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It is believed that blocking positive T-cell co-stimulatory

pathways should lead to long-term graft acceptance. Despite

the exciting initial achievements in experimental animal

models, targeting co-stimulatory pathways has shown to be

much more complex in the clinic. In addition to multiple

binding partners, some co-stimulatory interactions have

been found to be inhibitory in nature, whereas others were

demonstrated to be important in the development of

regulatory T cells. Moreover, memory T cells have been

shown to be resistant to co-stimulation blockade. Herein we

focus on the B7:CD28 pathway and describe the evolution of

targeting this pathway with cytotoxic T-lymphocyte antigen-

4-Ig from bench to clinic. We also attempt to address possible

causes for the unexpected high rejection rate observed in the

phase III clinical trials with belatacept, using experimental

data obtained from basic science research.
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T cells have a central role in allograft rejection. The specificity
of the alloimmune response is determined by the interaction
of the major histocompatibility complex (MHC) molecule on
antigen-presenting cells with the T-cell receptor (TCR) on
T cells, consisting of ‘signal 1’. However, in order to fully
activate a naı̈ve T cell, a second antigen-independent co-
signal must be delivered by co-stimulatory molecules (signal
2). Therefore, co-stimulation has a key role in determining
the outcome of the T-cell encounter with the alloantigen,
with important therapeutic applications in transplantation.1,2

The best characterized co-stimulatory pathway is the
B7:CD28 pathway. In both, mice and humans, CD28 is
constitutively expressed on all naı̈ve CD4þ and CD8þ

T cells,3 and it can interact with two ligands, B7.1 (CD80)
and B7.2 (CD86), expressed on antigen-presenting cells
(Figure 1a). In the presence of TCR signaling, B7:CD28
interaction leads to full activation and expansion of T cells,
whereas blocking this pathway results in anergy and/or
apoptosis of responding T cells (Figure 1b).4 In the transplant
setting, initial studies in experimental animal models with
blockade of B7 ligands revealed promising results. However,
the continuous expansion of co-stimulation knowledge led to
some unexpected findings.5 Additional co-stimulatory mo-
lecules were discovered that shared ligands with each other,
and some of these receptors demonstrated capability of
inhibiting rather than activating T cells. For example,
cytotoxic T-lymphocyte antigen-4 (CTLA4) was found to
be structurally related to CD28 and bind to the same ligands
on antigen-presenting cells (B7.1 and B7.2) as CD28;
however, its interaction with B7 ligands led to inhibition of
T-cell activation (Figure 1c). Moreover, other positive co-
stimulatory pathways were discovered with non-redundant
and compensatory roles in T-cell activation.5 Currently, it is
clear that the integration of multiple positive and negative
co-stimulatory signals ultimately determines the outcome of
the T-cell response.5 In this review, we will focus on the
B7:CD28 co-stimulatory pathway and discuss the evolution
of this therapeutic target from bench to bedside, and then
back to the bench, in an attempt to understand and explain
recent clinical outcomes in kidney transplantation.

B7:CD28 BLOCKADE: FROM BENCH TO BEDSIDE

After an alloantigen encounter, B7:CD28 signaling was shown
to help in fully activating T cells by increasing transcription
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and mRNA stability of interleukin-2 (IL-2),6 elevating the
expression of antiapoptotic molecules such as Bcl-XL,7 and
decreasing the threshold of T-cell receptor activation.8 After
failed attempts to develop an effective CD28 blocking
antibody,9 researchers were able to successfully target CD28
ligands with antibodies against B7.1 and B7.2.10,11 In the
early 1990s, a recombinant fusion protein, CTLA4-Ig, was
developed by fusing the extracellular domain of human
CTLA4 with an Ig heavy chain tail.12 This antibody had a
higher affinity to the B7 ligands than CD28, and was shown
to be a powerful inhibitor of T-cell activation in vitro.12

Subsequent testing of CTLA4-Ig revealed its capability of
protecting the allograft against acute rejection in MHC-
mismatched cardiac transplantation, as well as in islet cell
transplantation in murine models.13,14 Despite its potent
effect, CTLA4-Ig alone was incapable of inducing tolerance in
non-human primates,15,16 requiring additional immunosup-
pression to promote graft survival.17

