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ABSTRACT

Background Lack of tumor-infiltrating T lymphocytes
and concurrent T-cell dysfunction have been

identified as major contributors to glioblastoma (GBM)
immunotherapy resistance. Upregulating CXCL10 in

the tumor microenvironment (TME) is a promising
immunotherapeutic approach that potentially increases
tumor-infiltrating T cells and boosts T-cell activity but is
lacking effective delivery methods.

Methods In this study, mesenchymal stem cells (MSCs)
were transduced with a recombinant lentivirus encoding
Cxcl10, Nrf2 (an anti-apoptosis gene), and a ferritin heavy
chain (Fth) reporter gene in order to increase their CXCL10
secretion, TME survival, and MRI visibility. Using FTH-

MRI guidance, these cells were injected into the tumor
periphery of orthotopic GL261 and CT2A GBMs in mice.
Combination therapy consisting of CXCL10-Nrf2-FTH-MSC
transplantation together with immune checkpoint blockade
(ICB) was also performed for CT2A GBMSs. Thereafter,

in vivo and serial MRI, survival analysis, and histology
examinations were conducted to assess the treatments’
efficacy and mechanism.

Results CXCL10-Nrf2-FTH-MSCs exhibit enhanced T
lymphocyte recruitment, oxidative stress tolerance, and
iron accumulation. Under in vivo FTH-MRI guidance and
monitoring, peritumoral transplantation of CXCL10-Nrf2-
FTH-MSCs remarkably inhibited orthotopic GL261 and
CT2A tumor growth in C57BL6 mice and prolonged animal
survival. While ICB alone demonstrated no therapeutic
impact, CXCL10-Nrf2-FTH-MSC transplantation combined
with ICB demonstrated an enhanced anticancer effect

for CT2A GBMs compared with transplanting it alone.
Histology revealed that peritumorally injected CXCL10-
Nrf2-FTH-MSCs survived longer in the TME, increased
CXCL10 production, and ultimately remodeled the TME

by increasing CD8* T cells, interferon-y* cytotoxic T
lymphocytes (CTLs), GzmB* CTLs, and Th1 cells while
reducing regulatory T cells (Tregs), exhausted CD8* and
exhausted CD4™ T cells.

Conclusions MRI-guided peritumoral administration of
CXCL10 and Nrf2-overexpressed MSCs can significantly
limit GBM growth by revitalizing T lymphocytes within TME.
The combination application of CXCL10-Nrf2-FTH-MSC
transplantation and ICB therapy presents a potentially
effective approach to treating GBM.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Glioblastoma (GBM) immunotherapy resistance
has been linked primarily to a deficiency in tumor-
infiltrating T cells and concurrent T-cell dysfunction.
A promising immunotherapy strategy for GBM in-
volves using mesenchymal stem cells (MSCs) to de-
liver CXCL10, which may improve tumor-infiltrating
T cells and restore T-cell activity in the tumor micro-
environment (TME); nevertheless, the limited surviv-
al of transplanted MSCs in GBM poses a substantial
challenge.

WHAT THIS STUDY ADDS

= CXCL10 could be used to revive T cells in immu-
nologically “distinct” GBM, and overexpressing Nrf2
in MSCs is an effective method for boosting MSC
survival in order to function as cellular vehicles for
CXCL10 delivery to GBM. Besides, FTH-MRI is a
practical method for guiding intracranial stem cell
transplantation. Peritumoral CXCL10-Nrf2-FTH-MSC
implantation effectively inhibited the growth of intra-
cranial GL261 and CT2A GBMs and extended animal
survival. The capacity of CXCL10-Nrf2-FTH-MSCs
to restore T-cell dysfunction could be augmented
when combined with immune checkpoint blockade
therapy for CT2A GBM.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Peritumoral administration of CXCL10 and Nrf2-
overexpressed MSCs can substantially inhibit the
growth of GBM by reinvigorating T lymphocytes
within the TME. Combining CXCL10-Nrf2-FTH-MSC
transplantation with immune checkpoint blockade
therapy can potentially be a more effective treat-

ment regimen for GBM than either alone.

BACKGROUND

Glioblastoma (GBM) is the most prev-
alent and severe type of brain tumor,
accounting for almost half of all primary
central nervous system (CNS) malignancies.’
Despite improvements in surgical resection,
radiotherapy, chemotherapy, and recently
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proposed targeted therapy or tumor-treating fields, GBM
remains notorious for its dismal prognosis, with a median
survival of less than 2 years and an exceptionally low
B-year survival rate (<10%) 23

Immunotherapy, which employs the host’s immune
system to combat cancer, has made significant clinical
advances in a broad range of malignancies over the past
decade, and this has also spurred intensive research into
its potential use for GBM.* Although there have been
numerous immunotherapeutic clinical trials, such as
immune checkpoint blockade (ICB), chimeric antigen
receptor T (CART) cell therapy, and oncolytic virotherapy,
for the treatment of GBM, very few have shown a substan-
tial improvement in survival.” Complex mechanisms are
underneath. A lack of tumor-infiltrating lymphocytes
and contemporaneous T-cell dysfunction have been
recognized as key contributors to treatment resistance
in GBM among the multifactorial factors.® Hence, it is
extremely desirable to recruit effector T lymphocytes to
the tumor site and unleash their full potential. CXCL10
could not only facilitate the migration of T cells to the
tumor site but also drive their polarization into highly
potent effector T cells.”® Increasing the level of CXCL10
in the tumor microenvironment (TME) is therefore a
prospective method for GBM immunotherapy. Neverthe-
less, CXCL10 has a very short halflife in blood,’” making
it difficult to reach therapeutic levels in the brain without
causing systemic side effects through systemic administra-
tion. Furthermore, in order to enhance tumor-infiltrating
T cells and restore T-cell functionality in GBM, contin-
uous and high-level CXCLI10 delivery is necessary, which
is also challenging to achieve via systemic administration.

Recently, tumoricidal stem cells have created an immu-
notherapy avenue for GBM.'" Using genetically modi-
fied stem cells to deliver high, sustained concentrations
of tumoricidal agents such as immunotherapeutic cyto-
kines and oncolytic viruses locally to primary or recurrent
GBM could overcome the limitations of current systemic
chemotherapy approaches.'’ In a completed phase I clin-
ical trial, intracranial administration of neural stem cells
carrying an engineered oncolytic adenovirus to patients
with high-grade gliomas after tumor removal was shown
to be safe, and it elicited an anti-glioma immune response,
with promising survival outcomes for GBM.'* Compared
with other types of stem cells, the lack of immunoge-
nicity and the simplicity of obtaining and expanding
mesenchymal stem cells (MSCs) without raising ethical
concerns make them attractive cellular vehicles for
treating GBM."” Our previous study demonstrated that
peritumorally injected interferon (IFN)-f gene-modified
MSCs (IFN-B-MSCs) significantly inhibit intracranial
malignant glioma growth, as evidenced by their longer
survival compared with intracerebral, intratumoral, and
intra-arterial injections, indicating that peritumoral injec-
tion is the preferred administration route for MSC-based
cellular vehicles."* On day 11 after peritumoral injection,
however, the survival rate of IFN-3-MSCs engrafted in
the glioma periphery is still only about 30%. The limited

survival of engrafted MSCs remains a significant barrier to
their therapeutic efficacy. Thus, improving MSC survival
in the TME is essential for increasing their therapeutic
utility. Gliomas develop an aberrant vasculature network
and an altered redox microenvironment characterized by
variable oxygen concentrations and elevated amounts of
reactive oxygen species (ROS)," which are highly detri-
mental to MSC survival. The NFE2L2 gene, which encodes
Nrf2, is a stressresponsive transcription factor that is
essential for the cellular response to a variety of stressors,
such as oxidative damage and senescence, an excessive
supply of nutrients and metabolites, inflammation, etc."®
Several studies have shown that Nrf2 overexpression
enhances MSC survival and oxidative stress tolerance,17 18
which could be used to improve the effectiveness of MSC-
based cell therapies.

