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Abstract

The coinhibitory receptor CTLA-4 is a master regulator of T cell responses and its function is 

critical in models of transplant tolerance. The CD28/CTLA-4 pathway is also an important 

therapeutic target, as the costimulation blocker belatacept was recently approved for use following 

renal transplantation. While the traditional model of CTLA-4 coinhibition focuses on its ability to 

directly counteract CD28 costimulation, recently this paradigm has significantly broadened. 

Recent work has uncovered the ability of CTLA-4 to act as a cell-extrinsic coinhibitory molecule 

on CD4+ T cell effectors. While it has been appreciated that CTLA-4 is required FoxP3+ Treg 

suppression, current studies have elucidated important differences in the function of CTLA-4 on 

Tregs compared to effectors. CTLA-4 expression patterns also differ by T cell subsets, with Th17 

cells expressing significantly higher levels of CTLA-4. Thus, in contrast to the traditional model 

of CTLA-4 as a negative receptor to counter CD28 costimulation, recent work has begun to define 

CTLA-4 as a global regulator of T cell responses with subset-specific functions. Future studies 

must continue to uncover the molecular mechanisms that govern CTLA-4 function. These novel 

findings have implications for novel strategies to maximize the regulatory potential of CTLA-4 

during allogeneic T cell responses.
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Introduction

The CD28/CTLA-4 pathway is the prototypic cosignaling pathway in T cells. T cells that 

receive inadequate CD28 costimulation via suboptimal ligation of CD80 and CD86 (B7.1 

and B7.2, respectively) become anergized or apoptotic (1). CTLA-4 has been characterized 

as a counter-signal to CD28 costimulation, as CTLA-4 also binds CD80/CD86 (2). In 

contrast to CD28, which is constitutively expressed in most populations of T cells at rest and 

following activation, CTLA-4 is not expressed on the surface of resting T cells, but is 

maintained in intracellular Golgi-associated vesicles beneath the plasma membrane. Upon 
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antigen stimulation, CTLA-4 surface expression is induced through both de novo gene 

expression and cycling of existing CTLA-4 protein to the cell surface.

CTLA-4 expression is induced not only by antigen stimulation, but also by CD28 signaling 

(3). Indeed, multiple studies have shown that CD28 triggering is required for maximal 

CTLA-4 expression and coinhibition coinhibition (3, 4). The pathways that control de novo 

CTLA-4 expression are not completely understood (5). Seminal work demonstrated that the 

mTOR inhibitor rapamycin or the NFAT pathway inhibitor cyclosporine function to reduce 

CTLA-4 expression (6). Consistent with a role for the Akt/mTOR signaling pathway to 

control CTLA-4 expression, the FOXO family of transcription factors was recently shown to 

bind to the upstream regulatory region of CTLA-4 and induce expression (7, 8).

CTLA-4 in Alloreactive T Cell Responses

CTLA-4 has been established as a critical molecule for controlling antigen specific T cell 

responses (9, 10) and in models of autoimmune disease, pathogen-responses, and cancer (1, 

2, 11). In transplantation, the function of CD28 as a critical regulator of T cell activation led 

to many studies investigating its potential as a target to induce long term graft survival (1). 

Indeed, many early studies investigating mechanisms of tolerance found enhanced graft 

survival using the CD80/CD86-binding molecule CTLA-4 Ig. While it was largely 

presumed that this was due to the inhibition of CD28 signals, work from several groups 

demonstrates that the inhibitory effects of blocking CD28 require CTLA-4 signals. In a 

cardiac allograft model of tolerance induction with CTLA-4 Ig and DST, Judge et al. 

showed that CTLA-4 signals early following transplantation were required for long term 

graft survival. Interestingly, donor CD80, but not CD86, signals were critical for the effect 

of CTLA-4 in this model (12). Similarly, cardiac allografts transplanted into CD28−/− 

recipients displayed accelerated rejection kinetics when CTLA-4 signals were blocked (13).

More recently, CTLA-4 has been demonstrated to be a critical regulator of alloreactive T 

cell responses (Table 1). In a model of islet allograft tolerance with anti-CD45RB, CTLA-4 

was selectively upregulated and CTLA-4 signals were required for allograft survival (14, 

15). Two recent studies utilizing selective CD28 blocking reagents have demonstrated long-

term survival of skin and cardiac allografts (16, 17). In both models, the efficacy of CD28 

blockade was dependent on CTLA-4 signals, as concurrent CD28 and CTLA-4 blockade 

abrogated the enhanced graft survival. Together, these studies establish the importance of 

CTLA-4 as a regulator of alloreactive T cell responses, and demonstrate that CTLA-4 

coinhibitory signals are critical for multiple strategies that enhance allograft survival.

