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Highlights Impact and implications

� 15-PGDH downregulation in the background liver is

correlated with the occurrence of MASH-HCC.

� The accumulation of PGE2 mediated by 15-Pgdh
downregulation promotes hepatocyte proliferation.

� 15-Pgdh downregulation in murine hepatocytes
promotes lipid accumulation in the TME.

� Lipid accumulation in the TME reduces mitochon-
drial activity and causes CD8+ T-cell exhaustion.
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The suppression of PGE2-related inflammation and
subsequent lipid accumulation leads to a reduction in
the severity of MASH and inhibition of subsequent
progression toward MASH-HCC.
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Background & Aims: Hepatocellular carcinoma (HCC) mainly develops from chronic hepatitis. Metabolic dysfunction-
associated steatohepatitis (MASH) has gradually become the main pathogenic factor for HCC given the rising incidence of
obesity and metabolic diseases. 15-Hydroxyprostaglandin dehydrogenase (15-PGDH) degrades prostaglandin 2 (PGE2), which
is known to exacerbate inflammatory responses. However, the role of PGE2 accumulation caused by 15-PGDH downregulation
in the development of MASH-HCC has not been determined.
Methods: We utilised the steric animal model to establish a MASH-HCC model using wild-type and 15-Pgdh+/− mice to assess
the significance of PGE2 accumulation in the development of MASH-HCC. Additionally, we analysed clinical samples obtained
from patients with MASH-HCC.
Results: PGE2 accumulation in the tumour microenvironment induced the production of reactive oxygen species in mac-
rophages and the expression of cell growth-related genes and antiapoptotic genes. Conversely, the downregulation of fatty
acid metabolism in the background liver promoted lipid accumulation in the tumour microenvironment, causing a decrease in
mitochondrial membrane potential and CD8+ T-cell exhaustion, which led to enhanced development of MASH-HCC.
Conclusions: 15-PGDH downregulation inactivates immune surveillance by promoting the proliferation of exhausted effector
T cells, which enhances hepatocyte survival and proliferation and leads to the development of MASH-HCC.
Impact and implications: The suppression of PGE2-related inflammation and subsequent lipid accumulation leads to a
reduction in the severity of MASH and inhibition of subsequent progression toward MASH-HCC.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Hepatocellular carcinoma (HCC) accounts for approximately 90%
of all liver cancers, and despite breakthroughs in medical and
surgical treatment in recent years, its 5-year survival rate is still
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only 18%, making HCC the second deadliest cancer after pancre-
atic cancer.1 More recently, the terms metabolic dysfunction-
associated fatty liver disease (MAFLD) and metabolic
dysfunction-associated steatohepatitis (MASH) have been intro-
duced to replace the previous nomenclature of non-alcoholic
fatty liver disease (NAFLD) and non-alcoholic steatohepatitis
(NASH). The adoption of these new terms is widely supported
because of their non-stigmatising nature and potential to
enhance awareness and patient identification.2 Moving forward,
we will use the terms MAFLD and MASH to refer to what was
previously recognised as NAFLD and NASH. MAFLD is a common
aetiology of HCC, which is diagnosed in approximately a quarter
of the global population given the rising incidence of obesity and
metabolic diseases.3 MAFLD is often associated with other ail-
ments, such as chronic metabolic liver disease, and can progress
to more severe forms of liver disease, such as MASH, which is
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accompanied by severe hepatocellular injury with steatosis
characterised by inflammation and ballooning. At least 25% of
MAFLD cases are believed to develop into MASH.4,5

Many reports have shown that chronic precancerous inflam-
mation or tumour microenvironment (TME)-related inflamma-
tion caused by tumour cells plays a "combustion-supporting"
role in cancer development, which is one of the characteristics of
cancer progression.3,6 Long-term chronic inflammation can lead
to the accumulation of inflammatory cells and mediators in he-
patic tissues. Prostaglandin E2 (PGE2) is an important mediator
involved in inflammation and is synthesised from arachidonic
acid by cyclooxygenase 2 (COX-2). PGE2 participates in various
inflammatory activities in the human body7 and contributes to
tumour initiation and progression.8 15-Hydroxyprostaglandin
dehydrogenase (15-PGDH) is an enzyme that degrades PGE2
and a tumour suppressor located upstream of the COX2/PGE2
signalling pathway.9 Although several studies have shown the
functions of 15-PGDH in cancer tissue,10,11 the impact of 15-
PGDH on the occurrence of MASH-HCC remains unknown.

The advent of immunotherapy, which aims to reactivate
antitumour T cells, has revolutionised cancer treatment.12

Although nivolumab and pembrolizumab have been approved
for the treatment of advanced HCC, a recent study revealed that
in MASH-HCC, anti-programmed death receptor (PD-1) drugs
conversely promote HCC development resulting from an
impairment of immune surveillance and induction of MASH-
related aberrant CD8+ T-cell activation, which causes tissue
damage.13 Although MASH-HCC progression undoubtedly in-
volves an inflammatory response and inflammatory signalling, it
is unclear whether PGE2 signalling has an important role in
CD8+ T-cell activation during MASH-HCC development. The
present study was conducted to explore the relationship be-
tween PGE2 accumulation caused by 15-PGDH downregulation
and MASH-HCC development mediated by inflammatory
signalling.

Materials and methods
Patients and tissue samples
A total of 1,273 patients with HCC who underwent radical hep-
atectomy at Kumamoto University Hospital (Kumamoto, Japan)
between April 2000 and December 2015 were initially enrolled.
Among the 1,273 patients with HCC, 1,125 patients with viral
hepatitis and 48 patients who reported alcohol consumption of
>−20 g/day for women and >−30 g/day for men were excluded
based on the MAFLD/MASH criteria. Ultimately, 100 patients
with MASH-HCC were eligible for this study. H&E staining and
immunohistochemical (IHC) staining were performed on liver
resection specimens from eligible patients. Preoperative blood
test data and survival information were obtained from patient
medical records. All patients signed an informed consent form
prior to participation in this study, and the study was approved
by the Medical Ethics Committee of Kumamoto University (IRB
approval number: 1291).

