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Glioblastoma (GBM) is the most aggressive primary malignant
brain cancer and urgently requires effective treatments.
Chimeric antigen receptor T (CAR-T) cell therapy offers a po-
tential treatment method, but it is often hindered by poor infil-
tration of CAR-T cells in tumors and highly immunosuppres-
sive tumor microenvironment (TME). Here, we armed an
oncolytic adenovirus (oAds) with a chemokine CXCL11 to in-
crease the infiltration of CAR-T cells and reprogram the immu-
nosuppressive TME, thus improving its therapeutic efficacy. In
both immunodeficient and immunocompetent orthotopic
GBMmice models, we showed that B7H3-targeted CAR-T cells
alone failed to inhibit GBM growth but, when combined with
the intratumoral administration of CXCL11-armed oAd, it
achieved a durable antitumor response. Besides, oAd-
CXCL11 had a potent antitumor effect and reprogramed the
immunosuppressive TME in GL261 GBM models, in which
increased infiltration of CD8+ T lymphocytes, natural killer
(NK) cells, and M1-polarized macrophages, while decreased
proportions of myeloid-derived suppressor cells (MDSCs), reg-
ulatory T cells (Tregs) and M2-polarized macrophages were
observed. Furthermore, the antitumor effect of the oAd-
CXCL11 was CD8+ T cell dependent. Our findings thus re-
vealed that CXCL11-armed oAd can improve immune-viro-
therapy and can be a promising adjuvant of CAR-T therapy
for GBM.
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INTRODUCTION
Glioblastoma (GBM) is a highly aggressive and malignant primary
brain tumor in adults and is intractably resistant to therapy.1 Despite
receiving the standard of care such as surgical resection, radiotherapy,
and chemotherapy, only a 15-month median survival is observed.2,3

Chimeric antigen receptor T (CAR-T) cells have presented an
amazing clinical antitumor effect in hematological malignancies, re-
sulting in US Food and Drug Administration (FDA) approval of
Kymriah, Yescarta, Tecartus, and Breyanzi and others for clinical
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use.4 However, this success in hematological malignancies has not
been repeated in solid tumors. The tumor microenvironment
(TME) of malignant solid cancers is highly immunosuppressive,
which provides multiple immune escape mechanisms. Insufficient tu-
mor infiltration of CAR-T cells is also a key factor that impairs the
translation of CAR-T therapy in solid cancers.5,6

Due to the unfavorable chemokine gradients within TME, the traf-
ficking of CAR-T cells is always insufficient.7 Several chemokines
play an indispensable role in recruiting T cells, such as CXC ligand
(CXCL) 9, 10, 11, 16, CCL5, CCL21, and CCL27.8–11 The expression
of these chemokines is highly correlated to T cell infiltration in tu-
mors and significantly related to prolonged survival in cancer
patients.10,12–15

Oncolytic viruses (OVs) provide a promising therapeutic approach
for GBM, which can specifically infect, replicate, and lyse tumor cells
while sparing normal cells.16 Viral-mediated killing of tumor cells re-
leases potent danger signals (pathogen-associated molecular patterns
and damage-associated molecular patterns) as well as tumor-associ-
ated and -specific antigens that trigger both potent antitumor innate
and adaptive immunity.16–19 Apart from the selective tumor lysis and
the activation of potential antitumor immunity, OVs can be geneti-
cally modified to express transgenes, which substantially enhances
their antitumor efficacy, and have presented remarkable clinical
s).
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benefits in patients suffering solid tumors.20,21 To solve the poor
CAR-T cell infiltration in GBM, we exploited OVs to express a
chemokine.

We thus engineered an oncolytic adenovirus with CXCL11 to
improve subsequent recruitment of CAR-T cells and at the same
time reprogram the immunosuppressive TME. In a xenograft
GBM mice model, we showed that CXCL11-armed oncolytic adeno-
virus treatment increased the infiltration of CAR-T cells, and this
combination strategy resulted in the effective control of established
GBM. In a syngeneic GBM mice model, we showed that CXCL11-
armed oncolytic adenovirus treatment resulted in a potent anti-
tumor effect against established gliomas and reprogramed the
TME of GBM. Our results showed that CXCL11-armed oncolytic
adenovirus may improve the infiltration of CAR-T cells into the
TME, reprogram immunosuppressive TME of GBM, and thus offer
a potential approach for a combinatorial therapeutic strategy in
clinical studies.
RESULTS
T cells express high levels of CXCR3, and CXCL11 is an ideal

ligand to attract CAR-T cells

In order to analyze the chemokine receptors expressed on T cells, hu-
man T cells were freshly collected from peripheral blood mononu-
clear cells (PBMCs) of four GBM patients and four healthy donors,
and then RNA sequencing (RNA-seq) analysis was conducted. The
expression level of chemokine receptors was displayed by a heatmap
(Figure 1A) and a ridgeline plot (Figure 1B). CXCR3 was a strongly
expressed chemokine receptor on T cells of both GBM patients and
healthy donors. We further analyzed chemokine receptors expressed
on murine T cells based on the RNA-seq data from the GEO database
(dataset: GSE187545). CXCR3 was also strongly expressed on murine
T cells, especially memory T cells (Figure S1). In order to compare the
change of CXCR3 expression between T and CAR-T cells, we first
analyzed the expression levels of CXCR3 on T cells freshly isolated
from healthy donors and patients with GBM. Then, after their
CAR-T cells were produced, CXCR3 expression on CAR-T cells
was analyzed again. Freshly isolated T cells highly expressed
CXCR3, and CAR-T cells further increased the CXCR3 expression
(Figures 1C and 1D). Then, we attempted to find an ideal chemokine
to attract them. Transwell assay was used to assess the chemotactic
ability of three chemokine ligands of CXCR3 (CXCL9, CXCL10,
and CXCL11) to CAR-T cells. The results indicated that CXCL11 is
more potent than CXCL9 or CXCL10 as a chemoattractant to
CAR-T cells (Figures 1E and 1F).
Figure 1. CXCR3 is highly expressed on freshly isolated T cells and CXCL11 w

(A and B) Heatmap (A) and ridgeline plot (B) of expression of chemokine receptor genes

CXCR3 on freshly isolated T cells from GBM patients and healthy donors and their corres

