Discovery of a novel dual-targeting D-
peptide to block CD24/Siglec-10 and
PD-1/PD-L1 interaction and synergize
with radiotherapy for

cancer immunotherapy

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Shen W, Shi P, Dong Q,
et al. Discovery of a novel
dual-targeting D-peptide to
block CD24/Siglec-10 and
PD-1/PD-L1 interaction and
synergize with radiotherapy for
cancer immunotherapy. Journal
for ImmunoTherapy of Cancer
2023;11:¢007068. doi:10.1136/
jitc-2023-007068

» Additional supplemental

material is published online only.

To view, please visit the journal
online (http://dx.doi.org/10.
1136/jitc-2023-007068).

Accepted 31 May 2023

‘ '.) Check for updates

© Author(s) (or their
employer(s)) 2023. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

'School of Pharmaceutical
Sciences (Shenzhen), Shenzhen
Campus of Sun Yat-sen
University, Shenzhen, China
2School of Life Sciences,
Zhengzhou University,
Zhengzhou, China

Correspondence to
Professor Yanfeng Gao;
gaoyf29@mail.sysu.edu.cn

Dr Wenjie Zhai;
wjzhai@zzu.edu.cn

Wenhui Shen," Peishang Shi,? Qingyu Dong,? Xiuman Zhou," Chunxia Chen,?
Xinghua Sui,’ Wentong Tian,? Xueqin Zhu,? Xiaoxi Wang,? Shengzhe Jin,?

Yahong Wu,? Guanyu Chen," Lu Qiu," Wenjie Zhai,? Yanfeng Gao

ABSTRACT

Background Aside from immune checkpoint inhibitors
targeting programmed cell death protein 1 (PD-1) and
programmed death ligand 1 (PD-L1), intervention of CD47/
Sirpo. mediated ‘don’t eat me’ signal between macrophage
and tumor cell is considered as a promising therapeutic
approach for cancer immunotherapy. Compared with
(D47, the novel immune checkpoint CD24/Siglec-10 can
also deliver ‘don’t eat me’ signal and CD24 shows much
lower expression level in normal tissue which might avoid
unwanted side effects.

Methods Cell-based phage display biopanning and D-
amino acid modification strategy were used to identify
the CD24/Siglec-10 blocking peptide. Cell-based blocking
assay and microscale thermophoresis assay were used to
validate the blocking and binding activities of the peptide.
Phagocytosis and co-culture assays were used to explore
the in vitro function of the peptide. Flow cytometry was
performed to assess the immune microenvironment after
the peptide treatment in vivo.

Results A CD24/Siglec-10 blocking peptide (CSBP) with
hydrolysis-resistant property was identified. Surprisingly,
we found that CSBP could not only block the interaction
of CD24/Siglec-10 but also PD-1/PD-L1. CSBP could
induce the phagocytosis of tumor cell by both the
macrophages and monocytic myeloid-derived suppressor
cells (M-MDSCs), which can further activate CD8* T

cells. Besides, combination of radiotherapy and CSBP
synergistically reduced tumor growth and altered the
tumor microenvironment in both anti-PD-1-responsive
MC38 and anti-PD-1-resistant 4T1 tumor models.
Conclusions In summary, this is the first CD24/Siglec-10
blocking peptide which blocked PD-1/PD-L1 interaction as
well, functioned via enhancing the phagocytosis of tumor
cells by macrophages and M-MDSCs, and elevating the
activity of CD8" T cells for cancer immunotherapy.

INTRODUCTION

In the past few years, there have been signif-
icant clinical advances in cancer immuno-
therapy. The immune checkpoint blockade
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint inhibitors (ICls) targeting pro-
grammed cell death protein 1 (PD-1)/programmed
death ligand 1 (PD-L1) have been approved for the
treatment of a variety of cancer types. However, only
a small subset of patients with cancer can benefit
from ICls.

= (D24/Siglec-10 interaction can deliver ‘don’t eat
me’ anti-phagocytic signals between macrophages
and tumor cells.

WHAT THIS STUDY ADDS

= (D24/Siglec-10 blocking peptide (CSBP) is the
first reported blocking peptide that can enhance
macrophage-mediated phagocytosis of tumor cells
and activate CD8* T cells by simultaneously block-
ing the interaction of CD24/Siglec-10 and PD-1/
PD-L1.

= We discovered that monocytic myeloid-derived
suppressor cells could also mediate phagocytosis
effects.

= CSBP synergistically inhibits tumor growth combined
with radiotherapy in both anti-PD-1-responsive
MC38 tumor model and anti-PD-1-resistant 4T1
tumor model.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= CSBP can improve cancer immunotherapy with high
therapeutic efficacy by harnessing both innate and

adaptive immune responses.

(ICB) strategies have demonstrated unprec-
edented extension of patient survival, and
antibodies targeting programmed cell death
protein 1 (PD-1)/programmed death ligand
1 (PD-L1) have been approved to treat various
types of cancer, including melanoma and
Hodgkin’ lymphoma.' However, only a small
subset of patients with cancer can benefit
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from the immune checkpointinhibitors (ICIs). The insuf-
ficient clinical responses of PD-1/PD-L1 blockade have
been reported to be attributed to several reasons, such
as low-expression of PD-L1, low immune cell infiltration,
low tumor mutation burden and so on.> Therefore, it is
urgent to discover novel drug targets for developing ther-
apeutic agents and combination strategies to enhance the
response rate of cancer immunotherapy.

Different from the blockade of PD-1/PD-L1 to initiate
antitumor immune response through CD8" T cells,
interference of the ‘don’t eat me’ pathway mediated
by macrophages has many advantages.® First, the distri-
bution of macrophage is more common in most solid
tumors than CD8" T cell. Second, the antigen from the
phagocytosed tumor cell can be subsequently processed
and presented to T cell by macrophages, which can also
function as antigen-presenting cells.* Therefore, several
involving pathways have been reported and considered
as therapeutic targets, especially CD47/Sirpa. Antibodies
and fusion proteins targeting CD47 were developed and
studied clinically.” Unfortunately, because of the wide
expression of CD47 in normal tissues as well, side effects
and low therapeutic efficacy often arise mainly caused by
non-tumor-targeting.’ Due to the relatively weak receptor
occupation and promising tumor penetration proper-
ties of small peptides compared with antibodies, thus we
have developed a small peptide to block CD47/Sirpo.
previously, which could elicit antitumor effects alone or
combined with radiotherapy (RT) without significant
toxicity.” Therefore, it is a promising strategy to develop
small peptides as therapeutic agents targeting immune
checkpoints.