Animal statement and steric animal model (STAM) mouse
model
All animal studies were designed in accordance with the
Declaration of Helsinki and were approved by the Kumamoto
University Ethics Committee for Animal Experiments (Approval
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number: A28-052). Efforts were made to meet the scientific
goals of this study with a minimum number of animals. Mice
were randomly assigned to the control and experimental groups
for subsequent drug treatment. MASH-HCC was induced in male
mice by a single subcutaneous injection of 100 lg STZ (Catalogue
#S0130, Lot #031M1287 V; Sigma‒Aldrich) solution (50 mg/ml)
2 days after birth, followed by feeding a high-fat diet (HFD;
57 kcal% fat, Catalogue #HFD32; CLEA Japan Inc, Japan) available
ad libitum from 4 to 15–20 weeks of age; the mice were eutha-
nized when 15- and 20-weeks-old. The sequence of the 15-Pgdh-
deficient mouse gRNA we used to generate a 15-Pgdh-deficient
line was as follows: 50-TGCTCCATGGCGCCAAGGTA-30; the target
site was located between exon 1 and intron 1 of the 15-Pgdh
gene.14 Homozygous mice carrying the 15-Pgdh mutant allele
were crossed with wild-type (WT) mice to obtain 15-Pgdh–het-
erozygous mice. We utilised 15-Pgdh+/- littermates and 15-Pgdh+/
+ littermates as the wild-type (WT) control groups.

Evaluation of the MAFLD activity score
The activity of MASH/MAFLD was evaluated using the MAFLD
activity scoring system (MAS). Briefly, the MAS comprises four
semiquantitative items: steatosis (0–3), lobular inflammation
(0–2), hepatocellular ballooning (0–2), and fibrosis (0–4).15 MAS
was generated by evaluating H&E-stained slides.

Immunostaining and scoring methods
Paraffin-embedded sections (4 lm) obtained from patients with
MASH-HCC or STAM mice were deparaffinised and soaked in
distilled water. Autoclave-induced antigen retrieval was per-
formed. Endogenous peroxidase activity was blocked using 3%
hydrogen peroxide. Sections were incubated with primary anti-
bodies against 15-PGDH (ab187161, Abcam), CD86 (#19589, Cell
Signalling Technology, Trask Lane, Danvers, MA), CD163
(ab182422, Abcam), Ki-67 (AB_11219741, Spring Bioscience,
Pleasanton, CA, USA) overnight at 4 �C. The sections were sub-
sequently incubated with a biotin-free HRP enzyme-labelled
polymer using the Envision Plus detection system (Dako,
Tokyo, Japan) for 1 h at room temperature. Positive reactions
were visualised using a diaminobenzidine solution, followed by
counterstaining with Mayer’s haematoxylin. All immunohisto-
chemistry (IHC) staining was scored by both the intensity and
percentage of cell staining. The average intensity of positively
stained cells was given an intensity score from 0 to 3 (0: none, 1:
weak, 2: moderate, and 3: strong expression). The average pro-
portion of positively stained cells was estimated and given a
percentage score on a scale from 1 to 6 (1, 0–5%; 2, 6–20%; 3.
21–40%; 4, 41–60%; 5, 61–80%, and 6, 81–100%). The two scores
were multiplied to characterise 15-PGDH, CD163, CD86, PD-1
and Ki-67 expression as low (0-7) or high (8–18). Sirius Red
staining was performed to assess liver fibrosis. Briefly, sections
were stained with a 0.1% Sirius Red-1.3% picric acid solution
(Muto Pure Chemicals Co. Ltd., 33061, Japan) and quickly rinsed
with acetic acid (0.5%). The positively stained area was measured
as a percentage. All scoring assessments were performed inde-
pendently by two investigators.

Oil Red O staining
Adipocytes and neutral fat were stained with an Oil Red O stock
solution (Muto Pure Chemicals Co., Ltd, 40491, Japan). Briefly,
2vol. 5 j 100892



frozen mouse liver sections (15 lm) were incubated with 1 ml of
Oil Red O solution (Oil Red O stock solution: distilled water = 6:4)
for 15 min at room temperature, washed with 60% isopropanol,
stained with a haematoxylin solution to visualise cell nuclei, and
finally mounted with a water-based mounting medium.

Preparation of single-cell suspensions
The protocol for cell isolation and fluorescence-activated cell
sorting (FACS) analysis using mouse samples was described in a
previous study.16 In brief, livers were surgically excised from 15-
week-old STAM mice, minced, and dissociated in medium con-
taining Dri Tumor & Tissue Dissociation Reagent (BD HorizonTM,
USA) according to the manufacturer’s protocol. The cell suspen-
sions were passed through a 70-lm cell strainer (CORNING,
Falcon, USA), haemolysed with VersaLyse (Beckman Coulter),
washed with PBS containing 2% FBS and 2 mM EDTA, and used in
subsequent experiments.

Flow cytometry
All cells were adjusted to a density of 1 × 106 cells/100 ll and
stained with Fixable Viability Stain 510 (BD HorizonTM, USA)
prior to surface antibody staining. Purified rat anti-mouse CD16/
CD32 (Mouse BD Fc BlockTM,BD HorizonTM, USA) was used for
subsequent Fc blocking. Antibodies for surface staining were
diluted in PBS containing 2% FBS and 10% mouse serum and
incubated for 30 min at 4 �C. The samples were then fixed using
fixation buffer (BD HorizonTM, USA). For intracellular staining,
cells were permeabilised with 1x eBioscienceTM Permeabiliza-
tion Buffer (Thermo Fisher Scientific, USA) for 15 min at room
temperature, and then antibodies for intracellular staining were
diluted in the same permeabilization buffer and incubated for
30 min at 4 �C. Data acquisition was performed using a BD
FACSVerseTM (BD HorizonTM, USA), collecting 50,000 FVS510-
CD45+ events per sample when possible. FlowJoTM software
v10 (BD HorizonTM, USA) was used to analyse the acquired data.
The antibodies used in this study are listed in Table S1.

Quantitative reverse transcription-PCR
Total RNA was extracted from dissociated cells using the miR-
Neasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Complementary DNA (cDNA) was
reverse transcribed from the isolated total RNA using SuperScript
III, RNaseOUT, Recombinant Ribonuclease Inhibitor, Random
Primers and Oligo(dT)12–18 Primer (Thermo Fisher Scientific,
USA). mRNA expression was quantified using SYBR Green. Re-
actions were performed using a LightCycler 480 System II (Roche
Diagnostics, Belarus). All qRT–PCR data are displayed as the
means ± standard errors (SEs) of the mean. The primer se-
quences are listed in Table S2.

Western blotting analysis
Homogenised cells from the background liver of STAMmice were
lysed with RIPA buffer containing a protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific, USA). The lysate was
sonicated, debris was removed by centrifugation, and the su-
pernatant was collected as the whole-cell lysate. Protein samples
were subjected to SDS‒PAGE, transferred to polyvinylidene
difluoride membranes, and blotted with primary antibodies
JHEP Reports 2023
(ab187161, Abcam) in Can Get Signal Solution 1 (Toyobo) at 4 �C
overnight. Signals were detected after incubation with anti-
rabbit or anti-mouse secondary antibodies in Can Get Signal
Solution 2 at room temperature for 1 h using an ECL Detection
System (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Band signals were quantified with ImageJ software (ImageJ,
RRID: SCR_003070).