In the present research, MSCs were transduced with
a lentivirus carrying Cxcl10, Nrf2, and the ferritin heavy
chain (fth) reporter gene in order to enhance their
CXCL10 secretion, Nrf2 expression, and MRI visibility.
These MSCs were implanted into the tumor periphery of
orthotopic GL261 and CT2A GBM in mice under FTH-
based MR guidance. CT2A GBMs were also treated with
combination therapy combining CXCL10-Nrf2-FTH-MSC
transplantation and ICB. Subsequently, in vivo and serial
MRI, survival analysis, and histology tests were conducted
to assess the efficacy and therapeutic mechanisms of
different treatments. This research aims to determine
whether Nrf2-upregulated MSCs could be employed for
continuous and targeted delivery of CXCLI10 to increase
tumor-infiltrating T cells, restore their function in GBM,
and restrict GBM progression.

METHODS

Lentiviral vector construction and MSC transduction

MSCs derived from CH7BL/6 mice were obtained from
PROCELL Life Technology (Wuhan, China). Lenti-
viral vectors encoding mouse Cxcl10 (NM_021274), Fth
(NM_010239), and enhanced green fluorescent protein
(eGFP) with or without Nrf2 (NM_010902), or encoding
Nrf2 and eGIP were constructed (LV-CXCLI10-T2A-
Nr{2-P2A-FTH-eGFP, LV-CXCL10-T2A-FTH-eGFP, and
LV-Nrf2-eGFP). MSCs were transduced with LV-CXCL10-
T2A-Nrf2-P2A-FTH-eGFP, and genetically modified MSCs
(CXCL10-Nrf2-FTH-MSCs) were obtained. CXCL10-
FTH-MSCs, Nrf2-MSCs, and eGFP-MSCs were obtained
by transducing MSCs with LV-CXCL10-T2A-FTH-eGFP,
LV-Nrf2-eGFP, or the lentiviral vector encoding eGFP
alone as controls. The Methods section of the online
supplemental materials included details on lentiviral
vector construction and MSC transduction.

Cytotoxicity and effectiveness testing in vitro

To evaluate the safety of lentivirus transduction, as previ-
ously described,' flow cytometry (FCM) and the CCKS8
assay were used to evaluate the phenotype of genetically
modified MSCs and cell viability. The messenger RNA
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(mRNA) overexpression of Cxcl10, Nrf2, and Fthin genet-
ically modified MSCs was detected using quantitative
real-time PCR (qPCR). ELISA was used to confirm the
over-secretion of CXCL10 in genetically modified MSCs,
and western blot was used to confirm the overexpres-
sion of Nrf2 and FTH. The transwell migration assay was
used to assess the effect of CXCL10 over-secretion on the
ability of CXCL10-Nrf2-FTH-MSCs to recruit T cells. The
ability of Nrf2 overexpression to protect CXCLI10-Nrf2-
FTH-MSCs from ROS was evaluated using H,O,-induced
cell apoptosis. FCM was employed to detect apoptosis in
genetically modified MSCs with and without H,O, precon-
ditioning. As previously described,' Prussian blue (PB)
staining and in vitro MRI were used to evaluate the over-
expression of the Fth gene in CXCLI10-Nrf2-FTH-MSCs.
The in vitro MRI sequence acquisition parameters are
provided in the online supplemental table 1. The CCKS8
assay and FCM were employed to evaluate the viability
and apoptosis of GL261 cells co-cultured with CXCL10-
Nrf2-FTH-MSCs in order to detect the direct cytotoxicity
of CXCLI10 over-secretion against GBM cells. FCM was
used to determine the effect of CXCL10-Nrf2-FTH-MSCs
on T-cell phenotype by analyzing the phenotype of T cells
co-cultured with CXCLI10-Nrf2-FTH-MSCs. Details of all
the above-mentioned experiments are provided in the
online supplemental methods.

Establishment of intracranial orthotopic GL261 and CT2A GBM
models and MSC delivery

PROCELL Life Technology (Wuhan, China) provided the
GL261 cells. BeNa Culture Collection (Beijing, China)
provided the CT2A cells. From the Guangdong Prov-
ince Medical Experimental Animal Center (Guangzhou,
China), adult male C57/BL6 mice weighing 20-30 g were
purchased. The individual mouse was considered the
experimental unit within the studies. Random numbers
were generated using the standard=RAND() function in
Microsoft Excel. Immunocompetent C57BL/6 mice were
stereotaxically injected with 8x10° syngeneic GL261 GBM
cells or 0.5x10° syngeneic CT2A cells into the left striatum
in order to establish orthotopic intracranial GBM models.
Four to 7days following tumor cell inoculation, in vivo
MRI was used to confirm GBM establishment. Details of
intracranial orthotopic GBM establishment are provided
in the online supplemental methods.

Mice bearing GL261 tumors were randomly divided
into five experimental groups and received one of the
five treatments, including peritumoral injection of
2x10°  CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-MSCs,
Nrf2-MSCs, eGFP-MSCs, or PBS, when tumor burden
reached 8+1mm® on MRI T2WI. Once the CT2A tumor
burden measured by MRI T2WI was 2+1mm®, mice
were given one of five treatments: peritumoral injec-
tion of 2x10° CXCL10-Nrf2-FTH-MSCs combined
with ICB by intraperitoneal injection of an anti-mouse
programmed cell death-1 (PD-1) antibody, as previously
described' * (CXCL10-Nrf2-FTH-MSC + ICB group),
peritumoral injection of 2x10° CXCL10-Nrf2-FTH-MSCs

(CXCLIO-Nrf2-FTH-MSC group), intraperitoneal injec-
tion of an anti-mouse PD-1 antibody (ICB group), peri-
tumoral injection of 2x10° CXCL10-Nrf2-FTH-MSCs
combined with T-cell depletion by intraperitoneal injec-
tion of anti-mouse CD4 and anti-mouse CD8a antibodies,
as previously described®' ** (CXCL10-Nrf2-FTH-MSC +
T-cell depletion group), or peritumoral PBS injection
(PBS group). An MRI-guided injection of MSCs into the
peritumoral zone of orthotopic GBMs was performed, as
described in our previous study.'* Details are elaborated
on in the online supplemental methods.