Recently, another ‘don’t eat me’ pathway, CD24/
Siglec-10, has been revealed.® CD24 is a mucin-like
glycosylphosphatidylinositol-anchored glycoprotein,
which is expressed in murine hematopoietic cell subpop-
ulations, including B lymphocytes,” the majority of
thymocytes,'” erythrocytes and neutrophils.'' '* CD24
is responsible for proliferation of T lymphocytes as a
co-stimulatory molecule, as it is crucial for the homeo-
static proliferation of T cells in the lymphopenic envi-
ronment.”” More importantly, compared with CD47,
CD24 is absent on human erythrocytes or thymocytes but
highly expressed in various cancer cells and cancer stem
cells.” CD24 has been identified as a prognostic marker
in patients with ovarian cancer,"* lung cancer,'”” and it is
also involved in the migration and metastasis of glioblas-
toma cells and osteosarcoma cells.'® ! Therefore, CD24
has recently attracted much attention as a potential drug
target against cancer cells or cancer stem cells.

CD24 interacted with Siglec-10, relaying anti-phagocytic
signals to cause tumor cells to evade immune killing.
Accordingly, anti-CD24 could induce macrophage-
mediated phagocytosis of ovarian cancer and breast cancer
cells and reduce tumor burden in MCF-7 tumor model.”
The expression of CD24 is higher than PD-LI in several
cancers, including which resistant to anti-PD-1 therapy.®
As CD24 is overexpressed in tumor tissues whereas rarely

detected in normal tissues, it is necessary to further deter-
mine the potential and develop therapeutic agents to
block CD24/Siglec-10 for cancer immunotherapy.

The anti-CD24 monoclonal antibody (mAb) SWAII
effectively inhibited tumor cell proliferation and angio-
genesis with retarding ovarian carcinoma xenografts
growth.'® In CD24-positive triple negative breast cancer
(TNBC), CD24 mAb (ALBY) treatment significantly
reduced lung tumor growth and greatly prolonged the
survival of mice." Compared with proteins and anti-
bodies, small peptides are less immunogenic and have
better tumor permeability. Peptides are generally low-cost
and easy to synthesize. On the other hand, compared
with small molecules, peptides are usually characterized
by lower toxicity, higher efficacy and specificity. % In the
previous studies, we have identified small peptides as
ICIs targeting PD-1/PD-LI1, lymphocyte activation gene
3 (LAG-3)/major histocompatibility complex (MHC)-
II, T cell immunoreceptor with Ig and ITIM domains
(TIGIT) /poliovirus receptor (PVR) and CD47/Sirpo.,
respectively.” >’ However, the development of peptide
drugs targeting the ‘don’t eat me’ signal CD24/Siglec-10
has not been reported yet.

Here, the CD24 and CD47 expression was analyzed
and compared, and the phage display peptide library
biopanning technology was used to screen CD24 binding
peptides. Retro-inversion and glutamic acid substitution
strategies were performed to improve the hydrolysis-
resist ability and solubility, respectively. By using a cell-
based blocking assay, an 8-mer CD24/Siglec-10 blocking
peptide (CSBP) composed of D-amino acids was iden-
tified. Surprisingly, CSBP could also block the interac-
tion of PD-1/PD-LI1, which resulted in promoting the
phagocytosis of macrophages and activating CD8" T cells.
We also investigated whether CSBP could enhance the
phagocytosis of monocytic myeloid-derived suppressor
cell (M-MDSC). Finally, the antitumor response of CSBP
alone or combined with RT was studied. Thus, this study
proposed new insights and strategies to harness both
myeloid cells and T cells for cancer immunotherapy, by
using small peptides as dual-targeting ICIs combined with
RT.

MATERIALS AND METHODS

Cell lines

MDA-MB-231, HT29, 4T1 and CT26 cells were grown in
RPMI-1640 medium, and MDA-MB-453, MDA-MB-468
and MC38 cells were cultured in DMEM. The medium
contained 10% fetal bovine serum (Gibco, Grand Island,
New York, USA), 1% penicillin/streptomycin solution.

Mouse tumor models

For MC38 model, 1x10° MC38 cells were subcutane-
ously injected into the right flank of 35 female SPF-level
C57BL/6 mice (6-week-old) randomly divided into seven
groups to develop the subcutaneous tumor bearing
model. The sample size was determined according to the
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previous research results of our group and others. For
CSBP treatment, 2mg/kg of CSBP was daily injected intra-
peritoneally (i.p.) into the mice. For antibodies, 400 pg of
anti-mouse CD47 antibody (miap301, Bio X Cell, USA),
250pg of anti-PD-L1 (10F.9G2, Bio X Cell, USA), 200 ng
of anti-CD24 (M1/69, Bio X Cell, USA), or 250 pg of anti-
PD-L1 plus 200 pg of anti-CD24, were injected i.p. into the
mice every 3days. Phosphate buffered saline containing
5% DMSO and rat IgG were used as the negative controls,
respectively. Tumor volumes were measured every other
day by length (a), width (b) and height (c), and calcu-
lated as tumor volume=abc/2. Treatment was continued
for 2 weeks, then the mice were euthanized, tumors,
spleens and draining lymph nodes were dissected. For
macrophages depletion, 150 pL. of clodronate liposomes
or control liposomes (FormuMax Scientific, USA) were
injected i.p. into C57BL/6 mice. The efficiency of macro-
phages depletion was tested by analyzing the CD45"
CD11b" F4/80" cells. For M-MDSCs depletion, 100 pg of
anti-mouse Gr-1 (RB6-8C5H, Bio X Cell, USA) was deliv-
ered by i.p. injection every 3 days with rat IgG as the nega-
tive controls. The efficiency of M-MDSCs depletion was
tested by analysis of the CD45" CD11b" Ly6G™ Ly6C" cells.
In the MC38 RT model, tumor-bearing mice were treated
with local 20Gy RT, and CSBP (2mg/kg) was adminis-
tered ¢.p. to mice daily.

