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Downregulation of N4-acetylcytidine modification in myeloid
cells attenuates immunotherapy and exacerbates
hepatocellular carcinoma progression
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BACKGROUND: N4-acetylcytidine (ac4C) is a conserved and abundant mRNA modification that controls protein expression by
affecting translation efficiency and mRNA stability. Whether the ac4C modification of mRNA regulates hepatocellular carcinoma
(HCC) development or affects the immunotherapy of HCC is unknown.

METHODS: By constructing an orthotopic transplantation mouse HCC model and isolating tumour-infiltrated immunocytes, we
evaluated the ac4C modification intensity using flow cytometry. Remodelin hydrobromide (REM), an ac4C modification inhibitor,
was systematically used to understand the extensive role of ac4C modification in immunocyte phenotypes. Single-cell RNA-seq was
performed to comprehensively evaluate the changes in the tumour-infiltrating immunocytes and identify targeted cell clusters.
RNA-seq and RIP-seq analyses were performed to elucidate the underlying molecular mechanisms. Tyramide Signal Amplification
(TSA) analysis on the HCC tissue microarray was performed to explore the clinical relatedness of our findings.

RESULTS: Ac4C modification promoted M1 macrophage infiltration and reduced myeloid-derived suppressor cell MDSCs
infiltration in HCC. The inhibition of ac4C modification induces PDL1 expression by stabilising mRNA in the myeloid cells, thereby
attenuating the CTL-mediated tumour cell-killing ability. High infiltration of ac4C+CD11b-+ cells is positively related to a better

prognosis in patients with HCC.

CONCLUSIONS: Ac4C modification of myeloid cells enhanced the HCC immunotherapy by suppressing PDL1 expression.
British Journal of Cancer (2024) 130:201-212; https://doi.org/10.1038/s41416-023-02510-9

BACKGROUND

Hepatocellular carcinoma (HCC) is one of the most prevalent and
fatal cancers worldwide [1, 2]. In recent years, progress has been
made in the systemic treatment of advanced HCC, which cannot
be treated with resection or locoregional therapies, which
provides survival benefits [3, 4]. As per the IMbravel50 trial,
atezolizumab plus bevacizumab (atezo/beva), a combination
therapy of immune checkpoint inhibitors and an anti-angiogenic
agent, has been approved as a first-line systemic therapy option
for advanced HCC [5, 6]. However, some HCC patients are
insensitive to immunotherapy and show accelerated disease
progression following treatment with it [7, 8].

HCC is a typical inflammation-related cancer in which the
tumour microenvironment is a complex mixture of hepatic non-
parenchymal resident cells, tumour cells, immune cells, and
tumour-associated fibroblasts [9]. Like M2 polarised tumour-
associated macrophages (TAM), regulatory inhibitory B cells,
regulatory T cells (Tregs), or myeloid-derived suppressor cells

(MDSCs), these negatively regulated cells interact to form a
suppressive immune microenvironment, promote the progression
of HCC, and weaken the effects of immunotherapy [3]. For
instance, Treg cells and MDSCs in the liver can inhibit T cell
function and are related to the poor prognosis of HCC by blunting
immunotherapy [10, 11]. Deep investigations into the suppressive
immune microenvironment of HCC are likely to provide new
perspectives for HCC immunotherapy.

RNA modification is an important epigenetic regulatory
mechanism that plays an essential role in the control of diverse
biological functions by affecting RNA stability, decay, metabolism,
and binding to RNA-binding proteins [12]. Up to now, several
types of RNA modifications have been identified, including N6-
methyladenosine  (m6A),  5-methylcytosine  (m5C), N7-
methylguanosine (m7G), and N4-acetylcytidine (ac4C) [13]. For
HCC, the overexpression of m6A writer methyltransferase-like 3
(METTL3) promotes HCC development and metastasis by degrad-
ing the suppressor of cytokine signaling-2 (SOCS2) mRNA [14].
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Meanwhile, the m6A modification of snRNAs has been shown to
affect the efficacy of immunotherapy in patients with HCC [15].
Deletion of METTL3 promotes sorafenib resistance in HCC by
reducing FOXO3 mRNA stability [15]. These results suggest that
RNA modifications, especially m6A, may be closely related to the
effects of immunotherapy in patients with HCC. However, the
relationship between ac4c modification and the suppressive
tumour immune microenvironment remains unclear.

Ac4C modification in myeloid cells may be conducive to
maintaining the effects of atezo/beva therapy. Once weakened,
this may lead to enhanced inhibition of the suppressive immune
microenvironment. To verify this hypothesis, we detected changes
in the ac4C levels in various immune cell subsets during HCC
immunotherapy. We used RNA-seq and RIP sequencing to explore
the effects of RNA modifications on myeloid cells. Finally,
combined with single-cell sequencing and in vitro and in vivo
analyses, our team verified the vital role of ac4C modifications in
HCC immunotherapy.

