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Abstract

Background Gliomas are the highly aggressive brain tumor and also the most devastating human tumors. The latent
TGF binding proteins (LTBP) had been found to be involved in malignant biological process and could be used as
potent biomarkers in several solid tumors. While the role of LTBP family in human glioma remain to be elucidated.

Methods Normalized gene expression and corresponding clinical data of 2407 gliomas samples in public datasets
were downloaded from Gliovis. Kaplan-Meier methods and Cox regression analysis was used for survival analyses.
Western blot (WB) and Immunohistochemical (IHC) testing were employed to test LTBPs protein level in 154 gliomas
samples. Correlation between LTBP2 expression and immune infiltration was evaluated by immunofluorescence (IF)
and IHC in glioma tissues. CCK8 and flow cytometric analysis were used to detect the effect of LTBP2 on glioma cells.
Orthotopic glioma- mouse models were utilized to evaluate effects in vivo.

Results L TBP2 mRNA level was dramatically higher in glioma samples compared with non-tumor brain tissues in
XENA-TCGA_GTEX, Gill and Gravendeel datasets (all P<0.01), and its expression positively correlated with glioma WHO
grade, IDH1/2 wildtype and mesenchymal subtypes. These results were confirmed by In-house cohort which was
detected by WB and IHC. We found that gliomas patients with high LTBP2 level had shorter OS than those with low
LTBP2 level. LTBP2 expression significantly associated with glioma immune score (Spearman r=0.68, P<0.01)) and
strongly correlated with infiltration degreee of macrophages both in lower grade gliomas (LGG) and GBM. Knocking
down LTBP2 obviously reduced proliferation and enhanced sensitivity to temozolomide in U87 and U251 cells.

Nude mice with lower expression of LTBP2 had slower tumor growth, and accompanied by less tumor-associated
macrophages (TAMs) infiltration detected by IHC staining in vivo. Finally, low LTBP2 expression glioma patients who
received chemotherapy survived longer than patients with high LTBP2 expression.
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Conclusion LTBP2 could be used as a prognostic marker, and high LTBP2 expression related to abundant TAMs

infiltration and with a worse response to chemotherapy.

Keywords LTBP family, Prognosis, Biomarker, Tumor-associated macrophages, Chemoresistance

Background

There are 80% of primary malignant tumors in the cen-
tral nervous system that are gliomas, which is one of the
deadly brain tumors [1]. WHO’s grading system reflects
clinical prognosis, with grade IV gliomas (glioblasto-
mas, GBM) having the worst outcomes. Although GBM
accounted for only 15% of brain tumors, it obviously
associated with high mortality and disability rate [2]. Pre-
vious study had demonstrated that survival proportion
for non-GBM astrocytoma patients was 72% (1-year) and
44% (5-year), while survival proportion for GBM adults
was 41% (1-year) and 5% (5-year) during 2000-2014 [2,
3]. The poor outcome of patients with GBM was attrib-
uted to cellular heterogeneity, therapeutic resistance, and
the infiltrative nature of the disease. Chemo- and radio-
resistance after surgery reduced the effectiveness of stan-
dard treatment regimens in GBM patients [4, 5]. Therapy
targeting immune microenvironment revolutionizes gli-
oma treatment. Glioma immune checkpoint molecules
effectively modulate immune responses and may play an
indispensable surrogate role in the treatment of TMZ-
resistant gliomas [6]. Uncovering novel genes offered a
better understanding of chemoresistance mechanism in
glioma and also provided a potential immunotherapeutic
target.

The latent TGF binding proteins (LTBP) plays crucial
role in mediating the secretion of TGFp and also acted
at the central nexus of a mechanosensing hub that regu-
lated pathways by TGF-beta [7, 8]. Three TGF-beta iso-
forms and several other matrix constituents could bind
to the LTBP family members [9, 10].Previous studies have
demonstrated that LTBP1 together with TGF-beta form-
ing a complex that bound to extracellular matrix (ECM)
to facilitate the activation of LTBP by integrins [11, 12].
Besides, LTBP2 was also found to be involved in ECM
remodeling, elastic fiber aggregation and cell adhesion.
While LTBP3 mutations in some patients could lead to
the formation of acromicric and geleophysic dysplasia,
which indicated the potential role of LTBP3 in promot-
ing long bone growth and lung septation [13]. Recently,
a growing body of evidence supported that there were
close associations between LTBP family members and
cancers formation and progression. Elevated LTBP1
expression significantly positively correlated with lym-
phatic metastatic ability and inhibition of LTBP1 in
Esophageal squamous cell carcinoma (ESCC) cells obvi-
ously attenuated TGF-beta induced epithelial-mesenchy-
mal transition (EMT) and cancer-associated fibroblasts
(CAFs) transformation [14]. Similarly, LTBP2 expression

was increased in gastric cancers (GC) and knocking
down LBTP2 reduced the proliferation, invasion and
also the EMT in GC cells [15]. However, few studies
have explored the relationships between LTBP 1-4 and
gliomas. It remains to be demonstrated how LTBPs are
expressed and whether they might play a genetic role in
gliomas.

