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Hepatocellular carcinoma (HCC) is one of the most important causes of cancer-related deaths. The availability and efficacy of
treatment options for HCC patients are limited. Therefore, the number of immunotherapy studies for the treatment of advanced
HCC is increasing day by day. The aim of this study was to investigate the effects of soluble factors obtained from HCC cell culture
stimulated with TLR4 agonist on macrophage polarization and to reveal new immunotherapeutic targets that can be used in the
treatment of HCC. Supernatants obtained from TLR4 agonist (Lipopolisakkarit, LPS) stimulated HuH7 cells and control groups
were fed to THP1 cell lines and the direction of macrophage polarization was examined. The expression of NOS2 gene for M1
macrophages and ARG1 gene for M2 macrophages were analyzed by RT-PCR. The results obtained were evaluated by statistical
analysis. When THP1 Control and THP1+HuH7 Supernatant groups were compared, it was found that ARG1 expression was
statistically significantly increased while NOS2 expression was statistically significantly decreased in HuH7 Supernatant added
THP1 cells. In THP1 cells supplemented with LPS-induced HuH7 Supernatant (THP1 HuH7+LPS Supernatant), ARG1 and NOS2
expression was significantly increased. We found that LPS stimulates TLR4, allowing the tumor environment to change and
transform into M1 macrophages, the lethal form of macrophages. Increased expression of NOS2 in macrophages may indicate
increased tumor lethality and decreased tumor-induced immunosuppressive effect. We think that TLR4 is a good mediator for

targeted therapies.
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Introduction

HCC accounts for approximately 90% of primary
liver cancers and is one of the leading causes of cancer-
related deaths worldwide, ranking as the fourth most
common cause'. The global mortality burden of HCC is
projected to reach 1 million deaths annually by 2030
HCC is asymptomatic in its early stages and is often
diagnosed at an advanced stage. Patients diagnosed at
advanced stages are not eligible for curative surgical
interventions, and the availability and efficacy of
treatment options for advanced HCC remain limited.
Consequently, the number of studies focusing on
immunotherapy for advanced HCC has been steadily
increasing.  However,  clinical  outcomes  of
immunotherapy associated with HCC remain limited,
with the clinical objective response rate for HCC treated
solely with immunological agents being only ~15-20%.

An increased density of tumor-associated
macrophages (TAMs) in the tumor microenvironment
(TME) is associated with poor prognosis in HCC, as
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in many other cancer types. The activation of various
signaling pathways results in enhanced macrophage
recruitment to the tumor site, contributing to the
formation of an immunosuppressive TME and
promoting tumor progression®. The protective
phenotype in HCC has been attributed to Ml
macrophages, which  activate  tumor-killing
mechanisms. In contrast, M2 macrophages have been
shown to suppress adaptive immune responses and
promote tumor growth, invasion, and metastasis’. The
differentiation between M1 and M2 macrophage
phenotypes is closely related to the direction of
arginine metabolism. Increased NOS2 expression in
M1 macrophages contributes to the emergence of
anti-tumor and pro-inflammatory effector functions
through nitric oxide production. In contrast, the
predominance of ARG1 activity in M2 macrophages
leads to the metabolism of arginine towards
polyamine and proline synthesis, thereby enhancing
its immunosuppressive, angiogenic, and tissue repair-
supporting functions’.

TLR4 is responsible for the selective recognition of
lipopolysaccharide (LPS), a component of the outer
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membrane of Gram-negative bacteria. The expression
of TLR4 is highly observed in immune cells such as
monocytes, lymphocytes, and spleen cells, but it is
also known to be expressed in epithelial and
endothelial cells, as well as in cancer cells.
Additionally, TLR4 is expressed in various liver cells,
including hepatocytes, Kupffer cells, and hepatic
stellate cells’.

LPS is a well-known potent activator of the
immune system, activating monocytes and neutrophils
through TLR4 signaling. Previous studies have shown
that LPS acts as a strong immune stimulus by
activating macrophages®. While LPS directs
macrophage polarization toward the M1 phenotype, it
is known that interleukin 4 (IL-4) can induce
macrophage polarization toward the M2 phenotype.
M1 macrophages can elicit pro-inflammatory
responses and produce pro-inflammatory-associated
factors such as IL-6, IL-12, and tumor necrosis factor
(TNF)’. Currently, some immunotherapy studies aim
to utilize this characteristic of LPS to induce
polarization of macrophages toward the M1
phenotype, thereby using it in cancer treatment'”.

