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Abstract Programmed cell death-1 (PD-1) is a member of the CD28 superfam-
ily that delivers negative signals upon interaction with its two ligands, PD-L1 or
PD-L2. PD-1 and its ligands are broadly expressed and exert a wider range of
immunoregulatory roles in T cells activation and tolerance compared with other
CD28 family members. Subsequent studies show that PD-1-PD-L interaction
regulates the induction and maintenance of peripheral tolerance and protect
tissues from autoimmune attack. PD-1 and its ligands are also involved in
attenuating infectious immunity and tumor immunity, and facilitating chronic
infection and tumor progression. The biological significance of PD-1 and its
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ligand suggests the therapeutic potential of manipulation of PD-1 pathway
against various human diseases. In this review, we summarize our current
understanding of PD-1 and its ligands ranging from discovery to clinical
significance.

1 Identification of PD-1 and Its Ligands

In 1992, programmed cell death-1 (PD-1) was identified as a molecule whose
expression was strongly induced upon apoptotic stimuli (Ishida et al. 1992).
Based on the observation that LyD9 (hematopoietic progenitor cell line) and
2B4.11 cell lines (T-cell hybridoma) died of apoptosis upon interleukin-3 depri-
vation and phorbol 12-myristate 13-acetate (PMA) and ionomycin treatment,
respectively, and that apoptosis of both cell lines required de novo RNA and
protein synthesis, Honjo and colleagues performed subtractive-hybridization to
identify the gene(s) that plays critical roles in apoptosis. A complementary DNA
(cDNA) library of dying LyD9 cells subtracted with messenger RNA (mRNA)
of resting LyD9 cells was screened by a labeled cDNA library of dying 2B4.11
cells subtracted with mRNA of resting LyD9 cells. Four clones were isolated
and all of them encoded PD-1 cDNA. Deduced amino acid sequence predicted
that PD-1 is a type I transmembrane protein with a single IgV domain in the
extracellular region. However, overexpression of PD-1 cDNA in these cell lines
failed to induce apoptosis (Agata et al. 1996) and the function of PD-1 was
intangible for many years. In 1999, Honjo and colleagues found that PD-1
negatively regulates immune responses based on the observation that PD-1-
deficient mice spontaneously developed lupus-like arthritis and glomerulonephri-
tis (Nishimura et al. 1999).

The identification of PD-1 ligands rests on several chance events. Honjo and
colleagues collaborated with Genetic Institute to identify the ligand of PD-1 using
the Biacore system. At that time, Freeman in Harvard University identified a B7-
like molecule (clone 129) by database search and collaborated with Genetic Insti-
tute independently. The group in Genetic Institute accidentally found that these
molecules interacted with each other. T cells from PD-1 sufficient but not PD-1-
deficient mice showed lower proliferative response against anti-CD3 antibody
stimulation in the presence of 129-Ig chimeric protein. Based on these physical
and functional experiments, clone 129 was confirmed to be the ligand of PD-1 and
was named PD-L1 (Pdcdllgl) for programmed cell death 1 ligand 1 (Freeman et al.
2000). Later, PD-L1 was endowed CD number 274. The collaboration further
identified another ligand, PD-L2 (Pdcdlig2, CD273) (Latchman et al. 2001). The
identification of PD-L1 added PD-1 to the list of CD28 family (Fig. 1). At the same
time, the other groups reported B7-H1 and B7-DC, which were identical to PD-L1
and PD-L2, respectively, costimulated T cells, the mechanisms of which still
remain unknown (Dong et al. 1999; Tseng et al. 2001).
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Fig. 1 Summary of CD28 family members and their ligands. Upward and downward arrows
indicate stimulatory and inhibitory signals, respectively

