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ABSTRACT

Targeted and immunotherapy regimens have revolutionized the treatment of advanced melanoma
patients. Despite this, only a subset of patients respond durably. Recently, combination strategies of
BRAF/MEK inhibitors with immune checkpoint inhibitor monotherapy (a-CTLA-4 or a-PD-1) have
increased the rate of durable responses. Based on evidence from our group and others, these therapies
appear synergistic, but at the cost of significant toxicity. We know from other treatment paradigms (e.g.
hematologic malignancies) that combination strategies with multi-drug regimens (>4 drugs) are asso-
ciated with more durable disease control. To better understand the mechanism of these improved
outcomes, and to identify and prioritize new strategies for testing, we studied several multi-drug regimens
combining BRAF/MEK targeted therapy and immunotherapy combinations in a Braf-mutant murine
melanoma model (Braf’®°*/Pten™"). Short-term treatment with a-PD-1 and a-CTLA-4 monotherapies
were relatively ineffective, while treatment with a-OX40 demonstrated some efficacy [17% of mice with
no evidence of disease, (NED), at 60-days]. Outcomes were improved in the combined a-OX40/a-PD-1
group (42% NED). Short-term treatment with quadruplet therapy of immunotherapy doublets in combi-
nation with targeted therapy [dabrafenib and trametinib (DT)] was associated with excellent tumor
control, with 100% of mice having NED after combined DT/a-CTLA-4/a-PD-1 or DT/a-OX40/a-PD-1.
Notably, tumors from mice in these groups demonstrated a high proportion of effector memory T cells,
and immunologic memory was maintained with tumor re-challenge. Together, these data provide
important evidence regarding the potential utility of multi-drug therapy in treating advanced melanoma
and suggest these models can be used to guide and prioritize combinatorial treatment strategies.
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Introduction overall survival (OS) of 26% and 44% as single agents,

Immune checkpoint inhibitors specific to CTLA-4 (e.g.: ipili-
mumab) or PD-1 (e.g.: nivolumab, pembrolizumab) can
induce long-term disease responses in melanoma.'” In
a large phase 3 clinical trial of patients with unresectable
stage III or stage IV melanoma, ipilimumab and nivolumab
produced durable responses in the majority of patients who
achieved an objective radiologic response, leading to 5-year

respectively.” In addition to improved survival rates, treatment
with nivolumab resulted in fewer grade III/IV adverse events
compared to ipilimumab (22% vs 28%). Combining anti-CTLA
-4 and anti-PD-1 treatments has worked well in murine models
and demonstrated clinical utility in the CheckMate 067 trial.>®
While initial objective response rates in the combination group
were numerically superior to single agent therapy (58% vs 45%
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vs 19%, respectively), five-year overall survival was only mar-
ginally improved compared to nivolumab alone (52% vs 44%).*
This marginally improved survival was at the expense of
increased grade ITI/IV toxicities (59% vs 22%).*° Thus, despite
the progress these results represent, there remains a strong
rationale and need to identify additional combination treat-
ment regimens that can achieve durable responses, particularly
for patients with features that are associated with lower respon-
siveness to immunotherapy (i.e. low tumor mutation burden).
This task becomes increasingly difficult as the number of
treatments for advanced melanoma increases, dose reduction
strategies are explored, and the number of combinatorial stra-
tegies increases. Here we demonstrate the ability of pre-clinical
models to act as guideposts to guide and prioritize current and
future combinatorial treatment regimens.

The prospect of combining MAP-kinase inhibition with
immune checkpoint blockade has been explored by our
group and others in both preclinical and clinical settings.'~
>7% In melanoma, MAP-kinase pathway inhibition not only
inhibits tumor cell proliferation and improves survival, but also
aids the anti-tumor immune response through various
mechanisms. This includes: inhibition of JNK and p38 leading
to downregulation of the immunosuppressive cytokine IL-10
in human monocytes;” increased antigen expression and
presentation;'®'" neutralization of myeloid-derived suppressor
cells (MDSCs);'? decrease in Tregs;13’14 and ultimately
increased  intra-tumoral T  cell infiltration and
cytotoxicity.'>'® Accordingly, combined MAP-kinase inhibi-
tion with single agent anti-PD-1 or adoptive cell therapy
improves therapeutic success in in vivo pre-clinical
models.'”™"” Although randomized clinical trials combining
MAP-kinase inhibitors with anti-PD-(L)1 in untreated,
advanced melanoma patients have reported mixed results, the
arms containing triplet therapy induced high objective
response rates (63%-78%). This did not universally result in
reaching pre-specified improvements in progression free sur-
vival (PFS) endpoints. In the case of IMspirel50, the addition
of atezolizumab to targeted therapy (vemurafenib and cobime-
tinib) improved median progression free survival in BRAF
mutated unresectable melanoma from 10.6 to 15.1 months
and led to the FDA approval of this regimen.” Notably, these
trials were conducted in the untreated stage IV melanoma
setting. A critical need remains in identifying therapeutic stra-
tegies in patients with both primary and secondary resistance
to anti-PD1 therapy.

