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Abstract

Chimeric antigen receptor (CAR) T cells remain unsatisfactory in treating solid tumors. The frequency of tumor-infiltrating
T cells is closely related to the good prognosis of patients. Augmenting T cell accumulation in the tumor microenvironment
is essential for tumor clearance. To overcome insufficient immune cell infiltration, innovative CAR designs need to be devel-
oped immediately. CXCL9 plays a pivotal role in regulating T cell migration and inhibiting tumor angiogenesis. Therefore,
we engineered CAR T cells expressing CXCL9 (CART-CXCL9). The addition of CXCL9 enhanced cytokine secretion and
cytotoxicity of CAR T cells and endowed CAR T cells with the ability to recruit activated T cells and antiangiogenic effect.
In tumor-bearing mice, CART-CXCL9 cells attracted more T cell trafficking to the tumor site and inhibited angiogenesis than
conventional CAR T cells. Additionally, CART-CXCLO9 cell therapy slowed tumor growth and prolonged mouse survival,
displaying superior antitumor activity. Briefly, modifying CAR T cells to express CXCL9 could effectively improve CAR

T cell efficacy against solid tumors.
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Introduction

CAR T cell immunotherapy has shown clinical efficacy in
treating hematologic malignancies. Kymriah and Yescarta,
CD19-targeting CAR T cell products, have been approved
for the treatment of CD19-positive lymphoma or leukemia
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[1, 2]. However, CAR T cell therapy against solid tumors is
hampered by multiple challenges, so the expected curative
effect has not been achieved [3, 4]. The heterogeneity of
tumor antigens, immunosuppressive tumor microenviron-
ment (TME), infiltration, proliferation, and persistence of
T cells severely restrict their therapeutic effects [S]. Among
them, the migration and accumulation of T cells at tumor
site are the first steps to realize effector functions. However,
the complex location of solid tumors and the microenviron-
ment make it difficult for immune cells to access [6]. There-
fore, there is an urgent need to improve intratumoral T cell
infiltration in solid tumors.

Chemokines and their receptors play a vital role in T
cell migration. The expression of chemokines at tumor
site is closely associated with T cell infiltration, tumor
control, and patient prognosis [5]. Studies have shown
that tumors cause immune desertification and tumor
escape by disrupting the chemokine—chemokine recep-
tor network that supports T cell recruitment, thereby
inhibiting effector T cell infiltration and increasing tumor
progression [7, 8]. Therefore, introducing an appropriate
chemokine—chemokine receptor network to promote T cell
migration is a feasible strategy. CXCL9, also known as
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monokine induced by gamma interferon (MIG), is a mem-
ber of the CXC family. It can be induced by IFN-y, but is
not affected by IFN-a/f [9-11]. CXCL9 plays an essential
role in immune cell chemotaxis and recruits cells express-
ing CXCR3 receptors, which consist mainly of activated
T and natural killer (NK) cells [12]. Furthermore, CXCL9
can promote the polarization of effector Th cells, thereby
enhancing the immune response and antitumor effects [13,
14]. In addition, CXCL9, which does not contain the ELR
(Glu-Lue-Arg) motif, generally inhibits angiogenesis and
delays tumor progression [9, 15]. CXCL9 can be used as
a biomarker to predict the immune response of patients,
and its expression is associated with better prognosis in
patients with tumors [16—18]. Thus, studies have focused
on strategies to improve immunotherapy by increasing
CXCL9 expression [19].

So far, the main study focused on constructing the
tumor cell line overexpressing CXCL9, inducing CXCL9
expression of tumor cells by low-dose irradiation, intra-
tumoral injection of recombinant CXCL9, or deliver-
ing CXCL9 to tumor site by mesenchymal stem cells to
inhibit tumor growth [20-23]. However, the combination
of CXCL9 and CAR T cells has not yet been reported.
In this study, we engineered mesothelin-targeting CAR
T cells co-expressing CXCL9 and explored the immune
function and antitumor efficacy of CAR T cells overex-
pressing CXCL9 both in vitro and in vivo.

