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ABSTRACT

Background Immunotherapy has facilitated great
breakthroughs in the treatment of hepatocellular
carcinoma (HCC). However, the efficacy and response rate
of immunotherapy are limited and vary among different
patients with HCC. TP53 mutation substantially affects the
expression of immune checkpoint molecules in multiple
cancers. However, the regulatory relationship between
programmed death ligand 1 (PD-L1) and TP53 is poorly
studied in HCC. We aimed to elucidate the regulatory
mechanism of PD-L1 in HCC with different TP53 statuses
and to assess its role in modulating immune evasion in
HCC.

Methods HCC mouse models and cell lines with different
TP53 statuses were constructed. PD-L1 levels were
detected by PCR, western blotting and flow cytometry.
RNA-segencing, immunoprecipitation, chromatin
immunoprecipitation and transmission electron microscopy
were used to elucidate the regulatory mechanism in HCC
with different TP53 status. HCC mouse models and patient
with HCC samples were analyzed to demonstrate the
preclinical and clinical significance of the findings.
Results We report that loss of p53 promoted PD-L1
expression and reduced CD8" T-cell infiltration in patient
with HCC samples and mouse models. Mammalian

target of rapamycin (mTOR) pathway was activated in
p53-loss-of-function HCC or after knocking down TP53.
The transcription factor E2F1 was found to bind to the
p53 protein in TP53 wild-type HCC cells, and inhibiting
mammalian target of rapamycin complex 1 (mTORC1)
disrupted this binding and enhanced E2F1 translocation
to the nucleus, where it bound to the PD-L1 promoter

and transcriptionally upregulated PD-L1. In p53-loss-of-
function HCC cells, autophagosomes were activated after
mTORC1 suppression, promoting the degradation of PD-L1
protein. The combination of mTOR inhibitor and anti-PD-L1
antibody enhanced CD8" T-cell infiltration and tumor
suppression in TP53 wild-type HCC mouse models, but no
benefit was observed in p53-loss-of-function HCC mouse
models. In patients with TP53 wild-type HCC, PD-L1 levels
were significantly higher in the high E2F1 group than in
the low E2F1 group, and the low E2F1 level group had
significantly superior survival.

Conclusion We revealed the bidirectional regulatory
mechanism of PD-L1 mediated by TP53/mTORC1 in

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The efficacy and response rate of anti-programmed
death ligand 1 (PD-L1) immunotherapy are limited
and vary among different patients with hepatocellu-
lar carcinoma (HCC).

= TP53 is the most commonly mutated gene in HCC,
and its mutation substantially affects the expression
of immune checkpoint molecules in cancer, but the
regulatory relationship between PD-L1 and p53 is
poorly studied in HCC.

WHAT THIS STUDY ADDS

= TP53 loss-of-function promotes PD-L1 expression
and reduces CD8" T-cell infiltration in HCC.

= In TP53 wild-type HCC cells, mammalian target of
rapamycin complex 1 (mTORC1) suppression up-
regulates PD-L1 via the transcription factor E2F1,
while in TP53 loss-of-function HCC cells, mTORC1
suppression promotes PD-L1 degradation through
activation of autophagy.

= The combination of mTOR inhibitor and anti-PD-L1
antibody leads to significant inhibition of tumor
growth and superior survival in Trp53 wild-type
mouse HCC models.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Combining mTOR inhibitors and anti-PD-L1 antibod-
ies could be a novel and promising immunotherapy
strategy for TP53 wild-type HCC.

HCC. The combination of mTOR inhibitor and anti-PD-L1
antibody could be a novel precise immunotherapy scheme
for TP53 wild-type HCC.

BACKGROUND

Hepatocellular carcinoma (HCC) is a malig-
nant tumor and has the fifth highest inci-
dence rate and the second highest mortality
rate among malignancies in China. The 5-year
overall survival (OS) rate of HCC is less than
20%." Immunotherapy is a new promising
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treatment method that can control and eliminate tumors
by reshaping the tumor immune microenvironment and
restoring the normal antitumor immune response. Immu-
notherapies include immune checkpoint inhibitors, ther-
apeutic antibodies, tumor vaccines, and cell therapies.”
In recent years, immune checkpoint inhibitors targeting
the tumor microenvironment have facilitated great break-
throughs in the treatment of patients with advanced HCC.
Programmed death ligand 1 (PD-L1) can be expressed
on the surface of HCC cells, interact with programmed
death 1 (PD-1) on the surface of cytotoxic T cells (CTLs),
and inhibit the tumoricidal ability of CTLs to facilitate
tumors cell escape from human immune surveillance and
malignant proliferation.* The IMbrave150 trial reported
that the PD-LI inhibitor atezolizumab combined with the
antiangiogenic drug bevacizumab reduced the death risk
of patients with unresectable HCC by 42% compared with
the targeted drug alone.” In general, immune checkpoint
inhibitors, represented by PD-L1/PD-I1-targeted drugs,
have broad prospects in the treatment of HCC. Basic and
translational research on PD-L1/PD-1 is currently a hot
spot in HCC research.’

TP53 is one of the mostwidely studied tumor suppressor
genes.” The p53 protein is a monitor of cell growth.
TP53 is commonly regarded as a “gene guardian” that
inhibits tumor occurrence and development.® Mutant
p53 protein not only has lost antitumor function but can
also inhibit the activity of wild-type p53 protein or exhibit
carcinogenic activity, causing carcinogenesis.9 Functional
mutation and deletion of TP53 are core driving events
of hepatocarcinogenesis and have a significant negative
correlation with the prognosis of patients.'’"* The muta-
tion rate of TP53 in HCC ranges from 29.1% to 58.0%.'° "
Recent studies have also found that normal p53 protein
can promote the proliferation of HCC cells, indicating
that the role of TP53 in HCC cells is complex and contro-
versial.'"* The currently known TP53 mutations in HCC
are mainly loss-of-function (LoF) mutations, and at the
molecular level, they are mainly missense mutations,
frame shift mutations and non-sense mutations.'”