This study aims to investigate the effects of soluble
factors obtained from TLR4 agonist-stimulated HCC
cell culture on macrophage polarization, with the goal
of identifying new immunotherapeutic targets for the
treatment of HCC.

Methods

In this study, HuH7 (HCC Cell Line, ATCC; USA)
and THP1 (Acute Monocytic Leukemia Cell Line,
ATCC; USA) cell lines were used. The study consists
of three main steps: Application of LPS (as a TLR4
agonist) to the HuH7 cell line, Treatment of THP1
cells with the media collected from HuH7 cell
cultures, Investigation of gene expression (Fig. 1).

Based on the experimental setups applied in the
study, three groups were established:

) THP1 cells treated with the media from HuH7
cells (THP1 HuH7 Control),

e  THPI1 cells treated with the media from LPS-
treated HuH7 cells (THP1 HuH7+LPS),

e THP1 cells not exposed to any stimulus
except PMA (THP1 Control).

A total of 3x10° HuH7 cells were divided into
Control and Experimental groups and cultured in
RPMI medium (Gibco™, 11875093) containing 10%
Fetal Bovine Serum (FBS, Gibco™, USA), 2 mM
L-glutamine (Gibco™, USA), 100 U/mL penicillin

o o

HuH?7 control group HuH7 LPS-treated group
48 hours incubation

)
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The media are collected separately and distributed to THP1 cell lines
according to the experimental groups
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THP Expression analyses
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Fig. 1 — Experimental Design and Implementation Flow'".

(Gibco™, USA), 0.1 mg/mL streptomycin (Gibco™,
USA), and a 1% non-essential amino acid mixture.
When the cells covered 60% of the culture surface,
100 ng/mL LPS (L2880- Sigma-Aldrich, USA) was
added to the experimental group HuH7 cells. The
cells were incubated for 48 hours. Before collecting
the medium from HuH?7 cells incubated with LPS, the
culture medium was removed, and the cells were
washed five times with serum-free medium. The cells
were then subjected to serum starvation. The media
were collected for administration to THP1 cell lines.
A total of 2x10° THP1 cells were divided into
Control and Experimental groups and cultured in
RPMI medium (Gibco™, 11875093) containing 10%
Fetal Bovine Serum (FBS, Gibco™, USA), 2 mM
L-glutamine (Gibco™, USA), 100 U/mL penicillin
(Gibco™, USA), 0.1 mg/mL streptomycin (Gibco™,
USA), and a 1% non-essential amino acid mixture.
The experimental group was prepared to be combined
with supernatants obtained from THP1 HuH7 cell
line. The media collected from HuH7 cells were
clarified by centrifugation. The clarified media were
then added to the experimental THP-1 cells along
with 150 ng/mL Phorbol-12-myristate-13-acetate
(PMA, P 8139 Sigma-Aldrich, USA) and incubated
for 48 hours'%. At the end of the incubation, cells from
both the experimental and control groups were
collected for RNA isolation and expression studies.
Total RNA isolation was performed using TRIzol
(Thermo-Fisher, USA). RNA purity values were
obtained based on the A260/A280 ratio. RNA purity
ratios between 1.6 and 2.0 were considered optimal,
and samples falling outside this range were re-
isolated. The obtained RNA was converted into
cDNA using the synthesis kit (OneScript® Plus
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Table 1 — Primer Pairs Designed for Target Genes
RPL 41 (House keeping gene- Control gene) F: AACCGCTAGCTTGCACT
R: TCCAGAATGTCACAGGTCCA
ARG1 F: TCATCTGGGTGGATGCTCACAC
R: GAGAATCCTGGCACATCGGGAA
NOS2 F: GCTCTACACCTCCAATGTGACC
R: CTGCCGAGATTTGAGCCTCATG
RPL 41: Ribosomal Protein L41 gene
ARGI1: Arginase 1 gene
NOS2: Nitric oxide synthase 2 gene
cDNA Synthesis Kit, ABM, Canada). For expression
analysis, the SYBR Green technique was employed.
Reactions were carried out using the Real-Time PCR
system (Applied Biosystems 7500 Fast Real-Time
System). Gene expression analyses were performed at
a single predefined time point following conditioned
medium exposure. e B
[200 pm| 000 [200 pm

In our study, the primer sequences designed for the
Real-Time PCR reactions of ARG1 and NOS2
isoforms, wusing the Primer BLAST and
OligoAnalyzer 3.1 programs (Integrated DNA
Technologies), are listed in Table 1.

