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Control of peripheral T-cell 
tolerance and autoimmunity via the 

CTLA-4 and PD-1 pathways 

Summary: Classically, the CD28/cytotoxic T-lymphocyte antigen-4 
(CTLA-4) and B7 families of cell surface molecules regulate complex 
signaling pathways that profoundly affect T-cell responses. The recent 
identification and characterization of additional CD28 and B7 family 
members including programmed death-I (PD-1), programmed death 
ligand-I (PD-LI) (B7-HI), and PD-L2 (B7-DC) has added to the complex­
ity and greater appreciation of how surface molecules control T-cell 
activation and peripheral tolerance. CD28/B7 interactions mediate co­
stimulation and significantly enhance peripheral T-cell responses. CTLA-4, 
in contrast, interacting with the same B7 molecules, results in decreased 
T-lymphocyte activity and regulates the immune response. Similarly. PD-1 
interactions with PD-LI and PD-L2 downmodulate T-cell immune re­
sponses. Despite these similarities, the regulatory roles of the CTLA-4 and 
PD- I pathways are distinct. This may be due, at least in part, to the 
differential expression patterns of the CTLA-4 and PD- I ligands both 
temporally and spatially. This article examines the role ofCTLA-4 and PD-1 
in limiting autoreactivity and establishing peripheral self-tolerance with 
the hypothesis that CTLA-4 signals are required early in the lymph node 
during initiation of an immune response and PD-1 pathways act late at the 
tissue sites to limit T-cell activity. 

Keyw~rds: autoimmunity. tolerance, regulation, CTLA-4, PD- I, PD-LI 

Introduction 

The immune system has evolved to help protect the body 

from foreign invading pathogens. To accomplish this critical 

role, T lymphocytes must discriminate between self and non­

self. This property translates into the immune recognition 

and elimination of infectious invaders while leaving host 

tissues intact. This highly selective response occurs though 

several complicated mechanisms to regulate T-lymphocyte 

activity. The first step is the elimination of self-reactive 

cells during T-cell development in the thymus. The goal of 

central tolerance is to achieve a T-cell repertoire that is 'self­

tolerant.' However, this process is incomplete, and it is 

well accepted that autoreactive T cells that escape central 

tolerance are controlled by peripheral mechanisms ( 1, 2). 

Autoimmunity results when these peripheral mechanisms 
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fail. The past few years have witnessed significant progress 

toward understanding the processes involved in autoimmune 

disease pathogenesis and the breakdown of T-cell tolerance. 

These advances include the identification and characterization 

of the key cell types and surface receptors involved in the 

induction and prevention of autoimmunity. A great deal of 

information about CD4 + effector T cells has been learned 

from these studies including the role of T-helper 1 (Thl), 

Th2, and Thl 7 subpopulations during normal immune 

responses and autoimmunity. These cells play a pivotal role 

in directing other inflammatory cells and drive differentiation 

by creating microenvironments filled with inflammatory 

cytokines and chemokines (3). Our understanding of anti­

gen-presenting cells (APCs), especially dendritic cells (DCs), 

has also increased and demonstrates that early interactions 

with T lymphocytes can have profound effects on the immune 

response. The activation state ofDCs is also important and can 

be influenced by environmental signals. During an inflamma­

tory response, the APCs act as master regulators and drive 

adaptive immunity, affecting all T-effector cell subsets. 

A number of pro-inflammatory cytokines, such as interleu­

kin-12 (IL-12), and cell surface molecules, such as CD2 8, 

promote T-cell activation and immunity (3). By contrast, 

alternative classes of DCs, some with immature phenotypes 

and others that produce suppressive factors such as IL-10 and 

indoleamine 2,3 dioxygenase (IDO), favor immune toler­

ance, possibly through anergy induction and suppressor T-cell 

activation. Among the most important suppressor T cells, the 

CD4 +CD25+ Forkhead box protein 3 (FoxP3) + regulatory 

T-cell (Treg) subset plays a vital role in maintaining immune 

homeostasis and limiting immune responses (3). In addition 

to the role of different cell types, we have also learned a 

great deal about the surface receptors and signaling pathways 

that regulate T-lymphocyte activity. To date, two key inhibi­

tory receptors that critically affect peripheral T-cell tolerance 

and T-cell function have been identified: cytotoxic T-lympho­

cyte antigen-4 ( CTLA-4) ( CD 1 5 2) and programmed death-1 

(PD-1) (CD2 79). This article focuses on our current under­

standing of the negative regulatory molecules CTLA-4 and 

PD-1, their function in controlling autoimmunity, and how 

these molecules regulate autoreactive peripheral T cells that 

have escaped central tolerance. CTLA-4 and PD-1-mediated 

T-cell intrinsic and extrinsic control of effector cells is also 

discussed as influenced by the expression of their critical 

ligands. In addition, we address the consequences of PD-1 

and CTLA-4 signaling as it relates to T-cell activation, T-cell 

mobility ( stop signaling), cytokine production, T-cell recep­

tor (TCR) signaling, and function. Lastly, opportunities for 

Fife & Bluestone · T-cell tolerance mediated by CTLA-4 and PD- I 

clinical intervention in areas of autoimmunity, tolerance, 

transplantation, and chronic viral infections are discussed. 

CD28, CTLA-4, PD- I: T-cell activation, tolerance, and 
autoimmunity 

The most widely recognized costimulatory molecule is CD28, 

which is expressed on T cells and interacts with the ligands 

B7-1 (CD80) and B7-2 (CD86) on the surface of APCs (3). 

CD28 signaling positively influences T-cell proliferation, 11-2 

production, promotes cell survival via Bcl-x1 transcription, and 

prevents anergy ( 4). Antibodies against B7 -1 and B7 -2 can 

inhibit T-cell activation in vitro, demonstrating an important role 

for CD28 (3). Furthermore, CD4 + T-cell proliferation is 

severely impaired in CD28-deficient mice ( 5). The extent or 

requirement for CD28 costimulation of CDS+ T cells is more 

controversial; however, CDS+ T cells are less CD28 dependent 

than CD4 + T cells ( 6-9). These findings suggest that the 

requirement for CD28 costimulation may be different for 

CD4 + and CDS+ T cells. To complicate matters, negative 

regulators have been added to the mix of costimulation and 

include the family members CTLA-4, PD-1, and B and T 

lymphocyte attenuator-4 (BTLA-4), among others (reviewed 

in 3, 10). CTLA-4 has been well established as a negative 

regulator of T-cell function (11, 12). CTLA-4 is rapidly 

expressed on the surface of T cells following activation and is 

highly upregulated by CD28 engagement (11). In fact, CD28 

engagement not only enhances activation and T-cell function 

but also positions the system for self-regulation by rendering 

the T cells susceptible to homeostatic signals later in the course 

of an immune response. The costimulatory signal through 

CD28 primes the system for regulation by increasing T-cell 

expression of CTLA-4 and PD-1 ( 11 , 1 3) . The presence of 

positive and negative costimulatory molecules provides the 

body a mechanism to control the immune system, which is a 

difficult balancing act. 

CTLA-4 ligation antagonizes early T-cell activation, leading 

to decreased IL-2 production, inhibition of cell cycle 

progression, decreased cyclin expression, and modulation of 

TCR signaling (12, 14, 15). CTLA-4 shares the ligands B7-1 

and B7-2 with the positive costimulatory molecule CD28, 

adding to the complex biology of CTLA-4 (16). Mice deficient 

for CTLA-4 develop lymphoproliferative disease and die within 

3-4 weeks of birth ( 1 7, 18), adding further evidence for the 

critical role of CTLA-4 inhibition of T-cell responses and 

immune homeostasis. More recently, CTLA-4 has also been 

implicated in the function of Tregs, which suppress effector 

T-cell activation and function (19, 20). CTLA-4 has also been 
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identified as a gene implicated in the susceptibility of several 

autoimmune diseases including diabetes, multiple sclerosis, 

rheumatoid arthritis (RA), myasthenia gravis, pancreatitis, 

thyroiditis, systemic lupus erythematosus (SLE), colitis, as 

well as several others (reviewed in 3, I 0). Thus, many efforts 

have focused on developing therapeutic approaches to 

selectively engage this pathway to treat autoimmunity and 

prevent organ transplant rejection. 

