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ABSTRACT
Purpose  Chimeric antigen receptor T (CAR-T) cell therapy 
is under clinical investigation in patients with metastatic 
triple-negative breast cancer (TNBC). However, the 
identification of targetable antigens remains a high priority 
to avoid toxicity and prevent tumor escape.
Experimental design  Here we analyzed the gene 
expression of B7-H3 (CD276) and chondroitin sulfate 
proteoglycan 4 (CSPG4) in 98 TNBC samples identified 
in the AURORA US Network and Rapid Autopsy RNA 
sequencing data set at University of North Carolina (UNC). 
We then performed immunohistochemistry analysis for B7-
H3 and CSPG4 protein expression in 151 TNBC samples 
collected at UNC. Finally, the validity of the proposed 
B7-H3 and CSGP4 co-targeting was tested in clinically 
relevant TNBC patient derived xenograft (PDX) models.
Results  We observed that CD276 and CSPG4 genes are 
broadly and comparably expressed in TNBC samples, 
and gene expression is generally conserved in tumor 
metastases. None of the TNBC analyzed met the criteria for 
simultaneous low expression of CSPG4 and CD276 genes. 
Immunohistochemistry analysis showed a median H-score 
of 138 (105–168, lower and upper quartile, respectively) 
for B7-H3 expression and a median H-score of 33 
(14–78 lower and upper quartile, respectively) for CSPG4 
expression. Notably, 49% of the TNBC cores with B7-H3 
H-score ≤105 exhibited a CSPG4 H-score exceeding 
its median value, and 37% and 18% of the TNBC cores 
with low B7-H3 expression scored CSPG4 expression 
above its median H-score or exceeded its upper quartile, 
respectively, confirming that at least one of these two 
proteins is expressed in 94% of the analyzed tumors. 
Finally, optimized dual-specific B7-H3 and CSPG4 CAR-T 
cells eradicated tumors with mixed antigen expression in 
TNBC PDX models.
Conclusions  These data highlight the clinical potential 
of the proposed approach that could be applicable to the 
great majority of patients with TNBC as well as most of 
patients with breast cancer in general.

INTRODUCTION
Triple-negative breast cancer (TNBC) is 
characterized by the absence of endo-
crine receptors, HER2 overexpression and 
gene amplification, and is predominantly 

identified as the molecularly basal-like (BL) 
subtype (75–80%) in the context of the 
molecular characterization of breast cancer 
(BC).1–4 TNBC accounts for 15–20% of all 
BC, among which it has the poorest prog-
nosis and limited therapeutic options. The 
combination of immune checkpoint inhib-
itors and chemotherapy has improved the 
clinical outcome of TNBC.5 6 However, the 
relapse rate remains high, and patients with 
metastatic disease experience either primary 
or secondary resistance, supporting the need 
for new treatments. To this end, one strategy 
is the adoptive transfer of engineered T cells 
such as chimeric antigen receptor T (CAR-T) 
cells.

The identification of suitable antigens for 
CAR-T cell therapy in solid tumors remains 
a priority to ensure both safety and efficacy. 
Self-antigens overexpressed by tumor cells 
with low expression in normal tissues such 
as carcinoembryonic antigen, mesothelin, 
MUC1, NKGD2 ligands, ROR1, CD70 and 
c-Met have been proposed as targets for 
TNBC, and c-Met and ROR1 specific CAR-T 
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cells have been clinically tested, but with modest activity.7 8 
One of the reasons for the modest activity of CAR-T cells 
in solid tumors, including TNBC, is the heterogeneous 
expression of target antigens that causes rapid tumor 
escape.9–11 Targeting more than one antigen with opti-
mally designed CAR molecules is one of the strategies 
proposed to prevent tumor escape.12–14

Systematic analyses of the expression of antigens that can 
be co-targeted with CAR-T cells to control both primary 
and metastatic lesions in TNBC are lacking. B7-H3 is a type 
I transmembrane protein that belongs to the B7 family,15 
and it is aberrantly expressed in several solid tumors, 
while limited expression is seen in normal tissues.16 17 
We and others have previously generated B7-H3.CAR-T 
cells and found that they control the growth of multiple 
solid tumors in vitro and in vivo.18–20 In a small series of 
74 BC samples, B7-H3 protein has been detected in 56% 
of the primary lesions with weak expression in adjacent 
tissues.21 In another cohort of 25 BC samples, all samples 
showed B7-H3 expression, with 40% of the samples 
showing strong positivity.22 Lee and colleagues reported 
the expression of B7-H3 in both epidermal growth factor 
receptor HER3+ (52%) and HER3− (62%) BC samples.23 
Similarly, the transmembrane proteoglycan chondroitin 
sulfate proteoglycan 4 (CSPG4) is overexpressed in a 
variety of human malignancies, and it is involved in tumor 
proliferation and metastatic progression by facilitating 
tumor cell interactions with the extracellular matrix.24 
CSPG4 is also expressed in pericytes of the tumor vascu-
lature, further underlining its multifaceted role in tumor 
progression.25 26 We previously reported that CSPG4 is not 
expressed in normal tissues26 27 and that the MDA-MB-231 
tumor cell line, which is an aggressive TNBC cell line, can 
be targeted with CSPG4.CAR-T cells.27 A previous report 
in a small series of 44 BC samples indicated that CSPG4 
protein is overexpressed in 72% of tumors.28 Similarly, 
Hu and colleagues reported that 60% of the 85 TNBC 
samples analyzed by immunohistochemistry showed high 
expression of CSPG4.29

Here, we report the systematic analysis of the expres-
sion of the CD276 and CSPG4 genes in 98 TNBC samples 
(AURORA US Network cohort and University of North 
Carolina (UNC) Rapid Autopsy Program cohort)30 
compared with other molecular subsets of BC and 
including both primary and metastatic lesions. We then 
report B7-H3 and CSPG4 protein expression by immuno-
histochemistry in 151 samples of TNBC. Finally, we show 
in clinically relevant TNBC patient derived xenograft 
(PDX) models that optimized CAR-T cells co-targeting 
B7-H3 and CSPG4 could represent an effective CAR-T 
cell therapy applicable to the great majority of patients 
with TNBC and other BC types.

MATERIAL AND METHODS
Cell lines
The TNBC tumor cell line MDA-MB-231 was obtained 
from the German Collection of Microorganism and 

Cell Cultures GmbH (DSMZ, ACC 732), while SUM-
159, 293T and RAJI were obtained from American Type 
Culture Collection (ATCC). All cells were maintained in 
culture with the appropriate media, either Roswell Park 
Memorial Institute (RPMI)-1640 (Gibco) or Dulbec-
co’s Modified Eagle Medium (DMEM) (Gibco), supple-
mented with 10% fetal bovine serum (FBS) (Cytiva), 
1% GlutaMAX (Gibco), and 1% penicillin/strepto-
mycin (Gibco) in a humidified atmosphere (5% CO2) at 
37°C. All cell lines were routinely tested to confirm the 
absence of Mycoplasma contamination and assessed for 
the expression of tumor markers by flow cytometry to 
confirm identity. Cells were kept in culture for less than 
three consecutive months. The TNBC PDX WHIM12, 
WHIM2, and WHIM30 were previously characterized into 
three different subtypes based on PAM50 and “Nine-cell 
line Claudin-Low predictor”, with WHIM12 being clas-
sified as claudin-low (CL), and WHIM2 and WHIM30 
as BL/TNBC.31–33 WHIM12 is the only PDX that can 
be expanded ex vivo. We used this PDX to generate 
WHIM12 B7-H3KO and WHIM12 CSPG4KO cells using the 
CRISPR-Cas9 technology (sgRNA for B7-H3 (​TTCAG-
GGACCTGGACCTCCA, IDT) and sgRNA for CSPG4 (​
TGTGGAGCAATACGGTACCC, ITD). To obtain a 100% 
KO efficiency for B7-H3 and CSPG4 cells were sorted 
using the MACSQuant Tyto Cell Sorter (Miltenyi Biotec).

