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Introduction

New immunosuppressive drugs have greatly decreased the

frequency of graft failure due to acute rejection, but have

had little effect on the incidence of late graft loss due to

nephrotoxicity and death of patients [1]. This is largely

due to the broad nonimmune effects of current immuno-

suppressive drugs, the targets of which are ubiquitous

and nonspecific. Progress has recently been made in dis-

secting the T cell/antigen presenting cell (APC) interac-

tions and, in particular, the costimulation pathways

critical for T-cell activation. Biotechnology has developed

new tools – monoclonal antibodies (mAb) and fusion

proteins – targeting the critical molecules very precisely,

facilitating specific action against immune cells.

Many experimental studies have focused on blocking

the ‘classical’ B7/CD28 and CD40/CD40L pathways,

which play a prominent role in primary T-cell activation.

These molecules appear to be far less important in the

generation and maintenance of memory and effector

T-cell functions [2]. Memory T cells [2,3] and CD8+

T cells [4], both of which mediate allograft loss, partic-

ularly in humans, have been shown to be less susceptible

to classical costimulation blockade.

We review here the recent advances and the limitations

of the classical costimulation pathway blockade, and the

first large-scale application of costimulation blockade to

human transplantation. We will also focus on novel

costimulatory molecules of the B7/CD28 and tumor nec-

rosis factor (TNF)/TNF-receptor (TNF-R) families, which

deliver positive or negative costimulation signals regula-

ting the alloimmune response. These molecules constitute

alternative selective targets for achieving long-term allo-

graft survival.

T-cell activation by three signals

During the alloimmune response, both naı̈ve and memory

alloreactive T cells are engaged by dendritic cells (DCs) of

donor and recipient origin in secondary lymphoid organs
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Summary

The nonimmune effects of currently used immunosuppressive drugs result in a

high incidence of late graft loss due to nephrotoxicity and death of patients. As

an immune-specific alternative to conventional immunosuppressants, new bio-

technology tools can be used to block the costimulation signals of T-cell activa-

tion. Many experimental studies – particularly preclinical studies in nonhuman

primates – have focused on blocking the ‘classical’ B7/CD28 and CD40/CD40L

pathways, which are critical in primary T-cell activation. Here, we review the

limitations, the recent advances and the first large-scale clinical application of

the CTLA4-Ig fusion protein to block the B7/CD28 costimulation pathway. We

also focus on new B7/CD28 and tumor necrosis factor (TNF)/TNF-R family

costimulatory molecules that can deliver positive or negative costimulation sig-

nals regulating the alloimmune response. Strategies that use single agents to

block costimulation have often proved to be insufficient. Given the diversity of

the different costimulation molecules, future strategies for human transplanta-

tion may involve the simultaneous blockade of several selected pathways or the

simultaneous use of conventional immunosuppressants.
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[5]. T-lymphocyte activation requires three signals. The

first is antigen-specific and involves cognate T-cell recep-

tor triggering by antigen on the surface of DCs or other

APCs [6].

The second signal or ‘costimulation signal’ is not anti-

gen-specific. Many molecules on the surface of T lympho-

cytes may receive a costimulation signal. Costimulatory

molecules are diverse, with many different mechanisms of

action. However, the B7/CD28 pathway is probably the

most important and best characterized in T-cell activa-

tion. This costimulation signal is delivered when B7-1/

CD80 and B7-2/CD86 on the surface of DCs engage

CD28 on T cells [6]. These two signals activate three

transduction pathways: the calcium–calcineurin pathway,

the MAP-kinase pathway, and the NF-jB pathway [7].

These pathways trigger the production of many mole-

cules, including interleukin-2 and the a-chain of its recep-

tor CD25, and CD40 ligand. Interleukin-2 binding to its

receptor activates the mTOR (‘target of rapamycin’) path-

way – the third signal – resulting in cell cycle initiation

and T-cell proliferation [7]. Proliferation and differenti-

ation result in the generation of a large number of effec-

tor T cells.

Recent advances in our understanding of the
B7/CD28/CTLA-4 pathway

This pathway is characterized by the dual specificity of

two B7 family members, B7-1 and B7-2, for both the

stimulatory receptor CD28 and the inhibitory receptor

CTLA-4 (cytotoxic T lymphocyte-associated antigen

4/CD152). CD28 provides a T-cell activation signal,

whereas CTLA-4 inhibits T-cell responses (Fig. 1a) [8].

CD28 is constitutively expressed on T cells, whereas

CTLA-4 expression is rapidly upregulated following T-cell

activation. CTLA-4 has a higher affinity receptor for both

B7-1 and B7-2 than CD28.

