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Patients with BRAFYV****-mutant melanoma are effectively
treated with the BRAF-inhibiting drug, vemurafenib, but
soon develop drug resistance, limiting vemurafenib’s therapeu-
tic efficacy. Constitutive activation of STAT3 in cancer cells
and immune cells in the tumor microenvironment (TME) is a
crucial contributor to the development of drug resistance and
immune evasion in most cancers. Here, we investigated the
antitumor efficacy and TME remodeling by APTgrat13-9R, a
cell-permeable STAT3 inhibitory peptide, as a strategy to treat
vemurafenib-resistant melanoma. We found that vemurafenib-
resistant melanoma remodels into immunosuppressive TME
by increasing the expression of specific chemokines to facilitate
the infiltration of immunosuppressive immune cells, such as
myeloid-derived suppressor cells (MDSCs) and tumor-associ-
ated macrophages (TAMs). Intratumoral treatment of
APTgra13-9R led to a reduction in the population of MDSCs
and TAMs, while increasing infiltration of cytotoxic T lympho-
cytes in the TME. Moreover, combination therapy with
APTsrat13-9R and an anti-PD-1 antibody enhanced significant
suppression of tumor growth by decreasing infiltration of these
immunosuppressive immune cells while increasing the infiltra-
tion and cytotoxicity of CD8" T cells. These findings suggest
that combined blockade of STAT3 and PD-1 signaling path-
ways may be an effective treatment option for overcoming
poor therapeutic outcomes associated with drug-resistant
BRAF-mutant melanoma.

INTRODUCTION

Although most patients with BRA -mutant melanoma showing
constitutive activation of the BRAF/MEK/ERK-signaling pathway
experience a remarkable initial response to the BRAF inhibitor
(BRAFi), vemurafenib,"” long-term therapeutic outcomes are
compromised by acquired drug resistance.” BRAFi resistance is
known to be acquired through either de novo generation of secondary
mutations in cancer cells or activation of other compensatory down-
stream effector pathways.”” A recent comprehensive secretome anal-
ysis of BRAFi-resistant tumors revealed that drug resistance results in
the development of an immunosuppressive tumor microenvironment
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(TME) that limits the therapeutic efficacy of immune checkpoint in-
hibitor (ICI)-based immunotherapy.” However, investigations into
how acquired BRAFi resistance shapes the TME and how the result-
ing immunosuppressive TME can be mitigated have been lacking.
Thus, there is an urgent need for a new treatment strategy capable
of ameliorating the immunosuppressive TME of BRAFi-resistant
tumors.

It was recently reported that constitutive activation of the signal
transducer and activator transcription 3 (STAT3) pathway in cancer
cells and immune cells in the TME, such as myeloid-derived suppres-
sor cells (MDSCs) and M2-type tumor-associated macrophages
(TAMs), contributes to tumor immune evasion or immune toler-
ance.””” Thus, targeting the STAT3 signaling pathways in both cancer
cells and tumor-infiltrating immune cells may be a feasible strategy
for ameliorating BRAFi resistance in melanoma through reshaping
the immunosuppressive TME.'”"" We recently reported a high-affin-
ity peptide binder for STAT3, designated APTgsrars, that inhibits
phosphorylation of STAT3."*"'® Upon modification with a cell-pene-
trating 9-arginine motif (APTsrat3-9R), the peptide was readily
internalized into the cytoplasm of cancer cells where it inhibited
STAT3 downstream signaling pathways, thereby exerting high anti-
tumor efficacy in vivo."” However, the antitumor efficacy of
APTsraT3-9R against BRAFi-resistant melanoma and its effects on
the TME have not been studied.

In this study, we investigated whether inhibition of STAT3 by
APTsraT3-9R not only induces cancer cell apoptosis but also re-
models the immunosuppressive TME of BRAFi-resistant melanoma
so as to potentiate antitumor efficacy in the drug-resistant tumor.
We also examined the effects of combining APTsra73-9R with
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anti-PD-1 antibody (aPD-1) immunotherapy on TME remodeling
and antitumor efficacy. We first analyzed changes in populations of
MDSCs, TAMs, and CD8" T cells in the TME of BRAFY***F-mutant
melanoma with acquired resistance to vemurafenib. We further
analyzed the chemokines secreted by BRAFi-resistant melanoma
that are responsible for trafficking of these immunosuppressive cells
to the TME. Finally, we examined the effects of APTgraT3-9R-medi-
ated inhibition of STAT3 on reshaping of the TME and antitumor ef-
ficacy, alone or in combination with ICIs, in BRAFi-resistant
melanoma.

RESULTS

Vemurafenib-resistant melanoma exhibits enhanced tumor
formation and potentiates an immunosuppressive TME

To establish vemurafenib-resistant melanoma cells, we chronically
exposed parental BRAFY*’E-mutant melanoma cells, designated
YUMM1.7P, to vemurafenib for 8-10 weeks, starting at a low (condi-
tion 1) or medium (condition 2) drug concentration and gradually
increasing it (Figure S1A). Cell-viability assays revealed that this
treatment successfully generated vemurafenib-resistant cells, desig-
nated YUMM1.7R, which exhibited half-maximal inhibitory concen-
tration (ICs() values of 10.37 uM (condition 1) and 9.48 pM (condi-
tion 2)—values much higher than the ICs, value of vemurafenib for
YUMMIL.7P cells (3.12 uM) (Figure S1B). Because extracellular
signal-regulated kinase (ERK) signaling is known to be constitutively
activated in BRAFY*®E-mutant melanoma,'” we assessed the effect of
vemurafenib treatment on phosphorylation of ERK in both
YUMM1.7P and YUMMI1.7R cells. While treatment with vemurafe-
nib led to a considerable reduction in ERK phosphorylation in
YUMML.7P cells, this reduction was dramatically suppressed in
one of the generated YUMMI1.7R cell lines (condition 1) (Figure S1C),
which was chosen as a BRAFi-resistant cell line for subsequent
experiments.