METHODS

Cell isolation, culture and transfection

Bone marrow-derived macrophages were harvested from 6-8-week-old
C57BL/6 mice. The macrophages were seeded in an incomplete medium.
Following 6h of incubation under 5% CO, at 37°C, the unattached
cells were removed and the adherent cells were transferred to a complete
1640 medium containing 10% foetal bovine serum (FBS, Gibco, Australia),
1001U/mL penicillin, and 100 ug/mL streptomycin. Hepal-6 cells
were cultured in a Dulbecco’s modification of Eagle’s medium supple-
mented with 10% FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin
at 37°C under a humidified 5% CO, atmosphere. Hepal-6 cells were
purchased from American Type Culture Collection (ATCC) authenticated by
STR profiling and tested for mycoplasma contamination before experi-
ments. NAT10-overexpression plasmids (MR211470, Origene, USA) were
transfected into cells using the jetPRIME® DNA transfection reagent
(jetPRIME, PolyPlus-transfection, French) according to the manufacturer’s
protocol.

Animal experiments and ethics statement

Six- to eight-week-old C57BL/6 and NOD-SCID-lI2rg (-/-) (NSG) mice were
purchased from Hangzhou Medical College (Hangzhou, China). All the
animal experiments were performed in accordance with the Institutional
Animal Care and Use Committee of the Zhejiang Center of Laboratory
Animals (Approval No: ZJCLA-IACUC-20050065). A 25 uL mixture of PBS
and Matrigel (Corning, USA) (1:1) containing 5 X 10° Hepal-6 cells were
injected into the left liver lobe of the C57BL/6 mice to establish the HCC
orthotopic transplantation mice model. For the inhibitor, drug, or
immunotherapy experiments, the mice were intraperitoneally injected
with remodelin hydrobromide (57641, Selleck, USA) (10 mg/kg), an anti-
PDL1 antibody (BP0101, Bio x Cell, China) (20 mg/kg), or apatinib
(YN968D1, Invivochem, USA) (75 mg/kg) every 2 days.

Cell apoptosis assay

Flow cytometry using an Annexin V-FITC/PI detection kit (556547, BD, USA)
was used to assess apoptosis in the Hepal-6 cells. Briefly, the cells were
plated in 6-well culture plates at a density of 2 x 10° per well and thereafter
cultured with Remodelin hydrobromide for 24 h. Next, the cells were
trypsinised, rinsed with PBS and re-suspended in 400 pL of 1x binding
buffer. The cells were then stained with 5 pL annexin V-FITC and 5 pL Pl in
darkness for 20 min at room temperature (20-24°C). After staining, the
samples were immediately analysed using flow cytometry (BD, USA). The
annexin V—/Pl— cells were identified as viable, while the early-apoptotic
cells were annexin V+/Pl—, late-apoptotic cells were annexin V+/Pl+, and
cell debris were annexin V—/Pl+.

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8; Yeasen, China) was used to determine cell
proliferation according to the manufacturer's instructions. Briefly, 2 x 10*
cells were seeded per well in a 96-well plate for 24 h and treated with
remodelin hydrochloride. Ten microliters of the CCK-8 solution was added
into each well with 100 pL of medium. The 96-well plates were incubated

for 2h at 37°C, and the absorbencies were measured at 450 nm by a
microplate reader at each timepoint.

RNA isolation, quantitative real-time PCR analysis

Total RNA from the peritoneal macrophages treated with inhibitors or
drugs was extracted using a TRIzol reagent (Invitrogen, USA). Reverse
transcription of RNA and RT-PCR was performed using the Prime Script TM
Trimester Mix (Takara, Japan) and SYBR Premix Ex TaqTM11 (Yeasen, China)
with a StepOnePlus RT-PCR system (Life Technologies, USA), according to
the manufacturer’s instructions. GAPDH was used as an endogenous
control. The primers for RT-PCR were synthesised by Tsingke Biotech
(Beijing, China). The primer sequences used were as follows: PdI1 forward
primer, GCTCCAAAGGACTTGTACGTG; PdI1 reverse primer, TGATCTGAAG
GGCAGCATTTC. Gapdh forward primer-AGGTCGGTGTGAACGGATTTG;
Gapdh reverse primer-TGTAGACCATGTAGTTGAGGTCA.

