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Transplantation is now firmly established as the ther-
apy of choice for end-stage organ failure. Specific
immunological tolerance of transplant recipients
toward their foreign organ or tissue grafts is a goal that
has been sought by transplant biologists for almost
fifty years following the original description of the
phenomenon in experimental animals (1). Since that
time, a wealth of experimental data has accumulated
relating to strategies for extending allograft survival
and function. Still, the question remains of how near
we are to the day when long-term tolerance of engraft-
ed organs or tissues is a clinical reality.

With the pharmacopoeia of the transplant biologist
continually expanding (2), the potential treatment com-
binations have become baffling and their impact on
strategies to induce tolerance ever more complex. The
increasing demand for organ transplantation and the
imbalance with the supply of donor organs (3) makes it
an urgent necessity to optimize the outcome of clinical
transplantation. It is therefore timely to reassess where
we stand on the road to achieving clinical transplant tol-
erance, and highlight the challenges that face us, so that
we may choose the best direction in which to invest our
efforts in basic and clinical research (4).

A plea for tolerance
Powerful new immunosuppressive agents, now in wide-
spread use, have been employed in transplantation as
well as in certain allergic and autoimmune conditions.
These agents include humanized anti–IL-2 receptor
mAb’s; tacrolimus, a drug related to cyclosporin that
inhibits calcineurin and blocks IL-2–dependent T cell
activation; mycophenolate mofetil, which blocks 
lymphocyte purine biosynthesis; and rapamycin, an

inhibitor of multiple kinase-dependent cell cycle regu-
lators. While the use of these agents has undoubtedly
improved the short-term graft survival times (2), their
impact on long-term outcome remains unknown (5).
Some of these treatments may indeed improve long-
term kidney graft survival (6), but others are difficult
to judge because they have been used clinically for too
short a period (7). The improved outcome comes at a
cost, with increased frequencies of malignancies and
infections, as well as the individual drug-related adverse
effects such as hypercholesterolemia and diabetes (2),
which in turn contribute to ischemic heart disease, the
cause of death of half of the transplant patients (8).

Recent trends in long-term survival rates indicate a
progressive improvement of renal allograft half-lives,
even before the new immunosuppressive drugs in clini-
cal use were introduced (9). Interestingly, this improve-
ment was only observed in patients who never had an
acute rejection episode. These data emphasize the criti-
cal role of the recipient’s alloimmune response as a
major determinant of transplant outcome and high-
light the need to develop novel strategies targeted at
induction of immunologic donor-specific tolerance.
Furthermore, the shortage of donor organs means that
each graft should ideally be sufficient to provide life-
long replacement of function. Achieving long-term,
drug-free graft acceptance with normal organ function
is thus of paramount importance. It has tremendous
medical and financial implications for patients with
end-stage organ failure and for the health care industry
as a whole. Moreover, the development of practical tol-
erance-inducing strategies for allotransplantation could
well prove valuable in other clinical contexts, particu-
larly autoimmune diseases and allergies.

Regulation of alloreactive T cells
The key orchestrators of the immune response are the
T cells which can react to alloantigen both directly, by
recognizing intact foreign MHC molecules on donor
antigen-presenting cells (APCs), and indirectly, as a
result of interactions with processed donor antigens on
self APCs (10). The indirect route represents the physi-
ologic pathway of immune recognition of foreign anti-
gens and autoantigens.

Individual T cells reacting to their specific antigen can
undergo a number of different responses (Figure 1), and
the factors determining the fate of a particular T cell are
still poorly understood. However, the combination of
responses by graft-specific alloreactive T cells will large-
ly determine the outcome of a graft. T cells can be phys-
iologically silenced by a number of mechanisms, includ-
ing deletion, which may occur within the thymus or in
the peripheral immune system; anergy, where they can-
not adequately respond following restimulation with
antigen; and suppression, which may be mediated by
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interactions with other cells or with soluble factors (11).
The same mechanisms act in acquired transplantation
tolerance (4, 12) and might be harnessed to achieve
donor-specific tolerance by blunting the effects of allore-
active T cells. A further possible mechanism of immuno-
logic tolerance that is unique to the transplant setting is
microchimerism, the persistence of a small number of
donor-derived bone marrow cells in recipients (13). How-
ever, debate continues regarding methods for detection
of microchimerism, the importance of the anatomical
sites in which it is found (14), as well as its clinical rele-
vance (15). Whether tolerance or rejection is associated
with microchimerism may depend on the state of matu-
rity of the host immune system and the degree of anti-
genicity of the donor organ (16).

