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The PD pathway
The cDNA of programmed cell death 1 (PD-1) was isolated in 1992 
from a murine T cell hybridoma and a hematopoietic progenitor 
cell line undergoing apoptosis (1). Genetic ablation studies showed 
that deficiencies in PD-1 resulted in different autoimmune phe-
notypes in various mouse strains (2, 3). PD-1–deficient alloge-
neic T cells with transgenic T cell receptors exhibited augmented 
responses to alloantigens, indicating that the PD-1 on T cells plays 
a negative regulatory role in response to antigen (2).

Several studies contributed to the discovery of the mole-
cules that interact with PD-1. In 1999, the B7 homolog 1 (B7-H1, 
also called programmed death ligand-1 [PD-L1]) was identified 
independently from PD-1 using molecular cloning and human 
expressed-sequence tag database searches based on its homol-
ogy with B7 family molecules, and it was shown that PD-L1 acts 
as an inhibitor of human T cell responses in vitro (4). These two 
independent lines of study merged one year later when Freeman, 
Wood, and Honjo’s laboratories showed that PD-L1 is a binding 
and functional partner of PD-1 (5). Next, it was determined that 
PD-L1–deficient mice (Pdl1 KO mice) were prone to autoimmune 
diseases, although this strain of mice did not spontaneously 
develop such diseases (6). It became clear later that the PD-L1/
PD-1 interaction plays a dominant role in the suppression of T cell 
responses in vivo, especially in the tumor microenvironment (7, 8).

In addition to PD-L1, another PD-1 ligand called B7-DC 
(also known as PD-L2) was also identified by the laboratories of 
Pardoll (9) and Freeman (10). This PD-1 ligand was found to be 
selectively expressed on DCs and delivered its suppressive signal 

by binding PD-1. Mutagenesis studies of PD-L1 and PD-L2 mol-
ecules guided by molecular modeling revealed that both PD-L1 
and PD-L2 could interact with other molecules in addition to 
PD-1 and suggested that these interactions had distinct functions 
(11). The functional predictions from these mutagenesis studies 
were later confirmed when PD-L1 was found to interact with 
CD80 on activated T cells to mediate an inhibitory signal (12, 13). 
This finding came as a surprise because CD80 had been previ-
ously identified as a functional ligand for CD28 and cytotoxic T 
lymphocyte antigen-4 (CTLA-4) (14, 15). PD-L2 was also found 
to interact with repulsive guidance molecule family member b 
(RGMb), a molecule that is highly enriched in lung macrophages 
and may be required for induction of respiratory tolerance (16). 
With at least five interacting molecules in the PD-1/PD-L1 path-
way (referred to as the PD pathway) (Figure 1), further studies will 
be required to understand the relative contributions of these mol-
ecules during activation or suppression of T cells.

Immunology studies leading to anti-PD therapy 
for cancer
The discovery of the PD pathway did not automatically justify its 
application to cancer therapy, especially after the initial PD-1–
deficient mouse studies, which suggested that PD-1 deficiency 
increases the incidence of autoimmune diseases (2, 3). In our ini-
tial work to characterize PD-L1 and its function, PDL1 mRNA was 
found to be broadly expressed in various tissues (17). However, 
normal human tissues seldom express PD-L1 protein on their cell 
surface, with the exception of tonsil (17), placenta (18), and a small 
fraction of macrophage-like cells in lung and liver (17), suggesting 
that, under normal physiological conditions, PDL1 mRNA is under 
tight posttranscriptional regulation. In sharp contrast, PD-L1 pro-
tein is abundantly expressed on the cell surface in various human 
cancers, as indicated by immunohistochemistry in frozen human 
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at using mAb to block the PD pathway as an approach for cancer 
therapy. These proof-of-concept studies (17) were confirmed by 
several subsequent studies. A study from Nagahiro Minato’s lab-
oratory showed that the J558L mouse myeloma line constitutively 
expressed high levels of cell surface PD-L1 and the growth of these 
cells in syngeneic BALB/c mice could be partially suppressed by 
administering anti–PD-L1 mAb (22). Our laboratory showed that 
regression of progressively growing squamous cell carcinomas 
in syngeneic mice could also be suppressed using a combination 
of adoptively transferred tumor-draining lymphocytes and anti–
PD-L1 mAb (23). Furthermore, the Zou laboratory demonstrated 
that ovarian cancer–infiltrating human T cells could be activated 
in vitro using DCs, which showed enhanced activity in the pres-
ence of anti–PD-L1 mAb; upon transfer, these cells could elim-
inate established human ovarian cancers in immune-deficient 
mice (24). These early studies established the concept that the PD 
pathway could be used by tumors to escape immune attack in the 
tumor microenvironment. More importantly, these studies built a 
solid foundation for the development of anti-PD therapy for the 
treatment of human cancers.

