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B7H3-targeting chimeric antigen receptor =

modification enhances antitumor effect
of Vy9VO2 T cells in glioblastoma
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Abstract

Background Glioblastoma (GBM) is a highly aggressive primary brain tumor with a poor prognosis. This study investi-
gates the therapeutic potential of human Vy9V&2 T cells in GBM treatment. The sensitivity of different glioma speci-
mens to VyOVE2 T cell-mediated cytotoxicity is assessed using a patient-derived tumor cell clusters (PTCs) model.

Methods The study evaluates the anti-tumor effect of Vy9V&2 T cells in 26 glioma cases through the PTCs model.
Protein expression of BTN2AT and BTN3AT1, along with gene expression related to lipid metabolism and glioma
inflammatory response pathways, is analyzed in matched tumor tissue samples. Additionally, the study explores two
strategies to re-sensitize tumors in the weak anti-tumor effect (WAT) group: utilizing a BTN3A1 agonistic antibody
or employing bisphosphonates to inhibit farnesyl diphosphate synthase (FPPS). Furthermore, the study investigates
the efficacy of genetically engineered Vy9Vo2 T cells expressing Car-B7H3 in targeting diverse GBM specimens.

Results The results demonstrate that Vy9Vo2 T cells display a stronger anti-tumor effect (SAT) in six glioma cases,
while showing a weaker effect (WAT) in twenty cases. The SAT group exhibits elevated protein expression of BTN2A1
and BTN3A1, accompanied by differential gene expression related to lipid metabolism and glioma inflammatory
response pathways. Importantly, the study reveals that the WAT group GBM can enhance Vy9Vo2 T cell-mediated
killing sensitivity by incorporating either a BTN3AT agonistic antibody or bisphosphonates. Both approaches sup-
port TCR-BTN mediated tumor recognition, which is distinct from the conventional MHC-peptide recognition by a3 T
cells. Furthermore, the study explores an alternative strategy by genetically engineering VyoV&2 T cells with Car-B7H3,
and both non-engineered and Car-B7H3 VW9V&82 T cells demonstrate promising efficacy in vivo, underscoring the ver-
satile potential of Vy9V&2 T cells for GBM treatment.

Conclusions Vy9VO2 T cells demonstrate a robust anti-tumor effect in some glioma cases, while weaker in others.
Elevated BTN2A1 and BTN3A1 expression correlates with improved response. WAT group tumors can be sensitized
using a BTN3A1 agonistic antibody or bisphosphonates. Genetically engineered Vyov&2 T cells, i.e, Car-B7H3, show
promising efficacy. These results together highlight the versatility of Vy9V&2 T cells for GBM treatment.
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Background

Glioblastoma (GBM) is the most common primary malig-
nant brain tumor, accounting for 48.6% of all primary
brain malignancies. It is classified as a grade IV glioma
according to the World Health Organization (WHO)
classification [1, 2]. Despite standard-of-care treatments
such as surgical resection and radiotherapy, the median
survival of GBM patients is only 15-20 months [3], and
the prognosis remains poor with a 5 year survival rate
of only 5.4% [4]. Thus, it is crucial to develop effective
therapeutic strategies to enhance the prognosis of GBM
patients.

Immunotherapy has shown promising results in the
treatment of malignant tumors [5, 6]. However, the effec-
tiveness of immunotherapy in treating GBM remains
uncertain [7]. One of the most recent immunotherapy
modalities for GBM is the adoptive transfer of y§ T lym-
phocytes expressing a T cell receptor (TCR) composed
of y and & chains [8, 9]. In healthy peripheral blood, y8
T cells expressing the Vy9V82 chain account for 5-10%
of CD3* cells, representing the main subset of periph-
eral y8 T cells [10]. Zoledronic acid (ZOL) can inhibit
the farnesyl diphosphate synthase in the mevalonate
pathway, resulting in the accumulation of the upstream
molecules isopentenyl pyrophosphate (IPP) and dimeth-
ylallyl pyrophosphate (DMAPP) [11]. Vy9V82 T cells
detect changes in the IPP level of target cells through
receptors such as TCR, thereby activating themselves
and killing tumor cells. A breakthrough in understand-
ing the possible mechanisms of IPP-mediated VyoVé2 T
cells activation was the discovery that butyrophilin sub-
family 2 member A1 (BTN2A1) and BTN3A1 are essen-
tial for Vy9V82 T cells activation [12, 13]. Activation of
VY9V82 T-cell receptor clonotypes can be induced by the
BTN3A1-specific antibody 20.1 [14]. Like natural killer
cells, VY9V82 T cells express NKG2D receptors that can
recognize MHC class I-related chain proteins A and B
(MICA/B) on GBM cells [15-17]. Thus, Vy9V&2 T cell
immunotherapy is a promising therapeutic strategy for
GBM treatment [18].

Despite significant progress in immunotherapy, chi-
meric antigen receptor (CAR)-T cell therapy based on
a3 T cells has yet to achieve a breakthrough in treat-
ing solid tumors due to several limitations, such as T
cell-associated toxicities, limited efficacy against solid
tumors, antigen escape, poor trafficking and tumor
infiltration, and the immunosuppressive microenvi-
ronment within the tumor [19, 20]. However, studies
have shown that y§ T cells may serve as an alternative

source of CAR-T cells [21, 22]. B7-H3 of the B7 family
is highly expressed in over 70% of GBM specimens [23],
and B7-H3-targeting immunotherapies are currently
under clinical investigation in children and adults with
refractory extracranial solid tumors and brain tumors
(NCT02982941, NCTO01391143, and NCT04185038)
[24-26]. Therefore, we hypothesized that y0 T cells
targeting B7-H3 could effectively suppress GBM
development.

This study investigated the safety and antitumor effects
of Vy9Vé2 T cells and Car-B7H3-y8T cells derived
from healthy human peripheral blood mononuclear
cells (PBMCs), and tested them against GBM cell lines,
primary GBM cells, patient-derived tumor cell clusters
(PTCs), and a mouse GBM model. We also conducted
a preliminary investigation into the mechanism under-
lying the different responses of PTCs to VyoVd2 T cell
therapy. Several methods were explored to enhance the
anti-glioma ability of Vy9V82 T cells. The findings sug-
gest that Car-B7H3-y8T cell immunotherapy has signifi-
cant potential as a well-tolerated therapeutic approach
for treating GBM.

