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Background: Achieving a complete radiofrequency ablation (RFA) for a solid malignant tumor of large size or at high-risk locations
is challenging. A slow release of doxorubicin by liposomal doxorubicin (L-Dox) in solid tumors can selectively suppress the immune
suppressive cells. In this study, the feasibility of using anti-CD24 antibody plus L-Dox was explored to inhibit residual cancers after
incomplete RFA (iRFA) of hepatocellular carcinoma (HCC), with an attempt to reduce the tumor recurrences post-RFA.

Methods: The expressions of CD24 protein and sialic-acid-binding lg-like lectin 10 (Siglec-10) in residual cancers after iRFA of
human HCC were evaluated. The mice orthotopic HCC models were treated by (1) pseudo iRFA: the ablation electrode was only put
in the live tumor but without ablation treatment; (2) iRFA: the tumors only received iRFA treatment; (3) iRFA+anti-CD24 antibody;
(4) iRFA+L-Dox; (5) iRFA+anti-CD24 antibody+L-Dox. The treatment effects and the immune microenvironment of treated tumors in
each group were assessed and compared.

Results: The CD24 protein and Siglec-10 were highly expressed in the residual cancers (p<0.001). The iRFA+anti-CD24 antibody
+L-Dox group had the smallest tumor size and the longest survival time (p<0.001). The anti-CD24 antibody in combination with
L-Dox significantly decreased the expressions of CD24 and Siglec-10, significantly promoted the polarization of M2-like tumor-
associated macrophages (TAMs) towards M1-like TAMs, significantly reduced the regulatory T cells and myeloid-derived suppressor
cells, and significantly increased the infiltrations of natural killer cells and functional CD8T cells into residual cancers.
Conclusion: The combined therapy of anti-CD24 antibody with L-Dox could significantly improve the suppressive tumor immune
microenvironment and result in a strong tumor-killing immunity in residual cancers, which significantly inhibited the residual cancers
after iRFA of HCC. These findings may lead to a new strategy of enhancing the curative efficacy of RFA for large-sized HCC or HCC
at high-risk locations.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignancy, and the third leading cause of cancer death
worldwide.! While radiofrequency ablation (RFA) is extensively employed for treating early-stage HCC, renal cell
carcinoma, and non-small cell lung cancer,”* incidence of tumor recurrence remains high after RFA, especially with
large size tumors (>3 cm) or tumor at high-risk locations, such as tumors adjacent to large blood vessels, gallbladder, or
diaphragm.”® Furthermore, it has been reported that incomplete RFA (iRFA) of malignant solid tumors might increase
invasiveness and metastasis of residual tumors.””® Therefore, an effective treatment strategy to address this challenge is

urgently needed.
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RFA of malignant solid tumors can result in a release of tumor-associated antigens, which could elicit an anti-tumor
immune response.'®'? Nonetheless, this immune antitumor effect does not always suffice to inhibit the residual tumors
due to a high tumor-immunosuppressive microenvironment with massive immunosuppressive cells and fewer cytotoxic
T cells in residual tumors.'*'® Therefore, reprogramming a strong anti-tumor immune microenvironment in residual
tumors may help decrease the recurrence of malignant solid tumors after RFA.

17719 showed that CD24 protein was relatively highly expressed in HCC, ovarian cancer, and breast

Prior studies
cancer, and the tumor-expressed CD24 protein could promote tumor immune evasion by interacting with sialic-acid-
binding lg-like lectin 10 (Siglec-10), which was highly expressed in tumor-associated macrophages (TAMs).'” TAMs are
one of the most abundant immune cells that infiltrate the tumor microenvironment, and present at all stages of liver
cancer progression.”” When CD24 on tumor cells combines with Siglec-10 on immune cells, it causes the signal cascade
of immune cell inhibition, which is mediated by SHP-1/SHP-2.2' These could facilitate the polarization of M1-like
TAMs towards M2-like TAMs, and thus promoting tumor occurrence, progression, and resistance to some
chemotherapies.” ** Given these, CD24 is seen as a promising immune target for managing malignant tumors.

Liposomes are vesicles made up of a hydrophilic core and a lipophilic bilayer, which provides perfect opportunity for
their application as a transport vehicle for various therapeutic agents.”> Intratumoral injection of liposomal doxorubicin
(L-Dox) allows doxorubicin to be released at a slow speed and on long-term basis, thereby resulting in doxorubicin
accumulation and penetration in tumors, and reducing the systemic toxic side effects. Currently, the research effort is
increasingly directed at a novel strategy that uses the low-to-medium dose doxorubicin at short repeating intervals to
stimulate an anti-tumor immune microenvironment via emitting antigens and damage-associated molecular patterns
(DAMPs),*° and selectively inhibit the suppressive immune cells, such as M2-like TAMs, and myeloid-derived

2931 showed that doxorubicin could decrease

suppressor cells (MDSCs), regulatory T cells (Tregs).'**’** Some studies
the abundance of total TAMs in many cancers. Meanwhile, L-Dox could enhance immunological molecule expression on
the tumor membrane, and directly destroy tumor cells by inhibiting the synthesis of DNA in tumor cells.?’ So, injection
of L-Dox into residual tumors after iRFA could directly kill some tumor cells by inducing an immunogenic cell death,

14.28 showed that the combination

and thereby improve the suppressive tumor immune microenvironment. Recent studies
of L-Dox with pembrolizumab (anti-PD-1) or oncolytic peptide LTX-315 achieved a good anti-tumor effect. Given these
reasons, the present study combined an anti-CD24 antibody with L-Dox to enhance the effect of RFA on HCC, with an

aim to reduce the tumor recurrence post RFA and improve the patients’ long-term survival.

