of Monoclonal Antibodies in Transplantation

The emergence of clinically useful MAbs has been slower than many have
anticipated. During the more than 25 yr since their discovery, only a small num-
ber of MAbs have been licensed for clinical use as immunosuppressive agents.
One important reason has been the realization that the inherent immunogenicity
of MAbs can limit their efficacy. As a consequence, the use of MAbs as agents
to reprogram the immune system in the context of transplantation cannot be
uncoupled from the problem of eliminating their own immunogenicity.

The first MAbs routinely used in clinical transplantation have been adminis-
tered with the aim, at least in part, of eliminating T-cell populations. The idea
of eliminating lymphocytes in transplant patients is not new, as demonstrated
by old experimental methods such as the placement of a catheter collecting
Ilymph from the thoracic duct or the use of polyclonal antilymphocyte sera
(1,2). The specificity of MAbs has allowed better control of the targeted cell
populations. Such is the case for CD3, CD25, or CAMPATH-1H MAbs. The
anti-CD3 MAb OKT3, also known as muromab, was the first MAD licensed to
be used to prevent rejection episodes (3). However, its own immunogenicity
and the triggering of a cytokine release syndrome have limited its use. A MAb
targeting CD25, the a-chain of the interleukin (IL)-2 receptor (IL-2R), offered
the perspective of specific elimination of only the activated T cells (4). How-
ever, recent evidence suggests that such MAbs may be also targeting a popula-
tion of T cells with known regulatory function (5,6). More recently, there is
evidence that by targeting the most abundant surface antigen on the T-cell sur-
face, namely the CD52 antigen with the humanized MAb CAMPATH-1H, one
can prevent graft rejection with minimal maintenance immunosuppressive
drugs (7,8).

In addition to the usefulness of MAbs in eliminating cell populations in vivo,
there is compelling evidence that some MAbs can reprogram the immune sys-
tem towards tolerance. Such MAbs, when given short term following trans-
plantation in experimental animals, frequently allow indefinite survival of the
transplanted tissues (9,10). Among these are M Abs that target co-receptor mol-
ecules, such as CD4, CD3 or CD45; co-stimulatory molecules, such as CD40-
ligand (CD40L or CD154) or CD28; or adhesion molecules, such as leukocyte
function antigen (LFA)-1 or intercellular adhesion molecule (ICAM)-1 (Table 1).

3. Antibody-Induced Transplantation Tolerance

The initial demonstrations that peripheral tolerance can be induced following
short-term treatment with MAbs were published in the mid-1980s (11,12). It was
demonstrated that immune responses toward foreign immunoglobulins could be
prevented by a short course of anti-CD4 MAbs. Shortly thereafter, it was proven
that depletion of CD4* cells was not required, because similar results could be
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Table 1
Monoclonal Antibodies Effective in Prolonging
Allograft Survival or Inducing Transplantation Tolerance

Antibody Comments

CD4 + CD8 + CD154 Tolerance to MHC-mismatched skin

CD4 + CD8 (nondepleting) Tolerance to MHC-mismatched heart

CD154 + hCTLA-4-1g Long-term survival of MHC-mismatched skin

CD154 + CDS8 depletion Dominant tolerance to minor antigen-mismatched skin
CD3 (nonmitogenic) Tolerance to minor antigen-mismatched skin

CD4 Tolerance to MHC-mismatched heart

hCTLA-4-Ig Tolerance to MHC-mismatched heart

CD45 Tolerance to MHC-mismatched islets

LFAI + ICAM1 Tolerance to MHC-mismatched hearts

CTLA, cytotoxic T-lymphocyte-associated antigen; LFA, leukocyte function antigen; ICAM,
intercellular adhesion molecule; MHC, major histocompatability complex. (Adapted from ref. 10.)

observed using F(ab')2 fragments (13-15), nondepleting isotypes (16), or
nondepleting doses of synergistic pairs of anti-CD4 MAbs (17).

A short treatment with nondepleting anti-CD4 MAbs was also shown to
generate long-term acceptance of skin grafts differing in multiple minor trans-
plantation antigens (16), even in presensitized recipients (18). The same out-
come was seen for heart grafts across major histocompatibility complex
barriers (19,20) or concordant xenografts (19). The treated animals accepted
the transplanted tissues indefinitely without the need for prolonged immuno-
suppression and remained fully competent to reject unrelated (third-party)
grafts. Clearly, antibody treatment had rendered them tolerant of antigens of
the transplanted tissue (Fig. 1).

Following these observations, it became clear that MAbs other than anti-
CD4 could be used to impose peripheral transplantation tolerance. Transplanta-
tion tolerance or long-term graft survival were reported following treatment
with anti-LFA1 MAbs alone (13) or in combination with anti-ICAM1 (21); with
anti-CD?2 and anti-CD3 MAbs (22); with anti-CD45RB (23); or with co-stimu-
lation blockade of CD28 (24), CD40L (25,26), or both in combination (27).
These findings have recently been extended to nonhuman primates (28,29).

Transplantation tolerance induced with co-receptor blockade (nondepleting
anti-CD4 and anti-CD8 MADbs) or co-stimulation blockade (nondepleting anti-
CD154 MAbs) can be robust enough to resist breakdown by the adoptive trans-
fer of lymphocytes from a nontolerant donor (16,30,31). Such “resistance” that
is, the capacity to prevent transfused cells to mediate graft rejection, is the hall-
mark of dominant tolerance and is mediated by CD4* regulatory T cells (31—
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NG

Receives Graft Graft rejected

no therapy
-

Receives Graft Graft accepted! Graft accepted!
Short-course antibody therapy Receives fresh graft Third-party graft rejected!
and third party graft

Fig. 1. Induction of transplantation tolerance with antibody treatment. Mice accept
a second challenge with a graft of the same type, but readily reject third-party grafts.
Although some alloreactive cells are likely to undergo apoptosis, some cells reactive
to transplantation antigens, as demonstrated by proliferation assays, are present at any
time point.

Tolerant mouse (Fig.1 protocol) Gratfts rejected
Receives fresh graft

Receives lymphocytes from non-tolerant mice

Tolerant mouse T cells are depleted in the

first week after lymphocyte transfer

Tolerant mouse Grafts accepted!
Receives fresh graft

Receives lymphocytes from non-tolerant mice

Tolerant mouse T cells are depleted 4 -6

weeks after lymphocyte transfer

Fig. 2. Infectious transplantation tolerance. When nontolerant lymphocytes are al-
lowed to coexist with the regulatory cells in a tolerant host, with time, regulatory
properties emerge in the initially nontolerant population.

33). When nontolerant (naive) T cells are allowed to coexist with regulatory
CD4* T cells, the naive cells can themselves acquire regulatory properties, a
process that we have named “infectious tolerance” (31-33) (Fig. 2).
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4. Dominant Transplantation Tolerance

Almost two decades have passed since the initial demonstrations that long-
term tolerance can be induced following a brief treatment with MAbs (for a
historical perspective, see ref. 34). However, the mechanisms by which toler-
ance is induced and maintained are not yet fully understood. The development
of human therapies based on antibody-induced tolerance will be greatly facili-
tated by a better characterization of the mechanisms involved and may lead to
the development of much-needed diagnostic tests for tolerance.

4.1. Regulatory T Cells

Since the early 1990s, it has been known that CD4+ regulatory T cells are
necessary to achieve dominant transplantation tolerance. However, studies of
specific subpopulations have been delayed by the lack of adequate reagents and
in vitro assays. Recently, the field of T-cell regulation has acquired respectabil-
ity following the identification of cell-surface markers that allow the isolation
of CD4+* T-cell populations enriched in regulatory T cells. Initially, an isoform
of CD45 (CD45RClow in rats or CD45RBlow in mice) (35) and, more recently,
CD25 have been used to purify regulatory T cells (36). Not only can cells with
this phenotype prevent in vitro T-cell proliferation, but they are also capable of
preventing autoimmunity, inflammatory pathology, and transplant rejection
when co-injected into lymphopenic hosts together with nonregulatory T cells
(37-39). These same cells have also been shown to have a deleterious effect on
the development of protective immunity in the context of infectious disease
(Leishmania and Pneumocystis) and tumor immunity (40,41).

The o chain of the IL-2R—the CD25 molecule—is not an exclusive marker
for regulatory T cells. It has been known to be present on the surface of acti-
vated lymphocytes and is targeted by therapeutic MAbs aiming for the deple-
tion of activated cells, as discussed earlier. An attempt has been made by several
groups to define more useful markers that uniquely identify the regulatory cells
from within the CD4*CD25* lymphocytes (42-46). Several have been found to
be associated with, but not exclusive to, regulatory cells. These include cyto-
toxic T-lymphocyte-associated antigen 4 (CTLA-4) (47,48), glucocorticoid-
induced tumor necrosis factor receptor (GITR) (43,44,49), L-selectin (CD62L)
(50-52), and oEPB7 integrin (CD103) (43,45,53,54). Recently, much interest
has been generated by the identification of the gene Foxp3, which encodes a
forkhead-winged-helix transcription factor, which seems to be present exclu-
sively on regulatory T cells (55-57). Viral transfection of nonregulatory T cells
with Foxp3 renders them functionally and phenotypically identical to CD4*CD25*
regulatory T cells (55). In humans a Foxp3 mutation is associated with immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome or X-linked
autoimmunity-allergic dysregulation syndrome (55).
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Despite this knowledge, we still lack incontrovertible proof that dominant
transplantation tolerance is the responsibility of CD4*CD25+ regulatory T cells
alone. In fact, there is evidence suggesting this is not the case. When the regula-
tory potency of the CD4+CD25* and CD4+CD25- T-cell populations was inves-
tigated, it became apparent that both populations have a similar regulatory
potency in relation to their physiological proportions (i.e., the average regula-
tory potency of one CD4+*CD25* T cell is similar to that of 10 CD4+*CD25- cells)
(58).

It is clear that CD4+*CD25* regulatory T cells can suppress transplant rejec-
tion when co-transferred with effector cells into lymphopenic mice (reviewed
in ref. 6). What is not so clear is whether strategies to induce dominant toler-
ance (mediated by regulatory T cells) lead to the expansion of CD4*CD25*
regulatory cells specific for the alloantigen or rather to the expansion of other
types of donor antigen-specific regulatory cells, probably similar to the Trl
cells (59), or indeed both.

4.2. Antigen Specificity of Regulatory T Cells

Recent reports have claimed that CD4+*CD25* T cells from mice tolerized to
transplants acquire the ability to mediate antigen-specific regulation (60-62).
This issue has to remain open because none of these studies was conducted with
a criss-cross analysis. Furthermore, where titration of (regulatory to naive) cell
ratios was performed, “specific” suppression was seen only at a single ratio of
effectors to regulators (62). In the absence of criss-cross studies, apparent speci-
ficity may be a consequence of the higher “rejectability” of the third-party tis-
sues when compared with the tolerated ones. Small titration effects may simply
reflect a reduction of aggressive cells by activation-induced cell death (AICD)
from within the CD25* population.

Our own results suggest that, at least under lymphopenic conditions,
CD4+CD25* regulatory T cells from tolerized mice do not behave differently
from cells with the same phenotype obtained from naive mice or mice whose
tolerance was induced through mixed hematopoietic chimerism, where domi-
nant regulation cannot be demonstrated (63). The apparent alloantigen
nonspecificity of CD4+*CD25* T cells may be a consequence of their thymic
lineage and commitment to prevention of self-reactivity. Any expansion of
donor-alloantigen-specific CD4+*CD25* T cells may be masked by the large
proportion of the cells preoccupied with self-antigens shared by the allograft.
Alternatively, one can envisage that natural regulatory T cells can collaborate
with induced regulators, possibly with both a CD25* and a CD25- phenotype,
leading to the antigen-specific dominant regulation that is characteristic of lym-
phocyte-replete mice tolerized with MAbs (Fig. 3). We have recently pub-
lished our findings that, in addition to the thymic lineage of CD4+*CD25*
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Fig. 3. The antigen-specificity problem. The current mainstream view postulates
that CD4+CD25* regulatory T cells directly mediate antigen-specific suppression (A).
However, alternative hypotheses cannot at the present be excluded. First, it is possible
that antigen-specific suppression is an exclusive property of CD25- regulatory T cells,
whereas CD4+*CD25* regulatory T cells are involved in nonspecific suppression that
may be irrelevant in transplantation tolerance in nonlymphopenic conditions (B). Sec-
ond, CD4*CD25* regulatory T cells may modulate, in an antigen-nonspecific manner,
both effector T cells and CD25- regulatory T cells. In this case, although specificity
would come from the CD25- cells, both populations acting in concert would be required
for the overall specificity (C).

regulatory T cells, regulatory T cells with the same phenotype can be induced
in the periphery following CD4 MAD tolerization (64).

An alternative hypothesis has been suggested by Stockinger and colleagues
(65) based on their observation that T-cell competition under lymphopenic
conditions may appear as T-cell regulation (66). In their experiments nonregu-
latory T cells, which under lymphopenic conditions are pathogenic, become
harmless when co-injected with regulatory T cells, with T-cell clones having a
proliferative advantage, or when injected in larger numbers. Given the striking
capacity of CD4+*CD25* T cells to inhibit lymphopenia-driven accumulation of
T cells in vivo (67, 69) and the propensity of lymphopenic environments to
promote rejection (69), one should be careful in comparing antigen-specific
regulation in a T-cell-replete animal with homeostatic effects under lympho-
penic conditions.

Other CD4+ T-cell populations, distinct from the CD4+*CD25* regulatory T
cells, have also been shown to have suppressive properties in vitro and in vivo.
Such is the case for IL-10-secreting Tr1 cells (70) and the Th3 cells that secrete
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transforming growth factor (TGF)- in addition to IL-10 and IL-4 (71). Whereas
Th1 and Th2 T-cell clones can mediate transplant rejection when transfused into
lymphopenic hosts (72), rejection can be prevented by prior transfer of Trl cell
clones with the same antigen specificity (43). The antigen specificity of these
cell populations is also poorly characterized in the context of transplantation,
although a recent report has suggested that cells with a Tr1 phenotype may be
antigen-specific regulators in the context of human diabetes (73).

CD4- regulatory T cells have also been described (74-76). However, although
such cells may be important for the regulation of certain immune responses, it is
unlikely that they will have a major role in antibody-induced transplantation
tolerance, in which tolerance can be broken by removal of CD4+ T cells.

5. Control of Alloreactive Clones in Antibody-Induced Tolerance

There is now strong evidence suggesting that alloreactive T-cell clones are
controlled in three different ways in the course of antibody-induced tolerance:
they can be deleted, or survive and become anergic, or become subject to regu-
lation. Deletion of alloreactive clones may occur in the initial days following
the tolerogenic treatment and results from AICD and in some instances the
direct effect of the MADb, as appears to be the case with anti-CD40L (77,78).
Tolerance induction can be abrogated in mice where AICD is prevented (79,80).
It is important to note that AICD of alloreactive clones requires IL-2 signaling,
being abrogated when cyclosporine is administered (80). This observation raises
the concern that when anti-CD25 MAbs are given peri-transplantation to inves-
tigate the role of CD4*CD25* regulatory T cells in tolerance induction, the anti-
CD25 MAbs may contribute to rejection by interfering with IL-2-dependent
AICD of alloreactive clones.

However, even when tolerance is successfully induced, it has been shown
that some alloreactive cells escape AICD and are prevented from rejecting
grafts through dominant regulation mediated by regulatory T cells, as evi-
denced by restoration of rejection after deletion of CD4+ T cells (containing
the regulatory cells) (31). Such regulatory cells are likely to have a reduced
susceptibility to AICD, perhaps through expression of antiapoptotic genes such
as Bag-1 (81).

Other alloreactive cells may escape deletion and become anergic cells refrac-
tory to further antigenic stimulation in transplanted mice treated with anti-CD4
MADbs (82,83). It is possible that such anergic cells may functionally behave as
active regulators simply by co-localizing with other alloreactive cells and com-
peting for elements in the microenvironment (e.g., cytokines or adhesion mol-
ecules). As a consequence, by preventing adequate “help” from being generated,
the anergic cells could suppress the proliferation and effector function of naive
T cells, a model known as the “civil service model” (84).
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Much has recently been published on the difficulty of inducing transplanta-
tion tolerance in situations where memory cells are present (85) or where host T
cells experience lymphopenic-driven proliferation (69). Although it is clear that
the presence of donor-antigen-reactive memory cells increases the stringency
of the system, it is still possible, using co-receptor blockade with nondepleting
CD4 and CD8 MADbs, to tolerize mice previously primed to alloantigens (18).
Furthermore, although lymphopenia creates a hurdle to tolerance induction with
MADbs that target co-stimulatory molecules, it has already been shown that T-
cell-depleting MAbs can facilitate tolerance induction to fully mismatched skin
allografts (86).

6. Suppressive Mechanisms

The manner in which regulatory T cells keep effector cells under control is
also an issue awaiting clarification. There is evidence that inhibition of prolifera-
tion, one of the favorite in vitro readouts for regulatory function, may not be the
key mechanism of regulation. Allospecific CD8* T cells, once adoptively trans-
ferred, can proliferate and accumulate in tolerant mice to the same extent as in
naive controls (87). Yet, in tolerant mice they do not lead to graft rejection. This
effect seems to be owing to “disarming” of the effector cells: they do not produce
interferon (IFN)-y or generate cytotoxic T lymphocytes (CTLs). Another example
of differences between in vitro and in vivo conditions is the observation that
inhibition of CD4+ proliferation and IFN-y secretion can be observed follow-
ing co-culture with alloantigen-specific T helper (Th)1, Th2, or Tr1 clones (88).
Although suppression mediated by Th1 clones could be abrogated by addition of
nitric oxide synthase (NOS), in vitro suppression mediated by Th2 and Tr1 clones
was NOS independent. Interestingly, when the suppressive capacity of the same
clones was assessed by in vivo capacity to prevent transplant rejection, only the
Trl clone was found to have regulatory properties (43).

Many different cytokines have been implicated as having a key role in domi-
nant tolerance. Yet consensus has not been achieved. The contribution of IL-4
and IL-10 has been extensively studied, and, although in some circumstances
neutralization of such molecules can abrogate tolerance, albeit partially in some
cases (89-91), other studies have described no effect (58,92), even when IL-4
and IL-10 are simultaneously neutralized (58). TGF-[3 has been considered to
be a suppressive mediator essential for in vivo prevention of inflammatory
bowel disease (47,93), but other assays have shown regulation to be indepen-
dent of TGF- (94). Recently, TGF-B-dependent mechanisms were shown to
be important for the restoration of self-tolerance in autoimmune diabetic mice
treated with anti-CD3 MAbs (95,96). We have also found that blockade of
TGF- with MAbs prevents the induction of transplantation tolerance with anti-
CD4 MAbs in T-cell receptor (TCR) transgenic mice (63).
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The role of surface molecules such as CTLA-4 or GITR in antibody-induced
tolerance still requires confirmation. Following reports that CTLA-4 blockade
could inhibit regulation mediated by CD4*CD25* T cells (47,48), two studies
have shown that CTLA-4 blockade with MAbs could prevent transplantation
tolerance (60,97). However, our own results have failed to confirm a role for
CTLA-4 blockade in preventing dominant transplantation tolerance (58). Simi-
larly, antibodies to GITR blocked the suppressive function of CD4*CD25* T
cells both in vitro and in vivo in autoimmunity models (44,49). However, the
role of GITR in dominant transplantation tolerance remains to be clarified.

Two reports suggested that T-cell regulation may involve contact-dependent
mechanisms, as well as contact-independent ones (98,99). In these reports,
CD4+*CD25* T cells can render co-cultured CD4*CD25- cells anergic through a
contact-dependent, yet-unidentified mechanism. The anergized CD4*CD25- T
cells acquire suppressive function, working in a contact-independent way
through the production of cytokines. The two reports disagree, however, on the
nature of the cytokine that mediates the secondary suppression: one claims it is
IL-10 and not TGF-B (98), whereas the other claims the opposite (99). It is
important to note that the experimental systems do not depend on antigen-pre-
senting cells (APCs) and use polyclonal T-cell populations. Yet tolerance in
vivo is clearly antigen-specific and dependent on how antigen is presented. Until
we fully understand the microenvironment basis of dominant tolerance, we can-
not assume that any current in vitro model will provide meaningful data on the
behavior of regulatory T cells.

7. Induction of Immunoprivilege in Tolerated Tissues

The observation that a regulatory T-cell population can suppress T cells in
vivo can be explained without the need to propose direct T-cell-T-cell interac-
tion. One can imagine that the regulatory effect may be mediated, at least in
part, by third-party cells that need not even be hematopoietic. The demonstra-
tion that tolerated allografts harbor T cells with regulatory properties and that
express Foxp3 is compatible with this view (63,100). It is possible that such
regulatory T cells empower the local microenvironment with a time-limited
capacity to prevent T-cell aggression. It is conceivable that the spreading of
tolerance to other T cells through linked suppression or infectious tolerance
can operate through this indirect route (Fig. 4).

Perhaps it is time to stop considering the transplanted tissue as a passive
participant in rejection and tolerance and to acknowledge that it may have an
active role in these processes (101,102).

There are now many examples of how local tissue (i.e., not lymphocytes)
contributes to its own defense. For example, endothelial expression of heme
oxygenase-1 is induced in accommodated rat heart grafts, leading to local pro-
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Fig. 4. Regulatory T cells conferring immunoprivilege. Regulatory T cells may
exert their suppressive activity indirectly by inducing the deployment of protective
mechanisms by peripheral tissues. APC, antigen-presenting cell; IL, interleukin; TGF,
transforming growth factor; IDO, indoleamine 2,3-dioxygenase.

duction of carbon monoxide, which protects the transplant from being rejected
(103). Moreover, tolerance induced with nondepleting anti-CD4 MAbs in rats
is associated with changes in the matrix components that may contribute to a
rejection-resistant environment (104). Other studies have suggested that expres-
sion of suppressor of cytokine-signaling 1 or indoleamine 2,3-dioxygenase by
APCs may promote a tolerogenic environment (105-108).

It has been reported that a close relationship between immunoprivilege and
dominant regulation can occur in the context of the anterior chamber-associated
immune deviation (109). Antigens placed in the anterior chamber of the eye are
transported by APCs into the marginal zone of the spleen, where they drive the
emergence of antigen-specific CD4* and CD8* regulatory T cells. The CD4+*
regulatory cells can then exert their suppressive effect in secondary lymphoid
organs, whereas the CD8* regulatory cells act in the periphery (110,111). It is
also important to consider the impact of regulatory cells within the graft on the
components of the innate immune system that might contribute to or dampen an
immune response. Recent reports suggest that interactions between regulatory
T cells and the innate immune system do occur (112—-114). It is particularly
relevant to note that by secreting IL-5, T cells may recruit eosinophils to the
graft, with these cells themselves contributing to graft rejection (115,116). 1t is
not inconceivable that other cell types may be recruited or even excluded by
regulatory lymphocytes as part of a self-defense mechanism. Consistent with
this is the intriguing association of mast cells with regulatory T cells mediating
skin graft tolerance (88). In this respect, gene expression studies of transplanted
tissue may prove informative (117,118).
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Fig. 5. A revised view of tolerance mechanisms. Classically different tolerance
mechanisms have been studied as distinct phenomena (A). It is becoming clear that
these mechanisms are a continuum of interrelated processes (B).

The interactions established between T cells and APCs, dendritic cells (DCs)
in particular, may be important not only for a better understanding of how toler-
ance operates, but also for therapeutic modulation of the immune response
(119,120). Host DCs, through indirect presentation, are critical both for rejec-
tion and for dominant regulation (121). This phenomenon may provide an expla-
nation for infectious tolerance in that continuous presentation of donor antigens
by host DCs in a tolerogenic environment may drive the recruitment of addi-
tional regulatory T cells. As a consequence, it may become possible to explore
the tolerogenic properties of DCs, for example, with genetically modified DCs
derived from embryonic stem cells (122,123).

8. A Revised View of Tolerance Mechanisms

Over the years, immunologists have neatly created discrete categories of
mechanisms that mediate self-tolerance: deletion, anergy, dominant regulation,
immune privilege, and ignorance (Fig. 5). As discussed in a recent review
(124), itis becoming evident that self-tolerance does not rely on several mecha-
nisms running independently, but rather on a continuum of synergistic and
overlapping mechanisms, e.g., cells that regulate may be capable of creating
immunoprivileged sites (109), an immunoprivileged environment may promote
the development of regulatory or anergic cells or even cell deletion (125), aner-
gic cells may be able to regulate (126,127), and so on.
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We all need to be increasingly aware that tolerance is maintained by several
mechanisms operating in concert. Reductionist approaches may be useful in
identifying components but will necessarily miss the overall picture.

9. Conclusions

Current immunosuppressive agents, although the best option available, are
far from ideal drugs. However, their known efficacy in preventing acute allo-
graft rejection makes it ethically difficult to displace them in clinical trials of
potential tolerogenic drugs. Safe clinical trials of experimental tolerogenic regi-
mens will be greatly facilitated when tolerance can be monitored in vitro, allow-
ing the use of conventional immunosuppressive drugs as soon as there is
evidence of tolerance failure and before irreversible damage occurs. We there-
fore anticipate that some of the most important advances in the field of anti-
body-induced transplantation tolerance will be in the identification of diagnostic
tests for the tolerant state. In this respect, the study of cellular and molecular
characteristics of therapeutic-induced tolerance may identify cell populations,
molecules, or gene transcripts whose presence or absence correlates with the
maintenance of tolerance.

Furthermore, it may be in the patient’s best interest not to aim for full toler-
ance but rather near tolerance (7,8). If a low-impact reprogramming with
tolerizing MAbs allows long-term graft survival with low doses of immuno-
suppressive drugs, it may prove to be an effective way to prevent transplant
rejection with few side effects and good clinician and patient compliance. A
recent uncontrolled study has shown that cadaveric kidney recipients treated
with two doses of 20 mg of CAMPATH-1H could be maintained on a low dose
of cyclosporine in the absence of other immunosuppressive agents such as ste-
roids (7). These patients have maintained good renal function with a low inci-
dence of rejection episodes.

It is likely that the use of tolerogenic MAbs, such as those targeting CD4,
will prove useful in extending graft survival in the absence of side effects, even
if small doses of immunosuppressive drugs are also administered in a near-
tolerance protocol.
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In Vitro Assays for Inmune Monitoring
in Transplantation

Maria P. Hernandez-Fuentes and Alan Salama

Summary

Because immune responses to transplant allografts are the main drivers of rejection, the
ability to accurately quantitate antidonor immunity is an important goal in clinical trans-
plantation. These allow for the prediction of presensitization to the transplanted tissue and
the identification of rejection without needing more invasive tests.

In this chapter, we will review three methods currently used in transplantation research.
Limiting dilution assays are a traditional tool. The evolution of these assays has brought
about the ELISpot. Developments in flow cytometry are also contributing to the under-
standing of the composition of the cells involved in these immune responses.

We can therefore obtain a deeper understanding of the process of rejection and toler-
ance and their evolution with time. This chapter reviews in vitro assays in the context of
transplantation, but the scientific applications of sensitive, accurate, and specific immune-
monitoring reach well beyond this field of research.

Key Words: Immune monitoring; mixed lymphocyte reaction; limiting dilution assays
(LDAs); ELISpot; carboxyfluorescein succinimidyl ester (CFSE); lymphocyte division;
cytokine secretion assay; regulatory T cells; immunological tolerance; T-cell responses;
allogeneic responses; transplant monitoring; alloreactivity; direct and indirect pathways of
allorecognition.

1. Introduction

The development of assays that would allow monitoring of the current state of
an alloimmune response is of interest for several reasons. They would have the
potential to identify rejection without resorting to invasive tests. More impor-
tantly, a reliable index of the immune status could allow immunosuppressive
drug prescribing to be individualized. In some cases the identification of immu-
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nological tolerance could allow the partial or complete cessation of immunosup-
pressants, a highly desirable goal given the morbidity and mortality associated
with long-term administration of such therapy. It is also clear that such assays
will bring with them a more complete understanding of the mechanisms underly-
ing the generation of tolerance and rejection, which will open the door to new
and better targeted therapeutic interventions.

1.1. Managing the Transplant Recipient

Monitoring the allogeneic effector response may help us understand the
mechanisms that result in graft rejection. Assays that are able to identify key
steps in the process might ultimately be used as predictors of potentially detri-
mental events, prior to their clinical manifestation. This would allow interven-
tion at a much earlier stage in the rejection process. Increased antidonor
responses have been measured in association with rejection in solid organ trans-
plantation (1-3), but these results have not been consistent (4,5). No large pro-
spective studies have been conducted that evaluate clinically useful antidonor
responses, probably the result of the lack of definition of an assay that can be
easily conducted in a large number of patients, requires acceptably small vol-
umes of blood, and can be repeated on several occasions.

The efficacy of immunosuppression over the past two decades have led to a
considerable improvement in the short-term survival of organ transplants. Not-
withstanding this, almost all transplanted patients have to endure immunosup-
pression for the rest of their lives. Long-term immunosuppressive drug treatment
is associated with significant morbidity and mortality, mainly due to cardiovas-
cular disease, opportunistic infections, and an increased incidence of malignancy.
The ultimate goal in the management of transplanted patients is the induction of
donor-specific tolerance—antigen-specific immunological unresponsiveness
that is sustained in the absence of chronic immunosuppression. Immunological
monitoring could contribute by quantitating pro-inflammatory and anti-inflam-
matory components of the antidonor response. If reliable assays were available,
it would be possible to monitor the evolution of antidonor responses in indi-
vidual patients and to determine the effectiveness of potentially tolerogenic
therapeutic strategies. As new drugs and biological agents are introduced, such
assays are vitally important in determining whether they are tolerance promot-
ing or whether they impede the development of immune tolerance. In patients
who have already received a transplant, the assays would be used to identify
those in whom tolerance had developed and, therefore, whose immunosuppres-
sion could be weaned, avoiding much of its detrimental effects.

We can define immunological monitoring as the ex vivo measurement of pro-
inflammatory and anti-inflammatory responses with clinical utility. Examples of
such assays that conform to this definition will be the subject of this review.
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Although monitoring immune responses in transplant recipients could be
through analysis of genes or proteins in the urine, blood, or within the graft,
traditional methods were limited to the study of lymphocytes. It can be argued
that the responses of cells from the peripheral blood do not necessarily mirror
what happens in the tissue, as this is regulated by infiltrating lymphocytes. To
address this question, Orosz et al. used an elegant model of an allograft made
of polyurethane sponges bearing allogeneic splenocytes (6). Donor-reactive
cytotoxic T cells represented up to 0.2% of the cells recovered from these allo-
grafts, which are similar to the frequencies found in limiting dilution assays
(LDAs) on peripheral blood using completely mismatched human samples
(7). While acknowledging that peripheral blood is not the ideal source of infor-
mation reflecting the situation in the graft, these data argue that there are rea-
sons to believe it is good enough. Most of the assays described relate to
studying T-lymphocyte responses, as these are the orchestrators of the allogeneic
immune response. It is important to note that, almost certainly, no single assay
will provide all the answers; rather, each will analyze the immune response in a
subtly different fashion. Combining the results of several assays should allow
the determination of the fingerprint of the immune response at any given time
in a given individual.