Methods

Clinical samples

In this study, we used 118 paraffin-embedded samples
which contained 110 glioma tissues and 8 non-tumor
brain tissues (NBTs). All paraffin-embedded tissues were
collected in the department of neurosurgery of Renmin
hospital of Wuhan University from July 2019 to Octo-
ber 2021. Also 12 non-tumor brain tissues (patients who
had suffered traumatic brain injuries) and 24 frozen gli-
oma tissues were utilized. All patients agreed and signed
informed consents and none of them received any pre-
chemo or pre-radiotherapy before surgery. This study
was approved by the institutional ethics committee of the
faculty of medicine at Wuhan University’s Renmin Hos-
pital [approval number: 2012LKSZ (010) H].

Public datasets acquisition and analysis

Normalized gene expression data was acquired from
GlioVis website [16]. Gliovis contains the standardization
of RNA expression data, clinical baseline information
and prognosis of included patients in public datasets. In
the course of our research, eight datasets were accessed
and downloaded from gliovis: TCGA-GBMLGG, TCGA-
GBM, TCGA-LGG, CGGA, Gravendeel [17], Rembrandt
[18], Gill [19] and Murat [20]. Pan-cancer group com-
parison was based on Xiantao academic platform(https://
www.xiantao.love/), which mainly obtained data from
public databases for standardized analysis. A genomic
analysis of the LTBP family genes was conducted using
online cBioPortal website (http://www.cbioportal.org/)
[21]. The selection of Mesenchymal (MES) related genes
was based on the 29 MES_CORE_GENES mentioned in
the previous literature [27].

Gene function enrichment analysis

TCGA-GBM was utilized to conduct Gene function
enrichment analysis., Gliomas samples were divided into
two groups based on LTBP2 mRNA expression (high
vs. low group). Then the differential genes between the
two groups were screened by DEseq2 procedure on the
basis of log,FC value and p value. Statistically significant
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thresholds were adj. P-value<0.01 and |log,FC|>2. Sig-
nificant differentially expressed genes (DEGs) were then
put into the Xiantao academic platform and hypergeo-
metric analysis was performed in GOKEGG database.
After zscore was calculated, the results were obtained.
Protein—protein interactions of DEGs were performed
using STRING platform (http://string-db.org; version
12.0).

Immunohistochemical (IHC) staining
These methods were consistent with our previously pub-
lished articles [22].

IHC evaluation.

Intensity of staining and the percentage of positive-
staining cells were both assessed. Scores ranged from 0
to 3 according to the intensity of staining. The percentage
of positive cells was defined as: (0, <10%;1,10-25%;2,26—
50%;3,51-75%; and 4,>75%). We multipled staining
intensity times the percentage of positive cells to get final
IHC scores. Two individuals independently analyzed the
IHC staining results.

Immunofluorescence staining & western blot

The methods were compliance with previous articles
we pulicated [23]. The main primary antibodies used
for IF/WB were anti-LTBP2 (Bioss, cat#bs-18440R),
anti-C68 (Proteintech, cat#28058-1-AP), anti-86 (Cell
Signaling Technology, cat#19589), anti-CD11b(biobyt,
cat#orb11009), anti-CD163(abcam, cat#ab182422).
PCNA (Proteintech, Cat No. 24036-1-AP).

Construction and transfection with shRNA, Cell
proliferation detection

The shRNA-treated cells used in this study were stably
transfected glioma cells. Specifically, the shRNA (5’-CC
AGCAGAAGAGCAAGTGATT-3’) targeting LTBP2 was
designed and cloned into the lentivirus vector GV493-
gcGFP-Puro (GeneChem, Shanghai, P.R. China).In brief,
the constructed shRNA lentivirus was co-cultured with
glioma cells to facilitate the entry of the lentivirus into
the cells. The cells were cultured in 6-well plates and
infected with the lentivirus according to the manufac-
turer’s instructions for 24 h. Subsequently, the cells were
treated with puromycin (2 pg/ml) for 48 h, and fresh
medium was added after washing with PBS buffer.

Cell Counting Kit-8 was used to detect effect of LTBP2
on glioma cell proliferation. 5,000 transfected cells were
seeded in 96-well plates, and 3 multiple wells were set
in each group. Cells need to be examined at two time
points, 24 h and 48 h. 10uL of CCK-8 solution was added
to each well, incubated for 1 h, and the absorbance at
450 nm was measured using a microplate reader.
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Flow cytometry analysis

After glioma cells were treated with different concentra-
tions of TMZ, the culture medium was collected in flow
tubes. Cells in six-well plates were washed once with
PBS, digested with 1 ml of 0.25% trypsin, and when the
cells were rounded and partially suspended, the digestion
was terminated by adding medium. Cells were suspended
by gently blowing with a pipetting gun. The samples
were collected in flow tubes, centrifuged at 1500 rpm
for 5 min, and the supernatant was discarded. Cells were
completely resuspended by adding 3 ml of PBS precooled
at 4 ° C, centrifuged at 1500 rpm for 5 min, and the super-
natant was discarded. The precipitate was resuspended
in 300pL of Binding Buffer. Fluorescence labeling was
then performed: after 5pL Annexin V-FITC was added
and mixed, 5pL Propidium Iodide was added and mixed.
Reactions were carried out at room temperature in the
dark for 5-15 min. The green fluorescence of Annexin
V-FITC was detected through the FITC channel (FL1),
and the red fluorescence of PI was detected through the
PI channel (FL2). The flow cytometry parameters were as
follows: excitation wavelength Ex=488 nm and emission
wavelength Em=530 nm, and analyzed by using a FACS-
Calibur flow cytometer (Becton Dickinson).

