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Summary
Regulatory T cells (Tregs) and the PD-1: PD-ligand (PD-L) pathway are both critical to
terminating immune responses. Elimination of either can result in the breakdown of tolerance and
the development of autoimmunity. The PD-1: PD-L pathway can thwart self-reactive T cells and
protect against autoimmunity in many ways. In this review, we highlight how PD-1 and its ligands
defend against potentially pathogenic self-reactive effector T cells by simultaneously harnessing
two mechanisms of peripheral tolerance: (i) the promotion of Treg development and function and
(ii) the direct inhibition of potentially pathogenic self-reactive T cells that have escaped into the
periphery. Treg cells induced by the PD-1 pathway may also assist in maintaining immune
homeostasis, keeping the threshold for T-cell activation high enough to safeguard against
autoimmunity. PD-L1 expression on non-hematopoietic cells as well as hematopoietic cells
endows PD-L1 with the capacity to promote Treg development and enhance Treg function in
lymphoid organs and tissues that are targets of autoimmune attack. At sites where transforming
growth factor-β is present (e.g. sites of immune privilege or inflammation), PD-L1 may promote
the de novo generation of Tregs. When considering the consequences of uncontrolled immunity, it
would be therapeutically advantageous to manipulate Treg development and sustain Treg function.
Thus, this review also discusses how the PD-1 pathway regulates a number of autoimmune
diseases and the therapeutic potential of PD-1: PD-L modulation.
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Introduction
The immune system has the difficult challenge of discerning and defending against a
diversity of microbial pathogens, while simultaneously avoiding self-reactivity. While
central tolerance mechanisms result in deletion of the majority of self-reactive T
lymphocytes, some T cells specific for self-antigens escape into the periphery (1,2). To
further control the development of autoimmunity, multiple mechanisms of peripheral
tolerance have evolved, including T-cell anergy, deletion, and suppression by regulatory T
cells (Tregs). Failure of any of these tolerance mechanisms can result in autoimmune
disease. T-cell costimulatory pathways play critical roles in regulating the delicate balance
between protective immunity and tolerance.

The field of T-cell costimulation began with the two-signal model for T-cell activation,
which was originally proposed to explain how the encounter of a naive T cell with antigen
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could lead to activation or anergy (antigen-specific hyporesponsiveness) (3). According to
this model, effective activation of a naive T cell requires two signals delivered by APCs.
The first signal confers specificity to the immune response and involves antigen recognition,
provided by the interaction of antigenic peptide/major histocompatibility complex (MHC)
with the T-cell receptor (TCR). The second antigen-independent signal is the ‘costimulatory
signal’, delivered by costimulatory molecules expressed on antigen-presenting cells (APCs)
to receptors expressed on T cells. According to this model, if a T cell receives only antigen-
specific TCR stimulation in the absence of costimulation, it will be rendered unresponsive
(anergic) to subsequent antigenic challenge (4). The critical immunoregulatory function of
T-cell costimulation has led significant advances in the identification and characterization of
T-cell costimulatory pathways (5). We now appreciate that costimulatory pathways can
provide positive second signals that promote T-cell activation as well as negative second
signals that inhibit T-cell responses, mediate T-cell tolerance, and prevent autoimmunity. In
addition, costimulatory pathways not only regulate responses of naive T cells but can also
control effector, memory, and regulatory T cells. Thus, the functions of T-cell costimulatory
pathways in regulating T-cell activation and tolerance have expanded. Costimulatory
pathways can prevent effector T-cell responses and promote the development and function
of Treg cells as well as control the fate of naive T cells upon antigen encounter.

The costimulatory pathway consisting of the programmed death-1 (PD-1) receptor (CD279)
and its ligands, PD-L1 (B7-H1; CD274) and PD-L2 (B7-DC; CD273), delivers inhibitory
signals that regulate the balance among T-cell activation, tolerance, and immune-mediated
tissue damage (6–8). This pathway exerts critical inhibitory functions in the setting of
persistent antigenic stimulation such as during encounter of self-antigens, chronic viral
infections, and tumors (6,9). This pathway has a central role in regulating the interplay
between host defenses aimed at eradicating microbial pathogens and tumors as well as
microbial and tumor strategies that evolved to resist immune responses. The PD-1:PD-L
pathway contributes directly to T-cell exhaustion and lack of viral control during chronic
infections (10–13) as well as the suppressive tumor microenvironment (14,15). This
pathway controls multiple tolerance checkpoints that prevent autoimmunity. This review
discusses recent advances in our understanding of PD-1 and its ligands in regulating T-cell
tolerance and autoimmunity, focusing on its role in controlling Treg cell development and
function. To provide a context for these studies, we first introduce PD-1 and its ligands and
discuss the roles of Tregs in peripheral tolerance and autoimmunity.

Regulation of tolerance by PD-1 and its ligands
Structure and expression of PD-1 and its ligands

First identified as a gene upregulated in a T-cell hybridoma undergoing cell death (16), PD-1
is an immunoglobulin (Ig) superfamily member that has an N-terminal IgV-like domain, an
approximately 20 amino acid stalk separating the IgV-like domain from the plasma
membrane, a transmembrane domain, and a cytoplasmic domain with an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif
(ITSM). Mutagenesis studies indicate that the tyrosine within the ITSM motif is essential for
PD-1 function in T cells and B cells (17,18). The protein tyrosine phosphatases SHP-1 and
SHP-2 can bind to the ITSM sequence in the PD-1 cytoplasmic tail (18–20), but it is not yet
known whether PD-1 recruits SHP-1 and/or SHP-2 under physiologic conditions. PD-1 is
monomeric on the cell surface and cannot form covalent homodimers, because it lacks the
extracellular cysteine found in CD28, cytotoxic T-lymphocyte antigen-4 (CTLA-4), and
inducible costimulator (ICOS), which allows these molecules to homodimerize (21).

PD-1 is expressed during thymic development and is induced in a variety of hematopoietic
cells in the periphery by antigen receptor signaling and cytokines. PD-1 is expressed on
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immature CD4−CD8− (double negative) thymocytes during TCRβ rearrangement (22) (Fig.
1A). PD-1 is inducibly expressed on peripheral CD4+ and CD8+ T cells, natural killer T
(NKT) cells, B cells, and monocytes, and some dendritic cell (DC) subsets upon their
activation (9). In addition, estrogen can stimulate PD-1 expression on T cells and APCs (23).
PD-1 is induced by TCR or B-cell receptor (BCR) signaling (24) and remains high in the
setting of persistent antigen (either foreign or self) stimulation (Fig.1B). In particular, PD-1
is highly expressed on non-functional, exhausted T cells in the setting of chronic viral
infection (25). The common γ chain cytokines interleukin-2 (IL-2), IL-7, IL-15, and IL-21,
which have key roles in T-cell expansion and survival, can also induce PD-1 expression on
T cells (26). Recent analysis of the PD-1 promoter region has begun to define the
transcriptional basis for regulation of PD-1 expression in several cell types. Nuclear factor
of activated T cells c1 (NFATc1) is a critical factor for PD-1 induction in T cells (27). The
calcineurin inhibitor cyclosporine A and the NFAT-specific inhibitor VIVIT markedly
reduce PD-1 expression. Mutation of an NFATc1 consensus binding site leads to complete
loss of PD-1 expression in T cells using PD-1 reporter constructs. In macrophages,
interferon-sensitive response element (ISRE) is key for interferon-α (IFN-α)-induced PD-1
upregulation (28). PD-1 can be selectively induced on some myeloid DCs by Listeria
monocytogenes infection or by ligation of Toll-like receptor 2 (TLR2), TLR3, TLR4, or
nucleotide binding oligomerization domain (NOD) but inhibited by IL-4 and TLR9 ligation
(29).

The two PD-1 ligands have IgV-like and IgC-like extracellular domains, similar to other B7
family members. PD-L1 has a short cytoplasmic domain (~30 amino acids) that is conserved
across species but without any known function (30,31). The PD-L2 cytoplasmic domain is
short in rodents (only 4 amino acids) but is longer (~30 amino acids) and conserved in other
mammals without any apparent signaling motifs (32,33). PD-L1 and PD-L2 differ in their
affinities for PD-1; PD-L2 has a three-fold higher affinity for PD-1 as compared to PD-L1.
B7-1 is an additional binding partner for PD-L1, but it does not bind to PD-L2 (34).

PD-L2 is expressed in far fewer cell types than PD-L1 (Fig.1A). PD-L2 is inducibly
expressed on DCs, macrophages, peritoneal B1 B cells, memory B cells, and cultured bone
marrow (BM)-derived mast cells. In contrast, PD-L1 is broadly expressed on hematopoietic
and non-hemopoietic cells. PD-L1 is constitutively expressed on B cells, DCs, macrophages,
BM-derived mast cells, and T cells, and further upregulated upon their activation.
Constitutive expression of PD-L1 is higher in mice than in humans. PD-L1 can also be
expressed on a wide variety of non-hematopoietic cell types, including vascular endothelial
cells, fibroblastic reticular cells, epithelia, pancreatic islet cells, astrocytes, neurons, and in
cells at sites of immune privilege including trophoblasts in the placenta and retinal pigment
epithelial cells and neurons in the eye.

