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Graphical Abstract

∙ In GBM patients, the survival rate of MSLC isolatable patients is lower than
MSLC non-isolatable patients, and ECM remodeling is more active.

∙ GBM-secreted CD40L educates MSLCs, and educated-MSLCs promote ECM
remodeling for GBM infiltration via CD40/NFκB2/LOX signaling axis.

∙ When MSLCs are present in the GBM microenvironment, which could
inhibition of GBM infiltration by treatment with CD40L blockade.
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Abstract
Background: The biological function of mesenchymal stem-like cells (MSLCs),
a type of stromal cells, in the regulation of the tumour microenvironment is
unclear. Here, we investigated themolecularmechanisms underlying extracellu-
lar matrix (ECM) remodelling and crosstalk between MSLCs and glioblastomas
(GBMs) in tumour progression.
Methods: In vitro and in vivo co-culture systems were used to analyze ECM
remodelling and GBM infiltration. In addition, clinical databases, samples from
patients with GBM and a xenografted mouse model of GBM were used.
Results: Previous studies have shown that the survival of patients with GBM
from whom MSLCs could be isolated is substantially shorter than that of
patients from whom MSLCs could not be isolated. Therefore, we determined
the correlation between changes in ECM-related gene expression in MSLC-
isolatable patients with that in MSLC non-isolatable patients using gene set
enrichment analysis (GSEA). We found that lysyl oxidase (LOX) and COL1A1
expressions increased in MSLCs via GBM-derived clusters of differentia-
tion 40 ligand (CD40L). Mechanistically, MSLCs are reprogrammed by the
CD40L/CD40/NFκB2 signalling axis to build a tumour infiltrative microenvi-
ronment involving collagen crosslinking. Importantly, blocking of CD40L by a
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neutralizing antibody-suppressed LOX expression and ECM remodelling,
decreasing GBM infiltration in mouse xenograft models. Clinically, high
expression of CD40L, clusters of differentiation 40 (CD40) and LOX correlated
with poor survival in patients with glioma. This indicated that GBM-educated
MSLCs promote GBM infiltration via ECM remodelling in the tumour
microenvironment.
Conclusion: Our findings provide mechanistic insights into the pro-infiltrative
tumour microenvironment produced by GBM-educated MSLCs and highlight a
potential therapeutic target that can be used for suppressing GBM infiltration.

KEYWORDS
cluster of differentiation 40 ligand, extracellular matrix remodelling, glioblastoma, lysyl
oxidase, mesenchymal stem-like cells

1 INTRODUCTION

Glioblastoma (GBM), also known as grade IV glioma, is
the most common and malignant type of primary brain
cancer. Despite the availability of advanced multimodal
therapy for patients with GBM, which involves surgery,
radiotherapy and chemotherapy, median survival has been
reported to be less than 15 months.1,2 Surgical resection is
the first line of treatment applied to most patients with
brain tumours, but in the case of malignant gliomas, com-
pletely removing the tumour due to its high diffuseness
is difficult, resulting in a high probability of recurrence
and poor prognosis.3,4 Moreover, a growing body of evi-
dence has shown that anti-cancer drugs are not effective
in improving the overall survival of patients with GBM
due to various factors exerting intrinsic or extrinsic effects
of GBMmicroenvironment such as tumour heterogeneity,
metabolic change, immune regulation and the blood–
brain barrier.2,5–9 This indicates that new strategies for
treating GBM are absolutely necessary.
Most approaches for treating cancer are focused on

the intrinsic properties of tumour cells, but there has
been increasing interest on the tumour microenviron-
ment (TME); for instance, the success of immune check-
point blockades (ICBs). The TME consists of not only
tumour cells, but also non-cancerous cells, such as
endothelial cells, pericytes, fibroblasts, immune cells and
inflammatory cells, and non-cellular components such as
growth factors, cytokines, chemokines and extracellular
matrix (ECM) that surround the tumour.10,11 The crosstalk
between tumour cells and TME is similar to the relation-
ship between the ‘seed’ and ‘soil’, and cancer progression
is closely related to the TME. Emerging evidence suggests
that cancer cells can invade the surrounding normal tis-
sue andmetastasize to secondary organs via crosstalk with
stromal cells.12,13

Mesenchymal stem cells (MSCs), a type of multipotent
stromal stem cells, can differentiate into chondrocytes,
osteoblasts and adipocytes. MSCs have been identified
to be the stromal component in many types of cancer,
including GBM. Furthermore, the MSCs in TME migrate
toward tumour sites and possess both tumour-promoting
and tumour-suppressing abilities depending on their ori-
gin and tumour type.14–16 Consistentwith this, studies have
demonstrated that tumour progression in glioma is driven
by an increase in proliferation and migration, and MSCs
increase proliferation andmaintain stemness in glioma via
the IL-6/gp130/STAT3 pathway.17,18 We have also reported
the presence of mesenchymal stem-like cells (MSLCs) in
GBM19 and have shown that they affect GBM progression
via the activation of the C5a/P38/ZEB1 pathway.20 How-
ever, how pro-tumoral MSCs or MSLCs are controlled by
GBM cells, and how they regulate the latter’s invasiveness
is not understood.
Cluster of differentiation 40 ligand (CD40L), also known

as CD154, is a member of the tumour necrosis factor fam-
ily of cell transmembrane proteins andmainly expressed in
activated T cells, endothelial cells and platelets. It regulates
B-cell maturation and function by engaging clusters of dif-
ferentiation 40 (CD40) on the B-cell surface.21 PD-L1 and
CTLA1 are the main immune checkpoint proteins. Several
studies have suggested that CD40L/CD40 are important
targets for the next generation of immune checkpoint pro-
teins in cancer therapy.22 Furthermore, a high expression
of CD40L in cancer is related to an increase in prolifer-
ation and poor prognosis.23,24 Although the importance
of CD40L in the treatment of some cancer types is well
known, the molecular mechanism of its action and its
functions in GBM remain unknown.
Remodelling of ECM molecules, which are essential

components of the TME, is the main determinant con-
trolling the development, survival and invasion of cancer
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cells via biochemical and biomechanical cues.25,26 Further-
more, accumulation and crosslinking of collagen are criti-
cally involved in biological activities and cell signalling in
cancer. Lysyl oxidase (LOX) is a secreted copper-dependent
amine oxidase that catalyzes the covalent crosslinking
of collagen and elastin via oxidation in the TME, and
increases matrix deposition, structural stability and ten-
sile strength.27,28 Although, accumulating evidence has
shown that increased crosslinking of collagens by LOX is
closely associated with cancer progression.29 In contrast,
some studies have suggested that LOX-propeptide acts as
a tumour suppressor.30 As such, whether LOX in the TME
induces tumour progression or suppression still remains
obscure.
In this study, we investigated the decrease in patient

survival rate occurring when MSLCs are present in the
GBM microenvironment due to mechanical remodelling
by CD40L-reprogrammed MSLC. GBM cells secreted
CD40L around the tumour and reprogrammed MSLCs
through CD40. The reprogrammed MSLCs secrete LOX
and promote the invasive properties of GBM cells by ECM
remodelling. Our results indicate that LOX and CD40L
may be developed as rationale targets for controlling GBM
invasion in the GBMmicroenvironment.

2 MATERIALS ANDMETHODS

2.1 Culturing GBM cells andMSLCs

Patient-derived X01 (mesenchymal type) and X02 GBM
cells established from an acutely excised human GBM
biopsy were generously provided by Dr. Akio Soeda
(Department of Neurological Surgery, University of Vir-
ginia, Charlottesville, VA, USA).31 GSC-11 GBM cells
(proneural type) were kindly provided by Frederick F.
Lang’s laboratory (The University of Texas MD Anderson
Cancer Center, Houston, TX, USA).32 All GBM cells were
cultured in serum-free DMEM-F12 (Invitrogen, Seoul,
Korea) + bFGF (Sigma-Aldrich, Seoul, Korea) + EGF
(20 ng/ml; Sigma-Aldrich, Korea) supplemented with B27
(Invitrogen, Seoul, Korea) and 1% penicillin/streptomycin
and an antibiotic-antimycotic solution (Gibco, Seoul,
Korea). MSLCs 09-03 were isolated from human GBM
biopsies.33 U87, U251 and U373 GBM cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)
and high glucose (Gibco, Thermo Fisher, Seoul, Korea)
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin and an antibiotic-antimycotic
solution. MSLCs 09-03 were cultured in Eagle’s Minimal
Essential Medium (MEMα) (Corning Inc., NY, USA) sup-
plemented with 10% FBS and 1% penicillin/streptomycin
and an antibiotic-antimycotic solution. Astrocytes were

purchased from Lonza (Lonza, Basel, Switzerland). Astro-
cytes were cultured using astrocyte basal medium (ABM)
with supplements (astrocyte growthmedium [AGM]; FBS,
L-glutamine, gentamicin sulfate-amphotericin, ascorbic
acid, HEGF, insulin), as recommended by the manufac-
turer. All cell lines were negative forMycoplasma contam-
ination. The conditioned media (CM) was harvested from
each cells cultured media, filtered through a 0.22-μm filter
and stored at −80◦C.