In vivo MRI

In vivo and serial MRI was performed to monitor the ther-
apeutic effect of peritumoral transplantation of MSCs on
orthotopic GBMs. MRI was performed on a clinical 3.0 T
MR scanner (Ingenia; Philips Medical Systems) equipped
with a 3cm 8-channel phased array mouse coil (Suzhou
Zhongzhi Medical Technologies, China). For GL261
tumors (n=5 in each group), in vivo MRI was performed
at each time point of 1-day prior to injection (baseline),
the day of injection (day 1), and 7, 14, and 21 days after
injection (day 1, day 7, day 14, and day 21). CXCL10-
Nrf2-FTH-MSCs were identified on T2*W images on day
1 to confirm the peritumoral transplantation. Consid-
ering that CT2A tumors often reach end-stage earlier
than GL261 tumors, in vivo MRI was performed on CT2A
GBM (n=b in each group) I-day prior to injection (base-
line), 6 and 11 days after injection (day 6 and day 11).
The online supplemental table 2, provide the in vivo MRI
sequence acquisition parameters. The tumor volume of
GBMs in each group at each time point was measured on
T2W images, as previously mentioned.'"* The maximum
size of the tumors allowed to grow in the mice before
euthanasia was 300 mm”.

Survival analysis

Mice bearing GL261 tumors were randomly assigned to
one of five groups: CXCL10-FTH-Nrf2-MSC, CXCLI10-
FTH-MSC, Nrf2-MSC, eGFP-MSC, or PBS (n=6 in each
group) in order to assess the impact of CXCL10-Nrf2-
FTH-MSCs on animal survival. Mice bearing CT2A
tumors were randomly assigned to one of five groups:
CXCL10-Nrf2-FTH-MSC + ICB, CXCL10-Nrf2-FTH-MSC,
ICB, CXCL10-Nrf2-FTH-MSC + T-cell depletion, and PBS
groups (n=6 in each group) in order to assess the effect
of CXCLI10-Nrf2-FTH-MSCs in combination with ICB or
T-cell depletion on animal survival. Each group’s animals’
survival time was recorded. When animals showed clinical
signs of moribund (including serious movement prob-
lems, neurological dysfunction, and hunchback), the
mice were euthanized.

Histological analysis

The brains of mice bearing GL261 tumors were collected
for histologic examination on days 1, 7, and 21 (n=3
per time point in each group). The engraftment of
transplanted MSCs was assessed by PB staining and
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immunohistochemical labeling for FTH, as previously
mentioned.'* Using a confocal microscope (LSM-880;
Zeiss, Jena, Germany), the percentage of eGFP-positive
(eGFP") cells was counted to determine the survival rate
of the grafted MSCs. To investigate the impact of trans-
planted CXCLI10-Nrf2-FTH-MSCs on the proliferation
and apoptosis of GL261 GBM, immunohistochemical
staining for Ki-67 and the TUNEL assay were performed
7 and 21 days after MSC transplantation, respectively.
Details are provided in the online supplemental methods.

Ex vivo ELISA and ex vivo FCM

The brains of GL261 tumor-bearing mice were harvested
on days 7 and 21 (n=3 at each time point in each
group) for ELISA analysis to determine the CXCLI10
level in the MSC-transplanted mouse brain. GL261
tumor-bearing mice (n=5 at each time point in each
group) were sacrificed on day 7 and day 21 for ex vivo
FCM, and mouse brains and deep cervical lymph nodes
(dCLNs) were collected to evaluate immune cell infil-
tration in the tumor and dCLNs following various treat-
ments. To further elucidate the therapeutic mechanism
in a mouse model that more closely resembles human
GBMs,” ** on day 11, ex vivo FCM was performed on the
brains of CT2A tumor-bearing mice (n=5 at each time
point in each group). For the analysis, 100,000 events
were collected for each sample. In the forward scatter/
side scatter (FSC/SSC) plots, cells of interest were chosen
based on their size. For GL261 tumors, CD3" cell counts
were performed to determine the total number of T cells
in the mouse brains. CD4" and CD8" T cells were gated
within CD3" T lymphocytes, and immune-activated CD8"
T cells (IFN-y'CD8" T and GzmB'CD8" T cells) were
analyzed within CD8" T cells, while antitumor Th1 cells
(IFN-y'IL4 CD4" T cells) and protumor regulatory T cells
(Tregs, CD25'Foxp3'CD4" T cells) were gated within
CD4" T cells. CD45" lymphocytes harboring CXCR3" cells
were gated in dCLNs and mouse brains. Furthermore,
for CT2A tumors (n=5 in each group), exhausted CD8"
T lymphocytes (PD-1"Tim-3"CD8" T cells), exhausted
CD4" T lymphocytes (PD-1"Tim-3'CD4" T cells), M1
macrophages (CD86'CD11b'F4/80°CD45") and M2
macrophages (CD206'CD11b'F4/80°CD45") were also
analyzed. Additional information is provided in the
online supplemental figure S1.

Statistical analysis

The data are presented as means with SD. mRNA and
protein levels, cell viability, apoptosis rate, T-cell migra-
tion rate, ex vivo CXCL10 secretion level, and percentage
of eGFP" MSCs and immune cells were compared using
one-way analysis of variance, followed by the Bonferroni
post hoc test for multiple pairwise comparisons among
different times. Using repeated measures analysis of
variance, the tumor volume was analyzed. The p values
for the Kaplan-Meier survival studies were determined
using a log-rank (Mantel-Cox) test. SPSS V.26.0 software
was used to conduct statistical analysis (SPSS; Chicago,

Illinois, USA). P value<0.05 was considered to indicate a
statistically significant difference.

RESULTS

The constructed lentivirus safely transduced MSCs to
upregulate CXCL10 secretion, Nrf2, and FTH expression

The schematic of the lentiviral vector employed in this
study is depicted in figure 1A. Recombinant lentiviruses
LV-CXCLI10-T2A-Nrf2-P2A-FTH-eGFP, LV-CXCL10-T2A-
FTH-eGFP, and LV-Nrf2-eGFP had a titer of 3x10° TU/
mL. Following selection with puromycin, the trans-
duction efficiency of both CXCLI10-Nrf2-FTH-MSCs,
CXCL10-FTH-MSCs, and Nrf2-MSCs increased signifi-
cantly, with efficiencies of 80.69+0.78 %, 73.52+1.31%, and
89.13+0.49%, respectively, compared with 73.47+0.58%,
51.35+0.45%, and 61.86+0.70% in the absence of puro-
mycin selection. Remarkable green fluorescence was
observed in CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-
MSCs, and Nrf2-MSCs (figure 1B). Both CXCL10-Nrf2-
FTH-MSCs, CXCL10-FTH-MSCs, and Nrf2-MSCs were
highly positive for the MSC markers CD44 and CD29,
while being negative for the hematopoietic marker
CD117 (figure 1C). Furthermore, there were no statis-
tically significant differences in cell viability between
CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-MSCs, eGFP-
MSCs, Nrf2-MSCs, and wild-type MSCs (WT-MSCs), as
measured by the CCKS8 assay (p>0.05) (figure 1D). As
determined by qPCR (figure 1E), ELISA (figure 1F), and
western blotting (figure 1G), increased expression of
CXCL10, Nrf2, and FTH was observed in CXCL10-Nrf2-
FTH-MSCs compared with the control groups (p<0.05).
Additionally, CXCL10-FTH-MSCs exhibited increased
expression of CXCL10 and FTH compared with eGFP-
MSCs and WI-MSCs (p<0.05), while Nrf2-MSCs showed
higher expression of Nrf2 in comparison to CXCLI10-
FTH-MSCs, eGFP-MSCs, and WI-MSCs (p<0.001).