The clinical success of targeting CTLA-4 and PD-1 has
driven the development and testing of agonist antibodies tar-
geting co-stimulatory receptors to enhance anti-tumor T cell
activity. OX40 is a member of the TNFR superfamily of T cell
co-receptors and promotes survival and effector functions of
CD4+ and CD8 + T cells.”® Agonist antibodies targeting OX40
have demonstrated efficacy in a range of tumor models and are
currently in clinical trials as single agents, and in combination
with immune checkpoint inhibitors.*' Thus, it is an intriguing
candidate for combinatorial treatment strategies.

While combination therapies of immune checkpoint block-
ade agents are associated with increased immune-related adverse
events compared to either single agent therapy, analyses of
randomized trials showed that patients who discontinued

therapy due to toxicity received similar long-term benefits as
those without toxicity who received more prolonged treatment.®
This suggests that even short-term combination treatment may
be beneficial, particularly for those patients who are resistant to
current therapies. We therefore studied combinations of
immune checkpoint blockade (anti-PD-1, anti-CTLA-4) and
an OX40 agonist, with and without concurrent BRAF and
MEK inhibitor targeted therapy, to evaluate the ability of short-
term treatments to achieve long-term disease control and
immune memory. We also performed molecular and immune
profiling to characterize the tumor-immune microenvironment
during therapy. In order to maximize clinical relevance, we used
a Bme 00 pfey '~ (BP) murine melanoma model, as it recapi-
tulates genetic phenotypes (i.e.: PTEN loss, low overall mutation
burden) associated with poor outcomes with current
immunotherapies.”>*> We anticipate these murine models will
prove useful in identifying optimal combinatorial strategies in
overcoming resistance to immune checkpoint blockade while
also aiding in the development of more personalized selection
of combination therapy. This will become increasingly impor-
tant as new agents continue to be developed.

Results

Combination a-PD-1/a-OX40 immunotherapy results in
durable responses in Braf'®°°t/pten™~ (BP) melanoma
models

To evaluate the efficacy of checkpoint modulators alone or in
combination, we treated BP tumor-bearing, syngeneic mice
twice weekly by intraperitoneal (ip) injection for 19 days with
single-agent a-CTLA-4, a-PD-1, a-OX40 or isotype IgG con-
trol, or with the immunotherapy combinations a-CTLA-4/a-
PD-1 or a-OX40/a-PD-1 (Figure 1(a)). When measured at the
time that vehicle-treated tumors first reached the maximum
allowable size (D11 post initial treatment, minimum tumor size
100 g), significantly reduced tumor volumes were observed in
animals treated with a-CTLA-4 and a-OX40 but not with a-PD
-1 (p=.011, <0.0001, 0.90 respectively) (Figure 1(b,c)). a-OX40
significantly improved survival (median OS 35.5 days) versus
isotype control treatment (median OS 14 days), but a-CTLA-4
(median OS 19.5 days) and a-PD-1 (median OS 16 days) did
not (p =.0015, 0.29, 1, respectively) (Figure 1(d)). All mice (11/
12) in the a-CTLA-4 and a-PD-1 treatment groups had mea-
surable tumor 60 days after commencing therapy compared
with 10/12 (83%) following a-OX40 treatment. Combination
immunotherapy with a-CTLA-4/a-PD-1 and a-PD-1/a-0OX40
showed greater tumor control, with significantly reduced
tumor volumes at D11 versus isotype control (p = <0.0001
for both groups) and improved survival (median 25 days and
53 days, respectively; p < .0015 for both) (Figure 1(e)).
Combination immunotherapy treated groups also had more
tumor-free mice at day 60, with 3/12 (25%) in the a-CTLA-4/a-
PD-1 group and 5/12 (42%) in the a-PD-1/a-OX40 group
(Figure 1(b-d)). These findings were demonstrated in mice
treated with the same treatment regimen after allowing for
greater tumor sizes prior to first treatment (200 g minimum
tumor size, Supplementary Figure Sla, 500 g minimum tumor
size, Supplementary Figure S1b)
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Figure 1. Combination immunotherapies are superior to single agents when dosed concurrently. C57BL/6 mice with BP tumors were treated with 6 doses of anti-CTLA
-4, anti-0X40, anti-PD-1 or combinations including anti-PD-1 and either anti-CTLA-4 or anti-OX40. a. Schematic of study design. b. Individual tumor growth curves from
start of therapy (D0) to D60 for each treatment group after tumors were allowed to reach 100 g in size. c. Mean tumor growth curves for each treatment group until the
first death in each group. d. Mean tumor volume at D11, the day of the first death in the Isotype treated group. e. Kaplan-Meier survival analysis of each treatment group
until D60 post initiation of therapy. f. Representative CD8 IHC images from each treatment group at D4 on therapy (after 2 doses of antibodies). G. CD8 IHC summary

data at D4. * = p < .05, ** = p < .005, *** = p < .0005.