2.2 Antibodies and reagents

Antibodies to CD40L, CD40, IκBα, NF-κB(p50), NF-
κB(p52), lamin B1, β-tubulin, STAT3, Akt1 and ERK 1/2
were purchased from Santa Cruz (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA). LOX and collagen I, CD105(M),
CD105(R), CD44, IBA-1, CD45 and ZEB1 antibodies
were purchased from Abcam (Cambridge, UK). Antibod-
ies to phospho-Stat3 (Tyr705), phospho-p38 MAPK, p38,
phospho-Akt (Ser473), phospho-Src (Tyr527), SRC, JNK,
phospho-SAPK/JNK (Thr183/Tyr185) and p44/42 MAPK
(Erk1/2) were purchased fromCell Signaling (Beverly,MA,
USA). Collagen I (high concentration, rat tail, 100 mg)
was purchased from Corning (NY, USA). Anti-rabbit Ig-
HRP, anti-goat IgG-HRP and anti-mouse IgG-HRP were
purchased from GeneTex (Irvine, CA, USA). Anti-mouse
Alexa Fluor 488, anti-rabbit Alexa Fluor 488, anti-mouse
Alexa Fluor 546 and anti-rabbit Alexa Fluor 546 were
purchased from Invitrogen (Carlsbad, CA, USA). Recom-
binant human CD40L (rhCD40L) was purchased from
R&D system (Minneapolis, MN, USA) and recombinant
human LOX (rhLOX) active protein was purchased from
Mybiosource (MBS2097305, San Diego, CA, USA). β-
Aminopropionitrile (BAPN) was purchased from Sigma
Aldrich (A3134, St. Louis, MO, USA).

2.3 Co-culture of MSLCs and GBM cells

GBM cells (2 × 105) were seeded in a six-well plate (diam-
eter: 35 mm, depth: 17.5 mm), and MSLCs (2 × 105) were
seeded in the upper transwell chamber (3412, Corning,
ME, USA; pore size of 0.4 μm). Cell changes due to
crosstalk were analyzed after co-culture for 3 days.

2.4 Collagen invasion assays

Collagen concentration-dependent GBM cell invasion
was analyzed in transwells (3422, Corning; pore size
0.8 μm) precoated with 3, 6 or 9 mg/ml rat tail collagen
type 1 (354249, Corning) for invasion. Collagen-coated
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transwells incubated with MSLCs were coated with
collagen at a concentration of 3 or 6 mg/ml. Collagen-
coated transwells were incubated for 3 days in a 24-well
plate seeded with MSLCs (5 × 104) or in a 24-well plate
containing concentration-dependent diluted rhLOX in
culture media. The GBM cells (4 × 104) were seeded in
the upper transwell chamber and incubated for 72 h.
The GBM cells that invaded into the lower surface of the
transwell membrane were then stained using a Diff Quick
kit (Fisher, Pittsburgh, PA, USA). The number of invaded
cells were counted in three microscopic images per well.

2.5 Enzyme-linked immunosorbent
assay (ELISA) and LOX activity assay

CM collected from each cell culture medium and the level
of secreted LOX (MBS039099, MyBioSource, San Diego,
CA, USA), Collagen1A1 (MBS763786, MyBioSource, San
Diego, CA, USA) and CD40L (DCDL40, R&D system,
MN, USA) were measured using ELISA according to the
manufacturer’s instructions. The activity of LOX protein
was measured using a Lysyl Oxidase Activity Assay kit
(ab112139, Abcam, Cambridge, UK) in recombinant active
LOX protein or collected CM from each sample accord-
ing to the manufacturer’s instructions. Collected CM was
filtered through a 0.22-μm filter, and stored at −80◦C.

2.6 ECM remodelled by MSLCs to GBM
invasion

For collagen-based matrix, rat tail collagen type 1 (final
concentration 2 mg/ml), matrigel (11% v/v) and recon-
stitution buffer (26 mM NaHCO3, 5 mM NaOH, 20 mM
HEPES in serum-free MEM) were mixed on ice. The
prepared collagen-based matrix was mixed with each
cell or recombinant LOX, placed into a Millicell culture
plate insert (12 mm diameter, 0.4 μm pore size; Millipore,
Billerica, MA, USA), and incubated at 37◦C for 1 h,
followed by addition of culture media. After 5 days, cells
in the collagen-based matrix were killed by treatment
with puromycine for 24 h and then washed for 24 h to
withdraw the conditioned ECM prepared by each cell.
X01 cells were seeded in the upper matrix of the prepared
conditioned ECM and incubated for 3 days to observe
cell invasion and matrix crosslinking by polarized light.
The prepared collagen-based matrix was embedded in
paraffin and sectioned to a thickness of 4 μm, followed
by haematoxylin and eosin (H&E) and Sirius red staining.
The schematic model for the experiment is shown in each
figure.

2.7 3D spheroid invasion assay

A mixture of MSLCs cells and collagen-based matrix was
seeded in a glass bottom confocal dish (SPL, Seoul, Korea).
Four hours after seeding, X01 or GSC11 GBM spheroids
labelled with green fluorescent protein (GFP) were loaded
into collagen-based matrix and incubated for 24−48 h.
Infiltration was quantified by calculating the GFP sig-
nalling of whole invaded area (AT) compared to the GFP
signalling of spheroid at the initial time (A0). Infiltration
was quantified using the formula; (AT − A0)/A0 × 100.

2.8 Picrosirius red stain and polarized
light microscopy

For Picrosirius red staining, paraffin-embedded tissue and
collagen-based matrix slides were stained using the Picro
Sirius Red Stain Kit (ab150681, Abcam) according to the
manufacturer’s instructions. Collagen fibre was evalu-
ated on Picrosirius red-stained collagen-based matrix and
mouse and human tissue slides at 100× using amicroscope
(BX50, Olympus, Seoul, Korea) with a polarizing filter. For
image analysis, photomicrographs were batch processed
using Image J software. Initially, photomicrographs were
digitized as 8-bit grayscale images using macros of Image J
software. Subsequently, the collagen fibre area was quanti-
fied in black and white by adjusting the threshold without
damaging the original polarization image.
Every photomicrograph was evaluated on the same

2070 × 1548 pixel image, the collagen fibre area of three
images per group was compared with that of the control
group, and the collagen fibre area was calculated using the
fold change method.

2.9 Transfection and establishment of
stable cell line

GBM cells (7 × 105 cells) or MSLCs (7 × 105 cells) were
transfected with small interfering RNA (si-RNA) using
Microporator-mini (Digital Bio Technology, Seoul, Korea)
according to manufacturer’s instructions. Reseeding for
co-culture was performed 48 h after transfection. All si-
RNA were purchased from Genolution Pharmaceuticals,
Inc. (Seoul, Korea). The siRNA sequence is shown in
Table S1. A CD40-specific short hairpin RNA (sh-RNA)
was cloned into the lentiviral vector pLKO.1-puro (Sigma
Aldrich). For GFP labelling of GBM cells, GBM cells
were cultured in presence of serum condition when
transducing GFP expression. For lentiviral production,
HEK293T cells were transfected with EFSp-GFP-Empty,
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pLKO.1-sh-control or pLKO.1-sh-CD40. After 48 h, the
produced viral supernatant was filtered through a 0.22-μm
filter and used for transduction.

2.10 Western blot analysis

Proteins in cell lysates were separated using SDS-PAGE
and transferred to a nitrocellulosemembrane (Amersham,
Arlington Heights, IL, USA). The membrane was blocked
with 5% nonfat dry milk in Tris-buffered saline and incu-
bated with primary antibodies overnight at 4◦C. The blots
were developed with a peroxidase-conjugated secondary
antibody, and the proteins were visualized by enhanced
chemiluminescence procedures (Amersham). Quantita-
tive analysis of Western blots was performed using ImageJ
software.

2.11 Quantitative reverse
transcription-polymerase chain reaction
(qRT-PCR)

RNA isolated from cells using TRIzol reagent was used
to synthesize complementary DNA (cDNA). Extracted
RNAwas quantified using spectrophotometry (NanoDrop;
Thermo Scientific, Waltham, MA, USA). The same quan-
tity of 500 ng RNA was used for cDNA synthesis, and
cDNAwas amplified using universal qPCR kit from KAPA
Biosystems (KAPA Biosystems, Wilmington, MA, USA)
according to manufacturer’s instruction. Real-time PCR
was performed using SensiFAST SYBR No-ROX (Bio-
line, Menphis, TN, USA) in Rotor Gene Q (Quiagen,
Seoul, Korea). qRT-PCR was performed following MIQE
guidelines.34 The primer sequences of qRT-PCR and the
thermocycler conditions are presented in Tables S2 and
S4. The expression levels were normalized using β-actin
andGAPDH, and fold-change values were indicated by the
2−ΔΔCt method.

