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Antitumor activity of the third generation EphA2 CAR-T cells against glioblastoma is
associated with interferon gamma induced PD-L1
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ABSTRACT

Glioblastoma (GBM) is the most common and aggressive brain malignancy in adults and is currently
incurable with conventional therapies. The use of chimeric antigen receptor (CAR) modified T cells has
been successful in clinical treatment of blood cancers, except solid tumors such as GBM. This study
generated two third-generation CARs targeting different epitopes of ephrin type-A receptor 2 (EphA2)
and examined their anti-GBM efficacy in vitro and in tumor-bearing mice. We observed that these two
types of T cells expressing CAR (CAR-T) targeting EphA2 could be activated and expanded by EphA2
positive tumor cells in vitro. The survival of tumor-bearing mice after EphA2 CAR-T cell treatment was
significantly improved. T cells transduced with one of the two EphA2 CARs exhibited better anti-tumor
activity, which is related to the upregulation of CXCR-1/2 and appropriate interferon-y (IFN-y) production.
CAR-T cells expressed excessively high level of IFN-y exhibited poor anti-tumor activity resulting from
inducing the upregulation of PD-L1 in GBM cells. The combination of CAR-T cells with poor anti-tumor
activity and PD1 blockade improved the efficacy in tumor-bearing mice. In conclusion, both types of
EphA2 CAR-T cells eliminated 20%-50% of GBM in xenograft mouse models. The appropriate combination
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of IFN-y and CXCR-1/2 levels is a key factor for evaluating the antitumor efficiency of CAR-T cells.

Introduction

Glioblastoma (GBM) is the most common and aggressive pri-
mary brain malignancy in adults.' Due to its high morbidity,
high mortality and low cure rates, GBM has caused a severe
social and medical burden worldwide. It is still incurable with
conventional therapies.” Therefore, the development of novel
therapies for GBM is necessary to improve the outcome and
prognosis of patients with GBM.

T lymphocytes have been found in the cerebrospinal fluid
(CSF) of healthy individuals, which are important for immune
surveillance.” However, in patients with GBM, most T cells are
exhausted.*”® This is due to the ability of GBM cells to induce
local and systemic immunosuppression. Immune checkpoints,
particularly programmed cell death-1 (PD-1) and its ligand
(PD-L1), can suppress T lymphocytes activity. The binding of
PD-1 to PD-L1 can induce apoptosis and the exhaustion of
activated immune cells, limiting the efficacy of adaptive immu-
notherapy, and poses a significant challenge to the develop-
ment of new therapies.

Chimeric antigen receptor (CAR) modified T cell therapy is
an adoptive T cell therapy emerging as a promising strategy to
treat cancer. CARs are synthetic molecules that redirect T cells
to eradicate tumors through specific recognition of surface
proteins expressed on tumor cells, consisting of an extracellular
tumor antigen-binding domain linked to  hinge,

transmembrane, and intracellular signaling domains.””’
T cells expressing CAR (CAR-T cells) can directly identify
tumor-associated antigens through single-chain variable frag-
ment (scfv) of the extracellular domain, then are activated by
intracellular signal transduction, releasing multiple cytokines,
such as perforin, granzyme, interferon-y (IFN-y), and tumor
necrosis factor (TNF), and induce tumor cell apoptosis.'®"!
Therefore, CAR-T cells act in an major histocompatibility
complex (MHC)-independent manner and ingeniously com-
bine the abilities of antibody-specific recognition of antigens
and cytotoxicity of T lymphocytes.

CAR-T cell therapy is an adoptive T-cell therapy, that tar-
gets tumor cells directly. Emerging evidence indicates that
CAR-T cells also acts in harmony with the endogenous
immune system within the tumor microenvironment (TME).
In the TME, a group of tumor-infiltrating immune cells includ-
ing T regulatory cells (Tregs), tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs) play
inhibitory roles in the antitumor efficacy of adoptively trans-
ferred tumor-targeted effector T cells."*”'* Furthermore intra-
tumoral CAR-T cells are associated with non-CAR immune
cell activation within the TME, with beneficial and pathological
effects.””

