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The significant development of immunosuppressive drug therapies within theAbstract
past 20 years has had a major impact on the outcome of clinical solid organ
transplantation, mainly by decreasing the incidence of acute rejection episodes
and improving short-term patient and graft survival. However, long-term results
remain relatively disappointing because of chronic allograft dysfunction and
patient morbidity or mortality, which is often related to the adverse effects of
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immunosuppressive treatment. Thus, the induction of specific immunological
tolerance of the recipient towards the allograft remains an important objective in
transplantation. In this article, we first briefly describe the mechanisms of
allograft rejection and immune tolerance. We then review in detail current
tolerogenic strategies that could promote central or peripheral tolerance, high-
lighting the promises as well as the remaining challenges in clinical transplanta-
tion. The induction of haematopoietic mixed chimerism could be an approach to
induce robust central tolerance, and we describe recent encouraging reports of
end-stage kidney disease patients, without concomitant malignancy, who have
undergone combined bone marrow and kidney transplantation. We discuss current
studies suggesting that, while promoting peripheral transplantation tolerance in
preclinical models, induction protocols based on lymphocyte depletion (poly-
clonal antithymocyte globulins, alemtuzumab) or co-stimulatory blockade
(belatacept) should, at the current stage, be considered more as drug-minimization
rather than tolerance-inducing strategies. Thus, a better understanding of the
mechanisms that promote peripheral tolerance has led to newer approaches and
the investigation of individualized donor-specific cellular therapies based on
manipulated recipient regulatory T cells.

During the past two decades, solid organ trans- shortage of donor organs, long-term outcome of
clinical transplantation must be optimized. Selectiveplantation has become the therapy of choice for
short-term tolerogenic therapies that would elimi-many end-stage organ diseases. On the basis of
nate allogeneic responses against the graft whileextensive successful data obtained in rodents and
preserving normal immune function with limitedlarge-animal experimental transplantation models,
adverse effects could be the ultimate solution.newer immunosuppressive strategies have progres-
Transplantation tolerance indeed refers to a state ofsively been developed and transposed to routine
sustained specific non-responsiveness of the recipi-clinical practice.[1] Following the use of newer im-
ent’s immune system to donor alloantigens, al-munosuppressive drug combinations, short-term
lowing long-term allograft survival in the absence ofoutcomes, such as patient and allograft survival, as
potential harmful chronic immunosuppressive ther-well as rates of acute allograft rejection episodes in
apy. Since the pioneering work of Billingham, Brentthe first year after transplantation, have steadily
and Medawar more than half a century ago,[1,5] manyimproved. However, optimal long-term allograft
experimental animal models as well as some clinicalsurvival remains a problem because, despite potent
data in specific settings support the concept thattherapies and successful prevention or treatment of
transplantation tolerance could be an achievable tar-acute rejection, there is still an inexorable loss of
get for selected patients. In this article, we brieflytransplanted organs due to chronic allograft dys-
describe the mechanisms leading to allograft rejec-function – a process involving immunological and
tion and immunological tolerance, and we then re-non-immunological factors. In addition, the chronic
view current knowledge on the strategies that mayuse of nonspecifically targeted immunosuppressive
lead to clinical transplantation tolerance.drugs is associated with unwanted adverse effects

and increased morbidity and mortality.[2-4]

1. Allorecognition and Mechanisms of
Because of the ever increasing number of poten- Acute Allograft Rejection

tial transplant candidates, including recipients who
have to return to the transplantation waiting list The recognition by recipient T cells of the allo-
because of chronic allograft dysfunction, and the geneic major histocompatibility complex (MHC)-
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Fig. 1. Pathways of allorecognition and T-cell activation. APC = antigen-presenting cell; MHC = major histocompatibility complex; TCR = T-
cell receptor.

mismatched antigens is the primary event that ulti- as indirect and semi-direct recognition of allogeneic
MHC peptides presented by self-APC. These path-mately leads to graft rejection. In the early stages
ways were shown to help cytotoxic CD8+ T cells,after transplantation, tissue-resident antigen-loaded
and induce macrophage responses and allospecificdonor professional antigen-presenting cells (APCs),
antibody production by B cells (figure 1).[8-10] Themainly immature dendritic cells (DCs), migrate out
relative contributions of these pathways to graftof the allograft towards secondary lymphoid organs,
rejection are not completely defined as yet. The highwhere they mature and encounter recipient alloreac-
frequency of T cells with direct allospecificity andtive naive T cells and resting/central memory T cells
the relative low frequency of T cells with indirect(direct pathway of allorecognition). Once activated,
allospecificity in the normal T-cell repertoire has ledalloantigen-specific T cells will home to the allo-
to the concept that the direct alloresponse dominatesgraft and induce an inflammatory response leading
the early post-transplant period and is mainly in-to graft dysfunction. The trafficking and maturation
volved in acute transplant rejection, while the indi-of donor DCs is triggered by pro-inflammatory sig-
rect pathway plays a major role in later forms of al-nals produced as a result of tissue injury in the early
loresponses and in chronic transplant rejection.[11-14]post-transplant period, and it is the cornerstone for
Thus, the indirect pathway might be the one to targetthe initiation of effective adaptive immune re-
to achieve long-term graft survival, particularly be-sponses.[6,7] At later stages, once donor DCs are
cause experimental models have shown the impor-depleted, the immune response against an allograft
tance of indirect allorecognition in the induction ofis maintained by recipient APCs (DCs and B cells)
transplantation tolerance.[15,16]that process and present allogeneic MHC molecules

shed from the graft (indirect and semi-direct path-
2. Chronic Allograft Dysfunctionway).[8-10]

