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Abstract

BRAF-mutated colorectal cancer correlates with poor prognosis and limited response to standard treatments. Combining
immune checkpoint inhibitors with BRAF/MEK inhibitors shows promise against BRAF-mutant melanoma in both preclini-
cal and clinical trials. Therefore, we hypothesized that the treatment would be effective against BRAF-mutant colorectal
cancer. In this study, we assessed the efficacy of combining immune checkpoint inhibitors with BRAF and/or MEK inhibitors
in BRAF-mutant colorectal cancers. We treated BRAF V600E colorectal cancer cells HT-29 and SNU-1235 with encorafenib
(BRAF inhibitor) and binimetinib (MEK inhibitor) and assessed the degrees of MAPK inhibition, JAK/STAT inhibition,
cell viability, apoptosis, and the expression of antigen presenting machinery. We also inoculated HT-29 cells into mice and
treated them with an immune checkpoint inhibitor (durvalumab), encorafenib, and binimetinib for 4 weeks. We found that
treatment with BRAF inhibitor, MEK inhibitor, or their combination led to significant tumor growth reduction, along with
the MAPK and JAK/STAT pathway inhibition, antigen presenting machinery induction, and cytotoxic T cell activation. Our
study demonstrates the potential effectiveness of combining immune checkpoint inhibitors with BRAF or MEK inhibitors
for BRAF-mutated colorectal cancers.
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chemotherapy [3-5]. BRAF inhibitor monotherapy showed a
low response rate in BRAF-mutant CRC, unlike BRAF-mutant
melanoma [6-8]. Because rebound feedback after BRAF inhi-
bition results in increased signaling through the epidermal
growth factor receptor (EGFR) pathway in colon cancer [9,
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10], BRAF inhibitors combined with anti-EGFR monoclo-
nal antibodies were shown to be effective in recent studies
[11-13]. Combination treatment with encorafenib (BRAF
inhibitor) and cetuximab (EGFR inhibitor) has become the
standard treatment for BRAF-MT CRC, following the results
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«Fig. 1 Expression of PD-L1, MAPK and JAK/STAT pathway com-
ponents in BRAF V600E colorectal cancer cell lines a Western blot
analysis of the basal expression level of PD-L1 in BRAF V600E
colorectal cancer cell lines b Band densitometry analysis of panel
(a) (n=3) c Basal expression of MAPK pathway components and
PD-L1 in HT-29 and SNU-1235 cell lines d Band densitometry
analysis of panel (c) (n=3) e Levels of MAPK pathway component
proteins in HT-29 and SNU-1235 cells treated with Binimetinib
(1 pM), Encorafenib (1 pM), or both f Band densitometry analysis
of panel (e) (n=3) g Levels of JAK/STAT pathway component pro-
teins in HT-29 and SNU-1235 cells treated with Binimetinib (1 pM),
Encorafenib (1 pM), or both h Band densitometry analysis of panel
(g) n=3) i mRNA level of PD-L1 in HT-29 and SNU-1235 cell
lines treated with Binimetinib (1 pM), Encorafenib (1 pM), or both
(n=3) Error bars indicate the standard error of the mean *P <0.05,
*#P<0.01, ***P<0.001, ****P<0.0001 in one-way ANOVA with
Dunnett’s multiple comparisons test n.s. indicates not significant Bini,
Binimetinib; Enco, Encorafenib

of a phase III trial that demonstrated a significantly longer
overall survival (OS) and a higher response rate compared to
the previous standard therapy [14—16]. However, this regimen
has a low response rate of 20%, and the response is not durable
and has a short progression-free survival (PFS).

Generally, CRC shows poor response to immune check-
point inhibitors (ICIs) such as PD-L1 inhibitors, except in
cases of metastatic CRC with microsatellite instability (MSI)
or mismatch repair (MMR) deficiency, in which response rates
are reported to be up to 40%. In metastatic microsatellite stable
(MSS) CRC, the response rate is nearly 0%. Thus, approaches
to increase the immune responsiveness of MSS CRC represent
a critical unmet clinical need. Approximately half of BRAF-
MT CRC are classified as consensus molecular subtype 1
(CMS1), and the proportion of CMS1 is high even in MSS
cases. These findings reflect an increased recognition of the
immune-activated phenotype of these tumors [17]. In another
study, programmed cell death ligand-1 (PD-L1) expression
was shown to be associated with BRAF mutation [18]. Recent
study suggested that IFN-y-mediated upregulation of PD-L1
may be associated with poor prognosis in colorectal cancer
patients by regulating JAK2/STAT1 pathway [19]. In a recent
retrospective analysis, it was suggested that BRAF mutation
could serve as a potential predictive biomarker for ICIs in
MMR-deficient CRC with a lower response rate and shorter
PFES [20].