Generation of retroviral vectors and CAR-T cells
B7-H3.CAR and CSPG4.CAR have been previously 
described.18 34 The inducible caspase-9 safety switch 
(iC9) was included in the B7-H3.CAR cassettes using a 
2A sequence and cloned into the SFG retroviral vector as 
previously described.18 35 Dual CARs encoding both B7-H3 
and CSPG4 specific CARs were constructed to encode 
the CD28 or 4-1BB costimulatory endodomains in trans 
and to share one single CD3ζ chain.14 Retroviral super-
natants used to transduce human T cells were prepared 
as previously described.36 For the generation of CAR-T 
cells, peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats of healthy donors (Gulf Coast 
Regional Blood Center, Houston, Texas, USA) by Lymph-
oprep (Accurate Chemical and Scientific Corporation) 
density-gradient centrifugation. PBMCs were activated 
with agonistic CD3 (Miltenyi Biotec) and CD28 (Becton 
Dickinson, Mountain View, California, USA) antibodies 
(Abs) in complete media RPMI 1640 hyclone (Cytiva) 
45%, Click medium (Irvine Scientific, Santa Ana, Cali-
fornia, USA) 45%, supplemented with 10% FBS and 1% 
L-glutamine, and 1% penicillin/streptomycin, transduced 
and expanded in the presence of interleukin (IL)-7 (10 
ng/mL, PeproTech) and IL-15 (5 ng/mL, PeproTech) 
as previously described.37 Cells were expanded for up to 
12–14 days and used for in vitro and in vivo experiments.

Flow cytometry
We performed flow cytometry using Abs specific to 
human CD276, CD3, CD8, CD19, CD45, CD45RA, CD69, 
CCR7, PD-1, TIM3, LAG3, CTLA-4, CD62L and CD45RO 
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(all from BD) and NG2 (CSPG4, from Miltenyi), conju-
gated with BV421, BV510, BV605, BV711, FITC, AF488, 
PE, PE-Cy7, PE, FITC, APC or APC-Cy7 fluorochromes. 
Expression of the B7-H3.CAR was detected using the 
recombinant human B7-H3-Fc chimeric protein (R&D) 
and the secondary goat anti-Human IgG (H+L, Jackson 
Lab) Ab, while CSPG4.CAR was detected using a specific 
anti-idiotype Ab followed by staining with a secondary goat 
anti-mouse Ab (BD Biosciences).34 Samples were acquired 
with a BD LSR Fortessa using the BD FACS Diva software 
(BD Biosciences). For each sample, a minimum of 10,000 
events were acquired. Data analyses were performed with 
the FlowJo V.10 software (BD Biosciences). B7-H3 and 
CSPG4 antigen expression was also assessed using 376.96 
and 763.74 Abs derived from specific hybridomas, respec-
tively, and a secondary goat anti-mouse Ab as previously 
described.18 34 B7-H3 and CSPG4 antigen density in tumor 
cells was measured using QIFIKIT (Agilent) according to 
the manufacturer’s instructions.

Co-culture experiments
Tumor cells and T cells were plated at different effector 
to target (E:T) ratios (1:2 to 1:5) in the absence of exog-
enous cytokines. Cells were collected after 5 days (for 
ratio 1:2) and 7 days (for ratio 1:5) of culture, and tumor 
cells and T cells were quantified using CD276 (B7-H3), 
NG2 (CSPG4) or CD19 (Raji tumor cells) and CD3 Abs, 
respectively. Zombie Aqua Fixable Viability Dye (BioLeg-
ends) was used to exclude dead cells. Cell numbers were 
quantified using CountBright Absolute Counting Beads 
(Thermo Fisher Scientific). Supernatants were collected 
after 24 hours to measure IL-2 and interferon (IFN)-γ 
using specific ELISA kits (R&D system) following the 
manufacturer’s instructions and a Synergy2 microplate 
reader (BioTek) with Gen5 software (BioTek).

Patient-derived TNBC xenograft (PDX) model
Female or male 6–8 weeks old NSG mice were obtained 
from the Animal Core Facility at UNC. Mice were housed 
in the Animal Core Facility at UNC. All mouse experi-
ments were performed in accordance with UNC Animal 
Husbandry and Institutional Animal Care and Use 
Committee (IACUC) guidelines and were approved by 
the UNC IACUC. PDX WHIM12, WHIM2, and WHIM30 
were expanded in vivo in NSG mice. For the in vivo exper-
iments, PDXs were collected from tumor-bearing mice 
and single tumor cell suspension was obtained using the 
human tumor dissociation kit (Miltenyi Biotec). Between 
0.1×106 and 1×106 tumor cells were injected orthotopically 
into the mammary fat pad. Tumor growth was measured 
two times a week using caliper measurements. Tumor-
bearing mice were treated by day 14–21, depending 
on the kinetic of tumor growth, with either control/
non-transduced (NT) T cells or CAR-T cells, which 
were administered by tail vein injection. Tumor volume 
was calculated using the formula (V=0.5 × L × W2). Mice 
were monitored twice a week and euthanized according 
to UNC-IACUC standards when tumor measurement 

reached the volume of 1.2 cm3 or if mice had a body 
condition score equal to or below 2. Mice that cleared 
the tumor after CAR-T cell treatment were euthanized 
after 92, 84, and 95 days post WHIM12, WHIM2 and 
WHIM30 tumor injection, respectively. Mice that received 
the WHIM12 B7-H3KO and WHIM12 CSPG4KO cells and 
controlled the tumor growth after CAR-T cell treatment 
were euthanized on day 113 post-tumor injection. Blood 
and bone marrow were collected at the endpoint for anal-
ysis by flow cytometry.

Gene expression analysis of RNA sequencing data
RNA expression of B7-H3 (CD276) was assessed in two 
previously published cohorts: 123 tumor samples from 
the AURORA US Network and 82 tumor samples from 
the UNC Rapid Autopsy Program (dbGAP (phs001866) 
and GEO (GSE147322)).30 We merged the dataset 
following the previously described methodology.30 Briefly, 
the upper quarter normalized and log2-transformed data 
from the two datasets was merged. To improve the batch 
effect between the two data types (formalin fixed paraffin 
embedded (FFPE) and formalin fixed (FF)), we used the 
removeBatchEffect function from the limma R package, 
including both batches in the formula.38 To minimize 
the false-positive results due to the normal tissue contam-
ination, we followed the same steps as in the AURORA 
US.30 We removed 1,451 genes of the “normal-like tissue 
signature” used in this publication from the data matrix 
of the 205 AURORA-UNC cohort.30 To avoid the possible 
confounding factor of intrinsic molecular subtype in 
the subsequent analysis, in some of these analyses, we 
divided tumors into two datasets based on the subtype 
of the primary tumor from each pair: a “Lums-HER2E 
set” comprising all LumA, LumB and HER2E subtype 
participants also referred to as the “Luminal” group and 
a “Basals set” containing BL subtype participants only.