Materials and Methods

Study Design

This study consisted of three phases: (1) in-vitro analyses the expression of CD24 protein and Siglec-10 in residual
human HCC samples after iRFA; (2) in-vitro exploration of the effect of radiofrequency hyperthermia (RFH) plus
knocking-out of CD24 on hepal-6 cells; (3) in-vivo assessment of the effect of iRFA plus knocking-out of CD24 on
orthotopic hepal-6 tumor cells, and the feasibility of using anti-CD24 antibody in combination with L-Dox for removal
of residual tumors after iRFA of HCC.

Cell Lines, Cell Culture, and Animals
The hepal-6 cell line was obtained from Chinese Academy of Sciences, Shanghai, China. The cells were tested by
a short tandem repeat analysis and were validated to be free of mycoplasma.

The green fluorescent protein (GFP)-positive hepal-6 cells were created by transfecting GFP gene into hepal-6 cells.
The CD24 knocked-out hepal-6 cells (CD24-KO-hepal-6 cells) and CD24 knocked-out GFP-positive hepal-6 cells were
obtained by electroporating cells with recombinant CRISPR/Cas9 ribonucleoprotein (RNP). Briefly, CRISPR/Cas9 guide
RNA molecules (Synthego, California) that targeted at mouse Cd24a were assembled with Cas9-3NLS nuclease (IDT)
via incubating at 37°C for 45 minutes to form Cas9/RNP. Then the hepal-6 cells (2x10°) or GFP-positive hepal-6 cells
were combined with the corresponding complexed Cas9/RNP and electroporated with the Lonza Nucleofector IIb and Kit
V (VCA-1003). After 48 hours of culture, the genetically modified cells were harvested and purified through at least
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three successive rounds of fluorescence-activated sorting (FACS). The sequence of the guide RNA molecules is Cd24a
sgRNA (AUAUUCUGGUUACCGGGAAA). These HCC cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco), supplemented with 10% fetal bovine serum (Gibco), and maintained in an incubator at 37°C with
5% CO2.

The C57BL/6 mice (male, 6—8 weeks old, Changsheng Biotechnology Co., Ltd, Liaoning, China) were used in the
animal experiments of this study, which was approved by the Animal Care and Use Committee of Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan 430022, China ([2023] Institutional Animal
Care and Use Committee Number: 3829). All the animal experiments were performed following the Guidelines for Care
and Use of Laboratory Animals of Huazhong University of Science and Technology.

Expression Analyses of CD24 Protein and Siglec-10 in Residual Human HCC Samples
After RFA

To explore the expression difference of CD24 in normal liver tissues between HCC tissues, the RNA-sequencing data of
liver cancer patients (TCGA-LIHC cohort) were obtained from the cancer genome atlas (TCGA) database (https://portal.
gdc.cancer.gov/). R Foundation for Statistical Computing software (Version 4.3.1, Vienna, Austria) was used to sort out
these data. The expression files for the probes were downloaded from the genomic data commons portal and then mapped
to gene names using the Ensembl database. Eventually, the expression of CD24 in 419 samples from the TCGA database
was selected for plotting in this analysis, in which 50 samples were from normal liver tissues and 369 samples from the
HCC tissues.

To explore the expressions of CD24 and Siglec-10 in residual HCC after iRFA treatment, three non-treated HCC
samples from three different patients and three human residual tumors samples after iRFA of HCC from three different
patients were harvested by surgical resection, and the CD24 protein and Siglec-10 expressions in the samples of non-
treated HCCs and residual HCCs were immunohistochemically assessed. The experiments on human HCC tissues were
conducted in accordance with the guiding principles of the Declaration of Helsinki and were approved by the medical
ethics committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology (No: IEC-
20240821). A written informed consent was obtained from all patients before analyzing their HCC samples.

In-vitro Experiments Exploring the Effect of Radiofrequency Hyperthermia (RFH) in

Combination with Knocking-Out of CD24 on hepal-6 Cells

TAMs Extraction, and CD?24 Protein and Siglec-10 Expression Analyses

The hepal-6 cells (1 x 10°) were subcutaneously injected into the right thigh of the C57BL/6 mice. When the maximum
tumor diameter reached 6—8 mm, the tumors were harvested, and then were made into single-cell suspension with trypsin
and collagenase. The TAMs in the tumors were extracted for in-vitro cell experiments through at least three rounds of
magnetic activated cell sorting (MACS) (MicroBeads: mouse Anti-F4/80 MicroBeads UltraPure, No. 130-110-443,
Miltenyi Biotec, Germany). The expressions of CD24 protein in hepal-6 cells and Siglec-10 in TAMs were determined
after an RFH at 42°C with or without CD24 knocking-out. Samples were divided into three groups: (1) TAMs+hepal-6
group: TAMs (1 x 10%) were co-cultured with hepal-6 cells (1 x 10°) for 48 hours; (2) TAMs+hepal-6+RFH group:
TAMs were co-cultured with hepal-6 cells, and an RFH was performed at 42°C for 30 minutes, and then the cells were
cultured for 48 hours; (3) TAMs+CD24-KO-hepal-6+RFH group: TAMs were co-cultured with CD24 knocked-out
hepal-6 cells, an RFH was conducted at 42°C for 30 minutes, and then the cells were cultured for 48 hours. The RFH
was performed as previously described.**** Briefly, the RFH was performed by placing a 0.022-inch magnetic resonance
imaging heating guidewire under the bottom of chamber four of the chamber slides. A fiber optical temperature probe
(400-um, PhotonControl, Burnaby, British Columbia, Canada) was placed in the chamber for temperature measurement.
The temperature was kept at 42°C via adjusting radiofrequency output power at about 30 W. After 48 hours of co-culture,
the co-culture mixtures in the three groups were collected for Western blotting to assess the CD24 protein and Siglec-10
expressions in the three groups. Meanwhile, a quantitative real-time polymerase chain reaction (qQRT-PCR) was
performed to measure the mRNA levels of CD24 and Siglec-10 in the three groups. The Western blot assay and qRT-
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PCR assay are described in the Supplemental Materials and Methods. The antibodies used in the Western blot are listed

in Supplemental Table 1, and the sequences of the primers for qPCR analysis are given in Supplemental Table 2.

