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Abstract

Triple negative breast cancer (TNBC) is a subtype of breast cancer with the highest degree of malignancy and the worst prog-
nosis. The application of immunotherapy for TNBC is limited. This study was to verify the potential application of chimeric
antigen receptor-T cells (CAR-T cells) targeting CD24 named as 24BBz in treatment of TNBC. 24BBz was constructed by
lentivirus infection and then was co-culture with breast cancer cell lines to evaluate the activation, proliferation and cyto-
toxicity of engineered T cells. The anti-tumor activity of 24BBz was verified in the subcutaneous xenograft model of nude
mice. We found that CD24 gene was significantly up-regulated in breast cancer (BRCA), especially in TNBC. 24BBz showed
antigen-specific activation and dose-dependent cytotoxicity against CD24-positive BRCA tumor cells in vitro. Furthermore,
24BBz showed significant anti-tumor effect in CD24-positive TNBC xenografts and T cells infiltration in tumor tissues,
while some T cells exhibited exhaustion. No pathological damage of major organs was found during the treatment. This study
proved that CD24-specific CAR-T cells have potent anti-tumor activity and potential application value in treatment of TNBC.
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Introduction

Breast cancer (BRCA) is the most common cancer in women
in the world [1]. Triple negative breast cancer (TNBC) is a
subtype of breast cancer in which estrogen receptor (ER),
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five-year survival rate is no more than 11% for TNBC
patients in advanced stages [2—4]. Except for conventional
chemotherapy and radiotherapy, only one ADC targeting
TROP2 has been approved for clinical use [5—7]. Although
immunotherapy has shown promising results in various
types of tumors, its application for TNBC is limited. There-
fore, it is urgent to find a new immunotherapy that can effec-
tively improve the prognosis of TNBC patients.

Cluster of differentiation 24 (CD24) is an advanced gly-
cosylated cell surface protein, which is highly expressed on
many kinds of tumor cells, such as BRCA, ovarian cancer,
cervical cancer, and oral mucosal melanoma [8-10]. Weiss-
man et al. proved that CD24 is an innate immune check-
point in BRCA and ovarian cancer which contributed to
tumor cells escaping from the clearance of macrophages
[11]. In TNBC, CD24 has been proved to promote tumor
growth by activating Src kinase through the lipid raft [12].
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The overexpression of CD24 is significantly correlated with
more advanced pathological stage, shorter survival and is
more likely to resistant to taxane-based treatment in TNBC
patient [13—15]. In addition, CD24 is rarely found expressing
on normal tissues, making it a preferable antigen for target
therapy [16].

Chimeric Antigen Receptor-T cell (CAR-T cell) therapy
is considered to be one of the most promising directions in
cancer immunotherapy. CD24 as a promising target has been
employed to redirect CAR-T cells to tumor cells. Maliar A
et al. have demonstrated anti-CD24 CAR T cell therapy was
effective in inhibiting tumor growth and metastasis in human
pancreatic adenocarcinoma xenografts in mice [17]. Another
study has constructed a bispecific BCMA-CD24 CAR-T cell
and showed this novel CAR-T cell yielding near-complete
tumor clearance for multiple myeloma cells in mice xeno-
grafts model [18]. However, the antibody employed in CD24
CAR-T cells in both of the studies mentioned above is mouse
scFv SWAT11. To date, no humanized CD24 scFv have been
used to construct CAR-T cells. In addition, no studies have
been reported to explore CD24-targeting CAR-T cells in
triple-negative breast cancer.

In this study, we employed a humanized CD24 scFv
which engineered in our previous study [19] to constructed
a second-generation CAR- T cells 24BBz. We proved that
24BBz was able to be specifically activated in vitro, pro-
duce cytotoxicity and inhibit tumor growth in vivo. All these
results suggested that CD24-CAR-T therapy may be a prom-
ising approach for the treatment of TNBC and other tumors
with high expression of CD24.