In recent years, with the breakthrough of tumor immu-
notherapy, an increasing number of researchers have
begun to pay attention to the effect of TP53 mutation on
the tumor microenvironment. The mutant p53 protein
in tumor cells can inhibit the innate immune-related
signaling pathway and promote the immune escape of
tumor cells, specifically manifested by the decline in
natural killer and T cells in the tumor microenvironment
and the increase in tumor-associated macrophages.'®
Research has also shown that TP53 mutation is associated
with decreased infiltration of immune cells.'” '®

In this study, we found an interesting bidirectional
regulation of PD-L1 in HCC mediated by TP53/mamma-
lian target of rapamycin complex 1 (mTORCI). In TP53
wild-type  HCC, mTORCI suppression increases the
expression of the transcription factor E2F1, disrupts the
binding between E2F1 and p53 in the cytoplasm, and
promotes the entry of E2F1 into the nucleus, where it

transcriptionally upregulates PD-L1. In TP53-mutant
HCC, mTORCI suppression promotes autophagic
degradation of the PD-L1 protein. The combination of a
mammalian target of rapamycin (mTOR) inhibitor and
an anti-PD-L1 antibody significantly suppressed tumor
growth and prolonged the survival of mice with TP53
wild-type HCC. The bidirectional regulatory mechanism
of PD-L1 in tumors with different TP53 statuses may help
guide precise clinical immunotherapy application to
improve the prognosis of patients with HCC.

METHODS

Cell culture, transfection, lentivirus infection and reagents
Human HCC cell lines (SK-HEP-1, HepG2, Hep3B, Li-7)
and a murine HCC cell line (H22) were purchased from
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. Details regarding cell culture, siRNA, plasmids,
lentivirus, and reagents are provided in the online supple-
mental file 1.

Patients and samples
HCC tissue samples were obtained after surgery. Details
are provided in the online supplemental file 1.

RNA sequencing and gene set analysis, whole-exome
sequencing, assay for transposase-accessible chromatin by
sequencing and Sanger sequencing

Details are provided in the online supplemental file 1.

Co-immunoprecipitation assay, western blot analysis,
chromatin immunoprecipitation, RT-qPCR analysis,
immunofluorescence, luciferase reporter assay, flow
cytometry staining and analysis, inmunohistochemistry,
transmission electron microscopy

Details are provided in the online supplemental file 1.

Animal experiments

C57BL/6] mice and BALB/c mice were obtained from
the Animal Facility of Zhejiang University. This study is
approved by Institutional Review Board of The First Affil-
iated Hospital, Zhejiang University School of Medicine
(Reference number: 2018-542). Animal care and exper-
iments were performed in strict accordance with the
“Guide for the Care and Use of Laboratory Animals” and
the “Principles for the Utilization and Care of Vertebrate
Animals”. Grouping and experimental processing details
are provided in the online supplemental file 1.

Mass cytometry (CyTOF) staining, data acquisition and
analysis
Details are provided in the online supplemental file 1.

Statistical analysis

SPSS V.21.0 statistical software was used for statistical anal-
ysis. The significance of the differences between groups
was determined using Student’s t-test. Differences with
p<0.05 were considered significantly different. The x” test
was used to analyze the correlation between quantitative

2

Yu J, et al. J Immunother Cancer 2023;11:¢007479. doi:10.1136/jitc-2023-007479


https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479

data. For survival analysis, OS was estimated using the
Kaplan-Meier method.

Data availability

The data of RNA sequencing, whole-exome sequencing,
assay for transposase-accessible chromatin by sequencing
(ATAC-seq) can be viewed in SRA database and GEO
database. The accession IDs are PRJNA999626 and
GSE240197 and GSE239926. The persistent URL are
http://www.ncbi.nlm.nih.gov/bioproject/999626,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgiracc=
GSE240197, https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgiracc=GSE239926, retrospectively.

RESULTS

Loss of p53 promotes PD-L1 expression and modulates
immune evasion in HCC

To explore the significance of p53 protein on PD-L1
expression, we first constructed Trpb3 knockdown mice
through injection with adreno-associated virus (AAV)
and then established an HCC mouse model by hydro-
dynamic gene delivery of c-Myc and NRAS plasmids.
Results showed that Trp53 knockdown mice had wider
tumor areas (macroscopically and microscopically) and
had heavier livers (figure 1A, B and D). PD-L1 protein
expression was increased in Trp53 knockdown mouse
tumors compared with Trp53 wild-type mouse tumors
(figure 1C,D). To elucidate the effect of p53 on the
immune microenvironment, we performed Mass Cytom-
etry (CyTOF) analysis on mouse tumors with and without
Trpb3 knockdown. The results revealed that infiltration
of CD8" T cells was significantly decreased in Trp53
knockdown mouse tumors (figure 1E,F). Flow cytometry
also confirmed that CD8" T-cell infiltration was signifi-
cantly decreased in Trpb53 knockdown mouse tumors
(figure 1G,H). The CD8 T-cell proportion was decreased
from approximately 44.0% in Trp53 wild-type mouse
tumors to approximately 18.3% in Trp53 knockdown
mouse tumors. Furthermore, according to TP53 muta-
tion status, immunohistochemistry (IHC) was performed
on HCC tissues from patients. The results also suggested
that PD-L1 expression was increased in TP53-mutant
HCC (figure 11,]).