CXCL10-Nrf2-FTH-MSCs enhanced T lymphocyte migration,

oxidative stress resistance, and cellular iron accumulation

As indicated by the transwell assay, CXCL10-Nrf2-FTH-
MSCs and CXCLI10-FTH-MSCs significantly increased
T-cell migration, particularly CD8" Twcell migration,
compared with Nrf2-MSCs, eGFP-MSCs, WI-MSCs and
PBS (p<0.05) (figure 2A). In the H,O,induced apoptosis
experiment, the apoptosis rate in the CXCL10-Nrf2-FTH-
MSCs and Nrf2-MSCs was only slightly increased by about
8.18% and 8.15%, respectively, whereas the apoptosis
rates in the other three groups were significantly upregu-
lated compared with the apoptosis rates of the same cells
under normal growth conditions, increasing by approxi-
mately 87.57%—-89.22% (p<0.001) (figure 2B). These find-
ings suggest that overexpression of Nrf2 improves MSC
resistance to oxidative stress. In PB staining, a proportion
of CXCLI10-Nrf2-FTH-MSCs and CXCL10-FTH-MSCs
incubated with iron citrate (Fc) showed abundant blue
staining, whereas the other groups did not (figure 2C).
After Fc incubation, in vitro MRI demonstrated that
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Figure 1 Safety and efficacy of MSC transduction. (A) The schematic of the constructed lentiviral vector. (B) MSCs transfected
with CXCL10-T2A-Nrf2-P2A-FTH, CXCL10-T2A-FTH, and Nrf2 overexpressing lentiviruses displayed green fluorescence

under phase contrast and inverted fluorescence microscopy. (Bar=100pum) (C) CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-MSCs,
and Nrf2-MSCs were substantially positive for the MSC markers CD44 and CD29 but negative for the hematopoietic marker
CD117, as shown by representative flow cytometric graphs. (D) Graphs demonstrating that there are no statistically significant
differences in cell viability between CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-MSCs, eGFP-MSCs, Nrf2-MSCs, and WT-MSCs.
(E) CXCL10-Nrf2-FTH-MSCs showed considerably greater mRNA levels of CXCL10, Nrf2, and FTH than CXCL10-FTH-MSCs,
eGFP-MSCs, and WT-MSCs, according to quantitative real-time PCR. CXCL10 secretion and Nrf2 and FTH protein levels in
CXCL10-Nrf2-FTH-MSCs were significantly higher than in the other three groups, as assessed by ELISA (F) and western blot
(G). (*: CXCL10-FTH-MSCs vs Nrf2-MSCs, eGFP-MSCs, PBS, p<0.05; *: CXCL10-Nrf2-FTH-MSCs vs CXCL10-FTH-MSCs,
Nrf2-MSCs, eGFP-MSCs, PBS, p<0.05; **: CXCL10-Nrf2-FTH-MSCs vs Nrf2-MSCs, eGFP-MSCs, PBS, p<0.05; *: Nrf2-MSCs
vs CXCL10-FTH-MSCs, eGFP-MSCs, WT-MSCs, p<0.05; ***: CXCL10-Nrf2-FTH-MSCs vs CXCL10-FTH-MSCs, eGFP-MSCs,
WT-MSCs, p<0.05). eGFP, enhanced green fluorescent protein; MSCs, mesenchymal stem cells; mMRNA, messenger RNA; WT,
wild type.

CXCL10-Nrf2-FTH-MSCs and CXCL10-FTH-MSCs had a
hypointense signal on T2WI and T2*WI, with a signifi-
cantly lower signal than the other groups (figure 2D).
After co-cultivation of CXCL10-Nrf2-FTH-MSCs,
CXCL10-FTH-MSCs,  Nrf2-MSCs, eGFP-MSCs, or
WTI-MSCs with GL261 cells, respectively, CCK8 and apop-
tosis assays revealed no statistically significant differences

between groups in cell viability and apoptosis rate
(figure 2E) (p>0.05). The findings demonstrate that
CXCLI10-Nrf2-FTH-MSCs have no direct effect on the
viability and apoptosis rate of GL261 GBM cells. After
co-cultivation of CXCL10-Nrf2-FTH-MSCs, CXCL10-FTH-
MSCs, Nrf2-MSCs, or eGFP-MSCs with T cells, respec-
tively, FCM revealed that CXCLI10-Nrf2-FTH-MSC and
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Figure 2 In vitro evaluation of MSCs overexpressing CXCL10, Nrf2, and FTH. (A) The transwell assay revealed that CXCL10-
Nrf2-FTH-MSCs and CXCL10-FTH-MSCs significantly improved T-cell migration, especially CD8" T-cell migration, compared
with Nrf2-MSCs, eGFP-MSCs, and WT-MSCs, as shown by flow cytometry. (B) Experiments on H,O,-induced apoptosis
revealed that the apoptosis rates of CXCL10-Nrf2-FTH-MSCs and Nrf2-MSCs increased by only 8% following H,0, treatment,
whereas the apoptosis rates of the other three groups increased by around 90%. (C) Representative micrographs of cell
Prussian blue staining reveal abundant blue-stained particles within CXCL10-Nrf2-FTH-MSCs and CXCL10-FTH-MSCs

with Fc treatment, but negligible blue-stained particles within CXCL10-Nrf2-FTH-MSCs and CXCL10-FTH-MSCs without Fc
treatment, or in eGFP-MSCs with or without Fc incubation (bar=100pm). (D) On T2W and T2*W images, CXCL10-Nrf2-FTH-
MSCs and CXCL10-FTH-MSCs treated with Fc exhibited an evidently hypointense signal. (E) CCK8 and apoptosis experiments
revealed no statistically significant differences in proliferation and apoptosis rate between CXCL10-Nrf2-FTH-MSCs, CXCL10-
FTH-MSCs, Nrf2-MSCs, and eGFP-MSCs. (#: CXCL10-FTH-MSCs vs Nrf2-MSCs, eGFP-MSCs, WT-MSCs, PBS, p<0.05; **:
CXCL10-Nrf2-FTH-MSCs vs Nrf2-MSCs, eGFP-MSCs, WT-MSCs, PBS, p<0.05; ##. cells under normal growth conditions vs
cells under medium added with 500mM H,0,, p<0.05). eGFP, enhanced green fluorescent protein; MSCs, mesenchymal stem
cells; WT, wild type.

