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ABSTRACT

Background The failure of conventional therapies and
the propensity for recurrence and metastasis make
triple-negative breast cancer (TNBC) a formidable
challenge with grim prognoses and diminished survival
rates. Immunotherapy, including immune checkpoint
blockade and chimeric antigen receptor (CAR)-T cell
therapy, presents innovative and potentially more effective
strategies for addressing TNBC. Within this context, the
inducible costimulator (ICOS), a member of the CTLA4/
CD28 family, plays a crucial role in regulating immune
responses and T-cell differentiation by binding to its ligand
ICOSL. However, the impact of the ICOS/ICOSL axis on
cancer varies.

Methods In this study, immunohistochemistry was
conducted to examine the expression level of ICOSL in
TNBC tumor tissues. We developed IC0S-enhanced B7H3-
CAR-T cells (ICOS-B7H3-CAR) using the third-generation
CAR-T cell technology, which featured magnified ICOS
expression and targeted the B7H3 antigen. Xenograft and
metastasis models of TNBC were conducted to examine
the cytotoxicity and durability of CAR-T cells in tumors.
Overexpression and CRISPR/Cas9-mediated knockout (KO)
techniques were employed to regulate the expression of
ICOSL on TNBC cell lines.

Results Notably, we observed elevated ICOSL expression
in TNBC tumor tissues, which correlated with poor
survival prognosis in patients with TNBC. Compared

with conventional B7H3-CAR-T cells, ICOS-B7H3-

CAR-T cells significantly inhibited the tumor growth

of TNBC cells both in vitro and in vivo, accompanied

by increased secretion of cytokines such as interferon
gamma and tumor necrosis factor alpha. Furthermore,
the in vivo experiments illustrated that ICOS-B7H3-CAR-T
cells exhibited prolonged antitumor activity and could
effectively eradicate metastases in a TNBC metastasis
model, consequently extending survival. Importantly,
manipulating the expression of ICOSL on TNBC cells
through overexpression or KO significantly influenced the
function of ICOS-B7H3-CAR-T cells. This suggests that
the level of ICOSL expression on TNBC cells is critical for
enhancing the potent antitumor effects of ICOS-B7H3-
CAR-T cells.

Conclusion Overall, our study highlights the potential
clinical application of ICOS as a promising strategy for
combating TNBC recurrence and metastasis.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The success of blocking antibodies targeting
CTLA-4 and programmed death receptor 1 in clinic,
such as ipilimumab, pembrolizumab, and nivolum-
ab, has aroused excitement due to their notable re-
gression of melanoma and other cancers. Inducible
costimulator (ICOS), a member of the CTLA4/CD28
family, displays promise as a costimulatory target
for immunotherapy. However, its effectiveness in
combination with other agents like the anti-CTLA-4
antibody (tremelimumab) in solid tumors remains
limited. The impact of ICOS/ICOS ligand (ICOSL) on
cancer outcomes varies depending on the dominant
cell type involved.

WHAT THIS STUDY ADDS

= Our study developed ICOS-B7H3-chimeric antigen
receptor (CAR)-T cells with enhanced ICOS expres-
sion targeting the B7H3 antigen. These CAR-T cells
exhibited prolonged antitumor activity, effective-
ly eliminating metastases in vitro and in vivo, and
increased cytokine secretion. Modulating ICOSL
expression on triple-negative breast cancer (TNBC)
cells significantly influenced the function of ICOS-
B7H3-CAR-T cells, emphasizing its importance for
their superior antitumor effects.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The findings of this study indicate that ICOS has
significant potential in enhancing the cytotoxici-
ty and durability of CAR-T cells. This represents a
promising approach for combating recurrence and
metastasis in TNBC.

INTRODUCTION

Triple-negative breast cancer (TNBC) is the
most complex and challenging subtype of
breast cancer, defined by the absence of three
keyreceptors: estrogen receptor, progesterone
receptor (PR), and human epidermal growth
factor receptor 2 (HER2).! TNBC poses chal-
lenges for conventional therapies, such as
surgical resection, radiation, and neoadju-
vant chemotherapy.” These treatments often
fail to achieve complete eradication, leading
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to systemic recurrence and metastasis and frequently
contribute to a grim prognosis and diminished survival
rates.? Immune checkpoint blockade (ICB), such as
programmed death receptor 1 inhibitors in combination
with chemotherapy, has demonstrated significant efficacy
in clinical trials, which have been approved for applica-
tion in patients with early-stage TNBC and programmed
death-ligand 1" metastatic TNBC.” * However, the rates
of pathological complete response (pCR) are as low as
25% in non-immune-enriched TNBC with ICB treatment,
compared with 75% in immune-enriched TNBC with
ICB treatment (NCT02883062). Hence, these findings
underscore the pressing need for innovative and more
effective therapeutic strategies in tackling TNBC, partic-
ularly in the context of non-immune-enriched subtypes.

Currently, chimeric antigen receptor (CAR) T therapy,
as a form of immunotherapy, redirects the patient’s
immune response to identify and eliminate tumor cells
expressing tumor-associated antigens (TAAs), providing
a promising avenue for treating TNBC.”” Multiple poten-
tial TAAs have been validated in TNBC, such as meso-
thelin, folate receptor-alpha, tumor endothelial marker 8,
NKG2D ligands, epidermal growth factor receptor (EGFR)
and CD276 molecule (B7-H3), which exert antitumor
effects of CAR-T against TNBC tumors.”"!" However, the
effectiveness of CAR-T cell therapy against solid tumors
is limited, largely attributed to tumor-induced immuno-
suppression.'> CAR-T cell therapy’s effectiveness might
be improved by using agents that make tumor cells more
susceptible to T-cell attack, such as cytokines and inhibi-
tors."” '* For example, the TGF-B-receptor I kinase inhib-
itor boosts the tumorfighting efficacy of RORI-CAR-T
cells directed against TNBC in both two dimensional in
vitro culture and a microphysiologic three dimensional
tumor model by alleviating CAR-T cells exhaustion."
In TNBC models, the combination of a CDK7 inhibitor
with EGFR CAR-T cell therapy reduced immune resis-
tance, inhibited tumor growth, and suppressed metas-
tasis."* However, the effectiveness of these approaches in
enhancing antitumor activity in patients remains uncer-
tain. Consequently, there is a pressing need for additional
strategies to augment the efficacy of CAR-T cells against
solid tumors.

