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Abstract 

Background  Regulatory T cells (Tregs) are the main immunosuppressive cells in tumor immune microenvironment 
(TIME). However, systemic Treg depletion is not favored due to the crucial role of Tregs in the maintenance of immune 
homeostasis and prevention of autoimmunity. Recently, CCR8 has been identified as a key chemokine receptor 
expressed on tumor-infiltrating Tregs and targeted blockade of CCR8 exerts anticancer effect in several cancer types, 
but whether this pathway is involved in the progression of hepatocellular carcinoma (HCC) remains unclear.

Methods  We determined the involvement of CCR8+ Tregs in HCC using human HCC tissues and TCGA database, 
and examined the anticancer effect and the underlying molecular mechanisms of the CCR8 antagonist, IPG0521m, 
which was developed in house, in murine liver cancer model with flow cytometry, bulk and single-cell RNA sequenc‑
ing and Real-Time PCR.

Results  Remarkable increase in CCR8+ Tregs was observed in human HCC tissues. Treatment of syngeneic liver 
cancer model with IPG0521m resulted in dramatic inhibition of tumor growth, associated with increased CD8+ T cells 
in tumor tissues. Bulk RNA sequencing analysis indicated that IPG0521m treatment resulted in remarkable increase 
in antitumor immunity. Furthermore, single-cell RNA sequencing analysis demonstrated that IPG0521m treatment 
resulted in a switch of Tregs from high immunosuppression to low immunosuppression phenotype, associated 
with elevated CD8+ T and NK cell proliferation and cytotoxicity, and decreased myeloid-derived suppressor cells 
and tumor-associated macrophages in the tumor tissues.

Conclusions  IPG0521m inhibited liver cancer growth via reducing the immunosuppressive function of Tregs, thereby 
boosting anti-cancer immunity. Our study paves the way for the clinical study of CCR8 antagonist in HCC and other 
cancers.
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Graphical Abstract

Introduction
Liver cancer is the sixth most common cancer and the 
fourth leading cause of cancer-related death worldwide 
[1]. Over 90% of liver cancer is hepatocellular carci-
noma (HCC). For a long time, Sorafenib monotherapy 
has been the first-line treatment for advanced HCC, but 
with numerous side effects. In recent years, the emer-
gence of immune checkpoint inhibitors has revolution-
ized HCC therapy. Antibodies targeting programmed 
cell death protein 1 (PD-1) or programmed cell death 
ligand 1 (PD-L1) have achieved unprecedented success 
in HCC. Moreover, the combination of anti-PD-L1 and 
anti-vascular endothelial growth factor has significantly 
improved the overall survival of HCC patients. However, 
great challenges remain due to the low remission rate of 
the current immunotherapy. Given the factor that the 
PD-1/PD-L1 axis is not enough to stimulate an effec-
tive antitumor immunity due to the immunosuppressive 
nature of the tumor microenvironment (TME), a better 
understanding of the tumor immune microenvironment 
(TIME) is urgently needed to discover new targets for 
more effective cancer immunotherapy.

In TIME, one of the key players that suppress anti-
cancer immune response is regulatory T cell (Treg), 
which is characterized by the expression of fork-
head box protein p3 (Foxp3). Tregs participate in the 
development and progression of tumors by inhibiting 
antitumor immunity through multiple mechanisms, 
including cytokine secretion, immune checkpoint 
molecules, and metabolic modulation [2]. In terms of 
HCC, tumor-resident Tregs express several immune 

checkpoints, including TIGIT and CTLA4 [3], and the 
increased percentage of Tregs is closely related to the 
tumor stage and tumor size of HCC [4]. These findings 
lead to the hypothesis that Tregs play a role in promot-
ing the invasion and progression of HCC. However, 
given the essential role of Tregs in the maintenance 
of immune homeostasis, systemic Treg depletion may 
cause autoimmune disease. Hence, targeted inhibition 
or depletion of tumor-associated Tregs without globally 
compromising self-tolerance is a potential therapeutic 
approach for HCC.

Recent studies have shown that the chemokine recep-
tor CCR8 is overexpressed in tumor-infiltrating Tregs 
of patients with different cancers, including breast, 
colon, and lung cancers, with no major CCR8-positivity 
found on peripheral Tregs [5–7]. These findings suggest 
that targeted inhibition or depletion of CCR8+ Tregs 
is a promising therapeutic strategy for cancer. How-
ever, intense disputes occur regarding the role of CCR8 
in Treg’s functions. A few studies using CCR8 knock-
out mice indicated that CCR8 is dispensable for their 
accumulation and immunosuppression [8]. Following 
this clue, several studies demonstrated that targeted 
depletion of CCR8+ Tregs with enhanced antibody-
dependent cell-mediated cytotoxicity (ADCC) strategy 
induced potent anticancer response and synergized 
with anti-PD-1 treatment in several murine cancer 
models [9–13]. However, as CCR8 is expressed not 
only on Tregs, but also on Th2 cells, Th17 cells, central 
memory CD4+ and CD8+ T cells, NKT cells, mono-
cytes, vascular endothelial cells, and tissues such as 
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bladder and thymus [14–17], enhanced ADCC would 
inevitably cause severe side effects. In striking contrast, 
CCR8 has been shown to be critical for Treg immuno-
suppression. Stimulation of CCR8+ Tregs with CCL1 
induces STAT3-dependent up-regulation of FOXp3, 
CD39, IL-10, and granzyme B, resulting in enhanced 
suppressive activity of these cells [18]. In gastric cancer, 
tumor-infiltrated Tregs with higher expression of CCR8 
produce more IL-10 molecules in  vitro. CCR8 block-
ade downregulates Treg-produced IL-10, and reverses 
the suppressive function of Tregs on the secretion and 
proliferation of CD8+ T cells [19]. In the muscle-inva-
sive bladder cancer model, CCR8 blockade destabilizes 
intratumoral Tregs into a fragile phenotype, associated 
with reactivation of antitumor immunity and augment 
of anti-PD-1 therapeutic benefit [20]. Given these find-
ings, CCR8 antagonism may offer therapeutic benefits 
to cancer patients without causing such side effects as 
that induced by the ADCC strategy. However, whether 
CCR8+ Tregs are involved in HCC, and if yes, whether 
blockade of CCR8 suppresses HCC progression 
remains unclear.

In the present study, we attempted to determine the 
potential involvement of CCR8+ Tregs in human HCC 
tissues and to examine the anticancer effect and the 
underlying molecular mechanisms of the CCR8 antago-
nistic antibody, IPG0521m, in murine liver cancer model. 
Our results demonstrated a marked increase in CCR8+ 
Tregs in human HCC tissues. Treatment of syngeneic 
liver cancer model with IPG0521m resulted in dramatic 
inhibition of tumor growth. Though the proportion of 
tumor-infiltrated Tregs remained unchanged, a marked 
increase in CD8+ T infiltration was observed in response 
to IPG0521m treatment. Single-cell RNA sequencing 
analysis revealed that IPG0521m treatment resulted 
in conversion of the tumor-infiltrating Tregs into a less 
immunosuppressive phenotype, associated with elevated 
anticancer immunity. Our study paves the way for the 
clinical study of CCR8 antagonists in HCC and other 
cancers.

