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TLR3 activation enhances
antitumor effects of sorafenib

In hepatocellular carcinoma

by activating NK cell functions
through ERK and NF-kB pathways

Qiang-bo Zhang!, Hong Wang?, Fei Xu?, Yan Song?, Run-de Jiang?, Qi Li' & En-yu Liu%3"**
Background Sorafenib is a standard therapeutic agent for advanced hepatocellular carcinoma (HCC).
However, its efficacy is moderate, as the survival of patients is prolonged for only a few months,

and the response rate is low. The mechanism of low efficacy remains unclear. In this study, we
investigated the effect of Toll-like receptor 3 (TLR3) on the effects of sorafenib on HCC. Methods
Polyinosinic-polycytidylic acid [poly(l: C)] was used as a double-stranded RNA analog and TLR3
agonist in subsequent experiments. After orthotopic implantation of HCC tumors in BALBc nu/

nu or C57BL/6 mice, survival time, tumor growth, and metastasis in the abdomen and lungs were
analyzed. Flow cytometry and cytotoxicity assays were used to analyze NK cells isolated from the
spleen or peripheral blood. ELISA was used to detect the expression of plasma interferon (IFN)-y
and monocyte chemoattractant protein (MCP)-1. In addition, the expression of phosphorylated-
extracellular regulated kinase 1/2 (pERK1/2), phosphorylated-protein kinase B (pAKT), ERK1/2 and
AKT was analyzed by Western blotting. Results Sorafenib reduced the number and activity of NK cells
in tumor-bearing mice and simultaneously decreased the levels of MCP-1 and IFN-y in the plasma.
The combination of sorafenib and poly(l: C) synergistically inhibited tumor growth and metastasis

in tumor xenograft mice and prolonged survival. Poly(l: C) not only exerts a direct inhibitory effect
on tumor growth and metastasis by targeting the TLR3 receptor on tumor cells but also facilitates
the proliferation and activation of NK cells, indirectly impeding tumor progression. Mechanistically,
poly(l: C) decreased the sorafenib-induced inhibition of ERK phosphorylation and increased the
phosphorylation of IkB in NK cells, thereby enhancing NK cell function. Conclusion Activation of
TLR3 can enhance the antitumor effect of sorafenib on HCC. The combination of a TLR3 activator and
sorafenib may be a new strategy for the treatment of HCC.

Keywords TLR3, Sorafenib, Poly(I:C), Natural killer cell, Antitumor immunity

Abbreviations

HCC hepatocellular carcinoma
NK natural killer

TLR Toll-like receptor

poly( C): polyinosinic-polycytidylic acid
IFN-y interferon-y
MCP-1  monocyte chemoattractant protein 1

RFP red fluorescent protein

DC dendritic cell

LDH lactate dehydrogenase

SNLM standardized number of lung metastases
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shRNA  short hairpin RNA
TRIF Toll/IL-1R domain-containing adaptor inducing IFN-[
dsRNA  double-stranded RNA

Sorafenib is an oral multikinase inhibitor that can inhibit BRAF kinase, vascular endothelial growth factor
receptors 2 and 3, platelet-derived growth factor receptor, FMS-like tyrosine kinase 3 (FLT3), and c-KITL
It is the first molecular-targeted agent to be clinically approved for the treatment of patients with advanced
hepatocellular carcinoma (HCC)>. Although the clinical application of sorafenib provides survival benefits, its
efficacy is moderate, with patient survival prolonged for only a few months and a low response rate**. Notably,
some preclinical studies have shown that administering sorafenib and sunitinib before tumor inoculation in mice
accelerates the growth of metastatic tumors and reduces overall survival®. Similarly, our previous study revealed
that sorafenib has a detrimental proinvasive effect on an orthotopic HCC model by downregulating the tumor
suppressor gene HTATIP2, resulting in increased invasiveness and metastatic potential of HCC. Some studies
have shown that many targeted agents, in addition to inhibiting the signaling pathways of cancer cells, may also
affect the host’s antitumor immunity. For example, sorafenib can inhibit T-cell proliferation and cytotoxicity in a
dose-dependent manner by inducing apoptosis and targeting lymphocyte Cell-Specific Protein-Tyrosine Kinase
(LCK) phosphorylation®. Additionally, sorafenib inhibits the maturation and function of dendritic cells (DCs)°.
We also reported an increase in tumor growth and metastasis and a decrease in survival in a sorafenib-pretreated
xenograft mouse model, which was attributed to the direct inhibition of natural killer (NK) cells by sorafenib!.
These findings highlight the importance of exploring combination therapies to improve the efficacy of sorafenib
for treating HCC.

