








Koya and colleagues developed a BRAF V600E-driven
transplantable murine model of melanoma, SM1, with low
to moderate sensitivity to vemurafenib in vitro and in vivo
(23). In two adoptive transfer models (one with genetically
engineered T cells targeting the artificial antigen, OVA,
introduced into SM1, and the other with transgenic T cells
targeting the endogenous antigen gp100), modestly
improved antitumor effects were seen with the addition of
systemic vemurafenib. They found an increase in antigen-
specific cytolysis in the splenocytes ofmice receiving vemur-
afenib and ACT and increased IFN-g secretion on antigen
restimulation in the lymphocytes infiltrating the tumors in
both these mice. These experiments did not clearly deter-
mine if the effects of vemurafenibwere on the T cells directly
or via effects on the tumor and its subsequent stimulation of
T cells (23). Khalili and colleagues looked at the effects of
introducing mutant BRAF into melanocytes or wild-type
BRAF tumor lines and saw the induction of IL-1 that could
then be inhibited by vemurafenib (28). They then showed
that IL-1 could induce expression of the ligands for PD-1 (a
T-cell inhibitory receptor) on tumor stromal cells (28).

Thus, vemurafenib could potentially reduce the degree of
TIL immunosuppression by this complicated mechanism.
On the other hand, Frederick and colleagues noted an
increase in the inhibitory markers TIM3, PD1, and PDL1
on human TIL and tumors after BRAF inhibition in patients
with melanoma (19). Because markers such as PD-1 are
inducedonT cells after they are activated, it is not clear if this
finding was in response to increased T-cell activation or a
direct effect of MAPK inhibition. Nevertheless, these obser-
vations point out the need for a concerted approach to
immunotherapy to achieve optimal results.

Intact immune system necessary
The final concept supporting a combination of BRAF

inhibitors and cellular immunotherapy comes from evi-
dence that optimal response to targeted therapymay require
an intact immune system and a vigorous antitumor
immune response. Knight and colleagues showed that
immunodepletingmice during treatment of a BRAF-mutant
murine melanoma with PLX4720 attenuated the efficacy
of that treatment. AntibodydepletionofCD8þ cells [or total

CCR Focus

© 2013 American Association for Cancer Research

T cell Dendritic
cell

MART-1

gp100

TRP1/2

PD-1

TCR

MHC

(–)
(+)

B7-H1

1 3 9 27 81 E

E:T ratio

0

175

P
L

X
4
7
2
0

IF
N

–
� p

g
/m

L

IF
N

–
� p

g
/m

L
350

525

700
CTRL

NT

PLX4720

CTRL

NT

PLX4720

�  P � 0.05

�

MART-1 TCR gp 100 TCR

1 3 9 27 81 E
0

200

400

600

800

�

RAF
MEK

ERK

B

A

Figure 2. Enhanced in vitro immune recognition by MDA-specific CTL. A, artistic rendition of TCR-recognizing MDA. BRAF inhibition would increase MDA
expression. B, IFN-g production measured by ELISA increased in PLX4720-treated UACC903 melanoma cells cultured with control lymphocytes or CTL
specific for MART-1 or gp100. Fig. 2B adapted from Boni et al. (16).
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T-cell deficiency in Rag knockout mice] decreased the effi-
cacy of PLX4720 therapy that did not occur with CD4þ or
natural killer cell depletion alone. They also showed that
mice deficient in both IFN-g and perforin had lesser
responses to PLX4720. They present circumstantial data to
support the concept that a reduction in the tumor-produced
T-cell chemoattractant CCL2 (caused by BRAF inhibition)
reduces tumor-infiltrating T-regulatory cells, enhancing a
native CD8-based immune response against the tumor
(29). Although it is not clear if this is a general finding or
if the proposed mechanism is specific to this tumor model,
it serves as an example of a principle with much wider
implications. It is clear that the tumor-bearing host harbors
many immunosuppressive mechanisms dependent on the
presence of the tumor. These include not only T-regulatory
cells and immunosuppressive myeloid cells, but also a host
of soluble factors and cell surface ligands associated with a
vigorous tumor microenvironment that can inhibit T cells
and render tumor cells resistant to apoptotic destruction
like TIM3, PD-1, and PD-L1 (19, 30). The sudden distur-
banceof thismicroenvironment associatedwith catastroph-
ic tumor disruption from MAPK inhibition may open a
window of opportunity for a more effective immune attack
(via any of the mechanisms described above). Because this
window may only be open for a brief time, the ability of
adoptive T-cell transfer to deliver the immune attack quickly
and in full force makes it more attractive than other
approaches (such as vaccination or checkpoint blockade),
which often take longer to reach their maximum efficacy in
patients.

