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A B S T R A C T   

Immunotherapy using anti-programmed death 1 ligand 1 (PD-L1) antibodies has shown clinical efficacy against 
hepatocellular carcinoma (HCC) and is recognized as the first-line treatment for unresectable HCC. PD-L1 
expression is affected by various cytokines produced by immune cells in the tumor microenvironment; howev
er, there is limited information about the effects of cytokine interactions on PD-L1 expression. In this study, we 
examined how cytokines induce PD-L1 expression in HCC cells. Both interferon gamma (IFN-γ) and interleukin 1 
beta (IL-1β) induced PD-L1 expression, and the two cytokines enhanced PD-L1 expression in combination 
compared to that when administered alone. The Janus kinase/signal transducer and activator of transcription 
signaling pathway activated by IFN-γ is the major pathway of PD-L1 expression. The increase in interferon 
regulatory factor 1 expression and IFN-γ receptor expression induced by IL-1β was associated with the synergistic 
effect of IFN-γ and IL-1β on PD-L1 expression. These findings strongly indicate that IFN-γ and IL-1β affect the 
mechanism underlying immune resistance in HCC cells.   

1. Introduction 

Liver cancer is the fourth leading cause of cancer-related deaths 
worldwide. According to the 2018 statistics of the International Agency 
for Research on Cancer, the worldwide estimated age-standardized 
mortality rates of liver cancer are 10.2% and 5.6% per 100,000 pa
tients per year for men and women, respectively, whereas the mortality 
rate by site is the second and sixth highest, respectively [1]. 

Hepatocellular carcinoma (HCC) is the most common type of liver 
cancer. Previously, the first-line treatment for unresectable HCC was a 
multi-targeted tyrosine kinase inhibitor, which exerts antitumor effects 
by suppressing angiogenesis and tumor cell growth [2]. Recently, im
mune checkpoint inhibitors, such as anti-programmed death 1 ligand 1 
(PD-L1) antibodies, have shown excellent clinical efficacy in some solid 
tumors [3]; therefore, anti-PD-L1 antibodies are currently considered 
the first-line treatment for unresectable HCC. 

PD-L1 binds to programmed death 1 (PD-1), a receptor expressed on 
cytotoxic T cells (CTLs), and negatively regulates the antitumor effects 
of CTLs [4]. PD-L1 is upregulated in tumor cells [5]; therefore, tumor 
cells escape the attack by CTLs and evade the immune response [6]. 

Anti-PD-1/PD-L1 antibodies block this pathway and prevent the sup
pression of CTL activity in tumor cells [7]. 

PD-L1 expression in tumor cells is primarily regulated by cytokines, 
which are synthesized owing to immune responses within the tumor 
microenvironment [8,9]. With advancements in computer technology, 
molecular dynamics-based PD-L1 and cytokine dynamics prediction 
studies are becoming increasingly useful to elucidate the molecular 
recognition of PD-1/PD-L1 structures, identify drug efficacy, and 
develop new drugs with higher efficacy [10,11]. Therefore, it is very 
important to understand the dynamics of cytokines and PD-L1, the ef
fects of cytokines on PD-L1, and the regulatory mechanisms of PD-L1 
expression. 

Interferon gamma (IFN-γ) is a primary cytokine that affects PD-L1 
expression [9]. IFN-γ receptor (IFNGR) is composed of two subunits; 
IFNGR1 and IFNGR2. Binding of IFN-γ to the extracellular domain of the 
IFNGR1 receptor subunit leads to engagement of the IFNGR2 subunit 
[12]. Janus kinase (JAK)/signal transducer and activator of transcrip
tion (STAT) signaling is subsequently activated, and PD-L1 expression is 
induced [13,14]. Interferon regulatory factor 1 (IRF-1) is a transcription 
factor activated by the JAK/STAT signaling pathway [15] and activates 
numerous downstream genes [12]. Moreover IRF-1 inhibits antitumor 
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immunity by upregulating PD-L1 expression [16]. 
With respect to HCC, in which inflammatory processes are involved 

in carcinogenesis [17], several pro-inflammatory cytokines, such as 
IFN-γ and tumor necrosis factor-alpha (TNF-α), are known to increase 
PD-L1 expression [18]. Additionally, a previous report also demon
strated the synergistic effect of IFN-γ and TNF-α on PD-L1 expression 
[19], but only a few studies have reported the effects of other 
combinations. 

