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Transplantation is the treatment of choice for
most patients with end-stage kidney failure,
and in many cases is the only option for patients
with progressive heart or liver disease. In
addition, transplantation is now seen as a viable
treatment for patients with insulin-dependent
diabetes mellitus and is a developing possibility

for paediatric patients with deficiencies in
small-bowel function. The overall success of
transplantation is reflected by the number of
procedures performed throughout the world. By
the end of 1997, almost 416 000 kidney, 46 300 heart
and 62 500 liver transplants had been carried out
worldwide (Ref. 1).

Andrew Bushell and Kathryn J. Wood

During the past 30 years, organ transplantation has developed from a highly
experimental procedure into an important part of routine clinical practice. This
is reflected by the fact that graft survival times, which were once considered in
terms of days or weeks, are now measured in terms of years or decades, with
enormous corresponding benefits for the patient. Much of this improvement is
due to the development of sophisticated immunosuppressive drugs that inhibit
the rejection response mediated by the immune system of the recipient.
However, almost without exception, all of the grafts that are transplanted
from one genetically disparate individual to another are eventually rejected.
The Holy Grail in transplantation is the development of protocols that lead to
transplantation tolerance and provide stable graft function without long-term
drug therapy. In this article, we have discussed the need for alternatives to
current immunosuppression and reviewed the results of animal models, which
suggest that long-term stable tolerance is an achievable goal.
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Figures for graft survival have improved
steadily with time, such that current one-year
survival for kidney, heart and liver transplants
is 70–90% at most transplant centres (Ref. 1).
Such survival  depends on a number of
factors but the most significant of these is the
administration of powerful immunosuppressive
drugs. Transplantation between genetically
disparate individuals (transplantation of an
allograft or allotransplantation) evokes a rapid
and potentially destructive alloreactive
immune response that, if left unchecked, can
lead to almost complete destruction of the
transplanted organ within a matter of days.
Administration of immunosuppressive drugs
(such as the purine analogue azathioprine, the
steroid methylprednisolone, the cyclic peptide
cyclosporin A and a variety of anti-lymphocyte
antibody preparations) attenuates this response
and thus prevents acute graft rejection. However,
continued graft survival depends on life-long
immunosuppression because, except for a very
small number of cases (the majority of which
involve liver transplantation and should probably
be regarded as a special case), withdrawal of
immunosuppression results in re-activation of
the rejection response, leading to rapid graft
destruction.

Limitations of current immunosuppression
Although the immunosuppressive drugs that are
currently available are very effective in the short
term, substantial problems in four specific areas
indicate a pressing need to develop alternative
and more sophisticated ways of preventing graft
rejection. These areas can be summarised as
follows: (1) chronic graft rejection, (2) transplant-
associated vasculopathy, (3) infection and (4)
cancer.

Chronic graft rejection
During the earliest days of clinical kidney
transplantation, graft survival rates after one
year were often as low as 30% (Ref. 2), but
improvements in immunosuppression, matching
of the major histocompatibility complex (MHC)
of donors and recipients, and improved patient
management have led to current one-year survival
figures of 80–90%. However, this remarkable
improvement has not resulted in a corresponding
increase in long-term graft survival. For example,
recent US registry data indicate that although
the one-year graft survival rate for first kidney

transplants from cadaveric donors performed
since 1989 was 82%, half of these grafts fail within
8 years. In fact, the data show that, despite
improvements in early graft survival, the rate of
delayed graft loss has not changed significantly
over the past 20 years (Ref. 3). Chronic rejection
is poorly understood and almost certainly
involves a number of interrelated factors (see
below). One of the most important of these is acute
rejection and several studies have shown that
increased rates of acute rejection are closely
associated with an increased incidence of delayed
graft loss (Refs 4, 5). Thus, even though acute
rejection episodes can be treated successfully, the
graft almost certainly sustains some damage from
which it cannot recover.

Transplant-associated vasculopathy
Heart transplantation is now considered to be a
realistic therapy for patients with coronary
artery disease (CAD), cardiomyopathy and other
end-stage heart disease. One-year graft survival
figures at most centres approach those of kidney
transplants but, as with the kidney, despite good
early graft function there is a continual loss of
grafts and 10-year survival rates are only 40–50%.
Biopsies from some of the earliest successful heart
transplants showed evidence of a progressive
form of occlusive CAD, and routine biopsy of all
transplanted hearts has shown that transplant-
associated CAD is an unexpected, yet widespread,
complication of heart transplantation (Ref. 6). Of
greatest concern is the fact that such disease is
seen in young hearts that are transplanted into
patients with no previous history of CAD, and
that because of its progressive nature the only
available treatment is re-transplantation.

The process of transplant-associated CAD is
poorly understood but it seems likely that it is
simply one manifestation of the wider process
of chronic rejection. Immune-mediated damage
to the endothelial cells of the coronary arteries
shortly after transplant appears to initiate a
cycle of damage and repair, leading to cellular
proliferation within the blood vessels (intimal
thickening), which results in arterial narrowing
and ischaemic injury (Refs 7, 8). However, it
should also be noted that the accelerated
appearance of a form of CAD in patients who have
received only a kidney transplant suggests that
non-immunological factors are also involved.
Immunosuppression itself has been implicated in
the development of transplant-associated CAD
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because some immunosuppressive drugs are
thought to interfere with key aspects of lipid
metabolism. Taken together, the data suggest that
transplant-associated vasculopathy arises from
the immunosuppression itself and from its
inability to completely prevent immune-mediated
damage.

Infection
The immunosuppressive agents currently
used in clinical transplantation are non-
specific in nature and cannot distinguish
between benef ic ia l  immune responses
against infectious pathogens and destructive
immune responses against the graft. Thus, the
administration of immunosuppressive drugs
necessary to prevent graft rejection can lead to an
increased risk of opportunistic infection. In
kidney transplantation, infection is in fact less
of a problem than might be expected, probably
because routine clinical monitoring allows
immunosuppression to be adjusted on the
basis of an assessment of graft function and the
severity of rejection. The situation is rather
different in cardiac transplantation, because graft
function is less easy to monitor and the doses of
immunosuppressive drugs tend to be higher.
During the development of heart transplantation
programmes, infection rapidly emerged as a
significant problem and, as recently as 1991,
infection was the major cause of death in heart
transplant patients (Ref. 6). Improvements in
the management of patients and changes in
immunosuppressive regimens continue to
reduce this problem, but according to recent
multi-centre data, infection remains a major cause
of hospitalisation following heart transplantation
(Ref. 9).

Cancer
Immune surveillance against both oncogenic
(cancer-causing) viruses and spontaneously
arising malignant cells probably plays an
important role in restricting the development of
tumours. Thus, it might be expected that non-
specific immunosuppression would lead to an
increase in the incidence of cancer in transplant
patients. Several studies have shown that this is
indeed the case. For example, registry data from
>6000 transplant patients in Australia and New
Zealand indicate that the incidence of skin
malignancies and non-skin malignancies increases
in an almost linear fashion as a function of time

following transplantation (Ref. 10). Although
the majority of these cases were skin cancers
(which can often be treated surgically), the data
also showed that after 20 years of continuous
immunosuppression there was a 20% incidence
of non-skin malignancy. Current regimens to
control graft rejection involve lower doses of
immunosuppressive agents and rely much more
on cyclosporin than in the past, but there is no
indication that cancer rates are any lower in what
is regarded as the ‘cyclosporin era’. Recent registry
data support the earlier observations and show
that the predicted incidence of non-skin cancer, skin
cancer and all cancers after 30 years of continuous
immunosuppression is 33%, 75% and 80%,
respectively (Ref. 11). The fact that such figures
are not restricted to Australasia demonstrates that
cancer is a general problem in immunosuppressed
patients (Ref. 12). Of even greater potential
concern is the fact that a recent report indicates
that cyclosporin might actually enhance tumour
growth, in a manner that is unrelated to its effect
on the immune system (Ref. 13).

The need for transplantation tolerance
All of the problems described above are related
(directly or indirectly) to the fact that current
immunosuppressive agents are non-selective in
their action. Chronic rejection could probably
be prevented by administration of very high
doses of immunosuppression, but this would
inevitably lead to unacceptable increases in
transplant-associated CAD, infection and cancer.
The full potential of transplantation will be
realised only when alternatives to non-specific
immunosuppression are found. The major aim
of transplantation immunology is to develop
protocols that prevent immune responses towards
the graft but leave the rest of the immune system
intact. Transplantation tolerance appears to
offer the best hope of achieving this degree of
effectiveness and specificity.

What is transplantation tolerance?
In immunological terms, the word tolerance
has a very specific meaning, particularly in
relation to the development and maturation of
the mammalian immune system; however, in
‘transplantation’, the same word is used far
more broadly and is thus rather poorly
defined. For the purposes of this discussion,
the most straightforward definition will be used.
Transplantation tolerance is thus simply defined
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as ‘the continued survival and function of an
allograft without long-term immunosuppression’.

Strategies for transplantation tolerance
must target T cells
The final destruction of an allograft might
involve most, or perhaps all, of the cellular and
non-cellular components of the immune system,
but many studies have shown that T lymphocytes
(T cells) and particularly CD4+ T cells play an
essential, pivotal role in graft rejection (Refs 14,
15, 16, 17). Therefore, the majority of protocols
aimed at providing true transplantation tolerance
are designed to tolerise T cells. In order to assess

the possibilities for the induction of T-cell
tolerance to transplanted organs, it is necessary
to consider some fundamental aspects of T-cell
function and examine the basis of tolerance to
self.

The normal function of T cells is to recognise
peptide fragments derived from invading viruses,
bacteria or other pathogens. As shown in
Figure 1, this recognition involves interaction of
the T-cell receptor (TCR) with antigenic fragments
presented by MHC molecules on the surface of
antigen-presenting cells (APCs). This interaction
leads to T-cell activation and mobilisation of
other cells of the immune system, such as

Three consequences of T cells recognising antigenic peptides presented by
major histocompatibility complex (MHC) molecules on antigen-presenting cells
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press

a b
Self APC

Self T cell
Self APC

Self T cell

Self T cellDonor APC
(from transplanted

organ)

Pathogen

T-cell activation:
clearance of pathogen

Self
MHC

Self
MHC

Donor
MHC

TCR TCR

Antigenic peptide
from pathogen

T-cell activation:
autoimmunity

Antigenic peptide
from self proteins

c

T-cell activation:
rejection

Peptide from
self proteins

of donor

Figure 1. Three consequences of T cells recognising antigenic peptides presented by major
histocompatibility complex (MHC) molecules on antigen-presenting cells. (a) During an infection, T cells
recognise antigenic peptide fragments of the pathogen that are presented on the surface of MHC molecules.
This recognition is mediated by the T-cell receptor (TCR) and stabilised by additional cell-surface molecules
(see also Fig. 9). (b) The nature of T-cell development means that potentially self-reactive T cells are produced
that can respond to self MHC molecules, even in the absence of infection. (c) In transplantation, T-cell activation
in response to foreign (allogeneic) MHC molecules on the surface of donor antigen-presenting cells (APCs)
induces destructive immune responses (fig001abo).
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cytotoxic T lymphocytes (CTLs), macrophages
and antibody-producing B lymphocytes (B cells),
which eventually clear the infection.

MHC molecules (class I and class II) are
cell-surface proteins encoded within the
MHC. They are highly polymorphic, that is
many different class I and class II molecules
exist in the population. MHC mismatches
between donor and recipient activate rejection
responses, leading to immune-mediated graft
destruction. Matching donors and recipients for
MHC molecules reduces the risk of rejection
but complete matching between unrelated
individuals is almost impossible to achieve.

In general terms, each T cell has only one type
of TCR on its cell surface, and so in order to be
able to respond to a myriad of potential pathogens
in the environment, the immune system has
evolved mechanisms to generate huge numbers
of diverse TCRs by random rearrangement of
TCR-gene fragments. It has been estimated that
the mammalian immune system has the potential
to produce >1012 different TCRs and, therefore, a
vast number of different T cells. An unavoidable
consequence of diversity based on random
TCR rearrangements is that many T cells in
an individual might be capable of interacting
with MHC molecules on the individual’s own
(self) cells occupied with peptides derived from
their own cellular proteins, as well as with
proteins derived from pathogens. In the
absence of infection, almost all MHC molecules
are complexed with self peptides, so an
uncontrolled maturation of self-reactive T cells
would inevitably lead to systemic autoimmunity
and death. Thus, the immune system has evolved
at least two distinct mechanisms to prevent
autoimmune destruction of self tissues. These
are referred to as central T-cell tolerance and
peripheral T-cell tolerance.

In transplantation, destructive immune
responses are mobilised when recipient T cells
recognise genetically distinct MHC molecules on
the surface of donor tissue (Fig. 1c). One of the
central questions for transplant immunologists is
whether the mechanisms of central or peripheral
T-cell tolerance, which prevent the development
of self-reactive T cells, could also be engaged to
deliver tolerance to transplanted organs or
tissues.

Central tolerance
During fetal development and the very early

neonatal period, haematopoietic stem cells
migrate from the bone marrow to the thymus
and develop into mature T cells. Surprisingly,
studies of the kinetics of T-cell maturation
revealed that >95% of all T-cell precursors
entering the thymus die before they have an
opportunity to leave (Refs 18, 19, 20). This
suggested that one potential mechanism for
preventing the development of self-reactive
T cells was the deletion of T cells in the thymus.
Evidence for such deletion was subsequently
provided using monoclonal antibodies to
follow the fate of potentially auto-reactive T cells
(Ref. 21), and deletion was later shown to
involve apoptosis followed by macrophage-
mediated clearance (Ref. 22). Although the precise
detail of events shaping the T-cell repertoire in
the thymus is outside the scope of this review,
an overall scheme containing the relevant points
is shown in Figure 2. Given that T cells have to
recognise peptide fragments presented by MHC
molecules, those with TCRs that are unable to
bind MHC at all are allowed to die because
they are of no use to the immune system. The
remaining T cells (those that have been positively
selected for further development) are then tested
for their ability to bind to MHC in a complex
with self peptides. Those T cells that bind with
an avidity above a certain threshold (and that
might, therefore, be self-reactive) are deleted
by apoptosis (negative selection). The remainder,
which by definition have a relatively low
avidity for self MHC, are allowed to mature
fully and then migrate to peripheral lymphoid
tissues, where they are able to respond to
pathogenic infections (for reviews, see Refs 20,
23, 24, 25).