ELISA
The protein levels of PGE2 were measured by a PGE2-EIA
Monoclonal Kit (Cayman Chemical Company, USA) using condi-
tioned medium. The assay procedure followed the manufac-
turer’s protocol.

Monocyte isolation, macrophage induction, and reactive
oxygen species assay
Peripheral blood mononuclear cells (PBMCs) were isolated from
fasting blood samples collected from healthy human donors.
Subsequently, monocytes were isolated from the PBMCs by
immunomagnetic negative selection using the EasySepTM Hu-
man Monocyte Enrichment Kit (StemCell Technologies, Canada).
To induce M0 macrophages, isolated monocytes were suspended
in RPMI 1640 medium containing 10% heat-inactivated FBS and
50 ng/ml M-CSF (PeproTech, USA) and incubated at 37 �C with 5%
CO2. During differentiation culture, the medium was replaced
with the same medium every 2–3 days, and M0 macrophages
were induced for 7 days. The induced cells were detached with
EDTA-trypsin on Day 7 and incubated overnight after seeding at
1 × 106 cells/ml. On Day 8, the medium was changed to medium
containing 100 pM PGE2 (Cyman No. 14010, USA), and after
treatment for 6 h, reactive oxygen species (ROS) were labelled
using the DCFDA-Cellular ROS Assay Kit (Abcam) according to the
manufacturer’s protocol. Labelled ROS were measured and ana-
lysed via flow cytometry and FlowJo software as described above.

DNA isolation, whole-exome sequencing, and sequence
alignment
Genomic DNA was isolated from background liver tissue using a
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Exome capture libraries were
prepared following the instructions of the SureSelectXT mouse
all exon target enrichment system (Agilent Technologies). The
exome libraries were sequenced using a 125-base pair paired-
end read protocol on an Illumina HiSeq 2500. Sequencing
reads were trimmed using Cutadapt (v1.18) and Trimmomatic
(v0.39) and aligned to the reference genome GRCm38 (mm10)
using BWA (v0.7.17). Aligned reads were marked as duplicates
using Picard (v2.18.21) and SAMtools (v1.11), followed by base
recalibration using GATK (v4.1.1.0). The whole-exome sequencing
data were deposited in the DDBJ database under accession
number DRA016752.

Variant identification and mutational signature analyses
Single-nucleotide variants (SNVs) and indel variants were called
using Mutect2 (v4.1.1.0). No normal tail DNA samples corre-
sponding to the background liver samples were obtained in this
analysis. Therefore, normal liver samples from untreated 15-
Pgdh+/- mice (n = 3) were used as a control sample for compar-
ison to the samples from 15-Pgdh+/- (n = 3) and 15-Pgdh+/- (n = 6)
3vol. 5 j 100892
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Fig. 1. Low expression of 15-PGDH in the background liver indicates an increased recurrence rate for HCC and elevated MASH activity in patients with
MASH-HCC. (A) Representative IHC staining for 15-PGDH in the 4 groups (tumour:background = high:high (Group 1), high:low (Group 2), low:high (Group 3),
low:low (Group 4)). Scale bars, 100 lm. (B) OS and RFS of patients with MASH-HCC stratified into 4 groups. (C) Representative H&E staining of the background
liver of patients with MASH-HCC with high or low expression of 15-PGDH and the correlation between the MAS and 15-PGDH expression score. (D)
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STAM mice for SNV/indel detection with Mutect2. SNVs/indels
were filtered and annotated using SnpShift & SnpEff (v5.1).
GRCm38.74 obtained using SnpEff was used for the annotation
file. Nonsynonymous SNVs were confirmed by visual inspection
of aligned reads with IGV (v2.4.14). Mutation signature profiling
and fitting to SBS was performed using MutationalPatterns
(v3.6.0).17

RNA sequencing
RNA sequencing was performed following the established pro-
tocol described in a previous study conducted at Kumamoto
University (Kumamoto, Japan). The sequencing procedure was
performed by the Liaison Laboratory Research Promotion Center
at Kumamoto University. Total RNA was isolated using the
RNeasy Mini Kit (catalogue no. 74106, Qiagen, Hilden, Germany),
and the concentration and purity of the RNAwere assessed using
an Agilent 2100 bioanalyzer (Agilent). Only samples with an RNA
integrity number (RIN) greater than 8.0 were selected for
sequencing. For the sequencing analysis, a NextSeq 500 platform
(Illumina) was utilised, and the obtained data were converted to
the Fastq format for further analysis. The quality of the data was
determined by Trim galore (v0.5.0). The filtered reads were then
mapped to the GRCm38 reference genome using STAR (v2.6.0).
Transcripts per million mapped reads (TPM) values were calcu-
lated using RSEM. The RNA-sequencing data were deposited in
the DDBJ database under accession number DRA016740. The R
package: DESeq2 (1.36.0) and edge (v3.38.2) were used to anal-
yse the differentially expressed genes (DEG) between two groups
of STAM mice and the R package ggplot2 (v3.3.6) and Complex
Heatmap (2.13.1) were used to visualise the difference analysis
results. P values <0.05 and |log2 FC| >1.5) were set as the cut-off
criteria and considered to indicate statistical significance. After
performing ID conversion on the input molecule list (ID con-
version library package: org.Hs.eg.db), the cluster Profiler pack-
age (ver.4.4.4) was used for enrichment analysis and ggplot2
(v3.3.6) for visualisation (R v4.2.1).

Analysis of Liver Cell Atlas and published datasets
The Liver Cell Atlas is a public database based on published liver
single-cell RNA sequencing datasets for humans and mice
generated in the laboratories of Charlotte Scott and Martin
Guilliams from the VIB-UGent Centre for Inflammation Research,
Belgium (https://www.livercellatlas.org/index.php). The 15-
PGDH gene (official symbol, HPGD) was selected, and the distri-
bution of mRNA expression in all human and mouse liver cells
was analysed.