Immunohistochemistry of human tissue microarrays
Immunohistochemistry (IHC) was carried out in the 
Leica Bond-Rx fully automated staining platform (Leica 
Biosystems, Norwell, Massachusetts, USA). Slides were 
dewaxed in Bond Dewax solution (AR9222) and hydrated 
in Bond Wash solution (AR9590). Epitope retrieval for 
both targets was performed for 20 min in Bond-epitope 
retrieval solution 1 pH 6.0 (AR9661). The epitope retrieval 
was followed by 5 min endogenous peroxidase blocking 
using Bond peroxide blocking solution (DS9800) and 10 
min protein blocking. Slides were incubated with CSPG4-
specific antibody (1:100; rabbit polyclonal anti CSPG4 
(NG2) #ab83178, Abcam, Cambridge, Massachusetts, 
USA) for 30 min and 1 hour with B7-H3 antibody (1:100; 
Rabbit monoclonal antibody against CD276 (B7-H3) 
(clone D9M2L, # 14 058S, Cell Signaling Technology, 
Inc. Danvers, MA #140585). Detection was done using the 
Bond Polymer Refine kit (DS9800) with the 3,3’-diami-
nobenzidine visualization and hematoxylin counter-
stain. Stained slides were dehydrated and coverslipped. 
Positive and negative (omitted primary) controls were 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001866
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included for each staining. Slides were digitally imaged 
in the Aperio ScanScope AT2 (Leica Biosystems, Norwell, 
Massachusetts, USA) using 20× objective. Tissue microar-
rays (TMA) slides were de-arrayed to visualize individual 
cores using TMA Lab (Aperio). TMA was analyzed blindly 
by an experienced pathologist. The percentage of posi-
tive cells at each intensity level was used to calculate the 
H-score using the formula: H-score=(% at 1+)×1+(% at 
2+)×2+(% at 3+)×3.

Statistical analyses
Measurements were summarized as mean±SD. Analysis 
of variance (one-way) with Tukey’s correction was used 
for comparison of three or more groups, while unpaired 
Student’s t-test was used to compare two groups. Statis-
tical significance was defined at p<0.05. Statistical analysis 
was performed with Prism V.9 (GraphPad Software) and 
RStudio V.2024.09.0+375 (http://cran.r-project.org).

RESULTS
B7-H3 is expressed in primary and metastatic lesions of TNBC
We assessed the expression of the B7-H3 (CD276) gene in a 
combined cohort of 205 BC primary tumors (123 samples 
from the AURORA US Network cohort and an additional 
82 tumor samples from the UNC Rapid Autopsy Program 
cohort).30 98 samples were identified as TNBC, and these 
samples clustered mostly in the BL molecular subtype 
(75–80%), although about 20% of the cases exhib-
ited different molecular signature, including luminal A 
(LumA), luminal B (LumB), CL, and HER2-enriched 
(HER2-E).1 2 4 TNBC samples showed consistent expres-
sion of CD276 messenger RNA (mRNA) across primary 
and metastatic samples (figure 1A). When evaluating all 
BC tumors together, CD276 mRNA expression was main-
tained between primary and metastatic samples, without 
a statistically significant difference (figure  1B). Further 
stratification by site of metastasis in all tumors showed no 
significant differences in expression, though a downward 
trend was observed in liver, lung, and brain metastases 
compared with primary tumors (figure 1C). Among the 
combined dataset divided by intrinsic molecular subtypes, 
CD276 mRNA expression levels were significantly higher 
in CL tumors, compared with BL tumors and luminal-
like tumors (LumA, LumB) (online supplemental figure 
S1A). To evaluate organ-specific patterns of CD276 
mRNA expression and minimize potential confounding 
from intrinsic subtype, we analyzed tumors grouped in 
two additional ways: BL tumors (online supplemental 
figure S1B), and Lums-HER2E tumors (LumA, LumB, 
and HER2E, also referred to as “Luminal” group) (online 
supplemental figure S1C). Grouping tumors by subtype, 
the expression of CD276 mRNA was maintained between 
primary sites and metastatic sites in all BL tumors (online 
supplemental figure S1D), but was significantly lower in 
metastatic tumors compared with their breast counter-
parts in the luminal group (online supplemental figure 
S1E). Overall, these data suggest that CD276 mRNA 

expression is broadly preserved between primary and 
metastatic tumors.

The expression of B7-H3 was then evaluated by immu-
nohistochemistry in 159 cores of TNBC identified among 
a cohort of 775 cores of BC. The median H-score for 
B7-H3 expression in TNBC was 138 (105–168, lower and 
upper quartile, respectively) (figure 1D) and was similar 
to what was observed for the other 616 BC samples (139 
median, 104–162, lower and upper quartile, respectively) 
(online supplemental figure S1F). In TNBC, B7-H3 was 
strongly expressed (3+ in ≥20% of the cells) in 16 cores 
(10%), and at medium levels (2+ in ≥20% of the cells) 
in other 107 cores (67%). Overall, 123 (77%) cores had 
medium and/or high B7-H3 expression, with only 12 
(8%) cores showing <20% of B7-H3 expression (at any 
level) (figure 1E,F). As previously reported,16 B7-H3 was 
not expressed in normal breast tissues. In summary, these 
data indicate that B7-H3 is expressed in TNBC in both 
primary and metastatic lesions and support the rationale 
for targeting B7-H3 via CAR-T cells in patients with TNBC.

CAR-T cells targeting B7-H3 have cytotoxic activity against 
TNBC in vitro
We constructed two retroviral cassettes in which the B7-H3.
CAR encoding either the CD28 endodomain (CD28ζ) or 
the 4-1BB endodomain (41BBζ) were coexpressed using a 
2A-like sequence with the inducible iC9 safety switch (iC9) 
that allows the elimination of CAR-T cells in case of toxicity 
(figure 2A).35 39 CD28ζ and 41BBζ CARs were expressed 
in transduced T cells (figure  2B,C), and CAR-T cells 
expanded in vitro (figure 2D). B7-H3.CAR-T cells exhib-
ited comparable composition in effector and memory 
subsets, defined by the expression of CCR7 and CD45RA 
(figure  2E), and similar expression of the T-cell immu-
noglobulin and mucin-domain containing-3 (TIM3), 
lymphocyte activation gene 3 (LAG3), cytotoxic T-lym-
phocyte associated protein 4 (CTLA-4) and programmed 
cell death protein 1 (PD-1) markers (figure 2F). The iC9 
safety switch was equally functional in CD28ζ and 41BBζ 
B7-H3.CAR-T cells, with more than 85% of CAR-T cells 
eliminated after exposure to the chemical inducer of 
dimerization that activates iC935 (figure  2G and online 
supplemental figure S2A). We assessed the effector func-
tion of B7-H3.CAR-T cells against two established TNBC 
tumor cell lines (SUM159 and MDA-MB-231) that express 
B7-H3 (online supplemental figure S2B). B7-H3.CAR-T 
cells effectively lysed these TNBC cell lines when tested 
in a standard 6 hours 51Cr-release assay (online supple-
mental figure S2C,D), and showed antitumor effects 
in co-culture experiments in which CAR-T cells were 
seeded at different ratios with SUM159 (figure 2H,I) or 
MDA-MB-231 (figure 2K,L) cells. B7-H3.CAR-T cells also 
expanded in response to B7-H3 expressing tumor cells 
(figure 2J,M). No antitumor activity was observed when 
B7-H3.CAR-T cells were cultured with tumor cells lacking 
B7-H3 expression (online supplemental figure S2E–G). 
Supernatants collected from the co-culture experiments 
showed that B7-H3.CAR-T cells, but not control T cells, 

http://cran.r-project.org
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533
https://dx.doi.org/10.1136/jitc-2025-011533