CAR-T cell therapy was first applied to treat hematologic
B-cell malignancies, and it provided effective and encouraging
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results.'®'” Two new drugs (Kymrial and Yescata) are available
to treat hematologic malignancies in the United States and
Europe.lg’19 However, CAR-T cell treatment for solid tumors
has shown limited antitumor activity and is still in the experi-
mental stage.

Several GBM-CAR-T therapy candidate targets have been
examined for evaluating their feasibility and reliability, such as
IL-13 receptor subunit alpha 2 (IL13Ra2), human epidermal
growth factor receptor 2 (HER2), and epidermal growth factor
receptor variant III (EGFRVIII), which have exhibited encoura-
ging anti-tumor effects.'>*>*! Ephrin type-A receptor 2
(EphA2) is a member of the ephrin receptor family and plays
important roles in a diverse array of developmental, physiolo-
gical, and disease processes. Recent studies have indicated that
EphA2 overexpression is associated with a poor prognosis in
multiple types of tumors, such as esophageal, ovarian, and lung
cancers.”>** EphA2 is overexpressed in GBM, although poorly
expressed in the normal brain, making it an attractive target for
the development of novel therapeutic strategies.”*>® At pre-
sent, at least two independent groups have developed different
EphA2 specific CARs to treat GBM and obtained encouraging
pre-clinical results.”” >’

This study generated two third-generation CARs targeting
different EphA2 epitopes. T cells transduced with different
CARs exhibited inhibitory effects on GBM. High-throughput
RNA sequencing was used to reveal the molecular mechan-
isms, and a list of gene expression patterns was obtained for
CAR-T cell efficiency prediction.

Materials and methods
Cell lines

The human GBM cell lines U87, U373, U251, and the retro-
virus packaging cell line PG13 were purchased from the
American Type Culture Collection (ATCC). U251 and U373
cells expressing eGFP and firefly luciferase were generated by
retroviral infection. All these cells were maintained in
Dulbecco’ s modified Eagle’ s medium (Lonza), containing
10% fetal bovine serum (Biosera) and 10,000 IU/mL penicil-
1in/10,000 pg/mL streptomycin (EallBio Life Sciences).

Generation of retroviral vectors encoding
EphA2-specific CARs

Two different EphA2-scFvs (D2-1A7 and D2-1Bl1) coding
sequences were synthesized by GeneArt (Invitrogen) and
then subcloned into the SFG retroviral vector. All cloning of
the CARs were verified by sequencing. Retroviral particles were
generated by PG13 cells after transient transfection.

Generation of CAR T cells

Human peripheral blood mononuclear cells (PBMCs) from
healthy donors were isolated by Lymphoprep (MP
Biomedicals) gradient centrifugation. To generate EphA2-
CAR T cells, T cells in PBMCs were stimulated with anti-
CD3 and anti-CD28 beads, and then infected with retrovirus.
On day 7, the T cells were subjected to CAR expression

detection and then expanded in X-VIVO™15 serum-free
medium (Lonza) which containing 5% GemCell™ Human
Serum AB (Gemini Bio) and IL-2 (SL PHARM). This research
was approved by the Beijing Shijitan Hospital Institutional
Review Board and informed consent was obtained from all
the participants.

Flow cytometry

Flow cytometry was performed on a FACSCanto Plus instru-
ment (BD Biosciences) and FlowJo v.10 (FlowJo, LLC) was
used for data analysis. Genetically modified T cells were
detected after staining with APC-labeled mouse anti-human
CD3 antibody (BD Biosciences), PE-labeled mouse anti-
human CD8 antibody (BD Biosciences), BV421 labeled
mouse anti-human CD4 antibody (BD Biosciences), and goat
anti-mouse IgG (Fab specific) F(ab'), fragment-FITC antibody
(Sigma). GBM cells was stained with Alexa fluor 700 labeled
mouse anti-human EphA2 (R&D System) and then subjected
to flow cytometry to examine the cell surface EphA2
expression.

RNA interference

GBM cells were transfected with small interfering RNAs
(siRNAs) using Lipofectamine 3000 (Thermo Fisher
Scientific) for 48 hours. The cells were then collected for
RNA and protein extraction.

