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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GBM) is a common primary brain tumor with poor clinical prognosis. Although CAR-T therapy has
Glioblastoma been trialed for treatment of GBM, the outcomes are sub-optimal possibly due to exhaustion of T cells and life-
GD2 threatening neurotoxicity. To address these issues, a combined therapeutic strategy was tested in the current
SSRIT study using GD2 CAR-T together with Nivolumab - an anti-PD-1 monoclonal antibody. An effector-to-target co-

culture system was established to evaluate the short-term and long-term cytotoxicity of CAR-T, as well as to
investigate the inhibitory activity and T cell exhaustion associated with the PD-1/PD-L1 signaling pathway.
Orthotopic NOD/SCID GBM animal models were generated to evaluate the safety and efficacy of the combined
therapeutic strategy at various dosages of GD2 CAR-T with Nivolumab. GD2 CAR-T exhibited significant antigen-
specific cytotoxicity in a dose-dependent manner in vitro. The persistence of cytotoxicity of GD2 CAR-T could be
enhanced by addition of Nivolumab in the co-culture system. Animal studies suggested that GD2 CAR-T effec-
tively infiltrated into tumor tissue and significantly hampered tumor progression. The optimal therapeutic
outcome was obtained via using the medium dosage of CAR-T with Nivolumab, which displayed the highest
efficacy in extending the survival up to 60 days. Further investigation of toxicity revealed that high-dosage of
GD2 CAR-T could induce tumor apoptosis through p53/caspase-3/PARP signaling pathway. This study suggests
that GD2 CAR-T in combination with Nivolumab may offer an improved therapeutic strategy for treatment of
GBM.

Tumor microenvironment

Introduction

Glioblastoma (GBM) is a highly aggressive and undifferentiated gli-
oma that frequently occurs in adults aged between 21 and 50 years old.
The average incidence rate of GBM is about 3.19 individuals per 100,000
population [1]. Patients with GBM always have a median survival of <
15 months upon diagnosis [2]. Maximum surgical resection following
radiotherapy and/or chemotherapy using temozolomide (TMZ) has
become the standard therapy for treatment of newly diagnosed GBM
patients [3]. However, recurrence is inevitable following a median
period of 32-36 weeks [4]. Numerous long non-coding RNAs (IncRNAs)
are deregulated or differentially expressed in GBM, and possess unique

regulatory functions in GBM cells, ranging from high invasion/migra-
tion to recurrence [5]. Additionally, c-Myc is an oncogene signaling
pathway capable of regulation of biological processes such as apoptotic
cell death, proliferation, survival, differentiation, triggering much in-
terest in the field with its role in different cancers, particularly brain
tumors [6]. Thus, a novel effective therapeutic approach is urgently
required for the treatment of GBM. Chimeric antigen receptor T cells
(CAR-T) are genetically modified T cells that can be activated upon
recognition of tumor-associated antigens (TAAs) through the
single-chain fragment variable (scFv) region of the CAR molecule,
resulting in highly efficient and specific tumor eradication via an
MHC-I-independent pathway. In this study, we investigated the
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anti-glioblastoma effects of a combinatory approach using Nivolumab (a
PD-1 antibody) and a second-generation GD2-targeting CAR-modified T
cells.

GD2, an oncofetal differentiation antigen, is highly expressed on
several solid tumors but rarely on normal tissues [7,8]. Recently, several
preclinical and clinical studies have suggested that GD2, a specific target
for GBM treatment, exhibits encouraging anti-tumor effects using the
CAR-T-based immunotherapeutic strategy [8,9]. However, several ob-
stacles, including the heterogeneity of the tumor antigen, loss of anti-
gens, and hostile tumor microenvironment (TME), need to be overcome
to obtain better anti-tumor effects [10]. Immune checkpoint inhibitor
therapy can reverse the exhaustion of CAR-T in elapsing patients by
shaping the TME. Moreover, blockade of the inhibitory receptor of T
cells prevents the exhaustion induced by binding of the receptor to its
cognitive ligand, such as PD-1 and PD-L1 [11]. In addition to immu-
nosuppression, a barrier to the widespread use of CAR-T therapy for
solid tumors is non-specific toxicities, including cytokine release syn-
drome (CRS) and neurotoxicity. IL-6 is an important indicator of the
severity of CRS following CAR-T treatment. Moreover, IFN-y could
upregulate PD-L1 expression on glioblastoma cells in the GBM micro-
environment, leading to CAR-T exhaustion via the PD-1/PD-L1 signaling
pathway [12,13]. Herein, improvement of the safety and efficacy has
been a pressing need in the treatment of solid tumors, including GBM.

To overcome these limitations, a combinatory therapeutic strategy
was developed in the current study by employing GD2-specific CAR-T
together with anti-PD-1 monoclonal antibody, Nivolumab, to verify
whether the immune checkpoint inhibitors (ICI) could 1) enhance the
anti-tumor activity mediated by CAR-T to reduce the infusion dose, and
2) ameliorate the TME-based inhibitory effect to enhance the anti-tumor
activity of CAR-T in vitro and in vivo.

Material and methods
Cell lines and cultivation

Human glioblastoma cell lines, including T98G, U87, U251, and
A172, were purchased from Procell Company (Wuhan, China) and
cultured according to the manufacturer’s instructions. T98G and U87
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, USA) containing 10% fetal bovine serum (FBS) (Gibco, USA).
U251 and A172 were cultured in Minimum Essential Medium (MEM)
(Gibco, USA) with 10% FBS. The patient-derived cell line GBM4 was
established in our lab using tumor tissue from a patient diagnosed with
high-grade glioma and maintained in DMEM medium supplemented
with 10% FBS, the isolation of the primary cell line GBM4 was approved
by Ethical and Institutional Review Board of Xuanwu Hospital Capital
Medical University. HEK293T was kindly gifted by the Palmer lab at
Stanford University and maintained in DMEM medium supplemented
with 10% FBS. All cell lines were maintained in a humidified incubator
with 5% CO; at 37 °C.