Using these YUMM1.7R cells, we first examined tumor-forming abil-
ity and resistance to vemurafenib in vivo upon transplantation into
syngeneic immunocompetent C57BL/6 mice. YUMMI1.7R-derived
tumors grew more rapidly than those derived from YUMM1.7P cells;
moreover, in contrast to YUMMIL.7P cells, which were highly
sensitive to inhibition of tumor growth by vemurafenib, BRAFi-resis-
tant YUMMI.7R cell tumor growth was unaffected by vemurafenib
treatment (Figure 1A), indicating successful establishment of
BRAFi-resistant melanoma tumors. Next, we analyzed the TME of

these vemurafenib-sensitive and -resistant melanoma tumors, with
and without vemurafenib treatment. Previous studies have shown
that treatment of vemurafenib-sensitive melanoma tumors with ve-
murafenib enhances melanoma antigen expression, promotes T cell
cytotoxicity, and induces a more favorable TME.'®" Accordingly,
we assessed changes in populations of MDSCs, TAMs, and CD8"
T cells, which are key mediators of tumor immunity in the TME.
The gating strategy for tumor-infiltrating immune cells is shown in
Figure S2. The frequency of CD11b"Grl™ MDSCs and CD11b*F4/
80"Grl™ TAMs was dramatically increased in YUMM1.7R-derived
tumors, which also showed a significant reduction in the frequency
of tumor-infiltrating CD8" T cells compared with vemurafenib-sen-
sitive YUMMI1.7P-derived tumors (Figures 1B-1D), indicating for-
mation of an augmented immunosuppressive TME in the vemurafe-
nib-resistant melanoma. As expected, vemurafenib treatment led to a
significant decrease in the frequency of MDSCs and TAMs but
increased the frequency of CD8" T cells in YUMM1.7P-derived tu-
mors. Although treatment of YUMMI.7R-derived tumors with ve-
murafenib also led to a reduction in the frequency of MDSCs and
TAMs, unlike the case of vemurafenib-sensitive melanoma tumors,
it failed to increase the frequency of CD8" T cells. No significant
change was observed in the frequency of CD3"CD4" T cells by ve-
murafenib treatments in both YUMM1.7P- and YUMM1.7R-derived
tumors (Figure S3). These results suggest that vemurafenib-resistant
melanoma tumors develop an immunosuppressive TME by recruit-
ing tumor-promoting MDSCs and TAMs while limiting CD8"
T cell infiltration into the tumor.

Chemokines are known to play a crucial role in recruiting immune
cells to the TME of a tumor;* in particular, it has been shown that
both CCL2 and CXCL1 are key chemokines involved in the recruit-
ment of immunosuppressive cells such as MDSCs.*' Accordingly,
we analyzed and compared expression levels of these chemokines in
both YUMMI1.7P and YUMMI.7R cells by real-time qRT-PCR. We
found that expression levels of CCL2 and CXCL1 were remarkably
higher in YUMMI1.7R cells compared with YUMMI1.7P cells; in
contrast, CXCL2 and CXCL5 chemokines were not significantly
different between the two cancer cell lines (Figure 1E). Collectively,
these findings indicate that vemurafenib-resistant BRAFY ***F-mutant
melanoma cells exhibit enhanced tumor growth and form a potenti-
ated immunosuppressive TME by excessively secreting CCL2 and
CXCL1 chemokines compared with drug-sensitive parental mela-
noma cells.

Figure 1. Vemurafenib-resistant melanoma cells exhibit enhanced tumor formation and a potentiated immunosuppressive TME

(A) YUMM1.7P or YUMM1.7R cells (3 x 10° cells each) were subcutaneously injected into C57BL/6 mice. Vehicle control (veh.) or vemurafenib (VEM) (20 mg/kg) was injected
i.p. daily into tumor-bearing mice. Arrows indicate the injection day. Tumor size is expressed as means + SEM (n = 6 mice/group; ***p < 0.0001 versus YUMM1.7P + veh;
two-way ANOVA followed by Tukey’s post hoc test). (B-D) Left: representative contour plots showing the frequency of each individual immune cell population (MDSCs,
TAMs, and CD8" T cells) among live/dead"CD45" cells in both control and treated groups. Single-cell suspensions of immune cells were isolated from tumors and analyzed
by flow cytometry. Cell populations were identified as (B) MDSCs (CD45*CD11b*Gr1™), (C) TAMs (CD45*Gr1~CD11b*F4/80"), and (D) CD8" T cells (CD45*CD3*CD8").
Right: quantification of results. Data are presented as means + SEM (n = 6 mice/group; ***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05; unpaired two-tailed Student’s
ttest); ns, not significant. (E) Total RNA was isolated from YUMM1.7P or YUMMT1.7R cells for real-time gRT-PCR. mRNA levels of the chemokines CCL2, CXCL1, CXCL2, and
CXCL5 were determined. Representative results from one of three independent experiments are shown. Data are presented as means + SEM (n = 3; ***p < 0.0001,

***p < 0.001; unpaired two-tailed Student’s t test); ns, not significant.
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Figure 2. Effects of APTsta73-9R treatments on STAT3 phosphorylation, sensitivity to vemurafenib, and antitumor efficacy in melanomas

