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Revisiting the PD-1 pathway

Nikolaos Patsoukis'?, Qi Wang"?, Laura Strauss'?*, Vassiliki A. Boussiotis’

Programmed Death-1 (PD-1; CD279) is an inhibitory receptor induced in activated T cells. PD-1 engagement by its
ligands, PD-L1 and PD-L2, maintains peripheral tolerance but also compromises anti-tumor immunity. Blocking
antibodies against PD-1 or its ligands have revolutionized cancer immunotherapy. However, only a fraction of
patients develop durable antitumor responses. Clinical outcomes have reached a plateau without substantial
advances by combinatorial approaches. Thus, great interest has recently emerged to investigate, in depth, the
mechanisms by which the PD-1 pathway transmits inhibitory signals with the goal to identify molecular targets
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for improvement of the therapeutic success. These efforts have revealed unpredictable dimensions of the path-
way and uncovered novel mechanisms involved in PD-1 and PD-L1 regulation and function. Here, we provide an
overview of the recent advances on the mechanistic aspects of the PD-1 pathway and discuss the implications of

these new discoveries and the gaps that remain to be filled.

INTRODUCTION
Programmed death-1 (PD-1) was discovered in 1992 by T. Honjo
and colleagues in Kyoto University as an apoptosis-associated gene.
However, PD-1 overexpression was not required for apoptosis (1).
Later studies from the same group identified that PD-1 expression
was induced through signaling by antigen receptors of T and B lym-
phocytes (2) and was involved in the inhibition of immune responses,
as PD-1-deficient mice developed autoimmune phenotypes (3-6).
The discovery that the PD-1 ligands, PD-L1 (CD274; also known as
B7-H1) and PD-L2 (CD273; also known as B7-DC), are expressed
in cancer cells (7) and antigen-presenting cells (APCs) of the tumor
microenvironment (TME) (8, 9), and the role of PD-1 as T cell in-
hibitory receptor of PD-L1 (10), led to the targeting of PD-1 and its
ligands for induction of antitumor T cell responses. The develop-
ment and usage of such blocking antibodies brought a revolution in
cancer immunotherapy (11-13).

Preclinical studies and clinical trials generated with anti-CTLA-
4 (cytotoxic T lymphocyte-associated protein 4) blocking compounds
had a significant impact on the acceleration of clinical trials and
U.S. Food and Drug Administration approval of compounds block-
ing PD-1 and its ligands. Antibodies blocking PD-1 and its ligands
have reduced toxicity compared to CTLA-4 blocking compounds
and efficacy in a broader spectrum of cancer types (14). These as-
pects combined provided an excellent opportunity for the adminis-
tration of PD-1-based immunotherapy in the outpatient setting. In
addition to being used as monotherapy, PD-1/PD-L1 blocking
immunotherapy is currently administered in combination with
other treatments such as blockade of checkpoint inhibitors (mainly
CTLA-4), chemotherapy, targeted therapy with small-molecule in-
hibitors, cancer vaccines, or agonist antibodies. It should be noted
that after monotherapy with PD-1 blocking compounds, only a
fraction of patients develop durable clinical responses while most
patients develop only transient responses or no responses at all.

However, although several different antibodies blocking PD-1
and its ligands are currently in clinical use, this small fraction of
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durable responses have been achieved with all of them in various
types of cancer. This outcome indicates that targeting of this path-
way has an inherently high potential to induce antitumor immunity.
However, critical information is missing on how to assess the involve-
ment of the PD-1 pathway in cancer-mediated immunosuppression
and design its appropriate therapeutic exploitation required in each
individual patient. These issues have sparked great interest during
the past 5 years to investigate in depth the mechanisms by which the
PD-1:PD-L1 pathway transmits inhibitory signals with the goal to
identify new targets to intervene properly and enhance the thera-
peutic success.

EXPRESSION OF PD-1 AND ITS LIGANDS
PD-1 and its ligands are expressed in several cell types of the innate
and adaptive immune system, and their expression pattern has been
extensively studied [reviewed in (I5) and (16)]. Although initial
work focused on the transcriptional mechanisms that induce the
expression of PD-1 and its ligands, recent studies determined that
PD-1 and PD-L1 expression is also regulated at the posttranslational
level (Fig. 1). CRISPR-based screening identified Fut8, a core fuco-
sylase of PD-1-N-linked oligosaccharides at positions N49 and N74,
to regulate cell-surface expression of PD-1 (Fig. 1A), and T cells treated
with a cellular fucosylation inhibitor had stronger antitumor reaction
in vivo (17). However, the precise biochemical mechanisms of how
core fucosylation affects PD-1 structure and function remain to be
elucidated. PD-1 expression may also be regulated by E3 ligase
FBXO38, which mediates K48-linked polyubiquitination at the PD-1
K233 site and subsequent proteasome degradation (Fig. 1B) (18).

PD-L1 expression and stability is also regulated at the posttrans-
lational level by glycosylation and ubiquitination (19, 20). Only
nonglycosylated PD-L1 was found to interact with glycogen syn-
thase kinase 3p (GSK3p), leading to phosphorylation-dependent pro-
teasome degradation of PD-L1 by B-transducin repeat-containing
protein (B-TrCP) (Fig. 1C) (19). Conversely, COP9 signalosome 5
(CSN5), induced by nuclear factor kB p65, is required for tumor
necrosis factor-a (TNF-o)-mediated PD-L1 stabilization in cancer
cells either by direct deubiquitination or by inhibiting ubiquitina-
tion and degradation of PD-L1 (Fig. 1D) (20).

PD-L1 glycosylation is also essential for PD-1/PD-L1 interac-
tion. A monoclonal antibody targeting glycosylated PD-L1 blocked
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Fig. 1. Posttranslational modifications regulate PD-1 expression. (A) In the endoplasmic reticulum (ER), PD-1 is glycosylated at residues N49 and N74, which are
subsequently fucosylated (red triangle) in the Golgi apparatus, resulting in sustained expression of PD-1 at the cell membrane and transmission of inhibitory signals.
Genetic depletion or pharmacologic inhibition of Fut8 fucosyltransferase decreases PD-1 fucosylation, expression, and inhibitory signaling, resulting in increased T cell
activation. (B) FBXO38 ubiquitin ligase mediates a K48-linked ubiquitination of PD-1 at K233, resulting in PD-1 internalization and proteasomal degradation. Genetic
ablation or down-regulation of FBXO38 results in increased PD-1 expression, leading to enhanced inhibitory signaling and T cell suppression. (C) Expression of PD-L1in
tumor cells is stabilized by glycosylation. This is antagonized by GSK3, which binds to the nonglycosylated form of PD-L1, leading to phosphorylation at T180 and S184,
and B-TrCP-mediated PD-L1 ubiquitination and proteasomal degradation. EGFR-mediated signals inhibit GSK33-mediated PD-L1 phosphorylation and degradation and
promote PD-L1 stabilization and immunosuppressive function. Antibodies targeting glycosylated PD-L1 (anti-gPD-L1) block interaction with PD-1 and induce PD-L1 in-
ternalization and degradation. (D) In cancer cells, TNFR (TNF receptor)-mediated signaling results in IKKB (inhibitor of nuclear factor kB kinase B)-mediated p65 activation
and nuclear translocation, leading to transcription of CSN5, which stabilizes PD-L1 by direct deubiquitination or by inhibiting PD-L1 ubiquitination, resulting in enhanced
immunosuppressive activity. CMTM4/6 associates with PD-L1 at the cell surface, reducing its ubiquitination and increasing the half-life of PD-L1 protein.