Methods and materials
CD24 expression analysis in database

The Gene Expression Profiling Interactive Analysis (GEPIA)
tool was used to analyze CD24 expression level from vari-
ous human tumors and matched healthy tissues. The data
are presented in a dot plot with y-axis showing as the Log,
(TPM + 1) scale. Next, the CD24 expression profiles in
different subtypes of BRCA were analyzed in UALCAN
database, using TCGA breast invasive carcinoma dataset.
The survival curves (OS, RFS and DMFS) were presented
by Kaplan—Meier plotter with the default parameters of
database. Breast cancer scRNA-seq data were downloaded
from the TISCH website (GSE176078). The data were read
using the Read10X_h5 function, and a Seurat object was
constructed using Seurat (V 4.3.0). Cell subtypes were anno-
tated using marker genes provided by the TISCH website.
Expression levels of CD24 in different cell subtypes were
visualized using ggplot2.
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Cell culture

MDA-MB-231, MDA-MB-468, T47D, BT474 and HEK-
293T cells were obtained from ATCC. MDA-MB-231,
MDA-MB-468 and HEK-293T cells were cultured in
DMEM (high glucose) medium at 37 °C and 5% CO,, sup-
plemented with 10% FBS (Biological Industries, Israel), 100
U/mL penicillin and 100 pg/mL streptomycin. T47D and
BT474 cells were cultured in RPMI 1640 medium (Hyclone)
at 37 °C and 5% CO,, supplemented with 15% FBS, 100 U/
mL penicillin and 100 pg/mL streptomycin.

Construction and production of lentivirus vector

CD24 CAR consists of CD8a signal peptide, Vi-(G4S)5-Vy,
CDS8 hinge, CD8 transmembrane region, 4-1BB intracellu-
lar costimulatory signal region, CD3( intracellular signal,
T2A and truncated EGFR (EGFRt) fragment [20]. The
CD24 scFv sequence was provided by Professor Zhang of
China Pharmaceutical University, and the other gene seg-
ments were found in the National Biotechnology Information
Center (NCBI). The corresponding DNA sequences were
obtained from iCARTaB BioMed after codon optimization
and then ligated into the pLV-puro vector via Cla I and Xba
L. In addition, a control vector was constructed which only
had the EGFRt fragment, named Mock.

HEK-293T cells were used to produce lentiviral parti-
cles. 20 pg of pLV-puro, psPAX2 and pMD.2G (4:2:1) were
transfected into HEK-293 T cells using EZ Trans (SHANG-
HAI LIFE iLAB TECHNOLOGY). After 24 h and 48 h, the
supernatant was collected, filtered with a 0.45-pm filter and
centrifuged at 20,000 X g for 120 min. Finally, the lentiviral
particles were resuscitated in 200 uL. medium and stored at
- 80 °C.

Transfection and identification of CAR-T cells

Fresh blood was obtained from healthy volunteers with the
approval of the Ethics Committee of China Pharmaceuti-
cal University. Human peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll density gradient centrifu-
gation (P8900; Solarbio). CD3" T cells were enriched by
magnetic beads separation (Miltenyi Biotec) and activated
by human CD3/CD28 beads (Life Technologies) for 48 h.
Then, the activated T cells were collected and cultured in
RPMI 1640 culture medium (Hyclone) at 37°C and 5% CO,,
supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/
mL streptomycin and other growth factors including MEM
non-essential amino acid solution (Gibco), sodium pyru-
vate (Gibco), L-glutamine (Gibco) and 0.1% 2-mercaptoe-
thanol (Gibco). In addition, 100 U/mL human interleukin 2



Cancer Immunology, Immunotherapy (2023) 72:3191-3202

3193

(IL-2, PeproTech) was added to promote the expansion of
T cells. 1x 10° activated T cells were collected and added
to a 24-well plate in the presence of fresh culture medium
supplemented with 6 ug/mL polybrene (Sigma-Aldrich). The
lentivirus was added at MOI = 10, and then, the mixture was
centrifuged at 1200 g for 90 min at 31 °C and incubated
overnight at 5% CO, and 37 °C. The next day, the virus fluid
was discarded, and the engineered T cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 U/
mL penicillin, 100 pg/mL streptomycin, 300 U/mL human
IL-2 and other necessary growth factors. On the fifth day
after transfection, the expression of EGFRt, and the rela-
tive CD4/CDS8 ratio and memory phenotype of engineered
T cells were evaluated by flow cytometry. The successfully
constructed CAR engineered T cells were named 24BBz.