The expression of PD-L1 and PD-L2 is regulated by the inflammatory milieu (Fig. 1B).
Cytokines are potent stimuli for PD-L1 and PD-L2 expression. Type 1 and type 2 interferons
and TNF-α induce PD-L1 expression in T cells, B cells, endothelial cells, and epithelial cells
(9). The common γ chain cytokines IL-2, IL-7, and IL-15 increase PD-L1 on human T cells,
but IL-21 does not (26). However, IL-21 can stimulate PD-L1 expression on B (CD19+)
cells from peripheral blood mononuclear cells (PBMCs). IL-10 also induces PD-L1 on
monocytes. Interferons, IL-4, and granulocyte/macrophage colony-stimulating factor (GM-
CSF) stimulate expression of PD-L2 on DCs in vitro, and the common γ chain cytokines can
induce PD-L1 and to a lesser extent PD-L2 on human monocytes/macrophages (26). Studies
of the human PD-L1 promoter show that both constitutive and inducible PD-L1 expression
are dependent on two IFN regulatory factor-1 (IRF-1) binding sites (35). These IRF-1
binding sites are also found in mouse, although their importance is not yet clear. Signal
transducer and activator of transcription 3 (STAT3) binds to the CD274 promoter, as shown

Francisco et al. Page 3

Immunol Rev. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the gel electromobility shift and chromatin immunoprecipitation assays, and is required
for PD-L1 gene expression, as demonstrated by siRNA-mediated STAT3 depletion (36).
MicroRNA-513, which is expressed in human biliary epithelial cells, is downregulated by
IFN-γ exposure, and targets the 3’ untranslated region (UTR) of PD-L1 and translationally
represses it (37). Relief of miR-513-mediated translational repression of PD-L1 may be
involved in IFN-γ-induced expression of PD-L1 in biliary epithelial cells and other cell
types. Less is known about transcriptional regulation of PD-L2. Its induction by IFN-γ is
partially dependent on NF-κB-binding sites upstream of the transcriptional start site (38).

The Janus kinase (JAK)/STAT, mitogen-activated protein kinase (MAPK), and PI3K/AKT
pathways mediate IFN signaling, and recent studies indicate that the JAK/STAT and MAPK
signaling pathways are involved in IFN-induced PD-L1 expression. Studies using
pharmacological inhibitors show that PD-L1 expression in cell lines is decreased when
myeloid differentiation factor 88 (MyD88), tumor necrosis factor receptor-associated factor
6 (TRAF6), and MEK are inhibited (39). JAK2 has also been implicated in PD-L1
induction. Loss or inhibition of phosphatase and tensin homolog (PTEN), a cellular
phosphatase that modifies phosphatidylinositol 3-kinase (PI3K) and Akt signaling, increases
post-transcriptional PD-L1 expression in cancers (40). Inhibition of PI3K or Akt decreased
PD-L1 in tumor cells. Complement c5a also promotes expression of PD-L1 and PD-L2 (41).

Signaling through PD-1
There are many potential bidirectional interactions between PD-1 and PD-L1 due to the
expression of PD-1 on T cells, B cells, macrophages, and some DCs, and the broad
expression of PD-L1 on hematopoietic and non-hematopoietic cells. PD-1 function is best
characterized in T cells, but several studies demonstrate that PD-1 can also function in other
cell types (29,42). PD-1 can transmit an inhibitory signal when engaged along with either
the TCR or BCR (17,24). In addition, PD-1 can inhibit macrophage and DC responses to
TLR agonists and microbes (29,42).

Although PD-1 is inducibly expressed on T cells upon their activation, the effects of PD-1
ligation on T cells can be seen as early as two hours after activation (17). Engagement of
PD-1 by either of its ligands during TCR signaling can block T-cell proliferation, cytokine
production and cytolytic function, and impair T-cell survival (19). The extent of PD-1
mediated inhibition depends on the strength of the TCR signal, with more inhibition
occurring at lower levels of TCR stimulation. PD-1 often inhibits cytokine production to a
greater extent than cell proliferation. CD28 costimulation (31) or IL-2 (43) can override
PD-1-mediated inhibition. It is not yet clear how the level of PD-1 expression relates to
PD-1 function. PD-1 may inhibit T-cell function and survival directly, by blocking early
activation signals that are promoted by CD28, or indirectly through IL-2. CD28 and IL-2
promote T-cell expansion and survival by stimulating anti-apoptotic, cell cycle, and cytokine
genes. PD-1 engagement prevents the induction of the cell survival factor Bcl-xL as well as
expression of transcription factors associated with effector cell function, including GATA-3,
T-bet, and Eomes (17,44).

PD-1 alters membrane-proximal signaling events in T cells (Fig. 2). PD-1 inhibits the
induction of phosphatidylinositol-3-kinase (PI3K) activity and downstream activation of Akt
(45). PI3K and Akt activity are key for glucose transport and glycolysis, so PD-1-mediated
inhibition of these signaling molecules can hamper cell bioenergetics. The effects of PD-1
on Akt activation also provide an explanation for why IL-2 can rescue T cells from PD-1
inhibition. IL-2 can trigger Akt activation through STAT5 and circumvent PD-1 mediated
inhibition of Akt activation. Although CTLA-4 also blocks Akt activation, it does not
interfere with PI3K activity but instead blocks Akt phosphorylation by activation of protein
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phosphatase 2 (PP2A) (19,45). Thus, the PD-1 and CTLA-4 immunoinhibitory receptors
target different signaling molecules. PD-1 engagement can reduce phosphorylation of CD3ζ,
ζ-associated protein of 70 kDa (ZAP70), and protein kinase Cθ (PKCθ) (45). PD-1 ligation
also inhibits Erk activation, but this effect can be overcome through cytokine receptor
signaling, particularly cytokines that activate STAT5, such as IL-2, IL-7, and IL-15 (46).

Comparison of the consequences of PD-1 and CTLA-4 ligation on CD4+ T-cell activation
by gene expression profiling has revealed that PD-1 inhibits T-cell activation to a greater
extent than CTLA-4 (45). Ligation of CTLA-4 reduced the number of transcripts whose
expression levels were altered substantially (at least a five-fold increase or decrease) by CD3
and CD28 costimulation by ~67%. Ligation of PD-1 reduced the number of these CD3/
CD28 regulated transcripts by ~90%. Importantly, the cell survival gene Bcl-xL was
upregulated following ligation of CTLA-4 but not PD-1, suggesting a means by which PD-1
engagement could make T cells more susceptible to apoptosis. In contrast to what is known
about how PD-1 impacts signaling pathways during the initial activation of naive T cells, it
is not yet clear if there are differences in PD-1 signaling in distinct types of T cells. We have
investigated signaling by the PD-1 pathway during the development of adaptive regulatory T
cells, as discussed later in this review.

While many studies have shown that PD-Ls can inhibit T-cell proliferation and cytokine
production, others have found that PD-Ls enhance T-cell activation. The reasons for these
contradictory results are not yet clear and remain controversial. Some studies have shown
that PD-L1 can increase T-cell proliferation by inhibiting IFN-γ-induced nitric oxide
production (47). When macrophages were used as APCs, anti-PD-L1 and anti-PD-1
increased IFN-γ and IL-2 production by T cells but paradoxically inhibited their
proliferation. This effect was found to be due to IFN-γ-dependent induction of nitric oxide
production by macrophages, which leads to inhibition of T-cell proliferation. These findings
suggest that some of the positive effects of PD-L1 and PD-L2 may be explained by
inhibition of negative signaling. In addition, there are data indicating that PD-L1 and/or PD-
L2 may signal bidirectionally.

Roles of PD-1 and its ligands in T-cell tolerance
A role for PD-1 in regulating T-cell tolerance and autoimmunity was first suggested by the
phenotype of PD-1−/− mice (48). PD-1 deficiency results in the spontaneous development of
some features of a late onset lupus-like disease characterized by autoantibodies and mild
glomerulonephritis in C57BL/6 mice. Autoimmunity is accelerated by PD-1 deficiency on
autoimmune-prone backgrounds (49), providing further evidence for a role for PD-1 in the
induction and/or maintenance of tolerance. Analysis of the functions of PD-1 and its ligands
in tolerance and autoimmunity is now an active area of investigation. Here we provide an
overview of the mechanisms by which PD-1 and its ligands control self-reactive T cells,
laying the groundwork for our discussion of the functions of PD-1 and its ligands in
autoimmune diseases.

The PD-1:PD-L pathway delivers inhibitory signals that regulate both central and peripheral
T-cell tolerance. In the thymus, PD-L1 is expressed broadly on the thymic cortex and on
thymocytes, whereas PD-L2 is expressed in the thymic medulla. CD4−CD8− (DN)
thymocytes begin to express PD-1 at the stage of TCRβ rearrangement. PD-1:PD-L1
interactions restrict positive selection during the DN to CD4+CD8+ (DP) stage of thymic
development (50). Signals through PD-1 regulate signaling thresholds during positive
selection, and lack of either PD-1 or PD-L1 increases DP thymocyte cell numbers (51).
PD-1 also participates in negative selection (52). PD-1 and PD-L1 have been further
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implicated in tolerance by gene expression profiling studies of central tolerance in nonobese
diabetic (NOD) mice (53).

The PD-1:PD-L pathway controls peripheral T-cell tolerance in several ways. This pathway
limits the initial phase of activation and expansion of self-reactive T cells, and restricts self-
reactive T-cell effector function and target organ injury. PD-1:PD-L interactions can inhibit
expansion of naive self-reactive T cells and/or their differentiation into effector T cells. PD-
L1 and PD-L2 are expressed on tolerogenic DCs, providing a means by which these PD-1
ligands may control the decision between T-cell activation and tolerance (54). PD-1
deficiency on antigen-specific T cells increases CD8+ T-cell responses to antigen-bearing
resting DCs. The PD-1: PD-L pathway can also negatively regulate reactivation, expansion,
and/or functions of effector T cells (55,56). Bone marrow chimera studies indicate that PD-
L1 on non-hematopoietic cells can restrain self-reactive T-cell responses in target organs.
The expression of PD-L1 on endothelial cells as well as other nonhematopoietic cells may
be important for maintaining tissue tolerance (57). PD-L1 on endothelial cells has the
potential to restrict extravasation of T cells into target organs (58). PD-L1 on non-
hematopoietic cells may also limit immune-mediated tissue damage by controlling functions
of pathogenic effector cells (56,59). The relative contributions of PD-L1 on lymphoid,
endothelial, and other cells in regulating effector T-cell responses are not yet clear. Signals
through the PD-1:PD-L pathway also regulate the dynamic interplay between Treg and T
effector cells. PD-1 and PD-L1 are both expressed on Tregs (60). As detailed below, this
pathway controls the development, maintenance, and function of induced Treg cells.

