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Inhibition of FGFR Reactivates IFNg Signaling in Tumor
Cells to Enhance the Combined Antitumor Activity of
Lenvatinib with Anti-PD-1 Antibodies
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ABSTRACT
◥

Combination therapies consisting of immune checkpoint inhibi-
tors plus anti-VEGF therapy show enhanced antitumor activity and
are approved treatments for patients with renal cell carcinoma
(RCC). The immunosuppressive roles of VEGF in the tumor micro-
environment are well studied, but those of FGF/FGFR signaling
remain largely unknown. Lenvatinib is a receptor tyrosine kinase
inhibitor that targets both VEGFR and FGFR. Here, we examine the
antitumor activity of anti-PD-1 mAb combined with either lenva-
tinib or axitinib, a VEGFR-selective inhibitor, in RCC. Both com-
bination treatments showed greater antitumor activity and longer
survival in mouse models versus either single agent treatment,
whereas anti-PD-1 mAb plus lenvatinib had enhanced antitumor
activity comparedwith anti-PD-1mAbplus axitinib. Flowcytometry
analysis showed that lenvatinib decreased the population of tumor-
associatedmacrophages and increased that of IFNg-positiveCD8þT
cells. Activation of FGFR signaling inhibited the IFNg-stimulated
JAK/STAT signaling pathway and decreased expression of its target
genes, including B2M,CXCL10, andPD-L1. Furthermore, inhibition
of FGFR signaling by lenvatinib restored the tumor response to IFNg
stimulation in mouse and human RCC cell lines. These preclinical
results reveal novel roles of tumorFGFRsignaling in the regulationof
cancer immunity through inhibition of the IFNg pathway, and the
inhibitory activity of lenvatinib against FGFRs likely contributes to
the enhanced antitumor activity of combination treatment compris-
ing lenvatinib plus anti-PD-1 mAb.

Significance: FGFR pathway activation inhibits IFNg signaling
in tumor cells, and FGFR inhibition with lenvatinib enhances
antitumor immunity and the activity of anti-PD-1 antibodies.
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FGFR signaling inhibits IFNγ signaling in tumor cells, and lenvatinib treatment restores IFNγ signaling through its FGFR
inhibitory activity and enhances antitumor activity in combination with anti-PD-1 antibody.
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Introduction
Immunotherapy has revolutionized cancer treatment. Both anti-

programmed cell death 1 (PD-1) and antiprogramed death-ligand
1 (PD-L1) mAbs show durable responses and their use has
improved survival for patients with many types of solid tumors.

However, because of intrinsic or acquired resistances to immu-
notherapies, the overall response rates of single-agent treatment
with PD-1 blockade are modest (1). To overcome the mechanism
by which tumors become resistant to PD-1 blockade and, hence, to
improve the treatment efficacy of PD-1 blockade, the combination
of PD-1 blockade with other anticancer therapies is under inves-
tigation in many of clinical trials (1–4). Among them, PD-1
blockade combined with either an anti-CTLA4 (CTL-associated
protein 4) mAb or anti-VEGF therapy have been approved for
clinical use (1, 5–9).

Lenvatinib mesilate (lenvatinib) is an orally administered, multi-
target, tyrosine kinase inhibitor that selectively inhibits VEGFRs 1–3,
FGFRs 1–4, platelet-derived growth factor receptor a, RET, and
KIT (10–12). Lenvatinib is currently used as monotherapy for patients
with radioactive-iodine–refractory differentiated thyroid cancer in the
United States and European Union (13), for unresectable thyroid
cancer in Japan (14), and for unresectable hepatocellular carcinoma in
the United States, European Union, and Japan (15). In the United
States and European Union, the combination of lenvatinib plus ever-
olimus is approved for the treatment of patients with advanced renal
cell carcinoma (RCC) after one prior antiangiogenic therapy (16).
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Our previous preclinical studies in syngeneic mouse tumor models
demonstrated that lenvatinib has both antiangiogenic and immuno-
modulatory activity, and combination treatment with lenvatinib plus
anti-PD-1 mAb activated IFN signaling to exert enhanced antitumor
effects (17, 18). IFNg signaling in cancer cells orchestrates anticancer
immunity, thus increasing tumor immunogenicity, facilitating recog-
nition by cytotoxic CD8þ T cells, and causing tumor rejection by the
host immune system (19). Combination therapy comprising len-
vatinib plus pembrolizumab, a humanized monoclonal anti-PD-1
mAb, has now been approved in the United States, Canada, and
Australia for patients with advanced endometrial carcinoma that is
not microsatellite instability-high or mismatch repair–deficient who
have disease progression following prior systemic therapy and are
not candidates for curative surgery or radiation (20, 21), and
multiple phase III clinical trials of this combination are ongoing
(e.g., NCT02811861, NCT03884101).

VEGF is well known as the master regulator of angiogenesis. In
addition, VEGF plays immunosuppressive roles in the tumor micro-
environment by promoting the proliferation of regulatory T cells
(Treg), expansion of myeloid-derived suppressor cells (MDSC),
recruitment of monocytes from bone marrow, and infiltration of
macrophages into tumor tissues (22–24). Moreover, VEGF inhibits
T-cell development and dendritic cell maturation (25–27). The acti-
vation of FGFR signaling contributes to tumor progression by: enhanc-
ing tumor-cell proliferation, survival, and angiogenesis; promoting
resistance to anticancer therapy (28). Contrary to VEGFR signaling,
the immunomodulatory effects of FGFR signaling in tumor cells and
the consequences of FGFR inhibition regarding the antitumor activity
of anti-PD-1 mAb remain largely unknown.

In this study, we evaluated antitumor activity of combination
treatment with lenvatinib plus anti-PD-1 mAb or a selective VEGFR
inhibitor, axitinib plus anti-PD-1 mAb in a mouse RAG syngeneic
RCCmodel, in which the tumormicroenvironment features abundant
tumor-associated macrophages (TAM) and tumor-infiltrating T cells.
In addition, we investigated cross-talk between FGFR- and IFNg-
signaling pathways in cancer cells to examine whether lenvatinib—by
inhibiting FGFR—modulates the IFNg pathway in tumor cells to result
in anticancer activity.

Materials and Methods
Compounds

Lenvatinib mesilate and E7090 succinate were synthesized at Eisai
Co., Ltd.. Axitinib was purchased from Selleck Chemicals.

Cell lines
Mouse RCC RAG cell line is a culture-adapted cell line derived

from a spontaneous renal adenocarcinoma in mouse (29). RAG
cells and human RCC 786-O cells were obtained from the ATCC.
Human hepatocellular carcinoma JHH-7 (30) and HuH7 cells
were obtained from the Japanese Collection of Research Bio-
resources Cell Bank. Human endometrial cancer MFE280 cells
were obtained from the German Collection of Microorganisms
and Cell Cultures.

All cell lines in this study were authenticated by means of short
tandem repeat profiling. Cell lines were cultured at 37�C in 5% CO2

in the supplier’s recommended media supplemented with 10% FBS
(RAG, 786-O, JHH-7, and HuH7 cells) or 20% FBS (MFE280), and
100 U/mL penicillin and 100 mg/mL streptomycin (p/s). All cell
lines were confirmed to be negative for Mycoplasma by using a
VenorGem Advance Mycoplasma Detection Kit (Minerva Biolabs).

All experiments were performed within 1 month after thawing
early-passage cells.