Similarly, PD- I has been described as a negative regulator of 

immunity that limits T- and B-cell function. PD- I is a cell 

surface molecule expressed on activated Tand B cells (reviewed 

in 10). PD-I interacts with at least two ligands: programmed 

death ligand- I (PD-LI) and another closely related molecule, 

PD-L2 (21-23). The expression patterns of PD-LI and PD-L2 

are somewhat distinct. PD-LI is expressed on leukocytes, non­

hematopoietic cells, and in non-lymphoid tissues including 

islets (21, 24, 25), while PD-L2 is expressed exclusively on 

DCs and monocytes (21, 22, 26, 27). The differential 

expression patterns of PD-LI /PD-L2 and B7 molecules are key 

differences between these two regulatory receptors and are 

central to the hypothesis that CTLA-4 acts early for tolerance 

induction and PD- I acts late for long-term tolerance 

maintenance. Signaling through PD- I limits T-cell function 

including interferon-y (IFN-y) production, proliferation, and 

increased T-cell apoptosis (28, 29). Notably, negative signals 

through PD- I on T cells control autoimmunity. Disruption of 

the gene encoding PD- I in BALBI c mice resulted in 

autoimmune cardiomyopathy (30), while CS 7BL/ 6 PD-1 

knockout (KO) mice develop progressive arthritis and a lupus­

like glomerulonephritis disease (31), and NOD PD- I KO mice 

develop accelerated autoimmune diabetes (32). The role ofPD-

1 and its ligands has been further investigated in autoimmune 

models such as diabetes and multiple sclerosis using blocking 

reagents. Administration of anti-PD-LI monoclonal antibodies 

(mAb) to young NOD mice, 1-10 weeks old, resulted in rapid 

onset of diabetes (26). Moreover, PD-1 plays a critical role in 

murine experimental autoimmune encephalomyelitis (EAE), a 

mouse model for multiple sclerosis. In EAE, PD- I blockade 

resulted in accelerated and more severe clinical disease (33). It 

was reported recently that a polymorphism in the PD- I gene is 

associated with susceptibility to the autoimmune diseases SLE, 

RA, diabetes, Graves' disease, and multiple sclerosis, linking this 

important inhibitory receptor to autoimmunity in humans 

(34-41). 

CTLA-4 and PD-I deficient mice both develop autoimmune 

phenotypes, however, the severity and timing is significantly 

different. It is possible that PD- I and CTLA-4 act differently on 

a fundamental level to shape the T cell repertoire. Early during 

life, T cells are generated and rapidly expand to fill the 

lymphatic environment ( 4 2). In mouse experiments, tolerized 

or anergic cells proliferate and expand in an • empty' host ( 4 2). 

It is unclear what signals control this expansion. CTLA-4 might 

play a critical role in this homeostatic expansion, given the 

observation that CTLA-4-deficient mice develop multi-organ 

disease and die within 3 weeks, independent of genetic 

background (3). PD- I-deficient mice, however, take several 

months to develop autoimmunity, and this disease is targeted 

to specific organs (43). Perhaps genetic factors and strain­

specific nuances predispose hosts to autoimmunity by having a 

higher precursor frequency of autoreactive T cells. The absence 

of PD- I may allow these cells to overcome tissue-specific 

barriers and cause disease. It is tempting to speculate that these 

molecules play distinct roles in limiting T-cell function; if the 

roles were overlapping, the absence of either CTLA-4 or PD- I 

would not result in autoimmunity. This sets up the possibility 

and hypothesis that differential expression patterns of the CTLA-

4 and PD-1 ligands control T-cell functions within different 

microenvironments. PD- I ligand expression limits T-cell 

function within tissue-specific sites based on constitutive 

expression, while CTLA-4 limits T cells in lymphoid structures 

based on APC expression ofB7 molecules. 

CD28 and CTLA-4 broaden the T-cell response 

CD28 costimulation provides signals to enhance T-cell activa­

tion and lower the threshold for full activation. By lowering the 

threshold, CD28 allows lower affinity T-cell clones to become 

activated, thus broadening the polyclonal response to any given 

antigen. Similarly, CTLA-4 signaling affects the polyclonal T­

cell response. It has been well established that CTLA-4 expres­

sion is upregulated following T-cell activation (reviewed in 3). 

It has also been described that T cells with the highest affinity to 

a given antigen have the highest level of CTLA-4 expression 

( 44). CTLA-4 signaling results in diminished T-cell responses 

and helps bring an inflammatory response back down to 

homeostatic levels. Therefore, the highest affinity cells expres­

sing the highest surface levels of CTLA-4 will be preferentially 

inhibited, allowing the lower affinity clones to respond and 

participate in the immune response (44). This CD28/CTLA-4 

sliding threshold hypothesis might act to ensure that the body 

mounts a diverse T cell response and increase the potential to 

clear invading pathogens. This theory makes sense from an 

evolutionary point of view for host survival. By activating T 

cells that would likely target invading pathogens, but at the 

same time broadening the repertoire, the body has effectively 
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'covered the bases' to maximize an effective immune response 

to eliminate the threat (3). 

Role of CTLA-4/CD28 and PD- I pathways in T cell 
intrinsic and extrinsic regulation 

Once autoreactive T cells escape central tolerance and leave the 

thymus, peripheral mechanisms must control their activation 

or autoimmunity will develop (3, 10). The first mechanism to 

maintain peripheral tolerance is to remove autoreactive T cells 

or delete them. This process occurs primarily through the Fas 

cell death pathway, as deficiencies or deletions in the genes !pr 

or gld result in an abundance or accumulation of activated cells 

in the periphery with increased rates of autoimmune disease 

( 45-47). Cell death, especially activation-induced cell death 

(AICD) mediated by the Fas/Fas ligand and tumor necrosis 

factor (TNF)/TNF-receptor pathways, is a critical mechanism 

for the immune response to return to homeostasis during the 

refractory phase of a response. Under normal circumstances, 

T cells respond and clonally expand in response to antigen 

recognition and positive costimulatory signals. This expansion 

is followed by a contraction phase. CD28 costimulation 

provides pro-survival signals through the upregulation of 

anti-apoptotic genes, namely Bcl-xL and the growth factor 

IL-2 ( 48, 49). In addition, CD28 activates phosphatidylinositol 

3-kinase (PI3K), which in turn signals through AKT and 

promotes survival (50-52). The nature of positive costimula­

tion is to enhance survival and T-cell function, including the 

induction and survival of Tregs. CTLA-4, while not directly 

pro-apoptotic, might influence cell fate by suppressing CD28-

positive signals, resulting in cell death. 

CTLA-4-deficient animals have an accumulation of activated 

cells in multiple tissue sites; however, CTLA-4 engagement has 

not been linked to Fas-mediated death or other forms of 

apoptosis ( 12, 5 3). Similarly, PD-1 has not been linked to 

AICD despite its name. PD-1 was originally identified from T­

cell hybridomas undergoing programmed cell death ( 54). 

Further studies have shown that PD-1 is more likely 

to function on cellular activation and not directly on death 

(55, 56). PD-1 ligation inhibits the induction of Bcl-xL, an 

important cell survival factor. PD-1 is expressed on thymocytes 

and plays an important role in central tolerance both during 

positive and negative selection ( 13, 5 7). PD-1 /PD-Ll /PD-L2 

interactions affect cell fate decisions at several phases of 

thymocyte maturation. Double-negative (CD4 - CDS-) 

thymocytes express PD-1, which was shown to be important 

for selection of thymocytes that have rearranged TCR-~ genes 

productively, a process required for positive selection ( 13, 58). 

Fife & Bluestone • T-cell tolerance mediated by CTLA-4 and PD- I 

PD-1 expression increases upon TCR ligation of double­

positive (CD4+CD8+) thymocytes, and PD-1 may help 

broaden the TCR-a~ repertoire by regulating the threshold for 

activation and subsequent selection (59). The ligands for PD-1 

are also important for this process based on their expression 

patterns within the thymus. PD-Ll is broadly expressed in the 

thymus cortex, while PD-L2 is limited to medullary stromal 

cells ( 24, 5 7) . This selective expression, like that in the 

periphery, may have dramatic consequences for tissue-specific 

regulation ofT-cell function, including positive selection (58). 

