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Review

Effects of BRAF Mutations and BRAF Inhibition on Immune
Responses to Melanoma

Kristina M. Ilieva1, Isabel Correa1, Debra H. Josephs1,2, Panagiotis Karagiannis1, Isioma U. Egbuniwe1,
Michiala J. Cafferkey1, James F. Spicer2, Mark Harries3, Frank O. Nestle1, Katie E. Lacy1, and
Sophia N. Karagiannis1

Abstract
Malignant melanoma is associated with poor clinical prognosis; however, novel molecular and immune

therapies are now improving patient outcomes. Almost 50% of melanomas harbor targetable activating

mutations of BRAF that promote RAS–RAF–MEK–ERK pathway activation and melanoma proliferation.

Recent evidence also indicates that melanomas bearing mutant BRAF may also have altered immune

responses, suggesting additional avenues for treatment of this patient group. The small molecule inhibitors

selective for mutant BRAF induce significant but short-lived clinical responses in a proportion of patients,

but also lead to immune stimulatory bystander events, which then subside with the emergence of

resistance to inhibition. Simultaneous BRAF and MEK inhibition, and especially combination of BRAF

inhibitors with new immunotherapies such as checkpoint blockade antibodies, may further enhance

immune activation, or counteract immunosuppressive signals. Preclinical evaluation and ongoing clinical

trials should provide novel insights into the role of immunity in the therapy of BRAF-mutant melanoma.

Mol Cancer Ther; 13(12); 2769–83. �2014 AACR.

Therapeutic Approaches for Melanoma
Cutaneous melanoma is an aggressive and potentially

lethal form of skin cancer originating from the malignant
transformation of melanocytes in the basal layer of the
epidermis of the skin. The incidence of malignant mela-
noma has trebledworldwide since the 1970s (1). In 20% of
cases, patients develop locoregional or distant metastases
and historic median survival for those diagnosed with
distant metastases is only 6 to 9 months (2). Treatment
options for malignant melanoma have been limited until
recently. For metastatic disease, chemotherapeutic agents
such as dacarbazine (DTIC) were the standard of care for
over 30 years, but do not significantly improve median
overall survival (OS). Immunotherapy with high-dose
interferon (IFNa2b) is approved in the adjuvant setting
and for resected advanced disease, but suffers from sig-

nificant associated toxicities and only a small portion of
patients derive clinical benefits. Because of associated
severe toxicities, high-dose IL2 is only administered for
stage IV disease in limited numbers of specialized centers
worldwide, with around 5% of the patients achieving
long-term clinical responses (3).

The clinical landscape has been transformed with the
approval of new therapies in the last 2 years, which
include pathway inhibitor drugs and an mAb. Vemura-
fenib, approved by the FDA in 2011, is a kinase inhibitor
selective for the commonest mutant form of the BRAF
kinase (BRAFV600E) designed to target transformation and
proliferation of melanoma cells. Two new pathway inhib-
itor drugs dabrafenib (also an inhibitor of mutant BRAF)
and trametinib (anMEK inhibitor)were approved in 2013.
Vemurafenib, dabrafenib, and trametinib are all associat-
ed with potent, but often short-term responses (4–6).
Ipilimumab, an anti–CTLA-4 (CTL antigen; ref. 4) mAb
blocking a T-cell regulatory pathwaydesigned to promote
activated immunity,was approved in 2011 (7) as a second-
line treatment for advanced melanoma. More recently, it
has been approved for first-line therapy. Ipilimumab
treatment is characterized by durable responses but only
in a minority of patients.

The success of ipilimumab has enhanced appreciation
of the potential of immune responses to influence
patient outcomes. Importantly, emerging studies sug-
gest that BRAF-mutant melanomas and BRAF inhibition
can also alter immune inflammatory mechanisms asso-
ciated with tumors. Here, we review evidence of asso-
ciations between BRAF-mutant melanoma and BRAF

1St. John's Institute of Dermatology, Division of Genetics and Molecular
Medicine and NIHR Biomedical Research Centre at Guy's and St. Tho-
mas's Hospitals and King's College London, London, United Kingdom.
2Department of Research Oncology, Division of Cancer Studies, King's
CollegeLondon,Guy'sHospital, London,UnitedKingdom. 3ClinicalOncol-
ogy, Guy's and St. Thomas's NHS Foundation Trust, Guy's Hospital,
London, United Kingdom.

Corresponding Author: Sophia N. Karagiannis, St. John's Institute of
Dermatology, Division of Genetics andMolecular Medicine, Kings' College
London and NIHR Biomedical Research Centre at Guy's and St. Thomas's
Hospitals and King's College London, Guy's Hospital, Tower Wing, 9th
Floor, London, SE1 9RT, UK. Phone: 44-0-20-7188-6355; Fax: 44-0-20-
7188-8050; E-mail: sophia.karagiannis@kcl.ac.uk

doi: 10.1158/1535-7163.MCT-14-0290

�2014 American Association for Cancer Research.

Molecular
Cancer

Therapeutics

www.aacrjournals.org 2769

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/13/12/2769/2328113/2769.pdf by Kings C
ollege London user on 03 M

ay 2022



© 2014 American Association for Cancer Research

MHC class I

Dying tumor cell

Myeloid-derived

suppressor cell

Tumor cell

T cell

NK cell

Treg

PD-1

PD-L1

CTLA-4

BRAF inhibitor

IL-6, IL-10, VEGF

Melanocyte-

derived antigen

Monoclonal

antibody

Growth factors

Cell membrane

Normal

Nucleus

Before treatment

A

B + BRAF inhibitor

+ Immunotherapy:

Abnormal
(cancer)

Receptor tyrosine kinase

Signal transduction

Dimerization and

activation

Trametinib

BRAF

mut

BRAF

mut

MEK 1/2

Transcription Æ survival
and proliferation

ERK 1/2

Antigen presentation ≠

T-cell infiltration ≠

anti–PD-1,

anti–PD-L1,

anti–CTLA-4,

adoptive T-cell

therapy

MHC class I expression ≠

BRAF

mut
BRAF BRAF

BRAF

RAS

Vemurafenib

Dabrafenib

Mol Cancer Ther; 13(12) December 2014 Molecular Cancer Therapeutics2770

Ilieva et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/13/12/2769/2328113/2769.pdf by Kings C
ollege London user on 03 M

ay 2022



pathway inhibition with immunity and discuss their
potential translational implications, including exploring
the merits of combination strategies to strengthen
immune responses or to counteract tumor-associated
immune escape mechanisms.