Materials and methods
Animal studies
All procedures involving the care and use of animals in 
the study were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Immunophage 
Biotech and Shanghai Jiao Tong University School of 
Medicine. During the study, the care and use of animals 
were conducted in accordance with the guidance of the 
Association for Assessment and Accreditation of Labo-
ratory Animal Care International (AAALAC). SJL mice 
were purchased from Beijing Vital River, Inc. (Beijing, 
China), and BALB/c mice were purchased from Jihui 

Biotech Ltd (Shanghai, China). The indicated stable cells 
(1 × 106) were subcutaneously injected into the right flank 
abdomen of BALB/c mice in each group. Tumor size 
was measured twice a week, and mice were sacrificed 
to analyze the tumor burden after 2–4  weeks, and the 
tumor volume was calculated with the following formula: 
V = (length × width2)/2.

In some experiments, CD8+ T cell depletion was 
achieved through intraperitoneal administration of anti-
mouse CD8α (BE0061, BioXCell) at 200 µg/mouse every 
3 days.

Human samples
The tumor sample collection protocol was approved 
by the Health Research Ethics Board of Shanghai Gen-
eral Hospital (No. 2022SQ164). Cancer patients with 
18–80 years of age, who were scheduled for tumor resec-
tion surgery, were informed and signed the informed 
consent before their resected tumor tissues were col-
lected. The resected tumor or paratumor tissues were 
stored in a tissue preservation solution.

Immunohistochemistry
Human HCC tumor tissues and paired paratumor tissues 
chip (HLivH180Su16, Shanghai Outdo Biotech Com-
pany) were used, and patients’ information was collected. 
For IHC staining, deparaffinized and rehydrated tissue 
sections were blocked and incubated with a primary 
antibody against CCR8 (KB0001, Cobiotech, China), fol-
lowed by incubation with a secondary antibody. DAB 
color was developed with diaminobenzene and hema-
toxylin. Slides were pictured with microscopy and viewed 
with a K-viewer. All slides were examined randomly by 
two independent pathologists, and IHC outcomes were 
determined by stained-positive cell counts. CCR8 posi-
tive cell counts were enumerated as the mean value of 5 
randomized windows of 0.02 mm2 in high power magni-
fication fields (HPF, 200 × magnification) of each section. 
CCR8+ cell density was counted as cells/mm2. For the 
density of CCR8 positive cells, the values below 40 cells/
mm2 were defined as low ones, and the values above 200 
cells/mm2 were defined as high ones. The clinical features 
of these samples with values ranging between 40 and 200 
cells/mm2 were chaotic.

Cell lines and cell culture
H22 cells, obtained from the Shanghai Chinese Academy 
of Sciences cell bank (China), were cultured in RPMI-
1640 medium (Life Technologies, Carlsbad, CA, USA), 
supplemented with penicillin G (100 U/mL), streptomy-
cin (100 mg/mL), and 10% fetal bovine serum (FBS, Life 
Technologies), at 37 °C in a humidified atmosphere with 
5% CO2. 293  T and CHOK1 cells were obtained from 
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EK-Bioscience. 293  T cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) with 1% sodium pyru-
vate containing 10% FBS, whereas CHOK1 cells were cul-
tured in F12K Medium containing 10% FBS. The methods 
for the generation of gene-transfected cells are described 
in the Supplementary Materials. All cell lines were used 
within 10 passages after the first thawing.

Screening and characterization of CCR8 antagonistic 
antibodies
Human CCR8 (hCCR8)−293 T cells or hCCR8-CHOK1 
(2 × 107/ml) were used to immunize 6–8  weeks-old SJL 
mice via abdominal and pedicle injection every two 
weeks. Splenocytes and mouse myeloma cells (Sp2/0-
Ag14, Immunophage Institution) were fused using the 
polyethylene glycol (PEG) method, and selection was 
conducted in a medium containing hypoxanthine, ami-
nopterin, and thymidine. Antibody clones were pri-
marily screened using CCR8 binding and CCL1-CCR8 
neutralizing assays. Supernatants containing antibodies 
were subjected to cell-based ELISA for reactivity with 
CCR8 overexpressing cells. Supernatants of these posi-
tive clones were then confirmed by fluorescence-acti-
vated cell sorting (FACS). To verify the specificity of the 
antibodies, the same supernatants were subjected to the 
cell-based ELISA with non-transfected parental cells. To 
screen the CCR8 antagonistic antibodies, antibodies with 
high binding affinity were subjected to Ca2+ mobilization 
assay using human CCR8 expressing 293  T cells stably 
transfected with genes of a Ca2+ indicator. After incuba-
tion of the CCR8–expressing cells with 90 nmol/L human 
CCL1 (R&D), Ca2+ influx was measured using a Fluoro-
metric Imaging Plate Reader (FLIPR, Molecular Devices). 
The CCR8 antagonistic antibodies were sequenced, and 
their complementarity-determining regions were grafted 
onto the human framework. The potent and selective 
CCR8 antagonistic antibody identified in these processes 
was named IPG0521, which blocks CCR8 signaling with 
a single digital nanomolar IC50.

Isolation of tumor‑infiltrating Tregs
The tumor-bearing mice with tumor sizes ranging from 
500 to 1000 mm3 were euthanized, and tumor tissues 
were harvested. The tumor tissues were minced into 1–2 
mm3 pieces using dissecting laboratory scissors before 
being enzymatically digested (Mouse Tumor Dissociation 
Kit, Miltenyi Biotec). The cell suspensions were filtered 
through a 70  μM-diameter cell strainer. Red blood cells 
were lysed using lysis buffer (Red Blood Cell Lysis Buffer, 
Biosharp), and dead cells were removed using the Dead 
Cell Removal Kit (Miltenyi Biotec). Finally, CD4+CD25+ 
Tregs were magnetically isolated using a CD4+CD25+ 
Regulatory T Cell Isolation Kit (Miltenyi Biotec).

Flow cytometry analysis
Single cell suspensions were blocked at 4 ℃ for 30  min 
using 1 μg/ml mFc Block (BD, RRID: AB_394656) to pre-
vent nonspecific antibody binding. Subsequently, the iso-
lated cells were incubated at 4 ℃ for 30 min with various 
fluorescence-labeled antibodies and their correspond-
ing isotype controls for surface staining. Following two 
washes, the cells were fixed and permeabilized using the 
Fixation and Permeabilization Solution (BD Biosciences, 
#554,722). After two washes, the cells were stained with 
fluorescence-labeled antibodies for 30  min for intracel-
lular staining. Finally, the stained cells were washed and 
resuspended in 100 μL wash buffer before being evalu-
ated using a flow cytometer (CYTOFLEX, Beckman). 
Data were analyzed with FlowJo_V10 software. The anti-
bodies used in the experiment are listed in Table S7.