Flow cytometry

EGFR-PE, CD24-PE, CD69-APC, CD25-PE, CD4-PE,
CDS8-APC, PD-1-BV421, CD62L-APC-CY7, CD45RA-
FITC and CD3-FITC antibodies were purchased from Bio-
legend. For flow cytometry analysis, all cells were collected
by centrifugation at 4 °C and washed three times by pre-
chilled PBS buffer. Then, the detection antibody was added
into the cell suspension and incubated at 4 °C for 30 min in
the dark. The cells were detected on the CytoFLEX after
washed three times with pre-cooled PBS buffer and filtered
through a 300-mesh nylon mesh; the data were processed
through Flowjo V10.

Cytotoxicity and cytokine release assays

Effector cells and target cells were co-cultured in 96-well
cell culture plates at the effector—target ratio of 1:1, 2:1, 4:1
and 8:1 for 24 h, and the LDH cytotoxicity assay kit (Beyo-
time) was used to detect the lactate dehydrogenase (LDH)
level in the co-incubation supernatant, which can character-
ize the cytotoxic effect of effector cells. The absorbance at
490 nm of each well was recorded using a Multiskan FC
tablet reader (Thermo Science), and the cytotoxicity was
calculated as the following formula: cytotoxicity (%) = (co-
incubation lysis-effector cells spontaneous lysis-target cells
spontaneous lysis)/(target cell maximum lysis-target cell
spontaneous lysis) X 100%.

Supernatant was collected after effector cells and target
cells were co-incubated 24 h in a 96-well plate at a ratio of
2:1 and IL-2 and IFN-y were measured by using ELISA kit
(MultiSciences, Hangzhou, China).

Detection of cell proliferation and apoptosis

On day 0, a certain number of effector cells were stained
with the prepared Cell Trace™ CFSE stain reagent

(Thermofisher) according to the instruction manual and
incubated with target cells for three days. Fluorescence
intensity of effector cells on day 0 and day 3 was recorded
by flow cytometry, and the dilution ratio was used to evalu-
ate cell proliferation.

After 7 days of in vitro expansion, T cells were collected
and cell apoptosis was determined by flow cytometry via an
Annexin V-FITC/PI apoptosis detection kit (MultiSciences,
Hangzhou, China).

In vivo experiments

In our study, the BALB/c female nude mice (4—6 weeks
old) were purchased from the Animal Center of Yangzhou
University and raised in the SPF animal laboratory. All pro-
cedures were conducted in conformity with guidelines of
the China Pharmaceutical University. 3 x 10° MDA-MB-231
cells and 1 x 107 MDA-MB-468 cells were inoculated in the
mammary fat pads per mouse, respectively, on day 0. When
the tumor established (Volume > 50 mm?), randomize group-
ing (n=5/group) was performed. 1 x 10’ 24BBz or Mock T
cells were administered by intravenous or peritumoral injec-
tion (i.v or p.t). The survival status of the mice was observed
in real time, and the tumor volume of the mice was measured
once a week. The tumor volume calculation formula: tumor
volume (mm?)= (length x width?)/2. Peripheral blood from
mice was collected and T cell proportion was quantified for
the collected blood samples 7 days after 24BBz treatment.
After lysis of red blood cells in peripheral blood, CD3-FITC
antibody was added and incubated for 30 min at 4 °C in
the dark. The detection was performed using CytoFLEX.
The positive cell population was determined by detecting
CD3 +T cells in PBMCs using a gating strategy as shown
in Figure S3. On the 27 th and 43 th day, the mice were
administered euthanasia. The weight of the tumor tissues
was measured.

IHC and HE staining analysis

The tumor, heart, liver, spleen, lung and kidney tissues were
fixed overnight in paraformaldehyde (4%) after euthanasia.
The tissues were embedded in paraffin and cut into tissue
sections with a thickness of 5 pm. The tissue sections were
then staining by Hematoxylin and Eosin Staining Kit.
Otherwise, tumor tissue sections were prepared for
immunohistochemical (IHC) detection and details were as
follows: Paraffin sections were deparaffinized and hydrated
in xylene and graded alcohol, and then, antigen retrieval was
performed for 20 min in Tris—EDTA solution of pH 9.0 at
98 °C. The sections were cooled, rinsed with 1 X PBS and
incubated in a 3% H,0O, solution for 10 min. For blocking,
the tissue sections were incubated in goat serum for 1 h and
then incubated with rabbit anti-human CD3 antibody (CST,
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1:100), rabbit anti-human PD-1 antibody, rabbit anti-human
GzmB antibody and rabbit anti-human IFN-y antibody
at 4 °C overnight. The next day, the tissue sections were
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incubated with solution of horseradish peroxidase-labeled
secondary antibody (diluted at a ratio of 1:1000) for 1 h at
room temperature. Finally, the sections were incubated in
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«Fig. 1 Expression of CD24 in breast cancer a CD24 gene expres-
sion profile across tumor samples and paired normal tissues. b CD24
expression level of tumor or normal tissues in BRCA was analyzed.
¢ CD24 expression level in different BRCA types was analyzed.
d Kaplan—Meier analysis indicated that patients with high CD24
expression level suffered significantly worse outcomes (OS, RFS
and DMEFS). e A single-cell clustering plot was generated, and a
total of 89471 cells were analyzed. f Dot plots showing the expres-
sion of major cell markers in each cell type. g Violin plots depicting
the expression of CD24 in malignant epithelial cells across different
subtypes of tumor patients. h Violin plots depicting the expression of
CD24 in different cell subtypes were generated specifically for TNBC
patients. i The expression of CD24 was detected in several kinds of
human breast cancer cells by flow cytometry analysis