Activating Immune Responses
Melanoma elicits immune responses, a notion sup-

ported by clinical and experimental evidence such as
partial regressions in somemelanoma lesions, T-cell infil-
tration in tumors correlatingwith better clinical outcomes,
higher incidence of melanoma in immunosuppressed
individuals, and the discovery of melanoma-specific anti-
gens and spontaneous T-cell and antibody responses
against melanoma-associated antigens in patients (8).
However, immune activation is counteracted by immune
evasion mechanisms orchestrated by tumors on multiple
levels. Thesemay include recruitment of regulatoryT cells
(Treg), secretion of immunosuppressive mediators such
as IL10, VEGF, and TGFb and redirecting T- and B-cell
responses in lesions and the circulation (9–13). Through
reeducating their environment, tumors may recruit
immunosuppressive cells such as Tregs, alternatively
activated (M2d) macrophages and myeloid-derived sup-
pressor cells (MDSC) but also promote exhaustion, reduce
antitumoral functions, and suppressmaturation of impor-
tant immune sentinels such as dendritic cells (DC), CTLs,
and macrophages (14–16).
Various therapeutic strategies have been based on the

premise that immune responses could be directed against
melanoma to restrict tumor growth, if immune escape
mechanisms can be counteracted or neutralized. Immu-
notherapy has made considerable advances in the past
years with a diverse range of "immune potentiators"
developed for therapy. The CTLA-4 and the programmed
cell death 1 (PD-1) are transmembrane proteins on T cells
that transduce inhibitory signals and reduce antigen-spe-
cific T-cell responses. The mAbs ipilimumab and nivolu-
mab bind to CTLA-4 and PD-1, respectively, designed to
reverse these checkpoint mechanisms in T cells (17). In a
phase III trial, ipilimumab treatment at 3 mg/kg doses
resulted in a median OS of 10 months, and of 10.1 months
whengiven in combinationwith a gp100peptide,whereas

the median OS for patients given gp100 treatment alone
was 6.4months (18). In a subsequent phase III trial,OSwith
high-dose ipilimumab (10 mg/kg) plus dacarbazine (11.2
months) was higher than dacarbazine treatment alone (9.1
months). High-dose (up to 10 mg/kg) treatments are
reported to result in 4-year survival rates of 19.7% to
28.4% in previously treated patients, and 37.7% to 49.5%
in treatment-naive patients (19). Ipilimumab treatment 4us
characterized by slowonset but durable response rates in a
proportion of patients. Treatment is also associated with
immune-related toxic side-effects arising from the univer-
sal activation of CTLA-expressing T cells irrespective of
antigen specificity. These toxicities are observed in approx-
imately 50% to 60% of patients and includemainly inflam-
matory skin and gastrointestinal colitis symptoms, which
can be managed with corticosteroid treatment. Despite
associated toxicities and long-termsurvival benefits inonly
subsets of patients, antibodies blocking negative immune
signals via CTLA-4, PD-1, and other molecules (e.g., CD40
and CD137) have demonstrated that it is possible that
clinical benefits could be harnessed with activation of
immunity in the context of cancer. The emergence of such
antibodies has reinvigorated interest in the translation of
cancer immunotherapies to the clinic.

Constitutively Activated BRAF
Melanoma is one of the richest cancers with respect to

mutations per mb of DNA and exhibits a versatile genetic
profile across patients and anatomic locations of tumors
(20). The B-raf gene is mutated in up to 66% of human
malignant melanomas. Its protein product, the BRAF
kinase, is a key player in the RAS–RAF–MEK–ERK pro-
liferative pathway (Fig. 1A),which iswidelydysregulated
in various cancers, including melanoma (21, 22). B-raf–
activatingmutations are located in the kinase domain; this
is also the case for the common amino acid substitution at
position V600E, a valine (V) to a glutamic acid (E), the
mutant form targeted by verumafenib therapy (23, 24). B-
raf–activating mutations may lead to a disrupted confor-
mation of the kinase domain, which dramatically
enhances BRAF activity and leads to constitutive ERK
activation (25). This mechanism was proposed on the
basis of X-ray crystal structure data of the wild-type and
mutant (BRAFV600E) forms of BRAF in their inactive

Figure 1. A, theRAS–RAF–MEK–ERKcellular signaling cascade couples extracellular signals to transcription factors, regulating gene expression. Extracellular
signalmolecules (i.e., growth factors) bind to their respectiveRTKs, which in turn recruit and activate theGTPaseRAS. RASphosphorylates and promotes the
dimerization andactivation of theRAF family (ARAF,BRAF, andCRAF) of protein kinases. ActivatedRAF is responsible for the subsequent signal transmission
through MEK1/2 and ERK1/2 and the transcription of genes involved in cell-cycle regulation. Mutations in the B-raf gene cause disruptions in the kinase
domain and constitutive activation of the BRAF kinase, promoting cell-cycle dysregulation, cell survival, and proliferation. Kinase inhibitors (vemurafenib and
dabrafenib) specific for mutant BRAF result in high response rates but short overall median survival of patients with melanoma due to the emergence of
resistance. MEK inhibitors (e.g., trametinib) constitute a strategy in battling BRAF inhibitor resistance. B, BRAF inhibitor treatment may condition tumor
microenvironments in favor of immune activation. Top left, melanoma tumors may promote conditions contributing to ineffective antitumoral immunity, for
example, infiltration of immunosuppressive cells (e.g., Treg andMDSC); immunosuppressive cytokines (IL6, IL10, andVEGF); reducedMHCclass I and tumor-
specific antigen expression; effector cell exhaustion (e.g., detected by expression of PD-1, CTLA-4 on immune cells and PD-L1 on tumor cells). Top right,
BRAF inhibitors cause tumor cell death, reducing the associated immunosuppressive signals: favoring infiltration of T and NK cells, decreasing
immunosuppressive cells and restoring tumor antigen expression and presentation via MHC class I. Bottom right, BRAF inhibitor treatment may condition
tumor microenvironments in support of immunotherapy: maintain enhanced immune cell activation in adoptive T-cell therapy; counteract T-cell exhaustion
signals with anti–PD-1, anti–PD-L1, anti–CTLA-4 blockers; maintain loss of immunosuppressive elements with anti–CTLA-4 blockade of Treg infiltrates.
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conformations as part of the complex with a nonspecific
BRAF inhibitor (sorafenib). A later study revealed the
crystal structure of BRAFV600E in a complex with a selec-
tive inhibitor in active conformation and suggested anoth-
er model for constitutively activated BRAFV600E. This
model was based on a negatively charged glutamate at
position 600, mimicking the conformation of the phos-
phorylated wild-type protein, which is necessary for
kinase activation (26). This was thought to result in con-
stitutively activated BRAF kinase, which is likely to pro-
mote RAS–RAF–MEK–ERK network-supported prolifer-
ation and tumor growth. This led to the concept that
oncogenic mutations in the RAS–RAF–MEK–ERK path-
way may provide therapeutic opportunities to target the
mutant forms of molecules like BRAFV600E in melanoma
(22).

Treatments with Small Molecule Inhibitors to
BRAF-Mutant Forms

One of the first BRAF inhibitors tested in clinical trials
was sorafenib, a multikinase inhibitor, which does
not distinguish between mutant and wild-type BRAF.
Although combined sorafenib and DTIC treatment
resulted in improved response rates and progression-free
survival (PFS) in early trials, it failed to meet expectations
in a phase III clinical trial when compared with standard
chemotherapy (27, 28). After sorafenib, a new generation
of BRAF inhibitors selective for mutant BRAF was
designed. Vemurafenib, a V600E/K mutation-selective
BRAF inhibitor (Fig. 1A), was approved by the FDA in
2011 and by the European Medicines Agency in 2012. In
the pivotal phase III trial of vemurafenib compared with
DTIC, vemurafenib increased the median OS from 9.6
months forDTIC-treated patients to 13.2months, andwas
associatedwith a response rate of 48%, comparedwith 5%
with standard chemotherapy (DTIC). However, PFS was
only 5.3 months due to the appearance of drug resistance
(29, 30). In an extended follow-up study, the agent was
shown to improve survival for patients with the most
common V600E as well as those with the less common
V600K BRAF-mutant forms (31).

