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Billingham, Brent and Medawar’s first description of
neonatal tolerance of alloantigens in mice almost half a
century ago fuelled high expectations for the clinical
application of this phenomenon in transplantation med-
icine1. Crucial to any discussion of the TOLERANCE of
ALLOANTIGENS is an understanding of the two pathways by
which alloantigens can be recognized by recipient T cells.
Although the vigorous nature of T-cell responses to allo-
geneic MHC molecules was discovered more than 60
years ago2, the details of the mechanisms by which these
antigens are recognized remain controversial. The follow-
ing section discusses each of these pathways in turn,
before directing attention to their temporal relationships
during rejection.

Direct allorecognition
The direct pathway involves the stimulation of recipient
T cells by donor antigen-presenting cells (APCs)3, and for
several decades it has been considered to be the main
mechanism of graft rejection (FIG. 1). This interaction is of
a direct nature, occurring between the T-cell receptor
(TCR) and intact MHC molecules expressed on the sur-
face of APCs. Three main observations have been put
forward to underline the importance of this pathway.
First, vigorous proliferation of recipient T cells in vitro
can be observed in the presence of irradiated donor
APCs, in the form of the MIXED LEUKOCYTE REACTION (MLR).

The strength of the MLR might reflect the vigour of
similar interactions between these cells in vivo. Second,
various strategies to deplete organ grafts of APCs have
allowed prolonged survival of the grafts in MHC-
mismatched recipients4,5. Furthermore, donor-strain
dendritic cells (DCs) have been shown to restore the
immunogenicity of MHC-incompatible renal allografts
from which APCs have been depleted6. Finally, matching
of donor and recipient for MHC antigens improves graft
survival, both in experimental models and patients. This
observation might be reconciled with the high frequency
of precursor T cells that show direct alloreactivity, which
is estimated to be between 1% and 7% (REF. 7).

Acceptance of the phenomenon of direct allorecog-
nition requires an explanation of its apparent transgres-
sion from the concept of self-MHC restriction. Put
another way, how do T cells that recognize foreign MHC
molecules undergo positive selection in the absence of
thymic expression of alloantigens? Recent structural
analysis of an alloreactive TCR has indicated that this
dilemma might be resolved by the crossreactivity of
T cells that are specific for self-MHC with allogeneic
MHC8. This observation supports previous studies
showing that a large proportion of the T cells that partic-
ipate in a direct alloresponse have a memory phenotype,
owing to priming by foreign antigens in the context of
self-MHC9,10.
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TOLERANCE

Specific immunological
unresponsiveness, maintained
either by passive mechanisms,
such as deletion or functional
non-responsiveness (anergy) of
antigen-specific T cells, or by
active suppression mediated by
regulatory T cells.
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ALLOANTIGEN

An antigen with the potential to
elicit an immunogenic response
on transfer from one individual
to another of the same species,
by virtue of allelic variance of
the gene encoding the antigen
between individuals. Allogeneic
is a term that refers to genetic
differences between individuals
of the same species, whereas
syngeneic is a term implying
genetic identity — for example,
in strains of mice that have been
inbred.

MIXED LEUKOCYTE REACTION 

(MLR). A T-cell proliferative
response to alloantigen observed
in vitro. Primary MLRs are
directed against gene products of
the MHC and, in mice, to Mls
determinants — endogenous
superantigens that are encoded
by genes of mouse mammary
tumour virus.

CROSS-PRESENTATION

The presentation of peptides
derived from exogenous
antigens on MHC class I
molecules.
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The recipient mice lacked CD8+ T cells that would rec-
ognize donor MHC class I molecules by the direct
route, and their CD4+ T cells could be stimulated only
by recognition of donor MHC class I molecules pre-
sented indirectly in the context of recipient MHC class
II molecules.

The indirect route of allorecognition also accounts
for transplant rejection mediated by minor histocom-
patibility antigens — polymorphic peptides derived
from non-MHC proteins that were characterized orig-
inally by their weaker potential to effect rejection than
MHC molecules15 (BOX 1). However, subsequent studies
have shown that multiple differences in minor histo-
compatibility antigens between MHC-matched donors
and recipients might elicit graft rejection with a speed
that is comparable to that of MHC-mismatched tis-
sues, underlining the potential importance of minor
histocompatibility antigens in graft rejection.

Graft rejection: many effector pathways
Although the relative contributions of direct and indi-
rect allorecognition to the rejection response have been
debated for the past two decades, a clearer picture is
now beginning to emerge. There are three phases of
rejection — hyperacute, acute and chronic. The hyper-
acute response, which often occurs within 48 hours of
engraftment, is induced by pre-formed recipient anti-
bodies that mediate graft rejection by binding to anti-
gens that are expressed by the vascular endothelium of
the graft — predominantly blood-group antigens and
MHC class I molecules. By contrast, the acute and
chronic phases of rejection evolve over the days, weeks,
months and years after engraftment. A sequence of
events can be envisioned, beginning with the egress of
donor APCs — predominantly DCs — from the graft to
the draining lymph nodes, where the APCs evoke a direct
alloresponse involving both CD4+ and CD8+ effector 
T cells. This response, which dominates acute rejection, is
thought to recruit many cross-reactive CD4+ memory 
T cells, which are primed against various environmental
antigens in the context of self-MHC9,10 (FIG. 3).

Dying donor APCs in the draining lymph nodes of
the recipient provide a vehicle for the supply of donor
histocompatibility antigens to recipient APCs. Migrant
recipient APCs that traffic through the graft also have
the opportunity to capture alloantigens, before egress
back to the lymph nodes. Such alloantigens can then
evoke an indirect alloresponse, involving both CD4+

T cells, which interact with APCs through MHC class II
molecules, and, to a lesser extent, CD8+ T cells, which
interact with CROSS-PRESENTING APCs through MHC class I
molecules (FIG. 3). The unique ability of DCs both to
prime naive T cells and to mediate cross-presentation
places them at the centre-stage of the indirect allore-
sponse, which is thought to contribute predominantly
to chronic rejection16. However, recent work has indi-
cated the potential of the indirect pathway to mediate
acute rejection in circumstances in which the number of
T cells that respond to alloantigens in an indirect fashion
has been increased by sensitization before transplanta-
tion17,18. Attention is also focusing now on the potential

Two complementary hypotheses have been proposed
to explain TCR–MHC interactions in the course of
direct allorecognition. The first hypothesis, the ‘high
determinant density’ model, proposes that the ligand of
the alloreactive T cell is the allogeneic MHC molecule
itself, irrespective of the nature of the bound peptide11.
The second hypothesis, the ‘multiple binary complex’
model, proposes that the alloreactive T cell is specific for
individual peptide–allo-MHC complexes, resembling
more closely the pattern of self-MHC restriction12. In
reality, these two models probably represent two
extremes lying at either end of a spectrum in which
MHC and peptide contribute, to different degrees, to the
overall binding energy between the TCR and its ligand13.