Regulatory T cells
Biology and function

Although a number of fairly novel CD4+ T-cell subtypes have garnered the attention of the
Immunology community, of late, no single cell has burst on the scene quite as dramatically
as the CD4+ Treg. Tregs mediate peripheral tolerance by actively suppressing effector T
cells and inhibiting immune-mediated tissue damage. Initially revived in the last decade by
Sakaguchi, Powrie, Mason and colleagues (61–64), Tregs were identified by high expression
of the IL-2 receptor α chain, CD25, and confirmed by subsequent suppressor function. Tregs
are hyporesponsive to TCR stimulation but share some surface markers with activated
effector T cells (e.g. CTLA-4, GITR, PD-1, PD-L1). It was not until molecular identification
of the Treg-restricted transcription factor forkhead box protein 3 (Foxp3) (65–68) that
immunologists fully respected Tregs as a lineage-specific subtype of CD4+ T cells. Multiple
subsets of Foxp3+ Tregs can be divided into two subsets: naturally occurring (nTregs) and
induced Tregs (iTregs). Foxp3+ nTregs are generated in the thymus and are initially detected
within the CD4+CD8+ double positive stage to CD4+ single positive stage (69). nTregs
express Foxp3, high levels of CD25, and have a TCR repertoire biased towards self-
antigens. In contrast, iTregs (or adaptive Tregs) develop in the periphery from CD4+Foxp3−
naive T cells. In vitro, the ‘conversion’ of naive T cells toward an iTreg fate is dependent on
TGF-β and IL-2 (70–73). Similar to nTregs, iTregs require prior stimulation for Treg
activity, potently suppress effector T cells, and express high levels of CD25, CTLA-4,
GITR, PD-L1 and PD-1 (74). While other subsets of Tregs (e.g. Foxp3−IL-10+ Tr1 cells or
Foxp3−TGF-β+ Th3 cells) may restrain immune responses, we focus this review on the
collaboration of natural and induced Foxp3+ Tregs in the maintenance of immune tolerance
and homeostasis.

Our understanding of the immunoregulatory nature of Tregs has emerged from the
convergence of in vivo and in vitro studies demonstrating the suppressive function of Tregs.
Evidence from numerous groups has shown that either depletion of CD25+CD4+ Tregs or
ablation of Foxp3+ Tregs results in the development of autoimmune disease (61,66,75). That
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the depletion of one subpopulation of CD4+ T cells can cause severe immunopathology
underscored the essential role of Tregs in maintaining peripheral tolerance. Further in vitro
evidence convincingly demonstrated that Tregs are able to suppress the proliferation of
antigen-stimulated naive T cells (76,77) and genetic evidence in both mice and humans
supported the critical inhibitory role of Tregs in vivo. Scurfy mice, which succumb to
lymphoproliferative and wasting disease, result from the disruption of a forkhead/ winged-
helix protein, called scurfin (78–81). Scurfin was later found to be the transcription factor,
Foxp3 (67,82). Careful examination of scurfy mice identified a naturally occurring mutation
within the Foxp3 gene. Further demonstrating the suppressive power of Tregs, addition of
Tregs to Scurfy mice can prevent autoimmune-mediated death (83). Moreover, naive T cells
may be converted to functionally suppressive Tregs by induced or forced expression of the
Foxp3 gene (66). In humans, a rare X-linked disorder, immune dysregulation,
polyendocrinopathy, enteropathy X-linked (IPEX) syndrome, results from mutations in the
Foxp3 gene (65,68). That Treg deficiency or dysfunction results in multiorgan
autoimmunity, including severe enteritis, type 1 diabetes mellitus, eczema and
hypothyroidism, conclusively demonstrated that a single sub-population of CD4+ T cells
was critical for thwarting autoimmune attack.

Mechanisms of Treg suppression
Vindicated, Tregs have become the subject of intense interest and studies of Tregs flood the
literature, with studies investigating the development and function of Tregs (76,84–86) as
well as their in vivo roles during autoimmune diseases (87–93). While our understanding of
the cellular and molecular basis for Treg-mediated suppression is currently evolving, studies
in humans and mice have revealed multiple mechanisms of suppression utilized by Foxp3+

Tregs. Foxp3 negatively regulates IL-2 transcription and upregulates IL-2R expression,
rendering exogenous IL-2 a necessity for Treg survival (84,94,95). The constitutively high
expression of CD25 allows efficient absorption of IL-2 by Tregs, and a concomitant
depletion of IL-2 from nearby conventional T cells. Pandiyan et al. reported that
consumption of IL-2 by Tregs can result in cytokine deprivation-induced apoptosis of
effector T cells (96,97). Alternatively, work by Shevach and others (76,77) suggest that
Tregs inhibit IL-2 mRNA induction from Foxp3− effector T cells.

Cytokine mediators of Treg suppression
Further studies have revealed three other cytokines, IL-10, TGF-β and IL-35, as important
mediators of Treg function. IL-10-producing Foxp3+ T cells are abundantly found in the
lamina propria of the intestine and are thought to play a critical role in mucosal tolerance. In
vitro, IL-10-deficient Foxp3+ Tregs are fully suppressive, yet in vivo, they are unable to
suppress the development of colitis (98–100). Furthermore, IL-10-deficient Tregs
compromise mucosal immunity but not systemic tolerance, suggesting that Treg suppressive
mechanisms may be environmentally determined to enable appropriate responses within the
required biological context.

TGF-β is critical to the induction and maintenance of Foxp3+ Tregs. However, it is still
unclear whether TGF-β functions as a suppressor molecule utilized by Tregs (70,101,102).
Initial reports using TGF-β-deficient Tregs or anti-TGF-β neutralizing antibodies suggested
that TGF-β was not required for nTreg function, but further in vitro and in vivo studies
dispute these findings and suggest that membrane-bound TGF-β is critical for nTreg
function (76,103,104). Surprisingly, neither active nor latent TGF-β can be visualized with
antibodies. Following post-translational processing, TGF-β binds latency-associated peptide
(LAP) to maintain TGF-β in its inactive form (105). Disrupting interactions between LAP
and TGF-β are central to TGF-β activation. Further studies of activated murine and human
Tregs revealed that latent TGF-β was likely the suppressor molecule expressed by Tregs,
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since LAP, but not TGF-β, can be detected by antibody staining upon TCR activation
(106,107). Andersson et al. demonstrated that latent TGF-β on the surface of Tregs converts
Foxp3− cells to Foxp3+ cells upon TCR stimulation, thereby mediating ‘infectious
tolerance’ or inducing the conversion of T-effector cells towards a Treg subtype (hereby
referred to as ‘contra-conversion’).

IL-35 is a newly described inhibitory cytokine that may directly mediate the suppression of
T effectors by Tregs (108). IL-35 is member of the IL-12 cytokine family. It consists of a
heterodimer of the Epstein-Barr virus-induced gene (Ebi3) and IL-12α (p35). The Ebi3 gene
is a Foxp3 target and both Ebi3 and IL-12α are expressed by murine Tregs. Ebi3-deficient or
IL-12α-deficient Tregs have significantly reduced suppressive capacity when cultured with
effector/responder T cells plus bead-bound anti-CD3 and anti-CD28. In vivo, Ebi3-deficient
and IL-12α-deficient Tregs are unable to regulate the onset and extent of inflammatory
bowel disease. While IL-35 may be critical for Treg suppressive activity in mice, human
studies have failed to identify IL-35 in activated or resting Tregs (109). However, there are
data to suggest that human DCs may produce IL-35 (109), but further experiments are
required to confirm a role for IL-35 as a suppressive cytokine that may function within a
DC-Treg-T effector triad.

Regulation of DC function by Tregs
Interactions between dendritic cells and Treg cells have been identified as another
mechanism by which Tregs influence the ensuing immune response. Tang et al.(110) and
Tadokoro et al. (111) used two-photon laser scanning microscopy to demonstrate that
antigen-experienced T-effector cells arrested with DCs in the absence of Tregs. Upon
addition of Tregs, the interaction time between DCs and T effectors was diminished. Tregs
also disrupted stable clusters of diabetogenic T cells in the pancreatic lymph nodes
(110,111), thus limiting T-cell priming by DCs.

DCs may also be intrinsically affected by Treg interactions. Misra et al. (112) and Serra et
al. (113) demonstrated that Tregs could downregulate costimulatory molecule expression on
human and murine DCs. CTLA-4 is expressed constitutively on CD4+Foxp3+CD25+ Tregs
(114–116), and recent work by Wing et al. (117) demonstrated that selective ablation of
CTLA-4 in Tregs could cause systemic autoimmunity and fatal disease but did not alter Treg
development or convert Tregs toward pathogenicity. CTLA-4-deficient Tregs are less
suppressive than WT Tregs when cultured with DCs and T effectors. Some studies suggest
that Tregs expressing CTLA-4 can induce the downregulation of CD80 and CD86 on DCs,
thereby educating the DC to become less activated and/ or more tolerogenic. Alternatively, it
is possible that CTLA-4-expressing Tregs may suppress T effectors by ligating CD80 on the
effector T cell, resulting in the inhibition of T-cell proliferation and cytokine production
(118).

Treg-mediated cytolysis
In addition, Tregs may also exert their functions by Treg-mediated cytolysis of effector T
cells, APCs, or NK cells (119–122). Grossman et al. (119) showed granzyme A expression
in human Tregs and demonstrated that human Tregs can utilize granzyme A and perforin to
kill target cells. Consistent with these data, Noelle and colleagues (120) first demonstrated
that granzyme B-deficient Tregs induced less effector cell apoptosis than wildytpe Tregs.
Further work has shown that Treg-mediated killing of APCs occurs in a granzyme B and
perforin-dependent fashion (121). The cytolytic function of Tregs may be regulated by the
inflammatory microenvironment. Granzyme B was not detected in naive Tregs, but was
expressed in CD4+Foxp3+ Tregs from tumor-challenged mice (122). Furthermore, tumor-
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exposed Tregs induced cytolysis of NK cells and CD8+ T cells in a granzyme B and
perforin-dependent fashion.