A combination of ICI and MAPK inhibition was suggested
as the strategy to enhance the antitumor efficacy in BRAF
and KRAS mutant cancers [21, 22]. In addition, it was pro-
posed that immune priming of the tumor microenvironment,
through the activation of CD8* T cells by BRAF and/or MEK
inhibitors, could be a potential mechanism of the synergistic
effect [23]. Moreover, recent clinical trials in BRAF V600E
melanoma showed promising efficacy and long-lasting antitu-
mor responses with the combined inhibition of BRAF/MEK
and PD-1/PD-L1 pathways [24-26]. Therefore, we assessed
the antitumor effect of the triple combination of an ICI

(durvalumab) and BRAF and/or MEK inhibitors in a BRAF-
MT MSS CRC tumor model and delineated the underlying
biological mechanisms.

Materials and methods
CRC cell lines

SNU-1235 (RRID:CVCL_5018), WiDr
(RRID:CVCL_2760), SNU-C5 (RRID:CVCL_5112),
HT-29 (RRID:CVCL_0320), COL0O205 (RRID:CVCL_
F402), and RKO (RRID:CVCL_0504) cell lines were
obtained from the Korean Cell Line Bank (Seoul,
Korea). These cells were cultured in RPMI-1640 (Cat
#SH30027.01, Hyclone, Utah, USA) or MEM (Cat #LM
007-07, WELGENE, Gyeongsan, Korea) with 10% fetal
bovine serum (Gibco, NY, USA) and 1% penicillin—strep-
tomycin (Cat #SV30010, Hyclone, UT, USA). All of these
cells were passaged for a maximum of 6 months. We con-
firmed the STR profile through Macrogen (Seoul, Korea)
and conducted a mycoplasma assay [27].

Quantitative real-time PCR

Total RNA was collected using Qiazol lysis reagent
(Qiagen) and the RNeasy mini kit (Qiagen) following a
modified protocol [28]. Cells were treated with 0.5 mL of
Qiazol lysis buffer, collected, and mixed with 0.1 mL of
chloroform. The mixture was then centrifuged in a refrig-
erated centrifuge at the highest speed for 10 min. The clear
supernatants were collected separately, and the nucleic
acids were precipitated using 70% ethanol. The total RNAs
were precipitated and bound to the silica column using the
components of the RNeasy mini kit, washed twice with the
RPE buffer (provided in the kit) and eluted with RNase-
free distilled water (provided in the kit).

The concentration and quality of the extracted RNA
were measured using Nanodrop2000 (Thermo Fisher Sci-
entific) [29]. Samples with OD 260/280 values above 1.8
were used for experiments. The cDNA was generated from
the mRNA using the ReverTra Ace qPCR RT Master Mix
(Toyobo, Osaka, Japan). The transcripts were quantified
using real-time reverse transcription-polymerase chain
reaction (RT-PCR) with the CFX Connect Real-Time
PCR Detection system (Bio-Rad, Hercules, CA, USA) and
5xHOT FIREPol EvaGreen qPCR Supermix (Solis Bio-
Dyne, Tartu, Estonia). The samples were first denatured at
95 °C for 15 min, followed by 40 cycles of denaturation at
95 °C for 15 s, annealing at 55-60 °C for 15 s, and elonga-
tion at 72 °C for 20 s. The data are presented as the fold
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Fig.2 Effect of Binimetinib and Encorafenib on MAPK pathway,
JAK/STAT pathway and PD-L1 expression in BRAF V600E colo-
rectal cancer cell lines in the presence of IFN-y a Growth curve of
HT-29 and SNU-1235 cell lines treated with the indicated combi-
nations of IFN-y (10 ng/ml), Binimetinib (1 pM), and Encorafenib
(1 pM) for up to 10 days (n=3) Error bars indicate the standard devi-
ation b MTT assay results of HT-29 and SNU-1235 cell lines treated
Binimetinib (1 pM), Encorafenib (1 uM), or both for 48 h in the pres-
ence or absence of IFN-y (10 ng/ml) (n=3) ¢ Levels of MAPK path-
way proteins and PD-L1 in HT-29 and SNU-1235 cell lines treated

