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Abstract: Based on previous reports, the efficacy of lenvatinib against cancer is mainly attributed to its antian-
giogenic activity and its ability to suppress tumor proliferation, which are mediated by targeting receptor tyrosine
kinases (RTKs). However, the effects of lenvatinib on tumor immune modulation have rarely been explored. Here,
we show that lenvatinib effectively inhibited murine melanoma and renal cancer, and this inhibition was associated
with enhanced tumor infiltration by natural killer (NK) cells. Critically, lenvatinib-induced tumor growth inhibition
was attenuated by antibody-mediated NK cell depletion or the blockade of NK cell chemotaxis with an anti-CXCR3
blocking antibody. In addition, the expression of natural cytotoxicity receptors (NCRs) by tumor-infiltrating NK cells
and the expression of cytotoxic cytokines in the tumor tissue were also augmented by lenvatinib. These data thus
suggest that lenvatinib may be used not only as a direct cytotoxic drug against tumor angiogenesis and proliferation
but also as a potent adjunct for enhancing the efficacy of immune-based cancer therapies by enhancing the tumor

infiltration and activation of NK cells.
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Introduction

Lenvatinib is an orally active inhibitor of recep-
tor tyrosine kinases (RTKs), including KDR
(VEGFR-2), FGFR1, FIt-1 (VEGFR-1), RET, PDG-
FR-B and c-kit [1]. Lenvatinib was granted an
Orphan Drug Designation (ODD) for thyroid can-
cer in Japan, the United States and Europe
between 2012 and 2013 [2]. The efficacy of
lenvatinib was first confirmed in a phase Il
study that enrolled 58 patients with progres-
sive radioiodine (RAl)-refractory differentiated
thyroid cancer (DTC). The objective response
rate (ORR) was 50%, 40% of patients achieved
stable disease (SD), and 28% of patients expe-
rienced durable SD (=23 weeks). The median
progression-free survival (PFS) was 12.6 mon-
ths. The beneficial effect of lenvatinib on PFS in
RAl-refractory DTC was subsequently confirmed
in a phase lll clinical trial involving 392 patients.
The ORR was 64.8%, and 15% of patients
achieved SD. The median PFS rate was 18.3%
[3].

In addition to thyroid cancer, combination ther-
apy with lenvatinib and everolimus was also
approved for advanced renal cell carcinoma
(RCC) by the U.S. FDA based on the positive
results of a clinical trial in 2016 [4, 5]. In the
randomized, phase Il, multi-center clinical trial
(NCT01136733), 153 patients with advanced
RCC were randomly allocated to receive single-
agent lenvatinib (n = 52), single-agent everoli-
mus (n = 50), or the combination of lenvatinib
plus everolimus (n = 51). The median PFS was
higher for the combination of lenvatinib plus
everolimus (14.6 months) than for everolimus
alone (5.5 months) or lenvatinib alone (7.4
months). The ORR was higher for the combina-
tion therapy (43%) than for the single-agent
everolimus (6%) or single-agent lenvatinib ther-
apy (27%).

Due to the broad-spectrum inhibitory potential
of lenvatinib, lenvatinib was also tested in sev-
eral other clinical trials, including trials of glio-
ma (NCT01137604), hepatocellular carcinoma
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(NCTO0946153), non-small cell lung cancer
(NCT00832819) and melanoma (NCT0113-
6967, NCT01133977, NCT00121680). In a
phase Ib study (NCT00121680), 32 patients
with stage 4 or unresectable stage 3 melano-
ma were treated with a combination therapy of
lenvatinib plus temozolomide. The overall ORR
was 18.8%. SD >16 weeks was achieved in
28.1% of the patients [6]. In another phase |
trial, lenvatinib showed an ORR of 17.2% in 29
enrolled melanoma patients [7].

Based on current reports, the efficacy of lenva-
tinib against these cancers is mainly attributed
to the antiangiogenic activity and tumor prolif-
eration suppression mediated through target-
ing RTKs [8-10]. In this study, we unveiled a
new mechanism of promoting the tumor infiltra-
tion and activation of NK cells, through which
lenvatinib exerts its therapeutic effect.