In vivo RAG tumor models
All animal experiments in this study were approved and conducted

in accordance with the Institutional Animal Care and Use Committee
guidelines of Eisai Co., Ltd. Female BALB/c mice were obtained from
Charles River Laboratories Japan.

To evaluate antitumor activity by using RAG cells in syngeneic
mice, RAG cells were adapted to grow subcutaneously in BALB/c
mice as described in Supplementary Materials and Methods. In vivo
adapted RAG cells (2.5 � 106 cells in 0.1 mL Hank’s Balanced Salt
Solution per animal) were inoculated subcutaneously into the right
flank of 5 to 7 weeks old mice. Tumor dimensions were measured
twice weekly by using a caliper, and tumor volume (TV) was
calculated as 0.5 � length � width2.

In vivo antitumor activity in the RAG tumor model
Mice were randomly allocated to treatment groups when the tumor

became a palpable size (day 1); the average TV reached 70–110 mm3.
Lenvatinibwas dissolved in 3mmol/LHCl, and axitinibwas suspended
in 0.5% carboxymethyl cellulose solution. Lenvatinib and axitinib, at
the doses indicated in the figure legends, were administered orally once
daily and twice daily, respectively, for the indicated periods. Anti-
mouse PD-1 mAb (clone RMP1–14), anti-mouse IFNg mAb (clone
R4–6A2), isotype control for IFNg mAb (clone HRPN), anti-mouse
CSF1R mAb (clone AFS98), and its isotype control (clone 2A3) were
purchased from Bio X Cell. All antibodies were diluted in PBS, and
micewere dosed as follows: anti-PD-1mAb, 200mg/mouse or 10mg/kg
twice weekly for the indicated periods; anti-IFNg mAb and its isotype
control mAb, 300 mg/mouse, beginning 2 days before random allo-
cation into groups (day 1) and twiceweekly thereafter for 4weeks; anti-
CSF1R mAb and its isotype control mAb, 300 mg/mouse, beginning
1 day before random allocation into groups (day 1) and twice weekly
thereafter for 2 weeks. Mice were euthanized when TV exceeded
2,000 mm3 or when body weight relative to that on day 1 was less
than 0.7. For experiments involving IFNg blockade, the TVs of mice
that were found dead or euthanized during the treatment period were
imputed by last observation carried forward.

To analyze mouse survival, survival (in days) was defined for each
mouse as the duration from day 1 until the day when a mouse was
euthanized or found dead. A survival curve was generated for each
group by using GraphPad Prism (GraphPad Software).

Waterfall plot of tumor responses in the RAG tumor model
The change in TV at time t (DTV) was expressed as a percentage of

the volume at baseline (TV1) as follows: DTV ¼ 100% � [(TVt �
TV1)/TV1]. The best response was defined as the smallest value of
DTV when t ≥ day 8. Response was evaluated according to modified
RECIST for mouse studies (31) and categorized as described in Table
legend. The difference in response rate (responders vs. nonresponders)
between groups was analyzed by using Fisher exact test.

Flow cytometry analysis
Tumor tissue was dissociated into single cells using a Tumor

Dissociation Kit and gentleMACS Dissociator (Miltenyi Biotec).
CD45þ leukocytes were isolated from cell suspensions by using
microbeads for mouse tumor-infiltrating lymphocytes (TIL; CD45;
Miltenyi Biotec) and an OctoMACS Separator (Miltenyi Biotec). After
washing and filtration, nonspecific binding was blocked by using
Mouse BD Fc Block (BD Biosciences), and CD45þ cells were stained
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with antibodies against each immune cell population as described in
figure legends and Supplementary Materials and Methods. Cells were
analyzed through flow cytometry (BD LSRFortessa X-20 or FAC-
Symphony A5; BD Biosciences), and the resulting data were analyzed
by using Cytobank software version 7.3.0 (Cytobank Inc.).

T-cell coculture assay
Tumor tissues and spleens were resected from Balb/c mice bearing

RAG tumors 37 days after subcutaneous inoculations of tumor cells.
Na€�ve T cells were isolated from the spleens by using a Pan T Cell
Isolation Kit II, mouse (Miltenyi Biotec). Single cell suspensions of
RAG tumors were prepared using a Tumor Dissociation Kit and
gentleMACS Dissociator (Miltenyi Biotec). F4/80þ cells (TAMs),
Ly6Gþ cells and Ly6G� Gr-1int (Gr-1intermediate) cells were isolated
from the single-cell suspensions of RAG tumors by using Anti-F4/80
MicroBeads UltraPure, mouse and a mouse Myeloid-Derived Sup-
pressor Cells Isolation Kit (Miltenyi Biotec), respectively. The isolated
T cells were labeled with CMFDA dye (CellTracker, Thermo Fisher
Scientific), stimulated withDynabeadsMouse T-Activator CD3/CD28
(Thermo Fisher Scientific), and then plated at 1.0 � 105 cells/well in
round-bottom 96-well plates containing complete medium
(RPMI1640, 10% FBS, 50 mmol/L 2-mercaptoethanol). The isolated
TAMs, Ly6Gþ cells, and Ly6G� Gr-1int cells were added at indicated
ratios andwere coculturedwithT cells at 37�C in 5%CO2.After 4 days,
cells were stained with antibodies against CD3 and CD4 (BD Bios-
ciences), CD8, and CD45 (BioLegend) and DAPI (Dojindo) for 20
minutes. The proliferation of CMFDA-labeled T cells was analyzed
through flow cytometry.

Western blot analysis
RAG and MFE280 cells were seeded at 3 � 105 cells/well in 6-well

plates and cultured for 23 hours. Cells were first treated with DMSO
(control), lenvatinib at 1 or 3 mmol/L, or E7090 at 1 mmol/L (RAG) or
0.3 mmol/L (MFE280) for 1 hour. Then RAG cells were treated with
10 ng/mL mouse basic FGF (bFGF; R&D Systems) for 5 minutes or
24 hours and MFE280 cells were treated with human bFGF (R&D
Systems) for 24 hours. Treated cells were finally stimulated with 5 ng/
mLmouse or human IFNg (FujifilmWako) for 24 hours. For detection
of phosphorylation of FRS2 in MFE280 cells, cells were seeded at 3 �
105 cells/well in 6-well plates and cultured for 23 hours. Then cells were
starved in EMEM supplemented with 0.1% FBS for 18 hours and
treated with DMSO control, lenvatinib at 1 or 3 mmol/L, or E7090 0.3
mmol/L for 1 hour then with 10 ng/mL human bFGF for 5 minutes.
Cells were lysed in 0.25% Triton X100, 50 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl lysis buffer and prepared for Western blotting.

For in vivo tumor samples, mice bearing RAG tumors were received
lenvatinib or axitinib at the indicated doses for 2 weeks, and were
euthanized at 2 hours after the final administration (day 15). Tumors
were harvested and 2 whole-tumor samples from different mice were
pooled and lysed as a single sample by using a Qproteome Cell
Compartment Kit (QIAGEN) and the cytosolic fractions were pre-
pared for Western blotting.