Experimental induction of allograft tolerance
Immunologic tolerance does not mean complete unre-
sponsiveness toward the graft, but rather a lack of a
destructive immune response towards it in the presence
of generalized immune competence (17). How can we
judge whether such a state has been achieved? Opera-
tionally, clinical tolerance is defined as absence of acute
and chronic rejection and indefinite graft survival with
normal graft function in an immunocompetent host.
However, extensive experience with experimental animals
and human patients shows that tolerance is not always
permanent. Many reports claim tolerance induction after
graft survival of more than 100 days in rodents, with
acceptance of a second graft from the original donor
strain and rejection of third-party grafts, a measure of
donor-specific hyporesponsiveness. It is impossible to

know how this criterion translates with
regard to longevity of human trans-
plants. Furthermore, some reports of
human transplant tolerance have subse-
quently been revised following graft loss
(15, 18). Accurate methods to measure
such tolerance are required, so that we
can monitor its induction and its break-
down, should that occur. Devising a
number of different assays that allow us
to prospectively follow the status of the
immune response towards the graft and
detect early signs of rejection or tolerance
is an urgent necessity. A number of
promising examples are emerging, as
shown in Table 1, but their widespread
clinical validation is still lacking. It is like-
ly that a panel of assays will be required
to provide an adequate immunological
profile that no test could provide alone.
Such assays should also allow us to make
decisions regarding prospective with-
drawal of immunosuppression without
risking a rejection episode in tolerant
patients, and detecting incipient rejec-
tion in patients during or after the with-
drawal of immunosuppression.

Examples of tolerance in clinical organ
transplantation exist, although most
have come to light only inadvertently.

Patients who have stopped their maintenance immuno-
suppression rarely keep their grafts, but a small number
do and somehow maintain a functioning transplant
(19). Other examples of patients who require no
immunosuppression to maintain the transplanted
organ include some who had received total body irradi-
ation as induction therapy for their transplants (15, 18)
and others who first received bone marrow transplants
for hematological diseases and who subsequently were
transplanted with kidneys from the same donor. The
first such cases were published a decade ago by our
group (20). More recently, Spitzer et al. published a case
of a patient with multiple myeloma and renal failure
that has been treated with such an approach (21).

The use of bone marrow transplantation in order to
induce tolerance has been extensively studied in animal
models and to a lesser extent in patients (22). Estab-
lishing mixed chimeric immune systems, with compo-
nents from the donor and recipient bone marrow,
allows tolerance toward the host tissues as well as the
foreign graft. Interestingly, tolerance appears to outlast
the chimerism in some cases, suggesting that the graft
itself has some tolerogenic capacity (22). A major chal-
lenge remains to develop clinically applicable nonmye-
loablative regimens that will allow bone marrow trans-
plantation and induction of lasting chimerism and that
can be safely used in HLA-mismatched patients.

An alternative approach to bone marrow chimerism
involves the use of in vitro–manipulated or immature
donor dendritic cells (DCs), which can induce both
peripheral and central tolerance (23, 24). Gene targeting
of transplanted organs is yet another innovative
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Figure 1
The fate of alloreactive T cells. Upon antigen engagement and in the presence of adequate
costimulatory signals, the alloreactive T cell becomes activated, proliferates, and is subject
to a number of different fates. The first is differentiation to an effector cell, orchestrating
the immune response directed toward the target antigen. Some of the T cells will differen-
tiate into memory cells, able to provide rapid recall responses upon antigenic restimulation.
Other cells will have their effector functions terminated either by anergy or by apoptotic
death (which may be passive or may involve activation-induced cell death [AICD]), or as a
consequence of regulation by other cells or soluble factors. CTL, cytotoxic T lymphocyte;
DTH, delayed-type hypersensitivity.