Further mechanistic studies revealed that CTLA4-Ig was
100-fold less potent in inhibiting B7.2 co-stimulation
compared with B7.1 co-stimulation,18 possibly explaining
its lower-than-expected potency in vivo. Therefore, a
modification of this antibody was undertaken, with substitu-
tion of two amino acids within the B7.2 binding domain,
creating a second generation of CTLA4-Ig (LEA29Y), which
was shown to have higher affinity to both B7.1 and B7.2,
translating into a 10-fold increase in biological potency.18

LEA29Y, later named belatacept (Bristol–Myers Squibb, New
York, NY), was tested in non-human primates and showed
superior prolongation in renal allograft survival as mono-
therapy, when compared with the first-generation CTLA4-Ig,
and led to a marked improvement in survival when used in
combination with other immunosuppressive regimens such
as mycophenolate mofetil and steroids, or an anti-IL-2
receptor antibody.18

On the basis of these encouraging results, belatacept
moved to a phase II clinical trial to evaluate the efficacy of
this drug in kidney transplant recipients in comparison with
cyclosporine (CsA).19 During this trial, recipients were
assigned to receive either an intensive or a less-intensive
regimen of belatacept, compared with CsA. Induction
therapy consisted of basiliximab (IL-2 receptor monoclonal
antibody), and maintenance therapy included steroids and
mycophenolate mofetil. The results of this trial suggested that
belatacept was non-inferior to CsA and it could potentially
have a beneficial effect on glomerular filtration rate at 1 year
after transplantation, presumably by the absence of calci-
neurin inhibitor-induced nephrotoxicity.19 Subsequently, a
phase III clinical trial (BENEFIT) was published, in which an
unexpected higher rate of acute rejection was observed in the
belatacept group, especially in the intensive arm receiving
more frequent doses (22 vs 7% on CsA arm).20 Moreover,
these rejections were more severe than the ones with CsA,
with most of them with the Banff grades of IIA or higher.
Nevertheless, the belatacept groups had a similar graft
survival at 1 year and demonstrated superior renal function
when compared with CsA.20 Overall, the unexpected higher
rate of rejection, especially in the more intensive regimen,
was intriguing and suggested some unexpected consequences
of the intensive B7:CD28 blockade that required further
investigation.

TARGETING B7:CD28 PATHWAY: BACK TO THE BENCH
Regulatory T cells

Although targeting B7:CD28 pathway to improve graft
survival was becoming a reality, basic knowledge of this
pathway and of the alloimmune response kept expanding.
The discovery of regulatory T cells as a sub-population of
T cells with inhibitory function and capability of controlling
the alloimmune response generated great enthusiasm in the
transplant community, as inducing this sub-population of
T cells could potentially lead to tolerance development.21

Indeed, several groups published initial exciting results with
cell-based therapy with regulatory T cells (Tregs) in tolerance
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Figure 1 | Role of co-stimulation in T-cell activation. (a) Upon
antigen encounter, B7.1/B7.2 ligands expressed on antigen-
presenting cells interact with CD28 receptors on T cells, leading to
full T-cell activation. (b) In the absence of B7:CD28 interaction,
T cells become anergic and/or apoptotic in the context of T-cell
receptor (TCR) stimulation. This can be seen, for example, with
blockade of the B7 ligands by CTLA4-Ig. (c) Co-stimulatory
pathways can also be inhibitory as in the case of B7:CTLA4, which
is able suppress T-cell activation. It is the balance between
positive and negative co-stimulatory pathways that will ultimately
determine T-cell outcome. APC, antigen-presenting cells;
CTLA4, cytotoxic T-lymphocyte antigen-4.
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induction.22,23 Importantly, the development and home-
ostasis of Tregs was shown to be directly dependent on
B7:CD28 co-stimulation, and deficiency on this pathway
significantly decreased the amount of regulatory T cells in
rodents (Figure 2).24 This was a concern, as blocking this
pathway could potentially affect Treg generation. Recently, in
a single MHC class II-mismatched model of murine cardiac
transplantation, in which allografts survive long term because
of the emergence of Tregs that inhibit alloreactive T cells, the
deficiency of either B7 or CD28 in recipients paradoxically
led to an accelerated rejection.25 This effect was related to the
significantly lower number of Tregs in the deficient mice,
tipping the balance toward more T-effector/memory cells
rather than Tregs.