Indirect allorecognition
In recent years, there has been a surge of interest in the
indirect pathway of allorecognition, in which processed
peptides of allo-MHC molecules are presented by
recipient APCs to effector T cells in the context of self-
MHC (FIG. 2). This mechanism of graft rejection was
first proposed more than 20 years ago, following the
observation that AUG-strain rat kidneys were rejected
slowly when transplanted into AS recipients, even after
depletion of donor APCs by a ‘parking’ strategy involv-
ing pre-transplantation into first-round AS recipients6.
Since then, the ability of the indirect alloresponse to
effect graft rejection has been shown by studies in
which skin grafts from MHC class-II-deficient mice
were rejected by MHC class-I-deficient recipients14.
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Figure 1 | Mechanisms of direct allorecognition. The interactions between donor MHC
molecules and recipient T-cell receptors (TCRs) can be viewed as lying along a spectrum, in which
the associated peptide contributes increasingly more energy to the overall binding affinity as the
donor and recipient allotypes converge. At one end of the spectrum, the peptide has minimal input
(‘high-density determinant’ model), whereas at the other end of the spectrum, the peptide has a
crucial role (‘multiple binary complex’ model). Most interactions between donor antigen-presenting
cells (APCs) and recipient T cells are thought to lie somewhere in the middle of the spectrum.
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cells on a chronic basis after the initial induction of allo-
graft tolerance. The basis of this regulated silencing of
alloreactive T cells is explored in the following section,
before attention is directed to the events that must occur
during the induction of tolerance to enable regulatory
mechanisms to gain dominance.

Transplantation tolerance: regulatory T cells
Established tolerance is characterized by regulation.
A characteristic feature of many models of transplanta-
tion tolerance is the transferable nature of the phenom-
enon of tolerance to a naive animal by T cells28. The
transferred T cells can prevent the rejection of tissues that
express the antigens to which the T-cell donor was toler-
ant29–31. LINKED SUPPRESSION might be observed also, in the
form of tolerance to third-party antigens introduced with
a graft bearing the tolerated antigens32,33. Recent studies
have characterized further the phenotypic and functional
nature of the cells that mediate this transferable
tolerance34–36. The following three sections provide an
overview of these cells in the context of transplantation
tolerance, beginning with a historical perspective.

The history of suppressor T cells. Following the pioneer-
ing work of Gershon, who was the first to describe the
phenomenon of T-cell-mediated suppression37, many
groups have shown that allograft tolerance can be trans-
ferred between hosts by T cells. By the mid-to-late 1980s,
a large literature had accumulated based on studies of
suppressor T-cell hybridomas carried out in vitro. These
immortalized cells were claimed both to secrete sup-
pressor factors that bind antigen in the absence of MHC
molecules and to express the I–J determinant38. I–J was
thought to be encoded in the MHC locus between the
I–A and I–E loci, and was investigated using antisera
raised between two mouse strains that were MHC
recombinants. Elaborate networks of suppressor T (T

S
)

cells were described, involving T
S
1, T

S
2 and T

S
3 cells, all

acting in cascades39. Many of these original ideas were
questioned with the advent of molecular genetics.
Molecular characterization of the mouse MHC class II
region established that no I–J locus exists, and cloning of
the TCR α- and β-chain genes showed a lack of re-
arrangement in many of these ‘suppressor hybridomas’40.
These observations cast doubt on much of the literature
on suppressor T cells, particularly those papers invoking
I–J-expressing T cells and antigen-binding suppressor
factors.

Owing to this unsatisfactory chapter in modern
immunology, suppressor T cells became a taboo
subject41. Nevertheless, transferable tolerance remained
a robust phenomenon, underscoring the inability of
deletion alone to account for allograft tolerance. Some
progress has been made in defining the cell types that
are instrumental in mediating regulation and their
specificity, despite the fact that their mechanisms of
action remain unknown.

Characterization of regulatory T cells. An important
advance in our understanding of suppressor T cells
came with the work of Sakaguchi and others, who

importance of EPITOPE SPREADING during the course of the
indirect alloresponse, with the sequential recruitment of
immunogenic responses to self-peptides19 and CRYPTIC

DETERMINANTS20, both of which could amplify the damage
that is mediated by the initial immunological insult.

The influence of the direct pathway seems to dimin-
ish with time after transplantation, as shown by several
clinical studies21–24. By contrast, the indirect anti-donor
response is often sustained — increased frequencies of
T cells with indirect specificities have been reported in
patients undergoing chronic rejection of cardiac25,
renal24,26 and pulmonary27 transplants. The perpetual
trafficking of recipient DCs through the transplanted
tissue is likely to provide a continuous stimulus for the
indirect alloresponse in draining lymphoid tissue. Taken
together, these observations indicate that the indirect
alloresponse is the most important threat to long-term
transplant survival, underpinning the importance of
mechanisms that regulate the activity of alloreactive

EPITOPE SPREADING

Intramolecular epitope spreading
describes the progressive
generation of immune responses
to multiple epitopes in any one
antigen, driven by the sequential
cooperation of T helper (T

H
) 

cells and B cells recognizing
successive, new epitopes.
Intermolecular epitope spreading
refers to the recruitment of T