Mouse liver-derived lymphocyte isolation and cytometric
analysis

Liver-derived lymphocytes were isolated from the mice using collagenase
II/IV (Solarbio, China) and Lymphocyte Separation Medium (Dakewe
Biotech, China). For the cytometric analysis, nonspecific binding of
the cells was blocked using an Fc receptor block (clone 2.4G2, BD, USA).
Following incubation for 10 min at 4°C, the cells were stained with
anti-surface antibodies for 30 min at 4 °C. After two washes with PBS, the
cells were analysed using a BD FACSCanto Il instrument. The data obtained
were analysed using the FlowJo X software (TreeStar). The surface antigen-
antibodies are as follows: CD11b (101254, BioLegend, USA), CD20 (152108,
BioLegend, USA), CD45 (75-0451, Tonbo, USA), CD3e (100233, BioLegend,
USA), CD8a (65-0081, Tonbo, USA), CD4 (100430, BioLegend, USA), Ly6G
(127633, BioLegend, USA), Ly6C (20-5932, Tonbo, USA), PDL1 (124308,
BioLegend, USA), FVS780 (565388, BD, USA), PD1 (109110, BioLegend,
USA), CD107a (121606, BioLegend, USA), and KLRG1 (50-5893, Tonbo, USA).
A FITC Conjugation Kit (ab188285, Abcam, UK) was used for the
FITC-fluorescein conjugation of ac4C antibodies (ab252215, Abcam, UK).

RNA sequencing and data analysis

Macrophages harvested from 6-8-week-old C57BL/6 mice were incubated
with or without Remodelin hydrobromide and then treated with or
without IFN-y. The cells were collected and lysed using the TRIzol reagent
(Invitrogen, USA), and the total RNAs were extracted according to the
manufacturer’s protocol. RNA-seq was performed at Novogene (Beijing,
China) using a Hiseq6000 (lllumina, USA). LifeScope v2.5.1 was used to
align the reads to the genome, generate raw counts corresponding to each
known gene, and calculate the raw counts and reads per kilobase per
million (RPKM) values.

RNA immunoprecipitation sequence and data analysis

The macrophages were harvested and lysed in polysome lysis buffer
(100 mM KCl, 5 mM MgCl2, 10 mM HEPES, 0.5% NP-40, 1 mM DTT, 80 U/mL
RNase inhibitor, and protease inhibitor cocktail) for 5min on ice. The
lysates were sonicated to fragment the chromatin and RNA and
centrifuged, and the protein concentration in the supernatant was
measured using a BCA assay (Beyotime, China). The proteins were
incubated with 50 uL of Magnetic Dynabeads (Millipore, USA) pre-coated
with 2 pg of anti-ac4C antibody (Abcam, UK) or IgG (Millipore, USA) for 4 h
at 4°C with rotation. Five per cent of the supernatant was used as the
input. Following incubation, the beads were washed five times with an NT
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NacCl, T mM MgCl2, 1% Triton X-
100). Immunoprecipitated RNAs and input RNAs were extracted using the
TRIzol reagent (Thermo Fisher Scientific, USA) according to the manu-
facturer's instructions. The library was constructed by the Novogene
Corporation (Beijing, China). Paired-end sequencing of the samples was
performed using an lllumina platform (lllumina, CA, USA). Library quality
was assessed using the Agilent Bioanalyzer 2100 system.

Mass cytometry by time-of-flight and data processing

HCC tissues were collected from the mice and lysed using a mouse tumour
dissociation kit (130-096-730, Miltenyi, USA). In total, 3x10° cells were
counted and stained with a live/dead dye. Subsequently, the cells were
stained with a panel of 42 antibodies encompassing a broad range of
immune subsets. Finally, CD45+ cells were analysed using a Helios mass
cytometer (Fluidigm, USA). EQ four-element calibration beads were used to
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normalise the signal according to the manufacturer's instructions.
CD45+CD3+ T cells were gated for further analysis using X-shift
algorithms and clusters were visualised using t-distributed stochastic
neighbour embedding (t-SNE). The heavy metal isotopes and antibodies
used for Cytometry by Time-Of-Flight (cyTOF) are listed in Supplementary
Table 1.