Therefore, B7:CD28 signal is important not only for the
activation of pathogenic effector T cells but also for the
generation of regulatory T cells, being the balance of effector
T cells and Tregs that ultimately determines the fate of an
allograft.26 In an attempt to understand the observations
above in rodents, we could hypothesize that in a fully
allogeneic mismatched model, the pool of alloreactive T cells
is much greater in size than on a single mismatched model;
therefore, blockade of B7:CD28 is especially efficient in
suppressing the activation and decreasing the alloimmune
response in the former (Figure 3a). However, if the pool of
alloreactive T cells is smaller, such as in the single mismatch
model described above, B7:CD28 blockade could have a more
deleterious effect in Tregs than on effector T cells, tipping the

balance toward the pathogenic side and precipitating
rejection (Figure 3b). The pool size of the alloreactive T cells
could potentially correlate in humans with different scenar-
ios, such as in deceased donor recipients and in sensitized
patients vs first living-related transplants in a non-sensitized
recipient (Figure 3).

Although an initial small study did not reveal a significant
decrease in peripheral regulatory T cells of patients treated
with belatacept in comparison with CsA,27 this finding
requires further evaluation, as the degree of mismatch, the
sensitization of the recipient, the dose, and timing of
belatacept must be taken into account, given that some
recipients with well-matched grafts might suffer from the
deleterious effects of B7:CD28 blockade on Treg generation.
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Figure 2 | Regulatory T cells and co-stimulatory pathways.
(a) B7:CD28 pathway was demonstrated to have a major role in
the generation and maintenance of regulatory T cells (Tregs),
leading to some concerns on the effect of long-term B7:CD28
blockade on Tregs in transplantation. (b) Another concern arose
from the discovery that Tregs use the inhibitory pathway
B7:CTLA4 to suppress dendritic cell (DC) function via induction of
indoleamine 2,3-dioxygenase (IDO) and inhibition of the
maturation of DCs (not shown). However, Tregs also exert their
suppressive function through other mechanisms, such as
secretion of inhibitory cytokines (e.g., interleukin (IL)-10,
transforming growth factor (TGF)-b) and granzyme B (GrB),
possibly representing parallel pathways of immune regulation.
APC, antigen-presenting cells; CTLA4, cytotoxic T-lymphocyte
antigen-4; Teff, effector T cell.
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Figure 3 | The pool size of alloreactive T cells and the effect of
co-stimulation blockade. (a) In the setting of a large pool size of
alloreactive T cells, blockade of B7:CD28 pathway by CTLA4-Ig
leads to a predominant effect on effector T cells, tipping the
balance toward regulatory T cells (Tregs)/tolerance. (b) When the
number of alloreactive T cells is smaller, blockade of B7:CD28
leads to a dominant inhibitory effect on the generation of
regulatory T cell, leading to more effector T cells than Tregs, and
precipitating rejection in the transplant setting; CTLA4, cytotoxic
T-lymphocyte antigen-4.

Kidney International Supplements (2011) 1, 25–30 27

LV Riella and MH Sayegh: T-cell co-stimulatory blockade: back to the bench m e e t i n g r e p o r t



B7:CTLA4 pathway

The failure of the CTLA4-Ig to uniformly induce tolerance may
also relate, at least in part, to its blocking capacity of B7:CTLA4
interaction, which has been shown to be a critical inhibitory
co-stimulatory signal.28 In fact, CTLA4-deficient mice develop
a severe systemic autoimmune disorder leading to death at
several weeks of age,28,29 demonstrating a key role of CTLA4 in
maintaining self-tolerance. In addition, blockade of CTLA4
with an anti-CTLA4 antibody has been shown to precipitate
rejection and prevent induction of allograft tolerance in the
transplant setting,30 reinforcing the important role of CTLA4
signaling in inhibiting the alloimmune response.

CTLA4 is constitutively expressed on Tregs and has a 20-fold
higher affinity than CD28 for both B7.1 and B7.2 ligands.31 In
addition to the direct effect of Tregs on effector T cells by the
secretion of inhibitory cytokines (e.g., IL-10) and apoptotic
effects through granzyme B, the function of Tregs was also
shown to be dependent on CTLA4 expression32 (Figure 2b).
CTLA4 on Tregs can interact with B7.1/B7.2 ligands on antigen-
presenting cells and downregulate the expression of these
ligands while upregulating the expression of indoleamine 2,3-
dioxygenase, a potent inhibitory molecule.33 An agonistic agent
to CTLA4 could potentially promote tolerance and improve
graft survival; however, attempts of developing this agent have
so far been unsuccessful. Overall, CTLA4 is an important
inhibitory signaling pathway, and its blockade by CTLA4-Ig
could affect the regulation of the alloimmune response.