CAR construction, lentivirus production, and T-cell transduction

Anti-GD2 CAR consisted of four components, 1) the extracellular
antigen-recognizing single-chain variable fragment (scFv) targeting GD2
was derived from Fab fragment of the monoclonal antibody 3F8 [14], 2)
the CD8o-derived hinge and transmembrane region, 3) the
co-stimulatory domain from 4-1BB, and 4) the CD3({ intracellular
signaling domain. The GFP reporter was present in the C-terminal via
P2A. All these components were cloned into a third-generation lentiviral
plasmid backbone as previously described [15]. For lentivirus produc-
tion, the HEK293T cell line was used for the GD2-specific CAR-encoding
lentivirus package. Briefly, the GD2-specific CAR-encoding plasmids
pLP1, pLP2, and pVSV-G (Addgene, USA) were co-incubated with Lip-
ofectamine 3000 reagent (Invitrogen, USA) for 15 min and then added to
the HEK293T supernatant for transient transfection. After 48~72 h, the
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supernatant was ultra-centrifuged at 20,000 x g for 2 h. The virus pellet
was resuspended in X-VIVO15 (Lonza, USA) and stored at —80 °C.

Commercially available human PBMCs (Lonza, Switzerland) were
isolated by gradient centrifugation using the Ficoll-Paque technique
(Cytiva, USA). CD3+ T cells were purified and activated by CD3/CD28
magnetic beads (Gibco, USA), as described previously. After culturing
for 24~48 h, GD2-specific CAR-encoding lentivirus with multiplicity of
infection (MOI) of 50 was added to the culture supernatant for trans-
fection supplemented with 10 ug/mL polybrene (Santa Cruz, USA). The
medium was replaced with fresh culture medium after 12 h. GD2-
specific CAR-T was stained with biotinylated protein L and
streptavidin-coupled PE (BD, USA). The expression level of CAR was
tested and analyzed by flow cytometry assay.

CAR-T-mediated cytotoxicity assay

Glioblastoma cells (1 x 10° cells per well) were co-cultured with
GD2-specific CAR-T or GFP T cells in various effector-to-target (E/T)
ratios ranging from 0.5:1 to 8:1 for 5 h. The supernatants were harvested
for detection using the Non-Radioactive Cytotoxicity kit (Promega,
USA), as described previously [15].

Cytokine secretion assay

Cytokines secreted from supernatants from GFP T cells or GD2-
specific CAR-T co-cultured with glioblastoma cell lines were evaluated
using ELISA. After co-culture for 5 h, the supernatants (from 8:1 and 4:1
E/T ratios) were harvested, and the levels of IFN-y and TNF-o were
measured using an ELISA kit (NeoBioscience) as described previously
[15].

Flow cytometric assay

Glioblastoma cell lines were incubated with PE-labeled mouse-anti-
human GD2 and mouse-anti-human PD-L1 antibodies (Biolegend, USA)
or control antibodies of related isotypes (Biolegend, USA) for 30 min at
room temperature. GD2-specific CAR-T were collected on day 7 and day
14 and then stained for the population assay with primary antibodies
against the following anti-human antibodies: CD3-PE, CD4-APC, CD8-
PerCP, PD-1-PE, PD-L1-APC, CD45RO-PE, and CD197-APC (Biolegend,
USA) according to the manufacturer’s instructions. Flow cytometry was
performed using FACS Calibur (BD, USA). All data were analyzed using
the FlowJo V10.

In vivo orthotopic glioblastoma models

Female NOD.Cg-Prkdc*“112rg™! Vst /vst (NPG) mice aged 6-8 weeks
old were purchased from Beijing Vital-River Animal Technology Com-
pany. The U87 cell line with a constant expression of luciferase (U87-
Luci) was purchased from Beijing View-solid Biotech company and
cultured according to the manufacturer’s instructions (DMEM contain-
ing 10% FBS). To establish the GBM animal model, 1 x 10° U87-Luci
cells were orthotopically injected into the ventral posterior medial nu-
cleus (VPM) of mouse thalamic nuclei (coordinates with bregma: ML-
1.5 mm, AP-2 mm, DV-3 to —4 mm). After 6 days, all mice were intra-
peritoneally injected with 200 mg/kg cyclophosphamide (Baxter, USA)
to deplete the host lymphocyte compartments. After 24 h, 2 x 10° GFP
T cells or GD2-specific CAR-T at various dosages (5 x 10°,1 x 10°, 2
x 10%) were injected into mice through the tail vein injection. Mice
were given an intraperitoneal injection of 10 mg/kg Nivolumab (Selleck,
China) following CAR-T infusion. The GBM tumor burden was moni-
tored using the IVIS Lumina K Serial III System (Caliper, USA) after 10
min since luciferin (Vital-River, China) injection. Mice were imaged
once weekly after CAR-T injection and would be euthanized if they met
the criteria for euthanasia (neurological deficits, 20-30% weight loss,
signs of distress). The animal experiment was approved by the local
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institutional review board.