Consequences of the PD-L1/PD-1 interaction
Our initial studies showed that tumor-associated PD-L1 facilitates 
apoptosis of activated T cells (17) and also stimulates IL-10 pro-
duction in human peripheral blood T cells (4) to mediate immune 
suppression. We now know that the effects of PD-L1 on immune 
suppression are far more complicated. In addition to T cell apopto-
sis and IL-10 induction, PD-L1 can also induce T cell dysfunction 
through a variety of mechanisms. The PD pathway was also shown 
to promote T cell anergy in vitro and in vivo (25–27). In a mouse 
model of chronic lymphocytic choriomeningitis virus infection, 
persistent antigen exposure induced T cell exhaustion with either 
partial or complete loss of Teff function. Anti–PD-L1 mAb admin-
istration reversed exhaustion and restored Teff function (28). The 
PD pathway also regulates Treg functions (29, 30). In addition to T 
and B lymphocytes, PD-1 is upregulated on DCs by various inflam-
matory stimuli. PD-1–deficient DCs exhibit enhanced antibacte-
rial function, indicating that PD-1 can also act as an inhibitory 
receptor on DCs (31). PD-L1 also serves as a receptor on cancer 
cells and can induce intrinsic resistance to T cell killing upon inter-
action with PD-1. These PD-L1 functions result in a “molecular 
shield” on cancer cells that prevents effector immune cells from 
killing cancer cells (32). The mechanisms of action of the PD path-
way are summarized in Figure 2.

The adaptive resistance hypothesis
Overall, PD pathway–mediated evasion of tumor immunity could 
be described as “adaptive resistance” (Figure 3), stemming from 
the original observations that PD-L1 is absent in most normal tis-
sues, while its expression can be induced by IFN-γ (17) in virtually 
any nucleated cells (7, 8, 33). Because IFN-γ is mainly produced by 
inflammatory cells of hematopoietic origin, especially T cells, it 
is logical to propose that PD-L1 is upregulated in response to can-
cer-induced inflammation. Adaptive resistance may be initiated by 
the recognition of tumor antigens by tumor-infiltrating lympho-
cytes (TILs). In addition to tumor cells, tumor antigens could be 
presented by tumor stromal cells and hematopoietically derived 

tumor sections. Additionally, the pattern of PD-L1 expression was 
found to be focal rather than diffuse in most human cancers (17). 
In fact, the majority of in vitro–cultured tumor lines of both human 
and mouse origin are PD-L1–negative on the cell surface, despite 
overwhelming PD-L1 signal in specimens that are freshly isolated 
from patients with cancer (17, 19). This discrepancy was explained 
by the finding that IFN-γ upregulates PD-L1 on the cell surface of 
normal tissues and in various tumor lines (7, 17, 19). It was widely 
thought that IFN-γ typically promotes, rather than suppresses, T 
cell responses by stimulating antigen processing and presentation 
machinery (20, 21); therefore, the role of IFN-γ in downregulating 
immune responses in the tumor microenvironment via induction 
of PD-L1 was not well accepted until more recently. This finding 
is vital to our current understanding of the unique immunology 
that takes place in the tumor microenvironment and provided an 
important clue that led to the “adaptive resistance” hypothesis 
(see below) that explains this pathway’s mechanism of action to 
evade tumor immunity.