1.2. Animal Transplantation

Although individual kinetic assessment of alloreactivity by different methods
is feasible in human peripheral blood, in murine systems peripheral blood is a
poor source of cells, and, thus, individual kinetic assessment of alloreactivity in
the same individual can be challenging. The advantage is that transplantation
groups can be bigger and the variation from one individual to the next in litter-
mates is so small that the kinetic studies can be performed on different individu-
als. Moreover, graft-infiltrating lymphocytes are available for study, arguably
providing the most interesting source of information. Most of the assays
described here can be applied in rodents using the appropriate reagents. How-
ever, many reports using animal models of transplantation assess alloreactivity
simply by graft survival, and accurate quantitation of responses to donor anti-
gens is surprisingly scarce in the literature. Where in vitro assays have been
informative in rodent systems, we have added them in their section.

2. Biological Basis for Inmune Assays to Monitor Responses to Grafts

To understand the basis of assays to monitor antidonor T-cell immunity, sev-
eral concepts have to be considered. First, the molecules responsible for the
immune response to allogeneic tissues are encoded by genes found in the major
histocompatibility complex (MHC) locus on the short arm of chromosome 6 in
humans (chromosome 17 in mice). The protein products of MHC genes have
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Fig. 1. Direct and indirect pathways of allorecognition. In direct allorecognition, T
cells recognize and are activated by intact allogeneic MHC molecules on the donor cells.
CD8* T cells are activated by recognition of class I molecules of the MHC complex,
whereas CD4+ cells are activated by the recognition of class II molecules. In the indirect
pathway allogeneic MHC molecules are shed from the graft, taken up, processed by the
recipient APCs, and presented as allo-peptides on the surface of recipient’s MHC mol-
ecules. MHC, major histocompatibility complex; APC, antigen-presenting cell.

been divided into two major groups: class I and class II molecules. The class I
molecules are human leukocyte antigens (HLAs)-A, -B, and -C in humans and
H2-K, -D, and -L in mice, and they are expressed by all nucleated cells in an
organism. The class II molecules are HLA-DR, -DP, and -DQ in humans and
H2-A and -E in mice. These are constitutively expressed only by bone-marrow-
derived antigen-presenting, such as macrophages, dendritic cells, and B lym-
phocytes, and by thymic epithelial cells (8).

Second, there are two pathways of T-cell alloreactivity (Fig. 1). The direct
pathway requires the recognition of intact donor MHC alloantigens on the sur-
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face of donor cells by recipient T cells. The cells stimulating the direct pathway
most efficiently are passenger dendritic cells from the donor that migrate to
draining lymphoid tissues shortly after transplantation. Thereafter, the direct
pathway is stimulated mainly by allogeneic MHC molecules on the graft cells
themselves. The second pathway of MHC allorecognition, the indirect path-
way, involves the internalization, processing, and presentation of alloantigens
as peptides bound to recipient MHC molecules. There is sufficient evidence
now to support that indirect allorecognition is an important driver of transplant
rejection (7,9-12) and that the induction of tolerance in this pathway is a require-
ment for long-term transplant survival (13,14).

Third, regulatory T cells may be vital in holding the antidonor immune response
in check. The evidence for such cells is long-standing and comes from adop-
tive transfer studies in which tolerance can be transferred to a naive recipient
by CD4+ T cells. Although the mechanisms of this regulation remain incom-
pletely understood, some progress has been made in defining the phenotype of
this regulatory population. A group of these cells have the same phenotype,
CD4+CD25+, as the spontaneously arising population that plays a vital role in
the prevention of autoimmune disease. Depletion of these CD4*CD25* pre-
vents the transfer of tolerance by CD4* T cells from a transplant-bearing ani-
mal (15). Over the past decade, an ever-increasing body of data in both human
and animal models has established the role of these and other naturally occur-
ring regulatory cells (e.g., natural killer cells) in transplantation. Several authors
have recently reviewed this phenomenon (16-18). The picture of the mecha-
nisms underlying the regulatory function of these cells is far from completely
defined, but it does appear that this population of T cells plays an important
role in the maintenance of experimental (17) and possibly clinical (19) trans-
plantation tolerance.

The assays here described attempt to quantify the frequencies of lymphocytes
recognizing donor antigen. Frequently, only the direct pathway has been consid-
ered when measuring these responses. The primary in vitro response to the direct
recognition of allogeneic molecules occurs in the mixed lymphocyte reaction
(MLR) where mixtures of allogeneic lymphocytes are placed in culture. This
reaction was first described in the 1960s and has been extensively used to study
antidonor responses. However, in its conventional form, proliferative MLR bulk
cultures have very little predictive value in the context of transplantation (20).
For this reason, alternative assays have been developed to obtain information
regarding immunological responses that are of greater clinical utility.

To measure indirect pathway responses, some modifications in the culture
conditions have to be set in place for almost all the assays. This requires the
presentation of alloantigen as protein preparations rather than whole cells. Sev-
eral preparations have been used, namely freeze—thawed donor cells (21), mem-
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brane protein preparations of donor cells (7), or peptides derived from the
hypervariable regions of MHC molecules (22). The special challenge that mea-
suring indirect pathway responses poses is caused by the low frequency of T
cells with this specificity. In many instances these responses are near the limit of
detection of the assays described. Therefore, it is essential that steps are taken to
increase the sensitivity of the assays, as this will help in the ability to accurately
measure such responses and any subtle variations that may occur. It is important
to note that in allogeneic mixed lymphocyte reactions, where the donor and the
recipient share HLA molecules (e.g., siblings), the assumption is that both direct
and indirect responses are being detected simultaneously in these cultures. To be
able to measure one or the other, purified populations are required in the culture.

3. Limiting Dilution Assays

LDAs allow the estimation of frequencies of antigen-specific cells partici-
pating in an immune response (23,24). They have become a standard experi-
mental tool for estimating frequencies of cells with defined function within a
population of cells (Fig. 2).

Traditionally, measuring frequencies of proliferating or cytokine-secreting
cells has been considered to measure helper T-lymphocyte precursor frequen-
cies (HTLps), whereas when measuring cytotoxicity we describe them as cyto-
toxic T lymphocyte precursor frequencies (CTLps). LDA assays have been
shown to be specific and reproducible as a measurement of alloreactivity (25).
A number of refinements have been described to increase the specificity and
sensitivity in the measurement of interleukin (IL)-2-secreting HTLps (26-28),
as well as for CTLp frequencies (29). Different cytokines derived from both
Th1 and Th2 polarized cells can be detected in these cultures; the most fre-
quently found are interferon (IFN)-vy, IL-5, IL-4, or even IL-10 (30-32). The
clinical utility of antidonor frequency measurement has been extensively dem-
onstrated for IL-2 (33,34) and CTLp in bone marrow transplant recipients (35—
39). However, in solid organ transplants the picture is less clear, and conflicting
data have been reported regarding the ability of CTLp measurements to predict
rejection (40-42). Further development in the detection of cytokines may help
in dissecting mechanisms of tolerance and rejection.

Recent data have emphasized the critical role of regulatory cells and the
complex interactions between them and effector cells in the generation of an
immune response. It has therefore become very important to include the study
of such regulatory cells. The absence of a clear phenotypic marker for these
cells further complicates the issue. LDAs have a unique advantage in that they
allow the study of complex responses at a population level. When the responder
population contains cells (such as regulatory cells) that affect the response of
other cells, LDAs can reveal their presence. These complex responses usually
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Fig. 2. Limiting dilution analysis: general protocol for use in allotransplantation
assays. At least 24 replicates of responder cells (peripheral blood mononuclear cells,
CD4+, CD8+, etc.) at no fewer than seven doubling dilutions are aliquoted in U-bottom
sterile plates. Culture medium alone is added to the 24 control wells (C). Stimulation can
be in the form of allogeneic cells (direct pathway) or antigen-presenting cells (APCs)
pulsed with different preparations of allogeneic antigen (peptides, cell lysates, sonicated
cells, etc.—this is the indirect pathway). Stimulator cells are irradiated (30 Gy) prior to
addition to all the wells. After optimal culture conditions, supernatants can be collected
for the detection of cytokines (determined by ELISA or a bioassay), proliferation, and
measured by adding thymidine-H? 12—18 h before the end of culture. A special situation
arises if cytotoxic precursors are to be measured. Stimulator and responders are cultured
for 9 d, and wells are supplemented with interleukin-2 after 3 and 6 d. On day 9 >'chro-
mium-labeled stimulator cells are added to each well followed by 4-h incubation; -
radiation is then measured in the supernatant. For all of the measurable outcomes, wells
are scored positive when the measure of choice is higher than the mean + 3 standard
deviations of the control wells, in which only stimulators are added. As the concentra-
tion of the responder cells increases, the proportion of negative wells will tend to be less;
the relation between the number of negative wells and the mean number of precursors
can be plotted and a frequency obtained (24, 78). The ability of an limiting dilution
assay assay to predict the frequency of precursors depends on the number of replicates
and the number of responder cells added per dilution (79). An important issue concerns
the statistical method used to estimate the unknown frequency. A number of methods are
available to estimate the effector frequency from the experimental data: least-squares,
weighted means, minimum c-square, and maximum likelihood. Extensive evaluation of
the methods using artificial data concluded that the last three were useful (80). We have
favored a maximum likelihood-based method that introduces bias reduction (81).

manifest themselves as deviations from the single-hit kinetics and graphically
give rise to the zigzag curves when cell dose is plotted against fraction of nega-
tive cultures (43) (see Fig. 3 for further explanation of this concept).
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Fig. 3. Single-hit and multiple kinetics in limiting dilution assays (LDAs). Single-
and multiple-hit LDA curves are represented. An experiment with only one population
of cells responding results in a straight line when cell number and the fraction of nega-
tive wells are plotted (single-hit kinetics, dark grey thin line). In contrast, an experi-
ment in which the population of responding cells is mixed results in a classic “humped”
curve (thick black line) (adapted from ref. 43). In this model, several assumptions are
made when deriving a curve. The most important is that one of the populations acts
only as responders, while another can act as a regulatory population at low cell num-
ber and as an effector at high cell numbers. This model has been found to best fit the
experimental data (45).

In isolation the responder population would be represented by LPC1 (light grey
dotted line), which follows single-hit kinetics. At low cell numbers there is a sharp
decrease in the number of responding wells. In contrast, the regulatory population is
represented by LPC2 (light grey broken line), where at low cell numbers, cells remain
unresponsive but as the number increases those cells begin to proliferate, thus produc-
ing a curve. If the populations are mixed (thick black line), at a low frequency the
responders predominate, but as the number of cells per well increases, the regulatory
cells can exert their suppressive effect and inhibit the responders proliferating, result-
ing in more wells scoring negative, hence the “hump.” The wells will not score posi-
tive again until there are both enough regulators to start proliferating and an excess of
responders to prevent suppression. Once this happens, the “hump” is overcome and
the line tends towards a straight line. The actual frequency of the two populations can
be derived from the gradients of LPC1 and LPC2.

Indeed, in LDA experiments, if one of these regulatory populations, namely
CD4+CD25* cells, is added back to a culture with the effector CD4*CD25- frac-
tion, there is a dose-dependent effect between the percentage of CD4*CD25*
cells and the deviation of the data from single-hit kinetics (44). Dozmorov et
al. have developed mathematical models for the accurate estimation of the fre-
quencies of two separate interacting cells types in such mixed populations (45).
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More recently, a French group has proposed a novel theoretical approach for
quantifying the frequency of suppressor cells in a responding population. This
method allows the simultaneous estimation of the frequencies of both prolifer-
ating and suppressor cells and is based on LDA data modeling (46).

Several aspects support LDA as a valuable tool to monitor donor-specific
responses, particularly if aided by computerized calculations. No other assay
to date has surpassed their specificity and relationship to clinical outcome. It is
the only assay so far that allows measurement of regulatory cell frequencies.
Furthermore, the range of readouts that can be measured will ensure its ongo-
ing usefulness in the near future. Notwithstanding, they are labor-intensive and
require complex data analysis.

4. ELISpot

The ELISpot assay allows the detection of soluble products from single
cells after stimulation with mitogens or antigens (47,48). The secreted prod-
uct is detected by specific monoclonal antibodies, and the cells producing it
are revealed by the generation of discrete spots. The number of spots reflects
the number of product-secreting cells (49) (Fig. 4). Automated video image
analysis has helped develop the potential use of this assay (50) by reducing its
labor-intensiveness. The main use of this assay at the moment is to study the
production of signature Th1 and Th2 cytokines (IFN-y and IL-4) after stimu-
lation in samples from targeted patients. Presently it is widely used in moni-
toring antigen-specific responses in the context of vaccine development for
infectious diseases (51), cancer (52), and autoimmunity (53,54). In the con-
text of transplantation, it has been used to identify the presence of donor-
specific T cells in patients prior to surgery (55) and to assess the indirect
pathway in patients with evidence of chronic rejection (22).

ELISpot frequencies have been found to correlate with LDA precursor fre-
quencies of varied effector functions (56,57). ELISpot has also been used to
assess direct and indirect allogeneic responses in murine models (10) and in
renal transplant recipients (19). Recently a modification of the ELISpot,
namely the Lysispot, has been published to assess antigen-specific perforin-
dependent cytotoxicity (58). ELISpot results, unlike those of LDA, are not
dependent on clonal expansion. The assay is less labor-intensive, and results
can be analyzed after 48 h (vs 7 d for LDA) in conjunction with an image
analyzer. This assay has great potential for clinical application. However, dis-
advantages include the need to invest in an image analyzer and the chance of
error due to subjectivity in the interpretation of results, because a threshold for
the size, intensity, and gradient of the spots is user-defined. The near future
may bring about a comparison of results using different ELISpot readers. Stan-
dardization across laboratories and readers of parameters that define a positive
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Fig. 4. ELISpot general protocol. Special plates should be used with high-protein-
binding membranes, such as Immobilon P (Millipore, Bedford, MA). Paired antibodies
developed for ELISpot or ELISA can be used. (A) Capture antibody (4-15 mg/mL)
diluted in sterile buffer (phosphate-buffered saline [PBS] or NaHCO;, pH = 8.0-9.6) is
added to the wells. To allow binding, incubate antibody for 4—6 h at room temperature or
overnight at 4°C. Under sterile conditions wash the plate with PBS, then add cells and
stimuli (see below for culture conditions). (B) Cultures are incubated for 24-48 h while
the cytokine is produced by the cells. Cells are then removed from the plate and washed
extensively with PBS. The cytokine will remain bound to the antibody. (C) A detection
biotinylated antibody is then added (I mg/mL) diluted in PBS containing 0.5-1% pro-
tein (albumin or bovine serum). Another extensive washing step is followed by the addi-
tion of a conjugate of an enzyme (horseradish peroxidase or alkaline phosphatase) and
streptavidin. In the final step, the substrate is added (BCIP/NBT or AEC), which precipi-
tates where the secondary antibody was bound, forming spots that correspond to cells
producing the cytokine. Spots can be counted manually with magnifying microscope or
using an automatic counter in conjuctions with video image analysis. Culture condi-
tions: the concept of measurement is different from standard tissue culture plates as the
outcome is the number of cytokine-producing cells or frequency of responders. The
researcher must ensure that the number and/or concentration of stimulators is well in
excess for the number of cells added in each well. Different dilutions of responder cells
should be used to accurately confirm the frequency of spot-forming cells.

spot will be required for reproducibility as well. The increasing use of this
assay to monitor immune responses in different clinical situations is generat-
ing a wealth of literature, and it will be interesting to find out if this assay
meets the expectations it is generating.
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Fig. 5. Flow cytometry analysis of cell division: carboxyfluorescein succinimidyl
sster (CFSE) labeling. Lymphocytes are labeled with a 1- to 5-mM solution of CFSE
(green fluorochrome) in PBS and then washed prior to setting up the culture. Follow-
ing lymphocyte activation and proliferation, each cell division results in a halving of
the fluorescence intensity. Green fluorescence intensity of the population can be mea-
sured using a flow cytometer. A histogram plot produces the classical image of groups
of cells that have divided a certain number of times. In T lymphocytes, up to eight cell
divisions can accurately be distinguished. Accurate quantitation of dividing cells can
be achieved by the use of internal standards such as microspheres that allow enumera-
tion of absolute cell numbers as opposed to percentages (82). This way we can calcu-
late the number of precursors that have undergone division. By relating precursors to
the number of cells seeded, a frequency of proliferating precursors can be obtained.

5. Flow Cytometry and Immunological Monitoring

A recent development for studying cell division following antigen encounter
involves the use of fluorescent dyes, which also allows tracking of cellular migra-
tion. The most widely used dye, carboxyfluorescein succinimidyl ester (CFSE),
is an intracellular fluorescent label that divides equally between daughter cells
following cellular division (59,60) (Fig. 5). Recently, a method was developed
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using this dye to quantify alloreactive T-cell responses (61). A combination of
LDA and CFSE labeling has also been described to measure alloactivation in
CD8* cells (62). Using this enumeration method, antigen-specific frequencies
have been measured with high sensitivity and reproducibility (Hernandez-
Fuentes, manuscript in preparation). The advantage of this method, as with other
flow-cytometric methods, is that different phenotypically defined subsets of cells
can be studied simultaneously (63). In combination with intracellular staining,
the quantity of secreted cytokine or other cytoplasmic proteins can be measured.
It also allows for the study of individual cell populations within mixed cultures,
such as dendritic cells and T lymphocytes or regulatory and effector cells.

The use of CFSE labeling to assess allogeneic responses in vivo has been
widely used in murine systems, chiefly bcause the CFSE-labeled cells remain
identifiable for a prolonged period of time. The limit of detection of the divid-
ing cells is the number of divisions they have undergone, which dilutes out the
fluorescent dye. Through the adoptive transfer of CFSE-labeled cells, the num-
ber of responding cells can be calculated (61) and the mechanisms of rejection
and tolerance in vivo studied (64). It has proven invaluable in understanding
issues related to cell migration, such as localization of sites of lymphocyte
activation and antigen presentation. Moreover, this technique can also be used
to determine the kinetics of immune responses, track proliferation in minor
subsets of cells and follow the acquisition of differentiation markers or internal
proteins linked to cell division (65).

We have compared different methods of calculating CD4+ antigen-specific
T-cell frequencies in healthy human controls and have found them to be repro-
ducible over time. In addition, using a mouse model specifically designed to
compare the accuracy of these alternative approaches, ELISpot was found to
be marginally superior to LDA or CFSE labeling and flow cytometry in accu-
rately calculating alloreactive T-cell frequencies (Hernandez-Fuentes, manu-
script in preparation). Given the speed and relative ease of performing ELISpot
assays, this clearly makes it an attractive option for translation into the clinic.

5.1. Flow-Cytometric Detection of Cytokines

Two flow cytometry methods for detection and measurement of lymphocyte
cytokine production have been used in relation to immunological monitoring.
The first is the cytokine secretion assay, in which an artificial affinity matrix on
the cell surface specific for the secreted product of interest is created (Fig. 6).
This method has been shown to correlate with the number of tetramer-binding
CD8* T cells, reacting to a melanoma-associated peptide, Melan-A (66). How-
ever, measuring responses to influenza peptides in healthy volunteers, this
method did not correlate with results obtained with either ELISpot or intracellu-
lar cytokine staining (67). This method was initially designed to isolate func-
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Fig. 6. Cytokine secretion assay (Miltenyi®). Step 1: T cells are stimulated for 16—
20 h in normal culture conditions with the antigen of choice. Step 2: A cell affinity
matrix is generated by attaching a bispecific antibody to the cell surface. This means
that an antibody that binds CD45 on lymphocytes will cover the surface of the cell and
the second specificity will detect a cytokine, such as IFN-y or IL-4. By binding CD45
on the surface, the second specificity of the antibody localizes secreted IFN-y to the
surface of secreting cells. Step 3: Once the matrix is added, the cells are allowed to
secrete the cytokine for a defined time period, and the secreted product is then “cap-
tured” in the matrix. The incubation time is short, usually 45 min, with cell mixing
required. This ensures that cells are not aggregating and cytokines secreted originate
only from the stimulated cell. Step 4: The cells are subsequently labeled with specific

fluorescent antibody. This allows them to be identified using a flow cytometer. Cells
can also be isolated using magnetic bead separation and a magnetic column (68).

tional cytokine-producing T cells specific for a target antigen, and in this respect
it has been successful, even when the frequency of antigen-specific cells was low
(68). For measuring frequencies of antigen-specific T cells, our experience and
that of Asemissen et al. (67) is that this assay shows some nonspecific binding of
the secondary anti-IFN-y antibody, hence, background staining is often a prob-
lem and the noise-to-signal ratio leads to a lack of sensitivity.

An alternative flow-cytometry-based cytokine-detection method involves
intracellular cytokine staining (69). Specific activation procedures are required
to allow the detection of cytokines, notably with phorbol esters (such as phorbol
myristate acetate) and ionomycin; moreover, it generally involves the addition
of inhibitors of intracellular transport (such as brefeldin or monensin) (70).
This method allows the characterization of large numbers of cells. With multi-
parameter staining it can demonstrate exclusive or mutual co-expression of dif-
ferent cytokines within individual cells. It therefore allows for the categorization
of T-cell subsets, such as Th1 or Th2, rather than relying only on cell-surface
markers, which can also be achieved with ELISpot. Frequencies calculated by
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this method have been shown to correlate with the number of tetramer-binding
cells in patients infected with the HIV (57), although in patients with metastatic
melanoma, such a correlation was not found (71). Moreover, it appears to corre-
late with ELISpot frequencies when using influenza-specific T cells (67) and to
exceed the frequency obtained by LDA using cytotoxicity as a readout for
Epstein-Barr virus and allogeneic responses (72).

6. Past Experience and the Future of Immune Monitoring

Traditionally, donor-specific immunity or tolerance has been monitored in
vitro using LDAs with different readouts (proliferation, cytokine production,
or cytotoxicity). The largest clinically useful experience in immune monitor-
ing has been carried out in the context of hematopoietic cell transplantation
from unrelated donors with a view to predicting graft-vs-host disease as well
as for donor selection. There is vast experience in the usefulness of CTLp cal-
culated by LDA for these purposes (25,35-37,39). Furthermore, IL-2 HTLp
frequencies have been shown to correlate with graft outcome in bone marrow
transplant recipients (33,36,39,73,74). Functional assays will have a lasting
role in bone marrow transplantation even in the era of high-resolution typing in
that these assays can define permissible mismatches and identify less immuno-
genic donors in the absence of a perfectly matched donor (a comparison can be
found in Table 1).

The experience in solid organ transplantation is less extensive, although a
renewed effort is underway to dissect mechanisms of tolerance and rejection
(reviewed in ref. 75). Generally, monitoring has demonstrated that the
hyporesponsiveness of direct-pathway donor-specific responses ensues shortly
after transplantation (5,41,76), whereas raised indirect-pathway antidonor reac-
tivity appears to correlate with the presence of chronic transplant rejection.
The implications are that abolition of only the direct pathway will not achieve
allograft tolerance, while strategies that promote tolerance in the indirect path-
way should improve allograft survival, as has been demonstrated in animal
models (77).

As we develop a deeper understanding of how our immune system works and
how to specifically stimulate effector functions within subsets of cells, immu-
nological monitoring is gaining increasing importance. Innovative immuno-
therapies are being tested in targeted groups of patients, in particular, in the
study of immune responses to new vaccines or T-cell therapies in infectious
diseases and the boosting of immune responses in response to malignant tumors
(e.g., melanoma).

The goal yet to be achieved is the identification and perhaps even quantifi-
cation of tolerance. The crucial point here will be to differentiate in vitro toler-
ance from a lack of response or assay insensitivity. So far a single or a small
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Table 1

Current and Potential Future Assays for Clinical Alloimmune Monitoring

Measured in blood/serum Using

Direct and indirect T-cell alloreactivity .

Proliferation (LDA)*

Cytokine analysis (LDA, ELISPOT, CSA)*
Cell division (CFSE)*

Trans-vivo delayed type hypersensitivity

Expression profiling using lymphocyte activation markers * Real-time PCR*

* Microarrays
Humoral immune responses * Cytotoxic or flow cytometric antibody detection *
Soluble lymphocyte activation markers » ELISA for soluble factors (e.g., sSCD30)*
Measured in transplant Using
Graft damage, inflammation (biopsy required) * Histology *

* Immunohistochemistry (e.g., C4d staining)*
Expression profiling * PCR
(in graft or draining from graft; e.g., urine) * Microarrays ; defining immune gene polymorphisms,
(biopsy may be required) * Proteomics f “tolerance genes or proteins”

Note: Assays marked with an * indicate the currently most practical for clinical use.
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group of assays of definitive clinical usefulness has not been identified or stan-
dardized. Collaborative research initiatives are being set up in Europe and the
United States in order to find the “fingerprint” of tolerance. Their results will
provide very useful information both for the design of tolerance-promoting
protocols and for guiding decisions about immunosuppression withdrawal.
There is now reason to be optimistic about the possibility of quantitating the
effectiveness of immune interventions of clinical utility.
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Proteomics and Laser Microdissection

Emma McGregor and Ayesha De Souza

Summary

Two-dimensional gel electrophoresis (2-DE) combined with protein identification by
mass spectrometry (MS) is currently the method of choice in the majority of proteomic
projects. Novel gel-free technologies have been developed but 2-DE remains the tech-
nique of choice for quantitative expression profiling of large sets of complex protein
mixtures such as whole cell/tissue lysates.

Solubilized proteins are separated in the first dimension according to their charge
properties (isoelectric point, p/) by isoelectric focusing (IEF) under denaturing condi-
tions, followed by their separation in the second dimension by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), according to their relative molecular
mass (M,). 2-DE can resolve more than 5000 proteins simultaneously (~2000 proteins
routinely) and can detect less than 1 ng of protein per spot. Furthermore, it delivers a
map of intact proteins, which reflects changes in protein expression level, isoforms or
posttranslational modifications.

In this chapter we describe the various steps in the 2-DE proteomics workflow,
namely sample preparation, solubilization, 2-D gel electrophoresis, protein detection and
visualization, and protein identification by mass spectrometry. The use of 2-DE in con-
junction with laser microdissection microscopy is presented and discussed.

Key Words: Laser microdissection; two-dimensional gel electrophoresis (2-DE); iso-
electric focusing; cardiovascular research; blood vessels; cardiac myocytes; left ven-
tricle.

1. Introduction

In 2001, a major milestone was reached with the publication of the draft
sequence of the human genome (7,2). The human genome contains fewer open
reading frames (~30,000 open reading frames) encoding functional proteins than
was generally predicted and, like all other completed genomes, contains many
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novel genes with no ascribed functions. It is now widely known and accepted
that one gene does not encode a single protein, as a result of alternative mRNA
splicing, RNA editing and posttranslational protein modification (e.g., phos-
phorylation, sulfation, glycosylation, hydroxylation, N-methylation, carboxy-
methylation, acetylation, prenylation and N-myristolation). As a result of these
processes, the functional complexity of an organism far exceeds that indicated
by its genome sequence alone. The global study of the products of gene expres-
sion, including transcriptomics, proteomics and metabolomics, plays a major
role in elucidating the functional role of the many novel genes and their prod-
ucts and in understanding their involvement in biologically relevant phenotypes
in health and disease. Despite this, tissue heterogeneity and the need for specific
cell enrichment prior to sample analysis represents a major barrier in the study
of normal vs diseased tissue.

In this chapter, we describe how we have used laser microdissection in con-
junction with proteomics to investigate cardiac proteins.

2. Proteomics

The concept of mapping the human complement of protein expression was
first proposed more than 25 yr ago (3,4) with the development of a technique in
which large numbers of proteins could be separated simultaneously by two-
dimensional polyacrylamide gel electrophoresis (2-DE) (5,6). However, it was
not until 1995, that the term proteome, defined as the protein complement of a
genome, was first coined by Wilkins working as part of a collaborative team at
Macquarie (Australia) and Sydney Universities (Australia) (7,8). Since then,
the term proteomics has evolved to include alternative gel-free techniques based
on mass spectrometry (MS) or protein arrays for high-throughput proteomics.

2.1. Sample Preparation

The most important step in a proteomics experiment is sample preparation.
Any artifacts introduced during sample preparation can often be magnified
with the potential to impair the validity of the results. No single method for
sample preparation can be applied universally owing to the diverse nature of
samples that are analyzed by 2-DE (9), but some general considerations can be
mentioned. Detection of subtle posttranslational modifications such as phos-
phorylation is possible because of the high resolution capacity of 2-DE. 2-DE
will also readily reveal artefactual modifications such as protein carbamylation
that can be induced by heating of samples in the presence of urea. Addition-
ally, proteases present within samples can readily result in artifactual spots, so
that samples should be subjected to minimal handling and kept cold at all
times. It is possible to add cocktails of protease inhibitors during sample prepa-
ration.
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2.2. Protein Solubilization

Ideally, solubilization of proteins prior to 2-DE would result in the disrup-
tion of all non-covalently bound protein complexes and aggregates into a solu-
tion of individual polypeptides (9). If this is not successfully achieved,
persistent protein complexes in the sample are likely to result in new spots in
the 2-D profile, with a concomitant reduction in the intensity of those spots
representing the single polypeptides. In addition, the solubilization method
must permit the removal of substances such as salts, lipids, polysaccharides
and nucleic acids that can interfere with the 2-DE separation. Finally, the
sample proteins must remain soluble during the 2-DE process. For the forego-
ing reasons sample solubility is one of the most critical factors for successful
protein separation by 2-DE.

The original and still the most popular method for protein solubilization
prior to 2-DE remains that described by O’Farrell (6) using a mixture of 9.5 M
urea, 4% w/v of the nonionic detergent NP-40 or the zwitterionic detergent 3-
[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate (CHAPS), 1%
w/v of the reducing agent dithiothreitol (DTT) and 2% w/v of synthetic carrier
ampholyte in the appropriate pH range (“lysis buffer”). This method can be
applied to many sample types, but it is not universally applicable, with mem-
brane proteins representing a particular challenge (10). Protein solubilization
can be improved by varying solubilization buffer constituents. Newly devel-
oped detergents such as sulfobetaines (11), additional denaturing agents such
as thiourea (712), and alternative reducing agents such as trubutyl phosphine
(13), can help to improve protein solubilization and hence the concentration of
extracted protein for certain sample types. It is of paramount importance that
the choice of solubilization buffer be optimized for each sample type to be
analyzed by 2-DE (see ref. 14 for an example of optimizing the solubilization
of human myocardium).

2.3. Two-Dimensional Gel Electrophoresis

2-DE involves the separation of solubilized proteins by isoelectric focusing
(IEF) according to their charge properties (isoelectric point, p/), under dena-
turing conditions, in the first dimension, followed by separation in the second
dimension according to relative molecular mass (M,) by sodium dodecyl sul-
phate (SDS)-PAGE. Charge and mass properties of proteins are effectively
independent parameters, thus, an orthogonal combination of charge (p/) and
size (M,) separations results in the sample proteins being distributed across the
two-dimensional gel profile (Fig. 1).