Regulatory T-cell plasticity
With an arsenal of suppressive strategies, Tregs are a prime candidate for the
immunotherapy of autoimmune diseases. However, growing evidence suggests that Tregs
are not stable and can be reprogrammed into competent effector cells, revealing plasticity of
the regulatory T-cell lineage (123,124). With many Tregs bearing autoreactive TCRs,
stabilization of the Treg phenotype is essential to avoid potential complications of Tregs
serving as a reservoir of autoreactive T-effector cells (125). Williams et al. (126)
demonstrate that sustained expression of Foxp3 maintains the Foxp3-dependent
developmental program of Tregs. Interestingly, when Komatsu et al. (127) transferred
Foxp3+ Tregs into lymphopenic hosts, a fraction of the cells became Foxp3− and no longer
suppressed T-effector cell proliferation. Moreover, the Foxp3− (former Tregs) began to
produce IL-2 and IFN-γ. The instability of Tregs may be determined, in part, by the
inflammatory milieu. Pasare et al.(128) convincingly demonstrated that TLR stimulation of
dendritic cells could result in the production of proinflammatory factors (such as IL-6) that
could block the suppressive activity of Tregs. Furthermore, studies in mouse models of
multiple sclerosis (MS) and diabetes report decreased Foxp3 expression and Treg
dysfunction within the inflamed target organ (129–131). Wan et al. (130) demonstrated that
Tregs from mice genetically engineered to express low levels of Foxp3 lose suppressive
activity and simultaneously gain effector cell functions (IL-2, IL-4, IFN-γ production).
Decreased Foxp3 expression may be directly linked to decreased Treg function, as Egawa et
al. (132) reported that Foxp3 can exert a positive feedback loop on its own expression,
mediated by the transcription factor Runx1. Ablation of Runx1 leads to decreased Foxp3
expression by Tregs. Interestingly, a mutation in the Runx1 binding site within the enhancer
element of the PD-1 gene resulted in a defect of PD-1-mediated inhibition of IFN-γ
production in patients with MS (133). More recently, Haxhinasto et al. (134) and Sauer et al.
(135) demonstrated that blockade of the PI3K/mTOR pathway and truncation of TCR
signaling increased Foxp3 expression. As we describe below, these data are consistent with
our findings that the PD-L1: PD-1 pathway limits T-cell stimulation and promotes the
differentiation and maintenance of Foxp3+ Tregs by blocking the Akt/mTOR pathway and
augmenting PTEN expression (136).

PD-L1-mediated regulation of Tregs
Tregs and the PD-1: PD-L pathway are both critical to terminating immune responses.
Elimination of either one leads to uncontrolled T-cell responses, resulting in autoimmunity.
Previous studies by our group and others have shown that ligation of PD-1 by either PD-L1
or PD-L2 attenuates effector T-cell proliferation, cytokine secretion, and survival. We and
others have questioned whether the PD-1: PD-L pathway has broader control of T-cell
responses, specifically interrogating whether Treg frequency or function can be augmented
by the ligation of PD-1. We found that in the presence of anti-CD3 and TGF-β, PD-L1-Ig
can induce a profound increase in the de novo generation of CD4+Foxp3+ Tregs from naive
CD4+ T cells (136) (Fig. 3). Moreover, experiments with PD-L1-expressing APCs resulted
in minimal conversion of naive CD4+ T cells to iTreg cells, showing the essential role for
PD-L1 during iTreg induction. PD-L1-Ig also can enhance Foxp3 expression and
suppressive function of established iTregs. Further engagement of Foxp3+ iTregs by PD-L1-
Ig results in better maintenance of Foxp3 expression and enhanced suppressive activity at
low Treg to T-effector cell ratios. In mechanistic studies, we demonstrated that PD-L1-Ig
induces iTregs from naive T cells by attenuation of Akt-mTOR signaling and concomitant
upregulation of PTEN. Although the effects of rapamycin and mTOR inhibition on the
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development of Treg cells have been well reported (134,135,137–139), we first
demonstrated how a naturally occurring inhibitory molecule blocks the Akt/mTOR cascade
to preferentially push naive T cells toward an induced-Treg fate.

As both nTregs and iTregs express PD-1 and PD-L1, the expression of ligand and receptor
on the same cell has some interesting implications. APC encounter of a naive T cell induces
expression of PD-1 upon TCR stimulation (Fig. 4). PD-L1 expression on the APC or a
newly encountered Treg has the potential to drive the differentiation of a naive T cell toward
an iTreg. Therefore, Tregs may further assist Treg-mediated infectious tolerance. However,
not all naive cells become Tregs. To permit latitude for T-cell differentiation into multiple
T-cell subtypes, cell-intrinsic counter-regulation must exist in naive T cells. Whether Tregs
can restrain the magnitude of effector responses by inducing the contra-conversion of T-
effectors toward Tregs upon PD-L1: PD-1 interactions remains to be determined.

As loss of PTEN augments PD-L1 expression, the PD-1 pathway may negatively regulate its
own functions (40). Hence, increasing PTEN expression via PD-1 signaling may result in
reduced PD-L1 expression and serve as a negative feedback loop to downregulate Treg
development and/ or function. This putative mechanism allows broader T-cell diversity,
ensuring that the appropriate T-cell subsets are poised for rapid response to immune
challenge.

Since Tregs may mediate suppression by altering stable interactions with effector T cells,
the PD-1: PD-L pathway also may control the complicated dynamic interactions among
Tregs, T-effector cells, and APCs (Fig. 5). Recently, Bluestone and colleagues (140)
reported that PD-1 ligation affects the stability of DC-T-cell contacts by inhibiting TCR-
induced stop signals. Two-photon laser-scanning microscopy was used to demonstrate that T
cells tolerized for islet antigen did not stably interact with antigen-specific DCs but moved
freely in the pancreatic lymph nodes. Using blocking antibodies for PD-L1 or PD-1, Fife et
al. (140) elegantly showed that continued interactions between PD-L1 and PD-1 inhibited
TCR-mediated stop signals. In our studies using bead-bound anti-CD3 plus PD-L1-Ig to
induce Treg differentiation, we similarly observed that increasing concentrations of PD-L1-
Ig reduced T-cell clustering. In contrast, bead-bound anti-CD3 plus control-Ig induced stable
T-cell clusters during Treg differentiation (L. Francisco, V. Salinas, and A.H. Sharpe,
unpublished observations). Hence, the constitutive expression of PD-L1 and PD-1 on Tregs
may regulate formation of stable and productive immunological contacts, providing a novel
mechanism of suppression utilized by Tregs.

PD-L1 expression on Tregs may directly influence the tolerogenicity of DCs, as illustrated
by recent adoptive transfer experiments. Antigen-specific CD4+Foxp3− effector T-cell
expansion was limited by co-transfer of iTregs and protected mice from autoimmune
gastritis (141). Transfer of iTregs reduced T-effector cell priming by DCs originally exposed
to iTregs in vivo as compared to unconditioned DCs. iTreg-conditioned DCs also
downregulated expression of costimulatory molecules CD80 and CD86, suggesting that
Treg suppressive capacity may be due, in part, to decreasing the stimulatory capacity of
DCs. While DiPaolo et al. did not find any differences in PD-L1 or PD-L2 expression on
DCs influenced by iTregs in vivo, expression of PD-1 was not examined. Chen and
colleagues (29) recently have shown that DC expression of PD-1 may negatively regulate
DC function and thereby impede immune responses. Thus, PD-L1-expressing iTregs have
the potential to indirectly suppress T-effector responses by directly engaging PD-1 on
dendritic cells and modulating DC function.

When considering the consequences of uncontrolled immunity, it would be therapeutically
advantageous to simultaneously harness two inhibitory modalities (Treg induction and
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negative costimulation). Not only would ligation of the PD-1 pathway result in diminished
effector T cells but also would lead to generation of Tregs that would be restrain pathogenic
T cells that have escaped into the periphery (Fig. 6). Tregs induced by the PD-1 pathway
may also assist in maintaining immune homeostasis, keeping the threshold for T-cell
activation high enough to safeguard against autoimmunity, while simultaneously permitting
protective immunity.

The PD-1 pathway, Tregs, and autoimmune diseases
Type 1 diabetes

Type 1 diabetes (T1D) is an autoimmune disease, resulting from severe β-cell destruction
within the pancreatic islets. The naturally occurring non-obese diabetic (NOD) mouse strain,
which spontaneously develops diabetes, has facilitated the understanding of the cellular and
molecular mechanisms underlying the pathogenesis of T1D. The disease susceptibility and
phenotype of the NOD mouse closely resembles human T1D and therefore is considered one
of the most physiological murine models for peripheral tolerance and autoimmunity.

Diabetes develops in NOD mice at 14 to 30 weeks of age and is diagnosed by increased
blood glucose levels and insulitis, indicative of pancreatic inflammation and β-cell
destruction. Transfer studies of diabetogenic and non-diabetogenic T cells into irradiated
mice have shown that T cells from non-diabetic mice can control diabetes (142,143). These
non-pathogenic T cells were CD25 positive and regulated T-effector cell responses (116).
As discussed earlier, Tregs utilize a number of different mechanisms to inhibit immune
responses, including secretion of anti-inflammatory cytokines (IL-35, IL-10, and TGF-β),
killing of effector T cells directly, metabolic inhibition of effector T cells, or modulation of
APCs (144). Of these possible modes of suppression, TGF-β has been shown to be
important in regulating T1D in the NOD mouse. Tregs cannot control disease progression in
TGFβRII knockout NOD mice (145), possibly due to the lack of Treg presentation of
surface-bound TGF-β to effector T cells (103), thereby likely impairing immune responses
through conversion of effector T cells to Tregs. Additional studies are needed to further
elucidate mechanisms of Treg suppression in T1D progression.