H

cells and B cells that recognize
successive epitopes in different
antigens, driven by the non-
specific, bystander activation of
antigen-presenting cells by the
inflammatory reaction occurring
in the graft bed. In practice,
both responses might occur
concurrently — for example, in
the context of allograft rejection
or autoimmune disease.
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Figure 2 | Mechanisms of indirect allorecognition. Alloantigens are shed from the surface of
donor antigen-presenting cells (APCs) or are taken up as dying allogeneic cells by host APCs.
Recipient MHC class II molecules complexed with invariant chain (Ii) are assembled in the
endoplasmic reticulum (ER) before being transported through the Golgi complex to the trans-Golgi
network. From there, they are routed to a late endosomal vesicle with lysosomal characteristics,
known as the MHC class-II-enriched compartment (MIIC). Partially degraded donor MHC
molecules are loaded onto recipient MHC molecules. The assembled complex of donor MHC
peptide and recipient MHC molecule is then expressed at the cell surface. Both donor MHC class I
and class II molecules can be presented on recipient MHC class II molecules in this manner; 
cross-presentation of donor MHC peptides on recipient MHC class I molecules might occur also.
CLIP, class-II-associated invariant chain peptide; TCR, T-cell receptor.
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contact-dependent manner51; transforming growth
factor-β (TGF-β) released by the secondary population
of regulatory cells was responsible, in part, for their
suppressive influence. Furthermore, a circulating
CD8+CD28− suppressor T-cell population — present in
human recipients of cardiac transplants who were toler-
ant of their grafts — was shown recently to induce the
upregulation of expression of immunglobulin-like tran-
script 3 (ILT3) and ILT4 on donor monocytes and DCs,
rendering the APCs capable of anergizing CD4+ T

H

cells52. The upregulation of expression of ILT3 and ILT4
was thought to represent a more generic mechanism
enabling regulatory T cells of various types to generate
tolerogenic APCs, with potentially widespread effects on
alloreactive T cells.

The regulatory T cells have indirect allospecificity. Soon
after the phenomenon of self-restricted mediation of
graft tolerance by regulatory T cells was proposed53, sev-
eral studies emerged in support of this concept. The early
work of Lagaaij and others54,55 showed that the survival
of human cardiac and renal allografts could be improved
by the prior transfusion of whole blood from a donor
sharing at least one HLA-DR antigen with the recipient,
in contrast to the deleterious effects of completely MHC-
mismatched blood. These findings were explained by
postulating the presentation of MHC class I allopeptides
of the graft by blood-donor APCs through the shared
MHC class II molecules that are recognized by self-
restricted regulatory T cells. Complementary studies
showing that tolerance of allopeptides can be induced by
their oral administration56 were explained by a mecha-
nism involving indirect presentation of the allopeptides
to regulatory T cells by intestinal APCs. However, confir-
mation of these ideas awaited the work of Niimi and oth-
ers33, who showed that oral exposure to a single donor
alloantigen was sufficient to induce unresponsiveness to
a fully allogeneic cardiac allograft, mediated by linked
suppression through the indirect pathway. The ability of
killed or sonicated allogeneic cells to induce oral toler-
ance of mouse corneal allografts added further credence
to the involvement of the indirect alloresponse57.

Two additional approaches have provided support
for the theory of indirect allospecificity of transferable
graft tolerance. First, the depletion of donor APCs from
rat cardiac allografts by a ‘parking’ strategy in primary
recipients — to preclude involvement of the direct path-
way of antigen presentation — enabled the permanent
acceptance of grafts by naive secondary hosts when syn-
geneic splenocytes from tolerant rats were engrafted at
the same time58. Second, linked suppression of mouse
skin allograft rejection across MHC class II barriers was
shown to operate through indirect recognition of minor
histocompatibility antigens59. So, recipient CBC/Ca ×
BALB/c (H–2k × H–2d) F

1
mice rendered tolerant of

B10.D2 (H–2d) skin grafts under the cover of mono-
clonal antibodies specific for CD4 and CD8 were also
tolerant of B10.BR (H–2k) skin, which is compatible with
the re-processing of B10 minor histocompatibility anti-
gens on both H–2d and H–2k class II MHC molecules.
Furthermore, (CBC/Ca × BALB/c) F

1
mice tolerant of

investigated the mechanisms that are responsible for
autoimmune disease in mice thymectomized at an age
of three days42. Thymectomized animals lacked a popu-
lation of CD4+CD25+ cells that form 5–10% of splenic 
T cells in unmanipulated mice (BOX 2). The regulatory
potential of these cells was shown by their ability to pre-
vent autoimmune disease when adoptively transferred
from normal to thymectomized mice. CD4+ T cells were
first implicated in transferable tolerance by the work of
Hall and others in the 1980s (REFS 29–31), pre-dating by
several years the realization that CD4+CD25+ T cells
constitute a distinct and specialized regulatory popula-
tion. The relevance of CD4+CD25+ T cells to transplan-
tation was illustrated by the finding that these cells can
attenuate mouse GRAFT-VERSUS-HOST DISEASE (GVHD)34 and
can transfer tolerance of mouse islet allografts between
recipients43. However, regulatory T cells of other phe-
notypes have been shown also, contributing to the
maintenance of tolerance in other models. For exam-
ple, Waldmann and others have recently described a
CD4+CD25− regulatory T-cell population, with a
potency that is lower by a factor of ten on a cellular basis
than that of the CD4+CD25+ population44. Furthermore,
NATURAL KILLER T (NKT) CELLS have also been ascribed regu-
latory properties in the context of allotransplantation45.

The importance of CD4+CD25+ T cells is undis-
puted; however, the mechanisms by which they suppress
other T cells remain obscure. Studies of mouse and
human T cells carried out in vitro have indicated that
their suppressive effects require cell–cell contact46,47.
However, apparently discordant results have been
derived from experiments carried out in vivo, in which
suppression could be reversed by the use of a neutraliz-
ing interleukin-10 (IL-10)-specific monoclonal anti-
body48,49. One way to reconcile these data was to propose
that the CD4+CD25+ T cells induce the release of IL-10
by a second cell population — not present in vitro —
to amplify the tolerogenic signal in vivo (as shown
recently by Dieckmann and others50). This theme of
‘catalytic’ cascades of regulatory T cells was developed
further by Jonuleit and colleagues, who showed that
INFECTIOUS TOLERANCE could be mediated by CD4+CD25+

T cells interacting with CD4+ T helper (T
H

) cells in a

CRYPTIC DETERMINANTS

T-cell responses to proteins are
directed consistently towards a
single or a limited number of
epitopes, a phenomenon that is
known as immunodominance.
Certain epitopes — known 
as cryptic epitopes — are
represented poorly on self-MHC
molecules, by virtue of
inefficient processing or
presentation by antigen-
presenting cells. Although these
epitopes (or clusters of epitopes
— determinants) are normally
‘concealed’ from the immune
system, they might become
important in pathological states,
such as in allograft rejection.