Antibody binding assay
The affinity of anti-CCR8 antibodies was evaluated using 
flow cytometry. Briefly, Approximately 5 × 105 293 T cells 
stably overexpressing CCR8 (CCR8-293 T) were blocked 
with Human TruStain FcX™ (422,302, Biolegend) before 
being incubated with the test antibodies diluted with 
PBS/0.5% BSA (1:3 series dilution from 225  μg/ml to 
0.00381 μg/ml) on ice for 20–30 min. After washing with 
PBS/0.5% BSA, cells were centrifuged, and the cell pellets 
were incubated with a secondary anti-mouse IgG-FITC 
(115–545-003, Jackson) on ice for 30 min. After washing, 
the cell pellets were resuspended in PBS/0.5% BSA before 
being analyzed with CYTOFLEX (Beckman). The bind-
ing affinity was calculated using GraphPad Prism.

Chemotaxis assay
The chemotaxis of Tregs was assessed using a Transwell 
(Corning). Briefly, the migration medium containing 
100  ng/ml of mCCL1 was added to the lower chamber 
of the 5.0 μm specification 96-well polycarbonate mem-
brane HTS migration plate with 100 μL/well. Meanwhile, 
CCR8+ Tregs isolated from tumors were resuspended, 
adjusted the cell density of 1 × 106 cells/mL with cell 
migration medium, placed into the upper chamber of the 
migration plate, with a volume of 100 μL/well, and incu-
bated at 37 °C for 4 h. Afterwards, cells migrated to the 
lower chamber were counted using flow cytometer.

Treg‑CD8+ T cell co‑culture
Tregs isolated from tumor tissues were seeded on plates 
containing 50 µL Dynabeads® mouse T-Activator CD3/
CD28 (Gibco™) supplemented with murine IL2 (2000 
U/mL). Meanwhile, Fresh CD8+ T cells isolated from 
spleens of healthy mice with CD8+ T Cell Isolation Kit 
(Miltenyi Biotec) were labeled with CFSE (Invitrogen™) 
and incubated with Tregs in a 1:1 ratio in the presence of 
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murine CCL1 (100 ng/ml) for 3 days. The cells were har-
vested and analyzed using a flow cytometer with 488 nm 
excitation to measure the proliferation of CD8+ T cells. 
All the in vitro assays were conducted in triplicate, with 
three repeats.

Real‑Time PCR
Total RNA was extracted from tissues or cells using TRI-
zol (Life Technologies), and mRNA was polyadenylated 
using a poly-A polymerase-based First-Strand Synthe-
sis kit (TaKaRa, Shanghai, China), reverse transcripted 
with a PrimeScript RT Reagent kit (TaKaRa), and cDNA 
was amplified and quantified using QuantStudio™ 6 Flex 
Real-Time PCR System (Applied Biosystems, Shanghai, 
China) and SYBR Green I (Applied Biosystems), respec-
tively. The primers used in the reactions are listed in 
Table S6. For template, 1 mg of RNA was used for reverse 
transcription. The resulting cDNA was diluted 1/10 in 
ddH2O which accounts for 100  ng RNA per reaction. 
Analysis of each gene per samples was run in triplicate. 
The number of cycles was set to 40. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as the 
endogenous control. Relative fold changes in the specific 
mRNA expression were calculated with the comparative 
threshold cycle (2−ΔΔCt) method.

Bulk RNA sequencing
Total RNA was extracted from the indicated samples, 
and its integrity was assessed using the RNA Nano 6000 
Assay Kit (Agilent Technologies, CA, USA, 5067–1511). 
The mRNA library was constructed with Novogene fol-
lowing standard operating procedures. The clustering 
of the index-coded samples was performed on a cBot 
Cluster Generation System using TruSeq PE Cluster Kit 
v3-cBot-HS (Illumia). After cluster generation, the library 
preparations were sequenced on an Illumina Novaseq 
platform, and 150  bp paired-end reads were generated. 
The detailed procedure is included in the Supplementary 
Protocol.

Single‑cell RNA sequencing
This study was performed by experienced personnel in 
the laboratory of NovelBio Co., Ltd. Tumor tissues were 
surgically removed and kept in magnetic-activated cell 
sorting solution (Miltenyi Biotec) before being washed 
with phosphate-buffered saline (PBS), minced into small 
pieces (approximately 1 mm3) on ice, and enzymatically 
digested with 1 mg/mL collagenase I (Worthington) and 
200 μg/mL DNase I (Worthington) at 37  °C for 45 min, 
with agitation. Then, samples were sieved through a 
70  µm cell strainer and centrifuged at 300  g for 5  min. 
After removing the supernatant, the pelleted cells were 
suspended in red blood cell lysis buffer (Miltenyi Biotec), 

and then washed with PBS containing 0.04% BSA. The 
cell pellets were resuspended in PBS containing 0.04% 
BSA and re-filtered through a 35  μm cell strainer. Cells 
were dissociated and subsequently stained with AO/PI 
for viability assessment using Countstar Fluorescence 
Cell Analyzer. The single-cell suspension was further 
enriched with a MACS dead cell removal kit (Miltenyi 
Biotec).

The single cell RNA sequencing (scRNA-Seq) librar-
ies were generated using the 10 × Genomics Chromium 
Controller Instrument and Chromium Single Cell 3’ 
V3.1 Reagent Kits (10 × Genomics, Pleasanton, CA). 
Briefly, cells were concentrated to approximately 1000 
cells/μL and loaded into each channel to generate single-
cell gel bead-in-emulsions (GEMs). After the RT step, 
GEMs were broken, and barcoded cDNA was purified 
and amplified. The amplified barcoded cDNA was frag-
mented, A-tailed, ligated with adaptors, and index PCR 
amplified. The final libraries were quantified using the 
Qubit High Sensitivity DNA assay (Thermo Fisher Sci-
entific), and the size distribution of the libraries was 
determined using a High Sensitivity DNA chip on a Bio-
analyzer 2200 (Agilent). All libraries were sequenced 
by Illumina sequencer (Illumina, San Diego, CA) on a 
150 bp paired-end run. The detailed procedure of single-
cell RNA statistical analysis is included in the Supple-
mentary Protocol.

Statistical analysis
Data were presented as means ± SD. Statistical analy-
sis was performed using Student’s t-test or One-way 
ANOVA. The relationship between CCR8 expression and 
clinical-pathological characteristics was analyzed using 
a chi-square test. Survival curves were plotted using the 
Kaplan–Meier method, and survival time was compared 
using a log-rank test. p < 0.05 was considered statistical 
significance.

