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IGFBP3 induces PD-L1 expression ok

to promote glioblastoma immune evasion
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Zhouyan Dong”” and Yucui Dong'”

Abstract

Background Glioblastoma (GBM) characterized by immune escape is the most malignant primary brain tumors,
which has strong immunosuppressive effect. Programmed death ligand-1 (PD-L1) is a recognized immunosup-
pressive member on the surface of tumor cells, and plays a crucial role in immune evasion of tumors. Actually, little
is known about the regulation of PD-L1 expression in GBM. Insulin-like growth factor binding protein 3 (IGFBP3)

is upregulated in GBM and is related to poor patient prognosis. However, it remains unclear whether IGFBP3 plays
a role in the regulation of PD-L1 expression in GBM.

Methods The role of IGFBP3 in the glioma immune microenvironment was investigated using the CIBERSORT
algorithm. The correlation between IGFBP3 and PD-L1 expression was analyzed using TCGA and CGGA databases.
QRT-PCR, immunoblotting and RNA-seq were used to examine the regulatory effect of IGFBP3 on PD-L1 expression.
Co-culture assay, cell counting kit (CCK-8), gRT-PCR, ELISA and flow cytometry were performed to explore the function
of IGFBP3 in inducing immunosuppression. The biological role of IGFBP3 was verified using immunohistochemical,
immunofluorescence and mice orthotopic tumor model.

Results In this study, we analyzed immune cells infiltration in gliomas and found that IGFBP3 may be associated
with an immunosuppressive microenvironment. Then, by analyzing TCGA and CGGA databases, our results showed
that IGFBP3 and PD-L1 expression were positively correlated in GBM patients, but not in LGG patients. In vitro experi-
ments conducted on different GBM cell lines revealed that the overexpression of IGFBP3 led to an increase in PD-L1
expression, which was reversible upon knockdown IGFBP3. Mechanistically, IGFBP3 activated the JAK2/STAT3 sign-
aling pathway, leading to an increase in PD-L1 expression. Additionally, co-culture experiments results showed
IGFBP3 overexpression induced upregulation of PD-L1 expression promoted apoptosis in Jurkat cells, and this effect
was blocked by IGFBP3 antibody and PDL-1 inhibitors. Importantly, in vivo experiments targeting IGFBP3 suppressed
tumor growth and significantly prolonged the survival of mice.

Conclusions This research demonstrated IGFBP3 is a novel regulator for PD-L1 expression in GBM, and identified

a new mechanism by which IGFBP3 regulates immune evasion through PD-L1, suggesting that IGFBP3 may be
a potential novel target for GBM therapy.
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Background

Glioma is a commonly occurring tumor in the cen-
tral nervous system and is categorized into I-IV grades
based on The World Health Organization (WHO) clas-
sification. Grade IV, known as GBM, is the most aggres-
sive of the gliomas associated with poor prognosis and
highly immunosuppressive microenvironment [1, 2]. The
primary approach for treating glioma typically involves
surgical removal, followed by postoperative radiation
therapy and temozolomide-based chemotherapy [3].
However, the current effectiveness of this treatment
remains unsatisfactory. The internal microenviron-
ment of gliomas presents a distinct and complex state
that lacks accurate and sensitive biomarkers for effec-
tive targeted therapy [4—6]. Thus, studying the molecular
mechanism of GBM occurrence is crucial for improving
therapy of patients.

IGFBP3 is a commonly IGF-specific binding protein
used to stabilize IGF in blood, and it is involved in cell
proliferation and apoptosis processes by IGF-dependent
or other ligand-dependent mechanisms [7, 8]. IGFBP3,
a protein that exhibits multiple regulatory functions,
has elevated expression in multiple cancer types and
assumes a decisive role in the malignant advancement
of tumors [9-12]. The tumor cells expression and blood
serum levels of IGFBP3 are related to the survival of
GBM patients [13]. Nevertheless, the exact mechanism
by which IGFBP3 is engaged in all this is still puzzling.
Reportedly, there was a significant correlation between
CUL4B and IGFBP3 in mesothelioma [14]. Besides,
CULA4B deficiency affects immune cell function and infil-
tration [15, 16]. Based on the above research, we assumed
that IGFBP3 possibly has an immunomodulatory role in
GBM.

In recent years, immunotherapy has gained substantial
attention for promoting anti-tumor immune reactions,
which is an appealing approach to treat GBM [17]. The
tumor microenvironment is complex and dynamic, and
the excessive expression of immune checkpoints stands
out as a primary property of tumor cells in evading the
immune system [18, 19]. PD-1/PD-L1 is a consider-
ably researched immune checkpoint pathway that plays
a crucial role in inhibiting immune responses within the
tumor microenvironment [20]. PD-L1 is known to inhibit
the human immune response, making it a key player in
regulating immune system activity. Additionally, it serves
as a significant biomarker for predicting the efficacy of
immunotherapy in various cancer checkpoint pathways
[21-23]. Although antibody-targeted therapy against

PD-1/PD-L1 has shown positive outcomes in inducing
anti-tumor immune responses and treating various can-
cers, its effectiveness in GBM patients remains uncertain
for now. Hence, understanding the specific mechanism
of PD-L1 regulation in GBM is necessary in order to dis-
cover novel therapeutic approaches to improve the effi-
cacy of immune checkpoint inhibitors.

In the present study, we demonstrated that IGFBP3
promotes the expression of PD-L1 by activating JAK2/
STAT3 phosphorylation. In-vitro co-culture system
comprised of GBM and Jurkat cells showed IGFBP3
induced upregulation of PD-L1 expression in GBM cells
promoted the apoptosis of Jurkat cells. Additionally,
knockdown of IGFBP3 attenuates tumor growth and sig-
nificantly increases the survival rate in a mouse ortho-
topic tumor model. Altogether, these results furnish a
theoretical basis for overcoming the immune tolerance of
IGFBP3 expression in GBM.

Material and methods

Cell lines and reagents

The GBM cells GL261, U87, U251, U118, T98G, U343,
A172, LN229 and Jurkat cell were acquired from ATCC
(Manassas, VA, USA). Cell culture was implemented as
previously described [24]. Cytokine IGFBP3 was pur-
chased from Pepro-Tech (Cat No. AF-100-08, Beijing,
China). Human IGFBP-3 antibody purchased from Bio-
Techne (Cat No. AF675-SP, R&D Systems, USA). JAK2/
STAT3 inhibitor WP1066 (Cat No. S2796, Selleck China)
and PD-L1 inhibitor BMS-1166 (Cat No. HY-102011,
MCE, China) were dissolved in DMSO (Cat No. D8371,
Solarbio, China) and stored at—20 °C according to the
manufacturer’s instructions.

Cell viability assay

Cells viability was assessed by Cell Counting Kit-8 (CCK-
8) assay (Elabscience, E-CK-A362). In brief, CCK-8
reagent was added to each well and placed in a CO, incu-
bator for 4 h. The absorbance was measured at 450 nm
using a microplate device (DMI3000, Leica, Germany).