5Stucchi S, et al. J Immunother Cancer 2025;13:e011533. doi:10.1136/jitc-2025-011533

Open access

Figure 1  B7-H3 (CD276) gene and protein expression in TNBC. (A) CD276 mRNA expression in 98 TNBC samples in a 
combined set of 205 breast cancer samples, consisting of 64 primary tumors and 141 metastatic lesions. (B) CD276 mRNA 
expression across all samples combined (shown primary tumors vs metastases) (TNBC=98, ER+/HER2−=76, HER2+=34). 
(C) CD276 mRNA expression across all samples, stratified by the most common metastatic sites. All box and whisker plots of 
the figure display the median value on each bar, showing the lower and upper quartile range of the data (Q1–Q3). The whiskers 
represent the lines from the minimum value to Q1 and Q3 to the maximum value. All comparisons between more than two 
groups were performed by analysis of variance with a post hoc Tukey test (one-sided). The p values for the post hoc test are 
shown. A comparison between only two groups was performed using an unpaired t-test (two-sided). mRNA expression is 
shown as a relative expression of log2 transformed batch-corrected data. (D) Violin plot showing the B7-H3 H-score in 159 
TNBC cores by immunohistochemistry staining. Shown is median, lower and upper quartile. (E) Representation of cells in each 
TNBC core expressing B7-H3 at high (3+), moderate (2+), low (+1) level or not expressing B7-H3 (0). (F) Immunohistochemistry 
staining for B7-H3 of two representative TNBC cores with H-score 247 (left image) and H-score 194 (middle image), and of a 
normal breast (right image). Bars represent 200 µm (magnification 20×; images captured using Aperio ImageScope). LN, lymph 
node; LumA, luminal A; LumB, luminal B; Met, metastatic tumor; mRNA, messenger RNA; normal, normal-like; Prim, primary 
tumor; Rest, other sites of metastasis; TNBC, triple-negative breast cancer.
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Figure 2  B7-H3.CAR-T cells target TNBC cells in vitro. (A) Schematic representation of retroviral vectors encoding the B7-H3.
CAR with either the CD28 and CD3ζ endodomains (CD28ζ), or 41BB and CD3ζ endodomains (41BBζ). Both vectors encode the 
iC9 safety switch gene. (B, C) Representative flow cytometry histograms (B) and summary (C) of the B7-H3.CAR expression in 
transduced T cells. NT indicates control non-transduced T cells; n=19; data represent mean±SD. (D) T-cell expansion at day 10 
of culture expressed as fold changes; n=8, data represent mean±SD, **p=0.0057 by one-way ANOVA with Tukey’s correction. 
(E, F) Phenotypic characterization of B7-H3.CAR-T cells based on CCR7 and CD45RA expression (E) and TIM3, LAG3, CTLA-4 
and PD-1 expression (F) at day 10 of culture; n=4, data represent mean±SD. (G) Representative flow cytometry histograms 
showing B7-H3.CAR-T cells surviving 24 hours after exposure to chemical inducer of dimerization 0.5 nM that activates the 
iC9 gene; n=3, data represent mean±SD, ****p<0.0001 by one-way ANOVA with Tukey’s correction. (H–M) TNBC SUM159 (H-
J) and MDA-MB-231 (K–M) cell lines were co-cultured with B7-H3.CAR-T cells or control non-transduced T cells (NT) at 1:2 or 
1:5 effector to target (E:T) ratios. After 5 days, T cells (CD3+) and tumor cells (B7-H3+) were collected and enumerated by flow 
cytometry. Representative flow cytometry plots (H) and summary of residual tumor cells (I) and T cells (J) for SUM159 co-culture 
experiments; n=5, data shown are mean±SD, ****p<0.0001, **p=0.0033, *p=0.0332 by one-way ANOVA with Tukey’s correction. 
Representative flow plots (K) and summary of residual tumor cells (L) and T cells (M) of MDA-MB-231 co-culture experiments; 
n=5, data shown as mean±SD, ****p<0.0001, *p=0.0228 by one-way ANOVA with Tukey’s correction. ANOVA, analysis of 
variance; CAR, chimeric antigen receptor; iC9, inducible caspase-9; PD-1, programmed cell death protein 1; scFV, single chain 
variable fragment; TIM3, T-cell immunoglobulin and mucin-domain containing-3; TNBC, triple-negative breast cancer.
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released IFN-γ and IL-2 in response to tumor cells (online 
supplemental figure S2H–O). Overall, these data support 
the ability of B7-H3.CAR-T cells encoding either CD28 
or 4-1BB endodomain to eliminate TNBC cells in vitro, 
while maintaining the iC9 function.

CAR-T cells targeting B7-H3 eliminate PDX TNBC in vitro and 
in vivo
We tested three TNBC PDX models (WHIM12, WHIM2, 
and WHIM30) with WHIM12 being classified as CL 
TNBC, and WHIM2 and WHIM30 as BL TNBC31–33 
(online supplemental figure S3A). We confirmed the 
expression of B7-H3 in these PDX using flow cytometry 
on cells collected from tumor-bearing NSG mice (online 
supplemental figure S3B). Since WHIM12 cells grow 
in vitro, we ensured that B7-H3.CAR-T cells targeted 
this PDX (online supplemental figure S3C–J). Next, we 
assessed the antitumor effects of B7-H3.CAR-T cells in 
vivo by engrafting NSG mice with WHIM12, WHIM2, or 
WHIM30 PDX. On orthotopic tumor engraftment on 
day 21 for WHIM12 (tumor volume=0.19±0.04 cm3) and 
WHIM30 (tumor volume=0.03±0.01 cm3), and on day 
14 for WHIM2 (tumor volume=0.04±0.01 cm3) (online 
supplemental figure S4A) mice received either control 
NT T cells, CD28ζ or 41BBζ B7-H3.CAR-T cells (5×106 
cells) by intravenous injection. In all PDX models, tumors 
grew in mice receiving control NT T cells. In contrast, 
tumors decreased in size and became undetectable 
18–23 days after treatment with either CD28ζ or 41BBζ 
B7-H3.CAR-T cells (figure 3A,E,I). CAR-T cell treatment 
improved the survival of the mice (online supplemental 
figure S4B,F,J), with mice still tumor-free when the 
experiments were terminated 92, 84, and 95 days post 
WHIM12, WHIM2 and WHIM30 injection, respectively. 
Peripheral blood and bone marrow were analyzed at 
the time of euthanasia. Both CD28ζ and 41BBζ B7-H3.
CAR-T cells were detectable (figure  3B,F,J), and exhib-
ited similar composition in effector and memory cell 
subsets within each PDX model (figure  3C,G,K), and 
similar exhausted cells identified by coexpression of 
PD-1 and TIM3 (figure  3D,H,L). Similar distribution 
of memory and exhausted cell subsets was observed for 
CD28ζ and 41BBζ B7-H3.CAR-T cells collected from the 
bone marrow (online supplemental figure S4C–E, G–I, 
K–M). Finally, we performed experiments in which mice 
engrafted with the most aggressive PDX line WHIM12 
were treated with a lower dose (2.5×106) of B7-H3.CAR-T 
cells. In this stress model, B7-H3.CAR-T cells encoding 
CD28 showed the most prominent capacity to control the 
tumor growth (figure 3M). As in the other PDX TNBC 
tumor models, we did not observe significant differences 
in the numbers and cell subset compositions of circulating 
CD28ζ and 41BBζ B7-H3.CAR-T cells (figure  3N,O). 
However, B7-H3.CAR-T cells encoding CD28 showed 
a reduced percentage of T cells coexpressing PD-1 and 
TIM3 (figure  3P). Overall, these data support the anti-
tumor activity of the B7-H3.CAR-T cells against PDX 