In addition, PD-1-deficient mice have been shown to have 

dramatic defects in negative selection, indicating again that PD­

L expression may be critical to regulate T-cell development and 

shape the T-cell autoreactive repertoire ( 60). Therefore, PD-1 

may contribute to autoimmunity by an increase of autoreactive 

T cells escaping selection and central tolerance in the thymus, 

contributing to the phenotype of the KO mice. Although the 

precise role for CTLA-4 and PD-1 in central tolerance are 

debated, it is clear that these receptors are critical for 

regulating peripheral tolerance. 

Role of CTLA-4/CD28 and PD- I pathways in T-cell 
anergy 

A second form of T-cell tolerance is described as a state of non­

responsiveness or anergy, marked by a dramatic reduction in 

IL-2 production and other effector functions ( 61-63). Intrinsic 

mechanisms include the delivery of inhibitory signals through 

receptors expressed by activated T cells, such as PD- 1 ( 64) and 

CTLA-4 (65). In this setting, self-reactive T cells are not deleted 

but persist in an altered and decreased state of responsiveness to 

subsequent antigen challenges ( 63). The seminal observation 

by Jenkins et al. ( 6 2) demonstrated that T cells receiving signal 

1 (antigen recognition), in the absence of signal 2 (costimula­

tion), resulted in T-cell anergy or non-responsiveness led to 

the quest to understand mechanisms of peripheral tolerance. 

In vivo, several methods of antigen delivery have been found 

to induce a state of T-cell unresponsiveness or anergy. These 

data suggest that anergy is one potential mechanism the body 

uses for peripheral tolerance. The knowledge and understand­

ing that autoreactive T cells are present in healthy populations 

yet remain inert or held in check was, and still is, the center of 

much research. Both CTLA-4 and PD-1 have been implicated as 

critical regulators of peripheral tolerance (reviewed in 3, 10). 

The direct engagement between PD-1 and PD-Ll /PD-L2 to 

specifically limit T-cell function is intrinsic to the T cell. The 

mechanism for action of PD-1 signaling has been shown to 

require an antigen (TCR engagement) and occurs in cis 
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(receiving PD-1 and TCR signals from the same APC) ( 66). PD-1 

signaling does not limit T-cell responses when PD-LI /PD-L2 

receptor engagement occurs with neighboring cells, in trans. PD-

1 has both an immunoreceptor tyrosine-based inhibitory motif 

(ITIM) as well as an immunoreceptor tyrosine-based switch 

motif (ITSM) ( 67). PD-1 is phosphorylated on two intracellular 

tyrosines upon PD-LI /PD-L2 engagement, which can bind Src 

homology 2 (SH2) domain-containing tyrosine phosphatase I 

(SHP-1) and SHP-2 (56, reviewed in 67). The binding ofSHP-1 

and SHP-2 can directly affect T-cell activation by 

dephosphorylating key TCR signaling intermediates, thus 

terminating early TCR signaling. PD- I signaling can cause a 

redistribution of uniform cell surface expression to the 

immunological synapse and may potentially bring SHPI and 

SHP2 with it (68, 69). However, the concentration of PD-LI 

must be extremely high for PD-1 migration into the synapse 

(70). In addition, PD-LI has been shown to function even at 

low levels, and so it is unclear whether PD- I inhibition depends 

on re-distribution to the synapse (71 ). PD-1 /PD-LI interactions 

may alternatively inhibit TCR signaling via competition for 

accessory signaling machinery and simple competition for key 

substrates to limit and terminate TCR signaling. This may in fact 

reflect the ability of PD- I to destabilize the synapse by 

binding to the TCR-1;; complex (65, 73, 74). This intrinsic 

regulation is the most attractive mechanism and includes both 

proximal and distal TCR signaling blockade. In this model, 

CTLA-4 regulation is mediated indirectly though unique 

negative signals. These negative signals antagonize early T-cell 

activation, leading to decreased essential growth factors, 

namely IL-2, and limit cell cycle progression ( 6 5). Like PD- I , 

CTLA-4 has been shown to interact with the phosphatases 

SHP-1 and SHP-2 (65). Distinct from PD-I, CTLA-4 has also 

been shown to interact with PP2a, suggesting an additional 

inhibitory pathway (7 5). Another significant difference 

between these two inhibitory receptors is that PD- I has an 

ITSM ( 5 6). Chemnitz et al. ( 5 6) reported that mutation of the 

ITIM had little effect on PD- I signaling or functional activity. In 

contrast, mutation of the ITSM abrogated the ability of PD- I to 

limit T-cell expansion (56). This observation suggests that 

PD-1 and CTLA-4 use different structural motifs to bind and 

recruit phosphatases for signal blockade. Along this line, 

several studies support the proximal blockade model in which 

CTLA-4 acts in close proximity to the primary TCR signal 

(reviewed in 65). We have reported that CTLA-4 functions in 

the immunological synapse to terminate T-cell signaling (72). 

Understanding the precise mechanism for CTLA-4-mediated 

competing for signaling components or by dephosphorylating T-cell homeostasis will aid in our understanding and 

the TCR signaling components as they move into the 

immunological synapse. These effects are cell-intrinsic 

mechanisms for PD- I mediated T-cell inhibition. 

CTLA-4 similarly functions to limit T-cell signaling, cytokine 

production, cell cycle progression, and biochemical signals 

including activator protein- I (AP-1) and nuclear factor-KB 

(NF-KB) (reviewed in 65). There are currently at least four 

different models describing how CTLA-4 inhibits T cells: 

ligand competition, proximal blockade, distal blockade, and a 

ligand-independent model (reviewed in 65, 72). The ligand 

competition model has already been described above, where 

CTLA-4 directly competes for B7 proteins with CD28. This 

model is attractive, because CTLA-4 has significantly higher 

avidity for the B7 ligands combined with a zipper-like 

multivalency of CTLA-4 with B7 (reviewed in 65). Ligand 

competition is a result of direct interference for B7 s. If B7 s are 

engaged by CTLA-4, CD28 cannot physically interact to 

mediate the positive signals required for efficient activation. 

Therefore, CTLA-4 prevents the positive effects of CD28 

signaling. Because CTLA-4 binds to B7 with a higher affinity 

than CD28, CTLA-4 signaling would prevail under conditions 

with low B7 expression. 

CTLA-4 ligand-dependent intrinsic regulation of T cells is 

thought to act at the immunological synapse by directly 

development of therapeutics. 

In addition to direct engagement of CTLA-4 with B7 

proteins, there is evidence of a ligand-independent model for 

CTLA-4 inhibition. It has been shown recently that the mouse 

CTLA-4 gene has an alternatively spliced form, ligand­

independent CTLA-4 (liCTLA-4), which encodes a molecule 

completely lacking a ligand-binding domain (76, 77). The 

liCTLA-4 splice variant contains a single nucleotide 

polymorphism (SNP) within exon2 of CTLA-4 and is found in 

NOD mice, a strain prone to developing spontaneous 

autoimmune diabetes (77). The experimental evidence for the 

ligand-independent function of CTLA-4 comes from the 

following observations using CTLA-4-deficient mice. CTLA-4 

KO mice die early (3-4 weeks) in life from polyclonal 

lymphocyte activation and proliferation, resulting in multi­

organ lymphocytic infiltrates and uncontrolled autoimmunity 

(17, 18). CTLA-4 -/-B7-l -/-B7-2-/- triple KO mice survive, 

unless anti-CD28 is administered. This result indicates that the 

autoimmunity occurring in CTLA-4 KO mice is dependent on 

CD28 activation of T cells, which requires B7 engagement. In 

contrast, CTLA-4-sufficient, B7 -1 -/- B7 -2 -/- double KO mice 

survive, even if anti-CD28 is administered, suggesting that 

even in the absence of B7, CTLA-4 can function to limit 

lymphoproliferative disease of CD28-activated T cells 
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(reviewed in 65, 72). The concept of ligand-independent 

signaling is not novel for immune receptors as several 

molecules including CD45, pre-TCR, and pre-B-cell receptor 

(pre-BCR) have been suggested to signal in a ligand­

independent fashion (65, 78). However, this feature ofCTLA-

4 is unique for negative regulators, as PD- I inhibition requires 

engagement with the PD-LI /PD-L2 ligand to mediate T-cell 

suppression ( 67). An alternative explanation for this 

observation is that a third, unidentified ligand could exist and 

bind to CTLA-4 and not CD28 to mediate this inhibition ( 65). 