For each gene, cDNA samples obtained from the
experimental and control groups were tested in
triplicate, and the averages of the CT values obtained
from these reactions were used. The reference gene
used was RPL41, a housekeeping gene. Gene
expression values for ARG1 and NOS2 isoforms were
determined using the 2T method. ACT for the
experimental group = CT target gene — CT reference
gene, ACT for the control group = CT target gene —
CT reference gene, AACT = Experimental group ACT
- Control group ACT, and expression value = 27447
formula were used"’.

Statistical Analysis

The normality assumption of numerical
measurements was tested using the Kolmogorov-
Smirnov test. For comparison of numerical
measurements between two groups, the independent
samples t-test was used. For the overall comparison of
numerical measurements among more than two
groups, One-Way Analysis of Variance (ANOVA)
was employed. After ANOVA, pairwise comparisons
between groups were performed using Dunnett's test,
depending on the homogeneity of variance within
groups. Statistical analysis of the data was performed
using GraphPad Prism 9.0 software. A P-value of
<0.05 was considered statistically significant in
all tests.

HuH7 Control HuH7 LPS

Fig. 2 — Comparison of Microscopic Images of HuH7 Cells.

Results

In this study, HuH7 and THP1 cell lines were used
to investigate the functions of LPS. The HuH7 LPS
cell line which was only treated with LPS and the
HuH?7 Control cell line which was not treated to LPS
were examined microscopically. No significant
differences were observed between the HuH7 Control
and HuH7 LPS groups in terms of parameters such as
cell count per unit area, morphological changes, and
growth rate (Fig. 2).

The THPI monocyte cell line shows MO
macrophage properties, but under appropriate
conditions, it can differentiate into M1 and M2
macrophages. In the THP1 cell line with MO
macrophage properties, macrophage polarization
occurs after the addition of PMA to the medium. The
group that did not receive any stimulants other than
PMA, which could influence polarization, was
designated as "THP1 Control," while the group
treated with supernatants collected from HuH7 cells
was referred to as the "THP1+HuH7 Medium" group.
In microscopic examinations of both groups, no
visible differences were observed in terms of
parameters such as cell count per unit area,
morphological changes, and growth rate (Fig. 3).

A statistically significant increase in ARGI
expression was observed in THP1 cells treated with
HuH7 medium compared to the THP1 Control and
THP1+HuH7 Medium groups (P=0.045) (Fig. 4).
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Fig. 3 — Comparison of Microscopic Images of THP1 Cells.
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Fig. 4 — ARGI Expression Levels in THP1 Control and
THP1+HuH7 Medium Groups.
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Fig. 5 — NOS2 Expression Levels in THP1 Control and
THP1+HuH7 Medium Groups.

A statistically significant decrease in NOS2
expression was observed in the THP1 cells treated
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Fig. 6 — ARGI1 Expression Levels in THP1 HuH7 Control and
THP1 HuH7+LPS Medium Groups.

with HuH7 medium when comparing the THPI
Control and THP1+HuH7 Medium groups (P=0.007)
(Fig. 5).

The expression levels of the ARG1 gene were
compared between the THP1 HuH7 Control and
THP1 HuH7+LPS Medium groups, and it was found
that ARG1 expression was statistically significantly
increased in the THP1 cells treated with LPS-induced
HuH7 medium (THP1 HuH7+LPS Medium)
(P=0.016) (Fig. 6).

Expression levels of the NOS2 gene were
compared between the THP1 HuH7 Control and
THP1 HuH7+LPS Medium groups, it was found that
NOS2 expression was statistically significantly
increased in THP1 cells treated with LPS-induced
HuH7 medium (THP1 HuH7+LPS Medium)
(P<0.000) (Fig. 7).

No statistically significant change in NOS2
expression was observed between the THPI1 cells
treated with LPS-induced HuH7 medium (THP1
HuH7+LPS Medium) and the THP1 Control group
when comparing the THP1 Control group with the
THP1 HuH7+LPS Medium group (P=0.086)
(Fig. 8).

A statistically significant increase in ARGI1
expression was observed in the THP1 cells treated
with LPS-induced HuH7 medium (THP1 HuH7+LPS



AKBAL et al.: ROLE OF TLR4 AGONIST IN HEPATOCELLULAR CARCINOMA 469

S
]

Relative expression
of NOS2
N w
1 1
%

1 -
0 T
N N
&"6\ s~°‘°
() ()
,\é ,\\!*
N N
> D
Q\\ 96
«‘b 600
9\“
&
Q'\
&

Fig. 7 — NOS2 Expression Levels in THP1 HuH7 Control and
THP1 HuH7+LPS Medium Groups.
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Fig. 8 — NOS2 Expression Levels in THP1 Control and THP1
HuH7+LPS Medium Groups.

