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A B S T R A C T

Recent breakthroughs in the treatment of advanced melanoma are based on scientific advances in
understanding oncogenic signaling and the immunobiology of this cancer. Targeted therapy can
successfully block oncogenic signaling in BRAFV600-mutant melanoma with high initial clinical re-
sponses, but relapse rates are also high. Activation of an immune response by releasing inhibitory
check points can induce durable responses in a subset of patients with melanoma. These advances
have driven interest in combining both modes of therapy with the goal of achieving high response rates
with prolonged duration. Combining BRAF inhibitors and immunotherapy can specifically target the
BRAFV600 driver mutation in the tumor cells and potentially sensitize the immune system to target
tumors. However, it is becoming evident that the effects of paradoxical mitogen-activated protein
kinase pathway activation by BRAF inhibitors in non–BRAF-mutant cells needs to be taken into
account, which may be implicated in the problems encountered in the first clinical trial testing a
combination of the BRAF inhibitor vemurafenib with ipilimumab (anti-CTLA4), with significant liver
toxicities. Here, we present the concept and potential mechanisms of combinatorial activity of targeted
therapy and immunotherapy, review the literature for evidence to support the combination, and
discuss the potential challenges and future directions for rational conduct of clinical trials.

J Clin Oncol 32:2248-2254. © 2014 by American Society of Clinical Oncology

INTRODUCTION

Cancer immunotherapy has gained much interest
because of the promise of long-term disease control,
even in widely metastatic disease, highlighted by the
recent success of immune check point inhibitors and
adoptive cell transfer (ACT) therapy in advanced
melanoma.1-4 There is a relatively low response rate
likely due to cancer cells that developed multiple
mechanisms to evade immune surveillance and sup-
press effector function in the tumor microenviron-
ment.5,6 Therefore, combinatorial strategies to
improve outcome of immunotherapy have been
investigated. Growing evidence has suggested that
oncogene-targeted therapies not only can provide
additive effects but also can sensitize the tumor
cells to immune attacks and improve the effector
function of immune cells. Metastatic melanoma
has served as a prime example to illustrate the
potential combinatorial benefits of targeted ther-
apy and immunotherapy.

BRAF-Targeted Therapy and Cancer

Immunotherapy: Two Active Strategies

in Patients With Melanoma

Approximately 40% of cutaneous meta-
static melanomas have an activating mutation in

BRAFV600 inducing constitutive signaling through
the mitogen-activated protein kinase (MAPK) path-
way, providing the signals for cancer cell prolifera-
tion and survival.7 Vemurafenib and dabrafenib,
two selective BRAF inhibitors targeting this muta-
tion, and the MEK inhibitor trametinib, have been
shown in phase III clinical trials to induce significant
response rates and survival benefit in patients with
unresectable or metastatic BRAFV600 melanoma.8-10

BRAF inhibition is associated with complications of
cutaneous squamous cell carcinomas, which is an
on-target adverse effect resulting from a paradoxical
activation of the MAPK pathway in cells with wild-
type BRAF and strong upstream signaling in the
MAPK pathway11,12 and is of particular relevance
when combined with immunotherapies. Despite the
high response rate with BRAF inhibitors, most pa-
tients progress within a year because of acquired
secondary resistance, mostly through reactivation of
the MAPK pathway13-15; therefore, combined BRAF
and MEK inhibition has emerged as a favorable
strategy preventing these MAPK reactivation mech-
anisms of resistance with decreased toxicities, in-
cluding a lower incidence of secondary cutaneous
squamous cell carcinomas by blocking paradoxical
MAPK activation.16
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Melanomarespondstoseveralmodesofimmunotherapyinasubset
of patients, including high-dose interleukin-2 (IL-2), ACT that uses au-
tologous tumor-infiltrating lymphocytes (TILs) or genetically engineered
T cells against known melanoma tumor antigens such as MART-1 or
NY-ESO-1.17-21 Ipilimumab, a monoclonal antibody that targets inhibi-
tory immune checkpoint protein CTLA-4, was the first agent shown in
phase III clinical trials to have a survival benefit in metastatic melanoma
thatisdurablein10%to20%ofpatients.1,2Conceivably,themainadverse
effectsof ipilimumabareautoimmuneinnature.Morerecently, antibod-
ies blocking the programmed cell death protein 1 (PD-1) or its ligand
(PD-L1), another immune checkpoint pathway that limits the effector
phase of a cytotoxic antitumor response, were shown in phase I trials to
induce a 30% to 50% of responses in patients with melanoma, most of
them being durable, with a reasonably well-tolerated toxicity profile.3,4,22

Furthermore, the combination of nivolumab (anti-PD-1) and
ipilimumab22a was evaluated in a phase I trial and resulted in a response
rate that seems beyond what would be achievable with either agent alone.