Sequences for siRNAs:

Si-Control, ACGUGACACGUUCGGAGAA; si-IFNGRI,

UUAUACUGGAUCUCACUUCG; si-IFNGR2,
UUCGUAGCAAGAUAUGUUG; si-PD-L1,
UCUCUCUUGGAAUUGGUGG.

Cell binding assay

CAR-T cells were washed twice by sterile PBS and then stained
with 0.5 uM CSFE (Thermo Fisher Scientific) solution. After
blocking and wash, the CAR-T cells were incubated with pre-
plated GBM cells for 5 min at 37°C. The cells were then washed
by pre-warmed PBS three times and then fixed by 4% paraf-
ormaldehyde. Images were captured before and after wash.
Experiment were repeat for 3 times and cells numbers were
counted in at least 3 independent field.

Immunoblotting

Cells were washed with PBS three times and then the protein
was extracted using RIPA buffer. The protein samples were
quantified using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific), and then denatured in sodium dodecyl sulfate
(SDS)/B-mercaptoethanol sample buffer. Samples (10 pg)
were separated on a 15% SDS-polyacrylamide gel and blotted
onto polyvinylidene fluoride membranes (Millipore) by elec-
trophoretic transfer. The membrane was incubated with mouse
anti-human CD247 (BD Biosciences) overnight at 4°C, and
then the specific protein-antibody complex was detected
using HRP conjugated goat anti-mouse secondary antibody
(Santa  Cruz  Biotechnology). Detection  of  the



chemiluminescence reaction was carried out using an ECL kit
(Thermo Fisher Scientific). The experiment was repeated at
least three times.

Real-time RT-PCR

Total RNA was extracted from cells using TRIzol Reagent
(Invitrogen) following the manufacturer’s instructions. The
quantity and purity of RNA were measured using a Nanodrop
One spectrophotometer (Thermo Fisher Scientific). Only sam-
ples with the appropriate absorbance measurements (A260/
A280 of ~2.0, and A260/A230 of 1.9-2.2) were considered for
inclusion in this study. cDNA was synthesized using the High-
Capacity cDNA Reverse Transcription kit (Thermo Fisher
Scientific) and then amplified using SYBR Green PCR Master
Mix (Thermo Fisher Scientific) with gene-specific primers.
GAPDH was used as an internal control. Relative gene expres-
sion was calculated using the 2— AACt method.

T cell proliferation assay

T cells were labeled with 5 uM CFSE (Thermo Fisher Scientific)
following the manufacturer’s protocol. A co-culture of 1 x 10°
CFSE-labeled T cells and 5 x 10° target cells was done for 72 h,
and T cell proliferation was analyzed by flow cytometry to
confirm the existence of discrete peaks.

In vitro killing assay

Mock or anti-EphA2 CAR T cells were incubated with U87,
U373 or U251 cells at 1:1, 2.5:1, 5:1 or 10:1 ratio (Effectors:
Targets, E: T) in X-VIVO™15 medium for 24 h. Supernatants
were removed and collected for measurement of IFNy by
ELISA. The luciferases activities were monitored using the
IVIS imaging system (IVIS, Xenogen, Alameda, CA, USA).

Analysis of cytokine production

The CAR-T cells were co-cultured with GBM cells at an E:
T ratio of 10:1 for 24 hours. The supernatants were collected
and subjected to IFN-y detection. IFN-y levels were measured
using the Human IFN-gamma DuoSet ELISA kit (R&D sys-
tem) according to the manufacturer’s instructions.

Impedance-based tumor cell killing assay

Using the xCELLigence impedance-based system, continuous
tumor cell death was evaluated over 24 h. U373 and U251
tumor cells were plated in a 96-well, resistor-bottomed plate
at 10,000 cells per well. After 24 h, 100,000 T cells (10:1 seeding
ratio) were added in triplicate, and NT cells served as controls,
at which point cell index values correlating to U373 or U251
adherence were normalized. Impedance-based measurements
of the normalized cell index were collected every 15 min, which
were determined by measuring of the impedance of current
across the transistor plate caused by tumor cell adherence.
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Xenograft mouse model with subcutaneous glioma
cells injection

Six- to eight-week-old NOD-SCID mice were purchased from
Charles River Laboratories. The right flank of female NOD-
SCID mice were injected with 5 x 10° U251-eGFP-Luc cells to
construct the xenograft mouse model. Ten days after tumor cell
injection, 3 x 10" CAR T cells were injected directly into the
tumor. Tumor development was monitored using IVIS (IVIS,
Xenogen, Alameda, CA, USA), and the mice were sacrificed
when the diameter of the tumor reached 20 mm.