Fluorescently labelled long-chain fatty acid treatment
Mice were injected intraperitoneally with 50 lg of fluorescently
labelled long-chain fatty acid (LCFA), specifically BODIPY FL C16
(Thermo Fisher Scientific, USA), in 50 ll of DMSO. The mice were
euthanized 1 h after the treatment, and single-cell suspensions
Representative Sirius Red staining of the background liver of patients with MASH
the Sirius Red-positive areas between the groups of patients with MASH-HCC wit
Pearson’s correlations of 15-PGDH expression in the background liver with preop
<0.01 Mann–Whitney U test. 15-PGDH, 15-hydroxyprostaglandin dehydrogenase
tocellular carcinoma; IHC, immunohistochemistry; MAFLD, metabolic dysfunct
metabolic dysfunction associated steatohepatitis; ns, not significant; OS, overall
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were prepared from the mouse background liver as described
above. CD8+ T cells were then isolated from single-cell suspen-
sions using the EasySepTM Mouse CD8+ T Cell Isolation Kit
(StemCell Technologies, Canada), and BODIPY-C16+CD8+ T cells
were quantified by flow cytometry.
Palmitoleic acid (Plam) and oleic acid (Ole) treatment, cell
counting, and cell trace assay
CD8+ T cells were freshly isolated from single-cell suspensions of
splenocytes from WT mice using the EasySepTM Mouse CD8+ T-
Cell Isolation Kit (StemCell Technologies, Canada). The isolated
CD8+ T cells were cultured in 96-well microplates in complete
medium supplemented with Palmitoleic acid (Palm) / oleic acid
or a mixture of Palm and (BSA-Oleate (Sigma‒Aldrich, UAS) at
100 lM from Days 1 to 7. The CFSE assay was performed using
the CellTraceTM Violet Cell Proliferation Kit (Thermo Fisher Sci-
entific, USA) according to the manufacturer’s protocol. Cell Trace
Violet fluorescence detection and cell counting were performed
by flow cytometry. The data were analysed using FlowJo soft-
ware. During this culture experiment, T-cell activity was main-
tained with mouse interleukin (IL)-2 (BioLegend, CA, USA)
(100 lg/ml for the cell counting assay, 50 lg/ml for the cell trace
assay) and DynabeadsTM Mouse T-Activator CD3/CD28 for T-Cell
Expansion and Activation (Thermo Fisher Scientific, USA).
Measurement of the T-cell mitochondrial membrane
potential
T cells isolated from the spleen or liver were treated with or
without Tissue Dissociation Reagent (sBD HorizonTM, USA) for
10 min and then stained with 2 lM JC-1 and 10 lM CCCP as a
positive control for 30 min at room temperature for measure-
ment of the mitochondrial membrane potential. FACS analyses
were performed using a Symphony flow cytometer (sBD
HorizonTM, USA). The data were analysed using FlowJo software.
Statistical analysis
All experiments were performed in triplicate, and the data
shown are representative of consistent results. Data are pre-
sented as the mean± SE. The Mann–Whitney U test was used to
compare continuous variables between two groups. Categorical
variables were compared using the v2 test. Correlations were
evaluated by Pearson’s correlation coefficient analysis. Survival
curves were generated using the Kaplan–Meier method, and the
log-rank test was performed for survival analysis. Statistical
significance was defined as p values <0.05, and all data met the
assumptions of the statistical test used for distribution and
variance. Variance was not statistically significant in any of the
results. No statistical method was used to predetermine the
sample size for any of the in vitro or in vivo experiments. All
statistical analyses were performed with SPSS (v26, IBM Corp.)
and Prism software (v9.0.1, GraphPad, USA).
-HCC with high or low expression of 15-PGDH and quantitative comparison of
h high or low expression of 15-PGDH in the background liver (n = 10/group). (E)
erative serum AST, ALT, and TG levels in patients with MASH-HCC. *p <0.05, **p
; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCC, hepa-
ion associated fatty liver disease; MAS, MAFLD activity score (MAS); MASH,
survival (OS); RFS, recurrence-free survival (RFS); TG, triglycerides.
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For further details regarding the materials used, please refer
to the CTAT table.
Results
Patients with MASH-HCC with 15-PGDH downregulation in
the background liver showed a higher NAS and an increased
recurrence rate
We first selected 100 patients with MASH-HCC from a total
cohort of 1273 patients with HCC who underwent radical hepatic
resection by excluding 1125 patients with viral hepatitis and 48
patients with a long-term history of alcohol consumption. We
then performed IHC staining of liver tissues from 100 patients
with MASH-HCC to evaluate the expression of 15-PGDH using the
tumour area or peritumour area (background liver) of each
sample. Based on the expression of 15-PGDH, both the tumour
area and the background liver area of the 100 MASH-HCC sam-
ples were classified into 4 groups: tumour:background = high:-
high (Group 1, n = 56), high:low (Group 2, n = 100), low:high
(Group 3, n = 117), and low:low (Group 4, n = 144) (Table S1,
Fig. 1A, Fig. S1A).

We subsequently assessed the relationship between the 5-
year overall survival (OS) or the recurrence-free survival (RFS)
of patients with MASH-HCC and the expression levels of 15-
PGDH in the tumour area or background liver by Kaplan–Meier
analysis. Groups 2, 3, and 4, which were defined as patients
with 15-PGDH–low expression regardless of the tumour and
background liver, exhibited significantly shorter OS than that of
Group 1. Groups 2 and 3 showed no significant differences in OS.
Conversely, Group 2, which was defined as 15-PGDH–low only in
the background liver, showed a significantly shorter RFS than
that of Group 3 (Group 2 RFS: 12.0% vs. Group 3 14.53%, p =
0.0179). This finding suggests that when defined according to the
background liver expression, the downregulation PGDH is asso-
ciated with the occurrence of MASH-HCC (Fig. 1B).

Given the RFS outcomes determined by Kaplan–Meier anal-
ysis, we further examined the importance of 15-PGDH expression
in the background liver of patients with MASH-HCC. We first
compared MAFLD activity in the background liver of 15-PGDH–
high and 15-PGDH–low groups of patients MASH-HCC using the
MAS. The expression level of 15-PGDH was inversely correlated
with the MAS, and the liver fibrosis evaluated by Sirius Red
staining was higher in the 15-PGDH–low group than in the 15-
PGDH–high group (Fig. 1C and D). Moreover, the levels of
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and triglycerides (TG) in the preoperative blood samples
were significantly higher in the 15-PGDH–low group than in the
15-PGDH–high group (Fig. 1E). These findings suggest that 15-
each group (n = 12). Scale bars, 100 lm. (E) Representative H&E staining of well-d
MASH-like HCC from STAM 15-Pgdh+/- mice. The graph represents the percentage
WT group included the evaluation of 12 tumours from STAM WT mice (n = 6). Th
Pgdh+/- mice (n = 4). Scale bars, 100 lm. (F) Representative H&E staining of the ba
values in each group (n = 10). Scale bars, 100 lm. (G) Representative Sirius Red
represents the quantification of Sirius Red-positive areas for each group (n = 5). S
blood from STAM WT and 15-Pgdh+/− mice collected at 20 weeks of age (AST, ALT
hydroxyprostaglandin dehydrogenase; ALT, alanine aminotransferase; AST, aspar
BW, ratio of liver weight to body weight; MASH, MASH, metabolic dysfunction as
steric animal model; TG, triglycerides; WT, wild-type.
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PGDH downregulation in the background liver is correlated
with MASH-HCC occurrence and promotes MAFLD activity.

