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Review Article

The pathway consisting of the receptor programmed cell death 1 
(PD-1; also called CD279) and its ligands, PD-L1 (B7-H1 or CD274) and PD-L2 
(B7-DC or CD273), plays a vital role in the maintenance of peripheral toler-

ance (i.e., mechanisms that maintain the quiescence of autoreactive T cells that have 
already matured and escaped the mechanisms of central tolerance during develop-
ment in the thymus). Tumors and pathogens that cause chronic infections can ex-
ploit this pathway to escape T-cell–mediated tumor-specific and pathogen-specific 
immunity. Therapies with antibodies targeting PD-1 and its ligands have been 
shown to be associated with remarkable response rates in various cancers and, 
together with antibodies targeting CTLA-4, have revolutionized cancer treatment. 
(See the Supplementary Appendix, available with the full text of this article at 
NEJM.org, for a list of the protein abbreviations used in this review.) In addition 
to the clinical success, ongoing work is currently revealing the molecular mecha-
nisms targeted by PD-1. Here, I provide a brief overview of the molecular and 
biochemical events that are regulated by PD-1 ligation and their implications for 
mechanisms intrinsic and extrinsic to the cell that determine the fate and function 
of T cells.

Immune Check poin t Bl o ck a de a s C a ncer Ther a py

The development of blocking antibodies against the immune checkpoints as cancer 
therapies is based on the natural role of these checkpoint molecules as coinhibi-
tory receptors of T-cell activation. Our knowledge about costimulatory and coinhibi-
tory receptors has evolved from the two-signal model for the activation of naive 
T cells.1 According to this model, optimal activation of antigen-specific lympho-
cytes requires specific antigen recognition by lymphocytes (“signal 1”), as well as 
an additional signal (“signal 2,” or the costimulatory signal). Later, it was under-
stood that negative costimulatory (i.e., coinhibitory) signals also exist. Receptors 
delivering coinhibitory signals function as immune checkpoints and have a deci-
sive role in the maintenance of peripheral tolerance and the prevention of auto-
immunity.2-5 The pathway involving either B7-1 or B7-2 plus either CD28 or CTLA-4 
is the best-characterized costimulatory pathway and is crucial in T-cell activation 
and tolerance (Fig. 1A). The identification of the PD-1 inhibitory receptor and its 
ligands as additional members of the B7–CD28–CTLA-4 family6,7 revealed that 
the immune system has developed several coinhibitory pathways to safeguard the 
maintenance of T-cell tolerance by this molecular family.

Since the early days after its discovery, costimulation was considered to be of 
therapeutic interest in cancer therapy because the augmentation of costimulatory 
signals could provide a means to enhance antitumor immune responses.8 However, 
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it was the discovery that CTLA-4 functions as a 
potent negative regulator of immune responses2,3

that led to a radical shift in cancer immuno-
therapy, based on the concept that the preferred 
approach would not be the activation of the im-
mune system to attack cancer but rather the re-
moval of the coinhibitory signals that block anti-
tumor T-cell responses.9 Indeed, blockade of 
CTLA-4 was found to promote antitumor im-
mune responses in mouse models,10 which led to 
the successful use of an anti–CTLA-4 monoclo-
nal antibody (ipilimumab) as cancer therapy in 
human patients.11 Subsequently, on the basis of 
the same concept, the PD-1–PD-L1 coinhibitory 
pathway was exploited therapeutically, which re-

sulted in remarkable outcomes, with response 
rates of 20 to 50% in multiple clinical trials and 
for various types of cancer.12

 E x pr ession of PD -1 a nd I t s 
Lig a nds

PD-1 is a 288–amino acid protein that is induced 
on T cells on activation through the T-cell antigen 
receptor and through cytokine receptors.13 PD-1 
was initially identified as being preferentially 
expressed in apoptotic cells,14 but it was later 
understood that its physiological role is not re-
lated to cell death. In addition to being expressed 
in activated mature T cells, PD-1 is expressed at 

Figure 1. B7–CD28–CTLA-4 Costimulatory Molecules and the Structure of Programmed Cell Death 1 (PD-1).