Single-cell RNA-seq and data processing

Tumours extracted from the mice bearing HCC were excised and
mechanically dissociated into individual cells using a Tumour Dissociation
Kit (130-096-730, Miltenyi, USA). These individual cells were then collected
using the 10 x Genomics Chromium Single Cell 5’ Solution. RNA-seq
libraries were prepared according to the manufacturer’s protocol (10 x
Genomics). These libraries were subjected to high-throughput sequencing
using an lllumina HiSeq X Ten PE150 platform. Single-cell RNA-seq data
from each experiment were processed using a cell ranger count (10 x
Genomics CellRanger [v3.1.0]), with reference to the mouse genome
GRCmM38 (mm10). The digital gene expression matrices were analysed in R
(v4.1.2) with the assistance of the Seurat (v4.0.0) package. DoubletFinder
software was used to identify and eliminate any potential doublets based
on the proximity of each cell to artificial doublets. Cells exhibiting the
expression of more than 10,000 genes or fewer than 200 genes in UMI
counts, along with those displaying over 10% of mitochondrial gene
expression, were excluded from the analysis. Subsequently, the filtered
data underwent log normalisation and scaling to mitigate any cell-to-cell
variations attributable to the UMI counts and percentage of
mitochondrial reads.

mRNA stability assay

The macrophages were transfected with Nat10-overexpression or empty
plasmid for 24 h and thereafter incubated with actinomycin D (5 pg/mL)
for 0, 6 or 10 h followed by RNA extraction. The half-life of the PDLT mRNAs
was analysed using qRT-PCR.

Tyramide signal amplification (TSA) multiplex IHC assay

The multiplex IHC assay was performed as follows: after heating, antigen
retrieval, and rinsing, the slides were incubated with 3% hydrogen
peroxide to remove endogenous peroxidase. Following multiplex staining,
signal amplification, and fluorescence signal capture, the slides were
placed in a microwave oven to remove the antibody complex.
Subsequently, a second round of multiplex staining was performed.
Finally, DAPI staining was completed, and image acquisition was
performed using a Zeiss Axio Imager Z2 Microscope System. The
StrataQuest software (version 7.0.1, TissueGnostics GmbH, Vienna, Austria)
was applied to quantify cell density, nucleus area per cell, area per cell, and
expression per cell. The antibodies are as follows: TCF1 (C63D9, CST, USA),
CD11b (ab52478, Abcam, UK), PD1 (D4W2J, CST, USA), CD25 (ab231441,
Abcam, USA), TIM3 (D5D5R, CST, USA), CD3 (ab16669, Abcam, USA), CD4
(ab133626, Abcam, USA), CD8 (ab237709, Abcam, USA), and ac4C
(ab252215, Abcam, UK).

Statistics analysis

For the molecular and cellular studies, all the experiments were repeated in
at least triplicates. For the animal experiments, a sample size of >six mice
per group was used. Mice that died within 3 days after being injected the
tumour cells were excluded. The animals were randomised according to
their body weight before the administration of drug or control to avoid any
bias and analysis was blinded. All the statistical tests, including the
Mann-Whitney U test, Pearson’s x> test, Log-rank test, Spearman rank
correlation coefficient, Student’s t-test, and analysis of variance (ANOVA)
were performed using the GraphPad Prism 9.0 software (GraphPad
Software Inc., La Jolla, CA, USA). Statistical significance was determined
using unpaired two-tailed Student’s t-tests between two groups. One-way
ANOVA was used to multiply the groups. Differences were considered
statistically significant at p < 0.05.

RESULTS

Inhibition of ac4C modification promotes myeloid cell and B
cell infiltrations in the HCC tumour microenvironment

To investigate the role of ac4C modification in HCC development,
we constructed a Hepa1-6-Luc orthotopic transplantation mouse
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HCC model (Luc-HCC) and evaluated the effect of remodelin
hydrobromide (REM), a specific inhibitor of N-acetyltransferase 10
(NAT10) which catalyses the formation of ac4C [16, 17]. REM
slightly slowed down the tumour progression and increased
mouse survival (Fig. 1a, b). In vitro experiments showed that REM
only delayed cell growth but had no prominent role in the
apoptosis of the HCC cells (Supplementary Fig. 1a, b). Analysis of
The Cancer Genome Atlas (TCGA) database indicated that the
NAT10 expression was only slightly higher in the HCC tissues than
in the adjacent tissues (Fig. 1c). However, the HCC patients with
lower NAT10 expression had relatively longer disease-free survival
and overall survival (Fig. 1d, e). Furthermore, we explored whether
REM affects immune cell infiltration in the HCC tumour micro-
environment (TME), and found that REM usage reduced CD8 T cell
infiltration (Fig. 1g), increased myeloid cell (CD11b+, Fig. 1h) and
B cell (CD20+, Fig. 1j) infiltrations, under the application of gating
in flow cytometry (Supplementary Fig. 1c), but had no effect on
the total T cell (Fig. 1f) and neutrophil infiltrations (ly6G+ly6C-,
Fig. 1i). Next, we used NSG mice to construct a subcutaneous
tumour model and found that REM inhibited tumour progression
in the absence of most immune cells such as T, B, and natural killer
(NK) cells (Supplementary Fig. 1e). Subsequently, through the
analysis of single-cell data from the GEO database of humans [18],
we found that the patients with high infiltration of NAT10+
myeloid cells had a better prognosis, whereas no such difference
was observed in the T cells (Supplementary Fig. 1f, g). Collectively,
these results indicate that the inhibition of ac4C modification
promotes the infiltration of myeloid and B cells, and systemic
usage prolongs the survival of mice with HCC.