DAB substrate solution for 2—-5 min, counterstained with
hematoxylin, rinsed with water, and dehydrated in graded
alcohol and xylene. Coverslips were mounted with neutral
resin, and images were acquired on microscope (Olympus).

Statistical analysis

All the data were displayed as the mean + SD and were per-
formed by using two-tailed Student’s t test. The GraphPad
8.0 software was applied for statistical analysis. P <0.05 was
considered statistically significant.

Results
CD24 expression in BRCA

Gene expression analysis in GEPIA revealed that CD24
gene was up-regulated in most types of cancer with the high-
est expression in BRCA (Fig. 1a). The data in UALCAN
indicated that the expression of CD24 in tumor tissues was
significantly higher than that in normal tissues. Its expres-
sion was further elevated in the HER2 positive and triple
negative subtype, while there was no expression difference
between these two types (Fig. 1b, ¢). The survival analy-
sis showed that the high expression of CD24 was related
to the worse survival rate (including OS, RFS and DMFS)
of BRCA patients (Fig. 1d). Kwon et.al also demonstrated
that high CD24 expression is independently associated with
poorer survival in luminal A and TNBC subtypes [13]. In
addition, single-cell sequencing analysis on public data of
breast cancer tissues was performed. A total of 89,741 cells
were analyzed, and 8 cell subtypes were defined (Fig. le, f).
Analysis of the malignant epithelial cell subtype revealed
that the expression level of CD24 in TNBC group's tumor
cells was significantly higher than tumor cells in other sub-
types (Fig. 1g). Furthermore, further analysis of TNBC
patients showed that CD24 was mainly expressed in malig-
nant epithelial cells and almost not expressed in T lympho-
cytes (Fig. 1h). Finally, we examined CD24 expression in

four human breast cancer cells by flow cytometry. T47D,
BT474 and MDA-MB-468 highly expressed CD24 while no
expression of CD24 in MDA-MB-231 (Fig. 1i).

Characterization of 24BBz

To redirect T cells to CD24 expressed tumor cells, a sec-
ond-generation CAR vector, including CD24 scFv, was con-
structed. A truncated EGFR as a detecting marker was co-
expressed with CAR separated by T2A sequence (Fig. 2a).
15 days after transduction, engineered T cells reached about
200-fold expansion during in vitro culture (Fig. 2b). The
transduction efficiency of Mock T and 24BBz represented
by EGFRt were 41% and 52%, respectively, as detected by
flow cytometry analysis (Fig. 2c). The status of T cells,
including CD4/CDS8 ratio, memory phenotype, and apop-
tosis level, was analyzed by flow cytometry after transfec-
tion. The results showed that there is no difference in the
proportions of CD8 +and CD4 + T cells in untraduced T
cells, Mock T and 24BBz cells (Fig. 2d), but more engi-
neered T cells were switched to the effector memory phe-
notype (CD62L — CD45RA—) (Figure e, Supplementary
Fig. 1). Furthermore, after seven days of in vitro expan-
sion, no obvious apoptotic signal was observed in each
group (Fig. 2f). These results supported the successful
construction of 24BBz.