Immune estimation

ESTIMATE (https://bioinformatics.mdanderson.org/
estimate/) was used to analyze correlations between
LTBP2 expression and ESTIMATE scores. ESIMATE is
an online platform for calculating immune infiltration
scores based on gene expression. Associations between
LTBP2 and immune cells infiltration were assessed by
Xiantao academic platform.

Intracranial xenograft model

All nude mice were purchased from Shulaibao (Wuhan,
China) Biotechnology Co., Ltd. NC-shRNA or LTBP2-
shRNA U87 cells were resuspended in PBS. We stereotac-
ticly injected 3x 10° cells into the right striatum of Balb/c
nude mice. 1% sodium pentobarbital was administered
intraperitoneally. In short, we immobilized the nude mice
with a stereotactic device. An incision about 1 cm long
was cut with a scalpel, and then a puncture needle was
used to penetrate the skull with a depth of about 3 mm
(2 mm away from midline and before the coronal suture).
After stable for 5 seconds, the implanted cells were
injected. After waiting for 3 s, the puncture needle was
pulled out. The puncture site was closed with bone wax,
and then we sutured the skin. The nude mice were placed
in a warm tank to prevent death from hypothermia. The
nude mice were sacrificed when neurological dysfunction
appeared or weight loss was greater than 20%.For eutha-
nasia, cervical dislocation was used on the mice without
prior anesthesia. The procedure involved firmly grasping
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the back of the head and neck, followed by a rapid, force-
ful upward and backward motion, causing immediate
death. All experiments with animals were approved by
the Institutional Animal Care and Use Committee at
Renmin Hospital of Wuhan University [approval number:
20231002 A].

Statistical analysis

Data were presented as meantstandard error or devia-
tion (SD).The Chi-square test was used to compare the
differences in the number of individuals with high and
low gene expression between the groups. Analyzsis of
significant differences between two groups was con-
ducted by Student’s t-test.We used a two-tailed t-test, and
Quantile-Quantile Plot was employed to test for normal-
ity. If normality was not met, the Mann-Whitney U test
was applied. The one-way ANOVA was used for analysis
among more than two groups. We plotted Kaplan-Meier
curves based on optimal cut-point for patients with low
and high expression of LTBPs. The optimal cut-point
was decided by online platform Gliovis. GraphPad Prism
9.5.1 software was used to generate the graphs.

Results

LTBPs expression in gliomas

We used online platform Xiantao academic to explore
LTBPs expression in multiple cancers. Preliminary
results found that LTBPs were over-expressed in several
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solid tumors, such as GBM, LGG, pancreatic carcinoma
and Thymoma. While in other tumors (Colon adeno-
carcinoma, rectum adenocarcinoma, testicular germ
cell tumors et al.), LTBPs were downregulated in tumor
tissues (Fig. 1A). Besides, we focused on LTBPs genetic
alterations in gliomas and found that LTBP4 had highest
gene altered frequency (2.5%) in LGG. In GBM tissues,
LTBP1 and LTBP2 had the highest gene altered frequency
(both 28%, Fig. 1B). In order to investigate LTBPs expres-
sion in gliomas, we utilized three GEO datasets(Gill,
Gravendeel, and Murat). The mRNA levels of LTBP1
in glioma tissues were 9.54+1.07, 7.55+0.96, and
8.6510.76 in the Gill, Gravendeel, and Murat datasets,
respectively, compared to its expression in non-tumor
brain tissues (NBTs), which were 8.64+0.66, 6.76+0.25,
and 7.55%0.38, with all P-values<0.01 (Fig. 1C). Simi-
larly, LTBP2 expression was significantly higher in gli-
oma tissues compared to NBTs in both the Gill dataset
(8.33£1.21 vs. 6.90£0.49, P<0.001) and the Gravendeel
dataset (6.82+1.04 vs. 5.88+0.17, P<0.001) (Fig. 1C).
LTBP3 expression followed the same pattern as LTBP1
and LTBP2, showing an elevated mRNA level in glioma
tissues. In the Gravendeel dataset, LTBP3 expression was
significantly higher in gliomas than in NBTs (8.53%0.64
vs. 7.64%0.48, P<0.001), and in the Murat dataset
(7.15+£0.55 vs. 8371041, P<0.01) (Fig. 1C). These
results demonstrate that the expression levels of LTBP1-3
are consistently elevated in glioma tissues compared to
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Fig.1 Gene alterations of LTBPs in gliomas. A. The mRNA level of LTBP family in various cancers in TCGA blue means normal tissue, red refers to tumor tis-
sue. B. The genetic alteration of LTBP family in LGG and GBM in TCGA from cBioPortal platform (http://www.cbioportal.org/). The abbreviations for tumors
were listed in supplementary material-Abbreviations for fig1A. C. Datasets (Gill, Gravendeel & Murat) that contained RNA-sequencing of gliomas and
non-tumor brain tissues were all downloaded from GEO platform,red represents the normal tissue, blue refers to tumor tissue. **, P<0.01, *** P<0.001.

ns, no significance. NBT, non-tumor brain tissues
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Table 1 Comparison of clinical characteristics in different LTBP2
expression groups among glioma patients in CGGA
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Table 2 Comparison of clinical characteristics in different LTBP2
expression groups among glioma patients in TCGA