interaction with PD-1, promoted PD-L1 internalization and degra-
dation in triple-negative breast cancer (TNBC) cells in vitro, and
eradicated TNBC cells in tumor-bearing mice (21). This observa-
tion is exciting because the efficacy of checkpoint blockade is only
limited in patients with TNBC and suggests that targeting PD-L1
glycosylation might be a promising strategy to increase the success
of PD-1 checkpoint immunotherapy. Glycosylation is essential even
for soluble PD-L1 to maintain binding capacity to PD-1 (22). In
contrast, PD-1 glycosylation is not essential for PD-1/PD-L1 inter-
action. Structure studies revealed that PD-1 glycosylation sites are
located away from PD-1/PD-L1-binding interface, suggesting that
modifications of PD-1 glycosylation would not have direct influence
on this interaction (23). Consistently, binding of the therapeutic
blocking antibodies nivolumab and pembrolizumab to PD-1 was
independent of PD-1 glycosylation (24, 25). These recent findings
link glycosylation and ubiquitination pathways to the stringent
regulation of PD-1 and PD-L1 and open new potential therapeutic
strategies to enhance the efficacy of cancer immunotherapy.
Regulators of PD-L1 protein on the cell surface were revealed
recently by two independent genome-wide CRISPR-Cas9 screens in
pancreatic cancer cells and human haploid HAP1 cells (26, 27). In
both studies, CMTM6 was identified as a critical stabilizer of PD-
L1 in a broad range of cancer cells, including melanoma, pancreatic
cancer, thyroid cancer, breast cancer, non-small cell lung cancer
(NSCLC), and colorectal cancer. CMTM6 was found to bind and
colocalize with PD-L1 on the plasma membrane and in recycling
endosomes, which prevented PD-L1 from lysosome-dependent deg-
radation during recycling (Fig. 1D) (26). In the absence of CMTMS,
tumor cells had reduced PD-L1 protein expression, which could be
partially reverted by deletion of the STUB1 E3 ubiquitin ligase,
identified as a ubiquitin ligase responsible for PD-L1 degradation
and down-regulation of PD-L1 expression (27). In a modified ge-
netic screen in CMTM6-deficient haploid cells, CMTM4, but not

Patsoukis et al., Sci. Adv. 2020; 6 : eabd2712 18 September 2020

other CMTM family members, was found as a complemental regu-
lator of PD-L1 expression (27). Notably, interference with CMTM6
expression impaired constitutive and interferon-y (IFN-y)-induced
protein expression of PD-L1 on tumor cells, without affecting the
PD-L1 transcriptional level (26, 27). By destabilization of PD-L1
on tumor cells, CMTM6 depletion significantly mitigated the sup-
pression of tumor-specific T cell activity both in vitro and in vivo
(26, 27). These findings highlight CMTMS6 and its regulatory role
on PD-L1 protein as a potential therapeutic target to overcome im-
mune suppression in the TME.

Besides membrane-bound PD-L1 and PD-1, soluble forms also
exist. A soluble monomeric form of PD-L1 can be produced in vitro
by cancer cell lines that express PD-L1 and by activated monocyte-
derived dendritic cells (DCs) that also express high levels of PD-L1
(28, 29). It has been reported that soluble PD-L1 retains its inhibitory
function (28) and is generated by matrix metalloproteases, which
cleave it from the surface of cells (28, 30). High levels of soluble
PD-L1 in sera of patients with melanoma before immune check-
point therapy were associated with increased likelihood of progres-
sive disease after treatment with CTLA-4-blocking antibodies (31).
Soluble PD-L1 was also detected in plasma samples from patients
with NSCLC correlating with poor prognosis and reduced survival
(22, 32) and in plasma samples from patients with pancreatic cancer
(33). Recently, a new secreted PD-L1 splice variant has been identi-
fied with a unique 18-amino acid tail containing a cysteine that
allows it to homodimerize and more effectively inhibit lymphocyte
function than monomeric soluble PD-L1 (34).

STRUCTURE AND INTERACTION OF PD-1 AND ITS LIGANDS
Structure

PD-1 and its ligands are members of the B7/CD28/CTLA-4 family
of receptors, which are type I transmembrane glycoproteins sharing
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a basic structural pattern consisting of an immunoglobulin (Ig)
variable-type (IgV) extracellular domain, a transmembrane region,
and a cytoplasmic tail that serves as a docking site for signaling or
scaffolding proteins (35). So far, structural studies of PD-1 and its
ligands have focused mainly on the extracellular domains and have
revealed the very details of interaction interfaces (35-42). PD-1
contains a front B sheet face comprising the CC'FG strands and a
back B sheet face comprising the AA’BDE strands. The binding of
PD-1 to its ligands involves the front B sheet “faces” of the inter-
acting molecules, with additional contributions of the FG loops.
Differences in the interfaces formed between PD-1 and each of its
ligands explain the higher affinity that PD-L2 exhibits toward PD-1,
which is attributed to its unique sequence characteristics. In partic-
ular, tryptophan W110 in PD-L2, which is conserved among spe-
cies, forms the largest numbers of contacts with PD-1 residues but
is replaced with alanine in PD-L1. Deletion or mutagenesis of W110
in PD-L2 to alanine results in reduced binding affinity with PD-1
(38). Although other members of the family such as CD28, CTLA-4,
and ICOS form disulfide-based covalent homodimers (43), PD-1
lacks the analogous cysteine residue and does not form such
dimers. Moreover, although B7-1 and B7-2 can form noncovalent
dimers (44, 45), PD-1, PD-L1, and PD-L2 are mainly known to exist
and interact as monomers (35, 37-41).