For the 4T1 model, 5x10* 4T1 cells were inoculated
orthotopically in the BALB/c mice mammary fat pad.
In the 4T1 RT model, tumor-bearing mice were treated
12 Gy RT twice and treated with CSBP (2mg/kg) daily.

Statistical analysis

Differences between groups were analyzed by unpaired
Student’s t-test or two-way analysis of variance. All data are
presented as means+SEM. Statistical analyses were carried
out using Prism V.8.0 statistical software (GraphPad Soft-
ware). Flow cytometry data were analyzed by FlowJo V.10.
Significant differences between the groups are indicated
by *p<0.05, **¥p<0.01, ***p<0.001.

RESULTS

CD24 is overexpressed in tumor tissues and associated with
poor prognosis

The CD24 expression was assessed in tumor and normal
tissues via analyzing the UALCAN data portal, which
revealed that CD24 was overexpressed in several cancer
types, such as kidney renal papillary cell carcinoma,
esophageal carcinoma, and breast invasive carcinoma
(BRCA) (figure 1A). The high expression of CD24 was
associated with poor prognosis in BRCA (p=0.00021),
mesothelioma (p=0.0034), cervical squamous cell carci-
noma and endocervical adenocarcinoma (p=0.045) using
gene expression profiling interactive analysis (GEPIA)
(figure 1B). Interestingly, the expression of CD24 differed
in BRCA subtypes, and it was significantly higher in TNBC
basal-like 1 than that in normal breast, luminal or HER2"
BRCA (figure 1C). The expression level of CD24 was

much higher than that of PD-L1 in most BRCA subtypes
(figure 1C). In addition, single-cell RNA-sequencing
data demonstrated that CD24 was expressed higher than
PD-L1 in both T-cell expansion and T-cell non-expansion
groups after anti-PD-1 treatment (figure 1D).** The CD24
and PD-L1 expression on various tumor cell lines were
displayed (figure 1E). CD24 and CD47 expression were
highly expressed in multiple tumor types by analyzing
GEPIA (online supplemental figure S1A). Meanwhile, the
BioGPS database results suggested that the expression of
CD47 was significantly higher than that of CD24 expres-
sion in most of the normal tissues, such as skin, liver, pitu-
itary, lung and heart (online supplemental figure SIB).
These results illustrated the advantages of CD24 as a
potential drug target for immunotherapy.

Screening of candidate peptides binding CD24 via a cell-
based phage display biopanning

To obtain CD24-binding peptides,arandom 7-mer peptide
library was used for the cell-based phage display biopan-
ning. High-affinity phages were productively enriched
after four rounds of screening. We isolated and sequenced
the DNA of the phage clones, then the sequences of
corresponding peptides were aligned via Clustal Omega.
Finally, peptides with different common sequences were
selected, and their sequences were displayed in online
supplemental table S1. The blocking activity of candi-
date peptides for CD24/Siglec-10 interaction was verified
by the blocking assay. As shown in online supplemental
table S1, the blocking rates of peptide-9, peptide-6 and
peptide-5 were 55.70%, 39.03% and 18.43%, respectively.
Therefore, peptide-9 with the highest blocking rate was
selected as the candidate peptide. Alanine scanning of
peptide-9 was performed to help further rationalized
modifications.”” The results confirmed that each amino
acid was essential for blocking CD24/Siglec-10 interac-
tion, with L3, F4 and V5 were the key residues to interact
with CD24 (online supplemental table S2). Peptide-9 was
named blocking peptide (BP) for further investigation.

CSBP binds CD24 and PD-L1, targeting CD24/Siglec-10 and
PD-1/PD-L1 pathways

L-amino acids were sensitive to proteases and could be
degraded easily.*® To improve the hydrolysis stability of
BP, we attempted to transform some L-amino acids into
D-configuration amino acids.”” According to the alanine
scanning results, L-amino acids were substituted with
D-amino acids except for L3, F4 and V5, and the retro-
inverso peptide harboring the reverse sequence of BP was
also designed. As shown in figure 2A, the retro-inverso
peptide ("BP-1) was able to block the interaction of
CD24/Siglec-10, but the decreased blocking ability was
observed in BP-2 and BP-3. To increase the solubility of
DBP—l, C-terminal and N-terminal residues were modified
by the hydrophilic glutamic acid.*® We found that Cle
(CSBP) exhibited greater blocking activity than "BP-1
(figure 2A). CSBP exhibited dose-dependent effect to
block human CD24/Siglec-10 interaction with a good
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Figure 1

CD24 is significantly overexpressed in tumors. (A) Expression of CD24 across multiple human cancers (red)

compared with corresponding normal tissues (blue) obtained from the UALCAN database. (B) The overall survival curve of
human cancers with high and low CD24 expression analyzed by the GEPIA. (C) Expression of PD-L1 and CD24 in BRCA major
subclasses via UALCAN database. (D) Expression analysis of PD-L1 and CD24 in human TNBC cells from patients (n=5) where
T expansion or no-expansion to anti-PD-1 immunotherapy across single cell sequencing illustrated. (E) Expression of CD24 and
PD-L1 on human or mouse tumor cell lines was detected by flow cytometry, gray shading indicates matched isotype controls.
Data are presented as means+SEM, and statistical significance was determined by unpaired Student’s t-test. *p<0.05, **p<0.01,