Methods

Preparation of Vy9V&2 T cells and car-B7H3-yé8T cells
PBMCs were obtained from healthy subjects aged
18-50 years with a platelet count of>100x 10°/L and
activated partial thromboplastin time and prothrombin
time within the normal range at Beijing Tiantan Hospi-
tal, China. Exclusion criteria: hematological diseases,
steroid use within one month, and all malignancies. All
participants provided signed informed consent. VyoV§2
T cells were expanded using a previously described
method [27]. Briefly, the PBMCs was islated by Ficoll gra-
dient (17544602, Cytiva, USA) from leukapheresis from
healthy donors. GMP-compliant serum-free medium
containing 200 U/mL IL2 and 2 mM L-glutamine
(Gibco—Thermo Fisher Scientific, Waltham, MA, USA)
was used to promote cell expansion. Zoledronic acid
(5 uM, Sigma-Aldrich, St. Louise, MO, USA) was added
to the medium on day 0 of cultivation and the cell con-
centration was 2 10° cells/ml. The cells were incubated
at 37 °C, 5% CO,. The cell density was modified to 1 x 10°
cells/ml during the culture process every 2—3 days. On
day 10, the number of Vy9Vd2 T cells was detected. The
purity of Vy9V&82 T cells was determined by flow cytom-
etry. The cells were stained with anti-human TCR V§2-
PerCP antibodies (BioLegend, clone: B6).
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To generate Car-B7H3-y8T cells, we constructed a
CAR from HIV-1-derived lentivirus vectors contain-
ing a mouse Ig Kappa leader sequence, CD8a hinge
and transmembrane domains, and CD28, 4-1BB, and
CD3({ endo domains (FVPVFLPAKPTTTPAPRPPT-
PAPTIASQPLSLRPEACRPAAGGAVHTRGLDFACDI-
YIWAPLAGTCGVLLLSLVITLYCNHRNRSKRSRLL-
HSDYMNMTPRRPGPTRKHYQPYAPPRDFAAYRSRE-
SVVKRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRE-
PEEEEGGCELRVKESRSADAPAYQQGQNQLYNELN-
LGRREEYDVLDKRRGRDPEMGGKPRRKNPQEGLY-
NELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGL-
STATKDTYDALHMQALPPR). The configuration of
the intracellular domain in the third generation of CAR
CD28 can enhance the function of CAR-T cells. Addi-
tionally, the presence of the 4-1BB intracellular domain
structure can contribute to the persistence of CAR-T
cells [28, 29]. The scFv of the anti-B7-H3 antibody, con-
sisting of heavy and light chains fused with a (GGGGS),
linker, was inserted between the mouse Ig Kappa signal
sequence and the CD8a hinge domain, resulting in the
B7-H3-CD28/4-1BB/CD3z-CAR construct. A truncated
version of the epidermal growth factor receptor (EGFRt)
was co-expressed with a P2A cleavage peptide on the C
terminal of the CAR construct. The CAR expression was
monitored by measuring EGFRt expression. On day 10
after expansion, Car-B7H3-y8T cells were obtained by
transfecting Vyovo2 T cells with B7-H3-CD28/4-1BB/
CD3z-CAR, and the purity was characterized using flow
cytometry.

Human GBM tumor cell lines and cell culture

U-87M@G, TJ905, and HTB15 cell lines (ATCC, Manas-
sas, VA, USA) were maintained in DMEM (Gibco) sup-
plemented with L-glutamine (Corning, Corning, NY,
USA), 10% FBS, and 1% penicillin—streptomycin (Gibco)
in a humidified atmosphere with 5% CO, at 37 °C. All
cell lines were stably transfected with lentiviral lucif-
erase vectors to generate U-87MG-Luc, TJ905-Luc, and
HTB15-Luc cells.

Human glioma tumor specimens, primary cells, and PTCs

This study was approved by the Ethics Committee of Bei-
jing Tiantan Hospital (KY2014-021-02). Human glioma
tumor specimens (n=26) were obtained from patients
enrolled in the Neurosurgery Clinical Information and
Biobank Project of the Department of Brain Oncology,
Beijing Tiantan Hospital, during tumor resection surgery.
The patients were aged 18—72 years and were diagnosed
with glioma based on histopathological examination. The
tumor specimens were divided into three parts: one part
was used to generate PTCs, an organoid tumor model for
preclinical drug testing [30]. PTCs were cultured in RPMI
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medium (HyClone, Logan, UT, USA) and used for drug
testing within 2 weeks after obtaining the tumor sam-
ples, as previously described [25, 30]. Another part was
used to generate primary cells, which were cultured in
1% matrigel (356,243, BD, 4—12 h at 37 °C)-coated plates
with serum-free DMEM (C11995500BT, Invitrogen), B27
(1:50), N2 (1:100), insulin (20 pg/mL), bEGF (20 ng/mL),
EGF (20 ng/mL), PDGF-AB (20 ng/mL) (PeproTech). All
primary cells were stably transfected with lentiviral lucif-
erase vectors. The last part of the tumor specimens was
used for RNA sequencing (RNA-Seq). The clinical infor-
mation of the patients was summarized in Additional
file 1: Table S1.

Flow cytometry

The human GBM cell surfaces were stained with 10 pg/
mL APC-labeled anti-human MICA/B mAb (#320908;
Biolegend, San Diego, CA, USA), FITC-labeled anti-
human BTN2A1 pAb (#orb499606; Biorbyt, UK),
FITC-labeled anti-human BTN3A1l mAb (#14-2779-82;
Invitrogen, Waltham, MA, USA), APC-labeled anti-
human B7H3 (#351005; Biolegend), APC-labeled anti-
human EGFR (#352906; Biolegend), or corresponding
isotype control. The stained cells were analyzed using a
FACS Calibur flow cytometer (Becton Dickinson, Frank-
lin Lakes, NJ, USA).