LINKED SUPPRESSION

Induction of tolerance to
antigen ‘A’ can induce linked
suppression of responses to a
third-party antigen ‘B’, if ‘B’ is
processed and presented by the
same antigen-presenting cell as
‘A’. This phenomenon depends
on the presence of regulatory
CD4+ T cells.

GRAFT-VERSUS-HOST DISEASE

(GVHD). A disease that results
from the recognition of host
tissues by T cells that are present
in the graft. GVHD is often
monitored by its impact on the
gastrointestinal system, where 
it has the potential to cause
villous atrophy with attendant
diarrhoea. If controlled, certain
forms of GVH reaction (such as
graft-versus-leukaemia effects)
might have therapeutic
potential.

Box 1 | Minor histocompatibility antigens 

Minor histocompatibility antigens are polymorphic proteins that present barriers to 
the transplantation of organs between genetically non-identical individuals who are
matched for proteins encoded by the MHC, which are known as H-2 proteins in mice
and HLA proteins in humans136. Of importance are those proteins that are encoded by
sex chromosomes, autosomes and mitochondrial DNA. Among the best characterized of
the minor histocompatibility antigens are those encoded by the mouse Y chromosome,
which are known collectively as H-Y. Up to five H-Y loci have been described — for
example, the gene Smcy, which encodes the minor histocompatibility antigen H-Y/Kk,
and the gene Uty, which encodes H-Y/Db (REF. 137). Respective examples of mouse
autosomal and mitochondrial minor histocompatibility antigens include 
β2-microglobulin and MTFα (maternally transmitted factor-α), which is encoded 
by the gene mt-Nd1 (mitocondrial NADH dehydrogenase 1). Although many minor
histocompatibility differences might exist between donor and recipient, a hierarchy of
immunodominance is observed in practice such that only a small number of minor
histocompatibility antigens ultimately seem to matter138.
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B10 cardiac allografts could be disclosed only in the
presence of (CBA × B10) F

1
APCs, such that indirect

allorecognition could occur49. Complementary studies
carried out in vivo, in which donor and recipient mice
were genetically engineered to prevent direct or indi-
rect alloresponses, showed that loss of the indirect
pathway rendered co-stimulatory blockade ineffective

B10.D2 skin showed linked suppression of (B10.BR ×
AKR) F

1
skin allograft rejection (FIG. 4).

More recent studies have provided increasingly con-
vincing evidence for the indirect recognition of alloanti-
gens as a mechanism driving tolerance. Experiments
carried out in vitro showed that the regulatory function
of CBA CD4+CD45RBlow T cells from mice tolerant of

NATURAL KILLER T CELLS

(NKT cells). NK1.1+ lymphoid
cells, the morphology and
function of which are
intermediate between those of
T cells and natural killer (NK)
cells. NKT cells produce
interleukin-4, might be CD4−

CD8− or CD4+CD8−, and express
low levels of αβT-cell receptor
(TCR) with an invariant α-chain
and restricted β-chain
specificity. Many of these TCRs
recognize antigens that are
presented by the non-classical
MHC-like molecule CD1.

INFECTIOUS TOLERANCE

The phenomenon by which
‘professional’ regulatory T cells
confer suppressive properties
on secondary subsets of T cells
in vivo, acting in ‘infectious’
cascades. For example,
CD4+CD25+ T cells can confer
regulatory properties on CD4+

T helper cells through contact-
dependent interactions; these
secondary regulatory T cells
mediate their suppressive
influence, in part, by the
production of transforming
growth factor-β.
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Figure 3 | Cellular reactions characterizing the alloresponse. A | The role of antigen-presenting cells (APCs) in the alloresponse. 
Donor APCs trafficking through the draining lymph nodes of the recipient elicit a direct alloresponse. Furthermore, these APCs provide
a vehicle for the supply of donor histocompatibility antigens to recipient APCs. Migrant recipient APCs trafficking through the graft also
have the opportunity to capture alloantigens, before egress back to the lymph nodes. Such alloantigens are then able to evoke an
indirect alloresponse, involving CD4+ T cells interacting with APCs through MHC class II molecules and, to a lesser extent, CD8+

T cells interacting with cross-presenting APCs through MHC class I molecules. The unique ability of dendritic cells (DCs) to prime
naive T cells and to mediate cross-presentation places them at the centre-stage of the indirect alloresponse, which is thought to
contribute mainly to chronic rejection16. B | Integration of the alloresponse. Interaction of the direct and indirect pathways of
allorecognition mediates graft rejection. Apart from the help that is given by CD4+ T cells to CD8+ cytotoxic T cells (a), helper T cells
might also elicit a delayed-type hypersensitivity response mediated by macrophages activated by the secretion of interferon-γ (IFN-γ)
(b). Furthermore, there is evidence to indicate that CD4+ T cells might mediate direct cytotoxicity through their expression of FAS
ligand (CD95L; CD178). Eosinophilic inflammation elicited by T helper 2 (TH2) CD4+ T cells through interleukin-5 (IL-5) might also
damage the graft (c). Note the central role of recipient CD4+ T cells.
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foster the induction of tolerance, providing a direct
means of contracting the alloreactive T-cell pool to
enable regulation to gain the ‘upper hand’58,67,69.
Alternative conditioning therapies — for example, the
use of non-depleting CD154 (CD40 ligand)-specific
monoclonal antibody — have been associated also with
the deletion of potentially aggressive T cells, alongside
the development of infectious tolerance70.

Further insights into the competing influences of
alloreactive and regulatory T cells have come from stud-
ies comparing the ability of immune deviation to induce
tolerance across minor and major histocompatibility
complex barriers. Although immune deviation alone
was able to prevent the rejection of allografts mis-
matched for minor histocompatibility antigens, it
could not prevent the rejection of allografts that dif-
fered in terms of MHC molecules, for which the num-
ber of alloreactive T cells to be controlled by regulatory
mechanisms would have been at least tenfold higher71,72.

