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Melanoma is the most serious form of skin cancer.
Metastatic melanoma historically carries a poor prognosis and
until recently there have been few effective agents available
to treat widely disseminated disease. Recognition of the
immunogenic nature of melanoma has resulted in the
development of various immunotherapeutic approaches,
especially with regards to the programmed cell death 1 (PD-
1) receptor and its ligand (PD-L1). Antibodies targeting the
PD-1 axis have shown enormous potential in the treatment of
metastatic melanoma. Here, we will review the immune basis
for the disease and discuss approved immunotherapeutic
options for advanced melanoma, as well as the current state
of development of PD-1 and PD-L1 antibodies and their
importance in shaping the future of melanoma treatment.

Introduction

The immune system is a complex and dynamic assemblage
that functions to detect and destroy pathogens and neoplasms
while preserving host health. In order to maintain this balance,
the immune system has complex feedback and feedforward loops
to ensure that is it primed to attack at the right place and the
right time. A rapidly evolving understanding of these mecha-
nisms of immunity and of cancer biology have formed the basis
for a revolution in systemic therapies for melanoma. Melanoma
is the most fatal form of skin cancer, and historically there were
few effective treatments for advanced disease. The identification
of driver oncogenes and immune checkpoints has ushered us
away from traditional cytotoxic chemotherapy-based regimens
and into a new era of targeted therapies and immunotherapies.
In routine clinical practice now are drugs inhibiting the mitogen-
activated protein kinase (MAPK) pathway and cytotoxic T-lym-
phocyte-associated antigen 4 (CTLA-4), and most recently the
programmed death 1 (PD-1) receptor. Targeting the PD-1 recep-
tor ligands (PD-L1, PD-L2) has also shown promise in ongoing

clinical trials. The success of the anti-CTLA-4 and anti-PD-1
drugs highlights the promise of immune checkpoint inhibitors in
treating melanoma, and trials are underway to investigate new
classes of drugs as well as combinations of these drugs. Here, we
review the basis for the mechanism of action of immunotherapy,
and focus on the state of development of drugs targeting the PD-
1 axis that may further improve patient outcomes in melanoma.

The tumor microenvironment and T cell activation
The initial study of cancer immunobiology focused on the

role of the immune system in the recognition and inhibition of
cancer growth.1 The immune system recognizes foreign antigens
but also maintains an inventory of self antigens, editing out self-
reactive T cell clones and thus preserving immune homeostasis.
Cancer growth generates novel antigens which, in the adaptive
cellular immune response, are taken up by antigen presenting
cells (APCs). These antigens are degraded into peptides which
are loaded onto major histocompatibility (MHC) molecules to
form peptide-MHC complexes. The APCs then travel from the
site of cancer formation into regional draining lymph nodes,
where they are scanned by na€ıve T cells for peptide-MHC com-
plexes that may have complementary interactions with its T cell
receptor and associated CD3 complexes (TCR-CD3). If an
appropriate complementary complex is engaged, the T cell may
be activated and traffic back to the cancer site to destroy the can-
cer cells expressing those antigens. If the cancer is to avoid eradi-
cation by the immune system, it must find some way to escape
this cycle of immune surveillance and destruction.2 Cancer cells
under pressure to develop immune resistance have comman-
deered a set of immune checkpoints to disarm attacking T cells,
checkpoints which under normal circumstances function to pre-
vent autoimmunity. To better understand this process, we must
first understand in more detail the process by which T cells
become activated.

The paradigm for T cell activation is a 2-signal model that was
proposed more than 30 y ago.3 Signal 1 occurs upon the interac-
tion of TCR-CD3 with the peptide-MHC complex. Signal 2
derives from costimulatory signals. If signal 1 occurs in isolation,
a state of anergy results, which may be an important mechanism
by which the immune system maintains T cell tolerance and
avoids autoimmunity.4 With regards to signal 2, the precise
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manner in which costimulation converts anergy to activation is
unknown. However, a potent costimulatory interaction between
CD28 on T cells and CD80 (B7) on APCs is thought to trigger
IL-2 production and hence T cell proliferation.

The signals described above are positive regulatory signals
directed toward the induction of a specific effector T cell
response to ensure the elimination of foreign and aberrant patho-
gens. However, in parallel to this positive signaling loop is an
important negative regulatory signaling system that serves to turn
off T cell activation.5 It can be imagined that once a pathogen is
eliminated, there is a compelling functional reason to turn off a
prolonged tissue-damaging immune response. One of the best
described families of negative immune checkpoints is the B7:
CD28 family.