24BBz shows a strong anti-tumor activity
against breast cancer cells in vitro

To examine the cytotoxicity of 24BBz against CD24 + tumor
cells, the LDH releasing assays were performed. The results
showed that the lytic activity of 24BBz on CD24-positive
cells was enhanced with the increase of E:T ratio and was
significantly stronger than that of Mock T. In contrast, all
effector cells produced slight cytotoxicity at each E:T ratio
against CD24-negtive MDA-MB-231 cells (Fig. 3a).

To find out the activation of 24BBz, the surface biomark-
ers, such as CD25 and CD69, were detected by cytometry.
The results indicated that the up-regulation of CD25 and
CD69 expression on 24BBz when incubated with CD24-pos-
itive tumor cells (T47D, BT474, MDA-MB-468) compared
with Mock T. No remarkable CD25 and CD69 expression
changes were found on Mock T and 24BBz against CD24-
negative MDA-MB-231 cells (Fig. 3b, ¢). T cells made sig-
nificant proliferation and secreted multiple cytokines after
activation. Therefore, the proliferation of 24BBz and the
secretion of IL-2 and IFN-y were examined as well. The car-
boxy fluorescein diacetate succinimidyl ester (CFSE)-based
proliferation assay showed a higher proliferation of 24BBz
than that of Mock T when incubated against CD24-positive
tumor cells, whereas no difference in proliferation of 24BBz
and Mock T when incubated against CD24-negative tumor
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CD24 scFv
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Fig.2 Construction and characterization of 24BBz a Schematic
diagram of the CAR. b Expansion curve of engineered T cells cul-
tured in vitro after stimulation. ¢ Flow cytometry detection of
EGFRt expression in engineered T cells to evaluate their transfection
rate. d CD4* and CD8* engineered T cells were assessed by flow

cells (Fig. 3d). In addition, more IL-2 and IFN-y were pro-
duced by 24BBz than Mock T in the presence of CD24-posi-
tive tumor cells, while a little secretion of IL-2 and IFN-y in
both 24BBz and Mock T were observed in the presence of
CD24-negtive tumor cells (Fig. 3e). Finally, to determine the
exhaustion of T cells after stimulation, PD-1 expression was
evaluated on 24BBz. Flow cytometry analysis showed that
the expression of PD-1 was not apparently different among
different groups(Fig. 3f). These results jointly proved that
24BBz can be specifically activated, kill target cells and sus-
tain a favorable effector cytokine profile in vitro.

24BBz shows a strong anti-tumor activity
on subcutaneous TNBC mouse models

In order to evaluate the in vivo anti-tumor activity of 24BBz,
we selected two TNBC cell lines (MDA-MB-231 and MDA-
MB-468 cells) to establish a xenograft tumor model and
reinfused the 24BBz by intravenous or peritumoral injection
(i.v. or p.t.). 28 days after treatment, the tumor volume of
MDA-MB-468 xenograft in 24BBz/i.v. and 24BBz/p.t. was
less than Mock T (Fig. 4a, b). There was also a lower tumor
weight in 24BBz/i.v. and 24BBz/p.t compared with Mock
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cytometry. e T cell memory phenotypic analysis, TCM (CD45RA™/
CD62L *central memory T cells), TEM (CD45RA~/CD62L" effector
memory T cells). f The apoptosis level of T cells after 7 days of cul-
ture in vitro was detected by flow cytometry. (PI*/Annexin V* late
apoptosis, PI7/Annexin V* early apoptosis)

T. But there was little apparent difference in tumor inhibi-
tion growth compared with 24BBz/i.v. and 24BBz/p.t group
(Fig. 4c). In contrast, no inhibition of MDA-MB-231 tumor
growth was found in either Mock T or 24BBz treated groups
at day 21 following T cell administration (Fig. 4d—f). In
addition, no obvious weight change (Supplementary Fig. 2)
and damage could be observed in major organs from each
group in MDA-MB-468 or MDA-MB-468 xenograft model
(Fig. 4g). These results revealed that 24BBz was able to
eliminate CD24-positive TNBC xenografts in vivo with lit-
tle side effects.