In the present study, we investigated cytokines that induce PD-L1 
expression in HCC cells and determined whether these cytokines syn
ergistically affect PD-L1 expression. We found that IFN-γ and interleukin 
(IL) 1 beta (IL-1β) increased PD-L1 expression in HCC cells, and their 
synergistic effect further promoted PD-L1 expression. The JAK/STAT1 
signaling pathway activated by IFN-γ is the major pathway for PD-L1 
expression, and the increase in IRF-1 and IFNGR expression induced 
by IL-1β affects the synergistic effect of PD-L1 expression. Our findings 
suggest that the inhibition of both IFN-γ and IL-1β signaling could 
contribute to the reduction of PD-L1 expression in HCC cells, which 
could aid the development of therapeutic strategies in future. 

2. Materials and methods 

Detailed methods are available in the supplementary information. 

2.1. Cell culture and chemicals 

In the present study, we used two representative human HCC cell 
lines: HLF (JCRB0405) and Hep 3B (ECACC 86062703). HLF cells were 
purchased from the Laboratory of the National Institutes of Biomedical 
Innovation, Health and Nutrition, JCRB Cell Bank (Osaka, Japan), and 
Hep3B cells were purchased from the European Collection of Authen
ticated Cell Cultures. 

We treated HLF and Hep3B cells with human recombinant cytokines, 
such as IFN-γ, IL-1β, IL-4, IL-6, IL-9, IL-10, IL-13, IL-17, IL-33, and TNF- 
α. Initially, we conducted experiments with the concentration of all 
cytokines set at 20 ng/mL. Subsequently, the concentrations of IFN-γ 
and IL-1β were fixed at 20 and 10 ng/mL, respectively. We harvested the 
cells treated with cytokines for mRNA expression analysis after 6 h based 
on the results of our examination (Supplementary Fig. S1), and for 
protein expression analysis after 24 h based on previous reports [19,20]. 

2.2. Quantitative reverse transcription polymerase chain reaction (qRT- 
PCR) 

Total RNA was extracted from the HCC cells, and complementary 
DNA was synthesized. qRT-PCR was conducted on an Applied Bio
systems 7500 Real-Time PCR System (Applied Biosystems, MA, USA), 
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, MA, 
USA). The primer sequences used in this study are listed in the Sup
plementary Information. The gene expression levels of the target 

molecules were normalized to those of β-actin. The 2− ΔΔCt method was 
used to calculate the relative expression levels of each gene. 

2.3. Western blotting (WB) 

Cells were lysed in the presence of a protease inhibitor. Extracted 
proteins were subjected to sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene fluoride mem
branes. The membranes were probed with primary antibodies and a 
secondary antibody. Next, the membranes were incubated with a 
luminescence detection reagent and visualized for luminescence. The 
γ-actin protein served as an internal control for the normalization of the 
expression levels of other proteins. 

The intensity of each band was quantitated by densitometry, 
analyzed using the Image J software, and normalized to the protein level 
of γ-actin. 

2.4. Inhibitor experiment 

After 1 h of pre-treatment with signal inhibitors, the HCC cells were 
stimulated with IFN-γ, IL-1β, or both for the indicated time period, and 
were then harvested for qRT-PCR assays. 