*okok,

p<0.001. BLCA, bladder Urothelial Carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma

and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme;
GEPIA, gene expression profiling interactive analysis; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell
carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO,
mesothelioma; PCPG, pheochromocytoma and paraganglioma; PD-1, programmed cell death protein 1; PD-L1, programmed
death ligand 1; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; TNBC, triple negative breast cancer.
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Figure 2 Characterization of bispecific peptide targeting CD24/PD-L1. (A) Blocking activities of optimized peptides. (B) In vitro
blocking activity of CSBP on the human CD24/hSiglec-10 interaction as measured by flow cytometry. (C) In vitro binding affinity
of CSBP on human CD24 as measured by MST. (D) In vitro blocking activity of CSBP on the human PD-1/PD-L1 interaction

as measured by flow cytometry. (E) Binding affinity of CSBP on human PD-L1 as measured by MST. (F) Representative HPLC
analysis of CSBP hydrolysis in 10% human serum. (G) The residual peptide time-dependent curve. Data are presented as
means+SEM. BP, blocking peptide; CSBP, CD24/Siglec-10 blocking peptide; HPLC, high performance liquid chromatography;
MST, microscale thermophoresis; PD-1, programmed cell death protein 1; PD-L1, programmed death ligand 1.

affinity to human CD24 (K =9.22+6.47 pM) (figure 2B,C).
Interestingly, we found that CSBP also blocked the
human PD-1/PD-L1 interaction (IC,=30.25+0.24pM)
(figure 2D). Additionally, CSBP illustrated good affinity
to human PD-L1 (K =7.53+4.17pM) (figure 2E). Due
to the lack of commercial availability of mouse Siglec-10
protein, we attempted to test whether human Siglec-10
could bind to 4T1 cells overexpressing murine CD24.
The results demonstrated that human Siglec-10 could
bind to 4T1 cells overexpressing murine CD24. The high
similarity between human Siglec-10 and mouse Siglec-10
with an overall homology of about 60% can explain this
phenomenon. Peptide CSBP demonstrated relative high
blocking effect on mCD24/hSiglec-10 interaction (online
supplemental figure S2A), and exhibited an affinity
to mCD24 (K, =0.22+0.18uM) (online supplemental
figure S2B). The blockade of CSBP to mouse PD-1/
PD-L1 interaction was determined (IC,=55.64+0.14pM),

and the affinity with mouse PD-L1 was determined
(K,=22.9+14.7uM) (online supplemental figure S2C,D).
To verify the stability of CSBP, the kinetics of degrada-
tion were monitored by reverse phase-high performance
liquid chromatography (RP-HPLC). CSBP exhibited
resistance to protease degradation in 10% human serum
or mouse serum (figure 2F,G; online supplemental figure
S2E,F). These results suggested that peptide CSBP could
block CD24/Siglec-10 and PD-1/PD-L1 interactions and
was hydrolysis-resistant in the serum.

To explore whether CSBP could target the CD24/
Siglec-10 and PD-1/PD-L1 interactions, we measured
the blocking activity of CSBP on other immune check-
points, including CD47/Sirpa, TIGIT/PVR, LAG-3/
FGL1 and LAG-3/MHC-I. The results showed that
CSBP did not exert blocking activity in these targets
(online supplemental figure S3A). In addition, among
other peptides blocking CD24/Siglec-10 interaction,
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N2e could also simultaneously block the PD-1/PD-L1
interaction (online supplemental figure S3B). While
the previously discovered PD-1/PD-L1 targeting peptide
OPBP-1 and the CD47/Sirpo. targeting peptide pep-20
were unable to block CD24/Siglec-10 (online supple-
mental figure $3C).” % In order to study the mechanism
of CSBP targeting CD24/Siglec-10 and PD-1/PD-L1, the
ESPript was used to generate sequence alignment. The
results indicated that the sequences of the Siglec-10 IgV
domain were partly consistent with PD-1, among which
Leul28, Alal32, Ile134 and Glul36 were the key resi-
dues to interact with PD-L1 (online supplemental figure
S3D). We next predicted Siglec-10 and CSBP structure
by PEP-FOLD3. Three-dimensional structural predic-
tion and molecular docking analysis (MOE) were used
to compare structural similarity between PD-1 (PDB:
470K) and Siglec-10 protein (online supplemental figure
S3E). The key residues and binding regions of CSBP and
PD-L1 protein were simulated by the MOE. CSBP might
interact with PD-L1 (PDB: 5C3T) through Asp2-Argl13,
Val3-Glub8, Glu8-GIn66, among which Arg113, Glub8 and
GIn66 were the key residues to interact with PD-1 (online
supplemental figure S3F). The interaction residues of
CSBP and CD24 were not analyzed due to the lack of
crystal structure of CD24 and CD24/Siglec-10 interface.
These results suggested that CSBP may target CD24/
Siglec-10 and PD-1/PD-L1 because of the similarity of the
amino acid sequence and protein structure between PD-1
and Siglec-10 protein.

CSBP enhances macrophage-mediated and M-MDSC-
mediated phagocytosis of tumor cells and potentiates the
function of CD8" T cells in vitro

Human Siglec-10 has been reported to be expressed on
tumor-associated macrophages (TAMs). We observed
the expression of mouse Siglec-G (homologue of human
Siglec-10 in murine) in TAMs, the M-MDSC and gran-
ulocytic myeloid-derived suppressor cells (G-MDSC)
(figure 3A). Then, we investigated whether CSBP could
enhance the phagocytosis of CD24" tumor cells. CSBP
showed no cytotoxic effects on 4T1 and MC38 cells by 3-(4
,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (online supplemental figure S4A). Incubation
of 4T1 and MC38 cells with CSBP or anti-CD47 antibody
(positive control) treatment resulted in significant phago-
cytosis by bone marrow-derived macrophages (BMDM)
(figure 3B; online supplemental figure S4B). The sple-
nocytes of 4T1 tumor-bearing mice were co-cultured with
4T1 labeled with carboxyfluorescein succinimidyl ester
(CFSE) for 2hours to detect macrophage and M-MDSC-
mediated phagocytosis. Amazingly, we found the phago-
cytosis of 4T1 cells exhibited a significant increase not
only to macrophage but also to M-MDSC, after treat-
ment of CSBP or anti-CD47 antibody (figure 3C,D). To
explore whether CD8" T cells can be primed after CSBP-
mediated phagocytosis by macrophages, we examined the
percentage of proliferating CD8" T cells via CFSE assay.
BMDM were co-cultured with 4T1 cells in the presence of

CSBP. The percentage of proliferating CD8" T cells and
the ratio of interferon (IFN)-jf-expressing T cells were
significantly increased, which indicated that it could acti-
vate CD8" T-cell immune activity following macrophage-
mediated phagocytosis by CSBP (online supplemental
figure 5A,B).

