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1. Introduction

During the past decade, breakthroughs based on enhanced knowledge of oncogenic signaling
and immunobiology have been made that have revolutionized the treatment of patients with
melanoma. Specifically, two types of therapies, BRAF targeted therapy (TT), which target
the constitutively active mitogen activated protein kinase (MAPK) pathway resulting from
oncogenic BRAF mutations present in 40-50% of patients, and immunotherapy, which
target the human immune system to enhance anti-tumor immunity, have been developed. A
number of BRAF-targeted therapies have been approved by the United States Food and
Drug Administration (FDA) and other regulatory authorities world-wide including BRAF
inhibitor monotherapies (vemurafenib in 2011, dabrafenib in 2013), MEK inhibitor
monotherapy (trametinib, 2013), and three combinations of BRAF and MEK inhibitors
(dabrafenib and trametinib in 2014, vemurafenib plus the MEK inhibitor cobimetinib in
2015, and the BRAF inhibitor encorafenib plus the MEK inhibitor binimetinib in 2018) (1 -
7). In addition to targeted therapy, various immunotherapies have been FDA-approved
including high-dose interleukin 2 (HD IL-2) in 1998, the anti-cytotoxic T-lymphocyte
associated antigen 4 (CTLA-4) monoclonal antibody ipilimumab in 2011, and two anti-
programmed death receptor 1 (PD-1) monoclonal antibodies, pembrolizumab and nivolumab
in 2014, as well as the combination of ipilimumab and nivolumab in 2015 (8 — 11).

BRAF inhibitors have been shown in phase 11 clinical trials to be associated with significant
response rates and improved survival, compared with chemotherapy, in patients with BRAF
mutant melanoma (6, 12, 13). However, the current targeted therapy standard of care is the
combination of BRAF and MEK inhibitors, which is based on the results of four
randomized, Phase Il trials, demonstrating improved survival with combined BRAF/MEK
inhibitor therapy compared with single-agent BRAF inhibitor therapy (1 — 4). And yet, the
efficacy of immunotherapy, specifically that of single-agent PD-1 inhibitors and the
combination of ipilimumab plus nivolumab, has limited the use of front-line BRAF/MEK
inhibitors in patients with advanced BRAF-mutant melanoma. While the choice of
immunotherapy over BRAF-targeted therapy traditionally has been based on provider bias
given the absence of level 1 evidence, the long-term follow-up data suggests that overall
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survival (OS) and progression free survival (PFS) may be better with front-line
immunotherapy (nivolumab 4 year PFS and OS, 31% and 46%, respectively; ipilimumab
plus nivolumab, 37% and 53%) versus BRAF targeted therapy (dabrafenib/trametinib 4 year
PFS and OS, 21% and 37%, respectively); although to be fair, this conclusion is based on
cross-trial comparison as there is no randomized prospective data available (1, 11). There are
two large randomized trials (SECOMBIT, NCT02631447; DREAM-seq, NCT02224781)
evaluating the optimal sequencing of BRAF-targeted therapy and immune checkpoint
inhibitor therapy, although it likely will be some time before these results are available to
help clinical decision-making (14, 15).

Rationale for combination BRAF-targeted therapy and immunotherapy

In addition to optimizing sequencing of therapy for BRAF mutant melanoma patients, a
number of efforts have combined BRAF targeted therapy with immunotherapy. There is a
fair amount of preliminary data that supports such an approach. Boni and colleagues initially
examined the role of oncogenic BRAF in immune evasion by melanoma cells through
suppression of melanocyte differentiation antigens (MDAS) (16). They showed that
treatment with a MEK or BRAF inhibitor in BRAF mutant melanoma cell lines and tumor
digests resulted in increased levels of MDAs, which was associated with improved
recognition by antigen-specific T-lymphocytes (16). Building upon this, Frederick and
colleagues, showed that treatment with BRAF inhibitor alone or in combination with MEK
inhibition was associated with increased antigen expression and an CD8+ T-cell infiltration,
when comparing pre- and early on-treatment patient tumor biopsies (17). In addition, there
was a decrease in immunosuppressive cytokines like IL-6 and IL-8, an increase in CD-8
positive T-cells, and an increase in PD-1 ligand (PD-L1) expression (17). Furthermore, a
number of investigators have shown that BRAF targeted therapy also is associated with
increased expression of antigen presentation machinery, such as Class | major
histocompatibility complex (MHC) expression; including one of these groups showing that
the mechanism of this was reversal of oncogenic BRAF-mediated MHC-I internalization and
sequestration. (18-20) These suggest that BRAF inhibition lead to favorable changes in the
tumor microenvironment that providing support for BRAF/MEK combination therapy with
immune checkpoint inhibitors.