Materials and methods
Cell culture

Murine B16-F10 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM,
Gibco by Life Technologies, America) supple-
mented with 10% FBS and 1% penicillin/strep-
tomycin at 37°C in a 5% CO, air atmosphere.
The murine RCC cell line Renca was maintained
in RPMI1640 medium supplemented with 10%
FBS, 0.1 mM MEM nonessential amino acids
(NEAA) (11140-050, Gibco), 1 mM additional
sodium pyruvate (111360-070, Gibco), and 2
mM additional L-glutamine (25030-081, Gibco)
at 37°C in a 5% CO, atmosphere. All cell lines
were authenticated and tested negative for
mycoplasma.

In vivo therapeutic efficacy of lenvatinib

Female BALB/c or C57BL/6N mice, aged 6
weeks to 8 weeks, were purchased from Beijing
Vital River Laboratory Animal Technology Co.,
Ltd. Five to six mice were housed together in
sterilized cages and maintained under specific
pathogen-free conditions. The mice were accli-
mated for approximately 1 week in our animal
facility before testing was initiated. The local
committee for animal care approved all animal
studies. A total of 2 x 10° B16-F10 cells or 5 x
108 Renca cells were suspended in 100 pl of
DMEM or RPMI 1640 medium without FBS
or penicillin/streptomycin and subcutaneously
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injected into the right flank of C57BL/6N or
BALB/c mice, respectively. Three days later, the
mice were randomly divided into 2 groups and
treated with vehicle (5% methylcellulose in
water) or lenvatinib (10 mg/kg) once per day.
Two weeks later, the mice were anesthetized,
and their tumors were harvested and weighed.
The tumor tissue was cut and preserved in lig-
uid nitrogen or formalin or processed into a
single-cell suspension for further analysis.

In vivo NK cell depletion

A total of 2 x 10° B16-F10 cells were suspend-
ed in 100 ul of DMEM without FBS or penicillin/
streptomycin and subcutaneously injected into
the right flank of 6- to 8-week-old female
C57BL/6N mice. Four days later, the mice were
randomly assigned to 3 groups: untreated,
lenvatinib+isotype control antibody (Len+lso)
and lenvatinib+NK cell depletion antibody
(Len+PK136). The mice in the Len+iso group
and Len+PK136 group were treated with lenva-
tinib by gavage once per day on days 5-16. In
addition, the mice in the Len+lso and
Len+PK136 groups received 200 pg isotype
antibody or NK cell depletion antibody, respec-
tively, via intraperitoneal injection (i.p.) once
every three days. During the treatment, the
mice were bled via the tail vein to detect the NK
cell depletion effect. The mice were euthanized
with anesthetics on day 17, and the tumors
were removed and weighed. The tumor tissue
was preserved in liquid nitrogen or formalin or
processed into a single-cell suspension for fur-
ther analysis. An anti-mouse NK1.1 monoclo-
nal antibody (clone, PK136) and its isotype con-
trol monoclonal antibody mouse 1gG2a, k
(clone, C1.18.4) were purchased from Bio X
Cell.

Flow cytometry analysis

For sample preparation, the peripheral blood
was collected via the tail vein and preserved in
PBS containing 10 mM EDTA. Red blood cells
were lysed by hypotonic lysis using RBC Ly-
sis Buffer (64010-00-100, BioGems) after a
10-minute incubation in the dark at room tem-
perature. The tumors were diced with ophthal-
mic scissors and then digested by incubating at
37°C for 1 hour in RPMI 1640 medium contain-
ing 2% FBS, 2 mg/mL Collagenase |V, and 2
mg/mL DNase |. After digestion, the cell sus-
pensions were strained through a 70-um mesh
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filter. Then, the cells were washed twice with
PBS containing 2% fetal bovine serum.

