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ABSTRACT

Background Hepatocellular carcinoma (HCC) is a
malignancy with limited treatment options and poor
prognosis. Macrophages are enriched in the HCC
microenvironment and have a significant impact on
disease progression and therapy efficacy. We aim to
identify critical macrophages subsets involved in HCC
development.

Methods Macrophage-specific marker genes were
identified through single-cell RNA sequencing analyses.
The clinical significance of macrophages with palmitoyl-
protein thioesterase 1 (PPT1) positive was investigated

in 169 patients with HCC from Zhongshan Hospital using
immunohistochemistry and immunofluorescence. The
immune microenvironment of HCC and the functional
phenotype of PPT1* macrophages were explored using
cytometry by time-of-flight (CyTOF) and RNA sequencing.
Results Single-cell RNA sequencing analyses revealed
that PPT1 was predominantly expressed in macrophages
in HCC. Intratumoral PPT1* macrophages abundance
was associated with inferior survival durations of
patients and an independent risk factor of prognosis for
HCC. High throughput analyses of immune infiltrates
showed that PPT1* macrophage-enriched HCCs were
characterized by high infiltration of CD8" T cells with
increased programmed death-1 (PD-1) expression. PPT1*
macrophages exhibited higher galectin-9, CD172a,

and CCR2 levels but lower CD80 and CCR7 levels than
PPT1™ macrophages. Pharmacological inhibition of PPT1
by DC661 suppressed mitogen-activated protein kinase
(MAPK) pathway activity but activated nuclear factor kappa
B (NF-xB) pathway in macrophages. In addition, DC661
enhanced the therapeutic efficacy of anti-PD-1 antibody in
the HCC mouse model.

Conclusions PPT1 is mainly expressed in macrophages
in HCC and promotes immunosuppressive transformation
of macrophages and tumor microenvironment. PPT1*
macrophage infiltration is associated with poor prognosis
of patients with HCC. Targeting PPT1 may potentiate the
efficacy of immunotherapy for HCC.

BACKGROUND

Liver cancer remains a global health issue,
with the sixth highest incidence and the third

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Hepatocellular carcinoma (HCC) has a low response
to current immunotherapy and there is an urgent
need for effective combination strategies and bio-
markers. Macrophages have a profound impact on
the immune features, therapeutic response, and
disease prognosis of HCC due to their highly het-
erogeneous and plastic phenotypes. However, key
macrophage subsets and well-validated markers
that can be prognostic classifiers or revealer of
microenvironmental characteristics remain largely
unknown.

WHAT THIS STUDY ADDS

= In this study, we found that palmitoyl-protein thio-
esterase 1 (PPT1) is predominantly expressed on
macrophages in tumors and associated with the
prognosis of patients with HCC. PPT1* macrophage-
enriched HCC is an immunologically ‘hot’ but immu-
nosuppressive tumor. PPT1* macrophages exhibit
a more immunosuppressive phenotype than PPT1~
macrophages. Our in vivo study showed that PPT1
inhibition by DC661 sensitizes HCC to anti-PD-1
(programmed death-1) therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study unravels a previously unrecognized role of
PPT1 as a therapeutic target and biomarker in HCC,
which could be exploited to enhance antitumor im-
munity and improve immunotherapy management
of patients with HCC.

highest mortality currently.' Hepatocellular
carcinoma (HCC) is the most common histo-
logical type of primary liver cancer, accounting
for 80-90% cases.” Despite the fact that a few
patients are eligible for curative surgery, most
patients with postoperative recurrence and
metastases require further treatment.” Multi-
kinase inhibitors as firstline recommenda-
tion for advanced HCC, only provide a minor
extension of overall survival (OS) duration
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to patients.” * The advent of immunotherapies such as
immune checkpoint blockade (ICB) has already changed
the treatment paradigm of liver cancer, but the objective
response rate is still less than 20%.” In addition, the prog-
nosis evaluation systems such as Barcelona Clinic Liver
Cancer staging and tumor-node-metastasis staging do not
seem to meet the growing need for patient stratification
proposed by novel therapy strategies. Therefore, identifi-
cation of effective biomarkers that can predict prognosis
risk and therapy efficacy for HCC is warranted.

A deeper understanding of the complicated cellular
and molecular networks that characterize the tumor
immune microenvironment of HCC facilitates the devel-
opment of new antitumor immune-based therapeutic
strategies and predictive biomarkers.® 7 The function
balance between immune effector and immunosuppres-
sive cells, as well as the immune evasion capacity of tumor
cells, determines the response rate of ICB.? In HCC,
macrophages, including resident Kupffer cells and those
migrating from the blood circulation, are abundantly
enriched in the tumor microenvironment. They can
exert antitumor effects such as phagocytosis and antigens
presentation, but are also susceptible to re-education
into tumor-associated macrophages (TAMs). The highly
heterogeneous and plastic phenotype of macrophages
can have a dramatic effect on surrounding cells, which
in turn affects the balance between antitumor immunity
and immune evasion in HCC.? 1 Hence, a better under-
standing of the molecular landscapes that characterize
TAMs in the HCC microenvironment, and accurate iden-
tification of critical macrophages subsets is required for
reversing HCC immunosuppressive microenvironment,
improving the immunotherapy efficacy, and predicting
prognosis. However, well-validated markers of TAMs that
can be robust prognostic classifiers or revealer of micro-
environmental characteristics remain an unmet need for
HCC.