Apoptosis assay

Briefly, after co-culture with tumor cells, Jurkat cells
were collected and stained with annexin V-FITC and PI
(Elabscience, E-CK-A211). After incubation for 20 min
at room temperature, apoptosis rate was measured using
FCM (Beckman, USA).
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siRNA transfection

The siRNA targeting IGFBP3 and STAT3 were acquired
from Genepharma (Shanghai, China). A mixture of
siRNA and Lipofectamine 2000 (Cat No. 11668-019,
Invitrogen, USA) were introduced to cells, after 48 h of
infection, proteins were extracted to detect the trans-
fection effect. si-IGFBP3: 5-CAGAGCACAGAUACC
CAGAACUU CU-3’, si-STAT3: 5'-CCCGGAAATTTA
ACATTCT-3’, si-NC: 5-UAACGACGCG ACGACG
UAA-3".

RNA extraction and gRT-PCR
QRT-PCR analysis as previously described [24]. The
primer sequences are listed in Additional file 1: Table S1.

Immunoblotting assay
Immunoblotting analysis as previously described [24]. All
antibodies used are listed in Additional file 2: Table S2.

Hematoxylin—-Eosin (HE) and staining
Immunohistochemistry (IHC)

For HE and IHC staining, after a 24h soak in paraform-
aldehyde, tumor brain tissue embedded in paraffin, and
a set of 5 um-thick slices were sliced. Dewaxing using
xylene is followed by rehydration with a series of etha-
nol grades. Slices were soaked in an EDTA antigen-repair
solution (pH 9.0) at high temperature for 30 min. After
allowing the slices to be returned to ambient tempera-
ture, they were submerged in a 0.3% hydrogen peroxide
solution for 15 min to suppress endogenous peroxidase
activity. To block non-specific antibody binding sites, the
slices were incubated at 37°C for 15 min in goat serum
with the same source of secondary antibodies. Subse-
quently, slices were treated with anti-IGFBP3 (1:50), anti-
PD-L1 (1:500), and anti-CD31 (1:200), and then stained
with diaminobenzidine (DAB, Cat No. GK600505, Gene
Tech, China) for color development after incubation with
biotin-labeled secondary antibody at 37 °C for 30 min.
The slices were counterstained by hematoxylin and an
Olympus IX81 microscope was used for observation.

Immunofluorescence

After 48 h of cell culture on glass slices in 12-well plates,
the culture medium was discarded, and the cells were
fixed in 4% paraformaldehyde for 15 min. Flushed 3 times
with TBST and then closed with a closure solution (con-
taining 1% BSA, 4% goat serum, and 1% Triton X-100) for
1 h. Cells were incubated with IGFBP3 (1:50) and PD-L1
(1:500) overnight at 4 °C, and then secondary antibod-
ies fluorescently labeled with FITC or Alexa were incu-
bated with cells for 1 h. DAPI (Cat No. C1002, Beyotime
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Biotechnology, China) was used to stain the cell nucleus.
Observed and photographed using a ZEISS LSM 510
META confocal microscope (Carl Zeiss, Jena, Germany).

Lentivirus infection

Packaged IGFBP3 overexpression and sh-IGFBP3 lentivi-
ral supernatants purchased from GeneCopoeia (Guang-
zhou, China). Purified lentiviral particles were used for
transduction of U251 and U118 cells and purified sh-
IGFBP3 lentiviral particles were used to infect LN229,
T98G and GL261 cells. Lentiviral supernatant was added
to cells at a density of 30% to 40%, and 72 h later, 2 pg/mL
of puromycin (Cat No. 540222, Sigma-Aldrich) was used
to screen infected cells. The following shRNA were used:
sh-con: 5'-TTCTCCGAACGTGTCACGTTT-3’; sh-
IGFBP3: 5'-CAGAGCACAGATACCCG AACTTCT-3".

IL-2 and IFN-y ELISA

Human IL-2 (Cat No. EK102-48, MultiSciences, China)
and IFN-y (Cat No. EK180-48, MultiSciences, China)
ELISA kits were used to detect the levels of IL-2 and
IFN-y in the cell culture supernatant according to the
manufacturer’s instructions.

Mice orthotopic tumor model

4-week-old female C57BL/6 ] mice were acquired from
Jinan Pengyue (Jinan, China). The mice were randomly
divided into two groups (n=20 per group), one group
was used to observe tumor growth and the other group
was used to monitor the survival time of the mice.
1x10° of GBM cells (GL261-shcon, GL261-shIGEBP3)
were injected into the caudate nucleus of mouse using
a stereotactic device. Mice were given normal care dur-
ing tumorigenesis. After 3 weeks, the mice were put to
death and brain tissue was extracted in order to measure
the tumor size. In addition, when animals were unable to
feed ordinarily or lost over 20% of their body weight, they
were euthanized and their survival times were recorded.
The Ethics Committee of Binzhou Medical University
approved all the procedures.

RNA-sequencing and data collection

U251-vector and U251-IGFBP3 cells total RNA was
extracted using the TRIzol reagent (Cat No. 15596018,
Invitrogen, CA, USA). Then the libraries were con-
structed using VAHTS Universal V6 RNA-seq Library
Prep Kit according to the manufacturer’s instructions.
The transcriptome sequencing and analysis were con-
ducted by OE Biotech Co., Ltd. (Shanghai, China). The
libraries were sequenced using the llumina Novaseq
6000 sequencing platform and 150 bp double-ended
reads were generated. About 49.5 M raw reads for each
sample were generated. Raw reads of fastq format were
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firstly processed using fastq and the low-quality reads
were removed to obtain the clean reads. Then about
48.5 M clean reads for each sample were retained for
subsequent analyses. The clean reads were mapped to
the human reference genome using HISAT2. Fragments
Per Kilobase of exon model per Million mapped frag-
ments (FPKM) of each gene was calculated and the read
counts of each gene were obtained by HTSeq-count. Dif-
ferential expression analysis was performed using the
DESeq2. Q value<0.05 and foldchange>1.5 was set as
the threshold for significantly differential expression gene
(DEGs). The RNA-sequencing data are available at NCBI:
PRJNA1003419.

Gene expression data and clinical data for glioma
patients were obtained from the TCGA (http://cance
rgenome.nih.gov) and CGGA (http://www.cgga.org.cn)
databases. The TCGA database collected 418 LGG and
152 GBM samples. In the CGGA database, 172 LGG and
237 GBM samples were available.

Statistical analyses

The results of the experimental data are displayed as
mean + standard deviation. SPSS 23.0 was utilized for
the purpose of statistical analysis, while GraphPad Prism
8 was employed to generate graphs. For the correlation
analysis, the Spearman rank correlation test was uti-
lized, and for the survival analysis, the Kaplan—Meier test
and the log-rank test were utilized. A P value<0.05 was
deemed statistically significant.