The recent introduction of immobilized pH gradients (IPGs) (Amersham Bio-
sciences), used in the first dimension, has served to increase the resolution of
2-DE and improve the reproducibility of protein separations (15,16). IPGs are



294 McGregor and De Souza

pl P>
M,
i 3.0 10.0
220— | o
97 ) — =
66— B L e A
5 - T —
45— 4 - 'k A
! 3 ™y PR W
4 ’ «4-‘ ——
30— ‘ & HERERIPRR. L o
=
21.5— ! -

Vi— b -

Fig. 1. A two-dimensional electrophoretic separation of heart (ventricle) proteins.
The first dimension comprised an 18-cm nonlinear pH 3.0—10.0 immobilized pH gradi-
ent (IPG) subjected to isoelectric focusing. The second dimension was a 21-cm 12%
sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Proteins
were detected by silver staining. The non-linear pH range of the first-dimension IPG
strip is indicated along the top of the gel, acidic pH to the left. The M, (relative molecular
mass) scale can be used to estimate the molecular weights of the separated proteins.

generated using immobiline reagents (I7) to replace the synthetic carrier
ampholytes (SCAs) previously used to generate the pH gradients required for
IEF. As a result IPGs are immune to the effects of electroendosmosis which
results in cathodic drift with the consequent loss of basic proteins from 2-D gel
profiles generated using SCA IEF. IPGs are commercially available as a range of
different pH gradients. Standard gradients include pH 3.0-10.0, 4.0-7.0 and 6.0-
9.0, but if increasing proteomic coverage of a sample is required (i.e., “pulling
apart” protein profiles), protein samples can be separated using narrow-range
IPGs (e.g., pH 4.0-5.0, 4.5-5.5, 5.0-6.0, 5.5-6.7), thus increasing resolution.

First-dimension IEF of protein samples is carried out on individual gel strips
(IPGs), 3—5mm wide, cast on a plastic support. This can be done using either
the IPGphor (Amersham Biosciences) or Multiphor (Amersham Biosciences).
For the purpose of the experiments described in this chapter, first-dimension
IEF was performed on a Multiphor (Amersham Biosciences) using 180-mm,
pH 3.0-10.0 nonlinear (NL) IPGs.

Following steady-state IEF, strips are equilibrated and then applied to the
surface of either vertical or horizontal slab SDS-PAGE gels (18). It is possible
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to routinely separate up to 2000 proteins from whole-cell and tissue extracts
using 18-cm IPG strips with standard format SDS gels (20 x 20 cm). Resolu-
tion can be significantly enhanced (separation of 5000—10,000 proteins) using
large-format (40 x 30 cm) 2D gels (19). However, gels of this size are very
rarely used due to the handling problems associated with such large gels. The
longest commercial IPG IEF gels have a length of 24 cm (20). Mini-gels (7 X 7
cm) can be run using 7-cm IPG strips. These gels will only separate a few
hundred proteins but can be very useful for rapid screening purposes. Second-
dimension SDS-PAGE is usually carried out using apparatus capable of run-
ning simultaneously multiple large-format 2-D gels (e.g., Ettan DALT 2, 12
gels, Amersham Biosciences; Protean Plus Dodeca Cell, 12 gels, Bio-Rad).
Large numbers of 2-D protein separations can be performed using this type of
apparatus, but the procedure is very time-consuming and labor-intensive.

2.4. Protein Detection and Visualization

Proteins must be visualized at high sensitivity following separation by electro-
phoresis. Ideally detection methods should combine properties of a high dynamic
range (i.e., the ability to detect proteins present in the gel at a wide range of
relative abundance), linearity of staining response (to facilitate rigorous quanti-
tative analysis), and if possible compatibility with subsequent protein identifica-
tion by MS. Coomassie brilliant blue (CBB) has for many years been a standard
staining method for protein detection following gel electrophoresis. However its
limited sensitivity (~100 ng protein) motivated the development of a more sensi-
tive (~10 ng protein) method utilizing CBB in a colloidal form (21). Since its
first description in 1979 (22), silver staining has often been the method of choice
for protein detection on 2-D gels because of its high sensitivity (~0.1 ng protein).
However, silver staining suffers from significant inherent disadvantages; it has
a limited dynamic range, it is susceptible to saturation and negative staining
effects that compromise quantitation, and most protocols are not compatible
with subsequent protein identification by MS. This is because glutaraldehyde,
included in many protocols as a sensitizing reagent, causes extensive Cross-
linking through reaction with both €- and a-amino groups. To achieve compat-
ibility with MS, glutaraldehyde must be omitted (23,24), but at the expense of
increased background and reduced sensitivity. In the study presented here we
have utilized the silver-staining method of Yan (24).

Detection methods based on the postelectrophoretic staining of proteins with
fluorescent compounds have the potential of increased sensitivity combined
with an extended dynamic range for improved quantitation. The most com-
monly used reagents are the SYPRO series of dyes from Molecular Probes (25).
In addition to these the development of 2-D difference gel electrophoresis by
Unlu (26) using fluorescent Cy dyes (Cy3, Cy5, and Cy2) has made it possible
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to detect and quantitate differences between experimentally paired protein
samples resolved on the same 2-D gel. Fluorescent staining methods do not
interfere with subsequent protein identification by MS (25,27).

2.5. Protein Identification

MS is currently the technique of choice for protein identification as the meth-
ods involved are very sensitive, require small amounts of sample (femtomole
to attomole concentrations) and have the capacity for high sample throughput
(28-30). Peptide mass fingerprinting (PMF) is typically the primary tool for
protein identification. It is based on the finding that a set of peptide masses
obtained by MS analysis of a protein digest (usually trypsin) provides a char-
acteristic mass fingerprint of that protein. The protein is then identified by
comparison of the experimental mass fingerprint with theoretical peptide
masses generated in silico using protein and nucleotide sequence databases.
PMF can be very effective when trying to identify proteins from species whose
genomes are completely sequenced, but is not so reliable for organisms whose
genomes have not been completed. This difficulty can be overcome effectively
by improving PMF by adopting an orthogonal approach combined with amino
acid compositional analysis (31).

If identification of a protein becomes impossible based on PMF alone, amino
acid sequence information is then key to obtaining identification. Conventional
automated chemical Edman microsequencing is capable of generating this infor-
mation but this is most readily accomplished using tandem MS (MS/MS). MS/
MS takes advantage of two-stage MS instruments, either MALDI-MS with
postsource decay (PSD), MALDI-TOF-TOF-MS/MS or ESI-MS/MS triple-
quadropole, ion-trap, or Q-TOF machines, to induce fragmentation of peptide
bonds. One approach is to generate a short partial sequence or tag which is used
in combination with the mass of the intact parent peptide ion to provide signifi-
cant additional information for the homology search (32). A second approach
uses the database-searching algorithm SEQUEST (33) to match uninterpreted
experimental MS/MS spectra with predicted fragment patterns generated in
silico from sequences in protein and nucleotide databases.

3. Laser Microdissection

Laser microdissection represents a breakthrough technology that allows rapid
one-step procurement of selected homogeneous populations of intact cells from
a section of complex, heterogeneous tissue, thus focusing on individual genes
or proteins from a particular subset. In 1996 Emmert-Buck first described laser
capture microdissection (LCM) (34), and this technique has since become
widely used in the world of both genomics (35-38) and proteomics (39-43).
Laser microdissection is an easy, extremely fast and versatile method for the
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isolation of morphologically or immunohistochemically defined cell popula-
tions. This combined with the ability to readily confirm the nature of the cap-
tured material is a great advantage of this technique.

There are three commercially available microscopes on the market for laser
microdissection. The first LCM setup was developed at the National Cancer
Institute of the National Institutes of Health and is commercially available from
Arcturus Engineering (Mountain View, CA). To date, this is the most widely
used system. The Arcturus system uses a laser beam and a special thermoplas-
tic transfer film which is bound to the underside of a transfer cap. The cap is
placed on the surface of the tissue and a laser pulse is sent through the transpar-
ent cap, which expands the thermoplastic film. The adherence of the tissue to
the activated film exceeds the adhesion to the glass slide and thus allows the
removal of the specified cells. The selected material is then collected by lifting
the cap, which is then transferred to a tube containing the solubilization/lysis
buffer required for the isolation of the desired proteins.

The second is the PALM laser-microbeam system (P.A.L.M, Wolfratshausen,
Germany). Using the PALM, selected cells can be isolated from the surround-
ing tissue using a focused nitrogen laser. To collect the selected cells of interest,
the energy of the laser is increased and the microdissected area is catapulted by
a single laser shot. The detached material is then collected in a microcentrifuge
cap containing lysis buffer, which is mounted above the slide. The efficiency of
this procedure is verified by visualizing the collected samples under a second
microscope.

We are currently using the Leica AS LMD (Leica Microsystems, UK). The
Leica uses a maintenance-free, pulsed, nitrogen laser at a wavelength of 337
nm. In order to excise the structure of interest, the pulsed laser follows a pre-
drawn line, ablating the material only in the region of the defined line. This
method of dissection ensures that the specimen is not heated and endures no
mechanical contact; therefore the risk of contamination is eliminated. After
dissection, the sample falls by gravity into a precisely positioned polymerase
chain reaction tube cap. Following capture, the cap can be automatically exam-
ined to visualize the excised material. Figure 2 shows an example of the micro-
dissection of a blood vessel and a group of cardiac myocytes from an 8-um
section of left ventricular tissue using the Leica AS LMD.

The precision of microdissection depends on the ability to distinguish spe-
cific cell types. Unfortunately, one of the major disadvantages of laser micro-
dissection is that it is necessary to use dehydrated sections in the absence of a
coverslip. This leads to a significant decrease in the optical resolution, which
may alter the ease of this technique and may require various staining techniques
to be employed. Another disadvantage is the initial cost of the microscope and
accompanying computer hardware and software (~£75,000-100,000), with the
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Fig. 2. Laser microdissection of left ventricular section. The appearance of a hema-
toxylin-and-eosin stained left ventricular section (X400 magnification) is illustrated
prior to dissection and following dissection, and the dissected material is present in the
cap. (A) Microdissection of a blood vessel; (B) dissection of a group of cardiac myo-
cytes. The horizontal bar represents 100 pwm.

additional cost of specially designed consumables, (e.g., slides, caps) depending
on the microdissection system used. Finally, although LCM is extremely fast at
excising the cell or group of cells of interest, depending on the downstream
processing of the captured material, this technique can be considerably time-
consuming. The amount of material needed for protein analysis is much greater
than that for RNA analysis, because protein, unlike RNA, cannot be amplified.
For this reason, days to weeks may be spent at the microscope in order to excise
enough material for the extraction of a sufficient amount of protein. Even though
this is the case, there are several important reasons for focusing on the analysis
of proteins. mMRINA expression may not correlate with the amount of active pro-
tein in a cell, the gene sequence does not describe posttranslational modifica-
tions that may be essential for protein function and activity, and the study of the
genome does not provide information on dynamic cellular processes. The appli-
cation of proteomics can be expected to provide an integrated view of an indi-
vidual disease process at the protein level. Proteomics can be expected to show
changes in the protein-expression profile occurring during both the develop-
ment and the progression of disease, thus leading to the identification of new
protein markers of disease and potential therapeutic targets.

3.1. Proteomics and Laser Microdissection

We are using laser microdissection to isolate myocytes and blood vessels
from human cardiac tissue for proteomic analysis. We have performed a feasi-
bility study to investigate the effects of fixation and staining on cardiac pro-
teins separated by 2-DE. In brief, 20 8-um sections of control ventricles were
used in six groups (n = 4).
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* Group 1: sections cut and placed into lysis buffer (7 M urea, 2 M thiourea, 2% (W/v)
CHAPS, 1% (w/v) DTT, 0.8 % (v/v) Pharmalyte pH 3.0-10.0, 1 complete protease
inhibitor cocktail tablet per 10 mL).

* Groups 2-6: sections cut onto glass slides and scraped into lysis buffer following
fixation and staining. Group 2—unfixed and unstained. Groups 3 and 4—ethanol
fixed followed by hematoxylin and eosin (H&E) staining with and without xylene
respectively. Groups 5 and 6—ethanol and acetone fixed, respectively, followed
by antibody staining for smooth muscle o-actin. Proteins (50 pg) were separated
by two-dimensional gel electrophoresis using (18-cm) IPG pH 3—-10 NL strips in
the first dimension, followed by 12% SDS-PAGE in the second dimension. Protein
spots were visualized by silver staining and the number of detected spots evaluated
using Progenesis, a specialized 2-DE image analysis software package (Nonlinear
Dynamics).

Analysis by 2-DE showed that contractile proteins were preserved in all
groups. All methods resulted in some loss of soluble proteins, although no sig-
nificant differences were found. However, there were differences in the visual
quality of the gel patterns. These findings are similar to those found by Craven
(41), who found that all staining protocols investigated were compatible with
protein analysis although there was variation in the quality of the protein profiles
obtained. In contrast to these studies, Mouledous (44) found that H&E staining
greatly reduced protein recovery when compared with unstained material and
this was seriously detrimental to the protein profile. Although our group and
Craven et al. (41) found no changes in protein profiles under varying staining
protocols, it is important to investigate each tissue type individually, because a
staining protocol that works with one tissue, may not necessarily be compatible
with another.

H&E staining without xylene provided the best morphology for our tissue
and thus this staining method was used for further investigations. This staining
method was performed using a modified rapid protocol for LCM (40). In brief,
sections were fixed (70% ethanol for 1 min), H&E stained (Mayer’s hematoxy-
lin for 30 s, MQ water for 20 s, eosin for 20 s, [MQ] water for 20 s), and dehy-
drated (70% ethanol for 30 s, 100% ethanol for 1 min). H&E solutions contained
complete protease inhibitor cocktail tablets. We have shown that the electro-
phoretic profiles of proteins from human cardiac tissue showed little change
following the laser microdissection procedure. Figure 3 shows 2-D gels for
two left ventricle sections stained with H&E in the absence of xylene, then
either scrapped or excised using laser microdissection and protein-extracted in
lysis buffer (45). Using Progenesis, 346 protein spots were detected in the
scrapped group compared with 361 in the laser-microdissected group. Using
this staining protocol in conjunction with laser microdissection, we have suc-
cessfully isolated enough blood vessels and cardiac myocytes to run large-for-
mat (18 X 24 cm) 2-D gels (45). Figure 4 shows the protein profiles for proteins
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Fig. 3. Two-dimensional electrophoretic separation of control sections taken from
human left ventricle. Proteins were separated by isoelectric focusing in the first dimen-
sion using a pH 3.0-10.0 NL, 18-cm, IPG DryStrip (Amersham Biosciences). The pH
gradient of the strip is illustrated across the top of the two-dimensional gel with the
most acidic pH to the left and the most basic pH to the right of the gel image. Proteins
were then separated in the second dimension by SDS-PAGE through a 12% acrylamide
gel (large format, 18 X 24 cm). Standard molecular weight markers (Amersham Bio-
sciences), ranging from 14.3 to 97.4 kDa were run on the same gel and are annotated
in the figure. Visualization of proteins was achieved using silver staining. Two-
dimensional gel separations from hematoxylin and eosin-stained sections either
scrapped (A) or laser microdissected (B).

extracted from cardiac myocytes and blood vessels. Collection of this material
took 70 h, and represented approx 2800 blood vessels and 17,000 cardiac
myocytes. In order to prevent protein degradation it is important when extract-
ing protein that either the slides with the sections are kept on dry ice and thawed
prior to fixing or that sections are cut onto slides as they are needed. Using
Progenesis, 481 spots were found in the myocyte group and 206 in the blood
vessel group. By comparing protein profiles between the two groups, it is clear
that there was no contamination when microdissection was carried out. This is
confirmed by the absence of the proteins cardiac tropomyosin and the cardiac
light chains I and II from the blood vessel profile, which are clearly visible in
the protein profile from cardiac myocytes (labeled 1, 2, and 3, respectively).
In conclusion, laser microdissection is a practical method for the rapid and
efficient isolation of specific populations of cells. This technique however,
may be extremely time-consuming depending on the desired downstream
sample processing. The combination of laser microdissection and proteomics
provides a powerful tool in studying the underlying changes in normal and
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Fig. 4. Two-dimensional electrophoretic separation of isolated cells and blood ves-
sels. Proteins were separated by isoelectric focusing in the first dimension using a pH
3.0-10.0 NL, 18-cm, IPG DryStrip (Amersham Biosciences). The pH gradient of
the strip is illustrated across the top of the two-dimensional gel with the most acidic
pH to the left and the most basic pH to the right of the gel image. Proteins were then
separated in the second dimension by SDS-PAGE through a 12% acrylamide gel (large
format, 18 x 24 cm). Standard molecular weight markers (Amersham Biosciences)
ranging from 14.3 to 97.4 kDa were run on the same gel and are annotated on the far
left of the figure. Visualization of proteins was achieved using silver staining. (A)
Cardiac myocytes: (B) blood vessels isolated from human ventricular tissue by laser
microdissection. 1, Cardiac tropomyosin; 2, cardiac light chain I; 3, cardiac light
chain II.

diseased states. It has the potential to isolate and identify new protein markers
and potential therapeutic targets of disease.
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Real-Time Quantitative Polymerase Chain Reaction
in Cardiac Transplant Research

Leanne E. Felkin, Anne B. Taegtmeyer, and Paul J. R. Barton

Summary

The real-time quantitative polymerase chain reaction (PCR), an increasingly popular
technique for the detection of DNA, combines a high degree of accuracy with extreme
sensitivity. In this chapter we describe the use of real-time quantitative PCR in trans-
plantation research in two areas in which this method is commonly applied: the accurate
quantification of mRNA in tissue samples and genotyping of DNA. These are described
in the context of cardiac transplantation, but they are of equal relevance to other areas of
transplant biology.

Key Words: Real-time PCR; quantitative PCR; mRNA quantification; TagMan;
RiboGreen; RNA degradation; genotyping; single-nucleotide polymorphism (SNP);
polymorphism; myocardial biopsy.

1. Introduction

Since the first description of the principles of the 5'-nuclease assay (1) and
the consequent development of the method to include increasingly sophisti-
cated chemistries and detection systems (2-4), real-time polymerase chain
reaction (PCR) has offered exceptionally high accuracy and sensitivity. The
general principles of real-time PCR have been described in a number of excel-
lent reviews (5-7) and an especially useful source of information is www.
gene-quantification.com). A number of platforms and chemistries for real-
time PCR are available. We describe here the use of TagMan real-time PCR
for measuring mRNA abundance in human myocardial samples and for single-
nucleotide polymorphism (SNP) genotyping of cardiac transplant patients and
their donors.
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2. Real-Time PCR and mRNA Quantification
2.1. Overview

The accurate measurement of mRNA abundance remains an important pre-
requisite for analyzing gene expression (8). Traditional methods such as North-
ern blotting and ribonuclease protection assay offer reasonable accuracy and
specificity but consume significant quantities of RNA. Methods based on PCR
offer the distinct advantage of requiring only small amounts of starting mate-
rial. While this may be less important when considering research on organs
removed at the time of transplantation where tissue is readily available, it offers
a significant advantage when considering analysis where tissue is limited, as is
the case with surgical samples (9), endomyocardial biopsies (10), fetal heart
samples (11), or material derived by laser microdissection. Initial PCR-based
methods were “final-product” methods derived from the ability to establish ret-
rospectively the point at which amplification was exponential. However, these
were complicated by the need for complex and often time-consuming valida-
tion in order to achieve conditions of accurate quantification. Typically, this
would involve serial dilution experiments to determine a linear working range,
the use of a titrated exogenous RNA standard, or construction of artificial DNA
constructs to act as internal competition reference targets. More recently, the
approach of analyzing PCR products cycle-by-cycle in real time has led to the
development of a variety of instruments with a range of analysis speeds, sam-
ple throughput, and cost (Table 1). Useful sources of information comparing
currently available instruments can be found at www.biocom pare.com and
www.gene-quantification.com.

2.2. Principles of Real-Time PCR

As with the detection instruments, a number of chemistries are available for
real-time PCR, each of which offers distinct advantages and disadvantages (for
areview see www.gene-quantification.com). Two of the more commonly used
chemistries are Applied Biosystems’ TagMan assay (2,3), described in more
detail below, and SYBR Green detection, which uses a double-stranded DNA-
binding dye (12,13). Whatever the system used, the general principles are
largely the same. During real-time PCR, a fluorescent signal is generated that is
directly proportional to the amount of accumulating PCR product. This signal is
detected, calibrated, and used to provide a measure of initial target abundance.
In the case of the ABI Prism 7700, fluorescent signal is collected from each
reaction every 7 s. Thus, over the course of a 40-cycle PCR lasting 1 h and 56
min, a total of 994 measurements will be made for every reaction. When the
data are plotted against time, a picture of how the fluorescence accumulates in
real time during the PCR emerges (Fig. 1). Displaying the kinetics of the real-
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Table 1
Real-Time PCR Instrumentation
Number
of available
Supplier instruments  Features
Applied Biosystems 5 96- and 384-well formats available,
www.appliedbiosystems.com single or multicolor detection,
SNP autocalling, facility automation
possible
Roche Diagnostics 3 32-, 96-, and 384-well formats,
www.roche-applied-science.com multicolor detection, SNP auto-
calling facility, high-speed cycling
Corbett Research 1 36- and 72-well formats available,
www.corbettresearch.com multicolor detection, SNP auto-
calling facility, high-speed cycling
Cepheid 2 96 independently programmable
www.cepheid.com wells, multicolor detection
Biorad 3 96- and 384-well formats available,
www.bio-rad.com single or multicolor detection, SNP
autocalling facility
Stratagene 3 96- well and 384-formats, multicolor
www.stratagene.com detection, SNP autocalling facility
MJ Research 4 96-well format, single or multicolor
WWW.mjr.com detection, SNP autocalling facility

time PCR reaction in this way clearly identifies the exponential, linear, and
plateau phases of the reaction.

2.2.1. PCR Kinetics

PCR amplification is only truly exponential in the early phases of the reac-
tion. As the reaction progresses, reagents are depleted and become limiting. By
the time the product becomes readily detectable by gel electrophoresis, its
abundance is often affected not only by the amount of initial starting template,
but also by the increasingly impaired PCR efficiency. The principal advantage
of real-time PCR analysis over all other PCR-based quantification techniques
is the ability to reveal all phases of PCR for every sample, making possible
quantification of the product early during the exponential phase.
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Fig. 1. Detection of amplification product by real-time PCR. The graph shows the
fluorescence signal (ARn) detected during the course of a series of PCR reactions
loaded with increasing quantities of target sequence. At the start of PCR, signal is
below detectable level (baseline). Initial detection above threshold shows doubling of
product with each cycle (exponential phase). As PCR progresses, reagents become
limiting (linear phase), resulting eventually in depletion (plateau phase). Note that
each reaction will go to completion and the amount of product near the plateau phase
is not proportional to input starting template. In real-time PCR, data is collected
throughout the entire reaction, allowing the operator to select data from the exponen-
tial phase of each reaction. The C; value is the cycle at which signal first becomes
detected over background.

2.2.2. The Cycle Threshold

The basic measurement in real-time PCR is the cycle threshold (C;), also
known as the crossing point in some systems. The C; is the cycle at which
fluorescence generated by the accumulating PCR product exceeds a fixed
threshold (Fig. 1). The threshold is placed in the exponential phase of the ampli-
fication curve and may be set automatically or by the user. In this way the C;
value indicates the number of cycles required to detect appearance of product
above background. The greater the abundance of target mRNA in the starting
material, the sooner the threshold fluorescence level is reached; in other words,
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Fig. 2. Determination of real-time PCR efficiency. (A) Efficiency analysis. A three-
fold dilution series of cDNA prepared from human bone marrow RNA was analyzed
by real-time PCR using TagMan probes and primer sets for matrix metalloproteinase 9
(MMPY) and 18S rRNA. Mean C; values are plotted against log input amount of
cDNA. The slope of the graph is determined by linear regression and can be used to
calculate the efficiency of the amplification: PCR efficiency = 100 x (10C!store) 1)),
Note the similarity in the slope of the lines for MMP9 and 18S, which indicates similar
PCR efficiencies. Error bars represent standard deviation; n = 3 PCR replicates.

(Continued on next page)

the higher the target abundance, the lower the C;. Because PCR amplification
is exponential, the C; value is proportional to the log concentration of the tar-
get DNA or, in the case of reverse transcriptase (RT)-PCR, of the target RNA
(Fig. 2A). It is therefore necessary to calibrate and log transform the C; to get
the final result. It is also important to note that the C; is not an absolute mea-
sure of target abundance, as its value will vary depending on where the thresh-
old is set.
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Fig. 2. (continued) (B) Validation plot for the AAC; method. AC; values (AC; = C;
MMP9 - C; 18S) were calculated for each dilution point shown in A and plotted against
log input amount of cDNA. The absolute value of the slope was calculated by linear
regression and shown to be less than 0.1, thereby confirming that PCR assays for
MMPO9 and 18S have equal efficiencies and validating the use of the AAC; method of
analysis (see text). Error bars represent standard deviation; n = 3 PCR replicates.

2.3. Experimental Considerations
2.3.1. Assay Design

When beginning a real-time PCR experiment, a significant part of user input
is directed towards assay design. In addition to the usual pair of PCR primers,
TagMan assays require a sequence-specific fluorescently labeled probe, which
is flanked by the primers. The primers and probe should be contained within a
target amplicon of 150 bp, preferably straddling an exon—exon junction. The
melting temperatures (7m) of the two primers should be within 1°C of each
other and between 58 and 60°C. The Tm of the TagMan probe should be 10°C
greater than that of the primers. Primer and probe selection requires detailed
sequence analysis using specialist software such as Applied Biosystems’ propri-
etary design package, Primer Express (14), or MIT’s free design program,
Primer3 (www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Follow-
ing design and synthesis, primer and probe concentrations are optimized and
amplification efficiencies determined (see below) prior to use. As alternatives to
in-house primer and probe design, sequences designed and published by others
or the increasingly commercially available preoptimized assays can be used,
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such as Applied Biosystems’ off-the-shelf TagMan Gene Expression Assays (15)
or their personalized Custom TagMan Gene Expression Assays (16). A catalog
of available TagMan Gene Expression Assays can be found at www.allgenes.
com. It is important to note that whatever the source of the assay to be used, it is
imperative to consider in detail the mRNA being targeted. Many genes are sub-
ject to complex alternative splicing, and the specificity of real-time PCR is such
that only the specified target sequence will be detected. For example, if the assay
is designed over an alternative splice junction, only this splice variant will be
detected.

2.3.2. Tissue Collection and Storage for mRNA Quantification

Procedures for tissue collection and storage can easily be overlooked when
beginning a real-time PCR project. At the time of collection, priority is not nec-
essarily given to immediate tissue storage. However, if samples are destined for
mRNA analysis, measures to protect the sample need to be considered, as RNA
is both thermolabile and susceptible to rapid degradation by endoribonucleases
(RNases). In vivo, RNA degradation can also be influenced by its sequence,
especially in the 3'-untranslated region, and many transcripts, particularly cyto-
kines and other signaling molecules, contain sequences specifically designed to
enhance degradation (17). As illustrated in Fig. 3, mRNAs degrade rapidly in
excised tissue held at room temperature due primarily to the breakdown of intra-
cellular compartmentalization and the release of ribonucleases. Moreover, dif-
ferent transcripts degrade at differing rates, making their relative quantification
inaccurate. It is therefore essential to establish the degradation rate of the target
genes if analysis is to be attempted on partially degraded material (18). Wher-
ever possible, protection and correct storage of tissue should occur immediately
after collection. This can best be achieved by snap freezing the sample in liquid
nitrogen. Where this is not possible, tissue can be placed in a suitable protective
solution such as RNAlater (Ambion, Crawley, UK). Note, however, that for this
method to be successful, the sample size must be small enough to enable adequate
diffusion of the protective solution through the sample.

2.3.4. RNA Preparation

RNA isolation using off-the-shelf extraction kits, such as the RNeasy kit (Qiagen,
Crawley, UK) and the RNAqueous kit (Ambion, Huntingdon, UK) is convenient,
rapid, and obviates the need for phenol. Samples are disrupted and homogenized
in a buffer containing guanidinium salts, which simultaneously lyses cells and
inactivates endogenous RNases. Ethanol is added to the lysate and the solution
passed through a silica-based filter to which RNA binds while other cellular com-
ponents pass through. Finally, the filter is washed to remove contaminants, and
the RNA is eluted.
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Fig. 3. Effect of time at room temperature on RNA degradation in cardiac tissue.
Samples of left ventricular myocardium were left at room temperature for the times
shown prior to RNA extraction. 300 ng of RNA was used in a 30-pL reverse transcrip-
tion (RT) reaction, and the cDNA equivalent of 4 ng of RNA was analyzed by real-
time PCR for RGS3, Gio2 (49), Tnlc (see Table 4), GAPDH and 18S rRNA (cat. nos.
402869 and 4310893E, respectively, Applied Biosystems, Warrington, UK). Note the
stability of the 18S rRNA target in intact tissue. Error bars = standard deviation.

RNA recovery using filter-based protocols is determined by the RNA-binding
capacity of the filter and is thus influenced by the amount of starting material.
When working with endomyocardial biopsies (typically ranging in size from 0.3
to 20 mg), it is unlikely that the capacity of the filter will be exceeded. However,
using standard manufacturers’ protocols we found varying levels of protein con-
tamination, DNA co-purification, and RNA yield. The choice of disruption and
homogenization technique is an important factor (Tables 2 and 3). In our hands
the most efficient disruption and homogenization protocol for endomyocardial
biopsies is sample disruption in lysis buffer in a 1.5-mL microtube using a dis-
posable fitted pestle (cat. no. 749520-0090; Anachem, Luton, UK), followed by
homogenization in a 2.0-mL microtube using a hand-held Ultra Turrax T8 ho-
mogenizer with a 5-mm probe (cat. nos. 406/0319/00 and 406/0319/10, respec-
tively; VWR International, Lutterworth, UK) and further homogenization using
Qiagen’s QiaShredder (cat. no. 79654; Qiagen, Crawley, UK). Contaminating
protein and DNA can be removed by including proteinase K and DNase I (e.g.,
Qiagen’s RNase-free DNase set, cat. no. 79254; Qiagen, Crawley, UK) treat-
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Table 2
Comparison of RNA Yield From Biopsy-Sized Myocardium
Samples Using Different Extraction Techniques

Average RNA yield (ng)
Homogenization technique per 1.0 mg tissue + SD n
Electric homogenizer + QiaShredder 327.1 = 194.8 8
Electric homogenizer only 173.6 £ 403 4
QiaShredder only 2299 + 8l1.6 3
Table 3
Comparison of RNA Quality From Myocardium and Myocyte
Cell Culture Samples Using Different Extraction Techniques
Homogenization Proteinase K Mean sample purity
Tissue source technique treatment (A 560/A 20) £SD n
Rat myocardium Electric homogenizer + Yes 1.95 +£0.05 4
(biopsy-sized sample) QiaShredder
Electric homogenizer only ~ Yes 1.93 £0.08 4
QiaShredder only Yes 1.87 £0.05 4
Cultured neonatal rat QiaShredder only No 1.37£0.06 12
cardiomyocytes

ment steps. The beneficial effect of proteinase K incubation on resulting RNA
purity is shown in Table 3. DNase I treatment is included because reliable RNA
quantification is essential, in samples prepared using commercial filter columns,
DNA can account for up to 50% of the purified nucleic acid (6).