Palmitoyl-protein thioesterase 1 (PPT1), an enzyme
catalyzing depalmitoylation processes, has been reported
to be upregulated in various cancers and associated with
adverse outcomes, including HCC, oral squamous cell
carcinoma, and esophageal cancer.''™ Notably, PPT1
has been identified as the molecular target of antima-
larial compounds such as DQ661 and DC661, and these
PPT1 inhibitors can impair cellular lysosomal catabolism
through palmitoylated proteins accumulation to inhibit
tumor growth and sensitize tumor cells to targeted
therapy and immunotherapy.'' *® However, previous
studies have focused on the biological effects of PPT1 in
tumor cells, while its expression pattern and primary role
in the complex microenvironment of HCC remain to be
further explored.

Here, by performing high-throughput single-cell anal-
yses, we aim to identify key macrophage subtypes in
HCC and reveal their impact on the immune microen-
vironment landscape and clinical outcome of HCC. We
found that PPT1 was predominantly expressed on macro-
phages in the HCC microenvironment by single-cell RNA

sequencing analyses. Besides, patients with HCC with low
PPT1 level and low macrophages infiltration experienced
the best survival duration. Using cytometry by time-of-
flight (CyTOF), we also showed that PPT1" macrophage-
enriched HCC was immunologically ‘hot’ tumor
characterized by high infiltration of T cells with increased
programmed death-1 (PD-1) expression, which may have
a higher response to ICB. Besides, PPT1" macrophages
exhibited a more immunosuppressive phenotype than
PPT1™ macrophages. In vivo pharmacological inhibition
of PPT1 by DC661 sensitized HCC to anti-PD-1 therapy.
This study provides a new illustration of the immunolog-
ical relevance and clinical significance of PPT1" macro-
phages in HCC.

METHODS

Patients and specimens

Archived tumor and peritumor specimens of 169 patients
with HCC who underwent surgical resection at Zhong-
shan Hospital, Fudan University (Shanghai, China),
between January 2009 and January 2010 were collected
for this study. In addition, we collected eight fresh HCC
tissue specimens for CyTOF examinations. All patients
signed the written informed consent and followed our
previous inclusion criteria and follow-up schedule.'” The
clinicopathological data was obtained from the electronic
medical record system.

In addition, the RNA-sequencing and clinical data
of the cancer genome atlas liver hepatocellular carci-
noma (TCGA-LIHC) cohort was downloaded from the
Genomic Data Commons Data Portal. Transcriptome
data was normalized using the ‘limma’ package in R soft-
ware before further analyses. The tumor immune infiltra-
tion and activity enrichment scores for each sample were
assessed by performing single-sample gene set enrich-
ment analysis (ssGSEA) in R software using the ‘gsva’
package. Besides, the absolute infiltration proportions of
various immune cell types were calculated using cell-type
identification by estimating relative subsets of RNA tran-
scripts (CIBERSORT) algorithm.

Single-cell RNA sequencing analyses

Single-cell RNA sequencing data of a patient with liver
cancer cohort (GSE125449) was obtained from the
Gene Expression Omnibus (GEO) website.”® A total of
3299 cells (Set 1) and 4831 cells (Set 2) of GSE125449
was analyzed. Quality control steps included removal of
doublets and cells with >5% mitochondrial gene. Subse-
quently, after the transcriptome data were normalized and
log-transformed, we detected 2000 highly variable genes
for further principal component analysis based on the
average expression and dispersion of the genes. The first
20 principal components (p<0.05) were applied for t-dis-
tributed stochastic neighbor embedding (t-SNE) analyses
to reveal different single cell subclusters and cell types
were annotated automatically using ‘singleR’ package in
R software. The single-cell gene expression was correlated
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with reference bulk RNA-sequencing data sets including
Human Primary Cell Atlas, Blueprint/ENCODE, Data-
base Immune Cell Expression, Novershtern Hemato-
poietic, and Monaco Immune. The above analyses were
performed using the ‘Seurat’ package in R software. For
macrophage subset analysis, myeloid cells were extracted
from Set 1 and Set 2 for clustering and visualized using
the Uniform Manifold Approximation and Projection
plots. Cells were annotated by myeloid markers (CD68,
CD163, C1QC, CLEC9A, S100A8, CD1C, and LAMP3)
and macrophage subsets were further analyzed using
TAMs markers and M1,/M2 signatures.19

