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Abstract
Emerging studies show that T cell exhaustion correlates well with increased expression levels of inhibitory 

receptors including Programmed cell death receptor 1 (PD-1) and Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) during 
chronic infections. Both inhibitory molecules play similar but non-redundant role in T cell exhaustion. Engagement of 
PD-1 and CTLA-4 by their ligands inhibits T cell proliferation, cytokine secretion, and attenuates immune responses. 
Blockade of PD-1 and CTLA-4 restores effector function of exhausted T cells. PD-1 and CTLA-4 could both recruit 
Src homology 2-containing tyrosine phosphatase 2 (SHP2) and inhibit activation of Akt. Nevertheless, PD-1 and 
CTLA-4 also target distinct signaling molecules to inhibit T cell function. In this review, we will discuss current 
understanding of PD-1 and CTLA-4 initiated signaling pathways, their regulatory roles in a variety of chronic viral 
infections, and their promising potential as targets to enhance T cell function for antiviral therapy. 
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Introduction
Chronic viral infections, such as human immunodeficiency virus 

(HIV), hepatitis B virus (HBV) and hepatitis C virus (HCV), are great 
threats to human health, and developing effective therapies against 
those infections is a big challenge. During chronic viral infections, 
persistent viral load triggers continual stimulation signals via TCR to 
virus specific T cells, resulting in gradually loss of effector functions 
or even deletion of these T cells [1,2]. Recent studies have revealed 
that inhibitory receptors, programmed cell death receptor 1 (PD-1) 
and Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4), are involved in 
the process of T cell exhaustion during chronic viral infections. PD-1, 
a 50-55 kDa membrane protein that belongs to the immunoglobulin 
superfamily, was first discovered in 1992 from a T cell hybridoma 
undergoing apoptosis [3]. PD-1 is expressed on a subset of thymocytes, 
activated T cells, B cells and myeloid cells [4-6], while CTLA-4, a type-
one transmembrane glycoprotein, is only expressed on CD4+ and CD8+ 
T cells [7]. CTLA-4 is 30% homologous to CD28 and shares the same 
ligands CD80/86 with CD28 in antigen presenting cells (APCs) [8,9]. 
In the following sections, we will discuss PD-1 and CTLA-4 mediated 
signaling pathways, their regulatory roles in a variety of chronic viral 
infections, and their possible applications for antiviral therapy.

Function and Expression of PD-1
PD-1 deficiency results in development of progressive arthritis and 

lupus-like glomerulonephritis in aged C57BL/6 mice and autoimmune 
dilated cardiomyopathy in BALB/c mice [10,11]. Further in vitro 
studies show that signaling through PD-1 inhibits cell proliferation and 
cytokine secretion such as IFN-γ, TNF-α and IL-2, in both CD4+ and 
CD8+ T cells [12]. These reports suggest that PD-1 regulates peripheral 
T cell tolerance. Importantly, PD-1 deficient CD8+ TCR transgenic 
T cells show potent tumor rejection in vivo [13]. Furthermore, PD-1 
plays a key role in cytotoxic T lymphocyte (CTL) exhaustion during 
chronic viral infections, indicating that PD-1 negatively regulates CD8+ 
T cell effector function.

PD-1 is not expressed on resting T cells, while it could be quickly 
induced upon T cell activation [4]. Previous reports have suggested 

that transcription factors including NFAT, T-bet and c-Fos, regulate 
PD-1 expression. NFATc1 or the activator protein 1 (AP-1) subunit 
c-Fos directly binds to regulatory element at the pdcd1 promoter to
upregulate PD-1 expression upon stimulation [14,15]. By contrast,
T-bet directly represses transcription of PD-1 [16]. Recently, two
reports show that epigenetic modulation via DNA methylation might
affect PD-1 expression. DNA demethylation at the pdcd1 promoter
by 5-Zac contributes to PD-1 overexpression on lymphoid cell line-
Molt-4 cells [17]. Consistently, lack of DNA remethylation in the Pdcd1
regulatory region of exhausted CD8+ T cells from acute and chronic
viral infections in human and mice may leave the Pdcd1 locus poised
for rapid expression [18] (Figure 1).

Notably, virus-induced PD-1 upregulation has been reported. 
Nef is an HIV-1 accessory protein and plays an important role in the 
pathogenesis of both HIV-1 infected humans and primates. It has been 
reported that Nef induces PD-1 transcription, while specific inhibitor 
against p38/MAPK inhibits Nef activity and effectively blocks PD-1 
upregulation. This suggests that Nef-mediated PD-1 expression is 
dependent on p38/MAPK activation [19]. In HBV infected patients, 
PD-1 expression is increased on CD4+ T cells from peripheral blood 
compared to those in healthy volunteers. In addition, there is a positive 
correlation between serum HBV DNA levels and the PD-1 expression 
levels on CD4+ T cells in the immune clearance phase. In vitro assay 
further shows that Hepatitis B Core Antigen (HBcAg) induces PD-1 
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expression on T cells, and inhibitors against JNK, ERK and PI3K/
AKT significantly decrease HBcAg-induced PD-1 expression on CD4+ 
T cells [20]. Interestingly, several reports demonstrate that anti-viral 
cytokine IFN-α promotes the induction and maintenance of PD-1 
expression through an association of IFN-responsive factor 9 (IRF9) to 
the IFN stimulation response element on the pdcd1 promoter in T cells 
[21]. IFN-α also mediates upregulation of PD-1 in macrophages, which 
is dependent on interferon-sensitive responsive element (ISRE) and 
STAT1 and STAT2 [22]. Taken together, these observations suggest 
that both viral proteins and signaling proteins from host cells could 
regulate PD-1 expression (Figure 1).

Function and Cellular Trafficking of CTLA-4
Multiple studies have shown that signals induced by CTLA-4 

dampen T cell responses. Engagement of CTLA-4 together with TCR 
and CD28 decreases T cell proliferation, delays T cell cycle transition 
from G0 to G1 phase and reduces IL-2 production as well as IL-2 
receptor expression [23-25]. T cells from CTLA-4 deficient mice 
display activated phenotype (CD44hi, CD69+) and undergo robust 
proliferation [26,27]. Autoimmune diseases developed in CTLA-4-
deficient mice provide compelling evidence to demonstrate the crucial 
inhibitory role of CTLA-4, which results from accumulation of T cell 
blasts in spleen and LN, and depleting T cells in CTLA-4 deficient mice 
prevents these diseases. Consistently, CTLA-4 overexpression on cell 
surface impairs T-cell responses in vivo and in vitro as shown in CTLA-
4 transgenic mice [28]. 

In addition, recent findings also show that the biological function of 
CTLA-4 is tightly related to the elegant regulation of CTLA-4 trafficking 
and localization. Newly synthesized CTLA-4 is transported from Golgi 
to cell membrane that is dependent on ARF-ribosylation factor 1 and 
phospholipase D [29,30]. In resting T cells, the unphosphorylated 
YVKM motif in the cytoplasmic tail of CTLA-4 interacts with the 
clathrin adapter protein AP, leading to rapid internalization of CTLA-
4 in a clathrin-dependent way [31,32]. Upon TCR stimulation, both 
Y-165 and Y-182 in the cytoplasmic tail of CTLA-4 are phosphorylated 
by activated Src family kinases to abolish the association of CTLA-4 

with AP2. This results in a large fraction of CTLA-4 retained on cell 
surface [33,34].

Ligands of PD-1 and CTLA-4
PD-1 and CTLA-4 have been reported to commit their biological 

function through ligation with individual ligands. PDL-1 (B7-H1, also 
termed CD274) and PDL-2 (B7-DC, also termed CD273), two ligands 
of PD-1, show different expression patterns on different cell types 
[35,36]. PDL-1 is ubiquitously expressed in multiple cells, including 
T, B cells, DCs, macrophages, bone marrow-derived mast cells, and 
many nonhematopoietic cells. By contrast, PDL-2 is mainly expressed 
on DCs, macrophages and bone marrow-derived mast cells [5]. Both 
PDL-1 and PDL-2 could engage PD-1 to deliver inhibitory signaling to 
PD-1 expressing cells, and also deliver reverse signaling to PDL-1 and 
PDL-2 expressing cells [37,38]. 

CTLA-4 and the costimulator CD28 share the same ligands B7-1 
(CD80) and B7-2 (CD86) [39]. Contrast to inhibitory signals delivered 
by CTLA-4, engagement of CD28 favors T cell activation, proliferation 
and effective cytokines secretion. Without CD28 ligation, TCR signals 
alone lead to T cell anergy. The topology of CTLA-4 homodimer allows 
for its bivalent binding to B7, while only monovalent binding occurs 
in CD28-B7 interaction [40]. Therefore, CTLA-4 binds these ligands 
with greater affinity and avidity compared to CD28, suggesting that 
CTLA-4 might block CD28 signaling by competitive binding to B7s. It 
is reported that CTLA-4 engagement of B7-1 is functionally equivalent 
to engagement of B7-2 [41]. However, CTLA-4 dominantly binds 
B7-1 since B7-1 expression is rapidly enhanced to reach peak levels 
after activation [42], while B7-2 expression level is still very low at that 
period. Interestingly, B7-1 could also interact with PDL-1 through 
their IgV-like domain and deliver bidirectional inhibitory signals 
[43]. Therefore, there might be a crosstalk between PD-1 and CTLA-4 
signaling in certain conditions.