CD4+ T cells play a central role in the allore- The first use of the calcineurin inhibitor (CNI)
sponse because they can initiate rejection through ciclosporin in kidney transplantation in the 1980s
direct recognition of allogeneic MHC class II anti- allowed a spectacular improvement of 1-year allo-
gens displayed at the surface of donor APC, as well graft survival from approximately 60% to 85%
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when compared with the previous combination of late loss of allografts results from immunological
azathioprine and corticosteroids.[17] The progressive and alloantigen-independent factors. Immunological
introduction of more intensive immunosuppressive factors consist of inadequate immunosuppression or
protocols together with the systematic prophylaxis noncompliance in the context of poor HLA match-
of infectious complications resulted in a further de- ing or previous hyperimmunization, often with a
crease of the incidence of acute rejection (to <20% history of acute rejection episodes. Non-immuno-
within the first year after transplantation) and a logical factors include the quality of the graft at the
better 1-year patient and graft survival (about 95% time of implantation (donor age and co-morbidities),
and 90%, respectively, in the US for recipients of a graft injuries (organ preservation and perioperative
first cadaveric kidney, and even better outcomes for ischaemia leading to delayed graft function), drug
a first living donor kidney).[1,3,4] toxicities such as vasculopathy and nephropathy

related to the use of CNIs.[2-4]In clinical transplantation, acute allograft rejec-
tion can be successfully prevented or treated in most Despite a better control of the rejection process,
patients with current immunosuppressive regimens. the chronic use of nonspecifically targeted immu-
However, despite initial enthusiasm, the lower rates nosuppressive drugs is associated with unwanted
of acute rejection in the first year have not resulted adverse effects and increased morbidity and mor-
in a significant improvement in long-term (i.e. tality (table I and table II). Besides the increased
5–10 years) allograft survival.[1,18,19] Thus, even if susceptibility to infections and development of de
grafts display a good function in the early years after novo malignancies due to nonspecific chronic im-
transplantation, progressive tissue damage generally munosuppression, many of theses drugs have been
develops, leading to slow and progressive late organ associated with non-immunological complications –
dysfunction, also referred to as chronic allograft mainly an increase in cardiovascular risk factors
dysfunction. Chronic allograft dysfunction can af- such as hypertension, hyperlipidaemia and diabetes
fect all transplanted organs and is the most common mellitus. Indeed, death from cardiovascular dis-
cause of graft loss >1 year after transplantation. The eases, with a functioning graft, is becoming a major

Table I. Induction therapies used in clinical solid organ transplantation

Drugs Mechanisms Adverse effects

Thymoglobulin®; ATG- Polyclonal horse or rabbit antithymocyte globulins; Cytokine-release syndrome, thrombocytopenia,
Fresenius®; ATGAM® T-cell depletion leukopenia, serum sickness

Basiliximab, daclizumab Chimeric (basiliximab) or humanized (daclizumab) Rare hypersensitivity reactions
mAb, with high affinity for the α subunit of the IL-2
receptor (CD25); depletion of activated T cells and
inhibition of IL-2-induced T-cell activation

Alemtuzumab (CAMPTH-1H) Humanized anti-CD52 mAb; depletion of T and B Mild cytokine-release syndrome, neutropenia,
cells, most monocytes/macrophages, NK cells anaemia, autoimmune thrombocytopenia,

thyroid disease

Belatacept (LEA29Y) CTLA-4 Ig fusion protein; binds to CD80/86 and Not known
blocks signal 2

Fingolimod (FTY720) Lymphocyte sphingosine-1-phosphate-receptor First-dose bradycardia, gastrointestinal
antagonist; enhances homing to lymphoid tissues symptoms, liver toxicity, macular oedema
and prevents egress

Muromonab-CD3 (OKT3), Mouse (muromonab-CD3) or humanized Fc-receptor- Severe cytokine-release syndrome, pulmonary
teplizumab, otelixizumab, non-binding (teplizumab, otelixizumab, visilizumab); oedema, acute renal failure, gastrointestinal
visilizumab depletion of T cells after initial activation and cytokine symptoms; all effects described for

release muromonab-CD3. Humanized forms should be
less toxic.

Rituximab Chimeric anti-CD20 mAb; depletion of B cells Rare hypersensitivity reactions
CTLA-4 Ig = cytotoxic T-lymphocyte associated antigen 4 immunoglobulin; IL = interleukin; mAb = monoclonal antibodies; NK = natural
killer.

© 2008 Adis Data Information BV. All rights reserved. Drugs 2008; 68 (15)
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Table II. Maintenance immunosuppressive therapies used in clinical solid organ transplantation

Drugs Mechanisms Adverse effects

Ciclosporin Binds to cyclophilin, inhibits calcineurin- Hypertension, hyperlipidaemia, nephrotoxicity,
phosphatase, blocks T-cell activation thrombotic microangiopathy, neurotoxicity, tremor,

gingival hyperplasia, hirsutism

Tacrolimus Binds to FKBP12, inhibits calcineurin- Post-transplantation diabetes mellitus, nephrotoxicity,
phosphatase, blocks T-cell activation thrombotic microangiopathy, neurotoxicity

Azathioprine Interferes with DNA synthesis, blocks cell Bone marrow depression, macrocytosis, liver toxicity
proliferation

Mycophenolic acid Inhibit inosine-monophosphate-dehydrogenase Gastrointestinal symptoms (mainly diarrhoea), bone
(mycophenolate mofetil, and block purine synthesis, block cell proliferation marrow depression
enteric-coated mycophenolate)

Sirolimus, everolimus Bind to FKBP12, inhibit mTOR, block IL-2-driven Delayed graft function, delayed wound healing,
T-cell proliferation mouth ulcers, pneumonitis, increased proteinuria,

peripheral oedema, hyperlipidaemia

IL = interleukin; mTOR = mammalian target of rapamycin.