Due to the lack of cell surface expression of PD-L1 on most cul-
tured tumor lines, it is necessary to reexpress PD-L1 on the surface 
using transfection to recapitulate the effects of cell surface PD-L1 
in human cancers and to create models to study how tumor-asso-
ciated PD-L1 interacts with immune cells. We now know that can-
cer cells and other cells in the tumor microenvironment can upreg-
ulate the expression of PD-L1 after encountering T cells, mostly 
via IFN-γ, which may make the transfection-mediated expression 
of PD-L1 unnecessary in some tumor models. Nevertheless, our 
results demonstrated that PD-L1+ human tumor cells could elimi-
nate activated effector T cells (Teffs) via apoptosis in coculture sys-
tems, and this effect could be blocked by inclusion of an anti-hu-
man PD-L1 mAb (clone 2H1). Next, we generated a hamster mAb 
(clone 10B5) against mouse PD-L1 to block its interaction with T 
cells and test its role in tumor immunity in vitro and in vivo. We 
demonstrated that progressive growth of PD-L1+ murine P815 
tumors in syngeneic mice could be suppressed using anti–PD-L1 
mAb (17). Altogether, these studies represented the initial attempt 

Figure 1. The PD pathway. The PD pathway has at least 5 interacting 
molecules. PD-L1 and PD-L2, with different expression patterns, were 
identified as ligands of PD-1, and the interaction of PD-L1 or PD-L2 with 
PD-1 may induce T cell suppression. PD-L1 was found to interact with B7-1 
(CD80) on activated T cells and inhibit T cell activity. PD-L2 has a second 
receptor, RGMb; initially, this interaction activates T cells, but it subse-
quently induces respiratory tolerance. PD-L1 on tumor cells can also act as 
a receptor, and the signal delivered from PD-1 on T cells can protect tumor 
cells from cytotoxic lysis.
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small fraction of human cancers that lack TILs in the tumor micro-
environment but still express high levels of PD-L1 (34, 36). Several 
studies have demonstrated that the loss of phosphatase and tensin 
homolog (PTEN), constitutive anaplastic lymphoma kinase (ALK) 
signaling, and EGFR mutations can directly upregulate PD-L1 
on cancer cells (37–39). Intrinsic induction of PD-L1 is present in 
approximately 1% of patients with melanoma (34) and occurs in 
up to 12% of patients with lung cancer (36).

Anti-PD therapy in the clinic
The FDA recently approved two PD-1 mAbs to treat human cancers, 
one from Bristol-Myers Squibb (Opdivo, also known as nivolumab, 
MDX-1106, BMS-936558, and ONO-4538) and another from 
Merck (Keytruda, also known as pembrolizumab, lambrolizumab, 
and MK-3475) (40). Additionally, multiple mAbs to either PD-1 
or PD-L1 are under active development in hundreds of clinical 
trials involving thousands of patients. Thus far, anti-PD therapy 
has generated significant clinical benefits by inducing regression 
of advanced and metastatic tumors and improving survival. More 
importantly, anti-PD therapy can have durable effects, tolerable 
toxicity, and is applicable to a broad spectrum of cancer types, 
especially in solid tumors. These clinical findings further validate 
PD pathway blockade and put anti-PD therapy in a unique cate-
gory, distinct from personalized or tumor type-specific therapy.

Nivolumab was the first mAb targeting PD-1 to show signifi-
cant clinical activity in unresectable or metastatic melanomas, 
non–small-cell lung carcinoma (NSCLC), and metastatic renal 
cell carcinomas (41, 42). Nivolumab has induced a consistent 
objective response rate (ORR) of 30% to 40% in multiple clinical 
trials in patients with melanoma (NCT00730639, NCT01721772, 
NCT01844505) (43, 44). Nivolumab also extended overall sur-
vival in patients with metastatic squamous NSCLC compared 
with standard chemotherapy (NCT01642004). There was an 
ORR of 15% in patients who had progressed after receiving at 
least two systemic regimens (NCT01721759) (45). Nivolumab was 
approved by the FDA to treat both advanced melanoma and squa-
mous NSCLC (40). A recent phase I study showed that nivolumab 
produced an ORR as high as 87% for the treatment of relapsed 
or refractory Hodgkin’s lymphoma (46). In an early combination 
trial using anti–CTLA-4 (ipilimumab) and nivolumab, the over-
all survival of patients with advanced melanoma on a concurrent 
regimen of nivolumab and ipilimumab was 94% after one year 
(NCT01024231) (47).

