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Anti-tumor effects of lenvatinib plus anti-PD-1 in

syngeneic murine cervical cancer models
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Abstract

Anti-tumor effects of lenvatinib plus anti-PD-1 in syngeneic murine cervical

cancer models.
Jisik Kang

Department of Obsterics and Gynecology,

Graduated School, University of Ulsan

Background

Immune checkpoint inhibitors (ICIs) have been used in patients with various solid
tumors since they were approved by the U.S. FDA in 2011, but only less than 20%
of them benefit from ICIs, including anti-programmed cell death protein 1 (anti-
PD-1). Recently, many attempts to improve the response of ICIs are in progress. In
particular, the vascular endothelial growth factor receptor (VEGFR) pathway has
emerged as a major target, which has synergistic anti-tumor effects with ICIs by
regulating the differentiation of tumor-associated macrophages, antigen-
presenting dendritic cells, and T cell infiltration in VEGFRI. In this study, the effects
of lenvatinib combined with anti-PD-1 were evaluated in a syngeneic murine model
of uterine cervical cancer to demonstrate whether VEGFR inhibition enhances the

anti-tumor effects of ICls.

Materials and methods

To evaluate the synergistic effects of lenvatinib and anti-PD-1, a synthetic mouse
model of cervical cancer was used. A total of 1x10” Ul4 cells were injected
subcutaneously into the flanks of BALB/c wild-type and nude mice. They were
treated with lenvatinib (10 mg/kg, orally, daily) until the tumor volume reached

200 mm?, and then anti-PD-1 (200 pg per mouse, intraperitoneally (LP), twice a



week) was administered to immunocompetent mice for 3 weeks. Tumor volume
was measured twice a week. At the end of the experiment, tumors and spleens

were harvested and histological analysis was performed.

Results

Tumor volume was significantly reduced by lenvatinib in the immunocompetent
model (278 mm? in Len vs. 490 mm? in Veh) (p = 0.0156); in particular, the tumor
size decreased after 2 weeks of injection. In study, the synergistic effects of
lenvatinib and anti-PD-1 were also confirmed in immune mouse models. Each
single treatment group showed a reduction in tumor volume compared to the
vehicle group (Len: 278 mm?3, anti-PD-1: 258 mm?; Veh: 490 mm?3). Furthermore,
the lenvatinib plus anti-PD-1 group showed reduced tumor volume to 110 mm?
on the 24th day after injection, which was significantly different compared to each

single treatment group (p = 0.0078 and p = 0.0078, respectively).

Conclusions

In this study, the anti-tumor effects of anti-PD-1 were enhanced by the
modulation of the tumor microenvironment with lenvatinib in immunocompetent
murine cervical cancer models. In conclusion, the addition of lenvatinib is expected
to increase the efficacy of ICIs in patients with cervical cancer who are resistant or

insensitive to ICIs.

Keywords: cervical cancer; lenvatinib; anti-PD-1; immune checkpoint inhibitors.
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Introduction

Immune checkpoint inhibitors (ICIs) have been approved by the U.S. FDA since
2011 for the treatment of various solid tumors &, but less than 20% of patients

benefit from them, including anti-programmed cell death protein 1 (anti-PD-1) @

3)

Programmed cell death protein-1 (PD-1) is a receptor found on the surface of
immune cells that plays a crucial role in regulating immune responses. PD-1, when
bound to its ligands PD-L1 or PD-L2, inhibits T cell activity and prevents excessive
immunity activation ®. Cancer cells can engage PD-1 on T cells, inhibiting their
activity and allowing tumors to escape destruction ©. The anti-PD-1 therapy aims
to overcome this immune evasion strategy employed by cancer cells. By blocking
the interaction between PD-1 and its ligands, anti-PD-1 antibodies unleash the
immune system's ability to effectively recognize and attack cancer cells ©®. However,
as described above, it is effective only in approximately 20-30% of cancers, and

thus many studies are being conducted to increase the therapeutic effect.