Materials and methods
Cell lines

The human lung cancer cell lines (H322 and A549),
human umbilical vein endothelial cells (HUVECS), and
human embryonic kidney cell line 293 T were obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). All cell lines were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) or RPMI-1640
medium (Gibco) containing 10% fetal bovine serum (FBS,
HyClone), 100 U/mL penicillin, and 100 pg/ml streptomy-
cin (Invitrogen), and maintained at 37 °C in a humidified
incubator with 5% CO,.

CAR construction

The CAR design targeting mesothelin was based on the sec-
ond generation of CD28, as described in a previous report
[24]. Human CXCL9 (Uniprot: Q07325) was connected to
the meso-CAR structure with a P2A linker and synthesized
by Sangon Biotech (Shanghai, China). The coding sequence
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was inserted into the lentiviral vector pPCDH-EF1 (System-
bio) expressing green fluorescent protein (GFP).

CART cell generation

The generation and transduction of CAR T cells were
performed as reported [25]. Briefly, the 293 T cells were
co-transfected with the pCDH lentiviral and packaging
(psPAX2 and pMD.2G) plasmids. The supernatant contain-
ing the lentivirus was harvested 48 and 72 h after trans-
duction. CD3* T cells from healthy donors were activated
with anti-CD3/CD28 Dynabeads (Miltenyi Biotec, Ger-
many). The virus supernatant collected was concentrated
and infected activated CD3* T cells. Transfection efficiency
was detected 5 days after virus infection, and function assays
were performed.

T cell function analysis and flow cytometry

The flow cytometry antibodies used in this study were pur-
chased from BioLegend. The collected cells were washed
with phosphate-buffered saline (PBS) containing 2% FBS
and stained with fluorescence-conjugated antibodies. The
cells were incubated at 4 °C in the dark for 20 min to detect
the expression of T cell surface molecules. To analyze the
expression of functional cytokines, cells were stimulated
with 12-myristate 13-acetate (PMA, 1 mg/mL; Sigma-
Aldrich), ionomycin (1 mg/mL; Sigma-Aldrich) and brefel-
din A (BioLegend), or antigen-stimulation (H322 cells) for
6 h. Cytokines were first surface-stained and then intracel-
lularly stained. The cells were incubated with 4% paraform-
aldehyde and permeation buffer for 30 min at 4 °C. Next,
the cells were stained with human cytokine antibodies. All
samples were analyzed using C6 or FACSCanto II flow
cytometer (BD Biosciences).

Cytotoxicity assay

The target cells H322 and A549 were incubated with con-
trol untransduced T cells (UTD) or CAR T cells at different
effector-to-target ratios in a 96-well plate for 6 h. The super-
natants and cells were harvested and stained with annexin
V (BioLegend) and propidium iodide (PI, BioLegend). The
percentage of annexin V single-positive (early apoptosis)
plus PI and annexin V double-positive (late apoptosis) was
calculated as the apoptosis rate of tumor cells. All samples
were analyzed using C6 or FACSCanto II flow cytometer
(BD Biosciences).

Chemokine and chemokine receptor analysis

To study the expression of CXCL9 and its receptors, col-
lecting UTD and CARTmeso or CARTmeso-CXCL9 cells
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transduced for 5 days were stained with CD3 (BioLegend,
Cat. No. 300316), CXCL9 (BioLegend, Cat. No. 357906)
and CXCR3 (BioLegend, Cat. No. 353706) antibodies,
and performed flow cytometry. To measure the level of
chemokine production, the supernatants of T cells, CART-
meso, or CARTmeso-CXCL9 cells were harvested, and
the secretion of T cell chemokines was detected using the
LEGENDplex™ Human Proinflammatory Chemokine Panel
(BioLegend, Cat. No. 740003).

Mesothelin expression in tumor cell lines

To explore the expression of mesothelin in different lung
cancer cell lines, the digested tumor cells were, respectively,
labeled with mesothelin (Miltenyi Biotec, Order no. 130-
118-168) and its isotype antibody (Miltenyi Biotec, Order
no. 130-113-438). The samples were incubated for 20 min
at 4 °C in the dark and detected by flow cytometry.