In addition, human HCC cell lines were used to further
prove the above results. In SK-HEP-1 and HepG2 cells,
which are p53 wild-type HCC cells, PD-L1 protein expres-
sion was increased after TP53 knockdown (figure 1K,L).
In Hep3B and Li-7 cells, which exhibit p53 LoF, PD-L1
protein expression was decreased after TP53 overexpres-
sion (figure IN,O). At the transcriptional level, there
was no significant difference in PD-L1 messenger RNA
expression after TP53 knockdown or overexpression
(figure 1M,P). The above results indicated that p53 plays
an important role in regulating PD-L1 expression and
modulating immune evasion in HCC.

Bidirectional regulation of PD-L1 by mTORC1 suppression in
HCC cells with different TP53 statuses

Gene set enrichment analysis revealed that loss of p53
protein expression led to significant activation of the
mTOR pathway in HCC cells (figure 2A), which was
further confirmed by western blotting (figure 2B). IHC
results of HCC tissues from patients also suggested that
p-p70s6k expression was increased in TP53 mutant HCC,
indicating activation of the mTOR pathway (figure 2C).
Therefore, we investigated whether mTORCI1 suppression
can affect the expression of PD-L1 in HCC cells with p53
LoF. We applied two mTOR pathway inhibitors, sirolimus
and everolimus, and western blotting and flow cytometry
showed that PD-L1 protein expression was decreased in
four HCC cell lines with p53 LoF (figure 2D-G). The
presence of TP53 knockdown in SK-HEP-1 and Hep G2
was presented in online supplemental figure 1.

In addition, we investigated the effect of mTORCI1
suppression on PD-L1 expression in HCC cells with wild-
type pb3. Interestingly, western blotting and flow cytom-
etry showed that PD-L1 protein expression was increased
in four HCC cell lines with wild-type p53 after sirolimus
and everolimus treatment (figure 2H-K), which was
completely opposite to the results in HCC cells with p53
LoF. The presence of TP53 overexpression in Hep 3B and
Li-7 was presented in online supplemental figure 1.

The opposite results of PD-L1 indicated an intriguing
bidirectional regulation by mTORCI suppression in
HCC cells, suggesting the importance of different TP53
statuses. Given the high mutation rate of TP53 in HCC, it
is highly possible that this bidirectional regulatory mecha-
nism may play an important role in HCC immune escape.

We also performed TSCl knockdown to activate
mTORCI in four HCC cell lines with wild-type p53 or p53
LoF. The effect on regulating PD-L1 expression was oppo-
site to that of mTORCI suppression in corresponding
HCC cells (online supplemental figure 2). The above
results indicate that PD-L1 expression can be bidirection-
ally regulated by mTORCI suppression in HCC cells with
different pb3 statuses.

E2F1 promotes PD-L1 transcription after mTORC1 suppression
in p53 wild-type HCC cells

In p53 wild-type HCC cells, PD-L1 transcription was acti-
vated after mTORCI1 suppression (figure 3A), which
suggested that PD-L1 expression might be regulated
by transcription. Therefore, ATAC-seq was performed.
ATAC-seq analysis revealed several transcription factors
that were upregulated in p53 wild-type HCC cells after
mTORCI suppression; among these transcription factors,
E2F1 was the most obviously upregulated (figure 3B).
According to the ATAC-seq analysis and prediction of
PD-L1 transcription factors, we performed a luciferase
reporter assay. The results showed that transcriptional
activity was only upregulated in E2F1 after mTORCI
suppression (figure 3C and online supplemental figure 3).
Thus, mTORCI suppression may promote PD-L1 expres-
sion by transcriptionally promoting E2F1 expression.
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Figure 1 Loss of p53 promotes PD-L1 expression and reshapes immune microenvironment in HCC. (A) The plasmid-induced
mouse HCC model was constructed. Representative images of liver tumors in NC and shTrp53 group. The tumor area of
shTrp53 group was larger than that of NC group. (B) The mice liver weight and the largest tumor diameter were measured in

NC group and shTrp53 group. (C) PD-L1 protein was detected by western blotting in mouse tumors of each group. B-actin was
used as the loading control for western blotting. (D) H&E staining and IHC staining of PD-L1 expression in mouse tumor tissues.
Comparison of IRS score of PD-L1 between Trp53 wild-type and Trp53 knockdown groups. (E) t-SNE plots of mouse tumor
CD45* cell clusters. (F) Percentages of immune cell subtypes in mouse tumors of each group. (G) CD45", CD3* and CD8* T
cells extracted from mouse tumors were analyzed by flow cytometry. (H) Percentages of CD8* T cells in NC group and shTrp53
group. (l) IHC staining of PD-L1 expression of tumor tissues from patients with TP53 wild-type and TP53 mutant HCC. (J) IRS of
PD-L1 in TP53 wild-type and TP53 mutant HCC tissues. (K-M) The expression of PD-L1 in SK-HEP-1 and HepG2 cells with or
without TP53 knockdown were detected by western blotting (K) flow cytometry (L) and gRT-PCR (M). (N-P) The expression of
PD-L1 in Hep 3B and Li-7 cells with or without TP53 overexpression were detected by western blot (N) flow cytometry (O) and
RT-gPCR (P). The bars were compared by Student’s t-test. *p<0.05, compared with the NC (B, D, G, H, L, M,0, P) or p53 wild-
type (J) groups. DC, dendritic cell; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; IRS, IRS, Immune Reactive
Score; MFI, mean fluorescent intensity; mRNA, messenger RNA; Neu, neutrophils; NK, natural killer cell; PD-L1, programmed
death ligand 1; RT-gPCR, Real Time Quantitative Polymerase Chain Reaction; TAM, tumor associated macrophage; t-SNE, t-
Distributed Stochastic Neighbor Embedding.
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Figure 2 TP53/mammalian target of rapamycin complex 1-mediated bidirectional regulation of PD-L1 in HCC cells.