The role for Tregs in human T1D is less clear than in mouse models. Several studies have
shown either reduced Treg numbers or altered Treg function in human T1D (87,146,147). In
one recent study the defect in Treg suppression was assessed using in vitro studies of Treg
function. Increased IFN-γ production (87,146) and decreased IL-10 production (87) were
seen in cocultures of Tregs and T effectors. However, both populations were obtained from
the same individual, making the intrinsic defect of either the Treg population or the T-
effector cell population impossible to discern. Other studies have shown that Tregs from
diabetic patients have normal suppressive function in similar autologous cocultures of T-
effectors and Tregs (148). Moreover, iTregs from T1D patients can regulate T-effector cells
from healthy individuals (149). The discrepancy among these studies also may be
complicated by different techniques in Treg isolation. Lacking a precise surface-marker for
Tregs, isolation of CD4+CD25+ T cells results in a heterogeneous population consisting of
both Tregs and T-effector cells. Furthermore, effector T cells from T1D individuals may be
intrinsically defective. Schneider et al. (149) found that T-effector cells isolated from T1D
patients are not suppressed by iTregs from healthy individuals. The T-effector cells and
Tregs used in many of these studies have come from blood. T-effector cells and Tregs in the
tissues are likely to be different due to increased T-cell activation thresholds resulting from
endothelial and/or parenchymal interactions with inhibitory molecules. Although still
unclear, Tregs may factor into disease progression. It is unclear whether a general defect in
Treg function exists. Possibly, the pro-inflammatory milieu may ‘tip the balance’ and
overwhelm the Tregs. More in depth studies are needed to investigate these issues.
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Both PD-1 and PD-L1 have been implicated in regulating the pathogenesis of T1D from
studies in mouse models of the disease. PD-L1 expression is seen on β cells of the islets and
may function to limit self-reactive T cells at the target tissue. Ansari et al. (55) demonstrated
the protective role of PD-L1 interactions in T1D. In this study, administration of blocking
antibodies to PD-1 (J43) or PD-L1 (MIH6) drastically accelerated diabetes in the NOD
mouse when given at any time point (55). When Martin-Orozco et al. (150) performed
parallel studies in the RIP-OVA transfer model of peripheral tolerance (which uses diabetes
as a readout for a break in tolerance), they noted a similar acceleration of diabetes after
administration of blocking antibodies to PD-1 (J43) or PD-L1 (MIH5). Blocking PD-L2
(clone TY25) does not alter diabetes progression in either NOD mice or in the RIP-OVA
transfer model of peripheral tolerance (55,150). A PD-1: PD-L1 interaction exclusively
accelerated diabetes because blockade of either PD-1 or PD-L1 gave virtually identical
results. Wang et al. (49) demonstrate a similar acceleration of diabetes in the NOD PD-1−/−

mouse. Consistent with these findings, we observed accelerated diabetes in both the NOD
and RIP-OVA adoptive transfer models using PD-1-deficient donors and PD-L1-deficient
recipients (56,59). Additionally, we demonstrated that PD-1-deficient T cells are unable to
be cross-tolerized in the RIP-OVA adoptive transfer model (59).

Although it is clear that PD-1 plays a critical role in the pathogenesis of T1D, the precise
location(s) of PD-1:PD-L interaction remains to be determined. Bone marrow chimera
studies have revealed that PD-L1-expressing parenchymal cells control peripheral tolerance
in NOD and RIP-OVA models (56,59). Since PD-L1-expressing radio-resistant cells were
critical for peripheral tolerance, it is unlikely that a hematopoietic lineage cell was
conferring this tolerance. Both islet cells and vascular endothelial cells within the pancreas
express PD-L1 and therefore may be the cells inducing tolerance.

PD-L1 expression on islet cells may protect them from diabetogenic T-cell cytolysis during
islet destruction. During the setting of islet transplantation in syngeneic or allogenic settings,
PD-L1 has been shown to protect from either autoimmune progression or graft rejection,
respectively (56,151). Studies addressing the function of islet PD-L1 expression using
transgenic approaches have yielded conflicting results, perhaps related to differences in
genetic background or promoters used. Studies by Subudhi et al. (152) show that in C57BL/
6 mice, transgenic overexpression of PD-L1 under the rat insulin promoter causes
spontaneous diabetes. When OTI T cells were transferred to RIP-OVA C57BL/6 mice
constitutively expressing PD-L1 under the RIP promoter, the recipients develop more severe
diabetes than control mice. These findings contrast with recent work in which PD-L1 was
overexpressed in diabetic prone NOD mice using a human insulin promoter (153).
Overexpression of PD-L1 in NOD mice almost completely protected them from diabetes
(154). These results remain to be reconciled with other studies that show the dampening of
inflammation by PD-L1. PD-L1 may be simultaneously preventing cytolysis as well as
participating in contra-conversion of T-effector cells to Tregs. Additionally, PD-L1 could
also have a cell-intrinsic role in the islet cell itself.

PD-L1 not only is found on the islets but is also expressed on the vascular endothelium in
the pancreas (154). Endothelial expressed PD-L1 protects from cytolysis but may also act as
a final checkpoint before diabetogenic T cells enter the tissue (58). Although controversial,
if endothelial cells are capable of endocytosing and presenting antigen, PD-L1 expression by
endothelial cells may also aid in downregulating the immune response and participate in
contra-conversion of T-effector cells toward a Treg phenotype. In support of this concept,
work by Krupnick et al. (155) suggests that endothelial expression of PD-L1 may drive
iTreg development using in vitro allograft models. Other stromal cells may also be
important in influencing the PD-1:PD-L pathway. Thus, PD-L1 expression within inflamed
sites may be essential for the maintenance of peripheral tolerance.
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PD-1 signals may be important at multiple checkpoints during the initiation and progression
of diabetes. Recently, intravital microscopy studies have revealed that PD-1 ligation
truncates the TCR signal in lymph nodes (140). When naive BDC2.5 transgenic T cells were
transferred into prediabetic NOD mice that were previously ‘tolerized’ by injection of fixed
antigen-pulsed splenocytes and injected with anti-PD-L1 blocking antibodies (MIH5 and
MIH6), the duration of TCR signal was much longer under PD-L1 blocking conditions,
manifested as reduced movement of the BDC2.5 T cells within the lymph node. The
prolonged cell-cell contact during PD-L1 blockade increased IFN-γ production, broke
immune tolerance, and resulted in diabetes progression. It is not clear if blockade of the
PD-1 signal with PD-L1 blocking antibodies modulated the function or differentiation of
Tregs. Since we have shown that PD-1 ligation both diminishes T-cell activation and
actively converts T cells towards Tregs, dysregulation of PD-1 signaling can simultaneously
enhance Tregs and limit T-effector cells during diabetes progression.

Although the exact function of PD-1 signaling on Treg function in T1D is still unclear, it is
possible that PD-1 modulation may change contact time as well as the local cytokine milieu,
both of which may alter the differentiation of naive T cells away from the T-effector
phenotype and toward Treg cells. It has been shown that modulating dendritic cells to a ‘less
responsive’ phenotype can increase the polarization to the Treg subset (156,157). In one of
these studies, treatment of DCs with vitamin D3 increased the PD-L1/CD86 ratio and also
led to an increase in Treg function (157). Consistent with the results reported by Fife et al.
(140), blocking PD-L1 led to an increase in IFN-γ and less IL-10, which inhibited the
tolerogenic ability of Tregs.

It is quite clear that PD-1 engagement by PD-L1 leads to a truncation of the TCR signal and
affects cytokine production. The net result of blockade in T1D is a breach of tolerance, by
inhibiting both Treg numbers and function. In the case of T1D, further work is needed to
elucidate which stages of the autoimmune response are influenced by PD-1. PD-L1
expression in the lymph node, on vascular endothelium, and on the islets all may contribute
to tolerance. PD-L1 on other cell types such as stromal cells may also function in similar
roles.

Multiple sclerosis
MS is an autoimmune disease in which immune-mediated attack of the brain and spinal cord
results in inflammation and demyelination of the central nervous system (CNS). Studies of
experimental autoimmune encephalomyelitis (EAE), a murine model of MS that
recapitulates a number of immunopathological processes found in human MS, reveal an
important role for CD4+ T cells in disease pathogenesis. While a number of studies have
shown decreased Treg function in relapsing-remitting MS, Viglietta et al. (91) first reported
a functional defect in CD4+CD25high T cells isolated from peripheral blood of MS patients.
When tested with in vitro suppression assays, CD4+CD25high Tregs were less effective at
suppressing the proliferation and IFN-γ production by effector T cells from either
autologous or healthy individuals in the presence of lower concentrations of anti-CD3. The
interpretation of many human Treg studies is technically limited by the lack of Treg-specific
surface markers. Isolation of CD4+CD25high cells not only results in an enriched population
of Tregs but also may include effector T cells as well. To avoid this complication, Michel et
al. (158) isolated CD4+CD25high T cells that expressed only low levels of the IL-7Rα chain
(CD127) from MS patients and healthy controls. Foxp3 interacts with the CD127 promoter
and likely represses its protein expression, resulting in an inverse correlation between Foxp3
and CD127 expression (158,159). These CD4+CD25highCD127low Tregs represented a more
pure population of regulatory cells that were more suppressive than their
CD4+CD25highCD127high counterparts (158,160). Hence, unlike previous reports, Tregs
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from MS patients, selected on the basis of CD127low expression, exhibit suppressive
functions that are comparable to healthy individuals. These data suggest that previous
findings of reduced Treg function in MS patients may be due, in part, to CD4+ effector cells
within the unfractionated CD4+CD25+ pool. However, it remains unclear whether peripheral
blood CD4+CD25highCD127low Tregs are functionally similar to CD4+CD25highCD127low

Tregs present in the CNS during inflammation.