TNBC cells in vivo and the superiority conferred by the 
CD28 costimulation under stress conditions.

CSPG4 is a critical B7-H3 complementary target for TNBC
Although B7-H3 protein is highly expressed in TNBC, 
40 of the 159 (25%) cores analyzed showed dim B7-H3 
protein expression, with H-score at or below the 
lower quartile threshold (≤105) (online supplemental 
figure S5A–D), which may favor tumor escape. Here, 
we analyzed the same samples from the AURORA US 
Network cohort and UNC Rapid Autopsy Program 
cohort30 for the expression of the CSPG4 gene. First, we 
assessed the expression of CSPG4 in 98 TNBC samples, 
and observed that CSPG4 mRNA was broadly detected in 
both primary and metastatic tumors (figure 4A). When 
all BC tumors were included, the study showed overall 
preserved CSPG4 mRNA expression between primary 
and metastatic lesions (figure 4B). Further stratification 
by the most common sites of metastasis showed no signif-
icant differences, except for luminal liver metastases 
compared with primary breast tumors (figure 4C). When 
tumors were grouped by intrinsic molecular subtypes and 
site of metastasis, CSPG4 mRNA expression in the luminal 
group showed a significant reduction in liver metastases 
compared with their primary counterparts (p=3.3e−09). 
Similarly to CD276, CSPG4 mRNA levels were generally 
maintained between primary tumors and metastases when 
analyzing all subtypes or BL tumors, but were significantly 
lower in metastatic tumors within the luminal-HER2E 
group (online supplemental figure S5E–I). We further 
analyzed the RNA sequencing (RNA-seq) dataset to assess 
the concurrent expression of CD276 and CSPG4 mRNA in 
96 TNBC samples, both primary and metastatic. Tumors 
were classified based on gene expression thresholds at 
the 25th percentile (figure 4D–G). Notably, tumors with 
simultaneous high expression of both CSPG4 and CD276 
genes above the 25th percentile, referred to as “High-
High,” accounted for 68% of primary tumors and 66% of 
metastatic lesions (figure 4E). Importantly, none of the 
tumors in the combined dataset exhibited concurrent low 
expression of both CSPG4 and CD276 genes, categorized 
as “Low-Low” (figure 4E). Furthermore, in 100% of cases, 
either CSPG4 or CD276 genes demonstrated high expres-
sion (figure 4F). Baseline expression analysis of TNBC in 
primary and metastatic tumors revealed that CSPG4 and 
CD276 genes are frequently coexpressed, with no gene 
expression levels falling below a value of 6 (figure 4G). 
Specifically, when one gene displayed lower expression 
levels, the other remained highly expressed (figure 4G). 
We then evaluated CSPG4 protein expression by immu-
nohistochemistry in 151 available TNBC cores, in which 
B7-H3 expression was assessed. The median CSPG4 
H-score was 33, with lower and upper quartiles of 14 and 
78, respectively (figure 5A,B). Notably, at least 18 out of 
37 cores (49%) with B7-H3 H-score ≤105 (lower quartile) 
exhibited a CSPG4 H-score exceeding its median value 
(figure 5C,D). Furthermore, among cores with low B7-H3 
expression (H-score between the lower quartile, >105, 
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Figure 3  CD28 costimulation provides superior antitumor effects of B7-H3.CAR-T cells in PDX TNBC models under stress 
conditions. (A, E, I) Tumor growth in NSG mice engrafted with the PDX WHIM12 (A), WHIM2 (E) or WHIM30 (I) in the right 
mammary fat pad, and treated with control non-transduced T cells (NT) or B7-H3.CAR-T cells encoding either CD28ζ or 41BBζ 
by intravenous injection (5×106 CAR-T cells). Mice were treated at day 21 (WHIM12 and WHIM30 models) or day 14 (WHIM2 
model) after tumor implant. Arrows indicate the time of T-cell treatment. Tumors were measured two times a week with a digital 
caliper; n=4–5 mice per group, ***p<0.0001 (day 47 in A; day 32 in E), ***p=0.0006 (day 60 in I) by one-way ANOVA followed by 
unpaired Student’s t-test for group comparison. (B, F, J) Quantification of the CAR-T cells in the peripheral blood of the WHIM12 
(B), WHIM2 (F) and WHIM30 (J) PDX models. (C, G, K) Phenotypic characterization of circulating CAR-T cells based on the 
expression of CCR7 and CD45RA in the WHIM12 (C), WHIM2 (G) and WHIM30 (K) PDX models. (D, H, L) Coexpression of PD-1 
and TIM3 in circulating CAR-T cells in the WHIM12 (D), WHIM2 (H) and WHIM30 (L) PDX models; n=4–5 mice per group, data 
are shown as mean±SD. (M) Tumor growth in mice engrafted with the PDX WHIM12 in the right mammary fat pad and treated 
with control NT T cells or B7-H3.CAR-T cells encoding either CD28ζ or 41BBζ by intravenous injection (2.5×106 CAR-T cells) 
on day 17; n=5 mice per group, ***p=0.0007 at day 44 by one-way ANOVA followed by unpaired Student’s t-test for group 
comparison. (N–P) Quantification of the CAR-T cells in the peripheral blood (N), and their phenotypic characterization based on 
the expression of CCR7 and CD45RA (O) and the coexpression of PD-1 and TIM3 (P); n=5 mice per group, data are shown as 
mean±SD, **p=0.004 by unpaired Student’s t-test. ANOVA, analysis of variance; CAR, chimeric antigen receptor; TNBC, triple-
negative breast cancer.
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Figure 4  Comparative expression of CSPG4 and CD276 genes in TNBC. (A) Expression of CSPG4 mRNA in 98 TNBC samples 
of a combined set of 205 BC samples, consisting of 64 primary tumors and 141 metastatic lesions. (B) Expression of CSPG4 
mRNA across all samples (primaries and metastases combined) (TNBC=98, ER+/HER2−=76, HER2+=34). (C) CSPG4 mRNA 
expression across all samples, stratified by the most common metastatic sites. All box and whisker plots of the figure display 
the median value on each bar, showing the data’s lower and upper quartile range (Q1–Q3). The whiskers represent the lines 
from the minimum value to Q1 and Q3 to the maximum value. All comparisons between more than two groups were performed 
by analysis of variance with a post hoc Tukey test (one-sided). The p values for the post hoc test are shown. A comparison 
between only two groups was performed using an unpaired t-test (two-sided). mRNA expression is shown as a relative 
expression of log2-transformed batch-corrected data. (D) Bar plots illustrating the incidence of tumors with high and low gene 
expression levels of CSPG4 and CD276 in primary and metastatic TNBC samples. Dark purple bars represent the high group 
(tumors with gene expression values above the 25th percentile) and light purple bars represent the low group (tumors with 
gene expression values below the 25th percentile). (E) Bar plots showing the frequency of tumors grouped by the combined 
expression levels of CSPG4 and CD276 genes, categorized into four groups: High-High, High-Low, Low-High, and Low-Low, 
divided by primary and metastatic tumors. (F) Bar plots illustrating the frequency of tumors that exhibit high expression of 
CSPG4 and/or CD276 genes, divided by primary and metastatic tumors. (G) Heatmap displaying the gene expression values of 
CSPG4 and CD276 genes, divided by primary and metastatic tumors. CSPG4, chondroitin sulfate proteoglycan 4; LN, lymph 
node; LumA, luminal A; LumB, luminal B; Met, metastatic tumor; mRNA, messenger RNA; normal, normal-like; Prim, primary 
tumor; Rest, other sites of metastasis; TNBC, triple-negative breast cancer.
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Figure 5  B7-H3 and CSPG4 protein expression in TNBC. (A) Violin plots showing B7-H3 and CSPG4 H-score of 151 TNBC 
cores evaluable for the analyses of both antigens. Solid lines indicate the median and the dotted lines indicate the lower and 
upper quartiles. (B) Representative immunohistochemistry of a TNBC core analyzed for B7-H3 and for CSPG4 expression (high 
expression). Bars represent 200 µm (magnification 20×; images captured using Aperio ImageScope). (C) Visualization of B7-
H3 and CSPG4 expression in 18 TNBC cores. These representative cores are selected from 37 TNBC cores in which B7-H3 
H-score is in the lower quartile (≤105) and the CSPG4 H-score exceeds its median value (>33). Each stacked bar represents a 
core of TNBC and in each segment, the frequency of cells in each core with high (3+), moderate (2+), low (+1), and negative (0) 
expressions for B7-H3 and CSPG4. (D) Representative imaging of a TNBC core analyzed for B7-H3 and CSPG4 expression in 
the samples described in (C); the bars represent 200 µm (magnification 20×; images were captured using Aperio ImageScope). 
*Indicates the core for which images are shown. (E) Visualization of B7-H3 and CSPG4 expression in 14 cores of TNBC. These 
representative cores are selected from the 37 TNBC cores in which B7-H3 H-score ranges between the lower quartile (>105) 
and the median (≤138), and the CSPG4 H-score exceeds its median value (>33). Each stacked bar represents a core of TNBC. 
Each segment represents the frequency of cells in each core expressing high (3+), moderate (2+), low (+1), and negative (0) 
expression for B7-H3 and CSPG4. (F) Representative imaging of a TNBC core analyzed for B7-H3 and CSPG4 expression in the 
sample described in (E); bars represent 200 µm (magnification 20×; images captured using Aperio ImageScope). *Indicates the 
core for which images are shown. CSPG4, chondroitin sulfate proteoglycan 4; TNBC, triple-negative breast cancer.
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and median, ≤138), 14 out of 37 cores (38%) scored 
CSPG4 expression above its median H-Score, while seven 
samples (18%) had CSPG4 expression exceeding its 
upper quartile (figure  5E,F). Only 9 out of 151 TNBC 
cores (6%) showed B7-H3 and CSPG4 expression below 
their respective lower quartile. CSPG4 protein expression 
was also evaluated by immunohistochemistry in the avail-
able cohort of 614 BC samples analyzed for the B7-H3 
expression. The median H-score for CSPG4 expression in 
all non-TNBC BC samples was relatively lower compared 
with B7-H3, with a median value of 52 and lower and upper 
quartile of 23 and 97, respectively (online supplemental 
figure S5J). As previously reported,27 28 CSPG4 was not 
expressed in normal breast tissues (online supplemental 
figure S5K). Overall, these data support the potential clin-
ical relevance of dual targeting of B7-H3 and CSPG4 in 
TNBC to prevent tumor escape as the majority of tumors 
express one or both proteins.