2.5. Construction of luciferase gene plasmids 

The candidate PD-L1 promoter region was amplified from the 
genomic DNA purified from THP-1 (RCB1189) cells using PCR. The 
reason for using the reporter vector with the PD-L1 promoter sequence 
generated from the genomic DNA derived from THP-1 cells in this study 
is that it had already been constructed and used for other experiments. 

pPDL1-Luc is a pGL4.10 basic luciferase plasmid (Promega, WI, USA) 
with the PCR product inserted upstream of the luciferase gene. pPDL1- 
Luc-delSTAT1 is pPDL1-Luc with a deleted signal transducer and acti
vator of transcription 1 (STAT1) binding site (Fig. 2B). The cloned DNA 
fragments were confirmed by sequencing prior to the assay. 

2.6. Luciferase reporter assay 

The PD-L1 promoter was inserted into pGL4.10 plasmids containing 
luciferase sequences (Promega). These plasmids, along with the pGL4.74 
hRluc/TK (Promega) plasmids containing Renilla luciferase sequences, 
were transfected into HLF and Hep3B cells. Luciferase activity was 
measured, and Renilla luciferase activity was used as an internal control. 

2.7. Immunohistochemistry (IHC) 

HLF and Hep3B cells were collected and embedded in iPGell (Gen
oStaff, Tokyo, Japan) and fixed with 4% paraformaldehyde. The gels 
containing the cells were embedded in paraffin and sectioned at 5 μm. 
IHC of the sections was performed according to the protocol described in 

Abbreviations 

CTL cytotoxic T cell 
DMSO dimethyl sulfoxide 
HCC hepatocellular carcinoma 
IFN-γ interferon gamma 
IFNGR interferon gamma receptor 
IHC immunohistochemistry 
IL interleukin 
IL-1β interleukin 1beta 
IRF-1 interferon regulatory factor 1 
JAK Janus kinase 

JNK Jun amino terminal kinase 
MAPK Mitogen-activated protein kinase 
NF-κB Nuclear factor-kappa B 
PD-1 programmed death 1 
PD-L1 programmed death-1 ligand 1 
qRT-PCR Quantitative reverse-transcription - polymerase chain 

reaction 
TSS transcription start site 
SAPK Stress-activated protein kinase 
STAT Signal transducer and activator of transcription 
TNF-α tumor necrosis factor-alpha; WB, Western blotting 
WB Western blotting  
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the Supplementary Information. The intensity of IHC was quantified 
using Fiji ImageJ2 software (Fiji, RRID:SCR_002285), according to the 
protocol described in the Supplementary Information. 

2.8. Statistical analysis 

All qRT-PCR data are presented in terms of the relative level of gene 
expression level for the replicate group computed using normalized 
quantities ± standard deviations. Statistical significance of the 

difference between any two experimental groups was analyzed using 
Student’s t-test. Statistical significance was set at P < 0.05. 

3. Results 

3.1. IFN-γ and IL-1β synergistically increase PD-L1 expression in HCC 
cells 

To investigate the cytokines that enhance PD-L1 expression in HCC 

Fig. 1. IFN-γ and IL-1β synergistically increase the expression of PD-L1 in HCC cells. (A) PD-L1 expression was measured using quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) in HLF and Hep3B cells treated with cytokines IFN-γ, IL-1β, IL-4, IL-6, IL-9, IL-10, IL-13, IL-17, IL-33, and TNF-α (all at 20 ng/ 
mL). Data are presented as normalized quantities ±95% confidence level (n = 1). (B) PD-L1 mRNA expression was examined using qRT-PCR in HLF and Hep3B cells 
treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 6 h. In both cells, IL-1β or IFN-γ significantly increased PD-L1 expression 
compared with control. PD-L1 expression induced by the combination of IFN-γ and IL-1β was significantly higher than that induced by IFN-γ alone (p < 0.01, n = 3) 
or IL-1β alone (p < 0.01, n = 3). (C) PD-L1 protein expression was analyzed by western blotting (WB) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ 
(20 ng/mL), or the combination of IFN-γ and IL-1β for 24 h. γ-actin is used as a loading control in WB. (D) Immunohistochemistry (IHC) of PD-L1 in HLF and Hep3B 
cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 24 h (original magnification, 200×). Scale bars: 50 μm (E) 
Quantitative analysis of PD-L1 IHC staining intensity. The samples treated without IFN-γ or IL-1β were used as controls. 
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cells, we examined the effect of several cytokines such as IFN-γ, IL-1β, IL- 
4, IL-6, IL-9, IL-10, IL-13, IL-17, IL-33, and TNF-α on PD-L1 expression in 
HLF and Hep3B cells. IFN-γ, IL-1β, and TNF-α increased the expression of 
PD-L1 (Fig. 1A). However, we decided to examine the effects of IFN-γ 
and IL-1β on PD-L1 expression in HCC cells because (1) IFN-γ greatly 
increased PD-L1 expression in HLF and Hep3B cells; (2) IL-1β and TNF-α 
induced a similar increase in PD-L1 expression in Hep3B cells, but IL-1β 
increased PD-L1 expression more than TNF-α did in HLF cells; and (3) 
the effect of IFN-γ and IL-1β on PD-L1 expression in HCC cells has not 
been previously reported. 