Moreover, according to the evaluation of the expression of 15-
PGDH in specimens exhibiting steatosis, fibrosis (background
liver) and at tumour sites, we found that the expression of 15-
PGDH in patients varied depending on their inflammatory sta-
tus. To further investigate this notion, we analysed 15-PGDH
mRNA expression using a public dataset from a previous study.18

This analysis focused on HCV-infected patient datasets to assess
the association with inflammation status more clearly. Our
analysis demonstrated a gradual decrease in 15-PGDH expression
according to the METAVIR Activity Grade, a score based on the
degree of inflammation and fibrosis. This finding provides
additional support for the association between the down-
regulation of 15-PGDH and inflammation (Fig. S1B). These find-
ings emphasise the importance of considering the inflammation
status derived from the downregulation of 15-PGDH.

MAFLD activity and MASH-HCC incidence were increased in
STAM 15-Pgdh+/− mice
To elucidate the significance of 15-PGDH downregulation in
MASH-HCC development, we first investigated the distribution
of 15-PGDH mRNA expression in all human and mouse liver cells
from the Liver Cell Atlas, which is a public database based on
published liver single-cell RNA sequencing datasets for humans
and mice. In the human liver, the 15-PGDH gene is primarily
expressed in hepatocytes, with only limited expression in
different immune cell types, such as T cells and basophils.
Conversely, in mice, the 15-Pgdh gene is expressed broadly,
although hepatocytes remain one of the major sources of its
expression (Fig. S2A–D). In our previous study, we examined the
impact of 15-Pgdh expression from macrophages in a mouse
model of pancreatic cancer. 15-Pgdh deficiency in macrophages
caused tumour proliferation and enhanced fibrosis.19 Therefore,
we utilised 15-Pgdh-deficient mice (15-Pgdh+/-, 15-Pgdh−/−) with
whole-body depletion, including hepatocytes and immune cells,
which could be more influenced by the expression of 15-Pgdh. As
we described in a previous report, 15-Pgdh−/− mice are born with
ductus arteriosus, and indomethacin treatment rescued these
mice after birth; however, the successful rescue rate was
extremely low.19 Almost all 15-Pgdh−/− mice died after 2 to 4
weeks during the process of MASH induction; therefore, we
decided to examine MASH-HCC development in 15 Pgdh+/− mice
in the present study. Moreover, we used the STAM to establish a
MASH-HCC model using WT and 15-Pgdh+/− mice following a
previous report (Fig. 2A).20 Western blotting analysis confirmed
that the expression of 15-Pgdh in liver tissues from STAM 15-
Pgdh +/− mice was significantly downregulated (Fig. 2B). Next,
ifferentiated HCC from STAM WT mice and moderately to poorly differentiated/
of tumours grouped by tumour differentiation stage in each group. The STAM

e STAM 15-Pgdh+/- group included the evaluation of 11 tumours from STAM 15-
ckground liver of STAM WT and 15-Pgdh+/− mice. The graph represents the MAS
staining of the background liver of STAM WT and 15-Pgdh+/− mice. The graph
cale bars, 100 lm. (H) AST, ALT, TG, and blood glucose (BG) levels in peripheral
, TG: n = 5; BG: n = 6). *p <0.05, **p <0.01 Mann–Whitney U test. 15-PGDH, 15-
tate aminotransferase; BG, blood glucose; HCC, hepatocellular carcinoma; LW/
sociated steatohepatitis; MAS, MAFLD activity score; n.s., not significant; STAM,
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we examined the accumulation of PGE2 protein in both types of
STAM mice using ELISA. As expected, PGE2 was significantly
accumulated in STAM 15-Pgdh+/− mice (Fig. 2C). The number of
visible tumours and the liver weights of STAM 15-Pgdh+/− mice
with MASH-HCC induction for 20 weeks were significantly
increased compared with those of STAM WT mice (Fig. 2D). In
contrast, 15-Pgdh+/− mice fed only a HFD for 20 weeks had
significantly increased liver weight but not an increased occur-
rence of HCC (Fig. S2E). Moreover, from a pathological perspec-
tive, the proportion of poorly differentiated tumours was
increased in STAM 15-Pgdh+/− mice compared with STAM WT
mice, and MASH-like HCC was detected only in the liver tissues
of STAM 15-Pgdh+/− mice (Fig. 2E).

We also assessed the MAFLD activity of the background liver.
Consequently, we found that the MAS and the level of fibrosis
were higher in the STAM 15-Pgdh+/− mice than in the STAM WT
mice (Fig. 2F and G). Biochemical examination of peripheral
blood samples revealed that the levels of AST, ALT, TG, and blood
glucose (BG) were significantly higher in the STAM 15-Pgdh+/−

mice than in STAM WT mice (Fig. 2H). These findings strongly
support the hypothesis that the accumulation of PGE2 through
15-PGDH downregulation in the background liver promotes
MAFLD activity and the incidence of MASH-HCC.