2.12 Chromatin immunoprecipitation
(ChIP) assays

Before performing a ChIP assay, cells were crosslinked
with 1% formaldehyde. The ChIP assay was performed
using the EZ-ChIP kit (Merck, Darmstadt, Germany)
according to the manufacturer’s instructions. For
immunoprecipitation (IP), anti-NF-κB2 antibody and
anti-IgG as negative controls and anti-RNA polymerase
II as a positive control were used. GAPDH was used
to verify the accuracy of IP. The transcription factor
binding target promoter region was predicted by JASPER

(http://jaspar.genereg.net/) and UCSC Genome Browser
(https://genome.ucsc.edu/index.html). The primer
sequences used in the ChIP-assay and the thermocycler
conditions are presented in Tables S2 and S3.

2.13 Cytokine array

A human cytokine array (Proteome Profiler Array Human
Cytokine, R&D system, ARY#005B) was used to detect 36
human secretion factors in each cells CM according to
themanufacturer’s protocol. Cytokine levels were detected
using an X-ray film and quantified using the ImageJ
software, considering the positive control.

2.14 Immunocytochemistry (ICC)

After fixing the cells with 4% paraformaldehyde, perme-
abilizing and blocking were performed with phosphate-
buffered saline (PBS) containing 0.2% NP-40 and 10%
FBS. Following fixation, the cells were incubated with pri-
mary antibody in blocking buffer at 4◦C overnight. After
washing the primary antibody, the cells were detected
using anti-mouse Alexa Fluor 488 or anti-mouse Alexa
Fluor 546 conjugated secondary antibody. Cell nuclei
were counterstained using 4′,6-diamidino-2-phenylindole
(DAPI) (Sigma Aldrich). The stained cells were visual-
ized under a Nikon C2 confocal microscope (Nikon, Seoul,
Korea).

2.15 Immunohistochemistry (IHC)

Paraffin-embedded tissue slides were deparaffinized with
xylene, dipped in 100%, 95%, 80% and 70% ethanol for
hydration and washed with tap water for 10 min. Heat-
induced epitope retrieval (HIER) was performed using
Tris-EDTA (10 mM Tris Base, 1 mM EDTA Solution, 0.05%
Tween 20, pH 9.0). The tissue slides were stained with
immunostained or H&E with antibodies at 4◦C overnight.
After washing with PBST (10% Tween 20 in PBS), the
sections were treated with biotinylated goat anti-mouse
IgG or anti-rabbit IgG antibody (1:200). After washing
with PBS and treatment with ABC solution, a colour reac-
tion was performed with 3,3′-diaminobenzidine (Vector
Laboratories, Burlingame, CA, USA). The nuclei were
counterstained with haematoxylin for 3 min. After wash-
ing in tap water, the slides were dehydrated and mounted
for observation using an IX71microscope (Olympus, Seoul,
Korea). The semi-quantitative cytoplasmic and nuclear
protein in stained slide calculated the optical density
using an IHC Profiler.35 The infiltrated cells were counted.

http://jaspar.genereg.net/
https://genome.ucsc.edu/index.html
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ZEB1-positive cells infiltrated from the tumour margin in
ZEB1-stainedmouse tissue andwere counted at 100×using
a microscope (BX50, Olympus, Seoul, Korea). The cohorts
of patient tissue used for IHC are shown in Table S5.

2.16 Immunofluorescence staining

Paraffin-embedded tissue slides were deparaffinized with
xylene, dipped in 100%, 95%, 80% and 70% ethanol for
hydration and washed with tap water for 10 min. HIER
was performed using Tris-EDTA. The tissue slides were
immunostained with antibodies at 4◦C overnight. After
washing with PBST, the slides were treated with Alexa
Fluor 546 conjugated secondary antibody, depending on
the primary antibody at room temperature for 1 h. Cell
nuclei were counterstained using DAPI and observed
using an IX71 microscope. The cohorts of patient tissues
used for immunofluorescence are shown in Table S5.

2.17 Gene set enrichment analysis
(GSEA) and Kaplan–Meier analysis

GSEA was used to compare gene sets by diverse gene
signature on Molecular Signature Database (MSigDB).
MSLC-positive and -negative patient microarray data ana-
lyzed in this study were previously published under the
accession codeGSE131837. Detailed information on patient
cohorts is given in Table S6. For additional GSEA anal-
ysis, survival, subtype expression and two-gene scatter
plots were analyzed with the Prism software using The
Cancer Genome Atlas (TCGA) lower grade glioma and
glioblastoma (GBMLGG) dataset provided by UCSC Xena.
REMBRANDT and TCGA survival were analyzed by divid-
ing into high and low levels according to the median
expression level of the indicated gene (www.betastasis.
com).

2.18 Animal studies

The orthotopic tumour formed by GBM cells was co-
inoculated with MSLCs in male athymic nude mice
(5–8-week old) (Animal Inc., Central Lab, Seoul, Korea).
The study was performed using mice maintained in
adequate health for at least 1 week prior to the study in
sterile microisolator cages. The mice were anaesthetized
by intraperitoneal injection of a Zoletil (30 mg/kg; Virbac,
Seoul, Korea) and xylazine (10 mg/kg; Bayer, Seoul,
Korea) mixture. GBM cells (2 × 105) alone or in combi-
nation with MSLCs were co-injected at a 1:1 ratio to the
right frontal lobe of the mouse brain using a Hamilton

syringe at 0.5 μl/min (Dongwoo Science Co., Seoul,
Korea) with a guide-screw system (total four groups:
X01 alone, X01+MSLC09-03, X01+MSLC09-03 shCD40
and X01+MSLC09-03 neutralizing CD40L Ab; each group
n= 6).36 At both 10 and 15 days, tail vein injection of CD40L
neutralizing Ab (3 mg/kg, mabg-h40l-3, invivoGen, CA,
USA) was carried out in the X01+MSLC09-03 group.
After 3 weeks, all four groups were sacrificed for IHC
analysis.

2.19 Study ethics approval

Animal experimental procedureswere carried out with the
approval of the Institutional Animal Care and Use Com-
mittee (IACUC) of SeveranceHospital of Yonsei University
College of Medicine. The human studies were approved
by the institutional review boards of Severance Hospi-
tal, Yonsei University College of Medicine (4-2012-0212,
4-2014-0649), and informed consent of the patient was
obtained according to the Declaration of Helsinki.

2.20 Statistical analysis

All experimental values are reported as means and the
error bars depict the standard deviation (SD). Values were
compared using the unpaired Student’s t-test, and multi-
variate analysis was performed using analysis of variance
(ANOVA). All statistical analyses were performed using
the GraphPad Prism software (version 9.0). Statistical sig-
nificance was set at p-value <.05 (*p < .05, **p < .01,
***p < .001, ****p < .0001).

3 RESULTS

3.1 Tumour-associated MSLCs
modulated ECM and were involved in
crosstalk with GBMs

Previously, we isolated human MSLCs from patients
with glioma.19 These cells do not produce tumours and
show MSC phenotype (morphology, cell surface marker
and differentiation); furthermore, the survival of MSLC-
isolatable patients was lower than that of MSLC non-
isolatable patients.20 In addition, our previous study
showed that MSLCs increased the infiltration of GBM
cells by inducing mechanical shrinkage of ECM.37 Hence,
we hypothesized that MSLC-remodelled ECM (shrink-
age, crosslinking, deposition, degradation) might increase
the invasion of GBM cells.37–39 To confirm this hypothe-
sis, we performed gene ontology (GO) analysis using the