2 Structure of PD-1 and Its Ligands

PD-1 is a 50-55 kDa type I transmembrane glycoprotein composed of an IgV
domain sharing 21-33% sequence identity with CTLA-4, CD28, and inducible
costimulatory molecule. Unlike CTLA-4 that forms homodimer, PD-1 lacks the
membrane proximal cysteine residue required for homodimerization of other
members of the CD28 family and is supposed to exist as monomer on the cell
surface (Zhang et al. 2004). The PD-1 cytoplasmic region has two tyrosine
residues, the membrane—proximal one constitutes an immunoreceptor tyrosine-
based inhibitory motif (ITIM) and the other an immunoreceptor tyrosine-based
switch motif (ITSM), which is essential for the inhibitory function of PD-1 (Long
1999; Sidorenko and Clark 2003). The ligands of PD-1 (PD-L1 and PD-L2, PD-
Ls) are type I transmembrane glycoproteins composed of IgC and IgV domains.
The amino acid identity between PD-L1 and PD-L2 is about 40%, while the
amino acid identity between PD-Ls and B7s is about 20%. The amino acid
identities between human and murine orthologues of PD-Ls are about 70%. B7-
1 is also reported to associate with PD-L1 and transduce inhibitory signal (Butte
et al. 2007). However, the precise mechanism how PD-L1 transduces inhibitory
signals is currently unknown.

Recently, the crystal structures of PD-1 and PD-Ls were clarified (Fig. 2) (Zhang
et al. 2004; Lazar-Molnar et al. 2008; Lin et al. 2008). In contrast to CTLA-4 that
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Fig. 2 Crystal structure of PD-1/PD-L1 and PD-1/PD-L2 complexes. (a) The structure of PD-1/
PD-L1 complex; the loop at the ends of the PD-1 domain and the first domain of PD-L1 are located
on the same side of the complex. The strands of the two B-sheets of PD-1 are labeled ABED and
A’GFCC'C". The strands of the two B-sheets of PD-L1 V domain are labeled AGFCC'C” and
BED. (b) The structure of PD-1/PD-L2 complex; the face-to-face interaction of PD-1 and PD-L2
makes the large contact area and the PD-1/PD-L2 complex more compact. The strands of PD-1 and
PD-L2 are labeled in red and blue, respectively. Figures are taken from the original paper (Lazar-
Molnar et al. 2008; Lin et al. 2008) with permission

uses a hydrophobic sequence, MYPPY, in the loop connecting F and G B-strands
(FG loop, corresponding to CDR3 region of antigen receptors) of its IgV domain to
bind B7-1 and B7-2, PD-1 uses its front B-face (AGFCC’ B-strands) to bind to the
B-face of PD-L1 (AGFCC’) or PD-L2 (AGFC). This face-to-face interaction of
PD-1 and PD-Ls makes the contact area (1,870 1&2) larger than that of CTLA-4 and
B7s (~1,200 ;\2) and makes the PD-1/PD-Ls complex more compact (76 A and
100 A for PD-1/PD-Ls and B7-1/CTLA-4, respectively). The total length of
receptors and ligands should be compatible with the dimension of pMHC/TCR
complex (~140 A) in the immunological synapse. The longer linker segment
connecting PD-1 IgV domain and transmembrane region (20 a.a. and 6 a.a. for
PD-1 and CTLA-4, respectively) may help adjust the total size of the PD-1/PD-Ls
complex allowing its appropriate co-localization with pMHC/TCR complex. The
structure of PD-1 and PD-Ls showed high similarity to those of T-cell receptor
(TCR), antibody, and CD8 dimer. Especially, CDR-like loops (BC, C'C”, and FG
loops for CDRI1, 2, and 3, respectively) of PD-1/PD-Ls are in positions similar
to those of the antigen-binding loops of TCR and antibody. Because TCRs and
antibodies bind antigens and CD8 dimers bind major histocompatibility complex
(MHC) class I using these loops, it is possible that these loops of PD-1/PD-Ls
complex may bind another molecule.
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3 Regulation of PD-1 Expression

