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Ligands from the B7 family bind to receptors of the CD28
family, which regulate early T cell activation in lymphoid
organs and control inflammation and autoimmunity in
peripheral tissues. Programmed death-1 (PD-1), a member of the CD28 family, is an inhibitory receptor on T cells
and is responsible for their dysfunction in infectious diseases and cancers. The complex mechanisms controlling
the expression and signaling of PD-1 and programmed
death ligand 1 (PD-L1) are emerging. Recently completed
and ongoing clinical trials that target these molecules
have shown remarkable success by generating durable
clinical responses in some cancer patients. In chronic viral
infections, preclinical data reveal that targeting PD-1 and
its ligands can improve T cell responses and virus clearance. There is also promise in stimulating this pathway
for the treatment of autoimmune and inflammatory
disorders.
Expression of PD-1 and its ligands PD-L1 and PD-L2
PD-1 (CD279) is an inhibitory receptor from the CD28
family that is expressed on various immune cells including
T and B lymphocytes, dendritic cells (DCs), monocytes,
and macrophages [1–4]. While PD-1 is not expressed on
naı̈ve T cells, it is upregulated following T cell receptor
(TCR)-mediated activation and is readily observed on both
activated and exhausted T cells [5,6]. These ‘exhausted’ T
cells have a dysfunctional phenotype and are unable to
respond appropriately to stimuli. Although PD-1 has a
relatively wide expression pattern, its most important role
is likely as a coinhibitory receptor on T cells. Current
therapeutic approaches focus on blocking the interaction
of this receptor with its ligands to enhance T cell
responses.
PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273) are
both B7 family members and are currently the only known
ligands for PD-1 [3,7,8]. However, their effects are not
exclusively mediated through PD-1 because PD-L1 interacts with B7-1, and PD-L2 can bind to another receptor,
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RGMb [9,10]. Although both PD-L1 and PD-L2 bind to PD1 and deliver coinhibitory signals to T cells, their expression patterns differ significantly. PD-L2 is expressed in
relatively few cells and tissues but is upregulated on
activated antigen-presenting cells (APCs) including monocytes, macrophage, and DCs [4].
PD-L1 expression is much more diverse. PD-L1 can be
seen on T cells, B cells, monocytes, macrophages, and DCs,
and is typically upregulated with activation. Unlike the
classic B7 family members, B7-1 and B7-2, which are
mainly restricted to expression on APCs, PD-L1 is
expressed in several non-hematopoietic tissues including
the heart, pancreas, placenta, vascular endothelium, liver,
lung, and skin [2,7]. This tissue expression plays an important role in regulating immune responses in the periphery [11,12]. In addition to these normal tissues, PD-L1 is
often overexpressed on cancers as a mechanism for the
cancerous cells to avoid immune surveillance. It is most
likely that PD-L1/L2 expression on APCs and non-hematopoietic tissue (including tumors) is the most important
from a therapeutic standpoint.

Glossary
Immune-related progression-free survival: in immune checkpoint inhibitor
trials on initial treatment some lesions may progress or can worsen, which by
traditional standards would have been considered progressive disease when it
could actually be immune-mediated eradication of disease. Hence new criteria
for the classification of immunological adverse events have been proposed
and PFS measured according to the new criteria.
Immunological serious adverse events: adverse events which are autoimmune
in nature and could have been potentially caused by immune drugs are termed
‘immunological SAE’ examples, autoimmune colitis, thyroiditis, pneumonitis.
Objective response rate (ORR): the proportion of patients with tumor size
reduction of a predefined amount and for a minimum time-period.
Overall survival (OS): the percentage of people in a study who are alive for a
specified period of time after they were diagnosed with or started treatment for
cancer.
Progression-free survival (PFS): the PFS is defined as the time from assignment
in a clinical trial until either progression of the disease or death of the patient
due to any cause.
Serious adverse events (SAEs): unfavorable symptoms, signs, or laboratory
values which, in the view of either the investigator or sponsor, result in any of
the following outcomes: death, a life-threatening adverse event, inpatient
hospitalization or prolongation of existing hospitalization, a persistent or
significant incapacity or substantial disruption of the ability to conduct normal
life functions (21CFR312.32). Adverse events are graded according to the
Common Terminology Criteria for Adverse Events (CTCAE) on a scale of 1 to
5 where grade 1 is a mild adverse event and grade 5 is death. In clinical trials,
grade 3 or 4 SAE usually require dose adjustment or stopping the drug.
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Upon engagement, PD-1 clusters and localizes to the TCR
complex [14]. PD-1 can inhibit the phosphorylation of the
TCR CD3z chains and Zap-70, which are early steps following TCR engagement [14–16]. Downstream activation
of Ras, an enhancer of survival and proliferation, is also
inhibited by PD-1 [17]. Together with the direct TCR
signals, CD28 delivers costimulatory signals by activation
of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway.
PD-1 signaling represses this pathway by blocking PI3K
activation [15]. This action begins with the phosphorylation of PD-1’s intracellular immunoreceptor tyrosine-based
switch motif (ITSM) and immunoreceptor tyrosine-based
inhibitory motif (ITIM). The ITSM appears to be the more
important of these two motifs [16,18]. The phosphorylated
ITSM recruits the tyrosine phosphatase, SHP-2
[14,15]. This phosphatase leads to the inactivation of
PI3K and downstream inhibition of the Akt pathway. Of
note, although both PD-1 and CTLA-4 inhibit T cells, the
mechanisms engaged by these two receptors are distinct
[15].
The downstream signaling effects through PD-1 are
numerous (Figure 1). As with other coinhibitory receptors,
a decrease in T cell proliferation is seen together with
a decrease in several inflammatory cytokines including