Inducible costimulator ligand (ICOSL) is highly
expressed in solid tumor cells, such as melanoma and
rhabdomyosarcoma, and is associated with poor prog-
nosis.”® ' Inducible T cell costimulator (ICOS), which
belongs to the CD28 family, is upregulated on T cell
activation.'” Through interaction with its ligand, ICOSL,
ICOS plays a pivotal role in shaping subsequent T cell
differentiation and promoting their survival, a function
distinct from that of CD28."” This interaction stimulates T
cells to generate a range of cytokines, such as interleukin
(IL)-10, IL-4, IL-5, IFN-=y, and IL-17, with the predom-
inant effect varying depending on the specific cell type
involved.'” High expression of ICOS on follicular helper
T cells (TFH) promotes the proliferation and differentia-
tion of B cells into plasma cells through interactions with

ICOSL, which is crucial for the T cell-dependent B cell
response within germinal centers (GCs).'® Recently, accu-
mulating evidence have highlighted the role of ICOS/
ICOSL in shaping the tumor immune environment
across various cancers, including melanoma, colorectal
cancer, ovarian cancer, and breast cancer."” '*** However,
the impact of ICOS/ICOSL on cancer varies, depending
on the dominant cell type involved."” For example, in
colorectal cancer, ICOS expression correlates positively
with prognosis, resembling characteristics of Thl and
cytotoxic T cells.”” Conversely, tumor-infiltrating ICOS"
regulatory T cells (Tregs) serve as a negative prognostic
factor in ovarian cancer and breast cancer, as they bind
to ICOSL" plasmacytoid dendritic cells (pDCs), fostering
a tumorrepressive environment through IL-10 secre-
tion.?! 2 Therefore, further examination is needed to
assess the clinical application of ICOS/ICOSL in cancer
therapy.

Several studies have demonstrated that ICOS could
enhance CAR-T immunotherapy.**® For instance, a
CAR incorporating the ICOS transmembrane domain
(TMD) strengthens interactions between T cells and
antigen-presenting target cells but does not support
TFH development or GC formation in vivo.” Addition-
ally, an ICOS-based CAR that includes both the TMD
and intracellular domain (ICD) promotes the develop-
ment of bipolar Th17/Thl cells, resulting in enhanced
effector function and improved persistence in vivo.”
In this study, we observed high expression of ICOSL in
TNBC tumor tissue, correlating with poor prognostic
survival in patients with TNBC. Consequently, we devel-
oped ICOS-B7H3-CAR-T cells incorporating full length
of ICOS, which featured enhanced ICOS expression
and targeted B7H3. This modification improves CAR-T
cell efficacy by enabling binding to ICOSL on tumor
cells, which enhances both CAR-T cell proliferation and
persistence. Compared with B7H3-CAR-T cells, ICOS-
B7H3-CAR-T cells demonstrated heightened antitumor
activity against TNBC cells both in vitro and in vivo. Addi-
tionally, ICOS-B7H3-CAR-T cells increased the secretion
of cytokines such as interferon gamma (IFN-y) and tumor
necrosis factor alpha (TNF-o). Moreover, in vivo exper-
iments revealed that ICOS-B7H3-CAR-T cells displayed
prolonged antitumor activity and could effectively elim-
inate metastases in a TNBC metastasis model. Our find-
ings suggest that the expression of ICOSL on TNBC cells
enhances the superior effect of ICOS-B7H3-CAR-T cells.
Thus, targeting ICOS-expressing CAR-T cells may repre-
sent a promising strategy for combating TNBC recur-
rence and metastasis.

MATERIALS AND METHODS

Cell lines

The HEK293T human embryonic kidney cell line and
TNBC cell lines MDA-MB-231, Hsb578T, MDA-MB-468,
HCC1937, and MDA-MB-436 were obtained from Amer-
ican Type Culture Collection (Manassas, Virginia, USA).
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Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Gibco) with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C with 5% CO2. Myco-
plasma tests were negative, and short tandem repeats
analysis authenticated all cell lines.

Purification and culture of primary human CD8* T
lymphocytes

Peripheral blood samples were collected from healthy
donors recruited at the Second Affiliated Hospital of
Guangzhou Medical University. These samples were
anonymized in accordance with local ethical guidelines
and the Declaration of Helsinki. Primary human CD8" T
cells were isolated from peripheral blood mononuclear
cells using the EasySep Human CD8 Positive Selection
Kit (Cat No. 17853, STEMCELL, Canada) following
manufacturer instructions. The purified CD8" T lympho-
cytes were activated with 2pg/mL anti-CD3 Ab (Cat No.
317326, BioLegend, San Diego, California, USA) and
1pg/mL anti-CD28 Ab (Cat No. 302934, BioL.egend) and
supplemented with 10ng/mL recombinant hIL-2 (Cat
No. BT-002-050, R&D Systems, Minneapolis, Minnesota,
USA) every 3 days.

Construction of lentiviral vector

The anti-B7H3 single-chain variable fragment (scFv)
was derived from mAb 376.96° ¥ and fused with
the endodomains of CD28 (NM_006139.3), CD137
(NM_001561.5), and CD3{ (NM_198053.2) to
construct B7H3-specific CAR-T cells. As mock CAR-T
cells, GP120-CAR targets the gpl20 antigen of HIV-1
using sequences from a prior study.” Lentiviral vectors
carrying the B7H3-specific CAR were modified with a
FLAG tag for western blot detection. Full-length human
ICOS (NM_012092.4) was PCR-amplified from a custom
complementary DNA clone purchased from Beijing
Tsingke Biotech. ICOS-B7H3 CAR constructs were created
by fusing ICOS gene fragments with a T2A self-cleaving
peptide into the CAR-containing viral vector. CAR plas-
mids included P2A self-cleaving peptide fused with trun-
cated CD19. The human ICOSL gene (NM_001283050.2)
was generated to pLVX-IRES-Puro vector. Lentiviral-based
CRISPR/Cas9 technology was used to knockout (KO)
ICOSLin MDA-MB-231 cells, employing a small guide RNA
(sgRNA) sequence (5’-GAGAAGGAAGTCAGAGCGA-3’)
cloned into the LentiCRISPR+2 vector.”