Th17 cells

After antigen encounter, naı̈ve T helper (Th) cells might
differentiate into different subtypes according to signals
delivered by antigen-presenting cells and the cytokines
present in the microenvironment.34 The subtypes of Th cells
are characterized by diverse cytokine productions, with Th1
cells producing predominantly interferon-g, whereas Th2
cells secreting IL-4. Donor-specific T cell responses after
transplantation are typically dominated by interferon-g-
producing T cells (Th1).35 More recently, T cells that produce
IL-17 were discovered and showed an association with
allograft rejection.36 The concern about Th17 cells is that
they have been reported to be resistant to current available
immunosuppression, and especially resistant to co-stimula-
tion blockade.37,38 In fact, CD28 co-stimulation reduced the
frequency of Th17 cells, whereas CTLA4-Ig facilitated both
murine and human Th17 differentiation in vitro.39 In
addition, CTLA4:B7 interaction was also demonstrated to
inhibit Th17 cell differentiation and suppress the develop-
ment of Th17-mediated autoimmunity.40 Collectively, these
findings suggest that B7:CD28 blockade might favor Th17
cell differentiation with potential concern for allograft
outcome; however, the true role of IL-17 in the alloimmune
response in humans still needs to be clarified.

Memory T-cell resistance

Memory T cells are lymphocytes that have been previously
activated and possess a unique capacity to generate rapid

effector functions upon rechallenge with antigen. This
capacity is related to their lower threshold for activation,
less dependence on co-stimulation, and enhanced trafficking/
adhesion mechanisms, being especially important in the
response to infectious organisms.41 Humans develop allo-
reactive memory T cells after exposure to blood transfusions,
pregnancies, or prior transplantation. More recently, it has
been proposed that alloreactive memory T cells can also be
generated by exposure to pathogens and environmental
antigens, because of the resemblance of allogeneic MHC
and microbial Ag/self-MHC complex (cross-reactive re-
sponse).42,43 Finally, T-cell-depleting induction therapies
used in transplantation have been shown to promote
homeostatic proliferation of non-depleted T cells and these
proliferating cells carry a memory phenotype.44,45

The presence of memory T cells has important clinical
relevance, as higher frequency of alloreactive T cells before
transplantation correlate with an increased risk of rejec-
tion.46,47 Furthermore, these memory T cells are more
resistant to B7:CD28 co-stimulation blockade48 and, conse-
quently, targeting solely this pathway might be ineffective in
inducing tolerance. Indeed, the previous observations of
effective results of CTLA4-Ig in naı̈ve recipients with naı̈ve
T-cell repertoire in a laboratory-controlled environment
(rodents) and failure of the same agent in promoting
tolerance in recipients with memory cells (non-human
primates) suggest a key role of these cells in tolerance
resistance to co-stimulation blockade. Confirming this, the
combination of CTLA4-Ig with a selective memory T cell
agent (CD2-specific fusion protein alefacept) was shown to
improve allograft survival in non-human primates,49 opening
potential new avenues in targeting memory cells. Never-
theless, targeting these cells carry its own risks as they have a
key role in immunity against infectious diseases.

FUTURE OF TARGETING CO-STIMULATORY PATHWAYS
IN THE CLINIC

Co-stimulation has a central role in T-cell activation, and
targeting this pathway has become a reality in transplanta-
tion, consisting of a true translational research. However, the
complex interplay between different co-stimulatory pathways
and the function of these pathways in different cell types
raised a number of challenges, and it is now clear that
targeting a single pathway will likely be ineffective for the
induction of transplantation tolerance.