Progress in the structural characterization of the human PD-1/
PD-L1 interaction (41) has enabled the development of small-
molecule modulators that can directly bind to PD-L1 and effec-
tively inhibit PD-1/PD-L1 interaction in vitro by inducing PD-L1
dimerization through the PD-1 interacting surface (46, 47). These
small molecules were capable of restoring the activity of T cells
in vitro (48); however, the in vivo efficacy of these compounds re-
mains to be determined. Notably, the PD-1/PD-L1 complex was
shown to form an interface of high structural similarity with the
interphase of antigen-binding Fv domains of antibodies and T cell
receptors (TCRs) raising the possibility for the synergistic forma-
tion of a binding site for a third molecule (37). So far, no such third
player in this interaction has been identified and the biological
significance of this observation remains to be determined.

Interaction between PD-1 and its ligands

According to the canonical PD-1/PD-L1 pathway, binding between
PD-1 and PD-L1 in trans, when these surface receptors are ex-
pressed on T cells and APCs (or cancer cells), respectively, triggers
inhibitory signaling to attenuate T cell responses, and these inhibi-
tory signals are blocked by antibodies against PD-1 and its ligands
(Fig. 2A). However, a recent study showed that PD-1/PD-L1 interac-
tion can also occur in cis on certain cancer cells and tumor-infiltrating
APCs when these cells coexpress both PD-1 and PD-L1 (49). By
pioneering in vitro reconstitution of lipid bilayer systems and cell
culture assays, the study demonstrated that PD-1 and PD-L1 coex-
pressed on the same APC or cancer cell interact with each other on
the same cell surface in cis, resulting in the decreased ability of PD-
L1 to bind PD-1 on T cells in trans. This in cis interaction prevents
canonical PD-1/PD-L1 inhibitory signals (Fig. 2B) (49). This mode
of in cis PD-1/PD-LI interaction might explain why, in certain cases,
PD-1 blockade fails to enhance T cell responses since PD-1 anti-
body binding on tumor-expressed PD-1 might release PD-L1 and
make it available to interact with PD-1 expressed on T cells to inhibit
T cell signaling and cytotoxicity (Fig. 2B). This new dimension of
PD-1 regulation might have therapeutic implications in tumor im-
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munotherapy, as it might guide the need for combined PD-1 and
PD-L1 blocking strategies to overcome such outcomes.

Besides interacting with PD-1, PD-L1 also interacts with B7-1
(CD80) and was initially thought that this in trans PD-L1/B7-1
interaction can bidirectionally mediate inhibitory signals to T cells
(36, 50). A subsequent study reported that B7-1 coexpression with
PD-L1 on tumor cells could overcome PD-L1-mediated inhibition
but did not provide a mechanistic explanation (51). This mystery
remained unsolved until the preference of cis versus trans interac-
tion between PD-L1 and B7-1 was recently examined (52). By using
transfected cell lines, cell-to-cell binding assays, NanoBiT proximity
assays, enzyme-linked immunosorbent assay, and flow cytometry,
these studies concluded that PD-L1/B7-1 interaction occurred ex-
clusively in cis between PD-L1 and B7-1 molecules expressed on the
same cell but not in trans between PD-L1 and B7-1 expressed on
two separate cells (52). Shortly thereafter, a different study examined
the functional implications of the in cis PD-L1/B7-1 interaction and
determined that in cis PD-L1/B7-1 interaction on APCs disrupts
PD-1/PD-L1 binding in trans (Fig. 2C). Through this mechanism,
APCs expressing substantial amounts of B7-1 mediate diminished
T cell inhibition via PD-1 (53).

Almost in parallel, another study also reported that in cis PD-L1/
B7-1 interaction on APCs disrupts PD-1/PD-L1 binding in trans
(54) and determined that in cis PD-L1/B7-1 interaction does not
disrupt binding of B7-1 to CD28, and costimulatory effects of B7-1/
CD28 interaction are preserved (Fig. 2C). Instead, in cis PD-L1/B7-1
interaction prevents B7-1 from binding to CTLA-4 and disrupts the
CTLA-4 trans-functional axis (Fig. 2C) (54). In this setting, adding
an anti-PD-L1 blocking antibody to disrupt PD-1/PD-L1 interac-
tion can also result in disruption of PD-L1/B7-1 interaction and
allow released B7-1 to bind to CTLA-4 and deliver inhibitory
signals through the B7-1/CTLA-4 axis (Fig. 2D). In this case, com-
bining anti-PD-L1 with a blocking anti-CTLA-4 antibody is bene-
ficial since it prevents inhibitory signals mediated from B7-1/
CTLA-4 interaction (Fig. 2D). Furthermore, in cis PD-L1/B7-1 inter-
action on APCs could prevent CTLA-4-mediated trans-endocytosis
of B7-1 that leads to B7-1 depletion from APC surface (Fig. 2E)
(55, 56). In this scenario, anti-PD-L1 antibody may exert a negative
effect on cancer immunotherapy by disrupting in cis PD-L1/B7-1
interaction and allowing the released B7-1 on APCs to interact with
CTLA-4 on regulatory T cells (Tregs), resulting in enhanced CTLA-
4-mediated B7-1 depletion from APCs and decreased B7-1-mediated
costimulation (Fig. 2F). This effect might be avoided by combining
an anti-CTLA-4 antibody that disrupts B7-1/CTLA-4 interaction
(Fig. 2F) (54). These findings suggest that the levels of B7-1 and PD-
L1 expression on APCs and tumor cells might serve as guiding bio-
markers for the proper selection of combination therapies targeting
PD-1, PD-L1, and CTLA-4.

PD-L2 interactions may also be complex. The role of PD-L2 in
T cell responses remains controversial because both coinhibitory
and costimulatory functions have been reported (7, 57). Besides
interacting with PD-1, PD-L2 interacts with repulsive guidance
molecule b (RGMb), a coreceptor for bone morphogenetic proteins,
which is expressed on the surface of naive T cells, macrophages,
neutrophils, and DCs and regulates respiratory tolerance (58). A
mutant PD-L2 (K113S), which loses interaction with PD-1, binds
RGMDb with similar affinity to wild-type PD-L2 and costimulates
CD4" T cell responses to promote T helper 1 (Tyl) polarization
(59), while suppressing Ty2-mediated responses in an experimental
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effect of anti-PD-L1 antibody might be alleviated by an anti-CTLA-4 antibody.

mouse model of asthma (59). Thus, the precise role of PD-L2 in
regulating T cell differentiation and function in vivo remains to
be determined.