In-vitro Evaluation of the Phagocytic Ability of TAMs

To assess the phagocytic ability of TAMs, the GFP-positive hepal-6 cells instead of the hepal-6 cells in the aforemen-
tioned three groups were stained to label the TAMs. The labelled TAMs were then examined by flow cytometry, scanning
electron microscopy (SEM, Hitachi Regulus 8100), and transmission electron microscopy (TEM, Hitachi HT7700). The
protocols of flow cytometry are described in the Supplemental Materials and Methods.

Cell Migration Assay and Transwell Migration Assay

The invasion of hepal-6 cells after RFH plus CD24 knocking-out was assessed in the following three groups: (1) control
group: hepal-6 cells were cultured for 48 hours; (2) RFH group: hepal-6 cells received an RFH treatment at 42°C for
30 minutes, and then were cultured for 48 hours; (3) RFH+CD24 knocking-out (CD24-KO) group: the CD24 knocked-
out hepal-6 cells were subjected to an RFH treatment at 42°C for 30 minutes, and then cultured for 48 hours. Afterwards,
the cell migration assay and transwell migration assay,>* which were detailed in the Supplemental Materials and

Methods, were performed to assess the invasion of hepal-6 cells with different treatments.

In-vivo Assessment of the Effect of iRFA on Orthotopic hepal-6 Tumors with CD24

Knocked-out

Tumor Treatments

Under anesthesia with 1-3% isoflurane (RWD Life Science Co., Ltd, Shenzhen, China) delivered in the inhalation of
100% oxygen, the mouse orthotopic HCC models and orthotopic HCC iRFA models were created as described in our
previous studies.?”*> For creating the orthotopic HCC iRFA models, the electrode was inserted into the tumor from the
edge of tumor under ultrasound imaging guidance, and ablation was performed at a power output of 70°C for two
minutes. This protocol can result in about 70% tumor necrosis and 30% residual viable tumors, which was confirmed by
hematoxylin and eosin (H&E) staining in our previous study.>® The mice orthotopic HCC models were randomly divided
into three groups (six mice per group): (1) control group: a pseudo iRFA, with which the ablation electrode was only put
in the live tumor but without ablation, was performed; (2) iRFA group: the orthotopic hepal-6 tumors of mouse only
received iRFA alone; (3) iRFA+CD24-KO group: the orthotopic mouse hepal-6 tumors with CD24 knocked-out received
iRFA treatment. The ultrasound imaging was used to observe the tumor growth of mice and quantitatively measure the
change in tumor size. The tumor volume was calculated by using the equation of v= m-x-y-z/6, where v represents the
volume of tumors, y refers to the axial diameter of liver tumors, x indicates the longitudinal diameter of liver tumors, and
z means the depth diameter of liver tumors. The mice survival time in each group was evaluated from the day of initial
treatment and was monitored for 60 days. If the maximum tumor diameter was observed over 2-cm or the mice were
found to be moribund during the treatment period, the mice were euthanized. The time point of euthanasia was recorded
as the time point of mouse death.

Flow Cytometrical Analysis of Treated Tumors

The mice were euthanized 21 days after treatment. Tumors in each group were collected from mice liver and then
weighted and were prepared into single-cell suspension with trypsin and collagenase. For further analysis, the single-cell
suspension was filtered via a cell mesh, and was stored in Hank’s medium, which was added 1% fetal calf serum (FCS).
Antibodies against CD24, Siglec-10, CD206, CD86, CD45, CD3, CD4, NK1.1, CDS8, TNF-a, IFN-y, Foxp3, CDllc,
CDl1b, F4/80, and GR1 (BD Biosciences, CA, USA) were used for flow cytometrical analysis. To stain intracellular
TNF-a and IFN-y, the cells were stimulated with ionomycin (500 ng/mL) and PMA (50 ng/mL) for 4 hours.
Subsequently, the cells were incubated with brefeldin A (10 pg/mL) for 1 hour. Then, the cells were permeabilized by
using a permeabilization kit and a Foxp3 fixation (eBioscience, CA, USA), and stained with IFN-y and TNF-a according
to the manufacturer’s protocols. For intracellular staining, the cells were permeabilized with a permeabilization kit and
a FoxP3 fixation, and then stained for Foxp3. Subsequently, the stained cells were flow cytometrically analyzed and the
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data were analyzed by employing a flow Jo software package (Tree Star, Ashland, OR). The detailed gating strategy was
provided in Figure S1.

Enzyme-Linked Immunosorbent Assay (ELISA) of Cytokines in the Peripheral Blood of Treated Mice

At 21 days after treatment, the peripheral blood of treated mice was collected via the tail vein into tubes containing
Ethylene Diamine Tetraacetic Acid (EDTA). The plasma was obtained by centrifugation at 1000 g for 10 minutes and
stored at —80°C until analysis. The concentrations of IFN-y, TNF-oa, CCL2, IL-10, IL-4, TGF-B in the plasma were
measured by ELISA kits (Biosciences, California).