However, a significant increase in adverse events was observed in up to
50% of patients. Identifying biomarkers to predict clinical benefit to these
immunotherapies has been challenging. In one series, an increased abso-
lute lymphocyte count after two cycles of ipilimumab was correlated with
asignificantlyimprovedclinicalbenefitrateandmedianoverallsurvival.23

A retrospective study of the phase I nivolumab trial suggested that PD-L1
expression level might be a predictive marker for anti-PD-1 activities,
given that none of the patients without PD-L1 expression had a clinical
response to nivolumab.3 However, because of the small cohorts and lack
of standards of positive expression, these biomarkers have to be validated
in prospective trials before they can be incorporated into clinical practice
or before patients can be selected to use these therapies.

How BRAF Inhibitors and Immunotherapy May Have

Combinatorial Effects

There is great excitement in the melanoma research commu-
nity about combination treatment with BRAF inhibitors and
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Fig 1. Effects of BRAF inhibitors on melanoma and immune cells. Melanoma tumor cells with a BRAFV600E mutation experience a decrease in oncogenic
mitogen-activated protein kinase (MAPK) pathway signaling when treated with a BRAF inhibitor, evidenced by phosphorylation of ERK (pERK). (A) In lymphocytes, the
exposure to a BRAF inhibitor instead leads to a paradoxical activation of the MAPK pathway and increased phosphorylated ERK (pERK). (B) BRAF inhibitor therapy in
melanoma cells has been reported to increase melanoma antigen expression and T-cell recognition directly or indirectly. (C) Chronic exposure to BRAF inhibitors has
been shown to upregulate the surface expression of the immune checkpoint ligand (PD-L1) of programmed death receptor-1 (PD-1). (D) The tumor microenvironment
(macrophages, tumor-associated fibroblasts [TAFs]) can be modulated by BRAF inhibitors to enhance the immune response. IL, interleukin; PD-1, programmed death
receptor-1; MDSC, myeloid-derived suppressor cell; MEKi, MEK inhibitor; TCR, T-cell receptor; TIL, tumor-infiltrating lymphocyte; TNF-�, tumor necrosis factor alpha;
Tyr, tyrosinase; VEGF, vascular endothelial growth factor.

BRAF Inhibition and Immunotherapy for Melanoma

www.jco.org © 2014 by American Society of Clinical Oncology 2249



immunotherapy, with the seemingly double bonus effect of BRAF
inhibitors to specifically target driver mutation in the tumor cells and
sensitize the immune system to target tumors. The anticipation of
benefits from such a combination are based on the clinically validated
individual activity of both modes of therapy, the potentials for com-
bining without limiting overlapping toxicities, the scientific rationale
of potential benefits, and the supportive evidence from preclinical
models (Figs 1 and 2 and Tables 1 and 2).

Potential Mechanisms of Combinatorial Effects

Increased antigen expression. Upregulation of the expression of
melanocyte differentiation antigens such as MART-1, gp100, and ty-
rosinase, or class I major histocompatibility complex molecule induc-
tion by BRAF-mutant melanoma cells on exposure to BRAF inhibitors
have been described by several studies in both human melanoma cell
lines24,25 and patients’ tumor biopsies.26 MEK inhibitors were also
found to increase melanocyte differentiation antigen expression in
both BRAF-mutant and wild-type melanoma cells.24,27 The increase in
melanosomal antigen expression follows increased MITF-M levels in
several cell lines, in accordance with blockade of the BRAF and MAPK
activity,41 leading to improved antigen-specific T-cell recognition.24,29

These observations suggest that both BRAF and MEK inhibitors can
increase the expression of melanoma tumor antigens, and the addition
of MEK inhibition to BRAF inhibition does not compromise, and may
augment, the increased antigen presentation by the tumor cells. Inter-
estingly, in reported cases, melanoma antigen expression was signifi-
cantly decreased at the time of progression on BRAF inhibitors26

accompanied by downregulation of MITF,30 and it was restored when
subsequent combined BRAF and MEK inhibitors were given. Another
possibility leading to increased tumor antigen presentation would be

that tumor antigens from dying melanoma cells were picked up by
host antigen-presenting cells and were cross presented to T cells. This
would incriminate an immunogenic mechanism of cell death on
BRAF inhibition. At this time, however, there is no experimental or
human sample data to support that this is happening when using
BRAF inhibitors.

Improved lymphocyte homing and function. An increased num-
ber of TILs was observed in early tumor biopsies of patients treated
with BRAF inhibitors,26,30,31 in particular CD8� (but not CD4�) T
cells.26 The CD8� T-cell increase has been further characterized by
sequencing the highly variable complementarity-determining region
3 (CDR3) of rearranged T-cell receptor (TCR) � chain-coding genes.
Data showed an increase in clonality after BRAF inhibition and a
better response in those patients who had a high proportion of pre-
existing dominant TCR clones.32 This suggests that the T-cell infiltrate
may not be a passive event; instead, it may be an antigen-driven
recruitment into regressing tumors. On disease progression when
using BRAF inhibitors, there was a decrease in TILs, which was re-
stored with initiation of combined BRAF and MEK inhibition. Con-
versely, an inducible BRAF-mutated melanoma mouse model found
decreased TILs after BRAF inhibitor treatment.42 By using a different
approach with a syngeneic fully immunocompetent mouse model of
melanoma, it has been demonstrated that the synergistic effect of
vemurafenib and ACT was not by increase of melanoma antigen
expression or TIL infiltration, but by increased function of T cells,
likely through paradoxical activation of the MAPK pathway in T cells
by vemurafenib (Fig 2).34,35,42a