Panel A shows members of the B7–CD28–CTLA-4 family of costimulatory molecules. Black arrows indicate stimulatory signals, and red 
arrows indicate inhibitory signals. The receptors for B7-H3 and B7-H4 and their effects remain unclear. PD-L2 that is expressed on lung 
dendritic cells interacts with repulsive guidance molecule B, a coreceptor for bone morphogenetic proteins, expressed on alveolar macro-
phages, interstitial macrophages, and alveolar epithelial cells (not shown). Panel B shows the amino acid sequence and structure of human 
PD-1. The signal sequence is shown in purple, the immunoglobulin variable region (IgV)–like domain in light blue, the transmembrane 
segment in red, and the immunoreceptor tyrosine-based inhibition motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM) 
in orange; the tyrosines within the ITIM and ITSM are highlighted in yellow. See the Supplementary Appendix, available with the full text 
of this article at NEJM.org, for a list of the protein abbreviations used in this review.
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low levels on double-negative (CD4−CD8−) T cells 
in the thymus, activated natural killer T cells, 
B cells, monocytes, and immature Langerhans’ 
cells.13 The functional and biochemical proper-
ties of PD-1 have been best studied in T cells. 
Transcription of PD-1 in T cells requires nuclear 
translocation of NFAT and binding of NFATc1 
(NFAT2) to the PDCD1 promoter.15 FOXO1, Notch, 
and IRF9 also promote PD-1 transcription, where-
as T-bet functions as a transcriptional repressor.16-19 
Thus, both the induction and the repression of 
PD-1 are under the control of active mecha-
nisms, which indicates that PD-1 mediates its 
effects on activated T cells within a finite win-
dow of time. This kinetics of expression indicates 
that up-regulation of PD-1 is a natural conse-
quence of T-cell activation and is necessary for 
the termination of the immune response. Thus, 
PD-1 expression is not synonymous with the state 
of “exhaustion,” a condition that occurs when 
T cells are exposed to prolonged stimulation with 
antigen. In exhausted cells, levels of expression 
of not only PD-1 but other inhibitory receptors 
— which, like PD-1, are induced during T-cell 
activation — are persistently elevated, which leads 
to a profound inability of T cells to respond to 
activation signals.20

PD-L1 and PD-L2, the ligands for PD-1, have 
distinct patterns of expression.13,21 PD-L1 is con-
stitutively expressed at low levels on antigen-
presenting cells (APCs), including both profes-
sional APCs (i.e., those that express major 
histocompatibility complex [MHC] class I and II 
and costimulatory molecules and can activate 
naive CD4+ T cells) and nonprofessional APCs 
(i.e., those that use MHC class I molecules to 
interact with CD8+ T cells but do not normally 
express MHC class II and therefore do not acti-
vate naive CD4+ T cells efficiently), as well as on 
a wide variety of nonhematopoietic cell types, 
including vascular endothelial cells, pancreatic 
islet cells, and cells in sites of immune privilege, 
such as the placenta, testes, and eye. PD-L1 ex-
pression is also induced by proinflammatory cy-
tokines, including type I and type II interferons, 
tumor necrosis factor α (TNF-α), and VEGF. 
PD-L2 is expressed on dendritic cells and macro-
phages after activation and is up-regulated main-
ly by the same cytokines as PD-L1. The kinetics 
of PD-1 expression on activated T cells, the con-
stitutive expression of PD-L1 on tissues, and the 
induction of PD-1 ligands by proinflammatory 

signals underline the role of the PD-1 pathway in 
suppressing the activity of effector T cells, where-
by it maintains self-tolerance and promotes the 
resolution of inflammation during immune re-
sponses. In addition to interacting with PD-1, 
PD-L1 also interacts with B7-1 expressed on T cells 
and mediates an inhibitory signal,22 whereas PD-L2 
expressed on lung dendritic cells interacts with 
repulsive guidance molecule B (RGMB), a corecep-
tor for bone morphogenetic proteins that is ex-
pressed on alveolar macrophages, interstitial 
macrophages, and alveolar epithelial cells. The 
interaction of PD-L2 with RGMB plays a role in 
pulmonary tolerance.23