Factors LTBP2 expression

Factors LTBP2 expression

Low High P value Low High Pvalue
Age, n (%) 0.003 Age, n (%) <0.001
<60 449 (44.5%) 466 (46.2%) <=60 300 (42.9%) 256 (36.6%)
>60 61 (6%) 33(3.3%) >60 49 (7%) 94 (13.4%)
Gender, n (%) 0.063 Gender, n (%) 0519
Female 194 (19.2%) 219 (21.7%) Female 153 (21.9%) 145 (20.7%)
Male 316 (31.3%) 281 (27.8%) Male 196 (28%) 205 (29.3%)
Histology, n (%) <0.001 Race, n (%) 0.003
Aglio & OAglio & Odglio 241 (24%) 379 (37.7%) Asian 11 (1.6%) 2(0.3%)
GBM 264 (26.3%) 121 (12%) Black or African American 10 (1.5%) 23 (3.4%)
Grade, n (%) <0.001 White 322 (46.9%) 318 (46.4%)
Il 129 (12.8%) 202 (20.1%) WHO grade, n (%) <0.001
[\ 264 (26.3%) 121 (12%) G2 148 (23.2%) 76 (11.9%)
Il 112 (11.1%) 177 (17.6%) G3 128 (20.1%) 117 (18.4%)
Recurrence, n (%) 0.013 G4 35 (5.5%) 133 (20.9%)
Recurrent 185 (18.4%) 146 (14.5%) Histological type, n (%) <0.001
Primary 321 (31.9%) 354 (35.2%) Aglio & OAglio & Odglio 314 (44.9%) 217 (31%)
Subtype, n (%) <0.001 Glioblastoma 35 (5%) 133 (19%)
Mesenchymal 98 (22.6%) 18 (4.2%) IDH status, n (%) <0.001
Classical 118 (27.3%) 43 (9.9%) Mut 285 (41.4%) 158 (22.9%)
Proneural 84 (19.4%) 72 (16.6%) WT 62 (9%) 184 (26.7%)
codel_1p19q, n (%) <0.001 1p/19q codeletion, n (%) <0.001
Non-codel 429 (45.8%) 295 (31.5%) Non-codel 210 (30.3%) 310 (44.8%)
Codel 54 (5.8%) 158 (16.9%) Codel 136 (19.7%) 36 (5.2%)
IDH_codel.subtype, n (%) <0.001
IDHMut-non-codel 145 (164%) 167 (18.9%) in TCGA, CGGA, Rembrandt and Gravendeel, respec-
IDHwt-non-codel 273(30.8%) 106 (12%) tively. While LTBP2 expression in WHO grade III
IDHmut-codel 49 (5.5%) 133 (15%) and II were relatively lower (TCGA: 7.67+1.07(1I) &
IDHwt-codel 3(0.3%) 9 (1%) 7.3910.74(11), CGGA: 0.82%1.00(III) & 0.75+0.72(1I),
Radio_status, n (%) 0.207 Rembrandt:7.75+0.36(I11) & 7.80+0.53(II), Gravend-
1 390 (42.3%) 373 (40.4%) eel:6.61£1.07(II1) & 6.20+0.71(I1)). In GBM tissues,
0 73 (7.9%) 87 (9:4%) LTBP1 and LTBP2 showed higher expression in all four
Chemo_status, n (%) 0403 datasets (all P<0.01, Fig. 1A and D).
! 326 (36.1%)  304(33.7%) Considering the pathological molecular characteris-
0 133 (14.7%) 140 (15.5%)

Aglio,astrocytoma; OAglio, oligoastrocytoma; Odglio, oligodendroglioma;
GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase; Radio_
status,radiotherapy; Chemo_status, Chemotherapy

non-tumor brain tissues (Fig. 1C).Our results indicated
higher levels of LTBP1-3 expression in gliomas compared
with NBTs (Fig. 1C).

Correlations between LTBPs expression and glioma
malignancy

We employed 4 public datasets that in totally con-
tained 2407 different grade gliomas. The baseline infor-
mation of CGGA and TCGA glioma patients were
presented in Tables 1 and 2, respectively. With the
increase of glioma grade, LTBP1 and LBTP2 expres-
sion level also increased gradually. The median level
of LBTP2 expression in WHO grade IV gliomas were
(8.44+1.18), (1.46+1.20), (8.14%+0.61) and (7.08+1.02)

tics, similarly, the expression of LTBP1 and LTBP2 were
obviously elevated in IDH1/2 wildtype gliomas in TCGA,
CGGA, and Gravendeel datasets (all P<0.01), suggesting
that LTBP1 and LTBP2 expression might be related to the
malignant degree of gliomas (Fig. 2E and G). However,
expressions of LTBP3 and LTBP4 weren't completely
consistent in gliomas(Fig. 2E and G), suggesting that the
relationship between their expression and glioma malig-
nancy needed to be verified by more samples.

LTBP2 was highly expressed in mesenchymal gliomas

Clinically, GBM could be divided into three major tran-
scriptionally defined subtypes [24]. Mesenchymal GBM
always has the worst prognosis of all subtypes [25, 26].
LTBP2 expression was dramatically elevated in ME sub-
types than in other two subtypes (all P<0.001,Fig. 3A).
LTBP1 expression was elevated in ME subtypes com-
pared with PN subtype in TCGA, Rembrandt and
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Gravendeel (all P<0.001,Fig. 3A), while no difference
was observed between ME and CL subtypes in all four
datasets (all P>0.05,Fig. 3A). There was no significant
difference in the expression of LTBP4 among the three
subtypes (P>0.05,Fig. 3A), except in the CGGA database.
Based on ME signatures associated genes [27], we found
that LTBP2 expression positively correlated TNFAIP3
COL1A1, VIM and CHI3L1 in TCGA, CGGA, Rem-
brandt and Gravendeel datasets (Fig. 3B, all spearman
r>0.5, all P<0.05). These results indicated that among
the LTBP family, only LTBP2 might be associated with
the malignant progression of epithelial-mesenchymal
transition in gliomas.