(A) Pathway enriched in the mammalian target of rapamycin signaling for SK-HEP-1 with or without TP53 knockdown and
Hep3B with or without TP53 overexpression by gene set enrichment analysis. (B) The expression level of p-p70s6k was
detected by western blotting in TP53 wild-type cells (SK-HEP-1 and HepG2) with or without TP53 knockdown and in TP53
loss-of-function cells (Hep3B and Li-7) with or without TP53 overexpression. (C) p-p70s6k expression of TP53 wild-type and
TP53 mutant tumor tissues from patients with HCC was detected by immunohistochemistry staining. Comparison of IRS
score of p-p70s6k between TP53 wild-type and TP53 mutant groups. (D-G) TP53 wild-type cells (SK-HEP-1 and HepG?2) with
siTP53 plasmid transfection and TP53 loss-of-function cells (Hep3B and Li-7) were treated with 50 nM everolimus or sirolimus.
The protein level of p70s6k, p-p70s6k, 4E-BP1, p-4E-BP1 and PD-L1 were detected by western blotting (D, E) and flow

cytometry (F, G). (H-K) TP53 wild-type cells (SK-HEP-1 and HepG2) and TP53 loss-of-function cells (Hep3B and Li

-7) with TP53

overexpression were treated with 50nM everolimus or sirolimus. The protein level of p70s6k, p-p70s6k, 4E-BP1, p-4E-BP1and
PD-L1 were detected by western blotting (H, 1) and flow cytometry (J, K). B-actin was used as the loading control for western
blotting. *p<0.05, compared with the DMSO (F, G, J, K) and TP53 wild-type (C) groups. EVE, everolimus; HCC, hepatocellular
carcinoma; IRS, Immune Reactive Score; MFI, mean fluorescent intensity; PD-L1, programmed death ligand 1; SRL, sirolimus.

Therefore, we further knocked down E2F1 and
found that the upregulation of PD-L1 after mTORC1
suppression in p53 wild-type HCC cells was atten-
uated by E2F1 knockdown (figure 3D). Luciferase
reporter and chromatin immunoprecipitation assays

were used and demonstrated that E2F1 can bind to
the TTGGCGGATCAC sequence at -883 to -872 of
the PD-L1 promoter (figure 3E-H and online supple-
mental figure 4). According to our previous results,
E2F1 can transcriptionally upregulate PD-L1.
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Figure 3 E2F1 promotes PD-L1 transcription after mammalian target of rapamycin complex 1 suppression in p53 wild-type
HCC cells. (A) TP53 wild-type cells (SK-HEP-1, HepG2) and TP53 loss-of-function cells (Hep3B, Li-7) with TP53 overexpression
were treated with everolimus or sirolimus. PD-L1 mRNA expression was detected by gRT-PCR. (B) ATAC-seq analysis of TP53
wild-type cells treated with SRL. (C) The fold change in the relative luciferase activity was examined in HCC cells treated with
everolimus. (D) SK-HEP-1, HepG2, Hep3B (TP53 overexpression), Li-7 (TP53 overexpression) with or without E2F1 knockdown
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detected using western blotting. B-actin was used as the loading control. (E) Predicted E2F1 binding site sequences in the PD-
L1 promoter. (F) The fold change in the relative luciferase activity was examined in HCC cells transfected with E2F1 plasmids
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determine the binding of E2F1 to the binding site sequence of the CD274 promoter in SK-HEP-1 and HepG2 cells transfected
with E2F1 plasmids (E2F1) or empty plasmids (NC). (I) The interaction of endogenous p53 and E2F1 was tested in HCC cells
treated with or without everolimus. Normal rabbit IgG was used as a control. (J) Colocalization (yellow) of E2F1 (green) with p53
(red) by confocal microscopy. The nuclei were stained with DAPI. (K) Nuclear proteins were isolated and subjected to western
blotting for expression of E2F1. LaminB1 was used as the loading control. *p<0.05, compared with the DMSO (A, C) or NC (F) or
IgG (H) groups. ACTC-seq, assay for transposase accessible chromatin; CD274, cluster of differentiation 274; ChIP, chromatin
immunoprecipitation; DAPI, 4,6-diamino-2-phenyl indole; DMSO, Dimethylsulfoxide; EVE, everolimus; HCC, hepatocellular

carcinoma; mRNA, messenger RNA; PD-L1, programmed death ligand 1; RT-gPCR, Real Time Quantitative Polymerase Chain
Reaction; SRL, sirolimus.
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To clarify the interaction between p53 and E2F1 under
different mTORCI suppression states, we performed
Co-immunoprecipitation assay (Co-IP) in pb3 wild-
type HCC cells. The results showed that the interaction
between p53 and E2F1 was weakened after mTORCI
suppression (figure 31 and online supplemental figure 5).
Moreover, the immunofluorescence results showed that
colocalization of E2F1 and p53 was decreased and E2F1
nuclear entry was increased after mTORCI suppression
(figure 3]). Furthermore, nuclear proteins were isolated
and subjected to western blotting to assess the expression
of E2F1. In p53 wild-type HCC cells, the nuclear protein
level of E2F1 was increased after mTORCI suppres-
sion, while in HCC cells with p53 LoF, E2F1 protein was
expressed at a low level and did not change obviously
after mTORCI suppression (figure 3K). The above
results indicated that mTORCI1 suppression promoted
the expression and nuclear entry of E2F1, which may
further promote the transcription of PD-L1.