A new regulatory role of DCs, involving B7/CTLA-4

reverse signaling, has been suggested [9,10]. A soluble

form of CTLA-4 (CTLA-Ig) and a membrane-anchored

form of CTLA-4 on regulatory T cells may bind to B7,

thereby activating the immunosuppressive pathway of

tryptophan catabolism in DCs [9]. This pathway results

in the production by DCs of interferon-c, which acts in

an autocrine or paracrine manner to stimulate indole

amine 2,3-dioxygenase (IDO), which degrades trypto-

phan. The resulting degradation products and tryptophan

deprivation inhibit T-cell proliferation and promote

apoptosis. These bidirectional B7:CTLA-4 interactions

may be involved in the downregulation of T-cell

responses.

Grohman et al. [9] have shown that the long-term sur-

vival of murine islet allografts induced by CTLA4-Ig

depends on effective tryptophan catabolism and that this

effect disappears in the presence of 1-methyltryptophan, a

pharmacological inhibitor of IDO.

Role of B7/CTLA-4 interactions in regulator T-cells
activity

Recent experimental models of transplantation tolerance

have highlighted the role of a specialized subgroup of

CD4+CD25+ T lymphocytes, termed regulatory or sup-

pressor T lymphocytes (T-reg) [11]. Clinical significance

of T-reg is being precised in human transplantation, as

shown by the detection in urinary cells from kidney-

transplant patients of FOXP3 mRNA, a functional factor

specific to T-reg [12].

B7-1 and B7-2 are required for the suppression

exerted by CD4+CD25+ T cells, as their absence from

the surface of effector cells results in lower

susceptibility to suppression. Suppressor and effector

cells may interact in two different ways in vitro. In the

first, direct contact between suppressor and effector

cells is required, through the binding of CTLA-4 on

suppressor cells and B7-1/B7-2 on effector cells. In the

second, suppression requires contact between a T-reg

expressing CTLA-4 and a DC expressing B7, resulting

in a negative effect mediated by tryptophan catabolism

and directed at an effector cell bound to the same DC

[13].

In vivo suppression also requires B7 expression on

effector cells. B7-deficient and wild-type CD4+CD25)

T cells infusion into lymphopenic mice induced autoim-

mune disease, which was inhibited by CD4+CD25+ T-cell

suppression in wild-type recipients only [14]. In a skin

transplant model, CTLA-4 pathway blockade abolishes

immunoregulation by CD4+CD25+ T cells, suggesting that

CTLA-4 is required for tolerance [15].

The CD40/CD40L pathway

The CD40:CD40 ligand pathway, initially described as

involved in B-cell activation, has also been shown to be

critical for T-cell activation [16]. CD40 and CD40L

belong to TNF and TNF-R superfamilies, respectively

(Fig. 1b) [17]. CD40 is expressed on all APCs, inclu-

ding B cells and endothelial cells. The CD40 ligand

(CD40L or CD154) is expressed on activated CD4+

T cells and on a subset of CD8+ T cells and natural

killer (NK) cells. CD40 stimulation triggers important

signals for antibody production by B cells and strongly

induces B7 and MHC expression on APCs. The CD40/

CD40L system thus increases antigen presentation and

the antigen-specific signal, and plays an important role

in costimulation [17].
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Limitations of experimental ‘classical’
costimulation blockade

The B7/CD28 pathway

Costimulation blockade targeting the B7/CD28 pathway

with CTLA4-Ig efficiently prevents acute heart or kidney

rejection in many mouse and rat models [18–21]. How-

ever, this agent induces durable tolerance in only a few

models of heart or kidney transplantation [20,22–24], and

not in more stringent models, such as mouse skin and

islet transplantation [25–27].

There may be several reasons for these limitations:

1 Costimulation blockade is less effective in memory T

cells and CD8+ T cells than in naı̈ve T cells [3,27,28].

2 CTLA-4 plays a key role in downregulating T-cell

responses, independently of CD28/B7 blockade. Two

studies have shown that CTLA-4 blockade with

CTLA4-Ig in CD28-deficient animals accelerates heart

allograft rejection [22,29].

3 The timing of CTLA-4 manipulation is also crucial.

CTLA-4 signaling is essential for initial engraftment in

various transplant models, but its blockade during the

maintenance phase does not precipitate the rejection of

vascularized allografts [30,31].

4 As mentioned above, suppression of alloimmune

response requires a functional CTLA-4/B7 pathway

between T-reg and effector cells [14,15].