(C). (E) Media were supplemented with various concentrations of recombinant CXCL9, C

movements of B7H3.CAR-T cells were monitored. (F) Summary data of (E). Scale ba

correction. Data are presented as mean values ±SD. *p < 0.05, **p < 0.01.
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Construction and characterization of the CXCL11-armed

oncolytic adenoviruses

We constructed new oncolytic adenoviruses (oAds) expressing hu-
man CXCL11 or not based on human adenovirus 5 (Ad5). These
OVs contained the delta E3-reserved adenovirus death protein
(ADP) structure. Most E3 genes of the virus were deleted except
for the ADP, which can facilitate oncolytic efficacy and viral spread.
E1A gene was controlled by an hTERT promoter. These oncolytic
adenoviruses are termed as oAd and oAd-CXCL11. The genetic
maps of oAd and oAd-CXCL11 with EGFP insertion or not are
illustrated (Figures 2A and S2A). To demonstrate whether oAd-
CXCL11 causes no toxicity to CAR-T cells, we first detected the
expression level of the Coxsackie-adenovirus receptor (CXADR)
in five GBM cell lines, GBM patient-derived GBM23 and
B7H3.CAR-T cells. In Figure 2B, flow cytometry shows that all
GBM cell lines and GBM23 cells expressed the CXADR, whereas
B7H3.CAR-T cells did not. Next, the replication functionality of
this genetically engineered adenovirus with its parental virus in
GBM cells was detected. We infected U87, U251, and GBM23 cells
with oAd-CXCL11 or parental virus oAd (multiplicity of infection
[MOI] = 0.1 or 1) and then measured the replication efficiency
over time using TCID50 assays. The two OVs presented similar
replication capability in GBM cells (Figures 2C and S3). The virus
replication was also confirmed by the expression of E1A protein
at different times post infection in U87 cells (Figure 2D). To verify
the expression of the chemokine CXCL11, U87 cells were infected
with oAd or oAd-CXCL11 at an MOI of 1, or mock infected. After
48 h post infection, conditioned media were harvested. The produc-
tion of CXCL11 protein was measured using ELISA assay. U87 cells
infected with oAd-CXCL11 secreted more CXCL11 in the superna-
tant compared with uninfected or oAd groups (Figure 2E). In addi-
tion, the expression of CXCL11 was accumulated as the oAd-
CXCL11 replicated in U87 cells (Figure 2D). Coculture with the
oAd or oAd-CXCL11 induced similar cytotoxicity in U87, U251,
and GBM23 cells in a dose-dependent fashion (Figure 2F), but
B7H3.CAR-T cells were not affected (Figure S4). To assess the tu-
mor cells’ apoptosis after they were infected with oAd or oAd-
CXCL11, we collected the GBM cells 24 h post infection and stained
them with Annexin V/7-AAD. Tumor cell early apoptosis was effi-
ciently induced by both oAd and oAd-CXCL11, compared with the
uninfected tumor cells (Figures 2H and 2I). In addition, the expres-
sion of cleaved Caspase-3 was accumulated as the oAd-CXCL11
replicated in the U87 cells (Figure 2G). Taken together, these results
demonstrated that the chemokine CXCL11 was secreted from oAd-
CXCL11-infected cells in vitro and the CXCL11 gene insertion did
not impair the replicating and oncolytic efficacy of the virus.
as a potent ligand to attract CAR-T cells

in the human T cells (both GBM patients and healthy donors). (C) The expression of

ponding B7H3.CAR-T cells were measured by flow cytometry. (D) Summary data of

XCL10, and CXCL11, after which Transwell assay was performed and the directional

r, 50 mm. The statistical analysis was estimated by one-way ANOVA with Tukey’s
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Construction of B7H3.CAR-T cells and oAd-CXCL11 enhances

the migration and infiltration of B7H3.CAR-T cells

After confirming B7H3 expression on GBM cell lines as well as
GBM patient-derived GBM23 cells (Figure 3A), whereas there
was low expression on normal tissues or cells based on online da-
tabases (Figure S5), we generated B7H3-targeted second-genera-
tion CAR with 4-1BB costimulatory domain, inserted with
mCherry or not and a control CAR targeting CD19 (Figures 3B
and S2B). The CAR expression on T cells was assessed through
analyzing the co-expressed fluorescence marker mCherry (Fig-
ure S6A) and flow cytometry (Figure S6B), respectively. The cyto-
toxic ability of B7H3.CAR-T cells was confirmed in U87, U251,
and GBM23 cells (Figure S7). In vitro migration assays confirmed
that GBM cells infected with oAd-CXCL11 other than the parental
oAd improved the migration of B7H3.CAR-T cells (Figures 3C–
3E). Next, in vitro infiltration assays confirmed that 3D tumor
spheroids of U87-mCherry cells infected with oAd-CXCL11,
rather than oAd, increased the infiltration of B7H3.CAR-T
cells (Figures 3F–3H). In summary, these results suggested
that oAd-CXCL11 increased the migration and infiltration of
B7H3.CAR-T cells in vitro.

Combined oAd-CXCL11 and B7H3.CAR-T cells have a better

cytotoxic activity to GBM cells in vitro

To explore the antitumor efficacy of the combination of B7H3.CAR-T
cells and oAd-CXCL11 in vitro, we performed a modified coculture
assay based on Transwell assay. U87 cells were infected with oAd,
oAd-CXCL11, or saline control for 48 h. Then B7H3.CAR-T or
CD19.CAR-T cells were added into upper chambers. Then, 24 h later,
crystal violet staining assay showed superior cytotoxicity for com-
bined oAd-CXCL11 and B7H3.CAR-T cells compared with com-
bined oAd and B7H3.CAR-T cells (Figures 4A and 4B). We also per-
formed a 2D coculture assay to evaluate the antitumor efficacy of
monotherapy or combinatorial therapy by the xCELLigence real-
time cell analysis (RTCA) system. Combination of B7H3.CAR-T cells
and oAd-CXCL11 induced superior tumor cell killing activity (Fig-
ure 4C). Similarly, a 3D coculture assay using Calcein/PI staining
also indicated that combined oAd-CXCL11 and B7H3.CAR-T cells
induced superior cytotoxicity (Figure 4D) and higher levels of tumor
necrosis factor alpha (TNF-a) as well as interferon gamma (IFN-g) in
culture media (Figure 4E).
Figure 2. Construction and characterization of oAd and oAd-CXCL11

(A) Schema of oncolytic adenoviruses. Top: genetic map of control oncolytic adenovirus

the hTERT promoter into the E1 region, and insertion of EGFP gene into the E3 region. B

CXCL11. (B) GBM cell lines and B7H3.CAR-T cells were explored for the expression lev

lung carcinoma cell line, was utilized as a positive control. Green and purple filled lines c

U251 glioma cells, and GBM patient-derived GBM23 cells were challenged with oAd an

TCID50 assay at different time points post infection. (D) The replication of the oncolytic

immunoblot. (E) The quantity of secreted CXCL11 was measured in the culture media h

GBMpatient-derived GBM23 cells were infected with different titers of oAd-CXCL11 or w

of oAd-CXCL11-infected U87 cells was harvested. Full-length Caspase-3 and cleaved

saline control, oAd, or oAd-CXCL11 at an MOI of 1 for 24 h. The early apoptotic cells we

were presented in at least three independent experiments. The statistical analysis was e

values ±SD. ****p < 0.0001; ns, not significant.
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oAd-CXCL11 enhances the antitumor effect of B7H3.CAR-T in