The B7:CD28 family includes CTLA-4 (also known as
CD152), PD-1 (CD279), and its ligands PD-L1 (B7-H1;
CD274) and PD-L2 (B7-DC; CD273). Cancer cells have been
shown to appropriate these inhibitory immune checkpoints to
escape immune surveillance and destruction.6 Fortunately, drugs
have been developed to combat these mechanisms and have been
shown to be effective against melanoma. Although the bulk of
current drug development is centered around the PD-1 axis, the
CTLA-4 axis is notable for being the first target of immunother-
apy in melanoma and thus warrants discussion here, especially
given its continued relevance in combination with anti-PD-1
therapy.

CTLA-4 and ipilimumab
The costimulatory signal 2 required for T cell activation is

typically generated when CD28 on the surface of the T cell binds
to the B7–1/B7–2 ligand on the APC. After activation, T cells
upregulate and translocate CTLA-4 molcules to the cell surface,
which bind B7 with a higher avidity than CD28.7 CTLA-4 is
thus a CD28 homolog induced on activated T cells8 which suc-
cessfully outcompetes CD28 and generates an inhibitory signal
via its immunoreceptor tyrosine-based inhibitory motif (ITIM)
with the TCR to inhibit IL-2 secretion and T cell proliferation.
The biological function of this axis is most clearly demonstrated
in knockout mice.9 These CTLA4 ¡/- mice developed a severe,
fatal multiorgan autoimmune process due to an uncontrolled
immune response. This pre-clinical work led to the development
of ipilimumab, a fully human monoclonal antibody targeting
CTLA-4. Ipilimumab received regulatory approval in the United
States and in Europe in 2011 and in Canada in 2012 based on
the results of a pivotal phase III trial showing significantly
increased overall survival (OS) in melanoma patients who
received ipilimumab (3 mg/kg) compared to those who received
glycoprotein 100 (gp100) vaccine alone. Median OS was 10.0
versus 6.4 months (HR 0.68) in patients who received ipilimu-
mab plus gp100 vs. gp100 alone, and 10.1 versus 6.4 months in
patients who received ipilimumab alone vs. gp100 alone (HR
0.66).10 Objective response rate (ORR) was also significantly
improved in both groups treated with ipilimumab compared to
gp100 alone (5.7 and 10.9% versus 1.5%, respectively). A second
phase III trial randomized melanoma patients to ipilimumab
(10 mg/kg) plus dacarbazine or placebo plus dacarbazine.11

Median OS was found to be significantly increased in patients
assigned to the ipilimumab plus dacarbazine arm (11.2 vs. 9.1
months), at the cost of a higher incidence of grade 3 and 4 toxic-
ities, especially with immune-related adverse effects (38 versus
4%), most commonly diarrhea and colitis, hepatotoxicity, and
dermatitis.

Ipilimumab is currently approved for the treatment of unre-
sectable or metastatic melanoma at 3 mg/kg every 3 weeks for 4
doses. Although this drug can induce durable and prolonged
response in patients with advanced melanoma, it is notable that a
minority of patients achieve complete response. Response rates to
ipilimumab remain comparable to chemotherapy at around 10%.
The PD-1 agents, however, have much improved rates of response
as well as durability of response in patients with advanced
melanoma.

PD-1 and its ligands
PD-1 is an immune inhibitory receptor that was first

described by Japanese researchers in 1992.12 Its name of pro-
grammed death 1 derives from its isolation by subtractive hybrid-
ization of a T cell hybridoma undergoing programmed cell death.
The PD-1 receptor protein is encoded by the Pdcd1 gene, which
is located on chromosome 1 in mice and chromosome 2 in
humans. The protein is composed of 288 amino acids and has a
globular extracellular domain (Ig), a 20 amino acid transmem-
brane domain and an intracellular domain of about 95 amino
acids containing a immunoreceptor tyrosine-based inhibitory
motif (ITIM) and also an immunoreceptor tyrosine-based switch
motif (ITSM) that allows binding of adapter molecules with
SH2 domains such as the SH2 domain protein IA (SH2DIA).

PD-1 belongs to the CD28 family and is widely expressed by
activated CD4C and CD8C T cells, B cells and myeloid
cells,13,14 in contrast to the more restricted expression of CD28
and CTLA-4 (predominantly on T cells).