Transduction of recombinant lentiviral particles

Plasmids encoding various CAR moieties, pMD2.G
(VSV-G envelope), and the packaging vector psPAX2
were cotransfected into HEK293T cells using EndoFectin
MAX transfection reagent (Cat No. EF001, GeneCo-
poeia, Guangzhou, Guangdong, China). Activated CDS§*
T lymphocytes were transduced with lentiviral superna-
tant supplemented with 8pg/mL polybrene (Sigma-
Aldrich, Saint Louis, Missouri, USA) and centrifuged
at 350xg at 37°C for 90min. MDA-MB-231 and MDA-
MB-468 cells were infected with lentiviruses to establish

MDA-MB-231-ICOSL, MDA-MB-468-ICOSL, MDA-MB-
231-1COSL-sg cell lines. Positive clones were selected with
1 pg/mL puromycin 48 hours post-transduction.

Immunoblotting

For the analysis of CAR-T cell expression efficiency,
western blot analysis was performed using monoclonal
mouse anti-FLAG (DYKDDDDK tag) antibody (1:5000,
Cat No. 66008-4-Ig, Proteintech, Wuhan, Hubei, China),
polyclonal rabbit anti-GAPDH antibody (1:5000, Cat No.
10494-1-AP, Proteintech), IRDye 800CW Goat anti-Rabbit
secondary antibody (1:5000, Cat No. 926-32211, LI-COR,
Lincoln, Nebraska, USA), and IRDye 680RD Goat anti-
Mouse secondary antibody (1:5000, Cat No. 92668070,
LI-COR). Membranes were visualized using the Odyssey
CLX Imager (LI-COR Biosciences, USA) and analyzed
with Image Studio Lite V.4.0 (LI-COR Biosciences, USA).

Flow cytometric analysis

For cell phenotype analysis, cells were stained in
phosphate-buffered saline (PBS) with 0.5% bovine serum
albumin using 5 pL of antibody per million cellsin a 100 pL.
staining volume. Antibodies included mouse anti-human
PE-ICOSL (Cat No. 13-5889-82, Thermo Fisher Scien-
tific), PE-CD276 (B7H3) (Cat No. 351004, BioLegend)
for tumor cell surface antigens, and PE-CD19 (Cat No.
302207, BioLegend), BB700-ICOS (Cat No. 46-9948-42,
Thermo Fisher Scientific) for CAR and ICOS expression
on T cells. Infiltration of T cells in tumor tissues in xeno-
graft models was assessed using BB700-7AAD (Cat No.
420403, BioLegend), and BV510-CD8 (Cat No. 563919,
BD Biosciences). Analysis was performed using Fluores-
cence Activated Cell Sorter (FACS, BD Biosciences) and
FlowJo software (Tree Star, Ashland, North Carolina,
USA).

Cell proliferation assay

Effector cells and target cells were co-cultured at a 1:3
ratio, with a control well-lacking target cells set concur-
rently. CAR-T cells were collected after 96 hours, and
Ki-67 expression was evaluated using FACS to assess T cell
proliferation. After extracellular staining, CAR-T cells
were fixed and permeabilized with Cytofix/Cytoperm
kit (Cat No. 554714, BD Biosciences) as per the manu-
facturer’s instructions, followed by intracellular staining
with anti-human PE-Ki-67 antibody (Cat No. 350503,
BioLegend). Flow cytometric analysis was conducted, and
data were analyzed using FlowJo software.

Cytotoxicity assay

MDA-MB-231 and MDA-MB-468 cells were infected
with recombinant lentiviruses carrying the luciferase
gene. After 48 hours, positive clones were selected using
200pg/mL hygromycin. Luminescence levels were then
measured with a microplate reader.® CAR-T cells were
co-cultured with indicated cells at specified ratios in
96-well flat plates (Corning, Shanghai, China). Target
cells alone were plated at the same density to determine
maximal luciferase expression (relative light units, RLU).
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After 24 hours of co-culture, luciferin (1.5mg/mL, 100 pL.
per well; Cat No. 122799, PerkinElmer) was added, and
luminescence was measured using a plate reader. Per
cent lysis was calculated using the formula: (1 -RLU_
/RLU ) x100%.

Xenogenic mouse models

To establish a humanized mouse model, 6-week-old
female NSG mice (NOD.Cg-Prkdc™IL2rg™"*"") were
obtained from Shanghai Model Organisms (Shanghai,
China) and housed in a specific pathogen-free animal
facility. All animal procedures were approved by the
Ethics Committee of Guangdong Provincial People’s
Hospital. NSG mice were subcutaneously inoculated
with 5x10° MDA-MB-231 cells in 100 pL PBS into the left
flank.* After 7 days, subcutaneous tumors became macro-
scopically visible, and 2.5x10° modified CAR-T cells were
administered intravenously to the tumor-bearing mice.
Recombinant hIL-2 (Cat No. BT-002-050, R&D Systems,
Minneapolis, Minnesota, USA) was administered intra-
peritoneally at 1pg per mouse every 3days. Mice were
monitored every 3days for health status, tumor size was
measured with calipers, and body weight was recorded.
Mice were euthanized by carbon dioxide narcosis
and cervical dislocation if weakness or tumor burden
exceeded>1500mm?®. For the metastasis model, 1x10°
MDA-MB-231-Luc cells were injected via the tail vein of
NSG mice, and lung metastasis foci were monitored using
bioluminescence imaging.”® After 14 days, metastatic
lung tumors were established (with a total flux of approx-
imately 1x10” p/s), and 5x10° modified CAR-T cells were
intravenously administered to the tumor-bearing mice.

Enzyme-linked immunosorbent assay

CAR-T cells (10° cells) were co-cultured with target cells
ata 3:1 ratio. After 24 hours, supernatants were collected
for cytokine analysis using IFN-y and TNF-o. ELISA kits
(Dakewe, China) according to the manufacturer’s instruc-
tions. Cytokine levels in mouse serum were measured
using a human IFN-y and TNF-o0 ELISA Kit.