Some adjunctions may improve long-term graft survival

and prevent chronic rejection: administration of CTLA4-

Ig delayed to day 2 [20], prolonged administration [21],

simultaneous donor-specific transfusion [DST; 29], simul-

taneous administration of donor antigen [19,32] and

thymectomy [26].

The CD40/CD40L pathway

The CD40/CD40L pathway has been blocked with an

anti-CD40L mAb, promoting long-term allograft survival

in mice. However, as for CD28/B7 blockade, it rarely gave

durable tolerance when used alone [32–35]. Effects of

anti-CD40L mAb are reversible, so prolonged administra-

tion is often required [36]. As with CTLA4-Ig, the con-

comitant administration of donor antigens on splenocytes

was required for long-term survival [35,37]. Simultaneous

CD40/CD40L and B7/CD28 blockades have been shown

to be synergic, promoting indefinite graft survival, even

in stringent models such as mouse skin transplantation

and xenotransplantation [33,38,39].

Molecule             Tissue expression 

 CD28 T cell 

CTLA-4 T cell 

ICOS T cell, NK cell 

PD-1 T cell, B cell, Monocytes 

Molecule                       Tissue expression

B7-1 APC (M, DC, B), T cell 

B7-2 APC (M, DC, B), T cell 

APC (M, DC, B), T cell 
B7-h Fibroblast, Endothelial, Epithelial 

APC (M, DC, B), T cell 
PD-L1 Endothelial, Parenchyma cells 

PD-L2 APC (M, DC) 

APC (M, DC, B), T cell, NK 
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Figure 1 Effects and expression of B7/CD28 (a) and TNF/TNF-R (b) family members. APC, antigen presenting cell; M, monocyte; DC, dendritic

cell. Figure 1a adapted from Sharpe and Freeman [95].
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Costimualtion blockade in nonhuman primates

Costimulation blockade in nonhuman primates (NHPs)

has bridged the gap between small-animal models and

clinical protocols. Adolescent rhesus monkeys display lon-

ger periods of kidney graft survival, from 8 to 30 days on

CTLA4-Ig alone and up to 6 months with CTLA4-Ig plus

humanized anti-CD40L antibody (hu-anti-CD40L) [40].

Survival was similar in monkeys receiving hu-anti-CD40L

antibody alone, suggesting that CD40/CD40L pathway

blockade is a critical step, but this effect was dose-

dependent [41]. Long-term survival, but not tolerance,

was achieved in this model. All animals developed donor-

specific antibodies and had a focal perivascular infiltrate

on routine day-28 biopsy [36]. In other NHP studies,

treatment with CTLA4-Ig, anti-CD80 or anti-CD86 com-

bined with hu-anti-CD40L neither induced durable toler-

ance nor antagonized the effect of anti-CD40L [42].

Some studies have recently explored new ways of

improving the results of costimulation blockade in NHPs.

Anergic T cells have suppressor activities in vitro and

in vivo [43,44]. In human histoincompatible bone mar-

row transplantation (BMT), the treatment of donor bone

marrow ex vivo with CTLA4-Ig and its co-culture with

irradiated recipient cells to induce donor-specific anergic

T cells, led to the reconstitution of hematopoiesis with a

low risk of graft-versus-host disease (GVHD) [45]. Bashu-

da et al. investigated whether anergic T cells generated

ex vivo could induce long-term kidney allograft survival.

When splenic CD4+ T cells from recipient rhesus mon-

keys were co-cultured with irradiated donor splenocytes

in the presence of both anti-human CD80 and CD86

mAbs and injected into six recipient monkeys after

13 days of cyclosporine A (CsA) and cyclophosphamide

treatment, three monkeys survived indefinitely [46]. Ani-

mals on the same regimen but injected with T cells acti-

vated with a third party died of acute rejection,

suggesting that long-term survival depended on specific-

ally anergized cells. The simplicity, safety, and efficacy of

this protocol make it suitable for application to human

transplantation.

Crossing the bridge to human clinical trials

As pointed out by Elster et al. [47], it is difficult to trans-

pose experimental findings to human clinical trials,

because NHPs lack ‘heterologous immunity’. Indeed,

NHPs raised in captivity may have limited exposure to

nonself antigens and may therefore do not have an exten-

sive repertoire of effector/memory cells.

The first agent used to block costimulation in human

trials was huC58, a humanized anti-CD40L antibody. This

agent was well tolerated in NHPs, but its development for

human use was discontinued after seven patients suffered

thromboembolic events [48]. This complication reflects

the importance of costimulatory molecule expression by

nonlymphoid cells, in this case the expression of CD40L

by platelets and CD40 by endothelium cells. A chimeric

anti-CD40 antibody, Chi220, has recently been developed

to circumvent these adverse events. It has proved effect-

ive, in combination with CTLA4-Ig, for islet transplanta-

tion in NHPs [49]. B7/CD28 pathway blockade with a

combination of anti-CD80/anti-CD86 antibodies reached

the clinical trial stage. However, this agent was subse-

quently withdrawn from further development, despite its

good safety profile, for financial reasons.