Immunohistochemistry

Immunohistochemical (IHC) staining was performed
on the tissue microarrays containing specimens from the
above-mentioned 169 patients with HCC as described in
our previous study.'” Briefly, after deparaffinization and
antigen retrieval, the microarrays were incubated sequen-
tially with the indicated primary antibodies (PPT1, Cat.
ab89022, Abcam; CDG68, Cat.ab213363, Abcam) and
horseradish peroxidase (HRP)-conjugated secondary
antibody. Later, two pathologists independently evalu-
ated the staining results using a semiquantitative method
while maintaining confidentiality of clinical data. The
final score was the multiplication of staining intensity
(- scored 0, + scored 0~1, ++ scored 1-1.5, +++ scored
1.5-3) and staining area (0-100%) and was ranked into
four grades: negative (0%) and weak (0-100%) staining
was considered as low expression, while moderate (100-
150%) and strong (150-300%) staining was deemed as
high level.

Double-labeling immunofluorescence assay

Double-labeling immunofluorescence staining was
performed on the tissue microarrays mentioned above
using a TSA fluorescence kit. Briefly, the microarrays were
incubated with the primary antibodies against CD68 (Cat.
ab213363, Abcam) and PPT1 (Cat. ab89022, Abcam),
followed by visualization with Alexa Fluor 488 and CY3.
Later, the microarrays were scanned and analyzed using
CaseViewer software. PPT1°'CD68" cell infiltration level
was evaluated as the number of positive cell numbers.
The median value was served as a cut-off value to divide
patients with HCC into high and low PPT1"CD68" macro-
phage infiltration groups. Patient with HCC were divided
into PPT1°CD68" cells enriched group or PPT1 CD68"
cells enriched group based on the infiltration percentage
of these cells.

CyTOF

Fresh tumor tissues excised from eight patients with HCC
were prepared into single cell suspensions and then incu-
bated with 42 metal-conjugated antibodies. Subsequently,
signal detection was performed in the Helios3 CyTOF
system by PLTTech (Hangzhou, China). The CyTOF data
was then normalized and analyzed on the Cytobank plat-
form. Unsupervised clustering and t-SNE dimensionality

reduction were performed based on the expression
profiles of these markers using the ‘cytofkit’ package in
R software to identify cell types. Detailed antibody infor-
mation was summarized in online supplemental table 1.

Cell lines

The murine HCC cell lines Hepal-6 and the human
monocyticleukemia cell line THP-1 were obtained
from the Stem Cell Bank, Chinese Academy of Science
(Shanghai, China). HCC cells and THP-1 cells were
maintained in the Dulbecco’s modified Eagle’s medium
(DMEM) and Roswell Park Memorial Institute (RPMI)
1640 medium with 10% fetal bovine serum (FBS) and
100 mg/mL penicillin and streptomycin, respectively.

RNA isolation and transcriptome sequencing

RNA was extracted from the indicated cells using the
TRIzol reagent (Invitrogen, USA) and sent to Agilent
2100 bioanalyzer for integrity check. After enrichment
and random cleavage, fragmented messenger RNA
(mRNA) was reversely transcribed into complementary
DNA (cDNA) and further amplified by PCR to construct
cDNA library. Later, transcriptome sequencing was
performed on an HiSeq X platform (Illumina).

Quantitative real-time PCR

After extracted from cells as described above, RNA was
reverse-transcribed into cDNA using the PrimeScript RT
reagent kit (Takara, Japan) according to the standard
procedure. A PCR reaction system was established using
c¢DNA, primers, and SYBR Green Master Mix according to
the manufacturer’s instructions and run on an ABI Prism
7500 Sequence Detection System (Applied Biosystems).
The relative mRNA level of the target gene was calculated
using the AACt method with housekeeping gene GAPDH
as control. The sequences of the primers were listed in
online supplemental table 2.

Western blot assay

Proteins were extracted from cultured cells using radio-
immunoprecipitation assay (RIPA) buffer and quanti-
fied using the Bicin-choninic Acid (BCA) assay kit. After
thermal denaturation, proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto the PolyVinylideneFluoride
(PVDF) membranes according to the standard proce-
dure. Later, bands were blocked with 5% skim milk and
incubated overnight with the corresponding primary anti-
body. Finally, the blots were exposed with chemilumines-
cence reagents after incubating with the HRP-conjugated
secondary antibody. The primary antibodies were summa-
rized in online supplemental table 3.

Flow cytometry

Cultured cells were trypsinized using trypsin and tumors
harvested from mouse models were shredded and digested
using collagenase to obtain single cell suspension. Later,
after stained with fixable viability dye and permeabilized,
cells were incubated with fluorochrome-conjugated
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antibodies in the dark for 30 min and further sent to the
BD FACSAria III Flow Cytometer for flow cytometry. The
results were analyzed using the FlowJo software. The anti-
bodies used were shown in online supplemental table 3.