(A Structure and characteristics of the cell-permeable STAT3-inhibiting peptide, APTstat3-9R. (B) Western blotting results for P-STATS3 (Tyr705), STAT3, and GAPDH in
YUMM1.7P and YUMM1.7R cells pretreated with 10 uM APTgcr-9R or APTstats-9R for 2 h and subsequently treated with IL-6 (20 ng/mL). (C) Viability of YUMM1.7P
and YUMM1.7R cells after treatment with increasing concentrations of either APTsrar3-9R or APTscr-9R for 48 h. Representative results from one of three independent
experiments are shown. Data are presented as means + SEM (n = 5; ****p < 0.0001, **p < 0.01; one-way ANOVA followed by Sidak’s post hoc test). (D) Viability of YUMM1.7R
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APTstaT3-9R suppresses the proliferation of vemurafenib-
resistant melanoma cells and resensitizes them to vemurafenib
Since activation of STAT3 signaling pathways contributes to drug
resistance of cancer cells and tumor immune evasion or immune toler-
ance,”” we examined the effect of the cell-permeable STAT3 binding
peptide, APTsraT3-9R, which can inhibit STAT3 phosphorylation, on
vemurafenib-resistant YUMMI.7R cells. The key features in structure
and sequence of APTgsrat3-9R are illustrated in Figure 2A. A control
peptide (APTscr-9R) that forms a structure similar to that of
APTgrars-9R but possesses a scrambled sequence in the target-binding
region was used for comparison throughout experiments. Whereas
interleukin-6 (IL-6) treatment led to upregulation of phosphorylated
STAT3 (P-STAT) in both YUMMI1.7P and YUMMI1.7R cells, this ef-
fect was markedly suppressed in both melanoma cell lines by
APTsra13-9R treatment (10 pM); as expected, the control APTgcg-
9R (10 puM) failed to inhibit STAT3 phosphorylation in either cell
line (Figure 2B). This result indicates that APTgraT3-9R is able to
specifically inhibit STAT3 activation. Furthermore, inhibition of
STAT3 phosphorylation by APTsraT3-9R in both YUMMI.7P and
YUMMI.7R cells led to a reduction in cell viability, whereas
APTscr-9R treatment caused no appreciable decrease in cell viability
Figure 2C). Notably, the effect of APTsraT3-9R was concentration
dependent, becoming apparent beyond a concentration of 15 pM (Fig-
ure S4), results that are well correlated with those of cell-viability as-
says. Because it has been suggested that inhibition of STAT3 signaling
pathways may overcome the acquired resistance of melanoma to ve-
murafenib,”” we examined whether APTgrar3-9R treatment could re-
sensitize YUMM1.7R cells to vemurafenib. To this end, we pretreated
YUMMI.7R cells for 2 h with APTgcr-9R or APTgra13-9R at a con-
centration of 10 uM, which has little effect on cell viability but still
inhibits STAT3 activation, and subsequently treated these cells with ve-
murafenib (5 uM) or vehicle. Treatment with either APTgpa13-9R or
vemurafenib alone did not reduce the viability of YUMMI1.7R cells,
whereas sequential treatment with APTsra13-9R and vemurafenib at
the indicated concentrations considerably decreased the viability of ve-
murafenib-resistant melanoma cells (Figure 2D), suggesting resensiti-
zation of YUMMI.7R cells to vemurafenib.

Next, we evaluated antitumor efficacy of APTsra13-9R and its com-
bination with vemurafenib in YUMMI1.7R-derived tumors. When
YUMM1.7R-derived tumors reached ~100 mm>, APTgrar3-9R was
intratumorally (it.) or intravenously (iv.) injected at a dose of
10 mg/kg every other day for a total of four injections, whereas ve-
murafenib was administered intraperitoneally (i.p.) daily at a dose
of 20 mg/kg for a total of seven injections (Figure 2E). As expected,
vemurafenib (i.p.) or APTscr-9R (it) treatment was unable
to inhibit growth of vemurafenib-resistant melanoma, whereas

APTgrar3 9R (it.) treatment led to inhibition of tumor growth by
~35% relative to untreated control on day 15 (Figure 2F). Further-
more, combination of APTgsrar3-9R (it.) with vemurafenib (i.p.)
was more effective than APTgrar3-9R (i.t.) monotherapy in inhibit-
ing tumor growth and increasing survival (Figure 2G), suggesting the
possibility of mitigating the drug resistance by inhibition of STAT3
signaling pathways. Unlike the case of intratumorally injected
APTgrar3 9R (it.), APTsraT3 9R (iv.) was ineffective in inhibiting
tumor growth, presumably due to limited tumor targeting efficiency
of the small-sized peptide upon systemic delivery. There was no sig-
nificant difference in the body-weight change of mice treated with
each modality (Figure 2H). Collectively, these results demonstrate
that APTsra73-9R is capable of inhibiting STAT3 signaling in vemur-
afenib-resistant YUMMI.7R cells and tumors, causing cell death and
mitigating the acquired drug resistance of melanoma to vemurafenib.

APTstaT3-9R remodels the TME of vemurafenib-resistant
melanoma

As we confirmed that vemurafenib-resistant YUMMI1.7R-derived tu-
mors form an immunosuppressive TME and that APTgra73-9R (i.t.)
inhibits tumor growth of the drug-resistant melanoma, we next inves-
tigated the effects of APTsrar3-9R treatment on TME remodeling.
After YUMMI1.7R-derived tumors reached ~100 mm?, APTgraTs-
9R or APTscgr-9R was injected i.t. at a dose of 10 mg/kg every other
day for a total of four injections, whereas vemurafenib was adminis-
tered i.p. daily at a dose of 20 mg/kg for a total of seven injections (Fig-
ure 3A). As expected, neither vemurafenib nor APTscr-9R alone was
effective in inhibiting the growth of drug-resistant melanoma tumors,
whereas APTgpa13-9R-treated mice showed considerable reductions
in tumor growth (~64%) relative to untreated controls (Figure 3B).
We next analyzed the TME of tumors treated with each modality us-
ing flow cytometry. As expected, the frequencies of CD11b"Grl"
MDSCs, CD11b*F4/80*Grl™ TAMs, and CD3"CD8" T cells in the
TME were unaltered by treatment with APTscgr-9R; notably, how-
ever, APTsraT3-9R-treated tumors showed a significant reduction
in both MDSCs and TAMs (Figures 3C and 3D). Moreover,
APTgrar3-9R treatment increased the CD8"/CD4™ T cell ratio by
increasing the frequency of CD3"CD8" T cells without affecting the
frequency of CD3"CD4" T cells in YUMM1.7R-derived tumors (Fig-
ure S5), suggesting mitigation of the immunosuppressive TME in the
vemurafenib-resistant melanoma (Figure 3E). Interestingly, although
vemurafenib treatment alone also led to a reduction in the frequencies
of MDSCs and TAMs within YUMM1.7R-derived tumors, it was un-
able to effectively suppress tumor growth. We speculate that this
limited antitumor efficacy of vemurafenib is attributable to the lack
of an appreciable increase in the frequency of CD8" T cells in the
TME.