PD-1 Inhibitory Signaling Pathway
While both PD-1 and CTLA-4 use same key downstream signaling 

molecules to restrain T cell activation, biased signal cascades are 
mediated by PD-1 or CTLA-4 engagement. PD-1 consists of a single IgV-
like extracellular domain, a transmembrane domain, and a cytoplasmic 
domain. Its cytoplasmic domain contains an immunotyrosine-based 
inhibitory motif (ITIM) and an immunotyrosine-based switch motif 
(ITSM). ITSM plays an essential role for PD-1 inhibitory function and 
mutation of ITSM results in dysfunction of PD-1 [44,45]. Upon TCR 
stimulation and engagement of PD-1, tyrosines in the cytoplasmic 
domain of PD-1 might be possibly phosphorylated by Lck in T cells 
[46] or by Lyn in B cells [47], which in turn recruits SH2-domain 
containing tyrosine phosphatase 1 (SHP1) and SHP2 [44,48]. Due to 
stronger interaction of SHP2 with PD-1 than SHP1, PD-1 functions 
mainly by recruitment of SHP2 [46,49] (Figure 2). In the case of T 
cells interacting with antigen presenting cells (APCs), immunological 
synapse (IS) is formed at the contact site, which is also named 
supermolecular activation cluster (SMAC) [50,51]. Interestingly, PD-1 
accumulates at the synapse extensively when T cells interact with 
dendritic cells (DCs) expressing high levels of PDL-2 [52]. Further, 
PD-1 forms microclusters with TCR at the center of SMAC in a ligand 
binding-dependent manner [53]. SHP2 is immediately but transiently 
recruited to the PD-1 microclusters, to decrease the phosphorylation of 
TCR proximal signaling molecules, such as CD3ξ, ZAP70, PKCθ and 
PI3K, to attenuate TCR signaling [45,46,53]. PD-1 also inhibits Erk 
activation, which could be rescued by cytokines IL-2, IL-7 and IL-15 
via the activation of STAT5.

Figure 1: Different mechanisms regulate PD-1 expression in T cells. (1) 
NFATc1 or c-Fos induces PD-1 expression upon stimulation, while T-bet 
represses transcription of PD-1 (black lines). (2) HIV Nef induced PD-1 
transcription is dependent on p38/MAPK activation. Hepatitis B Core 
Antigen (HBcAg) induces PD-1 expression on T cells, which depends on the 
phosphorylation of JNK, ERK and AKT (blue lines). (3) IFN-α promotes the 
induction and maintenance of PD-1 expression through an association of IFN-
responsive factor 9 (IRF9) to the IFN stimulation response element on the 
pdcd1 promoter (green lines). (4) DNA demethylation at the pdcd1 promoter 
increases PD-1 expression (pink line). 
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Recently, an inhibitory loop by PD-1 signaling to suppress T cell 
proliferation has been demonstrated in human CD4+ T cells (Figure 2, 
green colour) [54]. PD-1 engagement inhibits TCR-induced activation 
of the PI3K-Akt and Ras-MEK/ERK pathways, and suppresses SKP2 
transcription, which results in accumulation of p27kip1, an inhibitor 
of cyclin-dependent kinases, and inhibition of CDK2 activity. Impaired 
CDK2 activity then acts on downstream effectors, which eventually 
suppresses SKP2 expression to inhibit cell cycle in a feed-back loop 
[54]. Alternatively, other findings have indicated that PD-1 could 
also inhibit T cell proliferation and effector function by upregulating 
the expression level of basic leucine transcription factor ATF-like 
(BATF) in exhausted CD8+ T cells from human and mice. BATF is 
a transcription factor in the AP-1 family. Overexpression of BATF 
markedly impairs T cell proliferation and cytokine secretion, while 
depletion of BATF reduces PD-1 mediated inhibition function. More 
importantly, silencing BATF rescues the function of exhausted HIV-
specific T cells [55].

Except for key signaling molecules, miRNA has also been recently 
reported to play important roles in PD-1 signaling pathway. Silencing 
or deficiency of PD-1 upregulates miR-21 expression and enhances 
STAT5 binding to the promoter of miR-21 in T-cells. In addition, miR-
21 regulates the expression of programmed cell death 4 (PDCD4) [56]. 
Collectively, PD-1 deficiency activates a signaling cascade mediated by 
STAT5, miR-21, and PDCD4, which results in hyperproliferation of T 
cells and enhanced secretion of IFN-γ and IL-17. 

CTLA-4 Inhibitory Signaling Pathway
Similar to PD-1, CTLA-4 is translocated to the cSMAC to stabilize 

its binding to the ligands CD80/CD86 upon TCR stimulation [57,58]. 
Ligation of CTLA-4 reduces the contact time between DC and T 
cells and prevents immunological synapse formation. This leads to 
a major reduction in Ca2+ influx/mobilization and an abrogation of 
ZAP70 microcluster formation [59]. It was also suggested that CTLA-
4 regulates T cell adhesion and promotes T cell mobility, possibly in 
a RAP1-dependent way [60]. Different from typical ITIM and ITSM 
motifs in PD-1, the YVKM motif in the cytoplasmic tail of CTLA-4 is 

phosphorylated by kinases Fyn, Lyn and Lck [61,62], and recruits the 
SH2 domain of PI3K to enhance PI3K activity upon CTLA-4 ligation 
[63,64]. Activated PI3K phosphorylates the pro-apoptotic factor BAD 
and enhances BcL-XL activity [65]. This decreases FasL expression 
to prevent T cell apoptosis and also sustains T cell in an anergy state 
through inhibiting phosphorylation of Forkhead transcription factor 
FKHRL1 [66]. Notably, the tail of CTLA-4 binds to the regulatory 
subunit of serine/threonine phosphatase PP2A (also called PP2AA) to 
inhibit Akt phosphorylation and activation (Figure 2, purple colour) 
[45,67]. Differently, PD-1 could also inhibit AKT activity via its ITSM 
motif in the cytoplasmic tail [45].

Ligation of CTLA-4 specifically dephosphorylates TCRζ chain 
[68]. Furthermore, other signaling molecules including CD3ε, ZAP70 
and Fyn are hyperphosphorylated in CTLA-4 deficient mice [69,70]. 
These observations indicate that CTLA-4 may recruit phosphatases 
such as SHP2 to dephosphorylate these signaling proteins, resulting 
in blockade of TCR signals [71]. Although the typical binding motif 
I/VxYxxI/V/L for SHP2 is absent in CTLA-4, CTLA-4 could co-
immunoprecipitate with SHP2 and CD3ε in vitro [72]. It indicates that 
SHP2 might be associated with CTLA-4 through unknown adaptor 
proteins. However, there is a debate about the inhibition role of the 
CTLA-4-SHP2 complex. In naive CD8+ T cells where CTLA-4 has no 
inhibitory function, CTLA-4 is still associated with SHP2 [73,74]. 

Recently, new evidences have been provided to explain the 
inhibitory ability of CTLA-4. CTLA-4 is found to constitively expressed 
on regulatory T cells (Tregs) and contributes to the suppressive function 
of Tregs. Tregs are crucial for maintaining peripheral tolerance, by 
suppressing proliferation and immune responses of effector T cells. 
Deficiency and functional alteration in Tregs cause autoimmune 
diseases. There are currently at least four mechanisms to explain the 
suppressive function of Tregs: 1) production of inhibitory cytokines 
such as IL10 and TGFβ to constrain effector T cells; 2) secretion of 
granzymes to cytolysis effector T cells; 3) down-modulation of DC 
function or maturation to inactivate effector T cells; 4) consumption of 
metabolite such as IL-2 and cAMP to deprive metabolite essential for 
effector T cell survival. CTLA-4 in Tregs could modulate CD80/CD86 
expression on DCs in foxo3-dependent way [75]. Downregulation of 
CD80/CD86 expression decreases the potency of DCs to activate T 
cells. In addition, the production of indoleamine 2, 3-diooxygenase 
(IDO), an enzyme secreted by APC, could be upregulated by CTLA-
4. Soluble CTLA-4Ig protein induces IDO expression by binding 
to ligands CD80/CD86 [76,77]. Consistently, less IDO is secreted in 
CTLA-4 deficient Tregs than those from WT mice [78]. IDO has been 
shown to suppress T cells and simultaneously promote DC death due 
to tryptophan depletion [79]. Therefore, it is proposed that CTLA-4 
might also use IDO to commit its inhibitory function. 

To summary the above findings, distinct signaling transduction 
profiles between PD-1 and CTLA-4 are mainly caused by their different 
expression profile, different ligands, and distinct downstream signaling 
molecules. In addition, a possible crosstalk between PD-1 and CTLA-4 
pathways support their synergizing inhibitory effect in some settings. 
Further studies are needed to demonstrate the precise signaling 
pathways transduced by the crosstalk of PD-1 and CTLA-4.

Different Role of PD-1 and CTLA-4 for CD8+ T cells 
Exhaustion during Chronic Viral Infections 

Increased levels of PD-1 and CTLA-4 were observed in various 

Figure 2: PD-1 and CTLA-4 target different molecules to inhibit T cell activation. 
Upon T cell conjugates with APC, PD-1 is located in the immune synapse at 
the T-APC interface and recruits SHP2 to inhibit TCR-induced activation of the 
PI3K-Akt and Ras-MEK/ERK pathways. PD-1 also suppresses transcription 
of SKP2 to result in accumulation of p27kip1, which is an inhibitor of cyclin-
dependent kinases to block cell cycle and proliferation. Ligation of CTLA-4 
dephosphorylates TCRζ chain and other signaling molecules including 
CD3ε, ZAP70 and Fyn. CTLA-4 inhibits Akt phosphorylation and activation 
by recruiting PP2A to its cytoplasmic tail. Ligation of CTLA-4 phosphorylates 
the pro-apoptotic factor BAD and enhances BcL-XL activity to prevent T cell 
apoptosis. 
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chronic viral infections, and their regulatory functions have been 
extensively studied on different T cell subsets during chronic viral 
infections. The behavior of CD8+ effector T cells is different in acute and 
chronic viral infections. During acute virus infection, CD8+ effector T 
cells are activated immediately and clear virus efficiently. Most of these 
virus-specific effector CD8+ T cells then undergo apoptosis, leaving 
behind a small number of long-lived memory cells against secondary 
infection. However, during chronic or persistent viral infection, long-
term antigenic stimulation results in gradually lose of effector T cells, 
and generates exhausted T cells that unable to clear virus effectively. 
CD8+ T cell exhaustion was observed in persistent LCMV, HIV, HBV 
and HCV infections in human patients and mouse models [1,2].