Medium) compared to the THP1 Control group
(P=0.003) (Fig. 9).

Comparison of ARGI1 gene expression levels
between the THP1 HuH7 Control, THP1 HuH7+LPS

Relative expression

Fig. 9 — ARG]1 Expression Levels in THP1 Control and THPI
HuH7+LPS Medium Groups.
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Fig. 10 — ARGI!1 Expression Levels in THP1 HuH7 Control,
THP1 HuH7+LPS, and THP1 Control Medium Groups.

Medium, and THP1 Control groups revealed a
statistically significant decrease in the THP1 Control
group, both when compared to the THP1 HuH7
Control group (P=0.002) and the THP1 HuH7+LPS
Medium group (P<0.000) (Fig. 10).

The expression levels of the NOS2 gene were
compared between the THP1 HuH7 Control, THP1
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Table 2 — Expression values of ARG1 and NOS2 genes by group.
Group ARGI Expression Levels

THP1 Control

THP1+HuH7 Medium

THP1+LPS-HuH7 Medium

ARGI: Arginase 1 gene
NOS2: Nitric oxide synthase 2 gene
THP1 Control: THP1 cells not exposed to any stimulus except PMA

NOS2 Expression Levels
0,72 0,81
0,71 1,2
0,59 2,03
1,89 0,39
1,51 0,39
1,60 0,40
1,37 3,78
1,42 3,01
1,34 3,25

THP1+HuH7 Medium: THP1 cells treated with the media from HuH7 cells
THP1+LPS-HuH7 Medium: THP1 cells treated with the media from LPS-treated HuH7 cells
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Fig. 11 — NOS2 Expression Levels in THP1 HuH7 Control,
THP1 HuH7+LPS, and THP1 Control Medium Groups.

HuH7+LPS Medium, and THP1 Control groups, and it
was found that NOS2 expression was statistically
significantly lower in the THP1 HuH7 Control group
compared to the THP1 Control group (P=0.004) and the
THP1 HuH7+LPS Medium group (P<0.000) (Fig. 11).
In our study, the expression values of the ARG1
and NOS2 genes obtained from the control and
experimental groups are presented in Table 2.

Discussion
In this study, we investigated how the tumor
microenvironment affects the numbers of M1 and M2

macrophages by maintaining THP1 cells in two
different environments and examining the gene
expression profiles specific to M1 (NOS2 gene) and
M2 (ARGI1 gene) macrophages. We observed
significant differences in the expression levels of
ARG1 and NOS2 between the THP1 control group
that was not treated with any stimuli other than PMA,
and the experimental group treated with the
conditioned medium derived from the HuH7 hepatic
cell line. According to the results obtained, a
statistically significant increase in the expression
levels of the ARG1 gene, which is specific to M2
macrophages, was observed in THPI1 cells treated
with HuH7-conditioned medium compared to the
THP1 control group. In our study, it was also
determined that the expression levels of the NOS2
gene, which is specific to MI1 macrophages,
significantly decreased in THP1 cells treated with
HuH7-conditioned medium, whereas a statistically
significant increase was observed in the group treated
with LPS-stimulated HuH7-conditioned medium.

TLR4 is expressed in different liver cell types,
including hepatocytes, Kupffer cells, and hepatic
stellate cells. In a study using RT-PCR to detect
TLR4, it was discovered that TLR4 is functionally
expressed on the surface of liver cancer cells. The
TLR4 agonist LPS has been found to promote the
proliferation of hepatic cells and induce apoptosis in
these cells'*. A study found that TLR4 expressed by
human head and neck squamous cell carcinoma
facilitates immune evasion and promotes tumor
growth'.

In a xenograft mouse model with B16 melanoma
cells, the tumor response to TLR agonist stimulation
was investigated. The study demonstrated that
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TLR1/2 stimulation in mice led to increased secretion
of TNF-qa, IL-2, and IFN-y, as well as enhanced T cell
activity, particularly CD8+ T cells. This was
associated with elevated granzyme B and perforin
synthesis, resulting in a reduction of melanoma
tumors'®. Natural products such as Astragalus
mongholicus, used as TLR4 agonists, have been
reported to promote the maturation of dendritic cells
and immune activity by targeting TLR4, leading to
tumor regression in a mouse xenograft model'’.
Lamrani et al. investigated the effects of a synthetic
lipid A analog, a TLR4 agonist, in a breast cancer
mouse model. The study reported that the TLR4
agonist increased the production of various pro-
inflammatory cytokines such as IFN-y, TNF-a, and
nitric oxide, contributing to the enhanced sensitivity
of tumor cells to radiation and chemotherapeutic
agentslg.