To improve long-term graft survival, avoiding calcineurin
inhibitor nephrotoxicity and long-term cardiovascular and
metabolic side-effects are important goals. A recent open-label
phase II trial has demonstrated that switching from a
calcineurin inhibitor-based therapy to a belatacept-based
regimen at 6 months after transplant is feasible and well
tolerated, demonstrating potential improvements in renal
function at 12 months.50 This latter switch could be beneficial
as it will require a less-intensive dose of belatacept in face of
the smaller pool of alloreactive T cells later after transplant,
and might be associated with a lower rejection rate.
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Another experimental approach with remarkable results is
the combination of CTLA4-Ig with a T-cell-depleting agent
such as thymoglobulin. In a stringent transplant model in
rodents, this combination tipped the balance of Tregs/Teff in
favor of Tregs, promoting regulation and favoring graft
survival.51 Moreover, the development of newer synergistic
agents targeting negative co-stimulatory pathways such as
PD-1:PD-L1 could enhance immune regulation and promote
tolerance.52 Finally, the role of B cells in chronic rejection has
been increasingly recognized,53 and the generation of
selective agents that are capable of decreasing alloantibody
production and generating regulatory B cells will likely lead
to considerable improvements in graft outcomes.

Overall, the future of co-stimulation targeting in kidney
transplantation will most likely involve the combination of
agents with different mechanisms of action, with the goal of
inhibiting pathogenic lymphocytes and promoting regulatory
ones, limiting single-drug toxicity, and possibly achieving the
Holy Grail of transplant tolerance.

DISCLOSURE
All the authors declared no competing interests.

ACKNOWLEDGMENTS
This study was supported by a research grant from the American
Society of Transplantation to LVR and by National Institutes
of Health (NIH) grants RO1 AI51559 and PO1AI56299 to MHS.

REFERENCES
1. Sayegh MH, Turka LA. The role of T-cell costimulatory activation

pathways in transplant rejection. N Engl J Med 1998; 338: 1813–1821.
2. Sayegh MH, Carpenter CB. Transplantation 50 years later–progress,

challenges, and promises. N Engl J Med 2004; 351: 2761–2766.
3. Lenschow DJ, Walunas TL, Bluestone JA. CD28/B7 system of T cell

costimulation. Annu Rev Immunol 1996; 14: 233–258.
4. Schwartz RH. A cell culture model for T lymphocyte clonal anergy. Science

1990; 248: 1349–1356.
5. Li XC, Rothstein DM, Sayegh MH. Costimulatory pathways in

transplantation: challenges and new developments. Immunol Rev 2009;
229: 271–293.

6. Fraser JD, Irving BA, Crabtree GR et al. Regulation of interleukin-2 gene
enhancer activity by the T cell accessory molecule CD28. Science 1991;
251: 313–316.

7. Boise LH, Minn AJ, Noel PJ et al. CD28 costimulation can promote T cell
survival by enhancing the expression of Bcl-XL. Immunity 1995; 3: 87–98.

8. Howland KC, Ausubel LJ, London CA et al. The roles of CD28 and CD40
ligand in T cell activation and tolerance. J Immunol 2000; 164: 4465–4470.

9. Suntharalingam G, Perry MR, Ward S et al. Cytokine storm in a phase 1
trial of the anti-CD28 monoclonal antibody TGN1412. N Engl J Med 2006;
355: 1018–1028.

10. Hausen B, Klupp J, Christians U et al. Coadministration of either
cyclosporine or steroids with humanized monoclonal antibodies against
CD80 and CD86 successfully prolong allograft survival after life
supporting renal transplantation in cynomolgus monkeys.
Transplantation 2001; 72: 1128–1137.

11. Kirk AD, Tadaki DK, Celniker A et al. Induction therapy with monoclonal
antibodies specific for CD80 and CD86 delays the onset of acute renal
allograft rejection in non-human primates. Transplantation 2001; 72:
377–384.

12. Linsley PS, Brady W, Urnes M et al. CTLA-4 is a second receptor for the B
cell activation antigen B7. J Exp Med 1991; 174: 561–569.

13. Turka LA, Linsley PS, Lin H et al. T-cell activation by the CD28 ligand B7 is
required for cardiac allograft rejection in vivo. Proc Natl Acad Sci USA
1992; 89: 11102–11105.

14. Lenschow DJ, Zeng Y, Thistlethwaite JR et al. Long-term survival of
xenogeneic pancreatic islet grafts induced by CTLA4lg. Science 1992; 257:
789–792.

15. Levisetti MG, Padrid PA, Szot GL et al. Immunosuppressive effects of
human CTLA4Ig in a non-human primate model of allogeneic pancreatic
islet transplantation. J Immunol 1997; 159: 5187–5191.