Beginning with the observation that PD-1 knockout
mice develop spontaneous autoimmunity, it has since been
demonstrated in numerous studies that the PD-1/PD-L1/
L2 pathway is important for T cell regulation in a variety of
infectious, autoimmune, and cancer models in mice
[13]. These studies largely demonstrate an important role
for these molecules in regulating T cell responses; this
forms the basis for the development of a new generation
of targeted therapies against PD-1 and PD-L1.
In this review we begin by covering the important roles
of these molecules and their mechanisms of expression and
signaling. This is an exciting time to review these molecules because we are only now beginning to see patients
benefiting from over two decades of basic research focused
on this pathway. We review the therapeutic potential of
this pathway and summarize the latest clinical trial
results of drugs targeting PD-1 and PD-L1.
PD-1 signaling
Signaling through PD-1 is triggered by engagement with
its known ligands, PD-L1 and PD-L2. Despite the name of
the receptor, cell death is not the primary result of engagement. Instead, the primary effect of this signaling is to
inhibit TCR and essential costimulatory signals (Figure 1).

APC

B7-1,
B7-2

PD-L1,
PD-L2

Coinhibitory
signal

Cosmulatory
signal

MHC–
pepde

Synapse
T cell
receptor

PD-1

CD28
p

p

TCR signaling

p
p

SHP-2

T cell

Zap-70

ITSM
Key:
PI3K

Acvates/upregulates

PIP3

PIP2

p pp

p p

PTEN

Ras

Akt

Inhibits/downregulates
Net eﬀect of PD-1

Proliferaon
Cell cycle entry

Metabolic
changes
Bcl-xL

mTOR
Growth
Protein synthesis

Survival

BATF
Dysregulaon
Eﬀector molecules

Glycolysis
Fay acid oxidaon
Eﬀector funcon
Dysfuncon
Survival

FoxO1
PD-1 expression
Cell cycle entry
Exhausted phenotype
TRENDS in Pharmacological Sciences