To prove the effect of CSBP blocking the PD-1/PD-L1
pathway, Jurkat cells were used as a model T-cell line.
When Jurkat cells were co-cultured with PD-L1 overex-
pressed CHO-KI1-hPD-L1 cells, the proportion of inter-
leukin (IL)-2" CD45" T cells decreased from 9.61% to
4.08%. The proportion of IL-2" CD45" T cells restored to
8.4% after CSBP treatment (figure 3E). Relative to co-cul-
tured with CHO-K1-Vec cells which did not express PD-L1,
the proportion of IL-2" CD45" T cells was unaffected in
the presence or absence of CSBP. To further determine
this promotion effect induced by CSBP depended on
the blocking of PD-1/PD-L1, human peripheral blood
mononuclear cells (PBMCs) were co-cultured with PD-L1
overexpressed CHO-K1-hPD-L1 for 3days. The results
indicated that PD-1/PD-L1 interaction directly inhibited
the proliferation of CD8" T cells and reduced the propor-
tion of IFN-y-expressing CD8" T cells, which were restored
by CSBP treatment (figure 3F,G). When PBMCs were
co-cultured with CHO-KI1-Vec cells which did not express
PD-L1, the proliferation of CD8" T cells and proportion
of IFN-y-expressing CD8" T cells were not affected with
or without CSBP, which were consistent with the results
from Jurkat cells co-culture assay. Based on the results, it
can be concluded that CSBP abrogated the PD-1/PD-L1
axis-mediated dysfunction of T cells, further suggesting
that CSBP could regulate T-cell function by blocking
PD-1/PD-L1 interaction. In conclusion, CSBP could acti-
vate CD8" T cells both indirectly through macrophage-
mediated phagocytosis and directly by blocking PD-1/
PD-L1 interaction.

CSBP inhibits tumor growth in MC38 model

MC38 tumor model was performed to test the responses
of cytotoxic T cells against cancer cells, including
PD-1/PD-L1 blockade. We first explored the antitumor
response of CSBP in this model. Besides, we evaluated the
antitumor response of CSBP with other groups, including
anti-PD-L1, anti-CD24, and anti-PD-L1 plus anti-CD24.
Although anti-PD-L1 and anti-CD24 significantly inhib-
ited tumor growth, the tumor volume was bigger than
the treatment with CSBP. Moreover, the antitumor
response of CSBP was similar to that of anti-PD-L1 plus
anti-CD24 treatment (figure 4A,B). Compared with anti-
CD24 or anti-PD-L1 monotherapy, the CSBP treatment
group significantly enhanced the percentage of tumor-
infiltrating T cells (figure 4C). Also, CSBP simultaneously
enhanced the cytotoxic activity of T cells. The percentage
of IFN-y-expressing CD8" T cells was increased with CSBP
treatment, compared with anti-PD-L1 or anti-CD24 mono-
therapy (figure 4D). In addition to T cells, CSBP increased
the ratio of M1/M2 (figure 4E). Furthermore, the CSBP
treatment group increased the frequency of M-MDSCs.
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Figure 3 4T1 cancer cells phagocytosis by macrophage/M-MDSC and T-cell activation after CSBP treatment.

(A) Representative flow cytometry histogram of the expression of mSiglec-G (black lines) versus isotype control (gray shaded
curves) by macrophage, M-MDSC or G-MDSC. (B) Phagocytosis assays were performed with CD24* 4T1 cells by BMDMs in
the presence of CSBP or anti-CD47 mAb. (C, D) Flow cytometry analysis of phagocytosis of 4T1 cells by macrophages and
M-MDSCs from 4T1 tumor-bearing mice spleen, in the presence of CSBP or anti-CD47 mAb. (E) Evaluation of the effects of
CSBP on IL-2-expressing Jurkat T cells. Intracellular staining of IL-2 was detected by flow cytometry. (F, G) PBMCs from healthy
donors were isolated and stained with 0.2 uM CFSE. Then, PBMCs were activated with 100 U/mL IL-2, 1 ug/mL anti-CD3, and
1pg/mL anti-CD28 stimulatory antibodies, and cultured with CHO-K1-Vec or CHO-K1-hPD-L1 cells with or without CSBP. After
3days, the proliferation of CD8* T cells and proportion of IFN-y-expressing CD8" T cells were analyzed by flow cytometry. Data
are representative of at least three independent experiments. Data are presented as means+=SEM, and statistical significance
was determined by two-way analysis of variance with multiple comparisons. *p<0.05, **p<0.01, **p<0.001. BMDMs, bone
marrow-derived macrophages; CFSE, carboxyfluorescein succinimidyl ester; CSBP, CD24/Siglec-10 blocking peptide; G-
MDSC, granulocytic myeloid-derived suppressor cell; IFN, interferon; IL, interleukin; mAb, monoclonal antibody; M-MDSC,
monocytic myeloid-derived suppressor cell; PBMCs, peripheral blood mononuclear cells.
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Figure 4 CSBP inhibits tumor growth in MC38 tumor model. (A) Schematic of the dosing schedule time points for treatment
groups. (B) The tumor growth curves of MC38-bearing mice receiving the treatment of CSBP or antibodies. Data are presented
as the means+SEM (n=5 per group). (C) The percentage of tumor-infiltrating CD8" T cells in total CD45" cells was determined
by flow cytometry (n=5). (D) The frequency of IFN-y-expressing CD8" T cells was detected by flow cytometry (n=5). (E) Flow
cytometric analysis of M1/M2 ratio in the TME after CSBP or antibodies treatment (n=5). M1, CD45* CD11b* F4/80" CD11c*
CD2067; M2, CD45" CD11b* F4/80* CD206" CD11c". (F) Percentages of myeloid-derived suppressor cell within the TME in
each group (n=5). G-MDSC, CD45" CD11b* Ly6G* Ly6C~; M-MDSC, CD45* CD11b* Ly6G™ Ly6C"*. (G, H) Cells from mice
draining lymph nodes (G) or spleens (H) were obtained and stimulated with 20 ng/mL of PMA and 1 uM ionomycin containing
protein transport inhibitor cocktail for 4 hours. Frequencies of IFN-y-expressing CD8" T cells were detected by flow cytometry
(n=5). Data are presented as means+SEM, and statistical significance was determined by two-way analysis of variance with
multiple comparisons. *p<0.05, **p<0.01, **p<0.001. CSBP, CD24/Siglec-10 blocking peptide; G-MDSC, granulocytic myeloid-
derived suppressor cell; IFN, interferon; i.p., intraperitoneally; M-MDSC, monocytic myeloid-derived suppressor cell; PD-L1,
programmed death ligand 1; PMA, phorbol 12-myristate 13-acetate; TME, tumor microenvironment.
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The frequency of M-MDSCs in the CSBP-treated group
showed higher than that in other groups (figure 4F). In
addition, the CSBP treatment group showed an increased
percentage of IFN-yexpressing CD8" T cells in draining
lymph nodes and spleens, compared with treatment of
anti-PD-L1 or anti-CD24 (figure 4G,H).