Unlike T cells and B cells, NK cells can exert direct cytotoxic effects on tumor cells without prior sensitization
and indirectly participate in eliminating tumor cells by secreting antitumor cytokines, thereby limiting the
growth and dissemination of various tumor types'!. Studies have shown that the frequency of spontaneous
tumors induced by methylcholanthrene is greater in mice deficient in key effector molecules of NK cells or their
respective receptors'2. Currently, multiple methods to augment the cytotoxic activity of NK cells provide insights
for novel immunotherapy regimens, such as the chemoattractant cytokine MCP-1, which suppresses tumor
progression by enhancing the reactivity of NK cells!®>. Moreover, blocking the MHC class I-specific inhibitory
receptor of NK cells increases the effector function of NK cells against tumor cells in mice!*.

Toll-like receptors (TLRs), which are expressed in various immune cells and cancer cells, promote immune
responses upon recognition of pathogen-associated molecular patterns'>!6. Specifically, TLR3 recognizes
endosomal double-stranded RNA (dsRNA)'7and initiates signal transduction via the Toll/IL-1R domain-
containing adaptor inducing IFN-B (TRIF)!®. The TLR3/TRIF pathway also activates nuclear factor-kappaB
(NF-kB) and induces the production of proinflammatory cytokines such as IFN-y!8. Polyinosinic-polycytidylic
acid [poly(I: C)], a dsRNA analog and TLR3 agonist, induces strong antiviral and antitumor effects along with
the activation of NK cells and CD8'T cells'®. Notably, it has been found that NK cells are indirectly activated in
response to poly(I: C). For example, the coculture of NK cells with DCs induces the production of IFN-y both
in vitro and in mice®. The ability of poly(I: C) to directly induce the expression of granzyme B or IFN-y in NK
cells has not been established.

In the present study, we hypothesized that the inhibition of NK cells accounts for the limited therapeutic
effect of sorafenib and that the activation of TLR3 may modulate antitumor immunity. Our results showed
that, compared with either agent alone, the combination of sorafenib and poly(I: C) inhibited tumor growth,
reduced lung metastasis, and prolonged host survival. Poly(I: C) alleviated the inhibitory effect of sorafenib on
the reactivity of NK cells in tumor-bearing mice. Furthermore, we found that the activation of the extracellular
signal-regulated kinase (ERK) and IkB phosphorylation signaling pathways contributed to the activation of
NK cells in response to poly(I: C) stimulation in vitro. These results lay the foundation for a potent clinical
application of the combination of sorafenib and poly(I: C) in the treatment of HCC.

Materials and methods

Cell lines and animals

The human cell line HepG, and the mouse cell lines Hepal-6 and YAC-1 were obtained from the American Type
Culture Collection; the human cell line HCC-LM,was established at Fudan UniversityZI. Stable red fluorescent
protein (RFP)-expressing LM, (RFP-LM,) cells derived from HCC-LM,cells were kindly provided by Professor
WZ Wu?? and were used for in vivo experiments. These cells were maintained at 37 °C with 5% CO, in an air
atmosphere in Dulbecco’s modified Eagle’s medium (DMEM) or RPMI 1640 supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin).

Male BALB/c nu/nu mice and male C57BL/6 mice aged 4 to 6 weeks and weighing 20 g were obtained from
the Shanghai Institute of Materia Medica, Chinese Academy of Science, and were maintained under specific
pathogen-free conditions. In this study, the mice were euthanized with carbon dioxide.

This study was approved by the Qilu Hospital of Shandong University, and informed consent was obtained
from the subjects. The animal experiments in this study were approved by the ethics committee of the hospital
and strictly followed the operating standards of animal experiments.

Isolation of NK cells

Peripheral blood mononuclear cells were isolated from healthy volunteers by density gradient centrifugation, and
NK cells were isolated by MACS (Miltenyi Biotec). The purity of the NK cells was detected by flow cytometry.
NK cells were cultured in RPMI 1640 with 10% FBS (containing 100 U/mL penicillin, 100 U/mL streptomycin,
and 1000 U/mL IL-2). NK cells were inoculated in culture flasks at a density of 2 10°/cm? and placed in a 37
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°C culture chamber with 5% CO,. NK cells were isolated from murine spleens by negative selection with the
NK Cell Isolation Kit and MACS columns and cultured in RPMI 1640 medium supplemented with 10% FBS.
Experiments were performed when the purity of the mouse NK1.1* NK cells was greater than 90%.

Reagents

Sorafenib (Bayer Healthcare, Inc.) was suspended in a vehicle solution containing Cremophor (Sigma), 95%
ethanol, and deionized water at a ratio of 1:1:6. Poly (I: C) was purchased from InvivoGen (San Diego, CA).
Recombinant human IL-2 (specific activity > 107 units/mg) was purchased from Peprotech (USA). Bay11-7082
(an NF-kB-specific inhibitor) was purchased from Sigma and was dissolved in dimethyl sulfoxide (DMSO) for
further experiments.