Figure 1. Programmed death-1 (PD-1) signaling. PD-1 has both an intracellular immunoreceptor tyrosine-based switch motif (ITSM) and immunoreceptor tyrosine-based
inhibitory motif (ITIM) in its cytoplasmic tail. SHP-2 can bind to the phosphorylated ITSM. Binding of ligands to PD-1 leads to overall inhibition of T cell receptor (TCR)
signaling through inhibition of CD3z chain phosphorylation and Zap-70 association. PD-1 signaling causes the downregulation of both Ras and Bcl-xL which affect
proliferation and cell survival, respectively. An increase in BATF can be seen which impairs the effector function of T cells. PD-1 also inhibits the phosphatidylinositol 3kinase (PI3K)/Akt pathway by inhibiting the activation of PI3K. This has downstream effects including downregulation of mechanistic target of rapamycin (mTOR) and an
increased half-life of FoxO1. PD-1 signaling also influences cellular metabolism by inhibiting glycolysis and promoting fatty acid oxidation. Together, all these effects cause
T cells to become less proliferative, lose their effector functions, and take on an exhausted and dysfunctional phenotype. The net effect of PD-1 ligation on all of these
processes is shown in red, with arrow direction indicating upregulation and downregulation. Abbreviation: APC, antigen-presenting cell.
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tumor necrosis factor a (TNF-a), interferon g (IFN-g), and
interleukin 2 (IL-2) [2,3,6]. PD-1 signaling also appears to
be self-reinforcing. Activation of this receptor protects the
transcription factor, FoxO1, from degradation, which leads
to increased expression of PD-1 [19].
More global effects are also seen on T cells. It has been
shown that PD-L1 plays an important role in the differentiation of inducible regulatory T cells (iTregs) both in vitro
and in vivo [20]. PD-L1 expression not only on APCs but
also on other non-hematopoietic tissues may be capable of
inducing Tregs. PD-1 signaling is accompanied by downregulation of phospho-Akt, mechanistic target of rapamycin (mTOR), S6, and Erk2, and by upregulation of
phosphatase and tensin homolog (PTEN) [20]. Earlier
work demonstrated that the Akt signaling pathway is a
strong inhibitor of iTreg development, and this supports
the proposed mechanism of the generation of PD-L1-induced Tregs [21].
It was also recently shown that PD-1 signaling influences the metabolism of T cells [22]. PD-1 signaling results
in the inhibition of glycolysis and metabolism of amino
acids while simultaneously promoting fatty acid oxidation
[22]. These effects on T cell metabolism are consistent with
an inhibition or reversal of effector function, and may
partly explain the mechanism of impaired function seen
in PD-1+ T cells.
PD-1 plays an important role in exhausted T cells. It
was first noted that, in chronic viral infections, PD-1 was
upregulated selectively on exhausted CD8 T cells [6].
This observation has been seen in numerous chronic
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viral infections in both mice and humans [6,23–27]. PD1 expression by T cells in the tumor microenvironment is
also associated with an exhausted and dysfunctional phenotype [28]. Most importantly, blockade of the PD-1 signaling is able to restore CD8 T cell function and allows
recovery of cytotoxic capabilities from the exhausted phenotype [29]. This treatment results in improved control of
viral infection in several animal models and is the basis for
future clinical trials manipulating PD-1 signaling in infectious disease.
Mechanisms controlling PD-1 expression
Considering the clinical importance of these molecules,
there is great interest in understanding the mechanisms
behind their expression. PD-1 is upregulated on T cells
following TCR ligation [5] (Figure 2A). Cytokine signals are
also important for the regulation of this molecule. Signaling through the common g chain appears to be important,
and ligands of the common g chain, IL-2, IL-7, IL-15, and
IL-21, can upregulate PD-1 expression on T cells [30].
Several more direct transcriptional mechanisms have
been found as well. The transcription factor, T-bet, directly
and actively represses PD-1 gene expression [25]. After
repeated antigenic stimulation, T-bet is downregulated,
which leads to PD-1 expression and exhaustion. IL-6 and
IL-12 (via STAT3 and STAT4, respectively) can also induce
PD-1 in activated T cells through distal regulatory elements that interact with the PD-1 gene promoter