Results
High infiltration of CCR8+ cells in tumor tissues of HCC 
patients is associated with poor prognosis
Infiltration of CCR8+ Tregs in tumor tissue has been 
shown as a hallmark of many cancer types, with no 
report on HCC. To explore the potential involvement of 
CCR8 in the pathogenesis of HCC, we first compared 
the expression of CCR8 between HCC tissues and the 
adjacent normal solid tissues, also referred to as paratu-
mor tissues. Data was retrieved from 436 samples in the 
liver cancer (Liver Hepatocellular Carcinoma, LIHC) 
cohort of The Cancer Genome Atlas Program (TCGA). 
The results indicated a positive relationship between the 
expression of CCR8 and Foxp3 (Fig. S1A) and a higher 
level of CCR8 in primary tumor tissues relative to that in 
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the adjacent normal tissue (Fig. 1A). To verify the TCGA 
results, immunohistochemistry (IHC) analysis was per-
formed on HCC tissues (n = 90) and paired paratumor 
tissues (n = 90). As expected, a significantly higher infil-
tration of CCR8+ cells was observed in the HCC tissues 
compared to that in the paratumor tissues (Fig.  1B). It 
should be noted that, the expression level of CCR8 is not 
even in the tumor tissues, with relatively higher expres-
sion in some tumor tissues, and lower in some other tis-
sues (Fig. 1C). Interestingly, the expression level of CCR8 
appeared to be inversely correlated with survival rate, the 
higher the CCR8 expression, the lower the survival rate, 
as shown in the Kaplan–Meier survival analysis (Fig. 1D). 
Moreover, the expression of CCR8 was positively corre-
lated with the malignant grade of the tumors (Fig.  1E). 
The IHC results further demonstrated the more the 
CCR8+ cell infiltration, the less the presence of CD45+ 
immune cells, CD4+ cells, CD8+ cells, as well as CD56+ 
cells in the tumor tissues (Fig. S1B-C). More confirmative 
results were included in the supplementary data section 
(Fig. S1D-E).

CCR8 blockade suppressed liver cancer growth 
in syngeneic mouse model
Previous studies have shown that CCR8 plays a role in the 
immunosuppressive function of Tregs [19], and antago-
nism of CCR8 has been reported to inhibit tumor growth 
in a few cancer types, including triple-negative breast 
cancer and bladder cancer [20, 21]. To examine whether 
CCR8 blockade suppresses liver cancer growth, we gener-
ated a monoclonal CCR8 antibody (Fig. S2-3, Table S1-3) 
named IPG0521, which bound CCR8 originated from 
human, monkey, dog, rat, and mouse with high affin-
ity, and potently inhibited CCR8-mediated chemotaxis 
(Fig. 2A-C) and intracellular signaling (Fig. S3G-H). The 
specificity, structure, molecular weight, disulfide bonds, 
and glycosylation of IPG0521 were characterized (Fig. 
S4). Epitope mapping indicated that the antibody bound 
CCR8 at the second extracellular domain (EDC2), which 
possesses over 90% homology among the five species 
(Table S4), and the major binding site was aspartic acid 
97, mutation of which resulted in over 100 times decrease 
in binding affinity (Fig. S3I and Table  S5). As far as we 
know, this is so far the first CCR8 blocking antibody 

that is cross-reactive with human, mouse, and several 
other species. It is worth mentioning that IPG0521 has 
a stronger affinity than some other commercial products 
(Fig. S3J-O). In the following study involving a murine 
liver cancer model, IPG0521 with murine IgG2a Fc was 
constructed, named IPG0521m, which potently blocked 
the chemotaxis of CCR8+ Treg derived from murine can-
cer models (Fig. S5A-B).

To explore the antitumor effect of IPG0521m, a total 
of 40 mice was inoculated with H22 cells, a murine 
liver cancer cell line, randomly divided into 4 groups 
based on average tumor volume, and administrated with 
IPG0521m or murine mIgG2a isotype (control) twice a 
week for 19 days, during which, tumor volume was meas-
ured in every 2–3 days, and tumor growth inhibition rate 
was calculated. We observed that IPG0521m treatment 
resulted in a dose-dependent inhibition of tumor growth 
and complete tumor growth inhibition was observed at 
the dose of 3  mg/kg or above (Fig.  2D). The anticancer 
effect of IPG0521m was confirmed by measuring the 
tumor weight at the end of the study (Fig. 2E-F).

To understand the underlying mechanism, tumor infil-
trated immune cells isolated from the IPG0521m (3 mg/
kg), and isotype treatment groups were subjected to flow 
cytometry analysis. Total CD45+ cells were increased in 
response to IPG0521m treatment (Fig.  2G). Among the 
CD45+ cells, CD4+ T cell and CD8+ T cells were mark-
edly elevated in the IPG0521m treatment group com-
pared to that in the control group (Fig.  2H-I). Though 
total CD4+ T cells were increased upon the IPG0521m 
treatment, neither total Tregs nor CCR8+ Tregs were 
changed (Fig. 2I-L). IHC staining of CD45+ cells, CD4+ 
T cell, CD8+ T cells, FoxP3+ cells and NKP46+ cells 
provided more intuitive presentation for the change of 
immune cells after IPG0521m treatment (Fig. S6A-B). 
The anticancer immunity-boosting effect of IPG0521m 
was further confirmed with Bulk RNA-seq analysis, 
which indicated a marked increase in the expression of 
genes involved in antigen presentation, immune stimu-
lation, innate immunity, lymphocyte chemotaxis, and 
T cell activation, in response to IPG0521m treatment 
(Fig.  2M). Similar results were obtained in the studies 
using HepG2 liver cancer model and murine lung cancer 
model (Fig. S6C-D).

Fig. 1  CCR8 is highly expressed in tumor tissues of HCC patients and associated with poor prognosis. A The expression level of CCR8 in primary 
tumor tissues and normal tissue from TCGA. B Quantification of CCR8 positive cells between the tumor tissues and corresponding paratumor 
tissues of HCC patients (n = 90). C The expression of CCR8 in paratumor tissues and tumor tissues from each HCC group was assessed by IHC 
analysis. Scale bar: 50 μm. D The Kaplan–Meier survival analysis plot showing a significant association between CCR8 expression and overall survival 
of HCC patients. E The proportion of different grades of HCC patients in CCR8 high and low groups. Data were shown as mean ± SD. *p < 0.05, 
***p < 0.001, ****p < 0.0001, compared to control

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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IPG0521m altered immune cell populations in the TIME 
of liver cancer
The unexpected result that IPG0521m enhanced 

anticancer immunity without altering the Treg popu-
lation in the TIME inspired us to explore the in-depth 
cellular mechanism using single-cell RNA sequencing 