an immunodeficient GBM mice model and increases tumor

infiltration of CAR-T cells

To analyze the antitumor effect of combinatorial treatment of oAd-
CXCL11 plus B7H3.CAR-T against GBM in vivo, we established an
orthotopic patient-derived GBM mice model by intracranially deliv-
ering 1 � 105 luciferases (Luc)-expressing patient-derived GBM cells
(GBM23-Luc) into NCG mice. Seven days post GBM cell infusion,
mice were treated with an intratumoral administration with oAd,
oAd-CXCL11 (5 � 108 plaque-forming units [PFU] per mouse), or
saline as control. Then, 2 days later, mice were treated with an intra-
venous delivery with 5 � 106 B7H3.CAR-T. The bioluminescence
signal of tumors was detected to reflect the growth of tumors (Fig-
ure 5A). Mice treated with saline control were observed to have rapid
progression of tumor and were dead within 30 days, while the single
administration of oAd-CXCL11 or B7H3.CAR-T both inhibited
GBM progression moderately and prolonged the survival compared
with saline control (Figures 5B–5D). Combination treatment of
oAd-CXCL11 plus B7H3.CAR-T was significantly more effective
than single treatment and combination treatment of oAd plus
B7H3.CAR-T at controlling the growth of GBM tumors and
improving the survival time in vivo (Figures 5B–5D). Four of five
mice of the combination group survived over 70 days by the end of
the study and showed nearly no detectable luciferase signal (Fig-
ure 5D). As the study progressed, the mice treated with oAd-
CXCL11 plus B7H3.CAR-T gained steadily increasing body weights
compared with the other groups (Figure 5E). At 25 days, H&E stain-
ing of representative slices from B7H3.CAR-T-treated mice showed
large, space-occupying tumors; by comparison, mice that received
oAd plus B7H3.CAR-T exhibited moderate repression, and mice
that received oAd-CXCL11 and B7H3.CAR-T were dramatically
smaller (Figure 5F). Furthermore, oAd-CXCL11 treatment induced
substantially more accumulation of B7H3.CAR-T cells in tumors
than B7H3.CAR-T monotherapy or combined oAd plus
B7H3.CAR-T treatment based on immunostaining for CD3
(Figures 5F and 5G). Adenovirus protein was detected by immuno-
staining for E1A in oAd- or oAd-CXCL11-treated mice (Figure 5F).
Quantification of CXCL11 in the tumor biopsies confirmed that
this chemokine was produced only in mice inoculated with oAd-
CXCL11 (Figure 5H). Moreover, consistent with the tumor infiltra-
tion of CAR-T cells, in mice that received the combination treatment
, oAd, with deletion of E3 region sparing adenovirus death protein (ADP), insertion of

ottom: genetic map of oAd-CXCL11 showing the inserted coding gene of the human

els of coxsackie-adenovirus receptor (CXADR) by flow cytometric analysis. A549, a

orrespond to isotype control and CXADR, respectively. (C) Human U87 glioma cells,

d oAd-CXCL11 at an MOI of 1. The oncolytic adenovirus titers were measured using

virus and secretion of CXCL11 at different times post infection were confirmed by

arvested from infected GBM cells by ELISA assay. (F) U87, U251 glioma cells, and

ith the control adenovirus oAd andmeasured 48 h later by MTT assay. (G) Cell lysate

Caspase-3 were detected by immunoblot. (H) U87 glioma cells were infected with

re confirmed as the 7-AAD�/Annexin V+ population. (I) Summary data of (H). All data

stimated by one-way ANOVA with Tukey’s correction. Data are presented as mean
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of oAd-CXCL11 plus B7H3.CAR-T, higher production of inflamma-
tory cytokines (TNF-a, IFN-g) was measured (Figures 5I and 5J).
These data indicate that tumor treatment with either oAd-CXCL11
or B7H3.CAR-T only yielded limited therapeutic benefits, and only
their combined use resulted in long-term and thorough antitumor
effects.
oAd-CXCL11 is superior to oAd in producing a better outcome in

a fully immunocompetent GBM model

Considering the deficiency of immune TME in NCGmice, in order to
explore the effect of oAd-CXCL11 on TME, an immunocompetent
GBM mice model was used to test the effectiveness of oAd-
CXCL11. First, we modified the oAd and oAd-CXCL11 mentioned
above by replacing the human CXCL11 gene with murine CXCL11
gene for the GL261 mice model (Figure 6A). In this study, a GL261
mouse GBM model susceptible to oAd infection was utilized (Fig-
ure S8). By intracranial injection of 1 � 105 GL261 cells into immu-
nocompetent wild-type C57BL/6 mice, with slight modifications, we
repeated the survival study in Figure 5 in an immunocompetent
mouse model of GBM (Figure 6B). We set up three different treat-
ment groups: saline, oAd, and oAd-CXCL11. Three days after
GL261 cell infusion, mice were treated with an intratumoral admin-
istration with oAd or oAd-CXCL11 (5 � 108 PFU per mouse), or sa-
line as control. The bioluminescence signal of tumors was detected to
reflect the growth of tumors (Figure 6B). oAd in the immunocompe-
tent mouse model had a similar moderate antitumor efficacy to oAd-
CXCL11 in the immunodeficient mouse model. oAd moderately
controlled tumor progression and prolonged survival compared
with saline control (Figures 6C–6E). The mice treated with oAd-
CXCL11 significantly slowed the progression of GBM and prolonged
the survival compared with oAd- or saline control-treated mice
(Figures 6C–6E). As the study progressed, the mice treated with
oAd-CXCL11 gained steadily increasing body weights compared
with the other groups (Figure 6F).
oAd-CXCL11 reprograms the TME toward a more beneficial

state for antitumor immunity

We hypothesized that oAd-CXCL11-mediated alteration of immune
TME might underlie the efficacy of its monotherapy. Therefore, tu-
mor tissues were harvested 12 days after treatment, and the infiltrated
immune cells within the TME were analyzed by flow cytometry. The
flow cytometry gating strategy of this experiment is shown in Fig-
ure S9. A significant increase of infiltrating CD45+ lymphocytes (Fig-
ure S10), and CD3+ and CD8+ T lymphocytes, but not CD4+ T lym-
phocytes, was detected in oAd-CXCL11-treated GL261 tumors
Figure 3. oAd-CXCL11 improved the migration and infiltration of B7H3.CAR-T

(A) B7H3 expression onGBMcell lines andGBM23 cells was detected by flow cytometry

assay. B7H3.CAR-T cells (2 � 105) were plated to the upper chambers and the lower

control. (D) Representative images showing the migration of B7H3.CAR-T cells. Scale

assessing the infiltration of B7H3.CAR-T cells into 3D tumor spheroid. 3D tumor spheroid

h. Then B7H3.CAR-T cells (5� 104) were added to the wells. (G) Representative images

(G). The statistical analysis was estimated by one-way ANOVA with Tukey’s correction.
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compared with oAd and saline control groups (Figures 7A, 7B, and
7G–7I). oAd also improved the infiltration of natural killer (NK) cells
compared with saline control, which was further increased by oAd-
CXCL11 (Figures 7C and 7J). Similarly, oAd reprogramed M2-like
macrophages to a more proinflammatory M1-like phenotype within
the TME compared with saline control, which was further improved
by oAd-CXCL11 (Figures 7D, 7K, and 7L). In contrast, oAd-CXCL11
caused a remarkable loss of myeloid-derived suppressor cells
(MDSCs) and regulator T cells (Tregs) compared with both oAd
and saline control groups (Figures 7E, 7F, 7M, and 7N). These results
suggest that oAd-CXCL11 reprogramed the immunosuppressive
TME toward a more immunostimulatory condition.
The antitumor effect of oAd-CXCL11 is mediated by CD8+ T cells