Mechanisms of CTLA-4 Coinhibition

Traditional model of CTLA-4 coinhibition

CTLA-4 has long been understood to function as a coinhibitor that restrains T cell 

responses, owing to early studies using monoclonal antibodies to block CTLA-4 that 

augmented murine and human T cell proliferation (5), and the profound auto-proliferative 

phenotype of CTLA-4 knockout mice, which develop severe polyclonal T cell infiltration in 

multiple tissues (18). However, a precise understanding of the mechanism of CTLA-4 
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coinhibition has been elusive, as a number of proposed mechanisms of coinhibition have 

been proposed.

Here we define the traditional model of CTLA-4 cell-intrinsic coinhibition that is based on 

two phenomena (Figure 1): 1) the higher binding affinity of CTLA-4 vs. CD28 for the 

shared ligands CD80/CD86, and 2) the transmission of negative intracellular signals through 

the CTLA-4 cytoplasmic tail (for a detailed review, see Reference 4). While CD28 and 

CTLA-4 share the same ligand binding motifs, CD28 binds its ligands monovalently, while 

CTLA-4 binds bivalently. Multiple groups have demonstrated that CTLA-4 expression can 

prevent CD28 ligand binding, possibly through its recruitment to the immunological synapse 

(5). Once CTLA-4 engages its ligands, inhibitory intracellular signaling cascades are 

initiated that involve the ITIM motif of CTLA-4 and SHP-2, PP2A, and/or cbl-b (5). This 

model has established that the localization, expression kinetics, and biochemistry of 

CTLA-4 inhibit T cell responses. However, recent studies have uncovered additional roles 

for CTLA-4 that significantly broaden our understanding of CTLA-4 as a global regulator of 

T cell responses.

Cell extrinsic CTLA-4 function

While early studies employing selective CTLA-4 blockade or genetic ablation demonstrated 

that CTLA-4 functions to dampen T cell proliferative responses, considerable evidence 

demonstrates that CTLA-4 also functions in a non-cell autonomous, or cell extrinsic, 

mechanism. Although CTLA-4 KO T cells have an autoreactive phenotype, two groups 

reported that in bone marrow chimeras of CTLA-4 KO and sufficient cells, CTLA-4 KO 

cells do not hyper-proliferate (19, 20). This finding demonstrates that the expression of 

CTLA-4 on T cells is sufficient to provide coinhibition to CTLA-4 deficient T cells. A cell 

extrinsic function for CTLA-4 found on activated T cells has also been demonstrated in vitro 

(21).

Recently the importance of the cell extrinsic function of CTLA-4 in vivo has been further 

investigated. Using a co-adoptive transfer approach of antigen-specific CTLA-4 deficient 

and WT CD4+ T cells, Corse et al. showed that the presence of CTLA-4 on WT CD4+ T 

cells limited the hyper-proliferation of CTLA-4 KO cells to WT levels (22). Interestingly, 

gene expression profiling on CD4+ CTLA-4 KO and WT cells demonstrates that the absence 

of CTLA-4 induces a signature of cell cycle progression during in vivo immune responses. 

Similarly, Wang et al. showed in dual adoptive transfer experiments that the presence of 

CTLA-4 on CD4+ Teffs limited the proliferative response of CTLA-4 KO Teffs (23). 

However, only CTLA-4+/+ Tregs, but not CTLA-4+/+ Teffs, were sufficient to suppress 

disease in a RIP-OVA model of diabetes.

In a seminal study, Qureshi et al. provided a compelling mechanistic explanation for cell 

extrinsic CTLA-4 coinhibition by demonstrating that CTLA-4 facilitates the 

transendocytosis of CD80/CD86 from antigen presenting cells (24). The authors 

demonstrated that in both human and murine T cells, CTLA-4 selectively removes its 

ligands from the surface of neighboring cells and targets it for degradation in the endocytic 

vesicles of the recipient cell. This mechanism is sufficient for suppressor function of CD4+ 
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Tregs and Teffs, as blockade of CTLA-4 with monoclonal antibodies preserved the 

expression of CD80/CD86 on APCs and enhanced costimulatory function of T cells.