approach (25). In rodents, selective inhibition of alloim-
munity has been achieved within the transplanted
organ by transferring genes whose products can limit
specific T cell interactions. Transfection of genes encod-
ing immunomodulatory molecules, using adenoviral or
retroviral vectors or naked DNA, can prolong graft sur-
vival in these organs but may not induce long-lasting
tolerance unless used concomitantly with donor anti-
gen–based or DC strategies (26). However, before clini-
cal trials with either of these can be considered, evidence
would be needed that nonhuman primates can be trans-
fected safely and efficiently with antirejection genes that
regulate the local graft immune response, or that
manipulated DCs can be used successfully to induce
tolerance. The optimal conditions and the attendant
risks of these approaches must still be determined
before they can be studied in humans.

There are other strategies that appear to achieve tol-
erance in rodent models, not all of which have yet been
applied successfully in primates. The more promising
strategies include the use of T cell costimulatory block-
ade (27, 28) or T cell depleting agents (29, 30). Over the
past several years, there has been great excitement
about the potential for translating B7 and CD154 
T cell costimulatory blockade strategies to the clinic
(10, 31, 32). Indeed, this approach has met with some
success in patients with autoimmune psoriasis and in
recipients of bone marrow transplants (33, 34),
although it was unsuccessful in human (but not
murine) systemic lupus erythematosus (35). Our
understanding is still unfolding regarding how these
costimulatory pathways interact with each other and
with other, subdominant pathways, which appear to
play major roles only under limited circumstances (36).
Such pathways include those mediated by binding
between ICOS and B7h, between CD134 and CD134L,
between CD27 and CD70, and others (36). These have
been shown to play significant roles in diverse models
of autoimmunity and more recently in transplantation,
as well as being found in many human diseases, in
which their functions remain to be clarified. Their roles
in the induction or maintenance of tolerance will
require extensive investigation, since their prime action
may occur in immunological compartments that are

relatively insensitive to other toler-
ance-inducing regimens.

Because of the complex interac-
tions between T cell costimulatory
pathways, many regimens will need
to be tested in order to establish the
safety and efficacy of targeting these
pathways in vivo. By analogy to the
events underlying the normal toler-
ance to autoantigens, blockade of
these costimulatory pathways may
hold an alloreactive response in
check only if the T cell population
targeted is of a limited size, so that
all of these cells can be tolerized. In
the normal development of the
immune system, most high-avidity
autoreactive T cell clones are elimi-

nated during ontogeny, and the small number of lower
avidity cells that escape thymic selection can generally
be restrained by less potent, peripheral regulatory
mechanisms (37). Despite the expanded T cell clone size
in autoimmune disease states, treatments that induce
antigen-specific T cell deletion have shown some suc-
cess, both in treatment of experimental animals and, to
some degree, in patients (38). Similarly, reduction of the
central or peripheral alloreactive T cell repertoire by
inducing apoptosis may play a crucial role as an adjunct
to treatments that aim to regulate the function of these
cells (12) (Figure 2). Some of the new immunosuppres-
sive drugs may facilitate tolerance induction in part by
promoting peripheral deletion of alloreactive T cells
(39). Limited treatment with agents such as rapamycin
during the induction phase, possibly combined with T
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Figure 2
The balance of the immune system. This cartoon represents the balance
between the effector and regulatory functions of the immune system and
emphasizes the role of effector clone size in dictating the outcome of an
immune response. In the presence of large numbers of effector cells (red
circles), the regulatory mechanisms, consisting of regulatory cells (green
circles) and suppressive soluble factors such as cytokines, are unable to
attenuate the effector’s response, which therefore predominates. In the
context of transplantation this results in rejection. However, in the pres-
ence of low effector cell numbers these mechanisms can regulate the effec-
tors and keep them in check. If these responses are sufficiently robust,
transplant tolerance may result. Adapted from ref. 12.