Immunofluorescence and immunohistochemical staining

Animal brain tissues were collected and fixed in 4% PFA. Before the
immunofluorescence (IF) and immunohistochemistry (IHC) assay,
brains were submerged in 30% sucrose buffer for 2-3 days. Briefly, brain
sections were cut into 20 um slides and blocked with 5% donkey serum
(Sigma-Aldrich, USA) for 30 min at room temperature. Then, the slides
were incubated with primary antibodies against several proteins,
including Ki67 (Abcam, USA), IL-6 (Cell Signaling Technology, USA),
GD2 (Santa Cruz, USA), IFN-y (Abcam, USA), TNF-a (Abcam, USA), PD-1
(Cell Signaling Technology, USA), NeuN (Cell Signaling Technology,
USA), Ibal (Abcam, USA), p53 (Abclonal, China), active caspase-3
(Beyotime Biotechnology, China), and cleaved-PARP (Abclonal,
China), at a dilution of 1:200, at 4 °C overnight. For IF staining, mouse
brain slides were washed thrice with PBS buffer (Gibco, USA) and
incubated with related secondary antibodies conjugated with FITC,
Cyanine3, or Cyanine5 (ThermoFisher, USA). For IHC staining, the re-
action was detected using DAB IHC Detection Kit (Elabscience, USA),
while diaminobenzidine (DAB) was used as a chromogen. Slides were
counterstained with hematoxylin and washed thrice with PBS buffer.
Images of IF were detected and captured by confocal scanning (Leica,
Germany), while images of IHC were observed and captured by the Case-
Viewer software (Hungary). Quantitative analyses of double-positive
cells in IF staining were performed by ROI Manager of ImageJ soft-
ware according to the publisher’s instructions (https://imagej.nih.
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gov/ij/docs/menus/analyze. html#manager), and quantitative ana-
lyses of IHC staining were performed by IHC Tool Box of ImageJ soft-
ware according to instructions (https://imagej.nih.gov/ij/plugins/ihc
-toolbox/index.html).

Statistical analysis

All data are presented as mean +SEM. Two independent groups were
analyzed using Student’s t-test. Multiple groups were statistically
compared using two-way repeated-measures ANOVA. P-values of < 0.05
were considered statistically significant. All data were analyzed using
the statistical software GraphPad Prism v8.0 (USA).

Results
Generation and population assay of GD2-specific CAR-T cells

The second generation GD2-specific CAR, containing a 4-1BB co-
stimulation domain and a CD3¢ stimulatory domain, was constructed
as previously described [15]. Briefly, the GD2-targeting scFv sequence
derived from the mouse anti-human GD2 monoclonal antibody 3F8 was
commercially synthesized [14]. The above-mentioned sequence was
then subcloned into the lentivirus expression plasmid, pLenti6.4,
encoding CD19-targeting CAR to replace the counterpart of the scFv
region to generate full-length GD2-specific CAR. By removing the
terminator of CAR, the GFP gene was fused with CAR on the P2A
sequence at the 3’ terminal as a reporting molecule. The schematic

Fig. 1. Construction of GD2-targeting CAR and
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diagram is presented in Fig. 1A and Supplementary Fig. 1A. After
cultivation in vivo for 12-14 days, the transduction efficiency of CAR was
evaluated by flow cytometry. Lentivirus encoding GFP was used as the
mock control. The results indicated that the transgenic efficacy of
GD2-specific CAR was 23.0 + 2.5%, which was lesser than the GFP
control (58.0 + 4.5%) on day 12 (Fig. 1B, Supplementary Fig. 1G).
Sub-population assay of the final products revealed that the percentage
of CD8+ T cells was about 79.2 + 5.1%, which was greater than the
corresponding CD4+ subpopulation (18.55 + 4.65%) (Fig. 1C). The
results associated with functional sub-populations of the final product
indicated that the proportion of Tcy (central memory T cells)
(CD45RO+, CD197+) was 69.15 + 1.55%, Tgy (effector memory T
cells) (CD45RO+, CD197-) was 11.9 £ 0.6%, Tgrr (T effector cells)
(CD45R0-, CD197-) was 17.8 + 1.1%, and TN (naive T cells) (CD45RO-,
CD197+) was 1.4 + 0.5% (Fig. 1D). Moreover, it was observed that
while the proportion of PD-1+ CAR-T was 42.25 £ 2.65% in total GD2
CAR-T, the sub-population of PD-L1+ was low (4.5 + 0.8%) (Fig. 1E).
These results exhibited that GD2-specific CAR fused with GFP was suc-
cessfully transduced and expressed in the primary CD3+ T cells. The
cultivation system established in this study could be effectively used to
generate GD2-specific CAR-T while being more feasible in promoting the
proliferation of central memory T cells (Tcy) of CAR-T cells, and would
enhance anti-tumor effect of CAR-T cells against solid tumors [16].

Cytotoxicity against glioblastoma cell lines mediated by GD2-specific CAR-
T cells