For cell staining, the single-cell suspensions
prepared from the peripheral blood or tumor
were stained with surface marker antibodies
and analyzed on a FACS Canto Il flow cytometer
(Becton-Dickinson, USA) or Guava easyCyte
(Merck Millipore, USA). FITC-conjugated anti-
mouse CD45 (30-F11), FITC-conjugated rat
IgG2b, k isotype (RTK4530), PE-conjugated
anti-mouse NK-1.1 (PK136), PE-conjugated
mouse 1gG2a, k isotype (MOPC-173), FITC-
conjugated anti-mouse CD49b (DX5), FITC-
conjugated rat Lewis (LEW), PE-conjugated
anti-mouse CD3e (145-2C11), PE-Cy7-conju-
gated Armenian hamster IgG (HTK888), PE-
Cy7-conjugated anti-mouse VCAM-1 (429
(MVCAMA)), PE-Cy7-conjugated rat IgG2a, k iso-
type (RTK2758), PE-Cy7-conjugated anti-mouse
CD16 (93), PE-Cy7-conjugated rat IgG2a, A
isotype, APC-conjugated anti-mouse CXCR3
(CXCR3-173) and APC-conjugated Armenian
hamster 1gG antibodies were purchased from
Biolegend. FITC-conjugated anti-mouse NKp46
(29A1.4) and FITC-conjugated rat 1gG2a, k iso-
type (Ebr2a) antibodies were purchased from
eBioscience. 7-Aminoactinomycin D (CAT#A13-
10) and Live/Dead Green dye (L23101) were
purchased from Life Technologies. Data analy-
sis was performed using FlowJo 10 software
(Ashland, OR).

Hematoxylin and eosin staining and IHC

Tissue samples were dissected, paraffin-
embedded and sectioned at 4 um thick. To
expose target proteins, heat-induced epitope
retrieval (HIER) was performed in sodium citrate
buffer (pH 6.0) for 20 minutes at 100°C. The
sections were blocked in 10% BSA for 20 min-
utes at room temperature, and antibodies
against CD161/NK1.1 (PK136, NB100-77528)
were applied to the sections and incubated
overnight at 4°C. Detection was performed
using 100 pl of goat anti-mouse/rabbit second-
ary antibody from a two-step histostaining
reagent kit (Beijing Zhong Shan Jingiao Bio-
technology Co., Ltd.) for 30 minutes at room
temperature according to the manufacturer’s
protocol. The immunoreaction was visualized
when a brown precipitate formed following
incubation in diaminobenzidine. The sections
were subsequently washed with water and
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counterstained with 0.5% hematoxylin for 3
minutes at room temperature. Finally, the tis-
sue samples were visualized by an upright
light microscope (Olympus Corporation, Tokyo,
Japan).

Western blot

The B16-F10 cells were treated with vehicle,
lenvatinib (1000 nM, 300 nM, 100 nM) or len-
vatinib plus NK cell depletion antibody (PK136,
100 pg/mL). 4 hours later, cells were lysed in
RIPA buffer with protease inhibitor for 30 min-
utes on ice. The supernatant was collected
after centrifuging at 13,000 g for 15 minutes
and quantified by BCA protein concentration
assay kit. Equal protein was performed with
SDS-PAGE and transferred to the PVDF mem-
brane. The membrane was blocked with 5%
non fat-dried milk for 1 hour at room tempera-
ture. Primary antibodies (phospho-Erk1l/2
(4370S), Erk1/2 (4695S), Cell Signaling Tech-
nology, USA) were added and incubated over-
night at 4°C. The next day, secondary antibod-
ies (goat anti-rabbit IgG-HRP (AS001), Absin)
were added and incubated for 1 hour at room
temperature. Chemical signals were detected
with Tanon imaging system (Tanon Science &
Technology Co., Ltd, China).

Chemokine array analysis

Mouse melanoma B16-F10 tumors that rec-
eived the indicated treatments were processed
according to the manufacturer’s protocol. Equal
amounts of lysates were analyzed with a
Proteome Profiler Mouse Chemokine Array kit
(R&D Systems, ARY020). Quantification of the
spot intensity in the arrays was conducted with
background subtraction in ImageJ.

