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Summary
Since the recognition that costimulatory signals are critical for optimal T cell activation, proliferation,
and differentiation, there has been an explosion in the study of costimulatory molecules and their
roles in enhancing anti-donor T cell responses following transplantation. Here, we focus on the bench
to beside translation of blocking agents designed to target three critical costimulatory pathways: the
CD28/CD80/CD86 pathway, the CD154/CD40 pathway, and the LFA-1/ICAM pathway. While
blockade of each of these pathways proved promising in inhibiting donor-reactive T cell responses
and promoting long-term graft survival in murine models of transplantation, the progression of
development of therapeutic agents to block these pathways has each taken a slightly different course.
Both logistical and biological pitfalls have accompanied the translation of blockers of all three
pathways into clinically applicable therapies, and the development of costimulatory blockade as a
substitute for current standard-of-care calcineurin inhibitors has by no means reached completion.
Collaboration between both the basic and clinical arenas will further propel the development of
costimulation blockers currently in the pipeline, as well as of novel methods to target these critical
pathways during transplantation.
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Introduction
T cells play a central role in mediating transplant rejection, orchestrating the generation of
inflammatory events that ultimately lead to graft destruction. Thus, the focus of
immunosuppressive therapies in transplantation is to block T cell activation, thereby
attenuating these processes. Defining the requirements for T cell activation has been the focus
of much research over the past several decades (1). In order to become activated, T cells must
encounter their cognate ligand, composed of a peptide epitope presented by a self MHC
molecule, on the surface of an antigen-presenting cell (APC) (1). In addition, as first
demonstrated by Jenkins and Schwartz in 1987, naïve T cells are exquisitely dependent on
signaling through costimulatory molecules for efficient activation (2). Since the recognition
that costimulatory signals are critical for optimal T cell activation, proliferation, and
differentiation, there has been an explosion in the study of costimulatory molecules and their
roles in enhancing anti-donor T cell responses following transplantation. Several families of
costimulatory molecules have been identified as being important in the generation of donor-
specific T cell responses, including the immunoglobulin superfamily, the tumor necrosis factor
superfamily, and the integrin family. In general, costimulatory molecules may function either
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to augment or attenuate antigen-specific T cell responses, may differ as to whether they are
constitutively or inducibly expressed, and also may diverge with respect to their kinetics of
expression over the course of an immune response. Understanding which, where, and when
costimulatory molecules are most critical for augmenting anti-donor T cell responses is
essential to being able to design therapies to interrupt these pathways.

CD28:CD80/CD86 blockade—progression from bench to the bedside
One promising therapy designed to regulate the immune response to donor tissue and thereby
prevent rejection involves the use of reagents designed to block the costimulatory molecules
that are required for T cell activation (3). The most well-studied and perhaps the most essential
of these costimulatory molecules is CD28, which is ligated by B7.1 (CD80) or B7.2 (CD86)
on the surface of an APC (4). Signaling through CD28 increases transcription and mRNA
stability of IL-2 (5,6), elevates the expression of anti-apoptotic molecules such as Bcl-xL (7),
and decreases the threshold level of T cell receptors (TCRs) required for activation (8). In
addition to CD28, activated T cells express the negative regulatory molecule CTLA-4, which
binds the B7 proteins with a 10-20-fold higher affinity than CD28, thereby preventing
costimulation of T cells through CD28 engagement (9). Throughout the 1990s, the dramatic
impact of the inhibition of CD28 signaling on graft survival began to be appreciated (10,11).
For example, CD80/CD86 double knockout mice exhibit an inability to reject cardiac
allografts, although they can reject skin and islet transplants (12,13). Therefore, attempts were
made to inhibit CD28-mediated signaling in the hopes of attenuating donor-specific T cell
responses. As is very often the case in biology, there turned out to be several ways to skin the
proverbial cat, and it is often impossible to guess a priori which method will prove to be the
most efficacious.

Therapeutics designed to inhibit CD28-mediated costimulation
One method of blocking CD28-mediated signals that was brought to bear was the development
of anti-CD80/CD86 monoclonal antibodies. These monoclonal antibodies proved efficacious
in delaying renal allograft rejection in non-human primate models even in the absence of
additional therapies such as calcineurin inhibitors (CNIs) or steroids (14-16). Development of
this modality progressed as far as Phase I clinical trials, where these monoclonal antibodies
(h1F1 and h3D1) proved to be safe when tested as part of a combination maintenance
immunosuppressive regimen containing CNIs, anti-proliferative agents (mycophenolate
mofeteil, or MMF), and steroids (17). However, phase II clinical trials to evaluate efficacy of
these therapeutics were never pursued.