2.3.5. RNA Quantification

Reliable RNA quantification is important for real-time PCR because it enables
equal and appropriate loading of both RT and PCR reactions, thereby generating
predictable and reproducible measurements of internal control levels. The most
common method of measuring RNA concentration is ultraviolet (UV) absorp-
tion spectroscopy. While this method is quick and simple to perform, it is com-
paratively insensitive, with minimum nucleic acid concentrations of 1 pg/mL
typically required to obtain reliable measurements. Ethidium-bromide-based pro-
tocols are more sensitive than UV absorption spectroscopy and are also routinely
used to measure RNA concentration, but a superior alternative is to use Ribo-
Green RNA quantification reagent (cat. no. R11490; Molecular Probes Europe
BV, Leiden, The Netherlands). RiboGreen is a RNA-binding dye that exceeds
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the sensitivity of ethidium-bromide-based assays and UV absorbance spectro-
photometry by 200- and 1000-fold, respectively (19). The excitation and emis-
sion maxima for RiboGreen reagent bound to RNA are approx 500 and 525 nm,
respectively. Conventionally, RiboGreen reagent is used with a fluorescence
microplate reader, standard spectrofluorometer, or filter fluorometer. However,
the reagent may also be used on any real-time PCR instrument by selecting the
SYBR dye layer (SYBR Green I: excitation maximum =497 nm, emission maxi-
mum = 521 nm), an important caveat being that other dye options (e.g., TAMRA
and ROX) have been deselected. While the RiboGreen commercial protocol
advocates the use of a high-range (20 ng/mL to 1 ug/mL) and a low-range (1-50
ng/mL) assay for sample quantification, we find the assay to be linear between
10 and 500 ng/mL when performed on an ABI Prism 7700 in a 200-uL reaction
volume with RiboGreen reagent at a final dilution of 1 in 400 (Fig. 4).
High-quality RNA extraction and strict quantification give consistently repro-
ducible real-time data. Moreover, using accurately quantified input RNA, pre-
dictable internal control measurements can be seen, thereby allowing problematic
RNASs to be readily identified. For example, Fig. 5 shows the 18S rRNA levels
measured using real-time PCR in cDNA samples prepared from 86 human left
ventricular myocardial samples ranging in size from less than 1 mg to more than
90 mg. C; values for 18S rRNA are tightly clustered, and a single sample is
visible as an outlier indicating a degraded or otherwise unreliable sample.

2.3.6. Reverse Transcriptase Reaction

Reverse transcription (RT) of RNA is necessary because RNA cannot act as a
template for PCR. The RT reaction may be carried out immediately before the
PCR in the same tube (using either one or two enzymes) or as a separate reaction.
Single-tube RT-PCR is reportedly less sensitive than two-tube RT-PCR (6) and
also requires that samples be stored as RNA. In contrast, two-tube RT-PCR gen-
erates a stock of stable cDNA that is more suitable for long-term storage.

When performing two-tube RT-PCR, deciding which type of primer to use for
initiating reverse transcription is important. Random hexamers, gene-specific,
and oligo dT primers are all suitable options, but as yet there is no broad agree-
ment as to which is the most efficient or sensitive (7,20,21). Indeed, first-strand
cDNA can be synthesized in the absence of exogenous primers, most likely
owing to self-priming events. In a two-tube RT-PCR reaction, gene-specific
primers confine analysis to the single gene specified by the initial RT primer. In
contrast, using random hexamers, oligo dT, or a combination of the two, as prim-
ers will allow amplification of the whole mRNA population. Note, however, that
ribosomal RNA transcripts (e.g., 18S), often used as normalizing internal stan-
dards, will not be represented in oligo-dT-primed cDNA since they lack a poly-
A tail. In this case the use of random hexamers is recommended.
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Fig. 4. Quantification of RNA using RiboGreen. Two independent dilution series (three- and twofold) were prepared from total
RNA with RNA-grade TE buffer (pH 7.5) and combined to form a single set of quantity standards. The manufacturer’s RiboGreen
high-range assay protocol (Molecular Probes Europe BV, Leiden, The Netherlands) was followed and fluorescence measured on
the ABI Prism 7700. Plotting the mean fluorescence against RNA standard concentration shows the RiboGreen assay to be linear
between 10 and 500 ng/mL. An expansion of the lower portion of the graph is inset. Error bars = standard deviation; n = 3.
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Fig. 5. Determination of 18S rRNA abundance by real-time PCR. Total RNA was
extracted from human ventricular myocardial samples and quantified using the proto-
cols described (see text). Myocardial sample sizes were 25.44 mg + 20.37 mg, range
1-90 mg. RNA yield was 538 + 362 ng/mg tissue. RT reactions were accurately loaded
with either 60 or 300 ng RNA, depending on sample yields. Resulting cDNAs were
diluted to the equivalent of 2 ng of RNA per puL and a total of 5 ng used in a 25-uL
PCR with primers and TagMan probe for 18S rRNA. Mean 18S C,was 13.78 + 1.96.
Note the outlying data point is readily identified.

2.3.7. Choice of Quantification Strategy

There are two basic approaches to the quantification of mRNA transcript lev-
els using real-time PCR: absolute quantification, in which the precise number of
mRNAs per cell, unit of RNA, or unit of tissue is determined, and relative quan-
tification, where mRNA abundance is calculated relative to a calibrator sample
or control group.

2.3.7.7. ABSOLUTE QUANTIFICATION

Absolute quantification requires the preparation of a set of quantity standards
for which the number of copies of target sequence per unit of sample is accu-
rately known for each dilution point. To compensate for variation introduced
during the RT step, the standard curve may be prepared from RNA copies of the
target amplicon sequence. These may be generated by in vitro transcription of
the amplicon (2,5,22,23) or by purchasing custom synthesized RNA oligonucle-
otides (24). In practice, many authors use standard curves derived from dilution
of a DNA copy of the target amplicon and have shown them to be an acceptable
alternative (5,22). However, although this may be a quick and convenient way of
deriving an accurate correlation between C, and DNA abundance, it may not
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correlate directly with mRNA abundance, as the efficiency of mRNA to cDNA
conversion during the RT reaction will be unknown.

2.3.7.2. ReLATIVE QUANTIFICATION

In many cases absolute quantification is not required and relative quantifica-
tion of mMRINA can be used. There are several methods of relative quantification,
including the use of standard curves, but one of the most frequently used is the
comparative C, method. Here, expression of the abundance of a target mRNA in
a test sample is normalized to an internal standard (often 18S rRNA) and related
to the expression level in a control sample (e.g., normal donor myocardium).
The difference between the C; value of the target mRNA and that of the internal
standard is represented as C; (target mRNA) — C; (internal standard) = AC;.. The
expression of the target gene in the test sample relative to the control sample is
therefore given as AC; (test) — AC; (control) = AAC,." Where the efficiency of
PCR s close to 100% (i.e., close to a doubling of product per cycle), the relative
abundance of the target RNA between the two samples becomes 24T, The
advantage of the comparative C, method is that standard curves do not need to be
constructed, allowing more samples to be analyzed per plate, saving time and
money. However, it should be noted that for this form of comparative analysis,
the PCR amplification efficiencies for both the target gene and the internal stan-
dard need to be equal. The PCR efficiency must be demonstrated for each assay
and is assessed by observing how C; varies with template dilution (Fig. 2A).
When efficiencies for each PCR are equal, the AC; value will be the same no
matter the dilution (see Fig. 2B). Specifically, Applied Biosystems stipulate that
the comparative C; method can only be reliably used when the gradient of the
AC; plotis less than 0.1 (25). In the event that equal PCR efficiencies cannot be
demonstrated, new primers may need to be designed to improve efficiency, quan-
tification performed using the relative standard curve method, or a refined com-
parative C; calculation used. In recognition of the difficulties encountered with
unequal efficiencies, new strategies have been developed where the actual effi-
ciencies of PCR amplifications are included in the quantification calculation (26—
31). In addition to minimizing assay optimization and validation, the advantage
of such strategies is that they do not assume 100% PCR efficiency. Furthermore,
some strategies estimate PCR efficiency for each reaction from the actual data
used to create the amplification plot rather than an external standard curve (26—

*The amount of target mRNA recorded at any time during a PCR is influenced by the amount
of target mRNA at the start of PCR, the efficiency of PCR, and by the number of PCR cycles
performed. This is described by the equation: X, = X, x (1 + Ey)", where X, is the amount of target
mRNA at cycle n, X, is the initial amount of target mRNA, E| is the efficiency of target amplifi-
cation, and n is the number of cycles performed. The comparative C; method expands this equa-
tion to give the formula: 22 (see Applied Biosystem’s User Bulletin no. 2 [25]).
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28). Such strategies do not assume that the PCR efficiencies of the standard curve
and of the cDNA samples are identical. Neither do they assume that individual
cDNA samples will have similar PCR efficiencies and can therefore be repre-
sented with a single efficiency value. Instead, analysis is based entirely upon the
kinetics of the experimental samples.

2.3.8. Choice of Internal Control for Normalization

The importance of choosing a suitable internal control for normalization of
the target mRINA cannot be overstated, and some researchers advocate the use of
a minimum of three and up to five independent internal controls (32,33). Most
importantly, expression of the internal control must be unaffected by the variable
being investigated. This cannot be assumed and should always be established
empirically (5,32-34). A list of useful standard internal control RNAs is given in
Table 4. For analysis using tissue extracts, it is also important to consider poten-
tial bias resulting from differences in the cellular origins of target and internal
control transcripts. For example, in the case of 18S rRNA, all cells present in the
sample under investigation will contribute to the resulting signal, whereas a cell-
type specific transcript will not. When cardiac myocyte gene expression is being
analyzed in endomyocardial biopsies where the proportion of different cell types
may vary between samples, it may be more appropriate to use a cell-specific
internal standard such as myocyte-specific cardiac troponin I (35).

It is possible to measure both the target gene of interest and the internal con-
trol simultaneously in the same reaction by color coding the independent reac-
tions using TaqMan probes labeled with different fluorescent dyes (36). Multi-
plexing reactions in this way not only prevents errors introduced by repeated
pipetting, but also minimizes the amount of samples, time, and reagents needed
to complete the study. The disadvantage of multiplexing assays is an increase
in the initial time required to optimize both PCRs together and ensure that nei-
ther reaction predominates.

3 Real-Time PCR and Allelic Discrimination
3.1. Overview

Since the completion of the Human Genome Project, much attention has been
focused on genetic variation. The simplest type of genetic variant is the SNP,
where one nucleotide is substituted for another. Approximately 3 million SNPs
have already been cataloged in the National Institutes of Health SNP database
(http://www.ncbi.nlm.nih.gov/SNP). SNPs causing changes in promoter regions
or in amino acid coding sequences have been identified in many genes and are a
logical starting point when considering the impact of genetic variation between
individuals, as they may affect gene regulation, protein structure, and/or func-
tion.
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Table 4

Common Internal Controls Used in Real-Time PCR

Abundance across

Name Symbol  Function a general tissue panel ~ Comment
18S ribosomal RNA 18S Facilitates ribosome Very high Reported pseudogenes
assembly
B-Actin ACTB Cytoskeletal protein High/moderate® Reported pseudogenes
Glyceraldehyde-3-phosphate GAPDH  Carbohydrate metabolism High? Reported pseudogenes
dehydrogenase
B,-Microglobulin B2M B-Chain of major histo- High/moderate®
compatibility complex
class I molecules
Hypoxanthine phosphoribosyl- ~ HRPT Purine metabolism Low/undetectable“ Reported pseudogenes
transferase-1
Acidic ribosomal PO Component of 60S subunit ~ High? Reported pseudogenes
phosphoprotein of the ribosome and splice variants
Cardiac troponin I Tnlc Regulatory subunit Cardiac myocyte Forward: 5' tcctccaactaccgegctta

of the cardiac contractile
apparatus

specific

Reverse: 5' ctegetecagetettgcttt

Probe: 5' agcagagtcttcagetgcaattttctcgag

“From ref. 50.

®From GeneCards at http://bioinformatics.weizmann.ac.il/cards/.
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Hypothesis

Candidate SNP frequency \ Determine patient population to
\ / be studied
Perform statistical

& power calculations

Assay design and optimisation (confirm by Clinical characterisation of
another method if possible) subjects

Run on ~ 100 non-transplant
controls of similar ethnic mix

v

Determine samples of different genotype and Assess
for Hardy Weinberg Equilibrium (HWE). If not in
HWE, assume assay problem and repeat design and

optimisation steps

Run assay on recipient and donor samples
using samples of known genotype as controls
for autocalling

v

Generate a genotype database Construct a clinical database

S X

Merge genotype and clinical databases

v

Perform statistical analyses to test hypothesis

Fig. 6. Steps involved in carrying out a single-nucleotide polymorphism association
study in cardiac transplantation.

In transplantation, several pathways exist where recipient or donor organ
SNPs (or genotype) might affect the clinical outcome. SNP association may
therefore provide valuable information on the prediction of complications after
transplantation. Several studies to date have examined associations between
SNPs in genes encoding immunological proteins as potential determinants of
acute and chronic rejection. Other pathways relevant to cardiac transplantation
include those involved in immunosuppressant and lipid metabolism and suscep-
tibility to infection. A number of recent studies are summarized in Table 5.

The attraction of SNP association studies in transplantation compared to non-
transplant chronic diseases includes shorter time to the occurrence of clinical
events, regular clinical assessments, and the study of both recipient and donor
genotypes. In studying recipient genotypes, the systemic effect of a particular
SNP is being examined, whereas when studying their donor’s genotype, the local
effect is being examined. A significant limitation of SNP association studies in
cardiac transplantation, however, is the small group size at a single center, which,
in addition to reduction of statistical power, makes the study of rare SNPs impos-
sible (see Table 5 for typical sample sizes). Figure 6 outlines the steps involved
in conducting an SNP association study in cardiac transplantation.
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Table 5

Examples of Single-Nucleotide Polymorphism Association Studies in Cardiac Transplantation

Topic

SNPs
examined

Pathway

Total number

Association

Reference

Acute rejection

Transplant coronary
artery disease

IL-10
G-1082A
G-819T
C-592A
TNF-o.
TGF-B

IL-10

IL-6

IFN-y

IL-10

IL-1082

IL -819
IL-592

IL-1B, IL-1R1,
IL-1RN, I-L6,
IL-10, TNF-0,,
TGF-B1, and
FCGRITA

IL-10 is an
immunomodulator

IL-10: anti-inflam-
matory cytokine

70 recipients
61 donors

90 recipients

148 recipients,
135 donors

179 recipients

No association

TGF-B coding SNPs
associated with time to first
rejection

No association

IL-1R1 SNP associated with
long-term graft survival

51

52

53

54

(Continued on next page)
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Table 5 (Continued)

Examples of Single-Nucleotide Polymorphism Association Studies in Cardiac Transplantation

SNPs
Topic examined Pathway Total number Association Reference
Transplant coronary  B-Fibrinogen Pathways involved 53 recipients, Donor PAI-1 and factor XIII 55
artery disease Factor V in hemostatis 53 donors SNPs associated with
(continued) Prothrombin development of transplant
Factor XIII coronary artery disease
PAI-1
GPIlla
GPI a
GPIba
Pharmacokinetics MDRI1 Calcineurin 63 pediatric MDR1 C3435T TT and 56
C3435T and inhibitor uptake recipients G2677T TT associated with
G2677T and metabolism lower tacrolimus dose
CYP 3A5 requirements to achieve
desired concentrations
Hyperlipidemia Apo-A-1 Apolipoprotein is 103 recipients Subjects possessing the 57
promoter a component of A allele have higher
polymorphism high-density triglyceride and LDL

lipoprotein

cholesterol levels
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3.2. Real-Time PCR and Genotyping

Real-time PCR can be used to study SNPs by providing a useful method of
genotyping. The method is based on the same overall principles described above
but makes use of the ability to discriminate between the two alleles by use of
two differently labeled probes. Primers flanking the polymorphic site and probes
complementary to each of the two alleles, each with a unique reporter dye of
different fluorescent wavelength, are designed. Typically, the reporter dyes FAM
(518 nm) and VIC (525 nm) are used. In the PCR reaction, the probes hybridize
preferentially to their complementary alleles so that fluorescence is only gener-
ated where perfect nucleotide matching has occurred. Wild-type homozygous
DNA therefore produces one fluorescent wavelength, whereas mutant homozy-
gous produces the other. DNA containing both alleles (heterozygous) produces
emission of both fluorescent wavelengths. Fluorescence at the two wavelengths
is detected by the integral fluorometer, in this case, the Sequence Detection Sys-
tem (SDS) of the ABI Prism 7700, which also dampens background signals and
inequalities due to variations in initial DNA concentrations. Most systems can
also be set up to perform autocalling of genotype by comparison with the spec-
tral fluorescent emissions of control standards of known genotype (see Fig. 7).
Genotypes may also be ascribed by hand by examining the raw spectral data.
Using the ABI Prism 7700, it is possible to genotype between 84 and 96 indi-
viduals (using autocalling and manual methods, respectively) for one SNP in 2.5
h, making this a medium throughput genotyping method. The ABI Prism
7900HT has a 384-well block, so throughput can be four times higher.

3.3. Experimental Considerations

3.3.1. Assay Design

The usefulness of real-time PCR and TagMan chemistry in genotyping is
largely dictated by the sequence of the gene concerned. Unlike mRNA quantifi-
cation, in which the position of TagMan probe and flanking primers is largely at
the discretion of the operator, for genotyping the position of the TagMan probe
is fixed by the SNP under study. In some cases it can prove difficult to design
suitable probes. For optimal assay performance, primers and probes must be
designed according to strict criteria. In particular, Applied Biosystems stipulate
that the probe should contain the SNP in its middle third, be less than 20 nucle-
otides long, and have a salt-adjusted melting temperature (7m) of 65-67°C.
Where this proves difficult, for example, if the SNP of interest lies in an AT-
rich region, TagMan minor groove binder (MGB) probes may be used (cat. no.
4316034, Applied Biosystems, Warrington, UK). Conjugation of an MGB com-
plex to an oligonucleotide dramatically increases its Tm by stabilizing the
nucleic acid duplex (37-39). Attaching an MGB to a TagMan probe therefore
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Fig. 7. Autocalling of AMPD-1 C34T genotypes. In the upper panel, individuals
are sorted according to fluorescence characterisation as 1, 2, and 1/2. Each dot repre-
sents a single result. The lower panel gives details of each individual sample. In this
example, allele 1 refers to the AMPD-1 C34T C allele and allele 2 to the T allele.
Control DNA was placed in row H of the plate (No Amp refers to no-template con-
trols) and DNA of unknown genotype in rows A—G. 1, CC homozygotes; 1/2, CT
heterozygotes; 2, TT homozygotes.

means that shorter sequences (13- to 20-mers) can be used to obtain probes with
an optimal 7m. Because single-nucleotide mismatches become more disruptive
as probe length decreases, the opportunity to minimize probe length is particu-
larly valuable in SNP analysis. Primers flanking the polymorphic site that cre-
ate an amplicon ideally between 80 and 200 bp long are designed according to
the criteria outlined by Applied Biosystems (40). Assay optimization is then
performed in order to determine the primer and probe concentrations at which
allelic discrimination is clearest.

As with mRNA detection assays, designing and optimizing probe and primer
sets is often the most time-consuming part of any real-time PCR genotyping
project. Off-the-shelf assays, such as Applied Biosystems’ TagMan SNP geno-
typing assays (41) or personalized products like Custom TagMan SNP Geno-
typing Assays (42), can remove or substantially reduce the time spent on design.
To search available TagMan SNP genotyping assays visit www.allsnps.com.
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3.3.2. Sources of DNA and Optimization

DNA for use in genotyping can be isolated from a variety of sources, includ-
ing whole blood or spleen (often the case for donor DNA) using standard extrac-
tion methods and stored until use at —20°C in deionized, sterile water. In the
setting of transplantation, DNA may be available for analysis as a byproduct of
DNA-based routine tissue typing. DNA may also be isolated from stored myo-
cardial samples (43). Each genotyping reaction requires in the region of 0.01-
0.1 pg of DNA.

The first step of a genotyping project is to identify DNA samples represent-
ing each of the genotypes being analyzed (i.e., AA, AB, and BB genotype).
These will serve both as control templates for PCR optimization and as refer-
ence standards during subsequent analysis. Identifying DNA samples repre-
senting the three genotypes may have to be done by screening a large range of
DNA samples essentially at random. Where the polymorphism is relatively
frequent, as in the case of adenosine monophosphate deaminase (AMPD)-1
(described later), an initial screen of 1-200 DNA samples should reveal all
genotypes. Alternatively, artificial target sequences can be synthesized and
diluted appropriately for use. Once samples of all three genotypes have been
detected, these can be included as controls against which the SDS software
compares emissions from wells of unknown sample type and so ascribes the
correct genotype. This feature is known as autocalling, and because 12 wells
are required for samples of known genotype (3 for each of both homozygous
genotypes, 3 for heterozygous genotypes, and 3 no-template controls), the
genotypes of only 84 samples can be determined per 96-well plate.

3.4. AMPD-1 Genotyping Using Real-Time PCR

Because of its likely role in cardioprotection (44,45), we have examined the
C34T SNP (GIn12STOP) of (AMPD-1) in 392 cardiac transplant recipients,
377 of their donors, and 294 unrelated Caucasian controls using a real-time
PCR-based allelic discrimination assay (46). The method used for this and other
similar projects, outlined in Fig. 6, included confirmation of genotype by
single-stranded conformational polymorphism (SSCP) analysis in 10% of
samples. All results were concordant between the two methods. Previous stud-
ies showed that approx 21% of Caucasians carry the C34T T allele, and heart
failure patients possessing this allele have been shown to survive longer with-
out need for transplantation (mean 7.6 vs 3.2 yr; p < 0.001) (44). Carriers of the
C34T T allele have substantially reduced cardiac AMPD activity (47), which
through increasing adenosine may contribute to cardioprotection. We found an
association between possession of the C34T T allele in cardiac donors with
reduced pre-donation inotrope requirements (48) suggesting a cardioprotective
effect in the setting of donor organ function.
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4. Conclusion

Since the launch of the original chemistry and instrumentation, quantitative
real-time RT-PCR has become commonplace in laboratories worldwide, and
its popularity has ensured the development of a large variety of chemistries
and instruments to suit every budget and throughput requirement. The excep-
tional accuracy and sensitivity easily achievable with real-time PCR make it
the method of choice for mRNA quantification, especially from limited tissue
samples. When beginning a real-time RT-PCR project, it is important to remem-
ber that the technique is based entirely on the assumption that the amount of
cDNA amplified and detected is an accurate reflection of the corresponding
mRNA levels in the starting material and thus to consider how each aspect of
the protocol may bias this assumption and consequently the conclusions. Geno-
typing using real-time PCR technology is also an accurate and useful method
for single nucleotide polymorphism association studies in cardiac transplanta-
tion.
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Summary

The success of organ transplantation is critically dependent on the quality of the donor
organ. Donor organ quality, in turn, is determined by a variety of factors including donor
age and preexisting disease, the mechanism of brain death, donor management prior to
organ procurement, the duration of hypothermic storage, and the circumstances of
reperfusion. It has been recognized for some time that both the short- and long-term
outcomes after cadaveric organ transplantation are significantly inferior to those obtained
when the transplanted organ is obtained from a living donor, regardless of whether the
donor is related or unrelated to the recipient. Brain death results in a series of hemody-
namic, neurohormonal, and pro-inflammatory perturbations, all of which are thought to
contribute to donor organ dysfunction. The process of transplantation exposes the donor
organ to an obligatory period of ischemia and reperfusion. Traditionally, hypothermic
storage of the donor organ has been used to protect it from ischemic injury, but donor
organs differ markedly in their capacity to withstand hypothermic ischemia. Data from
the Registry of the International Society for Heart and Lung Transplantation indicate that
the risk of primary graft failure and death rises dramatically for both the heart and lung as
ischemic time increases. Based on these data, maximum recommended ischemic times
for the donor heart and lung are 6 and 8 h, respectively. In this chapter, strategies aimed
at minimizing the adverse consequences of brain death and ischemia/reperfusion injury
to the donor heart and lung are discussed. These strategies are likely to become increas-
ingly important as the reliance on marginal donors increases to meet the growing demand
for organ transplantation.

Key Words: Brain death; neurohormonal changes; intensive care; catecholamines;
hormonal therapy; reperfusion therapy.
1. Introduction

The success of organ transplantation is critically dependent on the quality
of the donor organ. Donor organ quality, in turn, is determined by a variety of
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factors including donor age and preexisting disease, the mechanism of brain
death, donor management prior to organ procurement, the duration of hypo-
thermic storage, and the circumstances of reperfusion. As demand for solid
organ transplantation has increased, so has the use of marginal donors (e.g.,
those obtained from older donors or from donors with evidence of chronic
organ disease or dysfunction prior to brain death) (). Thus, many cadaveric
organs offered for transplantation have preexisting disease or dysfunction
prior to the onset of brain death, and although results obtained with marginal
doors are generally regarded as acceptable (at least in relation to the waiting
list mortality), it is clear that both short- and long-term posttransplant out-
comes are not as good when compared with organs obtained from conven-
tional donors (2,3). Furthermore, although the use of marginal donors has led
to an increase in the potential donor pool, it has also led to an increased
discard rate of cadaveric organs offered for transplantation. For example, as
reported by Rosendale et al. (1), “the discard rate of kidneys procured from
the cadaver donor in USA has been increasing to an alarming level of more
than 15% of those kidneys recovered for transplantation.” The discard rate
for other organs is even higher. Approximately 25% of livers and 60% of
hearts and lungs from cadaveric donors are not transplanted due to poor do-
nor organ quality (4,5).

Another factor that adversely affects donor organ quality is brain death. It
has been recognized for some time that both the short- and long-term out-
comes after cadaveric organ transplantation are significantly inferior to those
obtained when the transplanted organ is obtained from a living donor whether
the donor is related or unrelated to the recipient (6). Brain death results in a
series of hemodynamic, neurohormonal, and pro-inflammatory perturbations,
all of which are thought to contribute to donor organ dysfunction.

Finally, the process of transplantation exposes the donor organ to an obliga-
tory period of ischemia and reperfusion. Traditionally, hypothermic storage
of the donor organ has been used to protect it from ischemic injury, but donor
organs differ markedly in their capacity to withstand hypothermic ischemia.
Data from the Registry of the International Society for Heart and Lung Trans-
plantation indicate that the risk of primary graft failure and death rises dra-
matically for both the heart and lung as ischemic time increases (2,3). Based
on these data, the maximum recommended ischemic times for the donor heart
and lung are 6 and 8 h, respectively.

In this chapter, strategies aimed at minimizing the adverse consequences of
brain death and ischemia/reperfusion (I/R) injury to the donor heart and lung
are discussed. These strategies are likely to become increasingly important as
the reliance on marginal donors increases to meet the growing demand for
organ transplantation.
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2. Management of the Brain-Dead Donor

2.1. The Hemodynamic, Neurohumoral,
and Immunological Consequences of Brain Death

2.1.1. Hemodynamic Changes

Brain death is accompanied by a series of complex hemodynamic, neuro-
hormonal, and immunological changes. The time course and severity of these
changes may vary according to the tempo and nature of the neurological insult
leading to brain death. The most severe changes are usually seen in the setting
of acute onset of brain death (such as occurs with severe intracranial hemor-
rhage), which is associated typically with an acute and intense autonomic dis-
charge, characterized by initial bradycardia (parasympathetic discharge)
followed by extreme tachycardia and hypertension (sympathetic discharge).
Potential donor organs suffer an ischemic insult during this phase—the heart
as a result of a massive increase in workload (7) and the peripheral organs
caused by intense peripheral vasoconstriction (8). This autonomic storm has its
onset within the first few minutes and usually passes within 15 min. The auto-
nomic storm is also characterized by a sudden increase in cytosolic calcium,
which in turn activates enzymes such as lipase, protease, endonuclease, nitric
oxide (NO) synthase, and xanthine oxidase (8). These enzymatic changes dis-
rupt normal adenosyl triphosphate (ATP) utilization and generate oxygen-free
radicals, which contribute to organ failure. Thereafter, there is a loss of sympa-
thetic tone associated with persistent tachycardia and hypotension. The loss of
autonomic tone also results in impaired vascular autoregulation with dimin-
ished blood supply and oxygen delivery to organs and tissues. Both initial and
late circulatory changes can lead to severe ischemic damage in donor organs
before their removal, causing deterioration of the quality of the transplanted
graft.

2.1.2. Neurohormonal Changes

Although most investigators accept a link between brain death and disrup-
tion of the hypothalamic—pituitary axis, there are conflicting data regarding the
hormonal changes that occur during and after central nervous system injury
and their influence on hemodynamic parameters and organ quality (9—-11). In
animal models the hormonal changes fall into two categories: those associated
with the autonomic storm represent a transient and massive increase in circu-
lating catecholamines, and those associated with hypothalamic—pituitary fail-
ure lead to neurogenic diabetes insipidus and a marked decrease in levels of
thyroid hormones and cortisol, at least in animal models (12,13). Metabolic
abnormalities associated with these hormonal perturbations include impaired
aerobic metabolism despite normal O, delivery. This has been demonstrated
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both globally (14) and in specific organs including the heart (12) and kidney
(15). The consequent reliance on anaerobic metabolism results in lactic acido-
sis (12,14,15) and rapid depletion of high-energy substrates such as ATP (12).
Progressive depletion of high-energy stores has been reversed successfully by
a combination of T3, cortisol, and insulin administration, suggesting that hor-
monal changes are the major cause of mitochondrial dysfunction with impaired
energy production at the cellular level (16).

Some investigators, however, have demonstrated only minor hormonal
changes in humans after the onset of brain death (17,18). An extensive survey
of studies on brain-dead human donors indicates that a reduction in the level of
free triiodothyronine (T3) has almost always been documented, but changes in
other hormone levels (such as thyroid-stimulating hormone, thyroxine [T4], and
cortisol) are variable (17-21). Levels of reverse T3 have been found to be nor-
mal or increased after brain death, consistent with a “sick euthyroid” state. Dif-
ferences between experimental and some clinical findings may be explained by
the fact that the former are determined with a uniform mechanism of brain death
in highly controlled systems in contrast to the latter group, in which patients
suffer brain death by a variety of mechanisms.

2.1.3. Immunological/Inflammatory Changes

Studies investigating the relation between brain death and immunological
activation of peripheral organs have demonstrated that the explosive increase in
intracranial pressure followed by systemic hypotension upregulates various lym-
phocyte- and macrophage-derived cytokines on solid organs in rats (22). The
hypothesis that brain death increases the immunogenicity of solid organs is fur-
ther supported by findings that kidneys and hearts transplanted from brain-dead
donor animals experience accelerated acute rejection compared to those from
living donors (23). Early adhesion molecules (selectins) not present on the vas-
cular cell surface under resting conditions but upregulated rapidly after injury
seem to trigger subsequent events. Adherent leukocyte populations express other
classes of adhesion molecules (intercellular adhesion molecule; vascular cell
adhesion molecule; lymphocyte-function associated antigen-1) and release
proinflammatory lymphokines (tumor necrosis factor-o., interferon [IFN]-y).
Expression of major histocompatibility complex (MHC) class I and II molecules
is increased. The upregulation of MHC on graft cells is mediated primarily by
IFN-v, itself increased by the brain-death—I/R insult. The mediators of immuno-
logical activation of donor organs after brain death have not been determined.
The deleterious changes in endothelial surfaces and the increasing immunoge-
nicity of solid organs begin promptly after massive central injury, and it has
been suggested that these changes can be partly explained by excessive cat-
echolamine release (8). This hypothesis is further supported by the experimen-
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tal observation that even short-term administration of catecholamines in brain-
dead donors is followed by reduced survival and poor initial function after renal
allotransplantation in pigs (24).

