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Background: Gliomablastoma multiforme (GBM) is the most fatal form of all brain cancers
in human with no successful treatment available. Programmed death-ligand 1 (PD-L1) is a
coinhibitory ligand predominantly expressed by tumor cells. Growth differentiation factors
(GDFs) are a subfamily of proteins belonging to the transforming growth factor beta super-
family that have functions predominantly in tissue development and cancer.

Purpose: To investigat the expression of GDFs in GBMs, and explored the potential
regulatory role of GDFs on PD-L1 expression in GBMs.

Methods: GEO2R program were analyzed for the mRNA expression data of GDFs in
GSE4290 dataset. Analysis of TCGA GBM datasets were further determined the relationship
between GDFs and PD-L1. Western blot Western blot was used to detect the expression of
PD-L1 in GBM cell lines.

Results: GDFs displayed differential patterns of expression with GDF15 and myostatin
(MSTN) highly enriched in GBM tissues. We also identified GDF15 as a novel regulator that
induces PD-L1 expression in GBM cells. Consistently, GDF15 expression correlated with
PD-L1 in TCGA GBM dataset. Further, GDF15 enhanced PD-L1 expression via Smad2/3
pathway in GBM cell line U87, U251 and SHG44, which was inhibited by Smad2/3 inhibitor
SIS3. Knockdown of GDF15 attenuated Smad2/3 signaling and reduced PD-L1 expression in
A172 and GIC6 glioma cells.

Conclusion: GDF15 might be a novel regulator of PD-L1 expression in GBMs; targeting
GDF15/PD-L1 pathway might be a promising therapeutic approach for GBM patients.
Keywords: PD-L1, GDF, GDF15, GBM, immunotherapy

Introduction

Glioblastoma (GBM) is the most common primary malignant tumor in the central
nervous system, with an incidence of approximately 3/100,000 persons per year.'*
The standard therapy for newly diagnosed GBM involves surgical resection com-
bined with chemotherapy and/or radiotherapy. Although advances in radiotherapy
and chemotherapy have brought modest improvements in the survival of patients
with malignant GBM, the invasive nature of the disease still leads to a poor
prognosis, with a median overall survival of 14.9 months and a 5 year survival of
only 5.5% following standard-of-care treatment.” Thus, new treatment strategies for
malignant gliomas are urgently needed.

Immunotherapy has recently emerged as the fourth pillar of cancer treatment,
together with surgery, radiation, and chemotherapy. Blockade of immune check-
points has been the most promising approach to activating antitumor immunity; of
the immune checkpoints, programmed cell death 1 (PD-1) is the most effective and
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widely studied.* The anti-PD-1 antibodies nivolumab and
pembrolizumab were recently approved by the US Food
and Drug Administration (FDA) for the treatment of mel-
anoma, non-small cell lung cancer (NSCLC), and other
malignant  tumors.®  Programmed death-ligand 1
(PD-L1), the ligand for PD-1, is predominantly expressed
in cancer cells.” PD-L1 expressed in various cancer cells
can help immune evasion by interacting with PD-1 on
T cells.'” Recently, a new study demonstrated that intrinsic
PD-L1 had prominent oncogenic effects, preferentially in
aspects of promoting migration and invasion, on GBM
cells in vitro and in vivo."' In GBM, PD-L1 expression
levels range from 7.8% to 37.5% in tumor-resident
cells.">!® High expression of PD-LI in cancer cells is
correlated with a poor prognosis.® Although preliminary
clinical study (CheckMate 143) demonstrated a failure of
nivolumab to prolong overall survival of patients with
recurrent glioma, progress in research into PD-L1 would
enable us to develop a more effective and individualized
immunotherapeutic strategy for GBM.'