[31]. NFATc1 is a transcription factor that directly activates PD-1 expression [31,32]. Blimp-1 inhibits PD-1
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Figure 2. Regulation of programmed death-1 (PD-1) and programmed death ligand 1 (PD-L1) expression. PD-1 and its ligands are regulated by a complex network of factors.
(A) PD-1 expression on T cells can be upregulated by numerous cytokines. Many of the common g chain cytokines (interleukin-2, IL-7, IL-15, IL-21) can upregulate PD-1. IL-6
and IL-12, acting through signal transducer and activator of transcription 3 (STAT3) and STAT4, respectively, enhance expression of PD-1 through distal regulatory
elements. Of particular relevance to the tumor microenvironment, vascular endothelial growth factor A (VEGF-A) can upregulate PD-1 through a VEGF receptor found on T
cells. The nuclear factors FoxO1 and NFATc1 upregulate PD-1 through its promoter. Blimp-1 and T-bet also interact with the promoter but block its expression. Blimp-1 also
functions by inhibiting NFATc1 promoter-binding. (B) PD-L1 expression is also regulated by numerous mechanisms. Like PD-1, several of the common g chain cytokines
upregulate it. IL-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF) are also strong upregulators of both PD-L1 and PD-L2. In IFN-g signaling, IRF-1 can bind
to IFN response elements in the promoter of PDL1. Hypoxia can lead to upregulation of HIF-a which binds to the PDL1 promoter and stimulates expression. Mutations of the
EGFR receptor and loss of PTEN in tumors can upregulate PD-L1. Another post-transcriptional mechanism of regulation is through microRNAs. miR-200 suppression leads
not only to cancer stage progression but also to simultaneous upregulation of PD-L1. miR-513 can similarly regulate PD-L1 expression in biliary epithelial cells.
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expression in viral infection by not only repressing
NFATc1 but also by generating suppressive chromatin
changes at the PD-1 locus [27]. Other epigenetic modifications have been described including regulation of PD-1 by
DNA methylation. Viral infection leads to a loss of this
methylation in CD8 T cells which then allows transcription
of PD-1 [26,33]. This demethylation is directly related to
the strength and duration of TCR signaling [26]. FoxO1 is
another important transcription factor that promotes an
exhausted cytotoxic T cell profile and upregulates PD-1
[19]. FoxO1 is of particular importance because PD-1
signaling prevents FoxO1 degradation and thus defines
a positive feedback loop where PD-1 signaling promotes
the expression of more PD-1 [19].
PD-1 expression on T cells within the tumor microenvironment is a highly important factor in the use of immunotherapy for the treatment of cancers. PD-1 expression on
T cells is predictive of response to therapies targeting this
signaling pathway [34]. Beyond general T cell activation
and local cytokines promoting expression of PD-1, it has
been shown that vascular endothelial growth factor A
(VEGF-A) can promote PD-1 expression on CD8 T cells
through a VEGF receptor on these cells [35]. From all of
these studies we can see that there is a complex network of
many distinct mechanisms that influence the expression of
PD-1.
Mechanisms regulating expression of PD-L1 and PD-L2
While PD-L1 and PD-L2 share some similarity in the
molecules that induce them, there are some clear differences as well. Relatively little is known about the mechanisms regulating PD-L2 expression compared to PD-L1.
Several of the common g chain cytokines, IL-2, IL-7, and
IL-15, upregulate PD-L1 on monocytes and macrophages
as well as on T cells (Figure 2B). IFN-g, granulocytemacrophage colony-stimulating factor (GM-CSF), and IL4 upregulate both PD-L1 and PD-L2 on macrophages
[3,4]. IL-4 and GM-CSF appear to have the most profound
effect on the expression of PD-L2. Downstream IFN-g
signaling specifically results in binding of interferon regulatory factor-1(IRF-1) to the PD-L1 gene promoter [36].
PD-L1 overexpression on tumors has also been studied.
While many of the mechanisms upregulating expression
may be similar to those seen in leukocytes, several tumorspecific triggers have also been identified. Loss of PTEN is
a common mutation in tumors and leads to overactivation
of the PI3K/Akt pathway. This mutation and the ensuing
downstream signaling can lead to overexpression of PD-L1
[37]. This overexpression mechanism is largely post-transcriptionally mediated. Similarly, there is evidence that
overstimulation of the epidermal growth factor receptor