PD-1 has been demonstrated to play a non-redundant role to 
induce CD8+ T cells exhaustion during viral infections. PD-1 was first 
reported to be selectively upregulated by exhausted T cells during 
chronic LCMV infection [80]. Further investigations have reported that 
PD-1 expression is upregulated in HIV, HBV, and HCV specific CD8+ 
T cells in patients, which is correlated with viral load, and blockade of 
PD-1 increases virus specific T cell functions [81-87]. In vivo blockade 
of PD-1 and PD-L1 interaction with antibody could enhance T cell 
responses with a great reduction of viral burden. Furthermore, even 
in persistently infected mice lacking CD4+ T cell help, blockade of the 
PD-1 pathway could restore the ability of ‘helpless’ CD8+ T cells to 
undergo proliferation, secrete cytokines, kill infected cells and decrease 
viral load. These studies identify importance of PD-1 to CD8+ T cell 
exhaustion and viral control, and purpose a potential effective strategy 
for the treatment of chronic viral infections. 

By contrast, the role of CTLA-4 in CD8+ T cell responses against 
viral infection is controversial. Although CTLA-4 mRNA is increased 
on exhausted CD8+ T cell in chronic LCMV infection, blockade of the 
CTLA-4 inhibitory pathway shows no effect on either CD8+ T-cell 
function or viral control [80]. Consistently, CTLA-4Ig transgenic 
mice (blocking B7-CD28 interaction) infected with LCMV show no 
alternation of the function of virus specific cytotoxicity T lymphocytes 
(CTLs) [88]. In HIV infection, CTLA-4 expression is not altered on 
CD8+ T cells isolated from patients [89]. However, other reports 
suggest that CTLA-4 regulates CTL function during HBV or VSV 
infection. Upregulated CTLA-4 has been found on CD8+ T cells from 
HBV infected patients. HBV-specific CD8+ T cells with excessive 
CTLA-4 are prone to apoptosis due to enhanced expression of Bim, 
a proapoptotic protein. Abrogation of CTLA-4-mediated inhibition 
reduces Bim expression and simultaneously increases expansion of 
IFN-γ-producing HBV-specific CD8+ T cells [90]. Other supporting 
studies show that non-replicating or poorly replicating VSV infection 
dramatically impairs the proliferation of primed CTLs during acute 
phases in CTLA-4Ig transgenic mice [88]. Blockade of CTLA-4 in both 
the primary and secondary infection could increase memory CD8+ 
T cell expansion with enhanced effective function to clear foreign 
invaders without changing TCR repertories [91].

Different Role of PD-1 and CTLA-4 for CD4+ T cell 
Exhaustion in Chronic Viral Infection 

Although CD4+ T cells could produce IL-2 and IFN-γ and 
assist activation of CD8+ CTLs against viral infection, CD4+ T cells 
exhaustion also exists during chronic viral infections. CTLA-4 has a 
profound, non-redundant role in regulating virus specific-CD4+ T 
cells function. During HIV infection, the expression level of CTLA-
4 is positively correlated with virus load. Excessive CTLA-4 may 

contribute to impairment of CD4+ T cell proliferation and reduction 
of IL-2 expression [92]. CTLA-4 blockade restores HIV-specific CD4+ 
T cell proliferation and effective cytokine secretion, including IFN-γ 
and IL-2. Importantly, blockade of CTLA-4 decreases the production 
of TGF-β and IL-10, but increases IFN-γ production by HIV-specific 
CD8+ T cells [93]. Depletion of CD4+ T cells abrogates the impact of 
CTLA-4 on HIV-specific CD8+ T cells. This indicates that interestingly, 
CTLA-4 on HIV-specific CD4+ T cells confers negative roles to HIV-
specific CD8+ T cells.

By contrast, the role of PD-1 for CD4+ T cell exhaustion is not 
consistent during different viral infections. In HIV infected patients, 
PD-1 expression is unregulated in CD4+ T cells, which is correlated 
with viral load and CD4+ T cell numbers [94]. However, some studies 
show controversial data that PD-1 may not play an important role for 
CD4+ T cell exhaustion. In an inducible transgenic mouse system in 
which antigen presentation is controlled, CD4+ T cell exhaustion does 
not require PD-1 expression. Further, successful tolerance is induced 
in PD-1 deficient CD4+ TCR transgenic cells, demonstrating that PD-1 
signaling is not required for either the induction, or the maintenance 
of peptide-induced tolerance [95]. Therefore, further investigation is 
needed to answer if PD-1 involved tolerance-inducing mechanisms 
in CD4+ T cell exhaustion is probably dependent on different types of 
APCs or antigen doses [96].

Different Role of PD-1 and CTLA-4 in Regulatory T 
cells (Tregs)

Upon virus infection, Tregs are activated and proliferate at the 
sites of infection, which are double-edged sword in virus eradication. 
From the beneficial side, Tregs restrain excessive immune responses 
to minimize tissue damages. On the other hand, Tregs suppress the 
function of effector T cells, which leads to enhanced virus survival. 
CTLA-4 is found constitutively expressed on Tregs and its specific 
transcription factor Foxp3 activates CTLA-4 expression [97]. CTLA-4 
has been confirmed to regulate the suppressive function of Tregs. CTLA-
4 deficiency impairs the suppressive activity of Tregs characterized by 
its incapability to downregulate the ligands CD80/86 on APC, leading 
to massive conventional T cells proliferation and excessive IL-2 and 
IFN-γ production [75].

Similar to the controversial role of PD-1 in CD4+ T-cell exhaustion, 
the role of PD-1 in Tregs is not consistent during different viral 
infections. Some studies report that PD-1-PDL-1 interaction has a 
pivotal role in the development, maintenance, and function of induced 
Tregs (iTregs). PDL-1 deficient APCs minimally convert naive CD4+ T 
cells into iTregs. In a naïve CD4+ T cell adoptive transfer model, PDL-
1 and PDL-2 double knock-out mice markedly reduce the conversion 
of iTregs and rapidly develop a fatal inflammatory phenotype. It has 
been suggested that PDL-1 downregulates phospho-Akt, mTOR, S6, 
ERK2 and upregulates PTEN to induce iTregs [98]. Consistently, PDL-
1 enhances foxp3 expression and increases the suppressive function of 
iTregs. However, other studies show that PD-1 dampers Treg function 
in chronic infection. In the livers of patients chronically infected with 
HCV, PD-1 expression is enhanced in Tregs and this is coincided with 
decreased expansion of Tregs than effector T cells. Blockade of PD-1 
signaling enhances the expansion and function of Tregs from HCV 
patients via upregulation of STAT-5 phosphorylation ex vivo [99]. 
This indicates that PD-1 negatively regulates Tregs by limiting STAT-5 
phosphorylation in patient infected with HCV.
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Targeting PD-1 and CTLA-4 for Antiviral Therapy 
It has been about 20 years since PD-1 and CTLA-4 were discovered. 

Extensive studies have been made to understand their transcriptional 
regulation mechanisms, detailed signaling pathways, and their 
regulatory roles in chronic viral infections. Taken together, it seems 
that PD-1 plays a more convincing role for CD8+ T cell exhaustion than 
CTLA-4. By contrast, CTLA-4 plays non-redundant role in regulating 
the suppressive function of Tregs. PD-1 may serve as both a marker 
of disease progression and a therapeutic target to reverse function of 
exhausted CD8+ CTLs. Many studies have shown that PD-1 blockade 
is a promising way to enhance effector T cell function in chronic 
infections [100]. PD-1 blockade using antibody in an SIV-macaque 
model was reported to enhance HIV-specific immune responses 
[101]. On the other hand, it is also important to consider CD4+ T-cell 
exhaustion and Treg function during antiviral therapy. Suppression 
of Treg function in short time may enhance anti-viral responses. 
Ipilimumab, a human monoclonal IgG1 antibody against CTLA-4, has 
been clinically used in the treatment of cancer and supports a possible 
usage of anti–CTLA-4 antibody in the context of infectious diseases. 
However, it is still unclear how CTLA-4 blockade influences Treg or 
CD4+ T-cell function in vivo. Further studies will elucidate the effect 
of anti- CTLA-4 therapy in vivo during chronic viral infections. It is 
also important and possible to consider the combination of PD-1 and 
CTLA-4 blockade for immunotherapy to enhance antiviral immune 
responses [102,103].

However, it is still a long way to go for the success clinical trial on 
PD-1 and CTLA-4 involved antiviral therapies. Since both PD-1 and 
CTLA-4 control the balance between an adequate protective immune 
response and suppression of immunopathology, a key issue is that 
blockade of PD-1/CTLA-4 may cause side effects or autoimmune 
diseases. Manipulation of PD-1 downstream signaling may be an 
alternative option to overcome the problem. Further investigations on 
PD-1 and CTLA-4 signaling pathways and the molecular mechanisms 
of T-cell exhaustion may provide new therapeutic opportunities to 
improve T cell mediated immune responses against chronic viral 
infections. 
Acknowledgements

This work was supported by grants from the Ministry of Science and 
Technology of China (2011CB505005 and 2012CB910800), Natural Science 
Foundation of Shanghai (10ZR1435300) and National Natural Science Foundation 
of China (31070778).

References

1. Gallimore A, Glithero A, Godkin A, Tissot AC, Plückthun A, et al. (1998) Induction 
and exhaustion of lymphocytic choriomeningitis virus-specific cytotoxic T 
lymphocytes visualized using soluble tetrameric major histocompatibility 
complex class I-peptide complexes. J Exp Med 187: 1383-1393.

2. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, et al. (1998) 
Viral immune evasion due to persistence of activated T cells without effector 
function. J Exp Med 188: 2205-2213.

3. Ishida Y, Agata Y, Shibahara K, Honjo T (1992) Induced expression of PD-1, a 
novel member of the immunoglobulin gene superfamily, upon programmed cell 
death. EMBO J 11: 3887-3895.

4. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata T, et al. (1996) Expression 
of the PD-1 antigen on the surface of stimulated mouse T and B lymphocytes. 
Int Immunol 8: 765-772.

5. Greenwald RJ, Freeman GJ, Sharpe AH (2005) The B7 family revisited. Annu 
Rev Immunol 23: 515-548.

6. Huang X, Venet F, Wang YL, Lepape A, Yuan Z, et al. (2009) PD-1 expression 

by macrophages plays a pathologic role in altering microbial clearance and 
the innate inflammatory response to sepsis. Proc Natl Acad Sci U S A 106: 
6303-6308.