cells pretreated with 10 uM APTstat3-9R or APTscr-9R for 2 h and subsequently treated with vemurafenib (VEM; 5 uM) for 48 h. Representative results from one of
three independent experiments are shown. Data are presented as means + SEM (n = 5; ***p < 0.0001; one-way ANOVA followed by Sidak’s post hoc test). (E) Schematic
depiction of the experimental design. C57BL/6 mice were injected s.c. with YUMM1.7R cells (3 x 10° cells). The mice were randomly allocated to each treatment group (n =5
mice/group). (F) Growth curves of YUMM1.7R-derived melanoma tumors upon treatment with each modality. Tumor size is expressed as mean + SEM (n = 5 mice/group;
***p < 0.0001, *p < 0.01, *p < 0.05 versus untreated; two-way ANOVA followed by Tukey’s post hoc test). (G) Kaplan-Meier curves showing survival of each treatment con-
dition (**p < 0.0002, APTsta3-9R + VEM; Mantel-Cox log rank test). (H) Changes in body weight of each group were measured.
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To further investigate the possible heterogeneity among the broadly
defined immune cell subsets, we applied single-cell RNA sequencing
(scRNA-seq) for dissociated cells of freshly resected tumors from un-
treated and APTgraT3-9R-treated mice. We profiled two samples
from APTgrar3-9R-treated tumor (11,770 cells) and untreated con-
trol tumor (13,706 cells), respectively, at an average depth of
~30,000 reads per cell. After quality control, we performed clustering
and cell-type identification analysis using characteristic canonical cell
markers (Figures S6A and S6B). As expected, there was considerable
reconstitution of the infiltrated immune cells in APT g2 13-9R-treated
tumor compared with untreated tumor. The most prominent changes
detected in APTgrar3-9R-treated tumor was a notable decrease in
immunosuppressive immune cells such as MDSCs and TAMs but a
considerable increase in T cells, including CD4" T cells, CD8"
T cells, and cytotoxic T cells (Figures S6C and S6D). Interestingly,
there was an appreciable change in the composition ratio of MI-
and M2-macrophages, showing an increase in M1-macrophages but
a decrease in M2-macrophages (Figure S6C). Moreover, we recog-
nized that cytotoxic CD8" T cells in T cell cluster were significantly
enriched in the APTgraT3-9R-treated tumor compared with that in
untreated tumor (Figure S6D). This scRNA-seq result is consistent
with that obtained by flow-cytometry analysis (Figures 3C-3E) and
suggests that APTsra13-9R treatment mitigated immunosuppressive
TME of vemurafenib-resistant melanoma.

Because we found that the chemokines CCL2 and CXCL1, which re-
cruit immunosuppressive MDSCs and TAMs to the TME, were upre-
gulated in YUMMI1.7R-derived tumors (Figure 1E), we examined the
effect of APTstaT3-9R on expression of these two chemokines in
YUMMI.7R cells. APTsraT3-9R treatment caused a significant, con-
centration-dependent decrease in the expression of these chemokines
in YUMM1.7R cells (Figure S7), suggesting that this peptide led to a
reduction in the recruitment of immunosuppressive MDSCs and
TAM:s to the TME by decreasing CCL2 and CXCL1 secretion. Taken
together, these findings indicate that APTsrar;-9R mitigates the
immunosuppressive TME of vemurafenib-resistant melanoma by
reducing chemokine production, thereby suppressing tumor growth.

Combining APTstaT13-9R treatment with an anti-PD-1 antibody
enhances antitumor efficacy against vemurafenib-resistant
melanoma

Because APTsra73-9R treatment decreases the frequency of immuno-
suppressive MDSCs and TAMs but increases the frequency of CD8"*
T cells in vemurafenib-resistant melanoma, we reasoned that
combining APTgrar3-9R with immunotherapy using an anti-PD-1

antibody (aPD-1) would improve antitumor efficacy. To test this,
we administered APTgra13-9R (i.t.), @PD-1 (i.p.), or the combination
thereof every other day for a total of four injections after YUMM1.7R-
derived tumors reached a size of ~100 mm® (day 6) (Figure 4A).
Although each monotherapy significantly inhibited tumor growth
compared with untreated controls, combination therapy led to greater
inhibition of tumor growth than either monotherapy Figure 4B). At
the end of each treatment, we analyzed the TME using flow cytome-
try. Whereas aPD-1 alone treatment did not affect recruitment of
immunosuppressive  MDSCs or TAMs, APTsrar:-9R  and
APTgsrar3-9R + aPD-1 treatments led to substantial—and similar—
the frequencies of those
YUMM1.7R-derived tumors compared with untreated controls
(Figures 4C and 4D), suggesting that APTsra13-9R, and not aPD-
1, may be responsible for the reduced recruitment of MDSCs
and TAMs into the TME. However, although treatment with
APTgsraT3-9R or aPD-1 alone also led to a significant increase in
the frequency of tumor-infiltrating CD8" T cells (Figure 4E) as well
as interferon-y (IFN-v)-producing functional CD8" T cells (Fig-
ure 4F) compared with untreated controls, the combination of
APTsrar3-9R with aPD-1 further increased these cell populations
to levels much greater than those produce by either monotherapy,
potentially contributing to the greater antitumor efficacy.

reductions in immune cells in

We next examined the effects of combination therapy on tumor
growth and survival through another set of independent experiments
(Figure S8A). Although aPD-1 (i.p.) or APTsra73-9R (i.t.) monother-
apy could effectively inhibit tumor growth by day 13 compared with
untreated control (Figures S8B and S8C), only slightly improved sur-
vival benefit was observed (Figure S8D). However, the combination of
APTsraT3-9R (it.) with aPD-1 resulted in much greater tumor
growth inhibition and much longer overall survival than the other
groups without showing appreciable body-weight changes (Fig-
ure S8E), indicating effectiveness of the optimal combination therapy.
Taken together, these results indicate that mitigating the immuno-
suppressive TME through combined blockade of STAT3 and PD-1
signaling pathways may be an effective strategy for treating vemura-
fenib-resistant melanoma.