http://www.betastasis.com
http://www.betastasis.com
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F IGURE 1 Glioblastoma (GBM) upregulated LOX and COL1A1 in mesenchymal stem-like cells (MSLCs), which promoted GBM cell
infiltration. (A) Gene set enrichment analysis (GSEA) for extracellular matrix (ECM)-related signature in MSLC-isolatable and
MSLC-non-isolatable patients. (B) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) of ECMmolecules in MSLCs and
X01 cells co-cultured with each other. Normalization was performed from each X01 to X01+MSLC and MSLC to MSLC+X01. +X01 or
+MSLC, designated by superscripts, indicates the cells that have been co-cultured with MSLC and X01, respectively. (C) GSEA for ECM
remodelling-related signature for MSLC-isolatable and MSLC-non-isolatable patients. (D) qRT-PCR of ECM remodelling enzymes in MSLCs
and X01 cells co-cultured with each other. Normalization was performed from each X01 to X01+MSLC and MSLC to MSLC+X01. +X01 or
+MSLC, designated by superscripts, indicates the cells that have been co-cultured with MSLC and X01, respectively. (E) Enzyme-linked
immunosorbent assay of LOX and COL1A1 levels in MSLCs co-cultured with X01 (n = 3). (F) Representative image of 3D collagen-based
matrix incubated with X01 and/or MSLCs, stained with Picrosirius red. Image: bright field on top, collagen fibre in the middle (polarized
light) and analysis of polarized area at the bottom. Collagen fibre area = polarized area/total area (n = 4). Bright field scale bar: 100 μm;
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GSEA; the results did not show any substantial difference
between the MSLC isolatable and MSLC non-isolatable
groups considering all patients with GBM; however, in
the mesenchymal type, there was a high correlation in
the collagen-containing parts and ECM assembly, fol-
lowed by the proneural type, and not in the classical
type (Figure 1A,C; Figure S1A,B). These data were indica-
tive of abundant ECM remodelling in the mesenchymal
and proneural types in the presence of MSLCs. On the
basis of these results, we analyzed the expressions of
ECM molecules and ECM-remodelled enzymes in GBM
cells alone (X01; mesenchymal subtype40), MSLCs alone,
and the co-culture group. We observed increased COL1A1,
COL1A2 and LOX expressions in co-cultured MSLCs (not
GBM cells) compared toMSLCs alone (Figure 1B,D; Figure
S1C,D). Bone marrow-derived mesenchymal stem cells
(BM-MSCs) also increased LOX and COL1A1 expressions
when co-cultured with X01 cells (Figure S1E). LOX and
COL1A1 secretion levels in CM were significantly high
when co-cultured (Figure 1E). Moreover, LOX and COL1A1
expressions increased in MSLCs when treated with CM
from X01 (Figure S1F,G). Furthermore, other GBM CM
could increase LOX and COL1A1 expression in MSLCs
(Figure S1H). In addition, LOX activity increased signif-
icantly when X01 and MSLCs were co-cultured (Figure
S1I).
Accordingly, we created a collagen-based ECM mixture

mimicking the in vivo ECM. ECM remodelling (collagen
fibre formation), when cells were cultured in the ECM
mixture, was analyzed using Picrosirius red staining and
polarized light microscopy, and GBM cell invasion was
analyzed using the 3D invasion assay. We observed that
compared toGBMcells (X01 or GSC-11; proneural subtype)
or MSLCs alone, collagen fibre and invasion of GBM cells
increased when GBM cells were co-cultured with MSLCs
(Figure 1F,G; Figure S1J,K).
Similar to the results of IHC, qRT-PCR and H&E

staining, LOX and COL1A1 expressions and tumour
infiltration increased in vivo when GBM cells (X01 cells)
were co-injected with MSLCs rather than when injected
alone (Figure 1H,I). In the patient tissue, expressions of
LOX and COL1A1 were high in MSLC-isolatable cases, as
observed using IHC (Figure 1J). In addition, the data on

the survival rate of patients with glioma from the REM-
BRANDT study and TCGA GBM databases showed that
high expressions of LOX and COL1A1 correlated with low
survival rate (Figure 1K). These results suggest that GBM
cells induce LOX and COL1A1 expression and secretion
by MSLCs, MSLC remodelled ECM, which leads to an
increase in GBM infiltration potential. We hypothesized
that there would be a paracrine loop between GBM cells
and MSLCs.

3.2 LOX secreted fromMSLCs increased
GBM infiltration by remodelling the ECM

From previous results, we predicted that there was a
paracrine loop between MSLCs and GBM cells, and we
confirmed whether LOX and COL1A1 affected GBM inva-
sion. In the transwell coated with collagen type 1, the inva-
siveness of X01 cells increased in a collagen concentration-
dependent manner (Figure 2A). Interestingly, transwells
incubated with MSLCs showed an increase in GBM cell
invasion; X01 CM-treated MSLCs showed more increased
invasion than MSLCs alone, which was, however, not
observed when LOXwas knocked down (Figure 2B; Figure
S2A–B). Similarly, the collagen matrix was more remod-
elled in the presence of MSLCs or under co-incubation
conditions than in the absence of MSLCs. However, ECM
remodelling and GBM infiltration in the ECM decreased
when LOX was knocked down (Figure 2C,D; Figure
S2C,D).
Next, we investigated whether treatment with rhLOX

increasedGBM cell invasion and infiltration into the ECM.
First, we performed a LOX activity assay on rhLOX to
determine the activity of LOX. The activity of rhLOX
increased in a concentration-dependent manner, and the
decrease in activity by BAPN was confirmed (Figure
S2E,F). As anticipated, invasion into collagen-coated tran-
swell, collagen fibre formation and GBM infiltration on
ECM increased by rhLOX in a concentration-dependent
manner in the presence of 3 and 6 mg/ml collagen
(Figure 2E,F; Figure S2G–I). These results suggested that
GBM invasion was affected by LOX and COL1A1 in a
concentration-dependent manner.

polarized light scale bar: 10 μm. (G) X01 spheroid infiltration within 3D collagen-based matrix co-cultured with MSLCs. Bottom graph shows
calculation results of the infiltration area. Scale bar: 200 μm. (H) H&E staining and immunohistochemistry (IHC) of LOX and COL1A1 in
mouse brain coronal section (n = 6 mice/group). Scale bar: 200 μm. (I) LOX and COL1A1 expression levels in mouse brains injected with X01
alone and X01+MSLC (n = 6 mice/group). (J) IHC for LOX and COL1A1 in MSLC-non-isolatable and MSLC-isolatable GBM patient
specimen. Scale bar: 100 μm. (K) Kaplan–Meier survival curve of all patients with glioma (REMBRANDT) and GBM (The Cancer Genome
Atlas; TCGA) with high or low LOX and COL1A1median expression. *p < .05, **p < .01, ***p < .001, ****p < .0001
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F IGURE 2 LOX promoted glioblastoma (GBM) infiltration by remodelling the extracellular matrix (ECM). (A) Schematic model (top)
and collagen concentration-dependent X01 GBM cell invasion assay. Scale bar: 200 μm. (B) Schematic model (top) and invasion of GBM cells
after incubation in a transwell coated with 3 mg/ml collagen. Scale bar: 200 μm. (C) Schematic model (top) and representative image of 3D
collagen-based matrix pre-incubated with X01 cells and/or MSLCs transfected with siRNA-control or si-LOX, stained with Picrosirius red.
Image: bright field at the top, collagen fibre in the middle (polarized light), and analysis of polarized area at the bottom. Collagen fibre
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3.3 GBMs contributed to regulation of
LOX expression of MSLCs via CD40L

The above data showed that GBM invasiveness was
directly affected by LOX and COL1A1 in a concentration-
dependent manner, and LOX and COL1A1 expression
increased remarkably in MSLCs when co-cultured with
GBM cells. Therefore, we predicted that MSLCs might be
affected by soluble factors in a paracrine manner, and ana-
lyzed whether the expressions of LOX and COL1A1 were
actually influenced by any soluble factor secreted byGBMs
by treatingMSLCs with the CM of GBM and normal astro-
cytes. Astrocytes are the most common glial cells in the
central nervous system.41,42 Indeed, as shown by qRT-PCR
andWestern blotting, LOX expression in MSLCs increased
when treated with the CM of GBM cells, but not that
of astrocytes (Figure 3A; Figure S3A). However, COL1A1
expression significantly increased in both astrocytes and
X01 CM. Next, using cytokine array analysis, we detected
a higher expression of CD40L, IFN-γ and CXCL12 in X01
GBM cells than in astrocytes (Figure 3B,C; Figure S3B).
The expression level of CD40L was not affected by serum,
and the secretion and expression of CD40L in several
GBM cells could be confirmed (Figure S3C–F). Further-
more, on the basis of previous data, each secretory factor
was knocked down in GBM cells, which was then co-
cultured with MSLCs. The downregulation of CD40L and
its receptor CD40 effectively abolished the enhancement
of LOX expression in MSLCs; however, downregulation
of other secretory factors (IFN-γ and CXCL12) and their
receptors (IFN-γR, CXCR4 and CXCR7) did not effectively
abolish increased LOX expression (Figure 3D–F; Figure
S3G–I). Similarly, upregulation of LOX by X01 CM treat-
ment inMSLCswas inhibited only whenCD40L andCD40
were knocked down in GBM cells and MSLCs (Figure
S3J–L). However, COL1A1 was regulated by CD40L, IFN-
γ, CXCL12, CD40, IFN-γR, CXCR4 and CXCR7. Collagen
fibre formation and infiltration decreased when CD40
was knocked down in MSLCs and CD40L in X01 cells
(Figure 3G; Figure S3M). The 3D spheroid invasion assay
also revealed a decrease in X01 and GSC-11 cell invasion
when CD40 was knocked down in MSLCs (Figure 3H;
Figure S3N). These results suggested that GBM cells
secreted CD40L to induce LOX in MSLCs via CD40,

thereby increasing the infiltration of GBM cells through
ECM remodelling.