7. Brunet JF, Denizot F, Luciani MF, Roux-Dosseto M, Suzan M, et al. (1987) A 
new member of the immunoglobulin superfamily--CTLA-4. Nature 328: 267-
270.

8. Linsley PS, Nadler SG, Bajorath J, Peach R, Leung HT, et al. (1995) Binding 
stoichiometry of the cytotoxic T lymphocyte-associated molecule-4 (CTLA-4). 
A disulfide-linked homodimer binds two CD86 molecules. J Biol Chem 270: 
15417-15424.

9. Metzler WJ, Bajorath J, Fenderson W, Shaw SY, Constantine KL, et al. (1997) 
Solution structure of human CTLA-4 and delineation of a CD80/CD86 binding 
site conserved in CD28. Nat Struct Biol 4: 527-531.

10. Nishimura H, Nose M, Hiai H, Minato N, Honjo T (1999) Development of lupus-
like autoimmune diseases by disruption of the PD-1 gene encoding an ITIM 
motif-carrying immunoreceptor. Immunity 11: 141-151.

11. Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, et al. (2001) 
Autoimmune dilated cardiomyopathy in PD-1 receptor-deficient mice. Science 
291: 319-322.

12. Carter L, Fouser LA, Jussif J, Fitz L, Deng B, et al. (2002) PD-1:PD-L inhibitory 
pathway affects both CD4(+) and CD8(+) T cells and is overcome by IL-2. Eur 
J Immunol 32: 634-643.

13. Blank C, Brown I, Peterson AC, Spiotto M, Iwai Y, et al. (2004) PD-L1/B7H-1 
inhibits the effector phase of tumor rejection by T cell receptor (TCR) transgenic 
CD8+ T cells. Cancer Res 64: 1140-1145.

14. Oestreich KJ, Yoon H, Ahmed R, Boss JM (2008) NFATc1 regulates PD-1 
expression upon T cell activation. J Immunol 181: 4832-4839.

15. Xiao G, Deng A, Liu H, Ge G, Liu X (2012) Activator protein 1 suppresses 
antitumor T-cell function via the induction of programmed death 1. Proc Natl 
Acad Sci U S A 109: 15419-15424.

16. Kao C, Oestreich KJ, Paley MA, Crawford A, Angelosanto JM, et al. (2011) 
Transcription factor T-bet represses expression of the inhibitory receptor PD-1 
and sustains virus-specific CD8+ T cell responses during chronic infection. Nat 
Immunol 12: 663-671.

17. Zhang M, Xiao XQ, Jiang YF, Liang YS, Peng MY, et al. (2011) DNA 
demethylation in PD-1 gene promoter induced by 5-azacytidine activates PD-1 
expression on Molt-4 cells. Cell Immunol 271: 450-454.

18. Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy J, Akondy RS, et al. (2011) 
Chronic virus infection enforces demethylation of the locus that encodes PD-1 
in antigen-specific CD8(+) T cells. Immunity 35: 400-412.

19. Muthumani K, Choo AY, Shedlock DJ, Laddy DJ, Sundaram SG, et al. (2008) 
Human immunodeficiency virus type 1 Nef induces programmed death 
1 expression through a p38 mitogen-activated protein kinase-dependent 
mechanism. J Virol 82: 11536-11544.

20. Li M, Sun XH, Zhu XJ, Jin SG, Zeng ZJ, et al. (2012) HBcAg induces PD-1 
upregulation on CD4+T cells through activation of JNK, ERK and PI3K/AKT 
pathways in chronic hepatitis-B-infected patients. Lab Invest 92: 295-304.

21. Terawaki S, Chikuma S, Shibayama S, Hayashi T, Yoshida T, et al. (2011) 
IFN-α directly promotes programmed cell death-1 transcription and limits the 
duration of T cell-mediated immunity. J Immunol 186: 2772-2779.

22. Cho HY, Lee SW, Seo SK, Choi IW, Choi I, et al. (2008) Interferon-sensitive 
response element (ISRE) is mainly responsible for IFN-alpha-induced 
upregulation of programmed death-1 (PD-1) in macrophages. Biochim Biophys 
Acta 1779: 811-819.

23. Krummel MF, Allison JP (1995) CD28 and CTLA-4 have opposing effects on 
the response of T cells to stimulation. J Exp Med 182: 459-465.

24. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, et al. (1994) 
CTLA-4 can function as a negative regulator of T cell activation. Immunity 1: 
405-413.

25. Blair PJ, Riley JL, Levine BL, Lee KP, Craighead N, et al. (1998) CTLA-4 ligation 
delivers a unique signal to resting human CD4 T cells that inhibits interleukin-2 
secretion but allows Bcl-X(L) induction. J Immunol 160: 12-15.

26. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, et al. 
(1995) Lymphoproliferative disorders with early lethality in mice deficient in 
Ctla-4. Science 270: 985-988.

http://www.ncbi.nlm.nih.gov/pubmed/9565631
http://www.ncbi.nlm.nih.gov/pubmed/9565631
http://www.ncbi.nlm.nih.gov/pubmed/9565631
http://www.ncbi.nlm.nih.gov/pubmed/9565631
http://www.ncbi.nlm.nih.gov/pubmed/9565631
http://www.ncbi.nlm.nih.gov/pubmed/9858507
http://www.ncbi.nlm.nih.gov/pubmed/9858507
http://www.ncbi.nlm.nih.gov/pubmed/9858507
http://www.ncbi.nlm.nih.gov/pubmed/9858507
http://www.ncbi.nlm.nih.gov/pubmed/1396582
http://www.ncbi.nlm.nih.gov/pubmed/1396582
http://www.ncbi.nlm.nih.gov/pubmed/1396582
http://www.ncbi.nlm.nih.gov/pubmed/1396582
http://www.ncbi.nlm.nih.gov/pubmed/8671665
http://www.ncbi.nlm.nih.gov/pubmed/8671665
http://www.ncbi.nlm.nih.gov/pubmed/8671665
http://www.ncbi.nlm.nih.gov/pubmed/8671665
http://www.ncbi.nlm.nih.gov/pubmed/15771580
http://www.ncbi.nlm.nih.gov/pubmed/15771580
http://www.ncbi.nlm.nih.gov/pubmed/15771580
http://www.ncbi.nlm.nih.gov/pubmed/3496540
http://www.ncbi.nlm.nih.gov/pubmed/3496540
http://www.ncbi.nlm.nih.gov/pubmed/3496540
http://www.ncbi.nlm.nih.gov/pubmed/3496540
http://www.ncbi.nlm.nih.gov/pubmed/7541042
http://www.ncbi.nlm.nih.gov/pubmed/7541042
http://www.ncbi.nlm.nih.gov/pubmed/7541042
http://www.ncbi.nlm.nih.gov/pubmed/7541042
http://www.ncbi.nlm.nih.gov/pubmed/7541042
http://www.ncbi.nlm.nih.gov/pubmed/9228944
http://www.ncbi.nlm.nih.gov/pubmed/9228944
http://www.ncbi.nlm.nih.gov/pubmed/9228944
http://www.ncbi.nlm.nih.gov/pubmed/9228944
http://www.ncbi.nlm.nih.gov/pubmed/10485649
http://www.ncbi.nlm.nih.gov/pubmed/10485649
http://www.ncbi.nlm.nih.gov/pubmed/10485649
http://www.ncbi.nlm.nih.gov/pubmed/10485649
http://www.ncbi.nlm.nih.gov/pubmed/11209085
http://www.ncbi.nlm.nih.gov/pubmed/11209085
http://www.ncbi.nlm.nih.gov/pubmed/11209085
http://www.ncbi.nlm.nih.gov/pubmed/11209085
http://www.ncbi.nlm.nih.gov/pubmed/11857337
http://www.ncbi.nlm.nih.gov/pubmed/11857337
http://www.ncbi.nlm.nih.gov/pubmed/11857337
http://www.ncbi.nlm.nih.gov/pubmed/11857337
http://www.ncbi.nlm.nih.gov/pubmed/14871849
http://www.ncbi.nlm.nih.gov/pubmed/14871849
http://www.ncbi.nlm.nih.gov/pubmed/14871849
http://www.ncbi.nlm.nih.gov/pubmed/14871849
http://www.ncbi.nlm.nih.gov/pubmed/18802087
http://www.ncbi.nlm.nih.gov/pubmed/18802087
http://www.ncbi.nlm.nih.gov/pubmed/18802087
http://www.ncbi.nlm.nih.gov/pubmed/22949674
http://www.ncbi.nlm.nih.gov/pubmed/22949674
http://www.ncbi.nlm.nih.gov/pubmed/22949674
http://www.ncbi.nlm.nih.gov/pubmed/22949674
http://www.ncbi.nlm.nih.gov/pubmed/21623380
http://www.ncbi.nlm.nih.gov/pubmed/21623380
http://www.ncbi.nlm.nih.gov/pubmed/21623380
http://www.ncbi.nlm.nih.gov/pubmed/21623380
http://www.ncbi.nlm.nih.gov/pubmed/21623380
http://www.ncbi.nlm.nih.gov/pubmed/21907333
http://www.ncbi.nlm.nih.gov/pubmed/21907333
http://www.ncbi.nlm.nih.gov/pubmed/21907333
http://www.ncbi.nlm.nih.gov/pubmed/21907333
http://www.ncbi.nlm.nih.gov/pubmed/21943489
http://www.ncbi.nlm.nih.gov/pubmed/21943489
http://www.ncbi.nlm.nih.gov/pubmed/21943489
http://www.ncbi.nlm.nih.gov/pubmed/21943489
http://www.ncbi.nlm.nih.gov/pubmed/18799583
http://www.ncbi.nlm.nih.gov/pubmed/18799583
http://www.ncbi.nlm.nih.gov/pubmed/18799583
http://www.ncbi.nlm.nih.gov/pubmed/18799583
http://www.ncbi.nlm.nih.gov/pubmed/18799583
http://www.ncbi.nlm.nih.gov/pubmed/22042085
http://www.ncbi.nlm.nih.gov/pubmed/22042085
http://www.ncbi.nlm.nih.gov/pubmed/22042085
http://www.ncbi.nlm.nih.gov/pubmed/22042085
http://www.ncbi.nlm.nih.gov/pubmed/21263073
http://www.ncbi.nlm.nih.gov/pubmed/21263073
http://www.ncbi.nlm.nih.gov/pubmed/21263073
http://www.ncbi.nlm.nih.gov/pubmed/21263073
http://www.ncbi.nlm.nih.gov/pubmed/18771758
http://www.ncbi.nlm.nih.gov/pubmed/18771758
http://www.ncbi.nlm.nih.gov/pubmed/18771758
http://www.ncbi.nlm.nih.gov/pubmed/18771758
http://www.ncbi.nlm.nih.gov/pubmed/18771758
http://www.ncbi.nlm.nih.gov/pubmed/7543139
http://www.ncbi.nlm.nih.gov/pubmed/7543139
http://www.ncbi.nlm.nih.gov/pubmed/7543139
http://www.ncbi.nlm.nih.gov/pubmed/7882171
http://www.ncbi.nlm.nih.gov/pubmed/7882171
http://www.ncbi.nlm.nih.gov/pubmed/7882171
http://www.ncbi.nlm.nih.gov/pubmed/7882171
http://www.ncbi.nlm.nih.gov/pubmed/9551948
http://www.ncbi.nlm.nih.gov/pubmed/9551948
http://www.ncbi.nlm.nih.gov/pubmed/9551948
http://www.ncbi.nlm.nih.gov/pubmed/9551948
http://www.ncbi.nlm.nih.gov/pubmed/7481803
http://www.ncbi.nlm.nih.gov/pubmed/7481803
http://www.ncbi.nlm.nih.gov/pubmed/7481803