Generally speaking, the incidence of auto-
immune disease in the population is relatively
low, which suggests that central tolerance is a very
effective way of removing specific T cells. Could
the powerful mechanisms of central tolerance be
exploited in transplantation?

Direct delivery of donor antigen into
the thymus causes specific

T-cell deletion
Shortly after it became clear that specific T-cell
deletion took place in the thymus, attempts
were made to induce donor-specific tolerance
in experimental animals by the intrathymic
injection of donor-strain cells (Refs 26, 27).
Posselt and colleagues injected allogeneic
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(MHC-incompatible) pancreatic islets into
both lobes of the thymus of rats that had been
made diabetic by the drug streptozotocin. This
procedure reversed diabetes but, furthermore,
led to true allograft tolerance, because the rats
subsequently accepted donor-type islets that
were transplanted under the kidney capsule, but
rejected islets from a genetically unrelated
‘third-party’ strain (Ref. 28). The authors
speculated that intrathymic injection had led to
the elimination of specific alloreactive T cells, but
in their model were unable to look directly for
clonal deletion. Recently, however, the first clear
evidence that intrathymic injection of alloantigen
causes specific clonal deletion was obtained by
Jones and colleagues, using transgenic mice and
a specific anti-TCR monoclonal antibody to follow
the fate of alloreactive T cells (Refs 29, 30). An
outline of their approach is shown in Figure 3.

In a normal mouse, the fate of alloreactive
T cells after their encounter with antigen cannot
be studied easily because of their relatively low
frequency in the total T-cell population. By using
BM3-TCR-transgenic mice, in which practically
all of the T cells express the same TCR (which
is reactive against the mouse class I MHC
alloantigen H-2Kb), such problems are overcome.
Using this system, it was possible to ask whether
intrathymic injection of specific alloantigen
(cells expressing H-2Kb) leads to specific T-cell
deletion. Injection of H-2Kb-negative cells, which
are ignored by the BM3 T cells, led to a profound
deletion of BM3-positive T cells; however, this
deletion is almost certainly non-specific because
it is followed by a rapid and almost total recovery
of T-cell numbers within a few days. In sharp
contrast, intrathymic injection of H-2Kb-positive
cells not only led to the abrupt initial fall but, more

Figure 2. The repertoire of T cells is shaped by both positive and negative selection. T-cell receptors
(TCRs) are generated by random gene rearrangements. In the thymus, those T cells with TCRs that are
unable to recognise self major histocompatibility complex (MHC) molecules are allowed to die, because they
will not play a useful role in the immune system. The T cells that remain are ‘positively selected’ for further
development. Many of these positively selected T cells recognise self MHC molecules with such a high avidity
that they would be autoreactive and capable of causing autoimmune disease. These T cells are deleted (i.e.
they are killed) in the thymus by negative selection. The remainder (probably <5% of those that originally
entered the thymus from the bone marrow) are allowed to mature and enter the peripheral immune system
(fig002abo).

The repertoire of T cells is shaped by both positive and negative selection
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press
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importantly, resulted in a sustained reduction in
the numbers of H-2Kb-reactive T cells, such that
28 days after injection specific deletion remained

at ~60% (Ref. 29). Thus, intrathymic injection of
specific alloantigen leads to a sustained and
specific deletion of donor-reactive T cells.

The response of alloreactive T cells can be monitored
using mice that are transgenic for a single T-cell receptor (TCR)
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press

BM3 (TCR-transgenic) mice

Follow fate by
staining T cells
with an antibody
specific to the
transgenic TCR

Cells that
have H-2Kb

Cells that have
another MHC type
(H-2Kb negative)

All BM3 T cells have the
same TCR that recognises
H-2Kb

Does the introduction of cells that
are positive for H-2Kb lead to the
deletion (in the thymus) of T cells
that recognise H-2Kb?

(Control)

Intrathymic
injection

Intrathymic
injection

Figure 3. The response of alloreactive T cells can be monitored using mice that are transgenic for a
single T-cell receptor (TCR). In a given individual (experimental animal or human), T cells that respond to a
genetically different transplanted organ (allograft) might be only a small fraction (perhaps ≤10%) of the
total T-cell population, and examining the responses of these relatively rare cells is difficult. This problem
(which is referred to as low precursor frequency) can be overcome using a transgenic animal that expresses
the same TCR on all of its T cells. In this example, all the T cells are specific for the mouse histocompatibility
complex (MHC) molecule H-2kb. In an attempt to induce transplantation tolerance by negative selection of
T cells, this approach has been used to examine the fate of alloreactive T cells, following injection of donor cells
directly into the thymus (not shown). Transgenic T cells can be monitored in the animal by staining samples of
peripheral blood or other tissue with antibodies that have been previously raised to the TCR (fig003abo).
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Does intrathymic injection of alloantigen
lead to transplantation tolerance?
To test this possibility, BM3 mice received an
intrathymic injection of H-2Kb-positive cells
or H-2Kb-negative cells, combined with an
intravenous injection of anti-CD4 and anti-CD8
antibodies to deplete mature peripheral T cells.
Twenty-eight days after intrathymic injection, the
mice were transplanted with an H-2Kb-positive,
fully vascularised cardiac allograft. Intrathymic
injection of H-2Kb-positive cells combined with
peripheral T-cell depletion led to the indefinite
survival of cardiac allografts [median survival
time (MST) >100 days], compared with acute
rejection in untreated controls (MST of 8 days).
The effect was specific, in that neither peripheral
depletion alone nor peripheral depletion plus
intrathymic injection of H-2Kb-negative cells
resulted in more than modest graft survival (Ref.
29). Thus, an intrathymic protocol that has been
shown to lead to specific T-cell deletion results
in graft survival without further therapy, and
therefore to transplantation tolerance. Once
established, continued graft survival in this model
seems to involve sustained deletion of donor-
reactive cells in the periphery (i.e. outside the
thymus), a phenomenon that might play an
important part in many models of transplantation
tolerance (see below).

Peripheral depletion of mature T cells with
anti-T-cell antibodies was necessary in the
model of Jones and colleagues (Refs 29, 30)
because modification of the thymic environment
is thought to have an effect only on newly
developing thymocytes.  However, other
work has shown that in some experimental
models peripheral depletion is not required for
intrathymic injection to be effective (Refs 31, 32).
If this were shown to be a general phenomenon,
the implications could be significant because there
will almost certainly be some clinical reluctance
to accept the idea of non-specific T-cell depletion,
owing to concerns that such depletion in humans
could lead to prolonged immunodeficiency
(Ref. 33).

Possible limitations of intrathymic
tolerance in clinical transplantation
Studies in intrathymic models have provided
important information on the mechanisms of
acquired transplantation tolerance, but
intrathymic injection might not be the ideal
route to tolerance in clinical transplantation

for two reasons. First, because the majority
of T-cell differentiation takes place during
fetal development and in the very early
neonatal period, it is not at all clear whether the
introduction of allogeneic tissue into the adult
human thymus would shape the T-cell repertoire
in the same way as it does in rodent models.
Second, both lobes of the thymus must be exposed
to guarantee efficient injection of alloantigen; this
involves opening the chest via a sternotomy.
Although intrathymic injection of alloantigen
is certainly possible during routine cardiac
transplantation, and has been carried out in at
least two patients (Ref. 34), it is unlikely that the
risks of such a procedure would be considered
worthwhile for other organs. However, as
discussed below, it might be possible to engage
the mechanisms of central tolerance without
resorting to direct intrathymic injection.

Chimerism as a route
to transplantation tolerance

Most of the clonal deletion of T cells in the thymus
is driven by bone-marrow-derived cells (probably
dendritic cells; Ref. 35), which present self
antigens to developing T cells. If a male mouse of
the B.10 strain is crossed with a female of the
genetically distinct CBA strain, bone-marrow cells
of the developing B.10 x CBA fetus migrate to
the thymus and present B.10 and CBA antigens
to maturing T cells. The resulting F

1
 mouse is,

therefore, tolerant of both B.10 and CBA self
antigens. Would it be possible to engage the
powerful mechanisms of central tolerance if
donor bone marrow could be introduced into
the peripheral circulation?

For many years, it has been possible to
generate bone-marrow chimeras in rodent
models and, indeed, such models provided
some of the earliest evidence for positive and
negative selection of maturing T cells (Refs 36,
37). Similar approaches were later applied to
transplantation models in which bone-marrow-
depleted recipient-strain mice were reconstituted
with a mixture of both donor and recipient bone
marrow (Refs 38, 39). These mixed allogeneic
chimeras (which are genetically unaltered by the
bone-marrow infusion) accept donor skin grafts
without immunosuppression, but are capable
of normal B-cell and T-cell responses to other
challenges. Although they therefore exhibit true
transplantation tolerance, most of these models
required whole-body irradiation to allow the
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injected bone marrow to become established. Such
an approach is probably unacceptable in routine
clinical transplantation. However, recent work has
shown that it is possible to achieve a state of mixed
chimerism and transplantation tolerance with a
much less aggressive conditioning regimen in
both mouse (Refs 40, 41) and primate (Ref. 42)
transplant models. These protocols involve
transient inhibition of T-cell function and low-
dose irradiation followed by intravenous infusion
with donor bone marrow. Using TCR-transgenic
mice analogous to those discussed above (Refs 29,
30), Manilay and colleagues have been able to
demonstrate that administration of donor bone
marrow into the peripheral circulation leads to
tolerance through specific deletion of donor-
reactive T cells, indicating that central deletion
is possible without recourse to intrathymic
injection (Ref. 43). Furthermore, it has also been
demonstrated recently that administration of
bone marrow without any form of peripheral
T-cell modification can lead to long-term
transplantation tolerance in a mouse model, again
probably through the development of mixed
allogeneic chimerism (Ref. 44).

Success in experimental models led to
several attempts in clinical transplantation to
augment conventional immunosuppressive
protocols with the peripheral administration
of donor bone marrow (Refs 45, 46, 47, 48).
Some of the results have been encouraging
but, overall, the rates of rejection have not
been reduced significantly. Several reasons
could account for this including: (1) the inability
of the bone-marrow cells to migrate efficiently
to the thymus, (2) the deficient maturation and
thymic export of T cells in the adult or (3) the
disruption of delicate tolerance mechanisms by
the co-administration of immunosuppression.
Nonetheless, the enormous potential of central
tolerance means that this area will continue to be
one of intense research.

Peripheral tolerance as a route to
long-term graft survival

From a conceptual standpoint, it is clear that
central tolerance cannot be the only mechanism
in the normal immune system to prevent T-cell-
mediated autoreactivity. Although deletion in
the thymus removes T cells that respond to the
majority of self proteins, there must be proteins
that (for a variety of reasons) have little access to
the thymus. These might include those expressed

in the brain and central nervous system or
those that are expressed only after selection of
the T-cell repertoire in the thymus has occurred,
such as proteins involved in reproduction and
pregnancy. Self-reactive T cells can be found in
the systemic circulation (Ref. 49), yet in the normal
course of events they do not lead to autoimmune
disease. Understanding the mechanisms of
peripheral tolerance might hold the key to
permanent allograft survival without long-term
immunosuppression.

Pre-transplant blood transfusion
During the earliest days of clinical kidney
transplantation, there was great concern that
pre-transplant administration of multiple blood
transfusions to overcome the anaemia caused by
dialysis would immunise potential recipients to
donor antigens, and thus lead to accelerated graft
rejection. However, it soon became clear that far
from increasing rejection rates, pre-transplant
blood transfusions appeared to enhance graft
survival (Refs 50, 51). Such observations led many
transplant centres to adopt a policy of deliberate
transfusion of dialysis patients before transplant,
and this resulted in a significant increase in graft
survival. For example, in one study of >2500 renal
transplants, one-year graft survival was 41% in
non-transfused patients, compared with 75% in
patients given >20 units of blood (Ref. 52). Before
the introduction of cyclosporin, pre-operative
blood transfusion was the most important factor
in determining graft outcome, and it seems highly
likely that such transfusions were in fact activating
mechanisms of peripheral tolerance.

The blood-transfusion effect can be reproduced
in both rat (Refs 53, 54, 55) and mouse models
(Refs 56, 57) by donor-specific transfusion
(DST), and in many cases leads to indefinite
allograft survival without further therapy, in
situations where untreated recipients reject
their grafts within a few days. Three general
mechanisms could potentially explain this
phenomenon: (1) peripheral deletion of donor-
reactive cells, (2) inactivation of donor-reactive
cells and (3) regulation or suppression of donor-
reactive cells.

Peripheral deletion of donor-reactive cells
Experiments examining responses to specific
antigens, rather than to transplanted allografts,
have demonstrated that peripheral deletion of
T cells can sometimes explain T-cell tolerance,
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usually when rapid T-cell proliferation leads to
activation-induced cell death (Refs 58, 59, 60, 61).
It is highly likely that similar events play a role
in allograft tolerance. For example, in their
intrathymic tolerance model, Jones and colleagues
showed that, following tolerance induction by
intrathymic delivery of alloantigen (which led
to transient central T-cell deletion), long-term
tolerance was subsequently maintained by the
deletion of donor-reactive cells in the periphery,
probably owing to the presence of the graft itself
(Ref. 30). Although peripheral deletion appears
to be operating in these systems and can be
very efficient, it is unlikely to explain the blood-
transfusion effect. Several studies have shown
that tolerance induced by donor-specific pre-
treatment can be adoptively transferred to second
recipients, which will then accept a donor-
strain graft (Refs 62, 63, 64, 65). Adoptive transfer
of tolerance seems to be inconsistent with just a
deletion of donor-specific T cells.