PD-1 can be expressed on CD4 and CDS8 T cells, B cells, monocytes, natural killer
(NK) cells, and dendritic cells (DCs) (Agata et al. 1996; Yamazaki et al. 2002; Keir
et al. 2008). PD-1 is not expressed on resting T cells but is inducibly expressed
within 24 h after stimulation (Chemnitz et al. 2004). PD-1 expression can also be
induced on antigen-presenting cells (APCs) on myeloid CD11¢* DCs and mono-
cytes (Petrovas et al. 2006). Recently, it was found that PD-1 expression was
elevated on NKT cells in response to CD1d-restricted lipid antigen (Moll et al.
2009). The two known ligands for PD-1, PD-L1 (B7-H1; CD274), and PD-L2 (B7-
DC; CD273) have differential expression. PD-L1 is constitutively expressed on
T and B cells, DCs, macrophages, mesenchymal stem cells, and bone marrow-
derived mast cells (Yamazaki et al. 2002). In addition, PD-L1 is expressed on a
wide variety of nonhematopoietic cells including lung, vascular endothelium, liver
nonparenchymal cells, mesenchymal stem cells, pancreatic islets, and keratinocytes
(Keir et al. 2008). In contrast, the expression of PD-L2 is restricted to activated DCs,
macrophages, bone marrow-derived mast cells, and more than 50% of peritoneal B1
cells (Zhong et al. 2007). The comparative studies with PD-L1- or PD-L2-deficient
mice and with blocking antibody against PD-L1 and PD-L2 demonstrate overlapping
inhibitory functions on APCs and different features on tissues for these two ligands
(Kanai et al. 2003; Matsumoto et al. 2004; Keir et al. 2006; Habicht et al. 2007).
The broader expressions of PD-1 and its ligands suggest that PD-1 regulates a
wider spectrum of immune response compared with other CD28 family members.
The spontaneous development of autoimmune diseases by PD-1-deficient mice
implies that PD-1 is involved in the establishment and maintenance of immunolog-
ical tolerance (Nishimura et al. 1999, 2001). In the thymus, PD-L1 is expressed
broadly in the cortex, whereas PD-L2 expression is restricted to medullary stromal
cells (Brown et al. 2003; Liang et al. 2003). PD-1 is expressed on CD4 CD8™
double-negative thymocytes and is required for the normal selection of thymocytes
(Nishimura et al. 2000). PD-1 expression is upregulated after TCR ligation on
CD4"CD8" double-positive thymocytes, and PD-1 can participate in selection of
the aff TCR repertoire by controlling TCR signaling thresholds. PD-1-PD-L1
interactions modulate positive selection (Keir et al. 2005), and PD-1 also regulates
negative selection (Blank et al. 2003). Collectively, these findings implicate that
PD-1 and its ligand play a crucial role in central as well as peripheral tolerance.
PD-L1 and PD-L2 is also expressed on placental syncytiotrophoblasts and vascular
endothelial cells, respectively (Guleria et al. 2005). PD-L1 is differentially
expressed across gestation and functions in the placenta to induce fetal-maternal
tolerance (Guleria et al. 2005; Holets et al. 2006). PD-L1 is expressed constitutively
in the cornea, and PD-1-PD-L1 interaction protects the eye from activated T cells
(Hori et al. 2006; Meng et al. 2006; Watson et al. 2006; Sugita et al. 2009). So,
PD-1-PD-L pathway may protect immune-privileged sites, such as the placenta and
the eye, from immune responses. Given that PD-L is found on various tumor cells
and PD-1 expression is upregulated and sustained on virus-specific T cells during
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chronic viral infection, PD-1-PD-L pathway may play important roles in tumor
immunity and infectious immunity, which are addressed in depth in the following
section of this review.

PD-1 expression is induced by TCR- or B-cell receptor (BCR)-mediated signal-
ing and is augmented by stimulation with tumor necrosis factor (TNF) (Nakae et al.
2006). Particularly, the expression of PD-1 on virus-specific CD8 T cells is depen-
dent upon continued epitope recognition during chronic infections (Blattman et al.
2009). However, molecular mechanism for the regulation of PD-1 expression
relatively remains unclear. Recent study demonstrates that NFATcl1 is a critical
transcription factor in promoting the induction of PD-1 expression following T cells
activation (Oestreich et al. 2008), and interferon (IFN)-sensitive responsive element
and STAT1/2 are primarily responsible for the regulation of constitutive and IFN-o-
mediated PD-1 expression on macrophages (Cho et al. 2008). PD-L1 is upregulated
by IFN-a, IFN-B, and IFN-y (Eppihimer et al. 2002; Schreiner et al. 2004). IL-4 and
granulocyte macrophage colony-stimulating factor stimulate the expression of PD-
L2 on DCs, and IL-10 can induce the expression of PD-L1 on monocytes (Selenko-
Gebauer et al. 2003). Analyses of PD-L1 promoter show that PD-L1 expression is
dependent on two IFN regulatory factor-1 binding sites (Lee et al. 2006b). In
addition, MyD88, TRAF6, MEK, and JAK2 have been implicated in signaling
pathway for PD-L1 expression (Lee et al. 2006b; Liu et al. 2007; Parsa et al. 2007).