CTLA4-Ig (abatacept) is a fusion protein consisting of

the extracellular domain of CTLA-4 and the Fc domain

of IgG. CTLA4-Ig has a 200 times higher affinity for

CD80 than for CD86 and is 100 times more potent for

the blockade of CD80-dependent costimulation than

for that of CD86-dependent costimulation [50]. Insuffi-

cient blockade of CD28/B7 interaction may partly account

for the limited results obtained. A mutagenesis and

screening strategy has been used to identify high-avidity

mutants with slower dissociation rates [34]. Two amino-

acid substitutions (L104E and A29Y) were identified as

potentially useful, leading to the development of a new

molecule, LEA29Y or belatacept.

First clinical trial with belatacept in renal transplantation

A large-scale study has been conducted to assess the efficacy

of a strategy based upon costimulation blockade with

belatacept in renal transplantation [51]. This phase 2

multicenter study included 218 adult recipients of a renal

allograft, randomly assigned to groups receiving an inten-

sive regimen of belatacept, a less-intensive regimen, or CsA.

Both belatacept regimens included an early phase of fre-

quent intravenous injections and a late phase of less fre-

quent injections (at 4- or 8-week intervals). The early phase

was longer for the intensive regimen. All patients recei-

ved basiliximab induction therapy, mycophenolate mofetil

and steroids. The primary noninferiority objective was

reached, with the following incidences of acute rejection at

6 months: 6% (less-intensive belatacept), 7% (intensive

belatacept) and 8% (CsA). Subclinical rejection at month-6

routine biopsy was more common with less-intensive

belatacept (20%) than with intensive belatacept (9%) or

cyclosporine (11%).

Glomerular filtration rate at 12 months was signifi-

cantly higher in patients receiving belatacept than in those

treated with CsA (66.3 and 62.1 vs. 53.5 ml/min/

1.73 m2). By month 12, the incidence of chronic allograft

nephropathy was lower in patients receiving belatacept:

29% (less intensive) and 20% (intensive) vs. 44%,
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respectively. The frequency of infection was similar in all

three groups, at around 75%. Cancers occurred in two

patients treated with intensive belatacept [one breast can-

cer and one post-transplantation lymphoproliferative

disorder (PTLD)] and in two patients treated with CsA

(one skin cancer and one thyroid cancer). However,

PTLD developed in two additional patients treated with

the intensive regimen 2 and 13 months after the replace-

ment of belatacept with conventional immunosuppressive

agents. All cases of PTLD were associated with primary

Epstein–Barr virus infection or treatment with muromo-

nab-CD3, both of which are known risk factors for the

disorder. Approximately half the patients enrolled volun-

tarily in a long-term extension of the protocol after 1 year

of treatment. Thus, the use of belatacept may allow

patients to avoid the adverse renal, cardiovascular and

metabolic effects of calcineurin inhibitors, whilst provi-

ding equally effective immunosuppression.

Exploring novel costimulatory pathways

It is now apparent that T-cell activation and transplant

rejection may proceed in the absence of CD28/B7 and

CD40/CD40L signaling. Memory T cells [2,3] and CD8+

T cells [4], which play a major role in rejection, are less

susceptible to this classical costimulatory blockade. Sev-

eral other members of the CD28/B7 and TNF/TNF-R

superfamilies deliver positive or negative costimulatory

signals, early or late after encountering antigen. These sig-

nals are not limited to T-cell/APC interactions, but also

involve relations between T cells and other T cells, B cells

or parenchymal cells (Fig. 1a and b).

The induced costimulatory molecule:B7h pathway

Induced costimulatory molecule (ICOS) shares 20%

homology with CD28 [52]. Unlike CD28, ICOS is not

expressed on naı̈ve T cells, but may be induced in CD4+

and CD8+ T cells within 48 h of activation, and persists

in memory and effector T cells [53]. Thus, ICOS signaling

is required for the activation and function of effector

T cells, whereas CD28 primes naı̈ve T cells. ICOS is also

involved in T cell–B cell collaboration and immunoglob-

ulin production [52,54]. B7h, the ligand of ICOS, is

expressed on B cells, monocytes, DCs, nonprofessional

APCs and in nonlymphoid tissues; it is also rapidly indu-

cible [8].