2.2. Intensive Care Unit Management of the Brain-Dead Organ Donor

Donor management has been described as “the most neglected area of trans-
plant medicine” (25). In one study it was estimated that failure to provide ade-
quate physiological support to potential donors accounted for at least 25% of lost
donor organs (26). Data from the Australia & New Zealand Organ Donation
registry (27) reveals that more than 90% of brain-dead individuals develop hypo-
tension and receive some form of inotropic/pressor support, most commonly nor-
adrenaline. Other inotropic/pressor agents used include adrenaline, dopamine,
dobutamine, and metaraminol. The choice of agent is likely to reflect local pref-
erences, but currently there is little evidence to support the use of any single
catecholamine over others. The duration of pressor support varies considerably,
but 90% of brain-dead donors receive support for between 6 and 24 h, prior to
donor organ removal.

The impact of the administration of catecholamines to the brain-dead donor on
subsequent graft outcome remains unclear. Experimental studies in solid organ
transplantation and clinical studies in heart transplantation have generally dem-
onstrated worse outcomes when the donor has received catecholamines (24,28-
32). On the other hand, several clinical studies, including a recent meta-analysis,
found that that graft outcomes after kidney transplantation were better when
donor kidneys were obtained from donors who had received catecholamines (32).
In this same meta-analysis, heart transplant outcomes were worse and liver trans-
plant outcomes were unaffected by donor catecholamine treatment. At present, it
is unknown whether these differences in transplanted organ outcomes reflect
differences in the type of donors that receive catecholamines, the direct effects of
catecholamines on different donor organs, or indirect effects (such as better main-
tenance of blood flow to the kidney in donors receiving catecholamine infu-
sions). Regardless of the explanation, this observation creates an immediate
dilemma for the intensive care physician caring for the brain-dead donor. Does
he or she administer a drug that appears to benefit one potential donor organ but
harms another?

A series of observations reported by Rosendale et al. (1) suggest that it may
not be necessary to optimize preservation of one organ at the expense of another.
In a large retrospective review of the Organ Procurement and Transplantation
Network database, they noted that 15% more kidneys were transplanted from
donors whose heart was transplanted: 91 vs 76% (p < 0.001). Furthermore, kid-
neys from heart donors had a lower incidence of delayed graft function: 18 vs
25% (p < 0.001) and better 1-yr survival: 91 vs 87% (p < 0.001). These data
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suggest that donor treatments that optimize the function of the donor heart (and
cardiac output) are likely to benefit donor kidney function as well (and presum-
ably the function of other donor organs).

2.3. Hormonal Resuscitation of the Brain-Dead Donor

Generally accepted principles of donor management include correction of
any fluid imbalance by intravenous fluid replacement, treatment of diabetes
insipidus, maintenance of blood pressure using vasoconstrictors (usually) or
vasodilators, with maintenance of adequate ventilation and electrolyte homeo-
stasis (33-35). However, there is no consensus regarding correction of hor-
monal abnormalities in the brain-dead donor other than treatment of diabetes
insipidus. The use of vasopressin or its synthetic analog desmopressin is con-
tentious because both have been reported to impair perfusion of the donor pan-
creas (36). On the other hand, there is a paucity of data on the effects of other
vasopressor agents on perfusion of the donor pancreas or other intra-abdomi-
nal organs.

Almost 50 yr ago, Wagner and Braunwald demonstrated that patients with
autonomic failure were exquisitely sensitive to the vasoconstrictor effects of
vasopressin, whereas minimal vasopressor effects were demonstrable in normal
subjects (37). In 1986, Yoshioka and colleagues demonstrated that brain-dead
subjects could be maintained in a stable hemodynamic state for an average of 23
d using a combination of low-dose vasopressin and adrenaline (38). In the same
study, brain-dead subjects treated with adrenaline alone all progressed to car-
diac arrest at an average of 24 h after brain death. More recently, several inves-
tigators have demonstrated that low-dose vasopressin is effective in restoring
blood pressure and systemic vascular resistance in hemodynamically unstable
brain-dead donors (39,40). Low-dose vasopressin has been shown to be effec-
tive in maintaining hepatic energy metabolism after brain death in experimental
dogs (41). Furthermore, human studies have shown that renal and hepatic func-
tion are well preserved in brain-dead patients supported with low-dose vaso-
pressin infusions (38,42,43).

Clinical trials of thyroid hormone administration to the brain-dead donor
have shown variable efficacy (44-47). There are several possible explanations
for the discordant results observed in clinical trials to date. In general, studies
in which the brain-dead donor has been treated with thyroid hormone alone
(either T3 or T4) have generally failed to demonstrate any hemodynamic ben-
efit associated with this treatment (45,46,48). In contrast, studies of hormonal
replacement in which thyroid hormone has been administered in combination
with cortisol (44,49) or as part of a multihormone “cocktail” have demonstrated
favorable effects on donor hemodynamic status (16,50). The extent of hormonal
disturbance and the impact this has on donor organ quality may vary among
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donors, depending on the clinical circumstances leading to brain death. Retro-
spective analysis of these studies suggests that combined hormonal therapy is
most useful in hemodynamically unstable donors, those with impaired left ven-
tricular function on echocardiography, or those requiring prolonged vasopres-
sor support.

Perhaps the most supportive clinical study for combined hormonal therapy
was that performed by Wheeldon and colleagues (50). Based on the experimen-
tal work of Novitzky and colleagues (12,16,51,52), they developed a combined
infusion of T3, methylprednisolone, vasopressin, and insulin, which has subse-
quently become known as the Papworth cocktail. They reported that in 150
consecutive multiorgan donors, 52 hearts were unacceptable for transplanta-
tion based on conventional selection criteria. Forty-four of these (92%) became
acceptable after institution of Swan—Ganz monitoring, hemodynamic “optimi-
zation,” and administration of combined hormonal therapy. Importantly, simi-
lar posttransplant outcomes were observed after transplantation of these
resuscitated hearts compared with organs that initially met “acceptable” crite-
ria. Largely based on the results of this study, a recent consensus meeting of
various stakeholders in the United States developed a uniform cadaveric donor
management protocol (Fig. 1) that incorporates invasive hemodynamic moni-
toring and hormonal resuscitation (HR) for donors who are hemodynamically
unstable (4).

Recently, Rosendale et al. (53) published the findings of a large retrospec-
tive analysis of all brain-dead donors recovered in the United States from Janu-
ary 1, 2000, to September 30, 2001. Of 10,292 consecutive brain-dead donors
analyzed, 701 (7%) received three-drug HR (T3 or L-thyroxine, methylpred-
nisolone, and vasopressin). Univariate analysis showed that the mean number
of organs from HR donors (3.8) was 22.5% greater than that from non-HR
resuscitation donors (3.1) (p < 0.001). Multivariate analyses showed that HR
was associated with the following statistically significant increased probabili-
ties of an organ being transplanted from a donor: kidney 7.3%, heart 4.7%,
liver 4.9%, lung 2.8 %, and pancreas 6.0%. Extrapolation of these probabilities
to the 5921 brain-dead donors recovered in 2001 was calculated to yield a total
increase of 2053 organs.

2.4. Anti-Inflammatory Treatment of the Brain-Dead Donor

Another potential approach to improving the quality of cadaveric donor organs
involves the use of specific or nonspecific anti-inflammatory treatments aimed
at blunting or reversing the upregulation of pro-inflammatory cytokines, adhe-
sion molecules, and donor specific antigens. The administration of high-dose
steroids to brain-dead donors has been shown experimentally to improve the
survival of renal and cardiac allografts (54,55) and clinically to improve donor
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Fig. 1. Crystal City recommendations for cardiac donor management, which have been
adopted into the United Network for Organ Sharing Critical Pathway. (From ref. 5.)

lung function, resulting in an increased number of transplanted lung allografts
(56). 1t is noteworthy that the steroid doses of the combined hormone resuscita-
tion protocols used in the above-mentioned studies were very high, indicating
that the hormone cocktail is likely to be playing an anti-inflammatory as well as
a hormone-replacement role (44,50,53).

Based on available experimental and clinical trial data reviewed above, the
United Network for Organ Sharing and other stakeholders in the United States
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Table 1
Lung Donor Management Recommendations

The airway
Bronchoscopy
Frequent suctioning and aspiration precautions
Albuterol therapy for wheezing (may improve lung fluid clearance)

Mechanical ventilation
Adequate oxygenation
PO, > 100 mmHg, FIO, = 0.40 or O, saaturation > 95%
Adequate ventilation
Maintain pH 7.35-7.45 and PCO, 30-35 mmHg
PEEP* 5 cm H20
Tidal volume 10-12 mL/kg
Peak airway pressures < 30 mmHg

Fluid Management and Monitoring
CVP at a minimum; PA catheter desirable
Arterial line and pulse oximetry
Judicious fluid resuscitation to ensure end-organ perfusion
CVP 6-8 mmHg, Pcwp 8-12 mmHg
Urine output 1 mL/kg/h
Colloid as the fluid of choice for volume resuscitation
Albumin (normal serum) with normal PT, PTT; FFP with coagulopathy
Hemoglobin > 100 g/L

PO,, partial pressure of oxygen; PIO,, fractional concentration of O, in inspired gas; PCO,,
partial pressure of carbon dioxide; PEEP, positive end-expiratory pressure; CVP, central venous
pressure; Pcwp, pulmonary capillary wedge pressure; PI, intrathorcic pressure; PTT, partial
thromboplastin time; FFP, fresh frozen plasma.

From ref. 4.

have now endorsed the use of hemodynamic monitoring and combined HR in
all brain-dead donors who are hemodynamically unstable, require high doses
of inotropic/pressor agents, or show evidence of impaired cardiac function on
echocardiography (4,5). Brain-dead donors who demonstrate one or more of
these features probably account for between one-quarter and one-third of multi-
organ donors. Routine administration of combined HR to these donors is likely
to increase the yield of all donor organs (53,57). An algorithm for the manage-
ment of the brain-dead donor developed by the Heart Working Group of the
Consensus Meeting is shown in Fig. 1.

Additional recommendations were made by the Lung Working Group of the
Consensus Meeting in relation to optimizing lung function and the suitability of
the lungs for transplantation (4). These recommendations are summarized in
Table 1. Of particular importance are management of the airway and ventilation.
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Regular airway suctioning should be performed to clear bronchial secretions,
and any donor with clinical or radiological signs of retained sputum or impaired
alveolar ventilation should undergo bronchoscopy with bronchial toilet to clear
the airways and collect specimens for microscopy and culture. Ventilator set-
tings should be adjusted to maintain adequate oxygenation (arterial pO, > 100
mmHg or O, saturation >95%) and ventilation (pH 7.35-7.45 with arterial pCO,
30-35 mmHg) Target ventilator settings are FiO, < 0.40, PEEP *5 cmH,0, tidal
volume 10-12 mlL/kg, and peak airway pressure less than 30 mmHg. Major
deviations from these ventilator settings should prompt the performance of a
chest x-ray and bronchoscopy with corrective measures determined by the find-
ings (35).

3. Preservation of the Heart
3.1. Excision of the Donor Heart and Storage Conditions

More than 80% of cadaveric donors are multiorgan donors. Under these cir-
cumstances, the donor heart is procured during a procedure in which the lungs,
liver, kidneys, and/or pancreas are also excised. After venting the venous circu-
lation, the ascending aorta is cross-clamped and cold preservation solution is
rapidly infused into the aortic root to produce rapid cooling and electromechani-
cal arrest of the heart. Usually the donor heart is then excised and placed in a
plastic bag containing approx 1 L of preservation solution. The plastic bag is
then sealed and placed in an insulated container packed with ice (between 0 and
4°C), in which it is stored until implantation.

An alternative to static hypothermic ischemic storage is continuous ex vivo
perfusion of the donor heart, a process that involves the continuous infusion of
an oxygenated cold preservation fluid through the coronary circulation (58).
Continuous ex vivo perfusion has been used to preserve donor kidneys since
the 1960s. Experimental studies of continuous perfusion of the explanted heart
have found that high flow rates can cause myocardial edema and early graft
dysfunction (59—61). This tendency may be reduced by the addition of high-
molecular-weight vascular impermeants (colloids) such as hydroxyethyl starch,
polyethylene glycol, or dextran 40 to the perfusion fluid to prevent the accumu-
lation of fluid in the interstitial space by exerting colloidal oncotic pressure in
the intravascular space (60).

Alternatively, continuous low-flow or micro-perfusion has been shown experi-
mentally to provide superior results to static hypothermic storage during extended
preservation times. Indeed, excellent preservation of the donor rabbit heart for
storage times up to 24 hr has been demonstrated with this technique (60). Despite
the strong experimental data in support of its superior efficacy, the clinical uptake
of continuous ex vivo perfusion of the donor heart has been very limited. There
are several likely reasons for this. First, acceptable transplant outcomes have been
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obtained with static hypothermic storage of the donor heart for periods of up to 6
hr. Second, continuous perfusion systems are perceived as being costly and cum-
bersome. Third, the perfusion system requires close monitoring to ensure that the
perfusate is bubble-free and is being delivered into the coronary circulation at the
appropriate flow rate.

3.2. Cardiac Injury During Storage and Transplantation
3.2.1. Hypothermic Ischemia: The Good and the Bad

A common feature of all methods of donor heart preservation described to
date has been the use of hypothermia, which markedly reduces myocardial
energy consumption and slows the loss of high-energy substrates. According to
the van’t Hoff equation, the activity of enzymatic reactions is reduced by approx
50% for every 10°C reduction in temperature (62). For static ischemic storage,
profound hypothermia (1-4°C in a standard ice chest) has been found to produce
satisfactory myocardial protection for up to 6 h in clinical heart transplantation
(63). Equivalent levels of myocardial preservation have been reported after 4 h
of storage of the canine heart at 4 and 12°C (64). With continuous ex vivo perfu-
sion, excellent myocardial protection may be achieved with lesser degrees of
hypothermia (65).

The benefits of hypothermia, however, come at a cost. A major hazard of
hypothermia is cell swelling. Normally, the cationic composition of intracellular
(high K+, low Na*) and extracellular fluid (high Na*, low K*) is maintained by
the membrane Na,K-ATPase pump, which uses energy (ATP) derived from oxi-
dative phosphorylation in mitochondria. The total intracellular colloid osmotic
pressure derived from the intracellular proteins and impermeable anions is
approx 110-140 mOsm/kg (62). Anaerobic—hypothermic preservation sup-
presses the Na,K-ATPase pump. Sodium and chloride diffuse into the cell down
their ionic concentration gradients, and the water that follows leads to cell swell-
ing. Hence, in order to prevent cell swelling, impermeable substances must be
added to the preservation solution to generate the same amount of osmotic pres-
sure present in the intracellular compartment. Examples include the intravascu-
lar impermeants mentioned above. Other impermeants that can be used for this
purpose are saccharides such as lactobionate, raffinose, glucose, and mannitol or
anions such as citrate, phosphate, sulfate, and gluconate.

Another consequence of hypothermic ischemic storage is intracellular Ca*
accumulation. Under normothermic conditions, myocyte handling of Ca®* is an
energy-dependent process, in which Ca?*is removed from the cytoplasm (directly
and indirectly) by the action of ATPases. Inactivation of these ATPases together
with activation of the Na*-H* exchanger (see below) during hypothermic storage
allows Ca?* to accumulate within the cytoplasm, resulting in Ca* overload dur-
ing storage.
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Hypothermia markedly slows myocardial energy consumption but does not
arrest it completely. Under hypothermic ischemic storage conditions, the energy-
dependent processes required to maintain cell viability can only be sustained
through anaerobic glycolysis. This results in rapid depletion of high-energy sub-
strates, lactic acid production, and intracellular acidosis. High levels of intracel-
lular lactic acid not only injure cellular organelles, but also can activate
macrophages. This, in turn, can lead to cytokine production and the initiation of
an inflammatory response (62).

The accumulation of intracellular H* ion during hypothermic ischemic stor-
age activates a membrane-bound Na-H ion exchanger or antiporter (66) (Fig. 2).
This ion exchanger, while quiescent under normal conditions, is activated by a
decrease in intracellular pH and is driven by the transmembrane ionic gradients
for Nat and H* in an energy-independent process. The Na-H antiporter exchanges
intracellular H* for extracellular Na*. With inactivation of the Na,K-ATPase
pump by hypothermia, the resultant accumulation of intracellular Na* reverses
the direction of a second membrane ion exchanger (the Na-Ca antiporter), which
exchanges intracellular Na* for extracellular Ca?*. Hence, the net effect of intra-
cellular acidosis during ischemia is an accumulation of intracellular Ca** (66).
One method to prevent acidosis during hypothermia is the addition of hydrogen
ion buffers to the preservation solution. Hydrogen ion buffers used for cardiac
preservation include potassium phosphate, sodium bicarbonate, magnesium sul-
fate, and histidine. One of the distinguishing characteristics of Bretschneider
(HTK) solution, for example, is its extremely high concentration of histidine in
comparison with other organ-preservation solutions (Table 2). An alternative
(and possibly more effective) approach to preventing the harmful effects of aci-
dosis is via pharmacological inhibition of the Na-H exchanger (67).

3.2.2. Repertusion Injury

Although restoration of oxygenated blood flow is essential to the survival of
ischemic tissue, the process of reperfusion can paradoxically lead to further tis-
sue injury (68). The severity of this reperfusion injury is directly related to the
severity and duration of the ischemic insult that preceded it. Reperfusion injury
results in myocyte damage through myocardial stunning, microvascular and endo-
thelial injury, and irreversible cell damage or necrosis (lethal reperfusion injury).
The major chemical mediators are thought to be oxygen-derived free radicals
and Ca?* (68). In addition, there is evidence that white blood cells directly con-
tribute to reperfusion injury after periods of prolonged ischemia (69).

3.2.2.1. OXYGEN-DERIVED FREE RADICALS

Restoration of oxygen to tissues that have accumulated anaerobic metabo-
lites leads to a burst in the production of oxygen-derived free radicals and oxi-



Organ Preservation 343

A NORMOXIA
Y e 2k 3N
e e o
l'll'l@llwl; Eiillll !
icr:'-ztlrltaj-lar Na+\:‘ * /
o Na*

B ISCHAEMIA / REPERFUSION

2
Ca?%t . Na+
3Na* H 2K+ 3Na+

A IR TlTTT':TTTT
JUIRSULLNE U l' Sl

H+ 2l
\ v'////

Na*

T Ca2+

Fig. 2. Activity of the sodium hydrogen exchanger under normal conditions and dur-
ing ischaemia reperfusion. Under normoxic conditions (Panel A), ATP supply is non-
limiting. Internal sodium is extruded via Na*/K* ATPase, calcium is extruded via the
sodium/calcium exchanger and the sodium/hydrogen exchanger is quiescent. As a con-
sequence of ischaemia (Panel B), ATP is depleted and the Na*/K* ATPase becomes
inactive. Accumulation of H* as a result of glycolysis, activates the sodium hydrogen
exchanger, resulting a large influx of sodium. This sodium is now cleared by the sodium/
calcium exchanger resulting in a dangerous intracellular accumulation of calcium which
may cause electrical instability, contractile dysfunctions and myocyte death.

dants. These include superoxide anion, hydrogen peroxide, hypochlorous acid,
hydroxyl radical, and peroxynitrite. Small amounts of oxygen-derived free radi-
cals are produced as a normal byproduct of a number of essential cellular pro-
cesses (e.g., mitochondrial energy production and cell-to-cell signaling) but are
prevented from causing cell injury by a variety of cellular antioxidant mecha-
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Table 2
Composition and Clinical Usage of Some Commercial Preservation Solutions
Component UW m-EC  HTK  Stanford STHS2 Celsior Perfadex
Tonic Compositin
Na* (mmol/L) 30 10 10 25 120 100 138
K* (mmol/L) 120 115 10 30 16 15 6
CI (mmol/L) 0 15 50 30 203 41.5 142
Mg (mmol/L) 5 0 4 0 16 13 0.8
Ca? (mmol/L) 0 0 0.015 0 1.2 0.25 0.3
Acid-Base Buffers
Bicarbonate (mmol/L) 0 10 0 25 10 0 0
Phospage (mmol/L) 25 575 0 0 0 0 0.8
Sulphate (mmol/L) 4 0 0 0 0 0 00.8
Histidine 0 0 180 0 0 30 0
Impermeants
Lactobionate (mmol/L) 100 0 0 0 0 80 0
Raffinose (mmol/L) 30 0 0 0 0 0 0
Hydroxyethyl starch (g/L) 50 0 0 0 0 0 0
Dextran 40 (g/L) 0 0 0 0 0 0 50
Mannitol (mmol/L) 0 0 30 12.5 0 60 0
Glucose (mmol/L) 0 214 0 50 0 0 5
Metabolic Agents
Adenosine (mmol/L) 5 0 0 0 0 0 0
Glutamate (mmol/L) 0 0 0 0 0 20 0
Ketoglutarate (mmol/L) 0 0 1 0 0 0 0
Tryptophan (mmol/L) 0 0 2 0 0 0 0
Anti-Oxidants
Glutathione (mmol/L) 2 0 0 0 0 3 0
Allopurinol (mmol/L) 1 0 0 0 0 0 0
pH7.4 74 72 8.1-84 7.8 7.3 7.4
Osmolality (mOsm/L) 320 375 310 440 324 360 302
Clinical usage UW m-EC  HTK  Stanford STHS2 Celsior Perfadex
Organ
Kidney +++ - ++ - - + -
Liver +++ - ++ - - + -
Heart + - ++ + + ++ -
Lung + + ++ +/- - ++ +++

Pancreas +++  +/- ++ - - + _
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Fig. 3. Outline of some of the potential free radical consequences of ischaemia reper-
fusion during organ harvest, storage, re-implantation and reperfusion. Some experi-
mental approaches to minimize various elements of the process are shown in red dashed
boxes. Approaches incorporated into commercially available storage solutions are
shown in solid boxes.

nisms. The abrupt increase in cellular levels of oxygen-derived free radicals
that occurs during reperfusion after prolonged ischemia is due in part to excess
production of free radicals via reaction of xanthine and hypoxanthine with xan-
thine oxidase. In addition, prolonged ischemia depletes the cell of its antioxi-
dant reserves so that it is less capable of scavenging any excess free radicals
generated during reperfusion. Oxygen-derived free radicals contribute to cell
injury through a wide variety of chemical reactions including lipid peroxi-
dation, abnormal crosslinking, and cleavage of proteins and DNA disruption.
Potential approaches to the prevention of the burst in oxygen-derived free radi-
cal accumulation during organ storage and reperfusion (Fig. 3) include the
addition to the preservation solution of a pharmacological inhibitor of xanthine
oxidase, such as allopurinol, and the addition of antioxidant free radical scav-
engers. Examples include reduced glutathione, mannitol, superoxide dismutase,
desferrioxamine, and 21-aminosteroids.
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3.2.2.2. CA%2* OVERLOAD DURING REPERFUSION

As described previously, there is an accumulation of intracellular Ca?* dur-
ing hypothermic ischemic storage due to coupled activation of the Na-H and
Na-Ca exchangers. Reperfusion with oxygenated blood initially leads to further
activation of the Na-H exchanger resulting in further Ca** influx (67). In addi-
tion to increased Ca?* influx, Ca?* reuptake into the sarcoplasmic reticulum is
reduced as a result of depressed activity of the sarcoplasmic reticulum Ca*
pump (following depletion of intracellular ATP levels). The sustained increase
in diastolic Ca** has two potentially lethal consequences for the myocyte: sus-
tained contraction (contracture) of actin—myosin proteins and sustained activa-
tion of Ca**-dependent enzymes within mitochondria resulting in mitochondrial
failure. Potential approaches to prevention of Ca?* overload during reperfusion
include a reduction in the Ca?* concentration of the preservation fluid, supple-
mentation of the preservation fluid with Mg?*, which competes with Ca?* for
Ca?* exchangers and pumps, and the addition of drugs that inhibit Ca** influx.
These include Ca?* channel blockers and Na-H exchange inhibitors.

3.2.2.3. WHite BLoop CELLS

White blood cells are another potential source of oxygen-derived free radi-
cals. Ischemic injury to the vascular endothelium leads to upregulation of vari-
ous adhesion molecules, which initiate sticking and activation of circulating
white cells and platelets to the vessel lumen (69). In addition to release of free
radicals, white cells may physically plug the lumens of microscopic vessels
within the reperfused organ, leading to the no-reflow phenomenon (70). The
use of white blood cell filters at the time of reperfusion has been shown experi-
mentally and clinically to reduce evidence of reperfusion injury and graft dys-
function (71,72).

3.2.2.4. ENDOTHELIAL INJURY DURING ISCHEMIA AND REPERFUSION

Under normal physiological conditions, the vascular endothelium synthe-
sizes compounds that induce vascular relaxation and inhibit white cell and
platelet adherence to the vessel wall. These compounds include NO, endothe-
lium-dependent hyperpolarization factor, and prostacyclin. Ischemic injury to
endothelial cells inhibits production of these compounds upregulating of pro-
thrombotic and pro-inflammatory adhesion molecules as a consequence. Oxy-
gen-derived free radicals generated on reperfusion may further damage the
vascular endothelium. For example, superoxide reacts directly with NO, lead-
ing to loss of the physiological activity of NO and formation of peroxynitrite, a
potent cytotoxic-free radical. Nitric oxide and prostacyclin are potent vasodila-
tors and possess cytoprotective properties that may be beneficial for preserva-
tion of allograft function during and after cold ischemic storage. Prostacyclin
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and related prostanoids have been used to produce maximal vasodilatation
within the vascular bed of the donor organ either via prior intravenous adminis-
tration (73-76) or by addition to the preservation solution (73,77,78). Simi-
larly, NO donors (e.g., glyceryl trinitrate and diazenium diolates—NONOates)
have been added to preservation solutions to offset the loss of endogenous NO
that occurs during hypothermic storage and reperfusion (79-81).

Endothelial injury caused by I/R injury has been implicated as a factor in the
development of both acute allograft dysfunction and chronic allograft
vasculopathy. Another potential source of endothelial injury is the high K* con-
centration of some intracellular preservation solutions such as University of
Wisconsin (UW) solution, although this remains controversial. Several clinical
studies suggest that the development of coronary allograft vasculopathy may
differ according to the type of preservation solution used at the time of trans-
plantation, with two studies reporting higher rates when the heart was stored in
UW solution (82,83).

3.3. Formulation of Preservation Solutions

Such is the complexity of the molecular and cellular mechanisms that mediate
I/R injury that it is unlikely that any single approach or treatment will provide
maximal protection to the donor organ during ischemic storage and reperfusion.
Rather a combination of therapeutic approaches is likely to be required. In the
context of myocardial preservation, three general principles have guided the for-
mulation of cardioplegic and preservation solutions: (1) rapid reduction of tissue
metabolic rate by profound hypothermia and electromechanical arrest of the
heart, (2) provision of a biochemical medium that maintains tissue viability and
structural integrity, and (3) prevention of reperfusion injury.

Many different myocardial preservation solutions have been developed and
are in use for clinical heart transplantation. In one survey it was reported that at
least 167 different types of preservation fluids were used for heart transplanta-
tion in the United States (84). This in itself is a reflection of the current uncer-
tainties regarding the optimal strategy for myocardial preservation. Some (e.g.,
Bretschneider [HTK, Custodial], Celsior, St Thomas solution [STS, Plegisol],
and UW solution [UW, Viaspan]) are commercially available solutions, but
many are locally produced noncommercial solutions (84,85). In some centers,
the same solution is used for both flush (cardioplegia) and storage, whereas
other centers have elected to use separate solutions for initial cardioplegia and
subsequent cold storage and transport of the cardiac allograft. With currently
available preservation solutions, the maximum recommended storage time for
cardiac allografts is approx 6 h. Table 2 lists the electrolyte composition, chemi-
cal additives, and common clinical uses of a number of commercially available
organ-preservation solutions.
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3.3.1. Electrolyte Composition of Preservation Solutions

Preservation solutions differ in terms of both their electrolyte composition
and additives. Most solutions can be divided into two broad categories—extra-
cellular and intracellular—based on their Na* and K* concentrations. Preserva-
tion solutions that mimic extracellular fluid contain a high Na* concentration
(=70 mmol/L) and a K* concentration in the range of 5-30 mmol/L. Preserva-
tion solutions that mimic intracellular fluid contain a low Na* concentration
(=70 mmol/L) and K* concentration in the range of 30—125 mmol/L. Examples
of intracellular and extracellular preservation solutions are shown in Table 1.
Celsior (Na* 100, K* 15 mmol/L) and UW solutions (Na* 30, K* 125 mmol/L)
are examples of extracellular and intracellular preservation solutions that have
been used for clinical heart transplantation (82,86-88).

The primary rationale for intracellular preservation solutions is that the pres-
ence of similar concentrations of Na* and CI- in the intracellular and extracellular
compartments minimizes the passive fluxes of these ions into the cell (and hence
cell swelling) during hypothermia. Another potential advantage of intracellular
solutions is that the high K* concentration in the preservation solution facilitates
cardiac arrest while the low Na* concentration reduces the drive for the Na-H
exchanger. On the other hand, a significant concern with intracellular preserva-
tion solutions, particularly with regard to myocardial preservation, is the poten-
tial for high K* concentrations to cause coronary endothelial cell injury. This is a
controversial issue as there is contradictory experimental evidence (§9-92). The
damaging effects of hyperkalemia on the endothelial cell may be temperature
dependent. Several investigators have noted that UW solution provided excel-
lent endothelial cell preservation at 4°C but caused endothelial injury at higher
temperatures (93,94). This observation suggests that if UW solution is used to
preserve the donor heart, the preservation solution should be completely rinsed
from the heart before any cardiac rewarming occurs at the time of implantation.

A further limitation of hyperkalemic preservation solutions, whether intra-
cellular or extracellular, relates to their depolarizing action, which results in con-
tinuing transmembrane fluxes and the consequent maintenance of high-energy
phosphate metabolism, even during hypothermic ischemia (89). A potentially
beneficial alternative to hyperkalemic cardioplegia is to arrest the heart in a
“hyperpolarized” or “polarized” state, which maintains the membrane potential
of the arrested myocardium at or near to the resting membrane potential. At
these potentials, transmembrane fluxes will be minimized and there should be
little metabolic demand, resulting in improved myocardial protection. Recent
studies have explored these alternative concepts for myocardial protection
(89,95). The use of compounds such as adenosine or ATP-sensitive potassium
channel openers, which are thought to induce hyperpolarized arrest, has demon-
strated improved protection after normothermic, or short periods of hypother-
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mic, ischemia when compared to hyperkalemic (depolarized) arrest. Similarly,
the sodium channel blockers tetrodotoxin and lignocaine were used to induce
polarized arrest (demonstrated by direct measurement of membrane potential
during ischemia) was also shown to provide better recovery of function after
long-term hypothermic storage (89,95). Indeed, the combination of adenosine
with lignocaine in the same cardioplegic solution, as proposed by Dobson and
Jones, has been shown to dramatically enhance myocardial protection during
both normothermic and hypothermic ischemia (95).