According to several previous reports, GBM displayed high inter-
tumoral and intra-tumoral heterogeneity, indicating that GD2-specific
CAR-T probably exhibited inconsistent anti-tumor efficacy against
GBM cell lines with various levels of GD2 expression [17]. To verify our
hypothesis, we first analyzed the publicly available online databases
describing the expression of B4GALNT1 (GD2 synthase) in tumors
compared to normal tissues. According to the GEPIA2 database
(http://gepia2.cancer-pku.cn/#index), tumors derived from the brain,
adrenal gland, lung, testis, and kidney displayed high levels of
B4GALNT1 expression in the rank of top 5 (Fig. 2A). Pan-cancer analysis
from UALCAN (http://ualcan.path.uab.edu/index.html) demonstrated
that the expression of BAGALNT1 was markedly upregulated in GBM,
and the probability of survival of GBM patients with high B4GALNT1
expression was much shorter than those with low or medium levels of
expression (Figs. 2B, 2C). Then, various GBM cell lines, including T98G,
U251, U87, A172, and a patient-derived cell line GBM4, with different
expression levels of GD2, were used to detect the CAR-specific cyto-
toxicity by lactate dehydrogenase (LDH) assay. Flow cytometric assays
suggest that the intensity of GD2 expression was 84.3%, 72.2%, 68.5%,
0.2%, and 81.8% in the above-mentioned cell lines, respectively
(Fig. 2D). An in vitro co-culture system established by the effectors to
target cells was used to evaluate the sensitivity and specificity of
CAR-mediated cytotoxicity against GBM cell lines. Three GD2-targeting
CAR constructions were generated (Supplementary Fig. 1A), namely,
scFv of GD2-1, GD2-2 derived from 3F8 mAb [14], and scFv of GD2-3
derived from KM666 mAb [18] (Table 1). Consequently, cytotoxicity
and cytokine secretion of the three GD2-targeting CAR-T cells against
GBM cell lines were compared. It was observed that GD2-2 CAR-T
exhibited more effective antigen-dependent cytotoxicity and cytokine
secretion compared to GD2-1 and GD2-3 CAR-T (Supplementary
Figs. 1B-1F and 1H-1I). Herein, GD2-2 CAR-T was used for evaluation in
the subsequent studies and named GD2-specific CAR-T. Compared with
GFP-transduced T cells, GD2-specific CAR-T exhibited significantly
stronger cytotoxic activity against all GD2-positive GBM cell lines,
including T98G, U251, U87, and GBM4, in a dose-dependent manner
(Figs. 2E-2I). The range of cytotoxic efficacy varied from 12.1 + 1.24%
to 88.47 + 9.61%, with the elevation of E/T ratio (from 0.5:1 to 8:1).
However, the CAR-mediated anti-tumor effect was not significant in the
cytotoxic assay against A172, a GD2-negative GBM cell line. To verify
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whether inflammatory cytokines were involved in the CAR-associated
anti-tumor activity, IFN-y and TNF-a, the two pivotal cytotoxic cyto-
kines, were detected by ELISA. The concentrations of both IFN-y and
TNF-a were significantly elevated up to ~700 pg/mL and ~800 pg/mL,
respectively, after 8:1 and 4:1 E/T incubation for 5 h (Figs. 2J and 2K).
These values were significantly higher than counterparts from the GFP T
cell group and after co-culture with the GD2-negative GBM cell line
A172, respectively. Therefore, GD2-specific CAR-T showed significant
anti-tumor activity against GBM cell lines expressing high and moderate
levels of GD2 but not against GD2-negative GBM cell lines. IFN-y and
TNF-a were significantly increased during CAR-mediated tumor eradi-
cation in vitro, indicating that the designed CAR had high specificity to
GD2-positive GBM cell lines, exerting effective cytotoxicity against
tumor cells.

Improvement of the anti-tumor persistence of GD2-specific CAR-T in
combination with Nivolumab

Although significant CAR-mediated anti-tumor activity was observed
in vitro, the flow cytometry assay revealed that the proportion of PD-1+
GD2 CAR-T cells was increased from 30.23 + 2.07% to 45.47 + 0.83%
from day-7 to day-14, indicating that the exhaustion of T cells could be
enhanced during in vitro proliferation (Fig. 3A). It was also demonstrated
that some GBM cell lines, including U251 (98.2%), U87 (45.3%), and
GBM4 (29.1%), expressed high levels of PD-L1 (Fig. 3D). These findings
suggested that the long-term cytotoxic activity of GD2-specific CAR-T
was probably inhibited via the PD-1/PD-L1 pathway during anti-tumor
action. Immune checkpoint inhibitors targeting PD-1 or PD-L1 have
previously substantially improved the outcomes of patients with diverse
cancers, although only 20-40% of the patients have benefitted from
these new therapies [19]. Herein, we assumed that the anti-PD-1 anti-
body could inhibit the PD-1 expression of CAR-T cells during cultivation,
as well as enhance the anti-tumor activity of GD2-specific CAR-T cells.

To test our hypothesis, the CAR-T culture was treated with the PD-1
monoclonal antibody Nivolumab (20 ug/mL) on day 3. The proliferation
analysis indicated that the proliferation of GD2 CAR-T cells was not
significantly increased following Nivolumab treatment. After cultivation
for 14 days, GFP T cells and GD2 CAR-T cells increased by 41.5- and
48.5-fold, respectively, whereas the GD2 CAR-T cells increased by 54.8-
fold following Nivolumab administration which was slightly higher than
the other groups (Figs. 3B and 3C). However, the increase in the level of
PD-1 expression was significantly inhibited. The proportion of PD-1+
GD2 CAR-T cells was dramatically increased from 30.23% +2.07% on
day 7 to 45.47 + 0.83% on day 14 in the control group (Fig. 3A),
whereas the corresponding values in the treatment group (with 20 pg/
mL Nivolumab) were 23.1 + 2.3% and 22.6 + 1.5%, respectively. This
suggested that Nivolumab could remarkably inhibit the increase of PD-
1+ CAR-T sub-population to prevent the exhaustion of T cells during
cultivation in vitro.