LTBPs predicted prognosis in gliomas

Gliomas patients with low LTBP1 expression were
significantly categorized into longer survival groups
according to the TCGA, CGGA, and Rembrandt datas-
ets. GBM patients with high LTBP1 expression showed
significantly associated with worse outcome in CGGA,
TCGA and Gravendeel, while no difference was found in
Rembrandt(Fig. 4A). Overall survival (OS) rates for GBM
patients in LTBP2"8" group were dramatically lower than
patients in LTBP2'°Y group in TCGA, CGGA, and Grav-
endeel (HR=1.24,1.34 and 1.85, all P<0.05,respectively).
Actually, glioma or LGG patients in LTBP2"¢" group also
showed lower OS rates than patients in LTBP2'°Y group
(Fig. 4B, Supplementary material 1). However, LTBP3
only showed the ability to discriminate the prognosis
of GBM patients in Rembrandt. Even in all-gliomas and

LGG patients, the impact of LTBP3 on patients’ OS rates
showed no difference in TCGA, CGGA, Rembrandt
and Gravendeel(Fig. 4C, Figure S1). Moreover, there
was obviously higher OS in GBM-LTBP4"#" group than
those expressed low LTBP4 in TCGA (HR=0.81, 1.519,
respectively, P<0.05). Gliomas and LGG patients with
low LTBP4 expression also predicted favor prognosis in
TCGA and CGGA (Fig. 4D, Figure S1).

In order to illustrate the ability of LTBPs to predict
prognosis in gliomas, we used ROC curves. The results
showed that LTBP2 expression has the highest value
among LTBP family in predicting survival rates of glioma
patients (1 -, 3 - and 5-year, AUC=0.65,0.63 and 0.84,
respectively, Supplementary material 2). Considering
the relationship between LTBP2 and the malignancy and
prognosis of glioma, we would focus on the carcinogenic
role of LTBP2 in glioma in the subsequent studies.

LTBP2 related to macrophage infiltration in gliomas
According to the level of LTBP2 in TCGA-GBM data-
set, we divided glioma samples into two groups to screen
differential genes. Functional enrichment analysis of the
DEGs was performed using Database for Annotation,
Visualization, and Integrated Discovery (DAVID, https://
david.ncifcrf.gov/.). The results revealed enrichment
in genes related to “extracellular matrix organization
(G0O:0030198),humoral immune response (GO:0006959)
(Supplementary material 3). In order to further
uncover its potential functions of LTBP2, we used pub-
lic platform. ESTIMATE that was designed to download


https://david.ncifcrf.gov/
https://david.ncifcrf.gov/

Gao et al. BMC Cancer (2024) 24:1252

I Classical

Page 7 of 15

- Proneural

- Mesenchymal

|‘HH IJI l%
|

l‘ T

TCGA

I

\IHWH\

aroun

CL(MSD) ME(MSD) PN(M£SD)
7.61£0.83 7.78£0.98 6.56£0.89

6.42%0.96 7.81%1.07 6.27%0.90
8.6810.64 8.71+0.78 8.14£0.756

LTBP1 CL vs ME, ns ; ME vs PN, ***

LTBP2 CL vs ME, *** ; ME vs PN, ***

LTBP3  CLvs ME, ns; ME vs PN, ***

LTBP4 CLvsME,ns;MEvsPN,ns  470+0.561 4.65+0.44 4.76%0.54

W |”H I

i n"'n L

CGGA

IWLI£Mh“4’ﬂpHM1M

fi'”l» W W" uM

| I LTBP1 CLvVvsSME,ns;MEvsPN,ns 3,76%1.09
1.420.96
6.89%1.17

6.0211.33

3.3181.41
2.34%1.38
7.2841.34
6.63%1.36

2.41%1.28
1.11£1.06
6.91%1.48
5.41£1.43

LTBP2  CLvs ME, *** ; ME vs PN,***

LTBP3  CLvsME, * ; MEvs PN, ns

LTBP4  CLvsME, * ; MEvs PN, ns

Rembrandt

LTBP1  CLvs ME, ns; MEvs PN,"** 9.36+0.57 9.39%0.51 8.720.43

LTBP2  CLvs ME, ***;ME vs PN,"**  7.9240.42

9.280.30

8.67£0.68
9.3410.38

7.78%0.31

LTBP3  CLvs ME, ns ; ME vs PN,*** 8.97+0.38

LTBP4  CLvs ME,ns;MEvsPN,ns 7.42%0.40 7.44%0.38 7.42%0.32

T

Iid hl‘lﬂ HIIIIIII

Gravendeel

Rembrandt

Gravendeel

LTBP1  CL vs ME, ns ; ME vs PN,***

HHIIH

8.11£0.91
6.860.87
8.5710.68

8.131£0.89
7.880.93
8.7910.69

7.1910.71
6.490.69
8.2910.65

LTBP2  CLvs ME, *** ;ME vs PN,***

LTBP3  CLvs ME, ns ; ME vs PN,***

I"” LTBP4  CLVSME, ns;MEVSPN.ns 384076 6.29%0.67 6.160.66

SECROUFVICRS &Q"Q’”e"é‘«?&\»"vﬁ"eqoq\‘ PR
IR R G PSS TSN CL LSS K P 3
ST ST T T LTI TS CES

Fig.3 LTBP2 was highly expressed in mesenchymal gliomas. A. Heat maps showed mRNA level of LTBPs in three glioma subtypes in 4 public datasets. B.
Correlation between LTBPs and 29 ME-related markers in TCGA, CGGA, Rembrandt and Gravendeel datasets, respectively. Spearman correlation analysis