Fig. 2  The CCR8 antagonist IPG0521 suppresses murine liver cancer growth via elevating CD8+ T cells without Treg reduction or depletion. A 
Binding activity of IPG0521 on CCR8-293 T with FCM analysis. B The specific binding of IPG0521 with mouse CCR8-CHOK1, rat CCR8-293 T, dog 
CCR8-293 T, and cynomolgus CCR8-293 T. Parental HEK293 cells were used as control. C Representative inhibition of IPG0521m in mCCL1 (100 ng/
ml) mediated chemotaxis of Treg cells isolated from the tumor tissues of H22 syngeneic liver cancer model. D Dose-dependent inhibition 
of the syngeneic liver cancer growth in response to IPG0521m treatment. P values were calculated with tumor volume on day 19 after grouping 
using Tukey’s multiple comparisons test. E–F Changes in tumor weight and size in response to different doses of IPG0521m administration. G-L 
Proportions of tumor-infiltrating CD45+ cells (G), CD8+ T cells (H), CD4+ T cells (I), total Tregs (J), CCR8+ Tregs in total CD45+ cells (K), and CCR8+ Tregs 
in total Tregs (L) with or without IPG0521m treatment (3 mg/kg). M RNA-seq analysis showing major changes in gene expression with or without 
IPG0521m treatment (3 mg/kg). Data were shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to control
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(scRNA-seq). CD45+ cells sorted out from tumor tissues 
of H22 liver cancer bearing mice treated with IPG0521m 
or mIgG2a (control) were subjected to scRNA-seq 
(Fig. 3A). A total of 18 cell clusters were identified based 
on known cell lineage-specific marker genes unique 
to natural killer (NK) cells, neutrophils, dendritic cells 
(DCs), macrophages/monocytes, CD8+ T cells, CD4+ T 
cells, Tregs, ILC, mast cells, and B/plasma cells (Fig. 3B-
C). As shown in Fig. 3D-E, NK cells and neutrophils were 
markedly increased, whereas macrophages/monocytes 
were significantly reduced in response to IPG0521m 
treatment, with no significant change in the percentage 
of Tregs, CD4+ T cells, CD8+ T cells, DCs, etc..

IPG0521m treatment blunted the immunosuppressive 
effect of the tumor‑infiltrating Tregs
To explore whether IPG0521m treatment alters the 
intrinsic property and phenotype of the tumor-infiltrating 

Tregs (TI-Tregs), further clustering of Treg cell subsets 
was performed. The co-localization of CCR8+ cells with 
TI-Tregs indicated a predominant expression of CCR8 
on TI-Tregs (Fig.  4A and B). According to the expres-
sion of FoxP3, TI-Tregs were classified into three clus-
ters, namely high FoxP3 expression (Treg-FoxP3hi), low 
FoxP3 expression (Treg-FoxP3low), and intermediate 
FoxP3 expression (Treg-FoxP3int) (Fig. 4C). Interestingly, 
Treg-FoxP3hi expressed a high level of lineage‐specific 
markers and a low level of immunosuppressive genes, 
such as Pdcd1, Havcr2, Tigit, Lag3, Btla, and CD160. In 
contrast, Treg-FoxP3low expressed a relatively higher level 
of immunosuppressive genes and Mki67, suggesting that 
Treg-FoxP3low cells are immunosuppressive subtype and 
highly proliferative (Fig.  4D-E). Strikingly, Treg-FoxP3int 
cells, the largest proportion of TI-Tregs (Fig.  4C), also 
expressed a markedly higher level of immunosuppres-
sive genes, with equivalent expression of Mki67, com-
pared to the Treg-FoxP3hi cells (Fig.  4D-E), suggesting 

Fig. 3  Landscape of CD45+ immune cells in response to IPG0521m treatment. A The scheme of the single cell RNA sequencing. B The Uniform 
Manifold Approximation and Projection (UMAP) of 10 × -based tumor infiltrated CD45+ immune cells single-cell data from 6 mice of the IPG0521m 
administration and control group showing 18 clusters in TIME identified by the integrated analysis, colored by cell cluster. Each single dot 
corresponds to one single cell colored according to cell cluster. C Gene bubble plot showing the expression of well-recognized marker genes 
in the major cell types. D Pie plot of cell cluster distribution in the IPG0521m administration group and control group, respectively. E The proportion 
of cell clusters in tumor infiltrated CD45+ immune cells in response to IPG0521m treatment. Data were shown as mean ± SD. **p < 0.01, ***p < 0.001, 
compare to control
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that Treg-FoxP3int cells are major immunosuppressive 
subtype of TI-Tregs. Interestingly, IPG0521m treatment 
resulted in a marked increase in the proportion of Treg-
FoxP3hi cells, with a dramatic decrease in the proportion 
of Treg-FoxP3int cells (Fig. 4F). Quantitative Set Analysis 
for Gene Expression (QuSAGE) of all Treg sub-clusters 
showed that multiple immune-related pathways were 
activated in Tregs of IPG0521 administration group, 
compared with the control group (Fig.  4G). These data 
suggest that IPG0521m treatment resulted in a switch of 
TI-tregs phenotype from highly immunosuppressive to 
less immunosuppressive.

To confirm these findings, TI-Tregs isolated from H22 
liver cancer tissues were incubated with murine CCL1 in 
the presence or absence of IPG0521m, and the expression 
of Lag3 and Ctla4 was measured. As expected, CCL1 
stimulation of the TI-Tregs induced up-regulation of 
Lag3 and Ctla4, which was reversed by IPG0521m treat-
ment (Fig.  4H-I). To further confirm that the immuno-
suppressive function of TI-tregs is modulated by CCR8, 
CD8+ T cells labeled with carboxyfluorescein succinimi-
dyl ester (CFSE) were co-cultured with TI-Tregs isolated 
from H22 liver cancer tissues, and after incubation of the 
co-culture with murine CCL1 in the presence or absence 
of IPG0521m, CD8+ T cell proliferation was measured. 
We observed that ligand-induced activation of CCR8 
remarkably enhanced TI-tregs immunosuppression, 
leading to a dramatic reduction of CD8+ T cell prolifera-
tion, which was revered by IPG0521m (Fig. 4J-K).

IPG0521m treatment enhanced the proliferation 
and cytotoxicity of CD8+ T cells and NK cells and promoted 
the activation of dendritic cells (DCs)
The main function of Treg in TIME is to inhibit the anti-
cancer immunity mediated by CD8+ T cells, NK cells, 
and DCs [6]. Based on the findings that IPG0521m abro-
gated the immunosuppressive function of TI-Tregs, 
we attempted to examine the intrinsic properties and 
potential functions of the CD8+ T cells, NK cells, and 
DCs following IPG0521m treatment of the H22 liver 

cancer mouse model. CD8+ T cells were classified into 4 
clusters, including naïve, central memory (TCM), effec-
tor memory (TEM), and proliferative cells (Fig.  5A-C). 
The proliferative subset of CD8+ T cells, demonstrat-
ing the highest potency of cytotoxicity as determined 
by CytroTRACE analysis, were significantly increased 
after the administration of IPG0521m, concomitant 
with a decrease in the TCM group (Fig. 5D). Moreover, 
the expression of perforin and granzymes, which are 
essential for CD8+ T cell cytotoxicity, was elevated in 
response to IPG0521m treatment (Fig. 5E). As a confirm-
ative study, flow cytometry analysis indicated a marked 
increase in IFN-γ+ CD8+ T cells upon IPG0521m treat-
ment, though the population of PD-1+ TIM3+ CD8+ T 
cells was increased synchronously (Fig. 5F-G). Albeit the 
PD-1 + TIM3 + CD8 + T cells are postulated as exhausted 
CD8 + T cells, these cells are also associated with the 
activation of CD8 + T cells [22–24]. More in-depth inves-
tigations are needed to scrutinize their functions, but are 
beyond the scope the current study.