The lysed samples were electrophoresed in 5% to 20% or 15%
polyacrylamide gels. Separated proteins were transferred onto nitro-
cellulose membranes, which were then incubated individually with the
following primary antibodies: phospho-FRS2 (Tyr436), phospho-
Stat1 (Tyr701), Stat1, GAPDH (Cell Signaling Technology), PD-L1,
B2M, SOCS1 (Abcam), and FRS2 (R&D Systems). All the primary
antibodies were diluted 1:1,000. Secondary antibodies were horserad-
ish peroxidase (HRP) conjugates (1:2,000; Cell Signaling Technology),
and chemiluminescence was detected by using Immobilon Western

Chemiluminescent HRP Substrate (Millipore) and Fusion FX (Vilber
Lourmat).

ELISA
RAG and 786-O cells were seeded at 2.5 � 104 cells/well and 1.5 �

104 cells/well, respectively, in 24-well plates; HuH7 cells were seeded at
2.5 � 105 cells/well in 6-well plates; plated cells were cultured
overnight. Cells were then treated with lenvatinib, E7090, bFGF, and
IFNg as described for Western blot analysis, and culture supernatants
were collected. The concentration of CXCL10was assessed by using an
IP-10 (CXCL10) SimpleStep ELISA Kit (Abcam) in accordance with
the manufacturer’s instructions; absorbance at 450 nm was measured
by using a microplate reader (SpectraMax 190, Molecular Devices).

Immunofluorescence staining
Mice bearing RAG tumors were treated with lenvatinib and PD-1

Ab at indicated doses for 2weeks.Onday 15, themicewere euthanized,
tumors were harvested, and tissue samples were embedded in OCT
compound (Sakura Finetek) and frozen. Cryosections were fixed with
cold methanol; stained with anti-PD-L1 antibody (Abcam) and anti-
IFN regulatory factor 1 (IRF1) antibody (Cell Signaling Technology) as
primary antibodies; and incubated with Alexa Fluor488–conjugated
anti-rabbit IgG or Alexa Fluor594–conjugated anti-rat IgG, respec-
tively, as secondary antibodies. Hoechst dye was used for nuclear
counterstaining. Entire immunofluorescence images were scanned
by using a NanoZoomer (Hamamatsu Photonics), and the PD-L1–
positive and IRF1-positive areas were analyzed by using the Object
Colocalization FL v1.0 algorithm of HALO image analysis platform
(Indica Labs).

Statistical analysis
Statistical analyses were performed by using GraphPad Prism

version 8.01 or 8.3.1. P values less than 0.05 were considered
significant.

Results
Antitumor activity and mouse survival in the RAG model with
combination treatment of lenvatinib and anti-PD-1 mAb

We evaluated the antitumor activities of lenvatinib and a selective
VEGFR inhibitor, axitinib (32), when combinedwith anti-mouse PD-1
mAb in a RAG, mouse RCC syngeneic tumor model (Fig. 1).
We started the treatments when tumors became palpable (�90 mm3,
day 1). Single-agent treatment (days 1–29) using lenvatinib (10mg/kg,
once daily), axitinib (10 mg/kg, twice daily), or anti-PD-1 mAb
(200 mg/animal, twice weekly) all suppressed tumor growth, but the
effect of anti-PD-1 mAb was weaker than that of either lenvatinib or
axitinib (Fig. 1A; Supplementary Fig. S1A). Combination treatments
in which anti-PD-1 mAb was added to lenvatinib or axitinib showed
enhanced antitumor activity compared with eachmonotherapy. How-
ever, only the group treated with lenvatinib plus anti-PD-1 mAb
showed regression of the average TV (purple line in Supplementary
Fig. S1A). Regardless of treatment group, none of the mice showed
severe body weight loss compared with the control group (Supple-
mentary Fig. S1B). Treatment with anti-PD-1 mAb alone or with
axitinib and anti-PD-1 mAb in combination caused complete tumor
regression (nonpalpable tumors) in 2 of the 20 mice treated, whereas
the combination of lenvatinib plus anti-PD-1 mAb achieved complete
tumor regression in 7 of the 20 mice until the end of the observation
period (day 92; Fig. 1A). Plotting the greatest percentage of tumor
shrinkage achieved in each mouse (waterfall plot) revealed a strong
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response to the lenvatinib plus anti-PD-1 mAb treatment (Fig. 1B).
When the mice in each group were categorized as responders (those
where TV decreasedmore than 50%) and nonresponders (those where

TV decreased 50% or less), tumor response was greater for lenvatinib
plus anti-PD-1 mAb (responders: 70%) than for all other treatment
groups (responders: 0%–15%; Table 1).

Figure 1.

Antitumor activity of combination treatment with lenvatinib plus anti-PD-1 mAb or axitinib plus anti-PD-1mAb in the RAG syngeneic tumormodel. Mice bearing RAG
tumors were allocated into treatment groups on day 1—when TVs were approximately 90 mm3—and were orally treated with lenvatinib at 10 mg/kg once daily or
axitinib at 10 mg/kg twice daily, and were intraperitoneally injected with anti-PD-1 mAb at 200 mg/mouse twice weekly for 4 weeks. Data from two independent
experiments (n ¼ 20) were combined. A, TVs of individual mice. Black arrows, treatment period. B, Waterfall plots showing the greatest percent change of
individual TVs from baseline after day 8. C, Kaplan–Meier plots of mouse survival. Top left, control, lenvatinib, anti-PD-1 mAb, and lenvatinib plus anti-PD-1
mAb treatment groups. Top right, control, axitinib, anti-PD-1 mAb, and axitinib plus anti-PD-1 mAb treatment groups. Survival (in days) was defined as the
time from day 1 until the day when a mouse was euthanized or found dead. � , P < 0.05; ��� , P < 0.001 vs. control group (log-rank test with Bonferroni
correction); #, P < 0.05; ##, P < 0.01; ####, P < 0.0001 (log-rank test between groups). Bottom, median survival time of mice in each treatment group and HR
(95% CI) compared with control group. N.R., not reached.
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Survival curves formice with each treatment group for combination
with lenvatinib or axitinib in the RAG model are shown in Fig. 1C.
Single-agent treatment with either lenvatinib, axitinib, or anti-PD-1
mAbprolonged survival comparedwith the control group. In addition,
both combination treatments (i.e., lenvatinib plus anti-PD-1 mAb,
axitinib plus anti-PD-1 mAb) increased survival compared with those
of the control and monotherapy groups. Median survival of control
group was 28 days, and those of lenvatinib, axitinib, anti-PD-1 mAb,
lenvatinib plus anti-PD-1 mAb, and axitinib plus anti-PD-1 mAb-
groups were 47.5 days, 46 days, 37 days, not reached [> 92 days], and
53 days, respectively (Fig. 1C, bottom). Notably, mice that received the
lenvatinib plus anti-PD-1 mAb combination (purple line in Fig. 1C,
top left) survived longer than those given axitinib plus anti-PD-1mAb
[tan line in Fig. 1C, top right; HR, 0.3146; 95% confidence interval
(CI), 0.1421–0.6966; P ¼ 0.0015].