Growth and differentiation factors (GDFs) are members
of the transforming growth factor (TGF)-B superfamily.
Although the important roles of GDFs in bone development,
angiogenesis, embryonic development, inflammatory
responses, and acute injury have been documented, there is
little knowledge on the functions of GDFs in cancer.'
Varadaraj et al demonstrated that GDF2 has anti-metastatic
capabilities in ovarian and breast cancers.'® GDF5 regulates
TGF-B-dependent angiogenesis in breast carcinoma MCF-7
cells.'” GDF9 could negatively regulate the aggressive beha-
vior of human bladder cancer cells.'® GDF3 inhibits the
growth of breast cancer cells and promotes the apoptosis
induced by Taxol.'” These studies indicate that GDFs might
play an important role in tumor development. Among GDFs,
the role of GDF15 in cancer has been widely investigated.
GDF15 expression was associated with poor prognosis and
cell proliferation in non-small cell lung cancer.® GDF15 also
promotes the proliferation of cervical cancer cells by phos-
phorylating AKT1 and Erk1/2 through the receptor ErbB2.?!
GDF15 promotes the migration and invasion of glioma cells
with malignant phenotype.”® Currently, there are few litera-
tures regarding the immunomodulatory role of GDFs in
cancer. Roth et al showed that GDF15 might participate in
the local immunosuppressive environment around glioma
through paracrine action, thus contributing to the prolifera-
tion and immune escape of malignant glioma.”> However,
how GDF15 helps the tumor cells evade the immune surveil-
lance in GBM still remains poorly understood.

In this study, we aimed to investigate the expression of
GDFs in GBM and to explore the potential regulatory role
of GDFs on PD-L1 expression. We identified GDF15 and
MSTN as highly
expressed in GBMs. We further revealed a potential reg-
ulatory role of GDF15 in activation of PD-L1 via Smad2/3
implicate GDF15/PD-L1 as
a potential target for immunotherapy in GBM.

potential tumor-promoting genes

signaling, which might

Materials and methods

Reagents and cell lines

The human GBM cell lines U87, A172 and U251 were
obtained from the American Type Culture Collection and
cultured according to the manufacturer’s protocol. Human
GBM cell lines SHG44 and TJ905 were kindly provided by
the Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. GBM cell lines were routinely
cultured in Dulbecco’s Modified Eagle Medium (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) containing
10% fetal bovine serum (HyClone, South Logan, UT, USA)
at 37 °C in humidified air with 5% CO,. Glioma initiating
cell line GIC6 was established and cultured as we described
previously.>* GDFs were purchased from PeproTech (Rocky
Hill, NJ, USA). Antibodies against p-Smad2 (Ser465/467)/
p-Smad3 (Serd423/425), and Smad2/3 were purchased from
Cell Signaling Technology (Danvers, MA, USA). B-actin
antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Antibodies against PD-LL1 and GDF15 were
from Abcam (Cambridge, MA, USA). Horseradish perox-
idase-conjugated goat anti-rabbit and anti-mouse antibodies
were purchased from Bio-Rad (Hercules, CA, USA). PI3K/
AKT inhibitor LY294002, Smad2/3 inhibitor SIS3, and the
MEK/ERK inhibitor PD98059 were from Selleckchem
(Houston, TX, USA). Lentiviral plasmids expressing scram-
ble or shGDF15 were purchased from Genecopoeia Inc.
(Rockville, MD, USA). The packaging procedure for lenti-
viral ShRNAs was conducted as described previously.?>=°
pCMV3-C-FLAG plasmid expressing PD-L1 ¢cDNA ORF
or empty vector control was purchased from Sinobiological
(Wayne, PA, USA). siRNAs targeting Smad2/3 or scramble
control were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Western blot analysis

Cell lysates were prepared using cell lysis buffer contain-
ing 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
and protease inhibitor cocktail. Western blot analysis was
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Comparison of GDFs expression in GBMs vs normal brain tissues
Genes P.values Log,FC
GDF1 N.A N.A
GDF2 6.58E-03 -0.6295
GDF3 1.73E-01 0.2481
GDF5 8.83E-05 0.8012
GDF6 N.A N.A
GDF7 4.67E-02 —-0.2394
GDF8/MSTN 1.31E-03 1.3034
GDF9 8.57E-01 0.0226
GDF10 5.22E-07 -1.4523
GDF11 1.53E-02 0.5310
GDF15 8.13E-12 2.4069
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Figure | (A) Expression of GDFs in normal brain tissues (n=23) and GBMs (n=81). mRNA expression data was downloaded from GSE4290 dataset and analyzed using
GEO2R program. (GDFI| and GDFé data are not available in GSF4290 dataset). (B), (C) and (D). Expression of GDFI0, GDF8/MSTN, and GDFI5 in non-tumor tissues

(n=23) and GBMs (n=8l), respectively.
Abbreviations: GBM, gliomablastoma multiforme; MSTN, myostatin.

conducted as described previously.?”*® After standard
SDS-PAGE and Western blot procedures, proteins were
visualized by enhanced chemiluminescence (Abcam).