The expression of ICOS on effector T cells makes this

molecule an alternative/complementary target of costimu-

lation blockade. The key role of ICOS has been demon-

strated by the significant prolongation of allograft survival

with an anti-ICOS blocking mAb, although this effect was

weaker than that with CTLA-4Ig or anti-CD40L mAb

therapy [55]. In addition, a combination of CsA and

anti-ICOS has been shown to act synergistically, inducing

permanent allograft survival without the development of

transplant arteriosclerosis.

In conjunction with DST, costimulation blockade with

CTLA-4-Ig or CD40L mAb can induce permanent allo-

graft survival [19,35]. Grafts in recipients treated with

anti-CD40L antibody without DST have been shown to

develop florid transplant arteriosclerosis associated with

strong ICOS expression on infiltrating mononuclear cells.

Grafts from animals treated with both anti-CD40L and

anti-ICOS antibodies do not display these signs of chro-

nic rejection. Similarly, anti-ICOS mAb plus CTLA4-Ig

treatment prolongs rat to mouse islet-xenograft survival,

with neither CD8+ T-cell population expansion nor anti-

rat antibody production, with respect to treatment with

anti-ICOS antibody or CTLA4-Ig alone [56]. The thera-

peutic effect of ICOS blockade is significantly improved

by the delayed timing, after T-cell priming [57].

The programmed death-1/PD-L1/PD-L2 pathway

Programmed death-1 (PD-1) [58] is related to CD28 and

CTLA-4, but lacks the membrane proximal cysteine

required for homodimerization. PD-1 is induced on per-

ipheral CD4+ and CD8+ cells, NK cells, B cells, and

monocytes, whereas the expression of other members of

the CD28 family is restricted to T cells (Fig. 1a) [8].

PD-1 has two ligands, PD-L1 (B7-H1) and PD-L2 (B7-

DC) [59,60]. PD-L1 is expressed on resting APCs and T,

B, and endothelial cells [61], and is upregulated on acti-

vation of these cells. However, unlike B7-1 and B7-2, they

are also constitutively expressed on a large panel of non-

lymphoid organs. This suggests that PD-L1 may regulate

self-reactive T or B cells in peripheral tissues. PD-L2 is

induced by IL-4 only on APCs. As for CTLA-4, PD-1

ligation transmits a potent inhibitory signal in the early

stages of T-cell activation, resulting in a decrease in cyto-

kine production and cell cycle arrest in the G0/G1 phase

(also in B cells) [59,60,62,63].

Programmed death-1, PD-L1, and PD-L2 are expressed

during the development of cardiac allograft rejection [64].

In cardiac allograft studies, PD-L1-Ig, but not PD-L2-Ig

agonist fusion proteins, plus CsA significantly enhanced

allograft survival over CsA or PD-L1-Ig alone. Similarly,

PD-L1-Ig markedly reduces cardiac transplant arterio-

sclerosis and prolongs islet survival when given in con-

junction with anti-CD40L mAb [64,65].

The exact mechanism by which PD-L1-Ig exerts its

protective effects in these models is unclear; PD-L1-Ig

may trigger a negative signal through PD-1 or block a

positive signal for T-cell activation. However, this path-

way was recently shown to play a more complex role than
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initially thought. Transgenic islet allografts expressing

PD-L1 display accelerated rejection, suggesting that PD-

L1 may sometimes promote, rather than inhibit, T-cell

responses [66]. The differential effects of PD-1 versus

PD-L1 blockade support the existence of an inhibitory

receptor for PD-L1 other than PD-1 (Fig. 1) [24]. Thus,

the PD-1/PD-L1/PD-L2 pathway plays a critical role in

regulating CD4+ and C8+ T-cell activation in peripheral

tissues, but is not redundant with B7/CTLA-4.

The B7-H3 molecule

B7-H3 is a B7 homolog, undetectable in resting human

lymphoid cells but inducible in vitro in DCs, monocytes,

T, B, and NK cells [67,68]. A human B7-H3-Ig has been

generated to characterize B7-H3 function [67]. This mole-

cule binds a putative receptor, rapidly and transiently

expressed on activated, but not resting human T cells. It

acts as a costimulatory molecule, increasing CD4+ and

CD8+ T-cell proliferation and inducing cytotoxic

T lymphocytes [67]. However, the recently characterized

B7-H3)/) mouse was shown to develop more severe auto-

immune conditions than wild-type mice suggesting that

B7-H3 may also suppress T-cell activation and functions

[69].