Considering the recruitment of NK cells and CD8+ T cells induced by
oAd-CXCL11, to confirm their critical role after virus administration,
we depleted CD8+ T or NK cells in GL261-bearing mice by anti-CD8a
or anti-NK1.1 antibodies, respectively (Figure 8A). The flow cytome-
try showed that most CD8+ T cells or NK cells in the peripheral blood
were depleted in GBM-bearing mice 5 days after the last anti-CD8a or
anti-NK1.1 antibody injection, respectively (Figure S11). In mice
lacking CD8+ T cells, the antitumor efficacy of oAd-CXCL11 was
completely abrogated, but it was unaffected when using anti-NK1.1
antibodies (Figures 8B and 8C). In summary, these results revealed
that the tumor-suppressing efficacy was mediated by CD8+ T rather
than NK cells.
oAd-CXCL11 facilitates the antitumor effect of B7H3.CAR-T in

an immunocompetent GBM model and increases CAR-T cell

infiltration

An immunocompetent GL261 GBM model was utilized to assess the
antitumor effect of combinatorial treatment of oAd-CXCL11 plus
B7H3-targeted murine CAR-T. Human B7H3 was transduced into
the parental GL261 line. A second-generation CAR was designed
including B7H3-specific ScFv, murine CD8-derived transmembrane
region, murine 4-1BB, and CD3z intracellular regions. For confirma-
tion of CAR-transduced T cells, a truncated mCD34 was co-expressed
(Figure 8D). In vivo, B7H3+ GL261 were efficiently killed by
B7H3.CAR-T cells but not parental GL261 (Figure S12). Further-
more, we assessed the antitumor efficacy of murine CXCL11-armed
oAd plus B7H3.CAR-T in mice suffering B7H3+ GL261 GBM. By
intracranial administration of 1� 105 B7H3+ GL261 cells into immu-
nocompetent wild-type C57BL/6 mice, with slight modifications, we
repeated the survival study in Figure 5 in an immunocompetent
mouse model of GBM. Five days after B7H3+ GL261 cell infusion,
cells

. (B) Schematic of B7H3.CAR andCD19.CAR construct. (C) Schema of the Transwell

chambers contained U87 cells (5 � 104) infected with oAd, oAd-CXCL11, or saline

bar, 200 mm. (E) Summary data of (D). (F) Schema of the chemotaxis experiment

s of U87-mCherry cells were infected with oAd or oAd-CXCL11 at anMOI of 1 for 24

showing the infiltration of B7H3.CAR-T cell. Scale bar, 200 mm. (H) Summary data of

Data are presented as mean values ±SD. *p < 0.05; **p < 0.01; ns, not significant.
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mice were treated with an intratumoral administration with oAd or
oAd-CXCL11 (5 � 108 PFU per mouse), or saline as control. Then,
2 days later, lymphodepletion was prepared by 5 Gy total body irra-
diation (TBI). Then, mice were treated with a single intravenous infu-
sion of 5� 106 CAR-T cells. The bioluminescence signal of GBM was
detected to reflect the growth of tumors (Figure 8E). Combination
treatment of oAd-CXCL11 plus B7H3.CAR-T was significantly
more effective than B7H3.CAR-T single treatment and combination
treatment of oAd plus B7H3.CAR-T at suppressing the growth of
GBM tumors and prolonging their survival in vivo (Figures 8F–
8H). Seven days after transfer, tumor-infiltrating CAR-T cells were
shown by immunohistochemistry as well as flow cytometry for
CD34 (Figure 8I). oAd-CXCL11 treatment induced substantially
more CAR-T cell infiltration into tumor sites than CAR-T monother-
apy or combined oAd plus CAR-T treatment (Figures 8J and 8K). In
summary, these results demonstrated that CAR-T monotherapy
failed to inhibit GL261 tumor and oAd-CXCL11 could facilitate the
infiltration of CAR-T cells in tumors, thus eliciting a long-term and
thorough antitumor effect.

DISCUSSION
In this study, oAd armed with CXCL11 increased the infiltration of
CAR-T cells into GBM tumors and their combination contributed
to superior inhibition of the tumor growth and prolonged survival
of GBM-bearing NCG mice. We further adopted an immunocompe-
tent GBM model to explore the antitumor effect of oAd-CXCL11
monotherapy and the modulation of TME induced by oAd-
CXCL11. The results indicated that oAd-CXCL11 had a potent anti-
tumor effect, which was mainly underpinned by oAd-CXCL11-eli-
cited TME reprograming from a “cold” immunosuppressive to a
“hot” immunosupportive state.

CAR-T therapy has achieved great success as a promising therapeutic
approach to tumor treatment in hematological malignancies, but has
only limited benefits for solid tumors due to several factors, including
the immunosuppressive TME and the inadequate infiltration or traf-
ficking of CAR-T cells.6 In particular, GBM, an immunologically cold
tumor, has extremely hostile conditions of the TME and insufficient
infiltration of CAR-T cells.22 Considering the two main challenges for
CAR-T therapy against GBM, we have utilized a genetically modified
oncolytic adenovirus carrying a chemokine, which is a “one-stone-
kills-two-birds” strategy. On the one hand, oncolytic adenoviruses
selectively infect and kill tumor cells in situ and reprogram the sup-
pressive TME by reprograming the immune cells in the tumor
sites.23,24 On the other hand, adenoviruses have a large capacity of
the genome and this long DNA sequence can be genetically modified
to express transgenes.20 Given this attractive feature, we incorporated
the oncolytic adenovirus with a chemokine for recruiting CAR-T cells
into GBM.
either monotherapy or combination therapy and the viable cells were calculated as the

therapy or combined therapy against 3D spheroids of U87 cells by Calcein/PI staining

measured by ELISA. The statistical analysis was estimated by one-way ANOVA wi

****p < 0.0001; ns, not significant.
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Trafficking of CAR-T cells into tumor sites relies upon the suitable
expression of chemokine receptors on the CAR-T cells and their
matched chemokines in the tumor sites.25 To find the ideal chemo-
kine receptor expressed on T cells, we conducted an RNA-seq anal-
ysis. RNA-seq of the chemokine receptors on T cells indicated that
CCR4, CXCR4, CXCR3, and CCR7 were highly expressed on
T cells. CCR4 is the receptor for CCL17 and CCL22 and is expressed
especially on Treg cells.26,27 Clinical data implicated that blockade of
CCR4 was associated with increased intratumoral CD8+ T cell infil-
tration.28 CXCR4 is a chemokine receptor that is also overexpressed
in most cancers and has important roles in tumor cell proliferation
and dissemination as well as in angiogenesis.29–31 CCR7 is expressed
by B cells and by several subpopulations, including naive T cells32,33

and Tregs.34 Another highly expressed chemokine receptor,
CXCR3, is highly expressed on effector or central memory T cells
as well as CAR-T cells.35,36 Given the above, CXCR3 was a highly ex-
pressed and more suitable candidate for exploitation to promote the
trafficking of CAR-T cells.