Real-time cell assay (RTCA)

The cytotoxic activity of NK cells sorted from
tumors was determined using an xCELLigence
RTCA TP instrument (ACEA Biosciences). First,
50 pL of B16-F10 cell culture media was added
to each well of 2 x 8-well E-Plates (ACEA
Biosciences), and the background impedance
was measured and displayed as Cell Index.
Then, B16-F10 cells were seeded at a density
of 10000 cells/well of the E-Plate in a volume
of 100 yL and allowed to passively adhere on
the electrode surface. Post seeding, the E-Plate
was kept at ambient temperature inside a lami-
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nar flow hood for 30 minutes and then trans-
ferred to the RTCAMP instrument inside a cell
culture incubator. Data recording was initiated
immediately at 15-minute intervals for the
entire duration of the experiment. After approxi-
mately 10 hours, the B16-F10 cells reached a
logarithmic growth phase, and NK cells were
added at an effector to target ratios (ET) = 5:1
in a volume of 50 uL. After transferring the
E-Plate back into the xCELLigence system, data
acquisition was resumed to monitor the NK cell
cytotoxicity based on the viability of attached
target cells, as reflected by Cell Index values.

Statistical analysis

The data were analyzed using GraphPad Prism
5 software and presented as the mean + SEM.
The significance of differences between the
results of two groups was evaluated using an
unpaired two-tailed Student’s t test. A P value
less than 0.05 was considered statistically
significant.

Results

Lenvatinib significantly inhibits tumor growth
and promotes the infiltration of NK cells into
tumors

To confirm the therapeutic efficacy of lenvatinib
in vivo, murine melanoma models were estab-
lished in C57BL/6N mice with the mouse mela-
noma cell line B16-F10. The protocols for model
establishment and treatment are shown in
Figure 1A. After 12 days of treatment, com-
pared with vehicle, lenvatinib showed a 70.4%
tumor weight reduction in the mice with B16-
F10 xenografts (Figure 1B). These data demon-
strated that lenvatinib can significantly inhibit
the growth of melanoma in mouse models.

To investigate the effects of lenvatinib on NK
cell infiltration, we first detected NK cells in
formalin-fixed tumor tissue by immunohisto-
chemical staining analysis with an anti-mouse
NKZ1.1 antibody (Clone PK136). As shown in
Figure 1C and 1D, the positive rate of NK1.1*
cells in the lenvatinib-treated tumor tissue was
approximately 6-fold higher than that in the
vehicle-treated tumor tissue. Second, we de-
tected the frequency of NK cells in single-cell
suspensions from the vehicle- or lenvatinib-
treated tumors by flow cytometry analysis with
a PE-conjugated anti-mouse NK1.1 antibody
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(Clone PK136). As shown in Figure 1E and 1F,
lenvatinib treatment led to an approximately
3-fold increase in the quantity of NK cells in the
tumor tissue compared with the vehicle treat-
ment. To further confirm these findings, we
detected the mRNA expression of NK1.1 in
vehicle- or lenvatinib-treated tumor tissue by
gRT-PCR. The gRT-PCR results showed signifi-
cantly increased NK1.1 mRNA expression in
the lenvatinib-treated tumor tissue compared
with that in the vehicle-treated tumor tissue
(Figure 1G). Consistent results were also
observed in the murine renal cancer models
(Figure 2). NK cells represent a crucial compo-
nent of the antitumor innate immune response.
These data suggest that promoting NK cell infil-
tration into tumors may be an important mech-
anism through which lenvatinib exerts its anti-
tumor effects.

Depletion of NK cells attenuates lenvatinib-
induced tumor growth inhibition

If lenvatinib-induced NK cell tumor infiltration
plays a dominant role in the antitumor immune
response, then the removal of NK cells should
attenuate the inhibitory effects of lenvatinib
on tumor growth. To test this hypothesis,
C57BL/6N mice with B16-F10 xenografts were
pretreated with an NK cell depletion antibody
(Clone PK136) [11], followed by lenvatinib treat-
ment (Figure 3A). NK cells in the blood were
continuously detected during the treatment.
NK cells were almost completely removed in
the mice treated with the depletion antibody
during the treatment (Figure 3B). At the end of
the treatment, tumor-infiltrating NK cells were
detected. Almost no NK cells were detected in
the tumor tissue of the mice that received the
NK cell depletion antibody (Figure 3C, 3D).
More importantly, we found that NK cell deple-
tion significantly attenuated the tumor growth
inhibition induced by lenvatinib (Figure 3E).
These data suggest that NK cells may play an
important role in the lenvatinib-mediated anti-
tumor effects.