Three sub-clusters of NK cells were characterized, 
including NK cells expressing high levels of perforin 
(NK_Prf1), proliferative NK cells (NK_Prolif ), and NK 
cells expressing the chemokine Xcl1 (NK_Xcl1) (Fig. 5H-
I). The largest proportion was NK_Prf1 (Fig.  5H), the 
major cytotoxic subtype of NK cells with low anti-inflam-
matory gene expression. In addition, a special group 
defined as NK_Xcl1 cells with anti-inflammatory prop-
erties was found, which expressed some inhibitory genes 
like the previously reported NKtolerant subset with regu-
latory functions (Fig.  5J) [25]. Interestingly, IPG0521m 
treatment resulted in an increase of all these three sub-
types of NK cells, with the most profound increase in 
NK_Prf1 cells (Fig.  5J-L), suggesting that IPG0521m 
enhances the cytotoxicity of NK cells. Meanwhile, a 
slight increase in the proportion of NK_Xcl1 cells, NK 
cells with anti-inflammatory properties, was observed in 
response to IPG0521m treatment (Fig. 5J-K). This may be 
a feedback regulation of the significantly elevated cyto-
toxic function of NK cells.

(See figure on next page.)
Fig. 4  Effects of IPG0521m treatment on the phenotypes of TI-Tregs. A Distribution of Treg cells. B Expression of Ccr8 by UMAP plot. C UMAP 
projection of Treg cells, showing the formation of 3 subclusters (Foxp3hi, Foxp3int and Foxp3low). Each dot represents an individual cell, colored 
according to cell cluster number. D The bubble plot shows the enrichment of distinct markers and Treg-related signature genes of different Treg 
subclusters. The bubble size represents the percentage of genes in the gene signature (x-axis) expressed in the corresponding cell subclusters 
(y-axis), and the color bar represents the average expression of genes. E The heat map showing the expression of immunosuppressive genes in Treg 
cell populations. F The cell proportion of Treg subclusters with or without IPG0521m administration based on the analysis of t-test. G Heat map 
showing the enrichment of pathways in Treg subclusters. H-I Tregs isolated from H22 liver cancer tissues were treated with mCCL1 (100 ng/ml) 
and IPG0521m (10 ug/ml) as indicated, and the expression of Lag3 and Ctla4 was evaluated using real-time PCR. J CFSE labeled CD8+ T cells isolated 
from spleens of healthy mice were co-cultured with Tregs isolated from H22 liver cancer tissues in the presence or absence of mCCL1 (100 ng/
ml) and IPG0521m (10 ug/ml), and the proliferation of CD8+ T cells was assessed by means of FCM. K Quantification of CD8+ T cells proliferation 
described in (J). Data were shown as mean ± SD. *p < 0.05, ***p < 0.001
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Fig. 4  (See legend on previous page.)
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Fig. 5  Effects of IPG0521m treatment on tumor-infiltrating CD8+ T cell, NK cells, and DCs. A UMAP projection of CD8+ T cells with 4 clusters. 
B The bubble plot shows the enrichment of distinct markers and CD8+ T cell-related signature genes of different CD8+ T cell subclusters. C 
Evaluation of the cytotoxicity of different CD8+ T cell subclusters using CytoTRACE analysis. D The proportional changes of CD8+ T cell subclusters 
in response to IPG0521m treatment. E The heat map indicating the changes of cytotoxicity-related gene expression in different CD8+ T cell 
subclusters in response to IPG0521m treatment. F-G Confirmation of the proportional changes in IFN-γ+ CD8+ T cells (F) and PD-1+ TIM3+ CD8+ 
T cells (G) by FCM analysis in response to IPG0521m treatment. H UMAP projection of NK cell clusters. I The bubble plot showing the enrichment 
of distinct markers and NK cell-related signature genes of different NK cell subclusters. J The heat map indicating changes of cytotoxicity-related 
gene and expression of anti-inflammatory genes in different NK cell subclusters in response to IPG0521m treatment. K The proportional changes 
of NK cell subclusters in response to IPG0521m treatment. L Confirmation of the proportional changes in perforin+ NK cells using FCM analysis 
in response to IPG0521m treatment. M Heat map showing the enrichment of pathways based on the QuSAGE of all DC subclusters. N The heat map 
showing the changes of gene expression related to different functions indicated in NK cells in response to IPG0521m treatment. Data were shown 
as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control
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DCs, the major antigen presenting cells, were classi-
fied into four sub-clusters, including plasmacytoid DCs 
(pDC), conventional type 2 DCs (cDC2), conventional 
types 1 DCs expressing CCL22 (cDC1_Ccl22), and con-
ventional types 1 DCs expressing clec9a (cDC1_clec9a) 
(Fig. S7A-B). Interestingly, IPG0521m treatment resulted 
in elevated expression of genes involved in antigen pro-
cessing and presentation, signaling involved in inflam-
matory cytokine expression, and T cell and NK cell 
activation in all of the sub-clusters of DCs (Fig. 5M-N). 
These data suggest that IPG0521m promotes the antigen 
processing and presenting functions of DCs.

IPG0521m treatment reduced myeloid‑derived suppressor 
cells, switched macrophage phenotypes to M1, 
and increased anticancer neutrophil proportion in TIME
Myeloid cells infiltrated in the tumor tissues were sub-
clustered into seven phenotypes, including monocyte, 
myeloid-derived suppressor cells (MDSCs), M1 mac-
rophages, M2 macrophages, macrophages expressing 
Spp1 (Spp1_macrophage), proliferative_macrophages, 
and Osteoclast-like cells (Fig.  6A-C). While monocytes 
were unchanged, MDSCs, the major immunosuppres-
sive myeloid cells in TIME, were dramatically decreased 
in response to IPG0521m treatment (Fig.  6D). M2 
macrophages, the immunosuppressive phenotype of 
macrophages, were reduced, and in contrast, M1 mac-
rophages, the anti-inflammatory and antigen-presenting 
macrophages, were increased upon IPG0521m treat-
ment. Spp1_macrophages, representing typical immu-
nosuppressive macrophages that are critically involved 
in the progression of cancer [26–28], were reduced after 
IPG0521m treatment. Furthermore, proliferative mac-
rophages and osteoclast-like macrophages were com-
pletely removed in response to IPG0521m treatment.