Furthermore, we studied the long-term cytotoxic effect of GD2 CAR-
T in combination with Nivolumab against PD-L1-positive U251 and U87
in vitro. We observed that GD2 CAR-T cells, in combination with Nivo-
lumab (20 pg/mL), exhibited more potent cytotoxic functions against
U251 and U87 in the five-round repetitive challenges (Figs. 3E and 3G).
In the case of the U251 cell line, GD2-specific CAR-T showed a cytotoxic
efficiency of 23.4 + 2.18% and maintained a residual elimination ability
of 26.63 + 2.35% in combination with Nivolumab at the fifth round of
re-challenging (Figs. 3E and 3F), whereas, treatment with GD2-specific
CAR-T alone showed cytotoxic efficiency of only 14.46 + 0.98% and
residual elimination ability of only 16.98 + 1.56%. In the case of the
U87 cell line, GD2-specific CAR-T in combination with Nivolumab
demonstrated a cytotoxic efficiency of 40.47 + 8.3% and residual
elimination ability of 43.44 + 7.83% at the fifth-round re-challenge,
whereas treatment with CAR-T cells alone showed values of only 20.97
+ 3.38% and 24.08 + 4.44%, respectively (Figs. 3G and 3H). These
results indicated that the anti-tumor cytotoxicity of CAR-T cells was
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Fig. 2. GD2 is a promising potential target for the treatment of GBM. A. The
expression profile of BAGALNT1 (GD2 synthase) in different tumors. This gene
was the most expressed in the brain tumor tissues among tumors derived from
different tissues. B. The analysis of B4GALNT1 expression in different tumors
according to samples from the TCGA database. C. Correlation between the
expression of B4GALNT1 and the survival of GBM patients. D. GD2 expression
in different GBM cells and patient-derived cell lines (GBM4). GD2 displayed a
significant heterogeneous expression profile in various GBM cell lines. E-I. GD2-
specific CAR-T exhibited local cytotoxicity against GD2-positive GBM cell lines.
CAR-T-mediated cytotoxicity was measured by effector-to-target cell co-culture.
CAR-T was co-cultured with different GBM cell lines at various indicated E/T
ratios (ranging from 0.5:1 to 8:1) for 5 h. The efficacy of cytotoxicity was
detected by LDH-releasing assay. J and K. Cytokines, including IFN-y and TNF-
o, were measured by ELISA during the CAR-T-mediated cytotoxicity assay.
Following the co-culture of CAR-T with GBM cell lines, the supernatants were
collected. Three independent assays were performed and data were presented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. “ns”
indicates statistically insignificant results.
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significantly exhausted without Nivolumab treatment. However, this
exhaustion could be effectively inhibited by the PD-1 antibody, indi-
cating that blockage of the PD-1 molecule could enhance the anti-tumor
persistence of GD2-specific CAR-T. In summary, it was observed that
treatment with Nivolumab greatly improved the persistent cytotoxicity
of GD2-specific CAR-T in vitro.

GD2-specific CAR-T, in combination with Nivolumab, exhibits enhanced
anti-tumor function in murine glioblastoma models

To evaluate the anti-tumor efficacy of GD2-specific CAR-T against
GBM in vivo, animal models with orthotopic glioblastoma cells injection
were established using NOD-SCID mice by implanting the U87-Luci cell
line, as described in previous reports [9,20]. U87-Luci cells (1 x 105)
were orthotopically injected into the ventral posterior medial nucleus
(VPM) region of mouse thalamic nuclei (coordinates to bregma: ML-1.5
mm, AP-2 mm, DV-3 to —4 mm) (Fig. 4A). After six days, all mice
received an intraperitoneal injection of cyclophosphamide (200 mg/kg)
to deplete host lymphocytes and provide a moderate environment for
the survival of re-injected T cells, as well as to eradicate Tyegs in mice. On
the following day, all mice were randomly divided into seven groups as
indicated and then were administered the corresponding doses of GD2
CAR-T via tail-vein injection. GFP T cells (2 x 10° per mouse) were
administrated in the mock group (Fig. 4A). IVIS imaging was performed
weekly to evaluate the therapeutic effect of GD2-specific CAR-T with or
without Nivolumab (10 mg/kg). Consecutive bioluminescence images
indicated that all groups treated with GD2 CAR-T, particularly the 20 x
10° GD2 CAR-T group (with or without Nivolumab), showed a gradual
decrease in the tumor burden, which was not observed in the mock
group (Fig. 4B). The radiance of U87-Luci cells transplanted in all mice
brains was significantly reduced following treatment with CAR-T
(Fig. 4C, Supplementary Figs. 2A-2G). The increasing tumor burden
might harm mice, as acute weight loss in mice treated with GFP T cells
was recorded during the treatment period until the death of the animal
(Fig. 4D). However, it was also observed that treatment with high-dose
CAR-T (20 x 10°/mice) could also exhibit a significant side-effect on
mice, suggesting that mice treated with 20 x 10° GD2 CAR-T (with or
without Nivolumab) had a shorter lifespan than the mock group.
Notably, animals in the groups treated with 5 x 10° or 10 x 10° GD2
CAR-T with Nivolumab exhibited an extended median survival time of >
50 days compared to all other groups (Figs. 4E and 4F).

Then, to investigate the pharmacokinetic association between the
dosage, treatment strategies, and therapeutic effect in vivo, the distri-
bution of CAR-T in varying dosages was evaluated by flow cytometry
assay. The percentage of CD3+ T cells was elevated proportionally with
an increase in the infusion dosage, from 35.285% to 79.43%, which was
significantly higher than the corresponding GFP T cells treatment group
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Table 1
The sequences of the 3 CARs used in the current study.

GD2-1: scFv from human-mouse chimera 3F8 (Patent: CN103347894B)
MALPVTALLLPLALLLHAARPSIVMTQTPKFLLVSAGDRVTITCKASQSVS
NDVTWYQQKAGQSPKLLIYSASNRYSGVPDRFTGSGYGTAFTFTISTVQ
AEDLAVYFCQQDYSSFGGGTKLEIKGGGGSGGGGSKPLPEVTDEYGGG
GSGGGGSQVQLKESGPGLVAPSQSLSITCTVSGFSVINYGVHWVRQPP
GKGLEWLGVIWAGGITNYNSAFMSRLSISKDNSKSQVFLKMNSLQID
DTAMYYCASRGGHYGYALDYWGQGTSVTVSSTTTPAPRPPTPAPTIA
SQPLSLRPEACRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITL
YCKRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRFPEEEEGGCELRVKFSRS
ADAPAYKQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPRRKNPQ
EGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDAL
HMQALPPR