Does NK cell depletion antibody treatment
interfere with the receptor tyrosine kinase
inhibitory activity of lenvatinib? To answer this
question, we performed western blot analysis
to detect downstream signals ERK and phos-
phorylated (Phospho-) Erk1/2 of receptor tyro-
sine kinases [8, 12, 13]. The B16-F10 cells
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Figure 1. Lenvatinib suppresses tumor growth in murine melanoma models. A. Schematic diagram showing the
treatment program of the mice. A total of 2 x 10°% B16-F10 cells were inoculated into the right flank of C57BL/6N
mice to establish a murine melanoma model. The tumor-bearing mice were divided into two groups and treated with
lenvatinib (10 mg/kg) or vehicle (5% methylcellulose) for 12 days. B. The average tumor weight of each group of the
C57BL/6N murine melanoma model at the end of the treatment. C and D. The summarized data and representa-
tive results of NK cell staining of vehicle- or lenvatinib-treated tumors by IHC. E and F. The summarized data and
representative results show the numbers and frequencies of NK cells in the vehicle- or lenvatinib-treated tumors
measured by flow cytometry analysis. G. The mMRNA expression levels of NK1.1 were analyzed by gRT-PCR. n = 8 for
each independent experiment. The experiment was repeated for three times. Representative results of one inde-
pendent experiment are shown. *P<0.05, **P<0.01, ***P<0.001.

were treated with vehicle, lenvatinib (1000 nM, depletion antibody (PK136, 100 ug/mL) for 4
300 nM, 100 nM) or lenvatinib plus NK cell hours. The dose of NK cell depletion antibody is
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Figure 2. Lenvatinib suppresses tumor growth in murine renal cancer models. A. Schematic diagram showing the
treatment program of the mice. A total of 5 x 10° Renca cells were inoculated into the right flank of BALB/c mice to
establish a murine renal cancer model. The tumor-bearing mice were divided into two groups, which were treated
with lenvatinib (10 mg/kg) or vehicle (5% methylcellulose) for 12 days. B. The average tumor weight of each group
of BALB/c mice with murine renal cancer at the end of the treatment. C and D. The summarized data and represen-
tative dot plots show the numbers and frequencies of NK cells in tumors from BALB/c mice. NK cells are defined
as CD3CD49b* cells in BALB/c mice. The experiment was repeated twice. n = 8 for each independent experiment.
Representative results of one independent experiment are shown. **P<0.01, ***P<0.001.

200 pg/mouse in in vivo experiments. The con- that NK cells play an important role in the len-
centration of 100 pg/mL should be higher than vatinib-mediated anti-tumor effects.

the plasma concentration of the depletion anti-

body. As shown in Figure 3F, the phosphoryla- Lenvatinib enhances the expression of NK cell
tion of ERK was significantly inhibited by lenva- infiltration-associated adhesion molecules and
tinib at the dose of 1000 nM, the NK cell deple- chemokines in tumors