Increased gene expression related to cell growth and
antiapoptotic processes could enhance hepatocyte growth in
STAM 15-Pgdh+/− mice
To identify the molecular mechanisms by which 15-PGDH
downregulation promotes MASH-HCC development, we focused
on the relationship between PGE2 accumulation and inflamma-
tory responses in the liver. Based on recent evidence indicating
that in chronic inflammation, macrophage mitochondria can
produce large amounts of ROS, which can induce DNA damage
and M2 polarisation,21,22 we hypothesised that the accumulation
of PGE2 caused by 15-PGDH downregulation induces ROS pro-
duction in macrophages followed by DNA damage in hepato-
cytes. Thus, we first examined whether the accumulation of
PGE2 could induce an increase in mitochondrial ROS production
by macrophages in vitro. We extracted monocytes from periph-
eral blood samples collected from healthy human donors and
induced M0 macrophages. We then treated M0 macrophages
Fig. 3. Hepatocyte proliferation is enhanced by regulating proliferative and an
of monocyte isolation from the peripheral blood of healthy donors, followed by
histogram showing DCFDA staining of monocyte-differentiated macrophages tre
liver of patients with MASH-HCC with high or low expression of 15-PGDH (n = 10
four randomly selected areas. Scale bars, 100 lm. (D) Representative IHC stainin
group). The graph represents the number of CD163-positive cells per mm3 in fo
extraction from the background liver of STAM WT and 15-Pgdh+/− mice for WES. (
Pgdh+/− mice determined by WES. (G) Mutational landscapes of the background l
GO and KEGG pathway enrichment analyses of differentially expressed genes
upregulated genes involved in proliferation-related pathways in the background
selected genes involved in proliferation-related pathways in the background liv
involved in the anti-apoptotic process-related pathways in the background liver o
genes involved in antiapoptotic process-related pathways in the background live
background liver of STAM WT and 15-Pgdh+/− mice (n = 6/group). The graph rep
areas. Scale bars, 100 lm *p <0.05, **p <0.01 Mann–Whitney U test. 15-PGDH, 15
tochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes; MASH, metaboli
animal model; WES, whole-exome sequencing.
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with PGE2 and detected ROS levels using DCFDA (Fig. 3A). The
results showed that ROS levels in macrophages treated with
PGE2 were significantly higher than those in untreated macro-
phages (Fig. 3B). We next evaluated macrophages in the back-
ground liver of patients with MASH-HCC using an M1-like
macrophage-specific marker (CD86) and an M2-like
macrophage-specific marker (CD163). The results indicated a
significant increase only in the levels of M2-like macrophages in
patients with MASH-HCC in the 15-PGDH–low group compared
with patients in the 15-PGDH–high group (Fig. 3C and Fig. S3A).
Correspondingly, we observed a significant increase only in M2-
like macrophages (CD163) in STAM 15-Pgdh+/- mice compared
with STAM WT mice (Fig. 3D and Fig. S3B). Moreover, our anal-
ysis revealed a correlation between CD163 expression and the
downregulation of 15-PGDH in patients with MASH-HCC,
whereas no such correlation was observed with CD86 expres-
sion (Fig. S3C and D). These results suggest that PGE2 accumu-
lation is involved in M2-like macrophage polarisation in the
background liver of patients with MASH-HCC.

ROS are a well-known factor responsible for DNA damage and
subsequent mutation. Therefore, we next performed whole-
exome sequencing using DNA samples extracted from the back-
ground liver of STAM mice to investigate whether DNA mutation
in hepatocytes is a determining factor in the occurrence of HCC
(Fig. 3E). By comparing the number of mutated genes between
STAM WT and STAM 15-Pgdh+/− mice, we found that the tumour
mutational burden was not notably different between the two
strains, although the expression of previously reported cancer-
related gene signatures (SBS11 and SBS29)23 were increased in
STAM 15-Pgdh+/− mice (Fig. 3F and G).

Given that the mutational burden in hepatocytes was not
affected by 15-Pgdh downregulation, we next conducted a
comprehensive gene expression analysis via RNA sequencing of
background liver tissues from STAM WT and 15-Pgdh+/− mice.
Pathway analysis evaluating the differentially expressed genes
(DEGs) revealed that gene sets related to cell growth and nega-
tive regulation of apoptotic signalling pathways were enriched in
STAM 15-Pgdh+/− mice compared with STAM WT mice (Fig. 3H).
Moreover, the expression of the top 10 upregulated genes in each
of the cell growth- and antiapoptotic process-related pathways
was markedly higher in the STAM 15-Pgdh+/− mice than in the
tiapoptotic gene expression in STAM 15-Pgdh+/− mice. (A) Schematic diagram
macrophage induction and subsequent PGE2 treatment. (B) Flow cytometry

ated with PGE2. (C) Representative IHC staining for CD163 in the background
/group). The graph represents the number of CD163-positive cells per mm3 in
g for CD163 in the background liver of STAM WT and 15-Pgdh+/− mice (n = 6/
ur randomly selected areas. Scale bars, 100 lm. (E) Schematic diagram of DNA
F) The number of gene mutations in the background liver of STAM WT and 15-
iver of STAM WT and 15-Pgdh+/− mice by the COSMIC mutational signature. (H)
in the background liver of STAM 15-Pgdh+/- mice. (I) Heatmap of the top 10
liver of STAM WT and 15-Pgdh+/− mice. (J) Validation of the upregulation of

er of STAM mice by qRT‒PCR. (K) Heatmap of the top 10 upregulated genes
f STAM WT and 15-Pgdh+/− mice. (L) Validation of the upregulation of selected
r of STAM mice by qRT‒PCR. (M) Representative IHC staining for Ki-67 in the
resents the number of Ki-67-positive cells per mm3 in four randomly selected
-hydroxyprostaglandin dehydrogenase; GO, Gene Ontology; IHC, immunohis-
c dysfunction-associated steatohepatitis; PGE2, Prostaglandin E2; STAM, steric
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STAM WT mice (Fig. 3I and K). We further confirmed the
increased expression of several key genes related to cell growth
and antiapoptotic processes by qRT‒PCR (Fig. 3J and L). Sup-
porting the gene expression analysis findings, the number of Ki-
67-positive hepatocytes in the background liver was significantly
higher in the STAM 15-Pgdh+/− mice than in the STAM WT mice
(Fig. 3M). These results suggest that 15-Pgdh downregulation
could promote hepatocyte proliferation along with increased
gene expression related to cell growth and antiapoptotic
processes.

The accumulation of fatty acids in the TME caused CD8+ T-cell
mitochondrial dysfunction in STAM 15-Pgdh+/− mice
Based on the Gene Ontology (GO) enrichment analysis results for
downregulated genes identified by RNA sequencing, we found
that pathways associated with hepatic fatty acid and lipid
metabolism capacity were significantly downregulated in the
background livers of STAM 15-Pgdh+/− mice (Fig. 4A). The
expression of all 13 genes involved in the fatty acid metabolic
process was markedly lower in the background liver of STAM 15-
Pgdh+/− mice than in STAM WT mice (Fig. 4B). We also confirmed
the downregulation of the key genes involved in fatty acid
elongase activity (Elovl3), fatty acid beta-oxidation (Fabp1),
palmitoyl-CoA hydrolase activity (Acot11), and the prostaglandin
metabolic process (Akr1c14) (Fig. 4C).