was employed. ¥, P<0.05. ***, P<0.001. ns, no significance

stromal, immune, and ESTIMATE scores for each sam-
ple of all tumor types. Our preliminary results showed
that LTBP2 expression positively correlated with glioma
stromal, immune, and ESTIMATE scores (Spearman
r=0.68,0.56 and 0.63, respectively, all P<0.01, Fig. 5A-
5 C)). Next, we found the strongest relationship between
LTBP2 and the degree of macrophage infiltration (Fig. 5D
& Supplementary material 3). Moreover, LTBP2 level
positively correlated with the level of macrophage mark-
ers CD163, CD68, CD86, CD11b and CD206 in TCGA
and CGGA datasets (Table 3). These results indicated
that LTBP2 might be crucial gene in mediating the infil-
tration of immune cells, especially for macrophages. In
order to verify these findings, we performed tissue IHC
and IF staining. We found that high LTBP2 expression
always accompanied by high level of macrophage infiltra-
tion, just as the results of macrophage markers (CD163,

CD11b, CD68) staining shown in IHC (Fig. 6A) and IF
(Fig. 6B).

LTBP2 significantly associated with glioma malignancy in
In-house cohort

Further experimental validation was conducted in order
to illustrate the expression pattern of LTBP2 in gliomas.
Baseline information of in-house cohort patients was pre-
sented in Table 4. Western blot analysis revealed elevated
levels of LTBP2 in glioma tissues compared with NBT
(Fig. 7A and B). In parallel, IHC analysis revealed signifi-
cantly higher LTBP2 expression in glioma tissues, which
was associated with higher WHO grades in gliomas
(Fig. 7C and E). Interestingly, we found LTBP2 expression
was obviously elevated in IDH1/2 wildtype both in LGG
and GBM tissues using IHC staining (Fig. 7F and G).
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Fig. 4 LTBPs predicted prognosis in glioma Relationship between LTBP2 expression and prognosis of glioma patients. Kaplan-Meier analysis was em-
ployed. Overall survival data of LGG (WHO I-Ill) and GBM (WHO V) patients were analyzed. We used optimal cutoff points which were determined by

Gliovis. Data were acquired from Gliovis

LTBP2 enhanced glioma cell proliferation and induced TMZ
resistance

We used shRNA-LTBP2 to knockdown its expression in
U87 and U251 and LTBP2 expression was dramatically
reduced after transfecting with shRAN-LTBP2 (Fig. 8A
C, all P<0.01). Besides, the results of CCK8 showed
that sh-LTBP2 effectively reduced proliferation ability
of U87 and U251 cells (Fig. 8D and E, all P<0.01). TMZ
resistance contributed to glioma progression and tumor
recurrence. We found that LTBP2 knockdown resulted in
enhanced more apoptotic cells to TMZ in U87 and U251
cells, which was accompanied by reduced BCL2 expres-
sion (Fig. 8A,8 F-8 H).

LTBP2 slicing suppressed glioma cell proliferation and
macrophage infiltration in vivo

We employed LTBP2 shRNA to stable knockdown GBM
cells and to generate an in vivo orthotopic xenograft
glioma model. We found that the mice implanted with
LTBP2 shRNA developed smaller brain tumors than the

mice in control groups. Besides, IHC staining revealed
that macrophage infiltration in LTBP2 knockdown gli-
oma tissues was dramatically reduced when compared
with NC-shRNA group (Fig. 9).

LTBP2 associated with chemotherapy response to gliomas
According to TCGA datasets, we found that LTBP2
expression was obviously higher in gliomas with unmeth-
ylated MGMT promoter than in those with methyl-
ated MGMT promoter (Fig. 10A). Interestingly, gliomas
patients with methylated MGMT promoter in low LTBP2
group survival longest (median survival: 114.1 months)
and patients with unmethylated MGMT promoter in
high LTBP2 group had the worst prognosis among the
four groups (median survival: 16.6 months) (Fig. 10B).
In TCGA datasets, GBM patients received chemora-
diotherapy (alkylating agents combined with IR) with
unmethylated MGMT promoter in high LBTP2 group
had lower OS than those in low LBTP2 group (Fig. 10C),
while this was not the case for GBM patients received
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Fig.5 LTBP2 correlated with immune cell infiltration in gliomas. A-C. Relationship between LTBP2 expression and glioma stromal, immune, and ESTIMATE
scores, respectively. Spearman correlation analysis was employed. D. Correlations between immune cells infiltration in glioma tissues and LTBP2 expres-
sion in TCGA database