Pembrolizumab has shown similar efficacy and safety com-
pared with nivolumab in a phase I clinical trial in advanced mela-
noma (NCT01295827) (48, 49) and is now an FDA-approved sec-
ond-line drug for the treatment of melanoma (40). More recent 

infiltrating cells, including DCs, macrophages, neutrophils, and, 
even, lymphocytes. Upon specific recognition via T cell receptor, 
TILs release IFN-γ and may induce PD-L1 expression on these cells. 
This hypothesis is supported by immunohistochemistry-based 
observations that cell surface PD-L1 expression is detected only 
in cells that are adjacent to T cells (34). While IFN-γ can promote 
TIL effector functions by increasing TIL differentiation and stim-
ulating antigen processing and presentation (20, 21), cell sur-
face PD-L1 binds its receptors on Teffs, including PD-1 and B7-1, 
thereby paralyzing T cells. Therefore, while the physiological func-
tion of PD-L1’s upregulation is to prevent propagation of inflamma-
tion and to limit tissue damage, induced PD-L1 in the tumor micro-
environment serves as a negative feedback mechanism to suppress 
tumor immunity. This hypothesis is further supported by studies 
showing a strong correlation between PD-L1 expression in human 
melanocytic lesions and the presence of TILs. PD-L1 expression on 
cancer cells is often clustered immediately adjacent to TILs. Using 
laser-capture microdissection and qPCR, IFN-γ was detected at 
the interface of TILs and PD-L1+ cells but remained undetectable 
within PD-L1– tumors (34). In a mouse tumor model, mAb-medi-
ated neutralization of IFN-γ eliminated PD-L1 upregulation in the 
tumor microenvironment, indicating that IFN-γ is a major inducer 
of PD-L1 in vivo (35). Therefore, an adaptive resistance mechanism 
explains how cancer escapes immune destruction, despite endoge-
nous antitumor immune responses. Furthermore, this model helps 
explain why various cancer immunotherapy approaches fail to con-
trol tumor growth (i.e., cancer vaccines) or may not reach maximal 
effect (i.e., adoptive cell therapy).

Although induced expression by IFN-γ is a major driver of 
PD-L1 upregulation, cancer cells also express PD-L1 by an intrin-
sic, IFN-γ–independent mechanism. This is evidenced by the 

Figure 2. Mechanisms of PD pathway–induced immunosuppression in 
the tumor microenvironment. Tumor cells and other cells in tumor micro-
environment can express high levels of PD-L1, which results in suppressed 
immunity upon interaction with PD-1. PD-L1–expressing cells use multiple 
mechanisms to suppress tumor immunity. PD-L1+ tumor cells and anti-
gen-presenting cells (APCs) can induce T cell apoptosis, anergy, functional 
exhaustion, and IL-10 production. They can also mediate DC suppression 
and induce the differentiation of Tregs. PD-L1 can also act as a molecular 
shield on tumor cells and protect tumor cells from lysis by cytotoxic T 
lymphocytes (CTLs). iTreg, induced Treg.
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Aside from the PD pathway inhibitors discussed above, there 
are several anti-PD agents currently being evaluated for cancer 
treatment. Pidilizumab (CT-011, anti–PD-1) by Medivation/
CureTech (60–62), MEDI4736 (anti–PD-L1) by AstraZeneca 
(63, 64), and Avelumab (MSB0010718C, anti–PD-L1) by Merck- 
Sorono have all shown promise in the treatment of multiple 
human cancers (NCT01772004). There do not appear to be sig-
nificant differences among these anti–PD-1/PD-L1 mAbs; how-
ever, there are currently no side-by-side comparison studies, 
making it difficult to determine how these new agents compare to 
approved PD pathway inhibitors.

Anti-PD therapy versus anti–CTLA-4 therapy
In the literature, the PD pathway has been broadly categorized 
together with CTLA-4 as an “immune checkpoint.” However, 
anti-PD therapy is based on completely different scientific prin-
ciples compared with anti–CTLA-4 therapy. Early studies using 
conventional KO mice demonstrate that the major role of CTLA-4 
is to regulate T cell responses to self-antigens because KO mice 
spontaneously develop massive infiltrating T cells to normal 
organs within weeks. These tissue-infiltrating T cells are highly 
active, cause damage to the normal tissue without specific anti-
gen exposure, and eventually result in death (65, 66). In various 
mouse models, infusion of anti–CTLA-4 mAb induces various 
types of autoreactive T cell responses (67–70). Mice with Treg- 
selective ablation of CTLA-4 recapitulate the majority of autoim-
mune phenotypes observed in traditional KO mice, including tis-
sue-infiltrating T cells and damage to normal tissues and organs 
(71). Therefore, the physiological function of CTLA-4 appears to 
be to suppress T cell responses to self-antigens by controlling Treg 
activity. These findings in mouse models are consistent with clin-
ical observations of anti-human CTLA-4 mAbs in patients with 
cancer: rapid infiltration of T cells into normal tissues leads to 
broad and sometimes fatal damage to “off-target” normal organs, 