Results

IGFBP3 positively correlates with PD-L1 expression

in glioma patients

To determine whether IGFBP3 is related to the regula-
tion of glioma immune microenvironment, we compre-
hensively analyzed immune cells infiltration in gliomas
using the CIBERSORT algorithm. We divided the glioma
samples into IGFBP3°" and IGFBP3¢" groups using the
CGGA database (n=325), and the status of 22 types of
immune cells infiltration was compared. The results indi-
cated that naive CD4 T cells, memory B cells and mono-
cytes were obviously decreased in IGFBP3Mie" group,
whereas regulatory T cells were significantly enriched
(Fig. 1A). Therefore, we hypothesized that IGFBP3 may
be involved in the immunosuppressive microenviron-
ment of gliomas. Considering the crucial role of PD-L1
in immunosuppression. Next, to investigate the relation-
ship between IGFBP3 and the immune checkpoint ligand
PD-L1, we collected gene expression data of IGFBP3 and
PD-L1 of patients diagnosed with LGG (n=418) and
GBM (n=152) from the TCGA. Our results indicated
that in GBM patients, IGFBP3 expression was positively
correlated to PD-L1 expression (R=0.42, P=2.3e—07).
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However, in LGG patients, there was no clear correla-
tion observed between IGFBP3 and PD-L1 expression
levels (R=-0.03, P=0.56) (Fig. 1B). In the CGGA data-
base, IGFBP3 and PD-L1 gene expression data of LGG
patients (n=172) and GBM patients (n=237) were also
collected. Analysis of the data showed that the expres-
sion levels of IGFBP3 and PD-L1 have a low association
in LGG (R=0.14, P=0.0014) while they have high asso-
ciation in GBM patients (R=0.32, P=1.2e—-08) (Fig. 1C).
Following, our investigation aimed to determine if there
existed a correlation between IGFBP3/PD-L1 gene
expression and the overall survival (OS) of individuals
with gliomas. Our results indicated that glioma patients
with high expression of IGFBP3 or PD-L1 had a lower
survival. Subsequently, we divided all patients with com-
bined IGFBP3 and PD-L1 expression into two subgroups.
The data from our study clearly confirmed that patients
with high gene expression of both IGFBP3 and PD-L1
had markedly worse OS compared to those with elevated
expression alone (Fig. 1D). These results were also con-
sistently observed in CGGA dataset (Fig. 1E). Taken
together, these results suggested that IGFBP3 expression
was positively correlated with PD-L1 expression in GBM.

IGFBP3 transcriptionally regulates PD-L1 expression

in GBM cells

To gain more insight into the association between
IGFBP3 and PD-L1 in GBM, we added varying con-
centrations of exogenous IGFBP3 to U251 and U118
cells for 24 h, which lowly express endogenous IGFBP3
(Additional file 3: Fig. S1A). The results showed that
the expression of IGFBP3 and PD-L1 increased dose-
dependent manner in response to IGFBP3 stimulation
(Fig. 2A). Following that, 100 ng/mL IGFBP3 was chosen
and added to U251 and U118 cells at different time peri-
ods, and the findings displayed a time-dependent manner
of increased in IGFBP3 and PD-L1 expression (Fig. 2B).
On the basis of these results, it is hypothesized that
IGFBP3 may play a role in modulating PD-L1 expression
in GBM cells. To provide direct evidence that IGFBP3
could regulate PD-L1 expression, we infected U251 and
U118 cells with IGFBP3 overexpressing lentiviral super-
natants. The results of qRT-PCR and immunoblotting
indicated the established stable overexpress IGFBP3 cell
lines U251-IGFBP3 and U118-IGFBP3 (Additional file 3:
Fig. S1B-C). We used qRT-PCR and immunoblotting to
examine the expression of IGFBP3 and PD-L1 in IGFBP3
overexpressed GBM cells. Both qRT-PCR and immunob-
lotting data supported our hypothesis that PD-L1 expres-
sion is elevated in U251-IGFBP3 and U118-IGFBP3 cells
(Fig. 2C, D). Moreover, immunofluorescence showed
enhanced fluorescence intensity of PD-L1 in U251-
IGFBP3 cell (Fig. 3E). Consistent data were observed in
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Fig. 1 IGFBP3 positively correlates with PD-L1 expression in glioma patients. A The fraction of immune cells in the IGFBP3"*" and IGFBP3'ia
groups was assessed using CIBERSORT. B, C Correlation analysis of IGFBP3 and PD-L1 in TCGA (B) and CGGA (C) databases, left: LGG, right: GBM,
and statistical significance was assessed using the spearman’s rank test. D, E Kaplan—Meier plots of IGFBP3 and PD-L1 gene expression in glioma

patients from TCGA (D) and CGGA (E) databases, and statistical significance was assessed using the log-rank test
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U118-IGFBP3 cell (Additional file 3: Fig. S1D). Following,
we attenuated IGFBP3 expression in LN229 and T98G
cells using si-RNA and sh-RNA targeting IGFBP3, which
highly express endogenous IGFBP3 (Additional file 3: Fig.
S1A). Immunoblotting was used to detect knockdown
efficiency of IGFBP3, and data demonstrated the LN229-
shIGFBP3 and T98G-shIGFBP3 cell lines had been stable
establishment (Additional file 3: Fig S1E-F). The results
revealed that si-RNA targeting IGFBP3 decreased PD-L1
expression (Fig. 2F). Consistent data were observed in
LN229-shIGFBP3 and T98G-shIGFBP3 cells (Fig. 2G).
To put it briefly, IGFBP3 is a key factor regulating PD-L1
expression in GBM cells.

IGFBP3 increases PD-L1 expression by up-regulating

the phosphorylation of JAK2/STAT3 in GBM cells

To understand the potential mechanism by which
IGFBP3 regulates PD-L1 expression in GBM, U251-vec-
tor and U251-IGFBP3 cells were subjected to RNA-seq
to find out the differential gene, and these differential
genes were enriched by KEGG pathway. The JAK-STAT
signaling pathway was at the top of the enriched path-
ways among them (Fig. 3A). Notably, we also observed
significant enrichment of the PD-1/PD-L1 signal-
ing pathway (Fig. 3A). Moreover, using the TCGA and
CGGA databases, it was discovered that expression of
STAT3 and IGFBP3 was positively associated in GBM
patients (Fig. 3B). To further verify that the JAK2/
STATS3 is involved in IGFBP3 regulating PD-L1 expres-
sion, exogenous IGFBP3 was used to stimulate U251 cell.
The immunoblotting revealed that IGFBP3 increased
the phosphorylation level of JAK2/STAT3 in a dose-
dependent and time-dependent manner (Fig. 3C and
Additional file 4: Fig. S2A). The consistent findings were
also obtained in U118 cells (Additional file 4: Fig. S2B-
C). Next, to examine whether JAK2/STAT3 was involved
in PD-L1 expression induced by IGFBP3 overexpres-
sion, U251-IGFBP3 and U118-IGFBP3 cells were used.
We showed overexpression IGFBP3 also promoted the
phosphorylation of JAK2/STAT3 (Fig. 3D and Addi-
tional file 4: Fig. S2D). To provide insight on the signifi-
cant involvement of JAK2/STAT3 in the IGFBP3/PD-L1

(See figure on next page.)
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axis, we interfered with IGFBP3 expression in LN229
and T98G cells using IGFBP3 siRNA. Immunoblot-
ting confirmed that IGFBP3 siRNA markedly decreased
IGFBP3 expression, and inhibited p-JAK2, p-STAT3 and
PD-L1 expression (Fig. 3E and Additional file 4: Fig. S2E).
Besides, in LN229-shIGFBP3 and T98G-shIGFBP3 cells
the expression of p-JAK2, p-STAT3 and PD-L1 were also
decreased (Fig. 3F and Additional file 4: Fig. S2F). More
importantly, when the JAK2/STAT3 inhibitor WP1066
was added to IGFBP3 knockdown cells, PD-L1 expression
was further reduced (Fig. 3G). Moreover, when STAT3
siRNA was transfected into sh-IGFBP3 cells, PD-L1
expression was extremely inhibited (Additional file 4:
Fig. S2G). Next, to investigate the relationship between
PD-L1 expression in response to STAT3 silencing and
the dose of exogenous IGFBP3, different concentrations
of exogenous IGFBP3 were added to STAT3-silenced and
control cells. Immunoblotting results showed that silenc-
ing STAT3 inhibited the expression of PD-L1 in LN229
and T98G cells, but this effect was gradually abolished
with the increase of exogenous IGFBP3 concentration
(Fig. 3H). Overall, our experimental results suggested
that JAK2/STAT3 participates in the IGFBP3 modulation
of PD-L1 expression in GBM cells.