Lymphocyte homing and function is another key aspect to improving the responsiveness of
immunotherapy, and BRAF targeted therapy also may improve this as well. Specifically,
reports have demonstrated an increased number of TILs in early tumor biopsies of patients
treated with BRAF inhibitors, in particular CD8* (but not CD4%) T cells (characterized by
sequencing complementarity-determining region 3, CDR3, of T-cell receptor B chain-coding
genes) (2, 17). However, upon disease progression with BRAF inhibitors, there appears to be
a decrease in TILs, which was restored with the initiation of combined BRAF / MEK
inhibition (21). In addition, vemurafenib combination with adoptive cell therapy (ACT)
increased the function of T cells, likely through paradoxical activation of the MAPK
pathway in T cells by vemurafenib (22). Furthermore, Cooper et al. performed a study
combining a BRAF inhibitor with anti-PD-1 or anti-PD-L1 antibodies (23) in a syngeneic
mouse model, and demonstrated that BRAF inhibitors led to a higher CD8:Treg ratio,
suggesting a more favorable tumor microenvironment, as well as enhanced T-cell activity
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with increased granzyme B, interferon-gamma, and TNF-a production (23). Similarly,
Deken and colleagues examined the combination of BRAF and MEK inhibition with anti-
PD-1 antibody in syngeneic models (24). The authors reported more volume reduction and
increased proportion of animals achieving complete response with the combination and
described that these benefits were through increased CD-8 T-cell populations (24). Thus,
antigen expression and lymphocyte homing may contribute to the synergistic effects of
combination therapies.

A number of studies have looked at the specific effects of BRAF and MEK inhibitors on
immune function in melanoma patients. Chengwen and colleagues, for instance, have
demonstrated that BRAF inhibition increases tumor infiltration by T cells and enhances the
antitumor activity of adoptive immunotherapies in mice (25). This study was performed on
BRAFmutated human melanoma tumor cell lines, and luciferase-expressing pmel-1 T-cells
were produced to monitor T-cell migration /77 vivo. The increased T-cell infiltration
purportedly was mediated by the BRAF inhibitor reduction of tumor cell vascular
endothelial growth factor (VEGF) production, further supported by the downregulation of
VEGF expression in tumor biopsies. A study by Wilmott and colleagues also supports
marked T-cell infiltration with the use of selective BRAF inhibitors (26). The study was
conducted on 37 tumor-biopsies from unresectable stage Il or IV melanoma, and the results
showed an increased tumor infiltration by CD4+ and CD8+ lymphocytes following BRAF
inhibitor treatment (p=0.015 in both cases). The authors also showed a correlation between
the degree of CD8+ infiltration and granzyme B-expressing lymphocytes in post-BRAF
inhibitor-treated biopsies (r=0.690 and p=0.013) (23). In addition, intratumoral CD8+
expression was correlated with tumor reduction and necrosis in post-treatment biopsies.
These two studies together support the addition of BRAF inhibitors to immunotherapy with
regards to their impact on T-cell infiltration, tumor size reduction and necrosis. (25, 26)

Knight and colleagues have used two relatively resistant variants of BRAFYE00F_driven
mouse melanoma cell lines (SM1 and SM1WT1) and melanoma-prone mice to similarly
demonstrate the role that host immunity contributes to BRAF inhibitor activity (27). The
authors discovered that treatment downregulated tumor CCL 2 gene expression and
correspondingly CCL2 protein expression in both BRAFY69F mouse melanoma transplants
and de novo melanomas. They also described that this CCL2 downregulation correlated with
reduced tumor growth. Furthermore, analysis of SM1 tumor-infiltrating leukocytes in BRAF
inhibitor treated tumors showed a robust increase in CD8+ T/FoxP3+CD4+ T cell ratio and
Natural Killer cells. This data demonstrates the potential role of CCL2in BRAF inhibitor
mechanism of action, and further supports the combination with immunotherapy.