3.4 CD40L increased LOX expression
via CD40-mediated nuclear translocation of
NF-κB2 in MSLCs

In Section 3.3, it was confirmed that LOX expression of
MSLCwas upregulated through CD40L expressed in GBM
cells. We used rhCD40L protein to determine the expres-
sion of LOX in MSLCs; the results showed that rhCD40L
increased LOX expression in MSLCs in a concentration-
dependent manner (Figure S4A,B). CD40 predominantly
signals via NF-κB, MAPK, STAT, PI3K, and SRC have also
been reported to be involved.43,44 Hence, we assessed the
activation status of several signalling pathways after treat-
ment of MSLCs with X01 CM or rhCD40L. The results
showed that AKT, STAT3, NF-κB1 and NF-κB2 were the
main activated signalling pathways, and that only NF-κB2
regulated LOX expression (Figure 4A,B; Figure S4C,G). To
confirm the nuclear translocation of NF-κB1 and NF-κB2
inMSLCs after CMand rhCD40L treatment, we performed
nuclear-cytoplasmic fractionation and immunocytochem-
istry. It was confirmed that the nuclear translocation of
NF-κB2 (not NF-κB1) was increased by CM and rhCD40L
(Figure 4C,D; Figure S4D,E). To further confirm the speci-
ficity of CM and rhCD40L, we knocked down CD40,
NF-κB1, NF-κB2 and RelB in MSLCs. When NF-κB2
and the co-transcription factor RelB were depleted, LOX
expression did not increase even after treatment with X01
CM (Figure 4E,F; Figure S4F,G); the nuclear transloca-
tion of NFκ-B2 decreased when CD40 was knocked down
(Figure 4G,H; Figure S4H). Furthermore, NF-κB2 was
found to bind to the promoter of LOX in a ChIP assay
in MSLCs (Figure 4I). Finally, we confirmed that NF-κB2
inhibition substantially reduced the collagen fibre for-
mation of ECM and that the increase in collagen fibre
and infiltration observed upon co-culture of X01 cells
and MSLCs was abolished when NF-κB2 was depleted in
MSLCs (Figure 4J,K; Figure S4I,J).
Previously, it has been reported that LOX remodels the

ECM, and also regulates intranuclear transcription.45,46
Therefore, we investigated whether LOX directly regulates

area = polarized area/total area (n = 4). Bright field scale bar: 100 μm; polarized light scale bar: 10 μm. (D) X01 spheroid infiltration in 3D
collagen-based matrix co-cultured with MSLCs transfected with siRNA-control or si-LOX. Bottom graph shows calculation results of the
infiltration area. Scale bar: 200 μm. (E) Invasion of GBM cells after pre-incubation in DMEM treated with rhLOX in a
concentration-dependent manner in transwell coated with 3 mg/ml collagen. Scale bar: 200 μm. (F) Representative image of 3D
collagen-based matrix pre-incubated with rhLOX in a concentration-dependent manner, stained with Picrosirius red. Image: bright field
(top), collagen fibre (mid, polarized light), and analysis of polarized area (bottom). Collagen fibre area = polarized area/total area (n = 4).
Bright field scale bar: 100 μm; polarized light scale bar: 10 μm. *p < .05, **p < .01, ***p < .001, ****p < .0001
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F IGURE 3 Glioblastoma (GBM) secretes CD40L to upregulate LOX expression via CD40 in MSLCs. (A) Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) analysis in MSLC treatment control conditioned media (CM), X01 CM or astrocyte CM.
(B) Cytokine array of X01 CM or astrocyte CM as indicated (n = 2). (C) Densitometry analysis of cytokine array shown in (B). (D) qRT-PCR for
LOX and COL1A1 in MSLCs co-cultured with X01 cells depleted of cytokine genes using siRNA. (E) qRT-PCR for LOX and COL1A1 in MSLCs
depleted of cytokine receptor gene using siRNA co-cultured with X01. (F) Enzyme-linked immunosorbent assay of LOX level in CM from (D)
and (E). (G) Representative image of 3D collagen-based matrix pre-incubated with X01 cells transfected with siRNA-control or si-CD40L
and/or MSLCs transfected with siRNA-control or si-CD40 stained with Picrosirius red. Image: bright field (top), collagen fibre (mid, polarized
light), and analysis of polarized area (bottom). Collagen fibre area = polarized area/total area (n = 4). Bright field scale bar: 100 μm; polarized
light scale bar: 10 μm. (H) X01 spheroid infiltration in 3D collagen-based matrix co-cultured with MSLCs transfected with siRNA-control or
si-CD40. Bottom graph shows calculation results of the infiltration area. Scale bar: 200 μm. *p < .05, **p < .01, ***p < .001, ****p < .0001
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F IGURE 4 CD40L increased LOX expression via CD40-mediated NF-κB2 nucleus translocation. (A) Western blot analysis to determine
CD40 downstream effector activation status in MSLCs treated with control conditioned medium (CM) or X01 CM. (B) Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) of LOX expression in MSLCs transfected with siRNA as indicated. (C) Western blot
analysis of the nucleus translocation of NF-κB1 or NF-κB2 by X01 CM in the cytosol-nuclear fraction of MSLCs. (D) Immunocytochemistry in
MSLCs and nucleus translocation of NF-κB1 or NF-κB2 by X01 CM. Scale bar: 50 μm. (E) qRT-PCR of LOX expression in MSLCs treated with
X01 CM and transfected with siRNA as indicated. (F) Enzyme-linked immunosorbent assay of LOX in CM after co-culture with each
transfected cell type. (G) Western blots of fractionated lysates of MSLCs transfected with siRNA-control or si-CD40 after co-culture with X01.
(H) Nuclear translocation of NF-κB2 in MSLC siRNA-control or MSLC si-CD40 treated or not treated with X01 CM. Scale bar: 50 μm. (I)
Chromatin immunoprecipitation for assessing NF-κB2 binding to LOX promoter in MSLCs. (J) Representative image of 3D collagen-based
matrix pre-incubated with MSLCs transfected with siRNA-control or si-NF-κB2 and/or X01 cells stained with Picrosirius red. Image: bright
field (top), collagen fibre (mid, polarized light), and analysis of polarized area (bottom). Bottom graph shows collagen fibre area = polarized
area/total area (n = 4). Bright field scale bar: 100 μm; polarized light scale bar: 10 μm. (K) X01 spheroid infiltration in 3D collagen-based
matrix co-cultured with MSLCs transfected with siRNA-control or si-NF-κB2. Bottom graph shows calculation results of the infiltration area.
Scale bar: 200 μm. **p < .01, ***p < .001, ****p < .0001
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CD40L and CD40 expressions or not, and we confirmed
that LOX did not regulate CD40L and CD40 expressions
(Figure S5A). However, NF-κB2 appeared to be related
to the regulation of CD40 and CD40L expressions; the
results of the ChIP assay also confirmed the binding of
NF-κB2 to promoter regions of CD40 and CD40L. This
suggests that the cue of feedback loop inMSLCwas stimu-
lated by CD40L secreted by GBM (Figure S5B–D). Also in
BM-MSCs, CD40L and CD40 were more expressed when
co-cultured with X01 than without (Figure S5E). Thus,
CD40L that activates the CD40/NF-κB2 signalling axis in
MSLCs promotes ECM remodelling by increasing LOX
expression and activating a feedback loop.