The vascular endothelial growth factor receptor (VEGFR) pathway has emerged as
one of the main targets for enhancing cooperative anticancer effects 7 ®. The
VEGFR pathway exerts cooperative anticancer effects with ICI by regulating the
differentiation of tumor-associated macrophages, antigen-presenting dendritic

cells and infiltrating T cells in VEGFRi © 19,

Lenvatinib is a multiple receptor tyrosine kinase inhibitor that mainly targets
vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)
receptors, platelet-derived growth factor receptor alpha (PDGFRA)®Y. Anti-PD-1
antibodies, on the other hand, target the programmed cell death-1 (PD-1) receptor
on T-cells, preventing tumor cells from evading the immune system ©. The

combination of lenvatinib and anti-PD-1 antibodies has been shown to modulate

1



cancer immunity in the tumor microenvironment (TME) by reducing tumor-
associated macrophages (TAMs) and enhancing anti-tumor activity via the
interferon (IFN) signaling pathway 2. Lenvatinib reduces angiogenesis and may
overturn the immunosuppressive effects of VEGF in the TME, whereas anti-PD-1
antibodies prevent tumor cells from evading the immune system 3. The
combination of lenvatinib and anti-PD-1 antibodies works to target multiple
pathways in the TME and enhance anti-tumor activity via modulation of cancer

immunity and angiogenesis 4,

Studies have reported promising results for the combination therapy of lenvatinib
and anti-PD-1 antibodies in various cancer types, including hepatocellular
carcinoma and thyroid cancer @®_Study was investigated the effectiveness of
lenvatinib combined with anti-PD-1 in syngeneic murine cervical cancer model to

show whether VEGFRi improves ICI anti-tumor effect.



Materials and methods

Cell line

The murine uterine cervical cancer cell line (MUCC) was obtained from MedPacto
(Seoul, Republic of Korea). The cells were maintained at 37°C with 5% CO; in
Dulbecco's modified Eagle's medium (DMEM) (Gibco) containing 10% fetal bovine

serum and 1% penicillin/streptomycin.

Cell viability assay

U14 cells were seeded in 96-well plates at a density of 5x10° cells per well. Plates
were incubated for one day in an incubator to allow cells to adhere to the surface.
Cells were treated with different concentrations of lenvatinib (0.625, 1.25, 2.5, 5,
and 10 mM). Plates were incubated at 37 °C for 24 h — 72 h. Cell viability was
assessed after drug treatment for 24, 48, or 72 h using Cell titer glo 2.0 (Promega,

Madison MI, USA). Luminescence was measured with a microplate reader.

Cell migration assay

Cells were cultured at 1x10° cells/well in 6-well plates and then incubated for one
day. A wound was made using a 200 pL pipette tip. Cell debris was removed by
washing with PBS and then treated with lenvatinib (0, 1.25 mM). Wound intervals

were captured microscopically at constant times (0, 24, and 48 h).

Model establishment & drug treatment

BALB/c mice (6-7 weeks old) were purchased from JA BIO (Suwon, Republic of
3



Korea). All mice were bred in a specific pathogen-free (SPF) animal facility at the
Asan Institute for Life Science (Seoul, Republic of Korea). We established syngeneic
mouse models of cervical cancer to confirm the synergistic effects of lenvatinib
combined with anti-PD-1. A total of 1x10” U14 cells were injected subcutaneously
into the flanks of BALB/c wild-type (immunocompetent) and nude
(immunocompromised) mice. The animals were treated with lenvatinib until the
tumor volume reached 200 mm?, and subsequently, anti-PD-1 was administered to
immunocompetent mice. Lenvatinib (10 mg/kg, orally, daily) and anti-PD-1 (200
Mg per mouse, intraperitoneally (I.P), twice a week) were administered for 3 weeks.
Tumor volume was measured twice a week. Tumor size was measured as follows:
tumor volume (mm?3) = length (mm) x width (mm) x width (mm)/2. At the end of
the experiment, tumors and spleens were harvested and histological analysis was

performed.