Effects of BRAF and MEK Inhibition on

Tumor Microenvironment

Mutated BRAF signaling controls multiple oncogenic programs,
including evasion of the immune system through the production of
immune suppressive factors. BRAF blockade could decrease these
immune suppressive factors and therefore improve the tumor mi-
croenvironment, making it more permissible to T-cell infiltration.
Perhaps the first evidence showing a link of the MAPK pathway and
immune evasion in melanoma was that MEK inhibition and RNA
interference for BRAFV600E could decrease production of the immu-
nosuppressive soluble factors IL-6, IL-10, and vascular endothelial
growth factor (VEGF).28 When introducing mutant BRAF into mela-
noma cells with wild-type BRAF, an increased IL-1 expression has
been observed, which can be downregulated by BRAF inhibitors.33

This was shown to be partially attributable to the IL-1–induced up-
regulation of cyclooxygenase-2, PD-L1, and PD-L2 in melanoma
tumor–associated fibroblasts, which in turn suppress the proliferation
and function of melanoma-specific cytotoxic T cells.

PD-1, expressed on the surface of activated T cells, is part of an
immunoglobulin superfamily shown to negatively regulate TCR sig-
naling on engagement of its ligands (PD-L1 and/or PD-L2).43 This
pathway can be hijacked by tumors to suppress immune control.
Although healthy organs express little (if any) PD-L1, a variety of
cancers express abundant levels of PD-L1. PD-L1 can be expressed
constitutively by a subset of melanomas or induced in response to the
exposure to T-cell–released interferons in what has been termed adap-
tive immune resistance.44 When studying tumor samples from pa-
tients treated with BRAF inhibitors with increased T-cell infiltration in
postdosing biopsies, Frederick et al26 noticed increased expression of
T-cell exhaustion markers, including TIM3, PD-1, and PD-L1 by
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Fig 2. Distinct effects on the mitogen-activated protein kinase (MAPK) pathway
signaling by BRAF and MEK inhibitors in BRAF-mutant and BRAF wild-type cells.
(A) In BRAF-mutant melanoma cells, both BRAF inhibitors (BRAFi) and MEK
inhibitors (MEKi) inhibit the MAPK pathway, resulting in increased apoptosis,
tumor antigen expression, and decreased release and/or expression of suppres-
sive cytokines and ligands (eg, interleukin-6, interleukin-10, transforming growth
factor beta, programmed cell death protein 1 ligand). (B) BRAF inhibition in BRAF
wild-type cells that have upstream MAPK signaling results in paradoxical activa-
tion of the MAPK pathway. This phenomenon can increase effector T or natural
killer cell function but also has the potential to lead to exhaustion. Overreacting
T cells could attack normal cells causing autoimmune toxicity. The paradoxical
MAPK activation could also have the potential to increase immune suppressive
cell functions (eg, myeloid-derived suppressor cells, T regulatory cells). (C)
Adding a MEKi to the BRAFi in BRAF wild-type immune cells could decrease
autoimmune toxicity or release of suppressive factors and inhibit immune
suppressive cells. There might be detrimental effects on T-cell functions, but
there is also the potential to balance the overexhausted T cells. P, phosporylation.
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immunohistochemistry, suggesting a potential immune resistance
mechanism. In vitro study of melanoma cell lines showed increased
PD-L1 expression by BRAF inhibitor–resistant melanoma cells, me-
diated by c-JUN and STAT3 signaling, and addition of an MEK inhib-
itor could suppress the surface expression of PD-L1.40 This
downregulation of PD-L1 by MEK inhibition was also observed in
other tumor types,44a,44b providing a rationale for combining MEK
inhibitors and anti-PD-1 and/or anti-PD-L1 immunotherapies.

In the SM1 syngeneic BRAFV600E-mutant mouse model, BRAF
inhibition increased the intratumor ratio of CD8� T cells to T regula-
tory cells and decreased immune suppressive tumor CCL2 expression,
and that antitumor activity depended on the presence of CD8� T cells

and their intact function.36 In addition, significant antitumor activity
was observed with the combination of BRAF inhibitors and anti-
CCL2 or agonistic anti-CD137 antibodies, but not with anti-PD-1,
anti-PD-L1, and anti-TIM3 antibodies. This is likely a result of the
relative immune resistance of this particular animal model and the
clone and schedule of the immunomodulatory antibodies used. Sim-
ilarly, a xenograft model using a BRAFV600E-mutated human mela-
noma cell line transduced with gp100 and H-2D to allow recognition
by gp100-specific pmel-1 T cells was used to assess melanocyte differ-
entiation enhancement of immune responses by BRAF inhibitor
PLX4720.37 It was found that administration of vemurafenib signifi-
cantly increased the tumor infiltration and enhanced the antitumor