Role of CTLA-4/CD28 and PD- I pathways in T-cell 
regulation 

Tregs inhibit T-helper responses by extrinsic mechanisms. The 

recent surge of reports on Tregs has led to a large body of 

knowledge and a better understanding of immune homeostasis 

and control of aberrant, self-reactive leukocytes. 

CD4 + CD2 5 +FoxP3 + Tregs may function as extrinsic regulators 

through the production of soluble factors including IL- IO and 

transforming growth factor-~ (TGF-~) (79, 80). Extrinsic 

regulation of homeostasis has centered on the development 

and mechanistic characterization of these FoxP3 + Tregs. FoxP3 

is a transcription factor that marks Tregs and also has a critical 

role for inhibitory function (8 I, 8 2). The deletion of Tregs 

leads to multi-organ autoimmunity (83). Mice lacking effec­

tive Tregs as seen in the Scurfy mutation, CD28 -/-, IL-2 -/-, 

and CD25-deficient mice all demonstrate this phenotype 

( reviewed in 84). Further evidence for the critical role of Tregs 

has been demonstrated with the selective deletion at various 

time points in life (82). There are several key steps in which 

Tregs may have an effect on these destructive T cells, including 

activation, differentiation, migration, and supression. 

The precise mechanism and role for PD- I and CTLA-4 Treg 

function is a much-debated topic. We, and others, have shown 

mixed requirements for CTLA-4 in Treg function (reviewed in 

84). In one study (19), we showed that blocking CTLA-4 on 

wild-type Tregs abrogated their suppressive activity in vitro. 

Although CTLA-4 blockade prevented Treg suppression, the 

result is complex, given that CTLA-4 is expressed on both Tregs 

and T-effector cells. In this same study, Tregs from CTLA-4-

deficient mice developed and functioned normally, 

demonstrating CTLA-4-independent regulatory capabilities. 

These CTLA-4-deficient Tregs expressed increased levels of the 

suppressive cytokines IL- IO and TGF-P, and in vitro suppression 

mediated by CTLA-4 -/- Tregs was reduced by neutralizing 

TGF-~ (19, reviewed in 84). These findings, along with the 

fact that CTLA-4 KO T-effector cells cannot be regulated, argue 
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that CTLA-4 inhibition is mediated by intrinsic mechanisms as 

opposed to extrinsic Treg control. In other studies, we have 

shown that PD-1 Treg interactions are important for 

controlling maternofetal tolerance. PD-LI expression on Tregs 

was critical to maintain fetal tolerance (85). These results 

suggest that PD- I /PD-LI inhibition is complex and regulation 

may occur through engagement of PD-LI on APCs or through 

Tregs. It is unknown whether Tregs from PD- I KO mice can 

suppress T-effector cell functions. 

Anti-CD3 therapy has been shown to induce tolerance by at 

least two distinct mechanisms: autoreactive T-cell death 

through the induction of apoptosis and Treg suppression 

( 8 6). In a recent study, we tested the effect of PD- I -PD-LI 

blockade during anti-CD3-induced tolerance. Our results 

demonstrated that anti-CD3-induced tolerance was controlled 

by PD- I , as blocking this pathway resulted in rapid 

precipitation of autoimmune diabetes (87). We asked whether 

this effect was acting directly on effector cell function alone 

(intrinsic) or via extrinsic regulation by Treg control. In our 

diabetes system, BDC2.S T cells were sorted into Tregs 

(CD4 +CD25+CD62L +) and effector T (Teff) cells 

(CD4+CD25-CD62L+) and infused into NOD.RAG KO 

recipient mice. Two groups were analyzed: one group 

received Teff cells alone and the second group received Teff 

together with Tregs. The addition of Tregs with Teff suppressed 

the development of diabetes. PD-LI blockade did not alter 

Tregs' ability to control this disease, indicating that Tregs did 

not depend on PD- I -PD-LI interactions for tolerance 

induction and prevention of autoimmune diabetes ( 8 7). Thus, 

in this model, the PD- I -PD-LI pathway reversed anergy in islet 

antigen-specific T cells by a direct T-cell intrinsic regulation. 

PD- I blockade restored antigen-specific T-cell proliferation, 

inflammatory cytokine production, and rapid disease (8 7). We 

demonstrated that this effect was cell intrinsic; however, the 

role for PD-1 and Tregs is still unclear. Using a different 

autoimmune model, we demonstrated that tolerance was 

effective in the absence of Tregs, and this protection was 

controlled by PD- I signals. In this system, we transferred 

CD4 + CD2 5 - (Treg cell-depleted) pathogenic T cells into 

Treg cell-deficient hosts (87). Tolerance was induced using 

ethylene carbodiimide (ECDI)-fixed antigen-coupled splenocytes 

( antigen-SP) depleted of Tregs. Using this treatment, we did not 

detect an increase of FoxP3 + TCR transgenic (Tg) + T cells, 

indicating that antigen-SP tolerance did not induce adaptive Treg 

cells, and yet PD- I blockade precipitated rapid diabetes (8 7). 

These results suggest that the PD-1-PD-Ll pathway functions in 

a Teff cell-intrinsic manner to modulate IFN-y production and 

direct T-cell function. Taken together, data from different models 
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for T-cell tolerance suggest that PD-1 functions through both 

T-cell-intrinsic and Treg-extrinsic mechanisms. 

CTLA-4 acts early while PD- I acts late to control 
tolerance 

Immune homeostasis is a state of defensive readiness in the 

absence of active inflammation or immunity. The immune 

system has the difficult task of being ready and able to respond 

to any environmental insult. It must act quickly to respond and 

destroy the threat, and yet control local damage to preserve the 

host tissue. As a result, the process to fully activate a naive T cell 

is a selective and complex process with potentially dangerous 

side effects. The immune system has several mechanisms built 

in to help control T-cell responses once effective immunity has 

occurred. Among these mechanisms are Tregs, inhibitory 

cytokines, and negative signaling molecules. CTLA-4 and 

PD- I limit T cells both early during the initiation of the 

immune response and late for the long-term maintenance of 

tolerance. Our hypothesis is that CTLA-4 plays a dominant role 

during tolerance induction, while PD-1 plays the dominant 

role during the maintenance of tolerance. 

Animal models using gene deletions have demonstrated the 

critical role that negative regulatory molecules play in immune 

homeostasis. For a given genetic background, a hierarchy for 

negative regulation has emerged. CTLA-4 seems to be the 

dominant-negative regulator as deletion of this molecule 

despite different genetic backgrounds has led to a similar 

phenotype of rapid multi-organ tissue infiltration and death, 

within 3-4 weeks ( 1 7, 18). PD- I has also been reported to 

cause severe tissue-specific autoimmunity which depends on 

the genetic background (3), but has slower kinetics than CTLA-

4 KO disease (31, 43). PD-I-deficient mice on the C57BL/6 

mouse background develop lupus-like glomerulonephritis and 

arthritis disease but not until late in life ( 5 0% at 14 months) 

( 3 1). Similarly, PD- I KO BALBI c mice develop cardiomyopathy 

(50% incidence by 5 months) (30). NOD.PD-LI KO mice 

develop accelerated spontaneous diabetes ( I 00% incidence by 

I O weeks) ( 3 2). These reports suggest that PD-1 deficiency 

potentiates the autoimmune predisposition of the given genetic 

background, leading to the induction of different forms of 

autoimmune diseases. CTLA-4, in contrast, dominates and 

spreads multi-organ infiltrate and autoimmunity despite the 

genetic background. 

CTLA-4 and PD-I ligand expression and distribution may be 

the deciding factor for the timing and localization of T-cell 

control and development of autoimmunity. The autoimmune 

phenotype in the absence of PD- I may be a consequence of 

predisposed condition or underlying genetic propensities. 