Next, we evaluated microvessel density in RAG tumors and found
that the antiangiogenic activities of lenvatinib (10 mg/kg daily) and
axitinib (10 mg/kg twice daily) were comparable (Supplementary
Fig. S1C). Because increases in plasma FGF23 are a well-known
pharmacodynamic biomarker of FGFR inhibition (33–35), we
measured the plasma FGF23 levels of treated mice to assess the
FGFR inhibitory activities of lenvatinib and axitinib (Supplemen-
tary Fig. S2). Whereas treatment with lenvatinib (10 or 30 mg/kg) or
E7090 (25 mg/kg), a selective FGFR inhibitor (36), increased plasma
FGF23 levels in mice, axitinib (5, 10, or 30 mg/kg) did not. These
results indicated both lenvatinib and axitinib inhibited angiogenesis
at 10 mg/kg, but only lenvatinib inhibited FGFR signaling in vivo.
These results demonstrate that the combination of lenvatinib plus
anti-PD-1 mAb caused strong tumor shrinkage and prolonged
survival time of mice compared with the axitinib plus anti-PD-1
mAb combination in the RAG model. Moreover, these results
suggest that FGFR inhibition of lenvatinib may play an important
role in enhanced antitumor activity of combination with anti-PD-1
mAb (nonpalpable tumors, response rate, and survival of mice)
in vivo beyond angiogenesis inhibition.

Immunomodulatory activity of lenvatinib in the RAG model
To investigate the mechanism underlying the antitumor activity of

lenvatinib plus anti-PD-1mAb in theRAGmodel, we analyzed various
immune cell populations by using flow cytometry (Fig. 2). To this end,
we isolated CD45þ TILs from resected tumors and evaluated them
according to the gating strategy shown in Supplementary Fig. S3. Aswe
previously reported for the mouse colon CT26 model (18), the
population of TAMs (gated as CD45þ CD11bþ Ly6G� Ly6C� F4/
80þ) was significantly smaller in the lenvatinib-treatedmice compared

with the control group. Anti-PD-1 mAb also decreased the TAM
population, but less so than lenvatinib alone, and the combination of
lenvatinib plus anti-PD-1mAb further decreased the number of TAMs
compared with anti-PD-1 mAb treatment alone (Fig. 2A). The
proportion of polymorphonuclear MDSCs (PMN-MDSC, gated as
CD45þ CD11bþ Ly6Gþ Ly6Clow) did not differ between treatment
groups, and the proportion of monocytic MDSCs (M-MDSC, gated as
CD45þ CD11bþ Ly6G� Ly6Cþ) increased after treatment with len-
vatinib alone or in combination with anti-PD-1 Ab (Fig. 2A).

Regarding CD8þ T cells (gated as CD45þ CD11b� CD11c� B220�

CD3þ CD8þ), mice treated with either anti-PD-1 mAb only or
lenvatinib plus anti-PD-1 mAb had larger CD8þ T cell populations
than the control group (Fig. 2B). Similarly, lenvatinib—either as
monotherapy or in combination with anti-PD-1 mAb—increased the
numbers of IFNgþCD8þ, or GzmBþCD8þT cells relative to controls,
and the population of IFNgþ CD8þ T cells following lenvatinib plus
anti-PD-1 mAb treatment was larger than that for each single-agent
treatment. None of the treatments had any effect on the proportion of
PD-1þ CD8þ T cells. Treatment with lenvatinib or in combination
with anti-PD-1 Ab increased the population of CD4þ T cells (gated as
CD45þ CD11b� CD11c� B220� CD3þ CD4þ; Fig. 2C). In addition,
treatment with anti-PD-1 mAb or combination with lenvatinib
increased the number of IFNg-expressing effector CD4þ T cells,
whereas treatment with lenvatinib decreased the proportion of Tregs
(gated as CD45þ CD3þ CD4þ CD25þ CD127�; Fig. 2C; refs. 37, 38).

To evaluate the immunosuppressive role of TAMs in the RAG
model, we used an anti-CSF1R antibody to deplete the TAM popu-
lation (Fig. 3A and B) and depletion of TAMs was confirmed by flow
cytometry analysis (Fig. 3A). TAM depletion did not change the
population of CD8þ T cells, but increased the proportion of activated
CD8þ T cells (PD-1þ CD25þ CD8þ T cells and PD-1þ Tim3þ CD8þ

T cells). And TAM depletion also led to decrease in populations of
CD4þ T cells, including Tregs (Fig. 3A). These results were confirmed
through qRT-PCR analyses, in which gene expression levels of TAM
markers (Csf1r and Cx3cr1), a myeloid cell marker (Itgam), a Treg
marker (Foxp3), and the immunosuppressive molecule Tgfb1 were all
decreased after TAM depletion (Fig. 3B), indicating that TAMs play
immunosuppressive roles in RAG tumors and that decreasing the
TAM population may induce the activation of CD8þ T cells.

We further investigated the immunosuppressive activity of
the TAMs and MDSCs in RAG tumors through an ex vivo coculture
experiment with T cells (Fig. 3C and D; Supplementary Fig. S4).
T cells were isolated from mouse spleen, TAMs were isolated as F4/
80þ cells, and MDSCs were isolated as either Ly6Gþ or Ly6G� Gr-
1int (Gr-1intermediate) cells from RAG tumors. The purities of the

Table 1. Summary of tumor responses in the RAG model.

Tumor response Control Lenvatinib Axitinib PD-1 Ab LENþ PD-1 Ab Axiþ PD-1 Ab

PD (≥30%) 95% 35% 80% 85% 15% 60%
SD (≥�50%, <30%) 5% 60% 20% 0% 15% 25%
PR (≥�95%, <�50%) 0% 5% 0% 5% 20% 5%
CR (<�95%) 0% 0% 0% 10% 50% 10%
Nonresponder (PDþSD) 100% 95% 100% 85% 30% 85%
Responder (PRþCR) 0% 5% 0% 15% 70% 15%
P (vs. LEN þ PD-1 Ab) <0.0001 <0.0001 <0.0001 0.0011 — 0.0011

Note: Tumor responses were defined as follows: complete response (CR), tumor volume (TV) decreased by more than 95%; partial response (PR), TV decreased by
50% to 95%; stable disease (SD), TV decreased by 30% to 50%; progressive disease (PD), TV not otherwise categorized. Nonresponders are mice categorized as
having as PD and SD, and responders are those defined as having PR and CR. The difference in response rate (responders vs. nonresponders) between groups was
analyzed by Fisher exact test.
Abbreviation: LEN, lenvatinib.
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isolated cell populations were confirmed by flow cytometry (Sup-
plementary Fig. S4A–S4D). CD3þ cells were highly purified (97%)
among the isolated T cells (Supplementary Fig. S4A). F4/80þ cells
and Ly6Gþ cells were highly concentrated as TAMs (87%) and

PMN-MDSCs (93%), respectively (Supplementary Fig. S4B and
S4C). The Ly6G� Gr-1Int population comprised 68% of the M-
MDSCs and 31% of TAMs among CD45þ TILs (Supplementary
Fig. S4D). Isolated T cells were labeled with CMFDA dye,

Figure 2.