Table 1. Preclinical Studies

Reference Design Compounds Results

Sumimoto et al28 In vitro BRAF siRNA/MEKi Decreased immunosuppressive cytokine release with MAPK inhibition
Gray-Schoptfer et al39 In vitro BRAF siRNA/MEKi TNF-� rescues melanoma cell lines from BRAF inhibition.
Boni et al24 In vitro BRAFi/MEKi Increase of MDA (gp100, MART-1, Tyrp-1, Tyrp-2) in cell lines

Increased antigen-specific T-cell recognition
BRAFi does not impair T-lymphocyte function, but MEKi does

Jiang et al40 In vitro BRAFi Increased PD-L1 expression in BRAFi-resistant cell lines
In vitro BRAFi/MEKi/BRAF � MEKi Decreased expression of PD-L1 with synergistic effect of BRAFi � MEKi

Comin-Anduix35 In vitro (PBMCs) BRAFi Preserved viability and function of lymphocytes exposed to BRAFi
Sapkota et al25 In vitro BRAFi BRAFi induces MHC-class I and II in cell lines by IFN-�
Koya et al34 In vitro BRAFi No alteration in MHC and tumor antigen expression with vemurafenib

In vivo BRAFi � ACT Improved antitumor response with combined treatment
No increase in TILs or distribution in combined therapy
Increased activation of TILs when exposed to vemurafenib

Liu et al37 In vivo BRAFi � ACT Improved antitumor response with combined treatment
Increase of tumor adoptively transferred TILs when combined treatment
Decreased immunosuppressive VEGF cytokine in tumors treated with BRAFi

Knight et al36 In vivo BRAFi Increased CD8/CD4 ratio and NK cells
Improved antitumor activity with BRAFi is dependent on CD8� T cells

In vivo BRAFi � anti-CD137 Improved antitumor activity with BRAFi combined with CD137, but not
anti-CTLA4, Tim3, or anti-PD-1

Hooijkas et al42 In vivo BRAFi � CTLA4 Decreased frequency of immune cells after BRAFi, not restored by CTLA4
blockade

Abbreviations: ACT, adoptive cell transfer; BRAFi, BRAF inhibitor; CTLA-4, receptor on activated T cells �CD152�; IFN-�, interferon gamma; MAPK, mitogen-activated
protein kinase; MDA, melanoma differentiation antigen; MEKi, MEK inhibitor; MHC, major histocompatibility complex; NK, natural killer; PBMC, peripheral blood
mononuclear cell; PD-1, programmed cell death protein 1; PD-L1, PD-1 ligand; siRNA, short interfering RNA; TIL, tumor-infiltrating lymphocyte; TNF-�, tumor
necrosis factor alpha; VEGF, vascular endothelial growth factor.

Table 2. Studies on Clinical Samples

Reference Design Compounds Results

Hong et al42a PBMCs BRAFi No functional alteration in cytokine levels in PBMCs exposed to BRAFi
Boni et al24 Tumor digests BRAFi Increased MDA (gp100, MART-1, Tyrp-1, Tyrp-2) in tumor digests
Frederick et al26 Tumor biopsies BRAFi BRAF � MEKi Increased MDA (gp100, MART-1, Tyrp-1, Tyrp-2) after BRAFi

Increased CD8� T-cell infiltration, not in CD4� following BRAFi
Decreased immunosuppressive cytokines, but increased T-cell exhaustion

markers and PD-L1 after BRAFi
Decreased MDA and CD8� infiltration with progression; rescued through MEKi

Wilmott et al31 Tumor biopsies BRAFi Increased infiltration by CD4� and CD8� lymphocytes following BRAFi
Long et al30 Tumor biopsies BRAFi Increased infiltration of TILs in early duration and decrease on disease

progression. No changes in MITF in early duration, but decreased
expression on disease progression

Cooper et al32 Tumor biopsies BRAFi Increased clonality of TILs infiltrating tumor after BRAFi
Better response in patients who had a high proportion of preexisting dominant

clones

Abbreviations: BRAFi, BRAF inhibitor; MDA, melanoma differentiation antigen; MEKi, MEK inhibitor; PBMC, peripheral blood mononuclear cell; PD-L1, programmed
cell death protein 1 ligand; TIL, tumor-infiltrating lymphocyte.
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activity of adoptively transferred T cells in vivo. In addition, this
increased TIL infiltration was primarily mediated by the ability of
vemurafenib to inhibit melanoma tumor cell production of VEGF by
reducing the binding of c-myc to the VEGF promoter. Furthermore,
analysis of human melanoma biopsies before and during BRAF inhib-
itor treatment showed downregulation of VEGF consistent with the
preclinical model.37

POTENTIAL LIMITATIONS OF COMBINING BRAF-TARGETED
THERAPY AND IMMUNOTHERAPY FOR MELANOMA

Despite the theoretical promise, the consequences of the combination
of BRAF inhibitors with immunotherapies, especially the long-term
effects, are uncertain. For example, the paradoxical activation of cells
with wild-type BRAF, although they can improve the functionality of
T cells to target tumor, could also increase autoimmune toxicities or
conversely potentiate the function of immune suppressive cells such as
myeloid-derived suppressor cells and T regulatory cells in the tumor
microenvironment (Fig 1). Indeed, the first experience in the clinic
combining ipilimumab and vemurafenib has shown significant hep-
atotoxicity, leading to the discontinuation of the trial by the spon-
sors.46 The pathologic basis of this increased hepatotoxicity is
currently unclear, but it may be related to the paradoxical MAPK
activation by BRAF inhibitors in liver-resident cells with wild-type
BRAF.11 In another study, patients who were treated with vemu-
rafenib after progression on ipilimumab were found to have a signif-
icantly higher incidence of grade 3 skin rash that was not responsive to
corticosteroids than did patients who were exposed to vemurafenib
alone, suggesting that ipilimumab may predispose patients to skin

reactions with vemurafenib.45 ACT approaches with TILs or gene-
modified T cells provide highly tumor-specific targeting, which could
theoretically circumvent the autoimmune toxicity associated with
combinations based on checkpoint blockade.