Improved response to combination immunotherapy is
associated with distinct gene expression profiles

To investigate the mechanisms associated with improved
response to combination checkpoint immunotherapy, we per-
formed immunohistochemistry (IHC) to quantify CD3+ and
CD8+ infiltrates in early on-treatment tumor samples. Though
we observed modest increases in CD3+ and CD8+ infiltrates in
individual tumors (mean number of CD3+/CD8+ cells were
578/378 per mm” in vehicle treated tumors vs 1019/547 in a-
PD-1/a-OX40 treated tumors), this difference was not statisti-
cally significant compared to mice treated with isotype anti-
body control alone (Figure 1(f-g), Supplementary Figure S2).
To identify phenotypic or functional differences in the immune
infiltrates, we performed flow cytometry for markers of cyto-
toxicity and memory cell differentiation. No differences were

observed in the frequency of interferon-y (IFN-y) and tumor
necrosis factor alpha (TNF-a) positive CD8+ cells, while the
frequency of CD8+ effector memory cells (CD62L-CD44+)
decreased, and CD8+ effector cells (CD62L-CD44-) increased,
in groups that received either a-CTLA-4 alone or in combina-
tion with a-PD-1 (Figure 2(a), Supplementary Figure S2).

We next profiled RNA isolated on day 10 for expression of
770 tumor- and immune-related genes. Though no genes were
significantly differentially expressed between any of the immu-
notherapy treatment groups after multiple-comparison adjust-
ment (Supplementary Figure S3), analysis of immune gene sets,
defined in the NanoString nCounter® PanCancer immune
panel, showed distinct gene expression profiles associated
with different treatment groups (Figure 2(b,c)). Overall,
a combination of total variation in gene expression and
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Figure 2. Different immune therapies illicit distinct transcriptomic profiles. RNA isolated from bulk tumor at D4 was analyzed with NanoString pan-cancer immune kit
and sequenced by Affymetrix. a. NanoString undirected global significance scores from each treatment group representing variation in gene expression across gene sets
vs isotype treated tumors. b. Directed NanoString global significance scores representing a net positive or negative direction to the overall variation in gene expression
in a geneset. Gene sets cluster into that differentiate combination immunotherapies are labeled 1-3: Cluster 1 includes gene sets with positive directed global
significance scores in both combinations. Cluster 2 includes gene sets with negative scores in both combinations. Cluster 3 includes gene sets with positive scores in a-
CTLA-4/a-PD-1 and negative in a-PD-1/a-OX40 treated tumors c. Leading edge metagene analysis from Affymetrix representing gene sets represented by the
metagenes associated with combination therapy vs isotype treated tumors. d. Summary flow cytometry analysis of tumor infiltrating CD8 T cell memory subsets.

directionality of gene expression characterizes each treatment
group. Specifically, total variation of gene expression, mea-
sured by undirected global significance scores for each gene
set, were broadly highest amongst a-PD-1 and a-PD-1/a-0X40
treated tumors. Directed global significance scores, a measure
of the net direction of variation in a gene set, clearly separated
the single agent — from the combination-treated tumors, with
negative global significance scores indicative of gene set down-
regulation in almost every gene set in monotherapy tumors.
The combination-treated tumors also had distinct patterns of
directed global significance scores, with three clusters of gene
sets defined by positive directed global significance scores in
both combinations (cluster 1: Cancer Progression,
Transcription Factors, Leukocyte Functions, Cell Cycle, NK
Cell Functions, Pathogen Response, Apoptosis), negative in
both combinations (cluster 2: Complement Pathway, TLR,
Dendritic Cell Functions, Macrophage Functions) or positive
in a-CTLA-4/a-PD-1 and negative in a-PD-1/a-OX40 treated
tumors (cluster 3: Microglial Functions, Senescence, Adhesion,
Antigen Processing, TNF Superfamily, Transporter Functions,
Cytokines, B Cell Functions, Chemokines, Interferon,
Interleukins, T Cell Functions, MHC class I & II) (Figure 2
(b)). Finally, to address potential systems-level coordinate gene
regulation of functional relevance to immunotherapy response,
we performed transcriptomic analysis of whole tumor lysates

using the Affymetrix Clariom™ D pico assay, focusing on the
effects of combination checkpoint immunotherapies (i.e., a-
CTLA-4/a-PD-1 and a-OX40/a-PD-1). Leading edge meta-
gene analysis, which can identify co-regulated groups of
genes (“metagenes”), revealed 8 distinct metagenes for combi-
nation checkpoint immunotherapies compared to isotype con-
trols (Figure 2(d)). Gene ontology analysis of these metagenes
identified distinct molecular profiles of the various immu-
notherapy combinations. Differences in cell cycle and nucleo-
some assembly genes were shared by both immunotherapy
combinations compared to control treatment. The a-CTLA
-4/a-PD-1 treatment also significantly altered genes involved
in the regulation of gene silencing. Moreover, a-OX40/a-PD-1
treatment significantly affected genes involved in small mole-
cule metabolic processes, mRNA processing, translation and
endoplasmic  reticulum  unfolded protein  response
(Figure 2(d)).