Inactivation of donor-reactive cells
Under certain conditions, stimulation of T cells
with antigen leads to a state of T-cell inactivation
(also known as T-cell anergy), in which the T cells
are not deleted but instead remain functionally
inert (Refs 66, 67). Often this anergy can be
reversed by the addition of the T-cell growth factor
interleukin 2 (IL-2), suggesting that functional
inactivation could be a consequence of defects in
IL-2 production or IL-2-dependent responsiveness
(Refs 68, 69, 70). Such a process might be
involved in the blood-transfusion effect. In an
experimental rat transplant model in which
kidneys from the DA strain are transplanted into
PVG recipients, pre-operative transfusion of
donor blood leads to indefinite graft survival,
whereas untreated rats reject their grafts within
~8 days. In a series of experiments, Dallman
and colleagues removed DA-derived kidney
grafts that had been transplanted into either
untreated or blood-transfused rats, and examined
the cells infiltrating the graft for the ability to
kill donor-strain target cells in vitro, as a
measure of the rejection response. As expected,
cells isolated from rejecting grafts displayed
specific cytotoxicity towards donor-strain targets.
Surprisingly, however, cytotoxic cells were also
readily recovered from blood-transfused rats, and
these showed equivalent levels of cytotoxicity
towards donor-cell targets, despite the fact that
these rats would go on to accept their grafts long

term (Ref. 71). Although differences in cytotoxicity
were not seen, subsequent experiments in this
model of allograft tolerance implicated specific
changes in the IL-2 pathway of T-cell activation.
Graft-infiltrating cells were isolated from blood-
transfused and untreated rats, and examined for
critical features of IL-2-driven T-cell responses
(Ref. 72). Cells from tolerant animals were
characterised by: (1) reduced expression of the
interleukin-2-receptor α  chain (IL-2Rα ), (2)
reduced expression of the high-affinity IL-2R
receptor, (3) a reduced ability to respond to
exogenous IL-2 and (4) an inability to make
biologically active IL-2. Taken together, these
data indicated that an early defect in the IL-2
pathway of T-cell activation was, at least partly,
involved in the tolerance induced by blood
transfusion. To test this possibility, rats were blood
transfused then given systemic IL-2 for 5 days
from the time of transplant. This treatment
reversed the blood-transfusion effect, with
most rats rejecting their grafts by approximately
day 30 (Ref. 72).

Deficiencies in IL-2 production and/or
responsiveness have been shown to be a feature
of other models of tolerance to alloantigens in
vivo. For example, transgenic mice that have been
engineered to express the class I alloantigen
H-2Kb on insulin-producing β cells of the pancreas
are tolerant of H-2Kb, and the β cells are not
destroyed (Ref. 73). However, when these mice
were crossed with transgenic mice expressing
IL-2 under a β-cell-specific promoter (such that the
offspring expressed both the alloantigen H-2Kb

and IL-2 on the β cells), the mice subsequently
developed diabetes because of T-cell activation
driven by antigen recognition in the presence of
locally produced IL-2 (Ref. 74).

There is no doubt that some models of
tolerance involve critical deficiencies in IL-2-
driven T-cell activation; however, a wealth of
data suggests that tolerance to alloantigen
involves far more than simply a collection of
passive processes.

Tolerance in many models involves
antigen-specific T-cell regulation
Shortly after models of transplantation tolerance
were established, many groups demonstrated
that tolerance could be transferred to secondary
recipients by the adoptive transfer of cells from
long-term tolerant animals (Refs 62, 63, 64, 65).
Such observations gave rise to the concept of
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donor-specific suppression, and for some time
it was suggested that the phenomenon was
mediated by a specific subtype of T cells, which
were referred to as suppressor T cells. Although
there was no doubt that as a phenomenon
suppression did exist, attempts to identify and
characterise specific suppressor cells were
unsuccessful. However, specific suppression
continues to be an area of considerable
research interest, and it is quite possible that
understanding these processes offers the best
opportunity for providing stable tolerance in
clinical transplantation.

A demonstration of the potential of T-cell
regulation (or suppression) was provided by
the work of Qin and colleagues (Ref. 75), whose
experiments are summarised in Figures 4 and 5.
Thymectomised CBA mice were treated with non-
depleting antibodies against CD4 and CD8 to
cause transient impairment of T-cell function; then
they were transplanted with an allogeneic skin
graft (Fig. 4a). Such mice accepted their grafts
indefinitely, whereas responses to unrelated third-
party antigens rapidly recovered to normal levels.
Infusion of naive CBA (recipient-strain) T cells
into mice with long-term accepted grafts failed
to reconstitute rejection, a phenomenon referred
to as resistance. Such resistance was shown to be
mediated by CD4+ T cells in the tolerant animals.
The phenomenon of resistance was investigated
further using an adoptive transfer system,
summarised in Figure 4b. Spleen cells from both
tolerant and naive CBA mice were combined in
so-called test-tube CBA mice (i.e. mice depleted
of their own T cells), which were then grafted with
a donor-specific skin graft. These reconstituted
mice were unable to reject their skin grafts, despite
having naive CBA cells that in other situations
can reject skin grafts acutely. As predicted from
the previous experiments, resistance in these
reconstituted animals was mediated by CD4+

T cells from the tolerant mice.
Although similar phenomena had been shown

previously in other systems, the experimental
outline (shown in Fig. 5) provided a unique and
revealing approach to the examination and
understanding of this process. CBA mice were
available that had been made transgenic for the
human leukocyte molecule CD2. Such mice
express human CD2 (hCD2) on the surface of all
of their T cells, but in every other respect are
identical to normal CBA mice. The availability
of an antibody to hCD2 allowed the specific

removal of these cells in vivo without affecting
the responses of any non-transgenic T cells
introduced into these animals. CBA-hCD2 mice
were made tolerant (using thymectomy followed
by treatment with non-depleting anti-CD4 plus
anti-CD8 antibodies) and skin grafted as in
previous experiments. Spleen cells from naive
CBA mice were then transferred to these tolerant
recipients of CBA-hCD2 skin grafts. At either
7 days or 14 days after transfer, the tolerant hCD2
cells were depleted using anti-hCD2 antibody,
and the mice were transplanted with a fresh
donor-specific skin graft. Animals depleted of the
tolerant hCD2 cells at 7 days after naive cell
transfer rejected both their second and original
skin grafts (MST ~22 days for both groups);
however, in clear contrast, mice depleted of the
tolerant hCD2 cells after 14 days accepted both
the fresh skin grafts and the original skin
grafts for >60 days. The most straightforward
interpretation of these data is that during 14 days
(but not 7 days) of coexistence the tolerant hCD2
cells had conferred tolerance upon the infused
naive CBA cells, such that they acquired a tolerant
phenotype. They were thus tolerised by an
‘infective’ process.

These experiments were subsequently
extended by Chen and colleagues, using a
similar approach in the high-responder (i.e.
difficult to tolerise) BALB/c to CBA mouse-strain
combination (Ref. 76). They induced tolerance
to BALB/c heart grafts using non-depleting
anti-CD4 and anti-CD8 antibodies. Adoptive
transfer of spleen cells from tolerant animals
transferred tolerance to naive CBA mice, such that
without any immunosuppression these secondary
recipients accepted BALB/c hearts indefinitely
(MST >100 days). In a remarkable demonstration
of the potential of T-cell regulation in this
system, they then showed that tolerance could
be transferred from these secondary recipients to
another set of naive mice, and subsequently
repeated in a serial fashion up to nine times.
Tolerance transfer in this system required the
infusion of 50 x 106 spleen cells. Because it was
calculated that after nine serial transfers mice in
the last group would have contained a maximum
of only 190 cells from the original tolerant mice,
Chen and colleagues concluded that the transfer
of tolerance could be explained only by expansion
of the tolerant cells or by recruitment of naive
recipient cells into a regulatory T-cell population.
The data of Qin and colleagues discussed above
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(Ref. 75) appear to rule out an expansion of the
original tolerant cells, because administration of

the anti-hCD2 antibody would have removed
both the original cells and any that had arisen

Figure 4. T cells from tolerant mice control the rejection that is mediated by naive cells from the recipient
strain. (a) Tolerance to a skin graft (which was mismatched with the recipient for multiple minor transplantation
antigens) can be induced by removal of the thymus (thymectomy), followed by administration of non-depleting
anti-CD4 antibodies plus anti-CD8 antibodies. (b) T cells that were harvested from mice with long-term surviving
grafts and then transferred to ‘test-tube’ mice (i.e. mice with no T cells of their own) prevent naive cells from
rejecting a fresh skin graft (naive cells are those that have no ‘experience’ of the antigens in question). Such
results suggest that the tolerant mice contain regulatory cells that are capable of suppressing naive T-cell
responses (fig004abo).

T cells from tolerant mice control the rejection that is mediated by naive cells
from the recipient strain
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press
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'Infectious' transplantation tolerance: naive T cells become tolerant by
prolonged exposure to tolerant T cells
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press
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Figure 5. ‘Infectious’ transplantation tolerance: naive T cells become tolerant by prolonged exposure
to tolerant T cells (see next page for legend ) (fig005abo).
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by cell division. Conversion of naive cells into
regulatory cells thus seems to be the most likely,
but surprising, explanation.

Regulation depends on T-cell recognition
of donor MHC molecules
As shown by the above examples, perioperative
(at the time of transplant) treatment with anti-
T-cell antibodies is a powerful way of inducing
long-term graft survival and tolerance. The
antigen specificity of tolerance based on T-cell
regulation in such models suggests that regulatory
T cells develop as a direct consequence of contact
between recipient T cells and donor MHC
molecules, and that this contact is prevented from
activating a destructive response only by the
presence of the antibodies themselves. Although
the contact that is necessary for the development
of a regulatory T-cell population leads to
tolerance in the long term, it is likely that it causes
some initial graft damage, which eventually
leads to a decline in the long-term graft function.
For example, in a mouse heart-transplant
model, perioperative administration of two doses
of a depleting anti-CD4 antibody leads to the
indefinite survival of B.10 cardiac allografts
transplanted into C3H recipients (Ref. 77). In
this system, mice with long-term surviving
allografts are tolerant, because second donor-
specific heart grafts transplanted after removal of
the primary graft are accepted indefinitely
(Ref. 78). Significantly, the function of these
secondary hearts (as assessed by palpation and
electrocardiography) was far superior to that of
the primary grafts, suggesting that although the
recipients were indeed tolerant, this was achieved
at the cost of some damage to the primary graft
itself. Clearly, in the clinical situation, the
induction of tolerance in a patient at the cost of
irreversible graft damage is unlikely to be
acceptable.

Are there ways of inducing donor-specific
tolerance that do not rely on the graft making
the first contact with the recipient immune
system?

Donor antigen combined with
anti-CD4 antibody leads to tolerance
based on specific T-cell regulation

The potential of anti-CD4-antibody therapy and
the historical impact of pre-transplant blood
transfusion in clinical transplantation led our
group to examine a combined treatment approach
in which blood transfusion was given under the
cover of anti-CD4 antibody. In this protocol,
recipient mice are pre-treated with two small
doses (typically 25–50 µg) of a depleting anti-CD4
antibody to partially inhibit T-cell function, and
this is combined with a single DST to provide a
source of donor MHC alloantigen. An important
feature of this protocol is that the animals are
then rested without further treatment (usually for
28 days) to allow their immune systems to recover
from the non-specific effects of the antibody
therapy, and are transplanted only when their
general immune responses have otherwise
returned to normal. Recipients pre-treated in
this way are specifically unresponsive to donor
alloantigens, in that donor-specific hearts are
accepted indefinitely (MST >100 days), whereas
those of an unrelated third-party strain are
rejected. Indefinite graft survival is entirely
dependent on the combined anti-CD4/DST
treatment, because mice pre-treated with either
DST alone or anti-CD4 alone reject their grafts
(MST ~20 days; Refs 77, 79).

In this model,  mice with long-term
surviving grafts are tolerant, because continued
graft survival is independent of any further
immunosuppressive treatment and the adoptive
transfer of spleen cells transfers tolerance to
untreated secondary recipients. Tolerance in this
model appears to involve CD4+ regulatory T cells,
as shown by the fact that depletion of CD4+ cells
at the time of transplant allows naive recipient
cells to reconstitute rejection (Ref. 80). The ability
to transfer tolerance from recipients with long-
term surviving grafts is not a new observation,
but we have recently shown that regulatory cells
in this model arise as a direct consequence of
anti-CD4/DST pre-treatment alone (Ref. 81).

Figure 5. ‘Infectious’ transplantation tolerance: naive T cells become tolerant by prolonged exposure
to tolerant T cells. The same tolerance induction protocol (as in Fig. 4) was applied to transgenic mice that
expressed human CD2 (hCD2) on all of their T cells. (This model allowed the selective removal of the tolerant
T cells at different times after injection of naive recipient-strain cells.) When the tolerant and naive cells were
allowed to co-exist in the recipients for 7 days before removal of the tolerant hCD2+ cells, fresh skin grafts
were rejected. However, when the cells were allowed to co-exist for 14 days, removal of the tolerant T cells did
not lead to rejection. These experiments suggest that the naive T cells become tolerant as a result of prolonged
exposure to tolerant T cells (fig005abo).
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Spleen cells harvested from pre-treated mice on
day 0 (the time at which they would normally be
transplanted) transferred tolerance to naive,
unmodified recipients, which accepted donor-
specific grafts indefinitely without additional
therapy (MST >100 days).