MEK inhibitors, given their MAPK inhibition in cells with and
without a BRAF mutation, and the aforementioned potential of
immunosensitization (upregulated tumor antigen, antigen presen-
tation, T-cell homing to the tumor, and suppressed PD-L1 expres-
sion in melanoma tumors24,26) serve as a rational addition to the
combination of BRAF inhibitor and immunotherapy to improve
the toxicity and potentiate the immune effector function (Fig 2).
Conversely, an MEK inhibitor could dampen immune cell effector
functions, thus negating the potential benefits of combination with
immunotherapies. In one in vitro study,24 impaired T-cell prolif-
eration and functions were reported with MEK inhibition, al-
though the concentrations of MEK inhibitors tested in that study
were relatively high (up to 100 �mol/L). Alternatively, when com-
bined with the BRAF inhibitors, MEK inhibitors might balance the
potential overreacting effector cells to avoid exhaustion.

IMPLICATIONS FOR CLINICAL TRANSLATION OF TARGETED
THERAPY AND IMMUNOTHERAPY COMBINATIONS

A series of early-stage clinical trials have been initiated that combine
BRAF inhibitors, with or without MEK inhibitors, with immunother-
apies. The tested immunotherapies include high-dose IL-2, high-dose
interferon alfa, and the anti-CTLA4 antibody ipilimumab, along with
combinations with PD-1 and PD-L1 blocking antibodies and with
ACT therapy (Table 3). It will be of great interest to evaluate the effects

Table 3. Ongoing Clinical Studies

Clinical Trial Name NCT No. Status Phase Intervention

Systemic Therapy With Interferon, Interleukin-2 and BRAF
Inhibitor

NCT01603212 Recruiting I/II Vemurafenib � IL-2 � interferon alpha-2b

Safety and Efficacy Study of Vemurafenib and High-dose
Interferon Alfa-2b in Melanoma

NCT01943422 Active I/II Vemurafenib � high-dose interferon alfa-2b

Vemurafenib With Lymphodepletion Plus Adoptive Cell
Transfer & High Dose IL-2 Metastatic Melanoma

NCT01659151 Recruiting II Vemurafenib � lymphodepletion � ACT with TIL
infusion � high-dose interleukin-2

Ph I Ipilimumab Vemurafenib Combo NCT01400451 Active I Vemurafenib � ipilimumab (BMS-734016)
Combined BRAF-Targeted Therapy and Immunotherapy for

Melanoma
NCT01754376 Recruiting II Vemurafenib � aldesleukin

Ipilimumab With or Without Dabrafenib and/or Trametinib in
Treating Patients With Melanoma That is Metastatic or
Cannot Be Removed By Surgery

NCT01940809 Recruiting I Arm 1: ipilimumab
Arm 2: ipilimumab � dabrafenib
Arm 3: ipilimumab � trametinib
Arm 4: ipilimumab � dabrafenib � trametinib

Vemurafenib and White Blood Cell Therapy for Advanced
Melanoma

NCT01585415 Recruiting I Vemurafenib � lymphodepletion � drug: Young TIL �
aldesleukin

Ipilimumab and Imatinib Mesylate in Advanced Cancer NCT01738139 Recruiting I Imatinib mesylate � ipilimumab
A Phase 1b Open Label, Dose Escalation Study of PLX3397

in Combination With Vemurafenib in V600-mutated
BRAF Melanoma

NCT01826448 Recruiting I Vemurafenib � PLX3397

A Phase 1b Study of MPDL3280A (an Engineered Anti
PD-L1 Antibody) in Combination With Vemurafenib
(Zelboraf) in Patients With Previously Untreated
BRAFV600-Mutation Positive Metastatic Melanoma

NCT01656642 Recruiting I Vemurafenib � MPDL3280A

Phase II Safety Study of Vemurafenib Followed by
Ipilimumab in Subjects With V600 BRAF Mutated
Advanced Melanoma

NCT01673854 Recruiting II Vemurafenib for 6 weeks followed by switch to
ipilimumab (sequential)