In-vivo Assessment of the Feasibility of Using Anti-CD24 Antibody Plus L-Dox for
Removal of Residual Tumors After iRFA of HCC

Tumor Treatments, Flow Cytometrical Analysis of the Treated Tumors, and ELISA for Cytokines in Peripheral
Blood

The mice orthotopic HCC models were randomly divided into five groups (six per group): (1) control group: a pseudo
iRFA, by which the ablation electrode was just put in the live tumor but without ablation treatment, was performed; (2)
iRFA group: tumors received iRFA treatment alone; (3) iRFA+anti-CD24 antibody group: tumors were subjected to
iRFA, followed by intraperitoneal injection of anti-CD24 antibody (50 pg at day 0, and 200 pg at days 2, 4, 6 after
treatment, clone SN3, Creative Diagnostics, New York) in 100 pL phosphate buffered saline (PBS); (4) iRFA+L-Dox
group: tumors were treated with iRFA, immediately followed by intratumorally injecting L-Dox (1 mg/kg, size: 100 nm,
encapsulation efficiency: 99%, molecular weight: 579.99, zeta potential: 0~-20mV, CSPC Pharmaceutical Group
Limited, Shijiazhuang, China, Supplemental Table 3); (5) iRFA+anti-CD24 antibody+L-Dox group: tumors received
iRFA treatment, and then injected anti-CD24 antibody intraperitoneally (50 pg at day 0, and 200 pg at days 2, 4, 6 after

initial treatment, clone SN3, Creative Diagnostics, New York) in 100 pL PBS, and then L-Dox intratumorally (1 mg/kg)
immediately after iRFA. The ultrasound imaging was used to observe the tumor growth and quantitatively determine the
tumor size. The tumor volume, tumor weight, and the mice survival were assessed. Since the tumors in the iRFA+CD24
+L-Dox group may significantly regress at 21 days after treatment, the tumors analysis was performed at day 14 after
treatments. The improvement of the immune microenvironment of the treated tumor was analyzed by the flow cytometry.
At day 21 after treatment, the peripheral blood of treated mice was collected via the mice tail vein, and ELISA was
conducted to assess cytokine levels in the peripheral blood of mice.

Histopathological Analysis

At day 14 after treatment, the treated mice were euthanized, and the tumors of mice were taken for histopathological
examination. The tumors were fixed with paraformaldehyde (4%), paraffin-embedded, and cut into slices at 4-um
thickness. Six histopathological sections were examined for each tumor. Tissue sections of tumors were stained with
CD24, Siglec-10, Foxp3, NKp44, CD4, CD8, Ki-67, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL).

Rechallenge Test and Abscopal Effect Test

To assess the abscopal effect of CD24 antibody plus L-Dox for residual tumors, the hepal-6 cells (5 x 10°%) were
subcutaneously injected into the right thigh of orthotopic HCC-bearing mice. When the size of tumor in right thigh of
mice reached approximately 100 mm?>, the corresponding treatments against orthotopic HCC of mice were initiated. At
21 days after treatments, the treated mice were euthanized, the spleens of mice were obtained and stained with antibodies
of anti-CD3, anti-CDS8, and anti-CD44 (BD Biosciences), and then a flow cytometry was performed to detect the immune
memory cells (CD8'CD44" T cells) in the spleen.

In the re-challenge test, the corresponding treatments against orthotopic tumors were discontinued six days after
treatments. The age-matched healthy mice, which survived for 30 days after initial treatments, were injected subcuta-
neously with hepal-6 cells (1 x 10°) in 100-pL PBS into the right thigh. The size of subcutaneous tumors was recorded
by ultrasound imaging every three days, and the tumor volume was calculated.
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Safety Assessment

At 21 days after treatments, the treated mice were euthanized, and the heart, normal liver, spleen, lungs, and kidneys of the
mice were obtained and stained with H&E. Meanwhile, the fixed sections from iRFA+anti-CD24 antibody+L-Dox group
were stained with 4’,6-Diamidino-2’-phenylindole (DAPI) to observe the distribution of L-Dox in the main organs with
fluorescent microscopy. Additionally, the blood biochemical parameters of treated mice, such as glutamic pyruvic transa-
minase (ALT), glutamic oxaloacetic transaminase (AST), creatine kinase (CK), and creatinine (CREA), were measured.

Statistical Analysis

In this study, the GraphPad Prism (Version 8.0, GraphPad Software, San Diego, California) and SPSS 24.0 software
(SPSS Inc, Chicago, IL) were used for statistical analyses. The data between or among different groups were compared
by two-sample #-test, one-way analysis of variance (ANOVA), or Kruskal-Walli’s test. The mice overall survival (OS) in
each treated group was analyzed with the Kaplan-Meier method and compared by Log rank test. A two tailed p-value less
than 0.05 was considered statistically significant.

Results
CD24 and Siglec-10 Expression in Residual HCCs

The bioinformatic analysis demonstrated that expression of CD24 protein was significantly stronger in human HCCs than
in the human normal liver (p<0.001, Figure 1A). The immunohistochemical staining showed that the expression levels of
CD24 protein and Siglec-10 were significantly higher in the residual HCC than in the non-treated HCC (p<0.001,
Figure 1B-D).

The Effect of RFH in Combination with CD24 Knocking-Out on hepal-6 Cells

The Western blotting assay showed a sublethal RFH treatment significantly increased the expression of CD24 in hepal-6
cells and expression of Siglec-10 in TAMs. However, these expressions were significantly decreased when the CD24
gene of hepal-6 cells was knocked out (p<0.001, Figure 1E and F). The qRT-PCR assay showed a sublethal RFH
treatment significantly increased the mRNA levels of CD24 and Siglec-10, but they were significantly decreased by
CD24 knocking-out treatment (p<0.001, Figure 1G and H). These results confirmed that a sublethal RFH in combination
with CD24 knocking-out treatment could significantly decrease the expression of CD24 in hepal-6 cells and expression
of Siglec-10 in TAMs.