Compared with freshly isolated T cells, nearly 100% of CAR-T cells
expressed CXCR3, thus they were theoretically more inclined to be re-
cruited by its ligands. This may be explained by the process of CAR-T
cell production, in which CD3 and CD28 monoclonal antibodies
(mAbs) were used to stimulate isolated T cells, and is consistent
with the results that activated T and NK cells highly expressed
CXCR3.37 CXCR3, including both the splice variants, namely
CXCR3-A and CXCR3-B, binds to the CXC subclass of chemokines,
including CXCL9, CXCL10, CXCL11 (main CXCR3-A-ligand), and
CXCL4 (main CXCR3-B-ligand).38 CXCR3-A activation mediates
proliferative and chemotactic responses. By comparison, CXCR3-B
mediates anti-migratory and anti-proliferative effects.39 Therefore,
we mainly focused on the chemokines CXCL9, CXCL10, and
CXCL11. These chemokines play crucial roles in the infiltration of
CAR-T cells into TME.40 However, there is a mismatch between che-
mokines and their corresponding receptors. A low amount of CXCR3
ligands exists within the tumor TME, which results in insufficient
infiltration of CXCR3high CD8+ T cells into tumors.12 For instance,
less than 1% of transferred CAR-T cells infiltrated flank tumors on
the fifth day in an NCG xenograft model.41 We performed a chemo-
taxis assay to explore which ligand possesses the most powerful
chemotaxis to CAR-T cells. The results showed that, compared
with CXCL9 or CXCL10, CXCL11 induced a significantly more
potent chemotactic migration in CAR-T cells. In addition, the affinity
of CXCL11 for CXCR3 has been demonstrated to be higher, with a
more potent ability in stimulating calcium flux and receptor desensi-
tization than CXCL9 or CXCL10.42 These data indicated that
CXCL11 is the dominant ligand for CXCR3. For optimized CAR-T
cell trafficking, we therefore generated a genetically engineered onco-
lytic adenovirus, oAd-CXCL11, which infected GBM cells and
cell index. (D) Representative images showing the cytotoxic effect of either mono-

. Scale bar, 200 mm. (E) Concentrations of TNFa and IFNg in culture media were

th Tukey’s correction. Data are presented as mean values ± SD. ***p < 0.001;
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subsequently released chemokine CXCL11 to recruit CAR-T cells into
the tumor sites. Nishio and colleagues genetically engineered an on-
colytic adenovirus to express the chemokine CCL5 to increase the
subsequent trafficking of GD2.CAR-T cells.43 As stated earlier, acti-
vated T and NK cells highly expressed CXCR3.37 Therefore,
CXCL11 mainly attracts activated T and NK cells, but CCL5 also re-
cruits resting immune cells.44 In addition, there is compelling evi-
dence for CCL5 in the progression of many cancer types,45–47

including GBM.48 Therefore, CXCL11 is a superior chemokine.

This genetically modified adenovirus, oAd-CXCL11, in which the
expression of E1A was regulated by the promoter of human telome-
rase reverse transcriptase (hTERT), thus limits virus proliferation in
healthy tissue. Similarly, CV706 (an oncolytic adenovirus) was de-
signed to express E1A under the control of prostate-specific antigen
(PSA) promoter, which is highly activated in prostate cancer cells.49

The adenovirus E3 genes were deleted except for the ADP, which en-
hances viral spreading and apoptosis.50,51 The CXADR is the main re-
ceptor during the process of infection for adenovirus serotype 5,52

which is highly expressed on GBM cell lines as well as patient-derived
GBM cells in our results. In vitro and in vivo, we both demonstrated
that insertion of the CXCL11 gene did not impair the infection, repli-
cation, and cytotoxicity of the oncolytic adenovirus and secreted
CXCL11 during the replication within GBM cells. oAd-CXCL11
was able to increase the attraction and infiltration of CAR-T cells
in vitro as well as in a xenograft GBM model, mainly because of the
released CXCL11 within the supernatant and TME, respectively. Acti-
vation of Caspase-3 in tumor cells infected by oncolytic adenoviruses
has previously been observed.53 According to our results, we sup-
ported this observation and demonstrated that oAd-CXCL11 induced
GBM cells’ apoptosis in vitro, which was further enhanced when com-
bined with B7H3.CAR-T cells.

For the in vivo study, firstly, our results showed the optimum antitumor
efficacy of combinatorial treatment of oAd-CXCL11 and B7H3.CAR-T
in an immunodeficient GBMmodel. The single administration of oAd-
CXCL11 or B7H3.CAR-T elicited a moderately slower GBM progres-
sion compared with that of control, but the tumor was still in progres-
sion and eventually caused the death of the mice. This unsatisfying
antitumor effect of oAd-CXCL11 or B7H3.CAR-T for the xenograft
GBMmodel might be attributed to the insufficient CAR-T cells within
the tumor sites. The combinatorial treatment resulted in complete
elimination of the GBM and dramatically prolonged survival of
GBM-bearing NCG mice. We confirmed that marked increased
Figure 5. A comparison of combined therapy and monotherapy for improving

(A) Experimental timeline. An orthotopic human GBMmice model was utilized by intracra

mice were intratumorally administered with 5 � 108 PFU of oAd, oAd-CXCL11, or vehic

control were intravenously administered. (B) Representative images of GBM23-Luc g

different groups. (D) Survival times of tumor-bearing mice were analyzed using the Kapl

taken once every other day for each experimental mouse. (F) H&E staining of the specime

E1A (scale bar, 50 mm). (G) The ratio of CD3+ cells per field in groups with different tre

homogenates harvested from experimental mice. The statistical analysis was estimated

SD. **p < 0.01; ****p < 0.0001; ns, not significant.
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expression of CXCL11 along with subsequently improved infiltration
of B7H3.CAR-T cells induced a better antitumor effect. We further es-
tablished a fully immunocompetent GBM mice model to analyze the
antitumor effect of oAd-CXCL11 and explore the reprograming of
TME after the injection of oAd-CXCL11. To secrete corresponding
chemokine for recruiting murine T cells in murine GBM models, we
modified oAd-CXCL11 by replacing the human CXCL11 with murine
CXCL11. In contrast to the xenograft model, our data suggested that
oAd-CXCL11 monotherapy elicited potent antitumor effects
compared with the results in NCG mice. A possible explanation for
this is that oAd-CXCL11 could attract T cells into the TME in immu-
nocompetent mice, which is, however, impossible in immunodeficient
mice.We did demonstrate thatmore CD8+ T cells infiltrated within the
tumors induced by oAd-CXCL11, due to the role of the chemokine to
enhance the infiltration of activated CD8+ T lymphocytes in tumors or
inflammatory tissues.42,54–58 Finally, we assessed the combinatorial
treatment effect of B7H3.CAR-T and oAd-CXCL11 in an immuno-
competent GBM model. Consistent with the results of immunodefi-
cient model, the combination therapy led to a better antitumor activity.
Meanwhile, oAd-CXCL11 induced more CAR-T cell infiltration into
tumor sites.

In addition, TME analysis indicated that, after injection with oAd-
CXCL11, higher levels of infiltrated NK cells and M1-like macro-
phages, as well as lower levels of infiltrated M2-like macrophages,
Tregs, and MDSCs, were observed in the tumor sites. These alter-
ations of the types of immune cells within the TME might be induced
by the chemokine CXCL11, given the evidence that chemotaxis of
activated T and NK cells can be increased by CXCL11. CXCL11
can increase the chemotaxis of activated T cells and NK cells,42,59

and potentially suppress M2 macrophage polarization in a murine
cancer model.60 The presence of cytotoxic CD8+ T cells, NK cells,
and M1 macrophages within the TME is generally associated with
regression of tumors as well as a favorable prognosis.61–64 In contrast,
infiltration of Tregs, M2 macrophages, and MDSCs promotes tumor
progression and a poor prognosis.65,66 Besides, we elucidated that
CD8+ T lymphocytes were essential for eliciting the antitumor effect.
Therefore, the results suggested that oAd-CXCL11 had a potent anti-
tumor effect that was mainly underpinned by oAd-CXCL11-elicited
TME reprograming from a cold immunosuppressive to a hot immu-
nosupportive state.