Combination targeted therapy and immune checkpoint
blockade eradicates BP melanoma tumors and provides
effective anti-tumor immunological memory

We next evaluated the impact of combining short-term BRAF
and MEK inhibitor (dabrafenib and trametinib, respectively;
“DT”) treatment with the same immunotherapies. DT was



administered daily for 19 days and then stopped. DT alone was
effective in controlling tumor growth with 12/12 (100%) mice
with NED after 19 days of treatment. However, only 4/12
(33%) of mice remained tumor-free by day 60 (Figure 3(a)).
In contrast, 10/12 (83%) mice achieved sustained (>60 days)
NED when treated for 19 days with either DT/a-CTLA-4 or
DT/a-PD-1 (Figure 3(a-c)). Quadruple combinations of DT
with a-CTLA-4/a-PD-1 or a-PD-1/a-OX40 demonstrated
complete cures at day 60 in all mice (12/12, 100% NED in
each group), without any incidence of toxicity (Figure 3(a-c)).
DT treatment was tested again among mice with larger tumor
sizes prior to initiation of therapy (200 g minimum,
Supplementary Figure S4a and 500 g, Supplementary Figure
$4b). DT again was shown to be effective at limiting tumor
growth and combination therapy, particularly quadruple
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therapy with combinations of DT with a-CTLA-4/a-PD-1 or
a-PD-1/a-OX40 demonstrated longer disease free survival,
although less pronounced in mice with large tumors.

In mice treated with DT/a-OX40, 5/12 mice were found
dead on the morning after the third dose of a-OX40 (D10); the
remaining 7/12 mice completed therapy with no incident and
achieved sustained NED. To investigate the toxicological pro-
file of this combination we performed a comprehensive patho-
logical analysis of tumor-bearing mice after 10 days of therapy.
We performed a full necropsy on mice receiving the DT/a-PD
-1/a-OX40 quadruple therapy, as well as mice receiving DT,
DT/a-PD-1, DT/a-OX40 and isotype controls. We analyzed 9
organs per animal (brain, lung, liver, kidney, intestine, bone
marrow, heart, spleen and tumor) and found no significant
alterations indicative of toxicity. We also analyzed serum
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Figure 3. DT treatment dramatically improves the efficacy of immunotherapies when dosed concurrently. C57BL/6 mice with BP tumors were treated for 19 Days with
DT in addition to 6 doses of anti-CTLA-4, anti-OX40, anti-PD-1 or combinations including anti-PD-1 and either anti-CTLA-4 or anti-OX40. a. Individual tumor growth
curves from start of therapy (DO0) to D60 for each treatment group. b. Mean tumor growth curves for each treatment group until the first death in each group. c. Kaplan-
Meier survival analysis of each treatment group until D60 post initiation of therapy. d. Representative CD8 IHC images from each treatment group at D4 on therapy (after
2 doses of antibodies). e. CD8 IHC summary data at D4. f. Summary flow cytometry analysis of tumor infiltrating CD8 T cell cytokine expression. g. Summary flow
cytometry analysis of tumor infiltrating CD8 T cell memory subsets. * = p < .05, ** = p < .005.
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cytokine levels with the BioLegend LEGENDplex inflamma-
tory panel and observed significantly elevated serum IL-6 levels
in the DT/a-OX40 mice compared to isotype control (454 vs
26 pg/ml, respectively; p = .015). Interestingly, while IL-6 levels
were elevated in the quadruple DT/a-PD-1/a-OX40 treated
mice, the magnitude was lower than in the triplet DT/a-
0OX40 treated mice and did not reach statistical significance
(222 pg/ml; p = .44) (Supplementary Figure S5).

Mice with NED at day 60 after initial therapy were re-
challenged with BP tumors. No tumor growth was observed,
regardless of which prior therapy they received, suggesting the
development of effective anti-tumor immunological memory
(Supplementary Figure S6).