GD2-2: scFv from humanized 3F8 (Patent: CN103347894B)
MALPVTALLLPLALLLHAARPSIVMTQTPAFLLVSAGERVTITCRAS
QSVSNDVTWYQQKAGQAPRLLIYSASNRYTGIPARFSGSGYGTE
FTFTISSVQSEDFAVYFCQQDYSSFGGGTKLEIKGGGGSGGGGSK
PLPEVTDEYGGGGSGGGGSQVQLVESGPGLVQPGRSLRLTCAVS
GFSVINYGVHWVRQPPGKGLEWLGVIWAGGITNYNSAFMSRL
TISKDNSKNTVYLQMNSLRAEDTAVYYCASRGGHYGYALDYWG
QGTLVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTR
GLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYKQGQNQLY
NELNLGRREEYDVLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDK
MAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPR

GD2-3: scFv from huKM666 positive control (Patent: CN106536563A)
MALPVTALLLPLALLLHAARPQVQLQESGPGLVKPSQTLSITCTVS
GFSLASYNIHWVRQPPGKGLEWLGVIWAGGSTNYNSALMSRL
TISKDNSKNQVFLKMSSLTAADTAVYYCAKRSDDYSWFAYWG
QGTLVTVSSGGGGSKPLPEVTDEYGGGGSENQMTQSPSSLSAS
VGDRVTMTCRASSSVSSSYLHWYQQKSGKAPKVWIYSTSNLAS
GVPSRFSGSGSGTDYTLTISSLQPEDFATYYCQQYSGYPITFGQG
TKVEIKRTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTRGL
DFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMRPV
QTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYKQGQNQLYNE
LNLGRREEYDVLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDKMA
EAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPR

(19.97%). Moreover, a higher proportion of CD3+ T cells was detected
in the combination treatment group compared to single treatment with
the same infusion dosages, indicating that Nivolumab possibly promoted
the homing of CAR-T to the spleen (Fig. 4G). The assay of bone marrow
samples indicated that although there was no significant difference be-
tween the percentages of CD3+ T cells among different treatment
groups, the percentages in the combined treatment group at each dosage
level were slightly higher than those in the single-infusion groups. This
suggested that Nivolumab could also enhance the bone marrow migra-
tion of GD2 CAR-T. A significant difference was observed in the 10 x
10° GD2 CAR-T groups in combination with Nivolumab, wherein the
animals showed the best outcome following treatment (Fig. 4H). These
results confirmed that medium or low dosages of GD2-specific CAR-T
effectively eradicated GBM burden in vivo, especially in combination
with Nivolumab. The 10 x 10° GD2 CAR-T, in combination with
Nivolumab, exhibited the best anti-tumor function and optimally
extended the survival of murine GBM models. This combination therapy
provided a promising solution to improving the anti-tumor function of
CAR-T in the treatment of GBM.

The potential mechanism associated with the toxicity of high-dose GD2
CAR-T in vivo

Various side effects, such as weight loss and shortened lifespan, were
observed in different treatment groups. Thus, the infusion of CAR-T
targeting the central neural system antigens probably induced several
undesired threatening syndromes associated with anti-tumor inflam-
matory responses. To explore the possible mechanisms, various proteins
and cytokines playing pivotal roles in the anti-tumor immune responses
were analyzed in the brain tissues. First, through IHC analysis, it was
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observed that the GD2 expression level was significantly higher in the
GFP T cells treatment group compared to those in the groups treated
with CAR-T (Figs. 5A, 5B), suggesting that the tumor burden was
probably effectively eradicated by GD2-specific CAR-T. Then, immu-
nofluorescence assays were performed to determine the expression
levels of proteins that are important in the apoptotic cascade and to
explore the possible mechanism of shorter lifespan induced by high-dose
CAR-T. The results of Ki67 staining revealed the presence of more GFP
and Ki67 double-positive cells in each group treated with GD2-specific
CAR-T than in the group treated with GFP T cells (Figs. 6A, 6B). This
indicated that GD2-specific CAR-T could effectively proliferate and
harbor significant persistent cytotoxicity. Moreover, whole brain scan-
ning of mice treated with 20 x 10° GD2 CAR-T revealed more GFP and
Ki67 double-positive signals in the left side of the brain, which was not
observed in the group treated with GFP T cells. This demonstrated the
better antigen-specific homing ability of GD2-specific CAR-T, as U87-
Luci cells were implanted only in the left side of mouse brains and
gradually migrated and infiltrate to the whole brain (Supplementary
Fig. 3).

Moreover, it was observed that the PD-1 expression levels in groups
treated with Nivolumab were lesser than those in the groups treated
with GD2-specific CAR-T or GFP T cells alone, indicating that CAR-T
with lower expression of PD-1 might exhibit a stronger and more
potent cytotoxic response in the solid TME (Supplementary Figs. 4A and
4B). This result was corroborated by the longer survival of mice treated
with 5 x 10%or 10 x 10° GD2-specific CAR-T in combination with
Nivolumab. The level of pro-inflammatory cytokines agreed with the
results of in vitro experiments, suggesting that treatment with a high
dose of GD2 CAR-T resulted in higher expression of IFN-y and TNF-a
(Figs. 7A and 7B, Supplementary Figs. 6A and 6B). Besides, the
expression of IL-6 in mouse brain was consistent in all groups, indicating
that mice treated with 20 x 10° GD2 CAR-T might not die from CRS, as
IL-6 is a major biomarker for monitoring CRS (Supplementary Figs. 5A
and 5B, Supplementary Figs. 6A and 6B) [21,22]. Additionally, in
contrast to GFP T treated group, IL6 level in mouse serum was consistent
low in all GD2 CAR-T treated groups (Supplementary Fig. 10). Spleno-
megaly was not observed when mice were sacrificed, and there was no
direct evidence for Homo sapiens GD2 expression in murine.