The transwell migration assay and cell migration assay demonstrated a sublethal RFH significantly enhanced
the invasion of hepal-6 cells, and the effect was significantly reversed by knocking out CD24 of hepal-6 cells
(»<0.001, Figure 11-L). The flow cytometry analysis indicated a sublethal RFH treatment significantly weakened
the phagocytotic ability of TAMs, but a sublethal RFH in combination with knocking out CD24 of hepal-6 cells
significantly enhanced the phagocytotic ability of TAMs (p<0.001), which were confirmed by the scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) (Figure 2A—C). Taken together, these results
demonstrated a sublethal RFH treatment can significantly enhance the invasion of hepal-6 cells and weakened the
phagocytotic ability of TAMs, which could be significantly reversed by CD24 knocking-out treatment.

The Effect of iRFA on CD24 Knocked-out hepal-6 Tumors

Creation of Orthotopic HCC Models in Mice

The mice orthotopic HCC was observed in the left lobe of liver 14 days after tumor implantation in the iRFA and control
groups, and 18 days after tumor implantation in the iRFA+CD24-KO group. The tumor volume at baseline in the three
groups measured 120.4 mm® + 14.35, 120.9 mm’ + 14.5, 119.9 mm® + 14.4, respectively, with no statistically significant
differences among them (p=0.997).

Assessment of the Treatment Effect
At day 21 after treatments, among the three groups, the smallest tumor volume was observed in the iRFA+CD24-KO
group, with the tumor volume in the three groups at day after treatment measured 827.3 mm® + 22.5, 1058.7 mm’ + 26.4,
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Figure | Expressions of CD24 and Siglec-10 in residual HCC after incomplete radiofrequency ablation, and the effect of RFH plus CD24 knocking-out on hepal-6 cells
in vitro. (A) The bioinformatic analysis showed CD24 was highly expressed in human HCC. (B-D) The immunohistochemical staining of human HCC samples exhibited the
expression levels of CD24 and Siglec- 10 were significantly higher in residual HCC than in the non-treated HCCs. (E-H) The Western blotting and qRT-PCR demonstrated
that a sublethal RFH could significantly increase the expressions of CD24 and Siglec-10, and these expressions could be significantly decreased by knocking out CD24 in
hepal-6 cells. (I-L) The cell migration and transwell assays showed RFH+CD24-KO group had the fewest migrating cells. ***p<0.001. All the data are presented as the mean
+ standard deviation. Two-sample t-test. Kruskal-Walli’s test (n=3). Error bars represent standard deviation.

Abbreviations: Siglec-10, sialic-acid-binding Ig-like lectin 10; HCC, hepatocellular carcinoma; RFH, radiofrequency hyperthermia; qRT-PCR, quantitative real-time
polymerase chain reaction; SEM, scanning electron microscopy; TEM, transmission electron microscopy; TAMs, tumor-associated macrophages; CD24-KO, CD24 knocking
out; CD24-KO-hepal-6 cells, CD24 knocked out hepal-6 cells.

85.3 mm?® + 20.3 (p<0.001, Figure 3A and B). Meanwhile, the tumor weight was lowest in the iRFA+CD24-KO group
among the three groups, with the tumor weight in the three groups measured 0.97 g = 0.05, 1.21 g+ 0.05, 0.11 g £ 0.02
(»<0.001, Figure 3C and D). Additionally, the mice in iRFA+CD24-KO group had the heaviest body weight among the
three groups (p<0.001, Figure S2A). The Kaplan-Meier survival analysis showed the tumor bearing mice in the iRFA
+CD24-KO group had the longest survival time, with the median survival time in the three groups observed 24.5 days, 22
days, 60 days (p<0.001, Figure 3E). These results demonstrated CD24 knocked-out treatment could inhibit the residual
tumors after iRFA of hepal-6 tumors.
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Figure 2 The assessment of phagocytic ability of TAMs after RFH. (A—C) The flow cytometry, scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) indicated the TAM+CD24-KO-hepal-6+RFH group had the strongest phagocytotic ability of TAMs. All the data are presented as the mean * standard deviation.
Kruskal-Walli’s test (n=3), ***p<0.001. Error bars represent standard deviation.

Abbreviations: HCC, hepatocellular carcinoma; RFH, radiofrequency hyperthermia; TAMs, tumor-associated macrophages; CD24-KO, CD24 knocked out; CD24-KO-
hepal-6 cells, CD24 knocking out hepal-6 cells; GFP, green fluorescent protein.

Immune Microenvironment Analysis of Treated Tumors and ELISA of Cytokines in the Peripheral Blood of
Treated Mice

As shown in Figure 4A-L, 21 days after treatments, the flow cytometry revealed a significantly lower expression of
CD24 and Siglec-10, a significantly higher percentage of M1-like TAMs, a significantly lower percentage of M2-like
TAMs, and significantly higher percentage of NK cells, CD8'T cells, CD8 T/TNF-a" T cells, CD8 T/IFN-y" T cells, DC
cells, and mature DC cells in the iRFA+CD24-KO group compared to the control group and iRFA group (all p<0.001).
Meanwhile, the results showed the iRFA treatment resulted in a significant increase of MDSCs and Tregs in residual
tumors (p<0.001), and CD24 knocked-out treatment did not lead to a significant decrease of MDSCs and Tregs in
residual tumors (p=0.075, p=0.084). These results demonstrated CD24 knocked-out treatment could enhance the anti-
tumor immune microenvironment after iRFA of HCC.

As shown in Figure 4M—R, the ELISA showed that iRFA+CD24-KO group had the highest levels of serum IFN-y and
TNF-B and significantly lower levels of serum CCL2 and IL-4 when compared with the other two groups (all p<0.001).
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Figure 3 The effect of iRFA on CD24-KO orthotopic hepal-6 tumors. (A and B) The ultrasound imaging and quantitative analysis showed the iRFA+CD24-KO group had
the smallest tumor (red arrow) volume 21 days after iRFA treatment. (C and D) iRFA+CD24-KO group had the lowest tumor weight among the three groups at 2| days
after iRFA treatment. (E) The Kaplan-Meier survival curves showed the tumor bearing mice in the iRFA+CD24-KO group enjoyed the longest survival time. Data are
presented as the mean * standard deviation. One-way ANOVA (n=6), Log rank test. ***p<0.001. Error bars represent standard deviation.