The inducible expression of the PD-L1 gene was upregulated by IFN-γ 
in a dose-dependent manner, unlike the effect exerted by IL-1β (Sup
plementary Fig. S2). Based on the results of the experiments, we decided 
to use IFN-γ at the concentration of 20 ng/mL and IL-1β at 10 ng/mL in 
this study for their effective concentration in increasing PD-L1 expres
sion in HCC cells. 

To explore the contributions of IFN-γ and IL-1β to PD-L1 expression 
in HCC cells, we stimulated HLF and Hep3B cells with IL-1β, IFN-γ, or 
both (Fig. 1B). The combination of IFN-γ and IL-1β augmented PD-L1 
expression in HLF cells compared to stimulation with IL-1β or IFN-γ 
alone. In Hep 3B cells, IFN-γ increased PD-L1 expression compared with 
the control. Similar to HLF cells, the combination of IFN-γ and IL-1β 
augmented PD-L1 expression in Hep3B cells compared with that in 
Hep3B cells stimulated with IL-1β or IFN-γ alone. 

WB and IHC also demonstrated that the combination of IFN-γ and IL- 

1β elicited a marked synergistic response on PD-L1 expression in HCC 
cells (Fig. 1C, D, E). 

3.2. STAT1, nuclear factor kappa B (NF-κB), and p38 mitogen-activated 
protein kinase (MAPK) are involved in the synergistic effect of IFN-γ and 
IL-1β on PD-L1 expression 

To understand the mechanism underlying the regulation of PD-L1 
expression, we examined the activity of the PD-L1 promoter regions 
using JASPAR (http://jaspar.genereg.net/), an open-access database of 
transcription factor binding profiles. The candidate binding sites for IRF- 
1 (− 169 to − 149 from the PD-L1 transcription start site (TSS)) and 
STAT1 (− 167 to − 153 from the PD-L1 TSS) were found upstream of the 
PD-L1 gene. The IRF-1 binding site included the STAT1 binding site 
(Fig. 2A). 

We constructed the luciferase gene plasmids, pPDL1-Luc and pPDL1- 
Luc-delSTAT1 (Fig. 2B), and examined PD-L1 expression with them 
using luciferase reporter assays (Fig. 2C). The results demonstrated that 
stimulation with IL-1β, IFN-γ, and both IFN-γ and IL-1β increased the 
PD-L1 promoter-driver luciferase reporter activity in HLF cells, and 
stimulation with IFN-γ and both IFN-γ and IL-1β significantly increased 
the same in Hep3B cells (p < 0.01, n = 3). In contrast, stimulation with 
these cytokines did not increase the activity of a luciferase reporter gene 
in either cell lines transfected with a plasmid containing a promoter with 
a deleted STAT1 responsive element. 