The Cancer Genome Atlas (TCGA) data

analysis

mRNA expression data (RNA-Seq) of GBMs (n=152) were
downloaded from the data portal of TCGA project
(https://gde-portal.nci.nih.gov/). Details on data processing
and platforms are provided in a publication describing the
GBM data analysis.”” mRNA expression data (Affymetrix
U133 2.0 plus platform) of normal brain tissues and GBMs
were downloaded from the NCBI GSE4290 dataset
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE4290).

Statistical analyses

Statistical analyses were carried out using SPSS 10.0 soft-
ware (SPSS Inc., Chicago, IL, USA). Error bars indicate
standard deviations. Student’s #-test was used to compare
means between two groups. Kaplan—Meier curves repre-
senting overall survival were constructed, and differences
in survival between groups were determined using the log-
rank test. For all tests, the level of statistical significance
was set at P<0.05. All statistical tests were two-sided.

Results
GDFs exhibited differential expression

patterns in normal brain tissues and GBMs
To compare the expression of GDFs in normal brain and
GBM tissues, we analyzed the mRNA expression data of
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Figure 2 (A) Expression of PD-LI in normal brain tissues (n=23) and GBMs (n=81). mRNA expression data (Affymetrix Human Genome U133 Plus 2.0 Array) was
downloaded from GSE4290 dataset and analyzed using GEO2R program. (B) High PD-L| expression predicts unfavorable overall survival in TCGA GBMs (n=152). mRNA
expression data (RNA-Seq) were downloaded from TCGA GBM dataset. (C) GDFs exhibit differential effects on the expression of programmed death-ligand | (PD-LI) in
U87 GBM cells. U87 GBM cells were incubated with GDFs (10 ng/mL) for 48 h. B-actin served as a loading control. Fold change indicates the average ratio of quantified blots
from three independent experiments. (D) Correlation between GDFI5 and PD-LI expression in TCGA GBM dataset (n=152).

Abbreviations: GBM, gliomablastoma multiforme; MSTN, myostatin; TCGA, The Cancer Genome Atlas.

Table | Correlation between PD-L| and GDFs in GBM (TCGA

RNA-seq dataset, n=152)

Genes Cytoband Spearman’s correlation
GDFI5 19p13.11 0.51
GDFI 19p13.11 0.00
GDF2 10g11.22 —0.06
GDF3 12p13.31 0.00
GDF5 20ql1.22 0.20
GDFé 8q22.1 -0.12
GDF7 2p24.1 0.07
GDF8/MSTN 2q32.2 -0.22
GDF9 5q31.1 —0.04
GDFIO0 10q11.22 -0.17
GDFI | 12q13.2 0.14

Abbreviations: GBM,

gliomablastoma multiforme; GDFs, growth differentiation

factors; MSTN, myostatin; TCGA, The Cancer Genome Atlas.

GDFs in GSE4290 dataset using GEO2R program. The
differentially expressed GDFs in GBMs versus normal
brain tissues were selected according to the following

criteria: P<0.05 and |log,FC[>1. GEO2R analysis revealed
differential expression patterns of GDFs in normal brain
tissues (n=23) and GBMs (n=81) (Figure 1A). GBMs
exhibited lower expression of GDF-10 and higher expres-
sion of GDF15 and GDF-8/MSTN than normal brain tissues
(P<0.05, Figure 1B-D). These results suggested that
GDF15 and MSTN might promote tumor development
in GBM.

GDFs exhibited differential effects on the

expression of PD-LI in GBM cells

The expression of PD-L1 in GBMs was also analyzed based
on GSE4290 dataset. As shown in Figure 2A, PD-L1
exhibited higher expression in GBMs than those in normal
brain tissues (P=0.0042). Higher expression of PD-L1 was
also associated with unfavorable prognosis in TCGA GBM
patients (n=152, P=0.0498, Figure 2B). We next performed
preliminary analysis to determine the effects of GDFs on
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Figure 3 (A) Protein expression of GDFI5 and PD-LI in GBM cell lines. B-actin served as a loading control. (B) GDFI5 induced the expression of PD-LI in U251 and SHG44 GBM
cells. GBM cells were transfected with pCMV3-C-FLAG plasmid expressing PD-LI cDNA ORF or empty vector control for 48 hrs. B-actin served as a loading control. (C)
Knockdown of GDFI5 by shRNA lentivirus reduced PD-LI expression in A172 and GICé GBM cells. Non-targeting scramble shRNA was used as negative control.