Improved response to combination targeted- and
immunotherapy is associated with increased immune and
antigen presenting function

To study the mechanisms associated with response to combined
targeted and immune therapy, we first performed immunohis-
tochemistry for CD3 and CD8. While the density of CD8+ cells
increased upon DT treatment alone (mean 790 vs 378 CD8
+ cells/mm?), this was not statistically significant (p = .62) com-
pared with vehicle treatment. When DT was combined with a-
CTLA-4, a-OX40, a-PD-1 or the a-PD-1/a-OX40 combination,
the magnitude of CD8+ infiltration was increased and statisti-
cally significant versus vehicle treated tumors (p = .0041, 0.014,
0.0086, 0.011, respectively) (Figure 3(d,e)). Additional character-
ization of CD8 + T cells by flow cytometry showed increased
production of cytokines with DT, with approximately 40% of
CD8 + T cells expressing IFN-y, TNF-qa, or both in all six DT
treated groups, in contrast with only 20% in the absence of DT
(Figure 3(f)). CD8 + T cells also showed decreased expression of
LAG-3, and TIM-3, suggesting a less dysfunctional phenotype in
the presence of DT (Supplementary Figure S7). Furthermore,
a shift in the frequency of CD8+ CD44-CD62L+ and CD8
+ CD44+ CD62L+ naive and central memory cells toward
CD8+ CD44-CD62L- effector cells was detected in the presence
of DT, suggesting a change in phenotype and function caused by
this combination regimen that was not observed in the presence
of immunotherapy alone (Figure 3(g)). Gene expression analysis
on bulk tumor using the NanoString PanCancer immune profil-
ing panel revealed 38 differentially expressed genes in DT treated
tumors compared to vehicle control. Of these, Ccl3, CD180,
CD4, CD6 and Foxp3 were overexpressed in every DT combina-
tion (Figure 4(a,b)). NanoString gene set analysis also demon-
strated substantial increases in diverse modules of immune-
related functions across all DT-containing treatment groups.
This general enrichment of immune-related genes was noted to
parallel the density of immune infiltrates by IHC (Figure 4(c)),
showing numerically lower scores for the DT alone and DT/a-
CTLA-4/a-PD-1 groups relative to the other combinations
(Figure 4(c)). Finally, we analyzed Affymetrix transcriptomic
data using CIBERSORT to estimate tumor-infiltrating immune
cell populations. We identified an increase in the transcriptomic
signatures of B cells, NK cells, Th1 cells, Tregs and T cells in all
treatment groups that included DT (Figure 4(d)).*

Discussion

In these studies, we evaluated short-term treatment with
checkpoint therapies alone and in combination with BRAF/
MEK inhibitors in an anti-PD-1-resistant, BRAF-mutant,
PTEN-null murine melanoma model (BP). This work demon-
strates the ability to identify multi-agent therapies capable of
achieving long-term disease control and effective immune
memory. Notably, the BP melanoma model utilized in these
studies is characterized by genetic features (low total mutation
burden, loss of PTEN) associated with frequent primary resis-
tance to checkpoint inhibitors in metastatic melanoma
patients, as the development of effective treatments for such
patients remains a critical unmet need.*>*> While these specific
findings apply to a subset of BRAF mutated melanoma patients,
in whom targeted therapies exist, the results of these experi-
ments provide new strategies to consider for prioritization for
clinical testing in the rapidly evolving therapeutic landscape in
this disease. Specifically these support the rationale for evalua-
tion of 4-drug combinations in those patients with refractory
disease or potentially as up-front therapy in those with poor
prognostic markers associated with primary resistance.

We observed superior efficacy of combined immune check-
point blockade (a-PD-1/a-CTLA-4 and a-PD-1/a-OX40) over
single-agent immunotherapy, with a-OX40/a-PD-1 demon-
strating the high rates of durable tumor control. The addition
of dabrafenib and trametinib (DT) to immunotherapy
improved tumor control in all groups as compared to DT
alone or various immune regiments alone; with 100% of mice
having NED after combined DT/a-CTLA-4/a-PD-1 or DT/a-
0X40/a-PD-1. This high response rate is important, as short-
term treatments that result in long-term NED with combina-
tion targeted therapy and checkpoint blockade may result in
meaningful clinical benefit and deepen the anti-tumor
response. Similar observations have been made in the long-
term follow-up to the Keynote-022 trial. While this trial failed
to show a statistically significant improvement in PFS at its
primary endpoint of 12 months there was significantly
improved PFS at 24 months.”® Even regimens with moderate
or high rates of adverse events could therefore be clinically
valuable, particularly for patients with primary or secondary
resistance to currently approved immunotherapies. Beyond
this, dose reduction strategies have been shown to potentially
reduce adverse effects while maintaining efficacy.”® Once clin-
ical corollaries and markers have been defined these models
can be utilized for pre-clinical optimization of therapies.