Alternatively, the lack of tissue-specific PD-LI /PD-L2 

expression could help tip the balance, allowing autoreactive 

T-cell activity that would otherwise be silent. PD-1 ligands, 

PD-LI and PD-L2, unlike CTLA-4 ligands B7-I and B7-2, are 

constitutively expressed in peripheral tissue sites during 

homeostasis and can become elevated in response to tissue 

insult (3, 67). Inflammatory cytokines and chemokines have 

been shown to upregulate tissue-specific expression of the 

inhibitory ligands (25, 88). Additional support for a tissue­

specific role is demonstrated by PD-LI expression in immune 

privileged sites including the eye and the placental vascular 

endothelial cells (24, 89). Blocking PD- I in each of these 

tissues has demonstrated a significant effect on T-cell function 

for both fetal survival and corneal allograft rejection (85, 90). 

PD-LI expression is also found in a large number of 

non-hematopoietic cells including vascular endothelium, 

non-parenchymal liver cells, pancreatic islets, placental 

syncytiotrophoblasts, keratinocytes, and lung cells (reviewed 

in 6 7). Functional data demonstrated that PD-LI expression on 

non-bone marrow-derived cells including islets cells controlled 

tolerance in a spontaneous diabetes model (87, 91). Thus, 

PD-LI expression may be the critical tissue-specific mechanism 

for autoreactive T-cell control. 

Autoimmune diabetes: PD- I and the maintenance of 
T-cell anergy 

We have reported recently that both PD-1 and CTLA-4 have 

important roles in the induction of peripheral tolerance using 

an adoptive transfer model of autoimmune diabetes (87). We 

have also demonstrated that PD- I, but not CTLA-4, is critical 

for the long-term maintenance of tolerance in this model (87). 

Our system relies on using an antigen-specific approach to 

induce selective T-cell tolerance. Antigen-fixed ECDl-coupled 

cells were injected into recipient mice receiving antigen­

specific activated T cells. The idea behind this strategy is that 

the TCR/ antigen-specific signal is presented in the absence of 

costimulation (signal I only). CTLA-4 blockade has been 

reported to prevent tolerance induction using this tolerance 

model (87, 92). Interestingly, anergic T cells could not be 

'released' using anti-CTLA-4 (8 7). In this setting, CTLA-4 did 

not inhibit cellular trafficking of autoreactive T cells in a 

delayed-type hypersensitivity response but did prevent their 

ability to proliferate and produce effector cytokines (92). It is 

possible that cells can migrate with CTLA-4 blockade, but once 

within tissue sites, PD- I /PD-LI interactions dominate, given 

the tissue-specific basal level of PD-LI expressed. Only 
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blocking the tissue-specific PD-L 1 releases the cells and allows 

them to gain full effector function. This was true in the diabetes 

tolerance model; only PD-1/PD-Ll blockade released these 

cells and precipitated rapid progression of autoimmune dia­

betes ( 8 7). These results illustrate a complex regulatory control 

for peripheral tolerance induction and maintenance. It was 

interesting to discover that PD-1 blockade resulted in both the 

prevention of tolerance induction and also the rapid release of 

anergic T cells, several months after anergy was established. We 

demonstrated that even 6 months following tolerance using 

insulin-coupled cells to treat new onset spontaneously diabetic 

mice, PD-1/PD-Ll blockade resulted in rapid autoimmune 

diabetes and 100% incidence (87). 

We predicted that PD-Ll /PD-12 temporal and spatial 

expression is critical for its inhibitory role. Using the ECDI­

fixed tolerance model, we determined that PD-Ll must be 

present within the tissue for tolerance and not on the initial 

fixed antigen-coupled cell. Antigen-coupled ECDI-fixed cells 

from PD-Ll KO mice were used to induce tolerance in the 

adoptive transfer diabetes model. We found that PD-Ll KO 

APCs induced 100% tolerance, supporting the idea that only 

PD-L 1 expression within the islets is critical for maintaining 

tolerance (87). These data, along with the studies from Keir 

et al. (91), demonstrate that PD-Ll is required within the islet 

tissue and not the peripheral lymph nodes to prevent diabetes. 

In PD- I -sufficient NOD mice, infiltrating T cells form a cluster 

surrounding the pancreatic islets (peri-insulitis) and rarely 

invade the islets, forming a ring as if there were a protective 

barrier (93). Strong PD-Ll expression on the~ cells adjacent to 

these infiltrating T cells may serve as a barrier to suppress the 

effector function of diabetogenic T cells (32). In NOD-PD-1 -/­

mice, this barrier is effectively lost, and T cells invade deep into 

the pancreas islets, causing rapid tissue destruction and clinical 

disease ( 3 2, 91). These results support the hypothesis that PD-L 1 

is critical for maintaining tolerance within local tissue sites. 

It is interesting that the PD-1-PD-Ll interaction was not 

critical in the direct engagement of the activated Teff cells and 

p3 l-SP ECDI-treated APCs, given the integral role of this 

pathway in controlling T-cell activation in several systems 

(reviewed in 10). Rather, the PD-1 pathway acted downstream 

of the initial antigen encounter. Thus, the PD-1 pathway is not 

critical for induction but rather the maintenance of tolerance in 

the target tissue. This was true for both the antigen-coupled 

fixed APCs and anti-CD3 models, where antigen-specific T cells 

continue to reside in the target organ ( although they are not 

pathogenic) (94). Therefore, we speculate that the PD-1-PD­

L 1 interactions maintain tolerance within the local infiltrated 

tissues. In this regard, we have observed that anti-PD-Ll 
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treatment did not precipitate diabetes in models such as the 

NOD B7-2KO, where there is no infiltrate (16) and, thus, the 

endogenous host CD4 + T cells were not able to induce disease 

when PD-1 was blocked. In contrast, blockade of PD-1 on the 

tolerized BDC2.5 T cells resulted in rapid reversal of anergy, 

including a dramatic increase in inflammatory cytokines and 

proliferation, indicating that induction of tolerance through 

TCR-mediated pathways induces a state of T-cell anergy that is 

maintained byPD-1-PD-Ll engagement (87). 

Both CTLA-4 and PD-1 inhibit T-cell proliferation, cytokine 

production, and proximal TCR signaling ( reviewed in 10). 

Thus, it is critical to understand the apparent paradox that each 

molecule is both necessary and yet not sufficient for tolerance. 

The model suggests that this apparent contradiction can be best 

reconciled if the two negative regulatory pathways function at 

different stages and sites during autoimmunity. For instance, 

unlike PD-Ll, which is highly expressed in islets and other 

stromal cells ( 5 7), expression of the CTLA-4 ligands B7 -1 and 

B7 - 2 is largely restricted to lymphoid tissues ( reviewed in 1 0). 

Therefore, CTLA-4 may act early during initial T-cell activation 

in the draining lymph nodes via B7 - 1 and B7 -2 engagement, 

whereas the PD-1-PD-Ll pathway may function within tissue 

sites distal to initial activation. PD-1 may provide an additional 

opportunity to limit T-cell function and prevent tissue damage 

downstream of CTLA-4. 

CTLA-4 and PD- I effects on T-cell stop signals and 
reversal of tolerance 

Although the PD-1 pathway is a critical regulator of immunity 

and plays a significant role in tolerance in normal and 

therapeutic settings, the precise mechanistic basis for tolerance 

in vivo remains unclear. In spite of the biochemical studies, there 

has been little understanding of the effects of PD-1 engagement 

in T-cell activation as there is no good in vitro model of the 

inhibitory activity of PD-1/PD-Ll interactions and in vivo 

studies have been limited to global effects on immunity. PD-1 

has been shown to limit extracellular signal-regulated kinase 

(ERK) phosphorylation, which is a signature of anergized T 

cells ( 66). We and others (9 5, 96, B. T. Fife and J. A. Bluestone, 

unpublished observation) have found that ERK phosphoryla­

tion is decreased in anergic T cells. 

Recent imaging advances have allowed the use of multi­

photon laser-scanning microscopy (MPLSM) to visualize T cells 

in lymph nodes and non-lymphoid tissues in vivo on the single 

cell level. Several groups have described the speed and 

movement characteristics of CD4 +, CD8 + T cells, and DCs 

during T-cell priming and tolerance induction (9 7-101). 
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Using this approach, the contact time between CD4 + or CDS+ 

T cells with DCs was determined to be a critical factor for full 

activation, proliferation, and cytokine production ( I 02). 

However, dynamic T-cell movement and velocity during the 

long-term maintenance of tolerance has not been studied. 