24BBz shows well infiltration and effector function
in vivo

Previous studies have found that persistence of CAR-T cells
was highly correlated with therapeutic effect [21] so we
detected CD3" T cell in the peripheral blood of mice at day 7
after treatment. Flow cytometry analysis indicated that 24BBz
had a better persistence in both i.v. group and p.t. group than
Mock T, while a similar CD3™" T cell proportion was found in
24BBz/i.v. and 24BBz/p.t. group in MDA-MB-468 xenograft
model (Fig. 5a). No significant difference of T cell proportion
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Fig.3 Antigen-specific activation and dose-dependent cytotoxicity
of 24BBz against CD24 expressing tumor cell lines in vitro a lac-
tate dehydrogenase (LDH) levels in the supernatants of different E:
T co-culture systems were detected to characterize the lysis effect of
24BBz and Mock T on target cells. The expression of CD25 b and
CD69 ¢ on the surface of T cells was detected by flow cytometry after
co-incubating with target cells for 24 h. d The engineered T cells

were stained with Cell Trace™ CFSE, and after three days of co-
incubation, the proliferation ability was detected by flow cytometry.
e 24 h after incubation of effector cells and target cells at ratio of 2:1,
levels of IFN-y and IL-2 secreted by T cells were measured. f Flow
cytometry analysis of the expression of PD-1on the T cells after three
days co-incubation. (n=3, error bars denote standard deviation, ns
P>0.05, *P<0.05, **P<0.01, ***P <0.001, ****P <0.0001)
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Fig.4 In vivo anti-tumor activities of 24BBz in TNBC bearing mice
a, d The imaging of tumors in MDA-MB-231 bearing mice or MDA-
MB-468 bearing mice treated with 24BBz/i.v., 24BBz/p.t. and Mock
T. b, e Tumor volume quantification was monitored weekly. ¢, f The
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weight of the tumors in each group was measured. g HE staining was
performed to evaluate the pathological changes of heart, lung, liver,
kidney and spleen tissues from each group (X 100). (n=5, error bars
denote standard deviation, **P <0.01, ***P <0.001, ****P <(0.0001)
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Fig.5 In vivo effector function of 24BBz a, b The proportion of
CD3" T cells in peripheral blood of mice was detected by flow
cytometry. ¢ After intravenous and peritumoral administration of the
treated cells, T cells infiltration in tumor tissue was analyzed by IHC.
d Detection of the level of granzyme B secreted by T cells in tumor

was found between Mock T, 24BBz/i.v. and 24BBz/p.t. group
in MDA-MB-231 xenograft model (Fig. 5b). Next, the infil-
tration of T cell was detected by CD3 immunohistochemi-
cal staining. The results displayed that a greater number of
T cells were infiltrated into tumor in 24BBz/i.v. and 24BBz/
p-t. group than Mock T group in MDA-MB-468 xenograft
model, which was consistent with the circulating T cells in
the peripheral blood (Fig. 5¢). Furthermore, the effector func-
tion of 24BBz in tumor was evaluated. The 24BBz-treated
group in MDA-MB-468 xenograft model had the highest level
of GzmB and IFN-y among all groups (Fig. 5d, e). However,
highest PD-1 staining was also found in 24BBz-treated group

tissues from i.v. group. e Detection of the level of IFN-y secreted by T
cells in tumor tissues from i.v. group. f IHC analysis of the expression
of PD-1 on the surface of infiltrating T cells in tumor tissues from
i.v. group. (n=5, error bars denote standard deviation, *P <0.05,
*#P<0.01, ¥***P <0.0001)

in MDA-MB-468 xenograft model among all groups, which
may be related to the specific activation of 24BBz by CD24
antigen (Fig. 5f). These data suggested that the 24BBz could
maintain in the peripheral blood, infiltrate into tumor tissue
and exert anti-tumor activity in CD24-positive xenograft.

Discussion
TNBC is a highly aggressive and fatal breast cancer subtype

that has only surgery and chemotherapy for treatment [22].
CAR-T cells have made great breakthroughs in treatment
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of a variety of hematological malignancies, including large
B-cell lymphoma, multiple myeloma and acute lymphoblas-
tic leukemia [23]. Various preclinical studies of CAR-T cells
in solid tumor were also extensively explored. Although
some CAR-T cells (targeting such as EGFR [24], EpCAM
[25], c-MET [26], MUCI1 [27], AXL [28], TROP2 [29])
have been validated in preclinical study for TNBC, little
clinical breakthrough was found to date. In this study, we
constructed a novel second-generation CAR, which could
redirect T cells target to CD24 and cause well anti-tumor
activity in CD24-positive breast cancer cells in vitro and
CD24-positive TNBC xenograft in vivo.