16. Kirk AD, Harlan DM, Armstrong NN et al. CTLA4-Ig and anti-CD40 ligand
prevent renal allograft rejection in primates. Proc Natl Acad Sci USA 1997;
94: 8789–8794.

17. Lin H, Bolling SF, Linsley PS et al. Long-term acceptance of major
histocompatibility complex mismatched cardiac allografts induced
by CTLA4Ig plus donor-specific transfusion. J Exp Med 1993; 178:
1801–1806.

18. Larsen CP, Pearson TC, Adams AB et al. Rational development of LEA29Y
(belatacept), a high-affinity variant of CTLA4-Ig with potent
immunosuppressive properties. Am J Transplant 2005; 5: 443–453.

19. Vincenti F, Larsen C, Durrbach A et al. Costimulation blockade with
belatacept in renal transplantation. N Engl J Med 2005; 353: 770–781.

20. Vincenti F, Charpentier B, Vanrenterghem Y et al. A phase III study of
belatacept-based immunosuppression regimens versus cyclosporine in
renal transplant recipients (BENEFIT study). Am J Transplant 2010; 10:
535–546.

21. Wood KJ, Sakaguchi S. Regulatory T cells in transplantation tolerance. Nat
Rev Immunol 2003; 3: 199–210.

22. Nadig SN, Wieckiewicz J, Wu DC et al. In vivo prevention of transplant
arteriosclerosis by ex vivo-expanded human regulatory T cells. Nat Med
2010; 16: 809–813.

23. Joffre O, Santolaria T, Calise D et al. Prevention of acute and chronic
allograft rejection with CD4+CD25+Foxp3+ regulatory T lymphocytes.
Nat Med 2008; 14: 88–92.

24. Salomon B, Lenschow DJ, Rhee L et al. B7/CD28 costimulation is essential
for the homeostasis of the CD4+CD25+ immunoregulatory T cells that
control autoimmune diabetes. Immunity 2000; 12: 431–440.

25. Yang J, Riella LV, Boenisch O et al. Paradoxical functions of B7: CD28
costimulation in a MHC class II-mismatched cardiac transplant model. Am
J Transplant 2009; 9: 2837–2844.

26. Lechler RI, Garden OA, Turka LA. The complementary roles of deletion
and regulation in transplantation tolerance. Nat Rev Immunol 2003; 3:
147–158.

27. Bluestone JA, Liu W, Yabu JM et al. The effect of costimulatory and
interleukin 2 receptor blockade on regulatory T cells in renal
transplantation. Am J Transplant 2008; 8: 2086–2096.

28. Fife BT, Bluestone JA. Control of peripheral T-cell tolerance and
autoimmunity via the CTLA-4 and PD-1 pathways. Immunol Rev 2008;
224: 166–182.

29. Waterhouse P, Penninger JM, Timms E et al. Lymphoproliferative
disorders with early lethality in mice deficient in Ctla-4. Science 1995; 270:
985–988.

30. Ito T, Ueno T, Clarkson MR et al. Analysis of the role of negative T cell
costimulatory pathways in CD4 and CD8 T cell-mediated alloimmune
responses in vivo. J Immunol 2005; 174: 6648–6656.

31. Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu Rev
Immunol 2005; 23: 515–548.

32. Wing K, Onishi Y, Prieto-Martin P et al. CTLA-4 control over Foxp3+
regulatory T cell function. Science 2008; 322: 271–275.

33. Fallarino F, Grohmann U, Hwang KW et al. Modulation of tryptophan
catabolism by regulatory T cells. Nat Immunol 2003; 4: 1206–1212.

34. Kapsenberg ML. Dendritic-cell control of pathogen-driven T-cell
polarization. Nat Rev Immunol 2003; 3: 984–993.

35. Li XC, Zand MS, Li Y et al. On histocompatibility barriers, Th1 to Th2
immune deviation, and the nature of the allograft responses. J Immunol
1998; 161: 2241–2247.

36. Burrell BE, Bishop DK. Th17 cells and transplant acceptance.
Transplantation 2010; 90: 945–948.

37. Yuan X, Ansari MJ, D0Addio F et al. Targeting Tim-1 to overcome
resistance to transplantation tolerance mediated by CD8 T17 cells. Proc
Natl Acad Sci USA 2009; 106: 10734–10739.