For the PD1 antibody co-treatment experiment, NOD-SCID
mice were injected subcutaneously with 1 x 107 U251-eGFP-
Luc cells to construct the xenograft mouse model. Five days
post-tumor xenograft, mice were treated with a total of 3 x 107
CAR T cells or non-transduced control T cells, followed by
peritumoral (p.t.) administration of 200 ug PD1 antibody (Bio
X Cell). On the day of 13, the mice were administrated a second
dose of PDlantibody (Bio X Cell) and then the tumor growth
was monitored using IVIS (IVIS, Xenogen, Alameda, CA, USA).

All experiments including mice were approved by the
Beijing Shijitan Hospital Institutional Review Board.

Xenograft mouse model with glioma cells intracranial
implantation

Six to eight week-old NOD-SCID mice were anesthetized with
a ketamine/xylazine cocktail solution. Animals were secured in
a stereotaxic head frame, a 1 cm midline scalp incision was
made, and 2 x 10° U373-eGFP-luc cells in 5 uL PBS were
injected into the left striatum (coordinates: 2.5 mm lateral
and 0.5 mm posterior to the bregma) through a burr hole in
the skull using a 10 pL BD syringe to deliver tumor cells to a 3.5
- mm intraparenchymal depth. The burr hole in the skull was
sealed with bone wax, and the incision was closed using med-
ical adhesive glue (COMPONT). Two weeks after the tumor
cells injection, 3 x 107 CAR T cells were injected through tail
vein and tumor growth was monitored using the IVIS in vivo
imaging system (IVIS, Xenogen, Alameda, CA, USA). All
experiments with mice were approved by the Beijing Shijitan
Hospital Institutional Review Board.

Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) sections of tumor
specimens were deparaffinized and then incubated with rabbit
anti-PD-L1 or rabbit anti-Ki67 primary antibody (Cell Signaling
Technology) at 4°C overnight. After incubation with HRP -
conjugated goat anti-rabbit secondary antibody, the signal was
detected using DAB Substrate kit (Abcam) following the man-
ufacture’s instructions. Images were obtained using
a microscopy (Nikon). Three different random images were
captured for each sample at 400x magnification and the relative
density of PD-L1 signal was quantified by Image J v1.49.

RNA high-throughput sequencing

Samples containing 2 pg total RNA each were used as input
material for generating the sequencing libraries using the
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NEBNext®Ultra™ RNA Library Prep Kit (#£7530L, NEB) follow-
ing the manufacturer’s. Briefly, mRNA was purified from total
RNA using poly-T oligo-attached magnetic beads.
Fragmentation was carried out using divalent cations under
elevated temperature in NEB Next First Strand Synthesis
Reaction Buffer (5X). First-strand cDNA was synthesized using
random hexamer primers and RNase H. Second strand cDNA
synthesis was subsequently performed using buffer, dNTPs,
DNA polymerase I, and RNase H. The library fragments were
purified with QiaQuick PCR kits, eluted with EB buffer, and then
terminal repair, A-tailing, and adapters were implemented. To
complete the library, the products were retrieved and PCR was
performed. The clustering of index-coded samples was per-
formed on a cBot Cluster Generation system with TruSeq SR
Cluster kit, v3-cBot-HS (Illumina Inc.), according to the manu-
facturer’s protocol. Subsequently, the library was subjected to an
MMlumina NovaSeq 6000 System platform (Illumina Inc.) for
sequencing. Raw data were first processed using custom Perl
scripts. Clean data (clean reads) were read by removing reads
containing poly-N with 5'- adapter contaminants, without 3'-
adapter or the insert tag, or containing poly-A, -T, -G or -C from
raw data, as well as low-quality reads.