(EGFR) pathway, which is often found in cancers with
EGFR mutations, can lead to upregulation of PD-L1 in
human cancer cells [38]. Another study showed a trend
toward NRAS mutations being associated with higher PDL1 levels [39]. Non-mutagenic mechanisms have also been
established. It has been shown that several important
signaling pathways including the PI3K and mitogen-activated protein kinase (MAPK) pathways can modify PD-L1
expression [40]. They also showed that pharmacologically
manipulating these pathways may be a possible strategy to
590
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modify PD-L1 expression in tumors. Another group has
shown specific evidence that treatment of melanoma
patients with MAPK inhibitors will likely be beneficial
in patients whose tumors express PD-L1 and contain
tumor infiltrating lymphocytes (TILs) before treatment
[41]. A feature common to nearly all solid tumors is hypoxia, which can lead to induction of the transcription factor,
hypoxia-inducible factor-1a (HIF-1a). HIF-1a can bind to a
hypoxia response element in the PD-L1 promoter and lead
to expression of PD-L1 not only on tumor cells but also on
myeloid-derived suppressor cells (MDSCs), macrophages,
and DCs within the tumor microenvironment [42]. MicroRNAs also play a role in regulating tumor-expressed PDL1. Downregulation of miR-200 in tumors leads not only to
metastasis but also a simultaneous enhancement of expression of PD-L1 [43]. In other tissues, miR-513 similarly
targets degradation of the PD-L1 transcript [44].
Immunotherapy targeting PD-1 in chronic infection
Chronic infection results in a sustained high level of antigen exposure, which ultimately leads to T cell exhaustion
[45]. In a mouse model of chronic lymphocytic choriomeningitis virus (LCMV) infection, blocking PD-1 and lymphocyte-activation gene (LAG-3) simultaneously reversed
the exhausted phenotype and led to the clearance of viral
infection [46]. T cell exhaustion is also found in chronic
infections such as HIV [47], and hepatitis B and C virus
(HBV, HCV) infections in humans [48,49]. Reversal of the
exhausted phenotype can be achieved by blocking PD-1,
and this leads to clearance of the virus.
The proof of principle of this approach was demonstrated when the CTLA-4 inhibitor, tremelimumab, was tested
in a Phase I trial in hepatocellular carcinoma and chronic
HCV infection. Tremelimumab (15 mg/kg IV every 90 days)
was administered until cancer progression. In this study,
HCV viral loads declined in most patients and there was an
increase in virus-specific IFN-g-producing lymphocytes
post-treatment [50]. Nivolumab, an anti-PD-1 monoclonal
antibody, was tested in IFN-refractory (n = 42) and -naı̈ve
(n = 12) patients with chronic HCV infection [51]. Patients
were randomized 5:1 to receive a single infusion of nivolumab in a dose-escalation protocol or of placebo (n = 7).
Five patients in the nivolumab arm had a significant
reduction in HCV RNA; three achieved a >4 log reduction,
two patients achieved RNA below the lower limit of quantitation, and one remained RNA-undetectable 1 year poststudy. Nivolumab was well tolerated and one patient had
an asymptomatic alanine transaminase (ALT) elevation.
Nivolumab and anti-PD-L1 treatments are being tested in
HIV patients on antiretroviral therapy to eliminate the
undetectable reservoir of viral infection. These studies
show that reversing T cell exhaustion can be one strategy
to control chronic viral infections.
Anti-PD-1 inhibitors in cancer therapy
The success of inhibiting the central immune check point,
CTLA-4, in melanoma [52,53] led to the development of
peripheral checkpoint inhibitors targeting the PD-1/PD-L1
pathway. PD-1 inhibitors block the interaction of the
ligands, PD-L1 and PD-L2, with T cells and increase
T cell proliferation and function [54]. The PD-1 inhibitors
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currently in clinical trials are nivolumab (MDX-1106/BMS936558, Bristol Meyers Squibb), pembrolizumab (MK3475, Merck) and pidilizumab (CT-011, Cure Tech); these
have some differences.
Nivolumab and pembrolizumab are fully human IgG4
and humanized IgG4 monoclonal antibodies (mAbs), respectively. Unlike the IgG1 and IgG3 subtypes, IgG4 has
markedly decreased antibody dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) activity, which prevents depletion of activated T
cells [55]. Below we present an overview of selected trials of
PD-1 inhibitors in solid tumors and hematological malignancies (Table 1).