mTORC1 suppression induces autophagic degradation of PD-
L1 in HCC cells with p53 loss-of-function
In HCC cells with p53 LoF, PD-L1 transcription was not
activated after mTORCI suppression (figure 4A). In addi-
tion, the results of the luciferase reporter assay showed
that the transcriptional activity of E2F1 presented no
difference after mTORCI suppression (figure 4B). These
results suggest that PD-L1 expression may not be regu-
lated by transcription in HCC cells with p53 LoF.
Therefore, we hypothesized that mTORCI suppres-
sion promotes PD-L1 degradation. Thus, we first used
the inhibitor MG-132 and found that inhibition of prote-
asome degradation did not restore PD-L1 expression
(figure 4C). Then, we tried to use the autophagy inhib-
itor chloroquine (CQ). Surprisingly, the results showed
that the downregulation of PD-L1 induced by mTORCI1
suppression in HCC cells with p53 LoF was reversed
after CQ treatment (figure 4D). In addition, the elec-
tron microscopy results suggested that the number of
autophagosomes increased significantly after mTORCI1
suppression but decreased when Beclinl was knocked
down (figure 4E). To further exclude the influence of CQ),
the key molecule Beclinl in the autophagy pathway was
knocked down, and the results showed that the downreg-
ulation of PD-L1 on mTORCI suppression was reversed
after knocking down Beclinl (online supplemental figure
6). These results suggested that mTORCI suppression
induces the autophagic degradation of PD-L1 in HCC
cells with p53 LoF.

Bidirectional regulation of PD-L1 by mTORC1 suppression in
HCC with different p53 statuses in vivo

To verify the bidirectional regulation of PD-L1 by
mTORCI suppression in HCC with different p53 statuses
in vivo, we constructed a mouse model by injecting Trp53-
knockdown AAV followed by delivery of c-Myc and NRas
oncogenic plasmids (figure 5A). Trp53 knockdown mice
had larger tumor areas and heavier livers, while the tumor

burden was reduced in Trp53 knockdown mice adminis-
tered everolimus (figure 5B-D). In Trp53 wild-type mice,
PD-L1 was upregulated with everolimus administration.
In Trp53 knockdown mice, PD-L1 was downregulated with
everolimus administration (figure 5E,F). CyTOF analysis
and flow cytometry indicated that infiltration of CD8" T
cells was significantly decreased in Trp53 wild-type tumors
after everolimus administration but slightly increased in
Trp53 knockdown tumors after everolimus administra-
tion (figure 5G,H), which was consistent with the PD-L1
expression results. The above results validated the bidi-
rectional regulation of PD-L1 by mTORCI suppression in
HCC with different p53 statuses in vivo.

Treatment efficacy of the mTOR inhibitor and «PD-L1 antibody
combination depends on TP53 status in HCC

The mouse HCC cell lines H22 and Hepal-6 were
assessed by DNA exon sequencing. The results indicated
that H22 was genetically Trp53 wild type and Hepal-6
was genetically Trpb3 mutant. However, western blot-
ting showed that H22 cell did not express p53 protein
(online supplemental figure 7). Thus, we defined H22
as a mouse HCC cell line with p53 LoF. Similar to the
results in human HCC cells, PD-L1 was downregulated
by mTORCI suppression in H22 cell with p53 LoF, while
PD-L1 was upregulated by mTORCI suppression in H22
cell overexpressing pb53 (figure 6A,B). We used H22
cells to establish the subcutaneous tumor model and the
orthotopic tumor model (figure 6C). Mice were intra-
peritoneally injected with oPD-L1 and/or everolimus
by gavage. In Trpb3-overexpressing H22 subcutaneous
tumors, compared with the control or single drug treat-
ments, the combination of oPD-L1 and everolimus led to
significant inhibition of tumor growth (figure 6D, F and
H). The tumor volume of the combination group was
reduced by 76.1%, and the tumor weight was reduced by
75.5% compared with that in the control group. In addi-
tion, the combination group also had significantly supe-
rior survival compared with the control or single drug
groups in Trpb3-overexpressing H22 orthotopic tumor
model (figure 6]). In H22 subcutaneous tumors with p53
LoF, the combination of aPD-L1 and everolimus did not
effectively inhibit tumor growth compared with thatin the
control or single drug groups (figure 6E,G,I). No survival
difference was observed among the four groups in H22
orthotopic tumor model with pb3 LoF (figure 6K). In
addition, there was no difference in the weight of mice
between different groups, suggesting that the drug had
little adverse effect (figure 6L,M).

In Trp53-overexpressing H22 tumors, PD-L1 was
significantly upregulated in groups administered evero-
limus (figure 6N,P). E2F1 was also upregulated in mice
treated with everolimus. In addition, the levels of tumor-
infiltrating CD8" T cells were significantly decreased in
the everolimus group but increased in the aPD-L1 group
and combination group compared with the control
group (figure 6PR). In p53 LoF H22 tumors, PD-L1
was downregulated in groups administered everolimus
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Figure 4 Mammalian target of rapamycin complex 1 suppression induces autophagic degradation of PD-L1 in HCC cells
with p53 loss-of-function. (A) TP53 wild-type cells (SK-HEP-1, HepG2) with TP53 knockdown and TP53 loss-of-function cells
(Hep3B, Li-7) were treated by everolimus or sirolimus. PD-L1 messenger RNA expression of each group was detected by
gRT-PCR. (B) The fold change in the relative luciferase activity was examined in HCC cells treated with everolimus. (C) TP53
loss-of-function cells (Hep3B, Li-7) were treated with everolimus or sirolimus. Then, the cells were treated with or without
MG132 (10uM) for 2 hours. The protein levels of p-p70s6k and PD-L1 were analyzed by western blotting. f-actin was used

as the loading control. (D) SK-HEP-1, HepG2 with TP53 knockdown and Hep3B, Li-7 were treated with everolimus, sirolimus
and CQ alone or in combination for the indicated time. The protein levels of PD-L1, E2F1, p70s6k, p-p70s6k, 4E-BP1, p-4E-
BP1, p62 and LC3 were analyzed by western blot. f-actin was used as the loading control. (E) Autophagosomes as revealed
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knockdown and everolimus (siBeclin 1+EVE). Yellow arrows, autophagosomes. (F) The numbers of autophagosomes in each

group were determined. *p<0.05, compared with the DMSO groups (A, B, G). CQ, autophagy inhibitor chloroquine; DMSO,
Dimethylsulfoxide; HCC, hepatocellular carcinoma; MG132, proteasome inhibitor; PD-L1, programmed death ligand 1; RT-
gPCR, Real Time Quantitative Polymerase Chain Reaction; SRL, sirolimus.