Fig. 2. STAT1, NF-κB, and p38 MAPK are involved with the synergistic effect of IFN-γ and IL-1β on PD-L1 expression. (A) Diagrammatic representation of the PD-L1 
regulatory element. The numbers annotated below the fragments are positions relative to the PD-L1 transcription start site. (B) Diagram of luciferase vectors. The 
GL4.17 vector with the PD-L1 promoter cloned upstream of the luciferase gene (pPDL1-Luc), and the PD-L1 promoter excluding the STAT1 binding site cloned 
upstream of the luciferase gene (pPDL1-Luc-delSTAT1). (C) PD-L1 mRNA expression was examined using reporter assays in HLF and Hep3B cells treated with IL-1β 
(10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 24 h. Firefly luciferase activity was normalized by Renilla luciferase activity. (D) Activation 
of STAT1 was analyzed by western blotting (WB) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 
15 min. γ-actin is used as a loading control in WB. The results were expressed as relative ratios of band intensity between pSTAT1 and γ-actin. (E) PD-L1 mRNA 
expression was examined using quantitative reverse transcription polymerase chain reaction (qRT-PCR) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ 
(20 ng/mL), or the combination of IFN-γ and IL-1β in the presence of dimethyl sulfoxide (DMSO) and Ruxolitinib (1 μM). The samples treated without IFN-γ or IL-1β 
were used as controls. (F) PD-L1 mRNA expression was examined using qRT-PCR in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the 
combination of IFN-γ and IL-1β in the presence of DMSO, BAY11-70825 (5 μM), and SB202190 (5 μM). The samples treated without IFN-γ or IL-1β were used as 
controls. *P < 0.05, **P < 0.01. 
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WB also showed that unlike IL-1β stimulation, IFN-γ stimulation 
enhanced STAT1 phosphorylation (Fig. 2D). 

In the presence of ruxolitinib, a Janus kinase (JAK) inhibitor, PD-L1 
expression was significantly reduced in HLF and Hep3B cells stimulated 
with IFN-γ compared to that in the control (p < 0.01, n = 3) (Fig. 2E). 

WB also showed that IL-1β stimulation enhanced NF-κB and p38 
MAPK phosphorylation in both HLF and Hep3B cells. (Supplementary 
Fig. S3). BAY11-7082 (NF-кB inhibitor) significantly reduced the PD-L1 
expression induced by IL-1β stimulation alone to 38% (p < 0.01, n = 3) 
and by the combination of IFN-γ and IL-1β to 30% in HLF cells (p < 0.01, 
n = 3). However, BAY11-7082 did not significantly reduce the PD-L1 
expression induced by IL-1β stimulation alone, IFN-γ stimulation 
alone, or a combination of the two in Hep3B cells. SB202190 (p38 MAPK 
inhibitor) significantly reduced PD-L1 expression induced by IFN-γ 
stimulation alone to 51% (p < 0.01, n = 3) and by the combination of 
IFN-γ and IL-1β to 39% in Hep3B cells (p < 0.01, n = 3), while it did not 
inhibit the same in HLF cells (Fig. 2F). 

3.3. IRF-1 is a major factor of the synergistic effect of IFN-γ and IL-1β on 
PD-L1 expression 

According to the results of the experiment conducted using JASPAR, 
IRF-1 may be involved in PD-L1 expression (Fig. 2A). We examined the 
expression of IRF-1 in HLF and Hep3B cells treated with IL-1β, IFN-γ, or 
both, using qRT-PCR (Fig. 3A) and WB (Fig. 3B). An additive effect was 
observed in HLF and Hp3B cells in IRF-1 expression by combined 
stimulation with IFN-γ and IL-1β. 

We investigated PD-L1 expression in HLF and Hep3B cells after 
transfection with siRNA for IRF-1 and stimulation with IL-1β, IFN-γ, or 
both using qRT-PCR (Fig. 3C). We found that IRF-1 knockdown in HLF 
and Hep3B cells reduced PD-L1 expression. qRT-PCR revealed that 
BAY11-7082 significantly reduced IRF-1 expression induced upon 
combined stimulation with IFN-γ and IL-1β in HLF and Hep3B cells (p <
0.01, n = 3). Similar results were observed in the presence of SB202190 
(p < 0.05, n = 3) (Fig. 3D). 