Immunomodulatory activity of lenvatinib, anti-PD-1 mAb, and lenvatinib plus anti-PD-1 mAb in RAG tumors. Mice bearing RAG tumors were allocated into
treatment groups on day 1—when TVs were approximately 80 and 110 mm3 (two independent experiments)—and treated with lenvatinib at 10 mg/kg once
daily or anti-PD-1 mAb at 10 mg/kg twice weekly (or both) for 2 weeks; tumors were resected on day 15. CD45þ TILs were isolated from tumor tissue, and
populations of immune cells were analyzed by flow cytometry. The gating strategy is shown in Supplementary Fig. S3. A, Percentages of TAM, PMN-MDSC, and
M-MDSC in CD45þ TILs. B, CD8þ T-cell populations. Percentages of CD8þ T cells in CD45þ TILs, IFNgþ CD8þ T cells, GzmBþ CD8þ T cells, and PD1þ CD8þ T cells
in CD8þ T cells. C, CD4þ T-cell populations. Percentages of CD4þ T cells in CD45þ TILs, IFNgþ CD4þ T cells, and Treg (CD25þ CD127� CD4þ T cells) in CD4þ

T cells. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 versus control group; #, P < 0.05; ###, P < 0.001; ####, P < 0.0001 versus combination treatment
group (Dunnett multiple comparison test). Data were combined from two independent experiments (n ¼ 10). LEN, lenvatinib; Treg, regulatory T cells.
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stimulated with anti-CD3/CD28 magnetic beads, and cocultured
for 4 days with TAMs (F4/80þ cells), Ly6Gþ cells, or Ly6G� Gr-1int

cells. The proliferation of T cells after coculture was analyzed via
flow cytometry. Coculture with TAMs (F4/80þ cells) suppressed
the proliferation of CD8þ T cells at a ratio of 1:1 or 3:1 (Fig. 3C and
D, left) and CD4þ T cells (Fig. 3D, right). However, coculture of
PMN-MDSCs (Ly6Gþ cells) with stimulated T cells at a ratio of 1:1

or 3:1 (T cells:Ly6Gþ cells) had no effect on the expansion of CD8þ

T cells (Supplementary Fig. S4E and S4G). Coculture of Ly6G� Gr-
1int cells (enriched M-MDSCs containing a small population
of TAMs) with stimulated T cells at a 1:1 ratio, but not at 3:1
(T cells:M-MDSC–rich cells) inhibited the expansion of CD8þ

T cells (Supplementary Fig S4F and S4G), as well as CD4þ T cells
(Supplementary Fig S4H).

Figure 3.

Immunomodulatory activity of TAM in the RAG model. A and B, Mice bearing RAG tumors were injected intraperitoneally with anti-CSF1R mAb or control IgG2a at
300 mg/animal 1 day before allocation (i.e., day 0). On day 1, when TVs were approximately 101 mm3, anti-CSF1R mAb or control IgG2a at 300 mg/animal were
administered twiceweekly thereafter for 2weeks.A,CD45þ TILswere isolated from tumor tissue, and populations of immune cells were analyzed by flow cytometry.
Thegating strategy is shown inSupplementary Fig. S3. Percentages of TAMs, CD8þT cells in CD45þTILs, andPD-1þTim3þCD8þTcells andPD-1þCD25þCD8þTcells
in CD8þ T cells. Percentages of CD4þ T cells in CD45þ TILs and Treg (CD25þ CD127� CD4þ T cells) in CD4þ T cells. N ¼ 8. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001,
unpaired t test between groups. B, Expression levels of the indicated genes determined through qRT-PCR analysis. Data were normalized by the Gapdh gene. Data
are presented asmeansþ SEM (N¼ 8). �� ,P <0.01; ���� ,P<0.0001, unpaired t test between groups.C andD, T-cell coculture assaywith F4/80þ cells (TAMs) isolated
from RAG tumors was performed at the indicated ratios (T cells: F4/80þ cells) as described in Materials and Methods. C, Histograms of CMFDA-labeled CD8þ T cells
coculturedwith F4/80þ cells.D, Proliferation of CD8þ T cells and CD4þ T cells coculturedwith F4/80þ cells comparedwith T-cell single culture (T cell only). Data are
presented as means � SEM of three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (Dunnett multiple comparison test) versus T cell only group.
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These results suggest that lenvatinib and anti-PD-1 mAb mainly
affect different immune cell populations (i.e., TAM, Treg, CD4þ

T cells, and CD8þ T cells) in the RAG model. In addition, lenvatinib
single treatment increased the population of GzmBþ CD8þ T cells,
and combination treatment with anti-PD-1 mAb further increased
the population of IFNg-expressing CD8þ T cells more than either
single treatment.

Inhibition of IFNg signaling due to activation of FGFR-signaling
pathways

Next, we explored the interactions between the IFNg-signaling and
FGFR-signaling pathways in RAG cells using Western blot analysis.
Treatment of RAG cells with bFGF induced the phosphorylation of

FRS2 (Fig. 4A), which is a direct substrate of FGFR (39). Conversely,
E7090 (1 mmol/L), a selective FGFR inhibitor, clearly inhibited the
phosphorylation of FRS2—as did lenvatinib, in a dose-dependent
manner (Fig. 4A). In contrast, IFNg treatment of RAG cells induced
the phosphorylation of STAT1 (Tyr701) and the expression of
its downstream molecules B2M (b2 microglobulin) and PD-L1
(Fig. 4B). IFNg stimulation likewise increased total STAT1 expression
through the positive feedback loop in the IFNg/JAK/STAT path-
way (40). Activation of the FGFR signaling pathway with bFGF
treatment inhibited IFNg-induced STAT1 phosphorylation and the
expression of B2M and PD-L1 (Fig. 4B). Because lenvatinib inhibits
FGFR, treatment with lenvatinib canceled the inhibitory effects of
FGFR signaling on IFNg-signaling pathways and restored STAT1

Figure 4.

Inhibitory effect of FGFR signaling on IFNg-signaling pathways in RAG cells. A and B. Experimental schemes (top) and Western blot analysis using the indicated
antibodies (bottom). The housekeepingmoleculeGAPDHwas used as a loading control.A,Effects of lenvatinib andE7090on the FGFR-signaling pathway. RAGcells
were treated first with lenvatinib at 1 or 3 mmol/L or with E7090 at 1 mmol/L for 1 hour and then treatedwith bFGF 10 ng/mL for 5minutes.B, Effects of FGFR signaling
on the IFNg-signaling pathway. RAG cells were treated first with lenvatinib at 1 or 3 mmol/L for 1 hour and then with bFGF 10 ng/mL for 23 hours. After those
treatments, cells were stimulated with IFNg 5 ng/mL for 24 hours. C, Effects of FGFR signaling on expression levels of IFNg-induced cell surface PD-L1. RAG
cells were treated first with lenvatinib at 1 or 3 mmol/L or with E7090 at 1 mmol/L for 1 hour, after which, all cells were treated with bFGF 10 ng/mL for 23 hours
and then stimulated with IFNg 5 ng/mL for 24 hours. Cell surface expression level of PD-L1 was analyzed by using flow cytometry. Data are presented as means
þ SEM (n ¼ 3). ��� , P < 0.001; ���� , P < 0.0001, unpaired t test between groups. ####, P < 0.0001, Dunnett multiple comparison test versus bFGFþIFNg-treated
group (blue bar). †††, P < 0.001, unpaired t test versus bFGFþIFNg-treated group (blue bar). D, Effects of FGFR signaling on expression levels of IFNg-induced
CXCL10 in culture supernatant. RAG cells were treated as same as C. CXCL10 levels in culture supernatants were analyzed through ELISA. Data are presented
as means þ SEM (n ¼ 4). ���� , P < 0.0001, unpaired t test versus bFGFþIFNg-treated group (blue bar). ####, P < 0.0001, Dunnett multiple comparison test
versus bFGFþIFNg-treated group (blue bar). LEN, lenvatinib; N.D., not determined (i.e., below the lower limit of detection).
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phosphorylation and the expression of B2M and PD-L1 (Fig. 4B).
SOCS1 (suppressor of cytokine signaling 1) is a potent inhibitor of
the JAK/STAT signaling pathway (41), and the expression of
SOCS1 is upregulated by the activation of FGFR signaling and
disrupted IFNg-signaling pathways in rat chondrocytes (42). We
confirmed that bFGF treatment increased SOCS1 expression in
RAG cells and that lenvatinib treatment suppressed this induction
(Fig. 4B). Using flow cytometry analysis, we examined the cell-
surface expression of PD-L1 on RAG cells (Fig. 4C). As same as the
results of Western blot analysis, bFGF treatment suppressed IFNg-
induced expression of PD-L1, whereas treatment with lenvatinib
or E7090 restored the PD-L1 expression. In addition, consistent
with previous reports (19), IFNg treatment increased the CXCL10
levels in the culture medium of RAG cells (Fig. 4D); bFGF
suppressed this induction of CXCL10, and treatment with either
lenvatinib or E7090 to inhibit FGFR restored CXCL10 levels in RAG
culture supernatants.