MECHANISMS AND TARGETS OF PD-1 SIGNALING

PD-1:SHP-2 interaction and SHP-2 activation

Although the extracellular structure and interactions of PD-1 are
extensively studied, little information is known about its intracellular
structure and signaling mechanisms. The cytoplasmic tail of PD-1
contains two tyrosine-based structural motifs, an immunoreceptor
tyrosine-based inhibitory motif (ITIM) (V/L/I/XpYXX/L/V), and an
immunoreceptor tyrosine-based switch motif (ITSM) (TXpYXXV/I) (60).
Mutational studies have shown that PD-1 inhibitory function is depen-
dent on the ITSM phosphotyrosine, which preferentially recruits
Src homology region 2 domain-containing phosphatase-2 (SHP-2),
resulting in dephosphorylation and down-regulation of downstream
signaling pathways (61-63). On the basis of these findings, an anti-
body specific for phosphorylated PD-1-ITSM Y248 (thereafter named
pY-ITSM) was generated and tested for its ability to detect PD-1-
mediated inhibitory signaling (64). These studies showed that phosphor-
ylation of PD-1 at the ITSM Y248 was up-regulated by simultaneous
TCR/PD-1 coligation. Detection of PD-1-ITSM Y248 phosphor-
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ylation on T cells from human peripheral blood correlated with markers
of impaired effector function. PD-1-ITSM Y248 phosphorylation was
detected on T cells in tumor-draining lymph nodes of tumor-bearing
mice. pY-ITSM-positive cells were also detected in biopsies of patients
with glioblastoma. These results suggest that detection of PD-1
pY-ITSM in T cells might serve as a more biologically relevant bio-
marker than PD-1 expression, identifying T cells that are actively under-
going immunosuppression through PD-1 ligation, which depends
on phosphorylation of ITSM Y248 and recruitment of SHP-2 (64).
Although it is widely accepted that SHP-2 is a key mediator of
PD-1 inhibitory function, the precise mechanism of how PD-1
engagement leads to SHP-2 enzymatic activation has remained puz-
zling. SHP-2 has two tandem SH2 domains, N-terminal (N-SH2)
and C-terminal SH2 (C-SH2), followed by a single phosphatase
[protein tyrosine phosphatase (PTP)] domain, and a C-terminal hy-
drophobic tail with two tyrosine phosphorylation sites. At the basal
state, the N-SH2 domain of SHP-2 folds into an autoinhibitory
closed conformation to directly block the active PTP site. Interac-
tion of the N-SH2 domain with phosphotyrosine peptide disrupts
this interaction and activates the enzyme. Binding of both SH2
domains is required for full SHP-2 enzymatic activation, with the
C-SH2 domain contributing to binding energy and specificity and
N-SH2 having a direct role in enzymatic activation (65-67). For
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example, binding of both SH2 domains of SHP-2 in tandem with the
tyrosines of a biphosphorylated peptide from insulin receptor sub-
strate 1 can induce potent SHP-2 catalytic activity (65). A similar
type of interaction and SHP-2 activation mechanism has been re-
cently hypothesized to occur between SHP-2 and PD-1 (68). In sup-
port of this hypothesis, structural characterization and biochemical
analysis of SHP-2 activity in vitro provided evidence of a two-step
binding model, according to which PD-1 phosphotyrosine at the
ITSM motif (pY-ITSM) binds to C-SH2 with strong affinity, re-
cruiting PD-1 to SHP-2, while phosphotyrosine at the ITIM motif
(pY-ITIM) binds to N-SH2, displacing it from the PTP site and
activating the phosphatase (Fig. 3A) (69). In contrast to previous
observations (61-63), the latter study found that besides ITSM,
ITIM also contributed to PD-1 inhibitory function, although to a
lesser extent, supporting a potential model requiring both domains
ITIM and ITSM for activating SHP-2 phosphatase (69).

Almost in parallel, it was determined that besides binding of the
two SHP-2 SH2 domains in tandem with the two phosphotyrosines
of the PD-1 cytoplasmic tail, SHP-2 and PD-1 have the biophysical
properties to interact via engagement of both SHP-2 SH2 domains
with phosphorylated PD-1-1TSM Y248 from two different PD-1
molecules (70). By combining biochemical and biophysical meth-
ods as well as confocal microscopy, this study revealed that this
alternative mode of PD-1:SHP-2 interaction preferentially occurred
in live cells, where, after PD-1 phosphorylation, SHP-2, via its
N-SH2 and C-SH2 domains, could bridge two phosphorylated
pY-ITSM residues on two PD-1 molecules localized at the plasma
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Fig. 3. PD-1/SHP-2 interaction modes. (A) Two-step binding model, according to
which SHP-2 C-SH2 binds to PD-1 pY-ITSM with strong affinity, recruiting PD-1 to
SHP-2, while PD-1 pY-ITIM binds to N-SH2, displacing it from the PTP site to acti-
vate the phosphatase. (B) Dimerization model, according to which SHP-2 bridges
two pY-ITSM residues on two PD-1 molecules via its N-SH2 and C-SH2 domains
forming a PD-1:PD-1 dimer and inducing SHP-2 activation.
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membrane, forming a PD-1:PD-1 dimer (Fig. 3B) (70). SHP-2
interaction with two tandemly connected ITSM phosphopeptides
induced robust SHP-2 enzymatic activation, suggesting that a
combination of strong binding ITSM motifs can form an SHP-2-
dependent PD-1 dimer and simultaneously activate the phospha-
tase. The discovery of this alternative binding mode that leads to the
formation of an SHP-2-dependent PD-1 dimer explains how PD-1/
SHP-2 interaction can occur by the involvement of only one PD-1
phosphotyrosine (61-63) and resolves a long-standing conundrum
of how a single docking site within the PD-1 cytoplasmic tail can
activate SHP-2 and mediate PD-1 inhibitory function (70). Devel-
opment of novel techniques to monitor the activity of SHP-2 in
live cells will shed light on the detailed interplay between these
PD-1:SHP-2 interaction modes in live cells.

Signaling pathways targeted by PD-1

Multiple studies have investigated the effects of PD-1 on key signal-
ing pathways activated by TCR and costimulatory receptors to
determine how PD-1 ligation inhibits the expansion and effector
differentiation of activated T cells and suppresses cytokine produc-
tion. There has been a long debate about which signaling pathway is
the primary target of PD-1. Most studies support a model in which
PD-1 primarily targets the TCR and TCR downstream cascades
(61-63, 71-74). However, it has also been suggested that the core-
ceptor CD28 is preferred over the TCR as the PD-1 primary target
(75), whereas other studies have reported that both the TCR and
CD28 are equally targeted by PD-1 (76). Despite the debate about
the PD-1 primary target, there is an agreement that SHP-2 is cur-
rently the only identified direct partner of PD-1 in normal T cells
responsible for mediating PD-1 inhibitory signals. For this reason,
it was unexpected that mice with T cell-specific SHP-2 deletion
could be benefitted by PD-1 blockade in the context of cancer, sug-
gesting the potential existence of additional PD-1 signaling partners
that can mediate PD-1 inhibitory function in the absence of SHP-2
(77). An explanation to this finding came from the detailed molec-
ular characterization of human PD-1 signalosome by quantitative
interactomics, which demonstrated the ability of SHP-1 phosphatase
to replace SHP-2 and compensate for PD-1 inhibitory function when
SHP-2 is absent (76).