CXCL10-FTH-MSC groups had a higher percentage of T2*W imaging at the peritumoral zone. This is consis-
Thl cells compared with other groups (p<0.01) (online  tent with an abundance of FTH-positive and blue-stained

supplemental figure S2). There were no other signif- ~ MSCs shown on immunohistochemistry staining for FTH
icant differences in T-cell phenotype across the groups and PB staining, as well as an abundance of eGFP” cells in
(p>0.05). the peritumoral area seen on eGFP immunofluorescence

imaging. In contrast, no hypointense signal was detected
on T2*W images of the eGFP-MSC or PBS group 1day
after MSC transplantation; neither FTH-positive nor blue-

MRI-guided peritumoral transplantation of CXCL10-Nrf2-FTH-

MSC inhibits GL261 and CT2A GBM growth

Peritumoral MSC transplantation is illustrated in online ) i ) )
supplemental figure S3, as verified by MRI and histolog- stained MSCs were observed in the glioma margin zone.

ical examinations. At baseline, GL.261 tumors exhibited On T2W images, GL261 gliomas appeared as hyper-
a mass with a somewhat hyperintense signal and were intense masses commonly surrounded by hypointense
frequently bordered by hypointense hemorrhage on  hemorrhage (figure 3A). In vivo MRI (figure 3A) and
T2*W images. On D01, CXCL10-Nrf2-FTH-MSCs and tumor volume growth curves (figure 3B) showed that the
CXCLI10-FTH-MSCs presented hypointense signals on CXCL10-Nrf2-FTH-MSC and CXCL10-FTH-MSC groups
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Figure 3 In vivo MRI monitoring and survival analyses for GL261 and CT2A GBMs. (A) On T2W images, GL261 tumors are
depicted as masses with a hyperintense signal that are frequently accompanied by hypointense hemorrhage. From baseline

to day 21, GL261 tumors receiving the CXCL10-Nrf2-FTH-MSCs treatment revealed a slower development pattern than

those receiving other therapies. (B) Tumor growth curves reveal CXCL10-Nrf2-FTH-MSCs exhibited the lowest rate of tumor
development. The tumor growth rate of the CXCL10-FTH-MSC group was intermediate between that of the CXCL10-Nrf2-FTH-
MSC group and the control groups. (C) Kaplan-Meier survival analysis shows that mice in the CXCL10-Nrf2-FTH-MSC group
lived considerably longer than the other four groups (p<0.001), and the CXCL10-FTH-MSC group also lived longer than the
Nrf2-MSC, eGFP-MSC, and PBS groups (p>0.05). According to in vivo MRI (D) and tumor growth curves (E) CT2A tumors in the
CXCL10-Nrf2-FTH-MSC + ICB group grew at the slowest rate relative to the other four groups (p<0.01), while CT2A tumors in
the CXCL10-Nrf2-FTH-MSC group also grew more slowly than the ICB group, CXCL10-Nrf2-FTH-MSC + T-cell depletion group,
and PBS group (p<0.05). (F) Kaplan-Meier survival analysis shows that mice with CT2A GBMs in the CXCL10-Nrf2-FTH-MSC

+ ICB group had significantly improved survival than the other four groups. (*: CXCL10-FTH-MSC vs Nrf2-MSC, eGFP-MSC,
PBS, p<0.05; *: CXCL10-Nrf2-FTH-MSC vs Nrf2-MSC, eGFP-MSC, PBS, p<0.05; *: CXCL10-Nrf2-FTH-MSC vs ICB, CXCL10-
Nrf2-FTH-MSC + T cell-depletion, PBS, p<0.05; **: CXCL10-Nrf2-FTH-MSC + ICBvs CXCL10-Nrf2-FTH-MSC, ICB, CXCL10-
Nrf2-FTH-MSC + T cell-depletion, PBS, p<0.05). eGFP, enhanced green fluorescent protein; GBM, glioblastoma; ICB, immune
checkpoint blockade; MSCs, mesenchymal stem cells.

showed significantly slower tumor growth than the other =~ Nrf2-MSC and eGFP-MSC groups all displayed the same
groups (p<0.05). Comparatively, the tumor volume of  pattern of progressive tumor growth as the PBS group
the CXCL10-Nrf2-FTH-MSC group (13.68+10.35mm?) is (p>0.05). According to the Kaplan-Meier survival analysis
significantlyless than that of the CXCL10-FTH-MSC group (figure 3C), mice in the CXCLI10-Nrf2-FTH-MSC group
(53.30+31.62mm”) (p<0.05) on day 21. The mice in the  had significantly longer survival (median survival time:
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52.5days) than the other four groups (median survival
time: 30.5-36 days) (p<0.05); 66.7% (4/6) animals in
the CXCLI10-Nrf2-FTH-MSC group survived for 50 days.
The mice in the CXCL10-FTH-MSC group lived longer
than the Nrf2-MSC, eGFP-MSC, and PBS groups, but
there was no statistically significant difference (p>0.05)
(figure 3C). These findings indicated that peritumoral
injection of CXCLI10-Nrf2-FTH-MSCs significantly inhib-
ited GL261 tumor growth and extended animal survival,
while CXCLI10-FTH-MSCs exhibited a comparatively
moderate therapeutic effect on GL261 tumors.

To validate the therapeutic efficacy, CT2A GBMs,
which are immunologically inert and more analogous
to human GBM than GL261 gliomas,” ** were used. As
determined by in vivo MRI (figure 3D) and tumor volume
growth curves (figure 3E), peritumoral transplantation
of CXCLI0-Nrf2-FTH-MSCs substantially slowed tumor
growth. Survival analysis (figure 3F) showed an improve-
ment in survival for mice in the CXCL10-Nrf2-FTH-MSC
group (median survival time: 21 days) compared to
the PBS group (median survival time: 15 days), with a
marginally significant difference (p=0.081). Notably,
mice bearing CT2A GBM in the CXCL10-Nrf2-FTH-MSC
+ ICB group exhibited a significantly slower rate of tumor
growth (p<0.01) and considerably prolonged survival
in comparison to the other four groups (p<0.001). In
contrast, single ICB therapy or CXCL10-Nrf2-FTH-MSC
transplantation after T-cell depletion did notyield a signif-
icant effect on the growth of CT2A tumors or the survival
of the animals. These results suggest that the therapeutic
efficacy of CXCL10-Nrf2-FTH-MSCs against CT2A tumors
was amplified when in combination with ICB therapy.