Together, these studies demonstrated that CTLA-4 expressed by Teff acts during primary 

CD4+ clonal expansion in a cell extrinsic suppressive manner. One potential cell extrinsic 

CTLA-4 mechanism of coinhibition is the induction of IDO expression in APCs mediated 

through B7 signals, which inhibits T cell responses by limiting tryptophan availability (25). 

However, outcomes beyond inhibiting proliferation – including limiting effector functions – 

remain to be shown. As well, CD8+ effectors and memory cells upregulate CTLA-4 

following TCR engagement, and it remains to be seen whether CTLA-4 on CD4+ or CD8+ 

cells limits expansion of CD8+ T cells. While CTLA-4 is recognized as a critical attenuator 

of alloreactive T cell responses, strategies to maximize cell extrinsic CTLA-4 function in 

settings of transplantation have not been fully explored. For example, strategies aimed at 

transiently inducing cellular expression of CTLA-4 at the time of transplantation could 

effectively inhibit alloreactive T cell responses.

CTLA-4 as T Cell:APC Conjugation Inhibitor

Recently an entirely novel mechanism of CTLA-4 inhibition of T cell activation has been 

elucidated for CD4+ T effector (Teff) cells involving the control T cell:APC conjugation. T 

cell activation requires a sustained stable conjugation between the T cell and cell presenting 

its cognate antigen. In the absence of cognate antigen, T cells rapidly scan antigen-

presenting cells in search of cognate antigen. Recognition of a TCR and its cognate pMHC 

induces expression of molecules that enable the T cell to arrest its motion and facilitate 

sustained conjugation. Seminal work from Schneider and colleagues demonstrated that 

CTLA-4 plays an important role in reversing the TCR-mediated stop signals that occurs 

when a T cell encounters peptide:MHC complex (26). Using two-photon microscopy, this 

groups showed that CTLA-4 negative cells increased their contact times upon contacting 

antigen while CTLA-4 positive cells were unable to increase APC dwell times. These 

observations corroborate earlier observations that CTLA-4 is able to associate with the 

immunological synapse, and provide another distinct cell intrinsic mechanism of action for 

CTLA-4.

CTLA-4 on Tregs

The CD4+ T cell compartment is comprised of pro-inflammatory effector as well as anti-

inflammatory suppressor cells, the best characterized of which are CD4+CD25+FoxP3+ 

regulatory T cells. FoxP3+ Tregs play a critical role in maintaining self-tolerance in models 

of autoimmunity and transplantation (27). Prior to the discovery of FoxP3 as the master 

regulator of CD4+CD25+ suppressor function, CTLA-4 was shown to be constitutively 

expressed on Tregs (28-30). The identification of FoxP3 as a master factor of Treg function 

revealed that CTLA-4 is in fact a transcriptional target, leading to the investigation of 

CTLA-4 in FoxP3+ Tregs (31).

While experiments using CTLA-4 blockade in vivo and in vitro produced conflicting results, 

more recent work has established that CTLA-4 is required for Treg-mediated suppression of 

immune responses (31). In a FoxP3+ conditional knockout mouse model of CTLA-4 
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deletion, Wing et al. definitively demonstrated that CTLA-4 deficiency in FoxP3+ Treg cells 

is sufficient to allow the development of spontaneous and fatal autoimmunity, reminiscent of 

CTLA-4 KO mice (32). Conditional deletion of CTLA-4 on Tregs also leads to enhanced 

tumor immunity and an enhanced allogeneic proliferative response (32). Recently, several 

groups have shown that reduced expression of CTLA-4 on Tregs leads to dysfunctional Treg 

function in vitro and in vivo (7, 8, 33). Similarly, suppression by human T cells requires 

CTLA-4 but not FoxP3 (34). Recently, Zhang et al showed that CD28-deficient Tregs were 

unable to maintain self-tolerance (33). CD28-deficient Tregs had diminished CTLA-4 

expression and fail to survive following a skin graft challenge in the presence of CD28 

sufficient Tregs.

While these studies have established that CTLA-4 is required for Treg mediated 

immunosuppression, it remains to be seen whether the suppressive effect of Tregs is 

mediated by solely by high CTLA-4 expression or whether CTLA-4 has a unique 

biochemical properties when expressed on Tregs. Many studies have provided evidence of 

the former scenario, that CTLA-4 expression on non-FoxP3+ Tregs is sufficient to induce a 

suppressor function. For example, Tai et al. demonstrated that activated Teffs had in vitro 

suppressive capacity similar to Tregs, and both cell types required the extracellular, but not 

the intracellular, CTLA-4 domains (21). Studies examining cell extrinsic suppressive 

function of CTLA-4 have thus far not identified a unique role for CTLA-4 on Tregs (22, 23). 