The role of PD-1 in peripheral tolerance was 
first noted when lupuslike glomerulonephritis 
and arthritis developed in aged, PD-1–deficient 
mice of the C57BL/6 strain.4 PD-1 deficiency in 
mice of the BALB/C strain results in dilated car-
diomyopathy,5 whereas in mice of other genetic 
backgrounds it has been found to result in organ-
specific autoimmunity, the specific type of which 
depends on the type of autoimmunity to which 
each mouse strain is prone.24,25 PD-L1 — and to 
a lesser extent, PD-L2 — is also expressed in 
several cancers,7,26 a finding that triggered the 
therapeutic exploitation of the PD-1–PD-L1 path-
way in cancer immunotherapy. In contrast to its 
beneficial effects in maintaining peripheral tol-
erance, the suppression of antitumor immune 
responses by PD-1 has detrimental effects on 
protection against tumors.27 Similarly, in chron-
ic viral infections, expression of PD-1 by virus-
specific T cells prevents T-cell expansion and 
function and the clearance of the virus.28

PD -1 S truc t ur e a nd I t s 
Implic ations for Inhibi tion  

of T- Cell R esponses

PD-1 consists of a single N-terminal immuno-
globulin variable region (IgV)–like domain, a 
stalk consisting of approximately 20 amino acids 
that separates the IgV domain from the plasma 
membrane, a transmembrane domain, and a cy-
toplasmic tail containing tyrosine-based signal-
ing motifs (Fig. 1B; an interactive graphic relat-
ed to the figures in this review is available at 
NEJM.org). PD-1 is considered to be a member of 
the CD28 superfamily and has 15% amino acid 
identity with CD28, 20% identity with CTLA-4, 
and 13% identity with inducible T-cell costimu-
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lator (ICOS). However, PD-1 has distinct molecu-
lar features that distance it from the classical 
members of the CD28 family.29 CD28, CTLA-4, 
and ICOS have SH2-binding motifs (YxxM, in 
which x denotes any amino acid) located in the 
center of their cytoplasmic tails. CTLA-4 and 
CD28 also have one and two SH3-binding motifs 
(PxxP), respectively, in their cytoplasmic tails. 
No SH2-binding or SH3-binding motifs are pres-
ent in the cytoplasmic tail of PD-1, which instead 
contains the N-terminal sequence VDYGEL; this 
sequence forms an immunoreceptor tyrosine-
based inhibition motif (ITIM), defined as V/I/
LxYxxL, which is known to recruit SH2 domain–
containing phosphatases.30 The cytoplasmic tail 
of PD-1 also contains the C-terminal sequence 
TEYATI, which forms an immunoreceptor tyrosine-
based switch motif (ITSM), defined as TxYxxL.

The role of the tyrosines in the cytoplasmic 
tail of PD-1 in T cells has been studied with the 
use of a chimeric CD28.PD-1 construct, in which 
the extracellular domain of mouse CD28 was 
fused to the cytoplasmic tail of human PD-1.31 
Triggering of PD-1–mediated signals inhibited 
PI3K–Akt activation and suppressed interleukin-2 
production. These inhibitory effects were pre-
served when the ITIM tyrosine was changed to 
phenylalanine (Y223F) but were lost when the 
ITSM tyrosine was changed (Y248F). The Y248 
was found to interact with SHP-1 and SHP-2. The 
role of the interaction between the PD-1 Y248 
and SHP-2 in mediating inhibition has also been 
identified in B cells, in which PD-1 engagement 
inhibits B-cell receptor–mediated mobilization 
of calcium ions and phosphorylation of Igβ, Syk, 
PLC-γ2, ERK1, and ERK2.32 Mass spectrometry 
studies have shown that a phosphorylated pep-
tide corresponding to the ITSM of PD-1 could 
serve as a docking site of SHP-2.33 Although both 
SHP-1 and SHP-2 were found to interact with 
ITSM in these two systems,31,33 live-cell imaging 
to visualize events that occur during T-cell ac-
tivation in real time revealed that only SHP-2 
interacts with PD-1 in live cells.34 These studies 
showed that during T-cell activation, PD-1 is 
translocated to dynamic T-cell receptor micro-
clusters and accumulates at the signaling cen-
tral supramolecular activation cluster (c-SMAC). 
SHP-2 is recruited to PD-1 in the microclusters, 
and this event is correlated with dephosphory-
lation of T-cell receptor proximal signaling 
molecules.34