Cell proliferation and invasion assays

LM, cells were incubated in 96-well plates (5X 103 cells/well) for 24, 48, or 72 h. Proliferation was measured at
different times using the MTT method (Dojin Laboratories, Kumamoto, Japan). Cell migration was assessed by
a Transwell assay (Boyden Chambers, Corning, Cambridge, MA). Briefly, 10 pL of Matrigel (BD Biosciences,
Franklin Lakes, New NJ) was added to each well of a 24-well plate, and after 6 h, 5x 10* cells in serum-free
DMEM were seeded on the membrane (8.0 um pores). DMEM containing 10% FBS was added to the lower
chamber of each well. After 48 h, the cells that had reached the underside of the membrane were stained with
Giemsa (Sigma Chemical, St. Louis, MO) and counted at X200 magnification.

HCC animal models and treatment

For orthotopic HCC tumors in animal models, tumor cells were subcutaneously inoculated into the right flank
of 4-week-old male BALBc nu/nu or C57BL/6 mice. After 3 to 4 weeks, nonnecrotic tumor tissues were cut into 1
mm X 1 mm pieces and orthotopically implanted into the liver. For experimental lung metastases of cancer cells,
viable tumor cells were suspended in 200 uL of phosphate-buffered saline (PBS) and injected into the lateral tail
vein of nude mice.

The mice were randomized into four groups (n=5 or 6 in each group) according to body weight for the
following treatments: vehicle control, sorafenib (60 mg/kg/d, oral gavage, twice a day), poly(I: C) (5 mg/kg/d,
intraperitoneally, every other day), and sorafenib plus poly(I: C). To evaluate the function of NK cells in vivo,
human NK cells were injected into the lateral tail vein of nude mice biweekly for 4 consecutive weeks after
inoculation.

The tumors were excised, and the maximum (a) and minimum (b) diameters were measured to calculate
the tumor volume: V=ab?/2. Fluorescent protein-positive (GFP* or RFP*) metastatic foci were imaged
(stereomicroscope: Leica MZ6; illumination: Leica L5FL; C-mount: 0.63/1.25; charge-coupled device: DFC
300FX), and the number and area of metastatic foci were quantified by Image-Pro Plus software (Media
Cybernetics, Bethesda, MD)?.

For the tail vein metastasis models of BALBc nu/nu mice, 1 x 10° HCC cells were injected into the mice, and
then, the sorted human NK cells were injected into the mice biweekly for 5 consecutive weeks after inoculation.

Flow cytometry analysis of NK cells

Spleen or peripheral blood mononuclear cells were washed once with PBS supplemented with 2% FBS and 0.05%
sodium azide (2% FBS-PBS). The washed cells were incubated at 4 °C for 30 min in 2% FBS-PBS supplemented
with anti-mouse CD3, NK1.1, CD49b and CD69 antibodies (BD PharmingenTM, USA) or with normal mouse
serum as a negative control. The samples were then washed twice with 2% FBS-PBS. The fluorescence intensities
were measured by a FACScan (BD Biosciences).

Cytotoxicity assay of NK cells

Isolated murine NK cells were cultured in RPMI 1640 medium supplemented with sorafenib or poly(I: C).
Cytotoxicity was determined by a lactate dehydrogenase (LDH) release assay as previously described?. YAC-1
or Hepal-6 cells were used as targets to evaluate NK activity. In all the experiments, spontaneous release was less
than 15% of the maximum release. In brief, these effector (E) and target (T) cells were plated in 96-well round-
bottom plates at appropriate E: T ratios. After 4 h of incubation, LDH in the medium was measured with the
nonradioactive Cytotoxicity Detection KitPLUS (LDH) (Roche). Determinations were carried out in triplicate.
The percentage of specific cytolysis was calculated from the release of LDH in the test samples and control
samples as follows:

(effector — target cell mix — effector cell control) — low control

Cytotoxicity (%) = x 100

(high control — low control)

ELISA of plasma proteins
The levels of plasma IFN-y and MCP-1 were analyzed by ELISA with Quantikine ELISA kits (R&D Systems). All
analyses were carried out in duplicate.

Western blot analysis

Western blot analysis of whole-cell extracts was performed essentially as described previously?!. The primary
antibodies used included anti-pERK1/2, anti- phosphorylated-protein kinase B (pAKT) (Cell Signaling
Technology; Danvers, MA, USA), anti-ERK1/2, and anti-AKT (Abcam; Cambridge, MA, USA) antibodies.
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Statistical analysis

Continuous data are expressed as the mean +standard deviation. Comparisons were made using independent
two-tailed Student’s t test, one-way ANOVA, or the Mann-Whitney U test. All the statistical analyses were
conducted using SPSS 16.0 (SPSS; Chicago, IL, USA).