@ Springer

with Binimetinib (1 pM), Encorafenib (1 pM), or both in the pres-
ence of IFN-y (10 ng/ml) (d) Band densitometry analysis of panel
(¢) (n=3) e Levels of JAK/STAT pathway proteins in HT-29 and
SNU-1235 cell lines treated with Binimetinib (1 pM), Encorafenib
(1 pM), or both in the presence of IFN-y (10 ng/ml) f Band densitom-
etry analysis of panel (e) (n=3) Error bars indicate the standard error
of the mean *P<0.05, ¥**P<0.01, ***P<0.001, ****P <0.0001 in
one-way ANOVA with Dunnett’s multiple comparisons test or Stu-
dent's t-test n.s. indicates not significant. Bini, Binimetinib; Enco,
Encorafenib
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Fig.3 Effect of Binimetinib and Encorafenib on apoptosis and
immune response in BRAF V600E colorectal cancer cell lines in
the presence of IFN-y a Levels of apoptosis-related proteins in
HT-29 and SNU-1235 cell lines treated with Binimetinib (1 pM),
Encorafenib (1 pM), or both in the presence of IFN-y (10 ng/ml) b
Band densitometry analysis of panel (a) (n=3) ¢ Levels of proteins
related to antigen-presenting machinery in HT-29 and SNU-1235 cell

change in the treatment groups relative to the control and
normalized to GAPDH levels.

Western blotting

For Western blotting, cells were trypsinized, washed with
ice-cold PBS, and lysed in RIPA lysis buffer (50 mM
HEPES [pH 7.4], 150 mM NaCl, 1 mM EDTA, 2.5 mM
EGTA, 1 mM DTT, 1% Triton X-100) containing a pro-
tease and phosphatase inhibitor cocktail (Sigma). After
lysis, the cell debris was removed by centrifugation
at 13,000 rpm for 20 min. The protein concentrations
were determined using the Bradford assay. Total cellular

lines treated with Binimetinib (1 pM), Encorafenib (1 pM), or both
in the presence of IFN-y (10 ng/ml) d Band densitometry analysis of
panel (¢) (n=3) Error bars indicate the standard error of the mean
*P<0.05, **P<0.01, ***P<0.001, ****¥P<(0.0001 in one-way
ANOVA with Dunnett’s multiple comparisons test or Student's t-test
n.s. indicates not significant Bini, Binimetinib; Enco, Encorafenib

proteins (15 ug) were resolved by 8—15% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to Immobilon PVDF membranes (Milli-
pore Corporation, Billerica, MA, USA). The membranes
were blocked with 5% non fat dry milk in TBST (20 mM
Tris—HCI pH 7.4, 150 mM NacCl, 0.1% Tween 20) [30]
and probed with anti-STAT1, anti-phospho-STAT1, anti-
MEK, anti-phospho-MEK, anti-ERK, anti-phospho-ERK,
anti-PD-L1, anti-TAP1, anti-TAP2, anti-PSMBS, anti-
PSMB9Y, anti-PSMB10, anti-caspase-3, anti-c-caspase-3,
anti-PARP, or anti-c-PARP, or anti-actin (Cat no. A3854,
Sigma-Aldrich, St. Louis, MO, USA) primary antibod-
ies. After washing with TBST, the primary antibodies
were detected using horseradish peroxidase-conjugated
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Fig.4 Antitumor effects of the combination of immune checkpoint
inhibitor and BRAF inhibitor or MEK inhibitor in vivo a Timeline
of in vivo experiments b Tumor growth curve in xenograft mice
(Control group, n=20; Drug-treated groups, n=18) ¢ Gross image
of tumors harvested from xenograft mice d Gross image of mice
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4 weeks after drug treatment e Immunohistochemistry results of
PD-L1 and CD8« in the tumor tissues Scale bar, 100 pm (n=3) Error
bars denote the standard error of the mean *P <0.001 in one-way
ANOVA with Dunnett's multiple comparisons test n.s. indicates not
significant Bini, Binimetinib; Enco, Encorafenib; Durv, Durvalumab
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goat-rabbit secondary antibodies and an enhanced chemi-
luminescence detection system (Amersham, Buckingham-
shire, UK).