APTstaT3-9R exerts its therapeutic efficacy against cancer cells
and immune cells in the TME

Next, to determine which cells take up APTsra13-9R, we injected (i.t.)
fluorescein isothiocyanate (FITC)-labeled APTgrars-9R (FITC-
APTsgrar3-9R) into YUMMI.7R-derived tumors after tumors
reached ~200-300 mm?, and isolated cancer cells and immune cells

Figure 3. APTstat3-9R inhibits growth of vemurafenib-resistant melanoma tumors and suppresses recruitment of immunosuppressive cells into the TME
(A) Schematic depiction of the experimental design. YUMM1.7R-derived tumors were formed by subcutaneous injection of 3 x 10° cells into C57BL/6 mice. On day 6, each
treatment modality was initiated. Both APTstat3-9R and APTscr-9R (10 mg/kg) were injected i.t. every other day, and vemurafenib (20 mg/kg) was injected i.p. daily as indi-
cated. Tumors (n = 5 mice/group) were harvested on day 14 for flow-cytometry analysis. (B) Growth curves of YUMM1.7R-derived melanoma tumors upon treatment with
each modality. Tumor size is expressed as mean + SEM (n = 5 mice/group; ****p < 0.0001 versus APTstat3-9R; two-way ANOVA followed by Tukey’s post hoc test). (C-E)
Left: representative contour plots showing the frequency of (C) MDSCs, (D) TAMs, and (E) CD3*CD8" T cell immune cell populations among live/deadCD45" cells in both
control and treated groups. Right: quantification of results. Data are presented as means + SEM (n = 5 mice/group; ****p < 0.0001, ***p < 0.001, *p < 0.01, *p < 0.05;

unpaired two-tailed Student’s t test); ns, not significant.
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in the TME 4 h after injection for flow-cytometry analysis. The gating
strategy for isolating CD45-negative cells, CD8" T cells, MDSCs, and
TAMs from the TME is shown in Figure S9. Flow-cytometry analysis
revealed considerable uptake of FITC-APTgsrars-9R by MDSCs,
TAMs, CD8" T cells, and CD45-negative cells (i.e., cancer cells and
fibroblasts) (Figures 5A-5D), suggesting that APTsra13-9R inhibits
STATS3 signaling pathways in these cells and thereby attenuates the
immunosuppressive function of MDSCs, TAMs, and cancer cells
while promoting cytotoxic T cell activity. Furthermore, histopatho-
logical analyses of tumors treated with APTsraT3-9R (i.t.) showed
that the percentage of P-STAT3-positive cells was significantly
reduced compared with untreated control and APTscr-9R-treated tu-
mors (Figure 5E). However, there was little difference in the percent-
age of STAT3-positive cells in the treated tumors, suggesting that
APTstaT3-9R treatment did not affect production of total STAT3
but could inhibit STAT3 phosphorylation. Western blot analyses of
tumor lysates further confirmed a substantial reduction in STAT3
activation (P-STAT3) by APTsra7s-9R treatment (i.t.) (Figure 5F),
indicating inhibition of STAT3 activation in whole tumor tissues of
vemurafenib-resistant melanoma. Collectively, these results indicate
that, upon i.t. injection, APTgra13-9R is taken up by both immune
cells and cancer cells in the TME and inhibits STAT3 activation in
these cells, thereby contributing to antitumor efficacy.

DISCUSSION

Development of drug resistance to targeted therapy is a serious
problem commonly encountered by cancer patients.”** This has
also proven to be the case for vemurafenib-resistant melanoma.
Although attempts have been made to combine BRAF inhibitors
such as vemurafenib with other targeting agents (e.g., MEK inhibi-
tors) to counter resistance,”” such approaches have not yet been suc-
cessful.”® It was recently reported that activation of STAT3 signaling
pathways is associated with the development of drug resistance in
most cancers.”””® In the present study, we confirmed that treatment
with a cell-permeable STAT3-inhibiting peptide (APTsrar3-9R)
could resensitize vemurafenib-resistant YUMMI1.7R melanoma cells
to vemurafenib, thereby resulting in a reduction in cell viability
(Figure 2). It has also been shown that STAT3 activation in tumor
cells induces upregulation of multiple cytokines and chemokines
that can recruit immunosuppressive MDSCs and TAMs to the
TME.” Indeed, we found that vemurafenib-resistant YUMMI.7R
cells form tumors much more rapidly than vemurafenib-sensitive
YUMMIL.7P cells, and the TME of the resulting YUMMI.7R-

derived tumors also showed greater infiltration of MDSCs and
TAM:s but lower CD8" T cell infiltration (Figure 1). Furthermore,
we demonstrated that vemurafenib-resistant YUMMI.7R cells sub-
stantially upregulated two chemokines, CCL2 and CXCLI,
compared with vemurafenib-sensitive YUMM]1.7P melanoma (Fig-
ure 1E). These findings reveal for the first time that STAT3 activa-
tion-mediated secretion of CCL2 and CXCL1 by vemurafenib-resis-
tant melanoma cells may contribute to the recruitment of MDSCs
and TAMs and formation of the immunosuppressive TME that is
responsible for drug resistance and poor therapeutic response to
ICI-based immunotherapy.”