The oncolytic virus was administered intratumorally in our model,
since it is the preferred route of infusion for oncolytic adenoviruses
in vivo CAR-T therapy in a human GBM orthotopic model

nial administration of 1� 105 GBM23-Luc cells into NCGmice. On the seventh day,

le control. Two days after virus administration, 5 � 106 B7H3.CAR-T cells or vehicle

rowth in mice after different treatments. (C) The change of tumor total flux (p/s) in

an-Meier method with the log rank test (n = 5). (E) A body weight measurement was

n isolated from experimental mice (scale bar, 2mm) and immunostaining of CD3 and

atments. (H–J) Detection of CXCL11 (H), IFNg (I), and TNFa (J) by ELISA in tumor

by one-way ANOVA with Tukey’s correction. Data are presented as mean values ±



A

D E
F

C

B

(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 31 No 1 January 2023 145

http://www.moleculartherapy.org


Molecular Therapy
in clinical trials. However, further studies are needed to demonstrate
whether this method is suitable or not for patients suffering frommet-
astatic cancers. In the current study, our data indicated that, when
oAd-CXCL11 infected tumor cells, CXCL11 was secreted during viral
replication and recruited CAR-T cells into tumors, thus enhancing the
tumor infiltration of CAR-T cells. In addition, this CXCL11-armed
oncolytic adenovirus reprogramed immunosuppressive TME, con-
verting a cold tumor to a hot tumor, resulting in enhanced antitumor
activities.

Another promising strategy to improve the infiltration of adoptively
transferred cells for solid tumors is to arm tumor-specific T cells with
tumor-specific chemokine receptors. Lesch and colleagues showed
that CXCR6 overexpressing improved the trafficking of adoptively
transferred T cells into TME and enhanced the antitumor efficacy.67

A recently published article screened the differentially expressed
genes for chemokines between glioblastoma and normal tissue. This
analysis found that seven chemokines, namely CXCL1, CXCL13,
CXCL5, CCL28, CCL18, CCL8, and CCL2, were highly expressed
in glioblastoma.68 By utilizing chemotaxis of these existing chemo-
kines in GBM, engineering T cells to express the corresponding recep-
tor would be another way to enhance the T cell infiltration. Although
further investigations are needed to verify this concept in GBM, it
may be a potential therapeutic strategy to promote the antitumor ef-
ficacy of adoptive T cell therapy.

In summary, this study has shown an enhanced therapeutic response
of combining oAd armed with CXCL11 and CAR-T cells by promot-
ing the trafficking of CAR-T cells. This CXCL11-armed oncolytic
adenovirus can also reprogram the immunosuppressive TME of
GBM, thus inducing a potent antitumor effect and prolonged sur-
vival. Given the current clinical limitations of CAR-T cells therapy
against solid cancers, the combinatorial strategy of OVs with
CAR-T cells represents an exciting new cancer immunotherapy
approach for future clinical study.
MATERIALS AND METHODS
Ethical approval

The experiments on animals were in performed compliance with the
ethical standards of Sichuan University West China Hospital. All
PBMC samples from healthy donors and GBM patients as well as tu-
mor samples obtained from GBM patients were approved by Sichuan
UniversityWest China Hospital Biomedical Ethics Committee (2018-
061). All healthy donors and GBM patients provided written
informed consent.
Figure 6. A comparison of oAd-CXCL11 and oAd for the antitumor efficacy in a

(A) Schema of oncolytic adenoviruses. Top: geneticmap of control oncolytic adenovirus,

E1 region, and insertion of EGFP gene into the E3 region. Bottom: genetic map of oAd-

timeline. An immunocompetent GBM mice model was utilized by intracranial administra

were intratumorally administered with 5� 108 PFU of oAd, oAd-CXCL11, or vehicle cont

The change of tumor total flux (p/s) in different groups. (E) Survival times of tumor-bearing

A body weight measurement was taken once every other day for each experimental m
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Cells

The 293A, 293T, A549, U251, A172, U87, T98G, H4, and GL261 were
obtained from the ATCC. GBM23 was developed atWest China Hos-
pital. U87 cells transduced with mCherry-expression lentivirus vec-
tors were named U87-mCherry. GBM23-Luc were isolated from a
GBM patient and genetically engineered to carry the luciferase gene
(Luc). All these cells were cultured in the standard protocol.

Mice

Six- to 8-week-old immunodeficient NCG female mice and immuno-
competent C57BL/6 female mice were obtained from GemPharmatech.
Mice were kept in pathogen-free conditions and on a typical 12 h:12 h
light-dark cycle.

Oncolytic adenoviruses

All oncolytic adenoviruses were produced by a double-plasmid sys-
tem, which includes a delta E1, E3 human adenovirus serotype 5
(Ad5) plasmid, pBHgloxDE1, E3, and a shuttle vector, pDC316.
The E1 region of adenovirus was regulated by the TERT tumor-spe-
cific promoter, followed by E1A-IRES-E1B genes. The ADP was
incorporated into the E3 region, which means the E3 gene of adeno-
virus was deleted except for the ADP gene. The human or murine
CXCL11 gene was then inserted into the E3 region with or without
the EGFP gene, where its expression was regulated by a cytomegalo-
virus (CMV) promoter. All adenoviruses were packaged and propa-
gated in the adenovirus packaging cell line, 293A. To collect the vi-
ruses, both cells and supernatants were collected 1 week after
transfection of the double plasmids, then lysed through three consec-
utive freeze-thaw cycles and centrifuged. To amplify virus produc-
tion, the lysate was transferred to more fresh plates with 293A cells.
When at least half of the cells were rounded, both cells and superna-
tants were collected, lysed by three consecutive freeze-thaw cycles,
and centrifuged at 1,500 � g for 5 min. By repeating the above pro-
cedure, more cell lysate was collected to further amplify the virus pro-
duction. The cell lysate containing viruses was concentrated by
PEG8000 and then purified by double CsCl density gradient ultracen-
trifugation. The virus was titrated using plaque forming assay and was
stored at �80�C until ready for use.

Oncolysis and viral production experiment

TheMTT kit was used tomeasure oncolysis in vitro. Briefly, cells were
seeded (8,000 cells/well) for 24 h. Then different concentrations of vi-
ruses were added to the cells, and, 48 h later, cell viability was detected
using MTT assay. Normalization was performed on virus-infected
cells (percentage viability) against mock-infected cells. The TCID50

assay was used to analyze the replication of the virus. Briefly, U87,
n immunocompetent mouse GBM model

oAd, with deletion of E3 region sparing ADP, insertion of the hTERT promoter into the

CXCL11 showing the inserted coding gene of the murine CXCL11. (B) Experimental

tion of 1 � 105 GL261 mouse GBM cells into C57BL/6 mice. On the third day, mice

rol. (C) Representative images of GL261 growth in mice after different treatments. (D)

mice were analyzed using the Kaplan-Meier method with the log rank test (n = 5). (F)

ouse. Data are presented as mean values ± SD. **p < 0.01, ***p < 0.001.
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U251, and GBM23 cells were plated for 24 h and infected with oAd or
oAd-CXCL11 at an MOI of 0.1 or 1. The infection medium was
removed and fresh medium was added 2 h after infection. The virus
titers were measured using the TCID50 assay at various times after
infection.
CAR vector construction and transduction of human andmurine