Dual CAR-T cells co-targeting B7-H3 and CSPG4 with 
optimized in trans costimulation eradicate tumors with mixed 
antigen expression
We constructed dual CAR-T cells targeting both CSPG4 
and B7-H3 by combining either the B7-H3.CAR encoding 
CD28 and CD3ζ with the CSPG4.CAR incorporating 
the 4-1BB endodomain (DCAR1), or the CSPG4.CAR 
encoding CD28 and CD3ζ with the B7-H3.CAR featuring 
the 4-1BB endodomain (DCAR2)14 (figure  6A). Both 
dual CAR cassettes were successfully expressed in human 
T cells (figure 6B) without alteration in their phenotypic 
composition (online supplemental figure S6B,C). To 
study the specificity of each component of the dual CAR 
cassettes, we used the TNBC PDX line WHIM12 (WT) that 
physiologically expresses both B7-H3 and CSPG4 (online 
supplemental figure S3A,B and S6D), and generated 
clones of these cells in which we ablated either the CD276 
gene (B7-H3KO) or the CSPG4 (CSPG4KO) gene using the 
CRISPR/Cas9 technology (figure  6C). We co-cultured 
CSPG4KO and B7-H3KO cells with either CSPG4.CAR-T 
cells, B7-H3.CAR-T cells or the dual CAR (DCAR1 and 
DCAR2) T cells at a low E:T ratio (1:5). CSPG4.CAR, 
B7-H3.CAR, DCAR1 and DCAR2 T cells eliminated the 
WT cell line, while CSPG4.CAR and B7-H3.CAR T cells 
failed to eliminate CSPG4KO and B7-H3KO cells, respec-
tively. Remarkably, DCAR2 T cells efficiently eliminated 
both CSPG4KO and B7-H3KO cells, while DCAR1 T cells 
efficiently eliminated CSPG4KO cells, but were unable 
to remove completely the B7-H3KO cells (figure 6D and 
online supplemental figure S4E). The observed differ-
ence in antitumor activity between DCAR1 and DCAR2 T 
cells was reflected by differences in the CAR-T cell cyto-
kine release in the co-culture experiments, as DCAR2 T 
cells released IFN-γ in response to both CSPG4KO and 
B7-H3KO tumor cells, while DCAR1 T cells did not release 
IFN-γ in the presence of B7-H3KO tumor cells (figure 6E). 
Similar results were obtained for IL-2 release and CAR-T-
cell proliferation when DCAR1 and DCAR2 T cells were 
co-cultured with CSPG4KO or B7-H3KO tumor cells (online 