Other important electrolyte components of myocardial preservation solutions
are Ca?* and Mg?*. As mentioned earlier, inactivation of Ca>* ATPases together
with activation of the Na*-H* exchanger during hypothermic ischemic storage
allows Ca?* to accumulate within the cytoplasm, resulting in Ca** overload dur-
ing storage. Further activation of the Na*-H* exchanger on reperfusion exacer-
bates Ca’* overload, causing activation of Ca’*-dependent enzymes, which cause
cell injury through a variety of actions, contracture of the myofilaments, and
irreversible mitochondrial damage, culminating in cell death. Experimental stud-
ies indicate that complete omission of Ca** from preservation solution is detri-
mental to myocardial recovery (96-98). On the other hand, similar experimental
studies demonstrate that Ca?* concentrations equivalent to those of extracellular
fluid are also detrimental to myocardial recovery after ischemia (99,100).
Normocalcaemic concentrations appear to facilitate Ca?* overload during
ischemia and reperfusion. Low concentrations of Ca* in the preservation solu-
tion together with high concentrations of Mg?*, however, have been shown to
limit Ca?* overload and improve myocardial preservation (100,101). Of the cur-
rently available commercial solutions, Celsior and STS No. 2 solution contain a
low Ca?* concentration in combination with a high Mg? concentration.

3.3.2. Chemical Additives

Apart from differences in electrolyte composition, preservation solutions dif-
fer with respect to chemical additives. The additives used in commercially avail-
able preservation solutions fall into one of four broad categories, although some
chemicals (e.g., adenosine) may belong to more than one category. The major
categories are metabolic substrates, osmotic and oncotic impermeants, antioxi-
dants and free-radical scavengers, and acid—base buffers. Examples of chemical
additives within each category are shown in Table 2. Experimentally at least,
these additives can be shown to enhance donor organ recovery of the preserva-
tion solutions to which they have been added (60,102,103).

3.4. Novel Approaches to Myocardial Protection

Clinical studies with commercially available myocardial storage solutions
indicate that they provide acceptable donor heart preservation for periods of up
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to 6 h. Experimental studies suggest that more prolonged periods of donor heart
storage can be achieved with some storage solutions, but it is apparent from
these studies that there is scope to further enhance the myocardial protection
provided by these solutions. For example, Baxter and colleagues (81) demon-
strated in a rat heterotopic heart transplant model that supplementation of
Celsior solution with glyceryl trinitrate significantly improved myocardial
preservation. In another study, Kevelaitis and colleagues (104) demonstrated
in an isolated rat heart model that supplementation of Celsior with cariporide
(a Na*-H* exchanger inhibitor) or diazoxide (a mitochondrial K,p [mK,p]
channel agonist) enhanced myocardial recovery after prolonged hypothermic
storage. Interestingly, they observed that cariporide plus diazoxide produced
additive benefits when Celsior solution was supplemented with both drugs.
Another potential approach to enhancing myocardial preservation is to admin-
ister treatments to the donor prior to excision of the heart. Two therapies that
might be administered in this way are Na*-H* exchange inhibitors and mK,p
channel activators. As mentioned previously, Kevelaitis and colleagues dem-
onstrated in an isolated rat heart model that supplementation of Celsior with
cariporide (a Na*-H* exchanger inhibitor) or diazoxide (a mK, channel ago-
nist)-enhanced myocardial recovery after prolonged hypothermic storage
(104). However, there is evidence that for these therapies optimal benefit is
seen only when the treatment is administered prior to the onset of ischemia.
For example, in the Guardian Study (105), a large clinical study of patients at
high risk of ischemic myocardial injury, only those patients who received the
Na*-H* exchange inhibitor cariporide prior to the onset of ischemia benefited
from the treatment. Recently, Cropper and colleagues demonstrated in the iso-
lated working rat heart that administration of the Na*-H* exchange inhibitor
cariporide produced significantly greater protection when administered prior
to hypothermic storage than when added to the storage solution (106).
BMS-180448, like diazoxide, is a selective mK 1, channel-opening drug. In
contrast to diazoxide and other ATP-sensitive potassium channel-opening
drugs, BMS-180448 is cardiac selective, such that intravenous administration
is not associated with systemic hypotension (107). Intravenous administration
of BMS-180448 prior to coronary ligation has been shown to reduce myocar-
dial infarct size by approx 50% in a dog infarct model (107). This drug mimics
the phenomenon of ischemic preconditioning, originally described in 1986 by
Murry and colleagues (108). Our laboratory has shown that pretreatment of
isolated rat hearts with ischemic preconditioning, pinacidil, diazoxide, or BMS-
180448 improve cardiac function in a working rat heart model after prolonged
hypothermic storage (109-111). Furthermore, combination pretreatment with
cariporide and mitochondrial K,p-channel activators, produced greater pro-
tection than administration of either drug alone in the same model (111).
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While these results are encouraging, they have been observed in an in vitro
isolated rat heart obtained from non-brain-dead donors. We and others have
shown that brain death induces transient myocardial ischemia, and thus it is
possible that the process of brain death activates mK 1, channels through endo-
genous ischemic preconditioning (7,112,113). Furthermore, there is experimen-
tal evidence that cardioplegic solutions that contain high concentrations of K*
and Mg* may mediate their cardioprotection in part via activation of mK,p
channels (101,114). Hence, exogenous administration of mK,, channel activa-
tors may have limited benefit in a setting where the mK,p channel is already
activated by myocardial ischemia and/or cardioplegia. Indeed, our own studies
on the impact of the cardioselective mK ,;p channel activator, BMS-180448, on
myocardial preservation in a porcine brain-dead heart transplant model showed
only marginal benefit from this drug when administered to the donor and no
additional benefit when it was administered in combination with the Na-H
exchange inhibitor cariporide (115).

4. Preservation of the Lung

Like other vascularized organs, the transplanted lung is subject to ischemia-
reperfusion injury. The clinical manifestations of I/R injury can vary from asymp-
tomatic functional and radiological abnormalities to a life-threatening syndrome
of severe pulmonary edema and pulmonary hypertension. I/R injury to the lung
is thought to be the major cause of primary graft failure and peri-operative mor-
tality (116). It causes considerable postoperative morbidity (116) and is also
thought to play an important pathogenetic role in chronic allograft failure (oblit-
erative bronchiolitis syndrome) (117).

4.1. Excision of the Donor Lungs

Several techniques of donor lung excision and ex vivo preservation have
been developed. These include the administration of a cold preservation solu-
tion via the pulmonary artery followed by static hypothermic storage (usually
in the same preservation solution), topical cooling, donor core cooling on car-
diopulmonary bypass, and ex vivo perfusion. Of these techniques, single pul-
monary artery flush and static hypothermic storage is the simplest and the one
most commonly used in clinical practice (118). Many variations of the single
pulmonary artery flush and static storage method have been described, and the
optimal method remains controversial. Controversial aspects of the single pul-
monary artery flush method include the flushing conditions (use of vasodilator
prostaglandins, the volume, temperature, and infusion pressure of the flush
solution), the route of administration (pulmonary and/or bronchial arteries,
antegrade vs retrograde), and the storage conditions (temperature, oxygenation,
and state of lung inflation).
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4.1.1. Flushing Conditions

Prostacyclin and related prostaglandins have been used to produce maximal
vasodilatation within the pulmonary vascular bed either via prior intravenous
administration (73-75) or by addition to the preservation solution (73,77,78).
The primary rationale for the use of vasodilator prostaglandins is to ensure rapid
and uniform distribution of the preservation solution to the lung by preventing
the pulmonary arteriolar vasoconstriction that would otherwise occur in response
to administration of hyperkalemic preservation solution. Other reported benefits
of prostaglandin administration include inhibition of platelet aggregation, inhibi-
tion of neutrophil-mediated release of oxygen-derived free radicals, and reduc-
tion in the increased vascular permeability caused by inflammatory mediators
(119). However, some experimental work has reported adverse effects of pros-
taglandins on donor lung preservation (120), and this may be the reason that
these agents have not been adopted universally in clinical practice (118).

A survey of 112 lung transplant centers by Hopkinson and colleagues identi-
fied a wide variation in the volume of preservation solution administered to the
donor at the time of pulmonary flush—from 20 to 120 mL/kg of donor body
weight (118). The median volume was 60 mL/kg administered over 4 min. This
infusion rate avoids excessive increases in pulmonary artery pressure. In that
same survey, the authors reported considerable variation in the temperature of
the perfusate and storage solution from 4 to 10°C.

4.1.2. Route of Administration of Flush/Preservation Solution

The most common route of administration of pulmonary preservation solu-
tion is antegradely via a cannula placed in the main pulmonary artery (118).
Alternative routes of administration include retrograde adminstration via the
left atrial appendage (121) or via the pulmonary veins either in situ or prior to
reimplantation (on the back table) (122,123). Potential advantages of retrograde
administration of pulmonary preservation solution are that it allows delivery of
the solution to both the bronchial and pulmonary circulation and that pulmonary
arterial constriction will not affect distribution of the solution and may actually
enhance it. Furthermore, retrograde administration will flush out any throm-
botic or fat emboli (123). A third route of administration is via the bronchial
arteries using a cannula placed in an isolated segment of thoracic aorta (124).

4.2. Storage Conditions

Early studies of lung preservation clearly demonstrated that the collapsed
lung tolerates ischemia poorly (125-127). Furthermore, these studies demon-
strated that the prevention of lung collapse during harvesting and storage mark-
edly enhances the ability of the lung to tolerate ischemic storage (125-127), but
the optimal degree of lung inflation during storage is uncertain. While there is
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experimental evidence that hyperventilation during harvesting and hyperinfla-
tion during storage results in superior lung preservation compared with lungs
stored without inflation (128), there is also evidence that hyperinflation during
storage may cause barotrauma (129), increase pulmonary capillary permeabil-
ity (130), and cause pulmonary edema (131). In the study of DeCampos and
colleagues, optimal recovery of lung function was observed when lungs were
inflated to 50% of total lung capacity during storage (129). The optimal oxygen
content of the gas used to inflate the donor lung during storage is also uncertain.
While high intra-alveolar oxygen concentrations permit the ischemic lung to
remain metabolically active even during hypothermia (132,133), they also facili-
tate production of oxygen-derived free radicals both during ischemia and upon
reperfusion (134,135). Perhaps because of the uncertainties mentioned above,
the most common clinical practice is ventilation with an FiO, of between 0.3 and
0.4 during procurement and near-total inflation for storage (118).

The ideal storage temperature for lung preservation is another point of uncer-
tainty. The most commonly used storage temperature is 4°C. Experimental stud-
ies of lung preservation at 4°C have yielded disparate findings. For example, an
early study by Feeley and colleagues in a canine heart—lung transplant model
suggested that 5 h of storage of the heart—lung bloc at 4°C was associated with
severe physiological dysfunction and pulmonary edema with minimal evidence
of cardiac dysfunction (136). In contrast, excellent recovery of lung function
was demonstrated in a pig transplant model after simple storage of the donor
lung at 4°C for 18 h (137). Two studies using isolated rabbit and rat lungs
compared recovery of lung function after prolonged ischemic storage at tem-
peratures ranging from 4 to 38°C. They found that optimal recovery of lung
function was obtained when the lungs were stored at 10 and 12°C, respectively
(138,139).

In the lung as in the heart, hypothermic inhibition of cellular ATPase activ-
ity results in cell swelling. Within the pulmonary vascular bed, endothelial cell
swelling results in increased capillary permeability and pulmonary vascular
resistance (140). As with other vascularized organ transplants, hypothermia-
induced cell swelling can be minimized by the addition of high-molecular-weight
vascular impermeants (colloids) to the perfusion or preservation fluid. The two
most commonly used lung preservation solutions, Perfadex and UW solution,
contain the colloidal agents hydroxyethyl starch and dextran 40, respectively.

4.3. Reperfusion

I/R injury in the lung is thought to be mediated by oxygen-derived free radi-
cals and by activated leukocytes (140). As mentioned previously, the ischemic
lung inflated with air or other oxygen-containing gas is capable of maintaining
oxidative metabolism even during profound hypothermia (132,133). Indeed,
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several investigators have demonstrated that inflation of ischemic lungs with
gas mixtures containing increased concentrations of oxygen results in increased
generation of oxygen-derived free radicals and free-radical-induced lung injury
even during profound hypothermic storage (134,135,141). The primary source
of oxygen radical generation during oxygenated lung ischemia is likely to be
activated endothelial NADPH oxidase (142).

Reperfusion of ischemic lung results in a further burst in free radical genera-
tion. In the isolated rat model, this burst appears to occur in bimodal pattern with
an early peak at 30 min postreperfusion and a delayed peak at about 4 h post-
reperfusion (143). The late peak appeared to be mediated by activated neutro-
phils (144). The major brunt of the reperfusion injury is borne by the pulmonary
endothelial cell. The subsequent endothelial cell injury results in vasoconstric-
tion, platelet and leukocyte aggregation, and increased capillary permeability.

Similar approaches to the prevention of reperfusion injury have been adopted
for the lung as for other organs. These include supplementation of the lung
preservation solution with antioxidants (145,146) and the use of leukocyte
depletion (147,148). Although these approaches appear to work well in the
laboratory, their clinical application has been very limited.

One potential approach to the prevention of I/R injury that is unique to the
lung is the use of inhaled NO. Interest in this approach was generated by a
series of case reports in which inhaled NO was found to markedly improve
lung function and pulmonary vascular resistance in patients who had devel-
oped severe I/R injury after lung transplantation (149,150). Although NO has
well-characterized vasodilator, antiplatelet, and antileukocyte properties, it is
itself a free radical and is able to combine with other radicals such as superox-
ide anion to generate even more toxic species such as peroxynitrite and higher
oxides of nitrogen in combination with oxygen. Experimental and clinical
studies of inhaled NO have shown conflicting results, with some investigators
reporting benefit (151,152) and others reporting harm (153). A modification of
the use of inhaled NO to prevent lung I/R injury is to co-administer NO
with agents that directly inhibit the generation of superoxide anion—examples
include superoxide dismutase and pentoxifylline (153,154). A recently reported
double-blind randomized controlled study of low-dose inhaled NO (10 ppm)
initiated 10 min after reperfusion in 84 lung-transplant recipients found no ben-
efit or harm with active treatment (154), and so the benefit of prophylactic
inhaled NO remains unproven.

Another consequence of pulmonary I/R injury is loss of pulmonary surfac-
tant (155). Experimental studies of intratracheal administration of surfactant
prior to lung transplant reperfusion demonstrated improved airway compliance
in animals receiving surfactant compared to saline controls (156). Clinical stud-
ies of nebulized surfactant administration either alone (157) or in combination
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with inhaled NO (158,159) suggest that this may be an effective treatment for
I/R injury, but controlled clinical trials are still lacking.

A nonpharmacological approach to the prevention or mitigation of reperfu-
sion injury to the transplanted lung is the use of controlled or low-flow reperfu-
sion. The rationale behind this approach is the prevention of stress-induced
endothelial injury during the first 10—15 min of reperfusion, a period of tran-
sient increased capillary permeability (160). The beneficial effects of controlled
reperfusion were initially demonstrated in an ex vivo rat lung model (160,161)
and have subsequently been confirmed in a pig transplant model (162,163). In
the latter studies, a leukocyte filter was also used at the time of reperfusion.
Clinical application of controlled reperfusion (combined with leukocyte deple-
tion) has been limited, but initial reports suggest that this is a promising approach
(164,165).

4.4. Composition of Lung Perfusion/Preservation Solutions

The first solution to be used clinically for flush perfusion of pulmonary grafts
was modified Euro-Collins solution. This choice was based on experimental
studies that demonstrated better preservation of lung grafts with modified Euro-
Collins solution compared with non-colloid-containing extracellular solutions
such as Ringer’s lactate solution or isotonic saline (166,167). The highly suc-
cessful clinical application of UW solution as a flush/storage solution for intra-
abdominal donor organs led to investigation of its suitability for donor lung
perfusion and storage. Experimental studies demonstrated superior long-term
preservation with UW solution compared with modified Euro-Collins solution
(168,169), but it is unclear whether this superiority in the laboratory has trans-
lated into clinical practice (118).

As with donor heart preservation, a significant concern with the use of intra-
cellular-based storage solutions such as UW solution and modified Euro-
Collins solution for donor lung preservation is their potential to induce endothe-
lial injury and pulmonary vasoconstriction (170). It is largely because of this
concern that vasodilatory prostaglandins are commonly administered before or
with pulmonary flush solutions, although the effectiveness of this treatment has
been questioned (171,172). Alternative vasodilators to prostaglandins include
nitric oxide donors and calcium antagonists (79,173). Both vasodilators have
been shown experimentally to provide better lung preservation than prostaglan-
dins when administered in combination with intracellular perfusion solutions
(79,173). Recently, Kelly and colleagues demonstrated another potentially del-
eterious effect of high-K*-containing storage solutions (174). They found that
isolated rat pulmonary artery segments produced more oxygen-derived free radi-
cals when stored in intracellular solutions compared with rings stored in extra-
cellular solutions.
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Concerns regarding the deleterious effects of the high K* content of intra-
cellular storage solutions have led to renewed interest in the use of extracel-
lular solutions for pulmonary flush and preservation. The solution that has
been most extensively studied in this context is low-potassium dextran (LPD;
Perfadex). As mentioned earlier, the dextran 40 in LPD acts as an oncotic
agent reducing both intracellular swelling and interstitial pulmonary edema
during hypothermic storage. Another potentially beneficial action of dextran
40 in the context of lung preservation is its inhibitory effect on platelet and
erythrocyte aggregation, thereby minimizing microcirculatory thrombosis
and endothelial cell activation within the graft (175,176). Several experi-
mental studies have demonstrated superior lung preservation with LPD com-
pared with Euro-Collins solution (170,177-179) or UW solution
(170,178-180). Clinical studies comparing LPD with other flush solutions
for lung preservation, usually Euro-Collins solution, have demonstrated
equivalent or superior outcomes when the lungs were stored in LPD solution
(181-186).

A number of further modifications to LPD solution have been shown ex-
perimentally to further enhance lung preservation compared with LPD solu-
tion alone. These modifications include the addition of glucose to support
limited aerobic metabolism in the hypothermically stored lungs (187) and the
addition of glyceryl trinitrate as a nitric oxide donor (188). It remains to be
seen whether these modifications translate into better outcomes in clinical
lung transplantation.

Other preservation solutions with low potassium concentration (in com-
parison with intracellular storage solutions) that have been assessed in lung
transplantation include HTK (Bretschneider solution), Celsior, and a modi-
fied cold blood solution (Papworth or Wallwork solution). Wittwer and col-
leagues, using an isolated rat lung model, showed that lungs preserved in
Celsior solution for 4 h demonstrated better function postreperfusion com-
pared with lungs stored in LPD solution (189). In another study, using a rat
lung transplant model, Celsior was found to produce better lung preservation
than Papworth solution after 5 and 12 h of storage (190). More recently,
Warnecke and colleagues used a porcine lung transplant model to compare
lung preservation in Celsior, HTK, and Euro-Collins solution (191). They
found that donor lung preservation was best with Celsior solution and that
both HTK and Celsior provided better donor lung preservation than Euro-
Collins solution. Surfactant function after reperfusion was impaired in all three
treatment groups (191,192). In a large clinical study, Celsior solution and
Papworth solution produced comparable clinical outcomes at 1 mo post-lung
transplantation compared with Euro-Collins or UW solution (193). In the same
study, the incidence of reperfusion pulmonary edema was less with the extra-
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cellular solutions, leading the authors to conclude that extracellular-type solu-
tions were associated with better lung preservation.

As the number of centers performing lung transplantation has increased so
has the variability in the choice of perfusion/preservation solutions. In the
worldwide survey conducted by Hopkinson and colleagues, 77% of lung trans-
plant centers used modified Euro-Collins solution, 13% used UW solution, and
8% used Papworth blood-based solution (118). Only one center used donor
core cooling. Most centers stored the lungs in the same solution as used for
flushing, although seven centers stored the lungs in isotonic saline, and only
one center stored the organs in low-potassium dextran solution. A more recent
survey of North American lung transplant centers demonstrated a dramatic
change in the choice of perfusion/preservation solution (194). The most com-
monly used preservation solution in this survey was low-potassium dextran
(46%), followed by UW solution (22%), modified Euro-Collins solution (18%),
Celsior (12%), and Euro-Collins solution (2%)

As with other vascularized organ transplants, the ideal perfusion and pres-
ervation solution for lung transplantation is yet to be developed. Currently
used solutions permit safe lung preservation for periods of 6—8 h. While this
remains a very active area of research, the wide variation in animal models,
perfusion solutions, and storage protocols makes comparisons between stud-
ies difficult. A major limitation of many experimental studies conducted to
date is that the adverse effects of brain death and prolonged donor ventilation
have not been incorporated into the study design.

4.5. Future Developments in Pulmonary Preservation

The severe shortage of suitable donor lungs has stimulated interest in the
use of donor lungs from non-heart-beating donors (NHBDs). Under these cir-
cumstances the donor lung is subject to a period of obligatory warm ischemia,
which exposes the lungs to a more severe I/R injury compared with lungs
obtained from heart beating donors (194). On the other hand, oxygen remain-
ing in the alveoli after circulatory arrest enables aerobic metabolism to con-
tinue for a period of time and can potential mitigate the ischemic injury (133).
Experimental studies suggest that lungs obtained from NHBD animals can be
successfully transplanted if the warm ischemic time is less than 2 h (195,196).
These studies showed that as warm ischemic time increases beyond 2 h, the
risk of primary graft failure rises dramatically. Several therapeutic strategies
have been found to enhance posttransplant recovery of lungs obtained from
NHBDs. These strategies include the use of inhaled NO following lung reper-
fusion (197,198), the addition of glyceryl trinitrate to the lung perfusate and
storage solution (199), and the intravenous administration of glyceryl trinitrate
prior to reperfusion (200).
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Table 3
Potential Therapeutic Targets for Myocardial
or Pulmonary Protection During Ischemia and Reperfusion

Target Drugs References
Metabolic inhibitors 2,3-butanedione monoxime 201-203
Nitric oxide donors Glyceryl trinitrate 80,81
Endothelin antagonists Bosentan 204
Ischemic preconditioning Adenosine 111,115
MitoK 1p chananel agonists
Na-H Exchanger Cariporide 106,115,205
p38 MAP kinase SP203580 206
NF-kB Aspirin, Prednisolone 207,208
PARP PJ34,INO-1001 209,210
(Additional) Anti-oxidants Bioflavonoids, 21-aminosteroids 211-214
Haem oxygenase PDTC 208

5. Conclusion

As greater understanding of the complex metabolic pathways involved in I/R
injury has been achieved, novel targets for therapeutic intervention have been
identified. Table 3 provides a list of some of the potential metabolic pathways
that are not targeted by currently employed preservation solutions. Some of
these targets may be adequately addressed by further modification of current
preservation solutions. Others may require separate administration of a pharma-
cological agent to the donor prior to the onset of ischemia or to the recipient
prior to reperfusion. The integration of these novel approaches to myocardial
and pulmonary protection with existing preservation strategies and the extent to
which the preservation of these organs can be enhanced are likely to be active
areas of laboratory and clinical research in the years to come.
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Pharmacological Manipulation of the Rejection Response

Peter Mark Anthony Hopkins

Summary

Immunosuppressive strategies continue to evolve, with a number of new formula-
tions having been developed in recent years. Although acute rejection rates may have
diminished, current protocols of immunosuppression for chronic organ rejection are
clearly inadequate. This complication remains the primary cause of graft loss months to
years after solid organ transplant. In summary, the overall goal of achieving immune
tolerance remains elusive. This chapter will focus on the pharmacological manipulation
of the rejection response, reviewing historical and current recommended protocols. A
brief outline of potential future pathways of targeted immunosuppression is described.

Key Words: Immunosuppression; acute rejection; chronic rejection.

1. Introduction

Descriptions of solid organ transplant rejection have classically recognized
three distinct categories, including hyperacute, acute, and chronic rejection (1).
Hyperacute rejection is mediated through the presence of preexisting circulat-
ing antidonor human leukocyte antigen (HLA) antibodies in the recipient or
occurs as a consequence of inadvertent ABO blood group incompatibility. The
routine pretransplant screening of recipient serum by the panel reactive anti-
body (PRA) test and subsequent prospective crossmatch in sensitized patients
has virtually eliminated this complication (). Chronic rejection of the trans-
planted organ has complex immunopathogenesis including sustained T-cell
activation by donor major histocompatibility complex (MHC) antigens and
development of non-MHC recipient alloantibodies. This alloimmune reaction
may be facilitated by the generation of adhesion molecules including vascular
cell adhesion molecule (VCAM-1) and integrins on the lymphocyte cell sur-
face (2-5). Infections (particularly cytomegalovirus [CMV]) posttransplant and
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the extent of cold ischemia at the time of organ harvest may further influence
the evolution to chronic allograft rejection. The histological features of chronic
rejection in solid organ transplantation include fibrosis, chronic inflammation,
and a number of nonimmunological cell types such as fibroblasts, smooth
muscle cells, and macrophages. Current protocols of nontargeted immunosup-
pression for chronic rejection are clearly insufficient for prevention of this com-
plication because it remains the primary cause of graft loss months to years
post-solid organ transplant (6).

Acute rejection (AR) is an immunological process of cell-mediated inflam-
mation of an organ recognized as foreign by the recipient. The majority of donor
proteins recognized as non-self are encoded by the HLA complex (I). Recipient
T-lymphocytes are the dominant effector cell and may recognize donor pep-
tides via two pathways known as direct and indirect alloantigen recognition.
Facilitating T-lymphocyte binding to antigen and MHC molecules is the T-cell
receptor, which consists in part of the cluster designation (CD) determinant
CD3 transmembrane complex. Direct alloantigen recognition refers to a pro-
cess whereby the recipient T-cell receptor engages directly with donor HLA
material expressed on a donor-derived antigen-presenting cell (APC). In indi-
rect recognition the donor HLA molecule is processed into small peptides
within the interior of a recipient APC and then placed within the groove of a
recipient HLA molecule (7). Regardless of the relative contribution of each
pathway in allograft rejection, T-cell activation is followed by signal transduc-
tion, gene transcription, and cytokine production, which includes interleukins
(ILs), interferon (IFN)-vy, tumor necrosis factor (TNF), and transforming growth
factor-B. The different patterns of lymphokine secretion emphasize distinct
functional properties of each T-lymphocyte (8,9). Pharmacological manipula-
tion of the rejection response therefore targets the following areas:

1. Production and release of cytokines from activated T-cells
2. Downregulation and inhibition of T-cell surface receptors
3. Inhibition of lymphocyte and nonimmune cell proliferation
4. Absolute T- and B-cell depletion

The majority of solid organ transplant recipients experience at least one epi-
sode of AR regardless of the immunosuppressive regimen employed. In a
recently published prospective series of transbronchial lung biopsy in lung and
heart-lung transplant recipients (10), only 23% of patients remained free of
AR at 12 mo posttransplant. The average number of rejection episodes per
patient was just over one, with a significant proportion occurring beyond 12
mo (14.5%) independent of prior rejection history. AR was most frequently
observed in the first postoperative month with 26% (63 of 241) of all cases
detected. Only 6.1% (28 of 462) of surveillance procedures in asymptomatic
patients between 4 and 12 mo posttransplant confirmed AR. Nonetheless, AR
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remains an ongoing risk throughout the life of the transplanted organ. Strate-
gies directed against rejection consist primarily of prevention through induc-
tion and maintenance immunosuppression, complemented by augmentation of
immune therapy during acute episodes.

2. Prevention of Acute Rejection
2.1. Induction Therapy

Historically, induction therapy refers to antilymphocyte sera (ALS) prepara-
tions commenced peri-operatively with a view to depleting circulating T lym-
phocytes, thereby boosting initial regimens and inducing a state of immune
tolerance. Polyclonal antilymphocyte preparations were introduced to organ
transplantation in 1967 (11), with a view to supplementing existing dual immu-
nosuppression of azathioprine and prednisone. A variety of animals have been
used to generate these antibody products, including rabbit (thymoglobulin and
rabbit antithymocyte globulin [RATG]) and horse (antithymocyte gamma-
globulin [ATGAM] and lymphoglobulin). Polyclonal ALS target multiple T-
cell surface molecules including CD2, CD3, CD4, CD8, CD25, CD40, and
CD54 (12,13). Unfortunately, in the production of these antilymphocyte sera,
antibodies may evolve to most T-cell lines, B cells, and nonlymphoid popula-
tions. The result is global immunosuppression with an excess risk of opportu-
nistic infections (14-16), especially CMV, malignancy, particularly Epstein—
Barr virus-induced posttransplant lymphoproliferative disease (PTLD), and
bone marrow suppression with thrombocytopenia and leukopenia. In addition,
transient increases in serum cytokine levels, including IL-1, IL-6, TNF, and
IFN-vy, accompany first-dose infusions of ALS (17-19). Clinically, this mani-
fests as fever and chills in the majority of recipients and sometimes nausea,
diarrhea, headache, bronchospasm, and, rarely, profound hypotension. Anaphy-
lactic reactions and serum sickness are infrequent complications and respond to
cessation of the ALS infusion and high-dose steroids.

In 1981 a murine-derived monoclonal antibody (MAb) called OKT3 was
introduced into protocols for the treatment of renal allograft rejection and poten-
tially induction therapy (20). This compound specifically targeted the CD3 com-
plex associated with the T-cell receptor expressed on all mature T lymphocytes.
Binding with OKT3 is followed by opsonization and then subsequent comple-
ment-mediated and cell-mediated antibody-dependent cytolysis and destruction
of T cells (21). Nonetheless, OKT3 is a pan-T-cell antibody and therefore sup-
presses all aspects of T-cell immunity with increased risk of CMV and PTLD
posttransplant similar to polyclonal products. Similar to other ALS preparations,
OKT3 administration may be complicated by a cytokine-release syndrome and,
rarely, aseptic meningitis or encephalopathy (22,23). Sensitization may occur
with the formation of human anti-mouse antibodies with prolonged (>10-14 d)
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or sequential administration (24), potentially reducing clinical efficacy and caus-
ing a serum sickness syndrome. Measurement of the CD3* peripheral blood lym-
phocyte count is the preferred monitoring tool for all ALS preparations.
Appropriate targets are a CD3* count of more than5% of total lymphocyte num-
bers or an absolute count of between 50 and 100 cells per microliter (25).

Early studies demonstrated a significant benefit from induction therapy in
delaying the onset of AR episodes in renal transplant recipients (26,27). How-
ever, the addition of cyclosporine to immunosuppressive regimens in 1978 trans-
formed postoperative protocols and prompted many transplant centers to scale
back the routine use of cytolytic induction therapy. Subsequently, multiple stud-
ies in renal, liver, cardiac, and lung transplantation (28-31) have reported no
significant benefit to ALS in improving graft function or survival and variable
reduction in overall frequency of rejection compared with standard triple immu-
nosuppression (cyclosporine, azathioprine, and prednisone). A recent prospec-
tive randomized trial in lung transplant recipients comparing no induction
therapy with RATG showed no statistically significant difference in freedom
from AR at 6 mo. A clearly higher incidence and earlier occurrence of CMV
infection was observed in the ATG group (32). Although the routine use of
ALS is diminishing, there are certain clinical situations in which peri-operative
use may be desirable. These include patients with significant renal impairment
either pre- or early posttransplant as a strategy to reduce exposure to cyclospor-
ine, those with a PRA level of greater than 5%, and patients with a positive
donor crossmatch (33).