Immunohistological analysis of renal biopsies from

patients with acute allograft rejection showed B7-H3

expression in infiltrating mononuclear cells [70]. In trans-

plantation models, hearts transplanted into B7-H3)/) or

control mice were rejected equally and rapidly. However,

whereas a brief course of CsA or rapamycin (RPM) in B7-

H3+/+ recipients extends cardiac allograft survival by only

a few days, the use of the same protocol in B7-H3)/)

recipients led to a prolonged (CsA) or indefinite survival

(RPM). Similarly, anti-CD40L mAb induced permanent

cardiac engraftment in B7-H3)/), but not wild-type recipi-

ents. In conclusion, B7-H3 is a potentially useful target for

immunosuppression, particularly in association with the

blockade of other pathways. Further studies are required

to identify its ligands on T cells and to explore the effects

of B7-H3 on human T-cell activation.

The TNF/TNF-R family

Simplistically, TNF-R-family members are expressed by

T cells and their TNF-family ligands are expressed by

APCs (Fig. 1b) [71]. TNF-R/TNF interactions are critical

in the clonal expansion/effector phases of immune

responses, and involve DC/T cell and B/T cell relations

(the CD40/CD40L pair is discussed above).

Tumor necrosis factor-receptors may be either consti-

tutively expressed by naı̈ve T cells as for CD27 [72] and

herpes virus entry mediator (HVEM) [73], or induced

after antigen recognition, as for OX40, 4-1BB, CD30, and

CD27 [74–77]. Unlike HVEM ligand (LIGHT), OX40L,

4-1BBL, CD70, and CD30L are not constitutively

expressed by resting or immature APCs. They are induced

simultaneously with their receptors on T cells, one to sev-

eral days after activation [71]. CD70 is principally

expressed by B-cells [78], whereas OX40L, 4-1BBL, and

CD30L are expressed by a broad range of professional

APCs.

The constitutive expression of HVEM/LIGHT suggests

a role in the early activation of T cells and APCs. The

inducible expression of CD27/CD70 indicates a second

round of costimulation during the clonal-expansion phase

of T-cell responses. The expression peak of OX40, 4-1BB,

CD30, and their ligands, several days after antigen

encounter, may help to sustain the ongoing response

[71]. Despite variability in expression, binding to TNF-Rs

increases cytokine secretion and the proliferation of

T cells receiving the TCR signal [71].

Targeting of three TNF/TNF-R pathways in

alloimmunity models

CD27/CD70 blockade prolongs the survival of fully mis-

matched cardiac allografts in wild-type murine recipients,

inducing long-term survival in CD28-deficient mice while

preventing the development of chronic allograft vasculop-

athy. This blockade has little effect on CD4+ T-cell

function but prevents CD28-independent CD8+ T-cell-

mediated rejection and expansion of the effector/memory

CD8+ T-cell populations [79]. These results have import-

ant implications for the development of new immunosup-

pressive strategies in primates and humans, as such

strategies currently require CD8+ T-cell depletion or sup-

pression.

Naı̈ve CD4+ T cells lacking OX40 show low levels of

proliferation and die by apoptosis 4–5 days after activa-

tion [80]. Both naı̈ve and activated CD4+CD25+ regula-

tory T cells express OX40, but the function of this

molecule is unclear. In fully allogeneic murine BMT,

GVHD was lethal unless regulatory T cells were co-injec-

ted with bone marrow and effector T cells. This effect

was abolished by injecting anti-OX40 mAb [81].

Curry et al. used an OX40-Ig fusion protein to block

the OX-40/OX-40L pathway in mouse cardiac allograft

rejection across major histocompatibility (MHC) and

minor histocompatibility (mHC) barriers. Heart survival

for fully MHC-mismatched allografts was unaffected by

OX40 blockade alone, but OX40-Ig treatment in the

mHC-mismatched model resulted in long-term graft sur-

vival [82]. Furthermore, blocking OX40 costimulation

and CD28/CD40L resulted in long-term skin allograft sur-

vival in CD4KO mice and CD8KO mice whereas mice
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treated with the blockade of only one of these two path-

ways rapidly rejected skin allografts. Thus, CD4+ and

CD8+ T-cell-mediated rejection under CD28/CD40L

blockade is supported by OX40 costimulation [83].

However, the OX40 pathway is also important in CD28/

CD40L-independent rejection, as blocking the OX40/

OX40 ligand pathway (anti-OX40 ligand) markedly pro-

longs skin graft survival when combined with CD28/

CD40L blockade [84].