Results

TLR3 mediates the synergistic inhibitory effect of sorafenib and poly(l: C) on liver cancer cells
in vitro

First, we evaluated the expression of TLR3 in various HCC cell lines and tissues from HCC patients and found
that its expression in LM, and MHCC-97 H liver cancer cells was significantly greater than that in other cell lines
(Figure S1A) or in tumor tissues from HCC patients (Figure S2). To further determine the biological significance
of TLR3 in NK cells, three shRNA interference sequences were established(Table S1) and was selected an sShRNA
with high knockdown efficiency. We generated stable TLR3-knockdown LM, cells to investigate the effect of
TLR3 on the function of poly(I: C). Western blot analysis and qPCR confirmed that the expression level of TLR3
in stable TLR3-knockdown LM3 and HepG2 cells was lower than that in parental cells (Figure S1B).

Next, we tested the direct cytotoxic effects of sorafenib and poly (I: C) on LM,-Mock and LM,-shTLR3 cells
in vitro at different time points and concentrations. The results showed that sorafenib inhibited the proliferation
of both cell types in a dose-dependent manner at a minimal concentration of 5 uM, and the inhibitory effect
was more obvious at 72 h (Fig. 1A). Meanwhile, poly(I: C) inhibited the proliferation of LM,-Mock cells in a
concentration- and time-dependent manner. In contrast, poly(I: C) did not inhibit the proliferation of LM,-
ShTLR3 cells. We selected 20 mg/L poly(I: C) to investigate its synergistic effect with sorafenib on LM3-Mock
and LM3-shTLR3 cells, respectively. The results showed that with increasing sorafenib concentration, the
combination of sorafenib and poly(I: C) synergistically inhibited the growth of LM,-Mock cells but not LM3-
shTLR3 cells (Fig. 1B). These results suggest that TLR3 can mediate the direct inhibitory effect of poly(I: C) on
tumor cells and that poly(I: C) and sorafenib synergistically inhibit the proliferation of liver cancer cells in vitro.

We further investigated the effect of sorafenib on cell invasion and found that sorafenib significantly inhibited
the invasion of both LM,-Mock and LM,-shTLR3 cells at a dose of 10 uM (Fig. 1C). We also observed that the
inhibitory effect of poly(I: C) on the invasion of LM,-Mock cells was stronger than that on the invasion of LM,-
shTLR3 cells. The combination of poly(I: C) and sorafenib also synergistically inhibited the invasion of LM,-
Mock cells but not LM,-shTLR3 cells (Fig. 1C). These results further demonstrate that TLR3 can mediate the
direct effect of poly(I: C) on tumor cells and that poly(I: C) and sorafenib synergistically inhibit the invasion of
liver cancer cells in vitro.

The combination of sorafenib with poly(l: C) has a synergistic inhibitory effect on tumor
growth in TLR3-knockdown cells in vivo

We established xenograft tumor models using LM ;-Mock cells and LM,-shTLR3 cells. After 4 weeks of treatment,
sorafenib significantly reduced the tumor volume compared to the control treatment in the LM,-Mock cell
xenograft model (0.51+0.25 cm?versus 1.18+0.27 cm?, P<0.001) (Fig. 2A) and in the LM,-shTLR3 model
(0.53+0.21 cm®versus 1.44+0.36 cm?®, P<0.001) (Fig. 2B). Although there was no significant difference in
tumor volume between the poly(I: C) treatment group and the control treatment group in the LM3-Mock model
(P=0.16), the combination of poly(I: C) and sorafenib significantly reduced the tumor volume in the LM,-Mock
xenograft tumors compared with sorafenib alone (P<0.05). Compared with the control, sorafenib inhibited
tumor growth, whereas poly(I: C) did not significantly inhibit tumor growth in the LM3-shTLR3 xenograft
model. However, the difference between the combination group and the sorafenib group was not significant in
the LM,-shTLR3 xenograft tumor(0.42 +0.21 cm?versus 0.53+0.21 cm?, P> 0.05) (Fig. 2B). To investigate the
effects of NK cells on HCC growth and metastasis in vivo, the LM,-shTLR3 model was intravenously injected
with human NK cells biweekly for four weeks. Compared with the control, poly(I: C) significantly inhibited
tumor growth in the LM3-shTLR3 xenograft model without human NK cells. The tumor size was significantly
smaller in the mice treated with the combination of poly(I: C) and sorafenib than in those treated with sorafenib
alone(0.07 +0.02 cm>versus 0.47 +0.11 cm?, P<0.001). These results indicate that poly(I: C) may enhance the
ability of NK cells to inhibit tumor growth and that TLR3 directly and indirectly mediates the inhibitory effect
of poly(I: C) on liver cancer cells.