Along with the changes in myeloid cell proportion 
and phenotypes, chemokines and innate immunity 
signaling pathways, especially IFN-responsive genes, 

such as STAT1, Ifi44, Irf7, Isg15, and chemokines, 
including CXCL1, CXCL9, and CXCL10, were up-reg-
ulated in monocytes in response to IPG0521m treat-
ment as assessed with Gene Set Activity in QuSAGE 
(Fig. 6E-F).

Tumor-associated neutrophils (TANs) were sub-
clustered into five phenotypes, including G5b_, G5b_, 
Cstb_, Irgm1_, and G5a_neutrophils (Fig.  6G-H). 
Among these 5 subtypes, G5a_neutrophils, which dem-
onstrate active chemokine signaling, were increased 
upon IPG0521m treatment (Fig.  6I-K). Further-
more, Irgm1_neutrophils, which exhibit highly active 
chemokine signaling pathways and innate immu-
nity pathways (Fig.  6L), were significantly elevated in 
response to IPG0521m treatment (Fig. 6I-K).

Depletion of CD8+ T cells partially abrogates 
the anti‑tumor effect of IPG0521m
Given the specifically inhibitory of role of Tregs in 
CD8+ T cell cytotoxicity [29], we reasonably hypoth-
esize that the anti-cancer effect of IPG0521m is attrib-
utable to its abrogation of Treg-mediated CD8+ T cell 
suppression. To confirm this hypothesis, we herein 
depleted CD8+ T cells using an anti-CD8α antibody, 
and examined the anti-cancer effect of IPG0521m. 
Successful CD8+ T cell depletion was verified by flow 
cytometry (Fig.  7A-B). Mice with or without CD8+ T 
cell depletion were inoculated with H22 tumor cells, 
followed by treatment with IPG0521m or mIgG2a. As 
expected, depletion of CD8+ T cells promoted tumor 
growth and weakened to a large extent the anti-cancer 
effect of IPG0521m (Fig. 7C-E). It should be noted that 
depletion of CD8+ T cells did not completely abol-
ish the anti-cancer effect of IPG0521m, suggesting the 
involvement of other cell types, including, but not lim-
ited to, NK cells.

(See figure on next page.)
Fig. 6  Effects of IPG0521m treatment on tumor-infiltrating monocytes, macrophages and neutrophils. A UMAP projection showing subclusters 
of tumor-infiltrating myeloid cells. B The bubble plot showing the enrichment of distinct markers of the tumor-infiltrating myeloid cell 
subclusters. C Individual UMAP projection showing the proportional changes in the tumor-infiltrating myeloid cell subclusters in response 
to IPG0521m treatment. D Quantification of the proportional changes in the tumor-infiltrating myeloid cell subclusters in response to IPG0521m 
treatment. E Heat map showing the enrichment of pathways in the tumor-infiltrating myeloid cell subclusters. F The volcano maps showing 
changes of differentially expressed genes in the tumor-infiltrating monocytes in response to IPG0521m treatment. G UMAP projection showing 
the tumor-infiltrating neutrophil subclusters. H The bubble plot showing the enrichment of distinct markers and neutrophil cell-related signature 
genes of different neutrophil subclusters. I Individual UMAP projection showing the proportional changes in the tumor-infiltrating neutrophil 
subclusters in response to IPG0521m treatment. J Quantification of the proportional changes in the tumor-infiltrating neutrophil subclusters 
in response to IPG0521m treatment. K Heat map showing the enrichment of pathways in neutrophil subclusters. L The GO analysis showing 
chemokine signaling pathways in Irgm1+ neutrophils. M The volcano maps showing changes in the differentially expressed genes (DEGs) in Irgm1+ 
neutrophils in response to IPG0521m treatment (N) The GO analysis showing signaling pathway changes in Irgm1+ neutrophils in response 
to IPG0521m treatment. Data were shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control
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Discussion
The immunosuppressive TME plays an important role in 
tumor escape of immune surveillance and contributes to 
the low remission rate and high frequency of resistance 
to immunotherapy. One of the major cell populations in 
TIME is Treg, which is fundamentally involved in the 

progression of HCC [30, 31]. Though the chemokine 
receptor CCR8 has been shown to be predominantly 
expressed on the surface of TI-Tregs, whether CCR8 is 
involved in the immunosuppressive functions of Treg 
remains controversial in the literature. In the present 
study, we demonstrated that ligand stimulation of CCR8+ 

Fig. 6  (See legend on previous page.)
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Tregs enhanced the expression of genes critical for 
immunosuppression, which was reversed by IPG0521m. 
Treatment of liver cancer-bearing mice with IPG0521m 
resulted in a significant increase in CD8+ T cell infil-
tration and elevation of anticancer immunity. Though 
the proportion of TI-Tregs was unchanged, IPG0521m 
treatment resulted in a significant increase in TI-Tregs 
expressing low levels of immunosuppressive genes and 
a marked decrease in TI-Tregs expressing high levels of 

immunosuppressive genes, suggesting that CCR8 block-
ade blunted the immunosuppression of Tregs. These 
were associated with decreased MDSC and immunosup-
pressive macrophages, and increased cytotoxic NK cells, 
antigen-presenting DCs, as well as pro-inflammatory 
macrophages and neutrophils. Clearly, these data dem-
onstrate that CCR8 blockade reserves the immunosup-
pressive TIME, resulting in a long-lasting anticancer 
immune response. Our results, in striking contrast to the 

Fig. 7  The anti-tumor function of IPG0521m is partially dependent on CD8+ T cells. A CD8+ T cell depletion was assessed by flow cytometry. B 
Quantification of CD8+ T cells proportion with or without CD8+ T cell depletion. C The growth curves of syngeneic liver cancer with or without 
CD8+ T cells depletion in response to IPG0521m treatment. D, E Changes in tumor weights (D) and tumor size (E) in each group. Data were shown 
as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control
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anti-CCR8 ADCC strategy, pave the way for a safer and 
more effective treatment of HCC and other cancers.