To date, 2 ligands for the PD-1 receptor have been identified;
PD-L1 and PD-L2. PD-L-1 was described in 2000.15 It is a 290
amino acid transmembrane protein encoded by the CD274 gene,
which is located on mouse chromosome 19 and human chromo-
some 9. Inflammatory stimulation induces PD-L1 expression on
many types of haematopoietic cells (professional and non-profes-
sional APCs) and nonhematopoietic cells (parenchymal cells of
heart, placenta, lung). The second ligand for PD-1, PD-L2, was
described in 2001.16 This transmembrane protein is encoded by
the Pdcd1lg2 gene, located near the CD274 gene. While PD-L1
is widely expressed in many types of tissues, PD-L2 expression is
restricted to professional APCs.17

Like the CTLA-4 pathway, the PD-1 pathway attenuates T
cell response by regulating overlapping signaling proteins that are
part of the immune checkpoint pathway. However, while the
CTLA-4 axis regulates T cell activation, PD-1 regulates effector
T cell activity in response to infection or tumor progression.
Interaction between PD-1 and its ligands triggers a number of
inhibitory signals through the recruitment of SHP phosphatases
to the ITSM of the cytoplasmic tail of PD-1. SHP-2 binding to
the ITSM motif, in particular, is critical for PD-1 induced inhi-
bition of the TCR. In this manner, the major role of PD-1 is to

3112 Volume 10 Issue 11Human Vaccines & Immunotherapeutics



regulate effector T cell activity and maintain self-tolerance; given
the pattern of expression of the PD-1 ligands, PD-L1 dampens T
cell function in peripheral tissues while PD-L2 appears to regu-
late immune T cell activation in lymphoid organs.

Tumor immunity and the PD-1 pathway
While tumors frequently express novel or aberrant patterns of

antigen expression, effective clearance of tumors by T cells is
uncommon and interaction between PD-1 and its ligands has
been shown to be an escape mechanism to create tumor toler-
ance. The level of PD-L1 expression may provide the basis to pre-
dict which tumor types may be most likely to respond to drugs
targeting the PD-1 axis. Tumors of several histologic types have
been shown to express PD-L1; melanoma, however, is highly
immunogenic as shown by its historical response to interferon
alfa18 and interleukin 2.19 High levels of PD-L1 expression in
melanoma have been correlated with poorer prognosis.20 Drugs
targeting the PD-1 axis have shown significant clinical activity in
melanoma, leading to ongoing development of drugs in this area.
Here, we will review completed and ongoing studies of anti-PD-
1 agents for melanoma.

PD-1 antibodies
Two monoclonal antibodies targeting PD-1, nivolumab and

pembrolizumab, have shown significant clinical activity in
advanced melanoma. Further investigations of these drugs in
combinations as well as several other PD-1 antibodies are in
development (Table 1).

Nivolumab (BMS-936558, MDX-1106, ONO-4538) is a
fully human IgG4 monoclonal antibody against PD-1. The
results of the first-in-human trial with an anti-PD-1 agent, evalu-
ating its safety and tolerability in a cohort of 39 patients with
advanced refractory solid tumors, were published in 2010.21

Results of a larger phase 1 trial enrolling 296 patients,22 includ-
ing 107 with melanoma,23 have since been published. A multi-
dose regimen was tested, with doses ranging from 0.1 to 10 mg/
kg given once every 2 weeks on a 8-week treatment cycle.
An overall response rate of 31% was seen in patients with mela-
noma, though notably as high as 41% in the 3 mg/kg group
(n D 17). Median progression free survival (PFS) was 3.7 months
(9.7 months in the 3 mg/kg group), median duration of response
in 33 responding patients was 24 months (17.3 months in 3 mg/
kg), and median overall survival (OS) was 16.8 months (20.3
months in 3 mg/kg). With regards to safety, common adverse
events (AEs) of any grade were fatigue (32%), rash (23%) and
diarrhea (18%), with 22% of patients experiencing grade 3 to 4
AEs. There were no drug-related deaths in the melanoma
patients, although there were 3 deaths in the overall patient pop-
ulation associated with pneumonitis (occurring in 2 patients with
non-small cell lung cancer and one with colorectal cancer). Based
on the improved efficacy of the 3 mg/kg dose and the lack
of a definitive relationship between nivolumab dose and toxicity,
the 3 mg/kg dose has been selected for further investigation in
late stage trials.

Pembrolizumab (MK-3475, lambrolizumab) is a humanized
monoclonal IgG4 antibody against PD-1. The initial phase 1
study evaluating pembrolizumab enrolled 135 patients with

Table 1. Selected completed and ongoing clinical trials of anti-PD-1 for melanoma or including melanoma

Clinical Trials No. Phase Treatment Regimen Population Status

NCT00441337 1 Nivolumab Advanced solid tumors Completed21

NCT00730639 1b Nivolumab Advanced solid tumors Active, not recruiting22,23

NCT 01714739 1 NivolumabC lirilumab (anti-KIR) Advanced solid tumors Recruiting
NCT01024231 1 NivolumabC ipilimumab Melanoma Ongoing, not recruiting29