Furthermore, we investigated the reasons for the significantly
shorter lifespan in the group treated with 20 x 10° CAR-T cells. The
expression levels of several proteins vital to the apoptotic cascade were
determined to explore their possible relationship with the lifespan of
mice. It was observed that the expression of p53 and active caspase-3
was significantly increased, which coincided with the increasing level
of PARP cleavage in groups treated with high-dose GD2 CAR-T (Figs. 8A
and 8B, Supplementary Figs. 7A and 7B, Supplementary Figs. 8A and 8B,
Supplementary Figs. 9A and 9B). These results indicated that 20 x 10°
GD2-specific CAR-T might result in side effects in the mouse brain,
including extensive apoptosis of normal brain cells, as most of the pro-
apoptotic protein expression signals are co-localized in NeuN and Ibal
in mouse brain cells. This suggested that GD2-specific CAR-T-mediated
pro-inflammatory cytokines may induce the apoptosis of neurons or
microglia through the p53-caspase-3-PARP signaling pathway, causing
neurotoxicity, which led to the significant shortening of the lifespan
during treatment. Besides, when 20 X 10° GD2-specific CAR-T treated
mice were close to death, severe weight loss was indeed observed, and
mice were feeding and physically inactive.

Discussion

In the current study, we first demonstrated that GD2 was indeed
highly expressed in glioma tissues and some primary glioma cell lines.
Then we designed the GD2-targeting CAR structures and generated the
corresponding GD2 CAR-T cells. We detected a high proportion of CD8-
positive T cells in GD2 CAR-T cells, suggesting that they might possess a
strong cytotoxicity against glioma cells. And the proportion of central
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Fig. 3. Nivolumab enhances the long-term
cytotoxicity against GD2+/PD-L1+ GBM cell
lines mediated by GD2-specific CAR-T cells. A.
Nivolumab treatment inhibited the increase in
PD-1 expression of T cells. PD-1 expression of
GD2 CAR-T treated with or without Nivolumab
(20 pg/mL) was determined by flow cytometry
on day 7 and day 14. B. Proliferation profile of
GD2 CAR-T cells with or without Nivolumab in
vitro. Primary CD3+ T cells were purified and
activated by Dynabeads conjugated with CD3/
CD28 antibody. Lentivirus expressing GD2-
specific CAR or GFP was added after activa-
tion for 24 h. Cells in the GD2 CAR-T + Nivo-
lumab group were treated with Nivolumab at a
final concentration of 20 ug/mL on day 3. Cells
were counted at various indicated intervals and
harvested on day 12. C. Expansion fold change
of GFP T cells and GD2 CAR-T with or without
Nivolumab in vitro. D. Expression of PD-L1 on
different GBM cell lines and the patient-derived
cell line GBM4, as measured by flow cytometry.
E and G. Long-term cytotoxicity and relative
fold change mediated by GD2-specific CAR-T
with or without Nivolumab treatment. GD2-
specific CAR-T were re-challenged with U251
and U87 for five rounds with an E/T ratio of
8:1. Supernatants were harvested after co-
culture for 5 h for the LDH release assay. F
and H. The relative fold change of cytotoxicity
was calculated as the value of the first round as
baseline divided by the values of the remaining
rounds, respectively. Three independent assays
were performed and the data were presented as
mean + SEM. *p < 0.05, **p < 0.01, ***p <
0.001, and *p < 0.0001. “ns” indicates sta-
tistically insignificant results.

memory T cells was much higher compared with other sub-populations,
which could be beneficial for T cell-mediated anti-tumor effects. Sub-
sequently, we found that addition of Nivolumab could greatly decrease
the surface PD-1 expression level on GD2 CAR-T cells and enhance the
persistence of the cytotoxic ability of CAR-T cells against PD-L1-
expressing U251 and U87 cell lines. Then GBM murine models were
established, and the combination therapy could greatly reduce the
tumor burden in the mouse brain, and no excessive IL-6 in brain or
plasma was detected, indicating a high safety profile of GD2 CAR-T cells
with or without Nivolumab. High doses of GD2 CAR-T cells might have
caused a proapoptotic effect in the brain and shortened the survival of
animals. Further study is warranted to investigate the relationship be-
tween doses of CAR-T cells and safety.

Disialoganglioside, widely known as GD2, is highly expressed on
several solid tumors but rarely expressed on normal tissues. It plays a
pivotal role in the initiation and development of tumors, including the
proliferation, motility, migration, adhesion, and invasion of tumor cells.

This feature made GD2 an ideal TAA and a promising target for cancer
immunotherapy [23,24]. Chimeric antigen receptor T-cell (CAR-T)
therapy has yielded great success in the treatment of B-cell malig-
nancies. Recent results have also reported its benefits in CNS malig-
nancies, including GBM. To date, IL-13Ra2, EGFRVIII, and HER-2 have
been the most well-studied GBM-specific tumor surface antigens for
CAR-T therapy, and some promising results have been reported. How-
ever, several safety issues still existed, and recurrence of tumor
following CAR-T treatment remained an intractable problem.

Recently, a growing number of preclinical trials using GD2 CAR-T for
treatment of GBM had been conducted, and the results were encouraging
[25,26]. As demonstrated in Majzner’s research, diffuse intrinsic
pontine glioma (DIPG) and other H3K27M-mutated diffuse midline
gliomas (DMG) are commonly fatal pediatric central nervous system
tumors in which GD2 is highly expressed on H3K27M-mutant glioma
cells. Three out of four patients receiving GD2 CAR-T treatment showed
improved imaging and clinical performance, with toxic side effects
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Fig. 4. In vivo anti-tumor effects of GD2 CAR-T in combination with Nivolumab. A. Schematic outline of treatment with GD2 CAR-T with or without Nivolumab.
NOD/SCID mice were intracranially injected with 1 x 10 U87-Luci cells. Six days later, xenografted mice were analyzed using IVIS Lumina. Mice showing a positive
signal were randomly divided into seven groups and were pretreated with cyclophosphamide at a dose of 200 mg/kg. On the next day, mice received different
indicated treatments and were monitored by total flux with radiance each week. B. Serial bioluminescence imaging of the progression and regression of tumors in
each group at the indicated time points. C. Mean total flux values (photons/s) of each treatment group at the indicated time points. D. Mean weights in each
treatment group at the indicated time points. E and F. Survival percentage and median survival time in each treatment group. G and H. Proportion of CD3+ T cells in
the spleen and bone marrow of each treatment group. Tissue samples were collected from different treatment groups before mice were sacrificed. *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. “ns” indicates statistically insignificant results.