4 PD-1 Signaling: Molecular Mechanisms of Inhibition

ITSM (TxYxxL) is essential for the inhibitory function of PD-1. The inhibitory
mechanism of PD-1 was initially analyzed in B cell line, IIA1.6 by using a chimeric
molecule of PD-1 cytoplasmic region and Fc,RIIB extracellular region (FcPD)
(Okazaki et al. 2001). In IIA1.6 cells, crosslinking of BCRs induced strong Ca**
mobilization, which was almost completely suppressed by co-crosslinking of FcPD
and BCR. Tyrosine residues in both ITIM and ITSM of PD-1 were phosphorylated
by Lyn upon BCR crosslinking and the phosphorylated tyrosine residue in ITSM
but not ITIM recruited SHP-2 (SH2-domain containing tyrosine phosphatase 2)
through its SH2 domain (Fig. 3a). Then SHP-2 dephosphorylated BCR-proximal
signaling molecules including Iga/B and Syk, which attenuated the activation of
downstream molecules including PLC,2, PI3K, vav, and ERKI1/2. Later, two
groups reported that PD-1 inhibited TCR signaling by similar mechanisms
(Fig. 3b) (Chemnitz et al. 2004; Sheppard et al. 2004; Parry et al. 2005). Interest-
ingly, one of them reported that phosphorylated ITSM recruited SHP-1 in addition
to SHP-2 in T cells, while the other group reported that SHP-1 associated with
phosphorylated ITSM only in the artificial system using synthetic peptide. SHP-1
may also bind to phosphorylated ITSM of PD-1 but its contribution to the inhibitory
function of PD-1 can be much less compared to that of SHP-2. ITSM has been first
defined in CD150 (SLAM) for its dual function (Sidorenko and Clark 2003).
CD150 preferentially recruits either SHIP or SHP-2 in the presence or absence of
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Fig. 3 Signaling of programmed cell death-1 (PD-1) pathway. (a) Upon B-cell receptor (BCR)
crosslinking, the phosphorylated tyrosine residue in immunoreceptor tyrosine-based switch motif
(ITSM) recruits SHP-2. And then, SHP-2 dephosphorylates BCR-proximal signaling molecules
including Syk, which attenuates the activation of downstream molecules, such as PLCy2, PI3K,
and ERK. (b) PD-1 engagement on T cell surface also leads to phosphorylation of PD-1 cytoplas-
mic tyrosines and increases SHP-2 association with the ITSM of PD-1. Recruitment of SHPP-2
dephosphorylates signaling through the PI3K or Zap70 pathways

SAP (SH2D1A), a small SH2-domain-containing adaptor protein, respectively.
Because ITSM of PD-1 has been reported to be unable to bind SAP, it is currently
unknown whether ITSM of PD-1 can really “switch” to transduce positive signal
or not.

PD-1 signal has been shown to play critical roles in the induction of anergy and
the development of induced regulatory T cells (iTregs). Recently, Francisco et al.
reported that engagement of PD-1 preferentially induced the development of iTregs
(Francisco et al. 2009). In addition, PD-1 signal maintained FoxP3 expression and
enhanced the efficiency of their suppressive function. During the induction of
iTregs by PD-1, they found the downregulation of phopho-Akt, mTOR, S6, and
ERK2 and concomitant upregulation of PTEN, suggesting that PD-1 signal pro-
moted the development of iTregs by antagonizing the Akt-mTOR signaling path-
way. The mechanism of anergy induction is also becoming clearer. Chikuma et al.
reported that PD-1-sufficient but not PD-1-deficient 2C CD8 T cells could be
anergyzed by single injection of an antigenic peptide in vivo (Chikuma et al.
2009). Interestingly, PD-1-deficient 2C T cells preferentially produced IL-2 upon
anergy induction. The blockade of IL-2 during the anergy induction phase pre-
vented the anergy resistance of PD-1-deficient 2C T cells and the IL-2 complemen-
tation resulted in anergy resistance in PD-1-sufficient 2C T cells. Therefore, PD-1
may induce anergy by negatively regulating autonomous production of IL-2 by
CDS8 T cells. Bishop et al. also found that PD-1 induced anergy on CD4 T cells by
regulating IL-2 production using an in vitro model of A.E7 T cells (Bishop et al.
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2009). Further studies are required to understand the precise molecular mechanisms
how PD-1 regulate the production of IL-2.

5 Biological Significance of PD-1

As mentioned above, PD-1 and its ligands are broadly expressed and exert a vital
and diverse range of immunoregulatory roles in T cells activation and tolerance. In
this section, to address the biological significance of PD-1 pathway, we summarize
our current understanding of the roles of PD-1 and its ligands in disease model
including autoimmunity, chronic viral infection, and tumor.