Immunohistochemistry

Paraffin-embedded breast cancer tissue microarrays were
obtained from the National Engineering Center for
Biochip (Outdo Biotech, Shanghai, China) with approval
from the Outdo Biotech Clinical Research Ethics
Committee. A cohort comprizing 33 cases of Luminal
A, 16 cases of Luminal B, 43 cases of HER2", and 26
cases of TNBC was evaluated, with relevant clinical data
provided in online supplemental table 1. Tissue sections
were processed and stained following standard protocols
by Biopathology Institute (Servicebio, Wuhan, Hubei,
China). For antigen assessment, staining intensity was
scored based on established criteria.** For antigen staining
assessment, the intensity was scored as follows:” negative
(0), weak (1), moderate (2), and strong (3). The extent
of staining was graded based on the percentage of posi-
tively stained cells: 0 (<10%), 1 (10-25%), 2 (25-50%),

3 (50-75%), and 4 (>75%). In xenograft mouse models,
euthanized mice were examined for organ health,
including the heart, liver, spleen, lung, kidney, stomach,
small intestine, large intestine, and pancreas. Organs were
fixed in 4% formalin, paraffin-embedded, and subjected
to H&E staining by Biopathology Institute (Servicebio).
Images of H&E-stained sections were captured using a
DM6B microscope (Leica, Wetzlar, Hessen, Germany).

Statistical analysis

Experiments were independently conducted at least three
times. Data were analyzed using GraphPad Prism V.7.0
software (GraphPad Software, San Diego, California,
USA) and presented as mean+SD. Statistical comparisons
between two independent groups were performed using
a two-tailed Student’s t-test, while a one-way analysis of
variance with Tukey’s multiple comparisons test was used
for multiple groups. Kaplan-Meier curves were used for
the survival analysis of mice. Statistical significance was
considered at p<0.05.

RESULTS

Aberrant ICOSL expression contributes to poor prognosis in
patients with TNBC

ICOSL expression is predominantly found in professional
antigen-presenting cells such as B cells, macrophages,
and DCs."”** ICOSL primarily modulates the function of
T cells by binding to its receptor ICOS.* It has also been
observed in specific endothelial cells and lung epithelium,
as well as tumor cells such as melanoma and rhabdomyo-
sarcoma, where it is associated with a poor prognosis in
malignant carcinomas.'® '® Whether ICOSL is expressed
in breast cancer cells requires further examination. In
an attempt to assess the clinical significance of ICOSL in
breast cancer, we analyzed the messenger RNA expression
of ICOSL in breast cancer tissue from the Cancer Genome
Atlas (TCGA). ICOSL expression was particularly higher
in basal-like breast cancer compared with HER2" and
luminal” breast cancer tissues (figure 1A). Furthermore,
Kaplan-Meier survival analysis showed that high expres-
sion of ICOSL especially correlated with shorter overall
survival (OS) and poorer distant metastasis-free survival
(DMFS) in patients with basal-like tumors but not HER2"
and Luminal” breast cancer (figure 1B and online supple-
mental figure 1). Moreover, the protein levels of ICOSL
were examined in 118 cases of breast cancer specimens
compared with 40 cases of paratumor tissues, including a
total of 33 cases of Luminal A, 16 cases of Luminal B, 43
cases of HER?2', and 26 cases of TNBC (Online supple-
mental table 1). Immunohistochemistry (IHC) revealed
that ICOSL was significantly overexpressed in TNBC
compared with normal breast tissues (figure 1C). For
assessing the expression levels of B7H3 and ICOSL in
TNBC cell lines, flow cytometry analysis was performed.
The frequency of B7H3 protein expression on TNBC cells
exceeded 90%, ranging from 93.5% to 99.5%, whereas
the frequency of ICOSL protein expression on TNBC
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Figure 1 Elevated expression of ICOSL is associated with the development and poor outcome of TNBC. (A) Dysregulated
expression of ICOSL in breast cancer from the TCGA cohort was analyzed using the GEPIA online service (http://gepia.
cancer-pku.cn/). Patients were classified based on the intrinsic molecular subtypes of breast cancer. (B) Kaplan-Meier survival
analysis was conducted to assess overall survival (OS) and distant metastasis-free survival (DMFS) according to the mRNA
levels of ICOSL in the basal-like breast cancer, using the KM-plotter breast cancer database (http://kmplot.com/analysis/). (C)
Representative images of ICOSL expression in TNBC and adjacent non-cancerous tissue (left panel). Quantitative IHC analysis
of ICOSL (right panel). (D) Flow cytometry analysis was employed to evaluate the frequency of ICOSL protein levels on normal
breast cell line and TNBC cell lines. Isotype antibody was used as a negative control. The statistical analysis was estimated

by one-way ANOVA with Tukey’s multiple comparisons test. Data are presented as mean values+SD. #p<0.05; ##p<0.01;
+x:4:40p<0.0001. ANOVA, analysis of variance; GEPIA, Gene Expression Profiling Interactive Analysis; HER2, human epidermal
growth factor receptor 2; ICOSL, inducible costimulator ligand; IHC, immunohistochemistry; KM, Kaplan-Meier; mRNA,
messenger RNA; TCGA, The Cancer Genome Atlas; TNBC, triple-negative breast cancer.
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cells ranged from 3.70% to 31.8% (figure 1D and online
supplemental figure 2). These expression levels were
notably higher compared with the normal breast cell line,
MCF10A (figure 1D and online supplemental figure 2).
Collectively, these findings indicate that elevated levels of
ICOSL contribute to poor prognosis in TNBC and may
serve as a potential target for TNBC therapy.