Animal studies

In vivo tumorigenesis assay was performed with male
C57BL/6] mice aged 6 weeks. Briefly, mouse HCC cells
Hepal-6 (1x10°) were subcutaneously injected into the
right flank of each mouse. Once palpable, the following
treatment commenced and mice were randomly divided
into four groups (five mice per group): for PPT1 inhi-
bition, mice were injected intraperitoneally with DC661
3mg/kg (Cat. HY-111621, MedChemExpress) or vehicle
control daily; for anti-PD-1 therapy, mice were treated
intraperitoneally with two times per week doses of 100 g
anti-mouse PD-1 antibody (Cat. BP0273; Bio X Cell) or IgG
isotype control. Tumor size was measured using vernier
caliper and calculated as 0.5xlengthxwidth®. All experi-
ments were performed in accordance with the guidelines
for care and use of laboratory animals and approved by
the Zhongshan Hospital Institutional Animal Care and
Ethics Committee (ID: 2021-30).

Statistical analysis

Numerical variables were shown as mean+SD and differ-
ences between groups was tested using Student’s t-test,
one-way analysis of variance or Mann-Whitney U test as
appropriate. Categorical variables were presented as n
(%) and constituent ratio between groups was compared
using Pearson y* and Fisher’s exact test. Survival curves
were plotted by Kaplan-Meier method and compared with
a log-rank test. All analyses were performed with SPSS
V.22.0 (IBM, Armonk, New York, USA) and R software
(V.4.0.0) with a two-tailed p value less than 0.05 consid-
ered statistically significant.

RESULTS

Single-cell RNA sequencing analyses identify seven valuable
macrophage-specific marker genes associated with

prognosis in HCC

To determine specific transcriptomic landscapes of
macrophages in the microenvironment of HCC, we first
employed a public data set (GSE125449) containing
single-cell RNA sequencing data of 12 patients with liver
cancer (Set 1) for bioinformatics analyses. After +-SNE
analysis of the top 20 linearly uncorrelated principal
components, we successfully obtained 15 cell subclusters
in a two-dimensional space and annotated them into
seven cell types based on the canonical marker genes,
including malignant cell, endothelial cell, CDS8' T cell, B
cell, fibroblast, monocyte, and macrophage (figure 1A).
Besides, clustering analysis revealed significantly different
transcriptional profiles among these single cell subclus-
ters (figure 1B). We then extracted 427 characteristic
maker genes of cluster 7 (macrophages) for further anal-
ysis. Gene Ontology (GO) demonstrated that these genes

were mainly involved in immunomodulatory processes
and possessed molecular functions such as major histo-
compatibility complex (MHC) binding, immunoglob-
ulin binding, and pattern recognition receptor activity
(figure 1C). We next confirmed that these genes were
macrophage-specific, as evidenced by Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis showing
that they were primarily responsible for phagocytosis,
and antigen processing and presentation (figure 1D).
To investigate which macrophage-specific genes have
an essential impact on the disease progression and the
clinical outcome of HCC, we performed univariate Cox
proportional hazards regression analysis of these genes
in the TCGA-LIHC cohort containing 374 patients with
liver cancer, and then subjected candidate prognosis-
associated genes with statistical significance (p<0.05)
to the least absolute shrinkage and selection operator
(LASSO) analysis. These analyses finally identified seven
of the most valuable genes (PPTI1, H2AFY, PGD, YBXI,
HSPHI, TUBA4A, and HSPDI) with 1000-fold cross-
validation (figure 1E-G). Taken together, our single-cell
RNA sequencing analyses reveal a panel of genes that may
play a role in macrophages and affect the progression of
HCC.

PPT1 is upregulated in HCC tissues and mainly expressed in
macrophages

We next investigated the expression distribution of these
genes in the above single cell subclusters. Bubble and
t-SNE plots showed that only PPT1 was highly expressed
in macrophages (Cluster 7), moderately expressed in
monocytes (Cluster 8) and endothelial cells (Cluster 14),
while hardly expressed in other cells (figure 2A,B). This
finding was further supported by the GSE125449 Set 2
cohort containing seven patients (online supplemental
figure A-C). In addition, macrophage subset analysis indi-
cated that M2-like macrophages tended to highly express
PPT1 (online supplemental figure 2). Hence, we focused
on this molecule for further analyses. Expression anal-
yses in the TCGA-LIHC cohort demonstrated that PPT1
levels were upregulated in tumor tissues compared with
peritumor tissues, and increased as disease progression
(figure 2C,D). In addition, PPT1 expression was posi-
tively correlated with the macrophage infiltration calcu-
lated by the CIBERSORT algorithm (R=0.11; figure 2E).
The elevated PPT1 expression in tumor tissues and the
positive association between PPT1 level and macrophage
infiltration were also validated in our own patient with
HCC cohort, as indicated by the IHC staining of PPT1
and CD68 (figure 2F,G and online supplemental table
S4). In addition, double-labeling immunofluorescence
assay revealed that PPT1 mainly co-localized with CD68
in HCC tissues, with a median percentage of 70.0% of
PPT1 expressing cells co-localizing in 169 HCC sections
(figure 2H and online supplemental figure 3A). Collec-
tively, these results suggest that PPT1 is upregulated in
HCC and mainly expressed in macrophages.
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Figure 1 Single-cell RNA sequencing analyses identify seven valuable macrophage-specific marker genes associated with
prognosis in HCC. (A) t-SNE plot of 3299 single cells from 12 patients with liver cancer in GSE125449 cohort. (B) Heatmap