Ac4c modification in myeloid cells is required for effective
immunotherapy

Since REM affects CD8 T cell infiltration in HCC, we investigated
whether REM influences immunotherapy (TA, Tecentriq +
Apatinib) in HCC. As expected, REM treatment reversed the effect
of immunotherapy by promoting tumour development (Fig. 2a)
and shortening survival (Fig. 2b). Flow cytometry analysis of the
tumour-infiltrating immunocytes indicated that REM cancelled
immunotherapy-induced CD8 T cell infiltration (Fig. 2c) and
increased myeloid cell (Fig. 2d) and B cell infiltration (Fig. 2e)
but had no prominent effect on T cell infiltration (Fig. 2f). We then
evaluated the cellular composition of the ac4C+ cells and found
that CD11b+ cells occupied the majority of the ac4C+ cells and
immunotherapy induced this subset (Fig. 2g), whereas the ac4C+
cell ratio was reduced during tumour progression (Supplementary
Fig. 1d). We also analysed the ac4C+ cell ratio in the respective
cell types and obtained similar results (Fig. 2h-j). To verify our
findings, we also conducted Cytometry by Time-Of-Flight (cyTOF)
on the tumour-infiltrating lymphocytes (TILs) isolated from the
three groups (C: control group, T: immunotherapy group, TR:
immunotherapy plus REM group, n =3, per group) (Supplemen-
tary Fig. 2a). Following the unsupervised cluster analysis using
the two-dimensional t-distributed stochastic neighbour embed-
ding (t-SNE) algorithm, we obtained 7 cell clusters with unique
expression features, including B cells, dendritic cells (DCs), NK cells,
CD4 T cells, CD8 T cells, neutrophils, and macrophages (Supple-
mentary Fig. 2b, c). We observed significant changes in the
immune cell subgroups among the three groups (Supplementary
Fig. 2d, e). Among the 39 cell populations, we focused on the
following five populations with significant differences: clusters C18
(KLRG1+ NKs), C20 (CD86+ myeloid cells), C24 (PDL1+ myeloid
cells), C28 (Exhausted Th1 cells), and C35 (Effector T cells)
(Supplementary Fig. 2f, g). Following the use of REM, the CD86+
myeloid cells and effector T cells were significantly reduced, with a
significant increase in the PDL1+ myeloid cells. Next, we utilised a
macrophage-purging agent, Clodronate Liposomes (CL), to
eliminate the myeloid cells caused by REM. We discovered that
in the case of immunotherapy plus REM, the efficacy of the
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Inhibition of ac4C modification promotes myeloid cell and B cell infiltrations and accelerates HCC development. a, b An orthotopic

transplantation mice model with a Luc reporter-carrying Hepa1-6 HCC cell line was constructed, and REM was intraperitoneally injected every
2 days. In vivo, imaging was performed on the 14th day (a, n =6, Control; n =6, REM) as well as survival analysis (b). ¢ Boxplot of NAT10
expression in HCC tumours and the adjacent tissues in the TCGA database. d, e Kaplan-Meier analysis from the TCGA database of overall
survival (d, OS) and disease-free survival (e, DFS) for patients with a high or low expression of NAT10. f-j The Luc-Hepa1-6 model was
constructed, and REM was intraperitoneally injected every 2 days. The percentage of CD3+ T cells in CD45+ T cells (f), CD3+ CD8+ T cells in
CD45+ T cells (g), CD11b—+ cells in CD45+ cells (h), Ly6G+Ly6C- cells in CD45+ cells (i), and CD20+ cells in CD45+ cells (j) were analysed
using flow cytometry on the 14th day (n =4, Control; n =4, REM). The graph on the right shows the quantified results. *p < 0.05.

immunotherapy was partially recovered and the survival of the
mice was prolonged with the use of CL (Supplementary Fig. 2h, i).
Simultaneously, cytotoxic T lymphocytes (CTLs) function also
recovered (Supplementary Fig. 2j, k) and a reanalysis of published
human HCC single-cell sequences [18] revealed that the infiltra-
tion of CD8+ T cells was positively correlated with the NAT10+
myeloid cells (Supplementary Fig. 2I). Overall, these results
indicate that ac4c modification of myeloid cells increases CTLs
infiltration, which is essential for effective immunotherapy.