Generation of ICOS-B7H3-CAR-T cells for immunotherapy
ICOS, a member of the CTLA4/CD28 family, plays a
crucial role in regulating immune responses and T-cell
differentiation.” Here, the scFv sequence of anti-human
B7H3 was synthesized and fused to a third-generation
CAR moiety. The B7H3-CAR was constructed using a lenti-
viral vector, and the ICOS-B7H3-CAR was subsequently
designed based on it, incorporating the overexpression
of ICOS (figure 2A). Flow cytometry analysis revealed
that the lentiviral transduction efficiency of CAR-T cells
exceeded 40% (figure 2B and online supplemental figure
3A). Moreover, western blot analysis demonstrated the
efficient expression of CAR-T cells (figure 2C). Addition-
ally, the expression of ICOS on ICOS-B7H3-CAR-T cells
was 51.6%, which was higher compared with control T
cells (figure 2D and online supplemental figure 3B). To
further assess the function of B7H3-CAR-T and ICOS-
B7H3-CAR-T cells, a cytotoxicity assay was conducted by
co-culturing CAR-T cells with TNBC cell lines. MDA-MB-
231 and MDA-MB-468 cells were obtained and transduced
with firefly luciferase lentivirus. B7H3-CAR-T cells exhib-
ited dose-dependent and specific cytotoxicity against
TNBC cells, with approximately 40% cytotoxic effect at
an effector-to-target ratio of 3:1, while ICOS-B7H3-CAR-T
cells demonstrated even greater cytotoxicity, with over
60% cytotoxic effect (figure 2E-2F). Consistently, ICOS-
B7H3-CAR-T cells upregulated the secretion of IFN-y and
TNF-o. compared with B7H3-CAR-T cells (figure 2G-2J).
Taken together, these data suggested that ICOS-expressing
CAR-T cells enhanced cytotoxicity against TNBC cells to a
greater extent by secreting TNF-o, and IFN-y.

ICOS-B7H3-CAR-T cells exhibit superior antitumor activity in
vivo

To further confirm the antitumor activity of ICOS-B7H3-
CAR-T cells in vivo, a xenograft tumor model was assessed.
MDA-MB-231 tumor cells were implanted subcutaneously
in NSG mice. After tumor formation on day 7, ICOS-B7H3-
CAR-T cells and control CAR-T cells were administered
separately to the mice via a single intravenous injection
(figure 3A). As depicted in figure 3B, therapy using ICOS-
B7H3-CAR-T cells resulted in decreased TNBC tumor size
compared with B7H3-CAR-T therapy. Consistently, both
tumor volume and weight were significantly reduced
following treatment with ICOS-B7H3-CAR-T cells
(figure 3C-3D). Subcutaneous tumors from mice were
subjected to H&E staining, revealing that the tumor tissue
of mice treated with ICOS-B7H3-CAR-T exhibited more
pronounced necrosis (figure 3E). Importantly, the infil-
tration of ICOS-B7H3-CAR-T cells was notably enhanced

in the xenograft tumor tissue compared with B7HS3-
CAR-T cells based on immunostaining for CD8 (figure 3F
and online supplemental figure 4). Furthermore, ICOS-
B7H3-CAR-T cell therapy significantly increased the levels
of effector cytokines in mouse serum, including TNF-o
and IFN-y (figure 3G-3H). A safety evaluation of adop-
tive CAR-T cells in vivo was conducted, including moni-
toring mouse weight and assessing major tissue organs. As
depicted in online supplemental figure 5, mouse weight
and the function of major organs remained normal during
adoptive CAR-T therapy, indicating the safety of modified
CAR-T cells. Thus, ICOS enhanced the antitumor activity
of B7TH3-CAR-T cells, suggesting its potential as a marker
to enhance the cytotoxicity of CAR-T therapy.

IC0S-B7H3-CAR-T cells have prolonged antitumor activity in
vivo and could eradicate metastasis

To further assess whether ICOS extends the antitumor
activity of B7H3-CAR-T cells in vivo and eradicates metas-
tasis of TNBC, NSG mice were intravenously injected
with Luc-transduced MDA-MB-231 cells via the tail vein.
Two weeks later, ICOS-B7H3-CAR-T, B7H3-CAR-T, and
GP120-CAR-T cells were administered via a single intra-
venous injection (figure 4A). Clearly, ICOS-B7H3-CAR-T
cell therapy significantly prolonged overall survival
compared with B7H3-CAR-T cell therapy (figure 4B).
Additionally, ICOS-B7H3-CAR-T cells effectively elim-
inated metastasis of TNBC without tumor recurrence
(figure 4C-4D). In contrast, B7H3-CAR-T cells failed to
eliminate TNBC metastasis, and the tumor burden wors-
ened (figure 4C—4D). At the humane endpoint, the mice
were euthanized, and metastatic lesions were assessed
using bioluminescence imaging (figure 4E). Among
the three groups, the ICOS-B7H3-CAR-T cell treatment
group demonstrated the most effective eradication of
TNBC metastasis compared with both the B7H3-CAR-T
and GP120-CAR-T cell groups (figure 4E). Additionally,
the infiltration of ICOS-B7H3-CAR-T cells into the xeno-
graft tumor tissue was significantly enhanced compared
with B7H3-CAR-T cells based on immunostaining for
CD8 (figure 4F and online supplemental figure 6).
Furthermore, ICOS-B7H3-CAR-T cell therapy markedly
increased the levels of effector cytokines in mouse serum,
including TNF-0. and IFN-y (figure 4G). Overall, these
data demonstrated that ICOS enhanced the in vivo cyto-
toxicity of CAR-T cells and contributed to the durable
eradication of metastasis tumor.

ICOSL expression on tumor cells enhances the antitumor
activity of ICOS-B7H3-CAR-T cells

Based on the results observed above, ICOSL was found to
be highly expressed in TNBC tissue and correlated with
a poor prognosis for patients with TNBC. As a ligand of
ICOS, ICOSL enhances the function of effector T cells by
binding to ICOS."” Considering the expression of ICOS,
ICOS-B7H3-CAR-T cells exhibit superior antitumor
activity in vitro and in vivo. To further explore whether the
cytotoxicity of ICOS-B7H3-CAR-T cells is influenced by
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Figure 2 [ICOS was incorporated into the construction of B7H3-CAR-T cells for cellular immunotherapy. (A) Schematic
representation of the single-chain variable fragment (scFv) targeting human B7H3 fused with a third- generatlon CAR moiety
using a lentiviral vector (B7H3-CAR), and ICOS-B7H3-CAR includes the overexpression of ICOS based on it. (B) Flow
cytometry analysis was employed to evaluate the frequency of CAR protein expression levels on T cells among different
groups. (C) Western blot analysis was conducted to assess the expression of B7H3-CAR and ICOS-B7H3-CAR using anti-flag
antibody. GP120-CAR-T cells were used as mock CAR-T controls. Untransduced T cells served as the negative control. (D)
Flow cytometry analysis was employed to evaluate the frequency of ICOS protein expression levels on T cells among different
groups. (E-F) The cytotoxic activity of B7H3-CAR and ICOS-B7H3-CAR was assessed using a luciferase reporter system