of marker genes in each single cell subcluster based on the clustering analysis. (C and D) GO and KEGG analyses of 427
maker genes of macrophages (Cluster 7). (E-G) Identification of the most valuable macrophage-specific genes associated with
prognosis in HCC using the LASSO analysis with 1000-fold cross-validation in TCGA-LIHC cohort. GO, gene ontology; HCC,
hepatocellular carcinoma; KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least absolute shrinkage and selection
operator; MHC, major histocompatibility complex; NF, nuclear factor; TCGA-LIHC, the cancer genome atlas liver hepatocellular
carcinoma; t-SNE, t-distributed stochastic neighbor embedding.
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Infiltration of PPT1* macrophages is closely associated with
prognosis in patients with HCC

We then examined the prognostic value of PPT1" macro-
phages in patients with HCC using the Kaplan-Meier
method. Survival analyses revealed that high PPT1 expres-
sion was associated with short OS durations in our patient
cohort (figure 3A). Besides, patients with high CD68 level
experienced worse OS than those with low CD68 level
(online supplemental figure 3B). Of note, we found that
tumor with low expression of both PPT1 and CD68 repre-
sented the best OS rate in patients with HCC (figure 3B).
We further grouped patients with HCC according to the
PPT1'CD68" macrophage infiltration level based on the
immunofluorescence staining results. As illustrated in
figure 3C, the OS duration of patients with HCC with
high PPT1'CD68" macrophage infiltration was shorter
than that of patients in the low infiltration group. More-
over, patients with HCC enriched with PPTI'CD68"
macrophages experienced a shorter OS duration than
those enriched with PPT1"CD68" macrophages (online
supplemental figure 3C). The association of high PPT1
expression, high macrophage infiltration with poor OS
and disease-free survival (DFS) of HCC was also observed
in the TCGA-LIHC cohort (figure 3D,E). Consistently,
patients with HCC with low intratumoral PPT1" macro-
phages infiltration tended to have the best DFS and OS
durations (figure 3F). In addition, Cox proportional
hazard regression models demonstrated that high intra-
tumoral expression of both PPT1 and CD68 was an inde-
pendent risk factor for OS in patients with HCC from our
cohort (figure 3G). Hence, infiltration of PPT1" macro-
phages in tumor has a negative influence on the clinical
outcomes of patients with HCC.

Intratumoral PPT1* macrophages correlate with immune
exhaustion contexture and exhibit immunosuppressive
phenotype in HGCC microenvironment

To understand the mechanisms underlying the dismal
prognosis caused by high PPT1" macrophage infiltra-
tion, we then scrutinized the immune infiltrates and
functional profiles between HCC tumors with high and
low infiltration of PPT1" macrophages using the CyTOF
assay. Clustering analysis identified 35 cell subsets in eight
HCC tumors, with PPT1 expression mainly distributed in
macrophages and T-cell subsets (figure 4A,B). Intrigu-
ingly, tumor with high level of intratumoral PPT1" macro-
phages possessed significantly increased CD8" T-cell
infiltration and slightly elevated CD4" regulatory T cell
(Treg) levels, while the proportions of other immune cell
types in CD45" cells were comparable between the two
groups (figure 4C,D). We further analyzed the subpop-
ulation of CD8" T cells and found that the C04 was the
predominant CD8" T-cell subset positively associated with
the PPT1" macrophage infiltration (figure 4E,F). In addi-
tion, cellular function analysis showed that the expression
of PD-1 was increased in C04 subset from the high PPT1"
macrophage infiltration group, suggesting that PPT1"
macrophages may promote the function exhaustion

of this CD8" T-cell subpopulation (figure 4G). We also
explored the association between intratumoral PPT1
expression and the immune landscapes of HCC micro-
environment in TCGA-LIHC cohort. Clustering analysis
of ssGSEA revealed that tumors with high PPT1 level
tended to have more immunological activity than those
with low PPT1 expression (online supplemental figure
4A). Consistently, neoplastic PPT1 level seemed to be
positively correlated with the infiltration of CD8" T cells,
which was also validated using the CIBERSORT algo-
rithm (online supplemental figure 4B-G). Besides, we
also found enhanced checkpoint activity, T cell co-inhibi-
tion, and antigen presenting cell (APC) co-inhibition and
attenuated type II interferon (IFN)-y response in PPT1
high expression group (online supplemental figure 4H).