The differentially expressed genes between two CAR-T cells
were subjected to gene ontology (GO), KEGG pathway, and
subcellular localization analysis using an online bioinformatics
tool: DAVID Bioinformatics Resources 6.8. Data visualization
and analysis were processed by custom Rstudio scripts follow-
ing the packages (ggplot2 and Treemap). Fisher’s exact test was
used for the gene-enrichment analysis.

Statistical analysis

All experiments were performed at least in triplicate and
GraphPad Prism version 8.0.2 (GraphPad Software) was used

for statistical analysis. Data are presented as mean + standard
deviation. The differences between means were tested using
appropriate tests. Overall survival of mice with GBM xeno-
grafts was measured using the Kaplan-Meier method, with
Cox proportional hazard regression analysis for group com-
parison. Statistical significance was set at p < .05.

Results
Overexpression of EphA2 in glioblastoma cell lines

To evaluate the clinical treatment potential of EphA2 specific
CAR-T cells, the level of EphA2 on the cell surface of three
GBM cell lines (U251, U87, and U373) was first detected by
flow cytometry. As shown in (Figure S1), EphA2 was expressed
on the cell surface of 93.45% U87 cells, 97.75% U251 cells, and
93.40% U373 cells, indicating that EphA2 can be used as
a target for CAR design.

Generation of EphA2 CAR-T cells

To generate EphA2 specific CAR-T cells, we developed retro-
viral vectors encoding third-generation (CD28.4-1BB{) CAR
based on two different EphA2-specific mAbs. These two dif-
ferent CARs contained the same N-terminal leader sequence,
one of the EphA2-scFvs (D2-1A7 and D2-1B1), the CD28
transmembrane domain, and signaling domains derived from
CD28.4-1BB and CD3.{ (Figure 1a).

Primary T cells were isolated from healthy donor peripheral
blood mononuclear cells and stimulated with anti-CD3 and
anti-CD28 beads. The T cells were infected with one of the
retroviruses and then subjected to immunoblotting 7 days after
transduction to examine their efficiency. As shown in (Figure
S2a), approximately 30% of the cells were CAR positive, and
there were no significant differences between these two groups
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(Figure 1b). Cell proliferation was detected by flow cytometry
3 days after CFSE staining and direct cell counting. The CAR-T
cells exhibited good viability and proliferation capacity
(Figure 1c and Figure 1d), and the CD4/CD8 ratios were
similar between the two groups (Figure S2B).

Two EphA2 CAR-T cells exhibited different anti-tumor
activity in vitro

Subsequently, EphA2-CAR-T cells were co-cultured with GBM
cells (U87, U251, and U373) at E:T ratios from 1:1 to 10:1 to
examine their anti-tumor activity. As shown in (Figure 2a),
EphA2-a-CAR-T cells lysed more than 76.05% of the tumor
cells at a low E:T ratio (1:1) and more than 85% of the tumor
cells at a high E:T ratio (10:1) after 24 h of co-culture, which
had a significantly higher tumor cell killing rate than NT and
EphA2-b-CAR-T cells (Figure 2a). We observed an extremely
high IFN-y level in the medium from co-cultured EphA2-
b-CAR-T cell, compared to that from the EphA2-a group
(Figure 2b). Results from the real-time cell growth monitoring
(RTCA) system indicated that EphA2-a and EphA2-b-CAR-T
cells could repress the growth of tumor cells when compared
with control T cells (Figure 2¢). EphA2-a-CAR-T cells exhib-
ited the highest tumor repression capacity in vitro (Figure 2c).

Two EphA2 CAR-T cells exhibited different anti-tumor
activity in vivo

To further examine the anti-GBM activity of EphA2-CAR-T
cells in vivo, U251-eGFP-Luc cells were injected subcuta-
neously into NOD-SCID mice to generate a GBM xenograft
mouse model. On day 10, T cells were injected directly into the
tumor with non-transduced T cells (NT) as the negative con-
trol, and tumor growth was monitored for 70 days. As shown
in (Figure 3a), mice treated with EphA2-a-CAR-T cells showed
significantly prolonged survival compared to control mice.