3.4. IFNGRs are contributing factors of the synergistic effect of IFN-γ and 
IL-1β on PD-L1 expression 

Because IFNGR reportedly affects the synergistic effect of IFN-γ and 
TNF-α on PD-L1 expression in HCC cells, we examined the expression of 
IFNGR1 and IFNGR2 in HLF and Hep3B cells using qRT-PCR after 
stimulation with IL-1β, IFN-γ, or both (Fig. 3E). IFNGR1 expression in 
response to cytokine stimulation differed between HLF and Hep3B cells. 
Stimulation with neither IFN-γ nor IL-1β affected IFNGR1 expression in 
HLF cells. In contrast, IFN-γ and IL-1β stimulation significantly increased 
IFNGR1 expression compared with that in the control (p < 0.01, n = 3), 
and combined IFN-γ and IL-1β treatment significantly increased the 
expression compared with IFN-γ or IL-1β stimulation alone in Hep3B 
cells (p < 0.01, n = 3). IFNGR2 expression was upregulated by IL-1β 
stimulation but not by IFN-γ stimulation in HLF and Hep3B cells. This 
observation was confirmed using IHC for IFNGR1 and IFNGR2 (Fig. 3F, 
G). 

BAY11-7082 and SB202190 did not affect IFNGR1 expression in HLF 
cells stimulated with cytokines; however, both inhibitors suppressed the 
synergistic enhancement of IFNGR2. Both inhibitors reduced IFNGR1 
expression in Hep3B cells stimulated with IL-1β, IFN-γ, and both IFN-γ 
and IL-1β. BAY11-7082 reduced IFNGR2 expression in Hep3B cells 
stimulated with IL-1β and with both IFN-γ and IL-1β. (p < 0.01, n = 3) 
(Fig. 3H). 

4. Discussion 

HCC is associated with chronic inflammation and mostly develops in 
inflamed liver cells [21]. In the tumor microenvironment in HCC, the 
levels of pro-inflammatory cytokines, such as IFN-γ, IL-1β, and TNF-α, 

produced from T cells, tumor-associated macrophages, and fibroblasts, 
are increased, and these are involved in the development and progres
sion of HCC [22]. In particular, IFN-γ and TNF-α are known to increase 
PD-L1 expression [23,24] and exert a synergistic effect on PD-L1 
expression in HCC [19]. 

We considered the possibility that combinations of other cytokines 
present in the tumor microenvironment may also exert synergistic ef
fects on PD-L1 expression, and confirmed that IFN-γ and IL-1β exert 
synergistic effects on PD-L1 expression in HCC cells. 

The findings of our study demonstrated that PD-L1 expression in 
HCC increases significantly in response to the synergistic effect of IFN-γ 
and IL-1β. A potential mechanism is that IFN-γ and IL-1β synergistically 
increase the expression of transcription factor IRF-1, which regulates 
PD-L1 expression. Another potential mechanism is that IL-1β enhances 
IFNGR expression, which consequently enhances IFN-γ signal trans
duction and leads to an increase in PD-L1 expression. STAT1, NF-κB, and 
p38 MAPK may be involved in these mechanisms. The schematic figure 
of what we consider the mechanism of the synergistic effect of IFN-γ and 
IL-1β on PD-L1 expression is shown in Fig. 4. Our data suggest that the 
cytokine profile in the tumor microenvironment affects PD-L1 expres
sion in HCC cells. 

We demonstrated that IFN-γ plays an important role in PD-L1 
expression via STAT signaling. We also showed that IL-1β contributes 
to PD-L1 expression via the NF-κB pathway in HLF cells and that NF-κB is 
associated with the synergistic effect of IFN-γ and IL-1β on PD-L1 
expression in HLF cells and p38 in Hep3B cells. 