38. Burrell BE, Csencsits K, Lu G et al. CD8+ Th17 mediate costimulation
blockade-resistant allograft rejection in T-bet-deficient mice. J Immunol
2008; 181: 3906–3914.

39. Bouguermouh S, Fortin G, Baba N et al. CD28 co-stimulation down
regulates Th17 development. PLoS One 2009; 4: e5087.

40. Ying H, Yang L, Qiao G et al. Cutting edge: CTLA-4–B7 interaction
suppresses Th17 cell differentiation. J Immunol 2010; 185: 1375–1378.

41. Jameson SC, Masopust D. Diversity in T cell memory: an embarrassment
of riches. Immunity 2009; 31: 859–871.

42. Adams AB, Williams MA, Jones TR et al. Heterologous immunity provides
a potent barrier to transplantation tolerance. J Clin Invest 2003; 111:
1887–1895.

Kidney International Supplements (2011) 1, 25–30 29

LV Riella and MH Sayegh: T-cell co-stimulatory blockade: back to the bench m e e t i n g r e p o r t



43. Braciale TJ, Andrew ME, Braciale VL. Simultaneous expression of
H-2-restricted and alloreactive recognition by a cloned line of
influenza virus-specific cytotoxic T lymphocytes. J Exp Med 1981; 153:
1371–1376.

44. Wu Z, Bensinger SJ, Zhang J et al. Homeostatic proliferation is a barrier to
transplantation tolerance. Nat Med 2004; 10: 87–92.

45. Pearl JP, Parris J, Hale DA et al. Immunocompetent T-cells with a memory-
like phenotype are the dominant cell type following antibody-mediated
T-cell depletion. Am J Transplant 2005; 5: 465–474.

46. Deacock SJ, Lechler RI. Positive correlation of T cell sensitization with
frequencies of alloreactive T helper cells in chronic renal failure patients.
Transplantation 1992; 54: 338–343.

47. Heeger PS, Greenspan NS, Kuhlenschmidt S et al. Pretransplant
frequency of donor-specific, IFN-gamma-producing lymphocytes
is a manifestation of immunologic memory and correlates with the
risk of posttransplant rejection episodes. J Immunol 1999; 163:
2267–2275.

48. Valujskikh A, Pantenburg B, Heeger PS. Primed allospecific T cells prevent
the effects of costimulatory blockade on prolonged cardiac allograft
survival in mice. Am J Transplant 2002; 2: 501–509.

49. Weaver TA, Charafeddine AH, Agarwal A et al. Alefacept promotes co-
stimulation blockade based allograft survival in nonhuman primates. Nat
Med 2009; 15: 746–749.

50. Rostaing L, Massari P, Garcia VD et al. Switching from calcineurin
inhibitor-based regimens to a belatacept-based regimen in renal
transplant recipients: a randomized Phase II Study. Clin J Am Soc Nephrol
2010; 6: 430–439.

51. D’Addio F, Yuan X, Habicht A et al. A novel clinically relevant approach to
tip the balance toward regulation in stringent transplant model.
Transplantation 2010; 90: 260–269.

52. Ozkaynak E, Wang L, Goodearl A et al. Programmed death-1 targeting can
promote allograft survival. J Immunol 2002; 169: 6546–6553.

53. Colvin RB. Antibody-mediated renal allograft rejection: diagnosis and
pathogenesis. J Am Soc Nephrol 2007; 18: 1046–1056.

30 Kidney International Supplements (2011) 1, 25–30

m e e t i n g r e p o r t LV Riella and MH Sayegh: T-cell co-stimulatory blockade: back to the bench


	T-cell co-stimulatory blockade in kidney transplantation: back to the bench
	B7:CD28 BLOCKADE: FROM BENCH TO BEDSIDE
	TARGETING B7:CD28 PATHWAY: BACK TO THE BENCH
	Regulatory T cells

	Figure 1 Role of co-stimulation in T-cell activation.
	Figure 2 Regulatory T cells and co-stimulatory pathways.
	Figure 3 The pool size of alloreactive T cells and the effect of co-stimulation blockade.
	B7:CTLA4 pathway
	Th17 cells
	Memory T-cell resistance

	FUTURE OF TARGETING CO-STIMULATORY PATHWAYS IN THE CLINIC
	DISCLOSURE
	ACKNOWLEDGMENTS
	REFERENCES