Next, we further evaluated the cross-talk between the IFNg- and
FGF-signaling pathways through qRT–PCR analyses of gene targets
of IFNg , including B2m, H2-k1, Cxcl10, Cxcl11, and Ifit2 in RAG
cells (Supplementary Fig. S5). As expected, IFNg stimulation upre-
gulated the expression levels of IFNg target genes, which then were
inhibited by bFGF treatment. Although the change in levels of gene
expression varied somewhat, depending on the gene (e.g., Cxcl11,
Ifit2) and drugs (lenvatinib or E7090), FGFR inhibitors broadly
increased the expression levels of induced IFNg-target genes, which
had been suppressed by bFGF treatment (Supplementary Fig. S5).

We then evaluated the cross-talk between IFNg- and FGF-
signaling pathways in cultured human cancer cell lines (Fig. 5).
MFE280 cells harbor the FGFR2 S252W mutation, which increases
ligand binding affinity to FGFR2 and activates FGFR signaling
pathway (43). Western blot analyses demonstrated that constitu-
tive phosphorylation of FRS2, which is further activated by
exogenous bFGF, and treatment with either E7090 or lenvatinib
inhibited the phosphorylation of FRS2 in the human endometrial
cancer cell line MFE280 (Fig. 5A). In MFE280 cells, bFGF
treatment weakly suppressed the phosphorylation of STAT1 and
the expression levels of B2M and PD-L1, whereas lenvatinib treat-
ment increased the phosphorylation of STAT1 and expression of
B2M and PD-L1 (Fig. 5B). Because MFE280 cells showed consti-
tutively activated phosphorylated FRS2 in the absence of exogenous
bFGF treatment (Fig. 5A), the suppression of IFNg-signaling
by bFGF-treatment might be weak. These results were further
confirmed when we treated MFE280 cells with IFNg in the
absence of exogenous bFGF (Fig. 5C). In this experiment, IFNg
treatment increased the phosphorylation of STAT1 and the pro-
duction of B2M and PD-L1, and the addition of lenvatinib further
upregulated IFNg-induced B2M and PD-L1 levels. Consistent
with qRT-PCR results in RAG cells (Supplementary Fig. S5),
expression levels of B2M, CXCL10, CXCL11, and CD274 (PD-L1)
in MFE280 cells were upregulated by IFNg stimulation, inhibited by
bFGF treatment, and restored after lenvatinib treatment (Supple-
mentary Fig. S6A, top). In addition, regardless of exogenous bFGF
treatment, the addition of FGFR inhibitors further upregulated the
expression of these genes increased with IFNg in MFE280 (Sup-
plementary Fig. S6A).

In the human hepatocellular carcinoma JHH-7 cells, which highly
express FGF-19 (44), the FGFR-inhibitory activity of lenvatinib further
induced the expression of IFNg-stimulated target genes (Supplemen-
tary Fig. S6B). E7090 also increased IFNg-induced gene expression in
JHH-7 cells, but to lower levels than lenvatinib, because E7090 has

weak inhibitory activity against FGFR4 compared with FGFR1–3 that
is addressed further in the Discussion.

Furthermore, we investigated the IFNg-induced CXCL10 expres-
sion in human RCC 786-O cells; this line harbors amutatedVHL gene,
which is frequently mutated in RCCs. Lenvatinib and E7090 restored
the IFNg-induced CXCL10 expression in 786-O cells that had been
suppressed by bFGF treatment (Fig. 5D). In addition, inHuH7 human
hepatocellular carcinoma cells (Fig. 5E), in which FGF19 is also
overexpressed and FGFR signaling is intrinsically activated (45),
treatment with lenvatinib or E7090 further increased IFNg-stimulated
CXCL10 expression compared with IFNg-stimulation alone (Fig. 5E).

Cross-talk between IFNg- and FGF-signaling pathways in the
RAG tumor microenvironment

To investigate cross-talk between IFNg- and FGF-signaling path-
ways in vivo, we used immunofluorescence staining of PD-L1 and IRF1
expression in RAG tumors (Fig. 6A and B). Anti-PD-1 mAb mono-
therapy increased the PD-L1–positive area, which further increased
numerically after combination treatment with lenvatinib plus anti-
PD-1 mAb (Fig. 6A). In contrast, the area associated with IRF1, a
pivotal transcription factor in IFNg signaling (19), increased only in
response to combination treatment with lenvatinib plus anti-PD-1
mAb (Fig. 6B).

We examined the effects of lenvatinib and axitinib, a selective
inhibitor of VEGFR, on JAK/STAT pathway signaling and the expres-
sion of its downstream molecules in RAG tumors by Western blot
analysis (Fig. 6C). Lenvatinib treatment induced the total expression
and phosphorylation (Tyr701) of STAT1 and upregulated the expres-
sion of downstream molecules of IFNg signaling, including B2M and
PD-L1 (Fig. 6C), whereas STAT1 and PD-L1 expression was, at most,
weakly induced in RAG tumors from axitinib-treated mice (Fig. 6C).
Expression levels of B2M were equivalently increased by both lenva-
tinib and axitinib. In comparison, treatment with lenvatinib—but not
axitinib—decreased the expression of SOCS1, a negative regulator of
the JAK/STAT pathway, in RAG tumors. These results suggest that, in
addition to its inhibitory effects on angiogenesis (Supplementary
Fig. S1C), lenvatinib effectively reactivated IFNg-signaling pathways,
whichwere inhibited via activation of FGFR signaling pathway in RAG
tumors in vivo (Fig. 6C).

Role of IFNg in the antitumor activity of combination
treatment comprising lenvatinib and anti-PD-1 mAb in
the RAG model

To investigate the role of IFNg in the antitumor activity of lenvatinib
plus anti-PD-1mAb,we used an inhibitory anti-IFNgmAb in theRAG
model (Fig. 7A and B; Supplementary Fig. S7A and S7B). Severe body
weight loss was not observed in any treatment groups compared with
the control group (Fig. 7B). In the control (IgG1-treated) group
(Fig. 7A, left and Supplementary Fig. S7B, left), combination treat-
ment with lenvatinib plus anti-PD-1 mAb showed greater antitumor
activity than each single-agent treatment. In contrast, after application
of an anti-IFNg blocking mAb, lenvatinib plus anti-PD-1 was equiv-
alent to lenvatinib-only treatment in antitumor activity (Fig. 7A,
right). These results demonstrate that the enhanced antitumor activity
of lenvatinib plus anti-PD-1 mAb is dependent on an active IFNg-
signaling pathway.