Finally, preclinical experiments by a number of groups demonstrated improved outcomes
with combined BRAF and/or MEK inhibition with anti-PD1/PD-L1 compared to BRAF,
MEK, or PD-1/PD-L1 inhibition. For example, the combination of dabrafenib, trametinib
and a mouse anti-PD-1 antibody lead to improved tumor responses compared with either
monotherapy (21, 28) in syngeneic mouse models of melanoma. Moreno and colleagues also
showed that the addition of one of these antibodies to make a four-drug regimen was
superior to the three-drug regimen after testing additional immune-stimulating antibodies to
CD137 and CD134 (28).
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3. Early clinical trials with cytokine-based therapies:

One of the first combination BRAF inhibitor plus immunotherapy studies was a pilot trial of
vemurafenib with adoptive cell therapy (ACT) in patients with advanced, BRAF mutant
melanoma. This regimen was well-tolerated overall, with similar toxicity to that seen with
vemurafenib or standard TIL therapy alone (29). The authors reported that all patients had at
least one transient and reversible grade 3 toxicity including hyperbilirubinemia (n=1),
hypocalcemia (n=1), hypermagnesemia (n=1), hypophosphatemia (n=1), hypokalemia
(n=1), hyperkalemia (n=1), prolonged QTc interval (n=1), hypoxia (n=1), altered partial
thromboplastin time (n=1), oliguria (n=1), rash (n=1), thrombus (n=1), dyspnea (n=1),
pericoronitis (n=1), cellulitis (n=1), increased creatinine (n=2), febrile neutropenia (n=4),
infection (n=5) and anemia (n=7). Furthermore, two patients had reversible grade 4
toxicities, increased creatinine (n=1) and dyspnea (n=1). Interestingly, proliferation and
viability of infusion bag TIL and peripheral blood T cells were inhibited /in vitro by
vemurafenib at concentrations approaching serum Cmax of 125 micromolar. Nine out of 15
patients experienced an objective clinical response (60%) and 3 had complete response
(20%). Furthermore, there was no difference observed in anti-tumor response with the
addition of vemurafenib to ACT (p=1.0; Fisher’s exact test). Thus, the results showed the
combination trials had similar efficacy and toxicity profiles as the monotherapies.

In addition to these findings, there have been two studies evaluating the combination of
vemurafenib and high-dose IL-2 (30, 31). The largest, a multi-center phase Il study of 53
patients, showed that vemurafenib given in sequence with high-dose IL-2 did not change the
known toxicity profile for either drug (30). In cohort 1, previously untreated patients with
advanced BRAF-mutant melanoma received vemurafenib 960mg BID for 6wk prior to IL-2,
while patients in cohort 2 received vemurafenib anywhere from 7 to 18 week prior to
enrollment. The overall response rate at 10 weeks +/-3 was 10% (95%CI 3-24) for both
cohorts combined, and 27% (95%CI 8-55) at 26 weeks +/- 3. In a second study, Mooradian
and colleagues reported that combined vemurafenib/HD IL-2 therapy is well-tolerated and
associated with treatment responses (31). Specifically, responses were seen in 5 of the 6
enrolled patients, however none were durable off therapy, as all patients ultimately
progressed. Additionally, this trial, which originally was planned to enroll over 40 patients,
was closed early as enrollment was reported to have been poor due to the emergence of
BRAF/MEK inhibitor combinations and anti-PD-1 therapy. Together, both studies show that
combination vemurafenib and IL-2 therapy is feasible, reasonably well-tolerated, and
efficacious in some patients, but did not lead to a marked improvement in patient outcomes
over either single-agent therapies. (30, 31)

4. Combinations with ipilimumab

With the approval of ipilimumab and vemurafenib in 2011, it was clear that a trial
combining those two agents was going to happen no matter the preclinical justification. In
the phase | trial that assessed the safety of the combination of vemurafenib and ipilimumab
in patients with metastatic BRAF~mutation melanoma, vemurafenib was given as a single
agent for 1 month followed by 3 mg/kg ipilimumab intravenous infusion every 3 weeks for a
planned four doses with continued concurrent vemurafenib (32). This trial was terminated
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due to the high frequency of hepatotoxicity. Specifically, 6 of the 10 patients who received
the combination developed grade 3 transaminitis, with most requiring glucocorticoids to
manage the toxicity.

Following this first study, a phase | trial of dabrafenib with or without trametinib in
combination with ipilimumab showed no grade 3/4 ALT elevations or dose-limiting
toxicities (33). Puzanov and colleagues also cite various other studies that corroborate their
results, thus concluding that the combinations of dabrafenib / ipilimumab, as well as
dabrafenib / ipilimumab / trametinib were not associated with significant hepatotoxicity
(33). Minor and colleagues more thoroughly described the toxicity with the dabrafenib /
trametinib / ipilimumab combination in metastatic melanoma patients (34). The triplet
therapy included a run-in period of 14 days of targeted therapy with dabrafenib and
trametinib followed by 3 mg/kg ipilimumab given via intravenous infusion every three
weeks for up to four doses. Overall, 2 out of 7 patients that received the three-drug regimen
developed colitis with intestinal perforation, and this arm was closed. The authors noted that
in the combination arm that included only the doublet, dabrafenib and ipilimumab, just 1 out
of 25 patients experienced colitis (which was without perforation), thus implicating the
interaction of trametinib with ipilimumab as the cause of increased risk of colitis and
perforation.