NCT01176461 1 NivolumabCmultiple class 1 peptides and
montanide ISA 51 VG

Melanoma Ongoing, not recruiting

NCT01176474 1 NivolumabCmultiple class 1 peptides and
montanide ISA 51 VG

Melanoma Recruiting

NCT01621490 1 Nivolumab vs. nivolumab C ipilimumab vs.
ipilimumab

Melanoma Recruiting

NCT01968109 1 Anti-LAG-3 (BMS-986016) C/- nivolumab Advanced solid tumors Recruiting
NCT00836888 1 Nivolumab Advanced solid tumors Ongoing, not recruiting
NCT01629758 1 NivolumabC interleukin-21 Advanced solid tumors Ongoing, not recruiting
NCT01927419 2 NivolumabC ipilimumab vs. ipilimumab Melanoma Ongoing, not recruiting
NCT01783938 2 Sequential nivolumab and ipilimumab Melanoma Ongoing, not recruiting
NCT01721772 3 Nivolumab vs. dacarbazine Melanoma Ongoing, not recruiting
NCT1844505 3 NivolumabC/- ipilimumab vs. ipilimumab Melanoma Ongoing, not recruiting
NCT01721746 3 Nivolumab vs. dacarbazine or

carboplatin/paclitaxel after ipilimumab
Melanoma Ongoing, not recruiting

NCT01721772 3 Nivolumab vs. dacarbazine Melanoma Ongoing, not recruiting
NCT01840579 1 Pembrolizumab Advanced solid tumors Recruiting
NCT01295827 1 Pembrolizumab Melanoma, NSCLC Ongoing, not recruiting24,30

NCT01704287 2 Pembrolizumab vs. chemotherapy Melanoma Ongoing, not recruiting
NCT01866319 3 Pembrolizumab vs. ipilimumab Melanoma Ongoing, not recruiting
NCT01435369 2 Pidizilumab (CT-011) Melanoma Completed25

NCT02013804 1 MEDI0680 (AMP-514) Advanced solid tumors Recruiting
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metastatic melanoma and treated them with doses ranging from
2 mg/kg every 3 weeks to 10 mg/kg every 2 weeks. Promising
antitumor activity (response rate of 38% across all doses) and
acceptable safety were noted,24 and the clinical benefit was fur-
ther assessed in a subsequent expansion cohort. In this cohort,
173 patients with progressive, unresectable melanoma and who
had received at least 2 prior doses of ipilimumab were random-
ized to receive pembrolizumab at 2 or 10 mg/kg every 3 weeks.26

ORRs for both dose level groups were 26%. Median PFS was 22
weeks in the 2 mg/kg group, and 14 weeks in the 10 mg/kg
group; estimated Kaplan-Meier PFS rates at 24 weeks were 45
and 37%, respectively. The majority of responses occurred by
week 12, with the median duration of response not yet reached
with a median follow-up of 8 months. Pembrolizumab was well
tolerated and AE profiles were similar between the 2 dose groups.
Drug-related AEs occurred in 82% of patients in both dose
groups; the most common of any grade were fatigue, pruritus,
and rash. Grade 3 or 4 AEs occurred in only 12% of patients,
most commonly fatigue. Grade 3 or 4 immune-mediated adverse
events occurred in only 3 patients: autoimmune hepatitis, macu-
lopapular rash, and pancreatitis. This study is the largest reported
trial of anti-PD-1 treatment in melanoma patients, and the first
reported randomized comparison of an anti-PD-1 agent. Based
on this study, the United States Food and Drug Administration
(FDA) granted accelerated approval to pembrolizumab in Sep-
tember 2014 for use in patients with unresectable or metastatic
melanoma with progressive disease despite treatment with ipili-
mumab and a BRAF inhibitor (if BRAF V600 mutation
positive).

Pidizilumab (CT-011) is a humanized monoclonal IgG1k
antibody against PD-1. Two previous phase 2 studies in lym-
phoma showed clinical activity, thus a phase 2 study to investi-
gate the safety and efficacy of pidilizumab in patients with
metastatic melanoma was reported as an abstract at the ASCO
2014 Annual Meeting.25 103 patients were randomized to 2 dose
levels (1.5 or 6 mg/kg) given every 2 weeks for 27 weeks.
Although ORR was low at 6%, below response rates described in
melanoma with other PD-1 antibodies, OS at 12 months was
65%. There were no significant differences in response rate or
12-month survival rate between the 2 dose levels, or between
those who were ipilimumab na€ıve vs. ipilimumab treated. Treat-
ment was well tolerated. Trials investigating the use of

pidizilumab in other histologic tumor types (including pancre-
atic, prostate, and renal cell cancers) are ongoing.

PD-L1 antibodies
Two phase 1 trials of PD-L1 antibodies have demonstrated

promising activity in advanced melanoma, albeit with generally
lower response rates than PD-1 antibodies.