results from a large phase III clinical trial on advanced melanoma 
indicate that pembrolizumab is far more effective than the anti–
CTLA-4 mAb ipilimumab and has far better survival benefits and 
safety profiles as a first-line treatment agent for melanoma when 
compared with ipilimumab (NCT01866319) (50). Pembroli-
zumab is also effective in patients with advanced NSCLC (with 
an ORR of 19%; NCT01295827) (51) and has shown promising 
effects in other solid tumors, including advanced gastric can-
cer (with an ORR above 20%; NCT01848834) (52), advanced 
bladder cancer (with an ORR above 20%; NCT01848834) (53), 
head and neck cancer (with an ORR above 20%; NCT01848834) 
(54), classical Hodgkin’s lymphoma (NCT01953692) (55), and 
triple-negative breast cancer (56).

Other anti–PD-L1 mAbs have been shown to be efficacious in 
advanced human cancers. Bristol-Myers Squibb’s BMS-936559 
(MDX-1105) demonstrated therapeutic efficacy in a phase I clinical 
trial (NCT00729664) (57). MPDL3280A (Genentech/Roche) is an 
engineered anti–PD-L1 IgG1 mAb that can inhibit PD-L1 interac-
tions with both PD-1 and B7-1 (58). A study of metastatic urothelial 
bladder cancer (UBC) demonstrated that MPDL3280A has marked 
activity in controlling tumor growth; ORRs were 43% for those with 
PD-L1+ tumors and 11% for those with PD-L1– tumors. Moreover, 
owing to the mild side effects, including a lack of renal toxicity, 
patients with UBC, who are often older and have a higher incidence 
of renal impairment, are thought to tolerate MPDL3280A better 
than chemotherapy (NCT01375842) (58). In an expansion phase I  
trial across multiple cancer types, including NSCLC, melanoma, 
renal cell carcinoma, and other tumors, responses to MPDL3280A 
were observed in patients with tumors expressing high levels of 
PD-L1, especially when PD-L1 was expressed by TILs. For exam-
ple, an ORR of 23% was shown in all patients with NSCLC, while 
ORRs of 85% were seen in patients with high PD-L1 expression 
(NCT01375842) (59). In June 2014, this drug received breakthrough 
designation status by the FDA for the treatment of metastatic UBCs.

Figure 3. Tumor adaptive resistance model. After activation in lymphoid organs, tumor-specific Teffs enter the tumor site to become TILs. Upon recognition 
of tumor antigens, TILs produce IFN-γ, which drives PD-L1 expression in the tumor microenvironment. Tumor antigens are presented by tumor cells, stromal 
cells, and infiltrating hematopoietic cells, including DCs, macrophages, neutrophils, and B lymphocytes; all of these cells can be induced to express PD-L1. 
Upon binding to PD-1, PD-L1 delivers a suppressive signal to T cells and an antiapoptotic signal to tumor cells, leading to T cell dysfunction and tumor survival.
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tumor-induced immune defects, and (c) repairing ongoing tumor 
immunity. We believe that these principles and the postulations 
extending from them will direct future efforts in developing better 
cancer immunotherapeutics.