after 24 hours of co-culture with MDA-MB-231-Luc and MDA-MB-468-Luc cells at various effector-to-target (E:T) ratios. (n=3,
3 healthy donors). GP120-CAR-T cells as negative control. (G-J) The levels of effector cytokines (TNF-o. and IFN-y) in the
supernatant of CAR-T cells were measured by ELISA after 24 hours of co-culture with tumor cells. The statistical analysis was
estimated one-way ANOVA with Tukey’s multiple comparisons test. Data are presented as mean values+SD. ##*p<0.01. ANOVA,
analysis of variance; CAR, chimeric antigen receptor; ICOS, inducible costimulator; IFN-v, interferon gamma; ns, not significant;
TNF-a, tumor necrosis factor alpha.
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Figure 3 ICOS-B7H3-CAR-T cells exhibited superior antitumor activity in vivo. (A) Schematic diagram of a xenograft model

where MDA-MB-231 cells were inoculated subcutaneously into NSG mice, followed by infusion of various CAR-T cells via tail
injection. (B) Representative images of mice bearing tumors after receiving different CAR-T treatments (n=6). (C-D) Tumor
volumes and tumor weights were assessed in mice bearing tumors after receiving different CAR-T treatments (n=6). (E) The
H&E staining of mouse tumors after CAR-T therapy. (F) The percentage of infiltrating CAR-T cells in mice bearing tumors after
receiving different treatments (n=6). (G-H) The levels of effector cytokines (TNF-a and IFN-y) in mouse serum homogenate were
measured by ELISA (n=6). The statistical analysis was estimated one-way ANOVA with Tukey’s multiple comparisons test. Data
are presented as mean values+SD. #p<0.05; #*p<0.01. ANOVA, analysis of variance; CAR, chimeric antigen receptor; ICOS,
inducible costimulator; IFN-y, interferon gamma; TNF-c, tumor necrosis factor alpha.

ICOSL expression on tumor cells, we examined the func-
tion of ICOSL in TNBC cells by transducing them with
ICOSL overexpression and ICOSL-sg lentiviral vectors.
MDA-MB-231 and MDA-MB-468 cells were transduced
with an ICOSL overexpression lentiviral vector (online
supplemental figure 7). Overexpression of ICOSL in

tumor cells significantly enhanced the cytotoxic activity
of ICOS-B7H3-CAR-T cells but did not affect the cytotoxic
activity of B7H3-CAR-T cells (figure 5A-5B). Further-
more, when co-cultured with ICOSL-overexpressing
tumor cells, effector cytokines including IFN-y and TNF-o
were upregulated in ICOS-B7H3-CAR-T cells, while the
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Figure 4 [ICOS-B7H3-CAR-T cells have prolonged antitumor activity in vivo could eradicate metastasis. (A) Schematic
diagram of a metastatic xenograft model involving the intravenous injection of MDA-MB-231 cells into NSG mice, followed by
treatment with various CAR-T cells via tail injection 2 weeks later. (B) Kaplan-Meier survival analysis of mice under different
CAR-T treatments. (n=5). (C) Representative bioluminescence (BLI) images depicting the growth of MDA-MB-231-Luc tumors
in the metastatic xenograft model under different CAR-T treatments. Tumor progression was monitored using an in vivo imaging
system (IVIS) every 7 days. (D) BLI kinetics illustrating the growth of MDA-MB-231-Luc tumors in the metastatic xenograft
model under different CAR-T treatments. (n=5). (E) Representative BLI images of metastatic lesions in the xenograft model
under different CAR-T treatments. Red arrows indicate major organs. (F) The percentage of infiltrating CAR-T cells in tumors
from the metastatic xenograft model after receiving different treatments. (n=5). (G) The levels of effector cytokines (TNF-o and
IFN-v) in mouse serum homogenate were measured by ELISA (n=5). The statistical analysis was estimated one-way ANOVA with
Tukey’s multiple comparisons test. Data are presented as mean values+SD. #p<0.05; ##p<0.01; #*+xp<0.001. ANOVA, analysis
of variance; CAR, chimeric antigen receptor; ICOS, inducible costimulator; IFN-y, interferon gamma; ip, intraperitoneal; iv,
intravenous; TNF-a, tumor necrosis factor alpha.
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Figure 5 The overexpression of ICOSL in TNBC cells enhanced the cytotoxic function of ICOS-B7H3-CAR-T cells, while
knocking out ICOSL expression diminishes it. (A-B, G) The cytotoxic activity of B7H3-CAR and ICOS-B7H3-CAR was assessed
using a luciferase reporter system after 24 hours of co-culture with indicated TNBC cells at various effector-to-target (E:T) ratios.
(n=3, 3 healthy donors). GP120-CAR-T cells as negative control. (C-F, H-I) The levels of effector cytokines (TNF-o. and IFN-y)

in the supernatant of CAR-T cells were measured by ELISA after 24 hours of co-culture with tumor cells. The statistical analysis
was estimated by two-tailed Student’s t-test. Data are presented as mean values+SD. #p<0.05; ##p<0.01. CAR, chimeric
antigen receptor; ICOSL, inducible costimulator ligand; IFN-y, interferon gamma; ns, not significant; TNBC, triple-negative
breast cancer; TNF-a, tumor necrosis factor alpha.
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expression of ICOSL did not affect the levels of TNF-o
and IFN-yin B7H3-CAR-T cells (figure 5C-5F), indicating
that the increased expression of ICOSL on tumor cells
was essential for the cytotoxicity of ICOS-B7H3-CAR-T
cells. Additionally, sgRNA-guided CRISPR-Cas9 targeting
ICOSL was employed to KO the endogenous expression
of ICOSL in MDA-MB-231 cells (online supplemental

figure 7). Consistently, knocking out the expression of
ICOSL in MDA-MB-231 cells restored the cytotoxicity
and secretion levels of TNF-o. and IFN-y of ICOS-B7H3-
CAR-T cells, bringing them down to the levels observed
in B7H3-CAR-T cells (figure 5G-5I). Compared with
control T cells, ICOS had no effect on the proliferation
of T cells based on CAR expression (figure 6 and online