The antitumor effect of CSBP is partially dependent on
macrophages

To investigate the importance of macrophages in anti-
tumor response, clodronate liposomes were used to
deplete macrophages in MC38 tumor-bearing mice. In
comparison with control liposome, macrophages have
shown to be effectively removed from the peripheral
blood with clodronate liposome (online supplemental
figure S6). The schedule of administration of clodronate
liposome or control liposome was shown in online supple-
mental figure S7A. Depletion of macrophages partially
abolished the antitumor effect by CSBP treatment
(p<0.001, ctrl plus control liposome vs CSBP plus control
liposome; p=0.086, ctrl plus clodronate liposome vs CSBP
plus clodronate liposome) (online supplemental figure
S7B). When macrophages were depleted, the increase
of the percentage of tumor infiltrated CD8" T cells was
not significantly changed after CSBP treatment (p<0.001,
ctrl plus control liposome vs CSBP plus control liposome;
p=0.0027, ctrl plus clodronate liposome vs CSBP plus
clodronate liposome), and the increase of the percentage
of tumor infiltrated IFN-y-expressing CD8" T cells ratio
exhibited slight decrease (p=0.1148, ctrl plus control lipo-
some vs CSBP plus control liposome; p=0.4135, ctrl plus
clodronate liposome vs CSBP plus clodronate liposome)
(online supplemental figure S7C,D). Furthermore, when
macrophages were depleted, the ratio of M-MDSCs was
not significantly affected with CSBP treatment (p=0.1059,
ctrl plus control liposome vs CSBP plus control lipo-
some; p=0.8744, ctrl plus clodronate liposome vs CSBP
plus clodronate liposome) (online supplemental figure
S7E). When macrophages were depleted, the increase
of IFN-y-expressing CD8" T cells with CSBP treatment in
draining lymph nodes and spleens was slightly impaired,
especially in the lymph nodes (online supplemental
figure S7F,G). The data suggested that the antitumor
effect of CSBP was partially dependent on macrophages.

M-MDSCs play an important role in the antitumor effect of
CSBP

To further delineate the role of M-MDSC in the anti-
tumor effects of CSBP, myeloid-derived suppressor cell
(MDSC) depletion experiments were performed in MC38
tumor model using the anti-Ly6G/Ly6C (Gr-1) antibody.
When C57BL/6 mice were treated with the anti-Ly6G/
Ly6C (Gr-1) antibody, there was an efficient depletion
of G-MDSCs and M-MDSCs compared with the control
IgG (online supplemental figure S8). The schedule of
dosing was shown in online supplemental figure S9A.
Depletion of M-MDSCs significantly attenuated the anti-
tumor effect of CSBP, but the statistical difference did

not change (p<0.0001, ctrl plus rat IgG vs CSBP plus rat
IgG; p<0.0001, ctrl plus anti-Gr-1 vs CSBP plus anti-Gr-1)
(online supplemental figure S9B). When M-MDSCs were
depleted, the increase of the percentage of tumor infil-
trated CD8" T cells was slightly impaired (p=0.0115, ctrl
plus rat IgG vs CSBP plus rat IgG; p=0.6287, ctrl plus anti-
Gr-1 vs CSBP plus anti-Gr-1), and the ratio of IFN-y-ex-
pressing CD8" T cells was not significantly changed after
CSBP treatment (p=0.0103, ctrl plus rat IgG vs CSBP plus
rat IgG; p=0.0401, ctrl plus anti-Gr-1 vs CSBP plus anti-
Gr-1) (online supplemental figure S9C,D). Furthermore,
the ratio of M1/M2 was slightly increased with CSBP
treatment after M-MDSCs were depleted (p=0.0855, ctrl
plus rat IgG vs CSBP plus rat IgG; p=0.9113, ctrl plus anti-
Gr-1 vs CSBP plus anti-Gr-1) (online supplemental figure
S9E). When M-MDSCs were depleted, the percentage of
IFN-y-expressing CD8" T cells was increased after CSBP
treatment in spleens but not in draining lymph nodes
(online supplemental figure S9F,G). The data showed
that M-MDSCs played an important role in the antitumor
effect of CSBP.