Studies of Treg cell function in EAE, reveal critical roles for Tregs in the prevention and
amelioration of CNS inflammation by limiting encephalitogenic T-cell expansion and
function. Adoptive transfer of CD4+CD25+ Tregs decreased inflammation of the CNS and
conferred substantial protection from clinical EAE (161). Depletion of Tregs with an anti-
CD25 monoclonal antibody (PC61) rendered naturally resistant B10.S mice susceptible to
proteolipid protein (PLP139–151)-induced EAE (162). Furthermore, Treg depletion prior to
disease induction facilitated the expansion of PLP139–151-reactive cells, enhanced
proinflammatory cytokine production (IL-6, IL-17 and IFN-γ), and increased disease
severity in the otherwise resistant mice (163–165). These studies convincingly demonstrated
that Tregs are instrumental in providing a protective barrier from immune-mediated tissue
damage, thus setting an activation-threshold for autoimmune disease onset.

During EAE, an accumulation of Tregs in the CNS has consistently been seen during disease
resolution (129,161,165,166). McGeachy et al. (165) demonstrated central roles for Tregs
during the induction and effector phases of EAE. Low numbers of adoptively transferred
Tregs protect recipient mice from disease induction, whereas depletion of Tregs prevents
recovery from EAE and further exacerbates disease progression (165). Moreover, CNS-
derived Tregs were capable of suppressing both naive CD4+CD25− cells and CNS-derived
CD4+CD25− cells. However, the interpretation of the functional capacity of CNS-derived
Tregs is limited by their lack of antigen specificity and also by the phenotype of CNS-
derived CD4+CD25− T cells. As T cells generally upregulate CD25 upon activation, the
isolation of CD4+CD25− cells from the CNS as putative effector cells may not accurately
represent an encephalitogenic effector population from an inflamed CNS. In contrast, using
Foxp3-GFP reporter mice and MOG-tetramers to further define antigen-specific Tregs and T
effector cells, Korn et al. (129) demonstrated that although Tregs are critical for regulating
naïve MOG-specific T cells, they may not be as effective at regulating MOG-reactive T
effectors within the target site. Tregs are often tested ex vivo against non-encephalitogenic
effector cells. Korn et al. (129) suggest that antigen-specific encephalitogenic effector cells
derived from sites of inflammation are distinct and respond differently to Tregs than non-
encephalitogenic effector T cells. When CNS-infiltrating tetramer-positive Tregs were
combined with MOG tetramer-reactive T effector cells, Tregs could no longer maintain
suppressive function, at least in part owing to the production of pro-inflammatory cytokines
(IL-6 and TNF-α) that may overwhelm the suppressive capacity of Tregs (128,129,167).
Hence, the total milieu in which ‘Treg meets T-effector meets cytokines’, affects disease
resolution. How inhibitory cytokines and molecules alter this balance remains to be
investigated.

PD-1 and its ligands are expressed on a variety of cell types within the CNS. PD-1 is
constitutively expressed in retinal neurons of naive mice, while PD-L1 and PD-L2 are found
on retinal neurons under inflammation conditions (168). Similarly, during active EAE,
meningial infiltrates express PD-1, PD-L1, and PD-L2 (38), suggesting a role for the PD-1
pathway in regulating inflammatory processes within the CNS. PD-L1 is also expressed on
astrocytes and vascular endothelial cells and is induced by IL-12 on CD11b+ APCs in mice
with EAE (169). This PD-L1 expression is due to IFN-γ, since it is abrogated in IFN-
γdeficient mice. Studies with IL-12p35 deficient mice, demonstrated that IL-12 suppresses
EAE in C57BL/6 mice (170). Furthermore, microglial cell expression of PD-L1 is regulated
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by IFN-γ (171). Together, these data implicate the PD-L1:PD-1 pathway as central to
disease progression. In addition, studies of German MS patients revealed a mutation found
in the enhancer element of the PD-1 gene that affects Runx1 binding and results in a
decreased ability of PD-1 to inhibit IFN-γ production. As Runx1 augments Foxp3
expression, this mutation may also result in decreased Foxp3 expression by Tregs (133).

Initial studies describing PD-1 and PD-L2 as critical to EAE pathogenesis used neutralizing
antibodies specific for PD-1 (J43) or PD-L2 (TY25) monoclonal antibodies during disease
induction (172). Salama et al. (172) showed that PD-L1 or PD-L2 blockade led to the
expansion of MOG-reactive T cells, increased lymphocytic infiltration of the CNS, and
ultimately, accelerated disease onset and severity. Studies with PD-1 and PD-L-deficient
mice indicate that PD-1 and PD-L1, but not PD-L2, are predominantly responsible for
regulating disease severity (173,174). PD-1 and PD-L1-deficient mice may have intrinsic
deficits in regulation. Restimulation of T cells from PD1−− and PDL1−/− with active disease
resulted in copius production of IL-17 and IFN-γ as compared to WT mice, suggesting that
T cells with deficient PD-1 signaling may be preferentially polarized toward effector T-cell
differentiation (174).

A number of reports have indicated a role for regulatory T cells in EAE. Adoptive transfer
studies have identified critical functions for PD-L1 on both the transferred T cells and in the
recipient animal (173). As these studies were done with CD4+ enriched cells, it is likely that
regulatory populations expressing PD-L1 may be directly converting or suppressing effector
CD4+ T cells via PD-1 ligation, since PD-1 and PD-L1 are highly expressed on Tregs (60).
Moreover, host expression of PD-L1 may contribute to the peripheral conversion of
transferred T cells toward an iTreg phenotype, a notion supported by the observation that
vascular endothelial expression of PD-L1 may induce Treg cell populations (155). More
direct support for a role of the PD-1:PD-L1 pathway in iTreg induction came from studies in
EAE identifying that PD-1 is directly modulated by pertussis toxin (PT) administration
(175). Pertussis toxin was originally thought to increase the permeability of the blood brain
barrier prior to disease onset in EAE (176,177). PT was also shown to induce P-selectin on
pial vessels and enhance adhesion of activated T cells (178,179). Importantly, PT
administration decreased the frequency and function of Tregs and increased Th1 and Th2
responses (180–182). Wang et al. (175) showed PD-1-deficient mice given MOG/CFA
without pertussis toxin develop fulminant disease, owing to a reduced iTreg frequency. This
is in marked contrast to WT mice which do not develop EAE in the absence of PT.
Splenocytes from WT mice immunized with MOG/CFA in the absence of PT had a two- to
three-fold increase in Foxp3+Treg frequency compared with PD-1-deficient mice. In vitro
conversion of CD4+ T cells into iTregs and their subsequent suppressive activity was PD-1
dependent. Although pertussis treatment does not alter the expression of the Treg phenotypic
markers CD45RB, CD103, GITR, and CTLA-4, PT directly downregulates PD-1 on Tregs,
underscoring a central role for PD-1 in iTreg development and supplying a mechanism for
the immunological adjuvancy of PT in multiple strains of mice (175,181).

These numerous studies clearly demonstrate that the interplay between the PD-1 pathway
and Tregs is instrumental in regulating inflammation within the CNS. That neurons express
PD-L1 (and PD-L2) upon inflammation and produce TGF-β is intriguing in light of evidence
describing that encephalitogenic T cells are converted to iTregs upon neuronal encounter
(166,168). When neurons isolated from 7-day-old mice were co-cultured with
encephalitogenic T cells, this resulted in an outgrowth of a CD4+ T-cell population that
expressed Foxp3, CD25, TGF-β1, and CTLA-4 and could suppress encephalitogenic T cells
and inhibit EAE. It is thus plausible that encephalitogenic effectors T cells encounter
neurons and stimulate their PD-L1 expression. Neuronal PD-L1 then drives iTreg
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conversion from effector T cells, effectively restraining CNS inflammation and spreading
infectious tolerance.

Inflammatory bowel disease
Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the small
intestine and colon. The major types of IBD are Crohn’s disease and ulcerative colitis.
Chronic inflammation of the intestinal mucosa is thought to result from an aberrant immune
response toward commensal bacteria. Normally, the intestinal micro-environment exists in a
delicate immunological equilibrium, providing tolerance to resident intestinal flora and
protection from potential harmful pathogens. To limit inflammation, the gut has evolved
multiple safeguards for maintaining immune homeostasis, one of which is provided by
Tregs. As a site of daily entry for exogenous oral antigen, gut-resident Tregs are well poised
to reinforce intestinal tolerance. That Tregs are central to the prevention of autoimmunity
and control of colitis and gastritis in vivo is evident in both humans and mice, as illustrated
by the IPEX syndrome, which is accompanied by severe enteritis and the wasting disease
that develops in Scurfy mice, unless treated with wildtype Tregs. In a murine T-cell transfer
model of colitis, Uhrig et al. (183) showed that CD4+CD25+Foxp3+ Tregus can prevent and
ameliorate intestinal inflammation. Foxp3+CD4+CD25+ cells were found to accumulate in
the colon and secondary lymphoid organs of mice in experimentally induced colitis when T-
effector cells were transferred in the presence or absence of Tregs. Similarly, colon samples
from patients with ulcerative colitis or Crohn’s disease revealed an increase in Foxp3+ cells,
suggesting that Tregs may traffic to and/ or develop within inflammatory sites as a
compensatory mechanism to resolve inflammation.

As a site where pathogens are continuously encountered, the GI tract must regularly
maintain and replenish Treg populations specific for enteric flora to preserve tolerance. In
fact, antigens found in the intestinal microenvironment distinctly shape the repertoire of
Tregs found in the gut. Orally fed antigens induce Foxp3+ iTregs predominantly within the
gut-associated lymphoid tissue (GALT) due to specialized mucosal CD103+ DCs (184,185).
Moreover, Lantrop et al. (186) find that Tregs within the mesenteric lymph nodes express
unique TCR sequences compared with Tregs isolated from non-gut associated peripheral
lymph nodes.

While induction of Tregs and anergy or deletion of autoreactive T cells occurs in studies of
oral tolerance in mice, results of humans studies are not as clear (187). In patients with
ulcerative colitis and Crohn’s disease, a breakdown in orally induced mucosal suppression is
observed (188). When IBD patients and healthy individuals were fed keyhole limpet
hemocyanin (KLH) prior to subcutaneous immunization and boosting, KLH feeding led to
the suppression of T-cell proliferation in healthy control individuals. In contrast, IBD
patients fed KLH showed significantly augmented T-cell proliferation, indicating defective
gastrointestinal immunosuppression.