Coculture of T cells with GBM cells or PTCs

To assess the antitumor effects of Vy9Vd2 T cells or Car-
B7H3-yd8T cells, we incubated them with GBM cells or
PTCs. Purified Vy9V62 T cells or Car-B7H3-y8T cells
were centrifuged for 5 min at 300 g and resuspended in
DMEM medium. T cells were then cocultured with tar-
get cells (U-87MG-Luc, TJ905-Luc, and HTB15-Luc
cell lines) at different effective target (E:T) ratios of 0:1,
0.2:1, 0.5:1, 1:1, or 3:1 in the presence of interleukin 2
(IL-2) in a 96-well plate for 18-20 h at 37 °C. The lucif-
erase activity was measured using a Bright-Lite lucif-
erase detection system (#DD1204-01; Vazyme, Nanjing,
China). The supernatant was collected to measure IFN-y
(#abs510007; Absin) and TNF-a (#abs510006; ABSIN)
levels by ELISA.

To evaluate the antitumor effect of VyoVs2 T cells
on PTCs (n=26), Vy9V82 T cells were cocultured with
each sample at a ratio of 3:1. The antitumor effect was
assessed by measuring the diameter changes of PTCs at
8 h after incubation using a confocal high-content imag-
ing microscope (Opera Phenix). The antitumor effect was
calculated as (the diameter of PTCs after coculture/the
diameter of PTCs before coculture) x 100%. Patients were
categorized into two types according to the antitumor
effect: those with an antitumor effect >50% were defined
as having a stronger antitumor effect (SAT), while those
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with an antitumor effect<50% were defined as having a
weaker antitumor effect (WAT).

ZOL or BTN3A1 agonistic monoclonal antibody stimulation
To investigate whether the addition of ZOL or BTN3A1
agonistic monoclonal antibody could enhance the kill-
ing effect of VYOV32 T cells against WAT primary glioma
cells (TT-LS, TT-YZ], TT-ZLH, TT-X], TT-SX, and TT-
HCL), VY9V82 T cells were co-cultured with insensitive
primary glioma cells at a 1:1 ratio for 18 to 20 h. The co-
cultures were supplemented with ZOL (at a working con-
centration of 5 pM, Sigma), activating BTN3A1 agonistic
monoclonal antibody (eBioBT3.1 (20.1, BT3.1), eBio-
science ), or a control. The luciferase activity was then
measured.

U87-B7H3-KO (B7H3 knocked out) cells stably trans-
fected with lentiviral luciferase vectors were kindly pro-
vided by Dr. Xueguang Zhang from Soochow University.
To assess whether Car-B7H3-y8T cells retained their
function as Vy9V&2 T cells, Car-B7H3-y0T and VyoVé2
T cells were co-cultured with U87-B7H3-KO cells in 1:1
ratio for 18 to 20 h in the presence or absence of ZOL
(5 uM working concentration, Sigma). The luciferase
activity was measured.

Orthotopic xenograft glioma model

Immunodeficient NSG mice (NOD.Cg-Prkdescid I12rgt-
m1Wijl/Sz], 6-8 weeks old, weighing 20-25 g) were
obtained from Sperf Biotech, Beijing, China, and housed
under specific-pathogen-free conditions at 22+1 °C,
50+ 1% humidity, with a 12/12 h light/dark cycle and free
access to water and a Chow diet. All animal procedures
were conducted following the guidelines of the Beijing
Neurosugical Institute Laboratory Animal Welfare and
Ethics Committee (BNI Approval Number: 202202002)
and in accordance with the AAALAC and IACUC Guide-
lines. The study was approved by the Beijing Regional
Ethics Committee.

Each mouse received an intracranial injection of 5 uL
phosphate-buffered saline (PBS) containing 10° U-87MG-
Luc cells at a rate of 1 pL/min using a stereotactic tumor
establishment device. The coordinates for the injection
were 2 mm to the right from the bregma and 3.5 mm
depth. Six to nine days after injection, mice were intra-
peritoneally injected with 150 ng/g D-luciferin (#122,796;
PerkinElmer, Waltham, MA, USA). Tumor formation
was observed and imaged using an IVIS system (Caliper
Life Sciences, Mountain View, CA, USA) after 10 min of
injection. The IVIS data was analyzed using the Living
Image software (Caliper Life Sciences). Tumor formation
was also confirmed by MRI examination.

The tumor-bearing mice were randomly divided into
three groups: Vy9Vo2 T cell group, Car-B7H3-y8T cell
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group, and control group (n=>5/group). Each mouse
received an intracranial injection of 5x10° Vy9V§2
T cells or Car-B7H3-ydT cells or PBS into the lateral
ventricle (0.5 mm behind bregma, 1 mm left, 3 mm
depth). The mice were then intraperitoneally injected
with 100 uL of IL-2 (5000 IU) twice, at 3 day intervals.
The control group was injected with PBS. The mice
were weighted twice a week to monitor body weight
changes. Bioluminescence intensities of the tumors
were measured once a week.

Cytokine multiplex assay

Cytokine multiplex assay was conducted to evaluate
the safety of T cell therapy in mice. Blood samples were
collected from the retrobulbar sinus, and serum was
obtained by centrifuging the blood samples at 5000 g for
5 min and stored at — 80 °C until use. Serum cytokine
levels were measured using a cytokine array kit (#QAH-
INF-3-2, QAH-GF-1-2; RayBiotech, Peachtree Corners,
GA, USA) following the manufacturer’s instructions. The
fluorescence intensities were measured using an Axon
scanner 4000B and GenePix software. The results were
analyzed using a RayBio analysis tool. For each cytokine,
the mean fluorescence intensity was calculated, and the
z-score was generated. A heatmap of the z-scores ranging
from — 3 to 3 was generated using ggplot2 v3.2.1.

Immunohistochemistry (IHC) and multiplex
immunofluorescence staining (MIS)

Human glioma tissue samples were fixed with 4% para-
formaldehyde, embedded in paraffin, and cut into
5 um-thick sections. The tissue sections were deparaffi-
nized, rehydrated, and underwent heat-induced epitope
repair retrieval. Then, the sections were incubated with
anti-BTN2A1 (1:200; #0rb499606; Biorbyt) or anti-
BTN3A1 (1:400; #CAB10288; Genie) antibodies at
4 °C, followed by incubation with a secondary antibody
(1:1000; #ZB-2301; ZSGB-BIO, Beijing, China) for 1 h.
DAB peroxidase substrate solution staining, hematoxy-
lin blue staining, and differentiation reverse blue staining
were performed. The slides were scanned using Nano-
Zoomer 2.0 HT (Hamamatsu Photonics KK, Hamamatsu,
Japan). The positive rate was calculated as (the number of
positive cells/the number of total cells) x100%. An IHC
score was calculated as the positive rate X staining inten-
sity. An IHC score > 10 was considered positive.