SHP-1 and SHP-2 phosphatases not only are involved in PD-1
signaling but also play critical and opposing roles in TCR-mediated
activation. Although SHP-1 mediates inhibitory signals (78), SHP-2
is considered a positive regulator of T cell activation (79-81) and
may act by dephosphorylating inhibitory sites of positive regulators.
Both phosphatases are involved in the formation of the TCR sig-
nalosome (82), and their phosphatase activities are regulated by
phosphorylation/dephosphorylation as well as by oxidation/reduction
reactions (83-85). Since PD-1 expression is induced only after
activation and participates in TCR signaling microclusters upon
binding to PD-L1 (63), it is reasonable to speculate that PD-1 mol-
ecules are clustered and stabilized by PD-L1 interactions around
TCR molecules, serving as “switches” of positive signalosome con-
formations to negative ones. Some proteins recently identified as
molecular partners in the PD-1 signalosome such as Grb2, Lck,
and ZAP-70 (76) are also components of the TCR signalosome.
Further studies are required to elucidate the complex interplay be-
tween TCR and PD-1 signalosomes, determine their shared
molecular partners and signaling mechanisms involving SHP-1
and/or SHP-2, and identify their direct substrates.

50f13



SCIENCE ADVANCES | REVIEW

Although PD-1-mediated signaling and functional effects are
mainly directed toward T cells, two studies raised the question
whether the PD-1:PD-L1 pathway might signal in cancer cells. It
was reported that subpopulations of established human and murine
melanoma cell lines and subpopulations of malignant cells in mela-
nomas from patients’ biopsies express PD-1 (86, 87). Unlike T cells,
in which PD-1 ligation causes inhibition of PI3K/Akt, mitogen-
activated protein kinase (MAPK), and mammalian target of rapa-
mycin (mTOR) pathways, PD-1 ligation in melanoma cells was
found to activate these pathways and promote tumor growth. These
studies suggested that cancer cells might use the PD-1:PD-L1 path-
way to support their growth by triggering mTOR signaling in trans
in neighboring tumor cells (86).

PD-1 cross-talk with costimulatory receptors

PD-1-targeted tumor immunotherapies enhance T cell responses
but show limited efficacy in many cases. A better understanding of
how PD-1 cross-talks with other costimulatory receptors will benefit
not only antibody-based but also cell-based immunotherapies. It has
been shown that PD-1 signaling can be overcome by interleukin-2
(IL-2) and that only cytokines that activate signal transducer and
activator of transcription 5 (STAT5) can rescue PD-1 inhibition (88).
Under optimal conditions of stimulation, CD28 costimulation can
overcome PD-1-mediated inhibition by augmenting IL-2 produc-
tion (88). However, ICOS-mediated costimulation, which leads to
lower amount of IL-2 production, cannot overcome PD-1-mediated
inhibition. Thus, costimulatory signals mediated by ICOS are more
susceptible to PD-1-mediated negative regulation than those pro-
vided by CD28 costimulation (89). In a recent study, overexpression
of c-Jun, an AP-1 family transcription factor that drives IL-2 tran-
scription associated with productive T cell activation, prevented
CAR (chimeric antigen receptor) T cell exhaustion, increased
functional capacity, diminished terminal differentiation, and im-
proved antitumor potency in multiple in vivo models (90), presum-
ably by effectively competing with inhibitory signals through PD-1
and other checkpoint inhibitory receptors. It is remarkable that,
albeit inhibitory, PD-1 is highly expressed in T follicular helper
(Tth) cells, particularly those localized inside the germinal center
(GC) territory (91). However, instead of being inhibited, Tth cells
are highly functional and sensitive to antigen presented by cognate
B cells. Tth cells also highly express ICOS, and although ICOS co-
stimulation is insufficient to fully restore proliferation upon PD-1
engagement (89), in Tth cells, ICOS is indispensable for bypassing
PD-1-mediated inhibition of PI3K downstream of CXCR5, thereby
allowing Tth to migrate to the GC follicle (91). Paradoxically, PD-1
was also found to have a positive effect on Tth and to be required for
IL-21 production and for setting a sufficiently stringent threshold
for the GC B cell competition. Thus, by controlling both proper po-
sitioning and helper functions of Tth cells, the inhibitory receptor
PD-1 acts in concert with ICOS and plays an essential role in the GC
response. Further understanding of how the signaling machinery of
PD-1 competes and cooperates with signaling of ICOS and other
costimulatory receptors may allow for efficient therapeutic inter-
ventions in immunotherapies.

MECHANISMS AND OUTCOMES OF PD-L1 SIGNALING
Expression of PD-L1 in cancer cells (7, 8) was initially considered a
major mechanism of cancer-mediated T cell immunosuppression
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and exhaustion. Subsequently, it became apparent that PD-L1 ex-
pressed in antigen-presenting myeloid cells in the TME is equally
important for mediating immunosuppressive properties to tumor-
specific T cells (9). PD-L1-expressing DCs and macrophages might
have a dominant role in mediating T cell immunosuppression, as
PD-L1 expression on these two APC types of the TME can predict
the efficacy and therapeutic outcome of PD-L1/PD-1 blockade (92).
Responses to therapeutic blockade can also be developed as a conse-
quence to blocking T cell immunosuppression mediated by PD-L1-
expressing APCs in non-tumor sites (93). Robust antitumor T cell
responses are induced in tumor-draining lymph nodes by blocking
PD-L1-mediated inhibitory effects of host APCs in extratumoral sites.