5.1 PD-1 in Autoimmunity

Involvement of PD-1 in autoimmunity was first demonstrated by the autoimmune
phenotype of PD-1-deficient mice (Nishimura et al. 1999, 2001; Okazaki et al.
2003). PD-1 deficiency results in the development of a spontaneous, late-onset
lupus-like disease with deposition of IgG; in the glomeruli and a dilated cardio-
myopathy owing to the production of an autoantibody against cardiac troponin-I.
Interestingly, different target organs were affected by the autoimmune response
when the genetic background of the PD-1-deficient mice was replaced by back-
crossing. For example, PD-1-deficient mice developed lupus-like glomerulonephri-
tis and arthritis, dilated cardiomyopathy and gastritis, subacute type I diabetes, and
lethal myocarditis on the C57BL/6, BALB/c, nonobese diabetic (NOD), and MRL
backgrounds, respectively (Nishimura et al. 1996, 2001; Wang et al. 2005, 2010).
Studies of mouse models of autoimmunity further emphasize important immuno-
regulatory functions for PD-1 and its ligands. In the NOD mouse model of autoim-
mune diabetes, PD-L1 is upregulated in the pancreas on islet cells (Liang et al.
2003). Administration of anti-PD-1 or anti-PD-L1 to prediabetic NOD mice leads
to rapid and exacerbated diabetes, which is associated with accelerated insulitis and
proinflammatory cytokine production by T cells (Ansari et al. 2003). Compared to
the blockade of CTLA-4, which exaggerates diabetes only in the neonates, PD-1/
PD-L1 blockade exaggerates diabetes both in neonates and in older mice, indicating
that PD-1-PD-L1 interactions regulate both the initiation and the progression of
autoimmune diabetes in NOD mice. In the experimental autoimmune encephalo-
myelitis (EAE) model, PD-1 and its ligand also suppress EAE. The administration
of anti-PD-1 during the induction of EAE accelerates the onset and increases the
severity of EAE with increased frequency of IFN-y-producing myelin oligodendro-
cyte glycoprotein (MOG)-reactive T cells and more MOG-specific antibodies in
serum (Salama et al. 2003). Interestingly, the blockade of PD-L1 but not PD-L2
exacerbates EAE in BALB/c and SJL/J mice, whereas only PD-L2 blockade
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markedly worsen EAE in C57BL/6 mice (Salama et al. 2003; Zhu et al. 2006). This
strain-specific effect of antibody-mediated blockade of PD-1 ligand cannot be
explained by expression of PD-L1 or PD-L2 because their expressions vary little
in lymphoid APCs and spinal cord tissues among different strains (Zhu et al. 2006).
However, adoptive transfer studies demonstrate the critical role of PD-L1 on T cells
and host tissues in restraining myelin-reactive pathogenic effector T cells in EAE
(Latchman et al. 2004).

The involvement of PD-1 in human autoimmune diseases has also become
evident. Prokunina et al. reported that the allele A of a single nucleotide poly-
morphisms (SNPs) named PD1.3 (PD1.3A) in intron 4 of PD-1 gene was associated
with the development of systemic lupus erythematosus (SLE) in Europeans (rela-
tive risk = 2.6) and Mexicans (relative risk = 3.5) but not African Americans
(Prokunina et al. 2002). To date, the PD1.3 and several other SNPs on PD-1 gene
have been reported to link with the development of various autoimmune diseases
including type I diabetes, progressive multiple sclerosis (MS), theumatoid arthritis,
Graves disease, and ankylosing spondylitis (Nielsen et al. 2003; Kroner et al. 2005;
Lee et al. 2006a; Okazaki and Honjo 2007). The PD1.3 locates on the binding site
for the runt-related transcription factor 1 (RUNX1) and PD1.3A interferes the
binding of RUNXI1 resulting in the impaired induction of PD-1 (Bertsias et al.
2009). This polymorphism may alter PD-1 mRNA stability or expression level and
is associated with reduced PD-1-mediated inhibition of IFN-y production in MS
patients (Kroner et al. 2005). Studies of human with autoimmune diseases also
suggest important regulatory function of PD-1 and its ligands. Patients with MS
treated with IFN-, the principle immune-modulatory agent for the treatment of
MS, in vivo for 6 months have eightfold more PD-L.L1 mRNA transcript than before
treatment, suggesting that part of the anti-inflammatory effect of IFN-f treatment is
due to PD-L1 expression (Schreiner et al. 2004). Autoantibodies to PD-L1 have
been found in patients with rheumatoid arthritis and correlate with the progression
of disease, indicating that autoantibodies can block the inhibitory function of the
PD-1-PD-L pathway and thus contribute to the development of autoimmune disease
(Dong et al. 2003).