cause for late allograft loss. If the existing experi- 3. Transplantation Tolerance
mental models can be successfully applied to clin-

Over recent years, experimental models haveical transplantation, the induction of donor-specific
shown that it is possible to exploit the mechanisms

tolerance could effectively prevent the development
that normally maintain immune homeostasis and

of chronic allograft dysfunction and preserve the tolerance to self-antigens to induce tolerance to al-
host from drug-related adverse effects. loantigens. The regulation of the immune response

Thus, the main objective in clinical transplanta- and the induction of immunological tolerance in-
volve central and peripheral mechanisms. Self-toler-tion remains to safely achieve long-term allograft
ance is partly achieved by intrathymic deletion ofacceptance, which implies sustained donor-specific
self-reactive lymphocytes from the immune reper-T- and B-cell non-responsiveness with preserved
toire (clonal selection). As not all self-antigens areallograft function, in the absence of (operational
expressed in the thymus, other mechanisms exist intolerance) or with minimal (near tolerance) chronic
the peripheral immune system to maintain a safe T-

immunosuppression. A number of clinical reports of
cell repertoire: ignorance, clonal deletion, anergy

occasional ‘tolerant’ transplant recipients, charac- and regulation/suppression.
terized by prolonged allograft survival with minimal
or no immunosuppression, suggest that immunolog- 4. Central Tolerance and Mixed
ical tolerance may indeed be achievable in some Chimerism Approaches
patients.[20] Spontaneous operational tolerance can

The thymus plays an important role in the main-take place after years of immunosuppression. It is
tenance of tolerance to self-antigens, and many ex-rare in kidney transplant recipients, but has been
perimental data support its role in the inductionmore frequently reported in liver transplant recipi-
of sustained robust tolerance to alloantigens.[21,30]

ents, suggesting that various mechanisms may be
During the physiological maturation process in the

involved, such as the induction of mixed chimer- thymus, central tolerance is achieved by intrathymic
ism[21-23] or the promotion of peripheral regulatory deletion of T cells with high avidity for thymic
mechanisms.[24-26] Collaborative international stud- expressed self-antigens (negative selection), so that
ies are currently underway to pool data on these potentially deleterious antigen-reactive T cells will
tolerant transplant recipients in order to determine not reach the periphery. In the transplantation set-
more precisely how this state arises and to develop ting, this process can be exploited by the delivery of
reliable tests to predict tolerance.[20,27-29] donor alloantigens to the thymus prior to solid organ

© 2008 Adis Data Information BV. All rights reserved. Drugs 2008; 68 (15)
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transplantation. This can be achieved either experi- animal models and clinical studies, the Stanford
group recently described the successful case of amentally by direct intrathymic injections of donor-
patient undergoing combined HLA-matched kidneyderived allopeptides or by the induction of a state of
and haematopoietic cells transplantation, using ahaematopoietic mixed chimerism in the recipient’s
low-intensity conditioning regimen (total lymphoidrepertoire (presence of cells from both recipient and
irradiation and antithymocyte globulin [ATG]).[44]donor origin) allowing donor APCs to migrate to the
The first transplant recipient, in this small study ofrecipient’s thymus and induce negative selection of
patients with end-stage renal disease without malig-donor-reactive T cells.[21,30-32] For mixed chimerism
nancy, had persistent mixed chimerism and normalto occur in the recipient, the infused bone marrow
kidney allograft function >2 years after discontinua-cells from donor and recipient must engraft, imply-
tion of all immunosuppressive drugs. Of interest, theing the need for pre-conditioning treatments that
same group had attempted a few years ago a similarallow the creation of ‘space’ for engraftment com-
protocol for the induction of allograft tolerance inbined to deletion of pre-existing cross-reactive peri-
HLA-mismatched recipients,[42] but rejection devel-pheral T cells that could reject the donor bone mar-
oped when immunosuppression withdrawal was at-row. In experimental animal models, high-intensity
tempted. However, the recent report of the Massa-myeloablative pre-conditioning protocols (total
chusetts General Hospital group brings new hope tobody irradiation and high-dose chemotherapeutic
the possibility of extending these protocols to HLA-agents) could be successfully replaced by other less
mismatched patients.[45] In their study, five patientstoxic approaches (high-dose bone marrow combined
with end-stage renal disease (and no malignancy)to co-stimulatory blockade and thymic irradiation).
received combined bone marrow and one-haplotypeExtensive work performed in small- and large-
HLA-mismatched living-donor kidney transplanta-animal models have since demonstrated that sus-
tion, with the use of a non-myeloablative pre-condi-tained donor-specific transplantation tolerance can
tioning regimen. Except for one patient who devel-be induced through the generation of a state of
oped non-reversible humoral rejection, immunosup-haematopoietic mixed chimerism.[33-37] Based in
pression was withdrawn in the remaining patients atpart on these experimental data, a small number of
9–14 months after transplantation, with stable kid-highly selected patients (e.g. end-stage renal failure
ney function and donor-specific T-cell unrespon-secondary to refractory multiple myeloma) under-
siveness. Interestingly, all of the recipients dis-

went HLA-matched combined bone marrow and
played only transient chimerism post-transplanta-

kidney transplantation (either sequentially or con-
tion, suggesting that, while the induction of

comitantly) from the same living donor, and had
tolerance is dependent on central deletion of donor-

long-term acceptance of their renal allograft in the
reactive T cells, peripheral mechanisms may be

absence of ongoing immunosuppression.[38-43]
involved in the long-term maintenance of transplan-