Effec t s of PD -1 on T- Cell 
R ecep t or–Medi ated Signa ling

The mechanism by which PD-1 antagonizes T-cell 
receptor signaling is a subject of intense investi-
gation. By recruiting SHP-2 in proximity to the 
T-cell receptor, PD-1 ligation inhibits the activa-
tion of T-cell receptor proximal kinases, resulting 
in attenuation of Lck-mediated phosphorylation 
of ZAP-70 and initiation of downstream events33 
(Fig. 2A). A key signaling target of PD-1–medi-
ated inhibition is the PI3K–Akt pathway35,36 
(Fig. 2B). Although PI3K–Akt is also a target of 
CTLA-4, the mechanisms of inhibition induced 
by these two checkpoint inhibitors appear to be 
distinct. PD-1 can block activation of PI3K by 
recruiting SHP-2, whereas CTLA-4 directly inhib-
its activation of Akt but not of PI3K, possibly by 
association with protein phosphatase 2A.36 One 
mechanism by which PD-1 inhibits the activation 
of PI3K–Akt involves the targeting of PTEN 
phosphorylation and phosphatase activity, which 
are mediated by CK2. PTEN is a serine–threo-
nine phosphatase that opposes the activation of 
PI3K and suppresses the signals delivered by the 
PI3K–Akt pathway. CK2 mediates phosphoryla-
tion of the PTEN C-terminal serine–threonine 
cluster S380–T382–T383, which promotes PTEN 
stability while reducing PTEN lipid phosphatase 
activity.37,38 During T-cell activation, PTEN is 
phosphorylated by CK2 in the S380–T382–T383 
cluster within the C-terminal regulatory domain.39 
This phosphorylation stabilizes PTEN, resulting 
in increased protein abundance due to resistance 
to ubiquitin-dependent degradation, but it sup-
presses PTEN phosphatase activity. PD-1 inhibits 
the stabilizing phosphorylation of the S380–
T382–T383 cluster within the C-terminal domain 
of PTEN, thereby resulting in diminished PTEN 
abundance but increased PTEN phosphatase ac-
tivity (Fig. 2B).

The second major signaling pathway target-
ed by PD-1 is the Ras–MEK–ERK pathway33,35 
(Fig. 2C). The major mechanism responsible for 
the activation of Ras and its downstream MEK–
ERK MAP kinase pathway in T cells involves the 
activation of RasGRP1, which is activated by cal-
cium and diacylglycerol downstream of PLC-γ1.40 
PD-1 impairs the activation of the MEK–ERK 
MAP kinase pathway by inhibiting activation of 
PLC-γ1 and Ras.35 By altering Ras–MEK–ERK 
activation, PD-1 is likely to influence a plethora 
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Figure 2. Effects of PD-1 on Major Signaling Pathways in T Cells.

During T-cell receptor (TCR) crosslinking with antigen presented by major histocompatibility complex class II (MHCII) molecules (in 
CD4+ T cells) or class I molecules (in CD8+ T cells), the tyrosines of the cytoplasmic tail of PD-1 become phosphorylated (P). SHP-2 
(and possibly SHP-1) is recruited to the ITSM, and an as-yet-unidentified partner is recruited to the ITIM. As a consequence, phosphory-
lation of TCR proximal signaling molecules, including Lck and ZAP-70, is impaired (Panel A). Activation of the PI3K–Akt–mTOR pathway 
(Panel B) and activation of the Ras–MEK–ERK pathway (Panel C) are inhibited. In contrast, other signaling events, such as the activation 
of the p38 pathway, remain unaffected or enhanced (e.g., BATF is up-regulated) (Panel D). The imbalanced activation of signaling path-
ways alters cell-cycle progression, gene transcription, metabolism, and epigenetic programs in T cells. Black arrows indicate activation 
signals, and red blocked arrows indicate inhibited signals.
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of downstream biochemical targets that are regu-
lated by this pathway. It should be noted that 
PD-1 does not cause a global signal inhibition. 
For example, PD-1 does not inhibit p38 MAP 
kinase activation,35 and it induces expression of 
certain transcription factors, including BATF41 
(Fig. 2D). T-cell functions are differentially sen-
sitive to PD-1, which is consistent with a differ-
ential effect of PD-1 on signal-transduction path-
ways. High levels of PD-1 expression and ligation 
are required to inhibit Mib-1b production, lower 
levels are required to block cytotoxicity and 
interferon-γ production, and very low levels are 
required to inhibit production of TNF-α and in-
terleukin-2 as well as to inhibit T-cell expansion.42