BMS-936559/MDX-1105 is a high-affinity, fully human,
PD-L1-specific, immunoglobulin (Ig) G4 monoclonal antibody
that inhibits the binding of PD-L1 to PD-1. Initial results from a
phase 1 trial enrolling 207 patients with advanced solid tumors
(including 55 with melanoma) demonstrated durable tumor
regression (ORR of 6 to 17%) and prolonged disease stabilization
(rates of 12 to 41% at 24 weeks). Of the 52 evaluable patients
with melanoma, there were 9 objective responses and 3 achieved
a complete response. Immune-related adverse events were
observed in 39% of all patients, with grade 3 or 4 events noted in
9%. Events of note included colitis and infusion reactions.
MPDL3280A is a human monoclonal antibody with an engi-
neered Fc-domain targeting PD-L1. Initial results from a phase 1
study of 171 patients with advanced solid tumors showing an
ORR of 21%.26 PFS at 24 weeks was 44%. Patients with PD-
L1-positive tumors showed an ORR of 39% and a progressive
disease (PD) rate of 12%, while those with PD-L1-negative
showed an ORR of 13% and a PD rate of 59%. Of all treated
patients, 39% reported grade 3 or 4 adverse events; events noted
include hepatitis, rash and colitis. These initial results were
reported in the American Society of Clinical Oncology (ASCO)
2013 Annual Meeting Abstracts, with additional updates to
follow.

Other anti-PD-L1 drugs (MEDI4736, MSB0010718C) are
being investigated for the treatment of melanoma in early phase
trials (Table 2).

There is one antibody against PD-L2 currently in develop-
ment: AMP-224. A phase 1 dose escalation and expansion trial
investigating AMP-224 as monotherapy in advanced cancers has
been completed and results are pending (Table 3).

Future directions
The PD-1 and PD-L1 antibodies appear to be more active

and less toxic than ipilimumab, most likely due to the more
tumor-specific pathway of immune system activation. Although

Table 2. Selected ongoing clinical trials of anti-PD-L1 for melanoma or including melanoma

Clinical Trials No. Phase Treatment Regimen Population Status

NCT02027961 1/2 MEDI4736C dabrafenib C trametinib, or trametinib alone Melanoma Recruiting
NCT01693562 1/2 MEDI4736 Advanced solid tumors Recruiting
NCT01938612 1 MEDI4736 Advanced solid tumors Recruiting
NCT01975831 1 MEDI4736C tremelimumab Advanced solid tumors Recruiting
NCT01656642 1b MPDL3280A C vemurafenib Melanoma Recruiting
NCT01375842 1 MPDL3280A Solid tumors or hematological malignancies Recruiting26

NCT01633970 1 MPDL3280A C bevacizumab and/or with chemotherapy Advanced solid tumors Recruiting
NCT01988896 1 MPDL3280A C cobimetinib Advanced solid tumors Recruiting
NCT01772004 1 MSB0010718C Solid tumors Recruiting
NCT01943461 1 MSB0010718C Advanced solid tumors Recruiting
NCT00729664 1 BMS-936559/MDX1105 Advanced or recurrent solid tumors Ongoing, not recruiting31
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results of head-to-head trials comparing anti-PD-1 and anti-PD-
L1 vs. ipilimumab have not yet been reported, immune-related
AEs also seem to be less prevalent than those reported for ipili-
mumab. Given the distinct activity and toxicity profiles of the
PD-1 axis drugs and ipilimumab, it would be logical to combine
these immunotherapies with other, less toxic systemic therapies
or even with each other. Indeed, trials of nivolumab and ipilimu-
mab given concurrently or sequentially are underway (Table 1).
Data reported in July 2013 from a phase 1 trial of concurrent or
sequential nivolumab and ipilimumab, in which 53 patients were
given concurrent therapy, and 33 patients were given sequenced
therapy. Concurrent therapy consisted of nivolumab and ipili-
mumab every 3 weeks for 4 doses, followed by nivolumab mono-
therapy every 3 weeks for 4 doses. Sequenced therapy consisted
of patients previously treated with ipilimumab who then received
nivolumab every 2 weeks for up to 48 doses. In the concurrent
cohort, response rate across all dose levels was 40%. This activity
was notable for the rapid and deep responses observed; responses
often occurred by the time of first assessment at 12 weeks, and 1-
year survival was 82%. Of note, toxicities were similar to those
reported with ipilimumab monotherapy: 53% of patients
reported grade 3 or 4 toxicities, most commonly asymptomatic
elevations in aminotransferase and lipase. Pneumonitis and renal
abnormalities were also reported, and 21% of patients discontin-
ued treatment due to toxicities. In the sequenced groups,
response rate across 2 dose levels of nivolumab was 20%, and was
seen in patients with and without prior response to ipilimumab.
Similar to the nivolumab monotherapy trial, grade 3 or 4 toxicity
was 18%. Results from a phase 3 trial investigating nivolumab
concurrent versus sequential ipilimumab are forthcoming.