The proof of concept of the clinical applicability tation tolerance.
of mixed chimerism approaches to induce transplan-
tation tolerance was thus first established in patients 5. Peripheral Transplantation Tolerance
with haematopoietic malignant disorders, and more
recently these protocols have been adapted to pa- In the transplant setting, circulating alloreactive
tients without concomitant malignancy. While ag- T cells are crucial in the initiation and coordination
gressive myeloablative regimens must be applied of the rejection response and to promote peripheral
for classic bone marrow transplantation in the con- tolerance, the alloreactive effector T-cell pool must
text of haematopoietic malignancy, this potentially be minimized, while enhancing regulatory mechan-
toxic approach cannot be justified to achieve toler- isms.[46] Various strategies have been explored to
ance in regular solid organ allograft recipients. Fol- achieve peripheral tolerance to alloantigens in ex-
lowing on their previous protocols developed in perimental transplantation models: (i) deletion of
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PI3K = phosphoinositide-3-kinase; S1P = sphingosine-1-phosphate; STAT5 = signal transducer and activator of transcription 5; TCR = T-
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peripheral effector T cells (lymphocyte-depleting vided by the APC. Co-stimulatory signals are deliv-
protocols); (ii) inhibition of T-cell activation by ered via constitutive or inducible receptors on the
blocking or modifying co-stimulatory signals (co- responding T-cell surface interacting with their
stimulatory blockade, manipulation of DCs); ligands constitutively expressed or up-regulated on
(iii) interference with the effector function or hom- the activated APC. If partial activation occurs, e.g.
ing of activated T cells (anti-cytokines, anti- in the presence of altered TCR ligands or in the
chemokines); and (iv) active regulation of effector absence of co-stimulation, T cells become unrespon-
T cells by antigen-specific CD4+CD25+Foxp3+

sive to proliferative signals – a state referred to as
regulatory T (Treg) cells. Most of these approaches

anergy.[47,48] The activation of signals 1 and 2 initi-
have been extensively studied in experimental mod-

ates a cascade of downstream signalling pathwaysels and are now being progressively transposed to
and the induction of transcription factors, leading tothe clinic, as is discussed in sections 6–9 and section
the expression of new surface molecules such as11.
inducible co-stimulatory molecules and cytokine re-

Three distinct signals are required for the activa-
ceptors. Interleukin (IL)-2 and other cytokines cantion and differentiation of alloreactive T cells into
then trigger T-cell proliferation and differentiationproliferating effector T cells (figure 2). The first
via their receptors up-regulated on the recently acti-signal (signal 1) is delivered through the T-cell
vated T cell (signal 3). Current experimental andreceptor (TCR)/CD3 complex by the recognition of
clinical data suggest that the interruption of thesepeptide antigens presented in the context of MHC
signalling pathways at specific steps prevents acutemolecules on the surface of APCs. In addition to
allograft rejection and may promote immune toler-antigen recognition, full T-cell activation requires a

second distinct co-stimulatory signal (signal 2) pro- ance in some circumstances.[49,50]
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6. Targeting Signal 1 tized, high donor-recipient MHC-mismatches, Afri-
can Americans) and in the setting of peri-trans-

The primary mediators of the immune response plant acute tubular necrosis to avoid CNIs.
are T and B cells. T and B cells have antigen- They have broad T-cell specificity and are among
specific receptors that recognize foreign antigens the most potent induction agents used in solid or-
and induce donor-specific cellular and humoral re- gan transplantation. Rabbit preparations such
sponses. With the development of polyclonal and as Thymoglobulin® 1 and ATG-Fresenius® have ap-
monoclonal antibodies (mAb), newer therapeutic peared to be slightly more potent than horse prepara-
strategies have been developed based on powerful tions (ATGAM®).[54] Alemtuzumab, or
cell-depletion at the time of transplantation (induc- CAMPATH-1H, is a humanized anti-CD52 mAb
tion therapy), when immune activation is most in- that was first developed for use in lymphoprolifera-
tense. In various experimental rodent and non- tive diseases. CD52 is expressed on T cells, B cells,
human primate (NHP) models, anti-T-cell anti- monocytes and macrophages, natural killer (NK)
bodies have been used either alone or in combina- cells and granulocytes.[55] ATG and alemtuzumab
tion with other strategies that aim to limit clonal induce profound and durable lymphopenia that can
expansion of effector T cells such as co-stimulatory be associated with immunodeficiency complications
blockade or transfusion of donor-derived pep- such as infections (mainly viral such as cytome-
tides.[51] By depleting T cells, and for some agents galovirus or Epstein-Barr virus) or, as reported for
also B cells (anti-CD52, anti-CD45RB mAb) and ATG, de novo post-transplant lymphoproliferative
monocytes (deoxyspergualin), cell-depleting ap- disorders (PTLD).[56] Other toxic adverse effects
proaches result in a profound reduction of circulat- include thrombocytopenia, a cytokine-release syn-
ing leukocytes capable of mounting an alloresponse drome or allergic reactions. The benefits and ad-
at a time when the allograft is already susceptible to verse effects of these induction therapies in the
inflammatory damage following the ischaemia/ transplant setting are better known for preparations
reperfusion injury. Lymphocytes will gradually re- of ATG, which have been widely used in the clinic
populate the host weeks to months later when the for more than 20 years, compared with alemtuzu-
innate immune response has resumed and the al- mab, which is still used off-label in relatively small
lograft is more quiescent.[52,53] Depletion strategies clinical trials.
have been extensively studied in NHP transplanta- Calne et al.[57] first published interesting clinical
tion models and encouraging results have led to data in deceased donor kidney transplantation, using
clinical trials using polyclonal ATGs, a humanized lymphocyte-depletion with alemtuzumab, which
anti-CD52 mAb (alemtuzumab, CAMPATH-1H), provided long-term rejection-free allograft survival
or anti-CD3 mAb. with minimal maintenance therapy (low-dose ci-

closporin) in most patients. Because these recipients6.1 Polyclonal Antithymocyte Globulins
did not exhibit true operational tolerance, Calne andand Alemtuzumab
colleagues coined the term ‘prope tolerance’ (near-