Vemurafenib/TIL protocol
At the Surgery Branch of the National Cancer Institute, a

pilot trial has begun combining vemurafenib with TIL ACT
in patients with BRAF-mutant melanoma. The objective is
to determine the safety and immunologic effects of admin-
istering vemurafenib before and concurrently with TIL and
high-dose aldesleukin after a nonmyeloablative lympho-
depleting preparative regimen. Secondary objectives are to
gain information on how this combination of therapies
mediates clinical tumor regression in patients with meta-

static melanoma and to study the impact of vemurafenib
administration on the lymphoid infiltrate in melanoma
deposits by conducting serial tumor biopsies. We have
treated 6 evaluable patients, with a target accrual of 25
patients.

Patients eligible for the protocol, and documented to
have BRAF V600E-mutant melanoma, undergo resection of
a tumor in order to grow TIL. When TIL cultures have
grown to approximately 1 � 108 cells, they are cryopre-
served. Patients then undergo staging that includes a
2[18F]fluoro-2-deoxy-D-glucose-positron emission tomog-
raphy (FDG-PET) scan and begin vemurafenib at 960 mg
twice a day. After a week, the TIL are thawed and begin a
2-week final expansion in vitro. After approximately 14 days
on vemurafenib, patients are fully restaged and, if possible,
they undergo an additional tumor biopsy. Although
vemurafenib is continued, the patient begins the lym-
phodepleting preparative regimen, consisting of 60
mg/kg of cyclophosphamide daily for 2 days followed
by 25 mg/m2 of fludarabine daily for 5 days before cell
infusion and aldesleukin administration. The TIL infu-
sion is typically between 1 � 1010 and 1 � 1011 TIL cells
followed by administration of high-dose aldesleukin at
720,000 IU/kg every 8 hours as tolerated. Patients will be
evaluated for response 4 to 6 weeks after completion of
aldesleukin treatment and monthly thereafter. Vemura-
fenib will be continued until the patient is taken off study
or has disease progression (Fig. 3).

As permitted, biopsies of cutaneous and subcutaneous
tissue will be obtained before the start of vemurafenib,
before the start of the preparatory regimen, and after TIL
infusion. Biopsies will evaluate antigen expression by the
tumor and the reactivity of lymphocytes grown from these
biopsies. (Fig. 4). It is not clear if the administration of a
lymphodepleting regimen after initiating vemurafenib (but
before infusing tumor-reactive TIL) might have a detrimen-
tal effect on vemurafenib efficacy. If BRAF inhibition is
serving as an "autovaccination," the optimal timing of such
supportive vaccines is not known. Exploiting the upregula-
tion of target antigens by vemurafenib would suggest the
sequence we have selected, but to take advantage of the
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increased T-cell infiltrates in melanomas treated with
vemurafenib, one might consider initiating vemurafenib
before tumor harvest for TIL. On the other hand, if any of
the action of vemurafenib is mediated by resident immune
cells, as suggested by Knight and colleagues (29), the
lymphodepletion that accompanies ACT could be detri-
mental to vemurafenib efficiency. Therefore, depending on
long-term outcomes and correlative immunologic studies,
the timing of TIL harvest, TIL therapy, and initiation of
vemurafenib could all be reconsidered. Preliminary results
indicate that combining vemurafenib with TIL ACT in this
fashion is safe and associated with high initial response
rates, and there have been no unexpected new toxicities in
the first 6 patients.

Conclusions
The availability of two highly effective new approaches

for treating metastatic melanoma calls out for devising
rational ways to combine or sequence them. Inhibition
of the MAPK pathway in susceptible tumors is associated
with excellent convenience and high initial response
rates, but eventual resistance is a near universal problem.
Adoptive cellular transfer is a more cumbersome and
toxic approach but consistently achieves a higher rate of
durable complete responses. These complementary
strengths and weaknesses make it intuitively attractive to

combine them in an effort to garner the best of both
approaches. Yet at this time, we are only beginning to
generate the data to understand the mechanisms and to
rationally combine them clinically. Much of the preclin-
ical data are either conflicting or incomplete, and there
are innumerable permutations in the design of combina-
tion trials. Nevertheless, because of the potential gains,
clinical efforts are ongoing, in parallel with laboratory
investigation, to try to achieve this ideal marriage of
modalities that would be a leap forward in the treatment
of advanced melanoma.
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