The altered T-cell receptor–mediated signal-
ing events induced by PD-1 are correlated with 
altered dynamics of contact interactions between 
T cells and antigen-bearing dendritic cells. Dur-
ing the process of T-cell activation in vivo, the 
duration of T cell–dendritic cell contacts is 
highly variable, ranging from minutes to several 
hours, and can be divided into three distinct 
phases. During phase I (approximately 8 hours), 
T cells are highly migratory, making many con-
tacts with dendritic cells. During phase II (8 to 
20 hours), T cells form stable contacts with 
dendritic cells and begin to secrete cytokines. 
During phase III, which lasts for the subsequent 
24 hours, T cells dissociate from dendritic cells 
and begin to proliferate.43 T cells that are unable 
to activate the stop signal but remain migratory 
instead of engaging in stable interactions with 
dendritic cells become anergic. In a model of 
diabetes in which islet-specific T-cell receptor–
transgenic T cells stimulated with an islet anti-
gen peptide-mimic lose the natural stop signal 
and become anergic, PD-1–PD-L1 blockade restores 
stable T cell–dendritic cell contacts and prevents 
induction of anergy.44 Similarly, in a model of 
delayed-type hypersensitivity in the skin, PD-1–
PD-L1 blockade prolongs the interactions be-
tween T cells and antigen-bearing APCs.45 These 
studies suggest that PD-1 prevents the formation 
of stable T cell–dendritic cell contacts and thereby 
contributes to the cessation of effector function 
development. It is noteworthy that conversely to 
these findings, in a model of lymphocytic cho-
riomeningitis virus infection — in which PD-1 is 
highly expressed in exhausted T cells — block-

ing of PD-1 during the first week of infection 
was found to cause more rapid detachment and 
migration of T cells away from antigen-bearing 
APCs.46 Because in this model PD-1 blockade 
reverses the exhaustion phenotype of pathogen-
specific T cells, these findings suggest that inter-
rupting the persistent antigen-mediated signaling 
prevents or reverses T-cell exhaustion. Although 
these findings seem to conflict with the two 
above-mentioned reports,44,45 it is likely that 
these experimental models reflect the role of the 
PD-1–PD-L1 pathway at different phases of T-cell 
migratory dynamics and reveal the multiple lev-
els at which this pathway can affect the immune 
response.

A lter ation of Me ta bolism  
by  PD -1

Metabolic reprogramming has a major effect on 
T-cell differentiation and function.47 Naive T cells 
have a metabolically quiescent phenotype and 
generate energy by using glucose, fatty acids, 
and amino acids to fuel oxidative phosphoryla-
tion, a process that requires oxygen consumption. 
On activation, T cells undergo metabolic repro-
gramming, and although oxidative phosphoryla-
tion persists and increases, aerobic glycolysis 
becomes the dominant metabolic program. Gluta-
mine uptake and catabolism is also augmented 
and is required for the fitness of effector T cells 
and for the development of memory T cells. PD-1 
suppresses oxygen consumption and impairs the 
ability of activated T cells to engage in glycolysis 
and glutaminolysis, but it promotes the utiliza-
tion of fatty acids in beta-oxidation.48 Also, when 
T cells are stimulated with PD-1 ligation, there 
is a substantial accumulation of polyunsaturated 
fatty acids (Fig. 3A), which are recognized sup-
pressors of T-cell immunity.49 Thus, PD-1 may 
alter T-cell differentiation by restraining T cells 
from remodeling their metabolism properly.