A second strategy to inhibit CD28-mediated signals was the development of monoclonal
antibodies specific for CD28 itself. Initial reports showed that short-term administration of
anti-CD28 monoclonal antibodies prevented rejection in rodent models of renal
allotransplantation (18,19). Paradoxically, it was recently also demonstrated that agonism of
the CD28 pathway might also result in attenuation of the alloimmune response to transplanted
tissue (20-23). In a full MHC-mismatch murine graft-versus-host disease (GVHD) model,
Anasetti and colleagues showed that agonizing the CD28 pathway could induce activation-
induced cell death (AICD) of the recipient-specific T cells, thereby protecting the hosts from
developing GVHD (20,21). Furthermore, agonistic anti-CD28 mAb has been shown to
synergize with rapamycin (20), which blocks the IL-2 dependent activation of the mammalian
target of rapamycin (mTOR) (24), and was shown to further enhance survival and prevent
GVHD in a full MHC-mismatch model. (20). However, agonism of the CD28 pathway as a
means to induce activation induced cell death failed in a minor antigen mismatch model (25).
These results are particularly important given the tragic results of a Phase I clinical trial in
humans earlier this year (26), where six healthy volunteers experienced a systemic
inflammatory response following administration of an agonistic anti-CD28 mAb (26). While

Ford and Larsen Page 2

Immunol Rev. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



both murine and Cynomolgus macaque recipients in previous studies failed to develop this
severe systemic inflammatory response syndrome after anti-CD28 administration (20,22,23),
further testing revealed that human T cells that receive CD28 agonism could become hyper-
activated and secrete inflammatory cytokines (27). This situation highlight the fact that even
non-human primate preclinical studies cannot entirely predict the effects of new candidate
therapeutics in humans.

A third alternate strategy designed to block CD28 signaling made use of this property through
the creation of a CTLA-4 immunoglobulin (Ig) fusion protein, which combines the
extracellular binding domain of CTLA-4 with the Fc portion of human IgG1. This biologic
binds CD80 and CD86 with a high avidity, thereby preventing ligation of CD28 on potentially
alloreactive T cells (4). In the absence of CD28-mediated signaling, T cells fail to be optimally
stimulated, resulting in abortive activation, decreased IL-2 production, down-regulation of the
IL-2 receptor, and increased donor-reactive T cell death. Importantly, treatment with CTLA-4
Ig prevented the development of anti-donor antibody and T cell responses, and resulted in long-
term survival of islet, cardiac, and renal allografts in murine models (28-32). While treatment
with CTLA-4 Ig in rodent models proved highly efficacious, experiments in non-human
primates demonstrated much more modest prolongation in allograft survival (33,34).

Rational development of LEA29Y: A partnership of pharma and fundamental immunology
Despite these initially underwhelming results, interest in the CTLA-4 Ig fusion protein as a
potential therapeutic in transplantation remained. In vivo studies suggested that CTLA-4 Ig
did not completely block T cell activation and proliferation (35-38), and further studies revealed
that CTLA-4 Ig is 100-fold less potent in inhibiting CD86-mediated costimulation as compared
to CD80-mediated costimulation (39). Because the contact residues between CTLA-4 and
CD86 had been completely elucidated (40), modification of these residues with the intent of
increasing the affinity of CTLA-4Ig for CD86 was theoretically possible. For these reasons,
further development of CTLA-4 Ig derivatives as a therapy for allograft rejection was pursued
by Bristol Myers Squibb company, in collaboration with our laboratory. The result was the
rational development of LEA29Y, a second-generative derivative of CTLA-4 Ig in which two
amino acids within the CD86 binding domain had been substituted, resulting in a molecule
possessing an approximately four-fold increase in affinity for CD86, two-fold increase in
affinity for CD80, and 10-fold increase in its ability to inhibit T cell activation in vitro when
compared to CTLA-4 Ig (41). Translation of LEA29Y into non-human primate models of renal
transplantation showed superior prolongation in graft survival as compared to CTLA-4 Ig as
monotherapy, and dramatically improved survival when used as part of a combined
immunosuppressive regimen containing either MMF and steroids or anti-IL-2R (basliximab)
(41). LEA29Y also showed efficacy as the mainstay maintenance immunosuppressive agent
in a non-human primate model of neonatal porcine islet xenotransplantation (42). The
development of non-CNI-based regimens for islet transplantation is critical, as the risk of
nephrotoxicity associated with CNI-based regimens, is, for most diabetic patients, too great to
warrant transplantation. Based on these encouraging results in non-human primate models,
LEA29Y (belatacept) moved into Phase II clinical trials to evaluate the efficacy of this drug
in kidney transplant recipients as the principal component of an immunosuppressive regimen
consisting of basiliximab, steroids, and MMF in preventing biopsy-proven rejection as
compared to cyclosporine. This study revealed similar rates of acute rejection between the
belatacept and cyclosporine treated groups (43). Importantly, recipients treated with belatacept
showed reduced CNI-related renal toxicities, including chronic allograft nephropathy, and
showed improvement in renal function as compared to cyclosporine-treated recipients (43).
Furthermore, data suggested reduced incidence of hyperlipidemia, hypertension, and post-
transplant diabetes in belatacept-treated as compared to cyclosporin-treated patients. Analysis
of two multi-center Phase III clinical trials of belatacept should be completed this year.
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The story of the development of CD28 blockers for therapeutic use in transplantation
demonstrates critical aspects of the translational process that we believe aided in the successful
development of this therapeutic. First, at all stages of the process there was collaboration and
dialogue between academic scientists and the biotechnology and pharmaceutical industries.
Second, this partnership allowed a biologic that conceivably could have moved into clinical
trials in transplantation (CTLA-4 Ig) to be brought back to basic scientists who used knowledge
gleaned from fundamental immunology studies to modify and improve the reagent, which then
moved forward in clinical trials.