Table 3 Correlations between LTBP2 and immune cell markers in public datasets

Immune Cells TCGA CGGA
Markers Cor 95%(Cl p Value Cor 95%Cl p Value
CD8+T cell CD8A 037 0.30-044 <0.001 0.51 046-0.55 <0.001
CDs8B 033 0.35-0.40 <0.001 0.52 047-0.56 <0.001
T cell CD3D 0.51 0.45-0.56 <0.001 043 0.37-0.48 <0.001
CD3E 0.55 048-0.59 <0.001 061 0.56-0.65 <0.001
B cell CD86 0.56 0.51-0.61 <0.001 0.59 0.55-0.63 <0.001
CD79A 0.24 0.16-0.31 <0.001 0.25 0.19-0.31 <0.001
CSFIR 047 041-0.52 <0.001 0.53 048-0.57 <0.001
Monocyte CCL2 0.61 0.55-0.65 <0.001 0.60 0.56-0.64 <0.001
CD68 0.58 0.52-0.63 <0.001 0.62 0.58-0.65 <0.001
Macrophage NOS2 0.01 0.00-0.09 083 0.07 0.01-0.14 0.156
cD163 0.56 0.51-0.61 <0.001 0.69 0.66-0.72 <0.001
IRF5 051 045-0.56 <0.001 0.53 048-0.57 <0.001
PTGS2 0.40 0.33-0.46 <0.001 0.56 041-0.51 <0.001
MS4A4A 0.56 0.52-0.62 <0.001 0.64 0.60-0.68 <0.001
ITGAM 0.58 0.53-0.64 <0.001 0.63 0.59-0.67 <0.001
Neutrophil CCR7 0.40 0.34-047 <0.001 0.600 0.55-0.63 <0.001
PDCD1 044 0.37-0.50 <0.001 0.54 0.49-0.58 <0.001
T cell exhaustion CTLA4 0.38 0.31-044 <0.001 040 0.34-045 <0.001
LAG3 017 0.08-0.24 <0.001 0.12 0.06-0.19 <0.001
HAVCR2 0.55 0.50-0.61 <0.001 0.60 0.56-0.64 <0.001

BTLA 0.40 0.33-047 <0.001 0.40 0.35-045 <0.001
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Table 4 Comparison of clinical characteristics in different LTBP2
expression groups among glioma patients in in-house cohort
Factors

LTBP2 expression

Low High P value
Age (mean+SD) 44.72+1468 49.13+£1320 043
Gender 0.70
Female 21 31
Male 26 32
Karnofsky score 0.99
>80 45 61
<70 2 2
WHO Grade 0.008
Il 23 15
-1V 24 48
Tumor type 0.99
Primary 43 58
Recurrence 4 5
MGMT promoter methylation 0.99
Positive 42 56
Negative 5 7
IDH1/2 status 0.14
Wildtype 16 27
Mutant 10 6
Chemotherapy 45 51 0.02
Radiotherapy 39 46 0.26

Fig. 6 LTBP2 related with immune cells infiltration in gliomas tissues. A. We employed IHC to detect macrophage markers, namely CD11b and CD163 in
high and low LTBP2 expression glioma tissues. B. multi-IF staining of CD68, CD11b and CD163 in glioma tissues. Nuclei were stained by DAPI
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only IR (Fig. 10D). Moreover, in CGGA datasets, both
for glioma patients and GBM patients, we found that
patients with high LTBP2 expression who received only
IR or combined with chemotherapy always had shorter
survival time than patients in low LTBP2 group (Fig. 10E
H). These results indicated that LTBP2 may influence
chemoradiotherapy response and might act as a potential
biomarker for chemoradiotherapy response predicting in
patients with gliomas.

Discussion

Latent TGFB binding protein 4 (LTBP-4) belongs to
a family of four extracellular matrix (ECM) proteins
(LTBP-1 to —4) that are structurally similar to the fibril-
lins. In this study, we found that LTBP1-2 expression
was higher in gliomas compared to normal tissues, and
its high expression predicted worse prognosis in LGG
and GBM., which was a new finding. Further WB and
IHC staining substantiated the notion that high LTBP2
correlated not just with OS, but also with even worse
pathologic characteristics of the glioma. Moreover, gli-
oma tissues with high LTBP2 expression always accom-
panied by high level infiltration of macrophage. Slicing
LTBP2 not only reduced glioma cell proliferation and
TMZ resistance in vitro, but also inhibited tumor growth
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Fig. 7 LTBP2 significantly associated with glioma malignancy in In-house cohort. A-B. LTBP2 level in gliomas and NBT detected by WB. GAPDH was used
as loading control. C-E. IHC staining of LTBP2 in all grades glioma tissues. LTBP2 protein detection in different IDH1/2 status. F-G. Representative IHC stain-
ing of LTBP2 were presented. *, P<0.05. **, P<0.01
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Fig. 8 LTBP2 promoted glioma cell proliferation and induced TMZ resistance. A-C: ShRAN-LTBP2 stable transfected U87 and U251 were constructed. WB
was used to detect level of LTBP2,PCNABCL2 and cyclinD1. D-E: CCK8 was performed to detect the proliferation of U251 and U87. the OD value was
measured with a microplate reader at 450 nm. F-H: glioma cells were treated with TMZ (200uM) and then cells were stained with Annexin V-FITC followed
by flow cytometric analysis. **, P<0.01. ***, P<0.001