We next examined the function status of PPT1" macro-
phages in HCC tumor. Out of the six macrophage subsets,
five clusters (C27-C31) were associated with PPT1 expres-
sion (figure 4E). PPT1" macrophages within HCC tissues
exposed higher levels of galectin-9 (the ligand for T-cell
checkpoint TIM-3), CD172a (the ligand for macrophage
phagocytic checkpoint CD47), and CCR2 (a marker of
M2 type macrophage) compared with the PPT1™ macro-
phages (figure 4H,I). In addition, CD80 and CCR7, two
markers of M1 type macrophage, showed decreased
expression in PPT1" macrophages. Taken together, these
results demonstrated that PPT1" macrophages exhibit
an immunosuppressive status with diminished phago-
cytosis function, and may affect the tumor infiltration
and functional status of a subset of CD8" T cells, contrib-
uting to an immune exhaustion contexture in HCC
microenvironment.

Inhibition of PPT1 by DC661 reverses the immunosuppressive

phenotype of macrophages

Having established a connection between PPT1 expres-
sion and the immunosuppressive phenotype of macro-
phages in HCC, we next investigated the mechanism by
which inhibition of PPT1 was affecting macrophages. By
performing RNA sequencing, we identified 335 signifi-
cantly upregulated genes and 452 downregulated genes
in THP-1-differentiated macrophages treated with the
PPT1 inhibitor DC661 compared with the control group
(figure 5A). GO analysis indicated that these differential
genes were mainly involved in cell migration, chemo-
taxis, receptor signaling pathway and cytokine activity
(figure 5B). In addition, KEGG analysis demonstrated that
DC661 treatment could activate several inflammation-
related signaling pathways including the TNF, IL-17,
NF-kB, and Toll-like receptor signaling pathways, while
inhibit MAPK, Ras, PI3K-Akt signaling pathways and
EGFR tyrosine kinase inhibitor resistance (figure 5C). We
also found that the transcription of some genes involved
in M2 polarization, Treg recruitment, and T-cell exhaus-
tion, such as IL-24, MAF, CD209, CCL28, PDCDI1, and
IL-10, was inhibited by DC661, while the expression of
genes involved in tumor Kkilling, T-cell chemotaxis, and
neutrophil recruitment, such as TNF, CCL4, CCLS5,
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Figure 3 The prognostic value of PPT1" macrophages infiltration in HCC. (A-B) OS curves for patients with HCC with high
and low expression of PPT1 or PPT1/CD68 co-expressions based on IHC staining in our patient cohort (n=169). (C) OS curve
for patients with HCC with high and low PPT1*CD68" macrophage infiltration based on double-labeling immunofluorescence
staining in our patient cohort (n=169). (D-F) OS and DFS curves for patients with HCC with high and low mRNA level of PPT1,
infiltration level of macrophages or PPT1* macrophages in TCGA-LIHC cohort (n=374). Log-rank test. (G) Forest plots for
univariate and multivariate Cox proportional hazards regression models of OS in patients with HCC from our patient cohort.
DFS, disease-free survival; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; mRNA, messenger RNA; OS, overall
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Figure 4 PPT1* macrophages correlate with immune exhaustion contexture and exhibit imnmunosuppressive phenotype in
HCC microenvironment. (A) t-SNE plot of CD45" cells in the tumor from eight patients with HCC based on CyTOF results.

Cell cluster type was annotated according to the known marker expression. (B) t-SNE plot of CD45" cells colored by the

levels of CD3, CD4, CD8a, CD19, CD56, CD66b, CD68, and PPT1. (C) t-SNE plot of CD45* cells in the tumors from PPT1*
macrophage low and high infiltration groups. (D) Proportion of the indicated immune cell types in CD45* cells in the two groups.
(E) Heatmap of 42 markers expressed in each cell cluster. (F) Proportion of the indicated CD8* T cell subsets in CD45* cells in
the two groups. (G) Left: t-SNE plot of CD45" cells colored by the level of PD-1. Right: PD-1 expression of C04 subset in the
indicated groups. (H) Heatmap of 42 markers expressed in PPT1-positive and negative macrophages. (I) The expression level of
galectin-9, CD172a, CCR2, PPT1, CD80, and CCR?7 in PPT1-positive and negative macrophages. Mann-Whitney U test. CyTOF,
cytometry by time-of-flight; DNT, double-negative T cell; HCC, hepatocellular carcinoma; NK, natural killer; PD-1, programmed
death receptor 1; PPT1, palmitoyl-protein thioesterase 1; TEM, effector memory T cell; Treg, regulatory T cell; t-SNE, t-
distributed stochastic neighbor embedding.
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Figure 5 Inhibition of PPT1 by DC661 reverses the immunosuppressive phenotype of macrophag
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CXCL9, CXCLI, and CXCL2, was enhanced by DC661
(figure 5D). Activation of NF-kB pathway and inhibition
of MAPK pathway induced by DC661 in macrophages were
further confirmed by WB, and transcriptional regulation
of immune-related genes in macrophages by DC661 was
also validated by quantitative PCR (figure 5E,F). In addi-
tion, DC661 treatment could increase CD80 membrane
expression and decrease galectin-9 and CD172a levels
in macrophages (figure 5G). These results suggested
that inhibition of PPT activity with DC661 attenuates the
immunosuppressive phenotype of macrophages.