We also observed the effect of the combination of sorafenib and poly(I: C) on the number of metastases in the
LM,-Mock xenograft model. Sorafenib alone significantly reduced the number of lung metastases (89 + 11 versus
112+ 10 per lung, P<0.01). However, when the number of metastases was standardized by the size of the liver
tumors, sorafenib significantly increased the standardized number of lung metastases (SNLM) compared with
the control treatment (67 +7 versus 52+4 per lung, P<0.05), as we previously reported’. Compared with the
control treatment, poly(I: C) treatment alone also did not reduce SNLM (P=0.41). However, the combination of
poly(I: C) and sorafenib reduced both the number of lung metastases (21 + 6 versus 80 + 12 per lung, P<0.001)
and SNLM (32 + 7 versus 68 +7 per lung, P<0.05) compared with sorafenib or poly(I: C) alone. Notably, when
sorafenib was administered in combination with poly(I: C), its potential antimetastatic effect was abolished
(SNLM: 32+7 in the combination group versus 51 +4 in the control group, P<0.01; Fig. 2B). The synergistic
inhibitory effect of the drugs on abdominal metastases was similar to that observed in the lungs of mice receiving
combination therapy (combination group 5+ 2 versus sorafenib group 10+ 3, P<0.05; Fig. 2C). These results
further indicate that the combination of sorafenib and poly(I: C) has a synergistic inhibitory effect on liver
cancer in vivo.

Furthermore, although poly(I: C) alone did not prolong the survival of tumor-bearing mice, combination
therapy significantly prolonged the overall survival of both LM,-Mock (88.0 + 1.6 versus 81.7 +2.3, P<0.05) and
LM,-shTLR3 (93.3 + 1.7 versus 85.7 +2.0, P<0.05) xenograft models compared with sorafenib alone (Fig. 2D).
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Fig. 1. Poly(I: C) increased the inhibitory effect of sorafenib on liver cancer cellsin vitro. (A) Sorafenib
inhibited the proliferation of LM,-Mock and LM,-shTLR3 cells in a dose-dependent manner. LM,-Mock

and LM,-shTLR3 cells were treated with sorafenib alone or in combination with different concentrations of
poly(I: C). We used OD relative value to represent cytotoxic effect, as follows: OD relative value = Cell OD
value/0 h OD value of control group.The data from three experiments are presented as means + SDs. (B) The
combination of sorafenib and poly(I: C)(20 mg/L)synergistically inhibited the growth of LM,-Mock cells but
not LM3-shTLR3 cells. (C)Sorafenib significantly limited the invasion of LM;-Mock and LM,-shTLR3 cells at
a concentration of 10 uM, as measured by a transwell assay. These representative photos were taken 6 h after
treatment.
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Poly(l: C) attenuates the inhibitory effect of sorafenib on NK cells in vivo

Because the TLR3 agonist poly(I: C) is a dsSRNA analog that can induce a strong antineoplastic effect accompanied
by the activation of NK cells!®, we next evaluated whether poly(I: C)-mediated NK cells could activate the
antitumor activity of combination therapy. Previous studies have shown that sorafenib inhibits the reactivity of
NK cells against tumor cells both in vitro and in vivo®®. We also found that, compared with control treatment,
sorafenib treatment alone decreased the number of splenic NK cells in tumor-bearing C57B6 mice (3.26 +0.31%
versus 2.24+0.96%, P<0.01). However, compared with sorafenib alone, the combination of sorafenib and
poly(I: C) significantly increased the number of NK cells in tumor-bearing C57B6 mice (P <0.05; Fig. 3A).

Scientific Reports|  (2024) 14:26422 | https://doi.org/10.1038/s41598-024-78316-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A LM3-shTLR3

LM3-shTLR3

LM3-Mock

LM3-Mock

k\\\\\\\\\\\\\\\\\\\\\\\‘

k\Cu\

LM3-shTLR3+hNK

LM3-shTLR3+hNK

A o 0 \ N (O o 0\
oo oxa‘%\q\\ 0\1\\ oS oo \g\o\\;\\o o 0\1\\ se T
2o
N V\ e“
o@® 50‘25e 50‘&
B Control Sorafenib Sorafenib+Poly(l:C)
b=
c
3
]
o
(-8
1501 20,
80
2
2
s
215
= s
60
100 2 g
2 o £
3 5
5 & 40. 510
° 3 3
3 £ 8
£ 507 = 5
z 20 g 5
€
5
=
- ) ¥ e (O (O
D o o‘a\e“ 0“&\0 ) oo “So‘a\e 0\*\\09 © o™ g oo (,owk
e‘\
so@a da\e“ oo
LM3-shTLR3 i s
1004 ontrol
— Sorafenib
— Poly(I:C)
. — Sorafenib+Poly(I:C)
] g
2 50 2 50
@ »
0 0 T
40 60 80 100 40 100

Days of postimplantation

60 80
Days of postimplantation

Fig. 2. Poly(I: C) increased the antitumor activity of sorafenib and prolonged the survival of the host. (A)
Sorafenib significantly reduced the tumor volume, and poly(I: C) enhanced this effect in the LM,-Mock model
but not in the LM,-shTLR3 model. However, when treated with human NK cells, poly(I: C) significantly
enhanced the inhibitory effect of sorafenib in the LM,-shTLR3 model. These representative photos are shown.
(B) Sorafenib reduced the number of lung and abdominal metastases but increased the standardized number
of lung metastases (SNLM) in the liver cancer cell metastasis model. Representative images were taken at the
end of the experiment. (C) Numbers of lung and abdominal metastases in five mice in different groups are
presented as means + SDs. (D) The combination of poly(I: C) and sorafenib prolonged the survival of tumor-
bearing mice (#P>0.05, *P < 0.05; **P <0.01; ***P < 0.001).
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Fig. 3. Poly(I: C) attenuated sorafenib-mediated suppression of NK cells in tumor-bearing C57BL/6 mice.