3.5 CD40L-neutralizing Ab inhibited
GBM infiltration by inhibiting CD40
signalling of MSLC in vivo

We have demonstrated that X01-secreted CD40L pro-
motes ECM remodelling in MSLCs, and we presumed
that CD40L-neutralizing antibodies could inhibit ECM
remodelling. We observed that CD40L, CD40 and LOX
expressionswere suppressed in a concentration-dependent
manner in vitro with a CD40L-neutralizing antibody
(Figure S6A). For further in vivo analysis, a tumour was
generated by transducing shCD40 or shcontrol intoMSLCs
and orthotopically co-inoculating the knocked down cells
along with X01 cells into mouse brain. Furthermore, to
block CD40L, a neutralizing CD40L antibody was injected
via the tail vein of mouse (Figure 5A; Figure S6B). Upon
tumour formation, GBM cells co-inoculated with MSLC-
invaded areas adjacent to the brain more than GBM cells
alone. However, CD40 depletion in MSLCs and blocking
CD40L through neutralizing antibody decreased GBM cell
infiltration (Figure 5B,C). In addition, CD40L, CD40 and
LOX expressions were more increased in the X01+MSLC
sh control group than in the X01 alone group. How-
ever, X01+MSLC sh CD40 and X01+MSLC neutralizing
CD40L group showed decreased CD40L, CD40 and LOX
expression thanX01+MSLC sh control group (Figure 5D,E;
Figure S6C). IHC analysis also showed reduction in tar-
get gene expression and NF-κB2 nuclear translocation in
CD40-depleted MSLCs and after CD40L neutralizing anti-
body treatment. The Picrosirius red-stained mouse brain
tissue sections were examined under non-polarized and
polarized light. As expected, the tissues co-inoculated with
MSLCs and GBM cells showed high collagen fibre for-
mation, whereas the CD40-deficient MSLCs and those
treatedwith the neutralizing CD40L antibody showed sub-
stantially reduced collagen fibre formation (Figure 5F).
We performed a co-immunofluorescence assay by com-
bining GBM (CD105–, CD44+ and CD45+) and MSLC

(CD105+, CD44+ and CD45–) to confirm the expressions
of CD40L and CD40 in GBM cells and MSLCs in the
in vivo mouse tissue sample. X01 alone tissue showed
CD44+CD45+, CD45+CD40L+ and CD45+CD40+ cells,
but not CD105+ cells. In the X01+MSLC co-inoculation
tissue, CD44+CD45–, CD45–CD40L+, CD45–CD40+ and
CD105+CD44+ cells were detected. These data reveal the
expressions of CD40L and CD40 in GBM and MSLC
cells (Figure S6D). It was possible to confirm the co-
presence of MSLC in MSLC-isolatable GBM patients via
IHC (Figure S6E). Furthermore, MSLC non-isolatable
patients showed low CD40 expression and MSLC isolat-
able patients showed high CD40 expression (Figure S6F).
These data are correlated in Figure S5A–E. The results sug-
gested that whenMSLCs are co-present with GBM, CD40L
blockade possibly inhibits GBM infiltration.

3.6 MSLCs residing in GBM tumours
correlated with clinical outcome of
patients with GBMs

CD40L, CD40, COL1A1 and LOX expressions, acti-
vation of NF-κB2 and collagen fibre formation were
found to be higher in MSLC-isolatable patients than
in MSLC-non-isolatable patients, as shown previously
(Figure 6A,B; Figure S7A). GSEA was performed to
confirm the association of this enhanced expression
with ECM in MSLC-isolatable patients. Results showed
that the presence of MSLCs in the mesenchymal and
proneural types correlated positively with the gene set
related to crosstalk with the ECM (Figure 6C; Figure S7B).
Further analysis was performed using the REMBRANDT
database. LOX and COL1A1 expression levels were fixed
as LOXhigh, LOXlow, COL1A1high and COL1A1low (four
groups), and each group was divided again according to
the LOX or COL1A1 expression as low and high. In LOXhigh
or LOXlow, fixed group (top) was not significant byCOL1A1
expression; however, in COL1A1high or COL1A1low, fixed
group (bottom) was significant by LOX expression. These
results reveal that LOX is associated with lower patient
survival than COL1A1 (Figure 6D). Next, GSEA was per-
formed to examine the crosstalk between the activation
of NF-κB2 signalling pathway and ECM using the TCGA
GBMLGG datasets available in the UCSC Xena browser.
The data were divided based on LOX expression. We
found that the higher the expression of LOX, the higher
the CD40 signalling pathway, activation of NF-κB2 and
crosstalk with the ECM in the same GBMLGG dataset
(Figure 6E). In addition, the expressions of CD40L, CD40
and LOX increased with the tumour grade in all patients
(Figure S7C), and higher expressions of the target genes
were observed in the mesenchymal type (Figure 6F). As
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F IGURE 5 CD40L neutralizing antibody and knockdown of CD40 suppressed ECM remodelling and GBM infiltration. (A) Schematic
illustration of GBMmodel generation and the overall therapeutic procedure for orthotopic xenograft animal model. (B) H&E and ZEB1
staining of coronally sectioned mouse brain. Yellow dash represents tumour margin. Red triangles represent ZEB1-positive infiltration cells
(n = 6 mouse/group). Scale bar: 100 μm. (C) The number of ZEB1-positive cells infiltrated outside the tumour margin in (B). (D) Quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) of CD40L, CD40 and LOX expression in mouse brain tissue (n = 3 mouse/group).
(E) IHC of CD40, CD40L, NFκB2 and LOX in the indicated groups (n = 6 mouse/group). Scale bar: 100 μm. (F) Representative image of
Picrosirius red-stained mouse brain tissue for each xenograft group. Collagen fibre area = polarized area/total area (n = 6 mouse/group).
Collagen fibre area (right) = polarized area/total area (n = 6 mouse/group). Bright field scale bar: 100 μm; polarized light scale bar: 10 μm.
***p < .001, ****p < .0001
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F IGURE 6 Correlation between tumour MSLC-isolatable patients and clinical outcome. (A) IHC of LOX, COL1A1, CD40L, CD40 and
NF-κB2 in MSLC-isolatable (n = 4) and MSLC-non-isolatable (n = 4) patient samples. Scale bar: 100 μm. (B) Picrosirius red-stained
MSLC-isolatable (n = 3) and MSLC-non-isolatable (n = 3) GBM patient samples. Image: collagen fibre (top, polarized light) and analysis of
polarized area (bottom). Graph shows collagen fibre area = polarized area/total area (n = 3). (C) Gene set enrichment analysis (GSEA) of
MSLC-isolatable and non-isolatable patients. Analysis of gene set related to ECM-cell adhesion by each GBM subtype. (D) Kaplan–Meier
survival curves of all glioma patients (REMBRANDT) with fixed high or low LOX and COL1A1median expression. (E) GSEA of all GBMLGG
patients with high and low median LOX expression. (F) GBM subtype-specific expression of the indicated genes in patients with GBM in The
Cancer Genome Atlas (TCGA). (G) Two-gene scatter plots of the indicated genes in patients with glioma in TCGA. (H) Kaplan–Meier survival
curves of all glioma patients (TCGA) with high or low indicated median expression of gene. (I) Schematic summarizing promotion of ECM
remodelling and GBM infiltration by GBM-educated MSLCs in the tumour microenvironment. n.s. = not significant, *p < .05, **p < .01,
****p < .0001
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shown in previous sections, increase in LOX expression
correlated positively with the expressions of CD40L
and CD40, and the same result was confirmed using a
two-gene scatter plot in the GBMLGG set (Figure 6G).
In the same GBMLGG dataset, high expressions of target
genes associated remarkably with shorter survival rates.
However, survival rates were not significant in grade 4
patients (Figure 6H, Figure S7D). Because, high expression
of CD40L, CD40 and LOXmay reflect tumour malignancy
in GBMLGG dataset, thus CD40L, CD40 and LOX
expressions are associated with patient clinical outcomes.

4 DISCUSSION

The TME has been emerging as a hotspot for novel tar-
gets that can be used for developing therapies for several
types of cancer. MSCs are present within the tumour in
patients with GBM.19,20 Accumulating evidence suggests
that MSCs mainly play a tumour-supportive role, and the
cellular andmolecular mechanisms via whichMSCs regu-
late cancer invasion have been studied. However, whether
the immunosuppressive properties of MSCs can be used
for therapeutic and clinical applications remains contro-
versial. Tumours may reprogramme MSCs to recruit them
to the tumour site, where they play a tumour-supportive
role via secretion of exosomes, IL-6, SDF-1, PDGF and
HGF in several cancers.47–50 In our previous study, MSLC-
isolatable patients showed lower survival rates than that
of MSLC-non-isolatable patients. In this study, we demon-
strated that the MSLCs present in GBM are targeted by
CD40L, which is secreted by the GBM cells. A previous
study has reported that the promotion of CD40L/CD40
expression in GBM can induce immune stimulation and
anti-tumour responses.51 CD40L/CD40 has been attract-
ing attention as a next-generation immune checkpoint
protein. However, the use of a single ICB for the treat-
ment of GBM has been unsuccessful, and recent studies
are underway to overcome this through ICB–chemical
drug combination treatments.7,52 In this context, ICB still
focuses only on immune cells and excludes the effects on
several other normal cells present in TME. As such, our
results suggest the possibility that not only the activation
of immune cells but also the effects on other normal cells
constituting the GBM TME should be considered.
During cancer progression, the ECM is consistently

remodelled, resulting in ECM stiffness in the TME.10,11
Increase in ECM stiffness plays a critical role in tumour
growth, invasion and metastasis via biochemical and
biomechanical mechanisms. In accordance with this
notion, we demonstrated that GBM cells co-cultured with
MSLCs became more invasive in the 3D culture system
and spheroid assay. In addition, compared toMSLCs alone,