IGFBP3 induces immunosuppression in in-vitro co-culture
system

To investigate the effect of IGFBP3 regulated PD-L1
expression on T cells viability, we established a co-culture
system of tumor cells with Jurkat cells that had been acti-
vated with phorbol 12 myristate 13 acetate (PMA, 20 ng/
ml) and ionomycin (500 ng/ml) for 12 h at a ratio of 4:1
(T cells: tumor cells) for 24 h in vitro. After co-culture,
the proliferation of Jurkat cells was detected by CCK-8
assay. The results showed that the viability of Jurkat cells
was impaired by co-culture with overexpressing IGFBP3
tumor cells, which was blocked by IGFBP3 antibody
and PD-L1 inhibitor (Fig. 4A). Activated T cells secrete
Interleukin 2 (IL-2), which promotes the proliferation
and differentiation of T cells [25, 26]. Interferon-y (IFN-
y) is secreted by activated T cells and exerts anti-tumor
effects [27]. In order to detect the effect of IGFBP3 on

Fig. 2 IGFBP3 transcriptionally regulates PD-L1 expression in GBM cells. A Immunoblotting analysis of IGFBP3 and PD-L1 expression in U251

and U118 cells treated with different concentrations of exogenous IGFBP3 (0, 25, 50, and 100 ng/mL) for 24 h. B Immunoblotting was performed

to determine the expression of IGFBP3 and PD-L1 in U251 and U118 cells stimulated with 100 ng/mL of IGFBP3 for 0, 12, 24, and 48 h. C QRT-PCR
analysis of IGFBP3 and PD-L1T mRNA expression levels in U251 and U118 cells infected with overexpressing IGFBP3 and empty vector lentivirus.

D Immunoblotting assay of IGFBP3 and PD-L1 protein expression in U251 and U118 cells infected with overexpressing IGFBP3 and empty vector
lentivirus. E Representative immunofluorescence images of DAPI (blue), IGFBP3 (red), PD-L1 (green) in U251-vector and U251-IGFBP3 cells. F
Immunoblotting was performed to examine the expression of IGFBP3 and PD-L1 in LN229 and T98G cells transfected with si-RNA targeting IGFBP3
(si-IGFBP3) and negative control (si-NC). G Immunoblotting analysis of IGFBP3 and PD-L1 expression in LN229 and T98G cells infected with lentivirus
of targeting IGFBP3 (sh-IGFBP3) and control (sh-con). Data are expressed as mean +SD. **P <0.01; ***P <0.001, Student t test
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Jurkat cells activation, we measured the mRNA expres-
sion of IL-2 and IEN-y in Jurkat cells after co-culture with
IGFBP3 overexpressing cells. The results indicated that
the levels of IL-2 and IFN-y mRNA expression in Jur-
kat cells were suppressed following co-culture with cells
overexpressing IGFBP3, but rescued by IGFBP3 antibody
and PD-L1 inhibitor (Fig. 4B, C). To further investigate
the changes in IL-2 and IFEN-y proteins secreted by Jurkat
cells after co-culture with cells overexpressing IGFBP3,
ELISA was used to detect the levels of IL-2 and IFN-y in
the supernatants. The results of ELISA were consistent
with those obtained from qRT-PCR (Fig. 4D, E). In addi-
tion, the apoptosis of Jurkat cells after co-culture with
IGFBP3 overexpressing cells was detected by Annexin
V-PI assay. The results showed that overexpression of
IGFBP3 induced apoptosis in Jurkat cells after co-cul-
turing with Jurkat cells, and it was blocked by IGFBP3
antibody and PD-L1 inhibitor (Fig. 4F, G). In addition,
we also detected the apoptosis-related protein caspase3
using immunoblotting. The results showed that the
expression of caspase3 was reduced and cleaved caspase3
was increased in Jurkat cells after co-culture with cells
overexpressing IGFBP3, and IGFBP3 antibody and PD-L1
inhibitor could block this process (Fig. 4H). Collectively,
these results indicate that IGFBP3 induced upregulation
of PD-L1 could lead to immunosuppression of T cells.

IGFBP3 targeting therapy efficiently suppresses
glioblastoma invasion in vitro and tumor growth in vivo
via reducing PD-L1 expression

Since upregulation of IGFBP3 was associated with poor
patient prognosis, we further explored its biological role
in tumors. First, in vitro experiments on two GBM cell
lines with IGFBP3 knockdown demonstrated that the
suppression of IGFBP3 inhibited the proliferation and
invasion of GBM cells (Additional file 5: Fig. S3). Next,
we investigated the tumor-promoting role of IGFBP3
in vivo. Stable knockdown of IGFBP3 cell line GL261-
shIGFBP3 was established using shRNA of IGFBP3 to
infect GL261 cell. Immunoblotting and immunofluores-
cence confirmed that IGFBP3 shRNA greatly reduced
IGFBP3 expression in GL261-shIGFBP3 cell (Fig. 5A, B).

(See figure on next page.)
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We established C57BL/6] mice brain orthotopic tumor
model, observed that knockdown of IGFBP3 attenuated
the growth of tumors at 21 days after tumor cell injection
(Fig. 5C), and significantly improved the survival rate of
mice (Fig. 5D). Moreover, immunohistochemical results
indicated that knockdown of IGFBP3 inhibited PD-L1
and CD31 expression in tumors (Fig. 5E). In summary,
our findings show that knockdown of IGFBP3 attenuates
in brain orthotopic tumor formation, and prolongs the
survival of mice.