Abbreviations: iRFA, incomplete radiofrequency ablation; CD24-KO, CD24 knocked out.

In addition, the levels of serum IL-10 and TGF-B were significantly higher in the iRFA group than in the control group
(»<0.001), while they were comparable between the iRFA+CD24-KO group and iRFA group (p=0.071, p=0.117).

The Efficacy and Safety of Anti-CD24 Antibody Plus L-Dox for Residual HCC Tumors

After iRFA

Creation of Orthotopic HCC Models in Mice

The mice orthotopic HCCs were found in the left lobe liver 14 days after tumor implantation. The tumor volume at
baseline in the five groups was 120.3 mm® + 14.3, 120.2 mm> + 14.7, 121.2 mm® + 14.0, 120.3 mm® + 14.3, 120.5 mm> +
14.3, respectively, with no statistically significant differences among the five groups (p=0.993).
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Figure 4 The immune microenvironment of treated tumors and ELISA of cytokine in plasma. The flow cytometric examination of treated tumors and quantitative analysis
showed the iRFA+CD24-KO group had the lowest expressions of CD24 (A) and Siglec-10 (B), the lowest ratio of M2-TAMs (C) and the highest ratio of MI-TAMs (D), the
highest ratios of DCs (E) and matured DCs (F), and the highest ratios of NK cells (G), CD8+T cells (H), CD8+T/TNF-o+ T cells (I), and CD8+T/IFN-y+ T cells (J).
Meanwhile, the ratios of MDSCs and Tregs in the iRFA+CD24-KO group were similar to those in the iRFA group, which were significantly higher than those in the control
group (K and L). The ELISA revealed significantly higher levels of IFN-y (M) and TNF-$ (N), and significantly lower levels of CCL2 (O) and IL-4 (P) in the iRFA+CD24-KO
group compared to the control or iRFA group. Additionally, the levels of IL-10 and TGF-B in the iRFA+CD24-KO group and iRFA group were comparable, while the levels of
IL-10 and TGF-B in the iRFA+CD24-KO group and iRFA group were significantly higher than those in the control group (Q and R). Data are presented as the mean *
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The treatment protocol is described in Figure SA. The ultrasound imaging showed the tumors completely regressed in the
iRFA+anti-CD24 antibody+L-Dox group at 21 days after initial treatment, and the iRFA+anti-CD24 antibody+L-Dox

group had the lowest tumor volume among the five groups, with the tumor volume in the five groups at day after
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Figure 5 The effect of anti-CD24 antibody plus L-Dox on residual cancers after iRFA of HCC. (A) The treatment schedule of anti-CD24 antibody plus L-Dox for residual
cancers after iRFA of HCC. (B and C) The ultrasound imaging showed the tumors completely regressed in the iRFA+anti-CD24 antibody+L-Dox group at 21 days after
initial treatment (B), and the smallest tumor volume in the iRFA+anti-CD24 antibody+L-Dox group (C). (D and E) The iRFA+anti-CD24 antibody+L-Dox group had the
lowest tumor weight among the five groups. (F) The Kaplan-Meier survived curves showed the iRFA+anti-CD24 antibody+L-Dox groupthe had the longest survival time.
(G) The iRFA+anti-CD24 antibody+L-Dox group had the strongest abscopal effect for distant tumor. (H and I) The flow cytometry and quantitative analyses revealed the
highest percentage of immune memory T cells (CD8+CD44+T) in the iRFA+anti-CD24 antibody+L-Dox group. (J) The study schedule of the rechallenge test against
rechallenged tumors. (K) The rechallenge test revealed the iRFA+anti-CD24 antibody+L-Dox group had the smallest tumor volume. Data are presented as the mean +
standard deviation. One-way ANOVA (n=6), Log rank test. **p<0.001. Error bars represent standard deviation.
Abbreviations: L-Dox, liposome doxorubicin; iRFA, incomplete radiofrequency ablation; HCC, hepatocellular carcinoma.
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treatment measured 790.0 mm> + 32.8, 1025 mm® + 23.8, 173.7 mm® + 29.2, 497.3 mm> + 32.3, 0 mm’ (p<0.001,
Figure 5B-D). Meanwhile, the lowest tumor weight was found in the iRFA+anti-CD24 antibody+L-Dox group among
the five groups, with the tumor weight in the five groups measured 0.96 g + 0.05, 1.24 g + 0.03, 0.25 g + 0.16, 0.48 mm’
+ 0.04, 0 g (»p<0.001, Figure 5E). Additionally, the mice in iRFA+anti-CD24 antibody+L-Dox group had the heaviest
body weight among the five groups (p<0.001, Figure S2B). The Kaplan-Meier survival analysis demonstrated that the
survival time of mice in the iRFA+anti-CD24 antibody+L-Dox group was longest among the five groups, with the
median survival time in the five groups observed 24.5 days, 22 days, 51 days, 41.5 days, 60 days (p<0.001, Figure 5F).
These results showed the combined therapy of anti-CD24 antibody with L-Dox achieved an excellent therapeutic effect
on residual tumors after iRFA of HCC.

Rechallenge Test and Abscopal Effect

As described in Figure 5G, the triple combination treatment (iRFA+anti-CD24 antibody+L-Dox) yielded the strongest
abscopal effect among the five groups (p<0.001). In addition, the flow cytometry showed that the triple combination
treatment led to the most CD8'CD44" T cells in the spleen compared with the other four treatments (p<0.001,
Figure 5H and I). Moreover, as described in Figure 5J, the activation of a systemic antitumor immune response by this
combination treatment was assessed by using a rechallenge test. At 30 days after initial treatments, there existed no
surviving mice in the control group and iRFA group. So, the mice in the iRFA+anti-CD24 antibody group, iRFA
+L-Dox group, iRFA+anti-CD24 antibody+L-Dox group (n=6/group) were selected for rechallenge test. The rechal-
lenge test exhibited the strongest suppressive effect on rechallenged tumors in the iRFA+anti-CD24 antibody+L-Dox
group compared with the other two groups (p<0.001, Figure 5K). These results demonstrated the combined therapy of
anti-CD24 antibody with L-Dox for residual tumors after iRFA of HCC could result in a good systemic anti-tumor
effect.