DC661 enhances the efficacy of anti-PD-1 antibody in HCC in
vivo

The above results drove us to investigate whether PPT1
inhibition could potentiate the therapeutic efficacy of
immunotherapyin HCC. We constructed Hepal-6-derived
subcutaneous HCC mouse models and treated them with
IgG, anti-PD-1 antibody, DC661, and anti-PD-1 antibody
combined with DC661, respectively (figure 6A). During
treatment, DC661, anti-PD-1 antibody and combination
therapy all significantly restricted the growth of subcu-
taneous tumors (figure 6B). Besides, tumors harvested
at the endpoint of experiment were much smaller for
combination therapy than monotherapies, along with
a significant decrease in the expressions of PPT1 and
PD-1 (figure 6C,D and online supplemental figure 5A).
To further understand the mechanism underlying the
enhanced antitumor efficacy of combined therapy, we
dissected the tumor immune infiltration landscape of
Hepal-6 subcutaneous tumors. As shown by flow cyto-
metric analyses, mice administered with combination
therapy had significantly increased tumor infiltrations of
MHC-I" M1 macrophages and CD8" T cells compared
with the monotherapies and the control (figure 6EF).
Finally, no notable hepatic or renal toxicity was observed
at the endpoint of the study for both monotherapies
and combination therapy (figure 6G). Collectively, these
findings highlighted that PPT1 inhibition by DC661 may
potentiate the therapeutic efficacy of anti-PD-1 therapy
in HCC.

DISCUSSION

Macrophages, one of the major immune cell types in the
HCC microenvironment, act as a double-edged sword in
hepatocarcinogenesis. Hepatic macrophages can atten-
uate the loss of CD4" T cells caused by dysregulation of
lipid metabolism to delay HCC.? Besides, cannabinoid
receptor 2 expressed in macrophages can promote the
recruitment of T cells to induce antitumor response.”'
On the other hand, macrophages in HCC often undergo
a re-education process into immunosuppressive TAMs,
which accelerate the development of HCC.?*?' The
heterogeneous phenotypes of macrophages and its inex-
tricable connection with tumor microenvironment (TME)
highlight the importance of a better understanding of the
crucial macrophage subpopulations and their impacts

on immune contexture. Here, using multiple high-
throughput single-cell analyses, we identified a previously
undescribed PPT1" macrophage subset and elucidated its
immune association and clinical significance in HCC.

The relationship between the PPT1 expression level in
tumor and the prognosis of HCC has been recognized,
and some PPTI inhibitors such as DC661 and GNS561
have been found to inhibit HCC or enhance the sensi-
tivity of sorafenib.' '* In line with this, we observed an
elevated expression of PPT1 in HCC tissues and a nega-
tive effect of PPT1 on the clinical outcomes of patients
with HCC. More importantly, our findings shed insight
into a predominant expression pattern of PPT1 in the
HCC microenvironment. The high expression of PPT1
in macrophages and the best survival duration observed
in HCC with low PPT1" macrophages infiltration suggests
that PPT1" macrophage is an essential macrophage subset
that influences the progression of HCC. Several studies
have revealed that PPT1 is the pharmacological target of
chloroquine derivatives."” '® Therefore, our study gives
a rationale for antimalarial drugs as a macrophages-
targeting therapy in HCC. In addition, our work sets the
stage for future studies that may be extrapolated to other
types of tumors to investigate whether the high expression
of PPT1 in macrophages is ubiquitous in cancers. Finally,
we need to point out that since some subpopulations of
other immune cells such as T cells also express PPT1,
pharmacological inhibition of PPT1 in vivo may exert
antitumor effects by targeting other PPTI-expressing
cells, and the function of PPT1 in these cells needs to be
further investigated.