Tumor site immune modulation. The first and the most impor-
tant principle of anti-PD therapy is its localized effect. The unique 
expression pattern of PD-L1 in the tumor microenvironment (8, 
17) determines the location of PD-1+ Teff inhibition as well as the 
site at which anti-PD therapy predominately takes place. In the 
context of a broadly inducible pattern of PD-L1 expression by 
IFN-γ, it will not be a surprise to see the expression of PD-L1 on 
tumor cells, tumor stromal cells, or infiltrating hematopoietic cells 
in the tumor microenvironment as long as TILs can access the 
tumor site and be induced to release IFN-γ. PD-L1 expression in 
tumors is typically not diffuse but clustered or focal, a pattern that 
can be explained by direct contact with IFN-γ–producing TILs (17, 
34). However, it is not impossible that other areas distal from TILs 
could also become positive for PD-L1 if a sufficiently high level 
of IFN-γ is released due to strong activation of T cells. Besides T 
cells, NK cells are also a main cellular source of IFN-γ (20), but 
we do not yet know whether this cell type contributes to PD-L1 
expression in the tumor microenvironment. Analyses of immune 
responses during anti-PD therapy indicate that selective expan-
sion and functional enhancement of T cells occur at the tumor site, 
while activity of immune cells in the bloodstream fails to correlate 
with tumor regression (78–80). This is in sharp contrast to other 
immunotherapy approaches that aim to boost systemic immunity. 
For example, tumor antigen-based cancer vaccines often enhance 
T cell responses in both quantity and quality; unfortunately, these 
responses have not been translated to tumor regression and clin-
ical benefits (81). In this context, it is desirable for future cancer 
immunotherapies to specifically focus on the tumor site rather 
than systemic activation of the immune system. This selective 
activation can be achieved through the identification of immune 
modulatory targets that express or operate selectively at the 
tumor site, similar to PD-L1. Another approach would be to add 
tumor-targeting components for a systemic immune response 
activator in order to limit its off-target effects.

Targeting tumor-induced immune defects. The second critical 
point we have learned from anti-PD therapy is the importance of 
targeting tumor-induced immune defects. As described above, 
PD-L1 is largely induced at the tumor site by TIL-derived IFN-γ. 
While PD-L1 expression represents an effort by the host to pro-
tect its tissues from excessive damage caused by ongoing T 
cell–mediated inflammation, PD-L1 expression at the tumor site 
could be viewed as a “misunderstanding” of the host immune 
response toward tumor growth. This is a problem created ini-
tially by tumor growth and subsequently by host inflammatory 
responses. Therefore, anti-PD therapy targets a specific defect 
of the immune response during the fight against cancer, while 
such events occur minimally in cancer-free tissues. Target-
ing tumor-induced alternations insures the specificity of anti-
PD therapy, prevents damage to normal tissues, and allows a 
focused, efficient, and more precise immune response. In addi-
tion to abnormal PD-L1 expression, various tumor-associated 
immune defects have also been identified, including elevated 
immune inhibitory cytokines (IL-10, TGF-β, etc.), expansion of 

including skin, the gastrointestinal tract, adrenal glands, and liver 
(72, 73). Anti–CTLA-4–induced autoimmune toxicities are tightly 
associated with its antitumor effect (74). Currently, there is no 
evidence that Tregs are particularly active due to tumor growth, 
and it is unclear whether or not Tregs are responsible for immune 
evasion in melanoma (75). Therefore, anti–CTLA-4 mAbs work by 
promoting T cell responses that are largely nonspecific for tumor 
antigens (67–69, 73–75). Clinically broad toxicity in normal organs 
and tissue as well as limited efficacy are two major hurdles in the 
use of anti–CTLA-4 therapy in cancers beyond melanoma (76, 77).

In contrast to CTLA-4 KO mice, PD-L1 KO mice do not spon-
taneously develop massive infiltration of inflammatory cells in 
normal organs, and these mice have an overall normal life span 
(6). However, PD-1 KO mice do spontaneously develop strain- 
specific autoimmune diseases over a period of several months (2, 
3). Both PD-1 and PD-L1 KO mice are autoimmune prone because 
more severe autoimmune symptoms develop when they are chal-
lenged with autoantigens (6). These findings are consistent with 
clinical observations that anti-PD therapy has low autoimmune 
toxicity (50). Because PD-L1 has a limited distribution in normal 
tissues and is largely an inducible molecule under the control of 
IFN-γ, its major physiological function appears to mediate neg-
ative feedback control of tissue inflammation. In the context of 
tumor growth, which is often associated with or even promoted 
by chronic inflammation, anti-PD therapy selectively modulates 
inflammatory T cell responses at the tumor site, blocks the func-
tion of tumor- and chronic inflammation–induced PD-L1 interac-
tions, and rescues naturally generated but often impaired tumor 
immunity (see below). Therefore, the main physiological function 
of the PD pathway is to control ongoing inflammatory responses 
and to prevent the spread of inflammation, rather than systemic 
regulation of autoreactive T cell responses. These features place 
anti-PD therapy in a different category scientifically and practi-
cally from anti–CTLA-4 therapy.

