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Abstract
Background: Immunotherapy has been shown to be a promising strategy
against human cancers. A better understanding of the immune regulation in
hepatocellular carcinoma (HCC) could help the development of immunotherapy against HCC. The epidermal growth factor receptor (EGFR) signaling is frequently activated in HCC and plays important roles in tumorigenesis. However,
its role in HCC immunity is still largely unknown. This study aimed to investigate the impact of EGFR signaling on programmed death-ligand 1 (PD-L1) and
human leukocyte antigen class-I (HLA-I) expression in HCC cells and its underlying mechanisms.
Methods: The expression of phosphorylated EGFR (p-EGFR), PD-L1, and HLAI (HLA-ABC) in HCC specimens was detected by immunohistochemistry, and
their correlations were analyzed. PD-L1 and HLA-ABC expression in EGFRactivated HCC cells were detected by quantitative real-time PCR, Western blotting, and flow cytometry, and T cell-mediated lysis was performed to test the
immunosuppressive effects of PD-L1 and HLA-ABC alterations in HCC cells.
Furthermore, the underlying mechanisms of EGFR activation-induced PD-L1
up-regulation and HLA-ABC down-regulation were explored by animal experiments, luciferase reporter assay, and gene gain- and loss-of-function studies.

Abbreviations: EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; HCC, hepatocellular carcinoma; HK2, hexokinase-2; HLA-I,
human leukocyte antigen class-I; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; 2-DG, 2-Deoxy-D-glucose; 3’-UTR,
3’-untranslated region; MAPK, mitogen-activated protein kinase; GAPDH, glyceraldehyde -3-phosphate dehydrogenase; DAPI, 4’, 6-diamidino-2
-phenylindole; 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1, 3-diazol-4-yl) Amino)-2-Deoxyglucose; ERK 1/2, extracellular regulated protein kinases 1/2; PI3K,
phosphatidylinositol 3 kinase; AKT, namely protein kinase B (PKB); STAT, signal-transducing activator of transcription; IFNγ, interferon-gamma;
miRNA, micro RNA
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Results: p-EGFR was positively correlated with PD-L1 and negatively correlated with HLA-ABC expression in HCCs. EGFR activation by its ligand
EGF up-regulated PD-L1 and down-regulated HLA-ABC in HCC cells, which
was functionally important and could be abolished by the EGFR inhibitor,
gefitinib, both in vitro and in vivo. Mechanistically, enhanced P38 mitogenactivated protein kinase (MAPK) activation down-regulated microRNA-675-5p
(miR-675-5p) and up-regulated glycolysis-related enzyme hexokinase 2 (HK2);
miR-675-5p down-regulation enhanced the stability of PD-L1 mRNA probably
via the 3’-untranslated region (3’-UTR) of PD-L1 and thereby caused PD-L1 accumulation, and HK2 up-regulation enhanced aerobic glycolysis and mediated a
decrease in HLA-ABC.
Conclusions: The EGFR-P38 MAPK axis could up-regulate PD-L1 through miR675-5p and down-regulate HLA-ABC via HK2 in HCC cells. Our study reveals a
novel signaling network that may cause immune suppression in HCC and suggests that EGFR signaling can be targeted for HCC immunotherapy.
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BACKGROUND

Hepatocellular carcinoma (HCC) is an aggressive malignancy that causes the fourth largest number of cancer
deaths worldwide [1]. Curative treatment options are limited and only apply to patients in early stages of the disease
[2]. Thus, novel therapeutic options are urgently required
for this deadly disease. Recently, immunotherapies using
immune checkpoint inhibitors and a combination of
immunotherapeutic agents with chemotherapeutic drugs
have been shown as a promising strategy against human
cancers [3–5]. As a typical inflammation-linked tumor,
HCC represents a promising target for immune-based therapeutics [6]. However, the current existing immunotherapies have only limited benefit in HCC patients [7]. This
prompts us to explore the unique immune regulation in
HCC patients to aid the development of novel or improved
immunotherapies.
Epidermal growth factor receptor (EGFR) signaling activated by its ligand epidermal growth factor (EGF) plays
important roles in cell proliferation, differentiation, and
tumorigenesis [8–10]. EGFR signaling is frequently activated in HCC, promotes HCC occurrence and progression, and is associated with an aggressive phenotype, intrahepatic metastasis, and poor clinical outcomes [10–14].
Of note, blocking EGFR could promote anti-tumor cellular immunity in head and neck cancer patients [15], and
EGFR activation could regulate the expression of immune

molecules in several types of tumor cells [16–19], suggesting that EGFR signaling may be involved in the immune
regulation of HCC.
Programmed death-ligand 1 (PD-L1) and human leukocyte antigen class-I (HLA-I) are two important immune
regulatory molecules. PD-L1 is widely expressed on the
tumor cell surface and triggers negative co-stimulatory
signals [20]. It significantly inhibits the proliferation and
function of T cells by binding with its ligand programmed
cell death protein-1 (PD-1) on T cells [20]. On the contrary,
the main HLA-I molecules HLA-A, HLA-B, and HLA-C
promote immune response by presenting antigenic peptides to cytotoxic T cells [21]. Defective HLA-I expression
helps malignant cells escape from T cell-specific lysis and
attenuates the outcome of T-cell-based immunotherapy
[22]. Aberrant PD-L1 expression and HLA-I deficiency frequently occur in HCC and are associated with impaired
tumor immunity, aggressive disease phenotype, and poor
prognosis of patients [23–27.]
In this study, we investigated the involvement of EGFR
signaling in the regulation of PD-L1 and HLA-I in
HCC cells. First, we analyzed the associations amongst
EGFR activation, PD-L1 expression, and HLA-I (HLAABC) expression in HCC tissues. Next, through in vitro
and in vivo studies using HCC cell lines, we further
explored the impact of EGFR signaling on the expression of PD-L1 and HLA-ABC, as well as the underlying
mechanisms.
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MATERIALS AND METHODS

UTR (pGL3-PD-L1 3’-UTR, #107009) was obtained from
Addgene (Cambridge, MA, USA).