MIS was conducted in glioma tissue samples from
mice to evaluate the infiltration of VyoVé2 T cells
into tumors using an OPAL"™ 7-color Manual IHC kit
(#NEL811001 KT; Akoya Bioscience, Marlborough, MA,
USA) following the manufacturer’s protocol. The detailed
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experimental procedures and conditions are summarized
in Additional file 1: Table S2.

RNA-Seq

RNA-Seq was performed using glioma tissue samples
from patients. DESeq2 (version 1.32.0) was used to
identify differentially expressed genes (DEGs) with |fold
change|>2 and adjusted P-value<0.05. Gene set enrich-
ment analysis (GSEA) was performed on hallmark gene
sets from the Molecular Signatures Database (MSigDB,
v7.2) to analyze the enrichment of biological pathways.

Statistical analysis

Statistical analysis was performed using the SPSS soft-
ware (version 24.0; SPSS, Chicago, IL, USA). Categorical
data were compared using chi-squared test or Fisher’s
exact test. Continuous data were compared using Stu-
dent’s t-test or non-parametric test. Kaplan—Meier analy-
sis was used to estimate overall survival. A comparison
between two groups was conducted using the Mann-—
Whitney U-test. A two-tailed P-value<0.05 was consid-
ered significant. The plots were generated using Prism 6
(GraphPad Software, San Diego, CA, USA) and the R2
package.

Results

Vy9Vé2T cells inhibit GBM cell proliferation in vitro

To expand Vy9Vo2 T cells from healthy human PBMCs
more rapidly and efficiently, we applied serum-free
media containing amino bisphosphonates as previously
described [27]. We obtained Vy9V82 T cells with a purity
of around 90% within 10 days (Fig. 1A). To evaluate the
cytotoxicity of VyoV82 T cells, we co-cultured Vy9oVo2
T cells with GBM-Luc cells at different E:T ratios in the
presence of IL-2. As shown in Fig. 1B, Vy9Vd2 T cells
inhibited GBM cell proliferation in a dose-dependent
manner, as evidenced by decreased luciferase activity
of the cocultures (P<0.05). The most prominent antitu-
moral activity of Vy9V&82 T cells was observed in U87-
MG-Luc cells. Additionally, Vy9V62 T cells produced
IFN-y and TNF-a when cocultured with GBM cell lines

(See figure on next page.)
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(all P<0.0001) (Fig. 1C, D). These results suggest that
Vy9V82 T cells inhibit GBM cell proliferation possibly by
producing IFN-y and TNF-a.

Vy9V&2 T cell therapy suppresses GBM growth

and improves prognosis in mice

We established a GBM mouse model by injecting U87-
MG-Luc cells into the frontal cortex of mice, followed by
Vy9V82 T cell therapy (Fig. 1E). The cell line-derived xen-
ograft model was confirmed by MRI imaging (Fig. 1F),
bioluminescence analysis (Fig. 1G), and hematoxylin and
eosin (H and E) staining (Additional file 1: Figure S1).
The tumor-bearing mice were randomly treated with
Vy9Ve2 T cells or PBS, infused back into the lateral cer-
ebral ventricle. We found that compared with PBS vehi-
cle, VY9V2 T cell therapy dramatically suppressed GBM
tumor growth in mice (Fig. 1G, H) and improves survival
(42 days vs. 23 days, P<0.0001) (Fig. 1I) without chang-
ing the body weights of mice. These data suggest that
Vy9V62 T cells can effectively suppress GBM growth and
improve prognosis in vivo.

The anti-tumor activities of Vy9V82 T cell therapy vary
depending on the PTC being treated

PTC is an emerging preclinical drug-testing model [30].
To evaluate the clinical significance of VyoVé2 T cell
therapy, we co-cultured Vy9Vd2 T cells with different
PTCs (Additional file 1: Table S1) at a 3:1 ratio in the
presence of IL-2 for 8 h. We observed significant dif-
ferences in the responses to Vy9V82 T cells among the
PTCs, with SAT responses in six PTCs (1 grade II glioma,
1 grade III glioma, and 4 GBM) and WAT responses
in twenty PTCs (6 grade II glioma, 4 grade III glioma,
and 10 GBM) (Fig. 2A). No significant correlation was
observed between the antitumor effect of VYOV2 T cells
and tumor grade (P>0.05) (Additional file 1: Table S3).
This finding suggests that VY9Vd2 T cell therapy might
be effective for some GBM patients, but additional fac-
tors beyond tumor grade may affect the therapy’s
effectiveness.

Fig. 1 Preparation of VW9V62 T cells and their inhibition of glioblastoma in vitro and in vivo. A A total of 2 x 10° peripheral blood mononuclear

cells (PBMCs) were obtained from healthy human donors and expanded using GMP-compliant serum-free medium containing bisphosphonate
compounds and factors. Flow cytometry was performed to determine the purity of Vy9V62 T cells on day 10 after cultivation (n=4). BVy9Vo2 T cells
were incubated with U-87MG-Luc, TJ905-Luc, or HTB15-Luc cells at different effective target (ET) ratios of 0:1,0.5:1, 1:1, or 3:1 in the presence of IL-2.
The cell viability of GBM cells was determined by measuring luciferase activity after 18-20 h. Data are expressed as the mean + standard deviation
(SD). *P<0.05, **P<0.01, ***P<0.001. C, D ELISA was performed to measure IFN-y and TNF-a levels in the culture medium. Data are expressed

as the mean+SD. *P<0.05, ***P<0.001, ****P<0.0001; n=3. E An NSG mouse GBM model was established by intracerebroventricular injection

of U87-MG-Luc cells. Mice were treated with Vy9V&2 T cells or PBS (n=8). A workflow diagram is shown. F MRl imaging was performed to visualize
the tumor (red arrow). G Bioluminescence images of the mouse brain were taken on day 8, 12, and 19 after injection. H Bioluminescence intensity
was measured to examine tumor growth. Data are expressed as the mean + SD. ****P<0.0001. I Kaplan-Meier survival analysis was performed
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BTN2A1 and BTN3A1 expression correlates