PD-L1-mediated signaling was first studied in cancer cells. PD-L1
is considered an immunological shield that transmits anti-apoptotic
signals in cancer cells after ligation by PD-1 expressed in T cells,
thereby inducing resistance against T cell-mediated killing and
protecting cancer cells (94). Subsequent studies suggested that PD-
L1 can activate cancer cell-intrinsic signals in a PD-1-independent
manner and enhance cancer cell proliferation and survival through
the inhibition of autophagy and mTOR activation (95). No obvious
signaling sequences related to signal transduction have been pre-
dicted or identified for PD-L1 cytoplasmic tail, suggesting that PD-L1
is using nonconventional signaling motifs. Recently, three conserved
sequences in PD-L1 cytoplasmic tail were identified, which were
termed “RMLDVEKC,” “DTSSK,” and “QFEET” motifs (96). Nota-
bly, lysines 271 and 280 within RMLDVEKC and DTSSK motifs are
putative targets for ubiquitination, leading to PD-L1 destabilization
and down-regulation (20). The conserved RMLDVEKC motif is
required to counteract IFN-P toxicity mediated by PD-L1 engage-
ment, while the DTSSK motif acts as a negative regulator of PD-L1
function to transduce signals that counteract IFN signal transduc-
tion and its toxicity in cancer cells (Fig. 4) (96). These findings
mechanistically extended the early observations that PD-L1 serves
as a direct defense for cancer cells (94) and revealed that abrogation
of PD-L1 expression or antibody-mediated PD-L1 blockade sensi-
tizes cancer cells to IFN cytotoxicity through a STAT3/caspase-7-
dependent pathway (Fig. 4). In human carcinomas, somatic muta-
tions within these novel nonconventional PD-L1 motifs resulted in
enhanced cytotoxic activities from type I and type I IFN, providing
evidence for the significant biological relevance of these PD-L1
cytoplasmic regions (96). In Hodgkin’s lymphoma (HL) cell lines,
engagement of PD-L1 by an agonistic antibody can increase cell
survival and proliferation. Moreover, in patients with HL, serum
levels of soluble PD-1 were significantly higher than healthy con-
trols. Both membrane-bound and soluble forms of PD-1 were able
to induce PD-L1-mediated signaling in HL cell lines, which was
associated with the activation of the MAPK pathway and increased
mitochondrial oxygen consumption, events that were reversed by
PD-1 blockade (97). Further studies are needed to determine which
binding partners of the cytoplasmic domain of PD-L1 mediate these
functions.

PD-L1 is expressed in T cells after activation, but its ability to
transmit signals to T cells has been controversial. Initially, a specific
and significant bidirectional interaction between B7-1 and PD-L1
that inhibits T cell responses was demonstrated (36). These effects
were thought to be mediated by PD-L1 expressed in T cells that could
transmit inhibitory signals after being ligated by B7-1 in trans. This
conclusion was based on studies using anti-CD3/B7-1 Ig-coated
beads that inhibited the proliferation of CD28/CTLA-4-deficient
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Fig. 4. Signaling through PD-L1 protects tumor cells from IFN-mediated cyto-
toxicity. PD-L1 expressed on tumor cells engages PD-1 to deliver inhibitory signals
to T cells. PD-L1 may also deliver inhibitory signals to tumor cells to attenuate
IFN-mediated cytotoxicity through a STAT3/caspase-7-dependent pathway. The
conserved RMLDVEKC motif of PD-L1 is required to counteract IFN toxicity, while
the DTSSK motif prevents this function. Thus, PD-L1 provides tumor cells with a
dual escape mechanism from T cell-dependent cytotoxicity. IFNART, interferon
alpha/beta receptor alpha chain.

T cells in vitro (36). However, later studies with in vivo models of
T cell activation and tolerance identified that it was not PD-L1 but
B7-1 expressed on antigen-specific T cells that was responsible for
transmitting coinhibitory signals (50). Using an agonist anti-PD-L1
antibody, a different study determined that PD-L1 can mediate in-
hibitory signaling to T cells by inducing increased phosphorylation
of p38, leading to apoptosis (98). Similarly, in a mouse model of
pancreatic ductal adenocarcinoma (PDA) and in biopsies of human
PDA, up-regulation of PD-L1 on T cells in response to antigen pre-
sentation and inflammatory signals induced intracellular signal-
ing equally suppressive to that of PD-1 (99). PD-L1 engagement on
T cells induced STAT3-dependent inhibitory signaling in CD4"
T cells, which reduced Tyl (T-bet and IFN-y) and Ty2 (GATA3)
polarization but favored a partial Ty17 differentiation. In addition,
PD-L1 expressed on T cells inhibited neighbor T cells not only by
engaging PD-1 but also by promoting an M2 macrophage polariza-
tion in the TME, thereby suppressing neighbor effector T cells (99).

Contrary to the studies indicating that B7-1 mediates inhibitory
signals to T cells (50), in trans PD-L1/B7-1 interaction was reported
to induce activation of alloreactive T cells and graft versus leukemia
effector function (100). In light of the recent findings that PD-L1/
B7-1 interaction occurs only in cis (52-54), while PD-1/PD-L1 in-
teraction can occur both in cis and in trans (49), caution is required
in the interpretation of these findings. It is also possible that various
receptor:ligand pairs transmitting distinct signals might be formed
in the immune microenvironment, leading to combined effects and
functional outcomes.

These new developments regarding the signaling interplay among
PD-1, PD-1 ligands, and B7-1 not only shed light on previously
unexplained observations but also call for careful attention in the

Patsoukis et al., Sci. Adv. 2020; 6 : eabd2712 18 September 2020

interpretation of experimental outcomes. At this point, it is unclear
whether cell-specific expression of these receptors in the TME, or
other sites with critical role in mounting antitumor immune re-
sponses, might have implications on patient stratification, thera-
peutic responses to PD-1 blocking immunotherapy, or guidance
for combinatorial therapies.

PD-1 DETERMINES T CELL DIFFERENTIATION AND FUNCTION BY
REGULATING METABOLIC REPROGRAMMING

In T cells, metabolism not only supports growth and proliferation
but also plays a critical role in driving differentiation (101). Oxida-
tive phosphorylation is the main source of energy for naive T cells,
but upon activation, naive T cells undergo metabolic reprogram-
ming to aerobic glycolysis, also known as the Warburg effect, while
simultaneously augmenting glutamine uptake and catabolism to
maintain effector T cell fitness and drive differentiation of memory
T cells (102). PD-1 signaling does not shut down T cell metabolism
globally but diverts metabolic reprogramming by favoring the utili-
zation of fatty acids in B-oxidation (FAQO) while impairing glycolysis,
glutaminolysis, and metabolism of branched-chain amino acids
(103, 104). Pharmacologic inhibition of glycolysis blocks differenti-
ation of Ty17 cells while promoting development of Tyeg (105, 106).
Thus, together with decreasing the threshold to transforming growth
factor-P (TGF-B)-mediated signals (72, 107), PD-1 also favors the
development of Tiegs by reprogramming T cell metabolism.

Regulation of the cell redox state is an important component of
cellular metabolism. In T cells, reactive oxygen species (ROS) are
required for cellular and signaling processes, leading to T cell ac-
tivation (108). However, excessive ROS production can have detri-
mental effects in T cells (109). The fine balance between mechanisms
of ROS generation and detoxification is critical for cell proliferation,
differentiation, and survival. Very limited information is available
regarding the effects of PD-1 on T cell oxidative state. T cells receiving
PD-1 signals maintain metabolically active mitochondria, higher FAO,
more pronounced decrease in the levels of reduced glutathione
(GSH), and higher levels of GSH-cysteine disulfide compared to
T cells activated without PD-1 ligation, potentially indicating a
more oxidative environment (103).