Blockade of the CD40/CD154 Pathway: The Road Not Taken (So Far)
A second major pathway of intense interest in the transplantation community is the CD40/
CD154 pathway. CD40 is a member of the TNF receptor superfamily, is constitutively
expressed on B cells, macrophages, and dendritic cells, and can be inducibly expressed by
endothelial cells in the presence of inflammation. Ligation of CD40 by CD154 is critical for
B cell activation and class-switching, as well as for DC activation and maturation. Signaling
downstream of the CD40 molecules is mediated by TRAFs and leads to the activation of
NFκB, which in turn results in the upregulation of MHC molecules, upregulation of the
costimulatory molecules CD80 and CD86, enhanced DC survival, and increased production
of inflammatory cytokines such as TNF and IL-12. The ligand that binds to CD40, CD154, is
rapidly induced on CD4+ and some CD8+ T cells following antigen encounter.

Initial efforts aimed at blocking the CD40/CD154 pathway involved the use of monoclonal
antibodies specific for the CD154 ligand, and blockade of the pathway via this means has
shown great promise in both rodent and non-human primate models (44-49). The development
of reagents designed to block the CD40 pathway, as with CTLA-4 Ig, was aided by close
collaboration between academic laboratories and biotechnology/pharmaceutical companies,
including Biogen Idec and BMS. However, clinical trials using anti-CD154 monoclonal
antibodies (mAb) were halted following evidence of unanticipated thromboembolic side
effects (50-52). It is now appreciated that CD154 expressed by platelets as well as present in
soluble form is involved in the formation and stabilization of thrombi (53,54). While
thromboembolic complications were not observed with all anti-CD154 reagents and dosing
strategies (51,52,55), clinical development of traditional anti-CD154 mAbs has been largely
suspended. Nonetheless, interrupting the CD40/CD154 signaling pathway remains one of the
most potent means for inhibiting rejection in experimental models and thus an attractive albeit
elusive therapeutic target. Encouragingly, however, this effect of the stabilization of arterial
thrombi is thought not to involve the CD40 molecule, as CD154-/- mice exhibit unstable
thrombi, whereas CD40-/- mice do not exhibit this phenotype. These findings therefore suggest
that targeting CD40 rather than CD154 may allow interruption of the CD40/CD154 interaction
between T cells and APCs, while not precipitating dysregulated thrombostasis in vivo.

Studies using anti-CD40 mAb conducted outside the field of transplantation have, for the most
part, focused on agonistic properties of these antibodies, with the intent of augmenting immune
responses to T-independent antigens or boosting anti-tumor and anti-virus activity (56-60).
However, several groups, including our own, have pursued the use of anti-CD40 monoclonal
antibodies as a means of attenuating anti-donor T cell responses during transplantation in both
murine and non-human primate allograft models (61-63). In contemplating whether targeting
the CD40 pathway would be a useful and effective target, much debate arose regarding the
mechanism of exactly how anti-CD154 monoclonal antibodies mediated their effects. Our
favored hypothesis is that the critical effect of CD154 blockade is to inhibit ligation of the
CD40 molecule, resulting in diminished DC activation, maturation, and longevity. This concept
is well supported in the literature, in that interrupting CD40-mediated signals delivered to APC
during T cell priming has been shown to profoundly impact the dynamics of the T cell:APC
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interaction. Alternatively, it has been postulated that antibodies bound to CD154 serve to
deplete activated T cells (64) or may induce reciprocal negative signaling upon the T cell itself
(65).