The more tumor-specific pathway of immune activation with
the PD-1 drugs has also resulted in efforts to find a potential bio-
marker to predict response. Tumor expression of PD-L1 may be
a potential candidate: data from the initial nivolumab trial sug-
gested that a lack of PD-L1 expression was associated with a lack
of response. Nine of 25 patients with PD-L1 expression had
treatment response, whereas zero of 17 patients that did not
express PD-L1 showed lack of response. 22 Subsequent data sug-
gested that metastatic melanoma patients who lacked PD-L1
expression their tumor could still respond to PD-1/PD-L1 inhib-
tion, albeit at a lower rate. 26,27,28

While these results showed the utility of PD-L1 staining, this
may not yet be useful at the individual patient level since patients
with PD-L1 negative tumors can have responses to treatment.
Ongoing clinical trials that have collected pre-treatment tumor
biopsies will be useful in future assessment of PD-L1 expression
and correlations with tumor response.

To summarize, the existence of an adaptive immune response
in melanoma is suggested by the tremendous clinical success of
antibodies targeting the PD-1/PD-L1 axis. While this has revo-
lutionized the treatment strategy for patients with advanced
melanoma and has certainly influenced management strategies
for other tumor types, there remains much work to be done.
The median overall survival of patients with metastatic mela-
noma remains relatively short, and new drug combinations and
development of new drugs are crucial to continued improve-
ment in patient outcomes. Over the next few years, sequential
and synchronous combinations of immunotherapies and tar-
geted agents are poised to transform the landscape of melanoma
treatment.

Disclosure of Potential Conflicts of Interest

K.T. has no conflicts of interest to declare. A.D. is the recipi-
ent of grants from Bristol-Myers Squibb, Genentech, Merck and
Roche, as well as consulting fees/honoraria from Merck and
Roche.

References

1. The concept of immunological surveillance. [Prog Exp
Tumor Res. 1970] - PubMed - NCBI [Internet]. [cited
2014 Oct 23]; Available from: http://www.ncbi.nlm.
nih.gov/pubmed/4921480?dopt=Abstract&holding=
f1000,f1000m,isrctnucsflib%26tool%3Dcdl%26otool
%3Dcdlotool

2. Strausberg RL. Tumor microenvironments, the
immune system and cancer survival. Genome Biol
2005; 6:211; PMID:15774034; http://dx.doi.org/
10.1186/gb-2005-6-3-211

3. Babcock SK, Gill RG, Bellgrau D, Lafferty KJ.
Studies on the two-signal model for T cell activa-
tion in vivo. Transplant Proc 1987; 19:303-6;
PMID:3103279

4. Tsushima F, Yao S, Shin T, Flies A, Flies S, Xu H, Tam-
ada K, Pardoll DM, Chen L. Interaction between B7-H1
and PD-1 determines initiation and reversal of T-cell
anergy. Blood 2007; 110:180-5; PMID:17289811;
http://dx.doi.org/10.1182/blood-2006-11-060087

5. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1
and its ligands in tolerance and immunity. Annu Rev
Immunol 2008; 26:677-704; PMID:18173375; http://

dx.doi.org/10.1146/annurev.immunol.26.021607.
090331

6. Chen DS, Mellman I. Oncology meets immunology:
the cancer-immunity cycle. Immunity 2013; 39:1-10;
PMID:23890059; http://dx.doi.org/10.1016/j.
immuni.2013.07.012

7. Wolchok JD, Hodi FS, Weber JS, Allison JP, Urba WJ,
Robert C, O’Day SJ, Hoos A, Humphrey R, Berman
DM, et al. Development of ipilimumab: a novel
immunotherapeutic approach for the treatment of
advanced melanoma. Ann N Y Acad Sci 2013; 1291:1-
13; PMID:23772560; http://dx.doi.org/10.1111/
nyas.12180

8. Krummel MF, Allison JP. Pillars article: CD28 and
CTLA-4 have opposing effects on the response of T
cells to stimulation. J Exp Med 1995. 182: 459-465. J
Immunol 2011; 187:3459–65; PMID:7543139;
http://dx.doi.org/10.1084/jem.182.2.459

9. Hwang KW, Sweatt WB, Mashayekhi M, Palucki DA,
Sattar H, Chuang E, Alegre M-L. Transgenic expres-
sion of CTLA-4 controls lymphoproliferation in IL-2-
deficient mice. J Immunol 2004; 173:5415-24;
PMID:15494488; http://dx.doi.org/10.4049/
jimmunol.173.9.5415

10. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sos-
man JA, Haanen JB, Gonzalez R, Robert C, Schaden-
dorf D, Hassel JC, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. N
Engl J Med 2010; 363:711-23; PMID:20525992;
http://dx.doi.org/10.1056/NEJMoa1003466