Immunofluorescence

Slides were prepared using formalin-fixed paraffin-embedded (FFPE) tissues. The
slides were placed in a stainless-steel staining rack and dried overnight in a dry
oven at 60°C for deparaffinization, twice in 100% xylene for 10 min, twice in 100%
ethanol for 5 min, once in 90% ethanol for 5 min, 80% ethanol for 5 min, 70%
ethanol for 5 min, 60% ethanol for 5 min, 50% ethanol for 5 min, and then washed
three times with PBS. The antigen was exposed to sodium citrate buffer (0.3% Tris-
sodium citrate, 0.5% Tween 20 in D.W. at pH 6.0) and processed with blocking
solution (5% bovine serum albumin in PBS) for 1 h. The samples were incubated
at 4°C overnight with the following antibodies: APC anti-mouse I-A/I-E antibody
(clone M5/114.15.2, BiolLegend), FITC anti-mouse F4/80 antibody (clone BMS,
BioLegend), FITC anti-mouse CD11lc antibody (clone N418, BiolLegend), PE anti-
mouse CD86 antibody (clone GL-1, BioLegend), FITC anti-mouse CD4 antibody
(clone RM4-4, BioLegend), and PE anti-mouse FOXP3 antibody (clone MF-14,

4



BioLegend). Cell nuclei were counterstained with DAPI dilactate (D9564-10MG,
Sigma-Aldrich).

Statistical analysis

Differences between the combination group, vehicle group, and each single
treatment group were analyzed using the Wilcoxon signed-rank test. An unpaired
t-test with Welch's correction was used for the migration assay. All P-values were
two-sided, and a value <0.05 was considered statistically significant. Statistical
analyses were performed using Prism (v5.03, Graph Pad Software, San Diego,

California, USA).



Results

Lenvatinib exhibits anti-tumor activity by reducing the survival and migration

of cervical cancer cell lines.

Lenvatinib is an anti-angiogenic drug and anticancer agent 7. In tumor cells,
lenvatinib induces apoptosis by reducing survival and migration ®®. Study was
performed cell viability and migration assays using the U14 cervical cancer cell line.
Study was determined whether lenvatinib could reduce the survival and migration
of tumor cells in vitro. Murine uterine cervical cancer cell lines were cultured in
DMEM and are shown in micrographs (x4 and x10) (Figure 1A). The viability of
U14 cells treated with lenvatinib in vitro was measured at different time points (24—
72 h). Compared to vehicle, the viability was 1.04%, 11.12%, and 17.04% at 0.625
MM, 0.84%, 11.28%, and 23.66% at 1.25 pyM, 0%, 14.26%, and 25.97% at 2.5 uM,
4.83% at 5 uM, 11.28% and 23.66%, decreasing to 4.83%, 11.28%, and 23.66% at
10 uM (24 h, 48 h, and 72 h, respectively) (Figure 1B). In the cell migration assays,
observed 24 h and 48 h after lenvatinib treatment, the migration ability of the
lenvatinib group (205%) was significantly lower than that of the vehicle group

(236%) (p<0.05, p<0.0001) (Figure 1C)

Lenvatinib shows remarkable anti-tumor activity in an immunocompetent

model.

To evaluate the anti-tumor activity of lenvatinib, immune activity was modulated

by using immunocompetent mice (BALB/c  wild-type mice) and

immunocompromised mice (BALB/c nude mice) as U14 cervical cancer models. In

the immunocompromised model, tumor growth was inhibited by 20% in the

lenvatinib group compared to the vehicle group on day 17 of injection (2914 mm?

vs. 3663 mm? respectively) (p = 0.0938) (Figure 2A). In contrast, in the
6



immunocompetent model, lenvatinib significantly reduced tumor volume by 43%
(278 mm? in Len vs. 490 mm? in Veh) (p = 0.0156), and tumor size decreased 2
weeks after injection (Figure 2B). In particular, the immunocompetent model
showed enhanced anti-tumor activity compared to the immunocompromised
model. (Figure 2A and 2B). In BALB/c wild-type mice, lenvatinib significantly

reduced the tumor size compared to the vehicle (Figure 2C).