Abbreviations: ACT, adoptive cell transfer; BMS, Bristol-Myers Squibb; IL-2, interleukin-2; PD-L1, programmed cell death protein 1 ligand; TIL, tumor-
infiltrating lymphocyte; Young TIL, short-term cultured tumor-infiltrating lymphocytes.
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of these combinations in the clinic. Despite the well-rooted rationale
for combining selective BRAF inhibitors and immunotherapy to im-
prove outcome of patients with BRAFV600-mutant metastatic mela-
noma, there are several caveats that need to be considered. The dosing
schedule of such combinations needs to be carefully studied for po-
tential differential effects for each intervention. For example, when
combining vemurafenib and anti-CD137 antibody in a syngeneic
BRAF-mutant mouse model, starting BRAF inhibitor first or concur-
rently with immunotherapy was found to be superior.36 Consider-
ation also needs to be given to the potential adverse effects of the
combinations and exploration of alternative dosing regimens. For
example, intermittent schedules of BRAF inhibitor–based therapy
could make it more tolerable when combined with immunotherapy,
decreasing the paradoxical MAPK activation, which might be the
main contributor to the significant toxicity encountered in the first
combination trial in the clinic.46 The rationale for intermittent regi-
mens with BRAF inhibitors is further supported by preclinical data in
which the development of acquired resistance to BRAF inhibitors was
delayed with intermittent therapy.47 There is the possibility that im-
mune cells can decrease the sensitivity of melanoma cells to BRAF
inhibitors by triggering melanoma cell dedifferentiation through tu-
mor necrosis factor alpha38 and decrease activity of the BRAF inhibi-
tors with one potential mechanism of increased tumor necrosis factor
alpha production.39 Therefore, the possibility of adverse effects in-
cluding a potential decrease in response rates to the BRAF inhibitor
must be considered with combination therapy using a BRAF inhibitor
and immunotherapy. Finally, triple combination with the addition of
an MEK inhibitor should be carefully assessed. Despite the potential
adverse effects of MEK inhibitors on immune cells, MEK inhibitors
could decrease toxicities from paradoxical MAPK activation with
BRAF inhibitors.

In conclusion, there is a growing body of evidence to support the
combinatorial approaches that merge the significant response rate of

BRAF inhibitor–based targeted therapy with the unique ability of
immunotherapy to achieve long-term durable responses in patients
with advanced melanoma. However, the potential adverse effects of
such combinations including increased autoimmune toxicities and
interference with the individual antitumor activities need to be con-
sidered when translating to the clinic. The first priority in these clinical
trials is to understand how the combination therapy affects the im-
mune system and how the cancer cells are modulated. Patient-derived
clinical data should be collected and analyzed in accordance with the
preclinical model system to make this determination.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST

Although all authors completed the disclosure declaration, the following
author(s) and/or an author’s immediate family member(s) indicated a
financial or other interest that is relevant to the subject matter under
consideration in this article. Certain relationships marked with a “U” are
those for which no compensation was received; those relationships marked
with a “C” were compensated. For a detailed description of the disclosure
categories, or for more information about ASCO’s conflict of interest policy,
please refer to the Author Disclosure Declaration and the Disclosures of
Potential Conflicts of Interest section in Information for Contributors.
Employment or Leadership Position: None Consultant or Advisory
Role: Antoni Ribas, Roche Genentech (C), Amgen (C), Merck (C),
GlaxoSmithKline (C), Novartis (C) Stock Ownership: None Honoraria:
None Research Funding: None Expert Testimony: None Patents,
Royalties, and Licenses: None Other Remuneration: None

AUTHOR CONTRIBUTIONS

Administrative support: Antoni Ribas
Manuscript writing: All authors
Final approval of manuscript: All authors

REFERENCES

1. Hodi FS, O’Day SJ, McDermott DF, et al:
Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med 363:711-723,
2010

2. Robert C, Thomas L, Bondarenko I, et al:
Ipilimumab plus dacarbazine for previously un-
treated metastatic melanoma. N Engl J Med 364:
2517-2526, 2011

3. Topalian SL, Hodi FS, Brahmer JR, et al:
Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med 366:2443-2454,
2012

4. Brahmer JR, Tykodi SS, Chow LQ, et al:
Safety and activity of anti-PD-L1 antibody in patients
with advanced cancer. N Engl J Med 366:2455-
2465, 2012

5. Gajewski TF: Failure at the effector phase:
Immune barriers at the level of the melanoma tumor
microenvironment. Clin Cancer Res 13:5256-5261,
2007

6. Kerkar SP, Restifo NP: Cellular constituents of
immune escape within the tumor microenviron-
ment. Cancer Res 72:3125-3130, 2012

7. Gray-Schopfer V, Wellbrock C, Marais R: Mel-
anoma biology and new targeted therapy. Nature
445:851-857, 2007

8. Chapman PB, Hauschild A, Robert C, et al:
Improved survival with vemurafenib in melanoma
with BRAF V600E mutation. N Engl J Med 364:
2507-2516, 2011

9. Hauschild A, Grob JJ, Demidov LV, et al:
Dabrafenib in BRAF-mutated metastatic melanoma:
A multicentre, open-label, phase 3 randomised con-
trolled trial. Lancet 380:358-365, 2012

10. Flaherty KT, Robert C, Hersey P, et al: Im-
proved survival with MEK inhibition in BRAF-
mutated melanoma. N Engl J Med 367:107-114,
2012