Cell lines and cell culture

Human HCC cell lines SMMC-7721 and HepG2 were
obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells
were maintained in DMEM culture medium (Gibco
BRL, Gaithersburg, MD, USA) supplemented with heatinactivated endotoxin-free 10% fetal bovine serum, 100
μg/mL streptomycin, and 100 units/mL penicillin under a
humidified 5% CO2 atmosphere at 37◦ C.

2.4

Quantitative real-time PCR

To examine p-EGFR, PD-L1, and HLA-ABC protein
expression in HCC tissues, we obtained 152 specimens
of HCC tissues from the Affiliated Cancer Hospital of
Guangzhou Medical University (Guangzhou, Guangdong,
China) which were collected between January 2014 and
June 2018. All the tumor tissues were pathologically diagnosed as HCC according to the World Health Organization
(WHO) classification criteria. This study was approved
by the Ethics Committee of Guangzhou Medical University, and all methods were carried out in accordance with
the approved guidelines for medical researches involving patient-derived biological resources. HCC tissues were
paraffin-embedded and used to make tissue chips for
immunohistochemistry studies.

Total RNA was isolated from cells with RNAiso Plus
R
HP, Tokyo, Japan)
reagent (#9108, TaKaRa E.Z.N.A
according to the manufacturer’s protocol. Total RNA
(500 ng) was reversely transcribed using the PrimeScript
R
HP) in
RT Master Mix (#RR036A, TaKaRa E.Z.N.A
a final volume of 10 μL. Quantitative real-time PCR
R
Pre(qRT-PCR) was performed using the TB Green
R
HP)
mix Ex Taq™ II (#RR820A, TaKaRa E.Z.N.A
and analyzed using the ABI 7500 real-time PCR system. The expression levels of miRNAs were measured
using miDETECT A Track™ miRNA qRT-PCR kits
(#C10712-1, RiboBio) according to the manufacturer’s protocol. U6 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as internal controls for miRNAs and
mRNAs, respectively. Each sample was analyzed in triplicate. Expression levels for each target gene were calculated
using the comparative threshold cycle (CT) method. The
Δct values were calculated according to the formula Δct
= ct (gene of interest) - ct (GAPDH or U6), and the 2–ΔΔct
was calculated according to the formula ΔΔct = Δct (control group) - Δct (experimental group) for determination of
relative expression. The primer sequences and the details
of PCR products (%GC and Tm values) are listed in Supplementary Table S1.

2.3

2.5

2.2

Tumor tissues

Cell transfection

Cells were seeded on a 6-well plate (2×105 cells/well)
and cultured for 12 h. Then, the cells were transfected
with 2 μg plasmids, 0.8 μmol microRNA (miRNA) mimics, or 1 μmol small interfering RNAs (siRNAs) mixed
with lipofectamine 3000 reagent (#L3000150, Invitrogen,
Carlsbad, CA, USA) in a complete medium with 10%
fetal bovine serum (FBS) according to the manufacturer’s instructions, and then incubated for indicated time
before harvest. Mimics of miR-675-5p were purchased from
GenePharma (Shanghai, China). siRNA against human
hexokinase 2 (HK2) (siHK2) and control siRNA (siNC)
were purchased from RiboBio (Guangzhou, Guangdong,
China). The HLA-B overexpression plasmid (pcDNA3.1HLA-B) and its control vector (pcDNA3.1) were obtained
from IGEbio (Guangzhou, Guangdong, China). pGL3Vector (#E1761) and pRL-TK plasmid (#E2241) were purchased from Promega (Madison, WI, USA). Luciferase
reporter containing a 1.3 kb fragment of the PD-L1 3’-

Western blotting analysis

To analyze the protein levels of PD-L1, HLA-ABC, EGFR,
p-EGFR, P38, p-P38, β-actin, and HK2, Western blotting
was performed, as previously described [28]. Primary antibodies against PD-L1 (#13684), EGFR (#4267), p-EGFR
(#3777), P38 (#8690), p-P38 (#4511), β-actin (#4970), and
HK2 (#2867) were obtained from Cell Signaling Technology (Danvers, MA, USA). Primary antibodies against HLAABC (#ab70328) were obtained from Abcam Incorporated
(Cambridge, MA, USA). All the above antibodies were
used at 1:1000 dilutions.

2.6

Immunofluorescence assay

To detect the expression of p-P38 mitogen-activated protein kinase (MAPK) in cancer cells, the cells were seeded
on confocal dishes (3×103 cells/well) overnight and treated
with 20 ng/mL EGF (#AF-100-15, PeproTech, Rocky Hill,
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NJ, USA) for indicated time periods, then fixed with 4%
paraformaldehyde for 20 min, and permeated by 1% TritonX100 for 15 min. Subsequently, the cells were blocked with
10% normal goat serum for 30 min at 37◦ C and incubated with antibodies against p-P38 MAPK (1:100 dilution) overnight at 4◦ C. After washing with phosphate
buffer solution (PBS), the cells were incubated with FITCconjugated secondary antibodies (#A32723; Invitrogen)
and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (#D21490, Invitrogen) for 10 min. Representative
images were taken with an inverted fluorescence microscope (Leica, Wetzlar, Germany) to examine the protein
expression.

2.7

Flow cytometry

Flow cytometry was performed as previously described
[29]. Briefly, cell suspensions were washed with PBS
and then directly incubated with indicated fluorescencelabeled antibodies (such as anti-PD-L1 or HLA-ABC antibodies) or isotype controls for 1 h at 4◦ C. Subsequently, the
cells were washed and resuspended with PBS, and then fluorescence data were collected on a flow cytometry machine
(BD, San Diego, CA, USA). The data were analyzed using
the FlowJo 7.6.1 software (TreeStar, Ashland, OR, USA).
PE-conjugated PD-L1 antibody (#393608) and PE-Cy5.5conjugated HLA-ABC antibody (#311408) were purchased
from Biolegend (San Diego, CA, USA).

2.8

Immunohistochemical examination

Immunohistochemical staining was performed as previously described [29]. Then, the stained sections were
observed and images were captured by two pathologists
under a light microscope at a magnification ×40 or ×400,
and were blinded to the patients’ clinical information.
The staining intensity was assessed using a modified
quickscore method [30] on a scale of 0-3 as negative (0),
weak (1), moderate (2), or strong staining (3). The extent
of staining, defined as the percentage of positively stained
areas of cancer cells per the whole tumor area, was scored
on a scale of 0 (0%), 1 (1%-25%), 2 (26%-50%), 3 (51%-75%),
and 4 (76%-100%). An overall protein expression score
(range, 0-12) was calculated by multiplying the intensity
and positivity scores according to the previous study [30].