This is further supported by the finding that Teffs and Tregs demonstrate a similar ability to 

trans-endocytose CD80/CD86 molecules via CTLA-4 (24). Together, these findings suggest 

that suppression is a function of high CTLA-4 expression, not a unique property of CTLA-4 

when expressed on Tregs, as evident by the fact that high CTLA-4 expression can induce 

suppressive function on otherwise effector T cells.

Interestingly, recent work from Rudd and colleagues has demonstrated a divergent function 

of CTLA-4 on Tregs and Teffs that is independent of expression level (35). Using two-

photon microscopy in an antigen-specific system to monitor T cell migration, the 

investigators were able to sensitively detect the conjugation patterns and kinetics of T 

cell:APC conjugates. While the presence of CTLA-4 limited the conjugation time with 

APCs for CD4+ Teffs, Tregs were resistant to CTLA-4-mediated reverse stop signals. This 

study supports a model in which APC conjugation of Teffs is limited by CTLA-4, while 

longer conjugation times of Tregs are better able to occupy APC binding sites. While this 

striking finding is consistent with the function of Tregs as occupying antigen binding sites 

on APCs and out-competing Teffs for costimulatory receptors, it indicates that the reverse 

stop potential of a cell does not rely solely on the CTLA-4 expression level. This work is the 

most thorough demonstration that CTLA-4 might have a different functional role on Tregs 

compared to non-Tregs, and future studies will examine the mechanistic basis for this result, 

whether due to a biochemical property of CTLA-4 expressed by Tregs and Teffs, or the 

presence of additional molecules that can override CTLA-4 function.

CTLA-4 on Th17 cells

Th17 cells are a pro-inflammatory CD4+ lineage that provides immunity to fungi, including 

Candida albicans, and extracellular bacteria. Th17 cells can be potent mediators of 
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pathogenic T cell responses in autoimmune disease, and have been shown to participate in 

graft rejection in several animal models and in human studies (36, 37).

Recently it has been demonstrated that Th17 cells are resistant to CD28/CTLA-4 blockade 

with CTLA-4 Ig in vitro and in vivo (4, 38, 39). Human and murine Th17 cells express high 

levels of CTLA-4 compared to primary and memory Th1 cells (4, 39). In an antigen-specific 

pathogen immunization model, murine Th17 cells also expressed more CTLA-4 than Th1 

cells and correlated with CTLA-4 Ig resistant skin graft rejection (39). Interestingly, the 

expression level of CTLA-4 correlated to the level of augmentation of proliferation in the 

presence of CTLA-4 blockade with antibodies, suggesting that CTLA-4 acts in a cell 

intrinsic manner on Th1 and Th17 cells. Consistent with the finding that Th17 cells are 

reliant on CTLA-4 signals, Ying et al found that CD28−/− Th17 cells were augmented by 

CTLA-4 blockade with CTLA-4 Ig (40).

Interestingly, costimulation blockade with the CTLA-4 Ig derivative belatacept has 

demonstrated mixed efficacy in Th17 mediated disease (1). Renal transplant recipients who 

experience rejection while being treated with belatacept, but not calcineurin inhibitors, had 

an elevated frequency of Th17 memory cells in their blood, suggesting that Th17 memory 

cells participate in graft rejection in the setting of CD28/CTLA-4 blockade therapy (4). 

Together, these studies suggest that CTLA-4 Ig, which was designed to induce deletion and 

anergy through blockade of CD28 signals, might have unintended consequences on specific 

T cell populations through blockade of endogenous coinhibitory signals.

Future Directions and Challenges

CTLA-4 has been established as a critical regulator of peripheral tolerance, and offers 

tremendous therapeutic potential as a target that can be harnessed to limit alloreactive T cell 

responses. In addition to the traditional model of CTLA-4 function, recent studies outlined 

here have broadened our understanding of the mechanisms of action of CTLA-4 

coinhibition. An updated “new” model of CTLA-4 function can be segregated into three 

components: 1.) CTLA-4 can inhibit cell autonomous T cell activation, 2.) CTLA-4 

expressed on FoxP3+ Tregs and Teffs can act in a cell extrinsic manner to suppress T cell 

responses 3.) CTLA-4 has distinct expression patterns on T cell subsets with functional 

consequences. Perhaps the greatest challenge facing our complete understanding of CTLA-4 

biology is that none of these modes of action are mutually exclusive. As such, more work is 

needed to elucidate the contexts under which each of these mechanisms do or do not occur.