Polyclonal ATGs are produced in horses or rab- tolerance) to describe their immunological state.
bits after immunizing these animals with human Other groups have extended this approach of drug
leukocytes. By binding to T-cell surface receptors, minimization by combining anti-T-cell antibodies
these ATG opsonize the cells for complement-medi- together with deoxyspergualin, sirolimus or tacroli-
ated lysis and phagocytosis. Initially approved for mus in NHP transplantation models as well as in
the treatment of corticosteroid-resistant acute cellu- clinical trials. In animal models, despite profound
lar rejection, they are also used as induction agents peri-transplant T-cell depletion, consistent trans-
in high immunological risk recipients (pre-sensi- plantation tolerance could not be achieved when

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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anti-T-cell antibodies were used in monotherapy, as At present, ATGs and alemtuzumab must be
considered rather as potentially ‘drug-minimizing’most treated animals lost their grafts through suba-
than as ‘tolerance-inducing’ agents. Larger, wellcute or chronic rejection. However, the addition of
designed, prospective clinical trials are needed todeoxyspergualin or sirolimus allowed the induction
define the optimal maintenance drug regimen to beof transplantation tolerance in NHP models.[58-60]

used following induction with lymphocyte-deplet-Similarly, subsequent clinical studies confirmed
ing antibodies. Further investigation is also neededthat, although T-cell-depleting antibodies greatly re-
to compare the different anti-T-cell antibodies withduced the requirements for maintenance immuno-
other induction agents, such as anti-IL-2 receptorsuppression, rarely could immunosuppressive ther-
mAb or co-stimulatory blockade, looking at theirapy be completely withdrawn.[61-63] It should be
efficacy (rate of acute rejection, graft survival), safe-noted that the use of alemtuzumab alone or in com-
ty, costs and drug administration modalities (num-bination with sirolimus or deoxyspergualin was
ber of doses, route of administration), in kidney and

associated with an unusually high rate of early cellu-
other solid organ transplantation. For example, one

lar rejection episodes characterized by predominant study has compared Thymoglobulin®, alemtuzumab
monocytic infiltrates, as well as antibody-mediated and daclizumab (a humanized anti-IL-2 receptor
rejection episodes, so that CNI had to be added for mAb) in deceased donor kidney transplant recipi-
maintenance immunosuppression in later stud- ents. Maintenance immunosuppression included ta-
ies.[53,61,64-66]

crolimus, mycophenolate mofetil and corticoster-
Thus, current data suggest that, although T-cell oids, except for the alemtuzumab group, which re-

mained corticosteroid-free. There was no differencedepletion combined with deoxyspergualin can in-
in patient and graft survival, or in acute rejectionduce tolerance in NHP models, some form of main-
rates, between the three groups.[73]tenance immunosuppression is required with these

protocols in humans. How can these discrepancies
6.2 Anti-CD3 Monoclonal Antibody (mAb)be explained? Although anti-T-cell antibodies can

deplete nearly all circulating peripheral T cells Muromonab-CD3 (OKT3), a mouse mAb bind-
(>99% depletion), they are less efficient on cells that ing to the CD3 component of the TCR signal-trans-
have homed to peripheral tissues and lymph nodes – duction complex, has been successfully used for the
mainly effector memory T cells. These memory past 20 years as an induction agent for high-risk
T cells differ from naive T cells by their activation patients or for the treatment of corticosteroid-resis-
requirements and could undergo homeostatic proli- tant acute rejection episodes.[74] Because of the im-
feration in a cell-depleted host, thus contributing to portant adverse effects of muromonab-CD3, includ-

ing a cytokine-release syndrome, ATGs are nowthe rejection process associated with monocytes and
usually preferably used. Non-activating, thus lessrepopulating B cells that are less efficiently depleted
toxic, humanized Fc-receptor-non-binding anti-CD3using ATGs or alemtuzumab.[67,68] Furthermore, in
mAbs (i.e. teplizumab, otelixizumab and visilizum-adult humans, even at the time of a first transplant,
ab) are currently being tested in phase I and IIpre-existing cross-reactive memory T cells account
clinical trials in autoimmune diseases settings (typefor a larger proportion of the T-cell pool than in
1 diabetes, Crohn’s disease, arthritis) as well as inmost laboratory animals that have not been exposed
renal and pancreatic islet transplantation.[75]

to as many environmental antigens and patho-
gens.[69-72] These pre-existing memory T cells are

6.3 Rituximab (Anti-CD20 mAb)
now considered to be a major hurdle to the induction
of tolerance in human transplant recipients, and Rituximab is an anti-CD20 chimeric mAb that
newer strategies have to be developed to target this eliminates most B cells from the circulation. It was
population more efficiently. first approved for the treatment of B-cell lympho-
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proliferative diseases in non-transplant patients, and 7.1 CD154(CD40L):CD40 Blockade
has been used to treat PTLD after solid organ trans-