Analysis of Immune Microenvironment of Treated Tumors and ELISA of Cytokines
The flow cytometrical analyses of treated liver tumors showed that the iRFA+anti-CD24 antibody+L-Dox group
exhibited a lower expression of CD24 and Siglec-10, a higher percentage of M1-like TAMs, a lower percentage of M2-
like TAMs, a higher percentage of natural killer (NK) cells, DC cells, mature DC cells, CD8'T cells, CD8+T/TNF-
o T cells, and CD8"T/IFN-y" T cells, with a lower percentage of MDSCs and Tregs, when compared with the other four
treatment groups (all p<0.001, Figure 6A—Q). These results demonstrated the combined therapy of anti-CD24 antibody
with L-Dox could significantly improve the tumor immune microenvironment of residual tumors.

ELISA showed the highest levels of serum IFN-y and TNF-f, and the lowest levels of serum IL-4, CCL2, TGF-f, and
IL-10 in the iRFA+anti-CD24 antibody+L-Dox group compared with the other four groups (all p<0.001, Figure 6R—W).

Immunohistochemical Analysis

The TUNEL staining showed the most apoptotic cells, and the Ki-67 staining indicated the fewest proliferating cells in
the iRFA+anti-CD24 antibody+L-Dox group (all p<0.001, Figure 7A—C). Meanwhile, the immunohistochemical staining
of Siglec-10, CD24, CD4, CD8, NKp44, and Foxp3 confirmed the flow cytometrical findings in treated liver tumors (all
p<0.001, Figure 7A, D-I).

Safety Evaluation

As demonstrated in Figure 8A—E, the H&E staining showed no conspicuous pathological changes, such as cellular
edema or tissue hyperemia in the normal liver, heart, lungs, kidneys, and spleen of mice after the treatments, and the
biochemical analyses exhibited normal levels of AST, ALT, CK, and CREA in the iRFA+anti-CD24 antibody
+L-Dox group and relatively higher levels of AST and ALT in the iRFA and control groups. Meanwhile, the
fluorescent microscopy showed no distribution of doxorubicin in the heart, normal liver tissue, spleen, lungs, and
kidney tissues of treated mice in the iRFA+anti-CD24 antibody+L-Dox group. Taken together, these results
demonstrated a good safety of anti-CD24 antibody in combination with L-Dox for residual tumors after iRFA
of HCC.
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Figure 6 The immune microenvironment of treated tumors among five groups. The flow cytometry showed the lowest expressions of CD24 (A and B) and Siglec-10 (C and D),
the highest ratio of MI-TAMs (E and F) and the lowest ratio of M2-TAMs in the iRFA+anti-CD24 antibody+L-Dox group (G and H). (I) The representative dot plots of the
morphological characteristics (SSC vs FSC) of tumors subjected to the triple combination treatment (iRFA+anti-CD24 antibody+L-Dox). The flow cytometric and quantitative
analyses showed the highest percentages of DCs (J), matured DCs (K), NK cells (L), CD8+T cells (M), CD8+T/IFN-y+ T cells (N), CD8+T/TNF-a+ T cells (O), and the lowest
percentages of MDSCs (P) and Tregs (Q) in the iRFA+anti-CD24 antibody+L-Dox group. (R-W): The ELISA showed the highest levels of IFN-y (R) and TNF-B (S), and the lowest
levels of CCL2 (T), IL-4 (U), IL-10 (V), TGF-$ (W) in the iRFA+anti-CD24 antibody+L-Dox group. Data are presented as the mean * standard deviation. One-way ANOVA (n=6),
Log rank test. **p<0.001. Error bars represent standard deviation.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; Siglec-10, sialic-acid-binding lg-like lectin; TAM, tumor-associated macrophage; iRFA, incomplete radio-
frequency ablation; L-Dox, liposome doxorubicin; NK, natural killer; DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells; Tregs, regulatory T cells.
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Figure 7 Pathological examination of the treated tumors in the five groups. (A-l) The immunohistochemical staining and quantitative analyses showed the most apoptotic
cells (green dots), fewest proliferating cells (red dots), lowest expressions of CD24 and Siglec-10, most CD4+T cells, CD8+T cells, and NK cells, and fewest Tregs in the
iRFA+anti-CD24 antibody+L-Dox group. Data are presented as the mean * standard deviation. One-way ANOVA (n=6), Log rank test. ***p<0.001. Error bars represent
standard deviation.

Abbreviations: Siglec-10, sialic-acid-binding Ig-like lectin; iRFA, incomplete radiofrequency ablation; L-Dox, liposome doxorubicin.
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Figure 8 The safety assessment of anti-CD24 antibody plus L-Dox for residual cancers after iRFA of HCC. (A) H&E staining for the heart, liver, spleen, lungs, and kidney
tissues of treated mice showed no obvious pathological changes in these organs. (B—E) The biochemical analyses showed normal levels of ALT (B), AST (C), CK (D), and
CREA (E) in the iRFA+anti-CD24 antibody+L-Dox group. (F) The fluorescent microscopy showed no distribution of doxorubicin in the heart, normal liver tissue, spleen,
lungs, and kidney tissues of treated mice in the iRFA+anti-CD24 antibody+L-Dox group. Data are presented as the mean * SD. One-way ANOVA (n=6). **p<0.001. ns: no
significance. Error bars represent standard deviation.