sh-LTBP2 1X 40X 40X 1X NC-LTBP2
(IENs: cD11b 7 =
A ‘
e
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Fig.9 LTBP2 related to macrophage infiltration in glioma tissues in vivo LTBP2 shRNA GBM cells was used and generated an intracranial xenograft model
in vivo. Macrophage markers, CD11b, CD68 and CD163 were detected by IHC in xenograft model tissues
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Fig. 10 LTBP2 associated with chemoradiotherapy response to gliomas. A. LTBP2 expression in different MGMT promoter methylated status in TCGA
dataset. B. Based on MGMT promoter methylated status and LTBP2 expression, glioma patients were divided into four groups and log-rank tests were
used to compare survival curves. Patients in TCGA-GBM cohort were separated by treatments (IR (C) or combined with chemotherapy (D)). KM curves
according to LTBP2 expression are generated in TCGA-GBM dataset. In CGGA dataset, glioma and GBM patients who received only IR (E, G) or combined
with chemotherapy (F, H) were separated. Association between LTBP2 expression and prognosis was evaluated and KM analysis was employed for sur-

vival evaluation

and macrophage infiltration in vivo. Our study revealed
that LTBP2 could be used as a reliable prognostic marker
in gliomas and LTBP2 might be involved in remodeling
tumor microenvironment, especially the infiltration of
macrophage.

LTBP family has long been explored for its role in
extracellular matrix remodeling because it is an impor-
tant glycoprotein that activates TGF( [28]. LTBP could
initiate the TGF-beta signaling and promoted the migra-
tion/invasion of tumor cells [29]. TGF was found to bind
the promoter of LTBP3 and enhanced the transcriptional
activity, which subsequently increased LTBP3 mRNA and
MEK/erk pathway [30]. Recently, emerging studies have
found that the LTBPs participated in the malignant bio-
logical progression of tumors. Ying Huang, et al. found
that LTBP2 level was elevated in Colorectal cancer tis-
sues than its paired normal colorectal tissues. More-
over, increased LTBP2 level significantly accompanied by
higher Tumor, node, metastasis (TNM) stage, mesenchy-
mal subtypes and also worse OS time in colorectal cancer
patients [31]. Interestingly, LTBP2 was also presented to
be obviously over-expressed in both gastric cancer and
Pancreatic Carcinoma, and LTBP2 could be used as a
prognostic indicator and potential therapeutic target [15,
32]. Previous studies have shown that different members
of LTBP family might play different roles (promoting or
suppressing cancer) in different tumors. By analyzing the
expression of LTBP family in glioma in public databases

and our own cohort, we uncovered LTBP2 might be the
family member more crucial in promoting the biological
process of glioma.

GBM could be divided into three molecular subtypes,
namely proneural, classical, and mesenchymal). Proneu-
ral glioma always accompanied by IDH1/2 mutations and
off course had better prognosis. While on the contrary,
mesenchymal GBM frequently exhibits therapy-resis-
tance characteristics with adverse prognosis. Our prelim-
inary findings showed that LTBP2 was mostly enriched in
mesenchymal GBM in all four public datasets. Previous
studies showed Inhibition of LTBP2 reduced the expres-
sion of mmp2 and mmp9, and also reduced the invasion
by regulating NF-kb signaling in endometrial stromal cell
[33]. circEPSTI1 significantly promoted Oral squamous
cell carcinoma (OSCC) cell proliferation and accelerated
EMT by increase LTBP2 expression via PI3K/Akt/mTOR
signaling pathway [34]. Combined with the previous
results, we hypothesized that LTBP2 might play key role
in mediating epithelial-mesenchymal transition (EMT).
While in our study the validation of LTBP2 on cellular
EMT was lacking.

The initiation and progression of gliomas always
accompanied by tumor cell-immune cell interaction in
glioma microenvironment. Stromal cells and glioma cells
cooperated to remodel immune suppressive and also
drug resistance micro- environment [35]. Using ESTI-
MATE platform, we found LTBP2 expression in glioma
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positively correlated with stromal and immune score,
which indicated its potential role of LTBP2 in modulat-
ing microenvironment in gliomas. Subsequent analy-
sis further revealed that LTBP2, most likely, was closely
related to the infiltration of macrophages in LGG and
GBM tissues. Among LTBP family members, LTBP1
seemed closely associated with immune cell infiltration
according to previous studies. WGCNA identified 15 co-
expression modules in Pulmonary arterial hypertension
(PAH) and LTBP1 has the highest diagnostic efficacy for
PAH. Moreover, LTBP1 was found to be colocalized with
CD4+cells and positively correlated with CD4+T cell
infiltration in lungs [36]. In this study, LTBP2 expression
positively correlated with many immune cell markers,
especially macrophages, neutrophil, and monocytes. In
vivo experiments confirmed that interfering with LTBP2
expression in glioma cells could significantly inhibit mac-
rophage infiltration in gliomas tissues. Through the vali-
dation of these glioma samples and in vivo experiments,
we confirmed that LTBP2 was involved in the regulation
of the glioma immune microenvironment and might be
a potential immunotherapeutic target. The infiltration of
macrophages, especially M2 type, in glioma tissues was
a key factor causing TMZ resistance and malignant pro-
gression. LTBP2 could be confirmed to mediate TMZ
resistance in vitro and was found to induce more M2
macrophage infiltration in animal models. Our further
research may focus on investigating whether LTBP2 can
induce TMZ resistance by inducing macrophage infiltra-
tion or M2 polarization, which may bring new therapeu-
tic targets for glioma immunotherapy.

Conclusion

LTBP2 was a novel oncogene that closely associated with
glioma malignancy. LTBP2 could be used as a prognos-
tic biomarker and a potential chemotherapy response
marker in gliomas.
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