The CD154(CD40L):CD40 pathway plays a cen-
plantation. It is now also used for the treatment of

tral role in effective antigen presentation because
antibody-mediated rejection and for the suppression CD40 is constitutively expressed on DCs, B cells
of preformed alloantibodies in sensitized patients and macrophages, and its ligation up-regulates the
(retransplant, ABO-incompatible), together with expression of B7, MHC and adhesion molecules on
maintenance immunosuppressive drugs, plasma- APCs, potentiating their immunogenicity. The
pheresis and/or intravenous immunoglobulin (Ig), ligand of CD40 (CD154) is induced on T cells
and splenectomy in some protocols.[76] However, (mainly CD4+ T cells) following TCR:antigen en-
depletion of antibody-producing cells may be in- gagement.[79] Of the various co-stimulatory mole-
complete because rituximab cannot target CD20– cules that have been targeted in rodent models, the
plasmocytes (a relatively important part of the cell most successful results were obtained using
population in the plasma). It remains to be deter- BMS-202448 (MR1), an anti-CD40L mAb. A hu-
mined whether rituximab may also be useful in T- manized anti-CD40L mAb (clone hu5C8) also pro-
cell-mediated rejection because, by depleting recipi- moted long-term allograft survival in NHP models,
ent’s B cells that can act as efficient APCs, it may but true tolerance was not achieved when used
limit indirect pathway T-cell responses. alone.[80] Of note, the administration of a humanized

anti-CD40L mAb (hu5C8) in transplant recipients
resulted in unexpected thromboembolic complica-7. Targeting Signal 2
tions. This was later shown to be possibly due to the(Co-Stimulatory Blockade)
expression of CD154(CD40L) on platelets and all
clinical trials with this agent were therefore termi-

There is a growing number of characterized co- nated.[81] To circumvent these complications, while
stimulatory receptor:ligand molecules that are key still targeting the CD154(CD40L):CD40 pathway,
for T-cell stimulation and regulation, including the anti-CD40 mAbs are currently being developed.[82]

CD28:B7(CD80/CD86) and CD154(CD40L):CD40
pathways, which have been extensively studied 7.2 CD28:B7(CD80/CD86) Blockade
in transplantation models. These positive activat-

CD28 is constitutively expressed on CD4+
ing co-stimulatory signals are balanced by inhibito-

T cells and up to 50% of CD8+ T cells, and its
ry inducible signals, such as CTLA-4:B7 and

ligation by B7 molecules (CD80, CD86) synergizes
PD1:PDL, allowing a down-regulation of the res- with TCR signalling to lower the activation thres-
ponse after initial T-cell activation.[77] In the absence hold of T cells. CD28 may also deliver a reverse
of appropriate co-stimulation, partially activated signal to DCs through CD80 and CD86, inducing
T cells either become hyporesponsive to subsequent the production of IL-6.[83,84] Cytotoxic T lympho-
antigen-specific TCR signals (donor-specific aner- cyte-associated antigen 4 (CTLA-4) is induced on
gy) or die by apoptosis.[47,48] By inhibiting T-cell T cells upon activation, binds to the same ligands as
activation rather than eliminating all T cells as in CD28 but with a higher affinity, and delivers an
cell-depleting protocols, the strategy of co-stimula- inhibitory signal for the T cell. The ligation of
tory blockade might more selectively target effector CTLA-4 also induces the expression of indoleamine
T cells and spare beneficial Treg cells, promoting the 2,3 dioxygenase on DCs, contributing to the regula-
induction of tolerance. In many experimental rodent tion of T-cell responses.[83]

and NHP transplantation models, dual blockade of Blocking antibodies against CD80 and CD86
the CD154:CD40 and CD28:B7 pathways was have been evaluated in preclinical studies; however,
shown to act synergistically to prevent rejection or in monotherapy protocols, they have not significant-
induce tolerance.[78] ly prolonged renal allograft survival. In comparison,
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combined blockade of CD80 and CD86 led to pro- T cells, and may therefore be more resistant to some
tolerance induction strategies. As not all T-cell sub-longed renal allograft survival in NHP, but without
sets are as susceptible to blockade of co-stimulatoryresulting in tolerance.[85,86] CTLA-4 Ig, a fusion
signals, other additional strategies were needed inprotein with specificity for CD80 and CD86, was
some models to induce long-term graft accept-first used in small-animal models with excellent
ance.[92,93]outcomes. In NHP models, CTLA-4 Ig prolonged

Co-stimulatory blockade may also result inpancreatic islet survival and, in combination with
differential effects on pathogenic effector T cellsCD154:CD40 pathway blockade, induced indefinite
and Treg cells. Indeed, the CD28:B7 pathway hasacceptance of renal and heart allografts, while al-
been shown to be important for the expansion andlowing prolonged skin graft survival.[82,87-89] Fol-
survival of Treg cells. Furthermore, one must consid-lowing encouraging preclinical results, clinical trials
er that the combined blockade of CD80 and CD86were initiated with belatacept (LEA29Y), a promis-
by B7 antagonists simultaneously prevents the liga-ing agent in NHP models. Belatacept is a fusion
tion of CTLA-4 on T cells, and this negative signal-protein combining the extracellular binding domain
ling may contribute to tolerance induction and theof CTLA-4 with the Fc portion of IgG1, with speci-
function of Treg cells.[94-96] Thus, blocking a particu-ficity for CD80/86 expressed on APCs. Compared
lar co-stimulatory pathway may give opposite re-with the original CTLA-4 Ig compound used in
sults depending on the model. The CD28:B7 path-animal models, belatacept has two amino acid sub-
way could be preferentially targeted by selectivelystitutions resulting in a higher affinity and a slower
blocking CD28, as suggested by in vitro data as welldissociation rate from human B7 molecules, thus
as in rodent transplantation models.[97,98]

achieving a more complete blockade in vivo.[90] In a
recent phase II renal transplantation clinical trial,

8. Targeting Signal 3after induction with basiliximab, belatacept was ad-
ministered every 4 weeks together with mycopheno-
late mofetil and corticosteroids. The reported short-