Along the same lines, it has been shown that STAT3 activation in
MDSCs induces expansion of these cells, compromises the function
of effector T cells, and promotes the development of TAMs, collec-
tively potentiating immunosuppressive tumorigenesis.”’ Likewise,
STATS3 activation in macrophages can enhance TAM reprogramming
from antitumor M1 to tumor-promoting M2-like polarization®* and
impair antigen-specific T cell responses in the TME.” In contrast,
ablating STAT3 in CD8" T cells enables expression of CXCR3
(CXCL10 receptor), resulting in increased infiltration of CD8"
T cells into the TME.** Using an adoptive transfer therapeutic strat-
egy in mice, researchers have also shown that transfer of STAT3-
depleted CD8" T cells enables efficient tumor infiltration and robust
CD8" T cell proliferation, resulting in increased tumor antigen-spe-
cific T cell activity and tumor growth inhibition.>” In this context, in-
hibition of STAT3 signaling pathways in immune cells of the TME
may not only suppress tumor-promoting functions of MDSCs and
TAMs but also alleviate the inhibitory effect of those cells on tu-
mor-infiltrating CD8" T cells, thus promoting an antitumor immune
response. Collectively, these observations indicate that STAT3 activa-
tion is a key signal associated with drug resistance in cancer cells and
an immunosuppressive TME. Thus, we hypothesized that combining
ICI therapy with a STAT3 inhibitor is a rational and attractive strat-
egy for treatment of vemurafenib-resistant melanoma tumors.
Indeed, we demonstrated that, upon i.t. injection, APTsraT3-9R miti-
gated the immunosuppressive TME of vemurafenib-resistant mela-
noma tumors by reducing production of the two chemokines,
CCL2 and CXCLI, and reducing tumor infiltration of MDSCs and
TAMs, thereby inhibiting tumor growth (Figure 3). We further
confirmed that APTsrar3-9R treatment significantly increased tu-
mor-infiltrating cytotoxic CD8" T cells in the TME. For these reasons,
we combined APTsra13-9R with aPD-1 therapy, which resulted in

Figure 4. Effects of combined treatment with APTsra73-9R and anti-PD-1 antibody on tumor growth and TME remodeling

(A) Schematic depiction of the experimental design. YUMM1.7R-derived tumors were formed by s.c. injection of 3 x 10° cells into C57BL/6 mice; each treatment modality
was initiated on day 6. APTstats-9R (10 mg/kg) was injected i.t. every other day and «PD-1 (200 ng per mouse) was injected i.p. daily as indicated. Tumors (n = 5 mice/group)
were harvested on day 14 for flow-cytometry analysis. (B) Growth curves of YUMM1.7R-derived melanoma tumors upon treatment with each modality. Tumor size is ex-
pressed as mean + SEM (n = 5 mice/group; ***p < 0.0001, *p < 0.01, *p < 0.05 versus aPD-1 + APTsraT3-9R; two-way ANOVA followed by Tukey’s post hoc test).
(C-E) Quantitative data showing the frequency of tumor-infiltrating (C) MDSCs, (D) TAMSs, and (E) CD8* T cells in each group, expressed as a percentage. Data are presented
as means = SEM (n = 5 mice/group; ***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05; one-way ANOVA followed by Sidak’s post hoc test); ns, not significant. (F) Left:
representative contour plots of IFN-y-producing tumor-infiltrating CD8* T cells produced by gating on live/dead~CD45" cells. Right: quantitative result showing the propor-
tion of IFN-y-producing CD8" T cells in each group, expressed as a percentage. Data are presented as means + SEM (n = 5 mice/group; ****p < 0.0001, **p < 0.01; one-way

ANOVA followed by Sidak’s post hoc test); ns, not statistically significantly changed.
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Figure 5. APTstat3-9R is effectively taken up by cells within the TME and inhibits STAT3 signaling in vemurafenib-resistant melanoma tumors

(A-D) Flow-cytometry analysis of TME cells positively stained with FITC-APTsrat5-9R. When YUMM1.7R-derived tumors reached ~300 mm®, mice were injected i.t. with
FITC-APTstat3-9R (10 mg/kg), and tumors were harvested after 4 h for flow-cytometry analysis. Representative contour plots of (A) FITC-positive tumor/cancer-
associated fibroblasts, obtained by gating on live/dead”CD45~; (B) MDSCs, obtained by gating on live/deadCD45*CD11b*Gr1*; (C) TAMs, obtained by gating on live/
dead~CD45*Gr1-CD11b*F4/80"; and (D) CD8* T cells, obtained by gating on live/dead " CD45*CD8"*. Data are presented as means = SEM (n = 2 mice for the untreated
group and n = 5 mice for FITC-APTsraT3-9R-treated groups; ***p < 0.001, **p < 0.01, *p < 0.05; unpaired two-tailed Student’s t test). (E) Representative images showing
immunohistochemical detection of P-STAT3 (Tyr705) and STAT3, and H&E staining in tissues of YUMM1.7R-derived tumors treated with each modality. When YUMM1.7R-
derived tumors reached ~100 mm?® (day 6), mice were injected i.t. with APTscr-9R or APTsrars-9R (10 mg/kg) every other day for a total of four injections. Tumor sections
were obtained on day 14. Scale bar, 100 um. The bar graph shows quantification of P-STAT3 (Tyr705) and STAT3-positive cells. Data are presented as means + SEM (n =4
mice/group; **p < 0.01, *p < 0.05 versus untreated; one-way ANOVA followed by Sidak’s post hoc test). (F) Expression of P-STAT3 (Tyr705), STAT3, and GAPDH protein in
YUMM1.7R-derived tumor tissues was determined by western blot analysis of lysates of tumors treated with either APTgcr-9R or APTstat3-9R as indicated in (A). Data are
presented as means + SEM (n = 4 mice/group; *p < 0.01, *p < 0.05 versus untreated; one-way ANOVA followed by Sidak’s post hoc test).
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considerably improved antitumor efficacy in BRAFi-resistant mela-
noma tumors through combined blockade of STAT3 and PD-1
signaling (Figure 4), providing proof of concept of our hypothesis.
Furthermore, since it has been reported that blockade of STAT3
signaling in immune cells within the TME can promote conversion
of “cold tumors” to “hot tumors” by regulating immunosuppressive
molecules,””” we anticipate that the combination regimen between
APTsraT3-9R and aPD-1 demonstrated in this study may be applied
to patients with drug-resistant tumors or cold tumors.