Resistance is thought to be attributed to a number of
factors, including induction of alternative splice variants of
BRAF or de novomutations inNRAS orMEK. Upregulation
of signaling through receptor tyrosine kinases (RTK) in
alternative proliferative pathways such as the PI3K/AKT
pathway is also thought tobeassociatedwithboth innate as
well as acquired resistance (32). In addition, even following
therapy, constitutively active BRAF has been reported to
still activate the MAPK pathway through dimerizing with
CRAF (33–36). BRAF inhibition is also associated with
dermatologic side effects such as skin photosensitivity,
rashes, squamoproliferative lesions, including keratoa-
canthomas and squamous cell carcinomas (SCC) or, more
rarely, de novo primary melanomas and secondary mela-
nomas. Cases of NRAS leukemia and KRAS-mutant colo-
rectal cancer have also been reported (35). These paradox-

ical oncogenic effects of BRAF inhibitor treatment, often
manageable by careful monitoring, are thought to arise
from inhibitor recognition of wild-type BRAF. This may
lead to BRAF–CRAF dimerization along with enhanced
RAS, resulting in MAPK pathway activation. In cells with
either mutant RAS acquired from external stimuli such as
UV exposure or when wild-type RAS is activated through
external growth factor signals, BRAF inhibition may also
support proliferation and migratory properties through
focal adhesion kinase (FAK/ERK) signaling (37).

Dabrafenib, a small molecule BRAFV600E kinase inhib-
itor approved by the FDA in 2013, also acts similarly to
vemurafenib (4), but has a different side-effect profile, in
particular reduced phototoxicity (38). As is the case with
vemurafenib, however, most patients go on to develop
resistance to dabrafenib (median PFS—5.1 months). Tra-
metinib is an MEK1/2 kinase inhibitor that functions
downstream of BRAF in the same pathway, triggering
G1 cell-cycle arrest, apoptosis, and reduced cell prolifer-
ation (39). In a phase III clinical trial, the agent demon-
strated favorable PFS (4.8 months) compared with
dacarbazine (1.5 months) and OS rates of 81% compared
with 67% with dacarbazine (40).

BRAF inhibitors, thus, seem to induce significant
but short-term clinical responses. Clinical trials testing
alternative BRAF inhibitors are also underway (Table 1),
and further in-depth analyses of resistance mechanism
pathways and strategies to counteract these are needed.

Mutant BRAF and Immune Responses
Evidence for immunogenicity of the mutant BRAF
protein in melanoma

Anumber of studies suggest thatmutant forms ofBRAF
may be recognized by host immunity and could be
involved in antitumor immune responses. Ex vivo stimu-
lation of lymphocytes derived from patients with mela-
noma with a synthetic BRAF peptide carrying the V600E
mutation led to the generation of MHC class II–restricted
CD4þ T cells specific for this peptide; these cells recog-
nized tumor cells expressingmutantBRAF (41). Andersen
and colleagues (42) also reported the presence of HLA-
B�2705–restricted CTL responses in the blood of patients
withmelanoma against a syntheticmutant but not against
the wild-type BRAF. Another study reported that stimu-
lationwithBRAFpeptides carrying theV600Emutation in
vitro induced HLA-A�0201–restricted proliferation of T
cells derived from patients with BRAFV600E-positive mel-
anomas, these sensitized T cells were cytotoxic against
BRAFV600E/HLA-A�0201–positive melanoma cells. Fur-
thermore, HLA-A�0201–estricted BRAFV600E peptides
stimulated proliferation of T cells from HLA-A2–positive
patients with BRAFV600E-positive melanoma and cytotox-
icity against BRAFV600E-positive melanoma cells. T cells
from healthy controls and patients with BRAFV600E-neg-
ative lesions did not respond to mutated epitope chal-
lenge (43). As the HLA-A�0201 haplotype is present in
50% of patients with melanoma, vaccination studies
aimed at activating immunity against the mutant
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Table 1. Registered clinical trials in theUnitedStates andEurope forBRAF inhibitors alone or in combination
with alternative kinase inhibitors (selected from the following sources: http://www.clinicaltrials.gov;
http://public.ukcrn.org.uk; https://www.clinicaltrialsregister.eu)

Category Drug/intervention Drug type
Sequence of drug
administration Stage/cancer type Identifier Phase

BRAF

inhibitor

only

RO5212054

(PLX3603)

BRAFV600 kinase

inhibitor

N/Aa Advanced solid tumors NCT01143753 (US) I

LGX818 BRAFV600 kinase

inhibitor

N/Aa Locally advanced or

metastatic melanoma

NCT01436656 (US) I

CEP-32496 BRAFV600E kinase

inhibitor

N/Aa Advanced solid tumors

(phase I) advanced

melanoma and metastatic

colorectal cancer (phase II)

NCT01877811 (US) I/II

RAF265 (CHIR-265) BRAF and

VEGFR-2 inhibitor

N/Aa Locally advanced or

metastatic melanoma

NCT00304525 (US) I/II

LGX818 BRAFV600 kinase

inhibitor

N/Aa Stage IV or unresectable

stage III melanoma

NCT01894672 (US) II

GSK2118436

(dabrafenib)

BRAFV600E/K

kinase inhibitor

N/Aa Metastatic melanoma

to the brain

NCT01266967 (US) II

Vemurafenib BRAFV600 kinase

inhibitor

N/Aa Metastatic melanoma

to the brain

NCT01378975 (US) II

Vemurafenib BRAFV600 kinase

inhibitor

N/Aa Surgically incurable and

unresectable stage IIIC

or stage IV BRAF V600

mutation-positive

melanoma

NCRN324 BRIM-P (UK)

(Pediatric patients) (US)

I

GSK2118436

(dabrafenib)

BRAFV600E/K

kinase inhibitor

N/Aa Previously treated

metastatic (Stage IV)

BRAF V600E/K

mutation-positive

cutaneous melanoma

2009-015297-36 (EU) II

Vemurafenib BRAFV600 kinase

inhibitor

N/Aa High-risk BRAF V600

mutation-positive

cutaneous melanoma

(Stage IIC or III)

after surgical resection

NCRN442 BRIM 8 (UK) III

Vemurafenib BRAFV600 kinase

inhibitor

N/Aa BRAFV600

mutation-positive

unresectable or

metastatic melanoma

NCRN530 ZeSS (UK) IV

BRAF

inhibitor

þ
alternative

kinase

inhibitor

XL281 (1) �
famotidine (2)

Multiple RAF kinase

inhibitor (1)

H2 receptor

antagonist (2)

XL281 administered once daily,

famotidine administered

concomitantly in a single dose

during weeks 2, 3, and 4 of

first cycle of trial

Non–small cell lung

cancer, colorectal

cancer, papillary thyroid

cancer, and melanoma

NCT00451880 (US) I

Vemurafenib (1) þ
GDC-0973

(cobimetinib) (2)

BRAFV600 kinase

inhibitor (1)

MEK1 inhibitor (2)

Vemurafenib—oral

repeated

dose; GDC-0973—oral

repeated dose

Locally advanced/

unresectable or

metastatic melanoma

NCT01271803 (US) I

PLX3397 (1) þ
vemurafenib (2)