Discussion

The GBM microenvironment is a complex network of
immunosuppressive neuroinflammation [2], which is
characterized by an enrichment of suppressor immune
cells but the absence of T cells infiltration [28]. The use
of antibodies against PD-1/PD-L1 in targeted therapy
has demonstrated significant potential in various types of
cancer, such as breast cancer [29, 30], colorectal cancer
[31], lung cancer [32] and osteosarcoma [33]. However, a
stage III trial comparing nivolumab (anti-PD-1 monoclo-
nal antibody) and bevacizumab (anti-VEGF monoclonal
antibody) in 369 patients with recurrent GBM did not
prove the benefit of nivolumab [34]. At the same time,
one study offered proof that anti-PD-1 rescue treatment
did not result in a treatment advantage in individuals suf-
fering from recurrent high-grade gliomas [35]. Therefore,
it is extremely significant to elucidate how PD-L1 expres-
sion is regulated in GBM. There are various factors that
impact PD-L1 expression, such as genetic aberrations,
mRNA regulation, oncogenic, and inflammatory signal-
ing [36]. In gliomas, orphan nuclear receptors TLX [37],
and ALKBHS5 [38] have been described to increase PD-L1
expression. Meanwhile, the investigation of new mecha-
nisms for modulating the PD-L1 checkpoint still remains
an appealing area of research that may have significant
effects on better PD-1/PD-L1 therapy. Our research
presents fresh evidence indicating a positive association
between IGFBP3 and PD-L1 expression. Furthermore,
we have discovered that IGFBP3 plays a regulatory role
in PD-L1 expression through the JAK2/STAT3 signal-
ing pathway. In brief, our finding uncovered a novel

Fig. 3 IGFBP3 increases PD-L1 expression by up-regulating the phosphorylation of STAT3 in GBM cells. A KEGG analysis of differential genes. B
Correlation analysis of IGFBP3 and STAT3 in TCGA and CGGA databases, and statistical significance was assessed using the spearman’s rank test. C
Immunoblotting analysis of IGFBP3, p-JAK2, p-STAT3, and PD-L1 expression in U251 cell treated with different concentrations of IGFBP3 for 24 h.
D Immunoblotting analysis of IGFBP3, p-JAK2, p-STAT3, and PD-L1 expression in U251 cells infected with IGFBP3 overexpressing and empty
vector lentivirus. E Immunoblotting was performed to examine the expression of IGFBP3, p-JAK2, p-STAT3, and PD-L1 in LN229 cell transfected
with si-IGFBP3 and si-NC. F Immunoblotting analysis of IGFBP3, p-JAK2, p-STAT3, and PD-L1 expression in LN229 cell infected with sh-IGFBP3
and sh-con. G LN229 and T98G cells with IGFBP3 knockdown were treated with the JAK2/STAT3 inhibitor WP 1066 for 24 h, cell lysate was used
to analyze the expression of p-JAK2, p-STAT3 and PD-L1. H Immunoblotting was used to analyze the expression of IGFBP3, p-STAT3, and PD-L1

in STAT3-silenced LN229 and T98G cells stimulated with different concentrations of exogenous IGFBP3 for 24 h
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mechanism of PD-L1 regulation in GBM. The results of
the present study showed that IGFBP3 activates phos-
phorylation of JAK2/STAT3 to induce PD-L1 expression,
thereby promoting GBM immune escape.

According to various studies, the expression of IGFBP3
has been found to be associated with multiple types of
cancer and exert different functions, which depend on
the cellular environment and tumor type. Early stud-
ies have indicated that IGFBP3 suppresses the growth
of lung cancer [39], liver cancer [40], and prostate can-
cer [41] cells. On the contrary, IGFBP3 is abundantly
expressed in nasopharyngeal carcinoma and is associated
with poor prospects and tumor metastasis [10]. High
expression of IGFBP3 can facilitate the growth of endo-
phytic squamous cell carcinoma cells of the tongue [42]
and stimulates human osteosarcoma cell migration [11].
In addition, the expression of IGFBP3 was also increased
in gliomas, and associated with IDH1/2 mutations status,
histology and tumor grade, it was suggested that IGFBP3
may be a prospective new target for the therapy of glioma
[43]. Recently, a study reported that IGFBP3 may play a
role in the immune microenvironment in hypertrophic
cardiomyopathy [44], but its role in glioma immune
microenvironment is still unclear. Our studies showed
that naive CD4 T cell infiltration was reduced in the
tumor microenvironment of glioma patients with high
IGFBP3 expression. Since PD-L1 on the surface of tumor
cells binds to PD-1 on T cells, it inhibits T cells prolif-
eration and cytokine production [45, 46]. Based on pre-
vious studies and our preliminary results, therefore, we
hypothesized that IGFBP3 performs an important role in
regulating PD-L1 expression in gliomas. Encouragingly,
on the basis of TCGA and CGGA database analysis, our
results showed a positive association between IGFBP3
and PD-L1 expression in GBM, but no clear correlation
in LGG. Furthermore, patients with high expression of
both IGFBP3 and PD-L1 had lower survival rates com-
pared to those with high expression of either IGFBP3 or
PD-L1 alone. These results suggested that positive cor-
relation of IGFBP3 with PD-L1 was associated with high
grade glioma progression and poor prognosis. Our study
further demonstrated that the overexpression of IGFBP3
induces an upregulation of PD-L1 expression in GBM

(See figure on next page.)
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cells, and this effect can be reversed by the knockdown
of IGFBP3. Similarly, targeting IGFBP3 suppresses glio-
blastoma invasion in vitro and tumor growth in vivo by
reducing PD-L1 expression. Importantly, the results of
our in vitro co-culture system demonstrated that IGFBP3
up-regulates PD-L1 to inhibit the activation and promote
the apoptosis of Jurkat cells, leading to immunosuppres-
sion, which is similar to the previously reported results
that TLX [37], ALKBHS5 [38] and p-catenin [47] promote
immunosuppression and immune escape by facilitating
PD-L1 expression in gliomas. Collectively, these results
suggested that IGFBP3 induces upregulation of PD-L1
expression to promote apoptosis in Jurkat cells, leading
to immune evasion of GBM.

Lately, some evidences have suggested that vari-
ous transcription factors, such as JAK2/STAT3 [48,
49], NF-kB [50], PI3K/AKT/mTOR [51] and MEK1/2/
ERK1/2 [52] facilitate the transcription of PD-L1 in can-
cer. Among them, JAK2/STATS3 is an essential oncogenic
transcription factor and is the basis of multiple recep-
tors signaling, which modulating target genes expression
through DNA binding, nuclear translocation and phos-
phorylation activation [53]. Reportedly, FGFR2 contrib-
utes to activating the JAK2/STAT3 pathway in colorectal
cancer, resulting in the promotion of PD-L1 expression
[48]. However, it is unknown whether and how JAK2/
STATS3 is engaged in the IGFBP3-PD-L1 regulatory axis.
Therefore, we searched for the signaling pathways by
which IGFBP3 regulates PD-L1 expression in GBM. We
obtained the differentially expressed genes for the over-
expressed IGFBP3 by RNA-seq and subjected the differ-
entially expressed genes to KEGG pathway enrichment,
which showed significant upregulation of JAK-STAT
signaling pathway. Furthermore, in U251-IGFBP3 and
U118-IGFBP3 cells, IGFBP3 caused increased p-JAK2
and p-STAT3, accompanied by increased PD-L1 expres-
sion, whereas this phenomenon was reversed when
IGFBP3 was knocked down in LN229 and T98G cells.
Additionally, our findings also showed that the use of the
JAK2/STAT3 inhibitor WP1066 and the STAT3 siRNA
further reduced PD-L1 expression, indicating the cru-
cial role of the JAK2/STAT3 signaling pathway in the
IGFBP3-PD-L1 axis. In summary, our results confirm