(figure 60,Q). The level of tumor-infiltrating CD8" T cells
was slightly increased in the everolimus group and signifi-
cantly increased in the oPD-L1 group and combination
group compared with the control group (figure 6Q),S).
The above results proved the bidirectional regulation of
PD-L1 by mTORCI suppression in HCC with different
pb3 status in vivo and indicated that combination therapy
with an mTOR inhibitor and oPD-L1 may significantly
improve the prognosis of p53 wild-type HCC.

Clinical significance of TP53 status and E2F1 in patients with
HCC

TP53 mutations in 97 patient with HCC samples after
surgery were detected by Sanger sequencing. Forty-seven
(48.5%) samples were TP53 wild-type, and 50 (51.5%)
samples were TP53 mutant. Clinical characteristics are
shown in online supplemental table 1. We found that
TP53 mutations in these HCC tissues are mainly p53
LoF mutations, including missense mutations, frame
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p53 statuses in vivo. (A) Process of plasmid-induced mouse HCC model construction and drug administration. Mice were
divided into four groups, including Trp53 wild-type mice administrated with (WT EVE) or without (WT DMSO) everolimus, Trp53
knockdown mice administrated with (shTrp53 EVE) or without (shTrp53 DMSO) everolimus. (B) Representative images of liver
tumors of the four groups. (C-D) Liver weight and the largest tumor diameters of the four groups were measured. (E) The protein
level of PD-L1 and p-p70s6k in mouse tumors was detected by western blotting. 3-actin was used as the loading control

for western blotting. (F) IHC staining of PD-L1 expression in mouse tumor tissues. (G) t-SNE maps of CD8" T-cell clusters
distribution in mouse tumors of the four groups. Percentages of CD8" T cells in mouse tumors of each group. (H) CD45*, CD3*
and CD8* T cells extracted from mouse tumors were analyzed by flow cytometry. Percentages of CD8" T cells in the four
groups. *p<0.05, compared with the WT DMSO (C, D, E, F) or shTrp53 DMSO (E, F) groups. AAV, adreno-associated virus; EVE,
everolimus; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; PD-L1, programmed death ligand 1; RT-qPCR, Real
Time Quantitative Polymerase Chain; t-SNE, t-Distributed Stochastic Neighbor Embedding; WT, wild-type.
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Figure 6 Treatment efficacy of mammalian target of rapamycin complex 1 inhibitor and aPD-L1 antibody combination

depends on TP53 statuses in HCC. (A-B) H22, the mouse HCC cell, with or without TP53 overexpression were treated with
everolimus or sirolimus. The level of PD-L1, p-p70s6k, p53 were detected by western blot (A) and flow cytometry (B). B-actin
was used as the loading control for western blot. (C) Process of subcutaneous tumor xenograft model and orthotopic tumor
model construction and drug administration. Mice were administered with anti-PD-L1 antibody and everolimus alone or in
combination. (D-I) Comparison of H22 tumors (D, E) tumor volume (F, G) and tumor weight (H, 1) in different groups were
shown. (J-0) Survival analysis was performed among different groups (J, K). Mouse weight was measured before sacrifice (L,
M). The level of PD-L1, p-p70s6k, E2F1 protein were detected by western blot (N, O). B-actin was used as the loading control
for western blotting. (P-Q) Immunohistochemistry staining of PD-L1 and CD8 expression in the tumor tissues of each group.
(R-S) CD45*, CD3* and CD8* T cells extracted from mouse tumors were analyzed by flow cytometry. Percentages of CD8" T
cells in each group. *p<0.05, compared with the IgG group. DMSO, Dimethylsulfoxide; EVE, everolimus; HCC, hepatocellular
carcinoma; MFI, mean fluorescent intensity; PD-L1, programmed death ligand 1; SRL, sirolimus.

shift mutations and non-sense mutations. Thus, TP53
mutations in patients with HCC in this study are actually
p53 LoF mutations. HCC samples underwent multicolor
fluorescence staining. The results indicated that TP53-
mutant HCC has higher PD-L1 expression and less CD8"
T-cell infiltration (figure 7A) than TP53 wild-type HCC.
However, E2F1 expression was not correlated with TP53
mutation status (TP53 wild-type vs TP53 mutant) in HCC.

Patients were grouped according to the immunoreac-
tive scores of E2F1 and TP53 status. Clinical characteris-
tics are shown in online supplemental tables 2-4. In TP53
wild-type HCC, PD-LI levels were significantly higher in
patients with high E2F1 levels than in patients with low
E2F1 levels; CD8 levels were significantly lower in patients
with high E2F1 levels than in patients with low E2F1 levels
(figure 7B). In TP53-mutant HCC, no difference was
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Figure 7 Clinical significance of TP53 status and E2F1 in patients with HCC. (A) Tumor tissues from patients with HCC were
isolated and infiltrated CD8 (green), PD-L1 (red) and E2F1 (pink) were stained. (B-C) Comparison of IRS score of PD-L1 and
CD8 between E2F1 low expression group and high expression groups in different TP53 statuses were shown. (D-G) OS of
patients with HCC after surgery based on the TP53 statuses and level of E2F1 in HCC was evaluated by the Kaplan-Meier
method. (H) Graphical summary of the bidirectional regulatory mechanisms of PD-L1 in HCC. HCC, hepatocellular carcinoma;
IRS, Immune Reactive Score; mTOR, mammalian target of rapamycin; mTORC1, mammalian target of rapamycin complex 1;
PD-1, programmed death 1; PD-L1, programmed death ligand 1; OS, overall survival; WT, wild-type.

observed in PD-L1 levels between the two groups, but CD8
levels were significantly higher in patients with high E2F1
levels than in patients with low E2F1 levels (figure 7C).
These results suggest that the regulatory mechanism
among E2F1, PD-L1 and CD8 in TP53 wild-type HCC was
consistent with that in HCC cell lines and mouse models.