Given these findings, we next compared the accumulation of
neutral lipids in the liver between STAM WT and 15-Pgdh+/−

mice. Oil Red O staining revealed that neutral lipid accumulation
was significantly higher in the stromal area of STAM 15-Pgdh+/−

mice than in that of STAM WT mice, suggesting an excess
amount of neutral lipids present in the TME (Fig. 4D). Moreover,
we intraperitoneally injected STAM 15-Pgdh+/− mice with fluo-
rescently labelled LCFAs (Bodipy-C16), and after 1 h, we analysed
CD8+ T cells isolated from background liver tissue by flow
cytometry. In STAM WT mice and especially in STAM 15-Pgdh+/−

mice, CD8+ T cells in liver tissue acquired significantly higher
amounts of Bodipy-C16 than control splenic CD8+ T cells
(Fig. 4E). Although infiltrating CD8+ T cells can use LCFAs to fuel
fatty acid oxidation (FAO) in low-glucose environments, such as
in pancreatic ductal adenocarcinoma (PDAC),24 excessive accu-
mulation of intracellular fatty acids is known to damage cells via
lipotoxicity. The levels of Palm and oleic acid were significantly
increased compared with those of various other lipid classes in
livers with MASH.25 In particular, Palm has been reported to
induce mitochondrial dysfunction in CD8+ T cells.26 Therefore,
we isolated CD8+ T cells from the spleens of WT mice and treated
the cells with Palm and Ole. Consequently, we found that both
Palm and Ole treatment induced cell cycle arrest and decreased
the proliferation of cultured CD8+ T cells in a cell trace assay.
However, the effect of Palm was stronger than that of Ole (Fig. 4F
and G; Fig. S4A and B). Based on these results, we next
located upstream of the fatty acid metabolic process in the background liver o
involved in the fatty acid metabolic process in the background liver of STAM mice
in STAM WT and 15-Pgdh+/− mice. Stromal area was identified using Sirius Red s
each group (n = 5/group). Scale bars, 25 lm. (E) Quantification of BODIPY-C16 u
intraperitoneal injection of fluorescently labelled LCFAs (BODIPY-C16). Spleen, con
treated with Palm (n = 2). (G) Cell proliferation of CD8+ T cells isolated from the sp
1 analysis of CD8+ T cells in the background liver of WT and STAM mice. The gra
(percentage) (n = 3/group). *p <0.05, **p <0.01, ***p <0.001 Mann–Whitney U test
long-chain fatty acid; Palm, palmitic acid; STAM, steric animal model; STAM, ste

JHEP Reports 2023
considered how the accumulation of fatty acids affects the
mitochondrial functions of CD8+ T cells in STAM 15-Pgdh+/− mice.
We assessed mitochondrial functionality with a JC-1 assay and
found a significant reduction in the mitochondrial membrane
potential in CD8+ T cells in the background liver of STAM 15-
Pgdh+/− mice (Fig. 4H). These results indicate that the accumu-
lated lipids have a harmful impact on the mitochondrial func-
tions of CD8+ T cells.

Immune surveillance is inactivated through CD8+ T-cell
exhaustion in 15-Pgdh+/− mice
Based on these findings, we next investigated whether the
reduction in the mitochondrial membrane potential influences
CD8+ T-cell impairment. A recent study reported that fatty acid
accumulation in the TME in the presence of PDAC reduces CD8+
T-cell infiltration and impairs the mitochondrial function of CD8+
T cells, which leads to the induction of CD8+ T-cell exhaus-
tion.27,28 Therefore, we hypothesised that 15-Pgdh down-
regulation in the background liver reduces hepatic immune
surveillance via the accumulation of fatty acids. To explore our
hypothesis, we first compared PD-1 expression in STAM 15-
Pgdh+/− mice and STAMWTmice. Notably, the expression of PD-1
in CD8+ T cells in the liver of STAM 15-Pgdh+/− mice was signif-
icantly increased, whereas the expression in other immune cells
(CD4+ T cells, natural killer [NK] cells, and natural killer T [NKT]
cells) was not different, suggesting that CD8+ T cells could be
affected by 15-Pgdh downregulation to reduce immune surveil-
lance (Fig. 5A and B). To further investigate what function of
CD8+ T cells was restricted, we examined the ability to secrete
effector molecules such as TNF-a and IFN- c. The results showed
that the expression of TNF-a and IFN- c in CD8+ T cells in the liver
was decreased in 15-Pgdh+/− STAM mice compared with STAM
WT mice (Fig. 5C and D), supporting the hypothesis that CD8+ T-
cell exhaustion is induced by 15-Pgdh downregulation. Consis-
tent with the findings of the in vivo experiments, staining of
tissue sections of the background liver revealed that the
expression of PD-1 was significantly higher in the 15-PGDH–low
patient group (Fig. 5E). The above findings suggest that 15-Pgdh
downregulation inactivates immune surveillance by promoting
the proliferation of exhausted effector T cells, which enhances
hepatocyte survival and proliferation and leads to MASH-HCC
development.
Discussion
The global incidence of MAFLD/MASH has increased signifi-
cantly, and recent epidemiological investigations have indi-
cated that in the absence of liver cirrhosis, MAFLD/MASH is the
leading cause of HCC.29 Over the past decade, it has been
shown that the expression of COX-2 in acute and chronic liver
diseases is abnormally elevated; this inflammatory enzyme has
f STAM 15-Pgdh+/- mice. (C) Validation of the upregulation of selected genes
by qRT‒PCR. (D) Representative image of Oil Red O staining of the stromal area
taining. The graph represents the quantification of Oil Red O-positive areas for
ptake in infiltrating CD8+ T cells in the background liver of STAM mice after
trol. (F) Cell trace analysis of CD8+ T cells isolated from the spleens of WT mice
leens of WT mice treated with Palm (n = 2). (H) Representative histograms of JC-
ph represents the quantification of the ratio of red to green JC-1 fluorescence
. 15-PGDH, 15-hydroxyprostaglandin dehydrogenase; GO, Gene Ontology; LCFA,
ric animal model; WT, wild-type.
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been related to cancer progression.30 In this study, we
demonstrated the significance of COX-related signalling; in
particular, we focused on the accumulation of endogenous
PGE2 and activation of the COX/PGE2 signalling pathway. The
accumulation of endogenous PGE2 silences the levels of tumour
suppressor genes and DNA repair genes, such as cannabinoid
receptor 1 (CNR1) and O-6-methylguanine-DNA methyl-
transferase (MGMT), through DNA methylation to promote
tumour growth in colon cancer.31 Our previous studies found
that IL-1b secreted by tumour-associated macrophages could
downregulate the expression of 15-PGDH, an enzyme respon-
sible for degradation of PGE2 in pancreatic ductal cancer.
Moreover, in vivo experiments performed with a model lacking
the 15-Pgdh gene demonstrated increased expression of alde-
hyde dehydrogenase 1 (Aldh1), which was found to be nega-
tively correlated with 15-Pgdh expression and significantly
associated with a poor prognosis in patients with PDAC.16,32

Moreover, the analysis using a public database described in a
previous study18 revealed that the level of 15-PGDH gradually
decreased in an inflammation-dependent manner. Inflamma-
tion triggers liver damage, and PGE2 is known to modulate
tissue regeneration, stimulating hepatocyte proliferation.33

This phenomenon represents a characteristic feature of the
hepatocarcinogenesis process in HCC known as multistep
hepatocarcinogenesis. Hepatocytes that have been damaged by
inflammation or other factors undergo regeneration and pro-
liferation, ultimately serving as the origin of HCC.34 Together
with these previous studies, our current findings delineate a
molecular mechanism underlying the promotion of PGE2
accumulation by downregulation of 15-PGDH expression in the
background liver, leading to tumour progression in MASH-HCC.