Flow cytometric analysis

We isolated tumor-infiltrating lymphocytes (TILs) from the
tumor tissues of NRG mice humanized with PBMCs (Tumor
Dissociation kit, Human, Miltenyi Biotec). To stain the sur-
face of the cells [31], Brilliant Stain Buffer (Cat. No 566349,
BD HorizonTM) and antibodies were incubated on ice for
18 min: PerCP-Cy™S35.5 Mouse Anti-Human CD45 (Cat. no.
564105, BD Pharmingen™), BV786 Mouse Anti-Human
CD4 (Cat. no. 563877, BD Horizon™), Alexa Fluor® 700
Mouse Anti-Human CD8 (Cat. no. 557945, BD Pharmin-
gen™), Brilliant Violet 421™ anti- human CD279 (PD-1)
Antibody (Cat. no 329920, BioLegend), PE-CF594 Mouse
Anti-Human HLA-DR (Cat. no. 562304, BD Horizon™),
Brilliant Violet 650™ anti-human CD38 Antibody (Cat No.
356620, BioLegend), CD39 Monoclonal Antibody (eBioAl
(A1)), FITC, eBioscience™ (Cat. no. 11-0399-42, Invitro-
gen™). After washing with PBS, fixation was performed
with eBioscience™ FOXP3/Transcription Factor Staining
Buffer Set (Cat. no. 00-5523-00, Invitrogen™) for intra-
cellular staining, followed by incubation on ice for 18 min.
After washing with Permeabilization Buffer in FOXP3/
Transcription Factor Staining Buffer Set, intracellular stain-
ing antibody was added and incubated for 20 min at room
temperature: Brilliant Violet 605™ anti-human Ki-67 Anti-
body (Cat. no. 350522, BioLegend), FOXP3 Monoclonal
Antibody (PCH101), PE, eBioscience™ (Cat. no. 12-4776-
42, Invitrogen™). We performed flow cytometry analysis
(CytoFLEX, BECKMAN COULTER) the following day
after washing with Permeabilization Buffer overnight at
4 °C. Cells were classified as live or dead by the LIVE/
DEAD™ Fixable Near-IR Dead Cell Stain Kit for 633 or
635 nm excitation (Cat. no. L34976, Invitrogen™). FlowJo
software (Tree Star) was used to analyze the data.

Xenograft model and in vivo experiments

Animal care procedures and experiments received approval
from the Institutional Animal Care and Use Commit-
tee (IACUC) at Asan Medical Center (AMC). NRG mice
were allocated into one control group (n=20) and seven
experimental groups (n=18) following the approved pro-
tocols. The NRG mice aged 8 weeks were used (Cat. no.
GEM-0006, JA BIO). HT-29 cells were subcutaneously
injected into mice at a concentration of 2 X 1076 cells/
mouse. Three days after injection, 1 X 1077 cells/mouse of
human peripheral blood mononuclear cells (PBMCs, Zen
bio) were treated with DNase I (Sigma Aldrich) 1 mg/mL
to construct a PBMC humanized mouse model via tail vein

injection, reflecting the human immune system. From 7 days
after PBMC injection, encorafenib (HY-15605, MedChem-
Express) 5 mg/kg, binimetinib (HY-15202, MedChemEx-
press) 3 mg/kg daily, and durvalumab (AstraZeneca) 10 mg/
kg were administered orally twice a week for 4 weeks. Twice
a week, the tumor volume was measured using the following
formula: major axis X minor axis"2 x0.52. After 28 days of
drug treatment, we harvested tumor samples. Durvalumab
was generously provided by AstraZeneca (Cambridge, UK)
for research purposes.