This type of approach has two advantages over
other experimental protocols. First, the initial
contact between the recipient immune system and
donor MHC antigen, which is essential for the
development of regulatory cells, is made with cells
in the blood transfusion rather than with cells of
the allograft itself. Second, several experimental
studies have shown that the development of
tolerance is a time-dependent process, which
suggests that a regulatory population must reach
a certain maturation and/or size to be effective
(Refs 82, 83). In our model, the delay of 28 days
between pre-treatment and transplant provides
enough time for this cell maturation or cell
expansion to occur, so that the graft is afforded
some protection from the outset. We believe that
early protection from immune-mediated damage
will be an important factor in the development of
tolerogenic protocols for clinical transplantation.

Conceptual difficulties of donor-specific
pre-treatment
Donor-specific pre-treatment in experimental
transplant models is straightforward because of
the availability of inbred mouse and rat strains,
and would certainly be a possibility in living-
related or living-unrelated kidney transplantation.
However, the majority of transplants use organs
obtained from cadaver donors, such that
donor-specific pre-treatment would be virtually
impossible. Furthermore, because the availability
of a cadaveric donor organ cannot be predicted
in advance, pre-treatment at a specified time
before transplant would also be practically
impossible. However, there might be solutions to
these two problems.

Specificity
The blood-transfusion protocols that led to
spectacular improvements in early graft outcome
in the 1970s and early 1980s (Ref. 52) used
transfusions of random (in terms of MHC
alloantigens) blood drawn from blood banks.
Although still far from clear, it seems likely that
by exposing the recipient’s immune system to
many different MHC molecules, a state of
partial non-responsiveness was established in

a large number of different clones of recipient
T cells. If some of the MHC molecules expressed
on the graft were the same or very similar to
those previously encountered in the random
transfusions (which is very likely because of the
conserved expression of MHC molecules in
geographical regions and ethnic groups), it is
probable that the magnitude of the immune
response towards the graft itself would be
reduced. It is, therefore, possible that random
blood transfusions could be combined with
transient immunotherapy to provide a realistic
means of inducing unresponsiveness in cadaveric
transplantation. In fact, in the mouse heart model
described above, random blood transfusion
was shown to be as effective as DST when
given in combination with anti-CD4 antibody
(Ref. 79).

Timing of pre-treatment
Many models of tolerance that are based on
active regulation indicate that this regulation
is a time-dependent phenomenon. For example,
in the anti-CD4/DST model discussed above,
transplantation 28 days after pre-treatment
leads to indefinite graft survival, whereas
transplantation 42 days after pre-treatment leads
to graft rejection (Ref. 77). Furthermore, it has
been demonstrated in several models that, in
the absence of the tolerising antigen, tolerance
decays with time and virtually normal immune
responses are eventually restored (Refs 82, 84,
85). Overall, the data indicate that after any
type of pre-treatment protocol that leads to
tolerance induction, transplantation must be
carried out within a relatively narrow time
window. This is clearly possible in experimental
models, and might be possible in living-related
or living-unrelated transplantation; however,
pre-treatment at a specified time before cadaveric
transplantation would be a problem.

A potential solution to the problem of pre-
treatment timing was suggested by Benjamin and
Waldmann (Ref. 86), who demonstrated that mice
pre-treated with the protein antigen human
gamma globulin and anti-CD4 antibody induced
stable tolerance to human gamma globulin, which
could be maintained by repeated exposure to the
antigen alone. In an attempt to extend this
observation to a transplant situation, we modified
the anti-CD4/DST model described above, such
that the recipient mice were pre-treated with DST
under the cover of anti-CD4 antibody and then
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re-challenged with DST alone at 28 days, 42 days
and 56 days later. The mice were then transplanted
14 days after the final DST, 70 days after the initial
pre-treatment. These mice accepted their grafts,
with an MST of >100 days compared with 15 days
for the controls (Ref. 79). These data demonstrated
that, once established, tolerance to an allograft
can be maintained by repeated re-exposure to
the initial tolerising antigens. Such observations
suggest at least a theoretical solution to the
problem of timing of tolerance induction in
clinical transplantation. For example, patients
awaiting a kidney transplant are maintained on
dialysis until a suitable organ becomes available.
Pre-treatments designed to establish a state of
unresponsiveness (e.g. random blood transfusion
combined with targeted immunotherapy) could
be carried out during this time, and the
unresponsive state maintained by repeated
challenge with random blood transfusions before
transplant. With suitable modifications, this
approach could also probably be extended to
patients awaiting other organs.

Immunodominance and linked-epitope
suppression in transplantation tolerance
Rejection responses can be directed towards
any MHC molecules that differ between the
donor and recipient, but it is clear that in a
specified donor–recipient combination some
MHC molecules stimulate more vigorous
responses than others. They are thus said to be
immunodominant. If tolerance can be induced
towards these immunodominant molecules, it
might not be necessary to make an individual
tolerant to all of the MHC molecules that are
likely to be encountered on the donor organ.
For example, C3H (H-2k) mice reject B.10 (H-2b)
cardiac allografts within ~8 days because they
recognise at least four H-2b MHC molecules
as foreign. However, when C3H mice were
pre-treated with their own cells that had
been genetically modified to express just one
of these four donor MHC molecules (the
immunodominant molecule H-2Kb), graft survival
was increased fivefold despite the presence of the
other three foreign MHC molecules on the graft
(Ref. 87).

How can exposure to only one donor MHC
molecule lead to the prolonged survival of a
graft that is mismatched for at least three (and
probably more) MHC molecules, each of
which can induce powerful immune responses

in their own right? The answer might lie in
linked-epitope suppression.

Linked-epitope suppression is a phenomenon
by which tolerant or regulatory T cells are able to
suppress the responses of T cells recognising other
MHC molecules. This effect is summarised in
Figure 6. In this schematic, a recipient has been
made tolerant of MHC molecule ‘a’ (e.g. by pre-
treatment with cells bearing MHC ‘a’ plus anti-
CD4 antibody), which results in a population of
T cells that are tolerant of MHC molecule ‘a’. If
the recipient then receives a transplant expressing
other MHC molecules but not MHC ‘a’ (Fig. 6c),
the result is a normal T-cell response, leading to
prompt graft rejection. However, transplant of a
graft expressing MHC ‘a’ as well as MHC ‘b’ and
MHC ‘c’ (probably on the same or adjacent cells)
activates the tolerant cells, which then suppress
the responses towards MHC ‘b’ and MHC ‘c’,
resulting in diminished responses towards the
graft (Fig. 6b).

Linked-epitope suppression has been
demonstrated in vivo in a number of transplant
models. For example, Wong and colleagues
used a CBK– CBA mouse model to explore the
consequences of tolerance to the mouse MHC
class I molecule H-2Kb (Ref. 88). As shown in
Figure 7, the cells of CBK mice express H-2Kb

in addition to the normal CBA MHC molecules
(H-2Kk, Lk, Dk, I-Ak and I-Ek). CBA mice pre-treated
with CBK bone marrow in combination with
anti-CD4 antibody develop tolerance to H-2Kb,
such that B.10 hearts expressing H-2Db and I-Ab

in addition to H-2Kb are accepted indefinitely.
Thus, tolerance to H-2Kb results in tolerance to
additional MHC molecules, probably through
linked-epitope suppression. An even more
dramatic demonstration of this effect was seen
when mice were tolerised in the same way but
were then transplanted with hearts from F

1

donors. BALB/c x CBA F
1
 hearts express CBA

H-2k MHC molecules plus BALB/c H-2d MHC
molecules. These grafts were rejected acutely
because the H-2d molecules were recognised as
foreign (Fig. 7d, lower right). However, when
pre-treated CBA recipients were transplanted
with BALB/c x CBK F

1 
hearts (the only difference

is the presence of H-2Kb in addition to the other
MHC molecules), the grafts were accepted
indefinitely. Thus, the presence of H-2Kb (to which
the mice had been made tolerant) resulted in
diminished rejection responses towards the
BALB/c MHC molecules and long-term graft
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Linked-epitope suppression of T cells specific for different antigens
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press

a

b

c

Recipient is made tolerant of MHC molecule 'a'

Inhibition

Inhibition

Tolerised T cell 'A'

T cell 'B'

T cell 'C'

T cell 'A' makes no response
to allogeneic MHC 'a'

MHC 'a'

MHC 'b'

MHC 'c'

MHC 'a'

Donor cell

No response
to allogeneic MHC 'a'

No response
to allogeneic MHC 'b'

No response
to allogeneic MHC 'c'

Donor cell in graft
(MHCs 'b' and 'c'
are 'linked' to 'a')

No inhibition

No inhibition

Tolerised T cell 'A'
(but no MHC 'a')

T cell 'B'

T cell 'C'

MHC 'b'

MHC 'c'

Unopposed response to
allogeneic MHC 'b': rejection

Unopposed response to
allogeneic MHC 'c': rejection

Donor cell in graft
(MHCs 'b' and 'c'
in absence of 'a')

Figure 6. Linked-epitope suppression of T cells specific for different antigens (see next page for legend )
(fig006abo).
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survival (Fig. 7c). Similar results have been
reported in other models of tolerance across full
MHC-mismatch barriers (Ref. 76) and in models
of tolerance to multiple minor transplantation
antigens (Ref. 89), indicating that linked-epitope
suppression is a relatively robust phenomenon.

The underlying mechanisms of linked-epitope
suppression are not fully understood. Recent
in vitro evidence suggests that regulatory cells
might compete with other allo-reactive T cells
for co-stimulatory molecules on the surface of
APCs (Refs 90, 91, 92), but other data indicate
that an inhibition of IL-2 production (Ref. 93) or
the local production of interleukin 4 (IL-4;
Ref. 94) might also be involved. What is clear,
however, is that in the design of protocols
for potential clinical use, exposure of the
recipient to all of the MHC molecules that are
likely to be encountered on the donor organ
might not be necessary. Thus, pre-treatments
based on random blood transfusion combined
with transient T-cell inactivation remain of
considerable interest.

The Th1–Th2 paradigm in transplantation
One of the primary roles of activated T cells is the
production and secretion of cytokines, which act
on other cells including those of the immune
system. Most cytokines are produced by CD4+

T cells, which can be subdivided into Th1 cells
and Th2 cells on the basis of their pattern of
cytokine secretion (Refs 95, 96). Th1 and Th2 cells
produce many cytokines in common, but some
(the so-called signature cytokines) are restricted
to a particular subtype. For example, the signature
cytokines for Th1 cells are IL-2 and interferon
gamma (IFN-γ), whereas for Th2 cells they are
IL-4, interleukin 10 (IL-10) and interleukin 13
(IL-13). In vitro, Th1 and Th2 cells have the capacity
for the reciprocal regulation of differentiation and
expansion, which is mediated by the cytokines
they secrete (see Fig. 8). Significantly, such
regulation has also been demonstrated in vivo
in animal models of parasitic infection and
autoimmune disease (Refs 97, 98, 99, 100).

In both animal models and clinical
transplantation, rejection has often appeared to
correlate with the detection of Th1 cytokines
rather than Th2 cytokines (Refs 55, 101, 102, 103).
Such observations are the basis of the Th1–Th2
paradigm in transplantation. In its simplest form,
this model predicts that if rejection correlates
with a Th1 T-cell bias, then the opposite situation
(tolerance) might involve a dominant Th2
response (for reviews, see Refs 104, 105). Could
enforced deviation towards a Th2-dominated
response (perhaps by the manipulation of the
cytokine environment) lead directly to tolerance?
This idea is certainly attractive and although
there are ways of enhancing Th2 responses
and diminishing Th1 responses (Refs 106, 107,
108), the available data do not support a simple
correlation either between a Th1 bias and rejection
or between a Th2 bias and stable engraftment.
In a recent survey of 15 immune-activation
genes in clinical kidney transplantation, no
direct evidence could be found in support of the
Th1–Th2 paradigm for either rejection or stable
graft function (Ref. 109). A similar breakdown of
the paradigm is also seen in many experimental
transplant models. For example, the acute
rejection of (1) allogeneic islets in IL-2-deficient
(i.e. IL-2 knockout) mice (Ref. 110), (2) hearts in
IFN-γ knockout mice (Refs 31, 111) and (3)
hearts in IL-2–IFN-γ double-knockout mice
(Y. Li and T. Strom, pers. commun.) appears
to rule out a strict requirement for either of
these Th1 cytokines in graft destruction. As far as
IL-4 is concerned, the prolonged survival of
allogeneic islets (Ref. 112) and hearts (Refs 113,
114) in IL-4-deficient (i.e. IL-4 knockout) mice does
not support an absolute role for this Th2 cytokine
in long-term engraftment.

However, other data in the literature suggest
that although Th2 cytokines are not essential
for prolonged graft survival, they might at least
be involved. For example, in a perioperative
anti-CD4 model, Mottram and colleagues have
shown that long-term surviving heart allografts
contained infiltrating T cells that were positive for

Figure 6. Linked-epitope suppression of T cells specific for different antigens. Experimental evidence
indicates that if T cells are made tolerant to a given antigen, they can subsequently suppress the responses of
other T cells, providing that the tolerising antigen is presented to the T cells by the same antigen-presenting
cell. This phenomenon is of considerable interest in transplantation where, for example, T cells that are tolerant
of the (hypothetical) major histocompatibility (MHC) molecule ‘a’ might be capable of suppressing T-cell responses
to the other MHC molecules ‘b’ and ‘c’. The existence of such linked-epitope suppression offers the hope that
it might not be necessary to tolerise human transplant recipients to all of the MHC antigens that might be
encountered on an allograft (fig006abo).
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Figure 7. Evidence for linked-epitope suppression in transplantation tolerance (see next page for legend )
(fig007abo).