Therefore, we examined the effects of CTLA-4 and PD- I 

blockade both biochemically and by MPLSM. In a recent study, 

we took advantage of a robust anergy-inducing regimen to 

examine the biological basis of fixed AFC-induced tolerance 

and the effects of CTLA-4 and PD- I engagement in real time. 

We demonstrated that PD-1 /PD-LI interactions have a direct 

role in regulating the T-cell stop signaling leading to inhibition 

of T-cell migration (E.T. Fife and J.A. Bluestone, unpublished 

observation). BDC2.5 T cells were activated, tolerized, and 

transferred to a recipient mouse for imaging. PD- I blockade 

decreased T-cell movement, velocity, and prolonged the 

interactions with DCs in the antigen-containing pancreatic 

lymph nodes but not in the non-antigen-bearing inguinal 

lymph nodes (B.T. Fife and J.A. Bluestone, unpublished 

observation). This observation suggested that antigen was 

required. The prolonged interactions with DCs resulted in a 

release from anergy and the restoration of calcium signaling, 

phosphorylation ofkey TCR signaling molecules including ERK, 

and IFN-)' production (B.T. Fife and ].A. Bluestone, unpublished 

observation). Moreover, PD- I blockade resulted in decreased 

antigen-specific T-cell movement within the islets and 

accelerated diabetes. Previous reports by Rudd and colleagues 

(IO 3) have suggested that CTLA-4 engagement actually led to 

decreased movement and velocities of CD4 + T cells, concluding 

that CTLA-4 normally enhances the stop signal and firm T-cell 

interactions with DCs. Our data, using the diabetes adoptive 

transfer model and long-term tolerance, yielded the opposite 

finding that PD- I blockade enhanced T-cell stop signals. Our 

model for the maintenance of peripheral tolerance is distinct 

from that reported for CTIA-4 and suggests a fundamentally 

distinct model for the inhibitory receptors CTIA-4 and PD- I. 

PD- I, CTLA-4, and chronic viral responses 

Chronic viruses have developed mechanisms for the evasion 

and/or the modification of host immune responses, resulting 

in persistent infection. Recent work investigating chronic 

human immunodeficiency virus (HIV) infections has demon -

strated a critical role for PD- I and the suppression of CDS 

anti-viral responses, termed 'exhaustion' (104, 105). T-cell 

exhaustion is defined as a gradual loss of critical anti-viral 

effector functions, including IFN-y, TNF-cx, proliferation, and 

cytotoxicity, and ultimately an inability to clear viral load 

( reviewed in I 0 6, I 0 7). PD- I blockade has been shown to 

release HIV-specific CDS+ T cells to produce inflammatory 

cytokines and re-invigorate the anti-viral response ( I 04, IO 5). 

Similar reports for PD- I have been demonstrated in chronic 

hepatitis B virus (HBV), hepatitis C virus (HCV), simian 

immunodeficiency virus (SIV), and lymphocytic choriomenin­

gitis virus (LCMV) ( I 04, I 0 7-1 0 9). In LCMV chronic viral 

infection, exhausted CDS+ T cells do not proliferate, have 

decreased production of TNF-cx, IL-2, IFN-)', perforin, gran­

zyme granules, decreased cytotoxic potential, are resistant to 

apoptosis, and persist long term (104, I 05). It is interesting to 

note that the phase or extent of exhaustion has different 

features, several of which are shared with anergic CD4 + T cells. 

Elevated T-cell PD- I expression is the first correlation, but 

interestingly 'partially exhausted' CDS+ T cells make IFN-y 

(reviewed in 106, 107). There have been several reports of 

tolerogenic/inhibitory effects of IFN-y from anergic CD4 + 

T cells as well ( 110, 111). This similarity, along with the ability 

of these cells to resist apoptosis and persist, but not proliferate, 

corresponds with diminished anti-viral responses and is remi­

niscent of anergic CD4 + T cells ( I 04). Blocking PD- I in this 

setting has been shown to release these antigen-specific cells, 

allowing full restoration of CDS function including prolifera­

tion, IFN-y, TNF-cx, and most importantly efficiently decreased 

viral load (reviewed in 106, 107). Interestingly, CTLA-4 

blockade did not restore CDS+ T-cell function; the cells 

remained exhausted and unresponsive. This was also true in 

the CD4 + T-cell autoimmune model of tolerance induced using 

ECDI-fixed APCs for tolerance induction. CTLA-4 blockade did 

not restore proliferation, cytokine production, and did not 

result in rapid autoimmune disease (8 7). It is quite possible 

that similar mechanisms regulating CDS+ T-cell-exhausted 

states regulate anergy in CD4 + T cells, and PD- I signaling is 

central to this non-responsiveness. 

It has also been suggested that exhausted CDS+ T cells move 

from partial to full exhaustion as CD4 + T-cell help decreases 

and antigen load and PD- I increase ( I I 2). We would like to 

speculate that not only does the antigen load help determine 

the outcome of CD4 + and CDS+ T-cell responses, but the 

context of the antigen is critical. In the antigen-fixed tolerance 

model, CTLA-4 blockade does not break tolerance with in vivo 

administration of neutralizing antibody; however, if CTLA-4 

blockade is administered along with a high dose of antigen in a 

priming condition (in the context of complete Freund's 

adjuvant), tolerance is broken (92). The production of 

inflammatory cytokines and pattern recognition stimuli may 

be critical for CTLA-4 abrogation of tolerance. Additional 

studies are needed to determine the effects for PD- I and 
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CTLA-4 regulation on T and B cells in response to these 

environmental factors and cytokines during induction of 

immunity and tolerance. 

Clinical opportunities 

The establishment of immune homeostasis and return to 

normal health has been the quest of immunologists and 

clinicians treating autoimmunity, transplant graft rejection, 

cancer, and chronic viral infections. In each of these condi­

tions, cellular interactions play a critical role either through 

undesirable T-cell attack of self-tissue in the case of autoimmu­

nity and graft rejection, or insufficient T-cell activation to target 

tumor cells or chronic virally infected cells. In either case, 

regulating T-cell activity seems to be at the heart of therapeutic 

strategies. PD-I and CTLA-4 are attractive targets for therapeu­

tic intervention, given their critical role in regulating T-cell 

activation and tolerance. This next section summarizes the 

clinical experiences with agents specifically designed to target 

PD- I and CTLA-4, along with future clinical opportunities 

targeting these inhibitory pathways. 

Therapeutic strategies targeting CTLA-4: antagonism 
versus agonism 

In the past several years, many efforts have focused on devel­

oping therapeutic approaches to selectively engage CTLA-4 to 

treat autoimmunity and organ transplant rejection (11, 12, 

113). Unfortunately, early attempts were largely unsuccessful 

due to the complex biology of CTLA-4 (3). Early approaches 

used antibodies targeting CTLA-4, B7-1, and B7-2 for immune 

regulation. These attempts were unsuccessful, because anti­

CTLA-4 or anti-B7 prevents CTLA-4/B7 engagement and cross­

linking. As a result, the antibody acts as an antagonist and 

prevents negative signaling and thus promotes enhanced T-cell 

activation, expansion, and differentiation. This was demon­

strated in vivo in an effort to treat autoimmunity. Administration 

of anti-CTLA-4 antibodies acted as an antagonist of the CTLA-4 

function, resulting in exacerbation of clinical autoimmune 

diseases (114, 115). Thus, a new approach to directly engage 

CTLA-4 to act as an agonist, to induce the negative signal would 

be desirable to treat autoimmunity. 