Serum measurement assays

Whole-blood samples were obtained from the inferior vena
cava of the mice and coagulated in serum separator tubes
(SSTs; Becton Dickinson and Company). The SST tubes
were incubated for 30 min at room temperature (22 +2 °C)
and then centrifuged at 2500 X g for 20 min at 4 °C. The
supernatants were collected and stored as serum samples.
Serum alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) levels were analyzed by a Hitachi 7180
autoanalyzer (Tokyo, Japan).

Histological analysis and immunohistochemistry

Liver tissues were resected, fixed in 4% formalin, and
embedded in paraffin. The paraffin blocks were sectioned
with a microtome to produce 4 um-thick sections. To
assess the severity of liver injury, the H&E-stained slides
were scored using Suzuki’s method with historical criteria
for the assessment of liver damage after severe ischemia
and reperfusion injury based on the presence and severity
of sinusoidal congestion, cytoplasmic vacuolization, and
necrosis of parenchymal cells by a pathologist. For immu-
nohistochemistry (IHC), the sections were deparaffinized
in xylene, rehydrated using an alcohol gradient, boiled
in 10 mM citrate buffer (pH 6.0) for 20 min to retrieve
antigens, and then treated with 0.3% hydrogen peroxide
in methanol.

Cell proliferation assay

Cells were seeded on a 24-well plate with 5000 cells per
well. Cells were fixed in 10% formalin and stained with 0.1%
crystal violet at the indicated intervals. We measured the
optical density at 595 nm after extracting the dye with 10%
acetic acid.

Statistical analysis
Data are presented as mean + standard error of the mean

from three to eight samples per condition. Statistical analy-
ses were performed using either the Student's t-test (two
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Fig.5 Effect of combination of immune checkpoint inhibitor and
BRAF inhibitor or MEK inhibitor on MAPK pathway, JAK/STAT
pathway and antigen-presenting machinery in vivo a Western blot
analysis of MAPK pathway component proteins in the tumors of
xenograft mice treated with an immune checkpoint inhibitor (anti-
PD-L1; Durvalumab, 10 mg/kg), Binimetinib (3 mg/kg), Encorafenib
(5 mg/kg), or their indicated combinations b Band densitometry
analysis of panel (a) (n=3) ¢ Western blot analysis of JAK/STAT
pathway component and PD-L1 in the tumors of xenograft mice after
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indicated drug treatment d Band densitometry analysis of panel (c)
(n=3) e Western blot analysis of the proteins involved in the antigen-
presenting machinery in the tumors of xenograft mice after indicated
drug treatment f Band densitometry analysis of panel (e) (n=3) Error
bars indicate the standard error of the mean *P<0.05, **P<0.01,
*##%P<(0.001, ****P<0.0001 in one-way ANOVA with Dunnett's
multiple comparisons test or Student’s t-test n.s. indicates not signifi-
cant Bini, Bini; Enco, Enco; Durv, Durvalumab
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samples, equal variance) or the one-way ANOVA (multi-
ple experimental groups, one factor) for two experimental
groups [32]. A statistically significant value was defined as
p <0.05. Western blotting was performed three times. For all
statistical analysis, we used the Stata 15.1 software (College
Station, TX, USA) and the GraphPad Prism 7.0 software
(College Station, TX, USA).

RESULTS

Expression pattern of PD-L1, MAPK and JAK/STAT
pathway inhibition in BRAF V600E colorectal cancer
cell lines

We first assessed the basal protein expression level of PD-L1
in BRAF V600E colorectal cancer cell lines (Fig. 1a, b).
Among these cell lines, cell lines with a high expression
of PD-L1 (SNU-1235) and a low expression of PD-L1
(HT-29) were selected, and assessed the basal levels of
MAPK pathway components and PD-L1 (Fig. 1c, d). We
then examined the changes in those proteins after treatment
with binimetinib (MEK inhibitor) or encorafenib (BRAF
inhibitor) (Fig. le, f), and found that the combination treat-
ment of binimetinib and encorafenib resulted in the highest
degree of MAPK pathway inhibition in HT-29. In contrast,
in SNU-1235 cells, combination treatment of binimetinib
and encorafenib reduced the levels of p-MEK and p-ERK
while not resulting in significant differences in p-EGFR and
c-Jun. Also, we investigated PD-L1 expression level after
combination treatment. As a result, JAK/STAT pathway
was inhibited which also led to down regulation of PD-L1
expression only in HT-29 (Fig. 1g, h).

qRT-PCR analysis showed that while the mRNA level of
PD-L1 was not significantly changed in response to treat-
ment with binimetinib, encorafenib, or both, the same was
significantly reduced in SNU-1235 when treated with both
binimetinib and encorafenib (Fig. 1i).