Another important function of PGE2 is its ability to promote
the accumulation of PD-1+ T cells. PGE2 exerts an important
function in controlling the equilibrium of Th1, Th2, and Treg cell
levels, resulting in the promotion of an immunosuppressive
niche and tumour growth in pancreatic carcinoma.35 To date,
blockade of the PD-1 immune checkpoint has been developed as
a therapeutic modality in HCC, with anti-PD-1 antibodies, such
as nivolumab and pembrolizumab, being introduced to the clinic.
The combination of an anti-PDL1 antibody (atezolizumab) with
an anti-VEGF antibody (bevacizumab) is a first-line treatment for
advanced HCC.14,36,37 However, less than 30% of patients with
HCC respond to immunotherapy.38 It was recently reported that
the levels of aberrant PD-1+CD8+ T cells, which could not
perform immune surveillance and exerted tissue-damaging
functions in a TNF-dependent manner, were increased by anti-
Fig. 5. Immune surveillance was suppressed through CD8+ T-cell exhaustion
analysis of PD-1 expression in infiltrating CD4+ and CD8+ T cells in the background
(left). Representative histograms of PD-1 expression in infiltrating CD4+ and CD8+
(B) Flow cytometric analysis of PD-1 expression in infiltrating NK cells and NKT c
cells and NKT cells (left). Representative histograms of PD-1 expression in infiltrat
cells (middle, right). (C) Flow cytometric analysis of TNF-a expression in CD8+ T c
TNF-a+ immune cells and quantification of TNF-a+ cells in immune cells. (D) Flow
of STAM mice. Contour plots showing the gating of TNF-a+CD8+ T cells and quanti
in the background liver of patients with MASH-HCC (n = 10/group). The graph re
areas. Scale bars, 100 lm *p <0.05, **p <0.01, ***p <0.001 Mann–Whitney U test. n
MASH, metabolic dysfunction-associated steatohepatitis; NK, natural killer; NKT, n
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PD-1 treatment in MASH-HCC. This immune environment may
contribute to weakening of the efficacy of anti-PD-1 treatment
and may even lead to HCC development.13,39

Previously, lipotoxicity was shown to be closely associated
with MASH severity. Free cholesterol deposited in hepatocyte
mitochondria causes hepatocyte apoptosis and necrosis by
activating the JNK1 signalling pathway.40 Moreover, clinical
trials focusing on hepatic TG homeostasis have been conducted
to normalise lipid metabolism and to reduce the risk of severe
MASH.41 Conversely, recent studies have revealed that lip-
otoxicity is involved in one aspect of dysfunctional immune
surveillance. The accumulation of LCFAs in the TME of patients
with advanced pancreatic cancer impairs mitochondrial func-
tion and triggers the downregulation of very long-chain acyl-
CoA dehydrogenase (VLCAD), which induces the accumulation
of LCFAs in intrapancreatic CD8+ T cells.27 Another report
indicated that lipid accumulation increased the expression of
CD36, which promotes the uptake of oxidised low-density li-
poproteins (OxLDL) in T cells, and this induced lipid peroxida-
tion and downstream activation of p38 kinase, followed by
CD8+ T-cell exhaustion.27 These reports suggest that lipid
accumulation in the TME directly contributes to CD8+ T-cell
impairment. Supporting this recent evidence, our study
revealed that phenotypic changes in lipid metabolism in the
background liver influenced the TME, which led to a reduction
in the mitochondrial activity of exhausted CD8+ T cells in the
MASH-HCC mouse model.

Given that PGE2 accumulation enhances MASH-HCC
development by affecting hepatocytes and CD8+ T-cell func-
tion, it would be beneficial to consider potential therapeutic
interventions. For instance, daily use of aspirin has been found
to reduce the risk of adenoma recurrence in patients with a
history of colorectal adenoma in randomised controlled tri-
als.42–45 Recently, inhibition of the COX-2 inhibitor celecoxib
was shown to attenuate MAFLD activity by elevating serum
adiponectin levels and Adipo-R1 and Adipo-R2 expression
levels in the rat liver.46 Moreover, we investigated the signifi-
cance of COX2/PGE2 signalling in promoting MASH-HCC
development and leading to inactivation of immune surveil-
lance. Together with these previous studies, our present find-
ings suggest that COX-2 inhibitors may represent a potential
novel therapy for use in combination with conventional
immunotherapy for MASH.

In summary, our study shows that the downregulation of 15-
PGDH leads to the accumulation of PGE2 in the TME, which in-
duces ROS production in macrophages and the expression of cell
in STAM 15-Pgdh+/− mice and patients with MASH-HCC. (A) Flow cytometric
liver of STAMmice. Contour plots showing the gating of CD4+ and CD8+ T cells
T cells and quantification of PD-1+ cells in CD4+ or CD8+ T cells (middle, right).

ells in the background liver of STAM mice. Contour plots show the gating of NK
ing NK cells and NKT cells and quantification of PD-1+ cells in NK cells and NKT
ells in the background liver of STAM mice. Contour plots showing the gating of
cytometric analysis of IFN-c expression in CD8+ T cells in the background liver
fication of TNF-a+ cells in CD8+ T cells. (E) Representative IHC staining for PD-1
presents the number of PD-1-positive cells per mm3 in four randomly selected
s, not significant; HCC, hepatocellular carcinoma; IHC, immunohistochemistry;
atural killer T; PD1, programmed death receptor-1; STAM, steric animal model.
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growth-related genes and antiapoptotic genes. In contrast, the
downregulation of fatty acid metabolism in hepatocytes during
MASH development promotes lipid accumulation in the TME,
which leads to reduced mitochondrial activity and an exhausted
phenotype in CD8+ T cells. Aberrant hepatocytes that escape
JHEP Reports 2023
immune surveillance exacerbate the development of MASH-HCC.
Given these findings, the suppression of PGE2-related inflam-
mation in addition to immune checkpoint blockade may lead to
attenuation of MASH and inhibition of subsequent MASH-HCC
progression.
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