We found that i.t. injected APTsrat3-9R was considerably taken up
by MDSCs, TAMs, and CD8" T cells in the TME, as well as by can-
cer cells (Figures 5A-5D). Although we did not measure inhibition
of STATS3 signaling in each cell type isolated from the tumor, we did
confirm inhibition of STAT3 activation in whole tumor tissue of ve-
murafenib-resistant tumors by immunohistochemistry (Figure 5E)
and in tumor lysates by western blotting (Figure 5F). Considering
that STAT3 activation promotes immunosuppressive function in
MDSCs, TAMs, and cancer cells, but impairs CD8" T cell func-
tion,”” it is most likely that STAT3 inhibition by APTsrars-9R in
these cells collectively leads to the observed potent antitumor effi-
cacy in BRAFi-resistant melanoma through remodeling of the
immunosuppressive TME as well as by directly killing cancer cells.
Because APTsrat3-9R used in this study was administered via i.t.
injection, which is not a preferable treatment route in the clinic,
we are currently developing an appropriate nanoparticle-based
formulation that may enable delivery of this peptide therapeutic
to the tumor site via iv. injection. On the other hand, it seems
reasonable to consider the use of previously developed small-mole-
cule STATS3 inhibitors for combination therapy. However, this raises
concerns of potential toxicity from systemic exposure to such inhib-
itors, given the vital importance of STAT3 signaling pathways in
most tissues. This highlights the need to develop a drug-delivery
system for STAT3 inhibitors. In light of this, it. injection of
APTsraT3-9R may be a feasible approach to minimize systemic
toxicity while achieving potent therapeutic efficacy.

In conclusion, we demonstrated that inhibition of STAT3 signaling
using a cell-permeable STAT3-inhibiting peptide (APTgra13-9R) in
cancer cells and immune cells of the TME mitigated the immunosup-
pressive TME and resulted in effective inhibition of vemurafenib-
resistant melanoma tumor growth. Furthermore, we showed that
combined blockade of STAT3 signaling and PD-1 signaling pathways
resulted in greater antitumor efficacy than APTgra13-9R monother-
apy, suggesting this combination therapy as a new treatment option
for overcoming poor therapeutic outcomes associated with drug-
resistant BRAF-mutant melanoma.

MATERIALS AND METHODS

Mice

C57BL/6 mice were obtained from Samtako Bio Korea (Osan, South
Korea) and housed under pathogen-free conditions. Animal care
and experimental procedures were performed with approval of the
Animal Care and Use Committees of the Korea Advanced Institute

of Science and Technology (KAIST) (accreditation number:

KA2021-028).

Cell line and culture

YUMML.7 cells, a mouse melanoma cell line, were purchased from
American Type Culture Collection (Manassas, VA, USA) and
cultured in DMEM/F12 medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin solution at 37°C in a humidi-
fied 5% CO, incubator. Vemurafenib-resistant YUMMI1.7 cells
(YUMMI1.7R) were maintained under conditions of continuous
exposure to 5 UM vemurafenib.

Antibodies and materials

Two peptides, APTsrar3-9R and APTscr-9R, were custom synthe-
sized by AnyGen (Gwangju, South Korea). Antibodies against the
following proteins were used for western blotting: P-STAT3 (clone
D3A7, catalog no. 9145; Cell Signaling Technology, Danvers, MA,
USA); STAT3 (clone 124H6, catalog no. 9139; Cell Signaling);
P-p44/42 MAPK (ERK1/2) (clone D13.14.4E, catalog no. 4370; Cell
Signaling); p44/42 MAPK (ERK1/2) (clone 137F5, catalog no. 4695;
Cell Signaling); and GAPDH (catalog no. MA5-15738; Invitrogen,
Carlsbad, CA, USA). The antibody use for immune checkpoint
blockade therapy was InVivoPlus anti-PD-1 (clone RMP1-14, catalog
no. BP0146; BioXcell, Lebanon, NH, USA). Vemurafenib was pur-
chased from LC Laboratories (Woburn, MA, USA).

Syngeneic mouse melanoma model

C57BL/6 mice (6-8 weeks old) were subcutaneously injected with
YUMML1.7P (3 x 10°) or vemurafenib-resistant YUMM]I.7R
(3 x 10°) melanoma cells, and tumor growth was monitored. Mice
with a tumor size >1,500 mm?>, which was considered lethal, were
euthanized according to protocols approved by the Animal Care
and Use Committees of the Korea Advanced Institute of Science
and Technology. At the indicated time points, all mice were eutha-
nized and tumors were harvested for flow-cytometry analysis of im-
mune cells.

Flow cytometry and intracellular cytokine staining

Fluorescence-conjugated antibodies against CD8, CD11b, CD45, F4/
80, and IFN-y were purchased from eBioscience (Carlsbad, CA,
USA). The fluorescence-conjugated antibody against Grl was pur-
chased from BD Bioscience (San Jose, CA, USA). Dead cells were
excluded by staining with the fixable viability dye, eFluor 506 (65-
0866-14; eBioscience), followed by staining for cell-surface markers.
Cells were immunostained by incubating with the following anti-
bodies for 20 min at 4°C in the dark: PerCP-Cyanine 5.5-conjugated
anti-CD45 (45-0451-82), BV605-conjugated anti-CD3 (564009; BD
Bioscience), FITC-conjugated anti-CD4 (11-0041-85), phycoerythrin
(PE)-conjugated anti-CD8 (12-0081-83), allophycocyanin-conju-
gated anti-IFN-y (17-7311-82), FITC-conjugated anti-CD11b (11-
0112-82), PE-Cyanine7-conjugated anti-CD11b (25-0112-82),
BV605-conjugated anti-Grl (563299), PE-conjugated anti-F4/80
(12-4801-82), and eFluor 450-conjugated anti-F4/80 (48-4801-82).
Following single-cell and live-cell selection, the following immune
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cell subsets were characterized using the indicated set of markers:
CD8" T cells (CD45"/CD3"/CD8"), MDSCs (CD45"/CD11b*/
Gr1™), and TAMs (CD45"/Gr1/CD11b*/F4/80").