Transwell assay

As previously reported, the migration ability of CD3* T
cells was evaluated in 24-well plates with 5-pm pore size
polycarbonate filters (Corning Inc., Corning, NY, USA)
[26]. Recombinant human CXCL9 (Pepro-Tech) or the cul-
ture supernatant of CAR T cells was added to the lower
chambers. CD3* T cells were activated with anti-CD3/CD28
Dynabeads (Miltenyi Biotec, Germany) for 48 h. Activated
CD3* T cells were added to the upper chambers (5 x 10°
cells per well). The 24-well plate was incubated at 37 °C in
a 5% CO, incubator for 3 h. The cells in the lower chambers
were calculated to determine differences in T cell migration.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant was collected after co-culture of T cells and
H322 cells for 24 h without exogenous cytokines. Human
IFN-y ELISA kit (Dakewe Biotech, 1,110,002) was used to
test the secretion of IFN-y in T cells. Duplicate wells were
provided for each sample. The concentration of protein was
calculated by measuring the optical density (OD) value of
the absorbance at 450 nm.

Tube formation assay

Fifty microliters of Matrigel (BD Biosciences, Bedford,
MA, USA) was added to each well of a precooled 96-well
plate and incubated at 37 °C for 30 min. HUVECsS (3 X 104)
suspended in 100 pL. medium were seeded into each well.
Tube formation was observed for 4 h at 37 °C. The tubes that
formed were imaged and counted the number of loops and
nodes under a microscope for statistical analysis.

VEGFR2 expression in HUVECs

To detect the expression of vascular endothelial growth fac-
tor receptor 2 (VEGFR2), HUVECs were incubated with
different concentrations of recombinant human CXCL9
(Pepro-Tech) or culture supernatants of CAR T cells. The
collected HUVECs washed with PBS containing 2% FBS
and stained with VEGFR?2 antibodies (BioLegend, Cat. No.
393003) at 4 °C in the dark for 20 min. Flow cytometry
analyzed VEGFR?2 expression.

Matrigel plug assay

Female NOD/SCID mice aged 5 weeks were obtained from
the Vital River (Beijing, China). All mice were fed in the
Henan Key Laboratory for Pharmacology of Liver Dis-
eases. One hundred microliters of cell suspension (2 X 108,
HUVECs: H322=1:1) was mixed with 400 pL Matrigel
(R&D Systems, 3632-001-02). The mixture was inocu-
lated subcutaneously into each mouse. Then, the mice were
intravenously infused with 100 pL UTD, CARTmeso, or
CARTmeso-CXCL9 (5x 10%). After 7 days, the Matrigel
plugs were removed and processed for histology.

Immunohistochemistry

Tumor tissues from the animals were embedded in paraffin-
embedded sections. The tissue sections were deparaffinized
and incubated with hydrogen peroxide blocking solution
and protein-blocking agent. They were stained with anti-
CD3 (Abcam, ab16669) or anti-CD31 antibody (Abcam,
ab28364) at 4 °C overnight and counterstained with hema-
toxylin. The CD3 immunohistochemical score was evaluated
based on the intensity of cell staining and the frequency of
positive cells. The intensity was scored as follows: 0, nega-
tive; 1, light yellow; 2, brown; and 3, deep brown. The fre-
quency of positive cells was defined as follows: 0, 0%; 1, 1%
to 25%; 2, 26% to 50%; 3, 51% to 75%; and 4, greater than
75%. The positive expression of CD31 under microscopic
observation indicated the presence of vascular endothelial
cells. The measurements of CD31 staining were evalu-
ated based on Weidner’s method (Weidner 1995) and were
obtained at X 200 magnification in each area. Staining of
brown blood vessels with lumen was positive, as was stain-
ing of individual endothelial cells.

Xenograft tumor model

Female NOD/SCID mice aged 5 weeks were subcutaneously
injected with 1x 10° luciferase-expressing H322 cells. After
3 days, the mean total flux of tumors reached 1 x 10° p/s, and
mice were intravenously infused with 6 X 10° UTD, CART-
meso cells, CARTmeso-CXCL9 cells, and equal volumes
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of PBS, respectively. Mice were killed when the values of
total flux were over 2 x 10'!. Bioluminescence images were
recorded weekly to monitor tumor growth.