with the antitumor activity of Vy9Vé2 T cells

Since VY9VO2 T cells can recognize tumor cells express-
ing BTN2A1 and BTN3A1l [12, 31, 32], we compared
the expression of these two molecules in different GBM
cell lines by flow cytometry and matched tumor samples
of PTCs using IHC staining. Our results showed that
BTN2A1 and BTN3A1 were highly expressed in U87-MG
cell line (Additional file 1: Figure S2A) and the SAT group
(Fig. 2B, D), compared to the WAT group (Fig. 2C, E).
Furthermore, the BTN2A1 and BTN3A1 IHC scores were
significantly higher in the SAT group than in the WAT
group (Fig. 2F, G). Specifically, all samples in the SAT
group were double-positive for BTN2A1 and BTN3A1l,
while only a small fraction of the WAT group samples
were BTN2A1-positive (15%), BTN3A1-positive (25%), or
double-positive (15%) (Table 1). No BTN2A1 or BTN3A1
expression was detected in tumor-adjacent tissue or nor-
mal brain tissue. In addition, no significant correlation
was observed between BTN2A1/BTN3A1 protein expres-
sion and WHO grade (P>0.05) (Table 2). These results
suggest that VY9V2 T cells may inhibit GBM growth by
targeting BTN2A1 and BTN3A1 on GBM tumor cells.

To explore the molecular mechanisms involved in the
antitumor activity of VyoVé2 T cells in GBM, we per-
formed RNA-seq to identify DEGs between SAT and
WAT tissue samples and used GSEA to analyze the
enriched pathways. Our results revealed that VyoVo2
T cell response was mainly related to fatty acid metabo-
lism, primary bile acid biosynthesis, nicotinate and nico-
tinamide metabolism, peroxisome, ABC transporters,
tryptophan metabolism, arachidonic acid metabolism,
glycerolipid metabolism, proximal tubule bicarbonate
reclamation, TGF beta signaling pathway, and PPAR
signaling pathway (Fig. 2H-]J). These data suggest that
lipid metabolism and glioma inflammatory response may
play important roles in the antitumor effect of VYOVd2 T
cells on GBM.

ZOL or BTN3A1 agonistic antibody enhances the antitumor
activity of Vy9Vé62 T cells in glioma

To investigate the potential of enhancing the antitumor
activity of Vy9Vd2 T cells in unsensitive glioma, we

(See figure on next page.)
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co-cultured Vy9Vo2 T cells with WAT primary glioma
cells (TT-LS-luc, TT-YZ]J-luc, TT-ZLH-luc, TT-X]J-luc,
TT-SX-luc, and TT-HCL-luc) at E:T ratios of 1:1 in the
presence or absence of ZOL or BTN3AL1 agonistic anti-
body. Our results showed that the killing of VyoVé2
T cells against primary glioma cells was significantly
enhanced after ZOL (Fig. 3A) or BTN3A1 agonistic anti-
body stimulation (Fig. 3B). These findings suggest that
ZOL and BTN3A1 agonistic antibody can stimulate gli-
oma cells to enhance their sensitivity to VyoVo2 T cells.
However, since the safety of these two drugs has not been
confirmed for intracerebroventricular injection, they
cannot be used in clinical treatment of glioma at present.

Car-B7H3-y8T cells maintain a functional endogenous TCR

To address this issue, we transfected VyoVd2 T cells
with plasmids (Fig. 3C) containing the scFv of the anti-
B7-H3 antibody and obtained Car-B7H3-y8T cells with
a purity of around 69.5% (Additional file 1: Figure S2B).
Because the Vy9V$82 TCR is activated by accumulation
of phosphoantigens induced by bisphosphonates such as
ZOL, we tested whether Car-B7H3-y8T cells maintained
the functionality of their endogenous TCR [33]. When
VyoV82 T cells or Car-B7H3-y8T cells were co-cultured
with U87-B7H3-KO at an E:T ratio of 1:1 and stimu-
lated with ZOL, both types of T cells showed enhanced
cytotoxic effects (Fig. 3D). These results suggest that
Car-B7H3-y8T cells can still be stimulated by ZOL to
enhance their antitumor effect, similar to VyOV82 T cells.

Car-B7H3-y8T cells exhibit stronger anti-glioma activity
than parental Vy9Vé2 T cells in vitro

To evaluate the potential of Car-B7H3-y0T lymphocytes
in clinical settings, we examined the expression of B7-H3
in six primary cell lines generated from the WAT group.
All six cell lines were IDH wild type, among which three
had unmethylated MGMT promoters (TT-LS, TT-YZ],
and TT-ZLH) and three had methylated MGMT pro-
moters (TT-X]J, TT-SX, and TT-HCL). Flow cytometry
results showed that B7-H3 was highly expressed in all six
primary cell lines (positive rate >90%) (Fig. 3E). Similarly,
flow analysis revealed that B7-H3 was highly expressed

Fig. 2 VWOVO2 T cell therapy exhibited different anti-tumor activities on patient-derived tumor cell clusters (PTCs) A GBM patients (n=26) were
categorized into two groups according to the antitumor effects of Vy9V&2 T cells on matched PTCs by co-culture killing assay: stronger anti-tumor
effect (SAT; n=6) and weaker anti-tumor effect (WAT; n=20) groups B-E Immunohistochemical (IHC) staining was performed to detect BTN2A1

B, C and BTN3AT1 D, E expression in tumor tissue samples from patients in the SAT B, D and WAT C, E groups. F, G IHC scores were calculated. H
RNA sequencing was performed on glioma tissue samples from patients. A heatmap of differentially expressed genes (DEGs; |fold change|>2

and adjusted P-value <0.05) in patients with SAT versus those with WAT is shown. I A volcano plot of the DEGs is displayed. J KEGG analysis

of the DEGs was conducted. The top 14 enriched pathways are shown
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Table 2 Immunohistochemisty analysis of BTN2A1 and BTN3A1 expression in tumor tissue samples from patients with different

grades of glioma

WHO grade Total BTN2A1 Expression Positive BTN3AT1 Expression Positive PValue
Patients (n) Rate (%) Rate (%)
Positive (n) Negative (n) Positive (n) Negative (n)
Il 7 2 2 5 29
Il 5 1 2 3 40 >0.05
[\ 14 6 43 7 7 50

on the surface of U-87MG, TJ905, and HTB15 cells
(Additional file 1: Figure S2C).