<
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mainly limited to the location of the tumor. These preliminary results hostile immunosuppressive environment, antigen escape, and physical
indicated that GD2-specific CAR-T is a promising tool in the treatment of barriers limit CAR-T-based strategies in the treatment of GBM. Among
DIPG or DMG tumors with H3K27M mutations [20]. However, the these challenges, the immunosuppressive environment plays a key role
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Fig. 5. The expression of GD2 in the brains of GBM-bearing murine models established by the U87-Luci injection. A. GD2 was detected by immunohistochemical
staining using a mouse-anti human GD2 monoclonal antibody. Nuclei were counterstained by hematoxylin. Scale bars represented 500 pm and 20 um on the left and
right panels, respectively. B. Means of gray density values of GD2 were measured using the ImageJ software according to the manufacturer’s instructions.
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in the failure of CAR-T against GBM [25,27]. To solve this problem,
Nivolumab, an IgG4 PD-1 immune checkpoint inhibitor antibody of
human origin, was used in the current study to boost the persistence and
survival of GD2-specific CAR-T and showed encouraging results.
Identification of novel tumor-specific antigens may be helpful in
tackling the problems of antigen loss and antigenic heterogeneity in
treatment of solid tumors. Another approach was to boost the non-
specific anti-tumor effect by using immune checkpoint inhibitors, such
as Nivolumab, which showed a promising adjunct effect in the current
study [28-30]. Besides, considering the brain origin of GBM, the route of
delivery for CAR-T administration would also be optimized to maximize
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Fig. 6. The expression of Ki67 in brains of murine GBM
models established using U87-Luci injection in different
treatment groups. A. Immunofluorescent staining was used
to detect Ki67 by mouse anti-human Ki67 monoclonal
antibody and a secondary antibody conjugated with
Cyanine3. GFP signal was represented as either GFP T or
GD2-specific CAR-T cells. Nuclei were counterstained with
DAPI. The scale bar was represented as 100 um. B. Quan-
titative analyses of GFP+/Ki67+ cells in mouse brain slides
as measured using ImageJ software.

its anti-tumor efficiency and persistence. In the treatment of blood
cancers, early preclinical studies and clinical trials employed intrave-
nous injection route for the delivery of CAR-T. Despite the promising
results via systemic administration, local administration of CAR-T might
be more effective in treating solid tumors [31-33]. Several studies have
demonstrated that CAR-T cells could migrate into brain tumor lesions
through the blood-brain barrier (BBB), exhibiting antigen-specific tumor
killing, as also demonstrated in this study. A focused intra-cavity de-
livery might allow direct access of CAR-T to the tumor tissue and reduce
CAR-T cell loss in the homing process towards tumor tissues, thus could
lead to a more potent anti-tumor efficacy and less systemic toxicity



G. Zhang et al.

A

20x105GFP T

5x105CAR-T

5x105CAR-T+
Nivolumab

10x105CAR-T

10x105CAR-T+
Nivolumab

20x105CAR-T

20x105CAR-T+
Nivolumab

20%10° CAR-T+Nivolumab
20x10° CAR-T

10x10° CAR-T+Nivolumab
10x10° CAR-T

5%10° CAR-T+Nivolumab
5x10° CAR-T

20x10°GFP T

0 50 100 150 200 250
Number of GFP+/IFN-y+ cells

compared to systemic administration. Moreover, as several
tumor-associated antigens are also present on normal tissues,
intra-cavitary delivery of CAR-T directly to the GBM site might reduce
the “on-target off-tumor” cytotoxicity and potentially prevent some fatal
side effects.

In conclusion, GD2-specific CAR-T, in combination with Nivolumab,
could effectively kill GBM cells in an antigen-specific manner in vitro and
eradicate tumor burdens and extend lifespan of murine glioblastoma
models in vivo. This combinatory strategy offered an effective approach
for treatment of solid tumors, including GBM, through applying effector
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Fig. 7. The expression of IFN-y and IL-6 in the brains of
murine GBM models established using U87-Luci injection
in different treatment groups. A. IFN-y and IL-6 were
detected by mouse anti-human IFN-y and rabbit anti-
human IL-6, respectively. Secondary antibodies conju-
gated with Cyanine3 and Cyanine5 were used to stain IFN-y
and IL-6, respectively. Nuclei were counterstained with
DAPI. The scale bar was represented as 100 um. B. Quan-
titative analyses of GFP+/IFN-y+ cells in mouse brain
slides as measured using ImageJ software.

CAR-T cells together with immune checkpoint inhibitors to remodel the
tumor microenvironment which may lead to a more potent persistence
and proliferation ability of CAR-T cells. However, an improved strategy
targeting multiple TAAs, using an optimal delivery route and dosage
needed to be contemplated in future studies to, hopefully, pave the road
to clinical translation in GBM therapies.
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Fig. 8. The expression of NeuN and p53 in the brains of
murine GBM models established using U87-Luci injection
in different treatment groups. A. NeuN and p53 were
detected by goat anti-mouse NeuN and rabbit anti-human
p53, respectively. Secondary antibodies conjugated with
Cyanine3 and Cyanine5 were used to stain NeuN and p53,
respectively. Nuclei were counterstained with DAPI. The
scale bar was represented as 100 pm. B. Quantitative an-
alyses of NeuN+/p53+ cells in mouse brain slides as
measured using ImageJ software. *p < 0.05, **p < 0.01.
ns” indicates statistically insignificant results.
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