Histology assesses CXGL10-Nrf2-FTH-MSC survival, GXCL10
secretion, and GBM cell proliferation and apoptosis after
transplantation

Immunofluorescence imaging of eGFP (figure 4A)
revealed abundant eGFP” cells in the marginal region of
the tumor in the CXCL10-Nrf2-FTH-MSC and Nrf2-MSC
groups on day 7 after transplantation, and consider-
able eGFP" cells were still detected for these two groups
within the tumor on day 21 after transplantation. On
day 7 after transplantation, the tumor contained a
number of eGFP" cells in both the CXCL10-FTH-MSC
and eGFP-MSC groups. Neither the CXCLI10-FTH-MSC
group nor the eGFP-MSC group contained eGFP" cells
on day 21 following transplantation. Quantitative analysis
(figure 4B) showed that on day 7 after transplantation, the
proportion of eGFP" cells in the CXCL10-Nrf2-FTH-MSC
group was significantly higher (83%=4.41%) than that
in the CXCL10-FTH-MSC group (36.48%=6.65%),
Nrf2-MSC group (55.75%+7.20%), and eGFP-MSC group
(29.94%+5.25%) (p<0.05). By day 21, the proportion of
eGFP" cells in the CXCLI10-Nrf2-FTH-MSC group had
declined to 49.17%=9.84%, but remained significantly
higher than that in the Nrf2 group (29.67%+5.44%) and
in the CXCL10-FTH-MSC and eGFP-MSC groups (both
around 1%) (p<0.01). The Nrf2-MSC group showed more

eGFP" cells than the CXCL10-FTH-MSC and eGFP-MSC
groups on both day 7 and day 21 (p<0.001). These results
indicate that Nrf2-overexpressing MSCs have a greater
capacity for survival following glioma transplantation.

On days 7 and 21 after MSC transplantation, the
CXCL10 levels in brain tissue of the CXCLI10-Nrf2-
FTH-MSC group were significantly higher than those
of the other four groups (p<0.05) (figure 4C). Only
on day 7 did the CXCL10-FTH-MSC group exhibit a
significantly higher CXCL10 level in comparison to the
Nrf2-MSC, eGFP-MSC, and PBS groups (p<0.05). The
levels of CXCL10 were not significantly upregulated in
the Nrf2-MSC, eGFP-MSC, and PBS groups. These find-
ings suggest that CXCL10-Nrf2-FTH-MSCs with a longer
lifespan secrete more CXCL10 into the tumor.

On both day 7 and day 21 following transplantation,
TUNEL staining (figure 4D) revealed a significantly
greater number of apoptotic tumor cells in the CXCLI10-
Nrf2-FTH-MSC group than in the other four groups. Ki67
immunohistochemical staining (figure 4E) revealed that
on days 7 and 21 after transplantation, in comparison
to the other four groups, GBMs treated with CXCL10-
Nrf2-FTH-MSCs displayed considerably decreased Ki67
expression. These findings suggest that peritumoral
transplantation of CXCLIO-Nrf2-FTH-MSCs promotes
apoptosis and inhibits proliferation in GBM cells.

CXCL10-Nrf2-MSC increase tumor-infiltrating CD8* T
lymphocytes and rescue T-cell dysfunction

Day 7 after MSC transplantation showed a signifi-
cant increase in CD8" T cells (figure 5A), IFN-y" cyto-
toxic T lymphocytes (CTLs) (figure 5B), GzmB" CTLs
(figure 5C), and Thl cells (figure 5D) and a significant
decrease in Treg cells (figure 5E) in the GL261 tumors
treated with CXCL10-Nrf2-FTH-MSCs or CXCL10-FTH-
MSCs compared with those treated by the Nrf2-MSC,
eGFP-MSC, or PBS (p<0.05). On day 21 after MSC trans-
plantation, only GL261 tumors treated with CXCLI10-
Nrf2-FTH-MSCs demonstrated a significant increase in
CD8" T cells, IFN-y* CTLs, GzmB" CTLs, and Thl cells
(p<0.05). Transplanting Nrf2-MSCs and eGFP-MSCs did
not substantially change the immune cells in TME on
both days 7 and 21. These results suggest that CXCL10-
Nrf2-FTH-MSCs exert a long-term anti-GBM effect not
only by increasing the trafficking of CD8" T cells to the
tumor site but also by directing CD8" T cells and CD4" T
cells into highly potent effector T cells and altering the
immunosuppressive immunological milieu.

It has been demonstrated that the CXCR3-CXCLI10
axis regulates T lymphocyte migration and activation.”
To determine the alteration in the CXCR3-CXCL10 axis,
CXCR3" cells were analyzed by FCM in both the tumor
and dCLNs. We found that the CXCL10-Nrf2-FTH-MSC
and CXCL10-FTH-MSC groups had more CXCR3'
cells in dCLNs and GL261 tumors than the Nrf2-MSC,
eGFP-MSC, and PBS groups on day 7 after MSC trans-
plantation (p<0.05) (online supplemental figure S4).
Moreover, the CXCLI10-Nrf2-FTH-MSC group had
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micrographs of eGFP immunofluorescence demonstrate that a large number of eGFP* cells could be identified on day 7 after
transplantation in the CXCL10-Nrf2-FTH-MSC and Nrf2-MSC groups, and considerable eGFP* cells could still be observed

on day 21 following transplantation. Only on day 7 after transplantation did the CXCL10-FTH-MSC and eGFP-MSC groups
show eGFP™ cells. Twenty-one days after transplantation, neither the CXCL10-FTH-MSC nor the eGFP-MSC group contained
eGFP* cells. (Bar=100pum, 50um). (B) On day 21, except for the CXCL10-Nrf2-FTH-MSC and Nrf2-MSC groups, the percentage
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MSC, eGFP-MSC, and PBS groups only on day 7 after transplantation; on day 21 after transplantation, it recovered to a level
comparable to the eGFP-MSC and PBS groups. (D) TUNEL stains show that on days 7 and 21 after transplantation, there were
more apoptotic tumor cells detected in the CXCL10-Nrf2-FTH-MSC group than in any of the other four groups. (Bar=50 um).

(E) Representative Ki67 immunohistochemical micrographs for gliomas show Ki67 expression was lowest in the CXCL10-Nrf2-
FTH-MSC group on days 7 and 21 after injection, followed by the CXCL10-FTH-MSC group, and higher in the Nrf2-MSC,
eGFP-MSC, and PBS groups. (Bar=40pm). (*: CXCL10-FTH-MSC vs Nrf2-MSC, eGFP-MSC, PBS, p<0.05; *: CXCL10-Nrf2-
FTH-MSC vs CXCL10-FTH-MSC, Nrf2-MSC, eGFP-MSC, PBS, p<0.05; *: Nrf2-MSC vs CXCL10-FTH-MSC, eGFP-MSC,
p<0.05; **: CXCL10-Nrf2-FTH-MSC vs CXCL10-FTH-MSC, Nrf2-MSC, eGFP-MSC, p<0.05). eGFP, enhanced green fluorescent
protein; MSCs, mesenchymal stem cells.