(A) Percentages of CD3~ and NK1.1* NK cells in the spleen and peripheral blood were measured by flow
cytometry. The data from five mice are presented as means+ SDs. (B) Representative flow cytometry dot plots
of NK cells in the spleen and peripheral blood of each group. (C) Percentages of CD3~ and NK1.1* NK cells in
the spleen before and after magnetic-activated cell sorting. (D) The specific lysis of YAC-1 and Hepal-6 cells by
NK cells isolated from different groups (#P > 0.05, *P < 0.05; **P<0.01; ***P<0.001).

Furthermore, we performed degranulation assays in cocultures of isolated human NK and K562 cells. Similar
to our previous results, sorafenib significantly reduced the expression of CD107a in NK cells in the presence
of K562 cells. Compared with sorafenib treatment alone, combination treatment with sorafenib and poly(I: C)
upregulated the expression of CD107a (Fig. 3B).

Next, we determined the cytotoxicity of NK cells isolated from tumor-bearing C57BL/6 mice in different
treatment groups. First, we isolated NK cells from the spleen by magnetic-activated cell sorting (purity > 90%;
Fig. 3C) and determined the reactivity of the NK cells. We found that the number of splenic NK activity cells in
the sorafenib-treated mice was significantly lower than that in the control group, whereas the number of splenic
NK activity cells in the combination treatment group was partially restored compared with that in the sorafenib-
treated group (P<0.05; Fig. 3D). Our results indicate that poly(I: C) protects NK cells from impairment by
sorafenib to a certain extent.

To verify the protective effect of poly(I: C) on NK cells, we used a unique model and administered the two
agents separately or in combination before tumor implantation in nude mice. We found that the number of
CD49b* NK cells in sorafenib-treated nude mice was lower than that in control mice, but the difference was not
significant in combination-treated mice (Fig. 4A). Consistent with our hypothesis, more lung metastases were
found in sorafenib-pretreated mice than in control mice according to the number of tumors (87.1 +£22.1 versus
46.3+12.3 per lung, P<0.05) or area (15.1+5.0% versus 9.6+2.1%, P<0.05). Interestingly, we observed no
significant difference in the number of metastases between poly(I: C)-pretreated and vehicle-pretreated mice
(42.0+£15.6 versus 45.5+ 12.1 per lung, P=0.643). However, in terms of area 7], there were significantly fewer
lung metastases in poly(I: C)-pretreated mice than in control mice (4.2+2.9% versus 11.2+2.9%, P<0.05),
which might be attributed to the increased reactivity of NK cells induced by poly(I: C). Compared with the
control mice, the combination-pretreated mice presented significantly fewer lung metastases (48.5+20.1 versus
86.3 +21.6 per lung, P<0.05), although the difference was not significant (P> 0.05) (Fig. 4B and C), suggesting
that poly(I: C) protects NK cells to some extent in vivo.
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Fig. 4. Poly(I: C) reduced lung metastasis in sorafenib-pretreated nude mice. (A) Poly(I: C) enhances
sorafenib-induced inhibition of NK cells in mice. The percentage of CD49b* NK cells in the peripheral
blood of nude mice was measured by flow cytometry. The data from five mice are presented as means+

SDs. (B) Poly(I: C) enhances the sorafenib-mediated inhibition of NK cells in mice. The number and area of
lung metastases in different groups are shown. (C) Representative images of GFP* lung metastases taken by
fluorescence microscopy (#P>0.05; *P < 0.05; **P <0.01; ***P < 0.001).
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Direct activation of NK cells by poly(I: C) facilitates their antitumor activity