GBM-educatedMSLCs secretedmore LOXand remodelled
the collagen fibre of the ECM. Analysis of the survival
of patients with glioma expressing LOX or COL1A1 indi-
cated that high expressions of these genes correlated with
poor outcomes. Importantly, high expression of LOX was
directly involved in the survival of patients irrespective
of the expression level of COL1A1, suggesting that ECM
stiffness is more important than accumulation of ECM
molecules for patient survival. While we mainly con-
firmed the increased expressions of LOX and COL1A1 by
MSLCs recruited to GBM TME, Chen et al. have demon-
strated that GBM-derived LOX increased macrophage
recruitment, which promoted angiogenesis and survival
of GBM itself.53 These results reveal that LOX secreted
from GBM-educated MSLCs or GBMs can act as cues for
a tumour-promoting microenvironment.
GBM cells are characterized by high expressions of

inflammatory factors and tumorigenic genes and generally
crosstalk with neighbouring cells in a paracrine man-
ner. In our study, we showed that the MSLCs present in
the GBM microenvironment induced collagen fibre for-
mation of ECM via the CD40L/CD40 signalling pathway
and promoted the invasion of GBM cells. Interestingly,
we observed that patient-derived X01 cells showed higher
CD40L expression and secretion than that of astrocytes.
SecretedCD40L bind toCD40 on the surface ofMSLCs and
reprogramme them to secrete LOX via NF-κB2 signalling,
which acted as a downstream mediator. However, when
the expression of LOX was suppressed in CD40-disrupted
MSLCs, infiltration of GBM cells was inhibited in an in
vitro 3D culture system. Furthermore, compared to that
in mice inoculated with GBM cells alone, orthotopic co-
inoculation of GBM cells and MSLCs promoted GBM cell
infiltration and ECM remodelling in mice. In contrast, co-
inoculation of GBM cells and CD40-disrupted MSLCs and
injection of a CD40L neutralizing antibody inhibited GBM
cell infiltration and collagen fibre formation.
We focused on the inhibition of GBM infiltration

that was promoted when MSLCs were present in the
TME. According to our study results, CD40L neutraliz-
ing immunotherapy can yield positive results in patient
survival when MSLCs are present in the TME. However,
considering the in vivo function of CD40L, it will be nec-
essary to conduct additional studies and mouse survival
experiments with immune cells and MSLC in TME before
the application of our study to clinical trials. We con-
firmed that high expressions of CD40L/CD40/LOX reflect
a low patient survival rate through the TCGA GBMLGG
and REMBRANDT databases. However, regarding bulk-
seq currently used for analysis, it seems that the need for
single-cell seq is necessary due to the need to check the
presence or absence of MSLC in glioma and GBM patients
and to analyze the expressions of GBM cells and MSLCs,
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respectively. Nevertheless, inhibition of CD40L can inhibit
the infiltration of GBM cells into normal brain tissues in
the GBM environment in which MSLCs exist, and can
be expected to facilitate surgical resection and positively
affect the survival rate of patients.

5 CONCLUSION

This study identified the mechanistic insights of MSLCs
for the ECM remodelling of the GBM pro-infiltrative TME.
Intriguingly, CD40L secreted from GBM binds to CD40
on the MSLC surface and reprogrammes using the NF-
κB2 signalling axis to secrete LOX (Figure 6I). Importantly,
blocking CD40L suppressed ECM remodelling and GBM
infiltration. Our findings give us an insight into a potential
therapeutic target that can be used for suppressing GBM
infiltration and the easy surgical resection to suppress
recurrence.

ACKNOWLEDGEMENTS
We thankDr. Lang (Department ofNeurosurgery, TheUni-
versity of Texas, MD Anderson Cancer Center, TX, USA)
for kindly providing the patient-derived GSC11, and we
also thank Dr. Akio Soeda (Department of Neurological
Surgery, University of Virginia, USA) for kindly providing
patient-derived X01 and X02 GBM cells.

CONFL ICT OF INTEREST
The authors declare that there is no potential conflict of
interest.

REFERENCES
1. Ohka F, Natsume A, Wakabayashi T. Current trends in tar-

geted therapies for glioblastoma multiforme. Neurol Res Int.
2012;2012:878425.

2. Thakkar JP, Dolecek TA, Horbinski C, et al. Epidemiologic and
molecular prognostic review of glioblastoma. Cancer Epidemiol
Biomarkers Prev. 2014;23(10):1985-1996.

3. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F,
Reulen HJ. Fluorescence-guided surgery with 5-aminolevulinic
acid for resection of malignant glioma: a randomised controlled
multicentre phase III trial. Lancet Oncol. 2006;7(5):392-401.

4. Caverzasi E, SL Hervey-Jumper, Jordan KM, et al. Identify-
ing preoperative language tracts and predicting postoperative
functional recovery using HARDI q-ball fiber tractography in
patients with gliomas. J Neurosurg. 2016;125(1):33-45.

5. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and
blood-tumour barrier in brain tumours and metastases. Nat Rev
Cancer. 2020;20(1):26-41.

6. Lee SY. Temozolomide resistance in glioblastoma multiforme.
Genes Dis. 2016;3(3):198-210

7. Noch EK, Ramakrishna R, Magge R. Challenges in the treat-
ment of glioblastoma: multisystem mechanisms of therapeutic
resistance.World Neurosurg. 2018;116:505-517.

8. Goenka A, Tiek D, Song X, Huang T, Hu B, Cheng SY. The
many facets of therapy resistance and tumor recurrence in
glioblastoma. Cells. 2021;10(3):484.

9. Nikolopoulos M, Das S. Chapter 6 - Signaling in the tumor
microenvironment of therapy-resistant glioblastoma. In: Paul-
murugan R, Massoud TF, eds. Glioblastoma Resistance to
Chemotherapy: Molecular Mechanisms and Innovative Reversal
Strategies. Vol 15: Academic Press; 2021:153-184.

10. Balkwill FR, Capasso M, Hagemann T. The tumor microenvi-
ronment at a glance. J Cell Sci. 2012; 125(Pt 23):5591-5596.

11. Yue B. Biology of the extracellular matrix: an overview. J
Glaucoma. 2014; 23(8 Suppl 1):S20-23.

12. Hinshaw DC, Shevde LA. The Tumor Microenvironment
Innately Modulates Cancer Progression. Cancer Res. 2019;
79(18):4557-4566.

13. Pitt JM, Marabelle A, Eggermont A, Soria JC, Kroemer G,
Zitvogel L. Targeting the tumor microenvironment: removing
obstruction to anticancer immune responses and immunother-
apy. Ann Oncol. 2016; 27(8):1482-1492.

14. Ridge SM, Sullivan FJ, Glynn SA. Mesenchymal stem cells: key
players in cancer progression.Mol Cancer. 2017; 16(1):31.

15. Cuiffo BG, Karnoub AE. Mesenchymal stem cells in tumor
development: emerging roles and concepts. Cell AdhMigr. 2012;
6(3):220-230.

16. He N, Kong Y, Lei X, et al. MSCs inhibit tumor progres-
sion and enhance radiosensitivity of breast cancer cells by
down-regulating Stat3 signaling pathway. Cell Death Dis. 2018;
9(10):1026.

17. Hossain A, Gumin J, Gao F, et al. Mesenchymal Stem Cells Iso-
lated FromHumanGliomas Increase Proliferation andMaintain
Stemness of Glioma Stem Cells Through the IL-6/gp130/STAT3
Pathway. Stem Cells. 2015; 33(8):2400-2415.

18. Zhang Q, Yi DY, Xue BZ, et al. CD90 determined two sub-
populations of glioma-associated mesenchymal stem cells with
different roles in tumour progression. Cell Death Dis. 2018;
9(11):1101.

19. Kim YG, Jeon S, Sin G-Y, et al. Existence of glioma stroma mes-
enchymal stemlike cells in Korean glioma specimens. Child’s
Nervous System. 2013; 29(4):549-563.

20. Lim EJ, Kim S, Oh Y, et al. Crosstalk between GBM cells and
mesenchymal stemlike cells promotes the invasiveness of GBM
through the C5a/p38/ZEB1 axis. Neuro Oncol. 2020; 22(10):1452-
1462.

21. Elgueta R, BensonMJ, de Vries VC,Wasiuk A, Guo Y, Noelle RJ.
Molecular mechanism and function of CD40/CD40L engage-
ment in the immune system. Immunol Rev. 2009; 229(1):152-172.

22. Marin-Acevedo JA, Dholaria B, Soyano AE, Knutson KL,
Chumsri S, Lou Y. Next generation of immune checkpoint ther-
apy in cancer: new developments and challenges. J Hematol
Oncol. 2018; 11(1):39.

23. Ishikawa K, Miyamoto M, Yoshioka T, et al. Up-regulation of
CD40 with juxtacrine activity in human nonsmall lung can-
cer cells correlates with poor prognosis. Cancer. 2008; 113(3):
530-541.