A recently completed clinical trial to treat advanced mel-
anoma compared anti–PD-1 therapy to anti–CTLA-4 therapy 
(NCT01866319) (50). The results from this trial showed that 
anti–PD-1 therapy (pembrolizumab) outperforms anti–CTLA-4 
therapy (ipilimumab) in the major clinical categories, including 
efficacy, survival, and adverse events. The trial was stopped ahead 
of schedule because patients reached the endpoints of progres-
sion-free survival and overall survival. With better therapeutic 
efficacy and safety profiles, anti-PD therapy will replace anti–
CTLA-4 therapy as a first-line therapeutic agent for patients with 
melanoma in the near future.

The three principles of anti-PD therapy and 
perspectives
Anti-PD therapy has become the backbone of cancer immuno-
therapy and a major modality of cancer treatment. Establishment 
of basic principles and validation of the clinical results of anti-PD 
therapy have transformed our thinking of cancer immunother-
apy in general. It is important to learn from this successful ther-
apy to broaden our understanding of the immune system and its 
role in cancer and to improve future therapies. There are three 
essential principles that we have learned so far from anti-PD ther-
apy, namely (a) tumor site immune modulation, (b) targeting of 
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Tregs, accumulation and proliferation of myeloid-derived sup-
pressor cells (MDSCs), and increased tumor metabolites (82). 
While these findings help us understand possible immune-sup-
pressive mechanisms in general, it is important to critically eval-
uate these targets to make sure that they are present or operate at 
the tumor site but are absent or limited in normal tissues.

Repairing ongoing tumor immunity. The third principle of anti-
PD therapy is its capacity to repair ongoing tumor immunity. Dur-
ing tumor progression, host immune responses are constantly 
fighting cancer. Progression of cancer to a late stage often suggests 
a failure or insufficiency of the ongoing immune response. Cur-
rent anti-PD therapy studies indicate that the impaired immune 
response could be repaired so that it was capable of eradicating 
a tumor (83). Future studies will be needed to determine how 
the quantity and quality of TILs and other infiltrating immune 
cells contribute to the antitumor immune response. Immune 
infiltration is a reliable indicator of tumor immunogenicity, and 
it has been shown that the presence of gene signatures for CD8+ 
T cells and Th1 cells are associated with a better prognosis for 
several types of cancers, including colorectal and lung cancers, 
whereas Tregs, MDSCs, Th2 cells, and Th17 cells are not (84). 
Additionally, the presence of Th17 cells was shown to correlate 
with a good prognosis for ovarian cancer (85, 86). The effects of 
selectively eliminating “bad cells” or promoting “good cells” in 
the tumor microenvironment on the efficacy of anti-PD therapy 
has not been tested yet. A large fraction of patients with cancer do 
not have significant infiltration of inflammatory cells (34), sug-
gesting a fundamental defect in the recruitment of inflammatory 
cells. Thus, it is important to understand and identify specific 
defects that prevent recruitment of inflammatory cells. Molecu-
lar targets could be identified based on these findings. Although 
patients with low levels of immune infiltration in their tumors are 
unlikely to benefit from anti-PD therapy, anti-PD therapy may be 
enhanced by combining it with therapies that promote recruit-
ment of inflammatory cells into the tumor (83). For example, it 
would be particularly interesting to see whether adoptive transfer 

of in vitro–expanded TILs could be used in combination with anti-
PD therapy. Localized radiation therapy is an efficient method to 
induce inflammation, and this approach could potentially benefit 
patients without ongoing immune responses. However, radiation 
therapy should not be used for the patients who have significant 
infiltration in the tumor site because this may impair ongoing 
immune responses. Similar concerns should also be taken into 
account when considering other combination therapies, such as 
chemotherapy and targeted therapy, to make sure that these ther-
apies will not impair ongoing immune response.

Conclusion
Anti-PD therapy has taken center stage in immunotherapies for 
human cancer, especially for solid tumors. This therapy is distinct 
from the prior immune therapeutic agents, which primarily boost 
systemic immune responses or generate de novo immunity against 
cancer; instead, anti-PD therapy modulates immune responses 
at the tumor site, targets tumor-induced immune defects, and 
repairs ongoing immune responses. While the clinical success of 
anti-PD therapy for the treatment of a variety of human cancers 
has validated this approach, we are still learning from this path-
way and the associated immune responses, which will aid in the 
discovery and design of new clinically applicable approaches in 
cancer immunotherapy.
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