As a consequence of these metabolic altera-
tions, activated T cells receiving PD-1 signals 
seem to have a more oxidative environment, as 
indicated by a pronounced decrease in the levels 
of the key antioxidant reduced glutathione.48 
After allogeneic bone marrow transplantation, 
alloreactive T cells simultaneously up-regulate 
expression of PD-1 and production of reactive 
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Figure 3. Alteration of Metabolism by the PD-1 Checkpoint Pathway.

Ligation of PD-1 that is expressed in activated T cells by PD-L1 expressed on antigen-presenting cells, nonhematopoietic parenchymal 
cells, or tumors alters T-cell metabolic reprogramming by inhibiting glycolysis, amino acid metabolism, and mitochondrial metabolism 
and promoting the accumulation of polyunsaturated fatty acids (PUFA) and activation of fatty acid oxidation (Panel A). By restraining 
T cells from remodeling their metabolism properly, PD-1 may alter T-cell differentiation, leading to impaired differentiation of T effector 
cells (TEFF) and T memory cells (TM) and enhanced differentiation of T regulatory cells (Treg) and T exhausted cells (TEX). PD-L1 func-
tions as an inhibitory receptor to transmit antiapoptotic signals to cancer cells (Panel B). Because cancer cells are highly glycolytic and 
have enhanced activation of the PI3K–Akt pathway, expression of PD-L1 might result in increased levels of PI3K–Akt–mTOR activation 
and an elevated rate of tumor-intrinsic glycolysis as a consequence of improved survival.
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oxygen species derived from fatty acid oxidation, 
and they become more sensitive to metabolic 
inhibition by F1F0–ATP synthase complex inhibi-
tors; these findings are consistent with a role of 
PD-1 in creating an oxidative environment.50 
Thus, the effects of PD-1 on T-cell metabolism 
may have therapeutic implications. These meta-
bolic changes may also have an active role in 
PD-1–mediated T-cell dysfunction during chron-
ic infections and cancer.

Although signaling, metabolic effects, and 
functional effects that are mediated by PD-1–
PD-L1/L2 are known mainly as being directed 
toward T cells, it was reported that in a sarcoma 
tumor model, the expression of PD-L1 on cancer 
cells was associated with cell-intrinsic signaling 
through the PI3K–Akt pathway and mTOR, which 
leads to expression of glycolysis genes and en-
hanced glycolytic metabolism.51 Currently, it is 
unclear whether PD-L1 can trigger reverse sig-
nals (i.e., signaling from PD-1 toward PD-L1) to 
tumor cells, because PD-L1 has only a short cy-
toplasmic tail without obvious signaling motifs. 
However, PD-L1 functions as an inhibitory recep-
tor to transmit antiapoptotic signals to cancer 
cells and to prevent immune-mediated distraction 
of cancer cells and Fas-mediated killing.52 Be-
cause cancer cells are highly glycolytic and have 
enhanced activation of the PI3K–Akt pathway, 
expression of PD-L1 might result in increased 
levels of PI3K–Akt activation and an elevated rate 
of tumor-intrinsic glycolysis as a consequence of 
improved survival (Fig. 3B).

Clinic a l Implic ations  
of Biol o gic A spec t s of PD -1– 
PD -L1/L 2 for C a ncer Ther a py

A key mechanism by which cancer limits the 
host immune response is the up-regulation of 
PD-1 ligands in the tumor microenvironment and 
their ligation to PD-1 on tumor-specific CD8+ 
T cells. The expression of PD-1 ligands on tumor 
cells can be mediated through various mecha-
nisms (Fig.  4). Aberrations of signaling path-
ways induced by oncogenic events, such as acti-
vation of EGFR, MAPK, or PI3K–Akt pathways,53 
and elevated expression of STAT3 and HIF-1 tran-
scription factors54,55 can up-regulate PD-L1 in 
various cancer types through transcriptional or 
post-transcriptional mechanisms. Amplification 
of 9p24.1 increases the gene dosage of PD-L1 

and PD-L2 together with JAK2 in nodular scleros-
ing Hodgkin’s lymphoma and primary mediasti-
nal large B-cell lymphoma.56 Epstein–Barr virus 
(EBV)–positive gastric and nasopharyngeal can-
cers without amplification of 9p24.1 express 
PD-L1, which suggests that EBV drives the ex-
pression of PD-L1.57,58 Levels of PD-L1 expression 
in cancer cells are also regulated by epigenetic 
mechanisms through microRNAs and have an 
inverse correlation with the microRNAs miR-34a, 
miR-200, miR-513, and miR-570.59