24. Pang X, Zhang L, Wu J, et al. Expression of CD40/CD40L in
colon cancer, and its effect on proliferation and apoptosis of
SW48 colon cancer cells. J BUON. 2017; 22(4):894-899.

25. Frantz C, Stewart KM,Weaver VM. The extracellular matrix at a
glance. J Cell Sci. 2010; 123(Pt 24):4195-4200.



18 of 18 KIM et al.

26. Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic
niche in cancer progression. J Cell Biol. 2012; 196(4):395-406.

27. Wang TH, Hsia SM, Shieh TM. Lysyl Oxidase and the Tumor
Microenvironment. Int J Mol Sci. 2016; 18(1).

28. Lucero HA, Kagan HM. Lysyl oxidase: an oxidative enzyme and
effector of cell function. Cell Mol Life Sci. 2006; 63(19-20):2304-
2316.

29. Cox TR, Gartland A, Erler JT. Lysyl Oxidase, a Targetable
Secreted Molecule Involved in Cancer Metastasis. Cancer Res.
2016; 76(2):188-192.

30. Bais MV, Ozdener GB, Sonenshein GE, Trackman PC. Effects
of tumor-suppressor lysyl oxidase propeptide on prostate can-
cer xenograft growth and its direct interactions with DNA repair
pathways. Oncogene. 2015; 34(15):1928-1937.

31. Soeda A, Park M, Lee D, et al. Hypoxia promotes expansion of
the CD133-positive glioma stem cells through activation of HIF-
1alpha. Oncogene. 2009; 28(45):3949-3959.

32. Bhat KP, Balasubramaniyan V, Vaillant B, et al. Mesenchy-
mal differentiation mediated by NF-kappaB promotes radi-
ation resistance in glioblastoma. Cancer Cell. 2013; 24(3):
331-346.

33. Kim YG, Jeon S, Sin GY, et al. Existence of glioma stroma mes-
enchymal stemlike cells in Korean glioma specimens. Child’s
nervous system : ChNS : official journal of the International
Society for Pediatric Neurosurgery. 2013; 29(4):549-563.

34. Bustin SA, Benes V, Garson JA, et al. The MIQE Guidelines:
Minimum Information for Publication of Quantitative Real-
Time PCR Experiments. Clinical Chemistry. 2009; 55(4):611-622.

35. Varghese F, Bukhari AB, Malhotra R, De A. IHC Profiler: an
open source plugin for the quantitative evaluation and auto-
mated scoring of immunohistochemistry images of human
tissue samples. PLoS One. 2014; 9(5):e96801.

36. Lal S, Lacroix M, Tofilon P, Fuller GN, Sawaya R, Lang FF. An
implantable guide-screw system for brain tumor studies in small
animals. J Neurosurg. 2000; 92(2):326-333.

37. Lim E-J, Suh Y, Kim S, Kang S-G, Lee S-J. Force-mediated
proinvasive matrix remodeling driven by tumor-associated mes-
enchymal stem-like cells in glioblastoma. BMB Rep. 2018;
51(4):182-187.

38. Li B, Moshfegh C, Lin Z, Albuschies J, Vogel V. Mesenchymal
Stem Cells Exploit Extracellular Matrix as Mechanotransducer.
Scientific Reports. 2013; 3(1):2425.

39. Lim E-J, Suh Y, Yoo K-C, et al. Tumor-associated mesenchymal
stem-like cells provide extracellular signaling cue for invasive-
ness of glioblastoma cells. Oncotarget. 2016; 8(1).

40. Choi J, Lee JH, Koh I, et al. Inhibiting stemness and invasive
properties of glioblastoma tumorsphere by combined treatment
with temozolomide and a newly designed biguanide (HL156A).
Oncotarget. 2016; 7(40):65643-65659.

41. Gladson CL, Prayson RA, Liu WM. The Pathobiology of Glioma
Tumors. Annual Review of Pathology: Mechanisms of Disease.
2010; 5(1):33-50.

42. Rao JS. Molecular mechanisms of glioma invasiveness: the role
of proteases. Nat Rev Cancer. 2003; 3(7):489-501.

43. Lutgens E, Lievens D, Beckers L, Donners M, DaemenM. CD40
and Its Ligand in Atherosclerosis. Trends in Cardiovascular
Medicine. 2007; 17(4):118-123.

44. Tang T, Cheng X, Truong B, Sun L, Yang X, Wang H. Molecu-
lar basis and therapeutic implications of CD40/CD40L immune
checkpoint. Pharmacol Ther. 2021; 219:107709.

45. Iturbide A, García de Herreros A, Peiró S. A new role for LOX
and LOXL2 proteins in transcription regulation. Febs j. 2015;
282(9):1768-1773.

46. Gabay Yehezkely R, Zaffryar-Eilot S, Kaganovsky A, et al. Intra-
cellular Role for the Matrix-Modifying Enzyme Lox in Regulat-
ing Transcription Factor Subcellular Localization and Activity
in Muscle Regeneration. Dev Cell. 2020; 53(4):406-417.e405.

47. Lin G, Yang R, Banie L, et al. Effects of transplantation of adi-
pose tissue-derived stem cells on prostate tumor. Prostate. 2010;
70(10):1066-1073.

48. Liu S, Ginestier C, Ou SJ, et al. Breast cancer stem cells are reg-
ulated by mesenchymal stem cells through cytokine networks.
Cancer Res. 2011; 71(2):614-624.

49. Shi M, Li J, Liao L, et al. Regulation of CXCR4 expression in
human mesenchymal stem cells by cytokine treatment: role in
homing efficiency in NOD/SCID mice. Haematologica. 2007;
92(7):897-904.

50. Chaturvedi P, Gilkes DM, Wong CC, et al. Hypoxia-inducible
factor-dependent breast cancer-mesenchymal stem cell bidi-
rectional signaling promotes metastasis. J Clin Invest. 2013;
123(1):189-205.

51. Chonan M, Saito R, Shoji T, et al. CD40/CD40L expression
correlates with the survival of patients with glioblastomas and
an augmentation in CD40 signaling enhances the efficacy
of vaccinations against glioma models. Neuro-Oncology. 2015;
17(11):1453-1462.

52. Bausart M, Préat V, Malfanti A. Immunotherapy for glioblas-
toma: the promise of combination strategies. Journal of Exper-
imental & Clinical Cancer Research. 2022; 41(1):35.

53. Chen P, Zhao D, Li J, et al. Symbiotic Macrophage-Glioma Cell
Interactions Reveal Synthetic Lethality in PTEN-Null Glioma.
Cancer Cell. 2019; 35(6):868-884.e866.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Kim S-M, Lim E-J, Yoo
K-C, et al. Glioblastoma-educated mesenchymal
stem-like cells promote glioblastoma infiltration via
extracellular matrix remodelling in the tumour
microenvironment. Clin Transl Med. 2022;12:e997.
https://doi.org/10.1002/ctm2.997

https://doi.org/10.1002/ctm2.997

	Glioblastoma-educated mesenchymal stem-like cells promote glioblastoma infiltration via extracellular matrix remodelling in the tumour microenvironment
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Culturing GBM cells and MSLCs
	2.2 | Antibodies and reagents
	2.3 | Co-culture of MSLCs and GBM cells
	2.4 | Collagen invasion assays
	2.5 | Enzyme-linked immunosorbent assay (ELISA) and LOX activity assay
	2.6 | ECM remodelled by MSLCs to GBM invasion
	2.7 | 3D spheroid invasion assay
	2.8 | Picrosirius red stain and polarized light microscopy
	2.9 | Transfection and establishment of stable cell line
	2.10 | Western blot analysis
	2.11 | Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	2.12 | Chromatin immunoprecipitation (ChIP) assays
	2.13 | Cytokine array
	2.14 | Immunocytochemistry (ICC)
	2.15 | Immunohistochemistry (IHC)
	2.16 | Immunofluorescence staining
	2.17 | Gene set enrichment analysis (GSEA) and Kaplan-Meier analysis
	2.18 | Animal studies
	2.19 | Study ethics approval
	2.20 | Statistical analysis

	3 | RESULTS
	3.1 | Tumour-associated MSLCs modulated ECM and were involved in crosstalk with GBMs
	3.2 | LOX secreted from MSLCs increased GBM infiltration by remodelling the ECM
	3.3 | GBMs contributed to regulation of LOX expression of MSLCs via CD40L
	3.4 | CD40L increased LOX expression via CD40-mediated nuclear translocation of NF-B2 in MSLCs
	3.5 | CD40L-neutralizing Ab inhibited GBM infiltration by inhibiting CD40 signalling of MSLC in vivo
	3.6 | MSLCs residing in GBM tumours correlated with clinical outcome of patients with GBMs

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES
	SUPPORTING INFORMATION