11. Su F, Viros A, Milagre C, et al: RAS mutations
in cutaneous squamous-cell carcinomas in patients
treated with BRAF inhibitors. N Engl J Med 366:207-
215, 2012

12. Oberholzer PA, Kee D, Dziunycz P, et al: RAS
mutations are associated with the development of
cutaneous squamous cell tumors in patients treated
with RAF inhibitors. J Clin Oncol 30:316-321, 2012

13. Trunzer K, Pavlick AC, Schuchter L, et al:
Pharmacodynamic effects and mechanisms of resis-
tance to vemurafenib in patients with metastatic
melanoma. J Clin Oncol 31:1767-1774, 2013

14. Shi H, Hugo W, Kong X, et al: Acquired
resistance and clonal evolution in melanoma during
BRAF inhibitor therapy. Cancer Discov 4:80-93,
2014

15. Van Allen EM, Wagle N, Sucker A, et al: The
genetic landscape of clinical resistance to RAF inhi-

bition in metastatic melanoma. Cancer Discov 4:94-
109, 2014

16. Flaherty KT, Infante JR, Daud A, et al: Com-
bined BRAF and MEK inhibition in melanoma with
BRAF V600 mutations. N Engl J Med 367:1694-
1703, 2012

17. Cipponi A, Wieers G, van Baren N, et al:
Tumor-infiltrating lymphocytes: Apparently good for
melanoma patients—But why? Cancer Immunol Im-
munother 60:1153-1160, 2011

18. Rosenberg SA, Yang JC, Topalian SL, et al:
Treatment of 283 consecutive patients with met-
astatic melanoma or renal cell cancer using high-
dose bolus interleukin 2. JAMA 271:907-913,
1994

19. Atkins MB, Lotze MT, Dutcher JP, et al:
High-dose recombinant interleukin 2 therapy for
patients with metastatic melanoma: Analysis of 270
patients treated between 1985 and 1993. J Clin
Oncol 17:2105-2116, 1999

20. Rosenberg SA, Yang JC, Sherry RM, et al:
Durable complete responses in heavily pretreated
patients with metastatic melanoma using T-cell
transfer immunotherapy. Clin Cancer Res 17:4550-
4557, 2011

21. Hunder NN, Wallen H, Cao J, et al: Treatment
of metastatic melanoma with autologous CD4� T
cells against NY-ESO-1. N Engl J Med 358:2698-
2703, 2008

BRAF Inhibition and Immunotherapy for Melanoma

www.jco.org © 2014 by American Society of Clinical Oncology 2253



22. Hamid O, Robert C, Daud A, et al: Safety and
tumor responses with lambrolizumab (anti-PD-1) in
melanoma. N Engl J Med 369:134-144, 2013

22a. Wolchok JD, Kluger H, Callahan MK, et al:
Nivolumab plus ipilimumab in advanced melanoma.
N Engl J Med 369:122-133, 2013

23. Ku GY, Yuan J, Page DB, et al: Single-
institution experience with ipilimumab in advanced
melanoma patients in the compassionate use set-
ting: Lymphocyte count after 2 doses correlates
with survival. Cancer 116:1767-1775, 2010

24. Boni A, Cogdill AP, Dang P, et al: Selective
BRAFV600E inhibition enhances T-cell recognition
of melanoma without affecting lymphocyte func-
tion. Cancer Res 70:5213-5219, 2010

25. Sapkota B, Hill CE, Pollack BP: Vemurafenib
enhances MHC induction in BRAFV600E homozy-
gous melanoma cells. Oncoimmunology 2:e22890,
2013

26. Frederick DT, Piris A, Cogdill AP, et al: BRAF
inhibition is associated with enhanced melanoma
antigen expression and a more favorable tumor
microenvironment in patients with metastatic mela-
noma. Clin Cancer Res 19:1225-1231, 2013

27. Kono M, Dunn IS, Durda PJ, et al: Role of the
mitogen-activated protein kinase signaling pathway
in the regulation of human melanocytic antigen
expression. Mol Cancer Res 4:779-792, 2006

28. Sumimoto H, Imabayashi F, Iwata T, et al: The
BRAF-MAPK signaling pathway is essential for
cancer-immune evasion in human melanoma cells.
J Exp Med 203:1651-1656, 2006

29. Donia M, Fagone P, Nicoletti F, et al: BRAF
inhibition improves tumor recognition by the im-
mune system: Potential implications for combinato-
rial therapies against melanoma involving adoptive
T-cell transfer. Oncoimmunology 1:1476-1483, 2012

30. Long GV, Wilmott JS, Haydu LE, et al: Effects of
BRAF inhibitors on human melanoma tissue before
treatment, early during treatment, and on progression.
Pigment Cell Melanoma Res 26:499-508, 2013

31. Wilmott JS, Long GV, Howle JR, et al: Selec-
tive BRAF inhibitors induce marked T-cell infiltration
into human metastatic melanoma. Clin Cancer Res
18:1386-1394, 2012

32. Cooper ZA, Frederick DT, Ahmed Z, et al:
Combining checkpoint inhibitors and BRAF-targeted
agents against metastatic melanoma. Oncoimmu-
nology 2:e24320, 2013