We co-cultured Vy9Vo2 T and Car-B7H3-y0T cells
with the six primary cell lines at different E:T ratios in
the presence of IL-2. As shown in Fig. 3F, at the same E:T
ratio (1:1), Car-B7H3-y0T cells significantly inhibited the
proliferation of all six primary cell lines, while VyoV2
T cells were insensitive (all P<0.05). Additionally, Car-
B7H3-y0T cells produced more IFN-y and TNF-a when
cocultured with primary WAT cells (all P<0.05) (Fig. 3G,
H). Similarly, at the same E:T ratio, Car-B7H3-y8T cells
exhibited a more potent inhibitory effect on GBM cell
line proliferation than Vy9vé2 T cells (P<0.05) (Addi-
tional file 1: Figure S2D). Moreover, Car-B7H3-y8T cells
secreted more cytokines than Vy9Vé2 T cells (P<0.05)
(Additional file 1: Figure S2E). These data suggest that
Car-B7H3-y8T cells exhibit stronger and wider anti-gli-
oma activity than parental Vy9V82 T cells in vitro.

Car-B7H3-yéT cells demonstrate stronger inhibition

of GBM growth in mice compared to Vy9Vé2 T Cells

To evaluate the antitumor effects of Vy9V82 T and Car-
B7H3-y8T cells in vivo, we established a GBM PDX
mouse model by injecting U87-MG-Luc cells into the
frontal cortex. In vivo, bioluminescence was performed
weekly to monitor tumor size, and then Vy9V82 T or
Car-B7H3-y8T cells or PBS were infused into the lat-
eral cerebral ventricle once a week for two weeks. Bio-
luminescence analysis showed that tumors were formed
in the mouse brain on day 7 after tumor cell injection

(See figure on next page.)

(Fig. 4A). Both Vy9V&2 T and Car-B7H3-ydT cell treat-
ments significantly suppressed GBM tumor growth in
mice compared to the vehicle control (Fig. 4A). Notably,
Car-B7H3-y8T cells demonstrated a stronger inhibi-
tion of mouse brain tumor growth than VyoV&2 T cells
(P<0.0001) (Fig. 4B). Moreover, the survival of both the
Car-B7H3-y8T and Vy9V82 T groups was significantly
longer than that of the control group (44 and 38 days
vs. 28 days; both P<0.0001), and the survival of the Car-
B7H3-ydT group was longer than that of the Vyové2 T
group (44 days vs. 38 days, P<0.0001) (Fig. 4C). These
data suggest that Car-B7H3-y8T cells demonstrate
stronger inhibition of GBM growth and improve progno-
sis in vivo compared to VyY9V82 T cells.

Vy9Vé2 T and Car-B7H3-y8T cells infiltrate into GBM
tumors in mice after intracranial injection

We injected Vy9V82T or Car-B7H3-y0T cells into the
lateral ventricle of orthotopically implanted mouse mod-
els. Opal multi-dimensional fluorescence staining was
performed on tumor tissues harvested on day 1, day 7,
and day 14 after infusion. TCR2 labeled Vy9V82 T cells,
B7-H3 labeled Car-B7H3-y3T cells, and Granzyme B was
used to label activated T cells (killing activity) (Fig. 5A,
B). On day 1, both Vy9V§82 T and Car-B7H3-yd8T cells
infiltrated the brain stem tumor of mice, with a small
number of cells becoming activated and beginning to play
a role in killing. Furthermore, the infiltration and activa-
tion of Vy9V82T (TCRS21 and Granzyme BY) and Car-
B7H3-y8T cells (B7H3" and Granzyme B*) peaked on

Fig. 3 The strategy for enhancing VWoV&2 T cell therapy in the treatment of glioma in the WAT group. Vy9V&2 T cells were incubated with WAT
primary glioma cells (TT-LS-luc, TT-YZJ-luc, TT-ZLH-luc, TT-XJ-luc, TT-SX-luc, and TT-HCL-luc) at E:T ratios of 1:1 in the presence or absence

of ZOL (5 pM) or BTN3AT1 agonistic antibody (BTN3A1 20.1, 1 ug/mL) for 18-20 h. The killing of Vy9V62 T cells against WAT primary glioma cells
was significantly enhanced after ZOL stimulation A or BTN3A1 agonistic antibody stimulation B. Data are expressed as mean+SD. *P<0.05,
**P<0.01,***P<0.001, ***P<0.0001. Car-B7H3-yST cells had stronger and wider anti-glioma ability than parental Vy9V&2 T cells in vitro.

(C) CAR construct is shown. (D)Vy9VS2 T cells and Car-B7H3-y8T cells were co-cultured with U87-B7H3-KO cells in a 1:1 ratio for 18-20 h

in the presence or absence of ZOL (5 uM). Luciferase activity was measured. Data are expressed as the mean +SD. E Flow cytometry analysis

was performed to determine B7-H3 expression in WAT primary glioma cells. The expression of B7-H3 protein was higher than 90%. F VyoV&2 T cells
and Car-B7H3-ydT cells were incubated with WAT primary glioma cells at E:T ratios of 1:1 for 18-20 h. Luciferase activity was measured. Data are
expressed as the mean+SD. *P<0.05, **P<0.01, ***P<0.001. G, H The culture medium was collected, and ELISA was performed to measure IFN-y
and TNF-a levels. Data are expressed as the mean £ SD. *P<0.05, ***P <0.001, ****P <0.0001; n=3



Wang et al. Journal of Translational Medicine ~ (2023) 21:672 Page 11 of 17

A 50— * 100 * kK
P — B * %k K =
m N . i

80 sk % ¥
1 kkkk kkkk
60- m

40 *

Percent Lysis (%)