Another proposed mechanism for the breakdown of mucosal tolerance is that individuals
with IBD may not only have reduced numbers of iTregs but that these Tregs are simply
inundated by effector T cells and the cytokines they produce. Increased expression of the
proinflammatory cytokines IL-12, IL-17, IL-21, IL-23, and IFN-γ is seen in inflamed IBD
mucosa. Eastaff-Leung et al. (189) associate IBD with a reduced ratio of Treg to Th17 cells
in peripheral blood. This reduction in the Tregs to Th17 cell ratio in the peripheral blood
may reflect Treg trafficking and/or sequestration within the inflamed gut as elevated
expression of both Foxp3 and IL-17 is seen in the mucosa of IBD patients. Intestinal
biopsies revealed elevated levels of IL-6 and IL-1β transcripts, both of which have been
implicated in preventing effective Treg suppression of Th17 cells during active autoimmune
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disease (IBD and EAE) (129,189). It is possible that other subsets of Treg cells that do not
express Foxp3 [such as IL-10-producing Type 1 regulatory T cells (Tr1) and orally induced
TGF-β-producing Tregs (Th3)] may regulate tolerance at mucosal sites and provide another
barrier of protection from autoimmune attack. However, a discussion of these Foxp3− cells
is beyond the scope of this review.

That PD-L1 is highly expressed on intestinal epithelial cells of IBD patients compared to
healthy individuals suggests an important role for the PD-L1: PD-1 pathway in regulating
mucosal tolerance in situ (190). In a mixed leukocyte reaction (MLR) of IECs from IBD
patients and control donor T cells, addition of an anti-PD-L1 blocking antibody (MIH-2)
resulted in increased IFN-γ production. Because the MLR was performed with both CD4+

and CD8+ peripheral blood T cells, PD-L1 blockade may have blocked the IEC-induced
generation of iTregs and thereby resulted in the increased IFN-γ production by effector T
cells. PD-L1 blockade could simultaneously directly abrogate effector cell inhibition.

Experiments in murine models of colitis support a role for the PD-1: PD-L1 pathway in
controlling regulatory cells and have identified a subpopulation of regulatory CD4+CD25-
PD-1+T cells that can inhibit the development of colitis. PD-1 expression on non-colitogenic
T cells isolated from spleens of naive mice provides the potential for recognition of PD-L1
by PD-1-expressing T cells, resulting in the induction of a subpopulation of Tregs (191).
These CD4+CD25-PD-1+ T cells suppressed colitis in severe combined immunodeficient
(SCID) mice given CD4+CD45RBhigh effector T cells. These PD-1+ T cells were
hypoproliferative in response to anti-CD3 stimulation and expressed Foxp3 transcripts.
Curiously, addition of an anti-CTLA-4 monoclonal antibody but not anti-PD-1 monoclonal
antibody modestly restored the proliferation of effector T cells. This may be due to the
inability of the anti-PD-1 blocking monoclonal antibody (RMP 1–14) to recognize its PD-1-
binding epitope, as these CD4+CD25−PD-1+ T cells were previously sorted with another
anti-PD-1 monoclonal antibody (RMP 1–30). While not proven in these experiments, the
constitutive expression of PD-1 on these T cells may have directly facilitated their
conversion to iTregs following engagement by PD-L1. More recently, studies from the same
group have found that colitogenic CD4+ T cells become dysfunctional upon successive
adoptive transfers and resemble exhausted T cells seen during chronic viral infections (192).
In sequential transfers of lamina propria T cells from colitic mice, CD4+CD45RBhigh cells
transferred disease to new SCID mice. However, with each successive transfer, the duration
before disease onset gradually increased and by the seventh transfer, the incidence of colitis
decreased. LP CD4+ T cells from non-colitic mice transferred over seven times with colitic
lamina propria T cells became ‘non-colitogenic’. These non-colitogenic T CD4+ T cells
expressed high levels of PD-1, modest levels of Foxp3, and suppressed colitis in SCID mice
co-transferred with CD4+CD45RBhigh effector cells. Together with reports correlating PD-1
as a marker for T-cell exhaustion during viral infection (10,193), these data suggest that
some exhausted CD4+PD-1+ T cells may become iTregs upon stimulation through the PD-
L1: PD-1 pathway, thus representing another means of de novo iTreg conversion.

Rheumatoid arthritis
Rheumatoid arthritis (RA) is characterized by immune-mediated inflammation of the
synovium, a thin tissue that lines the capsule of diarthrodial joints. Both T cells and B cells
are required for the production of pathogenic autoantibodies (e.g. rheumatoid factor and
anti-citrulline antibodies) and the resulting immune complexes that initiate joint-restricted
inflammation. The synovial lining is transformed into a destructive pannus that degrades
cartilage and bone, resulting in joint deformities. The importance of CD4+ Tregs in the
pathogenesis of arthritis has been illustrated in mouse models where Treg depletion led to
exacerbated disease and adoptive transfer experiments where Tregs prevented and treated
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established disease (194–196). Recently, Wright et al. (197) developed a system where
antigen-specific Tregs accumulate within the inflamed joint and can inhibit T-effector cells
and joint destruction in the absence of systemic immune suppression. Using an ovalbumin-
induced arthritis model, mice were immunized with methylated BSA (mBSA) and intra-
articularly rechallenged with mBSA or mBSA plus ovalbumin (OVA) in one knee and with
mBSA alone in the contralateral knee. Tregs retrovirally engineered towards OVA
specificity were transferred just prior to rechallenge and led to an increase in Tregs and
decrease in Th17 cells in the OVA-challenged knee compared to the control knee.
Moreover, treatment with antigen-specific Tregs resulted in reduced knee swelling and
ameliorated joint damage in the immunized knee.

Despite convincing evidence in mouse models of arthritis, the role of Tregs in human
rheumatic diseases is not yet clear. While some groups describe compromised function of
Tregs in RA, Tregs actively suppress responder T cells and regulate inflammation in
juvenile idiopathic arthritis (93,198). The difficulty in assessing human Treg numbers and
function in human rheumatologic diseases is underscored by the lack of a Treg-specific
biomarker found on the cell surface enabling their uniform isolation. Thus, differences in
human studies may be related to diverse Treg populations as well as diverse patient
populations. Despite differences in Treg function reported in various forms of arthritis, there
is a consensus that CD4+CD25+Foxp3+ Tregs are enriched in the synovial fluid of
individuals with RA, almost all of whom were treated with various disease modifying anti-
rheumatic drugs prior to analyses (92,199–201). One of the most effective treatments for RA
today is TNF blockade. Interestingly, Ehrenstein et al. (198) reported that anti-TNF
treatment of RA increases peripheral blood Tregs and restores their suppressive function.
Further work by Valencia et al. (167) elegantly demonstrated that TNF-α inhibits natural
and induced Tregs due to TNFRII signaling. CD4+CD25high Tregs isolated from patients
with active RA had decreased Foxp3 expression and poor suppressive capacity. Moreover,
evaluation of Tregs from RA patients pre- and post-infliximab (anti-TNF-α) treatment,
revealed increased Foxp3 levels and increased Treg suppressive function following TNF-α
blockade. Thus, while it remains to be determined whether chronic inflammation results in
defective Tregs or if defective Treg function contributes to the development of RA,
accumulating evidence suggests that TNF-α blockade enhances Treg cell numbers and
function, underscoring a central role for Tregs in the pathogenesis of RA.

Studies by Nadkarni and colleagues (202) demonstrated that patients treated with anti-TNF-
α therapy have an increase in a distinct CD4+CD25highFoxp3+CD62L− subpopulation of
Tregs. In vitro, infliximab plus anti-CD3/anti-CD28 stimulation of CD4+CD25− T cells
(isolated from peripheral blood of patients with active RA) induced the development of
CD4+CD25highFoxp3+CD62L− Tregs. Interestingly, infliximab induction of Tregs was
abrogated by anti-TGF-β neutralizing monoclonal antibodies, raising the question of
whether infliximab potentiates the induction of iTregs by influencing TGF-β. In fact,
phenotypically anergic CD4+PD-1+ T cells are enriched in the joints of RA patients (203).
These cells express CTLA-4, are CD45Rblow, and have reduced IL-2 production. While
these cells share characteristics with Tregs, their suppressive capacity remains untested.

High expression of both PD-L1 and PD-1 is found in synovial T cells and macrophages of
individuals with RA currently not under immunosuppressive treatment (204). Yet despite
high levels of inhibitory molecules, persistent activation of T cells remained. Wan et al.
(204) identified an alternative splice variant of PD-1 (PD-1Δex3) present within the synovial
fluid of these RA patients. PD-1Δex3 results in a soluble form of PD-1 (sPD-1) that could
antagonize the inhibitory effects of membrane-bound PD-1 on T cells. In vitro studies using
recombinant PD-1-Ig showed enhanced proliferation of T cells from RA patients compared
with control Ig, suggesting that the endogenously found sPD-1 competitively binds PD-L1
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and negates immunosuppression mediated by membrane-bound PD-1 during RA. It is thus
possible that this soluble PD-1 isoform may block PD-L1: PD-1 interactions and have
deleterious consequences towards the maintenance of induced-Tregs and iTreg function
within the joints of RA patients.