8.1 Anti-Interleukin-2 Receptor mAbsterm results were found to be promising in terms of
safety and efficacy (rate of biopsy-proven acute

Activated T cells produce cytokines such as IL-2rejection) within the first year, when compared with
that trigger their proliferation via signalling througha ‘classical’ ciclosporin-based maintenance regi-
up-regulated surface receptors (signal 3 – see figuremen.[91] Longer follow-up data will have to establish
2). The IL-2 receptor α-chain, also called CD25, is

whether this drug can prevent chronic allograft dys-
not expressed on most resting T cells, but is up-

function and/or favour the induction of transplanta-
regulated after T-cell activation following antigen

tion tolerance, as was suggested in animal models.
encounter. Thus, anti-IL-2 receptor mAbs preferen-

Compared with animal models, co-stimulatory tially target alloreactive T cells activated in the early
blockade has been used in the clinic more as a post-transplantation period, and inhibit the IL-2-
selective immunosuppressive agent (and an alterna- mediated proliferation and effector function. Da-
tive to CNI) for preventing acute allograft rejection clizumab and basiliximab are now commonly used
than an agent for inducing donor-specific tolerance. in renal transplantation as induction agents in low-
In a similar way to lymphocyte-depleting protocols, risk recipients (e.g. first allograft, living-related do-
the translation of co-stimulation blockade strategies nor, no delayed graft function).[99,100] As these drugs
to the clinic has to overcome hurdles related to the specifically target activated T cells, they do not
complexity of the human immune system. It has cause significant lymphocyte depletion and have not
been shown that memory T cells and CD8+ T cells been associated with major adverse effects. So far,
have different co-stimulation requirements for full in vitro and in vivo data have not shown a deleteri-
T-cell activation when compared with CD4+ naive ous effect of anti-IL-2 receptor mAb on the Treg
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subset of CD4+ T cells, which constitutively express of peripheral transplantation tolerance by depleting
CD25.[101,102] or interfering with the activation and/or effector

function of alloreactive T cells at the time of trans-
9. Targeting Leukocyte Trafficking plantation. In most patients, maintenance immuno-

suppression can be tapered safely without acute
rejection within months after transplantation. How-9.1 Fingolimod
ever, unlike in animal models, only a small propor-

For the immune response to be deleterious to the tion of patients can completely discontinue therapy
allograft, primed alloreactive T cells and accessory (operational tolerance) or be kept on minimal immu-
cells must migrate and infiltrate the graft. Sph- nosuppression (near tolerance) safely, i.e. in the
ingosine-1-phosphate (S1P) is expressed on lym- absence of donor-specific alloresponses and with
phocytes and bone marrow-derived DCs, and regu- long-term normal graft function. Thus, in the ab-
lates cell migration and survival by interacting with sence of the induction of robust tolerogenic mechan-
S1P receptors expressed in lymphoid tissues. isms (as may occur following a state of donor-type
Fingolimod (FTY720) is a S1P analogue that en- mixed chimerism), some degree of immunosuppres-
gages lymphocyte S1P receptors, resulting in altered sion must be maintained as long as the allograft is in
leukocyte trafficking. Fingolimod traps T cells into place. Maintenance regimens generally consist of
lymphoid tissues and prevents them from homing to CNIs, which block alloantigen-dependent T-cell ac-
the allograft after T-cell priming (lymphocyte se- tivation, and/or antiproliferative agents.[3,4]

questration). This drug is under clinical investiga-
tion in autoimmune diseases, such as multiple scle- 10.1 Calcineurin Inhibitors
rosis, but clinical trials have recently been discontin-
ued in kidney transplantation because of a higher The engagement of the TCR/CD3 complex (sig-
incidence of adverse events compared with current nal 1) in the presence of signal 2 activates the
standard immunosuppression.[103,104] intracellular calcium-calcineurin signalling pathway

and the induction of transcription factors, leading to
9.2 Chemokines and Adhesion Molecules the expression of new surface molecules such as

inducible co-stimulatory molecules and cytokine re-
The trafficking of activated T cells is also medi-

ceptors (figure 2). The use of a CNI remains the
ated by chemokines released within the transplanted

cornerstone of current maintenance immunosup-
tissue and adhesion molecules up-regulated on en-

pression.[108] Ciclosporin engages cyclophilin and
dothelial cells following the inflammatory process

tacrolimus engages FK506-binding protein 12
induced by initial ischaemia/reperfusion injury. Re-

(FKBP12), both forming a complex that blocks
cent reports using rodent models as well as clinical

calcineurin (hence the term CNI). Tacrolimus has
data suggest that interference with chemotaxis or

become the CNI of choice for maintenance regimens
blockade of adhesion molecules such as intercellular

in many centres because it inhibits calcineurin with
adhesion molecule-1 (ICAM-1) or lymphocyte

slightly greater efficacy, and most trials suggest that
function-associated antigen-1 (LFA-1) could be an-

there is slightly less acute rejection with tacrolimus
other promising approach of immunosuppression

than with ciclosporin. Both substances can result in
and/or tolerance induction.[105] Clinical trials are

nephrotoxicity and, rarely, thrombotic microan-
underway.[106,107]

giopathy. Tacrolimus is less likely than ciclosporin
to cause hypertension, hyperlipidaemia and cosmet-10. Minimal
ic problems, but its use is associated with slightlyMaintenance Immunosuppression
more post-transplantation diabetes, mainly in elder-

The use of powerful induction therapies may ly and obese recipients. Many of the adverse effects
promote regulatory mechanisms and the induction of CNIs are related to the concentration of the drug,
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and careful monitoring of blood concentrations is strated that sirolimus could selectively expand Treg
therefore critical. cells in vitro and in vivo, while CNIs appear to have

an inhibitory effect.[114-116] Therefore, mTOR inhibi-
tors may be interesting drugs to use in protocols that10.2 Antiproliferative Agents
are aimed at inducing clinical tolerance. However,