Based on the important role of PD-1-PD-L pathway in autoimmunity, this
pathway has become a new therapeutic target for ameliorating autoimmune disease
by increasing the expression of PD-L or triggering PD-1. Even though these
approaches are just beginning in animal models, the results appear promising.
Hirata et al. genetically modified mouse embryonic stem (ES) cells to express
surface PD-L1 and MOG in MHC class II (Hirata et al. 2005). They next differ-
entiated the cells to DCs and transferred the cells into mice with EAE. These
genetically modified DCs overexpressing PD-L1 and MOG dramatically amelio-
rated clinical EAE and reduced severity of central nervous system inflammation.
Furthermore, Ding et al. tried to suppress lupus-like syndrome in BXSB mice by
delivering recombinant adenovirus expressing full-length PD-L1 gene (rAd.PD-L1)
(Ding et al. 2006). Intravenous injection of rAd.PD-L1 partially prevented the
development of nephritis as evidenced by the lower frequency of proteinuria,
reduced amount of serum anti-dsDNA IgG, and better renal pathology. Further
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analyses may enable us to establish new therapeutic strategies for autoimmune
disease by manipulating the PD-1-PD-L pathway.

5.2 PD-1 in Chronic Viral Infection

During chronic viral infection, virus-specific CD8 T cells become unresponsive to
viral antigens and persist in a nonfunctional exhausted state (Wherry and Ahmed
2004). These exhausted CD8 T cells are characterized by a hierarchical and
progressive loss of function with cytotoxicity and IL-2 production lost first, fol-
lowed by TNF-a and IFN-y cytokine production (Wherry and Ahmed 2004). Since
CDS8 T-cell exhaustion was characterized in the murine lymphocyte choriomenin-
gitis virus (LCMYV), such a functional impairment has been a common feature in
human chronic viral infections such as human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and hepatitis C virus (HCV) (Wherry et al. 2003; Klenerman
and Hill 2005; Shin and Wherry 2007). These functional defects in responding
T cells are probably a primary reason for failure of immunological control of these
persisting pathogens. We initially have shown that PD-1 is highly expressed on
exhausted CD8 T cells in LCMV system, and that PD-1-PD-L pathway plays a
major role in regulating T cells exhaustion during this infection (Barber et al. 2006).
PD-1 is transiently expressed by virus-specific CD8 T cells after acute LCMV
infection and rapidly downregulated, whereas CD8 T cells retain high PD-1 expres-
sion in lymphoid and nonlymphoid tissues throughout chronic LCMV infection.
Subsequently, several groups have shown that PD-1 is highly expressed on simian
immunodeficiency virus (SIV)-specific (Velu et al. 2007), HIV-specific (Day
et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006), HBV-specific (Boettler
et al. 2006; Boni et al. 2007), and HCV-specific (Urbani et al. 2006; Kasprowicz
et al. 2008) T cells. The level of PD-1 expression per cell is important in regulating
T-cell exhaustion during chronic viral infections (Freeman et al. 2006). The per-
centage of HIV-specific CD8 T cells expressing PD-1 correlates with viral load,
declining CD4 counts, and decreased capacity of CD8 T cell to proliferate (Day
et al. 2006; D’Souza et al. 2007). HCV-specific CD8 T cells during persistent
infection also display impaired ability of T cells to proliferate and produce cyto-
kines, which correlate with PD-1 expression level (Golden-Mason et al. 2007,
Nakamoto et al. 2008). So, PD-1 may serve as a useful marker on virus-specific
CDS8 T cells to indicate the degree of T-cell exhaustion and disease severity.