An alternative approach to induction therapy is the selected neutralization of
activated T lymphocytes reactive specifically against the allograft. IL-2 plays a
key role in graft rejection, and IL-2 receptors (CD25) are selectively expressed
on the surface of only activated T lymphocytes. Therefore, a direct approach
toward targeted immunosuppression is the development of anti-CD25 MADb to
competitively inhibit the binding between IL-2 and its receptor (34). Basiliximab
(Simulect, Novartis) and daclizumab (Zenopax, Roche) are registered chimeric
human/mouse antibodies directed against the o chain (Tac subunit) of the IL-2
receptor. Comparison of induction therapy with anti-CD25 MAbs is outlined
in Table 1. Theoretically, these agents are immunogenic, although their small
murine sequences are restricted to the variable region of the immunoglobulin
chain. The development of human antimouse antibodies is generally less than
1% and is not felt to be clinically relevant. Both basiliximab and dacluzimab are
designed to be administered concurrently with a calcineurin inhibitor to decrease
IL-2 production and provide a synergistic effect (35-38). However, Cantarovich
et al. have described the successful implementation of anti-CD25 MAb therapy
early posttransplant to allow for a calcineurin inhibitor “holiday” in solid-organ
transplant recipients with acute renal dysfunction (39).
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Table 1

Comparison of Anti-IL-2-Receptor (CD25) Monoclonal Antibodies
Property Daclizumab Basiliximab
MAD type Humanized® Chimeric

Dose 1 mg/kg iv 20 mg iv
Half-life 20d 7d

Regimen 5 injections: wk 0, 2,4, 6,8 2 injections: d 0, 4
Safety +++ +++
Tolerability Good Good
Immunogenicity Low Low

Drug interactions Nil Nil

Significant depletion of T cells does not occur with CD25 MAbs because
peripheral CD3 counts remain stable. The humanized nature of the antibody,
along with an absence of global T-cell suppression, contributes to their excel-
lent side-effect profile and low incidence of opportunistic infection. In a double-
blind placebo-controlled multicenter trial in 260 renal transplant recipients, the
incidence of biopsy confirmed that AR at 12 mo was significantly reduced when
daclizumab was added to standard immunosuppression of cyclosporine, aza-
thioprine, and prednisone (22 vs 35%; p < 0.03). No difference was observed in
the incidence of malignancy or opportunistic infection, and graft survival was
similar at 12 mo (40). Immunoprophylaxis with basiliximab in combination
with azathioprine-based triple immunosuppression in liver transplant recipi-
ents has also shown increased efficacy in the prevention of AR, with no signifi-
cant adverse event profile (37). Experience in cardiac transplantation with IL-2
receptor blockers and mycophenolate-based triple therapy suggests less AR and
delayed onset to first rejection episode (47). A comparative analysis of OKT3,
antithymocyte globulin, and daclizumab for induction immunosuppression in
clinical lung transplantation shows equivalence in the prevention of early post-
transplant AR and 2-yr survival (42). In conclusion, preliminary evidence sup-
ports the idea that this form of induction therapy may further aid in improving
outcome post-solid-organ transplantation.

2.2. Initial Immunosuppression Early Posttransplant

Agents utilized early posttransplant exhibit additive or synergistic effects and
are administered in combination to achieve multipathway inhibition of lympho-
cyte activation while minimizing cumulative toxicity. Recent innovations in
pharmaceutical research have expanded the traditional protocols of immunosup-
pression used for almost 20 yr. Nonetheless, statistically significant improve-
ment in graft function and survival has not been consistently demonstrated in
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Table 2
Current Available Immunosuppressive Agents
for Early Posttransplant Protocols and Their Mechanism of Action

Class of agent Mechanism of action

Corticosteroids Block cytokine gene transcription
Lysis of T lymphocytes

Clacineurin inhibitors Inhibit IL-2 gene transcription
Cyclosporine Reduce proliferation of activated T cells
Tacrolimus

Inhibitors of nucleotide biosynthesis
Azathioprine Purine analog impairs DNA synthesis
Mycophenolate mofetil Inhibits IMPDH and B-cell proliferation

TOR inhibitors Inhibit cyclin-dependent tyrosine kinases

Rapamycin (sirolimus)
Everolimus (RAD)

IL, interleukin; IMPDH, inosine monophosphate dehydrogenasde; TOR, target of rapamycin.

clinical trials of these new agents (43). Table 2 outlines the current framework
for initial immunosuppression posttransplant in the prevention of the rejection
response. Most transplant protocols incorporate an initial triple drug regimen
consisting of prednisone or steroid equivalent, a calcineurin inhibitor, and either
azathioprine or mycophenolate.

2.3. Calcineurin Inhibitors

Calcineurin blocking agents constitute the backbone of current triple immu-
nosuppressive therapy regimens. Cyclosporine (Neoral, Novartis), introduced
in 1978 (44), and tacrolimus or FK506 (Prograf; Fujisawa), introduced in 1989
(45), are both prodrugs that bind selectively to different intracellular proteins
called immunophilins. The cyclosporine—cyclophilin and tacrolimus—FK bind-
ing protein complexes then inhibit calcineurin, a multifunctional serine threo-
nine phosphatase enzyme that normally dephosphorylates substrates for
transcription factors including nuclear factor of activated T cells, nuclear fac-
tor-xB, and c-Jun N-terminal kinase (46). The result is dose-dependant inhibi-
tion of gene expression for IL-2 and other pro-inflammatory lymphokines
including IL-3, IL-4, IL-5, IFN-y, and TNF (47). Cytotoxic T lymphocytes
become arrested at the G,-G, cell-cycle interface and are therefore unable to
differentiate and proliferate. Table 3 outlines important comparisons between
the calcineurin inhibitors available in clinical practice. Side effects and toxic-
ity common to both agents include the following:

1. Serum abnormalities: abnormal liver function tests, hyperkalemia, hypomag-
nesemia, hyperuricemia, renal tubular acidosis, hyperlipidemia, hyperglycemia
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Table 3

Comparison of Cyclosporine and Tacrolimus

Cyclosporine Tacrolimus
Chemistry Cyclic polypeptide Macrolide antibiotic
Bioavailability 33% 25%
Preparations 10-, 25-, 50-, 100-mg capsules 0.5-, 1-, 5-mg capsules

Initial dosage posttransplant

Terminal half-life
Side-effect profile

Additional immune activity

Therapeutic targets

In vitro potency

100 mg/mL suspension

5-10 mg/kg/d po two divided doses,
three times a day cystic fibrosis patients

19h

More gingival hyperplasia, hypertension,
hirsutism

Potentially pro-proliferative, IL-6
upregulation, increased TGF-f

0-2 wk 300-350 ng/mL
3-8 wk 250-300
2-3 mo 200-250
4-6 mo 180-250
6-12 mo 150-180
>12 mo 100-150
1%

5-mg, 1-mL ampules

0.15 mg/kg/d po two divided doses

8.7h

More diabetes mellitus, pruritis,
tremor, alopecia

Antifibroproliferative activity

0-6 mo 10-15 ng/mL
>6 mo 5-15 ng/mL
50-100x¢

“Due to differences in partition coefficients and increased binding affinity of tacrolimus to FKBP.
IL, interleukin; TGF, transforming growth factor; FKBP, FK-binding protein.
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2. Renal failure: acute (acute arteriolar vasoconstriction), chronic (interstitial fibro-
sis, glomerular sclerosis)

3. Neurotoxicity: characteristic white matter changes on computed tomography or
T,-weighted images or magnetic resonance imaging—headaches, encephalopa-
thy, seizures, cortical blindness, quadriplegia

4. Gastrointestinal: nausea, diarrhea, constipation, vomiting

5. Other: hypertension, hemolytic—uremic syndrome

Significant inter- and intraindividual pharmacokinetic variability exists with
the calcineurin inhibitors, and this contributes to their narrow therapeutic index
(46). Drug monitoring is essential and is based on either enzyme-linked immuno-
sorbent assay or high-performance liquid chromatography (HPLC) using whole
blood (48). Calcineurin inhibitors display variable and temperature-dependent
whole blood-to-plasma ratios. At room temperature, cyclosporine displays an
equilibrium range of approx 50% bound to red blood cells, 30-40% to lipopro-
teins, 10% to leukocytes, and 1-6% free plasma (33). The gold standard assay is
HPLC, as both drugs have multiple metabolites identified and crossreaction with
MADb-based tests may be considerable (49). Cyclosporine and tacrolimus are
both primarily metabolized by gut wall and the hepatic cytochrome P450-3A4
enzyme system and undergo intestinal countertransport by P-glycoprotein. Phar-
macokinetic interactions are therefore common owing to modulation of cyto-
chrome P450 enzyme activity by co-administered drugs. This includes induction
of CYP3A4 enzymes and reduced calcineurin inhibitor levels with the antiepi-
leptics including carbamazepine, phenytoin and phenobarbitol, rifabutin,
rifampicin, isoniazid, and St. John’s wort. Increased levels with enzyme inhibi-
tion occur with macrolide antibiotics, including erythromycin, clarithromycin
and azithromycin, diltiazem, verapamil, colchicine, intravenous methylpred-
nisolone, the oral contraceptive pill, and azoles, including itraconazole, flucon-
azole, and voriconazole. The pharmacokinetic behavior of both calcineurin
inhibitors assumes a one-compartment model. Therapeutic monitoring has his-
torically involved sampling a trough level just prior to the morning dose. How-
ever, calculation of the area under the curve (AUC) provides the most accurate
measurement of total drug exposure, although it is clinically impractical.
Cyclosporine trough concentrations (C,,;,) have displayed poor correlation with
AUC in pharmacokinetic studies in liver and renal recipients, with only 34—
42% of the variance in AUC explained by the C,;,-derived regression line
(50,51). Recent evidence suggests that limited sampling strategies display a high
correlation coefficient with AUC, including a 2-h postdose cyclosporine assay
(52). By contrast, therapeutic drug monitoring with tacrolimus suggests that
C,in1s an accurate parameter explaining 86—88% of the variance in AUC (53,54).

With lymphocyte trafficking and accumulation within the graft attenuated
by calcineurin inhibitors, optimization of dosage is essential in the pharmaco-
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logical manipulation of acute rejection. This clearly depends on individual side-
effect profile, rejection history, time posttransplantation, and potential end-
organ toxicity. Studies of AR in lung and heart-lung transplant recipients
support the notion that higher blood concentrations are required in the early
postoperative months (10,55).

2.4. Nucleotide-Blocking Agents

The introduction of mycophenolate mofetil (Cell Cept, Roche) into clinical
practice in the early 1990s initiated a progressive decline in azathioprine usage in
organ transplantation (56,57). Azathioprine (Imuran, Glaxo), a nucleoside ana-
log, is metabolized in the liver to thio-inosine-monophosphate by hypoxanthine
guanine phosphoribosyltransferase. This compound inhibits adenylic and gua-
nylic acid production in the de novo purine synthesis pathway (58). Human B
and T lymphocytes have immature salvage pathways and depend almost exclu-
sively on the de novo pathway of purine synthesis for their replication. However,
the incorporation of thio-inosine-monophosphate into DNA strands potentiates
chromosomal breaks and the eventual predisposition to malignancies, especially
cutaneous tumors. Mycophenolate produces reversible noncompetitive blockade
of the purine pathway enzyme inosine monophosphate dehydrogenase (IMPD).
The result is a significant decline in guanosine monophosphate and subsequent
production of DNA via ribonucleotide reductases. Not being a nucleoside ana-
log, mycophenolate mofetil (MMF) does not inhibit DNA repair enzymes and
is theoretically less mutagenic than azathioprine. A further mechanism for the
selectivity of MMF in lymphocyte inhibition is based on the two isoforms of
IMPD. The type II isoform preferentially found in activated lymphocytes is
inactivated more strongly by MMF than the type I IMPD in resting cells (59).
Table 4 compares the two antimetabolites. Therapeutic drug monitoring is not
routinely recommended for MMF, although measurements of trough levels may
help to detect underimmunosuppressed patients. Experience in kidney transplan-
tation suggests onset of immunosuppressive effect and decreased acute rejection
with trough concentrations greater than 1.0 mg/L (60). However, a study in 45
cardiac transplant recipients of combination MMF and tacrolimus showed pre-
vention of AR episodes with C,;, greater than 3 mg/L (61). In clinical practice,
dosing of MMF is determined by the side-effect profile, which includes gas-
trointestinal symptoms of nausea, vomiting, anorexia, diarrhea, and myelosupres-
sion, especially leukopenia and anemia. Other rare adverse effects may include
alopecia, liver dysfunction, pancreatitis, and gastritis. A randomized multicenter
international trial comparing 3 g of MMF per day to 1.5-3 mg/kg of azathioprine
per day in 578 cardiac transplant recipients has demonstrated a 45% reduction in
mortality at 1 yr with MMF. Biopsy-proven rejection with hemodynamic com-
promise or graft loss at 6 mo posttransplant were significantly reduced in the
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Table 4
Comparison of Azathioprine and MMF

Azathioprine Mycophenolate
Active metabolites 6-Mercaptopurine Mycophenolic acid
thio-inosine-monophosphate
Dosage 2-3 mg/kg/d po once per day first year, 2-3 g/d po two divided doses
1 mg/kg/d > 12 mo
Monitoring Not required 2.0—4.5 ng/mL HPLC assay
Elimination One compartment, expontial decay Two compartment, enterohepatic circulation
Terminal half life 3h 18 h
Immunosuppression  T-Cell activity T- and B-cell activity
Drug interactions Allopurinol—bone marrow suppression  Antacids and bile acid sequestering agents reduce MMF
(dose reduce azathioprine 75%) levels; tacrolimus increases MMF levels
Other activity — Antiviral activity (EBV-induced B-cell lines)

Inhibits glycosylation and expression of adhesion molecules
Inhibits production of TGF-3

Suppresses nitric oxide by iNOS

Inhibits smooth muscle and fibroblast proliferation

MMF, mycophenolate mofetil; HPLC, high-performance liquid chromatography; EBV, Epstein—Barr virus; TGF, transforming growth factor;
iNOS, anti-inducible nitric oxide synthase.
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Table 5
Toxicity Profile of Nucleotide-Blocking Agents

Azathioprine (%) Mycophenolate (%)

Side effects * Leukopeniaa 39.1 30.4
e Abnormal LFG 12.8 9.7
* Nausea 54.3 54.0
* Diarrhea“ 34.3 45.3
* Esophagitis® 2.8 7.3
Malignancy e Lymphoma 2.1 0.7
e Other malignancy 5.2 6.2
Infections * CMV viremia 10.0 12.1
e CMV tissue invasive 8.7 11.4
e Herpes simplex 14.5 20.8
* Herpes zoster“ 5.9 10.7
* Aspergillus 2.1 2.1
e Candida 17.6 18.7

ap-value for difference <0.05
LFT, Liver function test; DMV, cytomegalovirus.

MMF arm (p = 0.045). Table S summarizes the toxicity profiles of both drugs
in this clinical study (62). A similar study in 315 lung recipients reported a 12-mo
survival significantly better in the MMF arm vs azathioprine (88.1% vs 79.1%;
p = 0.038). There was no significant difference in frequency of AR at 12 mo or
development of bronchiolitis obliterans syndrome in the first 3 yr posttransplant
(63).

The clinical significance of MMF in inhibiting human arterial smooth
muscle cell, fibroblast, and endothelial cell proliferation and the development
of chronic rejection is still being evaluated. In addition, attenuation of anti-
body production via humoral inhibition may further reduce chronic rejection
(59). Nonetheless, the Tricontinental Renal Transplant study of MMF showed
no significant difference in patient survival or allograft function at 3 yr (64).

2.5. Target of Rapamycin Inhibitors

Sirolimus or rapamycin (Rapamune, Wyeth-Ayerst) is a macrolide antibiotic
produced by Streptomyces hygroscopicus and originally discovered on Easter
Island in 1975. The immunosuppressive action is mediated by binding to the
FK506-binding protein (FKBP-12) and inhibiting a kinase known as mamma-
lian target of rapamycin (TOR). Rapamycin has no effect on calcineurin phos-
phatase activity (65). Rather, it inhibits B- and T-lymphocyte proliferation by
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Table 6

Side-Effect Profile of TOR Inhibitors

Frequent Uncommon
Hyperlipidemia Hypertension
Stomatitis Increased serum creatinine
Thrombocytopenia Dirrhea

Leukopenia Liver inflammation
Epistaxis Hypophosphatemia
Bacterial infections Hypokalemia

Impaired wound healing Intersititial pneurnonitis
Polyarthralgia Optic neuropathy
Nausea Distal osteitis

TOR, target of rapamycin.

blocking cytokine stimulatory signals including IL-2, IL-4, IL-6, and anti-CD28
antibodies via a serine threonine kinase called p70S6k. This results in a failure of
immune effector cells to progress from the G1 to S cell-cycle interface (66). In
vitro rapamycin also inhibits vascular smooth muscle cell, endothelial cell, and
fibroblast proliferation induced by fibroblast growth factor, insulin-like growth
factor, and platelet-derived growth factor (33). RAD or everolimus (Certican,
Novartis) is a derivative of sirolimus and contains a hydroxyethyl group at posi-
tion 40 to increase polarity and oral bioavailability (67). The only significant
pharmacokinetic difference between these compounds pertains to half-life, which
is 30 h for RAD and 62 h for sirolimus. Both TOR inhibitors display synergistic
effects with calcineurin inhibitors and are being studied extensively in combina-
tion. Cyclosporine and TOR inhibitors must be administered a minimum of 2 h
apart owing to complex pharmacokinetics, including inhibition of CYP3A4 and
decreased P-glycoprotein intestinal countertransport of either compound. TOR
inhibitors are metabolized by CYP3A4 and therefore share similar drug interac-
tions with the calcineurin inhibitors. Clinical doses of sirolimus should target
whole blood levels of 3-15 ng/mL measured by HPLC, depending on time
posttransplantation (68,69). Effective RAD doses are not established, although
recent reports suggest 1.5-4 mg/d have a clinically meaningful influence on AR
(70-72). Potential adverse effects of TOR inhibitors are outlined in Table 6 and
in clinical practice limit dose escalation.

An open-label randomized trial of sirolimus compared with azathioprine as
part of standard triple immunosuppression in 136 de novo cardiac transplant
recipients has recently been published (73). At 6 mo the rate of biopsy-proven
AR was halved in the sirolimus group (61.4% azathioprine vs 29.4% 3 mg/d
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and 36.2% 5 mg/d of sirloimus). A significant reduction in cardiac allograft
arterial disease was also demonstrable, suggesting protection from chronic
transplant vasculopathy (74). Similar results have been obtained in cardiac tri-
als evaluating 1.5— 3 mg of RAD (71). Unfortunately, trials of RAD in lung
transplantation have not shown convincing evidence of reduction in develop-
ment of bronchiolitis obliterans syndrome or chronic rejection (75,76). Analy-
sis of 24-mo data from multicenter phase III trials (77) in approx 1300 renal
transplant recipients reveals that patients on 5 mg of sirolimus in addition to
cyclosporine experience a significant delay in the onset and reduction in the
incidence of AR compared with azathioprine (p = 0.02) or placebo (p =0.001).
Further potential roles of TOR inhibitors are in calcineurin-inhibitor-sparing
regimens and weaning of corticosteroids in maintenance immunosuppression.

3. Corticosteroids in the Treatment of Acute Rejection

Corticosteroid therapy is the mainstay of treatment options for AR in solid
organ transplantation. The dose of methylprednisolone employed for high-grade
allograft rejection is typically 500-1000 mg/d or 10—15 mg/kg intravenously.
Patients receive this as “pulse” therapy over a 3-d period, often with a continu-
ation phase of oral prednisone or equivalent commencing at 1 mg/kg/d. This
will depend on the histological features of obtained biopsy material, time post-
transplantation, concurrent infection, and prior rejection history. There is also
evidence in renal and cardiac transplantation of 100-200 mg/d of oral pred-
nisone being equivalent to intravenous methylprednisolone in reversing AR
(78,79). Controversy exists regarding the necessity to treat low-grade rejection
scores, particularly in asymptomatic patients. In lung transplantation, minimal
AR (International Society of Heart-Lung Transplantation [ISHLT] grade A)) is
detected in 22% of transbronchial lung biopsy procedures and asymptomatic in
90% of cases. In addition, the risk of surveillance A, lesions progressing to
higher-grade rejection (ISHLT grade > A,) or lymphocytic bronchiolitis within
3 mo is 34% (80). Nonetheless, 30% of mild rejection episodes (grade A,) may
resolve spontaneously with no initial therapy. Low grades of rejection in clini-
cally well heart-lung patients may be poorly predictive of subsequent airway
submucosal fibrosis (81). Our current policy is to treat all symptomatic low-
grade biopsies with an oral steroid pulse commencing at 1 mg/kg/d and taper-
ing by 5 mg each day. There is clinical evidence in other respiratory disease
models to support that such doses are truly lymphocytolytic in nature (82,83).
For asymptomatic patients, careful clinical observation is recommended, with
steroid treatment reserved for those patients who show subsequent graft dete-
rioration. Recent evidence suggests an association between multiple episodes
(>2 grade A, biopsies) of low-grade rejection and the subsequent development
of obliterative bronchiolitis in lung transplantation. Therefore, augmentation of
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baseline immunosuppression or a change to a more antifibroproliferative regi-
men may be warranted in such circumstances (80).

Generally, corticosteroids form an integral part of chronic maintenance pro-
tocols, albeit at small baseline doses. A steroid-withdrawal approach to immu-
nosuppression is certainly not universally practiced across the spectrum of solid
organ transplantation. Prednisone and prednisolone have high oral bioavailabil-
ity and a plasma half-life from 3 to 4 h. Prednisone undergoes hepatic meta-
bolism to prednisolone, which is more than 90% bound to plasma proteins
including albumin and cortisone-binding globulin. The therapeutic benefit of
corticosteroids in acute rejection rests with their combined anti-inflammatory
and immunosuppressive action. Steroids reduce the synthesis of leukotrienes
and prostaglandins via inhibition of phosphodiesterase A,. Immunosuppressive
activity is multifactorial and includes:

1. Absolute T-lymphocyte depletion via induction of apoptosis

2. Inhibition of T-cell activation and proliferation via reduced cytokine gene tran-
scription of IL-1, IL-2, IL-6, TNF, and interferon-y

3. Reduced HLA and adhesion molecule expression

4. Inhibition of monocyte chemotaxis and migration to sites of inflammation (33)

4. Treatment of Persistent and Recurrent Rejection

The definition of persistent rejection in organ transplantation is histologi-
cally confirmed rejection that persists on a follow-up biopsy performed after a
prior treated episode. The follow-up period varies depending on routine insti-
tutional practices, type of transplant procedure, and presence of clinical fea-
tures of rejection. Recurrent rejection refers to at least three discrete episodes
of rejection, not necessarily consecutive, within a defined period of time gen-
erally measured in months. Table 7 outlines therapeutic options for patients
with persistent or recurrent rejection. The management strategies include opti-
mization of existing immunosuppressive regimens, treatment with OKT3 MAb
or polyclonal ALS and changing immunosuppression to a tacrolimus- and/or
MMF-based protocol. Cytolytic therapy has demonstrated efficacy in the treat-
ment of steroid-resistant allograft rejection. A study in 18 cardiac recipients
with resistant or recurrent rejection confirmed 88 and 100% efficacy, respec-
tively, with either OKT3 5 mg/d or ATG 1.5-2.5 mg/kg/d in reversing histo-
logical findings. Throughout follow-up averaging 50 mo, there was a trend
towards lower incidence of subsequent AR after ATG (25 vs 69%; p = 0.09)
and similar incidence of infections, graft atherosclerosis, and mortality. No
cases of PTLD were observed (84). A randomized study in 163 renal recipients
comparing ATG with equine-derived ATGAM was published in 1998. ATG
had a higher rejection reversal rate than ATGAM (88 vs 76%; p = 0.027, pri-
mary endpoint). T-cell depletion was more significant with ATG and main-
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Table 7
Therapeutic Options for Persistent or Recurrent
Acute Rejection Solid Organ Transplantation

500-1000 mg intravenous methylprednisolone in association with one or
more of the following:

1. Optimization of current immunosuppression:
* Assess compliance
» Target higher blood levels
* Increase baseline oral prednisone dosage to 0.2 mg/kg/d
2. Alteration of maintenance triple immunosuppression:
* Change from cyclosporine to tacrolimus
* Convert azathiprine to MMF
* Change route of administration: nebulized cyclosporine
(in lung transplant recipients)
3. Cytolytic therapy (duration 3—14 d):
* Polyclonal antilymphocyte sera
* OKT3
4. Addition of or substitution with another immunosuppressive agent:
* Methotrexate
* Cyclophosphamide
¢ TOR inhibitor (sirolimus or RAD)
* Leflunomide (experimental)

tained more effectively at d 30 posttherapy (p = 0.016). Recurrent rejection at 3
mo after treatment occurred less frequently with ATG than with ATGAM (17
vs 36%; p =0.011). A similar incidence of adverse events, opportunistic infec-
tion, 12-mo patient and graft survival were observed with both therapies (85).
Early studies in renal transplantation confirmed the success of MMF as rescue
therapy in 69% of patients with refractory rejection to ALS preparations (86).
The MMF Renal Study Group evaluated 150 patients with refractory rejection
and randomized them to either MMF 1.5 g twice daily or further intravenous
steroids 5 mg/kg/d for 5 d. The primary efficacy variable of graft loss or death
was reduced by 45% in the MMF group while the steroid cohort was twice as
likely to require subsequent ALS therapy (87). Similar studies in cardiac, lung,
renal, and liver transplantation evaluating tacrolimus have achieved results
comparable to MMF (88-92). A study by Onsager and colleagues in thoracic
organ transplant recipients showed reversal of rejection refractory to steroids
and OKT3 in 73% of cases following conversion to tacrolimus from cyclo-
sporine (93). Inhibition of IL-10 production is a critical factor in the ability of
tacrolimus to reverse ongoing allograft rejection compared with cyclosporine
(94). Methotrexate administered either as a single high dose (5 mg/kg) or as a
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supplement to maintenance immunosuppression at 7.5-22.5 mg/wk has proved
successful for refractory rejection in cardiac and lung transplantation (95—
98). Predictable side effects of folic acid analog therapy are mild pancytopenia
and agranulocytosis. The mechanism of immunosuppression with methotrex-
ate remains to be elucidated but is probably related to reduced intercellular
adhesion molecule (ICAM)-1 expression in lymphoid tissue (99). Aerosolized
cyclosporine has displayed in a dose-dependent manner some success in lung
transplantation in protecting against further rejection episodes and improving
graft histology (100,101). Administration consists of 300 mg of cyclosporine
in 4.8 mL of propylene glycol using a jet nebulizer daily for 10-12 d, and then
three times a week. A strong correlation exists between cyclosporine deposi-
tion in lung parenchyma measured by radioisotopic techniques and improve-
ment in forced expiratory volume in 1 s. In a murine model, reversal of ongoing
cardiac, kidney, and pancreas allograft rejection was achieved by rapamycin,
although human studies are limited (102). Sirolimus vs MMF rescue therapy
has been evaluated in 36 renal transplant patients with ongoing rejection despite
steroids and 14-21 d of ALS. Reversal of renal dysfunction was observed in
96% of patients in the sirolimus group compared with 67% in the MMF group
(p = 0.03). One-year graft and patient survival rates were similar (103).
Leflunomide is a xenobiotic agent that demonstrates selective inhibition of
pyrimidine synthesis. In experimental canine transplantation it has prolonged
renal allograft survival when given in combination with either cyclosporine or
tacrolimus (104,105).

Total lymphoid irradiation (TLI) is a potential therapy reserved for rejection
refractory to all other conventional immunotherapy (106,107). TLI involves the
delivery of low-dose radiotherapy in a 5- to 6-wk fractionated regimen (total
dose 600-840 cGy) to lymphoid tissue in a supradiaphragmatic mantle and
abdomino-pelvic inverted Y distribution. Nucleotide blocking agents are dis-
continued prior to initial treatment given the risks of profound bone marrow
suppression. An additional disadvantage of TLI is prolonged lymphopenia with
risk of opportunistic infection, especially invasive fungal and CMV infection.
Mutagenesis with an excess risk of lymphoma and acute megakaryocytic leuke-
mia have followed this modality. Trials in cardiac transplantation have found
TLI to be a risk factor for transplant coronary vasculopathy (108). Although
TLI has merit for the treatment of intractable AR, toxicity limits its more wide-
spread application. Extracorporeal photochemotherapy (ECPC) or photophere-
sis is a relatively new immunomodulatory treatment, studied in predominately
renal, cardiac, and lung transplant rejection (109). This costly technique involves
the removal of recipient leukocytes using a cell separator and then irradiating an
enriched lymphocyte solution with ultraviolet (UV) A light in the presence of
8-methoxypsoralen. This compound, administered orally 2 h prior, cross-links
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with DNA strands following UV application inducing apoptosis in activated T
cells, phenotypic change to suppressor T-cell capability, and humoral inhibition
(33). A typical treatment regimen involves one session per week in the first
month, every 2 wk in the second and third month, and then monthly thereafter.
Dall’ Amico et al. have published a trial of ECPC in cardiac recipients with
recurrent rejection. Only 18% of endomyocardial biopsies during 6 mo of
photopheresis showed 3A/3B rejection, and a significant reduction in dosage of
baseline immunosuppression was achieved (110). Depletion of circulating T
Ilymphocytes does not occur with photopheresis, but precautions are required
during the delivery of UV light to prevent retinal scarring and sunburn.

5. Future Directions in Immunosuppression and Novel Agents

Despite recent advances in immunosuppressive protocols for solid organ trans-
plantation, acute allograft rejection remains a significant source of patient mor-
bidity and mortality. While the field of transplantation continues to expand with
new immunosuppressive formulations, the overall goal of achieving immune tol-
erance remains elusive. One novel avenue of investigation is the inhibition of
those additional pathways critical to effective T-cell activation using monoclonal
antibodies. For example, it is postulated that self-tolerance may involve the inhi-
bition or absence of a costimulatory signal normally involved in the amplifica-
tion of T-cell activity (111). Such signals may include the T-cell ligands
leukocyte function antigen-1 (LFA-1), very late antigen-4, B7, VCAM-1, and
ICAM-1. Therefore, interference with these molecules even in the presence of
foreign or transplanted tissue may induce tolerance. An indefinite survival of
cardiac allografts between fully incompatible mice strains has been documented
using monoclonal antibodies to LFA-1 and ICAM-1 early posttransplant (112).
Other drugs have been reported as possessing immunomodulatory properties,
including pravastatin, aminoguanidine, and thalidomide, although have little
clinical experience in this context (113). Finally, genetic alteration of the donor
organ during procurement may ameliorate graft rejection by inducing donor-
specific tolerance. Modern genetic techniques using vectors such as liposomes,
adenovirus, and hyperbaric pressure to deliver molecules inhibiting donor gene
expression have been employed (111).
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Experimental Models of Graft Arteriosclerosis

Behzad Soleimani and Victor C. Shi

Summary

Graft arteriosclerosis (GA) is the leading cause of mortality in long-term survivors of
solid organ transplantation. Although clinical studies have suggested a multifactorial
etiology, the precise mechanism of disease remains obscure. Many animal models have
been developed that manifest lesions resembling those of human arteriosclerosis. These
models have helped us address specific mechanistic and interventional issues but, for
reasons that will be discussed, have failed to assign a unitary pathogenic mechanism to
clinical GA. In this chapter we describe the commonly available experimental models of
GA. We further discuss the merits and limitations of each model and outline their contri-
bution to our understanding of the pathogenesis of the disease.