Lenvatinib activates the immune system by recruiting TAMs and maturing

dendritic cells in the TME.

To investigate whether lenvatinib modulates the immune system in an
immunocompetent setting, it was extracted lenvatinib from the tumors of BALB/c
wild-type mice and histologically analyzed the immune cells present in the TME.
Lenvatinib treatment significantly increased the fluorescence intensity of M1-like
TAMs (F4/80+, I-A/I-E+) compared to that in the vehicle group (880.3%) (p =
0.0021) (Figure 3A). In addition, lenvatinib significantly increased (1088.7%) the
average fluorescence intensity of mature dendritic cells (CD11c+, CD86+) in the
tumor, confirming that mDC recruitment was improved compared to that in the
vehicle group (p = 0.0063) (Figure 3B). These results show that lenvatinib activates

tumor-suppressor immune cells in cervical cancer.

In an immunocompetent model, lenvatinib and anti-PD-1 show synergistic

anti-tumor effects.

Based on the immune system-activating effects of lenvatinib, study was
investigated the synergistic anti-tumor effects of the combination of lenvatinib and
anti-PD-1 in an immunocompetent model 9. Each single treatment group showed

a reduction in tumor volume compared to the vehicle group (p = 0.0234 and p =



0.0078,). In addition, the lenvatinib and anti-PD-1 combination treatment group
reduced the tumor volume to 110 mm? on the 24th day after injection, showing a
significant difference compared to each single treatment group (p = 0.0078 and p
= 0.0078, respectively) (Figure 4A). Tumor size also decreased in the single
treatment group of lenvatinib and anti-PD-1, but more significantly in the
combination treatment group (Figure 4B). This indicates that lenvatinib potentially

increases anti-PD-1 sensitivity in a mouse cervical cancer cell line model.

The synergistic anti-tumor effects of lenvatinib and anti-PD-1 activate immune
cells in the TME.

As mentioned above, based on the assumption that treatment with lenvatinib
potentially enhances anti-PD-1 sensitivity in the MUCC model, treatment with
lenvatinib and anti-PD-1 was similarly effective in the TME in single treatment and
combination treatment groups. To determine whether Ul4 tumors regulate
immune cells, immunofluorescence assays were performed. First, the average
fluorescence intensity increased by 880.3% and 539% in M1-like TAMs (F4/80+, I-
A/I-E+) compared to vehicle in single treatment with lenvatinib and anti-PD-1,
respectively (p = 0.0021 and p=0.0246). The combination treatment group
increased significantly by 224.2% and 366.4% compared to each single treatment
group (p = 0.0348 and p = 0.0220) (Figure 5A). In addition to showing M1-like
TAMs, the combination treatment group also showed significantly increased mDCs
(CD11c+, CD86+) within the TME relative to the monotherapy and vehicle groups
(p = 0.0348, p = 0.0220, and p = 0.0002) (Figure 5B). In contrast, T regulatory cells
(CD4+, Foxp3+) decreased by 51%, 57.2%, and 93.5% in the single treatment group,
lenvatinib and anti-PD-1, and the combined treatment group, respectively,
compared to the vehicle (p = 0.0006, p = 0.0066, p = 0.0066, p < 0.0001), and the
combination treatment group significantly decreased by 86.8% and 85 %,
respectively, compared to each single treatment group (p=0.0012, p=0.0164)
(Figure 5C).
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Figure 1. Inhibition of U1l4 cell line growth and migration by lenvatinib
treatment.

A) U 14 cell line image (magnification: x4, x10).

B) Cell viability was analyzed by CellTiter-Glo. Treatment of U14 cells with
lenvatinib (0, 0.625, 1.25, 2.5, 5, and 10 uM) showed dose-dependent and time-
dependent inhibitory effects for 24 h, 48 h, and 72 ho. Error bars are shown as
mean + SEM.