The mechanisms of PD-1 regulation in exhausted T cells are still poorly defined.
In a longitudinal study of HIV-infected subjects, PD-1 expression declined on
T cells specific for epitopes that had undergone mutational escape, whereas PD-1
expression was highly increased over time on those specific for conserved epitope
(Streeck et al. 2008). These data indicate that continued antigen-specific TCR
stimulation plays an important role in modulating PD-1 expression in HIV infec-
tion. In addition, viral protein is known to contribute to TCR-independent upregu-
lation of PD-1. The accessory Nef protein of HIV was shown to upregulate PD-1
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through a p38 mitogen-activated protein kinase-dependent mechanism during
infection (Muthumani et al. 2008). Furthermore, HCV-core protein binding to the
complement receptor gC1q is responsible for inducing the expression of PD-1 on
T cells (Yao et al. 2007).

The key role of PD-1-PD-L pathway in CD8 T-cell exhaustion during chronic
viral infections drive development of strategies to manipulate the interaction of
PD-1 and its ligands for the reversal of exhausted CD8 T cells and viral control. In
mice, blocking PD-1 pathway with anti-PD-L1 antibody restored cytokine produc-
tion, augmented the generation of LCMV-specific T cells and, most importantly,
led to a dramatic reduction in viral load (Barber et al. 2006). During SIV infection
in nonhuman primate, PD-1 blockade using anti-PD-1 antibody resulted in rapid
expansion of virus-specific CD8 T cell with improved functionality, which was
associated with significant reduction in plasma viral load (Velu et al. 2009).
Furthermore, blocking PD-L.1 with a monoclonal antibody led to increased HIV-
specific T-cell proliferation, and production of TNF-o, IFN-y, and granzyme B
(Day et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006). However, given that
blocking or eliminating PD-1 or its ligands can accelerate autoimmune disease, we
must better understand the immunoregulatory roles of PD-1-PD-L pathway to
determine how to modulate this pathway to effectively activate virus-specific
T cells while minimizing the risk of immunopathology.

5.3 PD-1 in Antitumor Immunity

There are accumulating evidences that tumors exploit PD-1-dependent immune
suppression for immune evasion. The expression of PD-L1 and PD-L2 has been
found on a wide variety of solid tumors and hematologic malignancies. In addition,
PD-1 expression on tumor infiltrating lymphocytes has been reported, suggesting
that these T cells are functionally exhausted. Strikingly, a strong correlation
between PD-Ls expression on tumor cells and unfavorable prognosis has been
demonstrated for various cancers including kidney, ovarian, esophageal, bladder,
gastric, and pancreatic cancers and melanoma (Thompson et al. 2004; Ohigashi
et al. 2005; Wu et al. 2006; Hamanishi et al. 2007; Nakanishi et al. 2007; Nomi et al.
2007; Hino et al. 2010). Thompson et al. have analyzed the expression of PD-L1 on
renal cell carcinoma and found that patients with high tumor and/or lymphocyte
PD-L1 levels were 4.5 times more likely to die of their cancer than patients
exhibiting low levels of PD-L1 expression (Thompson et al. 2004). Hamanishi
et al. reported that patients with tumors positive for both PD-L1 and PD-L2 showed
dramatically lower survival rate than patients with tumors negative for both of these
ligands (46% vs. 83% for 5-year survival) (Hamanishi et al. 2007).

To date, many groups reported that PD-Ls on tumor cells suppressed antitumor
immunity by inhibiting T-cell activation and lysis of tumor cells, or inducing
apoptosis of tumor-specific T cells (Iwai et al. 2002; Curiel et al. 2003; Hirano
et al. 2005). PD-Ls on tumor-associated DCs also suppressed the activation of
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antitumor T cells. Accordingly, the efficacy of PD-1 blockade in tumor eradication
has been demonstrated in various experimental systems. The blocking strategies
used include blocking antibodies against PD-1 and PD-L1, DNA vaccination of the
extracellular region of PD-1, genetic ablation of PD-1 gene, RNA interference, and
recombinant protein of the extracellular region of PD-1 and PD-L1 (Iwai et al.
2002, 2005; Curiel et al. 2003; Blank et al. 2004; He et al. 2004; Hirano et al. 2005;
Terawaki et al. 2007; Borkner et al. 2010).