Once T cells have been specifically activated the potential beneficial effects of this class of drugs
through their TCR, the activation of the calcium- are balanced by known adverse effects such as im-
calcineurin pathway leads to the expression of cyto- paired wound healing and skin lesions, hyper-
kines and their receptors. The engagement of the lipidaemia, delayed recovery from acute tubular ne-
IL-2 receptor delivers growth and proliferation sig- crosis and aggravation of proteinuria. Furthermore,
nals via the down-stream phophoinositide-3-kinase the association of mTOR inhibitors with a CNI at
and the mammalian target of rapamycin (mTOR) normal dosages should be avoided as it results in
pathways, initiating the cell cycle. synergistic nephrotoxicity.

Because of their great efficacy, inhibitors of nu-
11. Potential New Toolscleotide synthesis, such as mycophenolate mofetil or

enteric-coated mycophenolic acid, are now included
In the past two decades, the use of immunosup-in most maintenance regimens. Protocols combining

pressive drugs has changed the outcome of organmycophenolic acid (MPA) agents and CNIs have
transplantation mainly by preventing acute rejectionimproved patient and graft survival with reduced
and significantly improving survival. However, asearly and late allograft rejection.[109] However, the
discussed in the previous sections, most of the cur-use of MPA agents can be limited by their adverse
rently used drugs are associated with deleteriouseffects (mainly gastrointestinal and haematological)
immune and non-immune adverse effects. Many ofand higher costs, compared with azathioprine,
the immune-related complications are due to non-which was previously used routinely in combination
specific inhibition of T-cell effector functions,with a CNI. Furthermore, recent prospective ran-
which impair appropriate responses against invad-domized studies in recipients of cadaver kidney
ing pathogens or tumours. Furthermore, as yet, nonetransplants suggest that, when used in combination
of the current clinical protocols have allowed thewith the new ciclosporin microemulsion formula-
development of widely reproducible robust donor-tion, MPA agents appear to offer no advantages over
specific transplantation tolerance. Thus, transplantazathioprine in preventing acute rejection or chronic
immunobiologists are now exploring newer individ-allograft dysfunction.[110,111]

ualized therapies based on manipulated donor or
Sirolimus and everolimus engage FKBP12,

recipient cells that specifically target donor alloan-
forming a complex that blocks mTOR (but does not

tigens.[117]

inhibit calcineurin), resulting in inhibition of the cell
cycle. By blocking cell proliferation, mTOR inhibi- 11.1 Regulatory T Cells
tors have also been shown to have antineoplastic and
arterial protective effects. In vitro assays as well as CD4+CD25+Foxp3+ Treg cells are a naturally
experimental transplantation models suggest that occurring small population of CD4+ T cells that
long-term immunosuppression regimens based on constitutively co-express the IL-2 receptor α chain
mTOR inhibitors may favour the induction of peri- (CD25). To date, because CD25 is also up-regulated
pheral tolerance. Indeed, sirolimus was shown ex- on the surface of other T cells upon activation, the
perimentally to facilitate peripheral deletion of ef- best marker for Treg cells is the transcription factor
fector alloreactive T cells by promoting activation- Foxp3. These cells were shown to be crucial for the
induced cell death, leaving a small pool of residual control of autoreactive T cells in autoimmune dis-
alloreactive T cells that could be regulated by Treg ease models, as well as being potent suppressors of
cells.[46,112,113] Furthermore, recent data have demon- the effector function of alloreactive T cells in trans-
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plant models in vivo.[118-120] There is increasing evi- in vitro[125] and, by continuously acquiring antigens
dence that in many experimental protocols where from the engrafted organ in vivo, could promote a
robust peripheral transplantation tolerance is state of donor-specific tolerance.[126]

achieved (via lymphocyte depletion or co-stimulato-
12. Conclusionry blockade), immunoregulatory mechanisms de-

pendent on donor-specific Treg cells are critical in
Encouraging results from rodent and NHP exper-the induction and maintenance of the tolerant

imental transplantation models have led to prelim-state.[121,122] On the basis of these observations, strat-
inary clinical trials with combination therapiesegies exploiting antigen-specific Treg cells in the
aimed at promoting the induction of operationalinduction of transplantation tolerance are currently
tolerance. However, the translation of these success-being explored.
ful experimental protocols across species and intoA better understanding of the mechanisms that
the clinic has proven to be a major challenge. De-promote immune regulation after transplantation has
tailed characterization of rare spontaneous ‘tolerant’led to investigation of various approaches in experi-
transplant recipients, who are drug-free or only min-mental settings. A first strategy to promote peripher-
imally immunosuppressed, may help in designingal tolerance would be to manipulate host immune
new tolerance-inducing strategies.[20,27-29] For theresponses in order to delete peripheral effector al-
time being, while pursuing experimental and clinicalloreactive T cells and at the same time favour the
research on defining the mechanisms involved indevelopment and expansion of allospecific Treg
transplantation tolerance and investigating newcells.[46,112,113] In accordance with previous experi-
tools for immune monitoring, it might be moremental results, induction regimens based on co-
realistic and safer for the majority of our patients tostimulatory blockade or lymphocyte-depleting anti-
aim for efficacious maintenance immunosuppres-bodies, as well as the use of mTOR inhibitors appear
sive regimens with low toxicities, rather than tryingto be promising protocols in clinical transplantation.
to achieve true tolerance.Another strategy that is currently under investiga-

tion is to achieve regulation of in vivo alloresponses
Acknowledgementsby the transfer to the recipient of tailored donor-
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