20

Percent Lysis (%)
s = 8
L 1 1
—
E *
=+
] *
) y,
T——d*
_—
L
I
<
L
.
A
L
I

T
) — ~N) i Iy
e &ﬁ} M N F & & > » '\/"Q R
N Y S &y BN \N BN && Y A &«g'
. VOVa2 T m VoveT
= Vyove2 T+ZOL = Vy9ve2 T+20.1
C .
I oo | coe o
l
P2A
D E TT-LS I'-YZ) I'l-ZLH
U87-B7H3-KO | : "
100+
g 804
z -
'z 60 ] l
D"c E A
§ 40 é I'T-XJ ) TT-SX o I'T-HCL
3 E] )
5 P \ |
A& 20 =
&
-
Control Z0L
. VyOvVe2 T
= Car-B7H3-y0T A
B7H3
F G
*F _ Hokk KRk KKK
100 ey FEE Tir M 6000 pw R bk |—! I__II 250+ P
*kk kkk — 1 L sokok kokk KKKy
R L B o ~ ~ 200 m
= E 4000 E * Kk
2 60- ) o 150 ***
= -9 =%
E 40 3 ¥ 100
14 Z. 2000 [
g = z
&~ 204 = 50
0- 0- —— 0 T T T
TT-LS TT-XJ TT-YZJTT-ZLH TT-SX TT-HCL TT-LS TT-XJ TT-YZJTT-ZLH TT-SX TT-HCL TT-LS TT-XJ TT-YZJTT-ZLH TT-SX TT-HCL
. VyovorT Hm VyOVo2T Hm Vy9Vo2 T
=3 Car-B7H3-y3T =3 Car-B7H3-y6T =3 Car-B7H3-y6T

Fig. 3 (Seelegend on previous page.)

day 7, with more activated Car-B7H3-y8T cells infiltrat-  could receive reinfusion therapy with Vy9V82T and Car-
ing the tumor tissue. The infiltrations of both cell types  B7H3-y8T cells every two weeks in a clinical setting.
decreased by day 14 (Fig. 5C), indicating that patients
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Fig. 4 The anti-glioma ability of Car-B7H3-y&T cells was stronger than that of parental Vy9V&2 T cells in vivo A NSG mouse GBM models were
treated with VWOVO2 T cells, Car-B7H3-y&T cells, or PBS (n=5). Bioluminescence images of the mouse brain were taken on day 7, 13, and 23
after injection. B Bioluminescence intensity was measured to examine tumor growth. Data are expressed as mean + SD. ****P <0.0001. C

Kaplan-Meier survival analysis was performed

Vy9V&2 T and Car-B7H3-y8T therapy is safe against GBM
tumors in mice after intracranial injection

We evaluated the safety of Vy9V&2 T cell therapy by
injecting low-dose (5% 10° cells/5 pL PBS) or high-dose
(5% 10° cells/5 uL PBS) Vy9V&2 T cells into the lateral
ventricle of healthy NSG mice. H&E staining at 7 days
after injection showed that Vy9Va2 T cell therapy did
not induce any significant histological changes in the
liver, lung, ovary, brain, spleen, kidney, stomach, heart,
or uterus of the mice compared to control treatment
(Additional file 1: Figure S3A, S3B). Additionally, no sig-
nificant change was observed in the body weight of the
mice within 18 days after low or high dose of Vy9V§2
T cell or Car-B7H3-y0T cell injection (Additional file 1:
Figure S4A and S4B). These data suggest that Vy9vs2
T cell therapy is well tolerated in NSG mice. To address
the potential for cytokine release syndrome and neuro-
toxicity from immune cells [34], we measured the serum
inflammatory cytokine levels of the mice and found no
significant differences among the three groups (P> 0.05)
(Additional file 1: Figure S4C).

Discussion

While the current standard therapies for glioma, includ-
ing surgery, radiotherapy, and chemotherapy, have been
employed, the prognosis for patients remains subopti-
mal. VYOV82 T cell immunotherapy offers a promising
approach. In this study, we demonstrated that Vyové2 T
cells derived from healthy human PBMCs inhibited GBM
cell proliferation in vitro and suppressed GBM tumor
growth in vivo without apparent toxicity to mice, consist-
ent with recent reports [35-37]. However, the response
to VyY9V82 T cell therapy varied greatly among PTCs,
leading us to classify them into SAT and WAT groups.
We therefore aimed to identify potential indicators asso-
ciated with the response to Vy9Vo2 T cell therapy. IHC
staining conducted on matched tumor tissue samples
from PTCs in the SAT group confirmed the elevated
expression levels of BTN2A1 and BTN3Al. Intrigu-
ingly, VY9V82 T cells elicited a strong antitumor effect in
23.1% of PTCs, which was significantly associated with
higher expression levels of BTN2A1 and BTN3A. These
findings suggest that BTN2A1 and BTN3A1 hold promise
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as potential indicators for the response of GBM patients
to VY9V82 T cell therapy. To translate this finding from
bench to bedside, further data from a larger cohort is
required. In addition, a more convenient method to
detect BTN2A1 and BTN3A1 expression would be nec-
essary.Dysregulation of the mevalonate pathway is com-
mon in tumor cells, leading to the accumulation of both
DMAPP and IPP, which could be recognized by VyoVé2
T cells [38—40]. Our RNA-seq analysis of SAT and WAT
tissues further revealed the involvement of lipid metabo-
lism and inflammation-related pathways in the antitumor
effect of VY9VO2 T cells, providing valuable insights for
future studies.

Although Vy9V&2 T cells derived from human PBMCs
demonstrated good cytotoxicity against gliomas that
overexpress BTN2A1/BTN3A1l, such overexpression
occurred in less than 30% of GBM cases. This led us to
explore the use of zoledronate, a bisphosphonate drug
that inhibits farnesyl diphosphate synthase to accumulate
DMAPP and IPP, or a BTN3A1 agonistic antibody 20.1
to sensitize WAT primary glioma cells to VyOVo2 T cell
killing. Recognizing the clinical limitations of ZOL and
BTN3A1 agonistic antibody in glioma, especially given
the high B7H3 expression in the majority of GBM cases,
we genetically engineered Vy9Vd2 T cells into Car-
B7H3-ydT cells. Importantly, Car-B7H3-y8T cells can
recognize tumors via B7H3-Car and also possess the abil-
ity to eliminate tumors through phosphoantigen recog-
nition. Our study showed that Car-B7H3-y0T cells were
more potent than unmodified Vy9V62 T cells at inhib-
iting GBM cell proliferation in vitro and improving the
overall survival of tumor-bearing mice, suggesting that
genetic modification of Vy9V82 T cells may enhance the
therapeutic efficacy and clinical outcomes of VyoVo2 T
cell-based immunotherapy for GBM. Although VyoVé2
T cells derived from human PBMCs demonstrated good
cytotoxicity against gliomas that overexpress BTN2A1/
BTN3A1, such overexpression occurred in less than
30% of GBM cases. Therefore, Car-B7H3-y8T cells show
greater promise as a potential therapeutic agent for GBM
treatment compared to unmodified Vy9Voé2 T cells.