Fig. 5 Targeting IGFBP3 therapy efficiently suppresses glioblastoma invasion in vitro and tumor growth in vivo via reducing PD-L1 expression. A
Immunoblotting analysis of IGFBP3 expression in GL261 cell infected with sh-IGFBP3 and sh-con. B Immunofluorescence was used to examine
IGFBP3 expression in GL261 cell infected with sh-IGFBP3 and sh-con. C Left: Representative image of brain orthotopic tumor. Right: HE stained
representative image of brain tumor section. D Kaplan-Meier plots for GL261-shcon and GL261-shIGFBP3 groups, and statistical significance
was assessed using the log-rank test. E Immunohistochemical representative images of IGFBP3, PD-L1 and CD31 in the GL261-shcon

and GL261-shIGFBP3 groups. F IGFBP3 up-regulates the expression of PD-L1 by activating JAK2/STAT3 signaling pathway. PD-L1 binds to T cell-
derived PD-1 to promote T cell apoptosis and immunosuppression. Data are expressed as mean +SD. **P <0.01; ***P <0.001, Student t test



Zhao et al. Cancer Cell International

GL261
sh-con sh-IGFBP3

(A)

(B)

DAPI IGFBP3

sh-con

sh-IGFBP3

(E) GL261

sh-IGFBP3

sh-con

IGFBP3

PD-L1

CD31

Fig. 5 (Seelegend on previous page.)

(2024) 24:60

Merge

GL261
0.8 1

- L

o
o
1

Relative protein
expression (/B-actin)
e °
N >

o
1

sh-con sh-IGFBP3

GL261

-2
o
1

EN
o
1

»n
o
1

Mean Fluorescence intensity
a

sh-con sh-IGFBP3

=3
o
I

100~

=2
(=]
1

PD-L1 staining (%)
S 8

IGFBP3 staining (%)

0=

sh-con sh-IGFBP3

_—
-
~

[ J
® ° IGFBP3

Receptor\A

(©)

sh-con

sh-IGFBP3

Cl

_;
©

S 8
. :

60 1

S
o
1

Percent Survival (%)
N
o

o

Page 12 of 15

== GL261-shcon
== GL261-shIGFBP3
Log-rank p<0.01

10

o

XX

sh-con sh-IGFBP3

PD-L1

20 30 40 50
Time (days)

-

(=3

o
]

¥

£ =23 ®
o o o
1 L 1

CD31 staining (%)
N
o

o
[

sh-con sh-IGFBP3

T cell apoptosis and
immunosuppression

T

O

T cells



Zhao et al. Cancer Cell International (2024) 24:60

that the JAK2/STAT3 signaling pathway is stimulated by
IGFBP3, which upregulates PD-L1 expression.

Conclusion

In conclusion, this study provides a new regulatory
mechanism for PD-L1 expression in GBM. The expres-
sion of PD-L1 is regulated by IGFBP3 through the acti-
vation of JAK2/STAT3 phosphorylation. Additionally, we
have demonstrated that IGFBP3 induces the expression
of PD-L1 to promote immune evasion in GBM (Fig. 5F).
Importantly, “IGFBP3 Targeting Therapy” efficiently sup-
presses GBM invasion in vitro and tumor growth in vivo
via reducing PD-L1 expression, suggesting that IGFBP3
may be a potential novel target for GBM therapy.

Abbreviations

CCK-8 Cell counting kit-8

CGGA Chinese Glioma Genome Atlas

GBM Glioblastoma

HE Hematoxylin-eosin

IFN-y Interferon-y

IGFBP3 Insulin-like growth factor binding protein 3

IL-2 Interleukin 2

JAK2 Janus Kinase 2

KEGG Kyoto Encyclopedia of Genes and Genomes
LGG Lower-grade glioma

oS Overall survival

PD-1 Programmed cell death protein 1

PD-L1 Programmed death-ligand 1

qRT-PCR  Quantitative RT-PCR

RNA-seq  RNA sequencing

SshRNA Short hairpin RNA

SIRNA Small interfering RNA

STAT3 Signal transducer and activator of transcription 3
TCGA The Cancer Genome Atlas

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512935-024-03234-3.

Additional file 1: Table S1. gRT-PCR primers.
Additional file 2: Table S2. Information about antibodies.

Additional file 3: Fig. S1. Immunoblotting was used to select cell lines
and verify the effect of IGFBP3 overexpression or silencing.

Additional file 4: Fig. S2. Immunoblotting was used to confirm that
IGFBP3 regulates PD-L1 expression through the JAK2/STAT3 signaling
pathway.

Additional file 5: Fig. S3. Knockdown of IGFBP3 inhibits proliferation and
invasion of LN229 and T98G cells.

Acknowledgements
Not applicable.

Author contributions

Conception and design of the study: DYC. Performed experiments, data analy-
sis and wrote the manuscript: ZLL and WYD. Animal experiments: MPZ, ZXH
and QRM. Production of pictures and tables: ZYR and ZH. Bioinformatics and
statistical analysis: DZY and ZX. Supervision and revision of manuscript: DYC,
DZY and ZX. All authors read and approved the final manuscript.

Page 13 of 15

Funding

This work was supported by the Shandong Provincial Natural Science Founda-
tion of China (ZR2021MHO036, ZR2021QH154); the National Natural Science
Foundation of China (81402054, 61902094).

Data availability

The datasets presented in this study can be found in online repositories. The
names of the repository/repositories and accession number(s) can be found in
the article / Supplementary Material.

Declarations

Ethics approval and consent to participate
The animal study was approved by the Ethics Committee of Binzhou Medical
University, protocol code BZMU-2021-202, 2 November 2021.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Immunology, Binzhou Medical University, Guanhai Road 346,
Yantai 264003, Shandong, China. >School of Computer and Normal Engineer-
ing, Yantai University, Qingquan Road 30, Yantai 264005, Shandong, China.
*Department of Precision Biomedical Laboratory, Liaocheng People’s Hospital,
Liaocheng, Shandong, China. “Department of Immunology, Qigihar Medical
University, Qigihar, Heilongjiang, China. >Department of Pathogenic Biology,
Binzhou Medical University, Guanhai Road 346, Yantai 264003, Shandong,
China.

Received: 18 November 2023 Accepted: 19 January 2024
Published online: 07 February 2024

References

1. Ludwig K, Kornblum HI. Molecular markers in glioma. J Neurooncol.
2017;134(3):505-12.

2. Lim M, Xia Y, Bettegowda C, Weller M. Current state of immunotherapy for
glioblastoma. Nat Rev Clin Oncol. 2018;15(7):422-42.

3. Morgan LL. The epidemiology of glioma in adults: a “state of the science”
review. Neuro Oncol. 2015;17(4):623-4.

4. Kan LK, Drummond K, Hunn M, Williams D, O'Brien TJ, Monif M. Potential
biomarkers and challenges in glioma diagnosis, therapy and prognosis.
BMJ Neurol Open. 2020;2(2):e000069.

5. Linhares P, Carvalho BA-O, Vaz R. Costa BA-O: glioblastoma: is there
any blood biomarker with true clinical relevance? Int J Mol Sci.
2020;21(16):5809.