RTK inhibitor of KIT,

CSF1R and FLT3 (1)

BRAFV600

inhibitor (2)

PLX3397 administered once

daily; vemurafenib

administered twice daily

Unresectable or

metastatic melanoma

NCT01826448 (US) I

PX-866 (1) þ
vemurafenib (2)

PI-3K inhibitor (1)

BRAFV600 kinase

inhibitor (2)

PX-866 and vemurafenib

coadministered daily in

28-day cycles

BRAF-mutant cancers,

including advanced

melanoma

NCT01616199 (US) I/II

Vemurafenib (1) þ
P1446A-05 (2)

BRAFV600 kinase

inhibitor (1)

cyclin-dependent

kinase 4 (CDK4)

inhibitor (2)

Vemurafenib twice daily;

coadministered with

P1446A-05 once daily

Advanced or inoperable

malignant melanoma

NCT01841463 (US) I/II

(Continued on the following page)
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Table 1.Registered clinical trials in the United States and Europe forBRAF inhibitors alone or in combination
with alternative kinase inhibitors (selected from the following sources: http://www.clinicaltrials.gov;
http://public.ukcrn.org.uk; https://www.clinicaltrialsregister.eu) (Cont'd )

Category Drug/intervention Drug type
Sequence of drug
administration Stage/cancer type Identifier Phase

GSK2141795 (1) þ
dabrafenib (2)

Akt inhibitor (1)

BRAFV600E/K

kinase inhibitor (2)

GSK2141795 once daily

coadministered with

dabrafenib twice daily

on days 1–28

BRAF-mutant cancer,

including recurrent,

stage IIIc and stage IV

melanoma

NCT01902173 (US) I/II

LEE011 (1) þ
LGX818 (2)

CDK 4/6 inhibitor (1)

BRAFV600 kinase

inhibitor (2)

LEE011 administered

once daily for 21 consecutive

days followed by a 7-day

break (28-day cycle);

LGX818 administered once

daily on a continuous dosing

schedule (28-day cycle)

Locally advanced or

metastatic melanoma

NCT01777776 (US) I/II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Dabrafenib administered

twice daily on days 1–28;

Trametinib added on

days 15–28, followed by

surgery on days 28–30

Presurgical model of

advanced, operable

melanoma

NCT01701037 (US) II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Dabrafenib administered

twice daily; trametinib

administered once daily

Metastatic melanoma

that is refractory or

resistant to BRAF

inhibitor

NCT01619774 (US) II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Dabrafenib administered

twice daily; trametinib

administered once daily

Metastatic melanoma

that is refractory or

resistant to BRAF

inhibitor

NCT01619774 II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Dabrafenib administered

twice daily; trametinib

administered once daily;

repeated in 3-week cycles

Unresectable stage III

and stage IV melanoma

NCT01726738 (US) II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Single dose of dabrafenib

alone on day 1; Continuous

repeat doses of trametinib

on days 2–15; second single

dose of dabrafenib administered

concomitantly with trametinib

on day 15; no medication

administered on days 16–28

(washout period)

Metastatic melanoma NCT01072175 (US) II

LGX818 (1) þ
MEK162 (2) vs.

LGX818 (1) þ
LEE011 (3) vs.

LGX818 (1) þ
BGJ398 (4) vs.

LGX818 (1) þ
BKM120 (5) vs.

LGX818 (1) þ
INC280 (6)

BRAFV600

kinase inhibitor (1)

MEK1/2 inhibitor (2)

CDK 4/6 inhibitor (3)

FGFR inhibitor (4)

PI3K inhibitor (5)

c-Met inhibitor (6)

Single agent treatment with

LGX818 followed by "rational

combination" with other

agents following disease

progression on LGX818 alone

Locally advanced or

metastatic melanoma

NCT01820364 (US) II

Dabrafenib (1) þ
trametinib (2)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

Dabrafenib administered

twice daily; trametinib

administered once daily

for 12 months

High-risk melanoma

after surgical resection

NCT01682083 (US) III

Dabrafenib (1) þ
trametinib (2) vs.

dabrafenib (3)

monotherapy

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

BRAFV600E/K

kinase inhibitor (3)

Dabrafenib administered

twice daily; trametinib

administered once daily

Unresectable (stage IIIC)

or metastatic (stage IV)

melanoma

NCT01584648 (US) III

(Continued on the following page)
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Table 1.Registered clinical trials in the United States and Europe forBRAF inhibitors alone or in combination
with alternative kinase inhibitors (selected from the following sources: http://www.clinicaltrials.gov;
http://public.ukcrn.org.uk; https://www.clinicaltrialsregister.eu) (Cont'd )

Category Drug/intervention Drug type
Sequence of drug
administration Stage/cancer type Identifier Phase

LGX818 (1) þ
MEK162 (2) vs.

LGX818 monotherapy vs.

vemurafenib (3)

monotherapy

BRAFV600

kinase

inhibitor (1)

MEK1/2 inhibitor

BRAFV600

kinase inhibitor (3)

LGX818 administered

once daily; MEK162

administered twice daily

Unresectable or

metastatic melanoma

NCT01909453 (US) III

Dabrafenib (1) þ
trametinib (2) vs.

vemurafenib (3)

monotherapy

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

BRAFV600

kinase inhibitor (3)

Dabrafenib administered

twice daily; Trametinib

administered once daily

Unresectable (stage IIIc)

or metastatic (Stage IV)

melanoma

NCT01597908 (US) III

Vemurafenib (1) þ
GDC-0973

(cobimetinib)

(2) vs. vemurafenib

monotherapy

BRAFV600

kinase inhibitor (1)

MEK1 inhibitor (2)

Vemurafenib administered

twice daily on days 1–28

of each 28-day cycle;

GDC-0973 administered

once daily on days 1–21

of each 28-day cycle

Unresectable locally

advanced or metastatic

melanoma

NCT01689519 (US) III

GSK2118436

(dabrafenib)

(1) þ GSK1120212

(trametinib)

(2) vs. GSK2118436

(dabrafenib) þ placebo

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

N/Sb Previously treated

advanced,

unresectable (stage IIIC)

or metastatic (stage IV)

BRAF V600E/K

mutation-positive

cutaneous melanoma

2012-005569-10 (EU) II

LGX818 (1) þ MEK162

(2) vs. LGX818 (1) þ LEE011

(3) vs. LGX818 (1) þ BGJ398

(4) vs. LGX818 (1) þ BKM120

(5) vs. LGX818 (1) þ INC280 (6)

BRAFV600

kinase inhibitor (1)

MEK1/2 inhibitor (2)

CDK 4/6 inhibitor (3)

FGFR inhibitor (4)

PI-3K inhibitor (5)

c-Met inhibitor (6)

N/Sb Locally advanced or

metastatic melanoma

2012-004798-17 (EU);

NCT01820364 (USA)

II

Dabrafenib (1) þ trametinib

(2) vs. vemurafenib

(3) monotherapy

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

BRAFV600

kinase inhibitor (3)

N/Sb Unresectable (stage IIIC)

or metastatic (stage IV)

BRAF V600E/K

mutation-positive

cutaneous melanoma

NCRN423 COMBI-V

(UK - Closed –

in follow-up);

2011-006088-23

(EU - Ongoing)