Barkal et al. observed that the expression of CD24
was up-regulated in almost all tumor types through RNA
sequencing data from the TARGET and TCGA databases
[11]. Other studies also demonstrated CD24 is overex-
pressed in many tumors and is a suitable target for progno-
sis, diagnosis, and targeted therapy on various cancers [30].
In this work, RNA-sequencing data from GEPIA revealed
highest expression level of CD24 in BRCA. Analysis in
UALCAN indicated that CD24 expression in TNBC was
further increased among different subtypes of BRCA. These
evidences suggest that CD24 may be a potential target for
CAR-T cell therapy against TNBC.

In our previous work, a CD24 specific monoclonal anti-
body was screened by hybridoma technology and confirmed
that the CD24 scFv (G7S) has similar affinity and higher
specificity to the commercial CD24 antibody (ML5) [31].
Then, a humanized antibody, named hG7-BM3, has been
produced and proved to have the similar affinity parameters
with the parental chimeric antibody G7S [19]. It has been
reported that mouse scFv used in CAR-T cells could cause
anaphylaxis [32]. Therefore, 24BBz redirected to CD24 was
developed using hG7-BM3 scFv as the targeting moiety.
Antigen-dependent activation of 24BBz was demonstrated
by activation marker (CD25, CD69) expression, prolifera-
tion, and cytokine secretion in vitro. We also proved 24BBz
could destroy CD24-positive BRCA cells and have little
cytotoxicity against CD24-negative BRCA cells in vitro. In
addition, 24BBz exhibited well tumor inhibition ability in
CD24-positive TNBC xenograft mouse model.

The delivery of CAR-T cells may produce different cura-
tive effects. Lv et al. proved peritumoral delivery of MSLN
CAR-T cell enhanced CAR-T cells infiltration into tumor
tissue at the early stage and cause tumor regression [33]. It is
indeed that regional CAR-T cell delivery could theoretically
compensate for poor T-cell trafficking and tumor antigen
specificity in solid tumor [34, 35]. In our study, the tumor
control ability was evaluated by systemic i.v. administration
or regional p.t. administration of 24BBz in TNBC xenograft
mouse model. We found that 24BBz induced similar tumor
regression in CD24-positive TNBC xenograft mouse model
with the similar T cell persistence and infiltration in vivo.
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We speculated that the difference between our results and
those of Lv et al. was due to the discrepancy of tumor vol-
ume at the time of T cell reinfusion. A major factor resulting
in the low response rate of CAR T cells in solid tumors is the
extensive immunosuppressive microenvironment [36]. Mul-
tiple studies have elucidated that immune checkpoint recep-
tor signaling may result in T-cell exhaustion, causing T
cells to become incapacitated against tumor cells [37, 38].
Our study showed that the expression of PD-1 on 24BBz was
up-regulated after co-incubation in vitro. Meanwhile, in the
CD24-positive TNBC xenograft mouse model, immunohis-
tochemical results showed significant PD-1 expression in the
24BBz treatment group, which may be an important factor
limiting the further elimination of tumor cells by 24BBz. It
was reported that the combination of CAR-T cell therapy
and PD-1 blockade, such as nivolumab and pembrolizumab,
has been applied to enhance the effectiveness of anti-tumor
therapy in clinical trials [39]. In addition, some studies have
tried to construct armored CAR-T cells to secrete PD-1 anti-
body [40], or used the CRISPR/Cas9 system to knock out
the PD-1 receptor gene in CAR-T cells to improve the anti-
tumor activity of CAR-T cells [41]. These modifications to
24BBz will be tested in future work to further improve its
efficacy.

At present, the safety of CAR-T cells like “On-target,
off-tumor effect” is a major concern for its clinical applica-
tion [42, 43]. Due to the characteristics of CD24 antigen
expression and the specificity of G7S, no tissue damage in
major organs was found after 24BBz treatment. Additional
toxicological studies will be conducted in future studies. In
addition, previous research proved that targeting EGFRt with
the IgG1 monoclonal antibody cetuximab could eliminate
CD19 CAR-T cells both early and late after adoptive transfer
[44], thus EGFRt as a “safety switch” co-expressed on the
24BBz could potentially prevent fatal side effect. This role
of EGFRt will be also evaluated in our future study.

In conclusion, our study demonstrated the potent anti-
tumor efficacy of 24BBz against CD24-positive TNBC cells
in vitro and in vivo, suggesting that 24BBz could become a
potential option for the clinical treatment of TNBC in future.
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