Melanoma
Melanoma is a known immunogenic tumor, and TILs in
melanoma have been shown to colocalize with melanocytes
expressing PD-L1. This interaction of T cells with tumorexpressed PD-L1 contributes to immune evasion in melanoma [56]. Ipilimumab (a monoclonal antibody against
CTLA-4) demonstrated an overall survival (OS; see Glossary) benefit in two Phase III trials in metastatic melanoma [53,57]. However, approximately only 20% of patients
with metastatic melanoma survive after 3 years even after
ipilimumab, leaving marked room for improvement.
In a Phase I study of refractory melanoma patients,
nivolumab had an objective response rate (ORR) of 31%

Table 1. Clinical trials of antibodies to PD-1a
Drug
Melanoma
Nivolumab

NCT

Phase

Design

Population

n

Key findings/conclusions

NCT00730639

I

Advanced melanoma

107

NCT01176461

I

Dose finding and dose
expansion
Nivolumab +/- peptide
vaccine (NY-ESO-1,
gp100, MART-1)

Advance melanoma,
Ipilimumab naı̈ve and
refractory

90

NCT01721772

III

Nivolumab versus
dacarbazine

Metastatic melanoma
without BRAF mutation

418

NCT01721746

III

Nivolumab versus
investigators choice

370

NCT01295827

I

Dose finding and dose
expansion

Metastatic melanoma
after CTLA-4 or BRAF
inhibitor therapy
Advanced melanoma
including CTLA4 treated
patients

NCT01295827

I

II

Advanced melanoma
whose disease progressed
on ipilimumab
Advanced melanoma

173

NCT01435369

Nivolumab
2 mg/kg versus
10 mg/kg
Pidilizumab 1.5 versus
6 mg/kg

OS = 43% at 2 years which compares
favorably with historical population
ORR = 25.1%. No difference in
response between Ipilimumab naı̈ve
and refractory or addition of vaccine to
nivolumab. PD-L1 negative patients
also responded.
Significantly better 1 yr OS in
nivolumab arm (72.9% vs 42.1%).
Relatively well tolerated
Results in 167 patients showed higher
ORR in nivolumab arm and durable
tumor regression as well
ORR = 38%. No difference in response
between ipilimumab naı̈ve and
refractory. Acceptable safety profile
and slightly better responses in the
higher dose 10 mg/kg arm
ORR = 26% after ipilimumab therapy.
No difference between the two drug
doses.
Low response rate of 5.9%

Non-small cell lung cancer
NCT00730639
Nivolumab

I

Advanced malignancies

296

NCT01454102

I

Dose finding and dose
escalation
Nivolumab + erlotinib

21

NCT01642004

III

Open-label randomized
nivolumab vs docetaxel

NCT01295827

I

Pembrolizumab at
2 mg/kg or 10 mg/kg

Stage IIB/IV NSCLC in
EGFR mutated patients
naı̈ve or post progression
Metastatic squamous cell
lung cancer after 1 line of
platinum based therapy
Advanced NSCLC

Genitourinary malignancies
NCT01354431
Nivolumab

II

Nivolumab at
0.3 versus 2 versus
10 mg/kg doses
Dose-finding study

Previously treated RCC
with VEGF inhibitors

168

PD-L1+ >1% and
advanced urothelial
cancer

33

Dose escalation and
dose expansion
Pembrolizumab 10 mg/
kg q2 weeks

Relapsed, refractory
Hodgkin lymphoma
Advanced malignancies
with or without mismatch
deficiency