Inhibition of ac4C modification promotes MDSC infiltration in
the HCC TME

To resolve the patterns of TILs in HCC, we performed scRNA-seq on
the TILs isolated from the three groups (P: control group,
T: immunotherapy group, TR: immunotherapy plus REM group;
n=2 per group) at two timepoints (1 and 2 weeks) (Fig. 3a).
Following an unsupervised cluster analysis using the two-
dimensional t-distributed stochastic neighbour embedding
(t-SNE) algorithm, we obtained 11 cell clusters with unique
expression features, including B cells (Cd19, Ms4al, Cd79a),
basophils (Fcerla, Cd200r3, Cyp1lal), dendritic cells (DCs)
(Clec10a, Siglech), endothelial cells (Pecam1, Cldn5), fibroblasts
(Tnc), myeloid cells (macrophages (Cd68, Fcgrl, Fcgr3),

monocytes(Cd14, Ly6c2, ltgam)) neutrophils (Lcn2 Fcgr3), natural
killer (NK) cells (Nkg7, Kirk1), T cells (Cd3d, Cd3e, Cd3g) and
hepatocytes/tumour cells (Alb, Tat, Ttr) (Fig. 3b, c and Supplemen-
tary Fig. 3a, b). The cell cluster ratio analysis revealed that REM
treatment induced monocyte infiltration but had no effect on T cell
infiltration (Fig. 3d, e), compared to the immunotherapy group (T),
which was consistent with our previous findings. Interestingly, the
timepoint analysis indicated that the endothelial cell ratio was
reduced, while the fibroblast ratio was prominently increased,
compared to the 1-week group (Fig. 3f, g). Next, we validated the
increase in fibroblasts during the progression of HCC using
immunohistochemistry with Masson’s and Sirius Red staining
(Supplementary Fig. 3¢, d). The results suggested that the TME of
HCC is reconstructed by fibroblasts in the 2nd week when the
tumour cannot be controlled at an early stage.

NAT10 induces M1 macrophages and reduces MDSCs
infiltration

Given that MDSCs are the major target cells of REM, we re-
clustered the total myeloid cells into six clusters, including
fibroblast-like (expressed fibroblast marker) granulocytes, macro-
phages, neutrophils, and other cells (in a poorly differentiated
state) (Fig. 4a, b and Supplementary Fig. 4a). The monocyte sub-
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cluster ratio analysis indicated that REM promoted the infiltration
of clusters 7, 14, and 15 (Fig. 4c). KEGG analysis showed that
cluster 7 (chil3+), cluster 14 (Cd74+), and cluster 15 (Ace+) were
all enriched in the immunosuppressive pathways such as Fc
gamma R-mediated phagocytosis (Supplementary Fig. 4b-g).
Macrophage sub-cluster ratio analysis showed that REM reduced
the infiltration of clusters 4, 11, and 12 (Fig. 4d). KEGG analysis

British Journal of Cancer (2024) 130:201-212

revealed that clusters 4 (Folr2+), 11 (Fabp4+), and 12 (Marco+)
were enriched in the inflammation-related pathways (data not
shown) [19, 20]. These results indicated that REM induces MDSCs
(clusters 7, 14, and 15) and reduces M1 macrophages (clusters 4,
11, and 12). Granulocyte and neutrophil cluster analyses showed
that neutrophils (clusters 9 and 25) increased during the 2nd week
(Fig. 4e, f). Finally, pseudotime analysis showed that the monocyte
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Fig.5 NAT10 inhibits PDL1 expression in myeloid cells and enhances CTL-mediated tumour cell killing. a Volcano analysis of differentially
expressed genes in the IFN-y+REM group compared to the IFN-y group. Red or blue dots indicate upregulated or downregulated genes,
respectively. b, ¢ KEGG enrichment analysis of the downregulated (b) and upregulated (c) genes in the REM group compared to the control
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(CD45+CD11b+ cells) from the HCC orthotopic transplantation mice model treated with TA immunotherapy and/or REM were analysed using
flow cytometry on the 7th and 14th day. The graph on the right shows the quantified results. e Representative expression of ac4C in the
macrophages was analysed by flow cytometry. f Representative expression of PDL1 in the macrophages was analysed by flow cytometry.
g Representative expression of CD107a+ in the CD8+ T cells was analysed by flow cytometry. The graph on the right shows the statistical

analysis. *p < 0.05.

clusters (1, 2, 3, 14, 15) were less differentiated than cluster 7 and
the macrophage clusters (5, 8, 17) (Fig. 4g). These results indicated
that the TME can trigger the transformation of both poorly
and highly differentiated myeloid cells into MDSCs. In addition,
the TME in the early stage (1 week) had more poorly differentiated
myeloid cells (Fig. 4h) than in the 2-week group. REM did not
significantly affect the differentiation of MDSCs or macrophages