Anti-CD40 Monoclonal Antibodies: Another Alternative Strategy
Because we believed that the effect of blocking CD154 was ultimately to inhibit CD40
signaling, we pursued the generation and testing of anti-CD40 monoclonal antibodies to
interrupt the CD154/CD40 pathway without perturbing hemostasis. Again partnering academia
with pharma, two novel murine anti-CD40 binding antibodies, 7E1-G1, a rat IgG1 isotype, and
its natural switch variant 7E1-G2b, a rat IgG2b isotype, were developed. Standard hybridoma
selection and purification techniques were used to identify and isolate the clone 7E1-G1, which
was chosen as the most promising candidate to function as a CD40 antagonist based on its
specificity for murine CD40, ability to inhibit ligand binding, and paucity of agonism (66).
This decision again highlights one of the biggest challenges in translation of therapeutics from
the bench to the bedside: where to place one's bets. In this case, it was hypothesized that an
antibody which strongly induced both complement fixation and fragment crystallizable (Fc)
receptor interactions would be the most favorable depleting antigen-bearing, CD40-expressing
APC and therefore most effective at promoting graft survival. However, rat IgG1 antibody
isotypes have previously been shown to weakly fix complement and interact poorly with Fc
receptors (67-69). Thus, an antibody which possessed the same specificity as 7E1-G1, but
which was of the IgG2b isotype, was sought. With this aim, using the sib-selection technique,
the isotype switch variant 7E1-G2b was generated (66,70).

While in vitro proliferation assays to measure the agonist properties of the two anti-CD40
antibodies revealed similar weak responses when plate-bound, 7E1-G1 but not 7E1-G2b led
to strong proliferation when present as a soluble stimulus. Importantly, 7E1-G2b was as
effective as anti-CD154 in synergizing with CTLA4-Ig to promote long-term graft survival in
murine models of both allogeneic skin and bone marrow transplantation, while 7E1-G1 was
not (Larsen, unpublished observations). These data suggest that an appropriately designed anti-
CD40 antibody can promote graft survival as well as anti-CD154, making 7E1-G2b an
attractive substitute in murine models of costimulation blockade-based tolerance regimens.

Based on these encouraging results from murine studies, a humanized mouse-anti-human
CD40 mAbs were developed and tested for efficacy in prolonging renal and islet allografts in
Rhesus macaque models. In one study, this monoclonal was shown to block CD154 binding
and inhibit CD154-induced B cell proliferation in vitro, but also exhibited weak agonistic
properties (71). Importantly, humanized anti-CD40 mAbs promoted moderate prolongation of
graft survival when used as a monotherapy but effectively synergized with LEA29Y in
prolonging graft survival in non-human primate models of renal and islet transplantation (61,
62,71), and also syngerized with chimeric anti-CD86 mAbs in prolonging renal allograft
survival in the rhesus (61). These results do not formally exclude alternate possibilities, but
they strongly suggest that the inhibition of positive CD40-mediated signaling events is an
important mechanism of action of both anti-CD40 and anti-CD154 antibodies. The
mechanisms behind anti-CD40 mediated suppression and how it compares to anti-CD154
mediated suppression remain unclear, and warrant further study.

LFA-1/ICAM in Transplantation Tolerance: An Old Pathway Revisited
Thus far we have discussed the development of CD28 blocker belatacept, in which continuous
progress has more or less steadily been made, from its inception in murine models, through
trials in non-human primates, revision in vitro, and progression back through pre-clinical
models and finally into clinical trials in renal transplantation. The progression of CD154
blockers seemed at one time to be equally promising, but are now stalled as an alternative
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approach to block CD154/CD40 interactions is sought and more mechanistic information about
the precise effects of anti-CD154 in vivo are amassed. The road towards therapeutically
targeting a third costimulatory pathway, the LFA-1/ICAM pathway, during transplantation has
been slightly more circuitous. Interest into the potential utility of blocking of LFA-1/ICAM
interactions for the attenuation of potent donor-reactive T cell response and protection from
graft rejection was intense in the early 1990s, but investigation over the last decade had focused
more on its role in the treatment of autoimmunity. Quite recently, however, there has been
renewed interest in this pathway as a therapeutic target for the prevention of graft rejection
following transplantation (72).

Leukocyte function-associated antigen (LFA-1) is a β2 integrin which is composed of two
chains: a unique alpha chain (CD11a) and a beta chain (CD18) which is also used by other
β2 integrin proteins. Through its interaction with intracellular adhesion molecules (ICAMs),
LFA-1 plays an important role in both T cell trafficking and costimulation of T cells through
its involvement in the immunological synapse. During the initial phases of T cell activation,
LFA-1 is localized at the center of the T cell:APC contact, whereas the TCR:pMHC molecules
are found mainly around the periphery. At later timepoints, however, TCRs move to the center
of the synapse and are downregulated, leaving a ring of LFA-1 surrounding the center of the
synapse, and this ring persists for many hours. As such, LFA-1 plays an integral role in the
stabilization of T cell:APC contacts, thus ensuring optimum activation of T cells. In addition
to its adhesive functions, LFA-1 delivers costimulatory signals that are important for T cell
activation and cytotoxic T cell function (73-75). LFA-1 also is expressed on B cells and the
blockade of LFA-1, when combined with other immunosuppressive agents, inhibited the
formation of anti-donor antibodies (76-78). Lastly, LFA-1 expression is increased on memory
T cells relative to their naïve counterparts (79,80), suggesting a potential therapeutic role for
LFA-1 blockade in the setting of existing anti-donor T cell memory.