Currently, two monoclonal antibodies against PD-1 are in clinical trials for
cancer and hepatitis C virus infection. ONO-4538/MDX-1106 is a fully human
IgG4 monoclonal antibody against human PD-1. Phase I clinical trial of ONO-
4538/MDX-1106 has been performed on 39 patients with nonsmall-cell lung
cancer, renal cell carcinoma, colorectal cancer, melanoma, and prostate cancer
(Brahmer et al. 2010). ONO-4538/MDX-1106 was well tolerated although one
serious adverse event, inflammatory colitis was observed. One patient with colo-
rectal cancer had a complete response and two patients with renal cell carcinoma
and melanoma had partial responses (>30% regression) (Fig. 4). In addition,
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Fig. 4 Tumor regression in patient with metastatic renal cell carcinoma (RCC) and melanoma
after repeated dosing with anti-PD-1 monoclonal antibody (MDX-1106). (a) Patient with RCC
with regression of metastases in mediastinal lymph nodes after receiving three doses of MDX-
1106. (b) Patient with melanoma experienced a partial response after receiving 11 doses of MDX-
1106. Biopsies of a regressing axillary lymph node metastasis infiltrated with CD8 T cells.
Figures are taken from the original paper (Brahmer et al. 2010) with permission
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significant lesional tumor regressions not meeting PR criteria were observed in two
patients with melanoma and nonsmall-cell lung cancer. CT-011, which was origi-
nally generated as a monoclonal antibody against B lymphoblastoid cells and
developed as a drug for cancer for its lymphocyte-activating and tumor-regressing
activities, turned out to recognize PD-1 (Berger et al. 2008). Phase I clinical trial of
CT-011 has been performed on six patients (follicular B-cell lymphoma, chronic
lymphocytic leukemia, Hodgkin’s lymphoma, multiple myeloma, and acute mye-
loid leukemia) and no severe adverse events were observed. Clinical benefit was
observed in 33% of the patients with one patient with follicular B-cell lymphoma
showed complete remission. One minimal response was observed in an acute
myeloid leukemia patient. The other four patients have shown stable disease for
>35 weeks.

Further clinical studies are expected to reveal the efficacy of PD-1 blocking
antibodies for the treatment of cancer. A low-molecular compound that can block
PD-1 signal more efficiently may also appear based on the crystal structure of PD-1/
PD-Ls. In addition, combinatorial treatments of PD-1 blockade and other immu-
notherapies including cytokine therapies, vaccination with tumor-associated anti-
gens, blockade of other immunoregulatory molecules, infusion of activated DCs,
and depletion of Tregs may help further improve therapeutic potential against
tumors.

6 Conclusions

Since PD-1 was initially identified in 1992, accumulating evidences suggest that
PD-1 and its ligands are key regulators in T cells activation and tolerance followed
by induction and maintenance of peripheral tolerance. Subsequently, it became
clear that PD-1 pathway plays crucial roles in the regulation of autoimmunity,
transplantation immunity, infectious immunity, and tumor immunity. This
biological significance of PD-1 and its ligands sheds light on the development of
therapeutic strategies against clinical incurable diseases by manipulating the PD-1
pathway. Indeed, many groups are trying to develop not only PD-1 antagonists for
the treatment of cancer and infectious disease but also PD-1 agonist for the
treatment of autoimmune disease and transplantation rejection (Fig. 5). However,
it still remains unclear how the expressions of PD-1 and its ligands are spatially and
temporally regulated and what are the molecular mechanisms of signaling through
PD-1 and its ligands. It is important to understand how PD-1 pathway mediates its
inhibitory pathways. Recent observations have revealed that other inhibitory recep-
tors, such as 2B4, LAG-3, CTLA-4, PirB, GP49, and CD160, were co-expressed on
exhausted CD8 T cells during chronic infections (Blackburn et al. 2009). There is
considerable diversity in the number and type of inhibitory receptors that can be
expressed by T cells during virus infection, and these diverse inhibitory pathways
appear to cooperate with PD-1 pathway in regulating T-cell function. Thus, further
studies are required to address whether these diverse inhibitory receptors as well as
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Fig. 5 Biological significance of PD-1-PD-L pathway and its clinical application. Blockade of
PD-1 pathway with antagonist antibody, such as anti-PD-1 or anti-PD-L, augment immune
responses and may be useful in the treatment of cancer and infectious disease. Triggering PD-1
pathway with agonist antibody or by delivery of PD-L gene/protein suppress adverse immune
responses and can be used for the treatment of autoimmune disease, allergy, and transplant
rejection

PD-1 are also involved in the coregulation of autoimmunity and tumor immunity.
Such studies will not only provide a better mechanistic understanding of the PD-1
pathway in regulating T cell responses but will also facilitate precise manipulation
of this pathway therapeutically.
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