more CXCR3" cells in GL261 tumors than the CXCL10-  CXCR3" cells among all groups (p>0.05) (online supple-
FTH-MSC group did on day 7 (p<0.001). On day 21, mental figure S4). These results indicate that CXCLI10-
only the CXCL10-Nrf2-FTH-MSC group showed more  Nrf2.FTH-MSC transplantation enhances CXCR3"
CXCR3" cells in GL261 tumors than the other four  lymphocyte activation in dCLNs and CXCR3" lympho-
groups (p<0.05), with no significant differences in dCLN  cyte migration into GBMs.
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Figure 5 Flow cytometry analysis of T lymphocyte subsets in the GL261 tumors 7 days and 21 days after MSC transplantation
On day 7 after MSC transplantation, significant increases in CD8" T cells (A) IFN-y" CTLs (B) GzmB* CTLs (C) and Th1 cells

(D) were observed in the GL261 tumors treated with CXCL10-Nrf2-FTH-MSCs or CXCL10-FTH-MSCs, while Treg cells

(E) decreased significantly, in comparison to the Nrf2-MSC, eGFP-MSC, and PBS groups (p<0.05). On day 21, only GL261
tumors in the CXCL10-Nrf2-FTH-MSC group exhibited a statistically significant increase in CD8" T cells (A) IFN-y" CTLs

(B) GzmB* CTLs (C) and Th1 cells (D) (p<0.05). (*: CXCL10-FTH-MSC vs Nrf2-MSC, eGFP-MSC, PBS, p<0.05; *: CXCL10-Nrf2-
FTH-MSC vs CXCL10-FTH-MSC, Nrf2-MSC, eGFP-MSC, PBS, p<0.05; **: CXCL10-Nrf2-FTH-MSC vs Nrf2-MSC, eGFP-MSC,
PBS, p<0.05). CTL, cytotoxic T lymphocyte; eGFP, enhanced green fluorescent protein; IFN, interferon; IL, interleukin; MSCs,

mesenchymal stem cells; Treg, regulatory T cell.

Ex vivo FCM in CT2A GBMs revealed that the CXCL10-
Nrf2-FTH-MSC + T-cell depletion group showed almost
no CD8" T cells (0.33+0.18%) (figure 6A); therefore,
more in-depth analyses of T-cell phenotype were not
performed for this group. CT2A GBMs in the CXCLI10-
Nrf2-FTH-MSC + ICBand CXCL10-Nrf2-FTH-MSC
groups showed a significant increase in CD8" T cells
(figure 6A), IFN-y" CTLs (figure 6B), GzmB" CTLs
(figure 6C), along with a notable decrease in Treg
(figure 6E), exhausted CD8" T lymphocytes (figure 6F),
and exhausted CD4" T lymphocytes (figure 6G) when
compared with the ICB and PBS groups (p<0.05).
Furthermore, the CXCL10-Nrf2-FTH-MSC + ICB group
showed more CD8" T cells, IFN-y" CTLs, and GzmB"
CTLs than the CXCL10-Nrf2-FTH-MSC group (p<0.05),
and only the CXCL10-Nrf2-FTH-MSC + ICB group had a
higher level of Thl cells (figure 6D) compared with the
other three groups (p<0.05). There were no significant
differences between the ICB and PBS groups in any of
the indices (p>0.05). No significant changes were found
for tumor-associated M1 macrophages (figure 6H) and
M2 macrophages (figure 6I) across all groups (p>0.05).
These results show ICB therapy alone cannot change the
TME of CT2A GBM, but CXCL10-Nrf2-FTH-MSCs could

restore T-cell dysfunction in CT2A GBM, and ICB therapy
could enhance this capacity further.

DISCUSSION

In this study, we constructed genetically modified
CXCL10-Nrf2-FTH-MSCs  with increased T lympho-
cyte recruitment, tolerance to oxidative stress, and iron
accumulation. Under in vivo FTH-MRI guidance and
surveillance, peritumoral transplantation of CXCLI0-
Nrf2-FTH-MSCs inhibited orthotopic GL261 and CT2A
GBM tumor growth in C57/BL6 mice and prolonged
mouse survival. When combined with ICB therapy, the
therapeutic benefit of CXCLI10-Nrf2-FTH-MSCs for
CT2A GBM could be enhanced. Histology analyses
demonstrated that peritumorally administered CXCLI10-
Nrf2-FTH-MSCs survived longer in the TME, enhanced
CXCLI10 production, and ultimately inhibited GBM
growth by enhancing tumor-infiltrating T cells and
restoring T-cell function. Our findings were summarized
in figure 7.

In 2015, Louveau et al disproved the conventional
belief that the CNS is an “immune-privileged” region and
opened the door to the immunotherapeutic treatment
of GBM by demonstrating that meningeal lymphatic
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Figure 6 Flow cytometry analysis of lymphocyte subsets of CT2A GBMs. Compared with the ICB and PBS groups, CT2A
GBMs in the CXCL10-Nrf2-FTH-MSC + ICBand CXCL10-Nrf2-FTH-MSC groups exhibited a statistically significant increase in
CD8* T cells (A) IFN-y" CTLs (B) and GzmB* CTLs (C) whereas Treg (E) exhausted CD8"* T lymphocytes (F) and exhausted CD4*
T lymphocytes (G) were significantly lower (p<0.05). In addition, the CXCL10-Nrf2-FTH-MSC + ICB group exhibited a greater
quantity of CD8* T cells (A) IFN-y" CTLs (B) and GzmB* CTLs (C) in comparison to the CXCL10-Nrf2-FTH-MSC group (p<0.05).
Only the CXCL10-Nrf2-FTH-MSC + ICB group exhibited a greater percentage of Th1 cells (D) across the groups (p<0.05).

No significant changes were found for tumor-associated M1 macrophages (G) and M2 macrophages (H) across all groups
(p>0.05). (*: CXCL10-Nrf2-FTH-MSC vs ICB, PBS, p<0.05; *: CXCL10-Nrf2-FTH-MSC + ICBvs CXCL10-Nrf2-FTH-MSC, ICB,
PBS, p<0.05; **: CXCL10-Nrf2-FTH-MSC + ICBvs ICB, PBS, p<0.05). CTL, cytotoxic T lymphocyte; eGFP, enhanced green
fluorescent protein; GBM, glioblastoma; ICB, immune checkpoint blockade; IFN, interferon; IL, interleukin; MSCs, mesenchymal
cell.