Targeting the LFA-1/ICAM Pathway in Rodent Models of Allograft Rejection
Over the last two decades, therapeutic targeting of LFA-1 has shown great promise in
experimental transplant models. Murine studies of anti-LFA-1 antibodies alone or in
combination with other agents have shown dramatic prolongation of islet, heart and skin
allograft survival and, in some models, transplantation tolerance (77,78,81-88). Specifically,
anti-LFA-1 has shown utility in murine models when combined with CTLA-4 Ig, anti-CD154,
anti-ICAM-1, anti-CD45RB, calcineurin inhibitors, and everolimus (89).

The mechanisms underlying the ability of LFA-1 blockade prolong graft survival, either alone
or in combination with other therapeutics, are at present unclear. What is clear from numerous
reports is that anti-LFA-1 treatment does not result in pan T cell depletion, and while it does
induce a lymphocytosis for the duration of treatment (90), T cells are eventually able to infiltrate
the graft (82). Furthermore, several studies have demonstrated that the tolerance or long-term
graft survival induced via LFA-1 blockade post-transplant is resistant to subsequent
immunizations with donor splenocytes (81,82). Taken together, these results suggest that the
mechanism of prolongation in graft survival following LFA-1 blockade is more likely to be
due to interruption of the costimulatory and adhesive role of this pathway in facilitating
optimum T cell priming in the immunological synapse, as opposed to the blocking of
lymphocyte trafficking into the graft.

Translation of LFA-1 Blockade in Transplantation and Autoimmunity
Given the wide variety of regimens and protocols using LFA-1 blockade that were developed
in murine models, one challenge that presented itself was the decision of which of these
regimens to begin to translate clinically. Early attempts to further evaluate purely murine anti-
LFA-1 mAbs in human clinical kidney and bone marrow transplantation during the 1990s
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similarly showed some promise: combined anti-LFA-1 and anti-CD2 mAb proved to have
efficacy in bone marrow transplantation in pediatric populations with acute lymphoblastic
leukemia (91). However, this success in children was unfortunately not mirrored in adult
recipients of bone marrow transplants (92). Experience in solid-organ transplantation saw
similarly mediocre results: a French pilot study of murine anti-LFA-1 mAbs in preventing
rejection of renal allografts failed to demonstrate efficacy. Despite a 1996 multi-center trial
which demonstrated that anti-LFA-1 monoclonal antibodies were as effective as the pan-T cell
depleting agent thymoglobulin in induction therapy in renal transplantation (93), these early
clinical trials led to a dead end and these therapeutics were ultimately not developed. It is likely
that their efficacy may have been limited by the suboptimal properties of murine mAbs as
therapeutics. Unfortunately, no further collaboration between industry and academia were
undertaken at that point to guide the further development of anti-LFA-1 mAbs.

In the later 1990s, the development of therapeutic anti-LFA-1 mAbs shifted focus to
autoimmunity, leading to the development of efalizumab, which has now received FDA-
approval for the treatment of severe plaque psoriasis (12,13). Efalizumab, a humanized
monoclonal antibody that binds to CD11a, reversibly blocks the binding of LFA-1 to its ligand
ICAM-1, and does not result in T cell depletion in vivo. This monoclonal antibody therefore
represents a potentially new class of therapeutic agents that both attenuate T cell activation and
inhibit cell migration during undesired donor-reactive immune responses in vivo (14). In
patients with moderate to severe plaque psoriasis, efalizumab resulted in significant
improvements when tested as a monotherapy, demonstrating outcomes that were comparable
to those reported with cyclosporine in previous trials (94). Overall, the safety profile of
efalizumab is tolerable, with little evidence of nephrotoxicity, diabetes, hypertension,
opportunistic infections, or neurological disorders (95-100). However, two cases of progressive
multifocal leukoencephalopathy (PML) in patients both > 70 years of age have recently been
reported from post-marketing surveillance. This rare but potentially fatal JC polyoma-
associated disease has thus occurred in only two of 46,000 treated subjects. While this is clearly
a devastating complication, the major challenge for the field of transplantation will be to assess
the relative risk of common and familiar toxicities such as cardiovascular morbidities, post-
transplant diabetes, dyslipidemia, hypertension, and accelerated allograft failure from
calcineurin inhibitor-derived nephrotoxicities, with the risk of unfamiliar but rare
complications such as PML. Overall, the large number of treated psoriatic patients combined
with relatively rare incidence of side effects suggests that blockade of the LFA-1 costimulatory
pathway may be an efficacious and safe method of preventing transplant rejection, thus
bypassing the nephrotoxicity and other side effects associated with current calcineurin
inhibitor-based immunosuppressive regimens.