ONCOIMMUNOLOGY €1960728-5

EphA2-b-CAR-T cell treated mice had prolonged survival
compared to control mice; however, the difference was not
significant. Similar results were observed in an intracranial
glioma xenograft mouse model. As shown in (Figure 3b),
both types of CAR-T cells repressed tumor growth, whereas
EphA2-a -CAR-T cells exhibited better anti-GBM activity than
the other.

Analysis of the differentially expressed genes using
high throughput RNA sequencing

To explore why EphA2-a-CAR-T cells have better tumor
repression activity than EphA2-b-CAR-T cells, high through-
put RNA sequencing was used to examine the differentially
expressed genes between EphA2-a and EphA2-b-CAR-T cells.
Raw data were submitted to the Gene Expression Omnibus
database (accession code GSE163833). We found 1090 upre-
gulated and 1228 downregulated genes in the EphA2-a-CAR-T
cells compared with EphA2-b-CAR-T cells after co-culture
with GMB cells (Figure S3). The top 400 differentially
expressed genes were subjected to gene ontology analysis, and
we found that genes regulating adaptive immune response,
potassium ion transport, and transmembrane receptor protein
tyrosine kinase signaling pathway were upregulated in EphA2-
a-CAR-T cells. The expression of genes in IFN-y mediated
signaling pathway, JAK-STAT cascade, inflammation response
and type I interferon signaling pathway were relatively low in
EphA2-a-CAR-T cells (Figure 4). In addition, both the up-
regulated and downregulated genes in EphA2-a-CAR-T cells
were mostly enriched in the extracellular region and cell mem-
brane. After protein-protein interaction (PPI) analysis (Figure
$4 and S5), we found that two clusters including 12 genes 42
edges, and 10 genes 43 edges were at the center of the down-
regulated PPI network (Figure S5).

To confirm the RNA-seq results, we collected the CAR-T
cells 4 h after being co-cultured with U87, U251, or U373
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Figure 4. Gene ontology enrichment analysis of differentially expressed genes after co-culture. The differentially expressed genes between the two CAR-T cells were
subjected to GO analysis using the online bioinformatics tool: DAVID Bioinformatics Resources 6.8. Fisher's exact test was used for the gene enrichment analysis. BP,

biological process; CC, cellular component; MF, molecular function.

cells, and then detected 3 candidate genes by RT-qPCR. We
found that both EphA2-CAR-T cells had significantly high
expression of the IFNG genes before and after co-culture
with GBM cells (Figure 5a). Compared with EphA2-a-CAR-
T cells, EphA2-b-CAR-T cells had high expression of IFNG
before GBM cells co-culture, and 4 h after co-culturing

with U251 and U87 cells. Similarly, EphA2-b-CAR-T cells
expressed higher levels of CXCL8 than EphA2-a-CAR-T
cells before and after tumor cell co-culture. EphA2-
b-CAR-T cells expressed 11.87 fold higher IL-21 than
EphA2-a-CAR-T cells, however, no significant difference
was found after tumor cell co-culture.
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Figure 5. Low IFN-y and CXCL8 levels relate to better anti-tumor activity in EphA2-CAR-T cells. EphA2 CAR-T cells before or after co-culture with GBM cells were
subjected to RT-gPCR to examine the expression of IFN-y, CXCL8, IL-21, CXCR1, and CXCR2. Results were analyzed by one-way ANOVA and statistical significance was set

at p < .05. *p < .05, **P < .01.

Different scFvs may have variable affinity to antigens, and
furthermore influence the cell-cell interactions between CAR-
T cells and target cells. To reveal the mechanism of differen-
tially expressed genes in these two EphA2-CAR-T cells, we
examined the interactions between T and tumor cells with
a simple cell binding assay. As shown in (Figure S6), EphA2-
a-CAR-T cells are more easily to recognize and bind with GMB

30min post co-culture

Relative PD-L1 mRNA level
expression

Fig.6

Figure 6. EphA2-b-CAR-T cells induced upregulated PD-L1 expression in GBM cells. (

cells, which should be pivotal factor to induce the different
gene expression profile.