(Fig. 4i). Moreover, we re-clustered the CD8+ T cells and found
that clusters 1 and 7 were sharply reduced in the TR group
compared to those in the T group (Supplementary Fig. 5a). Marker
gene analysis showed that cluster 1 comprised IFNG+ effector
cells (Supplementary Fig. 5b) and cluster 7 comprised TOX + TIGIT
+ exhausted T cells (Supplementary Fig. 5¢), indicating that REM
affects the effector function of CD8+ T cells.
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NAT10 inhibits PDL1 expression in myeloid cells and enhances
the killing of CTL-mediated tumour cells

To explore the underlying mechanisms of REM-induced MDSCs
differentiation, we performed an RNA-seq analysis of REM-treated
bone marrow-derived macrophages (BMDM). In the REM-treated
BMDM with IFN-y stimulation, 1079 upregulated and 1367 down-
regulated genes were identified (Fig. 5a). KEGG analysis showed that
the downregulated genes were mostly enriched in apoptosis,
oxidative phosphorylation, antigen processing, and presentation
(Fig. 5b), and the upregulated genes were mostly enriched in HIF-1
signalling, autophagy, and tyrosine kinase inhibitor resistance (Fig. 5¢),
indicating that REM treatment promotes BMDM survival, down-
regulates antigen processing and presentation, and promotes
adaptation to low-oxygen conditions. In our study, REM treatment in
vivo promoted PDL1 expression in the myeloid cells (CD45-+CD11b+)
based on the flow cytometry analysis conducted on days 7 and 14
(Fig. 5d). Subsequently, we assessed the expression of PD1 in the B,
CD8+ T, and myeloid cells (Supplementary Fig. 6a—f). REM did not
significantly alter the expression of PD1 in these cells under
immunotherapy on days 7 and 14. To investigate whether this effect
depends on the NAT10-mediated ac4C modifications, we transfected
BMDM with a NAT10-overexpression plasmid (NAT10-OE) and found
NAT10-OE cancelled tumour supernatant-induced ac4C downregula-
tion in the BMDM (Fig. 5e) and PDL1 upregulation (Fig. 5f). As
expected, NAT10-OE also reversed the tumour supernatant-induced
BMDM-mediated CTL degranulation inhibition (Fig. 5g). Overall, these
results indicated that NAT10 inhibition induces PDL1 expression in
myeloid cells and attenuates CTL-mediated tumour cell death.

British Journal of Cancer (2024) 130:201-212

Ac4C modification promotes PDL1 mRNA degradation in
myeloid cells

As NAT10 promotes the ac4C modification of mRNA [21], we
suspect that ac4C modification occurs in the PDL1T mRNA of
myeloid cells. We performed RIP-seq using an ac4C antibody in
BMDM with IFN-y incubation for 0, 24, and 48 h and found that the
ac4C peaks were mostly distributed on the 3" UTR of the gene
body (Fig. 6a). Compared to the 0 h group, genes with ac4C peaks
in the 24 h group were enriched in oxidative phosphorylation,
lysosomes, and HIF-1 signalling (Fig. 6b), which was the same as
the result of the 48 h group (Fig. 6¢). These results indicate that
metabolic pathway-related genes are extensively regulated by
NAT10-mediated ac4C modifications. As expected, IFN-y incuba-
tion promoted ac4C modification of the PDL1T mRNA (Fig. 6d); RIP-
dPCR confirmed this finding (Fig. 6e). Given that ac4C modifica-
tions on PDLT mRNA suppress PDL1 protein expression, we
detected the effect of ac4C modification on the mRNA stability
and found that it reversed the tumour supernatant-induced PDL1
mRNA stability (Fig. 6f). Collectively, these results indicate that the
ac4C modification inhibits PDL1 expression by promoting mRNA
degradation in the myeloid cells.

Ac4C+ myeloid cell infiltration results in a better prognosis in
HCC patients

To connect our discovery with the clinic, we performed a TSA IHC
analysis on HCC microarrays (Fig. 7a, b) and found that there was
no significant difference in the ac4C4+CD11b+ cell ratio between
the tumour and adjacent tissues (Fig. 7c). However, high
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Fig. 7 Ac4C+CD11b+ infiltration relates to better prognosis in HCC patients. a The images of multiple markers (DAPI, TCF1, CD11b, PD1,
CD25, TIM3, CD3, CD4, CD8, and ac4C) were observed on the HCC microarray based on TSA IHC technology. b The images of ac4C+CD11b+
cells and CD3+-CD8+PD1+ cells were shown in the 102 patient’s tissue. ¢ The relative ac4c+CD11b+ cell ratio was calculated in both the
tumour and adjacent tissues (p > 0.05). d The survival curve was created based on the HCC patients’ information (n = 70) and shows a better
overall survival rate (p < 0.05) with high infiltration of ac4C+CD11b-+ cells (n = 46). e The correlation analysis among ac4C+CD11b+ cells and
T subsets was calculated. TSA tyramide signal amplification, IHC immunohistochemistry.