tion antibody did not attenuate the inhibitory

efficacy of lenvatinib. Therefore, NK cell deple- Increased NK cell infiltration may occur be-
tion antibody treatment does not interfere with cause the lenvatinib treatment increases the
the receptor tyrosine kinase inhibitory activity recruitment of NK cells to the tumor site. These
of lenvatinib. These data further demonstrated processes involve a complex sequence of
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Figure 3. Depletion of NK cells attenuates lenvatinib-induced tumor growth suppression. A. Schematic diagram show-
ing the treatment program of the mice. The mice were randomly assigned to 3 groups: Untreated, Lenvatinib+Isotype
(Len+lso) and Lenvatinib+PK136 (Len+PK136), n = 6. Intraperitoneal antibody injections were started four days
after the subcutaneous inoculation of B16-F10 cells in the C57BL/6N mice. Lenvatinib treatment by gavage was
started five days after the tumor cell inoculation. During these treatments, the mice were bled to detect NK cell
depletion. B. Continuous NK cell depletion in the mice that received the NK cell depletion antibody. Fifty microliters
of blood was collected from each mouse via the tail vein. After red blood cell lysis, the cells were stained with the
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anti-NK1.1 antibody and detected by flow cytometry analysis. C and D. The summarized data and representativedot
plots show the effect of NK cell depletion on tumors after PK136 treatment. The tumor tissue was processed into a
single-cell suspension. A total of 1 x 10° cells were stained with the anti-NK1.1 antibody. The NK cell numbers were
detected by flow cytometry analysis. E. The average tumor weight of each group at the end of the treatment. n = 6 for
each independent experiment. The experiment was repeated twice. F. ERK and phosphorylated (Phospho-) Erk1/2
were detected by western blot. The B16-F10 cells were treated with vehicle, lenvatinib (1000 nM, 300 nM, 100 nM)
or lenvatinib plus NK cell depletion antibody (PK136, 100 pyg/mL) for 4 hours. Total protein was extracted. ERK and
phosphorylated (Phospho-) Erk1/2 were detected by western blot. The experiment was repeated for three times.
The results are consistent. Representative results of one independent experiment are shown. *P<0.05, **P<0.01.

events, beginning with the adhesion of NK cells
to endothelial cells and followed by chemokine-
chemokine receptor interactions that modulate
the extravasation of NK cells into tumor tissue
[14]. Integrin a4p7 is found on the majority of
peripheral lymphocytes, including NK cells.
Integrin adB7 binds its ligands, including VCAM-
1 (CD106), on tumor vascular endothelial cells
and plays an important role in lymphocyte
adhesion and the directional migration of blood
lymphocytes into extravascular tumor tissue
[15]. To investigate the mechanism driving the
increased infiltration of NK cells into the tumor
site, we detected the expression of these adhe-
sion molecules in tumor vascular endothelial
cells and tumor-infiltrating NK cells. Our data
showed significantly increased cell surface
expression of integrin a4f7 in tumor-infiltrating
NK cells (Figure 4A, 4B) and of VCAM-1 in tu-
mor vascular endothelial cells (Figure 4C, 4D).
To further address the effects of lenvatinib
treatment on the expression of chemokines in
the tumor, we performed a chemokine array
analysis with the tumor tissue. This analysis
revealed a statistically significant upregulation
of the expression of the chemokines CXCL9
and CXCL10 in the lenvatinib-treated tumors
compared with that in the vehicle-treated
tumors (Figure 4E, 4F). These data suggest
that the increased NK cell infiltration at the
tumor site may be due to the increased expres-
sion of adhesion molecules and chemokines
caused by the lenvatinib treatment.

Blockade of NK chemotaxis attenuates NK cell
infiltration and tumor growth inhibition caused
by lenvatinib treatment

A previous report showed that CXCL9 and
CXCL10 are implicated in NK cell chemotaxis
from the periphery through interacting with
their receptor (CXCR3) expressed on the sur-
face of NK cells [16]. To further confirm the role
of the two chemokines in the current study, we
first detected the expression of CXCR3 on the
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surface of tumor-infiltrating NK cells by flow
cytometry analysis. Our data showed that more
than 50% of the tumor-infiltrating NK cells were
CXCR3-positive, although there was no signifi-
cant difference between the vehicle and lenva-
tinib treatment groups (data not shown). This
result is consistent with that of a previous
report [17]. To determine whether CXCL9 and
CXCL10 are essential for lenvatinib-mediated
tumor regression, the B16-F10 tumor-bearing
C57BL/6N mice were treated with an anti-
mouse CXCR3 blocking antibody (CXCR3-173)
in conjunction with the lenvatinib treatment
(Figure 5A) [17]. CXCR3 blockade significantly
attenuated lenvatinib-mediated tumor growth
inhibition (Figure 5B) and increased NK cell
infiltration at the tumor site (Figure 5C, 5D).
Altogether, these results clearly indicated that
the CXCL9- and CXCL10-dependent recruit-
ment of NK cells to the tumor site was essential
for the lenvatinib-mediated antitumor immune
responses.