Intriguingly, the efficacy of the evaluated immunotherapies
without concurrent DT did not appear to be dependent on
a large expansion or recruitment of T cells in the tumor
microenvironment. Instead, we identified pathway level gene
expression differences in a range of immune ontologies
between treatment groups, indicating that each therapy had
a particular impact on the broader tumor-immune microen-
vironment that may underlie the observed differences in
response. These findings can be reconciled with our under-
standing that expression of each immune checkpoint molecule
varies across immune subsets in the tumor microenvironment,
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Figure 4. DT transforms the tumor-immune microenvironment to a more favorable, inflamed phenotype. a. Volcano plot of differentially expressed genes measured by
NanoString in DT vs vehicle treated tumors. b. Commonly differentially expressed genes shared by all treatment groups that incorporate DT vs vehicle treated tumors.
¢. NanoString undirected global significance scores (left) from each treatment group representing variation in gene expression across gene sets vs isotype treated
tumors, and directed NanoString global significance scores (right) representing a net positive or negative direction to the overall variation in gene expression in
a geneset. d. CIBERSORT analysis of Affymetrix data from all treatment groups, showing the prevalence of gene signatures from a large set of immune cell types.

and that ligation of each molecule results in activation or
inhibition of different cell types by different mechanisms.'®*”
Recent work has demonstrated the importance of the interplay
of a variety of immune cell types and the interplay of both
T and B cells via tertiary lymphoid structures in driving anti-
tumor activity enhanced by checkpoint blockade.”®*” The
enhancement of immune infiltrates across immune cell types
speaks to the complexity of these interactions. Additionally, the
timing of therapeutic engagement of inhibitory or activating
immune checkpoints within a dynamic tumor microenviron-
ment may be relevant to the resulting immune fate.
Interestingly, both a-PD-1/a-CTLA-4 and a-PD-1/a-OX40
combinations demonstrated increased leukocyte and NK cell
gene expression, and the combination of a-CTLA-4/a-PD-1
demonstrated increased cytokine and B cell gene expression,
which may have contributed to their respectively enhanced

efficacy. Recent studies have shown sequential treatment may
be preferable over concomitant treatment in the case of a-
0X40 and a-PD-1 agents, due to competing pharmacodynamic
effects of the distinct immune checkpoint agents.””*' However,
we did not observe any attenuation of a-OX40 efficacy when
combined with concurrent a-PD-1 in our model. Differences
in mouse strain and gender, number of cells injected, tumor
types and cell lines, as well as treatment schedules, injection
sites and clones may all contribute to the diversity of outcomes
reported.

We observed improvement in outcomes for all immu-
notherapies regimens with the addition of DT. While we
observed almost complete tumor regression in most mice trea-
ted with BRAF and MEK targeted therapy alone, this was only
a temporary effect and residual tumor was able to grow out
after targeted therapy ceased. Similar to what has been
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described in previous studies, BRAF and MEK inhibitors
increased the expression of several inflammatory markers
including CD8 + T cell infiltration and markers of CD8 + T
cell activation and memory T cell formation, as well as
increased expression of immune related transcripts by
NanoString analysis.'”"'*** The impact of combining targeted
and immune checkpoint blockade in this model proved
marked, with both quadruple combination regimens rendering
all mice disease-free and resistant to tumor re-challenge.
A previous study demonstrated improved efficacy of adoptive
cell therapy in a murine melanoma model when combined
with BRAF and MEK inhibition, associated with diverse favor-
able immunomodulatory effects, including PD-L1 upregula-
tion that also conferred improved responses to combined
targeted and anti-PD-1 therapy.'® The superiority of DT-
containing regimens we observed may be consequent to multi-
ple factors: 1) increased magnitude of CD8+ infiltration; 2)
decrease in CD8 + T cell exhaustion, as evidenced by decreased
expression of PD-1, LAG-3, and TIM-3; 3) a shift in the
frequency of naive and central memory CD8 + T cells toward
an effector cell phenotype, suggesting a functional effect of the
DT-containing combination regimens that was not observed in
the presence of immunotherapy alone; 4) increase in transcrip-
tomic signatures of B cells, NK cells, Th1 cells, Tregs and T cells
in all treatment group that included DT, indicating
a broadening of immune cell population content that may
have further contributed to synergy of DT with immunothera-
pies; 5) rapid reduction in tumor size, given associations
between improved outcomes with smaller tumors in immu-
notherapy treatment.>

With the accumulation of approved treatments for mela-
noma patients, combination strategies have proven to be the
most clinically effective. Combined CTLA-4 and PD-1 check-
point blockade has increased objective response rates and PFS
compared to either monotherapy, likely due to their non-
redundant roles in naive T cell priming and effector T cell
function.*** In vivo studies of agonist antibodies specific for
the immune co-stimulatory molecule OX40 have demon-
strated anti-tumor activity and agents targeting OX40 are cur-
rently being studied in several ongoing (e.g.: NCT03092856,
NCT03336606, NCT02528357, NCT03447314) or recently
completed clinical trials (e.g.: NCT01644968, NCT01303705,
NCT02318394). However, results from certain trials have
raised issues concerning the toxicity of OX40 agonists. For
instance, a clinical trial involving the OX40 agonist
MEDI6469 (NCT02205333: A Phase 1b/2 Safety and
Tolerability Study of MEDI6469 in Combination with
Therapeutic Immune Agents or Monoclonal Antibodies) was
terminated early because of fatal outcomes reported in multiple
arms of the study. This is a danger reflected by the deaths in our
DT/a-OX40 treated mice and the large concentrations of
serum IL-6 we detected. However, the DT/a-PD-1/a-OX40
treated mice did not suffer the same toxicity, suggesting that
if this effect is indeed treatment-related, it may be context
dependent and potentially avoidable. Furthermore, the large
variation in serum IL-6 levels in treated mice suggests that
individuals susceptible to severe toxicity may be identified
serologically and treatment discontinued before adverse events
present clinically or could potentially be managed with anti-IL