supplemental figure S4F,G). To explain the superior 
mode of action of DCAR2 T cells in vitro, we measured 
T-cell activation based on CD69 expression when control 
NT T cells, DCAR1 and DCAR2 T cells were stimulated 
with either B7-H3KO or CSPG4KO tumor cells. We found 
that DCAR2 T cells displayed high activation in response 
to both B7-H3KO and CSPG4KO tumor cells, while DCAR1 
T cells were suboptimally activated in response to 
B7-H3KO tumor cells (figure 6F). We then quantified the 
density of B7-H3 and CSPG4 antigens on tumor cells by 
flow cytometry and observed that B7-H3 antigen density 
is higher than CSPG4 antigen density in WHIM12 cells 
(figure 6G). We orthotopically engrafted NSG mice with 
a mixture (1:1 ratio) of B7-H3KO and CSPG4KO tumor 
cells and treated them with low dose (2.5×106) of either 
CSPG4.CAR, B7-H3.CAR, DCAR1 or DCAR2 T cells 18 
days later. Recapitulating the results of the in vitro experi-
ments, T cells expressing the DCAR2 demonstrated supe-
rior tumor control (figure 7A,B). Immunohistochemistry 
of the tumors confirmed the specificity of CAR-T cell 
targeting in vivo. Specifically, mice treated with control 
NT T cells showed growth of tumors expressing CSPG4 
and B7-H3. Mice treated with B7-H3.CAR-T cells showed 
growth of tumors expressing CSPG4 alone, while mice 
treated with CSPG4.CAR-T cells showed growth of tumors 
expressing B7-H3 alone (figure  7C). Mice treated with 
DCAR1 T cells showed growth of tumors expressing 
CSPG4, confirming the in vitro data that CAR-T cells 
targeting CSPG4 with in trans expression of 4-1BB 
without CD3ζ cannot efficiently eliminate tumor cells 
with low density of the targeted antigen (figure 7C). We 
monitored the T cells in the peripheral blood of treated 
mice, and DCAR2 T cells were more abundant at day 21 
after treatment than B7-H3.CAR, CSPG4.CAR or DCAR1 
T cells (figure 7D). There were no significant changes in 
CAR-T cell phenotypic composition based on the expres-
sion of CD45 and CCR7, but DCAR2 T cells showed 
reduced cells coexpressing TIM3 and PD-1, indicative 
of an exhausted phenotype (figure 7E,F). Overall, these 
data indicate that the optimal design of the B7-H3 and 
CSPG4 CAR co-targeting allows the eradication of TNBC 
with mixed antigen expression.

DISCUSSION
The identification of the most appropriate antigens and 
antigen combinations to be targeted with CAR-T cells in 
solid tumors including TNBC remains a high priority to 
ensure safety and prevent tumor escape. Here we report 
a comprehensive analysis of the expression of B7-H3 and 
CSPG4 in TNBC. Our results highlight that none of the 
primary and metastatic TNBC analyzed lack the expres-
sion of the two genes simultaneously, and that 94% of 
the 151 cores of TNBC analyzed showed expression of at 
least one of these two proteins, with only 6% of the cores 
showing both proteins simultaneously below their respec-
tive lower quartile H-score. We further demonstrated that 
co-targeting B7-H3 and CSPG4 with bispecific CAR-T cells 
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Figure 6  Antigen density is critical for efficient trans CAR-T cell costimulation of B7-H3 and CSPG4 dual targeting. 
(A) Schematic representation of retroviral vectors encoding the dual B7-H3 and CSPG4 CARs with split CD28 and 4-1BB 
costimulation and shared CD3ζ chain. (B) Representative flow cytometry plots showing B7-H3.CAR and CSPG4.CAR 
expression in T cells transduced with B7-H3.CAR, CSPG4.CAR, or the dual specific CARs, DCAR1 or DCAR2. NT indicates 
control non-transduced T cells. (C) Histograms showing the expression of B7-H3 and CSPG4 in WHIM12 WT cells (WT), 
B7-H3KOCSPG4+ (B7-H3KO) WHIM12 cells and B7-H3+CSPG4KO (CSPG4KO) WHIM12 cells, using either the 376.96 Ab or the 
763.74 Ab used to generate the B7-H3.CAR and CSPG4.CAR, respectively. The secondary Ab alone was used as a negative 
control for the staining. (D, E) Control non-transduced T cells (NT), B7-H3.CAR, CSPG4.CAR, DCAR1 and DCAR2 T cells were 
co-cultured with WT, B7-H3KO or CSPG4KO cells at a 1:5 effector to target ratio. At day 5, cells were collected, and tumor cells 
and T cells were enumerated by flow cytometry. Data illustrate the summary of residual tumor cells at day 5 of culture (D) and 
IFN-γ (E) detected in the culture supernatant collected at 24 hours by ELISA; n=5–6, data are shown as mean±SD, ****p<0.0001, 
**p=0.0032, *p=0.0011 by one-way ANOVA with Tukey’s correction (D) and ****p<0.0001, ***p=0.0003, **p=0.007, *p=0.039 by 
one-way ANOVA with Tukey’s correction (E). (F) Control NT T cells, B7-H3.CAR, CSPG4.CAR, DCAR1, and DCAR2 T cells were 
stimulated with either B7-H3KO or CSPG4KO cells for 6 hours, and then CD69 MFI was assessed by flow cytometry in T cells 
as a marker of activation. Non-stimulated T cells served as negative control; n=6, data are shown with mean±SD, *p=0.0255 
(DCAR1 vs DCAR1 B7-H3KO) by two-way ANOVA with Tukey’s correction. (G) Quantification of the antigen density in WT, B7-
H3KO and CSPG4KO WHIM12 cells, calculated as specific antibody binding capacity for both the B7-H3 and CSPG4 antigens; 
n=3, data are shown with mean±SD, ****p<0.0001 by one-way ANOVA with Tukey’s correction. Abs, antibodies; ANOVA, 
analysis of variance; CAR, chimeric antigen receptor; CSPG4, chondroitin sulfate proteoglycan 4; IFN, interferon; MFI, mean 
fluorescence intensity; scFv, single chain variable fragment.
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Figure 7  B7-H3 and CSPG4 dual targeting eliminates TNBC PDX with mixed antigen expression in vivo. (A) Tumor growth 
in mice engrafted with WHIM12 B7-H3KOCSPG4+ (B7-H3KO) tumor cells mixed with WHIM12 B7-H3+CSPG4KO (CSPG4KO) 
cells at a 1:1 ratio in the right mammary fat pad and treated with either control non-transduced T cells (NT), B7-H3.CAR, 
CSPG4.CAR, DCAR1, and DCAR2 T cells (2.5×106 T cells) by intravenous injection at day 18 after tumor implantation. The 
arrow indicates the time of T-cell treatment. Tumors were measured twice a week with a digital caliper; n=6 mice per group, 
***p=0.0002 at day 35 by one-way ANOVA followed by unpaired Student’s t-test for group comparison. Data are representative 
of one of two independent experiments. (B) Kaplan-Meier survival curve of mice shown in (A); ***p<0.0001. (C) Representative 
immunohistochemistry images of B7-H3 and CSPG4 expressions in tumors growing in mice described in (A) at the time 
of euthanasia. Bars represent 60 µm (magnification 40×; images captured using Aperio ImageScope). (D) T-cell counts in 
the peripheral blood of mice described in (A) at day 21 after CAR-T cell treatment; n=6 mice per group, data are shown as 
mean±SD, ***p=0.0003 (B7-H3 vs CAR2), ***p=0.002 (B7-H3 vs CAR2), ***p=0.001 (DCAR1 vs DCAR2), by one-way ANOVA 
with Tukey’s correction. (E, F) Phenotypic characterization of circulating CAR-T cells in the model described in (A) based on 
the expression of CCR7 and CD45RA (E) and the coexpression of PD-1 and TIM3 (F); n=6, data are shown as mean±SD, 
***p=0.00051, *p=0.0275 (CSPG4.CAR vs DCAR2), *p=0.0387 (B7-H3.CAR vs DCAR1) by one-way ANOVA with Tukey’s 
correction. ANOVA, analysis of variance; CAR, chimeric antigen receptor; CSPG4, chondroitin sulfate proteoglycan 4; PDX, 
patient derived xenograft; PD-1. programmed cell death protein 1; TNBC, triple-negative breast cancer.
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would allow the development of a CAR cassette applicable 
to the great majority of patients with TNBC and prevent 
tumor escape.