Discussion
In this study, we discovered that the activation of FGFR signaling

inhibits the IFNg-stimulated JAK/STAT signaling pathway and that
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treatment with lenvatinib releases the FGFR-induced inhibition of
JAK/STAT signaling and reinstates the tumor response to IFNg
activation in mouse RCC RAG cells and four human cultured cancer
cells (Figs. 4 and 5; Supplementary Figs. S5 and S6).Mutations in JAK,
genetic loss of B2M, and activation of various oncogenic signals (e.g.,
mutations in genes related to WNT/b-catenin, BRAF/MAPK, and
CDK4/6) in tumor cells, have been reported asmechanisms underlying
the resistance to immune checkpoint inhibitors in preclinical models
and patients with cancer (46). Our results suggest that FGFR signaling
in tumor cells is another resistance mechanism to immune checkpoint
inhibition, that is, PD-1 blockade. In addition, our data demonstrate
that—in addition to its inhibitory activity against VEGFR2 signaling—
lenvatinib’s ability to inhibit FGFR provides a rationale for its com-
bination with anti-PD-1 mAb to overcome resistance to immune
checkpoint inhibitors.

High-level expression of PD-L1 is widely known to be associated
with poor prognosis in a variety of solid tumors (47). Conversely,

decreases in PD-L1 expression due to epigenetic and posttranscrip-
tional regulation or mutations in JAK are acknowledged as a key
mechanism of resistance to PD-1 blockade (48). IFNg stimulation
upregulates the expression of chemokines and of genes encoding
antigen-presentation components, which play important roles in the
recognition of cancer cells by cytotoxic CD8þ T cells and in the
immunologic rejection of malignancy (19). In particular, IFNg acti-
vated the JAK/STAT pathway and upregulated the expression of IRF1
and B2M, thus likely positively regulating antigen presentation and
cancer immunity (Fig. 6). In addition to its effects on IRF1 and B2M,
IFNg signaling effectively upregulated the expression of PD-L1, that is
considered to be an escapemechanism fromoveractivation of immune
systems. However, this induction of PD-L1 might contribute to the
enhanced antitumor activity of combination treatment with lenvatinib
and anti-PD-1 mAb, compared with that due to selective anti-VEGF
therapy, through the inhibitory activity of lenvatinib against FGFR
signaling (Figs. 4–6).

Figure 5.

Inhibitory effect of FGFR signaling on the IFNg signaling pathway in human cancer cells.A–C,Western blot analysis in MFE280 human endometrial cancer cells using
the indicated antibodies; GAPDH was included as a loading control. A, MFE280 cells were starved in medium containing 0.1% FBS for 18 hours, and then
treated first with lenvatinib at 1 or 3 mmol/L or with E7090 at 0.3 mmol/L for 1 hour and finally with bFGF (10 ng/mL) for 5 minutes. B, MFE280 cells were
pretreated with lenvatinib at 1 or 3 mmol/L for 1 hour and then treated with bFGF (10 ng/mL) for 23 hours. Finally, cells were stimulated with IFNg (5 ng/mL) for
24 hours. C, MFE280 cells were treated with lenvatinib at 1 or 3 mmol/L for 24 hours and then stimulated with IFNg (5 ng/mL) for 24 hours. D and E, CXCL10
levels in culture supernatants were analyzed by ELISA. Data are presented as means þ SEM of three independent experiments. D, Human renal cell carcinoma
786-O cells were treated first with lenvatinib at 1 or 3 mmol/L or with E7090 at 0.3 mmol/L for 1 hour and then with bFGF (10 ng/mL) for 23 hours. Finally, cells
were stimulated with IFNg (5 ng/mL) for 24 hours. � , P < 0.05; �� , P < 0.01, unpaired t test versus bFGFþIFNg-treated group (blue bar); ###, P < 0.001, Dunnett
multiple-comparison test versus bFGFþIFNg-treated group (blue bar). E, Human hepatocellular carcinoma HuH7 cells were treated first with lenvatinib at 1
or 3 mmol/L or with E7090 at 0.3 mmol/L for 24 hours and then stimulated with IFNg (5 ng/mL) for 24 hours. ��� , P < 0.001, unpaired t test versus IFNg-
treated group (red bar). ##, P < 0.01; ###, P < 0.001, Dunnett multiple comparison test versus IFNg-treated group (red bar). LEN, lenvatinib; N.D., not
determined (i.e., below the lower limit of detection).
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In the RAG model, combining lenvatinib, which blocks signaling
through both VEGFR and FGFR, with anti-PD-1 mAb provided
superior antitumor activity and prolonged survival compared
with combination treatment with axitinib, a selective inhibitor
of VEGFR, plus anti-PD-1 mAb (Fig. 1; Supplementary Fig. S1).
In clinical trials, lenvatinib treatment increased blood levels of
VEGF and FGF23 (35, 49), which are pharmacodynamics biomar-
kers of VEGFR and FGFR inhibition, respectively (33, 34, 50, 51).
Lenvatinib at 10 mg/kg was the minimal dose that increased blood
levels of VEGF and FGF23 in a preclinical mouse model (52), and
lenvatinib used in the current study in mice might be relevant to
that used in clinical trials. We chose to use an axitinib at a dose of
10 mg/kg according to a previous report (32), in which preclinical
pharmacokinetic analysis indicated that axitinib primarily targets
VEGFR. Axitinib at 10 mg/kg yielded comparable antiangiogenic

activity versus lenvatinib at 10 mg/kg (Supplementary Fig. S1C).
Furthermore, we verified that selective inhibition of VEGFR with
axitinib at 5–30 mg/kg axitinib did not inhibit the in vivo assess-
ment of FGFR signaling via plasma levels of FGF23 (Supplementary
Fig. S2). According to these data, we treated mice with axitinib at
10 mg/kg as a selective VEGFR inhibitor in the RAG model.

We evaluated the immunosuppressive activity of three myeloid-
derived populations (F4/80þ cells, Ly6Gþ cells, and Ly6G� Gr-1int

cells) that we isolated from RAG tumors (Fig. 3C and D; Supple-
mentary Fig. S4E–S4H). Among the three populations, Ly6Gþ cells
(PMN-MDSCs) had no immunosuppressive activity against the
proliferation of T cells in our coculture assay. F4/80þ cells (TAMs)
and Ly6G� Gr-1int cells (60% M-MDSCs; 30% TAMs) differed
in their immunosuppressive activities. These results suggested
that myeloid cells contain subpopulations that differ in their

Figure 6.

Immunofluorescence and Western blot analysis of IFNg-signaling pathways in RAG tumors. Mice bearing RAG tumors were treated with lenvatinib at 10 mg/kg
once daily, with anti-PD-1 mAb at 200 mg/animal twice weekly, or with both agents for 2 weeks. A and B, Representative immunofluorescence images (left) and
quantified positive areas (right) for each treatment group are shown for PD-L1 (A) and IRF1 (B). Bars, 100 mm. Data are presented asmeansþ SEM (n¼ 8). � , P <0.05;
��� , P < 0.001; ���� , P < 0.0001 versus control group; #, P < 0.05; ###, P < 0.001 versus combination treatment group (Dunnett multiple comparison test). C,Western
blot analysis of IFNg-signaling pathways.Mice bearing RAG tumorswere treatedwith lenvatinib at 10mg/kg once daily orwith axitinib at 5 or 10mg/kg twice daily for
2 weeks. Tumor lysate from each treatment group underwent Western blot analysis using the indicated antibodies; GAPDH was included as a loading control. LEN,
lenvatinib.
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immunosuppressive activities against T cells and that the F4/80þ

population (TAMs) showed clear immunosuppressive activity in
the mouse RCC RAG model.