III

Dabrafenib (1) þ trametinib

(2) vs. placebo

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

N/Sb High-risk BRAF V600E/K

mutation-positive

cutaneous melanoma

after surgical resection

NCRN427 COMBI-AD

(UK - Ongoing);

2012-001266-15

(EU – Ongoing)

III

Vemurafenib (1) þ GDC-0973

(cobimetinib) (2) vs. vemurafenib

monotherapy

BRAFV600

kinase inhibitor (1)

MEK1 inhibitor (2)

N/Sb Previously untreated

BRAFV600

mutation-positive,

unresectable locally

advanced (stage IIIC)

or metastatic (stage IV)

melanoma

NCRN510

CO-BRIM (UK)

III

GSK2118436 (dabrafenib) (1) þ
GSK1120212 (trametinib)

(2) vs. GSK2118436 (dabrafenib)

monotherapy

BRAFV600E/K

kinase inhibitor (1)

MEK I/II inhibitor (2)

N/Sb Unresectable (stage IIIC)

or metastatic (stage IV)

BRAF V600E/K

mutation-positive

cutaneous melanoma

NCRN286 COMBI-d

(UK-Closed –

in follow-up);

2011-006087-49

(EU -Ongoing)

III

LGX818 (1) þ MEK162

(2) vs. LGX818 monotherapy vs.

vemurafenib (3) monotherapy

BRAFV600

kinase inhibitor (1)

MEK1/2 inhibitor

BRAFV600

kinase inhibitor (3)

N/Sb Locally advanced,

unresectable or

metastatic

BRAF V600-mutant

cutaneous melanoma

2013-001176-38 (EU) III

NOTE: Trials are ongoing unless otherwise stated.
aN/A, not applicable.
bN/S, not stated.
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BRAFV600E form in this patient group were suggested. In
concordance with these findings, blocking of the BRAF–
MAPK pathway in BRAF signaling-addicted melanoma
cells in vitro triggered enhanced recognition of tumor
cell antigens by tumor-infiltrating T lymphocytes and
the authors suggested that BRAF blockade and adoptive
T-cell therapies may confer synergistic effects (44).

Taken together, these studies suggest that immune
responses against the mutant form of BRAF may be
present or harnessed in melanoma and that the selective
immunogenicity of the mutant forms may provide the
basis for the development of new strategies to overcome
immunologic tolerance.

BRAF-mutant forms and immune escape
mechanisms

In addition to immunogenic responses against mutated
BRAF, a number of studies suggest that the mutant BRAF
protein kinase may conversely be associated with tumor-
induced immune escape mechanisms. Increased expres-
sion of immunosuppressive mediators (IL6, IL10, and
VEGF) by BRAFV600E melanoma cells has been reported.
These cytokines can promote recruitment of inflammatory
cell subsets such as MDSCs and Tregs in tumor micro-
environments. These effects were reduced through tar-
geted mutant BRAF protein inhibition or through RNAi
strategies, implying that eliminatingmutantBRAF-expres-
sing tumor cells could result in some control of tumor-
associated immunosuppressive signals (45). In addition, it
was demonstrated that under these conditions, BRAFV600E

melanoma cells could impair maturation of DC, and sup-
press their capacity to produce IL12 and TNFa (45).
Another study reported increased transcription of IL1
(IL1a and IL1b) by melanoma cell lines transduced to
express BRAFV600E. IL1a/b-stimulated tumor-associated
fibroblasts could suppress melanoma-specific CTL func-
tions by upregulation of the checkpoint ligand molecules
COX-2, PD-L1, andPD-L2. IL1protein overexpressionwas
reversed by targetedBRAFV600E inhibition both in cell lines
and in tumors from patients treated with the BRAFV600E

inhibitor vemurafenib (46). Although IL1 cytokines play
immunostimulatory as well as immunosuppressive func-
tions in different contexts, these findings suggest that
BRAF inhibition could influence these immune signals in
tumors. Another immunosuppressive effect of mutant
BRAF may relate to the downregulation of MHC class I
molecules by melanoma cells. MHC class I expression is
reduced in A375 melanoma cells overexpressing mutant
BRAFV600E, andMHCclass I and II expression triggered by
IFNg and IFNa2b can be enhanced after BRAF inhibition
with vemurafenib only in homozygous, but not in hetero-
zygous, BRAFV600E-mutant cells (47).

Despite evidence to support that immune responses
against mutant BRAF could be triggered under certain
contexts, associations ofBRAFV600E-expressingmelanoma
cells with immunosuppressive signals indicate that mel-
anomas may use adaptive mechanisms to avoid immune
clearance (Fig. 1B).

Could BRAF inhibitors be toxic to host immunity?
An important question relates to the potential of BRAF

inhibitors to exert toxic effects on immune cells. Several
studies have indicated thatBRAF inhibitors do not appear
to have direct adverse effects on lymphocytes. Comin-
Anduix and colleagues (48) reported that clinical concen-
trations of the BRAFV600E inhibitor vemurafenib, which
are cytotoxic to melanoma cells, do not affect the viability
or function of lymphocytes from healthy donors or from
patients with melanoma. Importantly, there was a signif-
icant gap between the therapeutic concentrations of the
inhibitor and the concentrations needed to observe any
toxic effects of the agent on lymphocytes. In addition,
treatment of different melanoma cells lines and primary
melanoma tumor digests with a selective BRAFV600E

inhibitor resulted in enhanced expression of melanocyte
differentiation antigens, important for immune recogni-
tion (e.g., gp100 andMART-1), while not adversely affect-
ing melanoma patient T-cell function (48–50). Another
study confirmed that a BRAF inhibitor selective for
BRAFV600E, BRAFV600K, and BRAFV600G did not affect
cancer patients’ immunity in relation to a number of
clinical parameters, such as serumcytokine levels, periph-
eral blood mononuclear cell counts and frequencies of
different leukocyte subsets (B cells, T cells, NK cells,
monocytes, DCs, and Tregs; refs. 51). A subsequent study
reported no adverse effects of vemurafenib on cytokine
production by CD4þ and CD8þ T cells in a BRAF wild-
type (BRAFWT) mouse model, and no deleterious effects
on T-cell–mediated antitumoral functions.

However, despite significant evidence to suggest that
BRAF inhibitors do not have a deleterious effect on host
immune cells, Hooijkaas and colleagues (52) reported
some adverse effects of vemurafenib on the immune
response in BRAFV600E-positivemelanomamousemodels.
Treatment was associated with significant decreases in
tumor-infiltrating T cells, natural killer (NK) cells, mono-
cytes, and MDSCs, and infiltration of these cells could not
be rescued by addition of an anti–CTLA-4 antibody. The
same study reported that combination treatments with
anti–CTLA-4 antibodies did not confer additional tumor
restriction above those observed with vemurafenib alone.
The findings may be interpreted as a negative impact of
vemurafenib on immune responses in the local tumor
microenvironment.Analternativeexplanationmaybe that
vemurafenib-induced tumor cell death leads to reduced
immunosuppressive cytokine production and reduced
numbers of immunoregulatory cell infiltrates such as Treg
or MDSCs. The latter may explain the absence of additive
tumor-restrictive effects with anti–CTLA-4 antibody treat-
ment, which is thought to also function by targeting
immune effector cell responses against CTLA-4–expres-
sing tumor-associated Treg (53, 54).