Lenvatinib promotes the activation of tumor-
infiltrating NK cells

We have demonstrated that NK cells play an
important role in the antitumor effects exerted
by lenvatinib and mechanistically linked lenva-
tinib with NK cell infiltration into tumors. Can
lenvatinib treatment enhance the activation
and cytotoxicity of tumor-infiltrating NK cells?
Natural cytotoxicity receptor (NCR)-mediat-
ed cytotoxicity through NKp46, NKp44 and
NKG2-D and CD16-mediated antibody-depen-
dent cellular cytotoxicity (ADCC) are two of the
main mechanisms, through which NK cells
release cytotoxic cytokines upon interacting
with target cells [18].

To confirm these mechanisms, we first exam-
ined the effect of lenvatinib treatment on the
expression of CD16, NKp46 and NKG2-D on
tumor-infiltrating NK cells by flow cytometry
analysis. The results showed that lenvatinib
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Figure 4. Lenvatinib enhances the expression of NK cell infiltration-associated adhesion molecules and chemo-
kines. Samples from the C57BL/6N mice that received the vehicle or lenvatinib treatment are shown in Figure 1. A
and B. The summarized data and representative results show the integrin a4p7 expression of the tumor-infiltrating
NK cells. C and D. The summarized data and representative results show the VCAM-1 expression of the tumor vas-
cular endothelial cells. E and F. The summarized data and representative films show the expression of the chemo-
kines CXCL9 and CXCL10 in the B16-F10 tumor tissues measured by a mouse chemokine array (n = 2).

treatment significantly increased the cell sur-
face expression of CD16 (Figure 6A, 6B) and
NKp46 (Figure 6C, 6D) on the tumor-infiltrating
NK cells. Although the lenvatinib treatment
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increased the expression of NKG2-D on the
tumor-infiltrating NK cells compared with the
vehicle treatment, the difference was not sta-
tistically significant (data not shown). To further
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Figure 5. Blockade of NK chemotaxis with the CXCR3 blocking antibody attenuates lenvatinib-induced NK cell
infiltration and tumor growth inhibition. A. Schematic diagram showing the treatment program of the mice. The
mouse models were set up as described above, and then the mice were randomly assigned to 3 groups: Untreated,
Lenvatinib+Isotype (Len+lso) and Lenvatinib+CXCR3 Antibody (Len+Ab), n = 6. Intraperitoneal antibody injections
were started two days after the subcutaneous inoculation of the B16-F10 cells. Lenvatinib treatment by gavage
was started three days after the tumor cell inoculation. The mice were euthanized with anesthetics on day 15, and
the tumors were removed and weighed. The tumor tissue was processed into a single-cell suspension for further
analysis. B. The average tumor weight of each group. C and D. The summarized data and representative dot plots
show the frequency of NK cells in the tumor. The tumor tissue was processed into a single-cell suspension. A total of
1 x 106 cells were stained with the anti-mouse CD45 antibody and anti-mouse NK1.1 antibody and were analyzed
by a Guava easy Cyte flow cytometer. n = 6 for each independent experiment. The experiment was repeated twice.
Representative results of one independent experiment are shown. *P<0.05, **P<0.01.