T cells

For human T cells, the B7H3-targeted CAR construction consisted of
CD8a signal peptide, B7H3-targeted ScFv, hinge, CD8 transmem-
brane domain, the costimulatory domain of human 4-1BB, and
CD3z. Based on a previously published sequence, human B7H3-tar-
geted ScFv was synthesized (Table S1).69 HEK-293T was cotrans-
fected with the CAR vector and two packaging plasmids (pMD.2G
and psPAX2) by using polyethyleneimine (PEI). At 48 h and 72 h
post transfection, the supernatant was harvested, filtered through a
0.45-mm filter (Millipore), and then ultracentrifuged at 100,000 � g
for 120 min at 4�C. Concentrated viruses were resuspended and
stored at �80�C. Lentivirus was titrated using TCID50 assay. For
T cell isolation, PBMCs from GBM patients or healthy donors were
harvested using gradient centrifugation (800 � g; 20 min). Collected
PBMCs were cultured with 15% fetal calf serum (FCS), 100 mg/mL
streptomycin, and 100 U/mL penicillin in an incubator at 37�C
with 5% CO2. T cells were stimulated with OKT3 (200 ng/mL,
BioLegend), CD28.2 (120 ng/mL, BioLegend), and simultaneously
supplemented with human interleukin (IL) 2 (100 U/mL) and IL-15
(1 ng/mL). After stimulating for 48 h, activated T lymphocytes
were transduced with lentiviruses (MOI = 10) with RetroNectin-
coated (Takara) plates (800 � Ig; 1.5 h), and simultaneously supple-
mented with human IL-2 and IL-15. Then, 12 h later, T cells were
harvested and supplemented with IL-2 and IL-15 for about 8 days.
Control T cells were produced by similar methods.

For murine T cells, the B7H3.CAR construction includes murine
CD8a signal peptide, B7H3-targeted ScFv, hinge, murine CD8 trans-
membrane region, the costimulatory domain of murine 4-1BB, and
CD3z, and, to detect the CAR-transduced T cells, murine CD34
was co-expressed. The 293T were cotransfected with the CAR vector
and pCL-Eco plasmid (at a ratio of 4:1) by the GeneJuice (Merck
Millipore). At 48 h and 72 h post transfection, the supernatant was
harvested and filtered through a 0.45-mm filter (Millipore). Isolated
splenocytes were activated with murine IL-7 (Peprotech) 2 pg/mL
and Concanavalin A (Sigma) 2 mg/mL for 48 h, then transduced
with retroviruses with RetroNectin-coated (Takara) plates (800 g;
1.5 h), and simultaneously supplemented with human IL-2 (100 U/
mL). Four days after transduction, transduced cells were administered
intravenously.
Figure 7. The immune microenvironment of GL261 tumors was examined usin

Representative images of (A) T cells, (B) CD4+ and CD8+ T cells, (C) NK cells, (D) M1 or

cells (MDSCs). (G) Summary data of (A). (H and I) Summary data of (B). (J) Summary data

(F). The statistical analysis was estimated by one-way ANOVA with Tukey’s correctio

****p < 0.0001.
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Crystal violet cell viability assay

The cells were seeded (5 � 104/well) with fully supplemented media
and infected with oAd or oAd-CXCL11 at an MOI of 1 combined
with or without B7H3.CAR-T. At 72 h post infection, the wells
were washed once and fixed in 3% paraformaldehyde for 10 min.
Then 0.05% crystal violet was used to stain the fixed cells for
30 min and, after washing the cells three times with PBS, images
were captured.
Western blotting

Briefly, 1� 106 U87 cells were seeded for 12 h, then infected with on-
colytic adenovirus at an MOI of 10. The infection medium was
removed and added with fresh medium 2 h after infection. After
24, 48, and 72 h, the cells were harvested and lysed. Total protein
amounts were quantified by BCA assay (Beyotime). Equal protein
amounts were loaded and transferred to polyvinylidene fluoride
(PVDF). After blocking, the PVDF was incubated with anti-E1A anti-
body (Abcam; 1:2,000), anti-Caspase3 (CST; 1:2,000), anti-cleaved
Caspase3 (CST; 1:3,000), anti-CXCL11 (Abcam; 1:1,000) and anti-
b-tubulin antibody (CST; 1:2,000). Next, PVDF was incubated with
HRP-conjugated secondary antibody (Beyotime; 1:2.000). Western
blotting results were analyzed digitally (Clinx Science Instruments,
Chemiscope 5300).
Flow cytometry

Flow cytometric assay was utilized to analyze the expression levels of
CXADR, CXCR3, and B7H3. Briefly, cells were washed three times,
then their Fc receptorwasblocked for 30min. Phycoerythrin (PE)Texas
red channel was used to detect CAR-T cells. B7H3-targeted APC-con-
jugated antibody (BioLegend, 351005) was used to detect B7H3 expres-
sion in GBM cells. The following antibodies were used: CXADR
(Abcam, ab275683), B7H3 (BioLegend, 351005), and CXCR3
(BioLegend, 353703). For the tumor immune microenvironment anal-
ysis, tumor tissues from mice with different treatments were collected.
Single-cell suspensions were harvested using collagenase type IV
(Sigma-Aldrich, C4-BIOC) and DNase-I (Roche, 10104159001). After
digestion, the suspensions were filtered by a 70-mm filter (BD Falcon),
blocked with CD16/CD32 antibody (BioLegend, 40477) and dead cells
were stained with Zombie Violet(BioLegend, 423113). Fluorescent an-
tibodies recognizing murine CD45-PerCP (BioLegend, 103132), CD3-
APC-Cy7 (BD, 560590), CD4-FITC (BD, 553650), CD8-BV510
(BioLegend, 100752), NK1.1-APC (BioLegend, 108709), CD11b-FITC
(BioLegend, 101206), F4/80-PE (BioLegend, 123110), CD86-PE-Cy7
(BD, 560582), CD206-APC (BD, 565250), Foxp3-PE (BioLegend,
126404), Gr1-BV510 (BioLegend, Cat108438), and CD34 (Thermo
Fisher, 14-0341-82) were used in this assay. All flow cytometry experi-
ments were performed using ACEA NovoCyte (Agilent Biosciences).
g flow cytometry

M2 macrophages, (E) regulatory T cells (Tregs), and (F) myeloid-derived suppressor

of (C). (K and L) Summary data of (D). (M) Summary data of (E). (N) Summary data of

n. Data are presented as mean values ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,
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Apoptosis analysis

For apoptosis analysis, GBM cells were incubated with oncolytic
adenovirus (MOI = 1). The infection medium was removed and fresh
medium added 2 h after infection. After 24 h, cells were collected and
stained with 7-AAD and Annexin V for 20min, and then immediately
analyzed using the NovoCyte Flow Cytometer (Agilent Biosciences).
The experiments were performed in triplicate.
xCELLigence

To determine tumor cell killing, the xCELLigence RTCA (Agilent Bio-
sciences) was used. Briefly, tumor cells were plated at 8,000 cells per
well. After 24 h, cells were treated with saline control, oAd or oAd-
CXCL11 (MOI = 0.01), and B7H3.CAR-T (E:T = 1:4) or vehicle con-
trol. Every 15 min, a reading was recorded and the cells were moni-
tored for 70 h. Cell sensor impedancewas defined as the cell index (CI).
3D tumor spheroids coculture assays