As y0 T cell numbers and exercise responsiveness
decline with age [44], PBMCs from healthy donors aged
18-24 years were used in this study. However, the spe-
cific immune status, the blood—brain barrier, and the lack
of a classical lymphatic drainage system in the central
nervous system (CNS) can hinder the delivery of effec-
tor T cells [45]. Clinical trials of adoptive immunother-
apy with human T lymphocytes for GBM have employed
intravascular, intratumoral, or intraventricular injection
[46]. However, intravascular administration may cause
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cytokine release syndrome and tumor inflammation-
associated neurotoxicity, while intratumoral injection
may cause tumor hemorrhage or increased cranial pres-
sure [47]. To prevent intracranial hypertension, a small
amount of cerebrospinal fluid can be extracted before
intracerebroventricular injection. Therefore, we chose
to perform the in vivo study using intracerebroventricu-
lar injection. Consistent with studies using this injection
method [48-50], our study showed that intracerebroven-
tricular injection of Vy9V&2 T cells and Car-B7H3-y8T
cells effectively inhibited brain tumor growth in the
absence of small molecule phosphate drugs. Moreover,
Vy9V82 T cells and Car-B7H3-y8T cells were well tol-
erated in mice and could infiltrate into the tumor tissue.
Although TCR32 expression was barely detectable in
tumor tissue at 14 days after treatment, Vy9Vo2 T cells
and Car-B7H3-y8T cells displayed potent tumor inhibi-
tory effects within 14 days after injection. These data
suggest that intracerebroventricular injection of VyoVé2
T cells and Car-B7H3-y0T cells is clinically feasible for
GBM treatment.

In conclusion, the high expression of BTN2A1/
BTN3Al may serve as a potential indicator for pre-
screening Vy9V82 T cells derived from healthy human
PBMCs for glioma treatment. The potent antitumor
effect of VY9V82 T cells on PTCs may be related to lipid
metabolism and inflammation-related pathways. Car-
B7H3-y0T cells exhibit stronger anti-glioma abilities
compared to parental VyoV82 T cells in vitro and dem-
onstrated improved prognostic outcomes in tumor-bear-
ing mice. These findings suggest that y8T cells represent
a promising therapeutic agent for GBM.

Abbreviations

GBM Glioblastoma

WHO World Health Organization

TCR T cell receptor

BTN2A1 Butyrophilin subfamily 2 member A1

MICA/B MHC class I-related chain proteins A and B
CAR Chimeric antigen receptor

PBMCs Peripheral blood mononuclear cells
PTCs Patient-derived tumor cell clusters
EGFRt Epidermal growth factor receptor
RNA-Seq  RNA sequencing

SAT Stronger antitumor effect

WAT Weaker antitumor effect

PBS Phosphate-buffered saline

IHC Immunohistochemistry

MIS Multiplex immunofluorescence staining
DEGs Differentially expressed genes

GSEA Gene set enrichment analysis

PBMCs Peripheral blood mononuclear cells

SD Standard deviation

H&E Hematoxylin & eosin

ICV Lateral cerebral ventricle

Z0L Zoledronic acid
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Additional file 1: Figure S1. Hematoxylin and eosin staining of xenograft
tumor sample from NSG mouse. Magnification 20 X. Scale bar = 50 um.
Figure S2. A Flow cytometry analysis was conducted to detect the
expression of BTN2AT and BTN3AT in GBM cell lines. B Car-B7H3-y&T cells
were obtained by transfecting Vyov&2 T cells with plasmids containing
scFv of the anti-B7-H3 antibody. Flow cytometry analysis was used to
determine the purity of Car-B7H3-yST cells. C Flow cytometry analysis
was performed to determine B7-H3 expression in U87-MG, TJ905, and
HTB15 cells. The protein expression of B7-H3 was 92.6%, 91.8%, and 93.2%
in U-87MG, TJ905, and HTB15, respectively. D Vy9Vo2 T or Car-B7H3-yST
cells were incubated with U-87MG-Luc, TJ905-Luc, or HTB15-Luc cells at
different effective target (E: T) ratios of 0:1,0.5:1, 1 :1, or 3:1 in the presence
of IL-2. The luciferase activity was measured to determine the cell viability
of GBM cells at 18-20 h. E The culture medium was collected. ELISA was
performed to measure IFN-y and TNF-a levels. Data are expressed as

the mean + SD. *P < 0.05, ***P < 0.001, ****P < 0.0001; n = 3. Figure S3.
Hematoxylin and eosin staining of the liver, lung, ovary, brain, spleen,
kidney, stomach, heart, and uterus tissue samples from NSG mice after
injection with PBS A or high-dose (5 x 10° cells/5 uL PBS) WoVo2 T cells
B. Magnification 10 x. Figure S4. Evaluation of Vy9V62 T and Car-B7H3-
y&T cell toxicity. A The body weights of mice were measured at different
time points after intraventricular injection of control (PBS), low-dose of
WOVB2 T cells (5 x 10° cells/5 pL PBS), or high-dose of VWoV&2 T cells (5

x 10 cells/5 ulL PBS). B The body weights of GBM tumor-bearing mice
were measured at different time points after intraventricular injection.

C Cytokine multiplex assay was carried out to examine mouse serum
cytokine alterations at 7 days after T cell therapy. Z-score of each cytokine
was calculated as the mean fluorescence intensity. A heatmap of the
z-scores ranging from — 3 to 3 was generated. Table S1. Basic character-
istics of all PTC patients. Table S2. A Primary antibody used in Multiplex
staining. B Experimental conditions and procedures of Multiplex staining
of TCR&2 panel. C. Experimental conditions and procedures of Multiplex
staining of B7H3 panel. Table S3. Relationship between different grades
of glioma and different responses to Vy9V62 T therapy.
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