For investigators, the most salient conceptual dichotomy is how to reconcile cell-intrinsic 

and cell-extrinsic CTLA-4 functions. As these studies were largely temporally separated – 

with earlier studies focused on traditional biochemical cell autonomous functions of 

CTLA-4 and more recent studies elucidating cell extrinsic functions -- more careful 

investigation of the potential interplay of these two phenomena is needed. For example, do 

cell-intrinsic and -extrinsic functions occur simultaneously? Do they occur preferentially in 

particular T cell subsets? Are there synergistic or antagonistic effects of these mechanisms 

on T cell activation?
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Additionally, regarding the cell extrinsic role of CTLA-4, further work needs to elucidate 

the differences between Teffs and FoxP3+ Tregs. While it is well established that Tregs 

require CTLA-4 for suppression, it remains unclear whether the function of CTLA-4 is 

critically different on Tregs than Teffs. Several groups have now shown that the expression 

of CTLA-4 is sufficient for any CD4+ T cell to have a suppressive function, while work 

from Lu et al. provides the most compelling subset-specific functional difference to date. 

The goal of costimulation-blockade based biologic therapies includes limiting effector T cell 

populations while retaining functional Tregs, greater understanding of distinctions of 

CTLA-4 function on these populations is critical.

In conclusion, our understanding of “the original” T cell coinhibitory receptor has deepened 

substantially in recent years. The updated model of CTLA-4 demonstrates the importance of 

continued mechanistic investigations of established therapeutic pathways, as new 

understanding can lead to further advances in clinical applications. In the context of the 

higher-than-anticipated acute rejection rates observed in belatacept-based regimens for renal 

transplant patients, these new insights suggest that perhaps perturbations in the cell-extrinsic 

functions of CTLA-4 or Th17 cells might be playing a role. While many challenges remain 

to unify the model of CTLA-4 coinhibition, it remains a therapeutic target with tremendous 

promise to effectively limit alloreactive T cells.
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Figure 1. The traditional model of CTLA-4 coinhibition
Successful recognition of a T cell receptor with cognate peptide:MHC induces CD28:B7 

costimulation. Following a brief period of activation, CTLA-4 is expressed on the T cell 

suface and extinguishes CD28:B7 binding. CTLA-4 also transmits intracellular signals that 

limit T cell activation.
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Figure 2. Novel mechanisms of CTLA-4 function
(A) CTLA-4 expression levels are different on Th1, Th17, and FoxP3+ Treg cells. (B) 

CTLA-4 expressed on T cells functions in a non-cell autonomous manner to limit the 

proliferation of other T cells. (C) T cells continuously scan antigen presenting cells for 

cognate peptide:MHC complexes. Upon binding peptide:MHC binding, T cells arrest this 

scanning motion, termed a stop signal. The presence of CTLA-4 can block this arrest, 
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termed the reverse stop-signal. (D) CTLA-4 can eliminate the expression of B7 molecules 

on antigen presenting cells through trans-endocytosis.
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Table 1

Murine transplant models in which CTLA-4 signals prevent graft rejection.

Study Allograft Recipient Treatment
*

Lin et al, 1998 (13) BALB/c hearts C57BL/6 or CD28−/− CTLA-4 Ig, anti-B7

Judge et al, 1999 (12) BALB/c hearts C57BL/6 CTLA-4 Ig/DST, anti-B7-1/anti-B7-2

Fecteau et al, 2001 (15) BALB/c islets Stz treated C57Bl/6 Anti-CD45RB

Ariyan et al, 2003 (14) BALB/c islets Stz treated C57Bl/6, B7-1−/−/B7-2−/, and 
B7-1−/−/B7-2−/−/CTLA-4−/−

Anti-CD45RB

Zhang et al, 2011 (17) C57BL/6 hearts BALB/c Anti-CD28 scFc

Liu et al, 2014 (16) BALB/c or mOVA skin C57BL/6 or C57BL/6 OT-I chimera Anti-CD28 dAb

Abbreviations: Stz, streptozotocin

*
Includes only treatments that were shown to depend on CTLA-4 signals
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