In the tumor microenvironment, PD-L1 and 
PD-L2 can also be induced by inflammatory cyto-
kines, among which interferon-γ is the most po-
tent. These inflammatory mediators can induce 
expression of PD-L1 and PD-L2 on cancer cells 
but also on other cell types in the tumor micro-
environment, including macrophages, dendritic 
cells, and stromal cells.60 Tumor-infiltrating T cells 
that are capable of recognizing tumor antigens 
are the producers of interferon-γ, which suggests 
that tumor-mediated immune responses initiate 
a pathway for immune suppression by mediating 
the expression of PD-L1 and PD-L2. This mecha-
nism, termed “adaptive immune resistance,” is a 
process by which cancer cells protect themselves 
from attack by the immune system. Because 
PD-1 is expressed on T cells after activation, the 
PD-1–PD-L1/L2 inhibitory mechanism is engaged 
after T cells have recognized tumor antigens and 
have mounted tumor-specific responses, leading 
to selective suppression of tumor-specific T cells 
(Fig. 4). Under these conditions, therapeutic tar-
geting of the PD-1 checkpoint pathway results in 
an expansion of oligoclonal populations of tumor-
infiltrating CD8+ T cells, which recognize the 
tumor neoantigens generated by somatic non-
synonymous mutations in the tumor.61

A key mechanistic question in PD-1 biology 
that has direct clinical implications involves the 
factors that govern antitumor responses to PD-1–
based immunotherapy. In biopsy specimens from 
patients with metastatic melanoma who had a 
response to treatment with anti–PD-1 blocking 
antibody, PD-1+CD8+ T cells were identified at 
the invasive tumor margin before therapy and 
progressively increased in number during treat-
ment, and this increase was correlated with a re-
duction in tumor size. These PD-1+CD8+ T cells 
have an oligoclonal T-cell receptor repertoire 
and increased interferon-γ–mediated signaling, 
as determined by measuring the expression of 
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pSTAT1.62 These findings are consistent with the 
conclusion that tumor-specific PD-1+CD8+ T cells 
are halted by PD-1–mediated inhibition and are 
unleashed by PD-1 blockade. Treatment with 
anti–PD-1 blocking antibody selectively increases 
the number of CD8+ memory T cells in the tumor 
microenvironment, a finding that is also consis-
tent with this conclusion.63 It is noteworthy that 
the response to PD-1 therapeutic blockade re-
quires the presence of both PD-1+CD8+ T cells 
and PD-L1–expressing cells in the tumor micro-
environment. In sequential biopsy specimens 

from patients with various cancers who were 
treated with an anti–PD-L1 antibody, a gene sig-
nature of an activated effector T cell was corre-
lated with therapeutic response, whereas a lack 
of an effector T-cell signature, lack of tumor-
infiltrating immune cells, and minimal or no 
PD-L1 expression on the intratumoral immune 
infiltrate were correlated with treatment failure 
and with disease progression.64 These findings 
indicate that immunosuppression mediated by 
PD-1–PD-L1 is a local immunosuppression mech-
anism and that although anti–PD-1 blockade is 

Figure 4. Inhibition of Tumor-Specific T-cell Function by the Expression of PD-1 and Its Ligands in the Tumor Microenvironment.

In the tumor microenvironment, T cells that are capable of recognizing tumor neoantigens produce interferon-γ, which can induce the 
expression of PD-1 ligands on cancer cells and immune cell types, including macrophages, stromal cells, and dendritic cells, which become 
myeloid suppressor cells. The expression of PD-1 ligands on cancer cells is also mediated by cell-intrinsic mechanisms that are activated 
by oncogenic events, which result in altered activation of signaling pathways and altered gene-expression programs through transcriptional 
and epigenetic mechanisms. The term pMHC denotes peptide plus MHC (i.e., MHC of either class I or class II).
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administered systemically, its action is induced 
locally in cancer tissues.