T cell trafficking and functional evaluation in vivo

Seven days after CAR T cell injection, the tumor, spleen,
and peripheral blood were harvested, and single-cell sus-
pensions were prepared. The tumor tissues were cut into
pieces and digested with three-step enzymatic digestion
(1 g/L trypsin, 1 g/L hyaluronidase and 2 g/L collagenase).
The spleens were cut and ground to obtain cells. Peripheral
blood mononuclear cells were isolated by density gradient
centrifugation. The single-cell suspensions were washed
with PBS containing 2% FBS and stained with fluorescence-
conjugated antibodies specific to human CD3 (BioLegend,
Cat. No. 300316), CD4 (BioLegend, Cat. No. 357414),
CD69 (BioLegend, Cat. No. 310906), PD-1 (BioLegend,
Cat. No. 621608), Tim-3 (BioLegend, Cat. No. 345012) at
4 °C for 20 min. The analysis of functional molecular IFN-
y (BioLegend, Cat. No. 502512), TNF-a (BioLegend, Cat.
No. 502909), and Ki67 (BioLegend, Cat. No. 350514) was
consistent with the description of intrinsic factor detection
above. Protein-L was used for the CAR staining in CAR T
cells. All samples were analyzed using the BD FACSCanto
II flow cytometer (BD Biosciences).

Bioinformatics analysis

The correlation of CXCL9 and CD8A in lung adenocarci-
noma (LUAD) and lung squamous cell carcinoma (LUSC)
was obtained from online website cbioportal (https://www.
cbioportal.org/).

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of the First Affili-
ated Hospital of Zhengzhou University. Animal studies were
approved by the Animal Care and Ethics Committee of the
First Affiliated Hospital of Zhengzhou University.

Statistical analysis

All in vitro experiments were performed in at least three
independent replicates, with five mice in each group in the
in vivo studies. The data were analyzed using GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA) and presented
as mean + SEM. Statistical differences among groups were
performed using the ¢ test and ANOVA comparison. The
survival curve was determined by the log-rank test. Statisti-
cal significance was set at p <0.05.
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Results

CXCL9 augmented effector function and migration
of T cells

CXCL9 as a chemokine was positively correlated with
the expression of CD8A, CD3E and CD4 in tumors (Fig.
S1). To further understand the role of CXCL9, we inves-
tigated how this chemokine regulated T cell function. We
added 50 ng/mL recombinant human CXCL9 protein to T
cells with anti-CD3/CD28 beads activation for 3 days and
found that CXCL9 induced the formation of effector Thl
cells (Fig. S2), which was consistent with previous reports
[27]. However, CXCL9 showed low expression in T cells
before and after activation; the expression of its receptor
CXCR3 was upregulated in activated T cells (Fig. la, b).
To further assess the function of CXCL9, CXCL9 was
added to CD3" T cells, and the activation (CD69, CD28)
and inhibitory (PD-1, Tim-3) markers remained the same
(Fig. 1c). Of note, cytokine secretion (IFN-y and TNF-
a) of CD3* T cells treated with CXCL9 was increased
(Fig. 1d, e), suggesting that CXCL9 could promote the
expression of effector molecules in CD3" T cells. In addi-
tion, there was no difference in the composition of CD4
and CD8 subsets in CD3™ T cells (Fig. S3a). Similarly,
the effects of CXCL9 on CD8* T cell subsets were tested.
CXCL9 did not alter the phenotype of CD8* T cells, but
augmented the secretion of functional molecules (Fig. S3b,
c). Transwell assay results revealed that T cell migration
increased in a CXCL9 concentration-dependent manner
(Fig. 1f). Collectively, these results indicate that CXCL9
can promote the effector function and migration ability
of T cells.