A key mediator of oxidative detoxification is the peroxisome
proliferator-activated receptor y (PPARY) coactivator-1a (PGC-1a)
(110, 111), which also promotes mitochondrial biogenesis, and its
overexpression can reinvigorate T cells in the TME, resulting in en-
hanced antitumor efficacy even in the presence of high expression
of PD-1 and other checkpoint inhibitors (112). Thus, it is possible
that the combination of mitochondrial biogenesis, increase of mito-
genic ROS, and the right amount of ROS detoxifiers to prevent
excessive ROS-mediated damage can bypass signals imposed by
inhibitory receptors. Toward this direction, a recent study deter-
mined that ROS generation by the use of ROS precursors or mito-
chondrial uncouplers synergized with the tumoricidal activity of
PD-1 blockade, leading to the expansion of effector/memory CTLs
in the TME (113). These CTLs activated both mTOR and adenosine
monophosphate-activated protein kinase (AMPK) and their down-
stream transcription factors such as PGC-1a and its cofactor NRF2,
which is a major transcriptional inducer of antioxidant genes.
Under these conditions, PPARs that regulate fatty acid metabolism,
and T-bet that controls IFN-y transcription and CTL effector func-
tion, were also increased. Furthermore, mTOR, AMPK, or PGC-1a
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activators synergized with PD-1 blockade and improved antitumor
efficacy (113).

The highly oxidative TME not only alters the function of T effec-
tor cells directly but also mediates a dominant detrimental effect on
Thregss which succumb to oxidative stress and undergo apoptosis due
to their weak NRF2-associated antioxidant system, resulting in the
release of large amounts of adenosine triphosphate and its conver-
sion to adenosine via CD39 and CD73, leading to enhanced immuno-
suppression via the adenosine and A2A pathways (114). Thus, in
addition to suppressing T effector cell function directly, PD-1 also
compromises antitumor immunity by decreasing the threshold of
TGF-B-mediating signaling and altering metabolic reprogramming
(72, 103, 107), thereby favoring the generation of Trcgs, Which are
highly vulnerable to ROS-dependent cell death in the TME and pro-
duce immunosuppressive intermediates that prevent the responses
of T effector cells to PD-1 blockade. Thus, the oxidative pathway
could be considered as a metabolic checkpoint, potentially amena-
ble to modulation for enhancing the efficacy of therapeutics target-
ing PD-1.

SIGNALING AND FUNCTION OF THE PD-1 PATHWAY IN INNATE
IMMUNE CELLS

As PD-1 expression and function have been originally assigned to
activated lymphocytes T and B cells (2), attention has been paid to
the expression and function of PD-1 in T cells, whereas in cells of
the innate immune compartment, attention has been paid to the
expression of PD-L1. In the context of cancer, it is widely accepted
that checkpoint blockade reverts the PD-1-induced exhausted T cell
state and unleashes reinvigorated T cells to attack cancer. However,
PD-1 is also expressed in cells of the innate immune system (115-118).
In cancer mouse models, activated natural killer (NK) cells express
PD-1, which may mediate suppressive signals. Under these condi-
tions, NK cell activation can be induced by PD-1/PD-L1 blockade
(119). PD-1 is expressed in innate lymphoid cells (ILCs), particularly
in the ILC2 subset (116, 120). ILC2s are important regulators of
immune responses and tissue homeostasis. In adipose tissues, ILC2s
maintain homeostasis by promoting beiging of white adipocytes
and supporting a Ty2 environment enriched in eosinophils and M2
macrophages. In the context of obesity, ILC2 function is impaired
as a consequence of signals mediated by IL-33 that is increased
under the control of adipocyte-produced TNF. This correlates with
PD-1 expression and imbalance of metabolic homeostasis (120).
PD-1 signaling in ILC2 is also involved in antitumor responses (121).
In a mouse model of PDA, ILC2s infiltrate tumors and activate
tissue-specific CD8"-mediated tumor immunity. Tumor-infiltrated
ILC2s express PD-1, and PD-1 blockade in combination with IL-33
can induce ILC2 activation and enhance antitumor responses. PD-1"
ILC2s are present in biopsies of patients with PDA (121).

PD-1 expression on myeloid cells is increasingly being appreci-
ated. PD-1 is up-regulated in several myeloid cell populations and
regulates their differentiation and function. For instance, TLR sig-
naling induces PD-1 expression in macrophages, which negatively
correlates with M1 polarization (122). In the context of infection,
PD-1 expression in macrophages plays a pathologic role by sup-
pressing the innate inflammatory response to sepsis (115) and in-
hibiting Mycobacterium tuberculosis phagocytosis (117). Similarly,
in the context of cancer, PD-1 expression inversely correlates with
M1 polarization and phagocytic potency of tumor-associated macro-
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phages against tumor (123, 124). Myeloid cells of the TME are
derived from myeloid progenitors of the bone marrow bone, specif-
ically common myeloid progenitors (CMPs) and granulocyte/
macrophage progenitors (GMPs), which expand during cancer-
mediated emergency myelopoiesis. Terminally differentiated myeloid
cells are essential innate immune cells required for the activation of
adaptive immunity. Strong activation signals mediated by pathogen-
associated molecular pattern or danger-associated molecular pattern
molecules lead to a transient expansion and subsequent differentia-
tion of myeloid progenitors to mature monocytes and granulocytes
to protect the host. In contrast, during emergency myelopoiesis,
driven by continuous low-level stimulation mediated by cancer-
derived factors and cytokines, CMPs but predominantly GMPs
undergo modest expansion with hindered differentiation, leading
to the accumulation of myeloid cells with immunosuppressive and
tumor-promoting properties, named myeloid-derived suppressor
cells (MDSCs) (125).