Table 1
Candidate outcomes to measure in a tolerance assay

Immune reactivity

In the blood
Direct and indirect T cell alloreactivity assessed by: proliferation

cytokine analysis
cell division
trans-vivo delayed-type hypersensitivity

Expression profiling using lymphocyte activation markers
Humoral immune responses

In the transplant
Graft morphology and immunohistochemistry
Expression profiling for lymphocyte activation markers within the graft or in the urine

Immune gene polymorphisms

Gene chip microarrays and proteomics defining “tolerance genes” and “tolerance proteins”



cell costimulatory blockade (39) or anti–T cell antibod-
ies, such as humanized nonmitogenic anti-CD3
(Bernard Hering, personal communication) or Cam-
path-1, an anti-CD52 mAb (Stuart Knechtle, personal
communication), may thus enhance tolerance induc-
tion. There remains the challenge of defining how
much deletion is enough and how safe that is in
humans. For example, Campath-1, when used in the
treatment of multiple sclerosis, has been associated
with the development of high rates of autoimmune thy-
roid disease, perhaps as a result of perturbations in the
regulatory lymphocyte populations (40). Finally,
whether coadministration of donor antigen in the form
of donor blood transfusions or bone marrow infusion
with T cell costimulatory blockade or T cell–depleting
agents promotes induction of tolerance requires fur-
ther testing in primates.

The contribution of conventional immunosuppres-
sive drugs to tolerizing strategies needs to be investi-
gated thoroughly; early fears that these drugs would
impair the generation of tolerance have been borne out
in some (28, 39, 41) but not all (42) models. For exam-
ple, calcineurin inhibitors may facilitate tolerance
induced by mixed allogeneic chimerism (42) and do not
impair long-term graft survival if given with certain
costimulatory blockade regimens, such as multiple
rather than single doses of anti-CD154 (43). The opti-
mal treatment strategies remain far from clear at the
present time. Another important issue to consider is
the timing of immunosuppression withdrawal. When
a multidrug regimen is being used, this question
becomes all the more complex: Which drugs are to be
tapered off and at what time after transplant? There-
fore, developing optimal criteria based on sound clini-
cal and laboratory studies to define tolerant patients is
critical. These criteria are likely to be dependent on the
tolerance regimen, such as detection of chimerism in
strategies involving bone marrow or stem cell trans-
plantation. Moreover, it is equally important to devel-
op sensitive and reproducible assays to detect incipient
rejection to monitor patients during or after with-
drawal of immunosuppressive drugs (Table 1).

When thinking about developing tolerance strategies
it is important to realize that what applies to rodents is
often not applicable to the larger animals or to
patients. In the autoimmune field, similarly, therapies
such as costimulatory blockade, altered peptide lig-
ands, and oral tolerance, which are effective in animal
models, have proved disappointing or harmful in clin-
ical trials (35). Conversely, regimens well established in

clinical transplantation may be too toxic or not appli-
cable for nonhuman primates. Therefore, in the
absence of clear data in large animals, we have to adapt
the strategies we already have in the clinic to include
variations suggested by the animal models. However,
we should accept data only from stringent small ani-
mal models that are adequately mismatched, so as to
be more representative of clinical transplantation. Fur-
thermore, the organs or tissues transplanted have to be
considered, since they have varying susceptibility to tol-
erance induction, with liver being the easiest to toler-
ize, followed by kidney, heart, islets, pancreas, small
bowel, and finally skin, which is the hardest. Toxicity
and safety issues will undoubtedly require testing on
larger animals. Table 2 lists some of the strategies that
are planned for translation to the clinic.

Tolerance and clinical complications 
following transplantation
Achieving tolerance would avoid the current require-
ments for lifelong immunosuppression and many of
the associated complications. However, there remain
three key issues that need to be resolved: the effect of
tolerance on development of chronic rejection, the
relation of tolerance with specific infections, and the
risk of malignancies with tolerance strategies. Accord-
ing to our definition, tolerance should result in the
elimination of acute rejection and prevention of
chronic rejection. While this prediction has been con-
firmed in some animal models, it is not a universal
finding (44, 45). Only some studies in humans have
indicated that donor-specific hyporesponsiveness can
be associated with protection from chronic rejection
(46), perhaps because tolerance may not affect
alloantigen-independent mechanisms of chronic allo-
graft dysfunction. The literature on tolerance and
chronic rejection in animals is ambiguous in this
regard, since a number of studies omit details of long-
term graft function or histology (5).