6. Stella MA-O, Falzone LA-O, Caponnetto A, Gattuso GA-O, Barbagallo
CA-O, Battaglia R, Mirabella F, Broggi GA-O, Altieri RA-O, Certo F, et al.
Serum extracellular vesicle-derived circHIPK3 and circSMARCAS are two
novel diagnostic biomarkers for glioblastoma multiforme. Pharmaceuti-
cals (Basel). 2021;14(7):618.

7. Zhang JM, Wang CC, Zhang GC, Jiang Q, Yang SM, Fu HX, Wang QM, Zhu
XL, Zhu HH, Jiang H, et al. ADAM28 promotes tumor growth and dis-
semination of acute myeloid leukemia through IGFBP-3 degradation and
IGF-I-induced cell proliferation. Cancer Lett. 2019;442:193-201.

8. Julovi SM, Martin JL, Baxter RC. Nuclear insulin-like growth factor bind-
ing protein-3 as a biomarker in triple-negative breast cancer xenograft
tumors: effect of targeted therapy and comparison with chemotherapy.
Front Endocrinol (Lausanne). 2018;9:120.

9. XiY, Nakajima G, Hamil T, Fodstad O, Riker A, Ju J. Association of insulin-
like growth factor binding protein-3 expression with melanoma progres-
sion. Mol Cancer Ther. 2006;5(12):3078-84.

10. Bao LL, Liu H, You B, Gu M, Shi S, Shan'Y, Li L, Chen J, You YW. Overexpres-
sion of IGFBP3 is associated with poor prognosis and tumor metastasis in
nasopharyngeal carcinoma. Tumor Biol. 2016;37(11):15043-52.


https://doi.org/10.1186/s12935-024-03234-3
https://doi.org/10.1186/s12935-024-03234-3

Zhao et al. Cancer Cell International

20.

22.

23.

24.

25.

26.

27.

28.

29.

(2024) 24:60

. Chao CC, Lee WF, Yang WH, Lin CY, Han CK, Huang YL, Fong YC,

Wu MH, Lee IT, Tsai YH, et al. IGFBP-3 stimulates human osteosar-
coma cell migration by upregulating VCAM-1 expression. Life Sci.
2021;265:118758.

. Marzec KA, Baxter RC, Martin JL. Targeting insulin-like growth factor

binding protein-3 signaling in triple-negative breast cancer. Biomed
Res Int. 2015;2015:638526.

. Elstner A, Stockhammer F, Nguyen-Dobinsky TN, Nguyen QL, Pilger-

mann |, Gill A, Guhr A, Zhang T, von Eckardstein K, Picht T, et al. Identi-
fication of diagnostic serum protein profiles of glioblastoma patients. J
Neurooncol. 2011;102(1):71-80.

. Liu'L, Hui RT, Zeng TY, Yang XT, Wu QC, Yang T. CUL4B is a potential

novel prognostic biomarker and is correlated with immune infiltrates
in malignant pleural mesothelioma. Int J Gen Med. 2022;15:4613-23.

. Dar AA, Sawada K, Dybas JM, Moser EK, Lewis EL, Park E, Fazelinia H,

Spruce LA, Ding H, Seeholzer SH, et al. The E3 ubiquitin ligase Cul4b
promotes CD4+ T cell expansion by aiding the repair of damaged
DNA. PLoS Biol. 2021;19(2):e3001041.

. Hung MH, Jian YR, Tsao CC, Lin SW, Chuang YH. Enhanced LPS-induced

peritonitis in mice deficiency of cullin 4B in macrophages. Genes
Immun. 2014;15(6):404-12.

. Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A,

Baehring J, Ahluwalia MS, Roth P, Bahr O, et al. Effect of nivolumab vs
bevacizumab in patients with recurrent glioblastoma: the CheckMate
143 Phase 3 randomized clinical trial. JAMA Oncol. 2020;6(7):1003-10.

. Shin DS, Ribas A. The evolution of checkpoint blockade as a

cancer therapy: what's here, what's next? Curr Opin Immunol.
2015;33(33):23-35.

. Sharma P, Allison JP. Immune checkpoint targeting in cancer

therapy: toward combination strategies with curative potential. Cell.
2015;161(2):205-14.

Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, lyer AK.
PD-1 and PD-L1 checkpoint signaling inhibition for cancer immu-
notherapy: mechanism, combinations, and clinical outcome. Front
Pharmacol. 2017;8:561.

. Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, Krzysiek R,

Knutson KL, Daniel B, Zimmermann MC, et al. Blockade of B7-H1
improves myeloid dendritic cell-mediated antitumor immunity. Nat
Med. 2003;9(5):5627.

Doroshow DB, Bhalla S, Beasley MB, Sholl LM, Kerr KM, Gnjatic S,
Wistuba I, Rimm DL, Tsao MS, Hirsch FR. PD-L1 as a biomarker of
response to immune-checkpoint inhibitors. Nat Rev Clin Oncol.
2021;18(6):345-62.

Kim JE, Patel MA, Mangraviti A, Velarde E, Theodros D, Mathios D, Jack-
son CM, Tyler B, Ye X, Brem H. 143; The combination of anti-TIM-3 and
anti-PD-1 checkpoint inhibitors with focused radiation resulted in a
synergistic antitumor immune response in a preclinical glioma model.
Neurosurgery. 2015;62:212.

Zhang X, Wang G, Gong Y, Zhao L, Song P, Zhang H, Zhang Y, Ju H,
Wang X, Wang B, et al. IGFBP3 induced by the TGF-beta/EGFRVIII trans-
activation contributes to the malignant phenotype of glioblastoma.
iScience. 2023;26(5):106639.

Bae J, Liu L, Moore C, Hsu E, Zhang A, Ren Z, Sun Z, Wang X, Zhu J,
Shen J, et al. IL-2 delivery by engineered mesenchymal stem cells re-
invigorates CD8(+) T cells to overcome immunotherapy resistance in
cancer. Nat Cell Biol. 2022;24(12):1754-65.

Gholijani N, Gharagozloo M, Kalantar F, Ramezani A, Amirghofran Z.
Modulation of cytokine production and transcription factors activities
in human Jurkat T cells by thymol and carvacrol. Adv Pharm Bull.
2015;5(Suppl 1):653-60.

Boulch M, Cazaux M, Cuffel AA-O, Guerin MV, Garcia Z, Alonso R, Lemai-
tre F, Beer A, Corre B, Menger L, et al. Tumor-intrinsic sensitivity to the
pro-apoptotic effects of IFN-y is a major determinant of CD4(+) CAR
T-cell antitumor activity. Nat Cancer. 2023;4(7):968-83.

Jackson CA-O, Choi J, Lim MA-O. Mechanisms of immunotherapy

resistance: lessons from glioblastoma. Nat Immunol. 2019;20(9):1100-9.

Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao N, Wu'Y, Harrington
S, Su X, Wang Y, Gonzalez-Angulo AM, Akcakanat A, et al. PD-L1
expression in triple-negative breast cancer. Cancer Immunol Res.
2014;2(4):361-70.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 14 of 15

QinT, Zeng YD, Qin G, Xu F, Lu JB, Fang WF, Xue C, Zhan JH, Zhang

XK, Zheng QF, et al. High PD-L1 expression was associated with poor
prognosis in 870 Chinese patients with breast cancer. Oncotarget.
2015;6(32):33972-81.