infiltration of the ac4C+CD11b+ cell subset indicated a better
prognosis (Fig. 7d). Finally, we performed a correlation analysis
between the ac4C+CD11b+ cell ratio and T subsets and found
that the ac4C+CD11b+ cell ratio was positively correlated with
activated CD8 T (PD1+CD3+CD8+) and negatively correlated
with the Treg ratio (CD3+CD4+4-CD25+) and exhausted CD8 T
(CD3+CD8+-PD1+TIM3+) (Fig. 7e). In conclusion, these results
show that ac4C+CD11b+ cells promote CTL infiltration and
increase patient survival.

DISCUSSION

Ineffective immunotherapy for HCC contributes to multiple factors,
including tumour antigen evasion, suppressive metabolites, inhibi-
tory cells, and dysfunctional CTLs [22]. Clarifying the mechanisms
underlying immunotherapy resistance in HCC is essential to
improve its therapeutic effect. In recent years, ac4C modification
has received increasing attention in the field of cancer, and ac4C on
mRNA is important for increasing and maintaining protein
translation fidelity [23, 24]. In the present study, by systematically
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applying an ac4C modification inhibitor to HCC mouse models, we
first explored the role of ac4C modification in HCC immunotherapy
and found that it is essential in myeloid cells for the effective
immunotherapy of HCC. Mechanistically, the ac4C modification of
PDLT mRNA promotes PDL1 degradation, hinders MDSCs differ-
entiation, and strengthens CTL infiltration.

NAT10, a protein with histone acetylation activity, promotes
hTERT transcription to enhance telomerase activity [25], and
induces the ac4C modification of tRNA, rRNA, and mRNA [23].
NAT10-mediated mRNA N4-acetylcytidine modification promotes
the progression of several cancers, including bladder, colon, and
triple-negative breast cancers [26-28]. Consistently, we found that
NAT10 is highly expressed in HCC tissues and is negatively
associated with disease-free survival and overall survival of HCC
patients. Importantly, we demonstrated that NAT10 is essential for
the therapeutic effect of immunotherapy in HCC as it suppresses
MDSCs infiltration and enhances CTL-mediated tumour cell-killing
effects by regulating PDL1 expression. However, some questions
remain to be addressed. First, the scRNA-seq analysis indicated
that the inhibition of NAT10 by REM treatment not only decreased
the number of effectors and exhausted CD8+ T cells in HCC, but
also increased the number of naive CD8+ T cells (cluster 9).
Exhausted cells are cells under chronic antigen stimulation and
originate from memory cell precursors [29], which indicates that
REM reduces the transition from memory cells to exhausted cells
[30]. Naive CD8+ T cells accrued in the TME, implying that REM
reduces the transition of naive CD8+ T cells into effector T cells.
Whether these processes are also involved in regulating the
differentiation of other immune cells, such as antigen presentation
cells (APCs) or Th1 cells, requires further investigation in future
studies. However, based on these results, we speculated that ac4C
modification also affects the autochthonous steady state of
different T cell subsets in the TME of HCC. Second, from the
ac4C antibody-mediated RIP-seq analysis, we found that metabo-
lism, apoptosis, and inflammation pathways were enriched in the
TA 4+ REM group, which revealed that ac4C modification regulates
extensive biological activities in monocytes. Thus, the activation of
PDL1 signalling may be a regulatory factor for MDSCs to suppress
CTL cytotoxicity and effector function. In future studies, multio-
mics detection, including proteomics, metabolomics, and transla-
tionomics, may contribute to clarifying the comprehensive role of
ac4C modification in the biological function and differentiation
state of monocytes. For further investigations, Lyz2-specific or
CD4-specific NAT10 knockout mouse strains need to be con-
structed to clarify the detailed role of ac4C modifications in
different immune cell subsets in the TME of HCC.

In conclusion, our group was the first to explore the potential
effect of ac4C modification in HCC immunotherapy and revealed
that ac4C modification in myeloid cells suppresses PDL1 expres-
sion and promotes the effectiveness of immunotherapy. This
study highlighted the role of ac4C in HCC immunotherapy and
deepened our understanding of immune cell differentiation in the
TME during immunotherapy.

DATA AVAILABILITY

The study data are available from the GEO database and are publicly available as of
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