Citation: Li C, Xu X, Wang H, Wei B (2012) PD-1 and CTLA-4 Mediated Inhibitory Signaling for T cell Exhaustion during Chronic Viral Infections. J 
Clin Cell Immunol S12: 010. doi:10.4172/2155-9899.S12-010

Page 6 of 7

J Clin Cell Immunol                                                                                                                                 ISSN:2155-9899 JCCI, an open access journal Signal Transduction 
Mechanisms in T lymphocytes

27. Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, et al. (1995) 
Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan 
tissue destruction, revealing a critical negative regulatory role of CTLA-4. 
Immunity 3: 541-547.

28. Engelhardt JJ, Sullivan TJ, Allison JP (2006) CTLA-4 overexpression inhibits 
T cell responses through a CD28-B7-dependent mechanism. J Immunol 177: 
1052-1061.

29. Mead KI, Zheng Y, Manzotti CN, Perry LC, Liu MK, et al. (2005) Exocytosis of 
CTLA-4 is dependent on phospholipase D and ADP ribosylation factor-1 and 
stimulated during activation of regulatory T cells. J Immunol 174: 4803-4811.

30. Linsley PS, Bradshaw J, Greene J, Peach R, Bennett KL, et al. (1996) 
Intracellular trafficking of CTLA-4 and focal localization towards sites of TCR 
engagement. Immunity 4: 535-543.

31. Zhang Y, Allison JP (1997) Interaction of CTLA-4 with AP50, a clathrin-coated 
pit adaptor protein. Proc Natl Acad Sci U S A 94: 9273-9278.

32. Chuang E, Alegre ML, Duckett CS, Noel PJ, Vander Heiden MG, et al. (1997) 
Interaction of CTLA-4 with the clathrin-associated protein AP50 results in 
ligand-independent endocytosis that limits cell surface expression. J Immunol 
159: 144-151.

33. Bradshaw JD, Lu P, Leytze G, Rodgers J, Schieven GL, et al. (1997) Interaction 
of the cytoplasmic tail of CTLA-4 (CD152) with a clathrin-associated protein 
is negatively regulated by tyrosine phosphorylation. Biochemistry 36: 15975-
15982.

34. Shiratori T, Miyatake S, Ohno H, Nakaseko C, Isono K, et al. (1997) Tyrosine 
phosphorylation controls internalization of CTLA-4 by regulating its interaction 
with clathrin-associated adaptor complex AP-2. Immunity 6: 583-589.

35. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, et al. (2000) Engagement 
of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to 
negative regulation of lymphocyte activation. J Exp Med 192: 1027-1034.

36. Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, et al. (2001) 
PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat Immunol 
2: 261-268.

37. Jin HT, Ahmed R, Okazaki T (2011) Role of PD-1 in regulating T-cell immunity. 
Curr Top Microbiol Immunol 350: 17-37.

38. Keir ME, Butte MJ, Freeman GJ, Sharpe AH (2008) PD-1 and its ligands in 
tolerance and immunity. Annu Rev Immunol 26: 677-704.

39. Linsley PS, Brady W, Urnes M, Grosmaire LS, Damle NK, et al. (1991) CTLA-
4 is a second receptor for the B cell activation antigen B7. J Exp Med 174: 
561-569.

40. Stamper CC, Zhang Y, Tobin JF, Erbe DV, Ikemizu S, et al. (2001) Crystal 
structure of the B7-1/CTLA-4 complex that inhibits human immune responses. 
Nature 410: 608-611.

41. Lenschow DJ, Su GH, Zuckerman LA, Nabavi N, Jellis CL, et al. (1993) 
Expression and functional significance of an additional ligand for CTLA-4. Proc 
Natl Acad Sci U S A 90: 11054-11058.

42. Hathcock KS, Laszlo G, Pucillo C, Linsley P, Hodes RJ (1994) Comparative 
analysis of B7-1 and B7-2 costimulatory ligands: expression and function. J 
Exp Med 180: 631-640.

43. Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ (2007) Programmed 
death-1 ligand 1 interacts specifically with the B7-1 costimulatory molecule to 
inhibit T cell responses. Immunity 27: 111-122.

44. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL (2004) SHP-1 and SHP-
2 associate with immunoreceptor tyrosine-based switch motif of programmed 
death 1 upon primary human T cell stimulation, but only receptor ligation 
prevents T cell activation. J Immunol 173: 945-954.

45. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, et al. (2005) 
CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. 
Mol Cell Biol 25: 9543-9553.

46. Sheppard KA, Fitz LJ, Lee JM, Benander C, George JA, et al. (2004) PD-1 
inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3zeta 
signalosome and downstream signaling to PKCtheta. FEBS Lett 574: 37-41.

47. Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T (2001) PD-1 
immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src 
homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine. 
Proc Natl Acad Sci U S A 98: 13866-13871.

48. Sathish JG, Johnson KG, Fuller KJ, LeRoy FG, Meyaard L, et al. (2001) 
Constitutive association of SHP-1 with leukocyte-associated Ig-like receptor-1 
in human T cells. J Immunol 166: 1763-1770.

49. Saunders PA, Hendrycks VR, Lidinsky WA, Woods ML (2005) PD-L2:PD-1 
involvement in T cell proliferation, cytokine production, and integrin-mediated 
adhesion. Eur J Immunol 35: 3561-3569.

50. Dustin ML, Olszowy MW, Holdorf AD, Li J, Bromley S, et al. (1998) A novel 
adaptor protein orchestrates receptor patterning and cytoskeletal polarity in 
T-cell contacts. Cell 94: 667-677.

51. Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, et al. (1999) The 
immunological synapse: a molecular machine controlling T cell activation. 
Science 285: 221-227.

52. Pentcheva-Hoang T, Chen L, Pardoll DM, Allison JP (2007) Programmed 
death-1 concentration at the immunological synapse is determined by ligand 
affinity and availability. Proc Natl Acad Sci U S A 104: 17765-17770.

53. Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, 
Azuma M, et al. (2012) Programmed cell death 1 forms negative costimulatory 
microclusters that directly inhibit T cell receptor signaling by recruiting 
phosphatase SHP2. J Exp Med 209: 1201-1217.

54. Patsoukis N, Brown J, Petkova V, Liu F, Li L, et al. (2012) Selective effects of 
PD-1 on Akt and Ras pathways regulate molecular components of the cell cycle 
and inhibit T cell proliferation. Sci Signal 5: ra46.

55. Quigley M, Pereyra F, Nilsson B, Porichis F, Fonseca C, et al. (2010) 
Transcriptional analysis of HIV-specific CD8+ T cells shows that PD-1 inhibits 
T cell function by upregulating BATF. Nat Med 16: 1147-1151.

56. Iliopoulos D, Kavousanaki M, Ioannou M, Boumpas D, Verginis P (2011) 
The negative costimulatory molecule PD-1 modulates the balance between 
immunity and tolerance via miR-21. Eur J Immunol 41: 1754-1763.

57. Nakaseko C, Miyatake S, Iida T, Hara S, Abe R, et al. (1999) Cytotoxic T 
lymphocyte antigen 4 (CTLA-4) engagement delivers an inhibitory signal 
through the membrane-proximal region in the absence of the tyrosine motif in 
the cytoplasmic tail. J Exp Med 190: 765-774.

58. Darlington PJ, Baroja ML, Chau TA, Siu E, Ling V, et al. (2002) Surface 
cytotoxic T lymphocyte-associated antigen 4 partitions within lipid rafts and 
relocates to the immunological synapse under conditions of inhibition of T cell 
activation. J Exp Med 195: 1337-1347.

59. Schneider H, Smith X, Liu H, Bismuth G, Rudd CE (2008) CTLA-4 disrupts 
ZAP70 microcluster formation with reduced T cell/APC dwell times and calcium 
mobilization. Eur J Immunol 38: 40-47.

60. Schneider H, Valk E, da Rocha Dias S, Wei B, Rudd CE (2005) CTLA-4 up-
regulation of lymphocyte function-associated antigen 1 adhesion and clustering 
as an alternate basis for coreceptor function. Proc Natl Acad Sci U S A 102: 
12861-12866.

61. Miyatake S, Nakaseko C, Umemori H, Yamamoto T, Saito T (1998) Src family 
tyrosine kinases associate with and phosphorylate CTLA-4 (CD152). Biochem 
Biophys Res Commun 249: 444-448.

62. Schneider H, Schwartzberg PL, Rudd CE (1998) Resting lymphocyte kinase 
(Rlk/Txk) phosphorylates the YVKM motif and regulates PI 3-kinase binding to 
T-cell antigen CTLA-4. Biochem Biophys Res Commun 252: 14-19.