BRAF inhibitor influence on host immune responses
Although BRAF inhibitor drugs are not designed to

directly activate antitumor immune responses, there is
increasing evidence to indicate enhanced antitumor
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immunity with use of these agents and correlation with
clinical responses. Wilmott and colleagues (55) demon-
strate increased CD4þ and CD8þ T-cell infiltration in
melanoma patient biopsies from patients in the early
stages of treatment with vemurafenib and dabrafenib.
Immune cell infiltrate rates in biopsies from patients who
relapsed following treatment resembled thoseobserved in
pretreatment samples, and correlated with the appear-
ance of resistance againstBRAF inhibitor treatment. These
observations imply thatBRAF inhibitors appear to reverse
some tumor-associated immunosuppressive signals and
that the immunostimulatory effects observed with
response to treatments subside with disease progression.
Another study also revealed increases in the frequency of
tumor antigen–specificCD8þT cells andmodest increases
in circulating levels of TNFa associated with BRAFV600

inhibitors (51). Furthermore, BRAFV600E inhibition has
been reported to restorematuration ofDCandproduction
of TNFa and IL12 without any adverse effects on DC
viability or capacity to prime T cells (45, 56). BRAF inhib-
itor treatment of patients with metastatic melanoma
resulted in reduced generation and differentiation of
MDSC, known to be promoted by tumor-induced expres-
sion of immunosuppressive cytokines such as IL6 (57).
In a BRAFV600E/Pten–inducible mouse model of mela-

noma, the immunosuppressive effects of BRAFV600E mel-
anoma tumors were manifested through accumulation of
immunoregulatory cell subsets such as FoxP3þ Tregs
and CD11bþ/Gr-1þ MDSCs, reduced frequencies of
CD4 T cells producing IFNg , TNFa, and IL2 and lower
expression of the costimulatory ligand CD40L (58).
Compromised CD40L–CD40 signaling was linked to
loss of maturation signals necessary for antigen presen-
tation, resulting in concentration of immature DCs, and
of macrophages featuring alternatively activated M2
phenotypes in tumors. BRAFV600E inhibitor treatment
reduced tumor growth and increased CD8 and CD4
T-cell infiltration. Importantly, enhanced expression of
CD40L and production of IFNg by CD4 T cells along
with reduced frequencies of FoxP3þ Tregs were
observed and specific blocking of IFNg and CD40L
signaling were individually shown to impede
BRAFV600E inhibitor effects. These findings support key
contributions of host immunity to BRAF inhibitor func-
tions. In a mouse model of BRAFV600E melanoma,
Vemurafenib treatment decreased expression of the
regulatory chemokine (C-C motif) ligand 2 (CCL2) by
melanoma cells and this was associated with tumor
growth reduction. Reduced tumor growth was associ-
ated with higher NK cell infiltrates and increases in the
CD8þ T cell to Treg ratios in tumors (59). In the same
study, it was shown that combining BRAFV600E-targeted
therapy with antibodies to immune modulatory mole-
cules such as CD137 and CCL2 with could confer addi-
tional benefits in restricting tumor growth and in sup-
pressing de novo tumorigenesis. These findings further
support the notion that activating immunity alongside
pathway inhibition could be beneficial (Fig. 1B).

In summary, some studies suggest that BRAF–MAPK
pathway inhibition may not have a negative impact on
the immune system of patients with cancer, but may
influence host immune responses systemically and in
tumor microenvironments in multiple ways, counter-
acting immunosuppressive pathways and often favor-
ing immune activation (Fig. 1B). These effects may be
directly attributed to reduced tumor cell viability and
consequently to reduced tumor-induced immunomo-
dulation. The subsequent appearance of resistance to
BRAF inhibitors and restoration of tumor growth and
the tumor-induced immunosuppressive equilibrium at
the time of disease progression support a link between
mutant BRAF dysregulation and alterations in immune
signals in cancer (46, 47).

Combination Treatments: Possible Synergistic
Benefits with Enhancing Immunity?
Pathway inhibitor combinatory approaches

It has been suggested that combination therapies with
BRAF and alternative inhibitors of the MAPK pathway
might be a strategy to overcome resistance and to prolong
patient PFS, with the aim of improving the short-lived
clinical benefits of BRAF-targeted monotherapies (35).
BRAF inhibitor–resistant melanomas have been reported
to feature elevated expression of the checkpoint molecule
ligand PD-L1, which could be reduced with subsequent
treatment with MEK and PI3K inhibitors (60). These
findings may indicate additive effects of combined path-
way inhibitors onknowncheckpoint immunemodulatory
mechanisms. Results of an open-label combination phase
I/II clinical trial between the newly FDA-approved
BRAFV600E/K inhibitor dabrafenib and theMEK1/2 inhib-
itor trametinib provided some optimism with a nonsig-
nificantly reduced frequency of cutaneous SCCs detected,
possibly due to reduction of MAPK signaling, whichmay
counteract the effects of BRAF inhibitors on wild-type
cells. The study showed significantly increased median
PFS and response rates compared with those with single
agents (61); however, clinical efficacy for combination
treatments remains to be determined. A potential future
direction may entail the use of inhibitors to RAF and ERK
alongside BRAF blockade, which may also prevent the
paradoxical activation of theMAPKpathway inwild-type
cells. Immune response activation may also be enhanced
in these combinatory strategies, as hallmarks of immu-
nosuppression associated with resistance to BRAF-tar-
geted therapy characterized by lower CD8þ T cell infil-
tration and reduced tumor antigen expression at the time
of progression were reversed with BRAF and MEK com-
bination therapies (62). Tumor biopsies frompatientswith
metastatic melanoma treatedwith either a BRAF inhibitor
(vemurafenib) alone or BRAF plus MEK inhibitor combi-
nations (dabrafenib þ trametinib) were taken before and
during therapy and at the point of relapse. BRAF alone
and BRAF plus MEK combination treatments were asso-
ciated with increased tumor antigen expression, CD8þ
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T-cell infiltrates, and reduced inflammatory cytokine
levels (IL6 and IL8). In biopsies frompatients treatedwith
BRAF inhibitor treatment alone, upregulation of the
exhaustion markers PD-1 and TIM-3 in T cells and of
PD-L1 (PD-1 ligand) on melanoma cells (62) might help
explain subsequent loss of immune activatory signals and
reversal toward immune suppression in BRAF inhibitor–
resistant disease. Clinical trials of combination therapies
with aBRAF inhibitors anddifferentMEK,Cdk, PI3K, and
Akt inhibitorsmayprovide novel clinical andmechanistic
insights in future (Table 1).

Pathway inhibitors and immunotherapy: aiming to
overcome immune suppression

BRAF inhibitors may initially condition the tumor
microenvironment to favor immune activation, perhaps
rendering these agents synergistic partners to strategies
specifically targeting the immune response. The proposi-
tion that the clinical efficacy observedwith smallmolecule
inhibitors might be enhanced if combined with immu-
notherapies is currently under investigation in a number
of preclinical and clinical settings (Fig. 1B; Table 2).