-6 antibodies.>® Therefore, the combination of DT with a-PD
-1/a-CTLA-4 agents may be preferred for future clinical devel-
opment, although different OX40 agents and different schedul-
ing under current evaluation may prove to be less toxic.

Our data supports the continued development and refine-
ment of multi-modality combinations for the treatment of
melanoma but is not without multiple limitations. First, our
murine experiments were conducted with only one dosing
regimen rather than comparing concomitant versus sequential
injections. The sequence of treatment, particularly with radio-
therapy, has been shown to significantly impact antitumor
activity across multiple cancer types, including breast,”” renal
cell carcinoma,®® prostate® and malignant brain tumors (aty-
pical teratoid rhabdoid and glioblastoma).** Given the com-
plexity of the four-drug regimen, we felt additional
experiments on dosing would further complicate our study
findings and optimal timing of treatment is an area of active
investigation of our group. Second, all our studies were com-
pleted in C57BL/6 mice with BP tumors which may not com-
pletely recapitulate the tumor heterogeneity commonly seen in
patients. Despite this, we feel our mouse model is accurate
enough to provide a foundation for investigating a 4-drug
treatment combination. Further work evaluating 4-drug treat-
ment combinations in pre-clinical models is warranted includ-
ing the evaluation of multiple dosing schedules among
multiple different mouse models. Our findings do provide
a rationale for the clinical evaluation of 4-drug combination
regimens in high risk patients, potentially for only a short
period of time or perhaps with planned treatment cessation
once a maximal therapeutic response (i.e.: tumor burden nadir)
has been achieved. Our results exemplify the ability of pre-
clinical models to select and prioritize combinatorial therapies
before they are brought into the clinical setting. Finally, careful
evaluation of the specific immune cell subpopulations influ-
enced by each immune checkpoint agent, and their temporal
dynamics, will be critical to guiding the selection of optimal
combinations and dosing schedules, whilst minimizing poten-
tial toxicity.

Methods
Cell lines

BP cells (Bmfv 00F/ptey; ") derived from Tyr-Cre(ER)T2,
Braf“4, and Pten'"* mice were used for this study as pre-
viously described.'” Cells were cultured at 37°C, 5%CO, in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin.

Mice

C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Mice were injected subcutaneously with 8 x 10°
BP cells suspended in 200 pl PBS and tumors were monitored
by caliper twice a week until they reached a size of 100 mm? (or
400 mm’® for flow cytometric assessment). Mice were then
treated with immunotherapies or isotype controls twice weekly
for 3 weeks by intraperitoneal injection. Checkpoint modula-
tors included 200 pg in 50 pl of PBS per mouse of a-CTLA-4



(Syrian Hamster IgG, clone 9H10), a-PD-1 (Rat IgG2a, clone
RMP1-14), a-OX40 (Rat IgG1, clone OX86) and combination
a-CTLA-4/a-PD-1 and a-PD-1/a-OX40, or respective isotype
control MPC-11 (Mouse IgG2b lot # 4700/0314) HRPN (Rat
IgG1 lot #5339/1014) 2A3 (Rat IgG2a lot # 5054/1213) all from
BioXCell (West Lebanon, NH). For targeted therapies, mice
were treated for 19 days orally by gavage QD with 30 mg/kg
dabrafenib and 1 mg/kg trametinib in 0.5% hydroxypropyl-
methylcellulose and 0.2% Tween 80 in distilled water pH 8.0
vehicle. Mice received 6 doses of checkpoint modulators over
three weeks and/or 19 days of concurrent targeted therapy.
Rechallenge studies for mice that were NED at the completion
of treatment were compared to mice without previous xeno-
graft exposure BP cell lines implanted were derived from
a common batch. End point limits on protocol was 2 cm
x 2 cm tumor size, 4mm> ulcerated tumor, 20% body weight
loss or 60 days after initial drug dose. All animal procedures
were conducted following the approval of the Institutional
Animal Care and Use Committee (IACUC) of the University
of Texas MD Anderson Cancer Center under protocol
00000884RNO1.

Gene expression profiling - NanoString

RNA was extracted from frozen tumor tissue using the RNeasy
kit (Qiagen). 1 ug of RNA was analyzed using the nCounter®
PanCancer Immune Profiling Panel (NanoString, Seattle, WA),
a codeset including 770 immune- and cancer-associated genes.
Analysis was performed wusing the nSolver software
(NanoString, Seattle, WA).