CSBP combined with radiotherapy exerts synergistically
antitumor effect in MC38 tumor model

We verified that CSBP targeting PD-1/PD-L1 showed
excellent antitumor effect. In addition, RT can recruit
tumor immune cells and upregulate PD-L1 expres-
sion.” To investigate the therapeutic potential of CSBP
combined with local RT, C57BL/6 mice with MC38 tumors
were treated with 20 Gy once, and CSBP was administered
by i.p. injection daily for 2 weeks (figure 5A). Compared
with the negative control, CSBP treatment or local RT
showed a mildly delayed tumor growth. However, the
combination treatment of RT and CSBP resulted in a
dramatic tumor growth regression compared with mono-
therapy (figure 5B). The proportion of CD8" T cells and
IFN-y-expressing CD8" T cells from tumor infiltrating
lymphocytes (TILs) was remarkably increased after CSBP
or RT treatment (figure 5C,D), and the combination of
RT and CSBP treatment enhanced T-cell response. More-
over, we observed that the ratio of M1/M2 macrophages
was increased by RT and/or CSBP treatment (figure 5E).
Interestingly, combination of RT and/or CSBP treatment
induced the local accumulation of M-MDSCs (figure 5F),
consistent with the M-MDSCs phagocytosis results as
described above. While, the ratio of G-MDSCs was unaf-
fected (data were not shown). A significantly increased
amount of IFN-y-expressing CD8" T cells in the draining
lymph nodes and spleens of tumor-bearing mice was also
observed (figure 5G,H).

CSBP combined with RT enhances antitumor activity in anti-
PD-1-resistant 4T1 tumor model

The mouse mammary carcinoma 4T1 model is a well-
characterized model of cold, poorly immunogenic,
and anti-PD-1-resistant tumor model. In this model,
we explored whether adding RT to CSBP treatment
would increase antitumor immunity. The design of the
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experiment was shown in figure 6A, BALB/c mice with
4T1 tumors were treated with the dosage of 12Gy for
twice, and then CSBP was administrated by i.p. injection
daily. Mice had less tumor burden with CSBP and/or RT
treatment relative to the negative control (figure 6B).
Similar to the results investigated above, the proportion
of tumor-infiltrating CDS8" T cells and M-MDSCs, and the
M1/M2 macrophage ratio were increased. Significantly
enhanced amount of IFN-y-expressing CD8" T cells from
TILs, the draining lymph nodes and spleens of tumor-
bearing mice was detected (figure 6C-H). These results
suggested that CSBP might have great potential to over-
come PD-1 blockade resistance.

DISCUSSION

Clinical studies have demonstrated that more than 75%
of patients with cancer failed to respond to ICI therapy.”!
Moreover, PD-L1 expression level is not sufficient to
be a clinical predictor, as some patients with PD-L1-
expressing tumors do not respond to anti-PD-1 or anti-
PD-L1 therapy, while some patients with PD-L1l-negative
tumors may be responsive. In this study, gene expression
analysis suggested that the CD24 expression was much
higher than PD-L1 in most BRCA subclasses, and single-
cell RNA-sequencing data demonstrated that CD24 was
expressed higher than PD-L1 in both T-cell expansion
and T-cell non-expansion after anti-PD-1 treatment. The
results inspired us to further investigate the potential of
targeting CD24 to improve ICB response in cancer types
with low-expression of the PD-L1.

Recent studies have shown that CD24/Siglec-10 delayed
anti-phagocytic signals. Compared with the conventional
anti-phagocytic signal CD47-Sirpa, the extensive expres-
sion of CD47 on normal tissues and cells, particularly red
blood cells (RBCs), significantly increased risk of toxicity
by using anti-CD47 therapeutic antibodies.® Based on our
data showing that CD24 is rarely expressed on normal
cells and human erythrocytes, thus, CD24 can act as a
therapeutic target with higher safety. Our data indicated
that CD24 blockade enhanced macrophage-mediated
phagocytosis of tumor cells in concordance with previous
work that anti-CD24 mAb treatment enhanced phago-
cytic clearance of tumor cells.® However, how macro-
phages enhance antitumor effects with CD24 blockade
has not been adequately investigated in the current
studies. Our results illustrated macrophages primed CD8"
T cells by phagocytosis of tumor cells after CSBP treat-
ment. This role is consistent with the previous studies
that macrophages as the antigen-presenting cells (APCs)
that phagocytose tumor cells and present antigens to
CD8' T cells in response to anti-CD47 antibodies.”> CD24
and PD-L1, are considered as critical innate and adap-
tive checkpoints, which are extremely important for the
antitumor immune response. Simultaneously targeting
CD24/Siglec-10 and PD-1/PD-L1 signals is a promising
strategy to reshape immunosuppressive tumor microenvi-
ronment (TME) and potentiate host innate and adaptive

antitumor immune responses. Notably, there are few
studies on the simultaneous blocking of CD24 and PD-L1,
and most of the CD24 or PD-LI inhibitors are analyzed
using monoclonal antibodies, which only activate macro-
phages or T cells. In the MC38 tumor model, compared
with anti-PD-L1 monotherapy, treatment with anti-PD-L1
plus anti-CD24 as well as CSBP showed better antitumor
effect, but they did not produce statistically significant
effect. These results may be explained by the fact that
PD-L1 is expressed on both T cells and macrophages,
and anti-PD-L1 treatment enables activation of T cells
and promotion of macrophage-mediated phagocytosis
of tumor cells.”** The treatment of anti-PD-L1 plus anti-
CD24 as well as CSBP simultaneously targeting PD-L1 and
CD24 also activated T cells and enhanced macrophage
phagocytosis, so the effect was not significant. Although
the antitumor effect of CSBP was not as potent as anti-
PD-L1, CSBP dual-targeting CD24 and PD-L1 could
target tumor sites with higher specificity to exert anti-
tumor activity. Considering that the antitumor response
of CSBP might involve reshaping the TME, we examined
the effect of CSBP on the immune cells of TME. As a
result, CSBP substantially increased the ratios of TILs and
M-MDSCs, increased the ratio of M1/M2, and enhanced
the effector function of CD8" T cells. By depletion of
macrophages or M-MDSCs in the MC38 tumor model,
the results demonstrated CSBP exerted antitumor effects
partially depending on the function of macrophages and
M-MDSCs.