Preclinical studies showed that BRAF inhibitors may
enhance the potency of adoptive immune cells by pro-
moting tumor antigen expression, antigen recognition,
and T-cell infiltration in tumors (44). In a mouse model
of melanoma, vemurafenib in combination with adoptive
lymphocyte transfer therapy resulted in enhanced tumor
cytotoxicity and cytokine secretion by tumor-infiltrating
adoptively transferred T cells (63). In another in vivo
model, vemurafenib treatment resulted in increased T-
cell infiltration into tumors and was attributed to loss of
VEGF expression bydestruction ofmelanoma cells. In this
study, the findings were consistent with reduced VEGF
expression in biopsy samples of patients treated with
BRAFV600E inhibitor therapy (64). These findings provide
rationale for synergistic effects when combining BRAF
inhibition and T-cell immune activatory therapy strate-
gies and inspired early clinical trials for this concept.

Another approach would be to combine the increased
intratumoral immune activity following BRAF inhibitor
administration with the functions of checkpoint blockade
inhibitor antibodies to overcome T-cell exhaustion (65).
However, a phase I clinical trial featuring concurrent
treatment with ipilimumab (anti–CTLA-4 antibody) and
vemurafenib (BRAFV600E/K inhibitor) reported asymp-
tomatic hepatotoxicity effects reversible upon discontin-
uation of the drug combinations or with glucocorticoid
treatment, resulting in termination of the study (66). Phase
I clinical trials with the BRAFV600E/K inhibitor dabrafenib
with or without trametinib (MEK1/2 inhibitor) in combi-
nation with ipilimumab are on-going (Table 2). Other
suggested treatment partners of BRAF inhibitors include
IFNa2b, IL2, antibodies to PD-L1, CD137, and IL1 block-
ers, which may act as adjuvants (47, 59). Clinical trials to
test different combinations of vemurafenib with IL2 or
IFNa2b are on-going and are expected to shed light on the
merits of future combination therapies (Table 2). Howev-

er, because IFNa2b or IL2 monotherapies are associated
with high reported toxicities, a cautious approach to such
combinatory strategies would be paramount.

Translational Considerations and the Future of
Combination Treatments

Anumber of factors, relating to efficacy and safety,may
be taken into account when considering implementation
of combination strategies; thesemay include dose, timing,
and sequence of administration. For these there is cur-
rently little precedence, but perhaps understanding and
taking into account host immune responses may be
important in this context.

It has been proposed that patients with mutant BRAF-
expressing tumors with highly symptomatic disease, in
particular those with acutely life-threatening metastases
such as brain metastases, should be prescribed, a BRAF
inhibitor treatment based on capacity to trigger quick
clinical responses. Considering the quick impact on tumor
growth restriction and the positive overall effect of BRAF
inhibitors on immunity, treatment with a BRAF inhibitor
might perhaps be followed by immunotherapy such as a
checkpoint blocker to neutralize T-cell inhibitory signals
(67). On the other hand, a case for immunotherapy pre-
cedingBRAF inhibitor therapymay be supported by early
reports that significant proportions (around half) of
patients who do not respond to BRAF inhibitor treatment
generally have a worse clinical outlook compared with
untreatedpatients. It is, therefore,worth exploringwheth-
er identifying and treating these patients with immuno-
therapy such as with ipilimumab as early as possible may
be beneficial (68, 69). It may also be reasonable for asymp-
tomatic patients to be treated with immunotherapy,
because of the potential to confer long-term, durable
responses. The same patients may then receive BRAF
inhibitor treatment as a salvage therapy on disease pro-
gression (70). This, however, may not be widely practical,
because in some countries, including the United King-
dom, ipilimumab is not yet routinely funded for first-line
therapy formetastatic melanoma; therefore, patients with
early disease may not be able to access treatment.

In future, the clinical landscape may feature pathway
inhibitor simultaneous combinations with immunothera-
pies, including checkpoint blockade agents. Treatment
combinations may be informed by elucidating tumor
escape mechanisms associated with pathway inhibitors
and by designing complementary immune intervention
strategies to overcome these. With increasing numbers of
patients now treated with pathway inhibitor drugs, the
critical mechanisms of immune response cross-talk with
BRAF-mutant melanomas and BRAF inhibitors and how
these are linked to the almost inevitable rise of resistant
disease require further in-depth investigation. Under the
selective pressure of human immune responses and path-
way blockade interventions, tumors may evolve to acti-
vate alternative downstream interacting signaling path-
ways and can escape destruction through clonal selection.
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Table 2. Registered clinical trials in the United States and Europe for BRAF inhibitors in combination with
immunotherapies with or without different kinase inhibitors and/or chemotherapeutic agents (selected from the
following sources: http://www.clinicaltrials.gov; http://public.ukcrn.org.uk; www.clinicaltrialsregister.eu)

Drug/intervention Drug type
Sequence of drug
administration Stage/cancer type Identifier Phase

Ipilimumab (1)

� dabrafenib (2)

� trametinib (3)

Anti–CTLA-4

mAb (1)

BRAFV600E/K

kinase inhibitor (2)

MEK I/II

kinase inhibitor (3)

Oral dabrafenib

twice daily for

25 days; � oral

trametinib once daily

for 25 days; � i.v.

ipilimumab repeated

every 3 weeks for

four courses

Unresectable or

metastatic

melanoma

NCT01940809 (US) I

Vemurafenib (1)

þ young TILsa (2)

þ cyclophosphamide (3)

þ fludarabine (4)

þ aldesleukin (5)

BRAFV600

kinase inhibitor (1)

TILs (2) chemotherapeutic

agent (3) chemotherapeutic

agent (4) IL2 (5)

Once cryopreserved,

autologous TILa

available, patients

commence oral

vemurafenib administered

twice daily; i.v.

cyclophosphamide

on days 7 and 6; i.v.

fludarabine on days

5 through 1; infusion

of 1 � 109–2 � 1011

young TILa on day 0;

followed by i.v. infusion

of high-dose aldeseukin

Metastatic

melanoma

NCT01585415 (US) I

Dabrafenib (1)

� trametinib (2)

þ ipilimumab (3)

BRAFV600E/K

kinase inhibitor (1)

MEK I/II kinase

inhibitor (2)

anti–CTLA-4 mAb (3)

Oral dabrafenib

administered

twice daily; � oral

trametinib administered

once daily; i.v.

ipilimumab repeated

every 3 weeks for

four courses

Unresectable or

metastatic

melanoma

NCT01767454 (US) I

Ipilimumab (1)

þ dabrafenib (2)

þ trametinib (3) vs.

Ipilimumab (1) þ
trametinib (3) vs.

Ipilimumab (1)

þ dabrafenib

(2) vs. Ipilimumab

(1) monotherapy

Anti–CTLA-4 mAb (1)

BRAFV600E/K

kinase inhibitor (2)

MEK I/II inhibitor (3)

Oral dabrafenib

twice daily for 25 days;

oral trametinib

once daily for 25 days;

followed by i.v.

ipilimumab repeated

every 3 weeks

for four courses

Unresectable or

metastatic

melanoma

NCT01938703 (US) I

Vemurafenib (1)

þ IL2 þ INFa2b
BRAFV600

kinase inhibitor (1)

Oral vemurafenib

administered

twice daily for a

21-day cycle;

i.v. IL2 administered on

days 2–5 of a 21-day

cycle; subcutaneous

INFa2b administered

on days 1–5 of

a 21-day cycle

Metastatic

melanoma

NCT01603212 (US) I/II

Ipilimumab (1) þ
vemurafenib (2)

Anti–CTLA-4 mAb (1)

BRAFV600

kinase inhibitor (2)

Oral vemurafenib

administered

twice daily; i.v.

ipilimumab repeated

every 3 weeks

Metastatic

melanoma

NCT01400451

(US)

I/II

(Continued on the following page)
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This may give rise to BRAF-resistant melanomas with
enhanced capacity to manipulate immunity.