The combination treatment of lenvatinib and anti-PD-1 Ab
demonstrated strong antitumor activity and prominent tumor
shrinkage in the RAG model (Fig. 1). However, the population
of M-MDSCs increased after both lenvatinib alone and combina-
tion with lenvatinib plus anti-PD-1 Ab, although in both cases, the
M-MDSC population was smaller than the TAM population
(Fig. 2A). In TBP-3743 murine anaplastic thyroid cancer ortho-
topic model, lenvatinib treatment increased the population
of PMN-MDSCs, and the addition of anti-Gr-1 antibody
(MDSC-depletion antibody) improved the antitumor effect of
lenvatinib (53). Increases in M-MDSCs might be a resistance
mechanism to the lenvatinib–anti-PD-1 Ab combination. It
may be interesting to test whether the depletion of M-MDSC in
the RAG model enhances the antitumor activity of combination

treatment with lenvatinib and anti-PD-1 Ab to overcome the
resistance mechanism.

In human hepatocellular carcinoma cell lines that highly express
FGF19, such as HuH7 and JHH7 (44, 45), FGFR4 is constitutively
activated, and this activation might inhibit the expression of IFNg
target genes and molecules. We found that both lenvatinib and
E7090 further increased the expression of IFNg-regulated genes and
molecules in both HuH7 and JHH-7 cells, while in JHH-7 cells, the
induction of IFNg-target genes was more prominent with lenvatinib
than with E7090 (Supplementary Fig. S6B). This outcome may
reflect differences in the tyrosine kinase inhibitory profiles between
lenvatinib (pan-FGFR1–4) and E7090 (selective against FGFR1–3),
because in JHH-7 cells, the FGF signaling pathway might be
activated primarily via FGFR4.

Lenvatinib and E7090 had different effects on the expression level of
Cxcl11 compared with Ifit2 (Supplementary Fig. S5) in RAG cells,
whichmainly express FGFR1 and FGFR2. Cross-talk among IFNg and

Figure 7.

Effects of anti-IFNg mAb on the antitumor activity of treatment with lenvatinib only, anti-PD-1 mAb only, or their combination in the RAG model. Mice bearing RAG
tumors were injected intraperitoneally with anti-IFNg mAb or control IgG1 at 300 mg/animal 2 days before allocation to treatment groups (i.e., day �1) and twice
weekly thereafter. On day 1, when TVs were approximately 90 mm3, mice were allocated randomly into treatment groups. Lenvatinib was orally administered at
10mg/kg once daily, and anti-PD-1 mAbwas injected intraperitoneally at 200 mg/mouse twice weekly for 4 weeks.A, TVs of control IgG-treated (left) and anti-IFNg
mAb–treated (right) groups. Data are presented as means� SEM (n¼ 8). �, P < 0.05; ��, P < 0.01; ���� , P < 0.0001 versus control group; ##, P < 0.01; ####, P < 0.0001
versus combination treatment animals (Dunnett multiple comparison test after logarithmic transformation). TVs of mice that were found dead or were euthanized
preemptively during the treatment period were imputed by last observation carried forward (control IgG1: 3 mice in control group, 4 mice in anti-PD-1 mAb group;
anti-IFNg mAb: 1 mouse in control group, 1 mouse in anti-PD-1 mAb group). B, Relative body weight of control IgG-treated (left) and anti-IFNg mAb-treated group
(right). Data are presented as means � SEM. Combo, combination; LEN, lenvatinib.
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other RTKs rather than FGFRmay contribute to specifically regulating
the expression levels of IFNg-regulated genes, because the different
FGFR kinase inhibition profiles of lenvatinib and E7090 do not
explain, and a further investigation is needed to explain the varied
expression patterns of Cxcl11 and Ifit2 in RAG cells.

Western blot analysis revealed that treatment for 2 weeks with
lenvatinib—but not axitinib—induced the expression and phosphor-
ylation of STAT1 and the expression of PD-L1 and B2M in RAG
tumors (Fig. 6C). In addition, whereas the control group showed
constitutive expression of SOCS1, lenvatinib—but not axitinib—
decreased SOCS1 expression in RAG tumors (Fig. 6C). Because
adding bFGF increased the expression of SOCS1 in cultured RAG
cells (Fig. 4B), these results might indicate that FGFR signaling is
constitutively active in RAG tumors in vivo. In previous studies,
chronic VEGF signal blockade led to upregulation of FGF ligands in
the RIP–TAG2 (pancreatic neuroendocrine tumor) model and a
human head-and-neck squamous cell carcinoma xenograft mod-
el (54, 55). Recently, we demonstrated that under conditions of
chronic VEGF inhibition, pericytes expressed high levels of FGF2
and FGFR2 signaling was activated in anti–VEGF-therapy-resistant
B16F10 and Renca tumor models (56). These results suggest that
VEGFR inhibitors may upregulate FGF ligand expression and FGFR
signaling in the RAG model in vivo.

Average TVs with anti-PD-1 Ab treatment under IFNg-blocking
condition was numerically small to that with the control group
(Fig. 7A). In spider plot analysis (Supplementary Fig. S7A, bottom),
1 mouse occasionally had a small tumor with anti-PD-1 Ab
treatment with IFNg-blocking Ab. Another mouse with a relatively
small tumor (<800 mm3) was found dead on day 19, as mice with
RAG tumors sometimes die unexpectedly due to ulceration on their
tumor, and TVs from that mouse were imputed to analysis until day
29. These factors all might contribute to the smaller average TV
with anti-PD-1 Ab under IFNg-blocking conditions (Fig. 7A).
Contrary, antitumor activity of combination treatment with lenva-
tinib plus anti-PD-1 Ab was suppressed by IFNg blocking (Fig. 7A),
even though 1–2 mice occasionally also had smaller tumors with
anti-PD-1 Ab (Supplementary Fig S7A bottom and S7B, right).

In conclusion, our findings indicate that cross-talk occurs
between the IFNg- and FGF-signaling pathways in tumor cells, in
which FGFR signaling inhibits the expression of genes and mole-
cules induced through IFNg signaling. Treatment with lenvatinib
inhibited the FGFR signaling in tumor cells and restored the
expression of IFNg-target molecules that had been suppressed
through FGFR signaling. Accordingly, activation of the IFNg/

JAK/STAT pathway upregulates not only the expression of antigen
presentation components and chemokines but also PD-L1, which
allows suppression of cancer immunity, and then tumor cells to
evade from a host immune system. In such circumstances, combi-
nation treatment comprising lenvatinib plus PD-1 blockade
enhances antitumor activity, as we showed in the RAG model.
Therefore, when combined with anti-PD-1 mAb, lenvatinib’s dual
inhibition of both VEGFR and FGFR yielded more potent antitu-
mor activity than using a selective VEGFR inhibitor with anti-PD-1
mAb. Further investigation in a clinical setting is needed to confirm
this unique mechanism of lenvatinib in patients with cancer.
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