Evidence for linked-epitope suppression in transplantation tolerance
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IL-4 and IL-10, whereas this was not seen in
rejecting grafts (Ref. 101). In addition, it has
been shown recently that neutralisation of either
IL-4 or IL-10 prevented long-term survival of
heart allografts in mice that were treated with
anti-LFA-1 (leukocyte function antigen 1) plus
anti-ICAM-1 (intracellular adhesion molecule 1)
antibodies (Ref. 102). Sirak and colleagues have
shown recently that whereas wild-type C57BL/6
mice treated with either the immunosuppressive
compound gallium nitrate or anti-CD4 antibody

show prolonged survival of DBA/2 hearts, the
same protocols are much less effective in IL-4-
deficient C57BL/6 recipients (Ref. 115). In another
model using anti-CD4 antibody, Onodera and
colleagues have demonstrated that tolerance
could be transferred from rats with long-term
heart allografts to lightly irradiated syngeneic
secondary recipients (Ref. 116). Although there
was no evidence for the involvement of Th2
cytokines in the primary-graft recipients, there
was a selective up-regulation of IL-4 and IL-10 in

Figure 7. Evidence for linked-epitope suppression in transplantation tolerance. (a) To induce tolerance
to H-2Kb, CBA mice were pre-treated with bone-marrow cells from donor CBK transgenic mice under the
cover of tolerising anti-CD4 monoclonal antibody. CBK mice are identical to CBA mice, but also express
the major histocompatibility complex (MHC) class I molecule Kb. Thus, the recipient CBA mice recognise Kb as
an alloantigen, but become tolerant to it because of the effects of the anti-CD4 antibody. (b) The pre-treated
(tolerised) mice subsequently accept a heart transplant from B.10 mice, even though, in addition to the tolerising
Kb antigen, the heart cells express Db and I-Ab (which the recipient has never been exposed to before). This
tolerance to more than one MHC antigen is probably the result of linked-epitope suppression. This effect was
even more dramatic when tolerant mice were transplanted with hearts from BALB/c x CBK or BALB/c x CBA F1

mice. BALB/c x CBK hearts express the same five H-2k antigens but also five H-2d MHC antigens; however,
they also express the tolerising antigen Kb (from the transgenic CBK mouse parent). The Kb tolerance imparts
tolerance to the five H-2Kd antigens, because they are present on the same antigen-presenting cells, and
these hearts were accepted for >100 days (c). BALB/c x CBA hearts, in contrast, express at least five H-2d MHC
antigens but, most importantly, do not express Kb; thus, the hearts from BALB/c x CBA mice were rejected (d)
(fig007abo).

Figure 8. Th1 and Th2 T cells can regulate each other (reciprocal regulation). Th1 and Th2 T cells
secrete a number of the same cytokines, but some (signature cytokines) are unique to either T-cell subset.
The Th1 cytokine interferon gamma (IFN-γ) and the Th2 cytokine interleukin 4 (IL-4) have been shown in
vitro to inhibit the differentiation and/or expansion of Th2 and Th1 subsets, respectively. Thus, IFN-γ inhibits
the development of Th2 cells, and IL-4 inhibits the development of Th1 cells. Such observations, combined
with the fact that Th1 cytokines are often (though not always) implicated in graft rejection, have led to the
suggestion that immune deviation to a Th2-dominant T-cell response might be responsible for tolerance in
experimental transplant models. This is the basis of the so-called Th1–Th2 paradigm (fig008abo).

Th1 and Th2 T cells can regulate each other (reciprocal regulation)
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press
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secondary recipients, following adoptive transfer
and donor-specific transplantation. In a direct
examination of the effect of IL-10 on engraftment,
Qin and colleagues have demonstrated that
retrovirus-mediated delivery of viral IL-10 at the
time of transplantation can extend allograft
survival in a non-vascularised mouse heart model
(Ref. 117). Based on our adoptive-transfer studies,
we have recently suggested that individual Th2
signature cytokines, such as IL-4, might normally
play a redundant role in T-cell tolerance and are
essential only under the most stringent of
situations (Ref. 81). Such a possibility is consistent
with at least one report in the literature (Ref. 118).
If this is indeed the case, then manipulation of
cytokine environments (e.g. at the time of initial
exposure to alloantigen) might be a useful
addition to other tolerance-induction protocols
but is unlikely to lead to tolerance in its own
right.

Blockade of T-cell functions as
a route to transplantation tolerance

As indicated in Figure 1, T cells recognise donor
tissue as foreign via the TCR, but this recognition
is stabilised and enhanced by a number of
adhesion molecules and co-stimulatory cell-
surface molecules. Some of these are shown for a
CD4+ T cell in Figure 9. The interaction between
the TCR and MHC itself is of relatively low affinity
(i.e. ~1 x 10-5 M; Refs 119, 120), which indicates
that productive T-cell interactions with APCs (i.e.
self APCs in the case of normal responses against
pathogens or APCs from the donor graft in the
case of transplantation) are absolutely dependent
on these additional interactions. The disruption
of such contacts is potentially an attractive way
of inhibiting responses towards the graft, and
might provide an effective route to long-term
tolerance.

Anti-CD4 antibodies and T-cell blockade
As discussed above, anti-CD4 antibodies have
proved to be very effective in experimental
models; furthermore, there has been a limited
introduction of their use in clinical transplantation
(Refs 121, 122, 123, 124). Their exact mode of
action in vivo is not clear. Inhibition of close
contact between the TCR and the MHC by steric
hindrance seems likely, but it is also possible that
antibody binding delivers negative signals to
the T cells (Refs 125, 126, 127). The fact that anti-
CD4 antibodies target those cells known to play

an essential role in rejection and can lead to the
development of regulatory T cells suggests that
such antibodies are an effective way of limiting
graft rejection. However, their effectiveness in
clinical transplantation is yet to be established.

Adhesion molecules as targets for
immunotherapy
Adhesion molecules play an essential role in
the interactions between T cells and APCs (for
reviews, see Refs 128, 129). Prominent among
many such interactions are those between
LFA-1 and members of the ICAM family. In a
striking example of the importance of adhesion
molecules in allograft rejection, Isobe and
colleagues transplanted BALB/c hearts into
C3H mice given anti-LFA-1 antibody plus anti-
ICAM-1 antibody for the first 6 days post-
transplant (Ref. 130). In this donor–recipient strain
combination, untreated recipients rejected their
grafts within 8–10 days, but 9/9 of the mice in the
antibody-treated group accepted their grafts
indefinitely, and showed no histological evidence
of rejection. More importantly, the protocol led to
specific tolerance, because animals with long-term
surviving hearts accepted donor-strain skin
grafts but rejected those from an unrelated
third-party strain. These experiments have
recently been extended to a number of different
strain combinations in the mouse with similar
encouraging results (Ref. 102). Other adhesion
molecules that might be important candidates for
blockade include members of the selectin family,
which mediate the initial binding of leukocytes
to the surfaces of endothelial cells (Refs 131, 132).
Inhibition of such interactions might prevent
accumulation of T cells within the graft.

Co-stimulation molecules as targets
for T-cell blockade
In order to become fully activated, T cells not
only need to bind to the MHC but also require
additional co-stimulatory signals (e.g. recognition
of the MHC alone in planar lipid membranes
fails to activate T cells, and can lead to T-cell
inactivation or anergy; Ref. 133). A number of
such signals are probably provided to T cells,
but almost certainly the most important are
those delivered through CD28, by interaction
with its ligands CD80 and CD86 (B7.1 and B7.2,
respectively; Refs 134, 135, 136, 137). The
importance of these signals has suggested that
blockade of CD28–B7 interactions could be an
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Figure 9. Some of the cell-surface molecules involved in T-cell activation that are potential targets for
immunotherapy. The interactions between the T-cell receptor (TCR) and major histocompatibility complex
(MHC) class II-peptide complexes (also shown in Fig. 1) are fundamental to T-cell activation, but additional
interactions between T cells and antigen-presenting cells (APCs) are essential for effective T-cell function. Some
of these are summarised here for a CD4+ T cell. Among the interactions that have attracted particular interest in
transplantation tolerance are those between: (1) CD80 (or CD86) and CD28, (2) CD40L (also known as CD154)
and CD40 and (3) ICAM-1 (intracellular adhesion molecule 1) and LFA-1 (leukocyte function antigen 1) (fig009abo).

Some of the cell-surface molecules involved in T-cell activation that are
potential targets for immunotherapy
Expert Reviews in Molecular Medicine © 1999 Cambridge University Press
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effective method of inhibiting T-cell responses
towards an allograft.

In addition to interacting with CD28, B7.1 and
B7.2 bind CTLA-4, a second molecule on T cells
that is homologous to CD28 but has a significantly
higher affinity for B7.1 and B7.2. This higher
affinity is thought to be important in the role of
CTLA-4 as a negative regulator of T-cell responses
in vivo (Refs 137, 138, 139, 140), and has been
exploited in attempts to deliver transplantation
tolerance. Recombinant DNA technology has been
used to produce the fusion protein CTLA4-Ig,
which comprises an Fc portion of an antibody (i.e.

immunoglobulin; Ig) joined to the C-terminal end
of CTLA-4. This fusion protein retains its ability
to bind members of the B7 family, and can be used
as a soluble reagent to block B7 family members
binding to CD28. In animal models, CTLA4-Ig has
been shown to be very effective at inhibiting the
rejection of both xenogeneic and allogeneic grafts,
and in some circumstances can lead to tolerance
(Refs 141, 142, 143, 144, 145). Significantly, CTLA4-Ig
seems to be most effective when combined with
donor antigen (usually DST), which probably
activates donor-reactive T cells, such that they are
more susceptible to subsequent blockade.
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Although blocking CD28–B7 signals is
effective in these experimental models, the
redundancy of signalling interactions between
T cells and APCs suggests that blockade of
additional signals might be required for reliable
T-cell tolerance. Interactions between CD40 on
APCs and CD40L (gp39 or CD154) on T cells
(Fig. 9) seem to be particularly important, not only
for antibody production by B cells but also for
T-cell activation (Ref. 146). The ability of CD40
or CD40L blockade to inhibit the development of
autoimmune disease (Ref. 147) has led a number
of groups to explore similar possibilities in
transplant models. The enormous potential of
such an approach has recently been demonstrated
by Larsen and colleagues, who examined the
effects of CTLA4-Ig and MR1 (an anti-CD40L
antibody), administered either separately or in
combination (Ref. 148). In a BALB/c to C3H
mouse heart-transplant model, either reagent
given alone led to prolonged graft survival, with
MSTs of 50 days and 70 days for CTLA4-Ig and
anti-CD40L, respectively. However, histological
examination of the transplanted hearts in both
groups showed extensive tissue necrosis and
coronary artery vasculopathy, indicating that a
rejection response had occurred. In marked
contrast, combined administration of CTLA4-Ig
plus anti-CD40L led to indefinite graft survival
in 100% of recipients, but more impressively this
protocol appeared to protect the grafts from either
acute or chronic rejection because, on histological
examination, they were almost identical to normal
hearts.

A further demonstration of the potential for
this type of therapy was shown in the same paper
in a skin-graft model (Ref. 148). The acceptance
of MHC-mismatched skin grafts, unlike that of
vascularised grafts, is difficult to achieve, and
few protocols provide more than a modest
prolongation of skin-graft survival. This difficulty
is emphasised in these experiments by the fact
that, unlike in the heart model, C3H mice treated
with either CTLA4-Ig or anti-CD40L antibody
rejected BALB/c skin grafts at similar rates to
untreated controls (MST 13 days). However,
perioperative administration of CTLA4-Ig plus
anti-CD40L antibody led to indefinite skin-graft
survival, with good hair growth on the graft
and essentially normal histology. Such results
have led to a successful extension of this
approach to xenograft animal models (Ref. 149)
and also to a pre-clinical primate kidney model,

in which 2/2 animals remained healthy and
rejection free 150 days post-transplant (Ref. 150).
However, neither of these recipients was truly
tolerant, because both monkeys eventually
rejected their grafts. Based on preliminary data,
which suggested that long-term graft survival
could be achieved using anti-CD40L antibody
alone, Kirk and colleagues then developed a
regimen in which rhesus monkeys were treated
with the anti-CD40L antibody hu5C8 twice on the
day of transplant, followed by additional doses
on days 3, 10, 18 and 28, and then once each month
for 5 months (Ref. 151). This extended hu5C8
monotherapy protocol led to impressive long-term
graft survival in 8/9 recipients, with three of the
animals remaining rejection free for >510 days.
More importantly, at least five of the animals
continued to accept their grafts long after the final
dose of antibody (some for >6 months). Similar
observations using hu5C8-induction therapy have
been reported recently in a pre-clinical pancreatic-
islet transplant model in the rhesus monkey
(Ref. 152). Islet engraftment, long-term function
and insulin independence were achieved in
6/6 animals for up to 476 days post-transplant.
Most significantly, when hu5C8 therapy was
discontinued in three animals ~12 months post-
transplant, all three remained normoglycaemic
without further immunosuppression.

The results of these two important pre-clinical
trials demonstrate that anti-CD40L monotherapy
can lead to operational transplantation tolerance
in non-human primates and pave the way for
the introduction of such strategies in clinical
transplantation. However, as discussed below,
the introduction of such protocols into clinical
transplantation will not be straightforward.

Application of tolerance protocols
in clinical transplantation: substantial

problems remain unresolved
Blockade of signals through CD28 and CD40L
either alone or in combination is clearly a very
successful way to prevent graft rejection, but
additional observations in experimental models
have highlighted two significant problems. The
first of these might be restricted only to CD28 and
CD40L blockade, whereas the second is a general
problem that will have to be addressed when any
potentially tolerogenic protocol is considered for
clinical transplantation.