CXCL9 enhanced CART cell function in vitro

We then generated mesothelin-targeted CAR T cells
overexpressing CXCL9 (CARTmeso-CXCL9), which
connected the encoded CAR gene with the CXCL9 gene
through the 2A peptide. Mesothelin-specific CAR T cells
(CARTmeso) served as controls (Fig. 2a). The flow cytom-
etry analysis showed that the transduction efficiency of
CAR T cells was not affected by adding CXCL9, but the
CXCL9 expression was increased in the cytoplasm and
cultured supernatant of CARTmeso-CXCL9 cells (Fig. 2b,
¢, and S4a). Moreover, there was no significant difference
in the Ki67 expression in T cells, and the transduction
of CXCL9 did not influence CAR T cell proliferation
(Fig. 2d). To verify whether CXCL9 can enhance the func-
tion of CAR T cells, the cytotoxicity assay was performed
at different effector-to-target (E/T) ratios. H322 (high
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Fig.1 CXCL9-treated T cells exhibited enhanced effector function
and movement ability. a, b Flow cytometric analysis of CXCL9 and
CXCR3 in CD3" T cells before and after activation. ¢ Expression
of CD69, CD28, PD-1, Tim-3 in CD3* T cells from healthy donors
treated or not with recombinant human CXCL9 protein (50 ng/mL).
d, e Analysis of intracellular IFN-y and TNF-a in CD3* T cells from
healthy donors cultured with or without CXCL9 protein (50 ng/

mesothelin expression, 66.2%) and A549 (low mesothelin
expression, 7.09%) were used as target cells (Fig. S4b).
As expected, CXCL9 enhanced the cytotoxicity of CAR T
cells and IFN-y secretion against tumor cells (Fig. 2e, f and
S5). Consistent with the previous results, the secretion of
effector cytokines IFN-y and TNF-a was augmented, and
the T cell phenotype remained unchanged in CARTmeso-
CXCL9, compared to UTD and CARTmeso cells (Fig. 2g
and S4c). Furthermore, 5 days after constructing CAR
T cells, the polarization of CD4™ T cells was detected,
and the proportion of Thl subpopulations increased in
CARTmeso-CXCL9 cells (Fig. 2h). To explore whether
CARTmeso-CXCL9 cells can recruit activated T cells,
cell culture supernatants of UTD, CARTmeso, and CART-
meso-CXCL9 were collected and subjected to transwell
experiments with activated T cells. There was obvious
T cell accumulation in the cell culture supernatant of
CARTmeso-CXCL9, suggesting that CARTmeso-CXCL9
cells have the ability to direct activated T cell movement

CXCL9 Control CXCL9

mL) by flow cytometry. f Activated CD3* T cells incubated for 3 h
under different dose of CXCL9 protein. The migrated cells in the
lower chamber were counted by flow cytometry to calculate migra-
tion index. Results are representative of at least 3 independent experi-
ments. ¥p <0.05, ¥¥p <0.01 (repeated-measures one-way ANOVA or
student # test)

(Fig. 2i). Therefore, these data reveal that CARTmeso-
CXCL9 cells have the immune function superior to tra-
ditional CAR T cells and the ability to recruit activated
T cells.

CXCL9 enhanced CART cell cytokine secretion
and attracted T cells to the tumor site in vivo.

To clarify the efficacy of modified CAR T cells in vivo,
H322 cells were subcutaneously injected into NOD/SCID
mice. Activated CD3* T cells were infused intravenously
on the first day, to verify whether CARTmeso-CXCLO9 cells
could recruit these activated T cells in vivo. Then, CAR T
cells sorted by flow cytometry were intravenously injected
the next day. After 7 days, tumor, spleen, and peripheral
blood samples were collected to detect T cell infiltration
and function (Fig. 3a). The results showed that compared
with mice treated with UTD and CARTmeso cells, the
proportion of CD3" T cells in the CARTmeso-CXCL9
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Fig.2 CARTmeso-CXCL9 cells displayed better cytotoxicity and
capacity in recruiting activated T cells than CARTmeso cells. a Sche-
matic diagram of engineered meso-CAR and meso-CAR-CXCL9
constructs. b The transfection efficiency of CAR T cells was tested by
protein-L staining using flow cytometry. ¢, d Flow cytometric detec-
tion of CXCL9 (c) and Ki67 (d) expression 5 days after CAR T cell
transduction. e Cytotoxicity assay using A549 or H322 cells as tar-
gets. UTD or CAR T cells were co-cultured with target cells at the
indicated effector-to-target (E/T) ratios for 6 h. f IFN-y secretion in
supernatant of UTD or CAR T cells co-cultured with tumor cells was

group doubled in the tumor, but with no statistical differ-
ence between the spleen and peripheral blood (Fig. 3b—d),
suggesting that CARTmeso-CXCL9 could make more
T cells homing to tumor site, which was consistent with
the experimental results in vitro. Then, the polarization
of CD4" T cells in UTD or CAR T cells infiltrated by the
tumor was detected. The percentage of Th1 (CD4TIFN-y")