5. Combinations with anti-PD-1/anti-PD-L1 therapy

KEYNOTE-022 is a multi-arm trial which included a dose escalation cohort of the triple
combination of dabrafenib and trametinib with pembrolizumab (35). The dose escalation
part of this trial enrolled 15 patients with BRAFV600-mutated metastatic melanoma (35).
Eleven patients (73%) experienced grades 3/4 adverse events, the most common of which
was elevation of liver function tests and pyrexia. Furthermore, 11 patients (73%, 95% ClI:
45-92%) had an objective response, and 6 (40%; 95% CI: 16—-68%) continued in response at
a median follow-up of 27 months for all patients. While the numbers of patients evaluated is
too few to appreciate if there are benefits of triple-combined therapy in a subset of metastatic
melanoma patients who otherwise would not have had benefit with either BRAF targeted
therapy or anti-PD-1 therapy, it is clear that the combination was generally safe although
associated with an increased frequency of grade 3 and 4 toxicity.

The KEYNOTE-022 trial also included a Phase Il cohort that randomized 120 patients with
previously untreated advanced, BRAF-mutant melanoma to either dabrafenib, trametinib,
pembrolizumab or dabrafenib, trametinib, placebo (36). While the triplet numerically
improved the progression-free survival (16.0 months compared to 10.3 months in doublet
group; hazard ratio 0.66; one-sided p = 0.043), the initial analysis of this trial, after a median
follow up of 9.6 months, did not reach the expected benefit for a statistically significant
improvement in PFS. The median duration of response was 18.7 months (95% CI: 10.1-
22.1) for triple therapy and 12.5 months (95% CI: 6.0-14.1) for doublet treatment. Lastly,
grade 3-5 adverse events occurred in 58.3 and 26.7% of patients treated with triplet and
doublet therapy, respectively. The results thus show a trend towards improved progression-
free survival, improved response duration, as well as increased adverse events with triplet
therapy. An update from this trial presented in late 2019 with an additional 14+ months of
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follow up showed a marked difference in median and two-year PFS, 16.9 vs 10.7 months
and 41% vs 16%, respectively, with a hazard ratio of 0.53 (95% CI, 0.34 — 0.83). (37)
Duration of response remained better with triplet therapy, and although there was no
statistically significant difference in overall survival, there was a trend in favor of triplet
therapy (hazard ratio 0.64, 95% CI 0.38 — 1.06).

A new study has been conducted with the anti-PD1 antibody spartalizumab in combination
with dabrafenib and trametinib in advanced BRAF v600-mutant melanoma patients (38).
Remarkably, more than 40% (15 of 36) patients treated with spartalizumab + dabrafenib +
trametinib had a confirmed complete response. Furthermore, the median PFS was 23.7
months (95% CI, 12mo-NE) overall and 10.7 months (95% CI, 4.6 mo-NE) in patients with
elevated baseline LDH levels. Similar to the KEYNOTE-022 cohorts, grade 3 toxicities were
common, 78%, and dose adjustment or interruption was required for every patient. These
findings demonstrate the potential efficacy of combination therapy with anti-PD1 antibodies,
which will be further corroborated by the ongoing global, placebo-controlled, randomized
part 3 of COMBI-i trial (NCT02967692).

Finally, the combination of the anti-PD-L1 monoclonal antibody atezolizumab has been
evaluated in combination with vemurafenib (\VA) as well as vemurafenib and cobimetinib
(VCA) (39). In this phase I trial of patients with metastatic BRAF mutant melanomas, 17
patients were treated with VA and 39 with VCA. Based on toxicity and feasibility, a 28 day-
lead in of targeted therapy was settled on prior to triplet therapy. Toxicity was commonly
seen, with grade 3—4 treatment-related adverse effects seen in 88% (15 of 17) and 67% (26
of 39), respectively with VA and VCA. Complete responses were seen in 3 patients with VA
and 8 (20.5%) patients with VCA. Additionally, 14 patients treated with VCA either had a
complete response and/or a 100% reduction in target lesion tumor volume (35). The triplet
combination is being investigated in a randomized, phase 3 trial (TRILOGY) compared with
vemurafenib, cobimetinib, and placebo (NCT02908672).