cells to B16-F10 cells was analyzed by real-
time cell assay (RTCA) (Figure 6E). The corre-
sponding quantitative analysis results at 70 h
showed that NK cells from tumors of lenvatinib-

confirm whether lenvatinib treatment improves
cytotoxicity of NK cells, NK cells were sorted
from tumors of C57BL/6N mice that received
vehicle or lenvatinib treatment (10 mg/kg) and

cocultured with B16-F10 cells at an E:T ratio =
5:1 respectively. The direct cytotoxicity of NK
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treated mice show stronger cytotoxicity than
their concomitants from vehicle-treated mice
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Figure 6. Lenvatinib promotes the activation of tumor-infiltrating NK cells. Samples from C57BL/6N mice that re-
ceived vehicle or lenvatinib treatment are described in Figure 1. For (A-F), the tumor tissues were processed into
single-cell suspensions. The expression levels of NCRs in the tumor-infiltrating NK cells were detected by flow cy-
tometry analysis. (A, B) The summarized data and representative results show the expression level of CD16 in the
tumor-infiltrating NK cells. (C, D) The summarized data and representative results show the expression level of
NKp46 in the tumor-infiltrating NK cells. (E, F) The summarized data and representative results show the cytotoxicity
of tumor infiltrating NK cells. NK cells were sorted from tumors received vehicle or lenvatinib treatment and cocul-
tured with B16-F10 cells at an E:T ratio = 5:1. The direct cytotoxicity of NK cells to B16-F10 cells was analyzed by
real-time cell assay (RTCA) *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7. The mechanism through which lenvatinib exerts anti-tumor effects through NK cells. On the one hand, Len-
vatinib treatment enhances the tumor infiltration capacity of NK cells by increasing the expression of chemokines
CXCL9 and CXCL10 in tumor tissues, as well as adhesion molecules on NK cells (x4p37) and tumor vascular endo-
thelial cells (VCAM-1). On the other hand, lenvatinib treatment enhances cytotoxicity of NK cells by up-regulating the
expression of natural killer receptors CD16 and NKp46 on the surface of NK cells.

(Figure 6F). These data suggest that lenvatinib
treatment can promote the activation and cyto-
toxicity of tumor-infiltrating NK cells.

Discussion

In recent years, increasing evidence has shown
that chemotherapeutic drugs can not only Kill
tumor cells but also enhance antitumor immu-
nity through different mechanisms [19]. Che-
motherapeutic agents can negatively target
immunosuppressive cells, such as regulatory T
cells (Tregs) and myeloid-derived suppressor
cells (MDSCs) [20], and may also promote the
function of antigen presenting cells, T lympho-
cytes and NK cells [21]. In recent years, lenva-
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tinib has shown broad antitumor activity in clini-
cal patients and preclinical human tumor xeno-
graft models [22-24]. Several studies aimed at
understanding the mechanism(s) of lenvatinib
therapy have shown that this therapy exerts its
therapeutic effects mainly through targeting
the VEGFR/FGFR signaling pathways and inhib-
iting tumor cell proliferation and tumor angio-
genesis [8-10, 12, 13, 25]. However, the immu-
nomodulatory effects of lenvatinib on cancer
remain unclear.

Here, we demonstrated that NK cell-mediated
innate immunity is necessary for the tumor
growth inhibition effects of lenvatinib through
following mechanism: on the one hand, Len-
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vatinib treatment enhances the tumor infiltra-
tion capacity of NK cells by increasing the
expression of chemokines CXCL9 and CXCL10
in tumor tissues, as well as adhesion molecules
on NK cells (¢437) and tumor vascular endo-
thelial cells (VCAM-1); on the other hand, lenva-
tinib treatment enhances cytotoxicity of NK
cells by up-regulating the expression of NCR
CD16 and NKp46 on the surface of NK cells
(Figure 7).

Growing evidence in the field of immunobiology
has now proven that multiple components of
the human immune system, especially cytotox-
ic T lymphocytes and NK cells, have important
roles in fighting cancer. This insight has led to
many studies aimed at using chemotherapeutic
drugs and other methods to bolster antitumor
immunity in patients with cancer [18]. In this
study, we showed that lenvatinib promotes NK
cell infiltration and induces the upregulation of
NCR expression by tumor-infiltrating NK cells
and the expression of cytotoxic cytokines in
tumor tissue. These findings highlight that len-
vatinib may have an advantageous effect on
antitumor immune activation and suggest the
value of using this drug as a potent immuno-
modulatory agent in a future combination ther-
apy with NK cell therapy or other immunothera-
peutics for cancer.
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