63. Schneider H, Prasad KV, Shoelson SE, Rudd CE (1995) CTLA-4 binding to the 
lipid kinase phosphatidylinositol 3-kinase in T cells. J Exp Med 181: 351-355.

64. Hu H, Rudd CE, Schneider H (2001) Src kinases Fyn and Lck facilitate the 
accumulation of phosphorylated CTLA-4 and its association with PI-3 kinase 
in intracellular compartments of T-cells. Biochem Biophys Res Commun 288: 
573-578.

65. Schneider H, Valk E, Leung R, Rudd CE (2008) CTLA-4 activation of 
phosphatidylinositol 3-kinase (PI 3-K) and protein kinase B (PKB/AKT) sustains 
T-cell anergy without cell death. PLoS One 3: e3842.

66. Pandiyan P, Gärtner D, Soezeri O, Radbruch A, Schulze-Osthoff K, et al. 
(2004) CD152 (CTLA-4) determines the unequal resistance of Th1 and Th2 
cells against activation-induced cell death by a mechanism requiring PI3 kinase 
function. J Exp Med 199: 831-842.

67. Teft WA, Chau TA, Madrenas J (2009) Structure-Function analysis of the 
CTLA-4 interaction with PP2A. BMC Immunol 10: 23.

http://www.ncbi.nlm.nih.gov/pubmed/7481803
http://www.ncbi.nlm.nih.gov/pubmed/7584144
http://www.ncbi.nlm.nih.gov/pubmed/7584144
http://www.ncbi.nlm.nih.gov/pubmed/7584144
http://www.ncbi.nlm.nih.gov/pubmed/7584144
http://www.ncbi.nlm.nih.gov/pubmed/7584144
http://www.ncbi.nlm.nih.gov/pubmed/16818761
http://www.ncbi.nlm.nih.gov/pubmed/16818761
http://www.ncbi.nlm.nih.gov/pubmed/16818761
http://www.ncbi.nlm.nih.gov/pubmed/16818761
http://www.ncbi.nlm.nih.gov/pubmed/15814706
http://www.ncbi.nlm.nih.gov/pubmed/15814706
http://www.ncbi.nlm.nih.gov/pubmed/15814706
http://www.ncbi.nlm.nih.gov/pubmed/15814706
http://www.ncbi.nlm.nih.gov/pubmed/8673700
http://www.ncbi.nlm.nih.gov/pubmed/8673700
http://www.ncbi.nlm.nih.gov/pubmed/8673700
http://www.ncbi.nlm.nih.gov/pubmed/8673700
http://www.ncbi.nlm.nih.gov/pubmed/9256472
http://www.ncbi.nlm.nih.gov/pubmed/9256472
http://www.ncbi.nlm.nih.gov/pubmed/9256472
http://www.ncbi.nlm.nih.gov/pubmed/9200449
http://www.ncbi.nlm.nih.gov/pubmed/9200449
http://www.ncbi.nlm.nih.gov/pubmed/9200449
http://www.ncbi.nlm.nih.gov/pubmed/9200449
http://www.ncbi.nlm.nih.gov/pubmed/9200449
http://www.ncbi.nlm.nih.gov/pubmed/9398332
http://www.ncbi.nlm.nih.gov/pubmed/9398332
http://www.ncbi.nlm.nih.gov/pubmed/9398332
http://www.ncbi.nlm.nih.gov/pubmed/9398332
http://www.ncbi.nlm.nih.gov/pubmed/9398332
http://www.ncbi.nlm.nih.gov/pubmed/9175836
http://www.ncbi.nlm.nih.gov/pubmed/9175836
http://www.ncbi.nlm.nih.gov/pubmed/9175836
http://www.ncbi.nlm.nih.gov/pubmed/9175836
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://www.ncbi.nlm.nih.gov/pubmed/11224527
http://www.ncbi.nlm.nih.gov/pubmed/11224527
http://www.ncbi.nlm.nih.gov/pubmed/11224527
http://www.ncbi.nlm.nih.gov/pubmed/11224527
http://www.ncbi.nlm.nih.gov/pubmed/21061197
http://www.ncbi.nlm.nih.gov/pubmed/21061197
http://www.ncbi.nlm.nih.gov/pubmed/21061197
http://www.ncbi.nlm.nih.gov/pubmed/18173375
http://www.ncbi.nlm.nih.gov/pubmed/18173375
http://www.ncbi.nlm.nih.gov/pubmed/18173375
http://www.ncbi.nlm.nih.gov/pubmed/1714933
http://www.ncbi.nlm.nih.gov/pubmed/1714933
http://www.ncbi.nlm.nih.gov/pubmed/1714933
http://www.ncbi.nlm.nih.gov/pubmed/1714933
http://www.ncbi.nlm.nih.gov/pubmed/11279502
http://www.ncbi.nlm.nih.gov/pubmed/11279502
http://www.ncbi.nlm.nih.gov/pubmed/11279502
http://www.ncbi.nlm.nih.gov/pubmed/11279502
http://www.ncbi.nlm.nih.gov/pubmed/7504292
http://www.ncbi.nlm.nih.gov/pubmed/7504292
http://www.ncbi.nlm.nih.gov/pubmed/7504292
http://www.ncbi.nlm.nih.gov/pubmed/7504292
http://www.ncbi.nlm.nih.gov/pubmed/7519245
http://www.ncbi.nlm.nih.gov/pubmed/7519245
http://www.ncbi.nlm.nih.gov/pubmed/7519245
http://www.ncbi.nlm.nih.gov/pubmed/7519245
http://www.ncbi.nlm.nih.gov/pubmed/17629517
http://www.ncbi.nlm.nih.gov/pubmed/17629517
http://www.ncbi.nlm.nih.gov/pubmed/17629517
http://www.ncbi.nlm.nih.gov/pubmed/17629517
http://www.ncbi.nlm.nih.gov/pubmed/15240681
http://www.ncbi.nlm.nih.gov/pubmed/15240681
http://www.ncbi.nlm.nih.gov/pubmed/15240681
http://www.ncbi.nlm.nih.gov/pubmed/15240681
http://www.ncbi.nlm.nih.gov/pubmed/15240681
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://www.ncbi.nlm.nih.gov/pubmed/15358536
http://www.ncbi.nlm.nih.gov/pubmed/15358536
http://www.ncbi.nlm.nih.gov/pubmed/15358536
http://www.ncbi.nlm.nih.gov/pubmed/15358536
http://www.ncbi.nlm.nih.gov/pubmed/11698646
http://www.ncbi.nlm.nih.gov/pubmed/11698646
http://www.ncbi.nlm.nih.gov/pubmed/11698646
http://www.ncbi.nlm.nih.gov/pubmed/11698646
http://www.ncbi.nlm.nih.gov/pubmed/11698646
http://www.ncbi.nlm.nih.gov/pubmed/11160222
http://www.ncbi.nlm.nih.gov/pubmed/11160222
http://www.ncbi.nlm.nih.gov/pubmed/11160222
http://www.ncbi.nlm.nih.gov/pubmed/11160222
http://www.ncbi.nlm.nih.gov/pubmed/16278812
http://www.ncbi.nlm.nih.gov/pubmed/16278812
http://www.ncbi.nlm.nih.gov/pubmed/16278812
http://www.ncbi.nlm.nih.gov/pubmed/16278812
http://www.ncbi.nlm.nih.gov/pubmed/9741631
http://www.ncbi.nlm.nih.gov/pubmed/9741631
http://www.ncbi.nlm.nih.gov/pubmed/9741631
http://www.ncbi.nlm.nih.gov/pubmed/9741631
http://www.ncbi.nlm.nih.gov/pubmed/10398592
http://www.ncbi.nlm.nih.gov/pubmed/10398592
http://www.ncbi.nlm.nih.gov/pubmed/10398592
http://www.ncbi.nlm.nih.gov/pubmed/10398592
http://www.ncbi.nlm.nih.gov/pubmed/17968013
http://www.ncbi.nlm.nih.gov/pubmed/17968013
http://www.ncbi.nlm.nih.gov/pubmed/17968013
http://www.ncbi.nlm.nih.gov/pubmed/17968013
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://www.ncbi.nlm.nih.gov/pubmed/22641383
http://www.ncbi.nlm.nih.gov/pubmed/22740686
http://www.ncbi.nlm.nih.gov/pubmed/22740686
http://www.ncbi.nlm.nih.gov/pubmed/22740686
http://www.ncbi.nlm.nih.gov/pubmed/22740686
http://www.ncbi.nlm.nih.gov/pubmed/20890291
http://www.ncbi.nlm.nih.gov/pubmed/20890291
http://www.ncbi.nlm.nih.gov/pubmed/20890291
http://www.ncbi.nlm.nih.gov/pubmed/20890291
http://www.ncbi.nlm.nih.gov/pubmed/21469086
http://www.ncbi.nlm.nih.gov/pubmed/21469086
http://www.ncbi.nlm.nih.gov/pubmed/21469086
http://www.ncbi.nlm.nih.gov/pubmed/21469086
http://www.ncbi.nlm.nih.gov/pubmed/10499915
http://www.ncbi.nlm.nih.gov/pubmed/10499915
http://www.ncbi.nlm.nih.gov/pubmed/10499915
http://www.ncbi.nlm.nih.gov/pubmed/10499915
http://www.ncbi.nlm.nih.gov/pubmed/10499915
http://www.ncbi.nlm.nih.gov/pubmed/12021313
http://www.ncbi.nlm.nih.gov/pubmed/12021313
http://www.ncbi.nlm.nih.gov/pubmed/12021313
http://www.ncbi.nlm.nih.gov/pubmed/12021313
http://www.ncbi.nlm.nih.gov/pubmed/12021313
http://www.ncbi.nlm.nih.gov/pubmed/18095376
http://www.ncbi.nlm.nih.gov/pubmed/18095376
http://www.ncbi.nlm.nih.gov/pubmed/18095376
http://www.ncbi.nlm.nih.gov/pubmed/18095376
http://www.ncbi.nlm.nih.gov/pubmed/16126897
http://www.ncbi.nlm.nih.gov/pubmed/16126897
http://www.ncbi.nlm.nih.gov/pubmed/16126897
http://www.ncbi.nlm.nih.gov/pubmed/16126897
http://www.ncbi.nlm.nih.gov/pubmed/16126897
http://www.ncbi.nlm.nih.gov/pubmed/9712716
http://www.ncbi.nlm.nih.gov/pubmed/9712716
http://www.ncbi.nlm.nih.gov/pubmed/9712716
http://www.ncbi.nlm.nih.gov/pubmed/9712716
http://www.ncbi.nlm.nih.gov/pubmed/9813138
http://www.ncbi.nlm.nih.gov/pubmed/9813138
http://www.ncbi.nlm.nih.gov/pubmed/9813138
http://www.ncbi.nlm.nih.gov/pubmed/9813138
http://www.ncbi.nlm.nih.gov/pubmed/7807015
http://www.ncbi.nlm.nih.gov/pubmed/7807015
http://www.ncbi.nlm.nih.gov/pubmed/7807015
http://www.ncbi.nlm.nih.gov/pubmed/11676481
http://www.ncbi.nlm.nih.gov/pubmed/11676481
http://www.ncbi.nlm.nih.gov/pubmed/11676481
http://www.ncbi.nlm.nih.gov/pubmed/11676481
http://www.ncbi.nlm.nih.gov/pubmed/11676481
http://www.ncbi.nlm.nih.gov/pubmed/19052636
http://www.ncbi.nlm.nih.gov/pubmed/19052636
http://www.ncbi.nlm.nih.gov/pubmed/19052636
http://www.ncbi.nlm.nih.gov/pubmed/19052636
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://www.ncbi.nlm.nih.gov/pubmed/15007096
http://www.ncbi.nlm.nih.gov/pubmed/19405949
http://www.ncbi.nlm.nih.gov/pubmed/19405949