Abbreviation: GBM, gliomablastoma multiforme.

the expression of PD-L1 in U87 cells. PD-L1 expression
was significantly increased in U87 cells incubated with
MSTN and GDF15, but reduced by GDF3 and GDF7
(Figure 2C and D). The other GDFs only displayed mild
effect on PD-L1 expression in U87 cells.

GDFI5 expression was correlated with
PD-LI in GBM cell lines and GBM

patients

We analyzed TCGA GBM datasets to further confirm the
relationship between GDFs and PD-L1. The mRNA
expression levels of GDF15 significantly correlated with
those of PD-L1 in the TCGA GBM datasets (n=152,
Spearman’s correlation r=0.51, P<0.05, Table 1). In con-
trast, the expression of PD-L1 did not significantly corre-
late with that of MSTN (Table 1). Moreover, we did not
observe a significant correlation between IFN-y and
GDF15 in TCGA GBM dataset (Spearman correlation
r=0.0309, P=0.704). Therefore, GDF15 might be a novel
regulator of PD-L1 expression in GBMs.

GDFI5 regulated PD-LI expression in
GBM cell lines

Western blotting analysis showed that PD-L1 expression
was largely consistent with GDF15 in GBM cell lines,
with higher expression in A172, TJ905 and GIC6 cells
(Figure 3A). To confirm the effects of GDF15 on GBM
cells, two GBM cell lines (U251, SHG44) were transfected
with GDF15 plasmid for 48 hrs. As shown in Figure 3B,
over-expression of GDF15 increased PD-L1 expression in
these two cell lines (Figure 3B). Furthermore, we attenu-
ated GDF15 expression in A172 and GIC6 cells using

shRNA lentivirus targeting GDF15. PD-L1 expression
was markedly reduced by shRNA targeting GDF15 com-
pared to non-targeting scramble control (Figure 3C).

GDFI15 promoted PD-L| expression via

the Smad2/3 pathway in GBM cells

TGF-B activates Smad-dependent Smad2/3 signaling and
Smad-independent signaling such as ERK1/2 and AKT.*® We
assessed these components of TGF-§ signaling pathways to
explore the molecular mechanism by which GDF15 regulates
PD-L1 expression in GBMs. We used the PI3K/AKT inhibitor
LY?294002, Smad2/3 inhibitor SIS3, and the MEK/ERK inhi-
bitor PD98059 to abolish GDF15-induced PD-L1 expression.
As shown in Figure 4A, SIS3, but not LY294002 and
PD98059, effectively reduced PD-L1 expression induced by
GDF15 in U87 and U251 cells, suggesting Smad2/3 might be
involved in GDF15/PD-L1 signaling pathway in GBM cells.
Nevertheless, we showed that GDF15 treatment increased
p-Smad2/3 levels in U87 and U251 cells (Figure 4B). In
contrast, knockdown of GDF15 attenuated p-Smad2/3 levels
in A172 and GIC6 cells, as compared with non-targeting
scramble control (Figure 4C). Moreover, the Smad2/3 expres-
sion in U87 and U251 cells was depleted by siRNAs in order to
confirm the role of Smad2/3 in GDF15-induced PD-L1 expres-
sion. As shown in Figure 4D, knockdown of Smad2/3 expres-
sion attenuated PD-L1 levels induced by GDF15 in U87 and
U251 cells. These results would confirm that the expression of
PD-L1 is, at least in part, regulated by the GDF15/Smad2/3
signaling pathway in GBMs.

Discussion
Glioblastoma multiforme (GBM), the most common and
aggressive primary brain tumor, has a high mortality rate
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Figure 4 GDFI5 regulates PD-L| expression via the Smad2/3 pathway in GBM cells. (A) U87 and U251 GBM cells were incubated with GDFI5 alone (10 ng/mL) or
combined with LY (10 yM), PD (10 pM), or SIS3 (I pM) for 48 h, and then harvested and assessed for PD-L| by Western blot analysis. Fold change indicates the average ratio
of quantified blots from three independent experiments. B-actin served as a loading control. (B) GDFI5 activated Smad2/3 signaling in U251 and U87 GBM cells. GBM cells
were incubated with GDFI5 (10 ng/mL) for 48 h. -actin served as a loading control. (C) Knockdown of GDFI5 by shRNA lentivirus inhibited Smad2/3 signaling in A172 and
GIC6 GBM cells. B-actin served as a loading control. (D) Knockdown of Smad2/3 abolished the effect of GDFI5 on PD-LI expression. GBM cells were incubated with
GDFI5 (10 ng/mL) for 48 h with or without Smad2/3 silencing. B-actin served as a loading control.