Although blockade of the CD28 and CD40L
pathways of T-cell co-stimulation leads to long-
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term engraftment in both mouse heart and skin
models and in a primate model, the protocols do
not appear to lead to true tolerance (Ref. 151;
C. Larsen and T. Pearson, pers. commun.) It is
clear that such protocols appear to meet the
criteria of transplantation tolerance, which have
been described in the introduction of this review
article; however, the data of Kirk and colleagues
(Ref. 151) suggest that long-term graft acceptance
in their model depends largely on T-cell ignorance
or T-cell inactivation. This might be because
CTLA4-Ig and anti-CD40L antibody are so
effective at preventing T-cell–APC contact that,
as well as preventing the activation of destructive
responses, the development of regulatory
(beneficial) cells is also inhibited. If active T-cell
regulation is seen as the most promising approach
to delivering life-long tolerance to an allograft,
complete inhibition of such T-cell contacts might
in fact be counter-productive.

The second and much more challenging
problem concerns the way in which potentially
tolerogenic protocols are introduced into clinical
transplantation. Early graft survival is now so
good that it would be unethical to introduce any
tolerogenic protocol in the absence of the best
immunosuppressive protocols that are currently
available. Thus, any new treatment would have
to be introduced in addition to conventional
therapy. The major uncertainty then is whether
tolerance would develop in the presence of such
immunosuppression. A clear example of the
potential problem is shown in protocols using
CTLA4-Ig plus anti-CD40L antibody. These two
reagents in combination can lead to indefinite
graft survival; however, the addition of the
immunosuppressive drug cyclosporin A to such
protocols has resulted in acute graft failure in at
least two transplant models (Refs 148, 153). In
a mouse heart model using anti-CD4 antibody
as the primary immunosuppressive agent, a
similar detrimental effect of cyclosporin A has
also been reported, although the inhibitory effect
varied with the type of protocol used (Ref. 154).
Of perhaps even greater concern is the finding
that, in the pre-clinical rhesus-monkey model
described above (Ref. 151), the addition of
conventional immunosuppression to the anti-
CD40L-antibody protocol reduced graft survival
significantly.

The question of the introduction of tolerance
protocols in clinical transplantation has recently
been the subject of a working party in the USA,

under the auspices of the US National Institutes
of Health (Ref. 155). The panel acknowledged the
growing body of evidence that suggests that
conventional immunosuppressive drugs might
prevent the induction of true transplantation
tolerance and also accepted that tolerogenic
protocols can be evaluated in humans only if
standard immunosuppression is withheld. They
concluded that the most appropriate setting for
the introduction of tolerogenic protocols would be
in either kidney or pancreatic-islet transplantation
in adults, because in both situations rescue
immunosuppressive therapies are well established,
and in the event of irreversible graft failure,
patients could be returned to dialysis or treated
with insulin. The guidelines that were drawn up
by the expert panel should form the basis for the
evaluation of tolerance protocols in clinical
transplantation.

Concluding remarks
Animal models have shown conclusively that
the induction of transplantation tolerance in
an adult immune system is an achievable goal.
There is a wealth of encouraging data to
suggest that under the right circumstances
intrinsic immune regulatory mechanisms can be
activated, and that once established, tolerance
is a self-sustaining process, which requires no
further therapy. The challenge for the early years
of the new millennium is to understand the
mechanisms involved in these processes and use
this understanding to develop equally effective
tolerance protocols in humans.

Acknowledgements and funding
Andrew Bushell and Kathryn Wood are
supported by The Wellcome Trust and The
British Heart Foundation. We thank Lisa Bushell
(Bloxham School, Bloxham, UK), Clare Smith
(John Radcliffe Hospital, Oxford, UK),  Dr Nick
Jones (John Radcliffe Hospital, Oxford, UK), Dr
Joren Madsen (Harvard Medical School, Boston,
MA, USA) and Dr Terry Strom (Harvard Medical
School, Boston, MA, USA) for critical comments
on the manuscript.

References
1 Cecka, J.M. and Terasaki, P.I. (1997) Clinical

Transplants. UCLA Tissue Typing Laboratory,

Los Angeles, CA, USA

2 Opelz, G. et al. (1973) Effect of blood transfusions

on subsequent kidney transplants. Transplant

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

25

expert reviews
in molecular medicine

Proc 5, 253-259, PubMed ID:73152509

3 Cecka, M. (1998) Clinical outcome of renal

transplantation. Factors influencing patient and

graft survival. Surg Clin North Am 78, 133-148,

PubMed ID:98193091

4 Basadonna, G.P. et al. (1993) Early versus late

acute renal allograft rejection: impact on chronic

rejection. Transplantation 55, 993-995, PubMed

ID:93269299

5 Azuma, H. and Tilney, N.L. (1994) Chronic graft

rejection. Curr Opin Immunol 6, 770-776,

PubMed ID:95127116

6 Hunt, S. and Billingham, M. (1991) Long-term

results of cardiac transplantation. Annu Rev Med

42, 437-447, PubMed ID:91241738

7 Rose, M.L. (1993) Antibody-mediated rejection

following cardiac transplantation. Transplant

Rev 7, 140-152

8 Orosz, C.G. and Pelletier, R.P. (1997) Chronic

remodeling pathology in grafts. Curr Opin

Immunol 9, 676-680, PubMed ID:98035212

9 Keck, B.M. et al. (1997) Worldwide thoracic organ

transplantation: A report from the UNOS/ISHLT

international registry for thoracic organ

transplantation. In Clinical Transplants 1997

(Cecka, J.M. and Tarasaki, P.I., eds), UCLA

Tissue Typing Laboratory, Los Angeles, CA,

USA

10 Sheil, A.G.R. (1991) Cancer Report. In ANZDATA

Report 1991. Australia and New Zealand Dialysis

and Transplant Registry. (Disney, A.P.S., ed.),

pp. 100-108, The Queen Elizabeth Hospital,

Woodville, Adelaide, Australia

11 Sheil, A.G. (1998) Cancer in immune-suppressed

organ transplant recipients: aetiology and

evolution. Transplant Proc 30, 2055-2057,

PubMed ID:98390833

12 Caralps, A., Lloveras, J. and Alsina, J. (1997)

Malignancy in transplantation. Transplant Proc

29, 825-841

13 Hojo, M. et al. (1999) Cyclosporine induces

cancer progression by a cell-autonomous

mechanism. Nature 397, 530-534, PubMed

ID:99151428

14 Dallman, M.J., Mason, D.W. and Webb, M.

(1982) The roles of host and donor cells in the

rejection of skin allografts by T cell-deprived

rats injected with syngeneic T cells. Eur J

Immunol 12, 511-518, PubMed ID:83003891

15 Wheelahan, J. and McKenzie, I.F. (1987) The role

of T4+ and Ly-2+ cells in skin graft rejection in

the mouse. Transplantation 44, 273-280, PubMed

ID:87320567

16 Rosenberg, A.S. et al. (1987) Phenotype,

specificity, and function of T cell subsets and T

cell interactions involved in skin allograft

rejection. J Exp Med 165, 1296-1315, PubMed

ID:87197062

17 Bolton, E.M. et al. (1989) Cellular requirements

for renal allograft rejection in the athymic nude

rat. J Exp Med 169, 1931-1946, PubMed

ID:89279144

18 Scollay, R.G., Butcher, E.C. and Weissman, I.L.

(1980) Thymus cell migration. Quantitative

aspects of cellular traffic from the thymus to the

periphery in mice. Eur J Immunol 10, 210-218,

PubMed ID:80201551

19 Scollay, R. and Shortman, K. (1984) Cell traffic in

the adult thymus: Cell entry and exit, cell birth

and death. In Recognition and Regulation in Cell

Mediated Immunity (vol. 5) (Watson, J.D. and

Marbrook, J., eds), pp. 3-30, Marcel Decker, New

York, USA

20 Sprent, J. and Tough, D.F. (1994) Lymphocyte

life-span and memory. Science 265, 1395-1400,

PubMed ID:94353237

21 Kappler, J.W., Roehm, N. and Marrack, P.

(1987) T cell tolerance by clonal elimination in

the thymus. Cell 49, 273-280, PubMed

ID:87187622

22 Surh, C.D. and Sprent, J. (1994) T-cell apoptosis

detected in situ during positive and negative

selection in the thymus. Nature 372, 100-103,

PubMed ID:95059375

23 von Boehmer, H., Teh, H.S. and Kisielow, P.

(1989) The thymus selects the useful, neglects

the useless and destroys the harmful.

Immunol Today 10, 57-61, PubMed

ID:89322664

24 von Boehmer, H. (1992) Thymic selection: a

matter of life and death. Immunol Today 13,

454-458, PubMed ID:93119434

25 Owen, J.J. and Moore, N.C. (1995) Thymocyte-

stromal-cell interactions and T-cell selection.

Immunol Today 16, 336-338, PubMed

ID:96080668

26 Staples, P.J., Gery, I. and Waksman, B.H. (1966)

Role of the thymus in tolerance. 3. Tolerance to

bovine gamma globulin after direct injection of

antigen into the shielded thymus of irradiated

rats. J Exp Med 124, 127-139, PubMed

ID:67018455

27 Vojtiskova, M. and Lengerova, A. (1968)

Thymus-mediated tolerance to cellular

alloantigens. Transplantation 6, 13-24,

PubMed ID:68134647

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

26

expert reviews
in molecular medicine

28 Posselt, A.M. et al. (1990) Induction of donor-

specific unresponsiveness by intrathymic islet

transplantation. Science 249, 1293-1295, PubMed

ID:90378303

29 Jones, N.D. et al. (1998) The induction of

transplantation tolerance by intrathymic (i.t.)

delivery of alloantigen: a critical relationship

between i.t. deletion, thymic export of new

T cells and the timing of transplantation. Int

Immunol 10, 1637-1646, PubMed

ID:99061149

30 Jones, N.D. et al. (1997) Deletion of

alloantigen-reactive thymocytes as a mechanism

of adult tolerance induction following

intrathymic antigen administration. Eur J

Immunol 27, 1591-1600, PubMed ID:97390709

31 Sayegh, M.H. et al. (1993) Thymic recognition

of class II major histocompatibility complex

allopeptides induces donor-specific

unresponsiveness to renal allografts.

Transplantation 56, 461-465, PubMed

ID:93362177

32 Oluwole, S.F. et al. (1994) Effectiveness of

intrathymic inoculation of soluble antigens in

the induction of specific unresponsiveness to

rat islet allografts without transient recipient

immunosuppression. Transplantation 58,

1077-1081, PubMed ID:95065044

33 Horneff, G. et al. (1992) Persistent

depletion of CD4+ T cells and inversion of the

CD4/CD8 T cell ratio induced by anti-CD4

therapy. J Rheumatol 19, 1845-1850, PubMed

ID:93195869

34 Remuzzi, G. et al. (1995) Preliminary

results of intrathymic injection of donor cells to

prevent acute rejection in human heart

transplantation. J Am Soc Nephrol 6, 1291-1294,

PubMed ID:96130505

35 Matzinger, P. and Guerder, S. (1989) Does

T-cell tolerance require a dedicated antigen-

presenting cell? Nature 338, 74-76, PubMed

ID:89143768

36 Bevan, M.J. (1977) In a radiation chimaera, host

H-2 antigens determine immune responsiveness

of donor cytotoxic cells. Nature 269, 417-418,

PubMed ID:78010449

37 Singer, A., Hathcock, K.S. and Hodes, R.J. (1981)

Self recognition in allogeneic radiation bone

marrow chimeras. A radiation-resistant host

element dictates the self specificity and

immune response gene phenotype of T-helper

cells. J Exp Med 153, 1286-1301, PubMed

ID:81241351

38 Ildstad, S.T. et al. (1985) Characterization of

mixed allogeneic chimeras. Immunocompetence,

in vitro reactivity, and genetic specificity of

tolerance. J Exp Med 162, 231-244, PubMed

ID:85236150

39 Ildstad, S.T. and Sachs, D.H. (1984)

Reconstitution with syngeneic plus allogeneic or

xenogeneic bone marrow leads to specific

acceptance of allografts or xenografts. Nature

307, 168-170, PubMed ID:84093616

40 Tomita, Y. et al. (1996) Additional monoclonal

antibody (mAB) injections can replace thymic

irradiation to allow induction of mixed

chimerism and tolerance in mice receiving bone

marrow transplantation after conditioning with

anti-T cell mABs and 3-Gy whole body

irradiation. Transplantation 61, 469-477, PubMed

ID:96191038

41 Wekerle, T. et al. (1998) Extrathymic T cell

deletion and allogeneic stem cell engraftment

induced with costimulatory blockade is

followed by central T cell tolerance. J Exp Med

187, 2037-2044, PubMed ID:98290738

42 Kawai, T. et al. (1995) Mixed allogeneic

chimerism and renal allograft tolerance in

cynomolgus monkeys. Transplantation 59,

256-262, PubMed ID:95141392

43 Manilay, J.O. et al. (1998) Intrathymic

deletion of alloreactive T cells in mixed bone

marrow chimeras prepared with a

nonmyeloablative conditioning regimen.

Transplantation 66, 96-102, PubMed

ID:98343422

44 Morita, H. et al. (1998) A strategy for organ

allografts without using immunosuppressants or

irradiation. Proc Natl Acad Sci U S A 95,

6947-6952, PubMed ID:98284038

45 Monaco, A.P. et al. (1985) Attempt to induce

unresponsiveness to human renal allografts

with anti-lymphocyte globulin and donor-

specific bone marrow. Transplant Proc 17,

1312-1314

46 Barber, W.H. et al. (1991) Long-term results of a

controlled prospective study with transfusion of

donor-specific bone marrow in 57 cadaveric renal

allograft recipients. Transplantation 51, 70-75,

PubMed ID:91102830

47 Rolles, K. et al. (1994) Donor-specific bone

marrow infusion after orthotopic liver

transplantation. Lancet 343, 263-265, PubMed

ID:94125739

48 Shapiro, R. and Starzl, T.E. (1998) Bone marrow

augmentation in renal transplant recipients.