As with OX-40, 4-1BBL blockade does not alter the ini-

tial proliferative response of CD8+ T cells, but suppresses

the accumulation of effector CTLs at the primary

response peak, after 3–6 days [85]. In organ transplanta-

tion, Cho et al. have shown 4-1BB deficient mice dis-

played delayed heart allograft rejection compared with

control mice. Moreover, treating wild-type mice with a

blocking anti-4-1BBL mAb (TKS-1) resulted in substantial

prolongation of heart allograft survival (median survival

time ¼ 42 days vs. 8 days for control), with 40% of the

recipients displaying long-term (>60 days) survival.

In vitro-mixed lymphocyte reactions show that blocking

4-1BB/4-1BBL interactions results in the inhibition of

proliferation of both CD4+ and CD8+ T cells in response

to allogeneic APCs [86]. Blockade of the 4-1BB pathway

significantly inhibits intestinal mouse allograft rejection

by CD8+, but not CD4+ T cells. Disruption of the 4-1BB

pathway also impairs the priming of alloantigen-specific

CD8+ T cells. These data directly demonstrate an import-

ant role for 4-1BB in CD8+ T-cell-mediated rejection

[87].

Costimulation blockade-based combination
therapies

Strategies with single agents blocking costimulation have

proved to be insufficient in stringent models of transplan-

tation. In particular, the results obtained with LEA29Y in

NHPs kidney transplantation led investigators to combine

this molecule for its clinical application with conventional

immunosuppressive reagents to minimize the risk of

acute rejection [34,51]. Given the diversity, redundancy

and complementary nature of the different costimulation

molecules, future strategies for human transplantation

may involve the simultaneous blockade of several selected

pathways or the concomitant use of currently approved

conventional immunosuppressants. Table 1 summarizes a

selection of studies reporting these two costimulation

blockade-based strategies (Table 1).

It has been initially reported that the beneficial effects

of costimulation blockade can be antagonized by certain

conventional immunosuppressant. Calcineurin inhibitors

and corticosteroids block alloimmune response by inhibit-

ing early T-cell activation. This negative effect suggests

that costimulation blockade require intact signaling

through the T-cell receptor [88]. Li et al. have shown that

activation-induced cell death is required for costimulation

blockade-dependent peripheral tolerance. The addition of

cyclosporine negates the beneficial effects of costimulation

blockade by inhibiting proliferation, apoptosis, and subse-

quent deletion of alloreactive T cells [38]. In contrast to

calcineurin inhibitors, rapamycin, which does not alter

early TCR signaling and permits cell cycle-dependent

apoptosis, synergizes with costimulation blockade to pro-

mote long-term allograft survival [38].

However, more recent studies describe the use of con-

ventional agents in combination with a variety of costim-

ulation blockade reagents resulting in synergistic activity

in both murine and NHP models (Table 1). The initial

clinical results with LEA29Y prove that this agent, as CsA,

can be safely and efficiently associated with steroids and

mycophenolate mofetil.

Concluding remarks

Costimulation blockade in clinical transplantation and in

stringent experimental transplantation models has

revealed that there exist CD28- and CD40-independent

rejection mechanisms that are mediated by effector/mem-

ory T-cells. Several other members of the CD28/B7 and

TNF/TNF-R superfamilies, differing in their effects and

pattern of expression, deliver positive or negative

costimulatory signals. Many of these molecules are

expressed by nonlymphoid cells and may participate in

modulating alloimmune responses. Experimental trans-

plantation models using agonist or blocking reagents have

already assessed most of these pathways, and all appear to

be attractive targets for future clinical applications. Fur-

ther studies are necessary to determine how important

these new pathways are in the human alloimmune

response. Future steps in the clinical development of

costimulation blockade are to find the right combination

of simultaneous blockade of these new pathways or to use

simultaneously conventional immunosuppressants at a

reduced level.

However, some issues have to be cautiously discussed

before envisioning the widespread use of such agents. An

advantage of classical oral immunosuppressive drugs is

their short half-life and thus the relative reversibility of

their effect, which is an important point in case of malig-

nant or infectious complications. Future trials have to

determine whether the long half-life of biological agents

precludes their safety. In the belatacept trial, short-term

infectious complications are observed with the same fre-

quency as in the cyclosporine group. Nevertheless, the

three PTLD observed under belatacept in this low-risk

population were not expected and recall that this new

Snanoudj et al. Costimulation blockade in clinical transplantation

ª 2006 The Authors

Journal compilation ª 2006 European Society for Organ Transplantation 19 (2006) 693–704 699



agent do not provide a specific immunosuppression and

may also block immune surveillance of tumors. These

patients have to be carefully followed up because the

long-term safety of belatacept is not known.

More practically, even if some patients are satisfied to

take fewer tablets each day, the intravenous route of

administration makes more complicated the ambulatory

follow-up of transplant patients. The development of sub-

cutaneous delivery systems is an essential step to reach a

widespread use of these agents.