Citation: Li C, Xu X, Wang H, Wei B (2012) PD-1 and CTLA-4 Mediated Inhibitory Signaling for T cell Exhaustion during Chronic Viral Infections. J 
Clin Cell Immunol S12: 010. doi:10.4172/2155-9899.S12-010

Page 7 of 7

J Clin Cell Immunol                                       ISSN:2155-9899 JCCI, an open access journal Signal Transduction 
Mechanisms in T lymphocytes

68. Siu E, Carreno BM, Madrenas J (2003) TCR subunit specificity of CTLA-4-
mediated signaling. J Leukoc Biol 74: 1102-1107.

69. Guntermann C, Alexander DR (2002) CTLA-4 suppresses proximal TCR 
signaling in resting human CD4(+) T cells by inhibiting ZAP-70 Tyr(319) 
phosphorylation: a potential role for tyrosine phosphatases. J Immunol 168: 
4420-4429.

70. Marengère LE, Waterhouse P, Duncan GS, Mittrücker HW, Feng GS, et al. 
(1996) Regulation of T cell receptor signaling by tyrosine phosphatase SYP 
association with CTLA-4. Science 272: 1170-1173.

71. Lee KM, Chuang E, Griffin M, Khattri R, Hong DK, et al. (1998) Molecular basis 
of T cell inactivation by CTLA-4. Science 282: 2263-2266.

72. Schneider H, Rudd CE (2000) Tyrosine phosphatase SHP-2 binding to CTLA-
4: absence of direct YVKM/YFIP motif recognition. Biochem Biophys Res 
Commun 269: 279-283.

73. Perez VL, Van Parijs L, Biuckians A, Zheng XX, Strom TB, et al. (1997) 
Induction of peripheral T cell tolerance in vivo requires CTLA-4 engagement. 
Immunity 6: 411-417.

74. Alegre ML, Frauwirth KA, Thompson CB (2001) T-cell regulation by CD28 and 
CTLA-4. Nat Rev Immunol 1: 220-228.

75. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, et al. (2008) CTLA-
4 control over Foxp3+ regulatory T cell function. Science 322: 271-275.

76. Mellor AL, Chandler P, Baban B, Hansen AM, Marshall B, et al. (2004) Specific 
subsets of murine dendritic cells acquire potent T cell regulatory functions 
following CTLA4-mediated induction of indoleamine 2,3 dioxygenase. Int 
Immunol 16: 1391-1401.

77. Grohmann U, Orabona C, Fallarino F, Vacca C, Calcinaro F, et al. (2002) 
CTLA-4-Ig regulates tryptophan catabolism in vivo. Nat Immunol 3: 1097-1101.

78. Dejean AS, Beisner DR, Ch’en IL, Kerdiles YM, Babour A, et al. (2009) 
Transcription factor Foxo3 controls the magnitude of T cell immune responses 
by modulating the function of dendritic cells. Nat Immunol 10: 504-513.

79. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, et al. (1999) 
Inhibition of T cell proliferation by macrophage tryptophan catabolism. J Exp 
Med 189: 1363-1372.

80. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, et al. (2006) Restoring 
function in exhausted CD8 T cells during chronic viral infection. Nature 439: 
682-687.

81. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, et al. (2006) PD-1 
expression on HIV-specific T cells is associated with T-cell exhaustion and 
disease progression. Nature 443: 350-354.

82. Freeman GJ, Wherry EJ, Ahmed R, Sharpe AH (2006) Reinvigorating 
exhausted HIV-specific T cells via PD-1-PD-1 ligand blockade. J Exp Med 203: 
2223-2227.

83. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, et al. (2006) PD-1 
is a regulator of virus-specific CD8+ T cell survival in HIV infection. J Exp Med 
203: 2281-2292.

84. Urbani S, Amadei B, Tola D, Massari M, Schivazappa S, et al. (2006) PD-1 
expression in acute hepatitis C virus (HCV) infection is associated with HCV-
specific CD8 exhaustion. J Virol 80: 11398-11403.

85. Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, et al. (2007) 
Characterization of hepatitis B virus (HBV)-specific T-cell dysfunction in chronic 
HBV infection. J Virol 81: 4215-4225.

86. Gu LL, Xu B, Zhang JY, Zhang Z, Wang FS (2008) [Dynamic expression of 
PD-1 in HBV-specific cytotoxic T lymphocytes correlates with memory T-cell 
development in acute hepatitis B patients]. Zhonghua Gan Zang Bing Za Zhi 
16: 649-653.

87. Tzeng HT, Tsai HF, Liao HJ, Lin YJ, Chen L, et al. (2012) PD-1 blockage 
reverses immune dysfunction and hepatitis B viral persistence in a mouse 
animal model. PLoS One 7: e39179.

88. Zimmermann C, Seiler P, Lane P, Zinkernagel RM (1997) Antiviral immune 

responses in CTLA4 transgenic mice. J Virol 71: 1802-1807.

89. Zaunders JJ, Ip S, Munier ML, Kaufmann DE, Suzuki K, et al. (2006) Infection 
of CD127+ (interleukin-7 receptor+) CD4+ cells and overexpression of CTLA-
4 are linked to loss of antigen-specific CD4 T cells during primary human 
immunodeficiency virus type 1 infection. J Virol 80: 10162-10172.

90. Schurich A, Khanna P, Lopes AR, Han KJ, Peppa D, et al. (2011) Role of 
the coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-Prone 
CD8 T cells in persistent hepatitis B virus infection. Hepatology 53: 1494-1503.

91. Pedicord VA, Montalvo W, Leiner IM, Allison JP (2011) Single dose of anti-
CTLA-4 enhances CD8+ T-cell memory formation, function, and maintenance. 
Proc Natl Acad Sci U S A 108: 266-271.

92. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, et 
al. (2007) Upregulation of CTLA-4 by HIV-specific CD4+ T cells correlates 
with disease progression and defines a reversible immune dysfunction. Nat 
Immunol 8: 1246-1254.

93. Elrefaei M, Burke CM, Baker CA, Jones NG, Bousheri S, et al. (2009) TGF-
beta and IL-10 production by HIV-specific CD8+ T cells is regulated by CTLA-4 
signaling on CD4+ T cells. PLoS One 4: e8194.

94. D’Souza M, Fontenot AP, Mack DG, Lozupone C, Dillon S, et al. (2007) 
Programmed death 1 expression on HIV-specific CD4+ T cells is driven by viral 
replication and associated with T cell dysfunction. J Immunol 179: 1979-1987.

95. Konkel JE, Frommer F, Leech MD, Yagita H, Waisman A, et al. (2010) PD-1 
signalling in CD4(+) T cells restrains their clonal expansion to an immunogenic 
stimulus, but is not critically required for peptide-induced tolerance. Immunology 
130: 92-102.

96. Han S, Asoyan A, Rabenstein H, Nakano N, Obst R (2010) Role of antigen 
persistence and dose for CD4+ T-cell exhaustion and recovery. Proc Natl Acad 
Sci U S A 107: 20453-20458.

97. Sakaguchi S, Yamaguchi T, Nomura T, Ono M (2008) Regulatory T cells and 
immune tolerance. Cell 133: 775-787.

98. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, et al. (2009) 
PD-L1 regulates the development, maintenance, and function of induced 
regulatory T cells. J Exp Med 206: 3015-3029.

99. Franceschini D, Paroli M, Francavilla V, Videtta M, Morrone S, et al. (2009) 
PD-L1 negatively regulates CD4+CD25+Foxp3+ Tregs by limiting STAT-5 
phosphorylation in patients chronically infected with HCV. J Clin Invest 119: 
551-564.

100. Eichbaum Q (2011) PD-1 signaling in HIV and chronic viral infection--potential 
for therapeutic intervention? Curr Med Chem 18: 3971-3980.

101. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, et al. (2009) Enhancing SIV-
specific immunity in vivo by PD-1 blockade. Nature 458: 206-210.

102. Nakamoto N, Cho H, Shaked A, Olthoff K, Valiga ME, et al. (2009) Synergistic 
reversal of intrahepatic HCV-specific CD8 T cell exhaustion by combined 
PD-1/CTLA-4 blockade. PLoS Pathog 5: e1000313.