For measurement of cytokine production in tumor-infiltrated CD8"*
T cells by flow cytometry, tumor tissues were first cut into small
pieces, then enzymatically and mechanically dissociated into sin-
gle-cell suspensions using a mouse tumor dissociation kit (Miltenyi
Biotec, Auburn CA, USA) and gentleMACS Dissociator (Miltenyi
Biotec). Cell suspensions were filtered through a cell strainer
(70 um) and washed with Dulbecco’s PBS. Red blood cells (RBCs)
were removed by incubation with 2 mL of RBC lysis buffer
(420301; BioLegend, San Diego, CA, USA) for 2 min at room tem-
perature with gentle shaking. Isolated cells were stimulated with
soluble anti-CD3e antibody (553057; BD Bioscience) and soluble
anti-CD28 antibody (553294; BD Bioscience) for 5 h at 37°C in a
humidified 5% CO, atmosphere. After washing, cells were stained
with the fixable viability dye eFluor 506, followed by immunostain-
ing for cell-surface markers using fluorescently labeled anti-CD8
and anti-CD45 antibodies. Following surface staining, samples
were fixed and permeabilized using an Intracellular Fixation & Per-
meabilization buffer set (88-8824-00; eBioscience). Cells were then
stained with fluorescently labeled anti-IFN-y antibodies for mea-
surement of cytokine expression in CD8" T cells. Flow cytometry
was performed using an LSR Fortessa system (BD Biosciences) after
compensation with UltraComp Compensation beads (01-2222-41;
Invitrogen). Data were analyzed using FlowJo software (TreeStar,
Ashland, OR, USA).

Single-cell RNA sequencing

The 3’ digital gene expression of 500-10,000 individual cells per sample
was profiled using the Chromium Single Cell 3’ protocol. Single cells,
reagents, and a single Gel Bead containing barcoded oligonucleotides
are encapsulated into nanoliter-scale GEMs (Gel Bead in emulsion) us-
ing the Next GEM Technology. Libraries were prepared using the Chro-
mium controller according to the 10x Chromium Next GEM Single Cell
3’ v3.1 protocol (CG000315). In brief, the cell suspensions were diluted
in nuclease-free water to achieve a targeted cell count of 10,000. Cell sus-
pension was mixed with master mix and loaded with Single Cell 3’ v3.1
Gel Beads and Partitioning Oil into a Chromium Next GEM chip G.
RNA transcripts from single cells were uniquely barcoded and reverse
transcribed within droplets. cDNA molecules were pooled, and the
c¢DNA pool was then put through an end repair process, the addition
of a single “A” base, and ligation of the adapters. The products were
then purified and enriched with PCR to create the final cDNA library.
The purified libraries were quantified using qPCR according to the
KAPA qPCR Quantification Protocol Guide (Roche Sequencing, Pleas-
anton, CA, USA) and qualified using the Agilent Technologies 4200
TapeStation (Agilent Technologies, Santa Clara, CA, USA). The li-
braries were then sequenced using the HiSeq platform (Illumina, San
Diego, CA, USA) according to the read length in the user guide. After
quality control filtering to remove cells with low gene detection (<500
genes) and high mitochondrial gene content (>8%), cell clustering
and cell-type identification analysis were carried out using Seurat,
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which is well known as an automatic annotation method for scRNA-
seq data.

Immunohistochemistry

Tumor samples were immediately washed with 1x PBS, fixed by
incubating with 4% paraformaldehyde for 12 h, dehydrated, pro-
cessed into paraffin blocks, and sectioned (4 pum thickness) onto
HistoBond glass slides (Marienfeld Superior, Lauda-Ko6nigshofen,
Germany) using a CM 1850 microtome (Leica, Wetzlar, Germany).
Prepared tissue samples were deparaffinized using histological grade
xylene (Sigma-Aldrich, St. Louis, MO, USA) and rehydrated for he-
matoxylin and eosin (H&E) staining. For immunohistochemical an-
alyses, 4-um sections were deparaffinized and immunostained using
antibodies specific for P-STAT3 or STAT3. Excess dye was removed
by washing stained samples three times with distilled water, followed
by serial dehydration with two changes of 95% ethanol and 100%
ethanol. Stained tissues were cleared with two changes of xylene
(3 min each) and mounted with Permount mounting medium. The
histology of mounted tumor samples was visualized using an inverted
microscope (Eclipse Ti2; Nikon, Tokyo, Japan). 3,3’-Diaminobenzi-
dine staining was quantified using the Color Deconvolution II plugin
in Image] software.

RNA isolation and real-time PCR

Total RNA was isolated using an RNA purification kit
(NANOHELIX, Daejeon, South Korea), and the indicated mouse
target genes were analyzed by qRT-PCR using the SYBR reagent
(Bio-Rad, Hercules, CA, USA) and the following primer pairs:
CCL2, 5'-GTT GGC TCA GCC AGA TGC A-3' (forward) and
5'-AGC CTA CTC ATT GGG ATC TTG-3' (reverse); CXCLI,
5'-CCG AAG TCA TAG CCA CAC TCA A-3 (forward) and
5-GCA GTC TGT CTT TCT CCG TTA-3' (reverse); CXCL2,
5-GAA GTC ATA GCC ACT CTC AAG G-3' (forward) and
5'-CCT CCT TTC CAG GTC AGT TAG C-3’ (reverse); CXCL5,
5'-GGT CCA CAG TGC CCT ACG-3' (forward) and 5'-GCG AGT
GCA TTC CGC TTA-3' (reverse). Sequence-specific amplification
was analyzed on a CFX96 Real-Time PCR Detection System (Bio-
Rad). Data were normalized to TATA-binding protein expression,
and relative expression levels were calculated using the 2742
method.

Statistical analysis

Data are presented as means + standard errors of the mean (SEM),
and were analyzed with GraphPad Prism Software v6.0 for Windows
(GraphPad Software, San Diego, CA, USA). Comparisons between
two different groups were performed using unpaired two-tailed Stu-
dent’s t test; comparisons among more than two groups were per-
formed using two-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test or one-way ANOVA followed by Sidak’s post
hoc test. p values of less than 0.05 were considered statistically
significant.

Data and materials availability
All data are available in the main text or supplemental information.
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