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

27

expert reviews
in molecular medicine

Transplant Proc 30, 1371-1374, PubMed

ID:98300185

49 Gammon, G. and Sercarz, E. (1989) How

some T cells escape tolerance induction. Nature

342, 183-185, PubMed ID:90044073

50 Dossetor, J.B. et al. (1967) Cadaver kidney

transplants. Transplantation 5, 844-853, PubMed

ID:68003568

51 Morris, P.J., Ting, A. and Stocker, J. (1968)

Leukocyte antigens in renal transplantation. 1.

The paradox of blood transfusions in renal

transplantation. Med J Aust 2, 1088-1090,

PubMed ID:69091567

52 Opelz, G., Graver, B. and Terasaki, P.I. (1981)

Induction of high kidney graft survival rate by

multiple transfusion. Lancet 1, 1223-1225,

PubMed ID:81196403

53 Fabre, J.W. and Morris, P.J. (1972) The effect of

donor strain blood pretreatment on renal

allograft rejection in rats. Transplantation 14,

608-617, PubMed ID:73031289

54 Quigley, R.L., Wood, K.J. and Morris, P.J. (1988)

Investigation of the mechanism of active

enhancement of renal allograft survival by blood

transfusion. Immunology 63, 373-381, PubMed

ID:88168644

55 Bugeon, L. et al. (1992) Peripheral tolerance of an

allograft in adult rats−characterization by low

interleukin-2 and interferon-gamma mRNA

levels and by strong accumulation of major

histocompatibility complex transcripts in the

graft. Transplantation 54, 219-225, PubMed

ID:92358491

56 Shelby, J., Wakely, E. and Corry, R.J. (1984)

Suppressor cell induction in donor-specific

transfused mouse heart recipients. Surgery 96,

296-301, PubMed ID:84274905

57 Peugh, W.N., Wood, K.J. and Morris, P.J. (1988)

Genetic aspects of the blood transfusion effect.

Transplantation 46, 438-443, PubMed

ID:88337372

58 Jones, L.A. et al. (1990) Peripheral clonal

elimination of functional T cells. Science 250,

1726-1729, PubMed ID:91102551

59 Webb, S., Morris, C. and Sprent, J. (1990)

Extrathymic tolerance of mature T cells: clonal

elimination as a consequence of immunity. Cell

63, 1249-1256, PubMed ID:91084853

60 Rocha, B. and von Boehmer, H. (1991) Peripheral

selection of the T cell repertoire. Science 251,

1225-1228, PubMed ID:91173290

61 Abromson-Leeman, S.R. and Dorf, M.E. (1991)

Extrathymic clonal deletion of self-reactive cells

in athymic mice. J Immunol 147, 1-7, PubMed

ID:91268532

62 Tilney, N.L., Graves, M.J. and Strom, T.B. (1978)

Prolongation of organ allograft survival by

syngeneic lymphoid cells. J Immunol 121,

1480-1482, PubMed ID:79028253

63 Marquet, R.L. et al. (1982) Induction of

suppressor cells by a single blood transfusion in

rats. Transplant Proc 14, 397-399

64 Lancaster, F., Chui, Y.L. and Batchelor, J.R. (1985)

Anti-idiotypic T cells suppress rejection of renal

allografts in rats. Nature 315, 336-337, PubMed

ID:85213846

65 Quigley, R.L., Wood, K.J. and Morris, P.J. (1989)

Mediation of the induction of immunologic

unresponsiveness following antigen

pretreatment by a CD4 (W3/25+) T cell

appearing transiently in the splenic compartment

and subsequently in the TDL. Transplantation 47,

689-696, PubMed ID:89203954

66 Rammensee, H.G., Kroschewski, R. and

Frangoulis, B. (1989) Clonal anergy induced in

mature V beta 6+ T lymphocytes on immunizing

Mls-1b mice with Mls-1a expressing cells. Nature

339, 541-544, PubMed ID:89281715

67 Cho, E.A. et al. (1993) Altered protein tyrosine

phosphorylation in anergic Th1 cells. J Immunol

151, 20-28, PubMed ID:93315836

68 DeSilva, D.R., Urdahl, K.B. and Jenkins, M.K.

(1991) Clonal anergy is induced in vitro by T cell

receptor occupancy in the absence of

proliferation. J Immunol 147, 3261-3267, PubMed

ID:92043685

69 Gajewski, T.F. et al. (1994) “Anergy” of TH0

helper T lymphocytes induces downregulation of

TH1 characteristics and a transition to a TH2-like

phenotype. J Exp Med 179, 481-491, PubMed

ID:94125029

70 Schwartz, R.H. (1996) Models of T cell anergy: is

there a common molecular mechanism?. J Exp

Med 184, 1-8, PubMed ID:96305182

71 Dallman, M.J., Wood, K.J. and Morris, P.J. (1987)

Specific cytotoxic T cells are found in the

nonrejected kidneys of blood-transfused rats. J

Exp Med 165, 566-571, PubMed ID:87139808

72 Dallman, M.J. et al. (1991) Peripheral tolerance to

alloantigen results from altered regulation of the

interleukin 2 pathway. J Exp Med 173, 79-87,

PubMed ID:91086862

73 Morahan, G., Allison, J. and Miller, J.F. (1989)

Tolerance of class I histocompatibility antigens

expressed extrathymically. Nature 339, 622-624,

PubMed ID:89281733

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

28

expert reviews
in molecular medicine

74 Heath, W.R. et al. (1992) Autoimmune

diabetes as a consequence of locally

produced interleukin-2. Nature 359, 547-549,

PubMed ID:93024925

75 Qin, S. et al. (1993) “Infectious” transplantation

tolerance. Science 259, 974-977, PubMed

ID:93174265

76 Chen, Z.K. et al. (1996) Amplification of natural

regulatory immune mechanisms for

transplantation tolerance. Transplantation 62,

1200-1206, PubMed ID:97086567

77 Pearson, T.C. et al. (1992) Induction of

transplantation tolerance in adults using donor

antigen and anti-CD4 monoclonal antibody.

Transplantation 54, 475-483, PubMed

ID:93032164

78 Pearson, T.C., Darby, C.R. and Wood, K.J. (1992)

Successful secondary heterotopic cardiac

transplantation in the mouse. Transplantation 53,

701-703, PubMed ID:92196908

79 Bushell, A., Morris, P.J. and Wood, K.J. (1994)

Induction of operational tolerance by random

blood transfusion combined with anti-CD4

antibody therapy. A protocol with significant

clinical potential. Transplantation 58, 133-139,

PubMed ID:94317215

80 Bushell, A., Morris, P.J. and Wood, K.J.

(1995) Transplantation tolerance induced by

antigen pretreatment and depleting anti-CD4

antibody depends on CD4+ T cell regulation

during the induction phase of the response.

Eur J Immunol 25, 2643-2649, PubMed

ID:96011880

81 Bushell, A. et al. (1999) Evidence for immune

regulation in the induction of transplantation

tolerance: a conditional but limited role for

IL-4. J Immunol 162, 1359-1366, PubMed

ID:99138813

82 Scully, R. et al. (1994) Mechanisms in CD4

antibody-mediated transplantation tolerance:

kinetics of induction, antigen dependency and

role of regulatory T cells. Eur J Immunol 24,

2383-2392, PubMed ID:95010253

83 Saitovitch, D. et al. (1996) Kinetics of

induction of transplantation tolerance with a

nondepleting anti-Cd4 monoclonal antibody

and donor-specific transfusion before

transplantation. A critical period of time is

required for development of immunological

unresponsiveness. Transplantation 61, 1642-1647,

PubMed ID:96251199

84 Ramsdell, F. and Fowlkes, B.J. (1992)

Maintenance of in vivo tolerance by persistence

of antigen. Science 257, 1130-1134, PubMed

ID:92376532

85 Hamano, K. et al. (1996) Evidence that the

continued presence of the organ graft and not

peripheral donor microchimerism is essential for

maintenance of tolerance to alloantigen in vivo in

anti-CD4 treated recipients. Transplantation 62,

856-860, PubMed ID:96421872

86 Benjamin, R.J. and Waldmann, H. (1986)

Induction of tolerance by monoclonal antibody

therapy. Nature 320, 449-451, PubMed

ID:86175047

87 Madsen, J.C. et al. (1988) Immunological

unresponsiveness induced by recipient cells

transfected with donor MHC genes. Nature 332,

161-164, PubMed ID:88156933

88 Wong, W., Morris, P.J. and Wood, K.J. (1997)

Pretransplant administration of a single donor

class I major histocompatibility complex

molecule is sufficient for the indefinite survival

of fully allogeneic cardiac allografts: evidence for

linked epitope suppression. Transplantation 63,

1490-1494, PubMed ID:97318878

89 Davies, J.D. et al. (1996) T cell suppression in

transplantation tolerance through linked

recognition. J Immunol 156, 3602-3607, PubMed

ID:96204448

90 Lombardi, G. et al. (1994) Anergic T cells as

suppressor cells in vitro. Science 264, 1587-1589,

PubMed ID:94261832

91 Frasca, L. et al. (1997) Anergic T cells effect

linked suppression. Eur J Immunol 27, 3191-3197,

PubMed ID:98124452

92 Taams, L.S. et al. (1998) Anergic T cells

actively suppress T cell responses via the

antigen-presenting cell. Eur J Immunol 28,

2902-2912, PubMed ID:98425548

93 Thornton, A.M. and Shevach, E.M. (1998)

CD4+CD25+ immunoregulatory T cells suppress

polyclonal T cell activation in vitro by inhibiting

interleukin 2 production. J Exp Med 188, 287-296,

PubMed ID:98336215

94 Poo, W.J., Conrad, L. and Janeway, C.A., Jr. (1988)

Receptor-directed focusing of lymphokine

release by helper T cells. Nature 332, 378-380,

PubMed ID:88175054

95 Mosmann, T.R. et al. (1986) Two types of murine

helper T cell clone. I. Definition according to

profiles of lymphokine activities and secreted

proteins. J Immunol 136, 2348-2357, PubMed

ID:86141832

96 Fiorentino, D.F., Bond, M.W. and Mosmann, T.R.

(1989) Two types of mouse T helper cell. IV.

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

29

expert reviews
in molecular medicine

Th2 clones secrete a factor that inhibits

cytokine production by Th1 clones. J Exp Med

170, 2081-2095, PubMed ID:90063471

97 Belosevic, M. et al. (1989) Administration of

monoclonal anti-IFN-gamma antibodies in vivo

abrogates natural resistance of C3H/HeN mice

to infection with Leishmania major. J Immunol

143, 266-274, PubMed ID:89278657

98 Powrie, F. and Mason, D. (1990) OX-22high

CD4+ T cells induce wasting disease with

multiple organ pathology: prevention by the

OX-22low subset [published erratum appears in

J Exp Med 1991 Apr 1; 173(4): 1037]. J Exp Med

172, 1701-1708, PubMed ID:91079773

99 Fowell, D. and Mason, D. (1993) Evidence that

the T cell repertoire of normal rats contains cells

with the potential to cause diabetes.

Characterization of the CD4+ T cell subset that

inhibits this autoimmune potential. J Exp Med

177, 627-636, PubMed ID:93171803

100 Launois, P. et al. (1995) In susceptible mice,

Leishmania major induce very rapid

interleukin-4 production by CD4+ T cells which

are NK1.1. Eur J Immunol 25, 3298-3307, PubMed

ID:96140666

101 Mottram, P.L. et al. (1995) Increased expression of

IL-4 and IL-10 and decreased expression of IL-2

and interferon-gamma in long-surviving mouse

heart allografts after brief CD4-monoclonal

antibody therapy. Transplantation 59, 559-565,

PubMed ID:95184331

102 Xu, X.Y. et al. (1997) Immunosuppression by

inhibition of cellular adhesion mediated by

leukocyte function-associated antigen-1/

intercellular adhesion molecule- 1 in murine

cardiac transplantation. Transplantation 63,

876-885, PubMed ID:97244389

103 McLean, A.G. et al. (1997) Patterns of graft

infiltration and cytokine gene expression during

the first 10 days of kidney transplantation.

Transplantation 63, 374-380, PubMed

ID:97192107

104 Strom, T.B. et al. (1996) The Th1/Th2 paradigm

and the allograft response. Curr Opin Immunol

8, 688-693, PubMed ID:97058066

105 Piccotti, J.R. et al. (1997) Are Th2 helper T

lymphocytes beneficial, deleterious, or irrelevant

in promoting allograft survival? Transplantation

63, 619-624, PubMed ID:97230249

106 Swain, S.L. et al. (1990) IL-4 directs the

development of Th2-like helper effectors. J

Immunol 145, 3796-3806, PubMed ID:91060962

107 Tanaka, T. et al. (1993) Interleukin 4 suppresses

interleukin 2 and interferon gamma production

by naive T cells stimulated by accessory cell-

dependent receptor engagement. Proc Natl Acad

Sci U S A 90, 5914-5918, PubMed ID:93317594

108 Rincon, M. et al. (1997) Interleukin (IL)-6 directs

the differentiation of IL-4-producing CD4+ T

cells. J Exp Med 185, 461-469, PubMed

ID:97188779

109 Strehlau, J. et al. (1997) Quantitative

detection of immune activation transcripts

as a diagnostic tool in kidney transplantation.