Patients with mutant BRAF or NRAS melanomas at
later disease stages (III and IV)—the cohort most likely
to be offered pathway inhibitor drugs—have a worse
prognosis when compared with other patient groups

(71, 72). BRAF-resistant melanomas are able to maintain
or reactivate important signaling pathways MAPK and
PI3K. Indeed, genomic analyses identified mutant BRAF
amplification, alternative splice variants and de novo
RAS gene alterations as well as mutations in the
PI3K/Pten/Akt pathway associated with BRAF-

Table 2. Registered clinical trials in the United States and Europe for BRAF inhibitors in combination with
immunotherapies with or without different kinase inhibitors and/or chemotherapeutic agents (selected from the
followingsources: http://www.clinicaltrials.gov; http://public.ukcrn.org.uk;www.clinicaltrialsregister.eu) (Cont'd )

Drug/intervention Drug type
Sequence of drug
administration Stage/cancer type Identifier Phase

Lymphodepletion

using fludarabine (1)

and cyclophosphamide (2)

ACTb with TILa Infusion þ
Vemurafenib (3)

HDc IL2 (aldesleukin)

Chemotherapeutic agent (1)

chemotherapeutic agent (2)

BRAFV600 kinase inhibitor (3)

Combination of

vemurafenib

followed by

lymphodepletion

with fludarabine and

cyclophosphamide;

ACTb with TILa

infusion followed by

high-dose IL2

Metastatic

melanoma

NCT01659151

(US)

II

Vemurafenib (1) þ
aldesleukin (2)

BRAFV600 kinase

inhibitor (1) IL2 (2)

Oral vemurafenib

administered

twice daily; i.v.

infusion of

aldesleukin

administered

as per the study

protocol

Metastatic or

unresectable

melanoma

NCT01754376

(US)

II

HDc IL2 þ vemurafenib (1) BRAFV600 kinase

inhibitor (1)

Initial course of

vemurafenib

followed by

high-dose IL2

(patients discontinue

vemurafenib before

treatment with

IL2 and resume

dosing afterward)

Metastatic

melanoma

NCT01683188

(US)

IV

Vemurafenib (1) þ
pegylated INFa2b þ IL2

BRAFV600 kinase inhibitor (1) N/Se Unresectable

stage III or stage IV

BRAF mutation-positive

cutaneous melanoma

2013-000773-71

(EU)

II

Chemotherapyd þ
INFa2b þ vemurafenib (1)

vs. chemotherapy

þ INFa2b

BRAFV600 kinase inhibitor (1) N/Se Unresectable

(stage III) or metastatic

(stage IV) BRAF

mutation-positive

melanoma vs.

unresectable (stage III)

or metastatic (stage IV)

BRAF mutation-

negative melanoma

2013-000280-84

(EU)

II

NOTE: Trials are ongoing unless where otherwise stated.
aTIL, Tumor-infiltrating lymphocytes.
bACT, adoptive cell therapy.
cHD, high dose.
dUnspecified chemotherapy.
eN/S, not stated.
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resistant tumors (73, 74). Under the selective pressure of
pathway inhibitor drugs, MAPK pathway–promoted
immunosuppressive mediators VEGF, IL6, and IL10 could
constitute particularly important tools for emerging resis-
tant tumors to maintain or reestablish command of their
microenvironments and to reeducate host immunity (45).
Enhanced expression of PD-L1 by the reactivated MAPK
pathway in BRAF inhibitor–resistant melanomas would
also support capability to reclaim suppression of host
immune sentinels like T cells (60). It is, therefore, possible
that BRAF-mutant melanomas constitute more aggressive
tumors better able to establish effective suppression of host
immunity along with BRAF inhibitor resistance.
Exploring resistance as a function of pathway network

dysregulation rather than in relation to particular muta-
tions on individual molecules, together with monitoring
immunosuppressive or activatory signals, may help elu-
cidate specific signatures associatedwith disease progres-
sion and lead to the identification of targets for immuno-
therapy. For instance, if tumor escape is associated with
enhanced VEGF production and PD-L1 expression by T
cells, possible combinations ofVEGFand/orPD-L1block-
ade strategies with pathway inhibitors may prevent or
restrict melanoma progression. Furthermore, therapeu-
tics that could support or complement pathway inhib-
itor functions by "waking up" dormant immune-acti-
vating signals such as enhancing CD40–CD40L interac-
tions to promote antigen-presenting cell activation may
help target "Achilles heel" elements of melanomas and
augment pathway inhibitor drug effects. Toxicities
observed in the ipilimumab plus vemurafenib combi-
natory trial, perhaps due to paradoxical MAPK path-
way activation of wild-type cells alongside autoimmune
effects of ipilimumab in the presence of enhanced BRAF
inhibitor–induced antigen presentation, mandate care-
ful design of therapeutic strategies less likely to attack
healthy tissues. Combinations with tumor antigen–spe-
cific antibodies or T cells that selectively target tumor
cells, or attacking modulatory elements in tumor
microenvironments associated with tumor resistance to
BRAF inhibitors such as the PD-1/PD-L1 axis, may
merit consideration. The complexities of the interactions
between resistance to pathway inhibition and immuno-
modulation may be addressed with emerging and novel
bioinformatics tools. Activatory immunologic signa-
tures associated with specific melanoma subtypes have
already been shown to predict more favorable progno-
sis. Furthermore, immunosuppressive molecular signa-
tures predict worse clinical outcomes (71, 75). These
indicate double-edged sword roles for immunity in
melanoma disease progression, but equally support the
rationale for monitoring immunity alongside clinical
course and clinical responses to treatments.

Concluding Thoughts
Novel insights from the laboratory and the clinic sup-

port links between pathway dysregulation with different

components of immune responses.BRAF inhibitors exhib-
it immune-activating functions, which alone, may not be
sufficient to counteract tumor-associated escape mechan-
isms. Thus, combination treatments with different inhi-
bitors of the RAS–RAF–MEK–ERK proliferative pathway,
and also with immunotherapies may help enhance these
circumscribed immunologic and clinical responses.
Future translational directions may take advantage of
dysregulated pathway molecules such as BRAF being
recognized by host immunity and of molecular pathway
cross-talk with specific molecules associated with
immune suppression to develop rational targeted immu-
notherapies such as vaccines and therapeutic antibodies.
Bioinformatics tools such as gene clustering and pathway
analyses in large patient datasets are revealingdifferential
classification of melanomas, including specific immuno-
logic signatures associated with good or bad prognoses.
As both checkpoint blockade antibodies and small mol-
ecule inhibitors are in clinical use, it is important now to
elucidate whether we can link clinical responses with
immune activation or with counteracting immunosup-
pressive signals to improve treatment. New approaches
may consider molecular heterogeneity and pathway dys-
regulation together with monitoring immunologic para-
meters such as antigen presentation, effector cell activa-
tion, or immunosuppressive elements in tumors before
andduring therapyandwhile in remission. These could in
future provide additional criteria with which to predict
clinical benefits, facilitate stratification, and guide optimal
monotherapy or combinatory approaches for different
subsets of patients.
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