Systematic analyses of the expression of antigens that 
can be co-targeted with CAR-T cells in a large cohort of 
TNBC samples are lacking. Our analysis of CD276 mRNA 
expression in 98 TNBC samples indicates that B7-H3 is 
overexpressed and is maintained in different anatomic 
locations of tumor metastases. Furthermore, immuno-
histochemistry analysis of 159 TNBC cores, confirmed 
medium-high expression of B7-H3 in 77% of the cases. Of 
note, B7-H3 expression was also conserved in other types 
of BC. Encouraged by these analyses, we assessed the 
functionality of the B7-H3.CAR-T cells in three represen-
tative TNBC PDX models confirming their potent anti-
tumor activity. In the most aggressive TNBC PDX model, 
we observed that CD28 costimulation provides the most 
effective antitumor activity when low doses of CAR-T cells 
were used. This likely reflects the rapid mode of activa-
tion of CD28 costimulated CAR-T cells that we and others 
have previously reported when comparing CD28 and 
4-1BB costimulation in CAR-T cells.40 41 Based on these 
results, we have initiated a Phase I clinical study to test the 
safety and antitumor activity of autologous B7-H3.CAR-T 
cells encoding the CD28 endodomain and coexpressing 
the iC9 safety switch in patients with relapsed/refractory 
TNBC (NCT06347068).

Our characterization of B7-H3 expression in TNBC 
samples by immunohistochemistry shows that 40 of the 
159 analyzed cores (25%) display dim B7-H3 expression 
(below the lower quartile, H-score ≤105), which may 
favor tumor escape. To develop a strategy to target simul-
taneously two antigens and prevent tumor escape due 
to heterogeneous antigen expression, we analyzed the 
expression patterns of CSPG4 in TNBC. In our dataset of 
98 TNBC samples, we observed that CSPG4 gene expres-
sion closely matches the trend of CD276 gene expres-
sion. Importantly, none of the tumors in the combined 
dataset exhibited concurrent low expression of both 
CSPG4 and CD276 genes. Immunohistochemistry analysis 
of 151 available TNBC cores for which we had tested the 
expression of B7-H3 revealed that the H-score for CSPG4 
expression was overall lower than B7-H3. However, 94% 
of the core with low B7-H3 H-scores exhibited targetable 
levels of CSPG4 expression, indicating that co-targeting 
B7-H3 and CSPG4 could enable the development of a 
CAR-T cell product with potential clinical activity in the 
great majority of patients with TNBC. We were unable to 
compare mRNA and protein expression of B7-H3 and 
CSPG4 in the same samples. However, the public CPTAC 
BC data set in which RNA-seq and mass spec proteomics 
for~8,000 genes have been analyzed42 shows that the 
correlation for CSPG4 protein versus mRNA is 0.786, and 
for B7-H3/CD276 is 0.54, suggesting that the detection of 
protein expression remains fundamental for the identifi-
cation of targetable antigens by CAR-T cells. The potential 
for clinical translation of our proposed dual B7-H3 and 
CSPG4 co-targeting strategy is supported by our ongoing 

Phase I clinical trial (NCT06096038), in which patients 
with head and neck cancer are treated with autologous 
CSPG4.CAR-T cells encoding CD28 and coexpressing 
the iC9 safety switch. Safety data from this trial will help 
inform future application in TNBC.

Bispecific CAR-T cells with tandem CAR design have 
been explored in lymphoid malignancies with modest 
clinical activity.12 13 We previously reported the develop-
ment of a bispecific CAR design that provides transacting 
CD28 and 4-1BB costimulation, and forms a unique CAR 
synapse ensuring appropriate T-cell costimulation and 
metabolic fitness.14 The proposed bispecific CAR design 
with a shared CD3ζ chain attenuates the CD3ζ chain 
signaling when two CARs are simultaneously activated,14 
and is in line with the observation that attenuating the 
CD3ζ signaling, by reducing the number of tyrosine resi-
dues within the CD3ζ chain that can be phosphorylated, 
reduces the activation of CAR-T cells and potentially 
lessens their toxicity.43 44 The concept of dual targeting 
with split costimulation and shared CD3ζ chain signaling 
has been adapted by other investigators, underlining the 
flexibility and reproducibility of the proposed design.44 45 
Here we show that CAR-T cells co-targeting B7-H3 and 
CSPG4 represent a valuable therapeutic strategy for 
TNBC. In a clinically relevant PDX tumor model with 
heterogeneous intratumor antigen expression, bispecific 
CAR-T cells targeting simultaneously B7-H3 and CSPG4 
eradicated the tumor. Our data also underlines the crit-
ical observation that the optimal design of a bispecific 
CAR is strictly associated with the density of the targeted 
antigens. Both antigen density and affinity of the CAR 
binder for the antigen are key factors in determining 
CAR-T cell activity, on-target off-tumor toxicity and poten-
tial tumor escape.9 10 18 46 47 Here we highlight that B7-H3 
is expressed at a higher density in TNBC compared with 
CSPG4, and that for effective dual targeting using the 
split costimulation design, the optimal 4-1BB signaling is 
achieved when the CAR targets the high-density antigen 
(B7-H3), while CD28 and CD3ζ signaling are sufficiently 
activated by the low-density antigen (CSPG4).

In summary, we present clinically relevant evidence 
that co-targeting B7-H3 and CSPG4 with an optimized 
dual CAR can enable the generation of a single CAR 
cassette that can be used to treat the great majority of 
patients with TNBC because at least one of these antigens 
is expressed by tumor cells. Furthermore, co-targeting 
B7-H3 and CSPG4 could benefit a broader population 
of patients with BC, as we observed a similar pattern of 
B7-H3 and CSPG4 expression across other BC subtypes 
as seen in TNBC.
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