Abbreviation: GBM, gliomablastoma multiforme.

despite extensive efforts to develop new treatments.'>  been approved by the US FDA for the treatment of melanoma,
Nivolumab and pembrolizumab (anti-PD-1 antibodies) have ~ NSCLC, and other malignant tumors.®® A series of clinical
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trials on PD-1/PD-L1 antibodies for the treatment of glioma
are currently in progress.31*33 PD-L1 is widely expressed on
immunosuppressive T regulatory cells, tumor-associated
macrophages, and other cells within the tumor microenviron-
ment, including tumor cells.>? On the one hand, PD-L1 binds
to PD-1 expressed on T, B, dendritic, and natural killer T cells
to suppress anticancer immunity. On the other hand, the inter-
action between PD-L1 and CD80 initiates signals that inhibit
T-cell function and cytokine production.**** PD-LI expres-
sion is high in human malignant gliomas and significantly
correlated with the glioma grade.”'**>*¢ These findings sug-
gest that malignant glioma might be promoted by the selection
of tumor cells with a high level of PD-L1, which facilitates
immune evasion. Similarly, high expression of PD-L1 is sig-
nificantly associated with a poor prognosis of GBM.*’*
Therefore, targeting PD-1/PD-L1 signaling pathway could be
an effective immunotherapy for enhancing anti-tumor immu-
nity and improving the prognosis of GBM patients.

In this study, we aimed to explore the role of GDFs in
GBM. In our preliminary analysis, GDF15 and MSTN were
identified as candidate tumor-promoting genes in GBM.
GDF15 has been shown to play a crucial role in the occur-
rence and development of glioma. The addition of exogen-
ous GDF-15 stimulated migration and invasiveness of GBM
cells.”> GDF15 serum levels are a highly reliable predictor
of disease progression.”> GDF15 levels were increased in
the blood of GBM patients and in the cerebrospinal fluid,
which correlated with poor patient outcomes.*® Recently, the
role of GDF15 in immune escape of cancer cells is also
documented. GDF15 participates in the local immunosup-
pressive environment around glioma through paracrine
action.”> GDF15 is also implicated in the development of
immunosuppression in triple-negative breast cancer.*’
However, the regulatory mechanisms of GDF15 on immune
evasion still remain poorly understood. Based on TCGA
data analysis, we showed that GDF15 expression correlated
with PD-L1 in TCGA GBMs. Moreover, GDF15 markedly
increased PD-L1 expression in U87, U251 and SHG44
GBM cells, while knockdown of GDF15 reduced PD-L1
expression in A172 and GIC6 GBM cells. These results
suggested that GDF15 might be a novel regulator of PD-
L1 in GBM. We also noted the effect of other GDFs (MSTN,
GDF3 and GDF7) on PD-L1 expression, which might await
further investigation in the future.

GDF15 is an important regulator of multiple signaling
pathways  including  PI3K/AKT, Smad2/3  and
ERK1/2.2"*'42 However, how GDFI15 regulates PD-L1
expression still remains unknown. Herein, we showed

that GDF15 might promote PD-L1 expression via
Smad2/3 signaling in GBM cells, as Smad2/3 inhibition
effectively reduced PD-L1 expression induced by GDF15
in U87 and U251 cells. We also showed that knockdown
of Smad2/3 expression attenuated PD-L1 levels induced
by GDF15 in U87 and U251 cells. These results would
confirm that the expression of PD-L1 is, at least in part,
regulated by the GDF15/Smad2/3 signaling pathway in
GBMs. Some reports indicated that Interferon-related sig-
naling pathway could enhance PD-L1 expression in
glioma.**** However, we did not observe the correlated
expression between IFNy and GDF15, suggesting GDF15
effect on PD-L1 might be independent of Interferon sig-
naling in GBM. Therefore, our findings might reveal the
functional link between GDF15 and PD-L1-mediated
immune evasion of GBM cells, which may contribute to
the tumor progression of GBM.

Conclusion

In conclusion, our findings indicate that PD-L1 expression
is regulated by GDF15 via activation of the Smad2/3
signaling pathway in GBM. Our results would highlight
the potential benefit of blocking GDF15/PD-L1 pathway
for the treatment of malignant GBM.
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