@ Springer

measured by ELISA assay. g UTD or CAR T cells were stimulated
with H322 cells for 6 h. The effector molecules (IFN-y and TNF-a)
of T cells were measured. h The percentage of CD41IFN-y* cells in
CAR T cells constructed for 5 d were analyzed by flow cytometry. i
Transwell assay was used to explore the recruitment ability of CART-
meso-CXCL9. Activated T cells were added in the upper chamber,
and the collected UTD or CAR T cell supernatant was placed in
the lower chamber, incubating for 3 h. Data represent 3 independent
repeats. *p <0.05, **p<0.01, ***p <0.001 (repeated-measures one-
way ANOVA or Student 7 test)

in the CARTmeso-CXCL9 increased compared to that in
traditional CAR T cells (Fig. 3e), indicating that CART-
meso-CXCL9 cells may improve the immune response. The
expression of phenotype markers and Ki67 in CAR T cells
was not significantly different between the CAR T cell treat-
ment groups (Fig. 3f, g). In addition, functional molecule
expression in UTD or CAR T cells in tumors was analyzed
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by flow cytometry. The secretion of IFN-y and TNF-« in
CARTmeso-CXCL9 cells was higher than that in traditional
CAR T cells (Fig. 3g), suggesting that CARTmeso-CXCL9
cells may have stronger antitumor activity. Therefore, we
demonstrated in vivo that CARTmeso-CXCL9 cells drive
T cells to tumor site and enhance the antitumor potential of
CAR T cells.

CXCL9 conferred antiangiogenic effect on CART
cells

Previous studies have demonstrated that CXCL9 represses
angiogenesis and tumor progression [10]. To elucidate the
antiangiogenic function of CXCL9, tube formation assay and
flow cytometry were conducted in vitro. The data showed
that the addition of recombinant human CXCL9 protein not
only inhibited tube formation in HUVEC:s, but also reduced
VEGFR2 expression (Fig. S6). To explore whether CART-
meso-CXCL9 also has antiangiogenic ability, HUVECs were
processed with the culture supernatants of UTD, CART-
meso, and CARTmeso-CXCL9 to evaluate their effects on
HUVECs. As anticipated, the cell culture supernatant of
CARTmeso-CXCL9 greatly decreased tubal structures and
diminished VEGFR2 expression in HUVECs (Fig. 4a—d).
Furthermore, a humanized tumor vascular model was con-
structed using a Matrigel plug assay in NOD/SCID mice
to evaluate angiogenesis characteristics (Fig. 4e) [28].
Immunohistochemical staining for CD31 was performed to
accurately quantify vascularization (Fig. 4f, g). There were
fewer CD31 stained microvessels in the CARTmeso-CXCL9
group, which was consistent with the above results. The
results demonstrated that the blood vessels of the Matrigel
plug were lower in the CARTmeso-CXCL9 cell group than
in the other control groups. To summarize, the data suggest
that CARTmeso-CXCL9 cells have strong antiangiogenic
properties.

CART cells expressing CXCL9 exhibited superior
antitumor efficacy in vivo

To study the antitumor effect of CARTmeso-CXCL9 cells
further, we established a xenograft mouse model. NOD/
SCID mice were subcutaneously injected with 1x 10°
luciferase-expressing H322 cells. PBS, UTD, CARTmeso,
and CARTmeso-CXCL9 cells were intravenously injected
into tumor-bearing mice (Fig. 5a). The CARTmeso-CXCL9
treatment group inhibited tumor growth and prolonged
mouse survival than conventional CAR T cells or the control
group, as assessed by bioluminescence imaging and survival
curves (Fig. Sb—d). This prolongation may be modest, but
it also illustrated the need for further optimization of the
method. These results indicated that CARTmeso-CXCL9

cells have potent antitumor potential and improve the sur-
vival rate in the tumor-bearing mouse model.