stem cells; PD-1, programmed cell death-1; Treg, regulatory T

drainage between the brain parenchyma and dCLNs is
crucial for immunological monitoring of the CNS.*® Our
research revealed an increase in CXCR3" lymphocyte acti-
vation in dCLNs and CXCR3" lymphocyte infiltration in
the GBMs in response to CXCLI10-Nrf2-FTH-MSC trans-
plantation, indicating the existence of communication
between dCLNs and brain tumors as well as the impor-
tance of the CXCR3-CXCL10 axis in the regulation of T
lymphocytes, as previously reported.”” Based on current
observations, immunotherapies such as PD-1/pro-
grammed death-ligand 1 (PD-L1) blockade, CAR T-cell
therapy, oncolytic virus therapy, and peptide or dendritic
cell vaccines have so far failed to yield ameaningful survival
benefit for patients with GBM in phase III clinical trials.*
Current research in the field has demonstrated that this
failure can be due to the unique immunological milieu

of brain tumors, which is characterized by a deficiency
of T lymphocytes and an abundance of immune suppres-
sors that render T cells dysfunctional.”” In the current
study, gene-modified MSCs that overexpress CXCLI10
were transplanted into orthotopic intracranial GBM in
mice. Not only did CXCLIO-Nrf2-FTH-MSCs enhance
CD8" T lymphocytes infiltrating the tumor, but it also
reprogrammed CD8" T cells and CD4" T cells into tumor-
suppressing GzmB'CTLs, IFN-y" CTLs and Th1 cells, while
decreasing Treg, exhausted CD8" and exhausted CD4" T
cells. This outcome is consistent with earlier studies. Rosa
Barreira da Silva et al provided direct in vivo evidence
that higher concentrations of CXCL10 correspond with
significantly increased trafficking of CD8" T cells into the
melanoma.”® Peng et al demonstrated that treatment with
epigenetic modulators such as DNA methyltransferase
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Figure 7 Schematic illustration of MRI-guided peritumoral
administration of CXCL10 and Nrf2 upregulated
mesenchymal stem cells reinvigorates T lymphocytes in
GBM. aPD-1, anti-programmed cell death-1 antibody; CTL,
cytotoxic T lymphocyte; GBM, glioblastoma; IFN, interferon;
MSC, mesenchymal stem cell; Treg, regulatory T cell.

and histone deacetylase inhibitors promoted tumor
production of CXCLI10, which resulted in increased
effector T-cell tumor infiltration and slowed the progres-
sion of ovarian cancer.” Notably, consistent with earlier
studies, this study found that ICB therapy alone had no
therapeutic impact on CT2A GBM, an immunologically
inert GBM model that is more similar to human GBM
than GL.261 model.”® ** Nonetheless, the therapeutic effi-
cacy of CXCLI10-Nrf2-FTH-MSCs against CT2A tumors
could be enhanced when combined with ICB therapy.
This result is consistent with Peng et al’s research,” which
suggests that inhibiting the PD-1 pathway can upregulate
IFN-yand CXCL10 at the tumor site, potentially initiating
a positive feedback loop through the CXCL10/CXCR3
axis. All of these findings indicated that peritumoral
CXCL10-Nrf2-FTH-MSC transplantation could inhibit
GBM growth by revitalizing T lymphocytes in the TME,
and this ability could be enhanced when combined with
ICB therapy, providing a promising method for treating
immunologically “distinct” GBM.

MSCs could be employed as cellular vehicles to deliver
CXCL10 to GBM. However, the low lifespan of donated
stem cells in tumors is a major roadblock to tumoricidal
stem cell treatment.”’ Our previous studies have demon-
strated that the vast majority of implanted MSCs perish
during the first several days after administration, severely
limiting their therapeutic potential against GBM.'* *
To overcome this limitation, hydrogels or electrospun

scaffolds have been used to encapsulate tumoricidal stem
cells, thereby extending their persistence in the brain
and enhancing their therapeutic efficacy against GBM.™
However, due to increased intracranial pressure, poly-
meric biomaterial scaffolds containing tumoricidal stem
cells are mostly used in post-surgical GBMs.” To circum-
vent this problem, genetic engineering MSCs with anti-
apoptotic genes such as Hif-1o,”* Bcl-2,”” and H2AX™
can improve MSCs’ resistance to the cytotoxic microen-
vironment, thereby enhancing MSCs’ survival and their
therapeutic efficacy for ischemic stroke, myocardial
infarction, and Parkinson’s disease. Recent research
has established that pharmacological activation of Nrf2
increases the response of MSCs to various stressors, such
as hypoxia, oxidative stress, excessive nutrient and metab-
olite supply, etc.'® As TME is characterized by an aberrant
oxygen metabolism and elevated levels of ROS,” MSCs
were genetically engineered to overexpress Nrf2. Our
research shows that Nrf2 overexpression improves MSC
tolerance to oxidative stress and increases their ability
to survive following transplantation into GBMs. These
results suggest that Nrf2 overexpression in MSCs is a
feasible strategy for enhancing MSC survival and serving
as a cellular carrier for GBM.

It has been demonstrated that the route of stem cell
delivery has a significant impact on therapeutic benefit.”
In a prior study, we demonstrated that peritumoral injec-
tion is the optimum transplantation method for INF-B-
MSCs against intracranial orthotopic glioma, as compared
with intracerebral, intratumoral, or intra-arterial injec-
tion.'* To achieve precise transplantation into the tumor
periphery, MSCs were transduced with lentiviral vectors
expressing the Fth reporter gene and administered under
the guidance of FTH-MRI in the present study. Histolog-
ical examinations confirmed the implantation of MSCs in
the GBM periphery. MRI-guided technology is a reliable
approach for delivering genes to the correct anatomical
target in the brain.”” Previously, Pearson et al developed
an MR-guided gene delivery platform for the administra-
tion of adeno-associated virus vectors to the midbrain in
children with aromatic L-amino acid decarboxylase defi-
ciency.* Our research showed that FTH-MRI is a feasible
technique for guiding stem cell transplantation for intra-
cranial glioma, suggesting its broader application in
cellular therapy for diseases of the brain.

Our study has some drawbacks. First, only peri-
tumoral injection was chosen as the administration
route for CXCLIO-Nrf2-FTH-MSC delivery in this
study. Our previous study has demonstrated that
only peritumoral injection of IFN-B-upregulated
MSCs exerts a therapeutic effect in a rat model
of intracranial orthoptic glioma, while intracere-
bral, intratumoral, and intra-arterial injections of
IFN-B-upregulated MSCs have no beneficial effect.'*
Given the fact that MSCs transplanted into the contra-
lateral hemisphere could migrate towards the glioma
along the corpus callosum from the initial injection
site,*! future investigations are needed to determine
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whether CXCL10-Nrf2-FTH-MSC injected contralat-
erally into the brain parenchyma could inhibit GBM.
Second, although FTH-MRI could be used to track
the migration and distribution of transplanted MSCs,
it is challenging to monitor their viability inside the
tumor. Because hypointense signals on T2W images
are not specific to MSGCs labeled with FTH, they may
also result from the frequent intratumoral hemor-
rhage observed in GBMs. In the future, diffusion-
based MRI reporter genes such as aquaporin 1** or
chemical exchange saturation transfer (CEST) MRI-
based reporter genes such as lysine-rich protein® may
enhance the differentiation between viable cells and
endogenous hemorrhage.

In conclusion, our study demonstrated that
peritumoral administration of CXCLI0 and Nrf2-
overexpressed MSCs can significantly limit GBM
growth by reinvigorating T lymphocytes within
the TME, hence providing a therapeutic option
for malignant gliomas. Combining CXCLI10-Nrf2-
FTH-MSC transplantation with ICB therapy can
potentially be an effective treatment regimen for
GBM.
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