T-cell inhibition through CTLA-4 signaling requires cross­

linking and must coincide with TCR engagement. This dual 

requirement is a direct consequence of the fact that CTLA-4 

functions by directly influencing TCR-mediated signal 

transduction by altering TCR-s chain phosphorylation and 

immune synapse formation ( 1 5, 7 2, 1 16). Thus, any effective 

therapeutic approach would depend on CTLA-4 engagement, 
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both physically and temporally, together with the TCR signal 

from the same APC ( 1 5). This most likely explains why in vivo 

administration of anti-CTLA-4 acts as an antagonist. Most 

CTLA-4/antibody complexes would occur in the absence of 

antigen-bearing APCs. We hypothesized that effective delivery 

of a CTLA-4 agonist signal would depend on presentation of a 

specific CTLA-4 ligand (i.e. anti-CTLA-4 anitbody) on a 

relevant AFC-bearing cognate antigen ( 117). Thus, we 

developed a single-chain, membrane-bound anti-CTLA-4 Ab 

that could be expressed directly on an APC with the goal to 

selectively engage antigen-specific TCR and CTLA-4, 

simultaneously (118, 119). Using this approach, we 

demonstrated that B-cell expression of an anti-CTLA-4 single 

chain (scrx-CTLA-4) was effective in diminishing autoimmune 

diabetes in the NOD mouse strain ( 119). This approach was 

effective in the absence of Tregs, suggesting that the 

mechanism for this regulation had a direct effect of inhibiting 

T-cell proliferation and differentiation toward IFN-y­

producing cells. We also demonstrated that this approach was 

effective in regulating CDS+ T-cell-mediated tumor clearance 

in an in vivo tumor model (120). CDS+ T cells isolated from 

animals bearing scrxCTLA-4 tumor cells were hyporesponsive 

ex vivo upon antigen re-challenge, indicating that CTLA-4 

engagement resulted in tolerance ( 120). Further development 

of this approach for CTLA-4 agonism in clinical applications 

will depend on efficient gene transfer technology and 

expression of anti-CTLA-4 on autologous APCs in vivo. 

CTLA-41g: a potent inhibitor of CD28-mediated T-cell 
costimulation 

CTLA-4 fused to an immunoglobulin chain (CTLA-4Ig), a 

soluble CD28 antagonist therapeutic reagent, was developed to 

avoid the complex problems associated with anti-CTLA-4 

therapy. CTLA-4Ig functions to prevent the interaction of CD28 

with B7 during activation of naive and activated helper or 

cytotoxic T cells ( 121). During the past 17 years, the mechan­

istic basis for CTLA-4Ig function in vivo has been investigated. 

The results from these studies have demonstrated that CTLA-4Ig 

blocks the engagement ofCD28 with its ligands B7-l and B7-2, 

inhibiting the early phases of T-cell activation, including cell 

cycle progression, proliferation, T-effector differentiation, and 

cell survival ( reviewed in 3, 1 2 2-12 4). Despite the original 

observations in vitro demonstrating that CTLA-4Ig treatment 

resulted in the induction of T-cell anergy, these findings did 

not translate to in vivo models (7). Rather, CTLA-4Ig seemed to 

mediate its profound effects through the prevention of activa­

tion, limiting clonal expansion, and induction of passive cell 
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death through growth factor withdrawal via pro-apoptotic 

activity (125-128). Additionally, CTLA-4Ig has been shown 

to trigger APC production of 100, an intracellular enzyme 

(140). This result did not support the observations from animal 

models, indicating that CTIA-4Ig may function differently in mice 

and humans (140). With a greater understanding of the role of 

that breaks down tryptophan to produce immunoregulatory Tregs during immunity and homeostasis, combinational 

kynurenines which suppresses T-cell activation (129). therapeutic approaches may be more effective. 

The development of CTLA-4Ig as an effective antagonist of 

CD28 signaling in vitro prompted in vivo studies to assess efficacy. 

In multiple transplant settings, we and others demonstrated 

that CTLA-4Ig therapy led to tissue and organ graft survival, 

suppression of alloantibody responses, and the induction of 

tolerance (123, 130, 131). In addition, experiments in 

autoimmune models suggested that CD28 blockade not only 

functioned at the initiation of an immune response but could 

also ameliorate ongoing disease (3). Most importantly, CTIA-

4Ig therapy could be withdrawn after a short time in several of 

these studies, but the beneficial effects remained long term. 

CTLA-4Ig is now a Food and Drug Administration-approved 

drug for use treating patients with RA ( 1 3 2). Early indicators 

suggest that CTLA-4Ig is effective and binds the B7 ligands to 

inhibit T-cell function. At least five studies have demonstrated 

safety with CTLA-4Ig therapy and significant clinical 

improvements in RA ( I 3 3- I 3 8). Patient response rates in 

several studies were comparable to blocking TNF-rx ( e.g. 

etanercept, infliximab, adalimumab), which arguably 

represent the most important advance in the treatment of RA 

over the past decade ( 12 I). Moreover, CTLA-4Ig therapy was 

shown to significantly inhibit radiographic progression of 

disease, a surrogate measure of joint damage (reviewed in 

I 2 I). These results are exciting and represent a significant 

biological success for RA, by specifically targeting T cells. 

Previous strategies designed to deplete T cells including anti­

CD4, anti-CDS, and anti-CD52 yielded disappointing results 

and suggested that global T-cell depletion was not the best 

approach for RA treatment (reviewed in 121 ). These 

encouraging results warrant further trials and mechanistic 

studies to better understand the disease process. 

As a cautionary note, CTIA-4Ig treatment may negatively affect 

Tregs, which are critically important for controlling 

autoimmunity and maintaining transplant tolerance (3). The 

development and peripheral survival of Tregs is CD28 

dependent; thus, it is not surprising that blockade of the CD28 

pathway using CTIA-4Ig in animal models of autoimmunity has 

resulted in a precipitous decrease in Tregs (139). However, it is 

unclear whether these potential adverse CTIA-4Ig effects occur in 

humans following CTLA-4Ig therapy. It likely depends on the 

dose, location, timing, and the cellular composition during 

disease pathogenesis. In a recent clinical report, Tregs were 

unaffected with CTIA-4Ig therapy following renal transplantation 

PD- I opportunities in chronic viral infection 

Persistent viral infections such as HIV, SIV, HBV, HCV, and 

LCMV are associated with functional exhaustion of virus­

specific CD8 + T cells ( I 04, 141 , 14 2). Recently, in vivo blockade 

of PD- I has been shown to restore the function of virus-

specific CD8 + T cells, resulting in enhanced viral clearance. 

These findings highlight the attractive nature of this pathway 

for therapy in chronic infections (reviewed in 107). PD-I 

blockade has been shown to release HIV-specific CD8 + T cells 

to produce inflammatory cytokines and re-invigorate the anti­

viral response ( I 0 4, I 0 5 , 1 41 , 14 2) . Similar reports for PD- 1 

have been demonstrated in chronic HBV, HCV, SIV, and LCMV 

(104, 108, 109). In these studies, PD-1 expression is elevated 

on CD8 + virus-specific T cells and correlates with a high viral 

load and reduced CD4 + T-cell counts (reviewed in 106, I 07). 

Although anti-viral T cells would be released from exhaustion 

with systemic PD- I blockade, autoreactive CD4 + and CD8 + 

T cells may also be released and result in autoimmunity. Thus, 

a targeted or antigen-specific release would be highly desirable. 

In a recent study, Ha et al. ( 143) have shown a combinational 

approach to specifically target the immune system to enhance 

viral-specific responses during PD- I blockade. In this setting, 

chronic LCMV-infected mice were given a vaccination consist­

ing of vaccinia virus expressing an LCMV-dominant epitope 

glycoprotein (gp) 3 3 ( I 43). Following vaccination, mice 

received PD-LI blockade causing the release from PD- I ex­

haustion and effective viral clearance ( 143). This enhanced 

viral response was specific as only gp3 3 responses but not 

gp27 6 responses were elevated, indicating epitope-specific 

responses to therapeutic vaccination ( I 43). These results 

suggest that blockade of the PD- I /PD-LI pathway enhances 

anti-viral responses, and yet this response was a focused release 

allowing viral-specific T cells to escape exhaustion. Although 

this study shows clinical promise, potentially harmful side 

effects should be considered and investigated before translating 

this therapy into human clinical trials ( 144). 

Therapeutic targeting of PD- I/PD-LI: clinical approaches 
for tumor immunology 

The immune system is designed to identify targets and destroy 

potential threats. Tumor cells have evolved to escape immune 
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recognition for survival. Tumor cells express antigens that can 

be recognized by the immune system; however, tumors often 

create microenvironments through soluble factors and surface 

ligands to inhibit T-cell function. PD-11 expression on tumor 

cells is one of these inhibitory mechanisms. Several reports 

have demonstrated PD-11 expression on the majority of human 

and rodent cancers as a mechanism to limit T-cell anti-tumor 

responses (reviewed in 67, 145). Immune escape likely occurs 

because infiltrating T cells have elevated levels of PD-1, and 

upon ligand binding, T cells are shut down. In fact, PD-1 

expression levels have been shown to correlate with tumor 

prognosis; higher PD-1 levels are associated with poorer 

prognosis (146, 147). These data suggest that even if tumor­

infiltrating lymphocytes can recognize neoplastic target cells, 

they may be rendered unresponsive in a PD- I -dependent 

fashion. A recent report by Azuma et al. ( 148) has provided an 

additional mechanism for PD-L 1 's role during immune escape. 