11. Robert C, Thomas L, Bondarenko I, O’Day S, Weber
J, Garbe C, Lebbe C, Baurain J-F, Testori A, Grob J-J,
et al. Ipilimumab plus dacarbazine for previously
untreated metastatic melanoma. N Engl J Med 2011;
364:2517-26; PMID:21639810; http://dx.doi.org/
10.1056/NEJMoa1104621

12. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced
expression of PD-1, a novel member of the immuno-
globulin gene superfamily, upon programmed cell
death. EMBO J 1992; 11:3887-95; PMID:1396582

13. Okazaki T, Chikuma S, Iwai Y, Fagarasan S, Honjo T.
A rheostat for immune responses: the unique properties
of PD-1 and their advantages for clinical application.
Nat Immunol 2013; 14:1212-8; PMID:24240160;
http://dx.doi.org/10.1038/ni.2762

14. Sharpe AH, Freeman GJ. The B7-CD28 superfamily.
Nat Rev Immunol 2002; 2:116-26; PMID:11910893;
http://dx.doi.org/10.1038/nri727

Table 3. Clinical trial of anti-PD-L2 including melanoma

Clinical
Trials No. Phase

Treatment
Regimen Population Status

NCT01352884 1 AMP-224 Advanced solid tumor,
cutaneous T cell
lymphoma

Completed

www.landesbioscience.com 3115Human Vaccines & Immunotherapeutics

http://www.ncbi.nlm.nih.gov/pubmed/4921480?dopt=Abstract&holding=f1000,f1000m,isrctnucsflib%26tool%3Dcdl%26otool%3Dcdlotool
http://www.ncbi.nlm.nih.gov/pubmed/4921480?dopt=Abstract&holding=f1000,f1000m,isrctnucsflib%26tool%3Dcdl%26otool%3Dcdlotool
http://www.ncbi.nlm.nih.gov/pubmed/4921480?dopt=Abstract&holding=f1000,f1000m,isrctnucsflib%26tool%3Dcdl%26otool%3Dcdlotool
http://www.ncbi.nlm.nih.gov/pubmed/4921480?dopt=Abstract&holding=f1000,f1000m,isrctnucsflib%26tool%3Dcdl%26otool%3Dcdlotool
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/


15. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T,
Nishimura H, Fitz LJ, Malenkovich N, Okazaki T,
Byrne MC, et al. Engagement of the Pd-1 Immunoin-
hibitory Receptor by a Novel B7 Family Member Leads
to Negative Regulation of Lymphocyte Activation. J
Exp Med 2000; 192:1027-34; PMID:11015443;
http://dx.doi.org/10.1084/jem.192.7.1027

16. Latchman Y, Wood CR, Chernova T, Chaudhary D,
Borde M, Chernova I, Iwai Y, Long AJ, Brown JA,
Nunes R, et al. PD-L2 is a second ligand for PD-1 and
inhibits T cell activation. Nat Immunol 2001; 2:261-8;
PMID:11224527; http://dx.doi.org/10.1038/85330

17. Yamazaki T, Akiba H, Iwai H, Matsuda H, Aoki M,
Tanno Y, Shin T, Tsuchiya H, Pardoll DM, Okumura
K, et al. Expression of programmed death 1 ligands by
murine T cells and APC. J Immunol 2002; 169:5538-
45; PMID:12421930; http://dx.doi.org/10.4049/
jimmunol.169.10.5538

18. Kirkwood JM, Strawderman MH, Ernstoff MS, Smith
TJ, Borden EC, Blum RH. Interferon alfa-2b adjuvant
therapy of high-risk resected cutaneous melanoma: the
Eastern Cooperative Oncology Group Trial EST 1684.
J Clin Oncol 1996; 14:7-17; PMID:8558223

19. Rosenberg SA, Yang JC, Topalian SL, Schwartzen-
truber DJ, Weber JS, Parkinson DR, Seipp CA, Ein-
horn JH, White DE. Treatment of 283 consecutive
patients with metastatic melanoma or renal cell cancer
using high-dose bolus interleukin 2. JAMA 1994;
271:907-13; PMID:8120958; http://dx.doi.org/
10.1001/jama.1994.03510360033032

20. Hino R, Kabashima K, Kato Y, Yagi H, Nakamura M,
Honjo T, Okazaki T, Tokura Y. Tumor cell expression
of programmed cell death-1 ligand 1 is a prognostic fac-
tor for malignant melanoma. Cancer 2010; 116:1757-
66; PMID:20143437; http://dx.doi.org/10.1002/
cncr.24899

21. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus
J, Sharfman WH, Stankevich E, Pons A, Salay TM,