We also investigated whether sorafenib or poly(I: C) directly affects the activity of splenic NK cells from C57BL/6
mice. Compared with the control treatment, sorafenib treatment significantly reduced the cytotoxicity of NK
cells to YAC-1 cells, whereas poly(I: C) marginally enhanced the activity of NK cells; the difference was not
statistically significant (Fig. 5A). However, compared with sorafenib alone, the combination of sorafenib and
poly(I: C) significantly increased the activity of NK cells. Bay 11-7082, an NF-kB-specific inhibitor, alone or in
combination with poly(I: C), showed a modest effect on NK cell activity compared with the control, indicating
that poly(I: C) enhances the function of NK cells through the rapidly accelerated fibrosarcoma (Raf)/mitogen-
activated protein kinase kinase (MEK)/ERK pathway rather than the NF-kB pathway. Notably, both sorafenib
and Bay 11-7082 drastically impaired the production of IFN-y. In contrast, poly(I: C) significantly upregulated
the production of IFN-y by NK cells when it was combined with Bay 11-7082, indicating that NF-kB pathways
is involved in the increase in IFN-y production. Because IFN-y and MCP-1 are important cytokines of NK cells,
we examined their expression levels in plasma by ELISA in the LM,;-Mock and LM,-shTLR3 models. Compared
with that in vehicle-treated mice, the level of MCP-1 in sorafenib-treated mice decreased by 42.1% in the LM,-
Mock model (P<0.05) and by 39.2% in the LM,-shTLR3 model (P <0.05). In both models, the plasma IFN-y
level in the sorafenib-treated group was also lower than that in the vehicle-treated group (P <0.05). In the LM,-
Mock model, the plasma MCP-1 level in the combination-treated mice was significantly greater than that in
the sorafenib-treated mice (P<0.05), whereas the difference was not significant (P=0.35) in the LM,-shTLR3
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Fig. 5. Poly(I: C) directly protects NK cells from impairment by sorafenib. (A) The cytotoxicity of NK cells
to YAC-1 cells was measured, and the production of IFN-y in the presence of sorafenib, poly(I: C), or Bay
11-7028 was measured in vitro. The data from three independent experiments are presented as means + SDs.
(B) Plasma levels of INF-y and MCP-1 in different groups of LM,-Mock and LM,-shTLR3 model mice were
measured by ELISA. The data from three independent experiments are presented as means =+ SDs. (#P> 0.05;
*P<0.05; ** P<0.01; **P<0.001).
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model (Fig. 5B). These results indicate that the immune-enhancing activity of poly(I: C) on NK cells contributes
to the improvement in antitumor efficacy when poly(I: C) is combined with sorafenib.

The ERK and NF-«kB pathways are involved in the poly(I: C)-induced activation of NK cells
As previously reported by us, sorafenib primarily impairs the reactivity of NK cells by inhibiting the ERK signaling
pathway!? rather than the phosphatidylinositol 3-kinase (PI3K)/AKT or Janus kinase (JAK)/signal transducer
and activator of transcription 3(STAT3) pathway. Thus, we examined the signaling molecules involved in this
impairment by Western blot analysis and investigated the activation of NF-«kB and ERK.

Compared with sorafenib alone, sorafenib inhibited ERK1/2 phosphorylation in LM,-shTLR3 cells in a
dose-dependent manner. However, the level of ERK1/2 phosphorylation did not significantly differ between
the combination group and the sorafenib alone group, indicating that poly(I: C) does not affect the level of
phosphorylated ERK in LM3-shTLR3 cells by the synergistic effect of sorafenib. Isolated human NK cells
were treated with sorafenib and/or poly(I: C) followed by IL-2. Subsequently, the cell lysates were analyzed for
phosphorylated ERK (pERK1/2) and IkB. The addition of 2 uM sorafenib alone reversed IL-2-induced ERK1/2
phosphorylation and almost completely eliminated the phosphorylation of ERK1/2 at 10 uM.

The level of ERK1/2 phosphorylation was reduced in NK cells when poly(I: C) was combined with sorafenib
at a concentration of 20 uM. This suggests that poly(I: C) might protect against the damage to NK cell function
caused by sorafenib through the upregulation of ERK1/2 phosphorylation (Fig. 6A). Poly(I: C) alone or in
combination with sorafenib could increase the level of Ixf phosphorylation in human NK cells and reverse the
downregulation of Ikpphosphorylation in NK cells induced by an NF-«B-specific inhibitor (Bay 11-7082) to a
certain extent. Moreover, poly(I: C) induced considerable IkB phosphorylation in isolated human NK cells in a
dose-dependent manner (Fig. 6B). Collectively, these findings suggest that NF-kB signaling pathways are also
associated with the activation of poly(I: C)-stimulated NK cells.

Discussion

HCC is one of the most common cancers worldwide with a high mortality rate. Unfortunately, most HCC patients
are diagnosed at advanced stages, resulting in a poor prognosis and ineffective treatment?. However, despite
rapid developments in surgical techniques, targeted therapy, and immunotherapy, the overall 5-year survival
rate of patients with HCC remains unsatisfactory because of the recurrence and metastasis characteristics of
HCC and resistance to antitumor drugs*”-?. Sorafenib has been widely used in standard systemic treatment
for advanced HCC. Unfortunately, sorafenib may have “off-target” harmful effects on immune cells, including
T cells, NK cells, and DCs®. Our previous study reported that sorafenib at pharmacological concentrations
inhibited NK cell activity in vitro due to impaired ERK phosphorylation, suggesting that the efficacy of sorafenib
may be improved if NK cells are activated during HCC treatment. Sorafenib can inhibit the function of DCs,
which is characterized by reduced secretion of cytokines and expression of CDla, major histocompatibility
complex, and costimulatory molecules in response to TLR ligands’. In this study, we emphasized the effect of
TLR3 in NK cells on sorafenib-based HCC treatment. Specifically, the results showed that the activation of TLR3
enhances the antitumor effects of sorafenib by directly modulating the cytotoxicity of NK cells through the
ERK1/2 and NF-kB pathways (a schematic summary is shown in Figure S3).