The effect of tolerizing regimens on the development
of infectious complications is also unknown, and con-
versely the effect particular infections may have on the
induction or maintenance of tolerance is uncertain.
Indeed, certain tolerizing strategies are ineffective if
performed during ongoing infectious episodes (47).
Tolerizing a graft in the presence of a latent infectious
agent may also allow tolerance to develop toward the
latter, with results that can only be speculated on at
present. However, it seems prudent that patients with
certain latent or chronic infections (e.g., hepatitis B or
C viruses, cytomegalovirus, and Epstein-Barr virus)
should be excluded from initial tolerance trials. In addi-
tion, since viral infections can be transmitted with the
transplanted organ (48), it is advisable to exclude
organs from donors infected with these viruses.

Finally, although the risk of developing post-trans-
plant malignancies is related to the chronic immuno-
suppressive burden, tolerance-inducing strategies may
themselves predispose certain tissues to malignant
transformation following, for example, T cell depletion
or whole body irradiation. Adequate follow up and
optimal monitoring are thus required to insure early
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Table 2
Clinical tolerance strategies to be testedA

1. Mixed allogeneic chimerism (using bone marrow or bone marrow stem 
cell transplantation)

2. T cell costimulatory blockade, with or without donor antigen (bone 
marrow, bone marrow stem cells, or donor-specific transfusions)

3. Nonmitogenic humanized anti-CD3
4. Profound T cell depletion (Campath-1), with or without donor antigen

AConcomitant immunosuppressive regimen and duration of therapy to be decided.



detection and therapy if malignancies do occur with
certain clinical tolerance strategies.

Where to begin?
The ultimate choice of which patient population will
be the first to be entered into such trials remains open
to debate. Important factors to consider in patient
selection include the chances of success and the con-
sequences of failure in particular groups. For example,
young children (<3 years old) have the best long-term
renal graft survival with a significantly different rate
of chronic allograft loss (49), but children also have
higher rates of liver retransplantation with worse out-
come than adults, making graft failure less acceptable
(50). Alternatively, older recipients, who may have
developed a degree of immunological senescence, may
be an easier group in which to successfully induce tol-
erance. Other practical decisions must be made as well,
such as the choice of whether to provide transplants to
high- or low-risk recipients, and, in the case of kidney
transplantation, whether to employ organs from
cadaveric or living sources.

Some consensus on priorities for clinical testing will
need to be reached, perhaps overseen by a regulatory
body consisting of a panel of experts. Such a panel
should also consider the ethical issues involved in risk-
ing possible rejection from a failed tolerance protocol
in an era when 1-year graft survival rates exceed 90%
and few grafts are lost to rejection. Furthermore, while
certain types of transplants, including liver transplants,
seem to be more easily tolerized and thus are excellent
candidates for study, the transplant community cur-
rently has substantial reservations about attempting
tolerance protocols for organs for which no suitable
mechanical replacement therapies are available in the
event of organ failure. Indeed, these ethical issues may
be as complex as the immunologic ones.

There is the added complication that such tolerizing
strategies may not benefit the pharmaceutical compa-
nies manufacturing the immunosuppressive agents cur-
rently used, and thoughtful cooperation between the
biotechnology industry and the transplant biologists
will be needed to successfully achieve the necessary
development of the appropriate tolerizing agents. Prop-
er conduct and execution of the trials is essential and
will need to be overseen by a suitably appointed regula-
tory (governmental) agency. The task of coordinating
these efforts might best be met by the NIH (USA)
Immune Tolerance Network (http://www.immunetol-
erance.org), a consortium of international investigators
and research groups dedicated to devising strategies and
tools to induce, maintain, and monitor tolerance fol-
lowing organ transplantation, as well as in autoimmune
and allergic diseases.

Clinical transplant tolerance is clearly achievable in
particular animal models and in a few humans. Defin-
ing the most successful of these strategies and then
translating them to larger animals so as to test their
suitability for the majority of patients is the next step.
This will require extensive investigation to confirm the
robustness and longevity as well as the safety of the
tolerance-inducing regimens. If we can reproduce

some of the results without inducing unacceptable
complications, we may arrive at this goal, although it
may seem remote.
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