McMiller TL, et al. Phase I study of single-agent anti-
programmed death-1 (MDX-1106) in refractory solid
tumors: safety, clinical activity, pharmacodynamics,
and immunologic correlates. J Clin Oncol 2010;
28:3167-75; PMID:20516446; http://dx.doi.org/
10.1200/JCO.2009.26.7609

22. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN,
Smith DC, McDermott DF, Powderly JD, Carvajal
RD, Sosman JA, Atkins MB, et al. Safety, Activity, and
Immune Correlates of Anti–PD-1 Antibody in Cancer.
New Engl J Med 2012; 366:2443-54;
PMID:22658127; http://dx.doi.org/10.1056/
NEJMoa1200690

23. Topalian SL, Sznol M, McDermott DF, Kluger HM,
Carvajal RD, Sharfman WH, Brahmer JR, Lawrence
DP, Atkins MB, Powderly JD, et al. Survival, durable
tumor remission, and long-term safety in patients with
advanced melanoma receiving nivolumab. J Clin Oncol
2014; 32:1020-30; PMID:24590637; http://dx.doi.
org/10.1200/JCO.2013.53.0105

24. Hamid O, Robert C, Daud A, Hodi FS, Hwu W-J,
Kefford R, Wolchok JD, Hersey P, Joseph RW, Weber
JS, et al. Safety and tumor responses with lambrolizu-
mab (anti-PD-1) in melanoma. N Engl J Med 2013;
369:134-44; PMID:23724846; http://dx.doi.org/
10.1056/NEJMoa1305133

25. Atkins MB, Kudchadkar RR, Sznol M, McDermott
DF, Lotem M, Schachter J, Wolchok JD, Urba WJ,
Kuzel T, Schuchter LM, et al. Phase 2, multicenter,
safety and efficacy study of pidilizumab in patients with
metastatic melanoma. J Clin Oncol [Internet] 2014
[cited 2014 Oct 27]; 32:5s. Available from: http://
meetinglibrary.asco.org/content/131463-144; PMID:;
http://dx.doi.org/10.1200/JCO.2014.56.5424

26. Herbst RS, Gordon MS, Fine GD, Sosman JA, Soria J-
C, Hamid O, Powderly JD, Burris HA, Mokatrin A,
Kowanetz M, et al. A study of MPDL3280A, an engi-
neered PD-L1 antibody in patients with locally

advanced or metastatic tumors. ASCO Meeting
Abstracts 2013; 31:3000

27. Callahan MK, Horak CE, Curran MA, Hollman T,
Schaer DA, Yuan J, Lesokhin AM, Kitano S, Hong Q,
Ariyan CE, et al. Peripheral and tumor immune corre-
lates in patients with advanced melanoma treated with
combination nivolumab (anti-PD-1, BMS-936558,
ONO-4538) and ipilimumab. J Clin Oncol [Internet]
2013 [cited 2014 Oct 27]; 31. Available from: http://
meetinglibrary.asco.org/content/113277-132; PMID:

28. Daud A, Hamid, Omid, Ribas, Antoni. Antitumor
activity of the anti-PD-1 monoclonal antibody MK-
3475 in melanoma(MEL): Correlation of tumor PD-
L1 expression with outcome. AACR Presentation
Abstract CT104 2014

29. Wolchok JD, Kluger H, Callahan MK, Postow MA,
Rizvi NA, Lesokhin AM, Segal NH, Ariyan CE, Gor-
don R-A, Reed K, et al. Nivolumab plus Ipilimumab
in Advanced Melanoma. New Engl J Med 2013;
369:122-33; PMID:23724867; http://dx.doi.org/
10.1056/NEJMoa1302369

30. Robert C, Ribas A, Wolchok JD, Hodi FS, Hamid O,
Kefford R, Weber JS, Joshua AM, Hwu W-J, Gangad-
har TC, et al. Anti-programmed-death-receptor-1
treatment with pembrolizumab in ipilimumab-refrac-
tory advanced melanoma: a randomised dose-compari-
son cohort of a phase 1 trial. Lancet 2014; 384:1109-
17; PMID:25034862; http://dx.doi.org/10.1016/
S0140-6736(14)60958-2

31. Brahmer JR, Tykodi SS, Chow LQM, Hwu W-J,
Topalian SL, Hwu P, Drake CG, Camacho LH, Kauh
J, Odunsi K, et al. Safety and activity of anti-PD-L1
antibody in patients with advanced cancer. N Engl J
Med 2012; 366:2455-65; PMID:22658128; http://dx.
doi.org/10.1056/NEJMoa1200694

3116 Volume 10 Issue 11Human Vaccines & Immunotherapeutics

http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://meetinglibrary.asco.org/content/131463-144
http://meetinglibrary.asco.org/content/131463-144
http://dx.doi.org/
http://meetinglibrary.asco.org/content/113277-132
http://meetinglibrary.asco.org/content/113277-132
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/