Discussion

Despite promising results in B-cell malignancies, CAR T
cells are still less effective in solid tumors [29, 30]. Improv-
ing the homing and accumulation of T cells in tumors is
a prerequisite for their therapeutic activity. The increased
lymphocyte infiltration in the tumor microenvironment is
closely related to the good prognosis of various tumors [31,
32]. Chemokines and chemokine receptors are important
regulators that mediate the migration of immune cells. At
present, numerous studies have been devoted to modifying
CAR T cells to overexpress chemokine receptors to augment
T cell traffic to the tumor site [6, 33, 34]. CAR T cells over-
expressing CXCR1 or CXCR2 can more effectively migrate
to the tumor site generating IL-8, and significantly reducing
the tumor burden [33]. Similarly, CAR T cells with CCR2b
transduction enhance the migration and infiltration of tumor
tissues [34]. Modifying CAR T cells for local delivery of
chemokines is another viable strategy, which can recruit
more immune cells to reach tumor site [35]. The forced
expression of CCL19 in CAR T cells significantly inhib-
its tumor growth by inducing the infiltration of T cells and
DC cells into tumor site [35]. Effector T cells, including
CAR T cells, express high levels of the chemokine receptor
CXCR3 and are attracted to tumors that express CXCR3
ligands (CXCL9, CXCL10, or CXCL11). There have been
several studies focusing on increasing the concentration
of CXCL9, CXCL10, or CXCL11 in the tumor microen-
vironment to recruit CXCR3" effector T cells homing [22,
36-38]. In addition to the recruiting ability, CXCL9 also
has the function of regulating Th1 cell differentiation and
inhibiting angiogenesis, while CXCL11 polarizes CD4" T
cells into T regulatory type 1 cells and thus inhibits immune
cell function [39]. And Dangaj D et al. found that among the
three chemokines of CXCL9, CXCL10, or CXCL11, only
the expression of CXCL9 was positively correlated with
CDS8A in various cancer types [8]. Moreover, various stud-
ies have shown that the expression of CXCLY is highly cor-
related with tumor-infiltrating T cells [40, 41]. And CXCL9
can recruit immunocytes expressing its receptor CXCR3,
which is mainly expressed in T cells, NK cells, DC cells and
monocytes [42]. Compared with CCL19, CXCL9 not only
increases the accumulation of various immune cells in the
tumor microenvironment, but also exerts antitumor effects
through other functions. CXCL9 regulates Th1 polarization
to activate immune response [9]. Inhibition of tumor angio-
genesis endows CXCL9 superior antitumor properties [15].
Various literature studies have increased the expression of
CXCL9 in the TME by mesenchymal stem cell delivery,
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intratumoral injection, induced expression, and other meth-  factor in patients with multiple solid tumors [43-45], sug-
ods, but have not applied CXCL9 to CAR T cells for tumor  gesting that CART-CXCL9 cells we modified can be used
immunotherapy [22, 23]. Therefore, we constructed CART-  in various solid tumor models. Among malignant tumors,

CXCL9 cells that overexpress CXCL9. In addition, the high ~ lung cancer is the primary cause of both high incidence and
transcription level of CXCL9 can act as a positive prognostic ~ mortality rates in China [46]. Mesothelin is highly expressed
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«Fig.3 CARTmeso-CXCL9 showed enhanced cytokine secretion and
the potential of T cell recruiting in vivo. a Experimental design for
b-g 1 day after the inoculation of 3x10° H322 cells, and 5x 10’
activated T cells were injected intravenously into NOD/SCID mice.
UTD or CAR T cells were infused intravenously the next day. Before
infusion, CAR T cells have been purified. After 7 days, samples of
mice were gathered for analysis. b Frequencies of infiltrating T
cells in tumor, spleen, and peripheral blood were measured by flow
cytometry 7 days after the infusion of CAR T cells. ¢, d Representa-
tive images and score of stained immunohistochemistry for human
CD3 in tumor tissue 7 days after T cell infusion. e The percentage
of CD4*IFN-y" cells in tumor-infiltrating T or CAR T cells. f Flow
cytometric analysis of CD69, PD-1, and Tim-3 in T or CAR T cells
of the tumor site. g T or CAR T cells in tumor were analyzed for the
expression of functional molecules (IFN-y, TNF-a, and Ki67). N=5
mice/group, *p<0.05, **p<0.01, ***p<0.001 (repeated-measures
one-way ANOVA or Student ¢ test)
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tubes formed by HUVECs were assessed. ¢, d Flow cytometric analy-
sis of VEGFR2 expression in HUVECs. e-g Effect of CARTmeso-