Binimetinib and encorafenib treatment reduces
the viability of BRAF V600E colorectal cancer cell
lines

For viability measurement, we treated the cell lines with
IFN-y to consider the surrounding immune environment.
In the presence of IFN-vy, the treatment of binimetinib,
encorafenib, or their combination resulted in a significant
inhibition in cell growth (Fig. 2a). MTT assay showed that
regardless of the presence of IFN-y, treatment with bini-
metinib, encorafenib, or their combination resulted in a sig-
nificant reduction of cell viability; in contrast, SNU-1235
cells did not show significant reductions in cell viability in

response to drug treatment, regardless of the presence of
IFN-y (Fig. 2b).

We then assessed the changes in the expression levels
of proteins involved in the MAPK pathway in HT-29 and
SNU-1235 cell lines in the presence of IFN-y (Fig. 2c, d).
Treatment with binimetinib and encorafenib led to signifi-
cant alterations in the phosphorylated forms of MAPK path-
way proteins (p-MEK, p-ERK) in HT-29 cells but not in
SNU-1235 cells.

Also, we examined JAK/STAT pathway in HT-29 and
SNU-1235 in the presence of INF- y. The expression level
of JAK/STAT pathway components and PD-L1 was signifi-
cantly reduced in HT-29 cells but increased in SNU-1235
cells in response to combination treatment with binimetinib
and encorafenib (Fig. 2e, ).

Binimetinib and encorafenib treatment enhance
apoptosis and immune responses in BRAF V600E
colorectal cancer cell lines

In terms of apoptosis, Western blot analysis on caspase-3,
PARP, and cytochrome C showed that the combination
treatment resulted in the highest degree of apoptosis in both
HT-29 and SNU-1235 cell lines (Fig. 3a, b). We also found
that in both HT-29 and SNU-1235 cell lines, combination
treatment led to significant increases in the levels of proteins
involved in the antigen-presenting machinery, which plays a
crucial role in cancer immunotherapy (Fig. 3c, d).

Co-administration of binimetinib, encorafenib,
and anti-PD-L1 shows a significant synergistic effect
in vivo

We then confirmed the in vitro effect of binimetinib and
encorafenib in vivo using a xenograft model. First, HT-29
cells (2x 1076 cells) were subcutaneously injected into
humanized NRG mice. After 3 days, human PBMCs
(1 x 1077 cells) were injected into the tail vein, and drug
administration began 7 days later. In this experiment, the
mice were administered binimetinib (3 mg/kg daily),
encorafenib (5 mg/kg daily), durvalumab (10 mg/kg twice
a week), or their combinations (binimetinib + encorafenib,
binimetinib + durvalumab, encorafenib + durvalumab, or
triple [binimetinib + encorafenib + durvalumab]). Tumor
volume and body weight were measured twice a week, and
mice were sacrificed 28 days after drug treatment (Fig. 4a,
Supplementary Fig. 1).

While all drug-treated groups showed a reduction in
tumor growth compared with the vehicle-treated control
group, the triple-treated group showed the greatest degree
of reduction in tumor growth (Fig. 4b, c, and d, P <0.001).
There was no statistically significant difference in mouse
body weight changes between the control group and the
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«Fig.6 Activation of CD8+T cells in response to the combination
of immune checkpoint inhibitor and BRAF inhibitor or MEK inhibi-
tor FACS analysis was performed on the tumor tissues of xenograft
mice treated with an immune checkpoint inhibitor (anti-PD-L1; Dur-
valumab, 10 mg/kg), Binimetinib (3 mg/kg), Encorafenib (5 mg/
kg), or their indicated combinations a Gating results for PD-1 and
CD8 b Proportion of CD8+/PD-1+cells among CD8+cells ¢ Gat-
ing results for HLA-DR and CD38 d Proportion of CD38+/HLA-
DR +cells among PD-1+/CD8 +cells e Gating results for Ki-67 and
CD8 f Proportion of CD8+/Ki-67 +cells among CD8 +cells g Gat-
ing results for CD39 h Proportion of CD39 + cells among CD8 + cells
Bini, Bini; Enco, Enco; Durv, Durvalumab