Abbreviations: L-Dox, liposome doxorubicin; iRFA, incomplete radiofrequency ablation; HCC, hepatocellular carcinoma; H&E, Hematoxylin and eosin; ALT, glutamic
pyruvic transaminase; AST, glutamic oxaloacetic transaminase; CK, creatine kinase; CREA, creatinine.
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Discussion

Although immunotherapy was proved to be efficatious against HCC, the response rates are still relatively low.>*>” For
instance, a randomized Phase 3 multicenter trial (the CheckMate 459 trial)*® compared the effect of an immune
checkpoint inhibitor (nivolumab) with sorafenib on advanced HCCs, and showed nivolumab failed to significantly
improve the overall survival of patients compared with sorafenib, with a low objective response rate (14%) in the
nivolumab group. In the present study, we also found that the treatment targeting CD24 alone worked modestly on
residual HCC after iRFA. However, the combination of anti-CD24 antibody with liposomal doxorubicin achieved an
excellent anti-tumor effect on HCC after iRFA. Therefore, our study provided a new and effective treatment option for
lowering the recurrence rate of HCC after RFA, particularly for large sized (>3 cm) HCC or HCC at high-risk locations.

In recent years, some immune checkpoint inhibitors (ICIs) that targeted programmed cell death protein 1 (PD-1)/
programmed death ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) were widely used in the
treatment of advanced solid tumors and improved patients’ outcomes.>® *' The main mechanism of these treatments is
the regulation of antitumor T cells by immunological checkpoints. Following the discovery of the PD-1/PD-L1 and
CTLA-4, a new checkpoint of CD24/Siglec-10 was identified.'” The CD24/Siglec-10 axis can protect the host against
a lethal response to pathological cell death.** Targeting the CD24/Siglec-10 axis is emerged as a viable immunotherapy
strategy based on the results of some preclinical studies and clinical trials.'®**** In the present study, we found anti-
CD24 treatment could improve the immunosuppressive microenvironment of residual tumors. However, it exerted
a limited inhibitory effect on Tregs and MDSCs, which may explain the modest effect of the anti-CD24 alone on
residual cancers. These results prompted us to use anti-CD24 antibody plus L-Dox for the removal of residual tumors in
this study. The findings of our study indicated that anti-CD24 antibody plus L-Dox may be a promising treatment strategy
for improving the immunosuppressive microenvironment of solid malignant tumors.

In this study, we found that the combination of anti-CD24 antibody with L-Dox could induce the infiltration of more
NK cells and functional CD8'T cells into residual tumors. Meanwhile, the results of abscopal effect experiment and
rechallenge test showed this combined therapy could generate a strong anti-tumor immune memory effect. These results
suggested that anti-CD24 antibody in combination with L-Dox could elicit a strong local and systemic antitumor immune
response, which helps reduce the tumor recurrence and metastasis after RFA of HCC.

The inability to obtain a tumor-free margin is often caused by RFA heat carried away by blood flow when presence of
large vasculatures at the peripheral region of tumor (heat-sink effect), which can lead to a sublethal RFH in the residual

14,32,33
=<7 and

tumors. The sublethal RFH could further enhanced the effect of immunotherapy and chemotherapy for tumors,
thereby promoting the tumor destruction. Therefore, the integration of iRFA with the combined use of anti-CD24
antibody and L-Dox may optimize the formation of a tumor-free margin during an RFA procedure for HCC, especially
for HCC located adjacent to large vasculatures.

In our study, the safety of anti-CD24 antibody in combination with L-Dox for residual tumors was fully evaluated by
H&E staining of the main organs, biochemical analysis of ALT, AST, CK, CERA, and distribution of doxorubicin in the
main organs. The results showed that the major organs functioned well and there was no distribution of doxorubicin in
the main organs in the iRFA+anti-CD24 antibody+L-Dox group. Moreover, AST and ALT, two measures of hepatic
function, were significantly higher in the control and iRFA groups than in the other three groups, which might be ascribed
to a greater tumor burden in the control and iRFA groups. These results suggested the strategy of combining anti-CD24
antibody with liposomal doxorubicin was safe for the management of residual tumors after RFA of HCC.

This study has limitations. The reliance on subcutaneous or orthotopic mouse models does not sufficiently reflect the
complexity of human HCC, especially in cirrhotic livers or in the presence of hepatitis B or C virus infection. Moreover,
although the safety profile of this study was assessed, it was too limited to make claims about the clinical safety.

Conclusion

In conclusion, the combined therapy of anti-CD24 antibody plus L-Dox can reprogram a stronger anti-tumor immune
microenvironment of residual tumors after iRFA of HCC, and is effective and safe for managing the residual tumors. Our
study may pave the way to lowering HCCs recurrence rate and metastasis after RFA, especially for large-size HCC or
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HCC in high-risk locations. The findings and insights of this study could lead to further clinical translation and clinical
trials on this treatment application for the management of HCC and polymer engineering technology (eg,co-loaded
nanoparticles) to further improve the immune modulation of L-Dox and anti-CD24 antibody for malignant tumors.

Abbreviations

RFA, radiofrequency ablation; L-Dox, liposomal doxorubicin; iRFA, incomplete radiofrequency ablation, HCC, hepato-
cellular carcinoma; Siglec-10, sialic-acid-binding lg-like lectin 10; TAMs, tumor-associated macrophages; MDSCs,
myeloid-derived suppressor cells; GFP, green fluorescent protein; Tregs, regulatory T cells; TCGA, the cancer genome
atlas; qRT-PCR, quantitative real-time polymerase chain reaction; NK, natural killer; H&E, hematoxylin and eosin;
ELISA, Enzyme-Linked Immunosorbent Assay; PBS, phosphate buffered saline.
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