Shi SJ, Wang LJ, Wang GD, Guo ZY, Wei M, Meng YL, Yang AG, Wen
WH. B7-H1 expression is associated with poor prognosis in colorectal
carcinoma and regulates the proliferation and invasion of HCT116
colorectal cancer cells. PLoS ONE. 2013:8(10):e76012.

Peng S,Wang R, Zhang X, Ma Y, Zhong L, Li K, Nishiyama A, Arai S, Yano
S, Wang W. EGFR-TKI resistance promotes immune escape in lung
cancer via increased PD-L1 expression. Mol Cancer. 2019;18(1):165.
Huang X, Zhang W, Zhang Z, Shi D, Wu F, Zhong B, Shao Z. Prog-
nostic value of programmed cell death 1 ligand-1 (PD-L1) or PD-1
expression in patients with osteosarcoma: a meta-analysis. J Cancer.
2018;9(14):2525-31.

Filley AC, Henriquez M, Dey M. Recurrent glioma clinical trial, Check-
Mate-143: the game is not over yet. Oncotarget. 2017;8(53):91779-94.
Reiss SN, Yerram P, Modelevsky L, Grommes C. Retrospective review of
safety and efficacy of programmed cell death-1 inhibitors in refractory
high grade gliomas. J Immunother Cancer. 2017;5(1):99.

Sun C, Mezzadra R, Schumacher TN. Regulation and function of the
PD-L1 checkpoint. Immunity. 2018;48(3):434-52.

Zhou J, Pei X, Yang Y, Wang Z, Gao W, Ye R, Zhang X, Liu J, Liu Z, Yang X,
et al. Orphan nuclear receptor TLX promotes immunosuppression via
its transcriptional activation of PD-L1 in glioma. J Immunother Cancer.
2021;9(4):e001937.

Tang W, Xu N, Zhou J, He Z, Lenahan C, Wang C, Ji H, Liu B, ZouY,
Zeng H, et al. ALKBH5 promotes PD-L1-mediated immune escape
through m6A modification of ZDHHC3 in glioma. Cell Death Discov.
2022;8(1):497.

Kuhn H, Frille A, Petersen MA, Oberhuber-Kurth J, Hofmann L, Glaeser
A, Taubenheim S, Klagges S, Kraemer S, Broschewitz J, et al. IGFBP3
inhibits tumor growth and invasion of lung cancer cells and is associ-
ated with improved survival in lung cancer patients. Transl Oncol.
2023;27:101566.

Han JJ, Xue DW, Han QR, Liang XH, Xie L, Li S, Wu HY, Song B. Induction
of apoptosis by IGFBP3 overexpression in hepatocellular carcinoma
cells. Asian Pac J Cancer Prev. 2014;15(23):10085-9.

Silha JV, Sheppard PC, Mishra S, Gui Y, Schwartz J, Dodd JG, Murphy LJ.
Insulin-like growth factor (IGF) binding protein-3 attenuates prostate
tumor growth by IGF-dependent and IGF-independent mechanisms.
Endocrinology. 2006;147(5):2112-21.

Ng EFY, Kaida A, Nojima H, Miura M. Roles of IGFBP-3 in cell migration
and growth in an endophytic tongue squamous cell carcinoma cell
line. Sci Rep. 2022;12(1):11503.

Chen CH, Chen PY, Lin YY, Feng LY, Chen SH, Chen CY, Huang YC,
Huang CY, Jung SM, Chen LY, et al. Suppression of tumor growth via
IGFBP3 depletion as a potential treatment in glioma. J Neurosurg.
2020;132(1):168-79.

LiY, Zhang W, Dai Y, Chen K. Identification and verification of IGFBP3
and YTHDC1 as biomarkers associated with immune infiltration

and mitophagy in hypertrophic cardiomyopathy. Front Genet.
2022;13:986995.

Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibitory
pathway. Nat Rev Immunol. 2018;18(3):153-67.

Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade:

a common denominator approach to cancer therapy. Cancer Cell.
2015;27(4):450-61.

Du L, Lee JH, Jiang H, Wang C, Wang S, Zheng Z, Shao F, Xu D, Xia Y, Li J,
et al. -Catenin induces transcriptional expression of PD-L1 to promote
glioblastoma immune evasion. J Exp Med. 2020;217(11):e20191115.

Li PA-O, Huang T, Zou QA-O, Liu DA-O, Wang YA-O, Tan X, Wei YA-O, Qiu
H. FGFR2 promotes expression of PD-L1 in colorectal cancer via the
JAK/STAT3 signaling pathway. J Immunol. 2019;202(10):3065-75.
Wang P, Tao L, Yu Y, Wang Q, Ye P, Sun Y, Zhou J. Oral squamous cell
carcinoma cell-derived GM-CSF regulates PD-L1 expression in tumor-
associated macrophages through the JAK2/STAT3 signaling pathway.
Am J Cancer Res. 2023;13(2):589-601.

Jin X, Ding D, Yan Y, Li H, Wang B, Ma L, Ye Z, Ma T, Wu Q, Rodrigues
DN, et al. Phosphorylated RB promotes cancer immunity by inhibiting
NF-kB activation and PD-L1 expression. Mol Cell. 2019;73(1):22-35.e26.



Zhao et al. Cancer Cell International (2024) 24:60

51. Carneiro BA, Meeks JJ, Kuzel TM, Scaranti M, Abdulkadir SA, Giles FJ.
Emerging therapeutic targets in bladder cancer. Cancer Treat Rev.
2015;41(2):170-8.

52. LiF, ZhuT,YueY, Zhu X, Wang J, Liang L. Preliminary mechanisms of
regulating PD-L1 expression in non-small cell lung cancer during the
EMT process. Oncol Rep. 2018;40(2):775-82.

53. Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional

activation in response to IFNs and other extracellular signaling proteins.

Science. 1994,264(5164):1415-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15



	IGFBP3 induces PD-L1 expression to promote glioblastoma immune evasion
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Material and methods
	Cell lines and reagents
	Cell viability assay
	Apoptosis assay
	siRNA transfection
	RNA extraction and qRT-PCR
	Immunoblotting assay
	Hematoxylin–Eosin (HE) and staining Immunohistochemistry (IHC)
	Immunofluorescence
	Lentivirus infection
	IL-2 and IFN-γ ELISA
	Mice orthotopic tumor model
	RNA-sequencing and data collection
	Statistical analyses

	Results
	IGFBP3 positively correlates with PD-L1 expression in glioma patients
	IGFBP3 transcriptionally regulates PD-L1 expression in GBM cells
	IGFBP3 increases PD-L1 expression by up-regulating the phosphorylation of JAK2STAT3 in GBM cells
	IGFBP3 induces immunosuppression in in-vitro co-culture system
	IGFBP3 targeting therapy efficiently suppresses glioblastoma invasion in vitro and tumor growth in vivo via reducing PD-L1 expression

	Discussion
	Conclusion
	Acknowledgements
	References