33. Khalili JS, Liu S, Rodríguez-Cruz TG, et al:
Oncogenic BRAF(V600E) promotes stromal cell-
mediated immunosuppression via induction of
interleukin-1 in melanoma. Clin Cancer Res 18:5329-
5340, 2012

34. Koya RC, Mok S, Otte N, et al: BRAF inhibitor
vemurafenib improves the antitumor activity of
adoptive cell immunotherapy. Cancer Res 72:3928-
3937, 2012

35. Comin-Anduix B, Chodon T, Sazegar H, et al:
The oncogenic BRAF kinase inhibitor PLX4032/
RG7204 does not affect the viability or function of
human lymphocytes across a wide range of concen-
trations. Clin Cancer Res 16:6040-6048, 2010

36. Knight DA, Ngiow SF, Li M, et al: Host immu-
nity contributes to the anti-melanoma activity of
BRAF inhibitors. J Clin Invest 123:1371-1381, 2013

37. Liu C, Peng W, Xu C, et al: BRAF inhibition
increases tumor infiltration by T cells and enhances
the antitumor activity of adoptive immunotherapy in
mice. Clin Cancer Res 19:393-403, 2013

38. Landsberg J, Kohlmeyer J, Renn M, et al: Mela-
nomas resist T-cell therapy through inflammation-
induced reversible dedifferentiation. Nature 490:412-416,
2012

39. Gray-Schopfer VC, Karasarides M, Hayward
R, et al: Tumor necrosis factor-alpha blocks apopto-
sis in melanoma cells when BRAF signaling is inhib-
ited. Cancer Res 67:122-129, 2007

40. Jiang X, Zhou J, Giobbie-Hurder A, et al: The
activation of MAPK in melanoma cells resistant to
BRAF inhibition promotes PD-L1 expression that is

reversible by MEK and PI3K inhibition. Clin Cancer
Res 19:598-609, 2013

41. Haq R, Shoag J, Andreu-Perez P, et al: Onco-
genic BRAF regulates oxidative metabolism via
PGC1� and MITF. Cancer Cell 23:302-315, 2013

42. Hooijkaas A, Gadiot J, Morrow M, et al: Se-
lective BRAF inhibition decreases tumor-resident
lymphocyte frequencies in a mouse model of hu-
man melanoma. Oncoimmunology 1:609-617, 2012

42a. Hong D, Vence L, Falchook G, et al: BRAF
(V600) inhibitor GSK218436 targeted inhibition of
mutant BRAF in cancer patients does not impair
overall immune competency. Clin Cancer Res 18:
2326-2335, 2012

43. Fife BT, Pauken KE: The role of the PD-1
pathway in autoimmunity and peripheral tolerance.
Ann N Y Acad Sci 1217:45-59, 2011

44. Pardoll DM: The blockade of immune check-
points in cancer immunotherapy. Nat Rev Cancer
12:252-264, 2012

44a. Yamamoto R, Nishikori M, Tashima M, et al:
B7-H1 expression is regulated by MEK/ERK signal-
ing pathway in anaplastic large cell lymphoma and
Hodgkin lymphoma. Cancer Sci 100:2093-2100,
2009

44b. Berthon C, Driss V, Liu J, et al: In acute
myeloid leukemia, B7-H1 (PD-L1) protection of
blasts from cytotoxic T cells is induced by TLR
ligands and interferon-gamma and can be reversed
using MEK inhibitors. Cancer Immunol Immunother
59:1839-1849, 2010

45. Harding JJ, Pulitzer M, Chapman PB: Vemu-
rafenib sensitivity skin reaction after ipilimumab.
N Engl J Med 366:866-868, 2012

46. Ribas A, Hodi FS, Callahan M, et al: Hepato-
toxicity with combination of vemurafenib and ipili-
mumab. N Engl J Med 368:1365-1366, 2013

47. Das Thakur M, Salangsang F, Landman AS, et
al: Modelling vemurafenib resistance in melanoma
reveals a strategy to forestall drug resistance. Na-
ture 494:251-255, 2013

■ ■ ■

GLOSSARY TERMS

NY-ESO-1: gene coding for antigens recognized on neoplasti-
cally transformed cells T cells; also known as CTAG1B or cancer/
testis antigen 1B.

adoptive cell transfer (ACT): the culture and expansion
of T lymphocytes outside the body and then the infusion of those
lymphocytes into patients for therapeutic purposes.

CTLA4 (CD152): receptor on activated T cells that binds B7
molecules with a higher affinity than CD28, downregulating
T-cell responses by inhibiting CD28 signaling.

immune checkpoint: immune inhibitory pathway that negatively
modulates the duration and amplitude of immune responses. Examples
include the CTLA-4:B7.1/B7.2 pathway, and the PD-1:PD-L1/PD-L2
pathway.

myeloid-derived suppressor cell: immature myeloid cells that
are triggered to proliferate by chronic inflammation. These cells can
suppress both innate and adaptive immune responses.

PD-1: programmed cell death protein 1 (CD279), a receptor expressed
on the surface of activated T, B, and NK cells that negatively regulates
immune responses, including autoimmune and antitumor responses.
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