103. Curran MA, Montalvo W, Yagita H, Allison JP (2010) PD-1 and CTLA-4 
combination blockade expands infiltrating T cells and reduces regulatory T 
and myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U S A 
107: 4275-4280.

This	article	was	originally	published	in	a	special	issue,	entitled:	“Signal 
Transduction Mechanisms in T lymphocytes”,	Edited	by	Dr.	Noah	Isakov,	
Ben	Gurion	University	of	the	Negev,	Beer	Sheva,	Israel.

http://www.ncbi.nlm.nih.gov/pubmed/19405949
http://www.ncbi.nlm.nih.gov/pubmed/12972512
http://www.ncbi.nlm.nih.gov/pubmed/12972512
http://www.ncbi.nlm.nih.gov/pubmed/12972512
http://www.ncbi.nlm.nih.gov/pubmed/11970985
http://www.ncbi.nlm.nih.gov/pubmed/11970985
http://www.ncbi.nlm.nih.gov/pubmed/11970985
http://www.ncbi.nlm.nih.gov/pubmed/11970985
http://www.ncbi.nlm.nih.gov/pubmed/11970985
http://www.ncbi.nlm.nih.gov/pubmed/8638161
http://www.ncbi.nlm.nih.gov/pubmed/8638161
http://www.ncbi.nlm.nih.gov/pubmed/8638161
http://www.ncbi.nlm.nih.gov/pubmed/8638161
http://www.ncbi.nlm.nih.gov/pubmed/9856951
http://www.ncbi.nlm.nih.gov/pubmed/9856951
http://www.ncbi.nlm.nih.gov/pubmed/9856951
http://www.ncbi.nlm.nih.gov/pubmed/10694513
http://www.ncbi.nlm.nih.gov/pubmed/10694513
http://www.ncbi.nlm.nih.gov/pubmed/10694513
http://www.ncbi.nlm.nih.gov/pubmed/10694513
http://www.ncbi.nlm.nih.gov/pubmed/9133420
http://www.ncbi.nlm.nih.gov/pubmed/9133420
http://www.ncbi.nlm.nih.gov/pubmed/9133420
http://www.ncbi.nlm.nih.gov/pubmed/9133420
http://www.ncbi.nlm.nih.gov/pubmed/11905831
http://www.ncbi.nlm.nih.gov/pubmed/11905831
http://www.ncbi.nlm.nih.gov/pubmed/11905831
http://www.ncbi.nlm.nih.gov/pubmed/18845758
http://www.ncbi.nlm.nih.gov/pubmed/18845758
http://www.ncbi.nlm.nih.gov/pubmed/18845758
http://www.ncbi.nlm.nih.gov/pubmed/15351783
http://www.ncbi.nlm.nih.gov/pubmed/15351783
http://www.ncbi.nlm.nih.gov/pubmed/15351783
http://www.ncbi.nlm.nih.gov/pubmed/15351783
http://www.ncbi.nlm.nih.gov/pubmed/15351783
http://www.ncbi.nlm.nih.gov/pubmed/12368911
http://www.ncbi.nlm.nih.gov/pubmed/12368911
http://www.ncbi.nlm.nih.gov/pubmed/12368911
http://www.ncbi.nlm.nih.gov/pubmed/19363483
http://www.ncbi.nlm.nih.gov/pubmed/19363483
http://www.ncbi.nlm.nih.gov/pubmed/19363483
http://www.ncbi.nlm.nih.gov/pubmed/19363483
http://www.ncbi.nlm.nih.gov/pubmed/10224276
http://www.ncbi.nlm.nih.gov/pubmed/10224276
http://www.ncbi.nlm.nih.gov/pubmed/10224276
http://www.ncbi.nlm.nih.gov/pubmed/10224276
http://www.ncbi.nlm.nih.gov/pubmed/16382236
http://www.ncbi.nlm.nih.gov/pubmed/16382236
http://www.ncbi.nlm.nih.gov/pubmed/16382236
http://www.ncbi.nlm.nih.gov/pubmed/16382236
http://www.ncbi.nlm.nih.gov/pubmed/16921384
http://www.ncbi.nlm.nih.gov/pubmed/16921384
http://www.ncbi.nlm.nih.gov/pubmed/16921384
http://www.ncbi.nlm.nih.gov/pubmed/16921384
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://www.ncbi.nlm.nih.gov/pubmed/16954372
http://www.ncbi.nlm.nih.gov/pubmed/16954372
http://www.ncbi.nlm.nih.gov/pubmed/16954372
http://www.ncbi.nlm.nih.gov/pubmed/16954372
http://www.ncbi.nlm.nih.gov/pubmed/16956940
http://www.ncbi.nlm.nih.gov/pubmed/16956940
http://www.ncbi.nlm.nih.gov/pubmed/16956940
http://www.ncbi.nlm.nih.gov/pubmed/16956940
http://www.ncbi.nlm.nih.gov/pubmed/17287266
http://www.ncbi.nlm.nih.gov/pubmed/17287266
http://www.ncbi.nlm.nih.gov/pubmed/17287266
http://www.ncbi.nlm.nih.gov/pubmed/17287266
http://www.ncbi.nlm.nih.gov/pubmed/18822202
http://www.ncbi.nlm.nih.gov/pubmed/18822202
http://www.ncbi.nlm.nih.gov/pubmed/18822202
http://www.ncbi.nlm.nih.gov/pubmed/18822202
http://www.ncbi.nlm.nih.gov/pubmed/18822202
http://www.ncbi.nlm.nih.gov/pubmed/22761734
http://www.ncbi.nlm.nih.gov/pubmed/22761734
http://www.ncbi.nlm.nih.gov/pubmed/22761734
http://www.ncbi.nlm.nih.gov/pubmed/22761734
http://www.ncbi.nlm.nih.gov/pubmed/9032309
http://www.ncbi.nlm.nih.gov/pubmed/9032309
http://www.ncbi.nlm.nih.gov/pubmed/9032309
http://www.ncbi.nlm.nih.gov/pubmed/17005693
http://www.ncbi.nlm.nih.gov/pubmed/17005693
http://www.ncbi.nlm.nih.gov/pubmed/17005693
http://www.ncbi.nlm.nih.gov/pubmed/17005693
http://www.ncbi.nlm.nih.gov/pubmed/17005693
http://www.ncbi.nlm.nih.gov/pubmed/21360567
http://www.ncbi.nlm.nih.gov/pubmed/21360567
http://www.ncbi.nlm.nih.gov/pubmed/21360567
http://www.ncbi.nlm.nih.gov/pubmed/21360567
http://www.ncbi.nlm.nih.gov/pubmed/21173239
http://www.ncbi.nlm.nih.gov/pubmed/21173239
http://www.ncbi.nlm.nih.gov/pubmed/21173239
http://www.ncbi.nlm.nih.gov/pubmed/21173239
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://www.ncbi.nlm.nih.gov/pubmed/17906628
http://www.ncbi.nlm.nih.gov/pubmed/20016783
http://www.ncbi.nlm.nih.gov/pubmed/20016783
http://www.ncbi.nlm.nih.gov/pubmed/20016783
http://www.ncbi.nlm.nih.gov/pubmed/20016783
http://www.ncbi.nlm.nih.gov/pubmed/17641065
http://www.ncbi.nlm.nih.gov/pubmed/17641065
http://www.ncbi.nlm.nih.gov/pubmed/17641065
http://www.ncbi.nlm.nih.gov/pubmed/17641065
http://www.ncbi.nlm.nih.gov/pubmed/20113370
http://www.ncbi.nlm.nih.gov/pubmed/20113370
http://www.ncbi.nlm.nih.gov/pubmed/20113370
http://www.ncbi.nlm.nih.gov/pubmed/20113370
http://www.ncbi.nlm.nih.gov/pubmed/20113370
http://www.ncbi.nlm.nih.gov/pubmed/21059929
http://www.ncbi.nlm.nih.gov/pubmed/21059929
http://www.ncbi.nlm.nih.gov/pubmed/21059929
http://www.ncbi.nlm.nih.gov/pubmed/21059929
http://www.ncbi.nlm.nih.gov/pubmed/18510923
http://www.ncbi.nlm.nih.gov/pubmed/18510923
http://www.ncbi.nlm.nih.gov/pubmed/18510923
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://www.ncbi.nlm.nih.gov/pubmed/19229109
http://www.ncbi.nlm.nih.gov/pubmed/19229109
http://www.ncbi.nlm.nih.gov/pubmed/19229109
http://www.ncbi.nlm.nih.gov/pubmed/19229109
http://www.ncbi.nlm.nih.gov/pubmed/19229109
http://www.ncbi.nlm.nih.gov/pubmed/21824094
http://www.ncbi.nlm.nih.gov/pubmed/21824094
http://www.ncbi.nlm.nih.gov/pubmed/21824094
http://www.ncbi.nlm.nih.gov/pubmed/19078956
http://www.ncbi.nlm.nih.gov/pubmed/19078956
http://www.ncbi.nlm.nih.gov/pubmed/19078956
http://www.ncbi.nlm.nih.gov/pubmed/19247441
http://www.ncbi.nlm.nih.gov/pubmed/19247441
http://www.ncbi.nlm.nih.gov/pubmed/19247441
http://www.ncbi.nlm.nih.gov/pubmed/19247441
http://www.ncbi.nlm.nih.gov/pubmed/20160101
http://www.ncbi.nlm.nih.gov/pubmed/20160101
http://www.ncbi.nlm.nih.gov/pubmed/20160101
http://www.ncbi.nlm.nih.gov/pubmed/20160101

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Function and Expression of PD-1
	Function and Cellular Trafficking of CTLA-4
	Ligands of PD-1 and CTLA-4
	PD-1 Inhibitory Signaling Pathway
	CTLA-4 Inhibitory Signaling Pathway
	Different Role of PD-1 and CTLA-4 for CD8+ T cells Exhaustion during Chronic Viral Infections 
	Different Role of PD-1 and CTLA-4 for CD4+ T cell Exhaustion in Chronic Viral Infection 
	Different Role of PD-1 and CTLA-4 in Regulatory T cells (Tregs)
	Targeting PD-1 and CTLA-4 for Antiviral Therapy 
	Acknowledgements
	References
	Figure 1
	Figure 2