Taken together, these studies indicate that mainte-
nance of allograft tolerance is a state that requires the
functional dominance of regulatory T cells over patho-
genic alloreactive T cells. Such dominance is only likely
to occur in vivo as a result of the contraction or ‘silencing’
of the pre-existing alloreactive T-cell pool, combined
with strategies that foster the amplification of regula-
tion61,73.What role regulatory T cells have in the induction
of tolerance remains unclear, although a recent study
prompts consideration of the influence of CD4+CD25+

T cells in both the induction and maintenance phases of
graft tolerance34.

The next section considers the pivotal role of dele-
tion of alloreactive T cells in the induction of allograft
tolerance, drawing evidence from experiments in both
rodent and large-animal models.

Transplantation tolerance: the need for deletion
Induction of tolerance: the pivotal role of deletion. The
induction of tolerance in experimental models of
transplantation can be divided into two broad strate-
gies — central and peripheral — the names being
derived from the site at which T cells are targeted61,74

(FIG. 5). Although there are fundamental differences
between these strategies, they both require a two-
pronged approach, because two distinct barriers to tol-
erance exist in the T-cell compartment. Mature T cells
in the peripheral lymphoid compartment at the time
of transplantation present the first barrier. Otherwise
unmanipulated, thymectomized animals reject allo-
grafts with the same kinetics as control recipients,
which shows that mature T cells that are present in the
animal at the time of transplantation are sufficient to
mediate graft rejection, without the need for new
thymic emigrants. Hence, central-tolerance strategies
that are designed to prevent alloreactive T cells from
maturing in the thymus must also consider the prob-
lem of pre-existing, mature T cells. Conversely, periph-
eral approaches to the induction of tolerance must
incorporate a mechanism to inactivate the pool of
new, maturing T cells that are produced continuously
in the thymus.

at prolonging the survival of skin and cardiac allo-
grafts, whereas loss of the direct pathway promoted
graft survival60.

The limitations of regulation. Although they are piv-
otal to the maintenance of transplantation tolerance,
various experimental models have shown that regula-
tory mechanisms alone cannot induce tolerance
across MHC-mismatched barriers. Deletional con-
traction or functional ‘silencing’ of the pre-existing
peripheral alloreactive T-cell pool is required during
the induction of tolerance, to enable the balance
between the competing influences of alloreactive and
regulatory T cells to be tipped towards regulation61.
The earliest evidence for regulatory T cells came from
studies of cardiac allografts transplanted from PVG
(RT1c) to DA (RT1a) strain rats, under cover of treat-
ment with either cyclosporin A29,31,62,63 or anti-PVG
hyperimmune serum30,64. Generally, tolerance of graft
alloantigens was observed from five to seven weeks
after transplantation, progressively ‘maturing’ with
time from the date of engraftment65. The phenome-
non of tolerance was shown to be transferable by
CD4+ T cells derived from tolerant recipients, which
were thought to be allospecific suppressor T cells that
had undergone clonal expansion in the weeks after
transplantation31,63. More recent studies have specifi-
cally implicated CD4+CD25+ T cells in the maintenance
of transplantation tolerance66,67.

Further work by Scully and others68 confirmed that
transferable tolerance in CBA/Ca mice receiving
B10.BR skin grafts — involving many mismatches of
minor histocompatibility antigens — showed progres-
sive development with time, first being apparent from
five weeks after engraftment. Subsequent studies exam-
ining the functional characteristics of regulatory T cells
used a depleting CD4-specific monoclonal antibody to

CHIMERISM/MACROCHIMERISM

The phenomenon of generating
a composite of genetically
distinct individuals — for
example, after an allogeneic
bone-marrow graft.
Macrochimerism as applied to
bone-marrow transplantation is
a state characterized by the
persistence of >5% circulating
donor-derived cells.

LETHAL IRRADIATION

A dose of irradiation that is
sufficient to induce complete
myeloablation, which would 
be lethal without exogenous 
re-constitution of the bone
marrow. This dose varies from
900 to 1200 rad in mice,
depending on the strain.

VβTRACKING

The mouse T-cell receptor (TCR)
β-locus contains approximately
20 Vβ segments. By molecular
analysis of the Vβ segments that
are expressed by T cells in the
peripheral lymphoid tissues —
known as Vβ tracking — an
impression of the diversity of the
TCR repertoire can be gained.
Thus,Vβ tracking has been used
to show the absence of host 
T cells responding to
superantigens associated with
donor MHC molecules, which is
consistent with deletion of the
reactive T cells in the thymus.

Box 2 | CD4+CD25+ regulatory T cells 

Defining characteristics139

• Constitutive expression of CD25 and CD152 (cytotoxic T lymphocyte antigen 4,
CTLA4)140

• High-level expression of CD44, and low-level expression of CD45RB and CD62L:
activated or memory phenotype42

• Anergy, which can be broken by interleukin-2 (IL-2)42

• Ability to suppress the proliferation of and secretion of IL-2 by CD4+CD25− T cells
in vitro, in a contact-dependent, but non-antigen-specific, manner, requiring
ligation of the T-cell receptor46,47

• Ability to regulate the function of CD8+ T cells141

• Dependence on IL-10 and CD152 for suppression of intestinal inflammation in vivo48,142

• Development in the thymus, involving high-avidity interactions with thymic cortical
epithelium143

• Unknown identity of cell-surface molecules mediating suppression

• Expression of glucocorticoid-induced tumour-necrosis factor receptor superfamily
member 18 (GITR), the activation of which abrogates suppression144,145

• Ability to mediate infectious tolerance by contact-dependent interactions with CD4+

T helper cells, the acquired suppressor function of which is mediated, in part, by
transforming growth factor-β (REF. 51)
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being necessary to prevent GVHD, and T-cell depletion
of syngeneic bone marrow being necessary to prevent
rejection of donor bone marrow76. These animals
developed multi-lineage MACROCHIMERISM and long-term
tolerance of all donor tissues, a state that was main-
tained by donor APCs populating the recipient
thymus74. TCR-transgenic models and Vβ TRACKING

of T cells responding to endogenous SUPERANTIGENS

expressed on donor cells have both been used to con-
firm the process of central deletion77. The depletion of
donor antigen from mixed chimeras using monoclonal
antibodies specific for donor MHC molecules resulted
in loss of tolerance and the emergence of donor-reactive
T cells from the recipient thymus78. Thymectomy of
mice before depletion of donor cells enabled the preser-
vation of tolerance, thereby showing both the role of
intrathymic deletion and the necessity of donor cells for
the induction of tolerance.