Another important finding of this study is that the
HCC microenvironment with high PPT1" macrophage
infiltration is characterized by high tumor infiltration
of a CD8" T cell subset with increased PD-1 expression.
The characteristics of the tumor immune infiltrates have
been recognized as an important factor that influences
response to immunotherapy.® Currently, TME can be clas-
sified into three categories according to the composition
and function status of immune infiltrates obtained from
moderate-resolution data, namely infiltrated-excluded,
infiltrated-inflamed, and infiltrated-tertiary lymphoid
structure.” We presume that the PPT1" macrophage-
enriched HCC microenvironment resembles the
infiltrated-inflamed TME, which is characterized by high
infiltrations of exhausted cytotoxic lymphocytes and
immunosuppressive leukocytes. This type of TME is consid-
ered to have a high response to ICB.® The enhanced anti-
tumor effect of anti-PD-1 antibody against HCC induced
by DC661 in our in vivo experiments fully supports this
hypothesis. Thus, our study reveals an important role of
PPTI in mediating the interaction of macrophages with
surrounding cells to shape the immunosuppressive TME,
and suggests that PPT1 level and PPT1" macrophages
may be potent predictive biomarkers of immunotherapy
response for HCC. Besides, a study in melanoma reported
that PPT1 inhibitors can promote the secretion of IFN-3
in macrophages to enhance T cell-mediated cytotoxicity
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Figure 6 DC661 enhances the efficacy of anti-PD-1 antibody in HCC in vivo. (A) Schematic showing the schedule of anti-
PD-1 and PPT1 inhibitor DC661 treatment in mice bearing Hepa1-6 tumors. (B) Volumes of subcutaneous tumors in each group
during treatment. (C) Gross appearance of the subcutaneous HCC tumors from the indicated treatment groups. (D) The tumor
weight of each group at the endpoint. (E-F) Flow cytometry analyses of the tumor infiltration percentage of CD11b*F4/80*"MHC-
I macrophages and CD3"CD8" T cells in each group. (G) Effects of anti-PD-1 and DC661 on liver and kidney functions of mice
with subcutaneous HCC tumors at study endpoint. (H) Schematic diagram depicting the regulatory role of PPT1 in macrophage
and the microenvironment immune landscapes of HCC. PPT1 can upregulate the membrane level of CD172a and galectin-9
but downregulate CD80 in macrophages, thereby impairing its phagocytosis and inhibiting the killing ability of T cells. Besides,
by regulating the transcription of immune-related cytokines, PPT1 promotes M2 polarization, Treg recruitment, and inhibits

the recruitment of neutrophils. *p<0.05, **p<0.01, and ***p<0.001, one-way ANOVA with a post hoc LSD test. ALT, alanine
transaminase; ANOVA, analysis of variance; AST, aspartate aminotransferase; BUN, blood urea nitrogen; FITC, fluorescein
isothiocyanate; HCC, hepatocellular carcinoma; LSD, least significant difference; MHC, major histocompatibility complex; PD-1,
programmed death receptor 1; PPT1, palmitoyl-protein thioesterase 1; SSC, side scatter; Treg, regulatory T cell.
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and the efficacy of ICB."® Hence, based on our results,
adjuvant PPT1 inhibitor may disrupt the immunosup-
pressive TME shaped by macrophages and potentiate
the therapeutic effect of immunotherapy in HCC, which
warrants further investigations.

In addition, we observed that PPT1" macrophages had
decreased CD80 and increased CD172a and galectin-9
expression, suggesting that PPT1 impaired the phagocy-
tosis function and enhanced immunosuppressive func-
tion of macrophages. Consistently, a study demonstrated
that genetic and pharmacological PPT1 inhibitions lead
to the M2 to M1 phenotype switch in macrophages,
suggesting a determinant role of PPT1 in the immune
function of macrophages.”” Besides, we observed that
many immune-related cytokine or chemokine profiles
in macrophages, as well as MAPK and NF-kB pathways,
were greatly affected by DC661 treatment. Transcrip-
tional alterations of these cytokines may be key mediators
of functional remodeling in macrophages as well as their
impact on surrounding cells.” " These pathways, also,
may be important modulators of gene transcription as
described above. Some studies have reported that PPT1 is
involved in the mammalian target of rapamycin (mTOR)
pathway activation and lysosomal catabolism by its depal-
mitoylase activity.'* '® Palmitoylation modifications play
an important regulatory role in protein localization and
function, as well as in tumorigenesis.%_?’0 Therefore,
protein palmitoylation modifications regulated by PPT1
may be a potential mechanism underlying the effect of
PPT1 on signaling pathways and immune phenotypes in
macrophages.

However, considering that the present study did not
elucidate the specific mechanisms underlying the role
of PPT1" macrophages in the TME immune landscape,
basic studies based on in vivo and in vitro experiments
are needed in the future. Besides, a large-scale and
multicentral patient cohort is highly desirable to vali-
date our findings. The therapeutic effect of PPT1 inhib-
itors combined with ICB in HCC also requires further
investigation.

CONCLUSION

In conclusion, our study provides the first insight into the
enriched expression of PPT1 in macrophages in HCC
and identifies the infiltration level of PPT1" macrophage
as an independent risk factor for OS in HCC. PPT1"
macrophages exhibit a highly immunosuppressive pheno-
type and shift the HCC microenvironment into a tumor-
promoting context (figure 6H). Targeting PPT1 may
potentiate the therapeutic efficacy of immunotherapy in
HCC.
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