2.9

μg) and ranilla luciferase co-reporter plasmids (pRL-TK,
0.02 μg). Then, these cells were simultaneously or subsequently treated with EGF (20 ng/mL), P38 MAPK inhibitor
SB203580 (10 μmol/L), or miR-675-5p mimics (20 μmol/L,
add 0.4 μL into 100 μL medium per well) for the indicated time periods. Next, the cellular luciferase activR
Reporter Assay
ity was measured using Dual-luciferase
System kit (#E1910, Promega) according to the manufacturer’s instructions. Results were calculated as the
ratios between the activity of firefly luciferase and ranilla
luciferase. The recombinant human EGF (#AF-100-15)
was purchased from PeproTech (Rocky Hill, NJ, USA),
and P38 MAPK inhibitor SB203580 (#HY-10256) was purchased from MedChem Express (Monmouth Junction,
NJ, USA).

Dual-luciferase reporter assay

Cells cultured on 96-well plates were transiently cotransfected with firefly luciferase reporter plasmids (0.2

2.10
Establishment of SMMC-7721pLV-EGF
cells with stable EGF overexpression
SMMC-7721 cells were transfected using lentiviruses with
EGF expression vector pLV-EGF or the control vector
pLV-Null in the presence of 5 mg/mL of polybrene,
then the transfected SMMC-7721 cells were selected with
puromycin (1 μg/mL) for 10-14 days. The survived cells
were then digested with trypsin and reseeded separately
into 96-well plates (almost a single cell per well) using
a flow sorter (BD) for cell clone formation and expansion. The expanded monoclonal cell populations (SMMC7721pLV-EGF and SMMC-7721pLV-Null ) were collected and
cryopreserved for further studies. Lentivirus vectors pLVEGF and pLV-Null were purchased from VectorBuilder
Inc. (Conroe, TA, USA).

2.11

Animal studies

Six-week-old female BALB/C nude mice were obtained
from the Animal Experimental Center of Guangzhou
Medical University (Guangzhou, China). The procedures
for the handling and care of the mice were approved
by the Animal Experimentation Ethics Committee of
Guangzhou Medical University. Approximately 1 × 107
SMMC-7721pLV-EGF or SMMC-7721pLV-Null cells in matrigel
were injected into the right flanks of nude mice to form
xenograft tumors (at this stage, 7 mice per group and 28
mice in total were used). When the tumor volume reached
∼100 mm3 , mice received either gefitinib (100 mg/kg) or
0.5% polysorbate vehicle, once daily by oral administration
(0.1 mL per 10 g body weight) for one week. At the end of
the whole treatment, tumors (5 mice per group) were collected, lysed, or digested for PD-L1 and HLA-ABC detection or CD8+ T cell-mediated lysis assay.
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2.12
Activation and isolation of CD8+
cytotoxic T cells
Cytotoxic T cells reactive to SMMC-7721 cells were established as previously described [31]. Peripheral blood
mononuclear cells (PBMCs) were collected from a healthy
volunteer and co-cultured with irradiated (40 Gy) SMMC7721 cells (as stimulators) at a ratio of 20:1 in RPMI-1640
with 10% FBS and human recombinant interleukin-2 (IL2) for 1 week. During this period, the IL-2-containing
medium was replaced every 3 days. PBMCs were restimulated with irradiated SMMC-7721 cells every10 days.
After pre-stimulation with IL-2, PBMCs were washed
twice with PBS and resuspended in PBS prior to negative isolation of CD8+ T cells using CD8+ T cell isolation
kits (#130-096-495, Miltenyi Biotech., Bergisch Gladbach,
Germany) according to the manufacturer’s instructions.
Briefly, an antibody mix targeting the non-CD8+ cells was
added to the PBMC suspension and was allowed to bind
R were added and bound to the
to the cells. Dynabeads
antibody-labeled cells for 30 min on ice. The bead-bound
cells were quickly separated on a magnet and discarded.
The remaining negatively isolated and untouched human
CD8+ T cells were collected. The isolated CD8+ T cells
were subsequently used as effector cells.

2.13

CD8+ T cell-mediated lysis

Isolated human CD8+ T cells were used for cytotoxic T cellmediated lysis by co-incubation with target tumor cells
(SMMC-7721 cells) at a ratio of 10:1 in 96-well plates. The
plates were centrifuged at 200 × g for 5 min and incubated at 37◦ C in 5% CO2 . After 6-hour incubation, cytotoxR
Non-Radioactive
icity was detected using the CytoTox 96
Cytotoxicity Assay kit (#G1780, Promega) according to the
manufacturer’s instructions. The spontaneous release and
maximum release were determined by incubating target
cells without effector cells in medium alone or 0.5% NP-40,
respectively. The percent cytotoxicity was calculated as follows: (experimental release − spontaneous release) / (maximum release – spontaneous release) × 100%.

2.14

and glucose-free DMEM, while continued with different
treatments for 12 h. Next, cells were grown in the presence of 50 mmol/L 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4yl)Amino)-2-Deoxyglucose (2-NBDG) (#N13195, Thermo
Fisher Scientific, Waltham, MA, USA) for 30 min, and then
the cells were collected and the mean fluorescence intensity (MFI) indicating the cellular glucose uptake was measured on a flow cytometer. The glucose uptake in the experimental group was calculated by normalizing its MFI to the
MFI in the control group.

2.15

Lactate production assay

In total, 1 × 106 cells were plated in 6-well plates and treated
with 20 ng/mL EGF, 10 μmol/L SB203580, 10 μmol/L
2-DG alone or in combinations for 24 h, and the cell
culture supernatants and cells were collected separately.
Next, the lactate concentration in the culture supernatant
was determined using the Lactate detection kit (#A0192-1, Nanjing Jiancheng Bioengineering, Nanjing, Jiangsu,
China) according to the manufacturer’s protocol. Harvested cells were stained with trypan blue, and viable cells
were counted using an automated cell counter (Bio-Rad,
Hercules, CA, USA). Then, the adjusted lactate concentration was calculated according to the following formula:
adjusted lactate concentration = lactate concentration in
experimental group / the ratio of cell number in the experimental group to that in the control group.