It has been reported that T cells are suppressed by various
mechanisms at the tumor site, among which PD-1/PD-L1 axis-
mediated functional inhibition plays a key role.*>* It is
known that overexpressed IFN-y in the TME can bind to its
receptor, subsequently activating the JAK/STAT signaling

4 h post co-culture

expression

Relative PD-L1 mRNA level
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a) GBM cells were co-cultured with CAR-T cells at an E:T ratio of 2:1 for 30 min and 4

h. The GBM cells were then subjected to RT-qPCR to determine the PD-L1 level. (b) The PD-L1 and Ki-67 levels in the tumors from CAR-T cells treated mice were detected
by immunohistochemistry. The positive signal was quantified by Image J. Results were analyzed One-way ANOVA and statistical significance was set at p <.05. *p < .05,

**P <.01, **p <.001.
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pathway, which further induces PD-L1 expression in the tumor
cells.”>** To understand whether the extremely high TFN-y
level contributed to the worse anti-tumor activity of EphA2-
b-CAR-T cells via inducing PD-L1 in GBM cells, we examined
the mRNA level of PD-L1 in GBM cells co-cultured with CAR-
T cells at two different time points. As shown in (Figure 6a), the
GBM cells cultured with EphA2-b-CAR T cells expressed sig-
nificantly increased PD-L1 compared with EphA2-a-CAR
T cells at 30 min after co-culture with tumor cells. When the
co-culture time was increased to 4 h, the co-cultured GBM cells
expressed more than 8-fold higher PD-L1 expression than
wild-type GBM cells. However, PD-L1 levels in GBM cells co-
cultured with two different EphA2-CAR T cells were similar.
We detected PD-L1 levels in tumor samples from CAR-T
cell treated xenograft mouse models by immunohistochemis-
try. As shown in (Figures 6B), 45.89% of tumor cells were PD-
L1 positive in the EphA2-b-CAR-T cells treated group,
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significantly higher than the percentage in the EphA2-
a-CAR-T cell-treated group. In contrast, the percentage of
Ki67-positive tumor cells in the EphA2-b-CAR-T group was
32.46%, significantly higher than that in the EphA2-a-CAR-T
group.

To verify whether EphA2-b-CAR-T cells induced increased
PD-L1 expression in GBM cells through the IFN-y-IFN recep-
tor pathway, we knocked down IFNGRI1, IFNGR2, or PG-L1
by siRNAs separately (Figure 7aandFigure 7b), and then per-
formed an in vitro killing assay. As shown in Figure 7c,
increased anti-GBM activity was observed in both EphA2-a
and EphA2-b-CAR-T cells, and EphA2-b-CAR-T cells exhib-
ited similar tumor cell killing activity as EphA2-a-CAR-T cells.

Finally, we treated tumor-bearing mice with CAR-T cells
combined with PD1 antibody (Figure 7d-f). In the NT
group, the PDI antibody co-treatment did not inhibit
tumor growth. EphA2-a-CAR-T cell treatment dramatically
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Figure 7. EphA2-b-CAR-T treatment combined with PD1 blockade exhibited enhanced antitumor activity. U251 and U373 cells were transiently transfected with one of
the siRNAs to knock down the expression of IFNGR1, IFNGR2 or PG-L1 separately (a and b), and then the cells were subjected to an in vitro killing assay at an E:T = 1:1.
The cell lysis rates were determined by detecting luciferase activity (c). NOD-SCID mice were injected subcutaneously with 1 x 10”7 U251.eGFP.Luc cells to construct
a xenograft mouse model. Five days post-tumor xenograft, mice were treated with a total of 3 x 107 CAR-T cells or non-transduced control T cells peritumorally,
followed by peritumoral (p.t.) administration of 200 pug PD1 antibody. On day 13, the mice were administered a second dose of PD1antibody, and tumor growth was

monitored using VIS (D, E, and F).



repressed the tumor growth regardless of the PD1 antibody
treatment. The combination of EphA2-b-CAR-T cell with
PD1 blockade could boost CAR-T antitumor activity indi-
cating that PD1-PD-L1 interaction plays an important role
in repressing the antitumor activity of the EphA2-b-CAR-T
cells. Based on the results established herein, we proposed
a model for the IFN-y-PD-L1 axis regulating EphA2-CAR
-T cell therapy against GBM (Figure 8).