The 3D tumor spheroids were prepared by seeding U87 or U87-
mCherry cells in ultra-low attachment plates, cultured with
DMEM/F12 media (Gibco) and added to 1% B27 (Thermo Fisher Sci-
entific), 10 pg/mL human recombinant fibroblast growth factor (FGF)
(Sino Biological), and 10 pg/mL human recombinant epidermal
growth factor (EGF) (Sino Biological) for a week. For the chemotaxis
experiment, 3D tumor spheroids of U87-mCherry cells were infected
with oAd or oAd-CXCL11 at an MOI of 1 for 24 h. Then
B7H3.CAR-T cells (5 � 104) were added to the wells. Images were
captured 24 h after coculture by a confocal microscope (Zeiss 880).
For the cytotoxicity experiment, 3D tumor spheroids of U87 cells
were infected with oAd, oAd-CXCL11, or saline control at an MOI
of 1 for 24 h. Then B7H3.CAR-T cells (5 � 104) or saline control
were added to the wells. 3D tumor spheroids of U87 cells were stained
with Calcein/PI (Beyotime). Images were captured 24 h after cocul-
ture by a confocal microscope (Zeiss 880).
ELISA assay

For the ELISA assay, 1 � 105 tumor cells were seeded and infected
with oAd or oAd-CXCL11 at an MOI of 1. The infection medium
was removed and fresh medium was added 2 h after infection. The
supernatants were then collected at 48 h from each group. The con-
centration of CXCL11 protein in the supernatants was measured by
ELISA kits (R&D). A similar method was used to detect the produc-
tion of TNFa as well as IFNg in a 3D tumor spheroid cytotoxicity
experiment. To detect the in vivo expression of chemokine
(CXCL11) or cytokine (TNF-a and IFN-g), tumor homogenates
Figure 8. The antitumor effect of oAd-CXCL11 is mediated by CD8+ T cells, an

(A) Experimental timeline. An immunocompetent GBMmice model was utilized by intrac

third day, mice were intratumorally administered with 5� 108 PFU of oAd-CXCL11 or ve

day 3, 4, and 5. (B) Representative images of GL261 growth in mice after different treatm

Experimental timeline. (F) Representative images of GL261 growth in mice after differen

GBM-bearing mice. (I) CAR-T cell infiltration 7 days post infusion was confirmed by imm

(J) and (K) Quantification of (I). Survival times of tumor-bearing mice were analyzed using

estimated by one-way ANOVA with Tukey’s correction. Data are presented as mean v
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were collected from experimental NCG mice 18 days after OV injec-
tion for ELISA assay.

RNA-seq

Total RNA samples of T cells from four patients with GBM and four
healthy donors were used for RNA-seq analyses by Shanghai OE
Biotech. The raw data of this RNA-seq were submitted to sequence
read archives (SRA) of the NCBI database (NCBI: PRJNA817671).

Chemotaxis assay

Migration was evaluated in 24-well plates with 5-mm pore size filters
(Corning), and 5 � 104 tumor cells infected with OVs (oAd or oAd-
CXCL11) at an MOI of 1 for 48h or media containing various recom-
binant chemokines with graded concentrations (0, 1, 10, 100 nM)were
added to the bottom wells. T lymphocytes were isolated from PBMCs,
transducedwithCARvector, and then cultured inmediawith IL-2 and
IL-15 for 8 days. Then, CAR-T cells (2 � 105) were added to upper
chambers. At 5 h after incubation, cells migrating to the lower cham-
bers were counted to compare the difference in CAR-T cell migration.

In vivo experiment

For the immunodeficient GBMmice model, NCGmice were intracra-
nially administered with 1 � 105 GBM23-Luc cells into the brain
(1 mm anterior and 2 mm lateral to bregma at a 3-mm depth). Seven
days later, mice were randomly distributed into five groups: saline
control, oAd-CXCL11, B7H3.CAR-T, a combination of oAd plus
intravenous injection of B7H3.CAR-T, and a combination of oAd-
CXCL11 plus intravenous injection of B7H3.CAR-T. Groups with vi-
rus treatment were intracranially administered with 5� 108 PFU oAd
or oAd-CXCL11 in 3 mL of saline. Groups with CAR-T cell treatment
received intravenous administration of 5 � 106 B7H3.CAR-T.

For the immunocompetent GBM mice model, C57BL/6 mice were
intracranially administered with 1 � 105 GL261 cells. On the third
day, mice were subsequently randomly distributed into three groups,
including intracranial administration either with 5 � 108 PFU oAd or
oAd-CXCL11 in 3 mL of saline as well as saline control. In an additional
experiment, for eliminating theNKandCD8+T cells, on day 3, 4, and 5,
mice were received a peritoneal injection with 500 mg of anti-NK1.1 or
anti-CD8a.

In the combinational treatment experiment, B7H3+ GL261 cells
(1 � 105) were stereotactically implanted into the brain. Using a
small animal radiation system, mice received TBI (5 Gy) to achieve
depletion of endogenous lymphocytes before the oAd or CAR-T cell
d combined therapy induces a better antitumor activity in GL261 tumors

ranial administration of 1� 105 GL261 mouse GBM cells into C57BL/6 mice. On the

hicle control. Anti-NK or anti-CD8 antibodies were intraperitoneally administered on

ents. (C) Survival time of GL261 tumor-bearing mice. (D) Murine CAR construct. (E)

t treatments. (G) The change of BLI (p/s) in different groups. (H) Survival of GL261

unohistochemistry and flow cytometry for the marker gene CD34. Scale bar, 50 mm.

the Kaplan-Meier method with the log rank test (n = 5). The statistical analysis was

alues ± SD. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, not significant.
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injection. Five days later, mice were intracranially administered
either with 5 � 108 PFU oAd or oAd-CXCL11 in 3 mL of saline.
Two days later, 5 � 106 B7H3.CAR-T was administered by intrave-
nous injection.

Bioluminescent imaging

Implanted tumor cells expressing firefly luciferase were utilized to
monitor tumor progression via bioluminescence imaging (BLI), using
well-established standard procedures. In brief, the IVIS (Caliper Life
Sciences) was utilized to image animals injected intraperitoneally with
D-Luciferin, potassium salt (Beyotime). IVIS live animal BLI was per-
formed at indicated time points to detect tumor growth.

Immunohistochemistry

Tumor samples from mice that received different treatments were
fixed with paraformaldehyde, embedded in paraffin, sliced into sec-
tions, and stained. We conducted H&E staining and immunohisto-
chemistry (staining of human T cells by anti-CD3 antibody, staining
of oncolytic adenovirus by anti-E1A antibody, and staining of CAR-T
cells by anti-CD34 antibody).

Statistical analysis

Statistical software Prism 8.0 (GraphPad) was used. Student’s t test
was utilized to compare two independent groups, and one-way
ANOVAmodel with the correction of Tukey was utilized to compare
three or more groups. Animal survival times were presented by the
Kaplan-Meier method, and the p values were calculated and
compared with the log rank test. Data are shown as mean ± SD. All
tests were two sided. Differences associated with p < 0.05 were consid-
ered significant.

Data and materials availability

This paper presents all associated data with this study.
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