2.16

Statistical analysis

The data of continuous variables are expressed as mean ±
standard deviation (SD) of three independent experiments,
unless otherwise specified. Student’s t-test and one-way
analysis of variance (ANOVA) were performed to compare
the differences between groups. The correlation between
the expression levels of different proteins in tumor tissues
was analyzed by Pearson’s correlation coefficient. Statistical analyses were performed using the GraphPad Prism
Software Version 5.0 (GraphPad Software Inc., La Jolla,
CA, USA). P < 0.05 was considered statistically significant.

Glucose uptake assay
3

The glucose uptake assay was performed as previously
described [32]. Cells were plated at 1 × 106 /well in 6well plates and treated with 20 ng/mL EGF, 10 μmol/L
SB203580, 10 μmol/L glycolysis inhibitor 2-deoxyglucose
(2-DG) (#HY-13966, MedChem Express, Monmouth Junction, NJ, USA) alone or in combinations for 24 h. Then,
the cells were refreshed with serum-starved (0.1% FBS)

RESULTS

Correlations between EGFR
3.1
activation and the expression of PD-L1 and
HLA-ABC in HCC tissues
The clinicopathologic characteristics of the 152 patients,
with a median age of 49 years (range, 18-98 years), are
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summarized in Supplementary Table S2. To analyze the
correlations between EGFR activation and the expression
of PD-L1 and HLA-ABC in HCC tissues, we detected the
expression of p-EGFR, PD-L1, and HLA-ABC in 152 clinical HCC specimens by immunohistochemistry. The HCC
specimens with high p-EGFR expression had higher rates
of high PD-L1 expression and low HLA-ABC expression
than those with low p-EGFR expression (Figure 1A). In
addition, the expression of p-EGFR was positively correlated with PD-L1 expression and negatively correlated with
HLA-ABC expression (Figure 1B).

3.2
Impact of EGFR activation on the
expression of PD-L1 and HLA-ABC in HCC
cells
Subsequently, we investigated the impact of EGFR signaling on the expression of PD-L1 and HLA-ABC in
HCC cells. EGFR signaling activated by EGF significantly increased PD-L1 expression and decreased HLAABC expression in both SMMC-7721 and HepG2 cells (Figure 2A-C). EGFR activation promoted PD-L1 expression
and decreased HLA-ABC expression in a time-dependent
manner, but not in a dose-dependent manner (Figure 2D
and Supplementary Figure S1).
The in vitro CD8+ T cell-mediated lysis assay demonstrated that EGFR activation by EGF significantly
decreased CD8+ T cell-mediated lysis of SMMC-7721
cells, which could be significantly abolished by blocking
cell surface PD-L1 with PD-L1 antibodies (Figure 2E). In
addition, HLA-B overexpression significantly reversed
the EGFR activation-caused decrease in the CD8+ T cellmediated lysis of SMMC-7721, and HLA-B overexpression
combined with PD-L1 blocking could maximize this effect
(Figure 2F).

3.3
Impact of EGFR inhibitor gefitinib
on EGFR activation-induced PD-L1
up-regulation and HLA-ABC
down-regulation in vitro and in vivo
We next studied if the clinically available EGFR inhibitor
gefitinib could abolish the EGFR signaling-induced PDL1 increase and HLA-ABC decrease in HCC cells. It
was found that gefitinib almost totally abrogated EGFR
activation-induced PD-L1 up-regulation and HLA-ABC
down-regulation, but failed to significantly alter the basal
expression of PD-L1 and HLA-B in both SMMC-7721 and
HepG2 cells (Figure 3A-C).
Furthermore, the previously established SMMC7721pLV-EGF cells with stable high EGF expression and the
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control SMMC-7721pLV-null cells (supplementary Figure
S2) were used to test if gefitinib could abolish EGFR
signaling-induced PD-L1 increase and HLA-ABC decrease
in mice bearing SMMC-7721 tumors. It was demonstrated that PD-L1 expression was significantly increased
while HLA-ABC expression was significantly inhibited
in SMMC-7721pLV-EGF cell-formed tumors compared
with those in SMMC-7721pLV-Null cell-formed tumors
(Figure 3D and 3E). In addition, gefitinib treatment
significantly abolished the PD-L1 increase and HLA-ABC
decrease in SMMC-7721pLV-EGF cells (Figure 3D and 3E).
Furthermore, tumor isolated SMMC-7721pLV-EGF cells
had significantly lower CD8+ T cell-mediated lysis rate
compared with tumor isolated SMMC-7721pLV-Null cells
in vitro, and gefitinib treatment significantly reversed
the decrease in lysis rate of SMMC-7721pLV-EGF cells
(Figure 3F).