Direct evidence of the tolerogenic potential of cen-
tral alloantigen presentation awaited experiments car-
ried out by Barker and others, who showed that
intrathymic injection of antigens could induce tolerance
in adult animals; either donor splenocytes79 or the
donor tissue itself80 could be used to induce tolerance of
subsequent allografts. The success of engraftment in
these studies required the treatment of recipients with a
single dose of anti-lymphocyte serum (ALS) at the time
of intrathymic injection of antigens — a strategy
designed to deplete pre-existing mature alloreactive 
T cells in the periphery.

Another approach that has been studied widely —
although it is not understood completely — was pio-
neered by Monaco, who pre-treated mouse allograft
recipients with ALS and donor bone marrow 14 days
before transplantation81. Treatment with ALS depleted
the recipients of mature alloreactive lymphocytes,
which was thought to enable the injected donor bone-
marrow cells to home to the thymus to mediate central
deletion of developing anti-donor thymocytes. Further-
more, stem cells present in the donor bone marrow
were believed to enable the establishment of multi-
lineage macrochimerism. However, direct evidence of a
role for the thymus was lacking; indeed, prior thymec-
tomy improved the induction of tolerance in some
cases, perhaps by potentiating the phase of lymphocyte
depletion (A. Monaco, personal communication). A
general theme that underlies all of these various models
is the apparent ability to maintain tolerance indepen-
dently of macrochimerism, despite the importance of
chimerism for its induction82.

Induction of peripheral tolerance. Strategies to induce
peripheral tolerance target mature T cells, by blocking
either surface molecules that transduce activating sig-
nals, or related downstream intracellular signalling
events. One of the first successes in this area was treat-
ment with antibodies specific for the T-cell co-receptor
CD4, used alone83 or in combination with monoclonal
antibodies specific for CD8 (REFS 84,85). This approach
was used initially with depleting antibodies, under the
assumption that T-cell depletion was necessary for the

Induction of central tolerance. The most important
event in the induction of central tolerance is the dele-
tion of alloreactive T cells in the thymus before they can
be exported to the periphery74. The goal of this
approach is to harness the mechanisms that mediate tol-
erance of self-antigens as a means of inducing tolerance
of alloantigens, a strategy that requires the delivery of
antigen to the thymic microenvironment.

The oldest and best studied method of inducing
central tolerance, known as mixed haematopoietic
CHIMERISM, is also the one that is closest to clinical devel-
opment. Owen’s studies in 1945 noted that genetically
diverse Freemartin cattle sharing a placental circulation
in utero were tolerant of each other’s tissues75.
Capitalizing on this observation, Billingham, Brent and
Medawar induced neonatal tolerance by injecting new-
born mice with allogeneic cells, before their develop-
ment of a fully competent immune system1. In both
cases, tolerance was thought to be achieved by the cen-
tral deletion of alloreactive T cells, fostered by access of
circulating alloantigens to the neonatal thymus. Ildstad
and Sachs extended this concept to adult animals by the
reconstitution of LETHALLY IRRADIATED mice with a mixture
of T-cell-depleted, allogeneic donor- and self-type bone
marrow — T-cell depletion of donor bone marrow

SUPERANTIGEN

An antigen that reacts with all 
of the T cells belonging to a
particular T-cell receptor (TCR)
Vβ-region family, by virtue of its
ability to crosslink MHC class II
and specific Vβmolecules in a
manner that is independent of
direct interaction between the
MHC and TCR. Superantigens
stimulate a much greater
number of T cells than do
conventional antigens.
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Figure 4 | The phenomena of linked suppression and infectious tolerance. Peripheral
tolerance in vivo is associated with the related phenomena of linked suppression and infectious
tolerance, both of which are dependent on regulatory CD4+ T cells. Induction of tolerance to
antigen ‘A’ (green) — for example, by treatment with non-depleting CD4- and/or CD8-specific
monoclonal antibody — can induce linked suppression of responses to a third-party antigen ‘B’
(orange), if ‘B’ is processed and presented by the same antigen-presenting cell (APC).
Furthermore, these secondary, tolerant cells might confer tolerance on a third population of T cells
that recognize a third-party antigen ‘C’ (red), as long as ‘C’ is processed and presented by the
same APC as ‘B’. The molecular mechanisms mediating both linked suppression and infectious
tolerance remain unclear, but they might involve cytokines, surface molecules and competition 
for the APC.
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blockade97,98. Binding of CD154 to its ligand CD40
induces the expression of other co-stimulatory mole-
cules (for example, CD80 and CD86), adhesion mole-
cules and pro-inflammatory cytokines by APCs and
endothelial cells98–100. Monoclonal antibodies specific for
CD154 have proven to be effective in several animal
models101,102, having an additive effect when used with
CD28-specific monoclonal antibodies103. A similar ben-
efit of dual therapy with monoclonal antibodies specific
for CD28 and CD45RB104,105 indicates the presence of
many, non-overlapping co-stimulatory signals, each
offering the potential to enhance treatment regimens by
a combined approach.

The immunosuppressive drug rapamycin is a com-
plementary therapy, blocking pro-mitotic signals trans-
duced through the common cytokine-receptor γ-chain
(γc), which forms an integral part of the receptors for the
cytokines IL-2, IL-4, IL-7 and IL-15 (REF. 106). So, rather
than blocking the induction of expression of cytokines,
rapamycin blocks the delivery of signals by the cytokines
themselves, synergizing with co-stimulatory blockade to
induce transplantation tolerance107.

How do these various strategies promote tolerance?
Emerging new data indicate a role for deletion during
the induction of peripheral tolerance, even when the
reagent that is administered to promote tolerance is not

induction of tolerance. However, subsequent studies
have shown that non-depleting CD4-specific monoclonal
antibodies — both with and without non-depleting
CD8-specific monoclonal antibodies — are effective
also86. The mechanism of this approach remains
unclear, although the induction of apoptosis owing to
alterations in T-cell signalling induced by ligation of
CD4 has been proposed87.