6. Conclusion

The combination of BRAF targeted therapy with immunotherapy has demonstrated exciting
data regarding depth and duration of response in patients with advanced, BRAF-mutant
melanoma. The mechanisms behind the potential synergistic effects of combination therapy
include increased antigen presentation, as well as improved lymphocyte homing and
function, although none of these potential mechanisms have been validated in any clinical
trials to date. Importantly, adverse effects with these combinations appear to be higher and
may interfere with the anti-tumor effects. While randomized data showing better efficacy
will be necessary to translate these regimens into the clinic, alternative dose approaches may
be required to optimize the benefits of these combinations.

Expert Opinion:

Since the earliest days of modern oncology, combinations of antineoplastic therapies have
been sought to maximize benefit. A hallmark of these efforts was inhibiting multiple targets
that were critical for tumor survival, in the early days various components of cell division,
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with agents that ideally had non-overlapping toxicity. As a result, treatment regimens were
design, tested, and adopted as standard practice for a number of malignant conditions
including lymphoma, leukemia, testicular cancer, and over time just about every condition
for which cytotoxic chemotherapy has shown any utility. With the development of newer
drugs that target oncogenic mutations and/or their downstream signaling, as well as
inhibitors of immune checkpoints, it is logical that combinatorial regimens including these
newer agents will be brought forward.

The earliest efforts with these approaches in melanoma have been supported by preclinical
data suggesting that BRAF targeted therapy sets up the tumor immune microenvironment to
be more sensitive to immunotherapy. The first of these efforts explored combinations with
the earliest immunotherapies, high-dose IL2 and adoptive cell therapy, and were associated
with, if anything, a modest improvement in efficacy yet not dramatically more than would be
expected by either therapy alone. Logically, combinations with immune checkpoint
inhibitors have also moved forward and have demonstrated substantial toxicity, particularly
with regimens that include ipilimumab. More recently, the first reports of BRAF/MEK
therapy with anti-PD1/PDL1 inhibition have been published and indicate, again, higher than
anticipated toxicity without definitive benefit beyond BRAF targeted therapy or anti-PD1/
PDL1 therapy. Included among these is the first randomized trial comparing triplet therapy,
in this case dabrafenib, trametinib, and pembrolizumab versus a BRAF targeted therapy
doublet (dabrafenib and trametinib). Here the results are even mixed as the toxicity and
durable response was higher with triplet, the response rate higher with the doublet, and the
progression free survival no different amongst the two arms. Yet, the overall survival curves
appear to be separating at the tail, albeit not statistically significantly so; a finding if
confirmed that bodes well for the two randomized trials of doublet versus triplet that are
awaiting read-out (TRILOGY, COMBI-i). So, how can this be?

The likeliest results of these trials is that the triplet therapy will be too toxic for some and
thereby limit the effectiveness for these patients, not effective enough for others and thus not
add much for these patients beyond sequencing these types of treatments, but for a select
group of patients, the combination will provide synergistic benefit while both improving the
initial portion as well as the tail on the survival curve. Whether that last group of patients
will be large enough to cause the above-mentioned trials to be “positive” is unknown but
predicted here to be so. The reason for this optimism indeed is in the early analysis of an
immature overall survival curve from the randomized portion of Keynote 022 and the fact
that a large percentage of patients across multiple Phase I/11 trials have either complete
responses or profound responses (e.g. 100% decrease in tumor volume but not a CR). While
the ultimate answer will likely be a few years away, it is expected that the next issues to
tackle will be identifying for which patients triplet therapy is most useful and whether
alternative regimens such as intermittent targeted therapy will be implemented to allow for
those who otherwise would not tolerate full dose to reap the benefits of the combination.
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Article Highlights:

. Early preclinical data showed that BRAF and MEK inhibitors lead to changes
in tumor cells and in tumor immune microenvironments including increased
melanocytic antigen expression (cell lines, tumors), increased PD-L1
expression (tumors), increased T cell infiltration (tumors), and increased
HLA-expression (cell lines and tumors).

. Combined BRAF targeted therapy and immunotherapy has shown mixed
results in the initial clinical trials reported.

. There is strong preliminary clinical trial data supporting combined BRAF
targeted therapy plus anti-PD-1/PD-L1 therapy and the likeliest outcome is
that these approaches will help, at least, a significant minority of patients with
BRAF mutant melanoma.
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