PD-11 signaling in tumor cells was shown to enhance resis­

tance to apoptosis induced by both immune effectors and pro­

apoptotic drugs (148). In this model, the tumor cells receive 

PD-11 -induced signals for survival during interactions with 

PD-1 'ligand' engagement on the tumor-infiltrating T cells 

( 148). This reverse signaling may lead to two critical events: 

the induction of apoptosis resistance for PD-11 tumor cells and 

T-cell inhibition through PD- I-induced signals. This finding 

may impact our targeting strategy to selectively block PD-11-

induced signals in addition to enhancing T-cell tumorgenicity. 

The ablation of PD-1 /PD-Ll interactions has indeed been 

shown to restore CTL-mediated lysis of tumor cells in vitro 

(reviewed in 67, 145). Therefore, anti-tumor therapeutic 

approaches including soluble PD-1, PD-1 lg, and PD-Lllg have 

been examined in vivo (21, 5 5, 149-15 1). Results from these 

studies have demonstrated mixed efficacy in animal tumor 

models ( 15 2, 15 3). Treatment with anti-PD-11 in vivo delayed 

tumorigenesis but did not halt myeloma tumor cell growth 

( 154). However, gene therapy with plasmid DNA encoding 

sPD-1 was successful in suppressing the progression of pul­

monary metastatic melanoma, suggesting that this pathway is a 

promising target for therapeutic intervention ( I 5 5). The 

differences of PD-11 blockade versus PD-11 reverse signaling 

may critically change the outcome for tumor survival and 

susceptibility to apoptosis. In this case, antagonistic therapies 

would be beneficial, thus preventing PD-LI-induced protection 

in tumor cells. Clinical trials examining the use of PD- I 

blockade are underway; thus, we will learn whether the 

temporary interruption of this pathway is feasible and safe for 

humans suffering from chronic illnesses and mechanisms by 

which tumor cells escape T-cell immunity. 
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Genetic manipulation of PD- I signals as a therapeutic 
approach for autoimmunity 

PD- I/PD-11 /PD-L2 interactions play a critical role during the 

induction and progression of autoimmunity. PD- I and PD-L 1 / 

PD-L2 genetic deficiencies result in severe autoimmunity. PD­

L I tissue expression is enhanced in response to inflammatory 

cytokines ( 67). PD-11 expression acts as a natural 'balance' to 

limit tissue-specific responses to inflammation in an effort to 

limit T-cell destruction. Several studies have addressed whether 

augmenting this natural response could limit autoimmune 

disease progression. This approach was through enhanced 

tissue-specific PD-11 expression. Hirata et al. ( I 5 6, I 5 7) 

genetically modified mouse embryonic stem (ES) cells using 

vectors to express surface PD-LI and myelin oligodendrocyte 

glycoprotein (MOG) in MHC class II. They next differentiated 

the cells into DCs and transferred the cells into mice with EAE, a 

model for human multiple sclerosis. In their study, the PD-11-

expressing DCs were able to limit spinal cord inflammation and 

decrease clinical disease severity, demonstrating a therapeutic 

effect. The authors concluded that this therapy induced anergy 

rather than the induction of a regulatory population because 

the transfer of these anergic T cells could not prevent subse­

quent clinical EAE symptoms (156). 

More recently, Ding et al. ( I 58) observed suppression of 

nephritis in a lupus-like syndrome in mice treated with 

adenovirus expressing the full-length PD-11 gene. The authors 

detected a strong expression of PD-11 on renal proximal 

tubular epithelial cells after viral infection and concluded that 

the protective effect was due in part to selective tissue 

expression of PD-11 (158). Other studies selectively targeting 

PD-11 to tissue-specific sites have found very different clinical 

outcomes. Although PD-1 has been overwhelmingly 

characterized as a negative regulator of T-cell function, the 

role during T-cell activation is still controversial. To test the idea 

that islet cell-specific expression would protect islets from 

autoimmune diabetes and prevent islet graft rejection, 

Subudhi et al. (159) created genetically modified mice 

expressing the PD-11 gene under control of the rat insulin 

promoter. Surprisingly, these mice developed spontaneous 

disease with accelerated kinetics. In fact, PD-LI-expressing 

islets were not protected in transplant experiments; rather, 

these PD-LI-expressing islets were quickly rejected and 

enhanced T-cell activation (159). The reasons for these 

contradictory results are not yet clear. These findings illustrate 

the complexities of costimulatory blockade, and only with a 

better understanding of the molecules involved, along with the 

critical timing of ligand expression, will we be able to 
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Peripheral Tolerance 
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Fig. I. Peripheral tolerance mediated by negative regulators. This figure represents the differential effects for CTLA-4 and PD- I for limiting T-cell 
function during T-cell activation and the maintenance of peripheral tolerance. CTLA-4 and PD- I are rapidly expressed following T-cell receptor 
engagement and CD28 co-stimulatory signals. B7-I and B7-2 are constitutively expressed in the lymph nodes at low levels on antigen-presenting cells 
and upon activation are highly upregulated. PD-LI and PD-L2 are constitutively expressed in peripheral tissue sites and upregulated in response to 
inflammatory signals. The temporal and spatial patterns for ligand expression may help to explain the distinct differences between these two inhibitory 
molecules. CTLA-4 blockade prevents tolerance induction and therefore may act in the earliest stages of immunity, particularly those within the 
lymphatic system. PD- I blockade acts in tissue sites to release anergic T cells and cause autoimmunity, suggesting the inhibitory functions are within the 
target tissue. Therefore, PD-I and CTLA-4 can play critical yet non-redundant roles in the maintenance of peripheral tolerance. 

administer these types of reagents as therapeutics during 

autoimmune disease progression. 

Concluding remarks 

PD-1 and CTLA-4 are critical regulators of T-cell function in 

diverse processes ranging from autoimmunity, transplantation 

tolerance, chronic viral infections, and tumor immunity. In vitro 

and in vivo animal models as well as clinical trials have 

demonstrated great therapeutic opportunities by effectively 

targeting these pathways. T-cell activation is a complicated 

biological process with several checkpoints and fail-safe pro­

cesses built in to limit aberrant or unfaithful T-cell activation, 

including autoimmunity. T-cell signaling through CD28, 

CTLA-4, and PD-1 controls complex but critical checkpoints 

for T-cell activation and homeostasis. CD28 signaling induces a 

balance of positive and negative signals establishing mechan­

isms for T-cell expansion and control. CTLA-4 is important for 

limiting T-cell activity for cells early during the immune 

responses. PD-1, on the other hand, limits T-cell activity in 

peripheral tissues and may be the last chance to prevent T-cell 

destruction of self-tissue resulting in autoimmunity (Fig. 1). 

PD-1 and PD-Ll are also expressed on Tregs and may help 

control their suppression of effector T cells. Recent studies 

indicate that PD-Ll and PD-L2 can signal bi-directionally by 

engaging PD-I on T cells. PD-LI /PD-L2 signaling may aid in 

protection from apoptosis and promote tumor cell growth. The 

local environment of cytokines and costimulatory molecule 

expression on professional APCs will be vital for dictating T­

helper outcomes. These pathways offer exciting new therapeu­

tic possibilities to selectively silence destructive T cells or 
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selectively enhance host immune responses to restore immune 

homeostasis. The key for targeting these pathways may lie 

within the local tissue microenvironment through cytokine 

and costimulatory molecular expression patterns. The idea to 

limit only a subset ofT cells resides in antigen recognition, and 

therefore antigen-specific approaches to engage or silence 

CD4 + and CDS+ T-cell responses would be the ultimate goal. 

Given the complexity of immune activation and quiescence, it 

is likely that several pathways and combinatorial approaches 

will be required to accomplish this goal. 
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