[[] GP120-CAR-T

ICOS-
GP120-CAR-T o« B7H3-CAR-T 200K B7H3-CAR-T ] B7H3-CAR-T
o ] 407 1IcOS-B7H3-CAR-T
§ 200K 200K 200K + 307
c 9.94 10.7 10.3 N
S ot _ns
= 100k 100K . 100K ' . f 20 “L
s ' e
om : 104 = - T
0 bl Al T o‘l L Ll 1 Al T 0- i T T
0 10 10% 10° 0 10 10% 10° 0 10 10% 105 0
300K 300K] 300K 40 - *
*%
- k% i
Q200 200K 200K 'L 30+ v
i) 10.4 23.8 20.6 s
! v
<E': . g 20
100K 100k] 100K :
(=) : 2
= 104
0 bl Al T 0-l L Ll 1 4l T 0— i T T
< 0 1% 10% 108 0 108 10% 10° 0 10%  10% 105 0
SA
*
2 _ 300K 300K 300K 40+ *%
[72]
n k% =
3
= 200K 200K 200K} 'L 30
; 10.4 22.5 344 t?
= 100K 100K 100k{ . | . 2
< i -
a v i 10 .
E o Ll 4l T o-l L Ll 1 4l T o— i T T
0 108 10* 108 0 108 10* 108 0 108 10* 108 0
300K 300K] 300K 40+ ns
- Kk
M D - *%
g 3 200K} 200K 200K} 'L 30
sn 10.3 25.4 25.6 © v
< 9 < 20-
O = 100k 100K 100K} ©
s S
104 I~
o Ll Al T o-l L Ll 1 Al T o- i T T
0 103 10% 105 0 103 104 105 0 103 104 105 0

>

Ki-67*

Figure 6 The proliferative capacity of CAR-T cells was assessed on co-culture with tumor cells. Flow cytometry was employed
to measure the intensity of Ki-67, indicating the proliferation of CAR-T cells, following co-incubation with specific tumor

cells (left panel). Quantitative analysis was performed to evaluate the proliferation of CAR-T cells (right panel). The statistical
analysis was estimated one-way ANOVA with Tukey’s multiple comparisons test. Data are presented as mean values+SD.
xp<0.05; **p<0.01. ANOVA, analysis of variance; CAR, chimeric antigen receptor; ICOSL, inducible costimulator ligand; ns, not

significant.
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supplemental figure 8). However, when co-cultured with
tumor cells, the proliferation of B7TH3-CAR-T cells was
significantly higher than that of control T cells, while
ICOS-B7H3-CAR-T cells exhibited even greater prolifer-
ation (figure 6). Furthermore, the expression of ICOSL
in tumor cells significantly enhanced the proliferation
of ICOS-B7H3-CAR-T cells. Conversely, knocking out
the expression of ICOSL in MDA-MB-231 cells restored
the proliferation of ICOS-B7H3-CAR-T cells to levels
observed in B7H3-CAR-T cells (figure 6). Therefore,
these data suggest that the level of ICOSL on the tumor
enhances the cytotoxic capability and proliferation effi-
ciency of ICOS-B7TH3-CAR-T cells, as well as their potency
of TNF-o. and IFN-y secretion.

In conclusion, we engineered CD8" CAR-T cells with
elevated ICOS expression targeting the B7H3 antigen,
and found that it bolstered their antitumor efficacy.
The effect is amplified when it is co-cultured with breast
cancer cell types that exhibit high levels of ICOSL. In
comparison to standard B7H3-CAR-T cells, our ICOS-
B7H3-CAR-T cells displayed sustained antitumor activity,

effectively eradicating metastases both in vitro and in
vivo, accompanied by increased secretion of cytokines
such as IFN-y and TNF-o. (figure 7). Notably, manipu-
lating ICOSL expression levels on TNBC cells, either by
overexpression or KO, had a profound influence on the
functionality of ICOS-B7H3-CAR-T cells, emphasizing the
critical role of ICOSL expression in TNBC cells for the
superior antitumor effects of ICOS-B7H3-CAR-T cells.

DISCUSSION

Accumulating evidence shows that ICOS plays a pivotal
role in the function of effector T cells, garnering a lot
of attention as a potential target for immunotherapy.
Of significant relevance, the percentage of ICOS"CD4"
cells increased in the peripheral blood and tumor tissues
of patients with cancer following treatment with anti-
CTLA-4 mAbs, which led to increased production of IFN-y
and an elevated ratio of effector to Tregs.”>™® IVAX, a
cellular vaccine expressing ICOSL, triggers ICOS expres-
sion on CD8 and CD4 Teff cells, resulting in a dramatic

Tumor Cell

T Cell

Figure 7 Schematic depiction of the function of ICOS-B7H3-CAR-T cells targeting TNBC cells expressing both B7H3 and
ICOSL. CAR, chimeric antigen receptor; ICOSL, inducible costimulator ligand; IFN-y, interferon gamma; TNBC, triple-negative

breast cancer; TNF-a, tumor necrosis factor alpha.
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enhancement of tumor rejection that synergizes with
CTLA-4 blockade.™ However, only IVAX treatment fails
to eradicate the tumor, suggesting that ICOS might play
an important role in the therapeutic effect of ICB.* The
combination of the anti-ICOS agonist feladilimab with
the anti-CTLA-4 antibody tremelimumab was evaluated in
a phase I/1I trial for the treatment of patients with select
advanced solid tumors (NCT03693612).* However, the
efficacy of the clinical trial is limited. All patients expe-
rienced at least one adverse event, and only one patient
achieved a partial response (3.8%),” highlighting the
need for further exploration of ICOS’s role in cancer
therapy. Accumulating evidences have determined that
ICOS/ICOSL signaling plays various roles in cancers,
depending on the specific cell type involved."” ** Hence,
more therapeutic strategies targeting ICOS/ICOSL are in
urgent need to be developed.