Proc Natl Acad Sci U S A 94, 695-700, PubMed

ID:97165085

110 Steiger, J. et al. (1995) IL-2 knockout recipient

mice reject islet cell allografts. J Immunol 155,

489-498, PubMed ID:95325625

111 Saleem, S. et al. (1996) Acute rejection of

vascularized heart allografts in the absence of

IFNgamma. Transplantation 62, 1908-1911,

PubMed ID:97144618

112 Nickerson, P. et al. (1996) Prolonged islet

allograft acceptance in the absence of interleukin

4 expression. Transpl Immunol 4, 81-85, PubMed

ID:96358160

113 Lakkis, F.G. et al. (1997) Blocking the

CD28-B7 T cell costimulation pathway induces

long term cardiac allograft acceptance in the

absence of IL-4. J Immunol 158, 2443-2448,

PubMed ID:97188410

114 Raisanen-Sokolowski, A. et al. (1997)

Heart transplants in interferon-gamma,

interleukin 4, and interleukin 10 knockout

mice. Recipient environment alters graft

rejection. J Clin Invest 100, 2449-2456, PubMed

ID:98063052

115 Sirak, J.H. et al. (1998) Cardiac allograft

tolerance: failure to develop in interleukin-

4- deficient mice correlates with unusual

allosensitization patterns. Transplantation 65,

1352-1356, PubMed ID:98286682

116 Onodera, K. et al. (1997) Type 2 helper T

cell-type cytokines and the development of

“infectious” tolerance in rat cardiac allograft

recipients. J Immunol 158, 1572-1581, PubMed

ID:97180874

117 Qin, L. et al. (1996) Retrovirus-mediated transfer

of viral IL-10 gene prolongs murine cardiac

allograft survival. J Immunol 156, 2316-2323,

PubMed ID:96310971

118 Davies, J.D. et al. (1996) T cell regulation in

adult transplantation tolerance. J Immunol

157, 529-533, PubMed ID:96286026

119 Matsui, K. et al. (1991) Low affinity interaction of

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

30

expert reviews
in molecular medicine

peptide-MHC complexes with T cell

receptors. Science 254, 1788-1791, PubMed

ID:92108423

120 Matsui, K. et al. (1994) Kinetics of T-cell receptor

binding to peptide/I-Ek complexes: correlation

of the dissociation rate with T-cell

responsiveness. Proc Natl Acad Sci U S A 91,

12862-12866, PubMed ID:95108058

121 Morel, P. et al. (1990) Anti-CD4 monoclonal

antibody administration in renal transplanted

patients. Clin Immunol Immunopathol 56,

311-322, PubMed ID:90360497

122 Meiser, B.M. et al. (1994) Chimeric monoclonal

CD4 antibody—a novel immunosuppressant for

clinical heart transplantation. Transplantation 58,

419-423, PubMed ID:94353491

123 Cooperative Clinical Trials in Transplantation

Research Group (1997) Murine OKT4A

immunosuppression in cadaver donor renal

allograft recipients: a Cooperative Clinical

Trials in Transplantation pilot study.

Transplantation 63, 1087-1095, PubMed

ID:97278892

124 Cooperative Clinical Trials in Transplantation

Research Group (1997) Murine OKT4A

immunosuppression in cadaver donor renal

allograft recipients: a cooperative clinical

trials in transplantation pilot study.

Transplantation 63, 1243-1251, PubMed

ID:97301615

125 Bank, I. and Chess, L. (1985) Perturbation of

the T4 molecule transmits a negative signal to

T cells. J Exp Med 162, 1294-1303, PubMed

ID:86010125

126 Wassmer, P. et al. (1985) Role of the

L3T4-antigen in T cell activation. II. Inhibition

of T cell activation by monoclonal anti-L3T4

antibodies in the absence of accessory cells.

J Immunol 135, 2237-2242, PubMed

ID:85290776

127 Fournel, S. et al. (1996) CD4 mAbs prevent

progression of alloactivated CD4+ T cells into

the S phase of the cell cycle without

interfering with early activation signals.

Transplantation 62, 1136-1143, PubMed

ID:97055970

128 Springer, T.A. (1990) Adhesion receptors of the

immune system. Nature 346, 425-434, PubMed

ID:90332000

129 Springer, T.A. (1995) Traffic signals on

endothelium for lymphocyte recirculation and

leukocyte emigration. Annu Rev Physiol 57,

827-872, PubMed ID:95297814

130 Isobe, M. et al. (1992) Specific acceptance of

cardiac allograft after treatment with antibodies

to ICAM-1 and LFA-1. Science 255, 1125-1127,

PubMed ID:92188184

131 Gamble, J.R., Khew-Goodall, Y. and Vadas, M.A.

(1993) Transforming growth factor-beta

inhibits E-selectin expression on human

endothelial cells. J Immunol 150, 4494-4503,

PubMed ID:93246663

132 Berg, E.L. et al. (1993) L-selectin-mediated

lymphocyte rolling on MAdCAM-1. Nature 366,

695-698, PubMed ID:94081953

133 Quill, H. and Schwartz, R.H. (1987)

Stimulation of normal inducer T cell clones

with antigen presented by purified Ia

molecules in planar lipid membranes: specific

induction of a long-lived state of proliferative

nonresponsiveness. J Immunol 138, 3704-3712,

PubMed ID:87224005

134 Schwartz, R.H. (1992) Costimulation of

T lymphocytes: the role of CD28, CTLA-4, and

B7/BB1 in interleukin-2 production and

immunotherapy. Cell 71, 1065-1068, PubMed

ID:93113675

135 Harding, F.A. et al. (1992) CD28-mediated

signalling co-stimulates murine T cells and

prevents induction of anergy in T-cell clones.

Nature 356, 607-609, PubMed ID:92220191

136 Harding, F.A. and Allison, J.P. (1993) CD28-B7

interactions allow the induction of CD8+

cytotoxic T lymphocytes in the absence of

exogenous help. J Exp Med 177, 1791-1796,

PubMed ID:93267232

137 Allison, J.P. and Krummel, M.F. (1995) The Yin

and Yang of T cell costimulation. Science 270,

932-933, PubMed ID:96069810

138 Waterhouse, P. et al. (1995) Lymphoproliferative

disorders with early lethality in mice deficient in

Ctla-4. Science 270, 985-988, PubMed

ID:96069818

139 Bluestone, J.A. (1997) Is CTLA-4 a master switch

for peripheral T cell tolerance? J Immunol 158,

1989-1993, PubMed ID:97188355

140 Thompson, C.B. and Allison, J.P. (1997) The

emerging role of CTLA-4 as an immune

attenuator. Immunity 7, 445-450, PubMed

ID:98014588

141 Linsley, P.S. et al. (1992) Immunosuppression in

vivo by a soluble form of the CTLA-4 T cell

activation molecule. Science 257, 792-795,

PubMed ID:92358238

142 Lenschow, D.J. et al. (1992) Long-term survival of

xenogeneic pancreatic islet grafts induced by

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179


Accession information: (99)00117-9a.pdf (short code: txt001abo); 29 October 1999
ISSN 1462-3994 ©1999 Cambridge University Press

http://www-ermm.cbcu.cam.ac.uk

P
er

m
an

en
t 

su
rv

iv
al

 o
f 

o
rg

an
 t

ra
n

sp
la

n
ts

 w
it

h
o

u
t 

im
m

u
n

o
su

p
p

re
ss

io
n

: 
E

xp
er

im
en

ta
l

ap
p

ro
ac

h
es

 a
n

d
 p

o
ss

ib
ili

ti
es

 f
o

r 
to

le
ra

n
ce

 in
d

u
ct

io
n

 in
 c

lin
ic

al
 t

ra
n

sp
la

n
ta

ti
o

n

31

expert reviews
in molecular medicine

CTLA4lg. Science 257, 789-792, PubMed

ID:92358237

143 Lin, H. et al. (1993) Long-term acceptance of

major histocompatibility complex mismatched

cardiac allografts induced by CTLA4Ig plus

donor-specific transfusion. J Exp Med 178, 1801-

1806, PubMed ID:94045469

144 Pearson, T.C. et al. (1994) Transplantation

tolerance induced by CTLA4-Ig. Transplantation

57, 1701-1706, PubMed ID:94287455

145 Sayegh, M.H. et al. (1995) CD28-B7 blockade

after alloantigenic challenge in vivo inhibits Th1

cytokines but spares Th2. J Exp Med 181, 1869-

1874, PubMed ID:95239129

146 Cayabyab, M., Phillips, J.H. and Lanier, L.L.

(1994) CD40 preferentially costimulates

activation of CD4+ T lymphocytes. J Immunol

152, 1523-1531, PubMed ID:94165445

147 Durie, F.H. et al. (1993) Prevention of

collagen-induced arthritis with an antibody

to gp39, the ligand for CD40. Science 261,

1328-1330, PubMed ID:93369589

148 Larsen, C.P. et al. (1996) Long-term acceptance of

skin and cardiac allografts after blocking CD40

and CD28 pathways. Nature 381, 434-438,

PubMed ID:96217915

149 Elwood, E.T. et al. (1998) Prolonged acceptance of

concordant and discordant xenografts with

combined CD40 and CD28 pathway blockade.

Transplantation 65, 1422-1428, PubMed

ID:98307728

Features associated with this article

Figures
Figure 1. Three consequences of T cells recognising antigenic peptides presented by major

histocompatibility complex (MHC) molecules on antigen-presenting cells (fig001abo).
Figure 2. The repertoire of T cells is shaped by both positive and negative selection (fig002abo).
Figure 3. The response of alloreactive T cells can be monitored using mice that are transgenic for a single

T-cell receptor (TCR) (fig003abo).
Figure 4. T cells from tolerant mice control the rejection that is mediated by naive cells from the recipient

strain (fig004abo).
Figure 5. ‘Infectious’ transplantation tolerance: naive T cells become tolerant by prolonged exposure to

tolerant T cells (fig005abo).
Figure 6. Linked-epitope suppression of T cells specific for different antigens (fig006abo).
Figure 7. Evidence for linked-epitope suppression in transplantation tolerance (fig007abo).
Figure 8. Th1 and Th2 T cells can regulate each other (reciprocal regulation) (fig008abo).
Figure 9. Some of the cell-surface molecules involved in T-cell activation that are potential targets for

immunotherapy (fig009abo).

Further reading, resources and contacts

Fry, J.W. and Wood, K.J. (1999) Gene therapy: potential applications in clinical transplantation. Exp Rev Mol
Med, http://www-ermm.cbcu.cam.ac.uk/99000691h.htm, accession date: 8 June 1999

150 Kirk, A.D. et al. (1997) CTLA4-Ig and anti-CD40

ligand prevent renal allograft rejection in

primates. Proc Natl Acad Sci U S A 94, 8789-8794,

PubMed ID:97385182

151 Kirk, A.D. et al. (1999) Treatment with

humanized monoclonal antibody against CD154

prevents acute renal allograft rejection in

nonhuman primates. Nat Med 5, 686-693,

PubMed ID:99297918

152 Kenyon, N.S. et al. (1999) Long-term

survival and function of intrahepatic islet

allografts in rhesus monkeys treated with

humanized anti-CD154. Proc Natl Acad Sci U S A

96, 8132-8137, PubMed ID:99324201

153 Li, Y. et al. (1998) Combined costimulation

blockade plus rapamycin but not cyclosporine

produces permanent engraftment.

Transplantation 66, 1387-1388, PubMed

ID:99060961

154 Hamano, K. et al. (1997) The induction of

operational tolerance is not prevented by

simultaneous administration of cyclosporin

A1. Transpl Int 10, 293-298, PubMed

ID:97393434

155 Rose, S.M., Blustein, N. and Rotrosen, D. (1998)

Recommendations of the expert panel on ethical

issues in clinical trials of transplant tolerance.

National Institute of Allergy and Infectious

Diseases of the National Institutes of Health.

Transplantation 66, 1123-1125, PubMed

ID:99041151

https://doi.org/10.1017/S1462399499001179 Published online by Cambridge University Press

https://doi.org/10.1017/S1462399499001179

	Contents
	Abstract
	Limitations of current immunosuppression
	Chronic graft rejection
	Transplant-associated vasculopathy
	Infection
	Cancer
	The need for transplantation tolerance
	What is transplantation tolerance?
	Strategies for transplantation tolerance must target T cells
	Figure 1. Three consequences of T cells recognising antigenic peptides presented by major histocompatibility complex (MHC) mole
	Central tolerance
	Direct delivery of donor antigen into the thymus causes specific T-cell deletion
	Figure 2. The repertoire of T cells is shaped by both positive and negative selection (fig002abo)
	Figure 3. The response of alloreactive T cells can be monitored using mice that are transgenic for a single T-cell receptor (TC
	Does intrathymic injection of alloantigen lead to transplantation tolerance?
	Possible limitations of intrathymic tolerance in clinical transplantation 
	Chimerism as a route to transplantation tolerance
	Peripheral tolerance as a route to long-term graft survival
	Pre-transplant blood transfusion
	Peripheral deletion of donor-reactive cells
	Inactivation of donor-reactive cells
	Tolerance in many models involves antigen-specific T-cell regulation
	Figure 4. T cells from tolerant mice control the rejection that is mediated by naive cells from the recipient strain (fig004abo)
	Figure 5. ‘Infectious’ transplantation tolerance: naive T cells become tolerant by prolonged exposure to tolerant T cells (fig0
	Regulation depends on T-cell recognition of donor MHC molecules
	Figure 5 legend (fig005abo)
	Donor antigen combined with anti-CD4 antibody leads to tolerance based on specific T-cell regulation
	Conceptual difficulties of donor-specific pre-treatment
	Specificity
	Timing of pre-treatment
	Immunodominance and linked-epitope suppression in transplantation tolerance
	Figure 6. Linked-epitope suppression of T cells specific for different antigens (fig006abo)
	The Th1–Th2 paradigm in transplantation
	Figure 6 legend (fig006abo)
	Figure 7. Evidence for linked-epitope suppression in transplantation tolerance (fig007abo)
	Figure 7 legend (fig007abo)
	Figure 8. Th1 and Th2 T cells can regulate each other (reciprocal regulation) (fig008abo)
	Blockade of T-cell functions as a route to transplantation tolerance
	Anti-CD4 antibodies and T-cell blockade
	Adhesion molecules as targets for immunotherapy
	Co-stimulation molecules as targets for T-cell blockade
	Figure 9. Some of the cell-surface molecules involved in T-cell activation that are potential targets for immunotherapy (fig009
	Application of tolerance protocols in clinical transplantation: substantial problems remain unresolved
	Concluding remarks
	Acknowledgements and funding
	References
	Further reading, resources and contacts
	Features associated with this article