We found that IRF-1 activity was enhanced due to the additive action 
of IFN-γ and IL-1β on PD-L1 expression. STAT1 and NF-κB activate IRF-1 
by binding to their respective binding elements in the IRF-1 regulatory 
region [25]. Simultaneous stimulation with IFN-γ and TNF-α has an 
additive effect on increasing IRF-1 expression, because IFN-γ activates 
IRF-1 via STAT1 activation and TNF-α activates IRF-1 via NF-κB [26]. 
Since IL-1β also activates NF-κB, IRF-1 is considered to be activated by 
IL-1β and TNF-α, and the simultaneous stimulation of IFN-γ and IL-1β 
may additively enhance IRF-1 expression. 

Previous reports have demonstrated that p38 MAPK promotes IRF-1 
expression resulting from the activation of STAT1 [27,28]. The mech
anism may involve the direct recruitment of p38 MAPK to the IRF-1 
promoter, similar to that observed for NF-κB. It is speculated that 
IL-1β can exert a synergistic effect on PD-L1 by enhancing the activity of 
IRF-1 via the NF-κB and p38 MAPK signaling pathways. 

Another factor contributing to the synergistic effect of IFN-γ and IL- 
1β on PD-L1 expression is that IL-1β increases the expression of IFN-γ 
receptors, primarily IFNGR2, and promotes IFN-γ activation. Our data 
showed that IL-1β induces IFNGR2 expression in HLF and Hep3B cells, 
and that the combination of IFN-γ and IL-1β enhances IFNGR1 expres
sion in Hep3B cells, thereby enhancing the IFN-γ signaling pathway and 
contributing to its synergistic effect. We also showed that IL-1β upre
gulated IFNGR1 and IFNGR2 expression via the NF-κB and p38 MAPK 
signaling pathways. 

Previous reports have demonstrated that IFNGR2 expression is 
enhanced by TNF-α [19,29]. Similarly, in this study, IFNGR2 expression 
was observed to be upregulated by IL-1β. These two cytokines 
commonly activate NF-κB [30]. IL-1β is considered to promote the 
expression of IFNGR2 via NF-κB or p38 MAPK, which may be more likely 
to form a dimer with IFNGR1 and increase IFNGR expression. Conse
quently, IFN-γ enhances the JAK/STAT signaling activity, which may 
exert a synergistic effect on PD-L1 expression. 

However, our study showed discrepancies between the results of the 
cytokine stimulation and inhibition experiments. BAY11-7082 and 
SB202190 suppressed both IRF-1 and IFNGR2 expression to approxi
mately the same levels in HLF and Hep3B cells, whereas PD-L1 expres
sion was reduced differently in each cell type and via the action of each 
inhibitor. Differences in the degree of differentiation between HLF and 
Hep3B cells may be attributable to the differences in PD-L1 expression. 
HLF cells belong to a poorly differentiated HCC cell line, whereas Hep3B 
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Fig. 3. IRF-1 is a major and IFNGRs is a contributing factor of the synergistic effect of IFN-γ and IL-1β on PD-L1 expression. (A) IRF-1 protein expression was 
analyzed by western blotting (WB) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β. The results were 
expressed as relative ratios of band intensity between pSTAT1 and γ-actin. (B) IRF-1 mRNA expression was examined using quantitative reverse transcription po
lymerase chain reaction (qRT-PCR) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 6 h. The 
samples treated without IFN-γ or IL-1β were used as controls. (C) PD-L1 mRNA expression was examined using qRT-PCR in HLF and Hep3B cells transfected with 
siRNA of negative control (siNC) or IRF-1 (siIRF-1) and subsequently treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 6 h. 
The samples treated without IFN-γ or IL-1β were used as controls. (D) IRF-1 mRNA expression was examined using quantitative reverse transcription polymerase 
chain reaction in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β in the presence of DMSO, BAY11-7082 
(5 μM), and SB202190 (5 μM). The samples treated without IFN-γ or IL-1β were used as controls. (E) Interferon gamma receptor (IFNGR)1 and IFNGR2 mRNA 
expression was examined using quantitative reverse transcription polymerase chain reaction (qRT-PCR) in HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ 
(20 ng/mL), or the combination of IFN-γ and IL-1β. (F) Immunohistochemistry (IHC) of IFNGR1 and IFNGR2 in HLF and Hep3B cells treated with IL-1β (10 ng/mL), 
IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β for 24 h (original magnification, 200×). Scale bars: 50 μm (G) Quantitative analysis of IFNGR1 and IFNGR2 
IHC staining intensity. The samples treated without IFN-γ or IL-1β were used as controls. (H) IFNGR1 and IFNGR2 mRNA expression was examined using qRT-PCR in 
HLF and Hep3B cells treated with IL-1β (10 ng/mL), IFN-γ (20 ng/mL), or the combination of IFN-γ and IL-1β in the presence of DMSO, BAY11-7082 (5 μM), and 
SB202190 (5 μM). The samples treated without IFN-γ or IL-1β were used as controls.*P < 0.05,**P < 0.01. 