The discovery that co-stimulation is important for
the activation of naive T cells88 prompted considera-
tion of co-stimulatory blockade as a means of manip-
ulating T-cell-mediated immune responses in vivo.
The most widely studied co-stimulatory pathway is
that of the CD28 receptor, which is expressed by most
T cells89. Activated APCs express its ligands, CD80 and
CD86 (formerly known as B7.1 and B7.2)90–92. Co-
stimulation through CD28 is required for optimal
cytokine production, and the proliferation and sur-
vival of activated T cells93; blocking this pathway with
either B7-specific monoclonal antibodies or the
fusion protein cytotoxic T lymphocyte antigen-4–
immunoglobulin (CTLA4–Ig)94,95 prevents allograft
rejection, enabling the induction of transplant tolerance
in certain models96.

CD154 (CD40 ligand) is expressed by activated 
T cells, and it is another target for co-stimulatory
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Figure 5 | Strategies to induce central and peripheral allograft tolerance. A | Central allograft tolerance. Negative selection 
of recipient T cells with high avidity for peptide-self-MHC complexes expressed by antigen-presenting cells (APCs) in the thymic
medulla helps to shape the peripheral repertoire of T cells, enabling the deletion of the majority of cells with autoaggressive potential
(a). Adoptive transfer of donor bone marrow to a recipient conditioned by irradiation or immunotherapy harnesses the phenomenon
of negative selection to eliminate donor-reactive T cells, by their central deletion after interaction with donor APCs that have
accessed the recipient thymus (b). Mature T cells exiting the thymus into the periphery (new thymic emigrants) are devoid of both
self-reactive and donor-reactive cells. B | Peripheral allograft tolerance. Peripheral tolerance targets pre-existing, mature donor-
reactive T cells, by blocking either the transduction of activation signals through surface molecules or the related downstream
intracellular signalling events. All of the strategies that are illustrated have been shown to foster the development of regulatory T cells,
which in most cases are CD4+, with evidence for CD4+CD45RBlow, CD4+CD25+ and CD4+CD25− phenotypes. Although speculative,
peripheral strategies might also show a component of central tolerance, as shown in part A — APCs from the allograft can take up
residence in the thymus and induce central deletion of newly formed alloreactive T cells. CTLA4, cytotoxic T lymphocyte antigen 4;
Ig, immunoglobulin; IL, interleukin; TGF-β, transforming growth factor-β.
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settings have generally not been inbred, with the excep-
tion of miniature pigs118.Although genetic heterogeneity
mimics the clinical scenario more closely, it adds another
dimension to the allogeneic barrier to transplantation.
The use of young, highly inbred rodents housed in clean
facilities involves a largely naive peripheral T-cell reper-
toire, in contrast to the greater proportion of memory 
T cells that are present in the typical transplant recipient,
owing to age and encounter with environmental anti-
gens. The higher proportion of memory T cells presents
another barrier to transplantation, because these cells
have greater resistance to tolerance than their naive
counterparts119,120. A further problem that is inherent in
the translation of results from small to large animals,
and then to humans, lies in the differences between the
models and the clinical situations that they are taken to
mimic. A popular model in mice and rats is the hetero-
topic cardiac allograft, in which the transplanted heart
is anastomosed to the main blood vessels of the recipi-
ent, without perturbation of the ‘native’ heart. The
function of the transplanted organ is assessed generally
by surface palpation of its contractions, a strategy that
precludes the detection of rejection responses that are
of insufficient magnitude to mediate cessation of con-
tractile function. Marked histopathological damage
could precede frank rejection, skewing the impression
of ‘tolerance’ to include covert responses of potentially
pathogenic impact. The ideal rodent model would be
one in which the allograft is orthotopic, replacing com-
pletely the native organ; however, at present, other than
the engraftment of islets of Langerhans into diabetic
recipients, orthotopic transplantation remains imprac-
ticable. Further difficulties lie in the lack of appropriate
reagents or in intrinsically different toxicities of reagents
between rodents and large animals; a procedure that is
effective and safe in a rodent might not be so in a pig or
primate. All of the preceding considerations prompt
caution in the extrapolation of observations in rodents
to larger animals and humans; a phenomenon that is
observed in a rodent merely offers promise for the
success of a similar strategy in a larger animal, without
any guarantees.

Nevertheless, after several decades of disappoint-
ment, there are now real grounds for optimism on the
basis of principles that have been derived from small-
animal models. The need for a wave of peripheral T-cell
deletion to shrink the repertoire of T cells with direct
anti-donor allospecificity is now recognized clearly113.
This finding in mice was borne out by the work of
Thomas and others in a primate transplantation
model121. In combination with drugs such as deoxysper-
gualin, an immunotoxin conjugated to a CD3-specific
monoclonal antibody enabled long-term survival of
renal allografts122,123. The theoretical basis of this
approach, which is being tested in human clinical trials,
is to induce a phase of wholesale T-cell deletion, from
which reconstitution is engineered to occur under cover
of a drug fostering the development of allograft toler-
ance. So, a monoclonal antibody specific for CD52 —
known as CamPath1 — has been used in humans to
deplete T cells immediately after renal transplantation,

inherently T-cell depleting. This phenomenon has been
studied in the context of co-stimulatory blockade —
both of the CD28–B7 and CD40–CD154 pathways —
and with the use of rapamycin. There are two distinct
ways in which activated T cells can undergo apoptosis.
The first, known as death by neglect or passive cell
death, occurs when activated T cells are deprived of
growth factors108,109. This form of cell death can be
inhibited by the constitutive expression of survival
genes, such as those encoding BCL-2 and BCL-X

L
109,110.