23

Pembrolizumab

Pidilizumab

Pembrolizumab

Pembrolizumab

NCT01848834

Ib

Other cancers
Nivolumab

NCT01592370

I

Nivolumab

NCT01876511

II

135

103

272

282

41

ORR = 18.4% in NSCLC cohort. Low
rate of Grade 3 SAE = 14%
ORR = 19% with an acceptable safety
profile
Superior OS in the nivolumab arm at
1 year (9.2 vs 6 mos.) with durable
responses
ORR = 21%, PD-L1+ tumors had higher
response rates than negative tumors
ORR = 21% across all 3 arms with a
tolerable safety profile. No dose
response relationship was response
ORR = 24%, with CR in 10% with an
acceptable safety profile

ORR = 87% with a PFS at 24 weeks of
86% with an acceptable safety profile.
IrPFS = 78% versus 11% for mismatch
deficient versus proficient colorectal
cancers

a

CR, Complete response; irPFS, immune related progression-free survival; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall survival, PFS,
progression-free survival; SAE, serious adverse events.
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with grade 3/4 serious adverse events (SAEs) in 22% of
patients [58]. These results demonstrated both efficacy and
acceptable safety of nivolumab in melanoma patients. In
another Phase I study, prior treatment with ipilimumab or
the addition of a peptide vaccine to melanoma antigens did
not affect responses to nivolumab [59]. These results support basic research data showing that the immune checkpoints, CTLA-4 and PD-1, signal through mechanistically
distinct pathways [15]. A randomized Phase III trial
(n = 418) compared nivolumab at 3 mg/kg every 2 weeks
(n = 210) with dacarbazine (chemotherapy) in BRAF-negative previously untreated metastatic melanoma [60]. The
ORR (40% vs 13.9%), progression-free survival (PFS)
(5.1 vs 2.2 months), and OS at 1 year (72.9% vs 42.1%)
were significantly better in the nivolumab arm compared
to dacarbazine. Moreover, grade 3/4 adverse effects were
slightly reduced in the nivolumab arm (11.7 vs 17.6%) and
immunological adverse events occurred in 1–2% of
patients. In another open-label Phase III study, patients
with metastatic melanoma who progressed on ipilimumab
were randomized to nivolumab or to the investigators’
choice of chemotherapy. The ORR was higher in the nivolumab arm (32% vs 11%), with durable tumor regression in
responders [61]. Based on these results, nivolumab received FDA approval in December 2014 for patients with
melanoma who were previously treated with ipilimumab
or a BRAF inhibitor. Recently in a Phase I study the
combination of two immune checkpoint inhibitors, ipilimumab and nivolumab, was safe and produced superior
responses than ipilimumab alone for the upfront treatment
of metastatic melanoma [62].
Pembrolizumab was studied in a dose-escalation study
with a dose range of 1–10 mg/kg in 135 patients with
refractory melanoma, some of whom received prior ipilimumab treatment [63]. The ORR was 38% and grade 3/4
adverse events were present in 13% of patients; there was
no difference between ipilimumab-naı̈ve and refractory
patients. Based on these safety data KEYNOTE-001, an
open-label trial, tested pembrolizumab in two doses at
2 mg/kg or 10 mg/kg after progression on ipilimumab
and BRAF or MEK inhibitors, in BRAF-mutant tumors
[64]. 173 patients with metastatic melanoma received
pembrolizumab and the ORR was 26% in both groups
and grade 3 to 4 SAEs were reported as 12%. The safety
and efficacy of the 2 mg/kg and the 10 mg/kg doses were
comparable with no significant benefit of the increased
dose. Pembrolizumab was granted breakthrough status
by the FDA for the treatment of ipilimumab- or BRAF
inhibitor-refractory metastatic melanoma patients.
Non-small cell lung cancer
In non-small cell lung cancer (NSCLC), PD-1 is expressed
in 35% of TILs and PD-L1 is expressed 20-25% of lung
cancer specimens. Constitutive oncogenic signaling
through the PI3K or EGFR pathway [37,38] or cytokine
secretion by lymphocytes leads to activation of the PD-1/
PD-L1 pathway in NSCLC [65].
Nivolumab was first tested in a dose-escalation Phase I
trial of refractory malignancies of whom 129 had metastatic
NSCLC [66,67]. The ORR in NSCLC was 18% with 33% of
squamous and 12% of non-squamous cancers responding.
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The OS at 1 year was 42% and the median duration of
response was 74 weeks and a sustained response of >24
weeks was seen in 57% of patients. Grade 3/4 toxicities were
present in only 6% of patients and pneumonitis occurred in
7% of patients. Pneumonitis is a concern in these patients as
they already can have poor lung reserve. Nivolumab was
approved by the FDA for treatment of squamous NSCLC
after progression on a platinum-based chemotherapy regimen. This approval was based on the results of an openlabel, multicenter, randomized trial of 272 patients with
metastatic squamous NSCLC who were randomized to
docetaxel or nivolumab at 3 mg/kg every 2 weeks [68]. There
was a significant improvement in median OS of 9.2 (nivolumab) versus 6 months (docetaxel) seen for patients receiving nivolumab. This represents a significant improvement
for patients with squamous NSCLC whose treatment
options are limited.
Pembrolizumab, in a pooled analysis of 262 relapsed
NSCLC patients (KEYNOTE-001), had an ORR of 21% as a
single agent, and results were similar in patients with
squamous or non-squamous histology [69]. In patients with
strong PD-L1 expression (>50%) the ORR was 39% and
16% in weak/negative expression suggesting that PD-L1
alone cannot be used as a biomarker to select patients. The
FDA granted breakthrough status for pembrolizumab in
lung cancer in October 2014.
Genitourinary malignancies
In renal cell cancer, increased TILs along with high PD-L1
expression in the initial biopsy is associated with shorter
survival in patients treated with tyrosine kinase inhibitors
(TKIs) for metastatic disease [70]. Similarly, high PD-L1
expression is associated with failure of response to Bacillus
Calmette Guerin (BCG) for localized bladder cancer by
neutralizing the T cell response to BCG immunotherapy
[71]. These data suggest that the PD-1 axis contributes to
resistant disease in urothelial malignancies.
Nivolumab was tested in a dose-escalation Phase I trial
of patients with refractory malignancies of whom 33 had
metastatic renal cell cancer with an ORR of 27% [66]. In a
Phase II trial of 168 clear cell renal cell cancer (RCC)
patients, nivolumab was tested at three doses of 0.3, 2,
or 10 mg/kg and the median OS was 18.2, 25.5, and
24.7 months, respectively, which was higher than the
historical OS rates of 11-16.5 months in this cancer
[72]. As a result, a Phase III randomized study evaluating
nivolumab and everolimus as a second-line therapy for
metastatic RCC is underway.
Pembrolizumab was similarly tested in the KEYNOTE012 study in 33 patients with metastatic urothelial cancer
at 10 mg/kg and the ORR was 24.1% with a median OS of
9.3 months [73]. These studies show favorable efficacy and
acceptable safety of PD-1 inhibitors in bladder and renal
cancers and are highly likely to move forward in clinical
trials.
Other tumors: Colon cancer, Hodgkin lymphoma
Hodgkin lymphoma is a B cell tumor in which the PD-1/PDL1 axis is activated by JAK signaling and chromosomal
amplifications in the 9p24.1 region which codes for the PDL1/PD-L2 ligands. In an ongoing Phase I study of
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Table 2. Clinical trials of antibodies to PD-L1a
Drug
Unselected
BMS-936559