Hsu et al. reported that fucoidan, a TLR4 agonist,
induced apoptosis through caspase 3 activation in a
mouse lung cancer model'’. Han er al. found that
quercetin, a TLR4 agonist, reduced metastasis and
invasion in colon cancer”. Another study reported
that the LPS-TLR4 signaling pathway may cause
recurrence in HCC*'. In a study conducted by
Pan et al. it was demonstrated that the combined use
of monoclonal antibodies and TLR4 agonists
contributed to a reduction in the number of M2
macrophages in the HCC microenvironment. The
same researchers emphasized that combination
therapies in immunotherapy would be more effective
and that TLR4 agonists represent a promising target
for this approach®.

The tumor microenvironment consists of soluble
factors secreted by tumor cells, receptors
overexpressed on tumor cells (such as TLR4), and
immune system components (such as MI1/M2
macrophages). Unraveling the interactions between
these factors and cells will facilitate a better
understanding of tumor behavior. In our study, we
designed an experimental plan aimed at uncovering
this interaction and identifying immunotherapeutic
targets for the treatment of HCC. Using the developed
experimental plan, we observed how soluble factors
secreted by HCC cells, following TLR4
receptor stimulation, influence M1/M2
macrophage polarization. To observe the natural
microenvironment of HCC, no additional stimuli were
added to the cell culture medium (HuH7 Control). To
induce the production of soluble products that would

alter the tumor microenvironment by stimulating the
tumor cells, we used LPS, a TLR4 receptor agonist
(HuH7+LPS group). According to our results, the
expression of ARG1 and NOS2 genes was statistically
increased in the HuH7+LPS group. Although both
genes showed a statistically significant increase, the
expression of ARG1 was approximately 2 times higher
compared to the control, while the increase in NOS2
expression was approximately 3 times higher. In our
study, we also examined the behavior of macrophages
under their natural conditions compared to the
environment with the addition of HuH7+LPS. Upon
reviewing the results, we found that while there was no
significant change in NOS2 expression in HuH7 cells
without LPS treatment, a statistically significant increase
in ARG1 expression was observed.

Based on our results, we observed that in THP1
cells co-cultured with tumor-derived medium, the
synthesis of NOS2 decreased. However, this effect
could be strongly reversed (with more than a 3-fold
increase in expression) after LPS treatment. We found
that ARG1 expression increased in the tumor
environment, regardless of LPS presence, but this
increase was less pronounced in the presence of LPS.

In conclusion, the data we obtained demonstrate, in
line with previous studies in the literature, that the
tumor microenvironment plays a significant and
effective role in macrophage polarization. In our
study, we observed that stimulating TLR4 receptors
facilitated changes in the tumor microenvironment,
and this alteration enabled the transformation of
macrophages into the cytotoxic form of M1
macrophages. The increased expression of NOS2 in
macrophages may indicate enhanced cytotoxicity
against the tumor and a reduction in the immune-
suppressive effect generated by the tumor. We believe
that TLR4 is a promising target for targeted therapies.
The most significant limitation of this study is the
inability to analyze the expression levels of key genes
in cellular pathways that affect macrophage
polarization due to insufficient project funding.
Another limitation of this study is that macrophage-
associated gene expression was assessed at a single
time point, and therefore the temporal dynamics and
stability of the responses of THP1 cells to HuH7-
induced conditioned medium could not be evaluated.

Conclusion
LPS-induced activation of TLR4 in tumor cells
facilitated the synthesis of soluble factors that
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contributed to the increased expression of NOS2 in
macrophages. We observed enhanced M1 function in
MO-like THP1 cells. These results demonstrate that
TLR4 agonists are effective in modulating gene
expression in macrophages. Therefore, we believe
that TLR4 agonists, by influencing the ability of
macrophages to transition between M1 and M2 forms,
support the potential for these agonists to serve as
immunotherapeutic targets in cancer treatment.
Studies aiming to direct this polarization using natural
and synthetic products could contribute to
immunotherapy research. We believe that further
studies identifying the soluble factors synthesized in
tumor cells upon TLR4 activation are necessary to
better elucidate the relationship between TLR4 and
macrophage polarization.
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