Given the encouraging results of humanized anti-LFA-1 monoclonal antibodies in attenuating
unwanted immune responses in psoriasis, renewed interest in this pathway as a potential target
in transplantation has surfaced. One promising study involved the use of anti-LFA-1
monotherapy in prolonging cardiac allograft survival in a robust fully allogeneic rhesus
macaque model (101). Ongoing studies in non-human primates have demonstrated that LFA-1
blockade is efficacious in preventing islet allograft rejection in non-human primates when
combined with rapamycin (Larsen, unpublished data). In addition, efalizumab has been
evaluated in a pilot trial in human renal transplant recipients. In this study, it was evaluated in
multi-drug regimens in combination with cyclosporine. A very low incidence of rejection was
observed in all of the groups receiving efalizumab (7.8%). In a pilot study of human alloislet
transplants, LFA-1 blockade has shown efficacy in promoting graft survival when combined
with mycophenolate mofeteil. With the advent of humanized monoclonal antibodies for
blockade of the LFA-1 pathway, this target has once again engaged the interest of the transplant
community, and as more clinical trials are in the pipeline, both the efficacy and safety of this
reagent as a useful tool in the anti-rejection armamentarium remains to be discovered.
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From the Bench to the Bedside and Back: Current Challenges in Costimulation Blockade
Based Immunosuppression

In this article we have discussed the development of blocking agents for three pathways: CD28,
CD40, and LFA-1, as they progressed from pre-clinical through translational models and
finally into clinical trials. While the future of all of these therapeutic targets remains to be
played out through further modifications and future clinical trials, one concept that is becoming
increasingly clear with all types of immunosuppressive regimens is that it may not be feasible,
or even desirable, to develop a one-size-fits-all approach to immunotherapy for transplantation.
Rather, the mechanistic studies that have accompanied these translational studies, and that are
currently ongoing, have suggested that several important factors may determine the relative
likelihood of success of costimulation-based therapies in a given patient. Here, we revisit three
such parameters that mechanistic studies in murine models have identified as being critical for
the induction of long-term graft survival. Understanding these parameters may help us refine
costimulation blockade based therapies and tailor them to individual patients.

Precursor Frequency of Donor-reactive T cell responses: A barrier to long-term graft survival
induced by costimulation blockade

While we have highlighted the relatively large degree of success of costimulatory blockade in
promoting long-term graft survival in rodent models of transplantation, this success is by no
means uniform. Rather, several models in which “breakthrough” rejection occurs despite
costimulation blockade have been identified. As a result, we have gone back to the bench to
investigate those factors that are most critical in inducing “costimulation blockade resistant
rejection.” First, we recently demonstrated a critical role for both naïve CD4+ and CD8+ T cell
precursor frequency in determining their abilities to mediate costimulation blockade-resistant
rejection following transplantation (102,103). Specifically, when present at high frequency
approximating those encountered across full MHC disparities, naive graft-specific CD8+ T
cells proliferated, differentiated, and accumulated at high numbers even in the presence of
CTLA-4 Ig and anti-CD154 costimulatory blockade, resulting in more “high-quality,”
multicytokine producing effector cells and the rapid precipitation of graft rejection (102,104).
In marked contrast, naïve graft-specific CD8+ T cells stimulated at lower frequency failed to
accumulate and did not differentiate into high quality effectors that were capable of rejecting
a skin graft in the presence of CD28 and CD40 pathway blockade (Figure 1). Thus, naïve CD8
+ T cells present at high frequency appear to obviate the need for costimulation during priming.
In subsequent studies, we observed that a critical CD4+ T cell threshold precursor frequency
was necessary for the provision of help following blockade of the CD28 and CD154
costimulatory pathways, as measured by increased B cell and CD8+ T cell responses and
precipitation of graft rejection (105). In contrast to high-frequency CD8+ T cell responses, this
effect was observed even though the proliferative and cytokine responses of Ag-specific
CD4+ T cells were inhibited. Thus, we conclude that an initial high frequency of donor-reactive
CD4+ T cells uncouples T cell proliferative and effector cytokine production from the provision
of T cell help. The findings that donor-reactive T cell precursor frequency may potently impact
graft survival under treatment with costimulation blockade may have important potential
clinical implications. As new costimulation blockade-based modalities enter clinical trials in
transplantation, it will be important to fully comprehend and evaluate the circumstances that
predict a greater likelihood of success or portend break-through rejection, such as high initial
CD8+ or CD4+ donor-reactive T cell frequency. If initial donor-reactive T cell precursor
frequency also proves to have a potent effect in human allo-specific T cell responses, this could
prompt consideration of alternative approaches to organ allocation. For example, this
knowledge might re-emphasize class I and/or class II MHC matching as a means to effectively
lower the graft-specific CD8+ and CD4+ T cell frequencies, respectively. More likely, however,
identification of low CD4+ or CD8+ donor-reactive precursor frequency in a particular patient
could be used to direct the reduction of immunosuppression or prompt attempts at tolerance
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induction in that individual, whereas detection of high donor-reactive T cell frequencies might
direct the intensification of immunosuppression for the control of break-through CD8+ T cell
responses. Furthermore, these results might suggest that costimulatory blockade may potently
synergize with other therapeutics designed to globally reduce the initial frequency of all T cells,
such as anti-CD52 (106,107) or anti-CD3 mAbs (108), in that these agents would effectively
lower the initial frequency of graft-specific T cells and thereby increase the efficacy of
treatment with costimulatory blockade.