in lung cancer patients, while its expression in normal tis-
sues is limited to mesothelial cells [47]. Consequently, we
designed CART-CXCLO cells based on mesothelin (CART-
meso-CXCLD9) in this study and selected to explore the func-
tion and efficacy of CARTmeso-CXCL9 in the lung cancer
model.

T cells can directly or indirectly exert antitumor effects
by producing effector factors IFN-y and TNF-a. CD4* T
cells play a central role in coordinating adaptive immune
responses. The effector subsets Th1l secrete cytokines (such
as IFN-y, TNF-a, and IL-2) to promote the tumor immune
response. CXCL9 promotes the polarization of Thl cells
[14, 48], and our study verified these results. Similarly, our
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Fig.5 CARTmeso-CXCL9 cells enhanced tumor eradication in a
xenograft model. a Schematic diagram of the experimental process.
H322 cells expressing luciferase were inoculated into NOD/SCID
mice subcutaneously. On day 3, mice were treated with PBS, UTD,

data indicated that CXCL9 could promote the production
of CD3" T cell cytokines and endow CAR T cells with
enhanced effector function and cytotoxicity. Activated T
cells highly expressed the CXCL9 receptor CXCR3. The
in vivo and in vitro results showed that CAR T cells over-
expressing CXCL9 could recruit and accumulate T cells
at the tumor site. T cell migrating to tumor depends on a
match between chemokine receptors on effector T cells and
chemokines expressed at the tumor site [49]. The litera-
ture indicates that effector T cells, including CAR T cells,
express high-level chemokine receptor CXCR3 [37, 50].
Thus, effector T cells are attracted to tumors that express
CXCR3 ligand (i.e., CXCL9). Moreover, we examined
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CXCR3 expression on CAR T cells prior to infusion into
mice, and both CARTmeso-CXCL9 and CARTmeso
cells expressed more than 30% of CXCR3 (data were not
shown), suggesting that CXCL9-modified CAR T cells have
the potential to infiltrate into tumor sites. The antiangio-
genic ability of CXCL9 has been reported to be the main
factor inhibiting tumor growth [10, 15, 51], and CART-
meso-CXCL9 has the same characteristics. In the Matrigel
plug assay, compared with conventional CARTmeso cells,
CARTmeso-CXCL9 cells significantly reduced angiogen-
esis in the tumor Matrigel. Moreover, the CXCL9-CXCR3
axis enhances the anti-PD-1 efficacy in tumors and plays
a vital function in immunotherapy [8, 16], suggesting that
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our modified CARTmeso-CXCL9 cells can be combined
with anti-PD-1 therapy to exert a superior curative effect.
However, there is a lack of mouse models to evaluate the
long-term safety, and the introduction of suicide genes or
synNotch system to control CXCL9 expression in CAR T
cells may be necessary for future.

Our investigation demonstrates that a novel CAR struc-
ture can overexpress CXCL9, improve CAR T cell immune
functions, and delay tumor growth. To the best of our knowl-
edge, no previous studies have investigated the association of
CAR T cells with the chemokine CXCL9. We also consider
that CAR T cells overexpressing CXCL9 could enhance
the effector function of CAR T cells, increase the infiltra-
tion of immune cells (such as T cells and NK cells) in the
solid tumor microenvironment, and inhibit tumor angiogen-
esis to induce tumor regression in patients. However, these
still need more research to prove. Our study also constructs
humanized CAR T cells that kill human tumor cells, and the
results provide a theoretical basis for solid tumor treatment
with CARTmeso-CXCLO cells. Its enhanced antitumor effi-
cacy provides preclinical evidence for the expansion into the
human system, which has clinical translational significance.
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