drug-treated group (Supplementary Fig. 1). After the com-
pletion of all drug treatments, we examined Liver H&E and
measured AST and ALT levels for drug toxicity assessment.
There was no difference between the control group and the
drug treat group, so it was confirmed that there was no drug
toxicity (Supplementary Fig. 3a). AST and ALT levels did
not show a difference between the control group and the
drug treat group or showed a tendency to decrease, confirm-
ing that there is no drug toxicity (Supplementary Fig. 3b).

We also performed immunohistochemistry for PD-L1
and CD8a to assess the changes in the antigen-presenting
machinery and the degree of necrosis in the implanted
tumors. We found that the levels of PD-L1 and CD8«
both increased in the tumors in response to treatment with
binimetinib, encorafenib, and durvalumab; moreover, we
observed that the degree of necrosis was higher in the drug-
treated groups as well (Fig. 4e).

Triple treatment leads to MAPK inhibition, JAK/STAT
inhibition and an increase in antigen-presenting
machinery proteins in vivo

We then assessed the degree of MAPK inhibition in the
xenograft model. In agreement with the in vitro results, the
degree of MAPK inhibition was the most pronounced in
the triple-treatment group, as evidenced by the decreases
in p-MEK and p-ERK (Fig. 5a, b). Interestingly, the
level of p-ERK was significantly higher in the bini-
metinib 4+ encorafenib group compared with the binimetinib
alone group.

Next, we investigated the inhibition pattern of the JAK/
STAT pathway. Results confirmed that the phosphoryl-
ated form was mostly downregulated in the triple treatment
group. Consequently, the expression of PD-L1 also exhibited
the most substantial decrease in the triple treatment group
(Fig. 5c, d). We also observed that the proteins involved
in the antigen-presenting machinery increased in the drug-
treated groups, especially the triple-treatment group, likely
owing to activations in T cells (Fig. Se, ).

T cell activation in tumor-infiltrating lymphocytes
in response to triple-treatment

Previous studies reported that tumor infiltration of lympho-
cytes does not occur in MSS colorectal cancer and that the
level of tumor-infiltrating lymphocytes (TILs) correlates
with the response to ICIs [33]. We therefore performed a
flow cytometry analysis of TILs to assess whether CD8"
T cells are activated in the drug-treated xenograft models.
In our study, we performed TIL isolation by pooling tumor
tissues from each group. First, we investigated the propor-
tion of human lymphocytes within the total TIL popula-
tion. The proportion of human lymphocytes was highest in
the binimetinib + durvalumab treated group among all the
groups (Supplementary Fig. 2a, b). Next, as we explored
the distribution of CD4 and CD8 T cells, we observed a
consistent pattern of increasing proportions associated with
drug treatment administration (Supplementary Fig. 2c—e).
Similarly, the distribution of Regulatory T cells showed an
increasing trend in the groups treated with the drug (Supple-
mentary Fig. 2f, g). Then we assessed the expression level
of PD-1 as a T cell activation marker in CD8" T cells and
found that the greatest degree of PD-1 expression was found
in the triple-treatment group (Fig. 6a). The proportion of
PD-17 cells among CD8™ cells was also higher in the triple-
treatment group compared to the control group (Fig. 6b). We
then assessed the proportions of HLA-DR* and CD38* cells
among the CD8*/PD-1" T cells to further assess the degree
of T cell activation (Fig. 6¢). As expected, the proportion
of HLA-DR*/CD38* double-positive cells was the highest
in the triple-treatment group (Fig. 6d). Similar results were
obtained for the proportion of Ki-67* cells (Fig. 6e, f) and
CD397 cells (Fig. 6g, h) among CD8% T cells.