With regard to the role of CCR8 in the functions of 
TI-Tregs, intense disputations occur in the literature. 
There are contradictory reports regarding the require-
ment of CCR8-mediated signaling for Treg immuno-
suppression. For instance, a previous study showed that 
tumor growth was not inhibited and TI-Tregs were not 
reduced in CCR8 knockout mice bearing murine colon 
cancer or melanoma, which led to the conclusion that 
CCR8 is merely a mark of the highly suppressive TI-Tregs 
but is dispensable for their accumulation and suppres-
sive function [8]. It is argued that given the intricate and 
redundant nature of the chemokine system [32], defi-
ciency of CCR8 during initial embryonic development 
may cause compensation of its role by other chemokine 
receptors, resulting unchanged Treg phenotype in the 
tumor-bearing animals. Another study showed that 
tumor inhibition was only achieved by means of cell-
depleting anti-CCR8 with enhanced ADCC rather than 
CCR8 blocking antibody [13]. However, it is noted that 
the IC50 of the ADCC-deficient anti-CCR8 mAb is sev-
eral times higher than that of ADCC-intact mAb in terms 
of signaling blockade [13]. Thus, it is deeply concerned 
whether this weak signal-blocking ADCC-deficient anti-
CCR8 mAb could effectively modulate the TI-Tregs phe-
notype and exert anticancer efficacy in vivo. In contrast, 
IPG0521m, which bound murine CCR8 with high affinity 
and potently blocked CCR8-mediated signaling in dif-
ferent assays, including β-arrestin assay and chemotaxis 
assay, with a nanomolar range of IC50, was shown to 
inhibit tumor growth in a dose-dependent manner. Echo-
ing our findings, several studies have shown the critical 
role of CCR8 in Treg immunosuppression. For instance, 
Barsheshet Y et  al. reported that stimulation of CCR8+ 
Tregs with CCL1 resulted in enhanced suppressive activ-
ity of these cells [18]. In a gastric cancer mouse model, 
CCR8 blockade downregulated Treg-produced IL-10 and 
reversed the suppression by Tregs on the secretion and 
proliferation of CD8+ T cells [19]. In the muscle-inva-
sive bladder cancer model, CCR8 blockade destabilized 
intratumoral Tregs into a fragile phenotype, associated 
with reactivation of antitumor immunity and augment 
of anti-PD-1 therapeutic benefit [20]. Nevertheless, it is 
now clarified that CCR8 is not merely a biomarker for TI-
Tregs in the TME, but plays a crucial role in the immuno-
suppressive function of TI-Tregs.

We noted with great excitement that IPG0521m treat-
ment did not cause reduction or depletion of TI-Tregs as 
observed in other studies using CCR8 monoclonal anti-
bodies with enhanced ADCC functions [9, 12, 33]. To 
unveil the underlying mechanism, we performed scRNA-
seq. It was clearly shown in response to IPG0521m 

treatment, the population of Tregs expressing high level 
of immunosuppressive genes declined, and instead, the 
population of Tregs expression low level of immuno-
suppressive genes increased, suggesting that IPG0521m 
blunted the immunosuppression of Tregs in the liver 
cancer-bearing mice. The scRNA-seq further demon-
strated that along with the phenotypic change in Tregs, 
the CD8+ T cell proliferation and cytotoxicity were 
both increased, suggesting that the anti-cancer effect of 
IPG0521m is largely attributable to the abolishment of 
Treg-mediated inhibiton of CD8+ T cell cytotoxicity. This 
notion was confirmed by our study showing that deple-
tion of CD8+ T cells abrogated to a large extent the anti-
cancer effect of IPG0521m.

The mechanisms underlying the anticancer effect of 
IPG0521m appear to extend far beyond its modulation 
of the TI-Tregs phenotype. IPG0521 treatment resulted 
in dramatic changes in the population and phenotype 
of myeloid cells, which are comprised of MDSCs, mac-
rophages, dendritic cells, monocytes, and granulocytes. 
MDSCs represent a major component of the TIME and 
are critically involved in the regulation of tumor progres-
sion and metastasis [34]. One of the intriguing findings 
was that MDSCs were markedly reduced in response to 
IPG0521m treatment. This is unlikely to be attributable 
to its direct regulation of MDSC since there is no evi-
dence showing the expression of CCR8 on these cells. 
We postulate that the reduction in MDSC in response 
to IPG0521m treatment is likely due to the cross-
talk between Tregs and MDSCs, both of which have 
been shown to collaborate with each other in promot-
ing tumor-immune evasion [35–37], and both of which 
are able to induce generation and enhance the suppres-
sive activity of the other via various signaling pathways, 
including PD-L1 signaling [38, 39].

Another interesting finding is that IPG0521m treat-
ment induced a reduction of M2 macrophages and an 
increase in M1 macrophages, suggesting that TAMs 
undergo a switch from immunosuppressive to pro-
inflammatory phenotype. As the major tumor-infiltrating 
immune cell population, TAMs are commonly educated 
by tumor cells to become their partners in crime, promot-
ing tumor immune escape, angiogenesis, tumor growth, 
and metastasis [40, 41]. Notably, TAMs are phenotypi-
cally described as M2 macrophages that are alternatively 
activated by Th2 cytokines. By contrast, tumor-killing 
macrophages are typically described as M1 macrophages 
that are classically activated by Th1 cytokines [40, 42]. 
Therefore, converting M2 TAMs into M1 antitumor mac-
rophages is an ideal approach to target tumor-infiltrating 
macrophages. Clearly, the IPG0521m-induced switch in 
the phenotypes of TAMs from M2 to M1 is one of the 
mechanisms accountable for its anticancer effect. It is 
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unlikely that IPG0521m directly modulates the TAM 
phenotype as there is no report of the expression of 
CCR8 on TAMs. This phenotypic change in TAMs in 
response to IPG0521m treatment is likely attributable 
to the crosstalk between Tregs and TAMs that has been 
revealed elsewhere [43].

The third interesting finding is that IPG0521m treat-
ment resulted in a marked increase in TANs, most 
notably IRGM1+ neutrophils, in TIME. Neutrophils act 
as the body’s first line of defense against infection and 
respond to diverse inflammatory cues, including can-
cer. Although the role of IRGM1 in neutrophils in can-
cer scenarios remains to be investigated, based on the 
recent study that the IRGM1 is required to promote T 
cell-mediated control of infection in neutrophils [44], 
and on our results that IRGM1+ neutrophils express high 
levels of CXCL2, CXCL10, and CXCR2, chemokines and 
receptors involved in neutrophil recruitment and T cell 
activation, we reasonably postulate that the IRGM1+ 
neutrophils promote anticancer immunity. Though it is 
largely unknown how CCR8 blockade with UIPG0521m 
resulted in increased infiltration of IRGM1+ neutrophils, 
a study with an inflammatory disease model indicated 
that CCR8 deficiency reduced eosinophil accumulation 
but accelerated neutrophil accumulation in the inflam-
matory site, suggesting that CCR8 blockade may promote 
neutrophil accumulation [45]. An in-depth investigation 
will be executed to explore the underlying mechanisms in 
the future.

Taken together, we provided solid evidence to illus-
trate that CCR8 is not merely a biomarker for Treg cells, 
but rather plays a crucial role in the immunosuppres-
sive functions of TI-Tregs. CCR8 antagonism robustly 
suppressed liver cancer growth via switching the highly 
immunosuppressive TI-Tregs to less an immunosuppres-
sive phenotype, leading to elevated anticancer immu-
nity and a long-lasting tumor-suppressing effect. CCR8 
antagonist may provide a much safer therapy for cancer 
relative to the anti-CCR8 ADCC strategy, the latter may 
cause severe side effects due to the expression of CCR8 
not only on TI-Tregs but also on Th2 cells, Th17 cells, 
central memory CD4+ and CD8+ T cells, NKT cells, 
monocytes, vascular endothelial cells, and various nor-
mal tissues [14–17].
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