C) Microscopic images of changes in the wound area (white dotted line) at 0 h,
24 h, and 48 h after vehicle and lenvatinib (1.25 pM) treatment
(top)(magnification: x4). The average number of cells in the wound area over
time of the vehicle and lenvatinib groups is shown as a bar graph (bottom)(n =
3). Error bars are shown as mean + SEM. Statistical analysis was performed using
a two-way ANOVA test with Graph Pad Prism 5. p<0.05, * p<0.01, *** p<0.001
compared with 24 h.
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Figure 2. Lenvatinib anti-tumor activity in the U14 immunocompetent model.
A, B). The U 14 cell line was subcutaneously injected into immunocompetent
(BALB/c wild-type) and immunocompromised (BALB/c nude) mice, and on day
7, they were divided into vehicle and lenvatinib groups (Day 7 mean tumor
volume: BALB/c nude mice, 327.4 mm? BALB/c wild- type mice, 212.8 mm3).
Lenvatinib was administered orally daily at 10 mg/kg. Vehicle (black circles) (n =
10) and lenvatinib (red squares) (n = 10), represent the mean tumor volume.
Tumor volume was measured on days 3, 7, 10, 14, and 17 in BALB/c nude mice
and on days 3, 7, 10, 14, 17, 21, and 24 in BALB/c wild-type mice. Error bars are
shown as mean + SEM. Statistical analysis was performed using Wilcoxon signed-
rank test with Graph Pad Prism 5. *p<0.05 compared with vehicle.

C). Representative tumor pictures of the vehicle and lenvatinib groups are shown
in U 14 immunocompetent mice (BALB/c wild-type mice) model (top) and

immunocompromised mice (BALB/c nude mice) model (bottom).
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Figure 3. Regulation of immune cells by lenvatinib in the U14 immunocompetent
model.

A, B). On the 24th day of the Ul4 immunocompetent mice (BALB/c wild-type
mice), tumor tissue was harvested. Expression of F4/80+ I-A/I-E+ M1-like tumor-
associated macrophages (M1-like TAMs), CD11lc+ and CD86+ mature dendritic
cells (mDCs) in tumor tissue is shown using immunofluorescence analysis (right)
(magnification: x20). Mean fluorescence intensity per area of M1-like TAMs and
mDCs in the vehicle and lenvatinib groups was photographed in three sections
under a microscope and is presented as a bar graph (left) (n = 3). Error bars are
shown as mean = SEM. Statistical analysis was performed using unpaired t-tests

with Welch's correction with Graph Pad Prism 5. ** p<0.01 compared with vehicle.
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Figure 4. Synergistic anti-tumor activity of lenvatinib and anti-PD-1 in the Ul4
immunocompetent model.

A). The U 14 cell line was subcutaneously injected into immunocompetent mice
(BALB/c wild-type mice), and on day 7, they were divided into four groups
(vehicle, lenvatinib, anti-PD-1, combination of lenvatinib plus anti-PD-1) (Day 7
mean tumor volume: 201.6 mm?). Lenvatinib was administered orally at 10 mg/kg
daily, and anti-PD-1 was administered intraperitoneally at 200 ug twice a week.
Vehicle (black circles) (n = 9), lenvatinib (red squares) (n = 10), anti-PD-1 (blue

triangles)(n 9), combination of lenvatinib plus anti-PD-1 (purple inverted
triangles)(n = 10) represent the mean tumor volume. Tumor volume was
measured on days 3, 7, 10, 14, 17, 21, and 24. Error bars are shown as mean +
SEM. Statistical analysis was performed using Wilcoxon signed-rank test with
Welch's correction with Graph Pad Prism 5. * p<0.05, ** p<0.01 compared with
vehicle; ## p<0.01 compared with combination therapy.

B). Representative tumor images of the vehicle, lenvatinib, ant-PD-1, and
combination groups are shown.

C). Representative images of each group stained with H&E by tumor tissue

section (magnification: x20).
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Figure 5. Regulation of immune cells in the TME by the synergistic anti-tumor
activity of lenvatinib and anti-PD-1 in the U14 immunocompetent model.