Discussion

In this study, we demonstrated the improved antitumor activ-
ity of an ICI (durvalumab) combined with a MEK inhibi-
tor (binimetinib) and/or a BRAF inhibitor (encorafenib) in
BRAF-MT MSS CRC cell lines and a BRAF-MT MSS CRC
humice xenograft model. Treatment of these drugs, espe-
cially triple-treatment, led to increases in antitumor activity
obtained via the activation of T cells in TILs, as well as
increases in the expression of antigen-presenting machin-
ery proteins. Specifically, combining two therapies (BRAF
inhibitor, MEK inhibitor) led to an increase in the proportion
of proliferative and tumor-specific CD8/PD-1" T cells, as
well as increased activation of CD8*/PD-1* T cells.
Previous studies on BRAF mutant melanoma have shown
that MAPK inhibition [34]and BRAF inhibitors can elevate
PD-L1 expression, increase antigen expression, and promote
the infiltration of CD8-positive T lymphocytes into tumors
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[35-38]. Building on these findings, combining BRAF
inhibition with ICI has been shown to enhance response
and prolong survival in both a preclinical mouse model of
BRAF mutant melanoma [39—41] and in patients with BRAF
mutant melanoma [24-26, 42, 43]. Another study revealed
that BRAF-MT CRC is characterized by an immune micro-
environment with high expression levels of several immuno-
therapeutic targets, including PD-1, PD-L1, CTLA-5, LAG-
C, and TIM-3[44]. Furthermore, patients with BRAF-MT
CRC who exhibit complement activation and an increase in
M2 macrophages in their tumor microenvironment tend to
have a poorer prognosis [45]. Given this evidence, it is sug-
gested that combining ICIs with BRAF inhibitors could sig-
nificantly enhance treatment efficacy for BRAF-MT CRCs.

To replicate the human CRC model in the HT-29 cell
line, we treated the cells with IFN-y and conducted in vitro
experiments. Our study suggests that the combined use of
ICIs, along with BRAF and/or MEK inhibitors, can poten-
tially mitigate the risk of BRAF-MT CRC by promoting
immune-related alterations in the tumor microenvironment.
This treatment activated T cells and induced the expres-
sion of antigen-presenting machinery proteins. A phase
2 trial has previously demonstrated the effectiveness of a
similar combination in treating BRAF-MT CRC patients
undergoing chemotherapy [46]. Also, the study reported a
25% response rate for ICIs combined with MEK and BRAF
inhibitors in BRAF-MT CRC patients. These patients had a
median progression-free survival rate of 5 months. The same
study also revealed, through single-cell RNA sequencing of
23 paired pre-treatment and on-treatment biopsies, that a
stronger induction of tumor cell-intrinsic immune programs
and complete MAPK inhibition correlated with improved
clinical outcomes. However, that study did not assess the
tumor microenvironment since their primary focus was on
the tumor cell component, leaving the status of T cell activa-
tion and changes in antigen-presenting machinery proteins
unexplored. This is a distinction from our research, where
we evaluated these factors.

Our study has certain limitations that should be acknowl-
edged. The efficacy of our combined treatment approach
in relation to the tumor microenvironment needs further
exploration. In our in vitro experiments, we demonstrated
the effectiveness of this combined strategy in treating solid
tumors, specifically using the BRAF-MT MSS CRC cell
line. Further studies are needed to confirm the potential of
this combined approach.

The limited availability of BRAF-MT MSS CRC cell
lines led us to utilize only one cell line for our in vivo
model study. The generalizability of our results would be
enhanced by using a broader range of cell lines, especially
those derived from patients, in subsequent studies. Through
flow cytometry, we observed the presence of immune cells in
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the tumor microenvironment. However, compared to cutting-
edge methods like single-cell genomics, epigenomics, and
in-situ multiplex immunohistochemistry techniques, flow
cytometry offers limited insights into potential mechanisms
tied to novel treatment strategies.

Nevertheless, our research has shown that the combina-
tion of ICI with BRAF and/or MEK inhibitors can activate
T cells in tumor-infiltrating lymphocytes. This lends support
to the notion that such a combined approach is an effective
treatment for patients with BRAF-MT CRC. A strength of
our study lies in demonstrating the efficacy of ICIs when
combined with BRAF and/or MEK inhibitors, without the
need for a monoclonal anti-EGFR antibody, in a straight-
forward humanized mouse model of BRAF-MT MSS CRC.
Furthermore, our findings pave the way for the development
of innovative strategies to enhance the survival of patients
diagnosed with BRAF-MT CRC, particularly by pairing ICI
and BRAF inhibitors to optimize treatment outcomes.
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