Collagen II (CII)-induced arthritis (CIA) is a murine experimental model of human RA,
where intradermal administration of type II collagen results in joint swelling, often
progressing to articular cartilage destruction and ankylosis of the joints. PD-L1 can regulate
CII-reactive T cells and joint destruction (205). Pretreatment of mice with intraperitoneal
treatment of PD-L1-Ig inhibited the development of CIA assessed clinically and
histologically. While Wang et al. (205) observed reduced inflammation, the efficacy of PD-
L1-Ig treatment may be influenced by route of administration. Rather than intraperitoneal
injection of PD-L1-Ig, direct injection into the joint may increase the local concentration of
PD-L1-Ig and provide a critical anti-inflammatory barrier at the site of destruction.
Mechanistically, PD-L1-Ig treatment reduced serum levels of IL-17 and IL-23 and inhibited
CII-specific splenocyte proliferation. As bulk splenocytes may contain multiple T-cell
subsets, it is conceivable that PD-L1 could be acting (i) on naive T cells, regulating their
conversion toward iTregs, which in turn, could further condition DCs towards
tolerogenicity, (ii) on existing Tregs, by both promoting their maintenance and suppressor
function, and directly limiting antigen-specific T effector cells, or (iii) by inducing the
contra-conversion of T-effector cells to Tregs (Fig. 5). These findings not only point to a
pivotal role for PD-L1 in RA but also suggest that PD-L1 may be a rational target for RA
therapy.

Concluding remarks
PD-1 and its ligands have critical, multifaceted roles in regulating the balance among T-cell
activation, tolerance, and immune-mediated tissue damage. One of the most remarkable
aspects of the PD-1:PD-L pathway is the many ways by which it can thwart self-reactive T
cells and protect against autoimmunity. As highlighted in this review, PD-1 and its ligands
defend against potentially pathogenic self-reactive effector T cells not only by inhibiting the
activation and function of autoreactive T cells, but also by promoting the development and
function of Tregs. Thus, this pathway regulates the dynamic balance between potentially
pathogenic self-reactive T cells and Tregs, tipping the balance toward restraint of effector
cell responses (Fig. 7). The expression of PD-L1 on non-hematopoietic cells as well as
hematopoietic cells endows PD-L1 with the capacity to promote Treg development and
enhance Treg function in lymphoid organs and tissues that are targets of autoimmune attack.
Thus, this pathway can participate in immune homeostasis and protect against immune-
mediated tissue damage in variety of microenvironments. At sites where TGF-β is present,
such as the placenta and the eye, PD-L1 may play a role in mediating immune privilege, by
promoting de novo generation of Tregs, since there are synergistic effects between PD-L1
and TGF-β̣ in promoting Treg development (136). The function of this pathway in
promoting Treg development and sustaining and enhancing Treg function has therapeutic as
well as fundamental implications. There is great interest in producing regulatory T cells ex
vivo as a therapy for autoimmune diseases and transplant rejection (206). However, because
Tregs can exhibit functional plasticity and make proinflammatory cytokines at the site of
inflammation with detrimental consequences (123,124), it is crucial to develop approaches
to sustain and promote Treg suppressive function. The development of PD-L1 agonists may
provide a therapeutic opportunity to sustain and enhance Treg function, while concurrently
inhibiting the expansion and functions of activated T-effector cells.

We have focused this review on the roles of PD-1 and its ligands in controlling T-effector
and Treg cell dynamics in autoimmune diseases, but this pathway also can exert important
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inhibitory signals that result in ineffective anti-tumor and anti-microbial immunity. These
effects may be mediated at least in part by inducing Treg development and sustaining Treg
function. PD-L1 is expressed on a wide variety of tumors, and high levels of PD-L1
expression strongly correlate with unfavorable prognosis in a number of cancers (14).
Increased numbers of Foxp3+ T cells within tumors also correlates with a poor prognosis.
PD-L1 expression by tumor cells may induce and maintain iTregs in the tumor
microenvironment, thereby augmenting the suppression of anti-tumor T-cell responses and
allowing tumor progression. Increased Tregs also are present in chronic infections (207) and
correlate with a lack of sterilizing immunity. There are studies that indicate PD-L1 may
exert inhibitory effects in persistent infections (e.g. Helicobacter pylori) (208,209) by
promoting iTreg development and maintaining iTreg function, as well as by inhibiting anti-
microbial effector T-cell function. Further studies are needed to better understand how the
effects of PD-1 and its ligands on Treg cell development and function contribute to the
inhibition of effective anti-tumor and anti-microbial immunity.

While we have focused mainly on how PD-1 and its ligands can regulate T-cell responses
and the impact of this pathway on T-cell tolerance and autoimmunity, there is clearly a role
for the PD-1 pathway on other cell types. Since both PD-1 and PD-L1 are expressed on T
cells (including follicular T-helper cells), B cells, macrophages, and some types of DCs, PD-
L1 and PD-1 have the potential to regulate tolerance in a number of ways. There are many
potential interactions between PD-1 and its ligands, since PD-L1 and PD-L2 may signal
bidirectionally by engaging PD-1 on T cells and by delivering signals into PD-L-expressing
cells. Recent work indicates that PD-1:PD-L interactions can regulate B-cell responses
(210), but whether PD-1 or PD-L1 on the T or B cell or PD-L2 on the B cells is involved is
not yet clear. Further work is needed to determine whether this pathway can control
pathogenic B-cell responses in a cell intrinsic or cell extrinsic fashion. Recent studies also
indicate potential direct regulation of DC and macrophages by the PD-1 pathway (29,42). In
particular, PD-1 on macrophages may contribute to macrophage dysfunction and anergy.
These findings suggest that the potential therapeutic benefit of modulating this pathway
might be much broader than previously appreciated.

Recent work has advanced our understanding of the dynamics between the PD-1 pathway
and Tregs, adding to the mechanisms by which this pathway exerts its inhibitory functions.
With Treg plasticity being a major concern for the therapeutic use of Tregs in vivo,
manipulating PD-L1:PD-1 interactions may provide a novel approach for maintaining and
enhancing Treg function. This pathway may be a particularly attractive therapeutic target in
autoimmune diseases, because the development of PD-1 agonists could deliver the necessary
‘one-two punch’ to protect against self-reactivity: (i) augmenting iTreg function and
concomitantly (ii) suppressing the expansion and functions of activated effector T cells.
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Fig. 1. Relative expression of PD-1 and its ligands
(A) Comparison of expression of PD-1, PD-L1 and PD-L2 on immune and non-immune
cells in naive or activated states. (B) Factors that regulate expression of PD-1, PD-L1, and
PD-L2. Regulation of expression on specific cell types is discussed in detail in the text.
There are some differences in expression of human and mouse PD-1, PD-L1, and PD-L2
expression. Murine expression is summarized in this figure. Expression of human PD-L1
differs from mouse PD-L1 in that human PD-L1 is primarily an inducible molecule.
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Fig. 2. PD-1 signaling
Ligation of TCR and PD-1 leads to tyrosine phosphorylation (P) of the ITIM and ITSM of
PD-1. Binding of the ITSM by SHP-1 or SHP-2 results in the dephosphorylation of proximal
signaling molecules and augmentation of PTEN expression. This effectively attenuates the
activation of the PI3K and Akt pathways. PD-1 signaling may result in decreased T-cell
proliferation, survival, protein synthesis, and IL-2 production. (Red arrows and text indicate
consequence of PD-1-mediated signaling)
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Fig. 3. PD-L1-mediated conversion of naive T cells to regulatory T cells
PD-1 upregulation upon TCR stimulation mediates PD-1: PD-L1 interaction between the T
cell and the APC (or artificial APC consisting of epoxy bead coated with anti-CD3, anti-
CD28, PD-L1-Ig and control-Ig) in the presence of TGF-β. When PD-L1 is present on the
bead, iTreg conversion is enhanced approximately twofold (left). Similarly, a twofold
enhancement of conversion is observed when using WT APCs as compared to PD-L1−/−

APCS (right). Adapted from Francisco et al., J Exp Med 2009.
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Fig. 4. Differential fates of naive T cells following PD-1 ligation
(A) Upon TCR engagement of a naive T cell, PD-1 and PD-L1 are upregulated. (B) The PD-
L1 pathway inhibits the downstream PI3K/AKT pathway in naive T cells resulting in
functional inactivation of naive T cells and inhibition of effector T-cell differentiation and
function. (C) In the presence of TGF-β, the PD-1 pathway attenuates the PI3K/AKT
pathway, preferentially biasing naive T-cell programming towards iTreg development and
survival.
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Fig. 5. Functions of the PD-1 pathway on Tregs
(i) PD-L1-expressing DCs may induce the conversion of naive T cells to Foxp3+ iTregs.
Upon interaction with a PD-L-bearing DC, Tregs may condition the DC towards
tolerogenicity. (ii) PD-L1-expressing Tregs may sustain Foxp3 Treg expression and effector
function in other Tregs. (iii) Tregs can also directly suppress autoreactive T effectors (limit
IL-2 production, prevent cell cycle progression, negatively influence stable DC: Teff
interactions, etc.) or (iv) promote the contra-conversion of T effectors to iTregs.
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Fig. 6. The PD-1:PD-L pathway can regulate the dynamics between effector and regulatory T
cells during multiple stages of autoimmune disease progression
This figure illustrates consequences of these interactions in lymphoid organs and peripheral
tissues. (A) PD-L1-expressing DCs stimulate PD-1 expression on naive T cells. PD-L1:
PD-1 interactions limit T-effector cell expansion and survival. (B) In the presence of TGF-β,
PD-L1-expressing DCs can promote the development of iTregs. (C) Tregs may restrain the
magnitude of the immune response by inhibiting both DC and effector T-cell functions. (D)
Activated T effector cells migrate to sites of inflammation where interaction with (i) PD-1-
expressing Tregs or (ii) PD-L1 expressing target cells can (a) directly inhibit T-effector
responses or may( b) facilitate the ‘contra-conversion’ of T effectors toward iTregs within
the target organ. Additional cell types expressing PD-L1 such as the vascular endothelium
and stromal cells may also influence T-effector cells but are not depicted in this figure for
simplicity.
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Fig. 7. Mechanisms of PD-1-mediated T-cell tolerance
PD-L1 ligation of PD-1 following TCR stimulation results in two possible T-cell fates:
diminished T-effector responses and augmented iTreg development, thus tipping the balance
towards immunologic tolerance.
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