Heterologous Immunity and The Memory Barrier to Transplantation Tolerance
Thus far we have highlighted the ability of blockade of T cell costimulatory pathways to
potently and specifically attenuate naïve anti-donor T cell responses following transplantation
in mouse, monkey, and man. However, numerous studies have shown that the presence of
donor-reactive memory T cells in the recipient poses a sometimes insurmountable barrier to
long-term graft survival and tolerance induction. Donor-reactive memory T cells may arise
from prior transplantation, blood transfusion, pregnancy, or environmental exposure to
pathogens. Pathogen-specific memory T cells, by virtue of the inherent degeneracy of TCR
recognition of peptide:MHC ligands, may exhibit cross-reactivity with allogeneic
peptide:MHC complexes and thereby mediate graft rejection (Figure 2). Thus, a proportion of
the alloreactive T cell repertoire may reside within the memory T cell compartment in socially-
housed non-human primates as well as humans. The problem as it relates to effective post-
transplant immunosuppression is that memory T cells are phenotypically and functionally
distinct from their naïve counterparts, in that they possess a lower activation threshold and are
poised to respond rapidly upon restimulation (109,110). For instance, memory cells exhibit
reduced requirements for both signal one (the strength and/or duration of TCR stimulation)
and importantly, for signal two (costimulation) (110,111). In addition, memory T cells have
been shown to express higher levels of adhesion molecules (LFA-1, CD44), cytokine receptors
(CD122) and anti-apoptotic molecules of the bcl-2 family relative to naïve T cells (112-114).
Numerous studies have shown that memory T cells seem to be refractory to control via a wide
variety of therapeutic interventions, perhaps due to these reduced activation requirements and
increased expression of anti-apoptotic molecules. Furthermore, CD40 and CD28 blockade-
based protocols that effectively tolerize naïve donor-specific T cells may not be effective
against donor-specific memory T cells elicited either by exposure to donor antigens or viral
pathogens (115-118). For example, while a costimulation blockade-based tolerance regimen
effectively prevented skin graft rejection in naïve mice, mice that had been previously infected
with one, two, or three different viruses demonstrated increasing resistance to the induction of
tolerance by costimulation blockade (116). Costimulation blockade-induced tolerance can be
broken by both CD4+ and CD8+ donor-specific memory cells, as evidenced by a variety of
murine model systems (116,119). In addition, we have demonstrated that a critical frequency
of memory T cells is required to generate costimulation blockade-resistant rejection, in that
adoptive transfer of 105 but not 104 alloreactive memory cells into naïve recipients resulted in
graft loss despite treatment with costimulation blockade (116). Therefore, in addition to their
clearly reduced activation threshold, a critical component involved in the costimulation
blockade resistance of memory T cells may be their heightened precursor frequency. Taken
together, these studies demonstrate that high-frequency T cell responses, present either as naïve
alloreactive populations or as memory T cell populations cross-reactive for an alloantigen, may
obviate the need for costimulation and play a large role in mediating costimulation blockade-
resistant allograft rejection. Moreover, the immune history of a transplant recipient and
frequencies of donor-cross-reactive memory T cells may predict the likelihood of success or
failure of long-term graft survival induced by costimulation blockade-based therapies.
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What's good for the T cell response is bad for the graft: the opposing roles of IFN-γ in
costimulation blockade-induced transplant survival