Our study has discovered the vital coordination
between tumor-cell-relation CD24 and PD-L1 for tumor
evasion. It was reported that dosing RT prior to ICB
could result in a systemic antitumor response.” Radiation
mediates localized tumor killing and TME modification,
thereby potentiating the action of ICB.”> We speculated
that the synergistic effects of RT combined with CSBP
peptide might due to the following reasons. (1) RT can
induce a local antitumor immune response by recruiting
tumor-specific T cells and simultaneously increase PD-L1
expression, while the subsequent PD-1/PD-L1 blockade
might amplify the antitumor response.” ** CSBP can act
as a PD-1/PD-L1 inhibitor, thus combining RT to CSBP
treatment can boost the antitumor effectiveness. (2)
RT stimulates the recruitment of macrophages to the
TME. Macrophages in response to inflammatory signals
produced by irradiation and are locally activated to phago-
cytose tumor cells.”” Our results indicated that CSBP
could increase the number of M1 macrophages and M1/
M2 ratio. These inflammatory macrophages were used
by CSBP with phagocytic capacity toward tumor cells. (3)
Radiation increases the infiltration of MDSCs.*® Surpris-
ingly, it was found that M-MDSCs could also phagocytose
tumor cells after CSBP treatment. Thus, RT combined
with CSBP treatment is superior to monotherapy.

In addition to macrophages and CD8" T cells, we found
that the proportion of M-MDSC also revealed a dramatic
increase following CSBP treatment or combination treat-
ment with RT, but no significant change in G-MDSC.
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Figure 6 CSBP enhances antitumor efficacy combined with RT in the 4T1 tumor model. (A) Treatment schedules and dosing.
(B) 4T1 tumor growth following CSBP and/or RT treatment in vivo. Data are presented as the means+SEM (n=5 per group).

(C) Flow cytometric analysis of CD8* T cells on CD45" cells in each group (n=5). (D) The frequency of IFN-y-expressing CD8" T
cells was detected by flow cytometry (n=5). (E, F) Quantitative data of the M1/M2 ratio and the percentage of myeloid-derived
suppressor cells relative to CD45* cells in each group (n=5). M1, CD45" CD11b* F4/80* CD11c* CD2067; M2, CD45* CD11b*
F4/80* CD206* CD11c¢™; G-MDSC, CD45" CD11b* Ly6G* Ly6C~; M-MDSC, CD45* CD11b* Ly6G™ Ly6C". (G, H) Cells from mice
draining lymph nodes (G) or spleens (H) were obtained and stimulated with 20 ng/mL of PMA and 1 uM ionomycin containing
protein transport inhibitor cocktail for 4 hours. Frequencies of IFN-y-expressing CD8" T cells were detected by flow cytometry
(n=5). Data are presented as means+SEM, and statistical significance was determined by two-way analysis of variance with
multiple comparisons. *p<0.05, **p<0.01, **p<0.001. CSBP, CD24/Siglec-10 blocking peptide; G-MDSC, granulocytic myeloid-
derived suppressor cell; IFN, interferon; i.p., intraperitoneally; M-MDSC, monocytic myeloid-derived suppressor cell; PMA,
phorbol 12-myristate 13-acetate; RT, radiotherapy; TME, tumor microenvironment.
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Previous studies found that MDSCs were a heterogeneous
group of pathologically expanded myeloid cells. MDSCs
suppress cytotoxic T cells and decline their antitumor
activity by releasing reactive oxygen species and related
cytokines.™ Studies revealed that elevated MDSCs were
responsible for the resistance in anti-PD-1 or anti-cytotoxic
T Lymphocyte antigen 4 (CTLA-4) treatment, and elim-
ination of MDSCs could lead to cures of metastatic
tumors."’ In this study, we found that mouse Siglec-G was
overexpressed in MDSCs in mice, indicating that CD24/
Siglec-10 might be a vital role of MDSC-mediated tumor
cell clearance. Indeed, we observed that in vitro CD24
blockade enhanced M-MDSC-mediated phagocytosis to
tumor cells, in vivo M-MDSCs were upregulated with the
combination of CSBP and RT. Our work described the role
for MDSCs in phagocytosis of tumor cells, and the findings
differ from previous studies. However, as a heterogeneous
population of myeloid cells, MDSCs possess phagocytic
potential."' A number of research studies found that
G-MDSCs isolated from tumor-bearing mice could phago-
cytose latex beads. And previous work suggested that
G-MDSCs were able to phagocytose both gram-negative
and gram-positive bacteria, in common with PMN-MDSCs
from tumor-bearing (cancer) dogs (C-PMNs). 2 In
fact, these are some common features between MDSCs
and immature dendritic cells, such as low expression of
MHC class IT and antigen uptake capacity.* These results
proved our hypothesis that there is a novel functional link
between M-MDSCs and the efficacy of antitumor immu-
nity. Simultaneously, we initially observed that there were
no abnormalities in major organs, including heart, liver,
spleen, lung and kidney, and no significant differences in
red blood cell count, hemoglobin level, alanine transami-
nase (ALT) and aspartate transaminase (AST) levels after
CSBP treatment in 4T1 and MC38 tumor models. It may
require pharmacokinetics studies to further assess the in
vivo safety profile of CSBP.

Taken together, our study found a CD24 and PD-L1
dual-blockade peptide, CSBP, which targeted CD24" or/
and PD-L1" tumor cells while minimizing on-target toxici-
ties in normal tissues. CSBP could improve cancer immu-
notherapy with high therapeutic efficacy by harnessing
both innate and adaptive immune responses. In addition,
our work described a previously uncharacterized mecha-
nism that M-MDSC-mediated phagocytosis of tumor cells
promoted potent antitumor activity. We found that CSBP
and RT combination therapy exerted a synergistically
antitumor effect. We believe the therapeutic approach
holds promising potential to reshape the immunosup-
pressive tumor environment and provides new insights
into the design of new therapeutics for immunotherapy.
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