Recent studies revealed that the PD-1:PD-L1 axis is activated in
CMP and GMP myeloid progenitors that accumulate during cancer-
driven emergency myelopoiesis (126). This is an early event that
occurs during the growth of cancer cells and occurs even before the
tumor obtains a detectable size. PD-L1 is constitutively expressed
on CMPs and GMPs, whereas PD-1 expression displayed a notable
increase on GMPs that arose during tumor-driven emergency
myelopoiesis. By generating mice with myeloid-specific or T cell-
specific ablation of the Pdcd1 gene, it was determined that myeloid-
specific but not T cell-specific PD-1 ablation prevented the
accumulation of GMPs and immunosuppressor MDSCs while inducing
systemic output of effector myeloid cells and Tgy (T effector mem-
ory) cells with improved functionality and eliminated tumor growth
despite preserved PD-1 expression in T cells (Fig. 5). At a bio-
chemical level, PD-1 may directly inhibit signaling in myeloid cells,
as previously shown for T cells. Growth factors driving emergency
myelopoiesis mediated enhanced activation of ERK1/2s (extracellular
signal-regulated kinases 1/2) and mTORI kinase complex in PD-1-
deficient myeloid progenitors. In response to these factors, PD-1-
deficient myeloid progenitors displayed metabolic reprogramming
characterized by increased intermediates of glycolysis, pentose phos-
phate pathway, and tricarboxylic acid cycle but, most prominently,
elevated cholesterol. As cholesterol is required for differentiation
of inflammatory macrophages and DC and promotes antigen-
presenting function (127), these findings indicate that metabolic
reprogramming of emergency myelopoiesis and differentiation of
effector myeloid cells might be a key mechanism of antitumor
immunity mediated by PD-1 blockade. Thus, antitumor T cell
responses are guided by the consequences of PD-1 signaling in
myeloid cells, and PD-1 ablation in T cells, alone, might not be suf-
ficient to promote sustained antitumor function. Instead, it might
rather work against antitumor immunity by promoting the accu-
mulation of terminally differentiated T effector cells that promote
the generation of MDSCs (126). Consistent with these findings,
triggering PD-1 on monocytes from patients with chronic lympho-
cytic leukemia hampers glycolysis, phagocytosis, and Bruton’s ty-
rosine kinase signaling, whereas disrupting PD-1/PD-L1 signaling
reverses these immune metabolic dysfunctions (124).

To date, very few studies have investigated the impact of metabolic
dysfunction on patients’ resistance to checkpoint immunotherapy.
Growing evidence suggests that hyperglycemia and cholesterolemia
skew hematopoietic stem cells to enhance myelopoiesis and production
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Fig. 5. PD-1 regulates the differentiation and lineage fate commitment of myeloid progenitors during cancer-mediated emergency myelopoiesis and deter-
mines the efficiency of T cell antitumor responses. (A) During cancer-driven emergency myelopoiesis, PD-1 is up-regulated on CMPs but mostly in GMPs and inhibits
signaling and metabolic reprogramming mediated by growth factors driving emergency myelopoiesis, resulting in accumulation of immature myeloid cells and immuno-
suppressor MDSCs, and decreased systemic output of effector myeloid cells. (B) PD-1 ablation in myeloid cells promotes signaling and metabolic reprogramming mediated
by growth factors of emergency myelopoiesis and leads to the output of effector myeloid cells with improved antigen-presenting function that drive T effector memory cell
responses and antitumor protection. HSC, hematopoietic stem cell; CMP, common myeloid progenitor; GMP, granulocyte/monocyte progenitor; MDP, monocyte/
dendritic cell progenitor; CDP, common dendritic cell progenitor; DC, dendritic cell; CSF, cancer-produced soluble factor.

of proinflammatory myeloid cells (128, 129). Such enhanced myelo-
poiesis propagates inflammation from the bone marrow to the
adipose tissue and the vasculature and contributes to the increased
production of TNF-g, IL-6, IL-1, and C-reactive protein, leading to
insulin resistance (130, 131). Further, low-grade inflammation, per-
sistent myelopoiesis, and MDSC expansion have been proposed as
potent inducers of immunosenescence in age-related immune defi-
ciency (132). Therefore, PD-1 blockade in patients with metabolic
comorbidities, and in the elderly, might exacerbate persistent
myelopoiesis and systemic inflammation. This emphasizes the need
for patient stratification and metabolic monitoring in immuno-
therapy recipients. In addition, combining checkpoint immuno-
therapy with immunometabolic targets might be increasingly required,
while confronting the worldwide pandemic of metabolic syndrome
and the growing number of aging individuals treated with check-
point immunotherapy. Novel biomarkers that allow the clinical team
to choose the therapy that matches the biology of each cancer as
well as the host’s metabolic status and immune system are required
for personalized precision cancer therapy.

CONCLUDING REMARKS

The PD-1 pathway is a promising target for immunotherapies against
cancer and chronic infections. The current paradigm dictates the
use of blocking antibodies against the components of this pathway
to enhance T cell responses against tumors or chronic infections.
However, recently identified novel mechanisms that regulate the
expression and function of PD-1 and PD-L1 suggest new approaches
to manipulate this pathway therapeutically (Table 1). (i) PD-1 and
its ligands are expressed not only on T cells but also on cells of the
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Table 1. Potential new interventions forimmunotherapy by targeting
the PD-1 pathway. Candidate therapeutic targets (together with key
relevant references), mechanism of action, and outcome of each targeted
therapy on T cell responses.

Treatment/targets Mechanism of action  Outcome in T cells

Decreased surface

expression of PD-1 on Increased T cell

function

Inhibition of PD-1 core
fucosylation (77)

Enhancing expression

of ubiquitin ligase Increased PD-1 Increased T cell
FBXO38 (18) degradation in T cells function
EGFR inhibitors + PD-1 Decreased PD-L1 Increased T cell
blockade (79) expression function
CSN5 inhibitors (or
. Decreased PD-L1 Increased T cell
curcumin) + CTLA-4 expression function
ecrease: ncrease
expression function
Argggtjlftseg%agjiﬁ PD-L1 internalization Increased T cell
g'ycosy and degradation function

(21)

myeloid compartment and affect immune responses systemically.
Thus, preclinical studies targeting this pathway should evaluate
functional responses, differentiation profiles, and metabolic pro-
grams of both innate and adaptive immune cells. Identification of
the precise role of each immune subset in such systemic responses
may generate new potential targets for combinatorial therapies with
checkpoint inhibitors. (ii) PD-1 and its ligands interact not only in
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trans between neighboring cells but also in cis on the same cell sur-
face, highlighting the complexity of competitive interactions among
costimulatory and coinhibitory molecules. These observations can
enable the identification of better biomarkers to stratify patients and
guide new strategies for achieving either induction or suppression
of immune responses. (iii) Besides the current norm of developing
blocking antibodies, progress on the structural characterization
of PD-1/PD-L1 interaction has allowed for the development of
small-molecule modulators to target and disrupt their extracellular
interaction interfaces and posttranslational modifications. Further
advancements in characterizing the cytoplasmic structures, bio-
chemical events, and interactions of the components of the PD-1
pathway will enable the development of small-molecule modulators
to target this pathway intracellularly. Such approaches might result
in treatments that can be used in combination with antibody-based
immunotherapies to improve therapeutic success.
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