A third parameter that impacts the effectiveness of costimulation blockade appears to be the
presence of interferon-gamma (IFN-γ) following transplantation. Early studies had suggested
that IFN-γ deficient animals were resistant to the effects of costimulation blockade
(120-123), but many studies have suggested that IFN-γ augments, instead of inhibits, CD8+ T
cell responses (124-126). We assessed the expansion of donor-specific CD8 T cell populations
during the course of the immune response to fully MHC disparate skin allografts and found
that although costimulation blockade delayed the emergence of a population of donor-specific
CD8+ effector T cells, a small “breakthrough” population was detectable around the time of
graft loss in costimulation blockade-treated recipients (127). Notably, the presence of IFN-γ
was critical for the expansion of this donor-specific CD8+ T cell population under
costimulation blockade, because this population failed to expand in IFN-γR deficient animals
or when IFN-γ was neutralized in vivo (127). Strikingly, however, the absence of a detectable
population of donor-specific effector CD8 T cells allografts did not confer protection of the
allografts, as grafts were rapidly rejected when IFNγ was neutralized following treatment with
costimulation blockade. This result is explained by the finding that the grafted skin itself
required IFN-γ in order to survive after allotransplantation under costimulation blockade
(127). Numerous reports have also confirmed the critical importance of graft-directed action
of IFN-γ on the survival of murine liver allografts as well as on the prevention of early necrosis
of heart or kidney allografts in untreated recipients (128-132), and we have shown the necessity
of IFN-γ for graft survival in a model in which the donor-reactive T cell response is attenuated
via costimulation blockade (127). In summary, these studies imply that accelerated graft loss
in IFN-γ-/-recipients is due not to uncontrolled expansion of costimulation blockade-resistant
alloreactive T cells, but rather to the lack of direct IFN-γ signals to the graft to support tissue
survival even at times when the recipient T cell response is undetectable.

These mechanistic studies, while defining a critical role for IFN-γ in the “break-through” CD8
+ T cell response following treatment with costimulation blockade, also highlight the important
role of this cytokine in maintaining tissue integrity of the graft following transplantation. Thus,
translation of IFN-γ neutralization into a clinically therapeutic may be hampered by its
pleiotropic effects on the anti-donor T cell response and the graft. The story of IFN-γ in
transplantation is an excellent example of how basic mechanistic studies will allow us to
evaluate which targets are good candidates for clinical translation, and which, due to properties
such as those described for IFN-γ, may be unsuitable.

Conclusions
Attempts at translating blockade of three key costimulatory pathways for the prolongation of
graft survival from the bench to the clinic over the last two decades have provided us with good
lessons to come away with. First, the pace and outcome of translational science is hard to predict
—sometimes it progresses nicely (but not with out road blocks, as in the case of CTLA-4 Ig),
sometimes it takes a long and tortuous route to come to fruition (as in the case of anti-LFA-1),
and sometimes it just gets stalled in the mud (as in the case of anti-CD154). Second, while
there has been a recent healthy focus on the potential negative impact of unmanaged conflicts
on interest in biomedical research, translation of these therapeutics was greatly aided, not
surprisingly, by the early engagement and support of pharmaceutical institutions to drive
translational studies. Third, these tales highlight the critical importance of the non-human
primate as an intermediate step between murine screening and mechanistic models and clinical
trials. Lastly, as demonstrated by the mechanistic studies that shed light on specific factors that
may enhance or mitigate the efficacy of costimulation blockade-based therapy in
transplantation, collaboration between basic and clinical scientists is crucial for the successful
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translation of new therapeutics. These interactions will propel the development of both novel
methods to target currently-appreciated pathways and the discovery of new molecules and
pathways critical in tipping the balance between transplant rejection and tolerance.
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Figure 1.
Impact of antigen-specific T cell precursor frequency on susceptibility to costimulation
blockade. A, Cells stimulated at low precursor frequency are required to undergo multiple
rounds of division in order to generate a threshold number of effector cells needed to mediate
graft rejection. B, Cells that undergo multiple rounds of division in the absence of costimulation
fail to differentiate into competent effectors and undergo increased cell death at later rounds
of division. C, In contrast, cells that are stimulated at high naïve T cell precursor frequency
must undergo many fewer rounds of division in order to a sufficient number of effector cells
to mediate graft rejection. D, Populations that had undergone fewer rounds of division in the
absence of costimulation had better effector function and reduced death as compared to those
that underwent more rounds of division in the absence of costimulation.
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Figure 2.
Heterologous immunity to pathogens is a potent barrier to transplantation tolerance/long-term
graft survival induced by costimulation blockade. A, Naïve donor-reactive T cells encounter
donor antigen under the cover of costimulation blockade, fail to fully differentiate, undergo
apoptosis, and therefore fail to mediate destruction of the graft. B, Memory T cells specific for
pathogen-derived epitopes presented by self MHC may cross-react with donor-derived MHC
and become activated. By virtue of their reduced requirement for CD28 and CD40 mediated
costimulation during reactivation, these pathogen-derived memory T cells may then expand,
differentiate, and mediate graft destruction.
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