3.4
The role of P38 MAPK in EGFR
activation-induced PD-L1 up-regulation
and HLA-ABC down-regulation
Studies have revealed that EGFR activation mediates PDL1 expression mainly via the extracellular regulated protein kinases 1/2 (ERK 1/2)/c-Jun, phosphatidylinositol 3
kinase (PI3K)/AKT (namely protein kinase B, PKB), or
signal-transducing activator of transcription (STAT) pathways in different cancer cell types, including NSCLC
cells[33,34] and esophageal squamous cell carcinoma cells
[35]. In preliminary studies, we found that EGFR activation promoted c-Jun signaling while inhibiting both
PI3K/AKT and STAT signaling, and inhibition of these signaling pathways by their chemical inhibitors failed to abrogate the EGFR activation-increased PD-L1 transcription
or -decreased HLA-B transcription (Supplementary Figure S3A). Of note, EGFR activation significantly enhanced
P38 MAPK signaling by increasing the phosphorylation
of P38 MAPK, and inhibition of P38 MAPK signaling
by its inhibitor SB203580 significantly abolished EGFR
activation-increased PD-L1 transcription and -decreased
HLA-B transcription, suggesting a crucial regulatory role
of P38 MAPK in EGFR activation-induced PD-L1 upregulation and HLA-I down-regulation (Supplementary
Figure S3B). Immunofluorescence staining confirmed the
increased phosphorylation of P38 MAPK in SMMC-7721
cells after EGFR activation (Figure 4A). In addition, EGFR
activation increased the phosphorylation of P38 MAPK
in a time-dependent manner within a short time (Figure 4B and Supplementary Figure S4), and gefitinib treatment almost totally abolished EGFR activation-induced
phosphorylation of P38 MAPK (Figure 4C). Next, it was
confirmed that the inhibition of P38 MAPK activation by
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F I G U R E 1 EGFR activation is positively correlated with PD-L1 expression while negatively correlated with HLA-ABC expression in HCC
tissues. The expression of p-EGFR, PD-L1, and HLA-ABC in HCC tissues was detected using immunohistochemistry. The average scores of
p-EGFR, PD-L1, and HLA-ABC expression in HCCs were analyzed by using a modified quickscore assessment method. (A) The representative
images of PD-L1 and HLA-ABC expression in HCC samples with low and high p-EGFR expression. (B) The correlation among p-EGFR, PD-L1,
and HLA-ABC expression in HCCs were analyzed by using Pearson’s correlation coefficient. Abbreviations: EGFR, epidermal growth factor
receptor; PD-L1, programmed death-ligand 1; HLA-ABC, human leukocyte antigen class-A, B, C; HCC, hepatocellular carcinoma.
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F I G U R E 2 EGFR activation by EGF significantly induces PD-L1 up-regulation and HLA-ABC down-regulation. SMMC-7721
and HepG2 cells were treated with or without EGF (20 ng/mL) for 24 h, then, the cells were collected to detect the expression of PD-L1 and
HLA-ABC by (A) qRT-PCR, (B) Western blotting, and (C) flow cytometry. (D) The cells were treated with the indicated doses of EGF (0-40
ng/mL) for 24 h or treated with EGF (20 ng/mL) for the indicated time periods (0-48 h), and then cellular PD-L1 and HLA-ABC expression was
measured by flow cytometry. (E) SMMC-7721 cells were pre-treated with or without EGF (20 ng/mL) for 24 h, and then, the cells were collected
and co-incubated with CD8+ T cells. Next, the CD8+ T cell-mediated lysis of tumor cells was detected 6 h later. (F) SMMC-7721 cells were
pre-transfected with HLA-B expression plasmids (pcDNA3.1-HLA-B) or control vector (pcDNA3.1) for 24 h, and a set of cells were collected for
the detection of HLA-ABC by flow cytometry. Another set of cells were further co-stimulated with or without EGF (20 ng/mL) for another 24
h, and the cells were collected and co-incubated with CD8+ T cells with or without the addition of anti-PD-L1 antibodies (αPD-L1). Next, the
CD8+ T cell-mediated lysis of tumor cells was detected 6 h later. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal growth
factor receptor; EGF, epidermal growth factor; PD-L1, programmed death-ligand 1; HLA-ABC, human leukocyte antigen class-A, B, C.

SB203580 almost totally reversed EGFR activation-induced
PD-L1 up-regulation and HLA-ABC down-regulation in
both SMMC-7721 and HepG2 cells (Figure 4D-F).

3.5
The role of miR-675-5p-enhanced
PD-L1 mRNA stability in the EGFR-P38
MAPK axis-induced PD-L1 accumulation
PD-L1 overexpression in multiple cancer cell types involves
different regulatory mechanisms [36]. We demonstrated

that PD-L1 mRNA expression was increased in a timedependent manner after EGFR activation (Supplementary Figure S5). However, dual-luciferase reporter assay
demonstrated that EGFR activation failed to significantly
alter the activity of the potential PD-L1 promoter (Supplementary Figure S6). These findings suggested the involvement of a post-transcriptional rather than a transcriptional regulatory mechanism. PD-L1 expression can be
enhanced by the increased stability of PD-L1 mRNA [37].
Herein, we found that EGFR activation enhanced the stability of PD-L1 mRNA in both SMMC-7721 and HepG2 cells
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F I G U R E 3 EGFR inhibitor gefitinib significantly abolishes EGFR activation-induced PD-L1 up-regulation and HLA-ABC
down-regulation in vitro and in vivo. SMMC-7721 and HepG2 cells were pre-treated with or without EGFR inhibitor gefitinib (10 μmol/L)
for 6 h, and further co-stimulated with or without EGF (20 ng/mL) for an additional 24 h. Then, cellular PD-L1 and HLA-ABC expression was
measured by (A) qRT-PCR, (B) Western blotting, and (C) flow cytometry. SMMC-7721 cells with stable EGF expression (SMMC-7721pLV-EGF )
and their control cells (SMMC-7721pLV-null ) were previously established by infecting SMMC-7721 cells using lentivirus with EGF expression vectors or empty vectors. Next, SMMC-7721pLV-EGF and SMMC-7721pLV-null cells were injected into the right flanks of nude mice to form xenograft
tumors. When the tumor volume reached ∼100 mm3 , tumor-bearing mice were then treated with gefitinib (100 mg/kg) or 0.5% polysorbate
vehicle once daily by oral administration (0.1 mL per 10 g body weight) for one week. Tumors were then collected, lysed, or digested for the
detection of PD-L1 and HLA-ABC by (D) qRT-PCR and (E) flow cytometry. SMMC-7721pLV-EGF and SMMC-7721pLV-null cells isolated from tumors
treated with gefitinib or its vehicle were then co-incubated with CD8+ T cells, and the specific lysis of tumor cells was detected 6 h later (F).
*
P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; PD-L1, programmed
death-ligand 1; HLA-ABC, human leukocyte antigen class-A, B, C.