The way to use costimulation blocking agents in the

long-term appears to be an essential point to explore in

the future, as far as their efficacy and safety are con-

cerned. We have to address whether costimulation block-

ade has an effect, positive or negative, on the process of

accommodation and whether it is possible to give lower

and lower doses over time as with classical drugs. We

have to learn how to adapt the dose and rhythm of

administration to the organ grafted and to the immuno-

logical risk of patients.

To reach these objectives, we need monitoring tools

adapted to these costimulation blocking agents to meas-

ure their efficacy. To find the best assays, we have to first

perform correlation studies between these assays and the

efficacy of the agent, assessed by the incidence of acute

rejection. Routine monitoring of blood drug level is the

first evident assay, as for all classical immunosuppres-

sants. For example, monitoring of belatacept blood level

is available and further studies are necessary to find if

there is a correlation with the incidence of acute rejection.

We can also speculate on the way and the interest to

detect in patients a direct effect of costimulation block-

ade, which is the generation of anergic T cells. These

anergic cells have suppressor activities in vitro and in vivo

as mentioned above [43–46]. Thus, it would be interest-

ing to study by cytometric flow analysis whether patients

treated with costimulation blockade display more circula-

ting regulatory CD4+ CD25+ T cells than control patients.

In conclusion, a short course of costimulation blocking

agent to achieve drug-free antigen-specific tolerance does

not appear to be a realistic endpoint in the immediate

future of clinical transplantation. However, costimulation

blockade appears as a powerful tool to design calcineurin-

inhibitor-free or nonnephrotoxic immunosuppressive

protocols. It is clear that actually, a single therapy cannot

be used, probably because of the redundancy of the var-

ious costimulation pathways. Consequently, costimulation

blocking agents are actually envisioned as a part of a

Table 1. Costimulation blockade-based combination therapies.

Combination therapy Model Results* Reference

With other costimulation blockade agents

Anti-ICOS + CTLA4-Ig Rat to mouse/Islets Prolongation of graft survival [56]

Anti-ICOS + anti-CD40L Mouse/heart Prevention of chronic transplant arteriosclerosis [55]

Agonist PD-L1-Ig + anti-CD40L Mouse/heart Prevention of chronic transplant arteriosclerosis [64]

Agonist PD-L1-Ig + anti-CD40L Mouse/Islets Long-term graft survival [65]

Anti-CD40L + CTLA4-Ig + anti-OX40-L CD4KO or CD8KO

mouse/skin

Prolongation of graft survival versus

anti-CD40L + CTLA4-Ig

[83]

Anti-CD40L + CTLA4-Ig + anti-OX40-L Mouse/skin Prolongation of graft survival versus

anti-CD40L + CTLA4-Ig

[84]

Anti-CD45RB + anti-CD40L Mouse/skin Prolongation of graft survival but late rejection [30]

Anti-CD45RB + anti-CD40L Mouse/skin, islet Prolongation of graft survival [25]

Anti-LFA-1 + anti-CD40L Mouse/hepatocytes Long-term survival [89]

With conventional immunosuppressants

CTLA4-Ig + CsA or RPM or ALS Mouse/skin Prolongation of graft survival with CsA or RPM,

no effect with ALS

[90]

CTLA4-Ig + CsA Rat/kidney Indefinite allograft survival [91]

Anti-ICOS + RPM Mouse/islets Prolongation of graft survival [92]

Anti-ICOS + CsA Mouse/heart Indefinite allograft survival [55]

Agonist PD-L1-Ig + subtherapeutic CsA Mouse/heart Prolongation of graft survival [64]

Agonist PD-L1-Ig + RPM Mouse/heart Indefinite allograft survival? [64]

CsA or RPM B7-H3 KO mouse/heart Increased (CsA) or indefinite (RPM) graft survival [70]

Anti-CD45RB + anti-CD40L + RPM CD8 KO mouse/skin Long-term survival [83]

Anti-CD40 + Anti-CD86 + CsA NHP/kidney Long-term survival [93]

Anti-CD80 or Anti-CD86 + CsA Rat to mouse/heart Indefinite allograft survival with anti-CD86 but

with anti-CD80

[94]

CsA, Cyclosporine A; RPM, Rapamycin; ALS, anti-lymphocytes serum; ICOS, induced costimulatory molecule.

*Significantly different versus single agent therapy.
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combination therapy involving classical drugs, as

anti-metabolites, mTOR inhibitors or even calcineurin

inhibitors at reduced doses, allowing the reduction of

nonimmune side effects of current protocols.
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