Because the PD-1 checkpoint pathway has an 
important role in the maintenance of self toler-
ance, therapeutic targeting of this pathway can 
lead to imbalances in immunologic tolerance that 
result in unchecked immune responses. Such 
responses may clinically manifest with autoim-
mune-like or inflammatory side effects, termed 
“immune-related adverse events,” which cause 
damage to tissues and organs that are normally 
protected from autoimmune distraction. These 
immune-related adverse events may result in 
mucocutaneous, pulmonary, endocrine, and re-
nal toxicity, as well as in damage to immune-
privileged organs such as the eye.65 Some mani-
festations, such as renal or endocrine toxic 
effects and cardiomyopathy, resemble the auto-
immune presentations observed in PD-1–deficient 
mice or in association with experimental target-
ing of the pathway.4,5,24 Knowledge of the toxic 
effects associated with PD-1–PD-L1/L2 blockade, 
as well as effective algorithms for the manage-
ment of these toxic effects, will be pivotal in 
order to optimize the efficacy and safety of 
checkpoint-inhibitor immunotherapy.

Molecul a r De ter mina n t s 
of A n ti t umor R esponses t o 

Check poin t Immuno ther a py

During the past 3 years, substantial progress has 
been made in our knowledge about the identity 
of antigens that are expressed in tumors and 
that function as targets for T cells activated by 
checkpoint-inhibitor immunotherapy. Whole-
genome sequencing has revealed that every tu-
mor contains hundreds to thousands of somatic 
nonsynonymous mutations, which are accumulat
ed throughout life.66 This mutational landscape 
of cancers is a key determinant that influences 
responses to checkpoint immunotherapy. With 
the use of genomics and bioinformatics ap-
proaches, it has been determined that such so-
matic tumor-specific mutations generate altered 
proteins that act as new antigens, named “neo-
antigens,” that form a major class of T-cell tar-
gets after checkpoint inhibitor blockade. The 
generation of neoantigens has been observed in 
tumor-bearing mice,67 as well as in patients 
treated with anti–CTLA-4 or anti–PD-1 antibod-
ies.61,68 Neoantigen-specific T cells are present in 

progressively growing tumors but are unable to 
mediate effective antitumor responses. After 
treatment with checkpoint inhibitor blockade, 
neoantigen-specific T cells are reactivated and 
are capable of mediating tumor-specific immune 
responses and tumor rejection.61,67,68 The increased 
burden of nonsynonymous mutations and neo-
antigens in tumors is associated with improved 
efficacy, durable clinical benefit, and progres-
sion-free survival in patients treated with check-
point blockade immunotherapy. These findings 
strongly suggest that the genomic landscape of 
cancers shapes the responses to anti–PD-1 ther-
apy and explain the heterogeneity of outcomes 
observed among patients who have received 
similar treatment.

Conclusions

PD-1, which was initially considered to be a mol-
ecule that regulates cell death, has now been 
identified as a key checkpoint inhibitory receptor 
that alters the function of T cells after antigen-
mediated stimulation. The imbalanced activation 
of signaling pathways induced by PD-1 ligation 
results in altered metabolic programs, differentia-
tion profiles, and functional properties of T cells, 
with a net outcome of T-cell quiescence and 
immune suppression by cell-intrinsic and cell-
extrinsic mechanisms. Evolving knowledge of 
the biochemical and signaling effects induced by 
PD-1 is shedding light on the molecular mecha-
nisms responsible for PD-1–mediated hypore-
sponsiveness in patients with chronic infections 
and cancer. It may also reveal the reasons for the 
variable outcomes of therapeutic targeting of the 
PD-1 checkpoint for cancer immunotherapy and 
may aid in the identification of biomarkers to 
quantify responses and assess the efficacy of 
treatment. Further understanding of such bio-
chemical events will also provide insight into the 
mechanisms responsible for the impairment of 
tolerance in patients with autoimmune diseases. 
Ultimately, such knowledge will guide the de-
sign of combination therapies to modulate PD-1 
and its downstream targets, with the goal of 
improving immunity in chronic infections and 
cancer and inducing therapeutic tolerance in 
autoimmune diseases and allogeneic transplan-
tation.

Disclosure forms provided by the author are available with the 
full text of this article at NEJM.org.
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