A, B, and C). Tumor tissue was harvested from Ul4 immunocompetent mice
(BALB/c wild-type mice). Expression of F4/80+ I-A/I-E+ tumor-associated
macrophages (TAMs), CD11c+ CD86+ mature dendritic cells (mDCs), and CD4+
Foxp3+ T regulatory cells in tumor tissue is shown using immunofluorescence
analysis (top) (magnification: x20). Mean fluorescence intensity per area of M1-
like TAM and mDC in four group studies (vehicle, lenvatinib, anti-PD-1, and
combination of lenvatinib plus anti-PD-1) were photographed in three sections
under a microscope and are presented as a bar graph (bottom) (n=3). Error bars
are shown as mean + SEM. Statistical analysis was performed using unpaired t-
tests with Welch's correction with Graph Pad Prism 5. p<0.05, * p<0.01, ***
p<0.001 compared with vehicle; # p<0.05 ## p<0.01 compared with

combination therapy.
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Discussion

In this study, the synergistic effect of combining lenvatinib with anti-PD-1 was
confirmed. The study aimed to investigate the efficacy of the combination therapy
in treating cervical cancer by assessing the syngeneic effect. Combination therapy
also demonstrated anti-tumor effects through the activation of immune cells in
the TME. The results demonstrated synergistic effects when anti-PD-1 was used in
combination with lenvatinib in a mouse model of cervical cancer.

VEGF stimulated by hypoxia in the TME induces tumor angiogenesis, resulting in
malformed and dysfunctional vascular structures %, During this process, dendritic
cell (DC) maturation is inhibited, compromising antigen presentation effectiveness
and disrupting T cell priming @Y ©2 Additionally, TAMs polarize from an
immunosuppressive M1-like phenotype to an immunosuppressive M2-like
phenotype @ @4 Regulatory T (Treg) cells also accumulate within the TME and
promote tumor angiogenesis®). In our study, through immunofluorescence assays,
study was confirmed that the distribution of M1-like TAMs and mature DCs in the
U14 cell line increased in lenvatinib monotherapy and lenvatinib and anti-PD-1
combination therapy compared to vehicle. In addition, the Treg distribution
decreased. Thus, lenvatinib activates the immune system by recruiting TAMs and
mDCs in the TME.

Previous studies have investigated the mechanisms and effects of lenvatinib and
anti-PD-1 combination therapy. Kato et al. showed that lenvatinib, a VEGFR and
FGFR signaling inhibitor, reduced the number of TAMs and showed stronger anti-
tumor activity when combined with PD-1 blockade, affecting the anti-tumor
immune response in melanoma and colorectal cancer cells 2 ©® Torrens et al.
showed that lenvatinib and anti-PD-1 exerted unique immunomodulatory effects
in hepatocellular cancer cells by activating immune pathways, reducing Treg cell

infiltration, and suppressing TGFp signaling ©”. ). In another clinical trial, KEYNOTE-

14



775 patients with advanced endometrial cancer treated with pembrolizumab and
lenvatinib had a longer progression-free survival than those treated with
chemotherapy. Combination therapy was also associated with a higher objective
response rate than chemotherapy 9.

This study has some limitations. The pathways of receptors other than VEGF that
respond to lenvatinib in the TME were not studied, and neither the levels of
cytokines and chemokines nor the presence of other immune cells that respond
to this process were investigated. In addition, further research is needed to evaluate
combination therapy treatment effects according to the expression levels of PD-
L1. Although many microenvironment cells were not identified, M1 TAMs, DCs, and
Tregs, which perform a significant role in combination therapy, were identified, and

meaningful results were obtained.

Conclusion

Our study found that lenvatinib exhibited anti-tumor activity in an MUCC cell line
by reducing cancer cell survival through the recruitment of M1 TAMs and mDCs.
In addition, the anti-tumor effect was further increased when used as a
combination therapy with anti-PD-1 in an immunocompetent mouse model.
Combination therapy has demonstrated increased synergistic effects and improved
outcomes in animal models and clinical trials. Further studies on the detailed
mechanism and clinical studies targeting actual patients with cervical cancer are

needed.
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