(Figure 5A), which could be significantly abrogated by the
P38 MAPK inhibitor SB203580 (Figure 5B). These results
demonstrated that the enhanced PD-L1 mRNA stability
mediated the EGFR-P38 MAPK axis-induced PD-L1 upregulation in HCC cells.
miRNAs are a class of non-coding RNAs with 19 to 25
nucleotides, which function as post-transcriptional regulators in a variety of cellular processes associated with HCC
progression [38]. Mechanistically, miRNAs can regulate
the stability of target mRNAs by binding with them. In
addition, miRNAs have been implicated in the regulation
of PD-L1 expression in cancer cells [39]. Thus we wondered
if miRNAs were involved in the EGFR-P38 MAPK axisinduced PD-L1 expression. RNA-seq analysis showed that

84 miRNAs were down-regulated in SMMC-7721 cells after
EGFR activation by EGF (supplementary Figure S7). Subsequently, the top 20 significantly down-regulated miRNAs were chosen, and their potential roles were tested.
By studying HCC cells transfected with mimics of these
miRNAs, we found that miR-675-5p might be crucial for
EGFR activation-induced PD-L1 expression in HCC cells
(data not shown). qRT-PCR confirmed that EGFR activation significantly inhibited the expression of miR-675-5p in
both SMMC-7721 and HepG2 cells (Figure 5C). In addition,
EGFR activation-inhibited miR-675-5p expression was significantly reversed by the inhibition of P38 MAPK by
SB203580 (Figure 5D). Next, mimics of miR-675-5p almost
totally reversed the EGFR-P38 MAPK axis-increased
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F I G U R E 4 P38 MAPK mediates EGFR activation-induced PD-L1 up-regulation and HLA-ABC down-regulation. (A) SMMC7721 cells were stimulated with EGF (20 ng/mL) for 12 h, then cells were collected and p-P38 expression was detected by immunofluorescence.
Scale bars: 40 μm. (B) SMMC-7721 and HepG2 cells were stimulated with EGF (20 ng/mL) for indicated time periods (0-150 min), then, the cells
were collected to detect total P38 and phosphorylated P38 (p-P38) expression by Western blotting. (C) Cells pre-treated with EGFR inhibitor
gefitinib for 6 h were further co-stimulated with EGF (20 ng/mL) for an additional 4 h, then, the cells were collected to detect p-P38, P38, pEGFR, and EGFR expression by Western blotting. Cells pre-treated with P38 inhibitor SB203580 (SB2, 10 μmol/L) for 6 h were further stimulated
with EGF (20 ng/mL) for 24 h, then PD-L1 and HLA-B transcription was detected by (D) qRT-PCR, and PD-L1 and HLA-ABC protein levels
were measured by (E) Western blotting and (F) flow cytometry. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal growth
factor receptor; EGF, epidermal growth factor; PD-L1, programmed death-ligand 1; HLA-ABC, human leukocyte antigen class-A, B, C; MAPK,
mitogen-activated protein kinase.

stability of PD-L1 mRNA (Figure 5E) and PD-L1 accumulation (Figure 5F).
Disruption of PD-L1 3’-UTR increases the stability of PDL1 mRNA in multiple cancers [40]. In addition, miR-675-5p
regulates mRNA degradation of target genes by binding to
their 3’-UTR [41]. Thus, we next analyzed the role of PDL1 3’-UTR in the miR-675-5p-mediated increase in the stability of PD-L1 mRNA induced by EGFR signaling. Using
a luciferase reporter containing a fragment of 3’-UTR of
human PD-L1 gene, we demonstrated that firefly luciferase
activity in cells transfected with pGL3-PD-L1 3’-UTR was
significantly decreased compared with that in cells transfected with control vector pGL3-Vector (Figure 6A). In
addition, EGFR activation significantly increased the firefly luciferase activity in cells transfected with pGL3-PDL1 3’-UTR, but failed in cells transfected with pGL3-

Vector (Figure 6A). Next, we found that the inhibition of
P38 MAPK by SB203580 and mimics of miR-675-5p both
significantly abrogated EGFR activation-increased firefly
luciferase activity in cells transfected with pGL3-PD-L1 3’UTR (Figure 6B and 6C). These results collectively suggested that PD-L1 3’-UTR was probably required for the
miR-675-5p-mediated increase in the stability of PD-L1
mRNA induced by the EGFR-P38 MAPK axis.

3.6
The role of HK2-enhanced aerobic
glycolysis in the EGFR-P38 MAPK
axis-induced HLA-ABC down-regulation
Enhanced aerobic glycolysis has been proposed to regulate tumor immunity and is characterized by enhanced
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F I G U R E 5 miR-675-5p-enhanced PD-L1 mRNA stability is crucial for the EGFR-P38 MAPK axis-induced PD-L1 accumulation.
(A) SMMC-7721 and HepG2 cells were pre-stimulated with or without EGF for 24 h and further treated with actinomycin D (5 μg/mL) for 0-120
min, next cellular PD-L1 mRNA expression was detected by qRT-PCR. (B) Cells were pre-treated with SB203580 (10 μmol/L) or dimethylsulfoxide (DMSO) for 6 h, and then co-stimulated with or without EGF for an additional 24 h, next cells were further treated with actinomycin D
(5 μg/mL) for 0-120 min, and cellular PD-L1 mRNA expression was detected by qRT-PCR. (C) Cells were stimulated with or without EGF (20
ng/mL) for 24 h, and then the expression of miR-675-5p was detected by qRT-PCR. (D) Cells pre-treated with SB203580 (10 μmol/L) or DMSO
for 6 h were further co-treated with or without EGF (20 ng/mL) for an additional 24 h, and then, the expression of miR-675-5p was detected by
qRT-PCR. (E) Cells were pre-treated with mimics of miR-675-5p or control mimics for 24 h, and then co-stimulated with or without EGF for an
additional 24 h. Next, the cells were treated with actinomycin D (5 μg/mL) for additional indicated time periods (0-120 min), and the cellular
PD-L1 mRNA expression was detected by qRT-PCR. (F) Cells were pre-transfected with mimics of miR-675-5p or control mimics for 24 h, and
then further co-stimulated with or without EGF (20 ng/mL) for an additional 24 h.Next, the expression of PD-L1 was detected by qRT-PCR
and flow cytometry. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal growth factor receptor; EGF, epidermal growth factor;
PD-L1, programmed death-ligand 1; HLA-ABC, human leukocyte antigen class-A, B, C; MAPK, mitogen-activated protein kinase.