We further investigated the clinical significance of TP53
status and E2F1 in predicting the survival of patients with
HCC after surgery. Patients were grouped by TP53 status
and E2F1 expression level, and their clinical characteristics

are shown in online supplemental table. No difference
in OS was observed between TP53 wild-type patients and
TP53 mutant patients (figure 7D) or between patients with
low and high E2F1 levels (figure 7E). However, in patients
with TP53 wild-type HCC, patients with low E2F1 levels
had significantly superior OS compared with patients
with high E2F1 levels (figure 7F). High E2F1 level was
an independent risk factor for OS (HR=2.906, p=0.042)
among patients with TP53 wild-type HCC (online supple-
mental table 6). In patients with TP53-mutant HCC, no

Yu J, et al. J Immunother Cancer 2023;11:6007479. doi:10.1136/jitc-2023-007479

11


https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479
https://dx.doi.org/10.1136/jitc-2023-007479

difference in OS was observed between the two groups
(figure 7G, online supplemental table 7).

In this study, our results revealed the bidirectional regu-
latory mechanism of PD-L1. To summarize, in TP53 wild-
type HCC cells, mTORCI suppression promotes PD-L1
expression, while in HCC cells with p53 LoF, mTORCI1
suppression promotes PD-L1 degradation. Mechanis-
tically, mTORCI suppression weakens the interaction
between p53 and E2F1 and leads to increased E2F1 entry
into the nucleus, further promoting the transcription of
PD-L1 in TP53 wild-type HCC cells. On the other hand,
mTORCI suppression induces the autophagic degrada-
tion of PD-L1 in HCC cells with p53 LoF (figure 7H).

DISCUSSION

Molecular targeted drugs and immunotherapy have facili-
tated great breakthroughs in the treatment of patients with
HCC.” " * However, the efficiency and response rate of
these treatments alone are limited and vary among different
patients with HCC due to tumor heterogeneity." Thus, the
combined use of multiple therapies has received more atten-
tion clinically®' Nevertheless, using combination therapies
blindly does not bring benefit to all patients. Clinicians are
facing challenges regarding the development of individual-
ized and precise treatment for patients with HCC. Therefore,
research on treatment efficacy-oriented molecular charac-
teristics or molecular subtyping of HCC is urgently needed
to find effective drugs or therapies in clinical practice and to
develop new treatment strategies for treating HCC precisely
in the future.

Research has demonstrated that mutations in key genes
can lead to changes in the tumor microenvironment and
cause immune evasion, which can greatly influence the
efficacy of immunotherapy.'>"® Dong et al reported that
KRAS/TP53 mutation in human lung adenocarcinoma is
significantly associated with increased PD-L1 expression
and CD8" Twcell infiltration, and patients with KRAS/
TP53-mutant lung adenocarcinoma had a better response
to PD-1 blockade immunotherapy and significantly better
prognosis than those with wild-type cancer.” Based on
the largest original multiomics data set on triple-negative
breast cancer, Xiao et al found an “innate immune-
inactivated” cluster with resting innate immune cell and
non-immune stromal cell infiltration. This cluster is char-
acterized by inactivation of innate immunity and low
tumor antigen burden contributing to tumor immune
escape, and inclusion in this cluster is directly correlated
with mutations in the PISK-AKT pathway.” Similarly,
HCC is a tumor with a high incidence of mutations. TP53
gene mutation is the most common mutation in HCC.
Genome-wide analysis of large-scale public databases
showed that the mutation rate of TP53 in HCC ranges
from 29.1% to 58.0%."" " In our study, 63 of 114 patients
with HCC (55.3%) had p53 LoF mutations. Therefore,
the changes in the tumor microenvironment caused by
TP53 mutation deserve great attention. Our findings
suggest that TP53-mutant HCC had a lower level of CD8"

T-cell infiltration and higher PD-L1 expression levels than
TP53 wild-type HCC, indicating that TP53 mutation may
represent a state of adaptive immune resistance and high
immunogenicity. These results are helpful to address the
association among TP53 mutation in tumors and PD-L1
expression levels as well as with the CD8+ T-cell infiltra-
tion. In addition, due to the widespread mutation of TP53
in cancer, similar regulatory mechanisms may also exist
in other tumors, which deserves further basic, preclinical
and clinical research. However, other gene mutations can
also coexist with TP53 mutations; these include CTNNB1
and TERT mutations, which may also cause changes in the
tumor microenvironment.** * Therefore, more compre-
hensive analysis of the HCC microenvironment based on
key gene mutations is needed.

mTOR is a serine/threonine protein kinase that regu-
lates cell growth and metabolism, of which mTORCI is the
main form.” Previous research has reported activation of
the mTOR pathway after TP53 mutation in tumor cells and
the important role of the mTOR pathway in regulating the
tumor microenvironment.?” 2 However, several studies have
reported the regulatory relationship between PD-L1 and
mTOR pathway in renal cell carcinoma, lung cancer, ovarian
cancer and melanoma.*' Our study is the first to explore
the mechanism of PD-L1 regulation via the mTOR pathway
in the context of different gene mutation backgrounds in
HCC. The results of our study indicate that it is important to
consider different gene backgrounds and key signaling path-
ways together to comprehensively explore tumor behavior
and the microenvironment due to cancer heterogeneity,
especially in HCC.