Discussion

GBM is one of the most common and aggressive primary brain
malignancies in humans, and has high morbidity, mortality,
and recurrence rate. The use of CAR-T cells has been successful
in treating blood cancers clinically, except solid tumors such as
GBM. EphA2 is overexpressed in GBM cells, and at least two
independent groups have tried EphA2 specific CAR-T cells to
treat GBM.?”"* This study successfully generated two third-
generation CARs targeting EphA2 and evaluated their tumor
repression capacity in vitro and in vivo. T cells transduced with
any one of these two CARs exhibited anti-tumor activity both
in vitro and in xenograft mouse models, which is consistent
with the findings of other researchers and provides a powerful
candidate tool for clinical GBM treatment.

Despite the significant breakthrough of CAR-T therapy in
terms of its clinical curative effects, the CAR-T cells generated
from different laboratories or by different methods exhibit
inconsistent anti-tumor efficiency. Several factors affect the
anti-tumor efficiency of CAR-T cells, such as target antigen
affinity, terminal differentiation, and off-target toxicity.
However, there is still no technical standard to evaluate CAR-
T cell efficiency.” This study compared the gene expression
profiles of T cells transduced with two different CARs targeting
different epitopes of the same protein. Several candidate genes
regulating the Wnt signaling pathway, cell viability, and apop-
tosis have the potential to become gene markers for CAR-T cell
evaluation.
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Interferon gamma is a dimerized soluble cytokine critical
for innate and adaptive immunity and is mainly secreted by
activated T cells. IFN-y plays a key role in the activation of
cellular immunity and, subsequently, in the stimulation of the
antitumor immune response. However, excessive IFN-y pro-
duction is one of the main sources of CAR-T cell toxicity.**
In addition, high IFN-y levels in the TME can induce the
overexpression of PD-L1 in tumor cells, which further binds
to PD-1 in T cells and induces T cell exhaustion. This study
observed that CAR-T cells secreted an extremely high level of
IFN-y had weak anti-tumor activity against GBM in vitro and
in vivo. These findings indicate that excessively high IFN-y
production can be used as a negative evaluation criterion for
CAR-T cells. Furthermore, PD-1 knockout combined with
CAR-T therapy is a good strategy to overcome the IFNy-PD-
L1-PD-1 obstacle.

CXCL-8, also known as IL-8, is a chemotactic factor that
attracts neutrophils, basophils, and T-cells during the inflam-
matory process. In addition, CXCL-8 acts as an important
multifunctional cytokine that modulates tumor proliferation,
invasion, and migration in an autocrine or paracrine manner.>8
In the TME, tumor cells can overexpress CXCL-8 naturally,
and ionizing radiation has been found to significantly increase
the production of CXCL-8 in tumors.” The CXCL-8 receptors
CXCR1 or CXCR2 modified CAR-T cells exhibit increased
migration and persistence when treating solid tumors,*’ indi-
cating that CXCL-8 can be leveraged for CAR T cell therapy. In
this study, we found that EphA2-a-CAR T cells expressed less
CXCL-8 and more CXCR1 and CXCR2. The upregulation of
CXCRI1 and CXCR2 may sensitize T cells to CXCL-8 in the
TME contributing to better anti-tumor activity.

As one of the most important parameters of scFv, affinity
has been modulated to improve the specificity of CARs, and
reduce “on-target, off-tumor” side effects. The altered affinity
of scFvs can impact CAR signaling and other effector func-
tions, such as cytokine production, cell proliferation, and
in vivo persistence. In this study, the two CARs were developed
by targeting two different epitopes of EphA2, and they should
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000
x50
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EphA2-CAR-b
transduction
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transduction

Figure 8. Experiment workflow and proposed model of better anti-tumor efficacy after EphA2-a-CAR-T cells treatment.
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have different affinities for EphA2. The difference in affinity is
related to altered avidity, which directly determine the anti-
tumor efliciency of CAR-T cells. Therefore, better anti-GBM
activity of EphA2-a-CAR-T cells, and differentially expressed
genes should mostly result from different T-tumor cell inter-
actions, which are determined by their different affinity and
avidity.

In conclusion, we generated two third-generation EphA2
CARs which can eliminate 20% - 50% GBM in xenograft
mouse models and provide a candidate gene list to evaluate
the efficiency of CAR T cells.
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