glucose uptake and lactate production [42]. In addition,
EGFR signaling is described as being able to induce aerobic glycolysis in cancer cells [43]. Thus, we examined if
aerobic glycolysis was involved in EGFR signaling-induced
HLA-ABC decrease in HCC cells. We demonstrated that
EGFR activation significantly increased the cellular glucose uptake and lactate production in cell culture super-

natants (Figure 7A), indicating that EGFR signaling could
promote the aerobic glycolysis of HCC cells. Moreover,
inhibition of P38 MAPK by SB203580 markedly abolished
EGFR activation-increased cellular glucose uptake and lactate production (Figure 7A). Next, it was confirmed that the
glycolysis inhibitor 2-DG significantly decreased both the
basal and EGFR activation-increased glucose uptake and
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F I G U R E 6 PD-L1 3’-UTR is probably required for the EGFR-P38 MAPK-miR-675-5p axis-enhanced stability of PD-L1 mRNA.
(A) SMMC-7721 and HepG2 cells were transfected with firefly luciferase reporter constructs containing the PD-L1 3’-UTR fragment (pGL3PD-L1 3’-UTR) or control vectors (pGL3-Vector) for 24 h, and then co-stimulated with or without EGF (20 ng/mL) for another 24 h. Next, the
cellular luciferase activity was determined by dual-luciferase reporter assay system. (B) Cells pre-transfected with pGL3-PD-L1 3’-UTR were
further treated with SB203580 (10 μmol/L) or DMSO for 6 h, and then co-stimulated with or without EGF (20 ng/mL) for an additional 24 h.
Next, the cellular luciferase activity was determined by dual-luciferase reporter assay system. (C) Cells pre-transfected with pGL3-PD-L1 3’-UTR
were further treated with mimics of miR-675-5p or control mimics for 24 h, and then co-stimulated with or without EGF (20 ng/mL) for an
additional 24 h. Next, the cellular luciferase activity was determined by dual-luciferase reporter assay system. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.
Abbreviations: EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; PD-L1, programmed death-ligand 1; HLA-ABC, human
leukocyte antigen class-A, B, C; MAPK, mitogen-activated protein kinase; 3’-UTR, 3’-untranslated region; DMSO, dimethylsulfoxide; miRNA,
micro RNA.

F I G U R E 7 The EGFR-P38 MAPK axis enhances the aerobic glycolysis which mediates HLA-ABC down-regulation in HCC
cells. (A) SMMC-7721 and HepG2 cells were pre-treated with SB203580 (10 μmol/L) or DMSO for 6 h, and then stimulated with or without
EGF (20 ng/mL) for an additional 24 h. Next, the cellular glucose uptake and lactate production were measured. Cells were pre-treated with
2-DG (10 μmol/L) or DMSO for 6 h, and then stimulated with or without EGF (20 ng/mL) for an additional 24 h. Next, (B) the cellular glucose
uptake and lactate production were detected, (C) the cellular HLA-B mRNA expression was detected by qRT-PCR, and (D) the cell surface
HLA-ABC protein expression was detected by flow cytometry. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal growth factor
receptor; EGF, epidermal growth factor; HLA-ABC, human leukocyte antigen class-A, B, C; MAPK, mitogen-activated protein kinase; DMSO,
dimethylsulfoxide; 2-DG, 2-Deoxy-D-glucose.

LIU et al.

13

F I G U R E 8 HK2 mediates the EGFR-P38 MAPK axis-enhanced aerobic glycolysis and HLA-ABC down-regulation. (A) SMMC7721 and HepG2 cells were treated with or without EGF (20 ng/mL) for 24 h, and then the cellular HK2 expression was detected by qRT-PCR
and Western blotting. (B) Cells were pre-treated with SB203580 (10 μmol/L) or DMSO for 6 h, and then stimulated with or without EGF (20
ng/mL) for an additional 24 h, next the cellular HK2 expression was detected by Western blotting. Cells were pre-transfected with HK2-specific
siRNAs (siHK2) or control siRNAs (siNC) for 24 h, and then treated with or without EGF (20 ng/mL) for an additional 24 h. Next, the cellular
glucose uptake and lactate production were detected (C), the cellular HLA-B mRNA expression was detected by qRT-PCR (D), and the cell
surface HLA-ABC protein expression was detected by flow cytometry (E). * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Abbreviations: EGFR, epidermal
growth factor receptor; EGF, epidermal growth factor; HLA-ABC, human leukocyte antigen class-A, B, C; MAPK, mitogen-activated protein
kinase; DMSO, dimethylsulfoxide; HK2, hexokinase-2.

lactate production (Figure 7B) and significantly increased
both the basal and EGFR activation-decreased HLA-ABC
expression in cancer cells (Figure 7C and 7D).
HK2 is a rate-limiting enzyme that catalyzes the phosphorylation of hexose in the first step of glycolysis [44].
In addition, RNA-seq analysis preliminarily showed that
HK2 was up-regulated in SMMC-7721 cells with EGFR
activation (Supplementary Figure S8). Thus, we wondered if HK2 was involved in the EGFR-P38 MAPK axisenhanced aerobic glycolysis. It was demonstrated that
EGFR activation significantly increased the expression of
HK2 (Figure 8A). In addition, inhibition of P38 MAPK by
SB203580 largely abrogated the EGFR activation-increased
HK2 expression (Figure 8B). Next, we demonstrated that
EGFR activation-increased glucose uptake and lactate production were significantly reversed when HK2 was successfully knocked down (Figure 8C and Supplementary
Figure S9). Moreover, we showed that HK2 knockdown
reversed EGFR signaling-decreased HLA-ABC expression
(Figure 8D and 8E). The above results collectively demonstrated that HK2 enhanced aerobic glycolysis which was

crucial for the EGFR-P38 MAPK axis-induced HLA-ABC
down-regulation in HCC cells.