mTOR inhibitors have demonstrated antitumor
effects and are widely used for cancer treatment; for
example, they are used for the treatment of renal cell
carcinoma and for immunoregulation after transplan-
tation.” ** Several clinical trials have also assessed its
antitumor effects for advanced HCC. However, due to
unsatisfactory results, they have not yet been approved as
a treatment for HCC.* The international, randomized,
phase 3 study, EVOLVE-1, was intended to assess the effi-
cacy of everolimus in patients with advanced HCC after
sorafenib treatment failure.”* This study totally enrolled
546 patients with HCC whose disease progressed during
or after sorafenib or who were intolerant of sorafenib.
Among them, 362 patients were randomized to the ever-
olimus group and 184 patients to the placebo group. No
benefitwas observed in the everolimus group. The median
OS was 7.6 months in the everolimus group compared
with 7.3 months in the placebo group, and median time
to progression were 3.0 months and 2.6 months, respec-
tively. Another randomized multicenter, multinational
phase 2 trial, SAKK 77/08 and SASL 29, was to investi-
gate the efficacy of the combination of sorafenib plus
everolimus compared with sorafenib alone in treating
advanced HCC.™ A total of 106 patients were randomly
grouped to the sorafenib group (46 patients) and the
sorafenib plus everolimus group (60 patients). Median
progression-free survival (6.6 vs 5.7 months), time to
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progression (7.6 vs 6.3 months), duration of disease stabi-
lization (6.7 vs 6.7 months), and OS (10 vs 12 months)
were similar between the two groups, respectively. Thus,
no evidence was found that the combination of sorafenib
and everolimus improves the efficacy compared with
sorafenib alone. Previous clinical trials have focused on
the efficacy of mTOR inhibitors as monotherapy or in
combination with traditional molecular targeted drugs
such as sorafenib. As anti-PD-1 and anti-PD-LI antibodies
show better efficacy in treating HCC than molecular
targeted drugs, researchers are paying more attention to
immunotherapy. The IMbravel50 trial reported that the
PD-L1 inhibitor atezolizumab combined with the antian-
giogenic drug bevacizumab significantly prolonged the
overall survival and reduced the death risk of patients
with unresectable HCC by 42% compared with sorafenib
alone.” However, only about one-third of patients present
a response to immunotherapy.”® How to improve the
response rate, efficacy and precision of immunotherapy
is currently an urgent problem to be solved. A variety of
combined use schemes are currently being studied in
basic research. But, there is no clinical trial conducted on
the combination of everolimus and immunotherapy for
advanced HCC at present. Our findings demonstrate that
the gene mutation status of TP53 can guide the combined
use of mTOR inhibitors and anti-PD-L1 antibodies. This
study may support the reconsideration of mTOR inhibi-
tors for treating HCC and represents a new step toward
the application of precision immunotherapy for HCC. In
this study, the combination of an mTOR inhibitor and
an anti-PD-L1 antibody significantly suppressed tumor
growth and prolonged the survival of mice with TP53
wild-type HCC. Based on our results, mTOR inhibitors
represent a new opportunity for treating TP53 wild-type
HCC and can enhance the effects of anti-PD-L1 antibody
treatment.

Research has revealed that the proportion of patients
with HCC receiving mTOR inhibitors after liver transplant
ranges from 37.2% to 42.2%.%” * The bidirectional regu-
latory mechanism of PD-L1 mediated by TP53/mTORCI1
in this study has guiding significance for clinical practice
and is helpful in preventing tumor recurrence after liver
transplantation for HCC. However, the use of PD-LI anti-
body after transplantation has a risk of inducing rejec-
tion.* Therefore, further research is still needed.

E2F1, as a transcriptional activator, is a member of the
transcription factor E2F family that regulates cell progres-
sion, division and genome replication.” The most classic
axis is the cyclin-dependent kinase/RB/E2F axis. In the
present study, we found an interaction between E2F1 and
p53 in HCC, which is not involved in the classic pathway.
Previous studies reported that the interaction of E2F1 and
pb3 can influence their respective functions.* ™ Fogal et al
reported that the amino terminal domain in E2F1 binds to
amino acid residues of p53, enhancing nuclear retention
of p-p53.* In another case, the E2F1-p53 complex bound
to the E2F target. Zhou et al reported that p53 interacts
with E2F1 to form the pb3-E2F1-DNA complex, which

suppresses E2F1-dependent PLKI expression, leading to
apoptosis in response to DNA damage.*” Although some
studies have reported the cancer-promoting function of
E2F1 and its binding with p53, its regulatory effects on
PD-L1 expression and immune evasion have not been
reported.” * In our study, we found that p53 can bind
with E2F1 in the cytoplasm, obstruct its entry into the
nucleus and suppress its transcriptional activation in
TP53 wild-type HCC cells. mTORCI suppression disrupts
the binding and promotes the nuclear translocation of
E2F1. Thus, E2F1 binds to the PD-L1 promoter, facili-
tating its transcription and modulating immune evasion.
Therefore, E2F1 might be a potential target for immu-
notherapy. However, our study did not determine how
mTORCI1 suppression disrupts the binding of p53 to
E2F1, which deserves further exploration.

In addition, E2F1 does not play a regulatory role in
TP53-mutant HCC. mTORCI-mediated autophagic degra-
dation of PD-L1 plays a major role in this circumstance.
For TP53-mutant HCC, compared with monotherapy,
the combination of mTOR inhibitor and anti-PD-L1 anti-
body did not show a superior benefit. Therefore, other
strategies to improve treatment efficacy for these patients
remain to be explored.

In summary, we revealed the mechanism of bidirec-
tional regulation of PD-L1 mediated by TP53/mTORCI
in HCC and its effect on modulating immune evasion.
These data provide strong evidence for the combined
use of mTOR inhibitors and anti-PD-L1 antibodies in
the clinic, which can be a novel and promising immuno-
therapy strategy for TP53 wild-type HCC. Further clinical
trials are needed due to the complexity and heteroge-
neity of HCC in humans.
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