Poly(I: C) is an agonist of TLR3 and is a promising cancer vaccine adjuvant because it can induce a strong
antitumor response, mainly by activating NK cells. Since TLR3 can be expressed by both immune system cells
and cancer cells, TLR3 agonists may alleviate sorafenib-induced immunosuppression of NK cells and thereby
enhance their therapeutic effect. Previous studies have reported that TLR3 agonists inhibit the proliferation and
induce the apoptosis of HepG,cells overexpressing TLR3*’. Our results revealed that the combination of poly(I:
C) and sorafenib did not influence the growth or invasiveness of HCC cells without TLR3 receptors. However, in
the orthotopic HCC model, the sorafenib/poly(I: C) combination was superior to sorafenib or poly(I: C) alone
in terms of the effects on tumor growth and metastasis, suggesting that poly(I: C) may have indirect antitumor
activity. Poly(I: C) is presumed to be an effective agent, as it can regulate the immune response during tumor
growth in tumor-bearing animals.

Our results showed that, compared with sorafenib (60 mg/kg/ day) alone, the poly(I: C)/sorafenib combination
significantly inhibited tumor growth, reduced lung metastases, and prolonged host survival while increasing the
number and reactivity of NK cells. In addition, the percentage of activated CD107a*NK cells was significantly
decreased by sorafenib but was significantly increased by the poly(I: C)/sorafenib combination, suggesting that
TLR3 activation may protect NK cells from collateral damage caused by sorafenib in vivo. However, there are
still some limitations in our study, such as the lack of different doses of sorafenib or the sham operation group in
NK cell transfer experiments, which has been discussed in the previous studies®!~33.

TLR3 induces the production of ERK and NF-kB-dependent cytokines and cytotoxic molecules in NK
cells***>. The results of our previous study showed that sorafenib reduces the reactivity of NK cells primarily
by inhibiting ERK signaling!'®. We further investigated the mechanism of the effect of poly(I: C) on NK cell
cytotoxicity and IFN-y production through the ERK and NF-kB pathways and found that the NK cell response
increased when TLR3 activation was induced. Sorafenib alone reduced ERK1/2 phosphorylation, whereas
the combination of poly(I: C)/sorafenib attenuated this effect in NK cells. Moreover, poly(I: C) induced IxB
phosphorylation in human NK cells, although the phosphorylation level was not influenced by sorafenib. In this
study, we elucidated that poly(I: C) can activate NK cells through the ERK and IkB phosphorylation signaling
pathways in vitro. However, other in vitro studies have shown that purified mouse NK cells cannot be directly
activated by poly(I: C) and that IFN-y is produced through coculture of NK cells and DCs'. Thus, the TLR3
signaling pathway may stimulate DCs or macrophages to prime NK cells in mice. In turn, NK cells regulate the
functions of DCs, as well as T-cell responses. Further studies are needed to investigate the underlying mechanism
of poly(I: C) in restoring sorafenib-impaired NK cells in vivo. In conclusion, our results showed for the first time
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Fig. 6. The ERK and NF-kB pathways are involved in the poly(I: C)-induced activation of NK cells.

Poly(I: C) attenuated sorafenib-mediated inhibition of ERK1/2 phosphorylation in liver cancer cells (A)

and isolated NK cells (B). Liver cancer LM,-shTLR3 cells (A) or isolated NK cells (B) were treated with
sorafenib (10 uM) without or with poly(I: C) for 24 h. ERK1/2 phosphorylation was determined by Western
blotting. Representative images are shown. (C) Sorafenib did not significantly affect poly(I: C)-induced IkB
phosphorylation in isolated human NK cells treated with poly(I: C) with or without sorafenib (10 pM) for 24 h.
IxB phosphorylation was determined by Western blotting.

that the activation of TLR3 alleviated the sorafenib-mediated inhibition of NK cell function through the ERK
and NF-kB signaling pathways.

Conclusions

In summary, the antitumor effect of sorafenib on HCC is weakened because of its ability to reduce the number
and reactivity of NK cells, suggesting that the inhibition of NK cells may be a critical reason for the decreased
efficacy of sorafenib-based HCC treatment. Our study shows that the combination of the TLR3 agonist poly(:
C) and sorafenib can synergistically inhibit tumor progression and prolong host survival and may be a promising
combination therapy for HCC.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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