4

DISCUSSION

PD-L1 and HLA-I are important immune regulatory
molecules. PD-L1 inhibits the function of T cells, while
HLA-I deficiency causes failure in the presentation of
tumor antigens, both impairing T cell-mediated lysis of
cancer cells [20,22,27]. Recently, EGFR signaling has been
suggested to regulate PD-L1 or HLA-I expression in some
cancer cell types [17–19]. Although a recent study suggested that MAPK might regulate PD-L1 expression in
liver cancer [45], the role of EGFR signaling in the regulation of PD-L1 and HLA-I in HCC still remains to be
defined. In the present study, we illustrated that EGFR
activation was positively correlated with PD-L1 expression
while negatively correlated with HLA-ABC expression in
HCC tissues. More importantly, EGFR activation by its ligand EGF significantly induced PD-L1 up-regulation and
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HLA-ABC down-regulation in HCC cells both in vitro and
in vivo. Furthermore, we confirmed that EGFR activationinduced PD-L1 increase and HLA-ABC decrease were
functionally important in impairing the T cell-mediated
lysis of HCC cells, suggesting the involvement of EGFR
signaling in the immune regulation of HCC by regulating both PD-L1 and HLA-ABC molecules. Furthermore, in
the present study, the clinically available EGFR inhibitor
gefitinib significantly abolished the PD-L1 increase and
HLA-ABC decrease in vitro and in vivo, as well as the
inhibition of T cell-mediated lysis of HCC cells caused
by EGFR activation. Clinically, anti-PD-1/PD-L1 antibodies are mostly curative in treating tumors with high PD-L1
expression, and interferon-gamma (IFNγ) is used to stimulate HLA-ABC expression in tumor cells [20,26]. Thus, it
is suggested that treatments with gefitinib, anti-PD-1/PDL1 antibodies, and/or IFNγ could be used to relieve the
immunosuppression in HCC patients with aberrant EGFR
activation.
PD-L1 overexpression in multiple cancer types involves
different regulatory mechanisms at the genetic, epigenetic,
transcriptional, translational, post-translational, or structural level [36]. In the present study, it appeared that
the common modes of transcriptional regulation were
not involved in EGFR signaling-induced PD-L1 expression
since the potential PD-L1 promoter activity was not significantly altered after EGFR activation. Instead, EGFR signaling endowed PD-L1 mRNA with a longer half-life and
enhanced its stability, indicating the involvement of an
epigenetic regulatory mechanism. miR-675-5p is a miRNA
derived from its reservoir long non-coding RNA H19 [46],
and its expression levels are varied in different cancers
[47,48]. miR-675-5p plays different roles in cell proliferation, cell invasion, and metastasis in cancers as they
respond to various stimuli [37,42]. However, whether miR675-5p is involved in immune regulation is still unknown.
In this study, EGFR activation inhibited the expression of
miR-675-5p, and mimics of miR-675-5p significantly abolished the increased stability of PD-L1 mRNA and PD-L1
accumulation induced by EGFR activation. This provides
the evidence indicating the involvement of miR-675-5p in
the regulation of immune molecules.
The 3’-UTR plays an important role in the stability of
mRNA [49,50]. 3’-UTR regulates the stability of mRNA
mainly through binding with miRNAs on its miRNAbinding sites to influence mRNA decay [50]. Disruption of the PD-L1 3’-UTR is able to increase the stability of PD-L1 mRNA in multiple cancers [40]. In the current study, PD-L1 3’-UTR negatively regulated the expression of upstream linked firefly luciferase. More importantly, PD-L1 3’-UTR was required for EGFR activationinduced expression of its upstream linked firefly luciferase.
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In addition, mimics of miR-675-5p significantly abolished
EGFR activation-induced expression of PD-L1 3’-UTR
upstream linked firefly luciferase. Thus, we speculated
that PD-L1 3’-UTR is probably required for the involvement of miR-675-5p in EGFR activation-enhanced stability of PD-L1 mRNA, although more direct evidence is
still needed.
Aerobic glycolysis is the process of oxidation of glucose into pyruvate followed by lactate production under
normoxic conditions. It frequently occurs in cancers and
is known as the “Warburg effect”, and is characterized
by increased glucose uptake and lactate production [51].
Previously, EGFR signaling has been shown to enhance
the aerobic glycolysis of triple-negative breast cancer cells
[43]. In the present study, the EGFR-P38 MAPK axis
increased the aerobic glycolysis of HCC cells, as shown
by the increased glucose uptake and lactate production.
Enhanced tumor aerobic glycolysis is mainly known to
support tumor cell growth and proliferation [52]. Recently,
increasing evidence has revealed that it may contribute
to tumor immunosuppression as well [42,53]. Of interest,
in the present study, we demonstrated that the enhanced
aerobic glycolysis was crucial for the EGFR-P38 MAPK
axis down-regulated HLA-ABC expression in HCC cells.
HK2 is a rate-limiting enzyme that catalyzes the phosphorylation of hexose in the first step of glycolysis [40].
In the present study, the EGFR-P38 MAPK axis promoted
the expression of HK2 in HCC cells. In addition, knockdown of HK2 expression significantly reversed the EGFR
activation-induced aerobic glycolysis enhancement and
HLA-ABC down-regulation. These collectively indicate
that HK2 mediates EGFR activation-enhanced aerobic glycolysis and thereby causes HLA-ABC down-regulation.
The key byproducts and enzymes of aerobic glycolysis can
function as signal regulators [53]. Thus, we speculated that
some of the byproducts or enzymes of glycolysis may be
involved in the EGFR-P38 MAPK-HK2 axis-induced HLAABC down-regulation in HCC cells.
Of note, there are still some unresolved issues that need
to be further studied. For example, how the EGFR-P38
MAPK axis regulates miR-675-5p and HK2, what are the
key sequences in the PD-L1 promoter or factors contributing to miR-675-5p-enhanced PD-L1 mRNA stability, and
whether the byproducts or enzymes of glycolysis were
involved in the EGFR-P38 MAPK-HK2 axis-induced HLAABC decrease. Studying these issues will help to fully
understand EGFR activation-induced PD-L1 increase and
HLA-ABC decrease, and provide more valuable potential
targets for the immune intervention of HCC. In addition, to
validate our findings from cell studies, using more animal
models would provide more convincing in vivo evidence
and help the clinical application of these results.
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CONCLUSIONS

In summary, we demonstrated that EGFR activation was
positively correlated with PD-L1 expression while negatively correlated with HLA-ABC expression in HCC tissues. EGFR signaling activation by EGF could up-regulate
PD-L1 and down-regulate HLA-ABC in HCC cells, which
was functionally important and could be significantly
abolished by the EGFR inhibitor gefitinib. Mechanistically, enhanced P38 MAPK activation-induced miR-6755p down-regulation and HK2 up-regulation; miR-675-5p
down-regulation enhanced the PD-L1 mRNA stability
probably via 3’-UTR and thereby caused PD-L1 accumulation, and HK2 up-regulation enhanced the aerobic glycolysis and then mediated the decrease in HLA-ABC expression. The present study reveals a novel signaling network
that may cause immune suppression in HCC cells and suggests that EGFR signaling could be potentially targeted for
HCC immunotherapy.
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