Fig. 4. Schematic figure displaying the mechanism of the synergistic effect of IFN-γ and IL-1β on PD-L1 expression. A potential mechanism of the synergistic effect of 
IFN-γ and IL-1β on PD-L1 expression is that (1) IFN-γ and IL-1β synergistically increase the expression of transcription factor IRF-1, which regulates PD-L1 expression; 
and (2) IL-1β enhances IFNGR expression, which consequently enhances IFN-γ signal transduction and leads to an increase in PD-L1 expression. STAT1, NF-κB, and 
p38 MAPK may be involved in these mechanisms. 
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cells are well differentiated [31]. Compared with well differentiated 
cancers, poorly differentiated cancers constitutively express PD-L1 [8]. 
Therefore, the difference in PD-L1 expression stimulated with IFN-γ 
between HLF and Hep3B cells can be considered to be associated with 
cell differentiation. In addition, the signaling pathways and metabolic 
genes upregulated or downregulated in HCC cell lines differ based on the 
degree of differentiation [31], which may affect the expression of PD-L1. 

IFNGRs could contribute to the expression of PD-L1 on the basis of 
the present data indicating that the expression of IFNGRs with cytokine 
stimulation depends on the differentiation level of HCC cell lines. 
Notably, IL-1β affects IFN-γ signaling by enhancing the expression of 
IFNGR2 in HLF cells and IFNGR1 and R2 in Hep3B cells. 

These results suggest that cytokines play an important role in the 
development and progression of HCC and immune escape, and that 
cytokine regulation may be a useful therapeutic target in HCC. Addi
tional studies are warranted to elucidate the mechanisms through which 
IFN-γ, IL-1β, and other cytokines, including TNF-α, affect and regulate 
PD-L1 expression, and to enhance the efficacy of immune checkpoint 
inhibitors against HCC. In recent years, through computer simulation, 
molecular dynamics have been used to predict the movement of mole
cules in complex chemical and biological systems [10,11]. Using com
puter simulation, it would be interesting to evaluate the extent to which 
IFN-γ and IL-1β around HCC synergize to increase PD-L1 expression in 
HCC and how this affects the functions of anti-PD-L1 antibodies. 

This study had some limitations. First, our experiment regarding the 
association between cytokines and PD-L1 was conducted in vitro only. 
Therefore, additional in vivo experiments would help to understand the 
synergistic effect or the origin of cytokines in the tumor microenviron
ment. Additionally, it would be beneficial to demonstrate the correlation 
between PD-L1 expression and cytokines in human HCC. 

In conclusion, we demonstrated the synergistic effect of IFN-γ and IL- 
1β on PD-L1 expression in HCC and elucidated the underlying mecha
nism. Our results suggest that cytokine regulation suppresses immune 
escape owing to PD-L1 expression in HCC and that cytokine regulation 
may be a useful therapeutic target in HCC therapy. 
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