By contrast, activation-induced cell death (AICD)
occurs as a consequence of persistent antigenic stimula-
tion. The main mechanism of AICD is autoligation of
FAS (CD95) on the surface of T cells by FAS ligand
(CD95L; CD178) expressed by the T cells themselves111.
The induction of AICD by the FAS–FASL pathway
requires previous priming of T cells by IL-2 (REF. 112).
Thus, T cells from IL-2-deficient mice fail to undergo
apoptosis during the terminal phase of the immune
response111. Recent work has shown that the induction
of tolerance across MHC barriers by co-stimulatory
blockade requires intact pathways for both passive cell
death and AICD. Mice carrying a transgene encoding
Bcl-X

L
in the T-cell lineage and mice deficient for IL-2

each resist the induction of tolerance by co-stimulatory
blockade107,113,114. This requirement for apoptosis of
alloreactive T cells might be attributable to the high fre-
quency of cells responding to allogeneic MHC mole-
cules115,116. This model is supported by the observation
that transplantation tolerance can be induced across
minor histocompatibility barriers — in which alloreac-
tive T cells are less frequent by a factor of at least ten
— by skewing the immune response towards T

H
2

cytokines, without apoptosis of alloreactive T cells72.
The ability of co-stimulatory blockade to render Bcl-X

L
-

transgenic or IL-2-deficient mice tolerant of minor histo-
compatibility antigen-mismatched allografts further
supports this hypothesis117.

Taken together, these data highlight the importance
of deletional contraction of the alloreactive, anti-donor
T-cell repertoire for stable transplantation tolerance.
Once the frequency of anti-donor T cells has been
reduced by central or peripheral deletion, or both, regu-
latory mechanisms can gain control of the remaining
peripheral alloreactive T cells and newly emigrant
alloreactive T cells from the thymus.

Clinical tolerance: how far from our grasp?
When the induction of neonatal tolerance in mice was
first described more than 40 years ago, the application of
this phenomenon to the clinical arena was anticipated
to be a matter of only years away1. However, attempts to
achieve tolerance in large-animal models have proven to
be more challenging than was envisioned initially.

First, the translation of tolerance protocols that have
been developed in rodents to large animals has been
frustrated by crucial differences in both the genetic
make-up of these animals and their systems of hus-
bandry. Most rodent models have used highly inbred
strains, often chosen for their ease of manipulation. By
contrast, large animals that are used in experimental
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next generation of clinical trials of CamPath1, which
combine this reagent with rapamycin107. Similar clinical
trials are planned for CD3-specific immunotoxins134.

Although these findings offer hope for the generation
of new approaches to the induction of allograft tolerance
in the clinic, the history of this field is peppered with
examples of strategies that have succeeded in small ani-
mals, yet have shown minimal utility in primates. Some
of these examples are recent, including the failure of
CD28 blockade to induce long-term graft survival and
tolerance in non-human primates, despite efficacy in
mice135.Although blockade of the CD154 co-stimulatory
pathway has proved to be more efficacious in primates
and humans135, the unique association of this reagent
with venous thromboses in humans — but not in
rodents — has forced the early termination of these
trials. Modifications of these approaches and the use of
combined modalities are being explored at present.
Only time will tell whether such protocols will favour
the induction of robust clinical allograft tolerance.

Conclusion
Much has been learned about the mechanisms and reg-
ulation of transplantation immunity since the enlight-
ened observations of Snell almost half a century ago3.
Two pathways of allorecognition have been character-
ized, and their relative contributions to the rejection
response are being evaluated. The overlapping mecha-
nisms of transferable allograft tolerance are being dis-
sected rapidly, with convincing new evidence for the
role of CD4+CD25+ regulatory T cells. New strategies are
being harnessed to promote allograft tolerance in an
attempt to fine-tune the deficiencies of conventional
immunosuppression. This field is poised to welcome yet
further breakthroughs in the near future, which are
anticipated not only to increase our knowledge of trans-
plantation, but also to bring better quality of life to the
many patients who are faced with the prospect of this
daunting therapeutic modality.

in combination with low-dose cyclosporin124. A more
targeted form of deletion is also being evaluated, using
donor haematopoietic stem cells and partial peripheral
T-cell depletion achieved using varying combinations of
irradiation, monoclonal antibodies and cytotoxic
drugs74,118,125,126. Although the chimerism that is achieved
by such strategies is transient, it seems to be sufficient to
induce a wave of T-cell depletion that enables other
mechanisms of tolerance to gain dominance. The main
barrier to widespread trials of this approach is the toxic-
ity of the conditioning regimen, although the recent use
of high-dose donor bone marrow in conjunction with
co-stimulatory blockade might be a breakthrough in
this area127.

A second insight derived from experimental models,
which is now being translated to human clinical trials,
concerns the interplay between immunosuppressive
drugs and mechanisms of tolerance. CALCINEURIN

inhibitors, such as cyclosporin, have revolutionized clin-
ical transplantation, but they lack the finesse required to
enable the optimal development of allograft tolerance,
because calcium-dependent signals seem to be necessary
for the induction of crucial regulatory mechanisms, as
shown in vitro and in vivo113. For example, the develop-
ment of both mouse and human T-cell ANERGY involves
calcium signalling128, which might also prove to be piv-
otal for the activation of dedicated regulatory T cells129.
Furthermore, calcineurin inhibitors prevent the optimal
secretion of IL-2, which has a crucial role in T-cell dele-
tion by AICD130 and is likely to be implicated in the
development of CD4+CD25+ T cells131. By contrast,
rapamycin enables the induction of T-cell anergy and
does not inhibit IL-2 secretion, thereby allowing IL-2-
induced deletion of T cells while preventing IL-2-
induced clonal expansion132. These advantages have led
to increasing interest in the use of immunosuppressive
protocols that include rapamycin133. The finding that
rapamycin enables T-cell deletion in mouse models —
in contrast to calcineurin inhibitors — has fuelled the

CALCINEURIN

A calcium/calmodulin-
dependent serine phosphatase
that is activated by the release 
of intracellular calcium from
storage vesicles into the cytosol,
mediated by the second
messenger inositol-1,4,5-
triphosphate. Calcineurin
dephosphorylates nuclear factor
of activated T cells (NFAT),
which then translocates to the
nucleus before binding to the
enhancer of the gene encoding
interleukin-2. Calcineurin is the
target of both cyclosporin and
tacrolimus.

ANERGY

A state of specific
immunological tolerance in
which the lymphocyte becomes
functionally non-responsive —
for example, by ligation of the 
T-cell receptor by peptide–MHC
in the absence of effective 
co-stimulation. The anergic
phenotype can be broken by
exogenous interleukin-2.
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