Within the spectrum of breast cancers, TNBC stands out
as the most aggressive subtype and often associated with
a grim prognosis.” TNBC often presents with frequent
recurrence and metastasis, yet conventional treatments
frequently result in drug resistance.” CAR-T therapy has
shown promising antitumor efficacy in the treatment of
TNBC.”” However, the effectiveness of CAR-T therapy
against solid tumors in patients has been considerably
constrained. This restriction primarily arises from factors
including the limited specificity and extensive heteroge-
neity of tumor antigens, insufficient T-cell penetration
into tumors, and the immunosuppressive tumor micro-
environment, which can trigger T-cell exhaustion and
impairment.'”” *” In our study, analysis of breast cancer
samples from the TCGA database revealed higher ICOSL
expression in basal-like breast cancer, correlating with
shorter OS and poorer DMFS in patients with this subtype.
IHC and flow cytometry showed that ICOSL was highly
expressed in breast cancer tissues and cell lines. There-
fore, the construction of CAR-T cells targeting ICOSL on
TNBC cells might exert antitumor efficacy.

ICOSL primarily modulates the function of T cells by
binding to its receptor ICOS.” Multiple evidences show
that ICOS facilitates the expansion and functionality of
various T helper subsets (including TH1, TH2, TH17,
and TFH cell subsets) as well as Treg cells, with its effects
being contingent on the specific context.* ** ICOS was
proved to induce the expression of Bcl6, providing
an early signal to induce TFH cell differentiation via
CXCRb, which is helpful for GC formation and adaptive
immune responses.*” Interestingly, ICOS was also proved
to affect the function and differentiation of CD8" T cells.
For example, heightened ICOS expression serves as a
distinctive feature of CD8" tissue-resident memory T cells,
crucial for their migration to non-lymphoid tissues by
interacting with ICOSL.* Moreover, CD8 X+ 1€05* ¢eis
share phenotypic features with TFH cells, secreting 11.-4,
IL-21, CXCL13 and possessing the capacity to support B
cells.* ¥ CAR-T cells often use a combination of CD4"
andCD8" T cells. Interestingly, CD4" CAR-T cells have
demonstrated strong antitumor effects, occasionally

outperforming CD8" CAR-T cells in specific preclinical
tumor models.*** However, CD4" CAR-T cells sometimes
exhibit limited or decreased effectiveness compared with
their CD8' counterparts.* * The impact of ICOS/ICOSL
signaling on cancer is complex and varies depending on
the predominant cell type involved. ICOS-conducted
signaling in CD8" T cells and certain subsets of CD4" T
cells, such as Thl and TFH cells, generally promotes anti-
tumor activity.”' °* In contrast, ICOS-conducted signaling
in Tregs typically contributes to immunosuppressive
effects.” These findings suggest that [COS may play distinc-
tive roles in CD4" and CD8" T cells, particularly in modu-
lating the function of Tregs. Hence, we developed CD8"
CAR-T cells (ICOS-B7H3-CAR), rather than CD4" CAR-T
cells, based on third-generation CAR-T cell technology,
which featured heightened ICOS expression and targeted
the B7H3 antigen. ICOS-B7H3-CAR-T cells demonstrated
enhanced antitumor activity compared with conventional
B7H3-CAR-T cells, both in vitro and in vivo, by producing
elevated levels of cytokines like IFN-y and TNF-o.. Notably,
ICOS-B7H3-CAR-T cells exhibited increased infiltration
into xenograft tumor tissue compared with B7H3-CAR-T
cells. In our metastasis model, we observed multiple
metastases in untreated MDA-MB-231 tumors in NSG
mice. While B7H3-CAR-T cells could suppress tumor
growth in early treatment, their persistence was limited,
making it difficult to effectively control subsequent tumor
growth. However, the introduction of ICOS extended the
efficacy and persistence of CAR-T cells, enabling effec-
tive clearance of metastases and prolonged survival. To
further explore the underlying mechanism of the ICOS
molecule, we overexpressed and knocked out the expres-
sion of ICOSL in TNBC cells. When co-cultured with
ICOSL-overexpressed TNBC cells, ICOS-B7H3-CAR-T
cells demonstrated potent superior cytotoxicity and
proliferation efficiency, while its KO restored cytotoxicity,
cytokine secretion and proliferation efficiency to levels
seen in B7H3-CAR-T cells. This underscores the impor-
tance of ICOSL expression levels on TNBC cells for the
superior antitumor effects of ICOS-B7H3-CAR-T cells.
Activation of the ICOS receptor increases PIP3 produc-
tion, leading to Akt activation, which supports cellular
proliferation and survival.”> ** The unique YMFM motif,
in the cytoplasmic tail of ICOS (as opposed to YMNM in
CD28), is essential for the selective recruitment of the
p50a subunit of PI3K, which exhibits higher lipid kinase
activity than p850, has.”® Several studies have demon-
strated that the CAR-T cells harboring the TMD and/
or ICD fragments of ICOS exhibited better efficiency in
immunotherapy.** The ICOS TMD promotes the asso-
ciation of the ICD of CAR-T moiety with tyrosine kinase
Lck, leading to enhanced PI3K activation.” In our study,
we developed a CAR-T cell by expressing a full length of
ICOS on the surface of CAR-T cells. This modification
improves CAR-T cell efficacy by enabling binding to
ICOSL on tumor cells and simultaneously magnifying
its superior antitumor cytotoxicity and lasting elimina-
tion of metastasis by ICOS-B7H3 CAR-T cells in TNBC.
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Additionally, the impact of ICOS/ICOSL on cancer
function varies depending on the dominant cell type
involved, highlighting the need for further exploration.
It will be intriguing to examine whether Tregs exhibit
distinct properties when exposed to ICOS-B7H3 CAR-T
cell treatment. Future research endeavors should focus
on developing strategies that use the ICOS stimulation
pathway to enhance the cytotoxicity and durable function
of CD8" T cells, while minimizing the effects on Tregs,
to achieve more effective induction of protective immu-
nity in barrier tissues. Overall, our findings highlight the
potential clinical utility of ICOS as a promising strategy
for addressing TNBC recurrence and metastasis.
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