Microarray

RNA was extracted using the Total RNA Purification Kit
(Norgen Biotek Corp), and gene expression was evaluated
using the Gene Expression WT Pico Kit according to the
manufacturer’s recommendations  (Affymetrix,  Santa
Clara, Ca).

Gene Expression Analysis

Statistical analyses for Affymetrix gene expression profiling
data were conducted in R version 3.4.2.*' Data were processed
using the “affy” package and converted to gene level data using
the custom CDF ClariomDMouse_ Mm_ENTREZG_22.0.0
from Brainarray (url: http://brainarray.mbni.med.umich.edu/
Brainarray/Database/CustomCDF/22.0.0/entrezg.asp).*>*’
Differential expression analysis was conducted using a linear
model in the “limma” package,** with model terms for each of
the treatment groups and the batch (3 samples from each
treatment group were in the first batch, 1 from each group
was in the second batch). Statistical significance was assessed
using the empirical Bayes method, and the method of
Benjamini and Hochberg was used to control for false
discovery.*>*® Immune cell infiltration was estimated using
CIBERSORT with the included LM22 signature, and differen-
tial immune cell infiltration was assessed similarly using
limma.**
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Pathway analysis for each comparison (CTLA-4 vs. Vehicle,
etc.) was conducted using Fast Gene Set Enrichment Analysis
(the “fgsea” package in R), using the Hallmark and Reactome
gene sets downloaded from the Molecular Signatures
Database.””* The t-statistic calculated by limma for each
comparison was used to form the ranked list as input to
fgsea. Gene sets with 10 to 500 members were included in the
fgsea analysis, and 10,000 permutations were used to evaluate
statistical significance. Leading edge genes from these analyses
were sorted into metagenes using the Leading Edge Metagenes
approach.”®”' Nonnegative matrix factorization (with the
“NMF” package in R) was used to identify the number of
metagenes that optimizes the cophenetic coefficient and other
recommended factors, and these metagenes were then
identified.”> A gene ontology overlap analysis using topGO
identified the molecular functions most associated with each
metagene, and the overlap between terms was calculated using
the Jaccard index.>?

Immunohistochemistry

Tumors were embedded in formalin and fixed in paraffin
(FFPE) and sectioned into 4 pm thick slices and mounted
onto slides. Slides were then stained for CD3 (clone CD3-12,
AbD Serotec, Raleigh, North Carolina), CD8 (4SM15
eBioscience, Waltham, MA), pS6 (Polyclonal, Cell Signaling
Technology), and DAB and counterstained with hematoxylin
before being coverslipped. Slides were then scanned with an
Aperio Slide Scanner and quantified digitally by measuring the
average of 5 representative 1 mm” regions within the tumor to

: 254
get a score in counts/mm?.’

Flow cytometry

Tumors were digested into single-cell suspensions as fol-
lows: Tumors were cut into small pieces using a scalpel and
needle, and incubated in 40 mL digest media comprising
RPMI-1640 with 2 mg/mL collagenase A (Roche, Cat.
No. 11088793001) and 40units/mL DNase-I (Sigma-
Aldrich, Cat. No. D5025) at 37°C with agitation for
1 hour. Tumor digests were then filtered through a 70 um
cell strainer (BD Falcon) and resuspended in FACS buffer
(PBS + 2% FBS + 1 mM EDTA) for staining. Spleens were
mashed through a 70 pm cell strainer and resuspended in
FACS buffer for staining. Antibodies included CD3 (clone
145-2 C11), CD4 (RM4-R), CD8 (53-6.7), CD44 (IM?7),
CD62L (MEL-14), TIM-3 (B8.2 Cl12), LAG-3 (C9B7W),
PD-1 (29 F.1A12), IFN-y (XMGI1.2), and TNF (MP6-
XT22), all from BioLegend (San Diego, CA). Samples were
acquired on an Accuri C6 Flow Cytometer (BD
Biosciences) and analyzed with the FlowJo software (ver-
sion 10.4). For cytokine assessment, digested cells were
plated at 10° cells/mL in a 96 well round bottom plate
with Cell Activation Cocktail (BioLegend) overnight prior
to intracellular staining, as recommended by the manufac-
turer using Fixation Buffer (BioLegend) and Intracellular
Staining Permeabilization Wash Buffer 10X (BioLegend).
Gating strategy is shown in Supplementary Figure S6.
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Statistical analysis

GraphPad Prism 6.0 (La Jolla, CA) was used to generate plots.
Tumor volume comparison were performed using 1-way
ANOV A with Tukey’s multiple comparison test. Tumor survi-
val analysis were performed by constructing Kaplan-Meier
survival curves and analyzed using the Mantel-Cox log rank
test with Bonferroni correction for multiple comparisons.

Health and safety

All mandatory laboratory health and safety procedures have
been complied with in the course of conducting this experi-
mental work.
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