NCT

Phase

Design

Population

n

Key findings/conclusions

NCT00729664

I

Dose escalation and
dose expansion

Advanced refractory
malignancies

207

MPDL3280A

NCT01375842

I

Dose escalation and
dose expansion

Advanced solid
tumor cancers

171

ORR: 6–17% and PFS: 12–41% at
24 weeks. Acceptable safety profile.
Positive signal in melanoma, renal
cell cancer, NSCLC and ovarian
cancer with durable responses
ORR = 21% with an acceptable safety
profile. PD-L1+ status resulted in higher
responses. No pneumonitis related deaths

Genitourinary malignancies
NCT01375842
MPDL3280A

I

Dose escalation and
dose expansion

Metastatic urothelial
bladder cancer

31

ORR = 50% with treatment response
showing increase in CD8+Ki67+ T cells

Non-small cell lung cancer
NCT01693562
MEDI4736

I

Dose escalation and
dose expansion

Advanced NSCLC

13

ORR = 5/13 patients responded. No
grade 3 pneumonitis observed

a

CR, complete response; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall Survival; PFS, progression-free survival; SAE, serious adverse events.

23 patients with relapsed Hodgkin lymphoma, the ORR
was 87% with a 17% complete response rate [74]. A recent
Phase 2 study in colon cancer showed that immune-related
progression-free survival rates were superior in mismatchdeficient compared to mismatch-proficient colon cancers
(78 vs 11%) [46]. These studies show that these agents are
likely to be effective across a wide variety of malignancies.
Anti-PD-L1 inhibitors in cancer therapy
Antibodies against PD-L1 act by blocking the interaction of
PD-L1 with PD-1 but do not block the interaction of PD-1
with PD-L2. This may help to decrease toxicity since the
PD-1/PD-L2 pathway still plays a role in peripheral tolerance. The three therapeutic monoclonal antibodies against
PD-L1 are BMS-986559 (MDX-1105), MPDL3280A, and
MEDI4736 and are in various phases of clinical trials. We
briefly discuss here the clinical trials with these agents
(Table 2).
BMS-936559 was first tested in a multicenter Phase I
dose-escalation trial (0.3 to 10 mg/kg every 14 days in
6 week cycles) in patients with refractory malignancies
[75], including melanoma, NSCLC, colorectal, renal cell,
ovarian, pancreatic, and breast cancer (n = 207). The median duration of therapy was 12 weeks (range, 2 to 111) and
SAEs occurred in 9% of patients. Patients with melanoma
(9/52), renal cell (2/17), NSCLC (5/49), and ovarian cancer
(1/17) had responses, and half of these responses were
sustained for more than 1 year. It is currently not being
developed as a clinical agent in malignancies despite its
initial promise.
MPDL3280A is a bioengineered anti-PD-L1 antibody
with minimal ADCC and CDC activity. In a Phase I doseescalation trial of advanced solid tumors, no maximum
tolerated dose (MTD) was defined at escalating doses
[76]. The ORR was 21%, 24 week PFS was 44% and
patients with PD-L1-positive tumors had a higher ORR
(39%) than those with negative tumors (13%). Interestingly, there was no grade 3–5 pneumonitis or diarrhea in this
small study, suggesting that the PD-L2 pathway (not
inhibited by the anti-PD-L1 antibodies) could be important
in minimizing toxicity. Further, in a Phase I study of
urothelial cancer MPDL3280A showed significant activity
(ORR 26%) with a good duration of response [77]. Based on

these data, MPDL3208A received breakthrough status for
bladder and NSCLC.
MEDI4736 is an IgG1 monoclonal antibody against PDL1 that is being tested in an ongoing Phase I trial in
NSCLC patients and shows preliminary clinical activity
with a favorable toxicity profile [78]. Based on the Phase I
results, a Phase III trial in patients with locally advanced
NSCLC is being planned.
Concluding remarks
Under physiological conditions the PD-1 pathway is important for maintaining peripheral immune tolerance.
This pathway represents one of the many redundant pathways to prevent inappropriate immune responses. Such
redundant coinhibitory pathways are exploited by tumors
and chronic viral infections to cause T cell exhaustion,
Box 1. Outstanding questions
Biomarkers of response
 Although therapies targeting PD-1 and PD-L1 are highly effective
when they work, their current response rates leave much to be
desired. Understanding what factors determine if a patient will
respond is a crucial next step to advancing the use of these
therapies. Predictors of response to immune checkpoint inhibitors
could be related to tumor-associated factors or host factors. Tumor
expression of PD-L1, specific mutations in the tumor, and the
presence of tumor antigen-specific T cells are all examples of
potential biomarkers currently being assessed. For example, PDL1 expression will likely be a useful biomarker because patients
with PD-L1 expression appear to have a higher response to anti-PD1 therapy than those without [34]. In a retrospective analysis, NRAS
mutant melanoma had a higher response rate to anti-PD-1 therapy
[39]. CD8+, PD-1+, and PD-L1+ cells in the tumor margins correlate
with response to anti-PD-1 therapy in melanoma [34]. A highly
restricted TCR repertoire also correlated positively with responses.
In NSCLC, higher nonsynonymous mutational burden leading to
increased neoantigens was associated with better responses to
pembrolizumab [79]. Similarly, mismatch repair-deficient colon
cancers which have a higher somatic mutational burden responded better to anti-PD-1 therapy [46]. In summary, there are
clearly a variety of factors that control whether a patient will
respond well to these therapies. Current and future work will
address what these markers are and their relative importance. This
work will be important not only for guiding therapeutic choices in
patient treatment but also for finding strategies to enhance responses in patients treated with these drugs.
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which results in tumor immune evasion and decreased
viral clearance. Recent therapeutic advances targeting this
pathway have met with good success in human cancers.
More importantly, these treatments can provide durable
responses. It remains to be seen whether combinatorial
approaches with radiation, chemotherapy, other coinhibitory antibodies, or vaccines can improve the response rate
in cancers. Predictive biomarkers need to be developed to
identify short- and long-term responders to immunotherapy (Box 1). Different cancers may result in different mechanisms of PD-1/PD-L1 expression, and hence a single
biomarker may not be useful across all tumor types. Tumor-related factors include specific oncogenic pathway
activations, mutational burden, and PD-L1 expression,
while host factors could be the presence of prior infections
or vaccinations. Bioinformatics and immunogenetic
approaches will be necessary to identify relevant tumorassociated antigens to which cytotoxic T cells respond or
maintain response after immune checkpoint inhibitors.
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