Key Words: Graft arteriosclerosis; experimental models; transplantation.

1. Introduction

Transplantation-associated GA is the major cause of cardiac allograft fail-
ure after the first postoperative year (1), and it appears to be a significant prob-
lem in the long-term survival of other solid organ transplants (2). Also, despite
the success of immunosuppressive agents in the treatment of acute rejection
(AR), there is considerable debate about whether these drugs influence the pro-
gression of GA (3). Both the gross and histological features of GA differentiate
it from commonly occurring native vessel arteriosclerosis. In contrast with
common arteriosclerosis, the lesion associated with GA involves the artery in a
concentric rather than eccenteric fashion and often involves both the epicardial
and intramyocardial coronary arteries (1). Lipid accumulation is less common
in the early development of GA, and the tempo of the disease is faster. The
cellular composition of GA lesion and the sparing of the native vessels, as well
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as the likely participation of a variety of growth factors and cytokines, suggest
stimulation by an immune mechanism. However, the precise mechanism of the
disease remains obscure.

There has, however, been significant progress in this area in the recent years
thanks, in part at least, to the contribution made by animal models that manifest
lesions resembling those of human arteriosclerosis. The first report of allograft
coronary disease in an experimental animal was in a series of orthotopic cardiac
allografts in dogs (4). In this model allografts surviving more than 3 mo devel-
oped circumferential intimal thickening in the coronary arteries causing lumi-
nal stenosis. Subsequent to this early work by Kosek et al., many other animal
models have been developed that have helped to address both mechanistic and
interventional issues related to the disease.

There are two principal issues to consider in evaluating experimental mod-
els of GA: the choice of the species and the choice of the allograft. Experimen-
tal models of this disease have been described in all commonly available
laboratory animals ranging from rodents to primates. Although it is generally
recognized that each species offers a different perspective of the disease and
confers certain advantages and disadvantages in the study of GA, the question
of choice of allograft is more contentious.

The allografts hitherto described can be broadly divided into whole organ
and isolated arterial grafts. In this chapter we discuss the merits and deficits of
all major animal models of GA, paying particular attention to selection of spe-
cies and the type of allograft used. It is important to note that the etiology of
clinical GA is likely to be multifactorial, and in general terms the choice of
experimental model adopted is to a great extent dictated by the nature of the
question being addressed. Secondary consideration must also be given to the
availability of technical expertise and personal preference.

2. Species Selection

Among laboratory animals, rodents are the most commonly used species in
experimental models of GA. Availability of inbred strains with defined major
and minor histocompatibility antigens allows transplantation between animals
with different degrees of mismatch. Moreover, these experiments can be con-
trolled against nonimmune mediated vascular injury such as ischemia/reperfu-
sion injury or surgical trauma by performing isografts between inbred animals.
Murine species in particular offer a large range of genetically altered strains,
which can be used to investigate the role of particular gene products in GA.
However, although studies based on rodent models have generated significant
amounts of useful information, it must be kept in mind that there are important
physiological and anatomical differences between murine species and humans
(5). In particular, lack of constitutive endothelial expression of major histo-
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compatibility antigen (MHC) class II antigen, absence of neointimal lipid depo-
sition, and resistance of rodents to native vessel arteriosclerosis are major limi-
tations of mouse-based models of GA (6). In addition, in many murine heart
transplantation models, GA is generated in the context of indefinite graft sur-
vival in the absence of long-term immunosuppression (7). It is conceivable that
pathogenesis of GA seen in this setting may be different to that seen in clinical
GA, which develops in the context of chronic immunosuppression.

Larger laboratory animals, although not as versatile in terms of availability of
genetically altered strains, have some notable advantages compared to rodents.
These are anatomically and physiologically closer to humans, and therefore mod-
els may be more representative of clinical GA. In addition, large animals allow
multiple blood sampling, repeated biopsies, orthotopic transplantation, and in
some cases serial imaging with intracoronary ultrasonography. This latter tech-
nology can facilitate assessment of progression of GA as manifested by intimal
thickening in vivo and therefore allow continuous monitoring of the impact of
therapeutic interventions on the disease process. The advantages of using large
animals are offset by higher operative mortality and a significantly higher cost
of purchase and maintenance.

Porcine models are particularly attractive, as their cardiovascular physiol-
ogy and anatomy closely resemble those found in humans. There is also impor-
tant homology between the immune systems of pig and human. For instance,
unlike the situation in rodents, porcine coronary endothelium constitutively
expresses class Il antigens, a difference that may be particularly relevant given
the importance of vascular endothelium in atherogenesis (6).

Rabbit models also offer all the advantages of a large laboratory animal at a
relatively low cost. Susceptibility of rabbits to hypercholesterolemia is well
recognized and has been exploited in animal models of native vessel athero-
sclerosis for many years (8). Studies on the role of gene therapy in prevention
of GA represent one further area that has benefited from rabbit-based models
9).

In contrast to lower species, a limited number of nonhuman primate models of
GA have been described and characterized. Nevertheless, primates are consid-
ered to be particularly important in the study of the disease because of their close
phylogenetic relationship to humans. This functional and structural homology
can be exploited to evaluate novel therapeutic agents and “humanized” mono-
clonal antibodies (MAbs) prior to embarking on clinical trials. Susceptibility of
primates to native vessel atherosclerosis is well recognized and has formed the
basis of the use of these animals in atherosclerosis research (10). The significant
cost of purchase and maintenance of primates has, however, proved prohibitive.
and the use of these species has generally been restricted to immediate preclini-
cal evaluation of therapeutic strategies.
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3. Cardiac Allograft Models

The techniques for heart transplantation in laboratory animals were described
the 1960s (11), and it has long been recognized that GA can be generated experi-
mentally provided the allograft is allowed to survive for a sufficient length of
time. The arterial lesions observed in these models are morphologically similar
to clinical GA, comprised of concentric intimal hyperplasia affecting all epicar-
dial and intramyocardial coronary arteries to varying degrees. The prolonged
graft survival necessary to allow development of GA is generally achieved by
the use of immunosuppressive agents. Introduction of immunosupressants can,
however, increase the complexity of the models given that many of these agents
have themselves been implicated in the pathogenesis of GA (12,13). Addition-
ally, the immunosuppressants used experimentally, such as anti-CD4 and anti-
CD8 MAbs, have in general no clinical application and in some models result in
permanent graft survival following only a brief period of peri-operative treat-
ment (14). This is clearly not the case in the clinical setting, and this discrepancy
may have important implications when extrapolating results from these models
to clinical GA. One further characteristic of these models to consider is that, as
in clinical GA, the coronary artery lesions in experimental cardiac allografts are
generally heterogeneous in terms of their location, distribution, and intensity
(Fig. 1). This is true for different regions of the same vessel, different vessels in
the same graft region, and the same vessels in different grafts (15). This hetero-
geneity in lesion distribution makes quantitative evaluation of GA severity in
these models somewhat complex.

3.1. Orthotopic Heart Transplantation

In 1968, Kosek reported a series of orthotopic heart transplants in dogs (4).
The operation, which required the use of cardiopulmonary bypass, was per-
formed through a left thoracotomy. Azathioprine and methylprednisolone were
used as immunosuppressants to allow prolonged allograft survival. The allografts
in long-term survivors developed circumferential intimal thickening in the coro-
nary arteries, similar to clinical GA both morphologically and in terms of distri-
bution.

Orthotopic heart transplantation has also been described in pigs (16) and non-
human primates (17), although these models have not been specifically used to
address issues relevant to pathogenesis of GA. Experimental orthotopic heart
transplantation has the clear advantage of simulating clinical transplantation both
physiologically and anatomically. Its application in the study of GA has, how-
ever, been limited by the complexity of the procedure, the need for cardiopulmo-
nary bypass, and significant peri-operative mortality. In addition, the operation
can only be performed in higher animals, imposing substantial expense on the
investigator.
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Fig. 1. Variation in GA severity among cardiac allograft vessels. The center image is a histological cross section taken from the
middle portion of a 55-d mouse heart allograft (Verhoeff elastin stain, original magnification &acute; 10). Four coronary arteries
are enlarged from the cross section to show the diversity of intimal thickening observed within a given section of a murine heart
allograft.
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Fig. 2. Surgical photographs showing the donor heart attached to the recipient
abdominal aorta and inferior vena cava. The bowel has been displaced laterally to
expose the great vessels. LV, left ventricle; RV, right ventricle; PA, pulmonary artery;
LA, left atrium; IVC, inferior vena cava; SB, small bowel.

3.2. Heterotopic Heart Transplantation

Intra-abdominal cardiac allografting was described by Ono and Lindsey in the
1960s (11). In this operation the donor heart is transplanted into the abdominal
cavity of the recipient animal by anastomozing the donor ascending aorta and
pulmonary artery to the recipient abdominal aorta and inferior vena cava, respec-
tively (Fig. 2). Heterotopically transplanted rat cardiac allografts were shown
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by Laden and others to develop GA, which is morphologically indistinguish-
able from clinical graft coronary disease provided the grafts survive long
enough (18,19). This long-term survival can be achieved by exchanging grafts
between strains that are disparate in non-MHC loci only (20,21) in the absence
of immunosuppression or, alternatively, in MHC-mismatched transplants by
the use of chronic immunosuppression (22). The versatility of this model has
rendered it ideal for evaluating novel therapeutic agents (23-26). The rat model
also provides abundant graft tissue for gene-expression studies. For example,
these studies have demonstrated increased allograft expression of monocyte
chemoattractant protein-1 in the Lewis to F-344 heart transplantation model
(27). The same model has been used to demonstrate upregulation in the cardiac
allograft of genes encoding interferon (IFN)-y, interleukin(IL)-6, endothelin-1,
inflammatory factor-1, and inducible nitric oxide (28-=31). Other studies have
shown upregulation of platelet-derived growth factor expression, which has
been implicated in smooth muscle proliferation and migration into the neo-
intima (32,33). An extension of the rat heterotopic heart model has been a
retransplantation model that has been used to study the early events after trans-
plantation. In this model, retransplantation of allografts back into the original
donor strain failed to prevent GA if the grafts had resided in the primary recipi-
ent for up to 5 d; residence in the primary allogeneic recipient for less than 4 d
did not result in GA in the secondary recipient (34). This indicated that the
immune injury responsible for development of GA in this model occurs early
after transplantation and becomes irreversible after the fifth day.

Although the technique of heterotopic heart transplantation in mice was
described in the 1970s (35), it was not until recently that this model was
adapted for the study of GA. The surgical technique in humans is identical to
that in rats, albeit on a smaller scale. It has been shown that if cardiac allografts
are exchanged between inbred strains that differ in only a single MHC locus
(e.g., B10.A and B10.BR), prolonged graft survival could be achieved without
the use of immunosuppression (36). In this setting intimal hyperplasia devel-
ops, affecting the coronary arteries within 30-50 d of transplantation. Since its
original description, a number of variants of this model have been described
that are based on the choice of strain combination and the use of immunosup-
pressant agents (7,37,38). These models have been used extensively to study
many aspects of GA. GA has, for example, been produced in this model by
transfer of alloantibodies to severe combined immune deficiency recipients of
cardiac allografts (39). This important observation is generally taken as evi-
dence that alloantibodies are necessary to promote GA. Further evidence for
the role of alloantibodies came from studies on B-cell-deficient cardiac allo-
graft recipients, which failed to generate typical intimal proliferation (40).
More recently, it has been shown that the detrimental effects of alloantibodies
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can be averted by allograft expression of antioxidant and antiapoptotic genes
and that passive transfer of alloantibody can only result in GA if it is done
before allograft expression of protective genes (7).

The use of blocking monoclonal antibodies has allowed identification of sev-
eral key elements in the pathogenesis of GA such as adhesion molecules (41),
T-cell co-stimulatory molecules (7), and chemokines (42). However, the main
contribution of the mouse models stems from the availability of strains with tar-
geted gene deletions. The use of knockout and transgenic strains used as cardiac
allograft donors or recipients has allowed the identification of key gene products
in the pathogenesis of GA. The Th1 cytokine IFN-y has, for example, been impli-
cated in pathogenesis of GA because IFN-y-deficient recipients of cardiac
allografts do not develop GA (43,44). Similarly targeted deletion of the transcrip-
tion factor signal transducer and activation of transcription-4 resulted in attenua-
tion of GA, possibly by promoting Th2 lymphocyte differentiation (45). In
contrast, recipient’s deficiencies of 1L-4 or tumor necrosis factor-o. receptor-1
did not diminish (46,47), and IL-10, transforming growth factor-f1, nitric oxide
synthase (NOS)2, or apolipoprotein-E deficiency augmented GA (48-52).

A variant of rodent abdominal heart transplantation is cervical transplanta-
tion. In this operation the graft ascending aorta and pulmonary artery are anas-
tomosed end-to-side to the recipient common carotid artery and external jugular
vein, respectively. This approach obviates the need to breach the recipient peri-
toneal cavity and thus carries a lower surgical mortality. Concern, however,
has been expressed about the sufficiency of flow in the recipient carotid artery
to sustain the cardiac graft (53-55).

The porcine heterotopic heart transplantation model was described to allow
the study of the immunological basis of GA in a large animal setting (6). Porcine
species offer the advantage of having immune and cardiovascular systems simi-
lar to those of humans, with comparable susceptibility to atherosclerosis (56).
Partially inbred miniature swine offer the possibility of transplantation across
defined MHC barriers. There is the additional advantage of performing intracoro-
nary ultrasonography, as the porcine coronary arteries are large enough to admit
catheterization. In this model the donor heart is transplanted heterotopically in
the recipient’s retroperitoneal space. The donor ascending aorta and pulmonary
artery are anastomosed end-to-side to the recipient infrarenal abdominal aorta
and inferior vena cava, respectively. Before the anastomoses are constructed, an
atrial septal defect is created and the graft mitral apparatus is disrupted to avoid
left ventricular atrophy by increasing the preload. This model has been used to
assess the impact of donor-specific tolerance (57) and mixed hematopoietic chi-
merism in the recipient (58) on the development of GA.

Cervical cardiac transplantation in the rabbit was described in the late 1970s
(59) in a series of experiments in which recipients fed on a lipid-poor diet were
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shown to develop proliferative coronary arterial lesions typical of GA. In cho-
lesterol-fed rabbits, arterial lesions were similarly distributed, but the majority
of lesions were fatty-proliferative. It was concluded from these studies that
immunological arterial injury due to allograft rejection acting in synergy with
hypercholesterolemia could lead to rapidly developing arteriosclerosis. The
role of hypercholesterolemia was further supported by studies in which phar-
macological (60) or mechanical (61) reduction of cholesterol level diminished
GA in this model. The question of the relationship between episodes of AR and
development of GA was recently revisited using this model. In a study in which
episodes of AR were manipulated using cyclosporine, it was shown that AR
could accelerate graft vascular disease (62).

Heterotopic heart transplantation models have also been described in nonhu-
man primates. The technique is identical to that in other animal models (63).
When cardiac allografts were exchanged between MHC class II-mismatched
cynomolgus monkeys, prolonged graft survival was achieved by treatment of
the recipient with humanized anti-CD154 antibody. It was shown that sustained
treatment with this antibody resulted in longer median graft survival and dimin-
ished GA when compared with peri-operative dosing alone (63).

3.3. Heterotopic “Functioning” Heart Transplantation

Heterotopic cardiac allografts are physiologically “nonfunctioning” and thus
may behave differently from an orthotopic heart transplant. Hemodynamic off-
loading of the heart in heterotopic models has been shown to lead to atrophy at
organ and molecular levels (64). Although “functioning” heterotopic cardiac
allografts have been described (64), these models have not been adapted for the
study of GA. In the model described by Klein et al. (64) hearts are transplanted
heterotopicaly using an end-to-side anastomosis between the donor’s superior
vena cava and the recipient’s abdominal inferior vena cava. The right ventricle
loads the left ventricle via a direct anastomosis of the pulmonary artery to the
left atrium. The left ventricle ejects volume through an end-to-side anastomosis
of the donor aorta to the recipient abdominal aorta.

4. Arterial Models

Arterial allograft models were developed as an alternative to whole-organ
grafts to allow mechanistic study of GA without the complications of an immune
and nonimmune response to parenchymal tissue. In contrast with the organ allo-
graft models, the lesions seen in these models are concentric, uniform, and repro-
ducible (Fig. 3). Additionally, most vessel models described to date require no
immunosuppression because there is no acute destructive parenchymal rejection
that would otherwise precede the emergence of GA. This is an important point
because a number of immunosuppressive agents have themselves been impli-
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Fig. 3. Photomicrographs showing cross sections of arterial allografts. (A) 75-d rat
aortic allograft (H&E stain, original magnification x100). (B-D) 30-d mouse carotid
artery allograft (original magnification x200): (B) stained with Verhoeff stain (elastic
lamina is stained black) delineating near-occlusive neointima, (C) stained for a-actin
showing abundance of smooth muscle cells in the neointima, and (D) stained for CD45.
(E,F) 45- and 75-d rat carotid artery allografts (original magnification x100). Elastic
lamina is stained black (Verhoeff stain), delineating the neointima. It is evident that the
neointimal thickness in the rat is only moderate (nonocclusive).

cated in the pathogenesis of transplant arteriosclerosis (3,12,13). Lack of immu-
nosuppression is, however, regarded by some as a potential concern. It has, for
instance, been suggested that GA seen in vessel allografts in the absence of
immunosuppression may be initiated by a different mechanism from that seen
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in whole-organ allografts (65). Notwithstanding these concerns, and as is out-
lined here, arterial models of GA have helped address a number of important
mechanistic and interventional issues in this disease.

4.1. Aortic Allograft Model

The rat aortic allograft was the first vessel model described for the study of
GA (66). In relative terms, this is a simple procedure whereby a segment of
donor descending aorta is transplanted as an interposition graft into the
infrarenal descending aorta of the recipient. The model takes advantage of all
the merits of isolated vessel allograft in addition to relative ease of surgery
conferred by the size of rat aorta. The degree of intimal hyperplasia is, how-
ever, modest relative to the vessel diameter, in part because of the paucity of
smooth muscle cells in the aortic media (Fig. 3A). Also, the operation involves
invasion of the peritoneal space and hence carries a higher mortality than the
procedures in the neck or the groin. The rat aortic model became immediately
popular after its description, particularly for evaluation of preexisting and novel
agents for prevention of GA. These included cyclosporine (13), the angio-
tensin-converting enzyme inhibitor perindopril (67), platelet-activating factor
receptor blockers (68), angiopeptin (69), mycophenolate mofetil (70), and low-
molecular-weight heparin (71).

Unlike many murine vessel models, the rat aortic allograft provides abun-
dant tissue for gene-expression studies. For example, expression of inducible
NOS (72) and Fas-ligand (73) has been shown to be associated with GA.

Like the heterotopic heart model, the aortic allograft model has been extended
to address the early events after transplantation by performing graft retransplan-
tation (74). Using this modification it was possible to corroborate the notion that
the vascular insult that ultimately leads to GA occurs early after transplantation
and that elimination of histoincompatibility after this early phase did not alter the
disease process (74).

A murine abdominal aortic model has also been described (75), which, although
technically more demanding, confers the added advantage of using genetically
modified strains not available in rats.

The aortic model has also been extended to larger animals. The rabbit aortic
allograft model was described primarily to study cholesterol metabolism in
transplanted arteries (76). The technique is similar to other vessel allograft
models, albeit in a larger scale. Briefly, the donor thoracic aorta is grafted onto
the recipient abdominal aorta in an end-to-side fashion to construct a bypass
graft. In addition to studies on cholesterol metabolism, this model has been
used to show protective roles for estrogens (77) in GA. The rabbit model of
aortic transplantation has also been used to investigate the feasibility of aden-
ovirus-mediated gene transfer to prevent GA (9).
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A primate aortic model of allograft arteriosclerosis has been described spe-
cifically to study disease progression using serial intravascular ultrasound (IVUS)
(78). In this model, aortic allografts were transplanted below the inferior mesen-
teric artery of recipient rhesus monkeys. Removed and reimplanted aortic seg-
ments between renal arteries and the inferior mesenteric arteries served as control
autografts. Serial postoperative IVUS studies demonstrated progressive increase
in the intimal area over the 98-d observation period. Histological analysis of
allografts removed at autopsy showed typical concentric intimal hyperplasia.

4.2. Carotid Artery Models

The carotid artery has been perceived to be a suitable vessel for transplanta-
tion because of a number of technical considerations. First, the operation is per-
formed in the neck region, obviating the need to breach the peritoneum with its
associated complications. Second, the common carotid artery bears no side
branches, facilitating both the donor and recipient procedures. Third, the carotid
artery represents a small-caliber artery, reflecting the changes in smaller sized
vessels in solid organ transplants that develop arteriosclerosis. Fourth, two genet-
ically identical grafts are available from the same donor for two comparative
transplants.

In the first description of a murine carotid transplant model, a segment of
donor common carotid artery was transplanted as a paratopic loop graft onto the
recipient carotid artery (79) (Fig. 4). In this model, allografts had near-occlusive
intimal hyperplasia within 30 d of transplantation in the absence of immunosup-
pressive agents (Fig. 3B). This was in contrast with preservation of normal mor-
phology in isografts within the same time scale (79). The neointima in allografts,
initially composed of macrophage/monocytes and lymphocytes (CD4* and
CD8*), was replaced with smooth muscle cells and extracellular matrix by d 30
(Fig. 3C,D).

The vascular remodeling seen in this model is morphologically similar to
clinical allograft coronary disease with a smooth-muscle-rich concenteric
neointima. Furthermore, the model confers uniformity and reproducibility of
the neointima, which would facilitate accurate quantitative evaluation of lesion
severity. Because the vessel allograft is transplanted as a loop, there was initial
concern that potentially turbulent flow could cause endothelial injury and pro-
mote neointima formation. However, the absence of neointima in isografts or in
allografts transplanted into certain knockout strains would suggest that turbu-
lence alone is not a significant contributing factor in this model.

The immunological basis of GA was first addressed systematically in this
model using genetically manipulated mouse strains as recipients of carotid artery
allografts. It therefore became possible to decipher the relative contribution of
key gene products to pathogenesis of GA. Allografts from Rag-2" recipients, for
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Fig. 4. Photograph of operative field showing the left carotid artery of the recipient,
to which the donor artery has been sutured as a loop.

instance, which lack immunoglobulins and T-cell receptors had no neointima,
indicating that GA is primarily an immune-mediated process. In addition, grafts
from recipients deficient in MHC class II antigen or CD4* cells but not CD8*
cells had a significantly diminished neointima (80). Likewise, allografts from
apoE knockout recipients had enhanced, and those from plasminogen-deficient
recipients diminished, neointima formation (81,82).

Using knockout strains as donors, it was then possible to demonstrate that
donor expression of MHC class II but not class I was needed for GA to develop.
Similarly, graft expression of intercellular adhesion molecule ICAM)-1 but not
P-selectin was shown to be necessary (83).

Modifications of this model have been described in which interposition
grafts were used in an attempt to reduce flow turbulence. These models use
suture or cuff techniques (84), adding to the complexity of the procedure. In
addition, the reduced length of the interposition graft diminishes the amount of
tissue available for analysis.

Carotid artery loop transplantation has also been described in rats (85). The
procedure is identical to that in the mouse. In this model the observation period
is longer (45-75 d), and unlike the mouse carotid artery, the rat arterial lesions
rarely become occlusive (Fig. 3E,F). However, larger vessel sizes in the rat
makes the surgery easier to perform and also allow for noninvasive imaging of
the graft using Doppler ultrasound (85). Ultrasound imaging may allow con-
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tinuous study of vascular remodeling in response to therapeutic interventions.
In the LEW-to-F344 strain combination, the neointima, although rich in lym-
phocytes, lacked a significant smooth muscle cell component as compared with
vessels seen in cardiac allografts of the same age (85). Whether this discrep-
ancy in cellularity of the neointima in different allografts is significant remains
uncertain.

4.3. Femoral Artery Model

In this model, a segment of donor femoral artery is transplanted orthotopi-
cally to the recipient femoral artery (86). Like the carotid artery, the rat femo-
ral artery is a small-caliber muscular artery and therefore a suitable alternative
to the aorta. The model also obviates the need to breach the peritoneal space.

An interesting observation made in this model was that in 40-d allografts,
neointimal and medial smooth muscle cells were entirely of recipient origin
(87). The recipient origin of the neointimal cells led to the speculation that the
mechanism of neointima formation may be different in vessel allografts as com-
pared with organ allografts (65). Further evidence supporting this notion came
from a study using the rat aortic model, in which recolonization of allograft
with recipient origin endothelial cells by the 18th postoperative day was dem-
onstrated (88). Also in this study, by postoperative day 60 the neointimal cells
were noted to be of recipient origin. In contrast, in a study of long-term murine
cardiac allografts (38), graft endothelial and medial smooth muscle cells were
shown to express donor-specific MHC class II molecules. However, the origin
of neointimal smooth muscle cells was not determined in this study. It is evi-
dent from these studies that there is no clear consensus over the origin of vas-
cular endothelial and smooth muscle cells in the remodeled arterial allograft.
Nor is it established whether the origin of cellular components has any bearing
toward the mechanism of vascular remodeling.

4.4. Coronary Artery Model

The isolated coronary artery transplantation model was developed in an attempt
to overcome the structural differences between the coronary artery and other
vessel grafts and also the heterogeneity of arterial lesions in solid organ allo-
grafts (89). Like other vessel models, this model has the added advantage of not
requiring the use of immunosuppression.

Technically, a segment of donor coronary artery was transplanted heterotopi-
cally into the recipient common carotid artery position. The grafts were anasto-
mosed end-to-side to the recipient artery, and the intervening carotid artery was
excised for baseline histological analysis. Allografts exhibited rapidly progres-
sive vascular remodeling with endothelial hyperplasia, intimal fibromuscular
hyperplasia, and medial necrosis.
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5. Conclusions

The myriad of experimental models available for the study of GA is itself a
testament to the fact that there is no single “ideal” model that can represent all
aspects of what is undoubtedly a multifactorial clinical entity. The common
theme in all the models described is morphological resemblance of arterial
lesions in experimental allografts with lesions encountered in clinical GA. It is
entirely possible that the mechanism by which this common endpoint is reached
may be different in each model. It is also conceivable that the disease mecha-
nism in each model may or may not be that which is relevant in clinical GA.
This view may explain the variation in the impact of novel therapeutic strate-
gies in various model systems and the ultimate disappointing outcome often
encountered in clinical trials. This concept of model generation based on mor-
phological outcome is, however, a consequence of the fact that clinical studies
have not thus far pointed to a unitary mechanism for the disease. Until such
time that clinical studies can focus our attention on relevant pathways of the
disease, we are obliged to address each potential mechanism by adopting a
different model. Therefore, potentially relevant early events can be targeted by
using models that do not require immunosuppression such as vessel models,
and later more chronic events can be addressed by adopting organ-based mod-
els. However, neither approach can unequivocally define the mechanisms that
are both necessary and sufficient to produce clinical GA, and therapeutic strat-
egies based on these models must be regarded as tentative until verified in
clinical trials.

6. Technical Procedures
6.1. Surgical Technique: Murine Heterotopic Heart (35)
6.1.1. Donor Procedure

1. The animal is anesthetized and fixed in supine position.

2. A midline thoraco-abdominal incision is made exposing the heart and the entire
length of aorta and inferior vena cava (IVC).

3. After injecting 5 mL of heparinized saline, the inferior vena cava is divided fol-
lowed by division of the superior vena cava.

4. The ascending aorta and the main pulmonary artery are then divided allowing
ligation of all pulmonary veins en bloc.

5. The allograft is then stored in heparinized saline on ice.

6.1.2. Recipient Procedure

The animal is anesthetized and fixed in supine position.

The operation is performed under an operating microscope (X16 magnification).
A Gable type rooftop incision is made, allowing access to the abdomen.

The bowel is displaced laterally to expose the infrarenal aorta and the IVC.

NS
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5. Lumbar vein and arteries are identified and cauterized. The aorta and the IVC are
then clamped above and below, exposing a 1-cm infrarenal segment of the great
vessels.

6. The donor ascending aorta is anastomosed end-to-side using 10-0 nylon to the
recipient aorta.

7. The donor pulmonary artery is anastomosed end-to-side to the recipient IVC using
10-0 nylon suture.

8. The clamps are removed, allowing perfusion of the graft and commencement of
sinus rhythm.

6.2. Surgical Technique: Murine Carotid Artery Model (79)
6.2.1. Donor Procedure

1. The donor animal is fixed in a supine position with its neck extended.

2. Following a midline incision in the neck the cleidomastoid muscles are resected.
Both the left and right carotid arteries are fully dissected from the arch to the
bifurcation and removed.

3. Harvested arteries are washed with heparinized saline and preserved in isotonic
saline at room temperature until grafted into two recipient animals.

6.2.2. Recipient Procedure

. The recipient animal is then fixed in a supine position with its neck extended.

2. A midline incision is made on the ventral surface of the neck from the supraster-
nal notch to the chin.

3. The left cleidomastoid muscle is resected. The left carotid artery is dissected

from the bifurcation in the distal end toward the proximal end as far as techni-

cally possible.

The artery is then occluded with two microvascular clamps, one at each end, and

two longitudinal arteriotomies (0.5-0.6 mm) are made with a fine (30-gauge)

needle and scissors.

5. The graft is then transplanted paratopically into the recipient with an end-to-side
anastomosis with an 11/0 continuous nylon suture under X16-25 magnification.

6. Before the distal anastomosis is constructed, the proximal clamp is released to
flush away residual blood inside the lumen. Both clamps are released after the
two anastomoses are completed. At this point prominent pulsations should be
visible in both the transplanted loop and the native vessel. If there are no pulsa-
tions or they are diminished within a few minutes of restoration of blood flow,
thrombosis at the anastomosis is assumed and the procedure is terminated and
considered a surgical failure.

7. If there are vigorous pulsations in the transplanted vessel, the skin incision is

closed.

6.3. Surgical Technique: Rat Aortic Model (66)
6.3.1. Donor Operation

1. A midline abdominal incision is made and the bowel is retracted to the right.
2. A segment of aorta between the renal arteries and its bifurcation is separated
from the vena cava.

—_
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3.

Following injection of 0.5 mL of saline solution containing 50 U of heparin into
the inferior vena cava, the segment of aorta is removed.

6.3.2. Recipient Operation

1.

2.

v

A midline incision is made from the xiphoid to the pelvis, and the abdominal
walls are retracted.

The bowel is wrapped in saline-solution-moistened gauze and displaced to the
animal’s right.

. The infrarenal aorta is dissected free and mobilized as far as possible, between

the renal arteries proximally and the bifurcation distally.

All of the small branches of this segment are cut with the fine-tip cautery.

The proximal and distal portions of the aorta are clamped, and the intervening
segment is resected.

The donor aorta is placed in the orthotopic position, and the anastomosis is per-
formed using interrupted 10-0 nylon suture.
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