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KEY WORDS Abstract  In recent years, immunotherapy has shown obvious advantages in treating cancers. The close
interaction between cancer cells and immune cells in the tumor microenvironment (TME) underlies the

Glioblastoma multiforme;
Drug target;

progression of glioblastoma multiforme (GBM). However, there are no effective immune-related targets
against GBM. Here, in silico analyses and experimental data showed that Interferon Gamma Inducible

iiﬁ&ne Protein 30 (IFI30), modulated by histone modifications both H3K4me3 and H3K27ac, was up-

microenvironment; regulated in GBM and had a potential role in the antitumor immune responses. In vitro and in vivo ex-
Macrophage; periments further revealed that IFI30 modulated the infiltration of tumor-associated macrophages (TAMs)
PTGS2; and reduced the proportion of CD8" T cells. Mechanistically, IFI30 induced PGE2 expression in GBM
MAFF; cells via the MAFF/PTGS2 pathway, and PGE2 bound to macrophage EP2/EP4, activating the
CD8 T cell
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downstream ERK1/2 and KLF4/STAT6 pathways, stimulating the infiltration of TAMs. Taken together,
we characterized the role and mechanisms of IFI30 in the malignant progression of GBM by regulating
TAMs, highlighting that IFI30 may benefit GBM patients as a therapeutic target.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gliomas are currently the most common primary intracranial
malignancies, with glioblastoma multiforme (GBM, grade IV)
accounting for approximately 15% of all brain tumors'. Due to
unclear pathogenesis, intricate biologic features, and limited
therapeutic options, the prognosis of GBM patients is extremely
poor. The recent success of immunotherapies, including immune
checkpoint blockade (ICB) and chimeric antigen receptor
(CAR)-T cell therapy in many cancers™, has emphasized the
promise and importance of immunotherapeutic strategies, but their
consistent failures in GBM patients have been attributed to the
“cold” immune microenvironment®. GBM is typically charac-
terized by unresponsive and dysfunctional cytotoxic immune
cells®. Although scientists have been attempting to activate the
anti-tumor potential of the immune system’*, immunotherapies in
GBM are still considered experimental®'”, and further studies are
needed to fully understand their efficacy and safety in GBM. To
date, the Food and Drug Administration (FDA) has not approved
any immunotherapies for GBM, it is warranted to explore differ-
entiated immunotherapies for GBM in the future.

GBM is distinguished by low T cells and abundant tumor-
associated macrophages (TAMs) infiltration, which account for
30%—50% of the entire tumor tissue''. Typically, classically
activated macrophages (M1) engage in direct cytotoxicity or
stimulate anti-tumor immune responses by enhancing the pre-
sentation of tumor-associated antigens'*'*, Tumor signals, on the
other hand, guide macrophages towards alternative activation
(M2)'?>7'* which directly promotes tumor progression by stimu-
lating angiogenesis, preserving tumor cell stemness, and inducing
drug resistance, and indirectly facilitates tumor immune evasion
by mediating immune dysfunction within the tumor microenvi-
ronment (TME)!>!1®. M2-TAMs are known to enhance immuno-
suppression and contribute to the ineffectiveness of GBM
immunotherapy'’, it is an intriguing possibility for re-educating
M2-TAMs to function as anti-tumor effector cells. Studies have
shown that complex crosstalk was established between GBM cells
and TAMs'®. Nevertheless, how tumors recruit TAMs to TME is
still not completely understood, hampering the development of
TAM-targeted strategies for cancer intervention.

Interferon Gamma Inducible Protein 30 (IFI30), also Gamma-
Interferon-Inducible Lysosomal Thiol Reductase (GILT), partici-
pates in catalyzing the reduction of disulfide bonds'® and the
processing and presentation of disulfide-bond-containing anti-
gens?>*!. Importantly, recent studies have indicated that IFI30,
which is abnormally expressed in many tumors, including GBM*?,
diffuse large B-cell lymphoma”, melanoma® 2, and breast
cancer’”?®, exerts an integral function in tumorigenesis, progres-
sion and immune monitoring, revealing the feasibility of targeting
IFI30 to some extent. However, IFI30 may exhibit distinct roles in
tumors with different immunogenicity. In GBM, elevated IFI30 is
associated with a poorer survival rate’*?*3° promoting tumor

proliferation, migration, invasion and Epithelial-Mesenchymal
Transition (EMT)***'73 which may serve as an independent
poor prognostic indicator in GBM. In silico studies have prelim-
inarily found that the overexpression of IFI30 in GBM is associ-
ated with the immunosuppressive microenvironment®>3',
Nevertheless, the exact mechanism by which IFI30 regulates the
immune microenvironment of GBM remains a gap for further
investigation.

In this study, we evaluated the expression and regulatory
mechanisms of IFI30 in GBM, and revealed its intrinsic role in
regulating immune microenvironment-mediated GBM progres-
sion. The results showed that the expression of IFI30 was elevated
in GBM patients and regulated by histone modifications
H3K4me3 and H3K27ac. The GBM orthotopic models demon-
strated that the GBM-promoting effect of IFI30 may be mediated
by regulating the anti-tumor immune response. In vitro and in vivo
experiments further revealed that IFI30 modulated TAMs infil-
tration and reduced the proportion of CD8" T cells. Also, targeted
depletion of TAMs in GBM abolished the role of IFI30 in tumor
progression. Mechanistically, IFI30 facilitated PGE2 expression in
GBM cells via the MAFF/PTGS2 pathway. PGE2 bound to
macrophage EP2/EP4, activating the downstream ERK1/2 and
KLF4/STAT6 pathways to regulate macrophage phenotype and
infiltration. Overall, our findings reveal a crucial IFI30/MAFF/
PTGS?2 axis and provide a rationale for IFI30-based therapeutics
of GBM targeting TAMs.

2. Materials and methods
2.1.  Tumor specimens

The GBM tissue, serum, and corresponding normal samples were
collected from patients with GBM in Peking Union Medical
College Hospital. All relevant patients agreed and signed informed
consent, and the experiment content had been reviewed and
approved by the Ethics Committee of the Chinese Academy of
Medical Sciences and Peking Union Medical College (No. K3358,
Beijing, China).

2.2.  Cell culture

The human GBM cell lines, U87 and U251, human acute mono-
cytic leukemia cell line Thp-1, and human microglial cell line
HMC3 were bought from Procell (Wuhan, China). The murine
glioma cell lines GL261 were bought from BeNa (Pingdingshan,
China).

All GBM cell lines and HMC3 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS) (Procell, Wuhan, China). Thp-1 was cultured in RPMI-1640
supplemented with 10% FBS and pretreated with 100 ng/mL PMA
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(MedChemExpress, NJ, USA) for 24 h to generate MO
macrophages.

2.3.  Establishment of stable cell lines and transfection

For constructing GBM cell lines with stable overexpression/
knockdown of IFI30, corresponding lentiviral vectors and control
vectors were used to infect cells for 72 h, followed by selection
with 2 pg/mL puromycin. For silencing of IFI30, MAFF and
PTGS2, cells were transfected with specific siRNAs for 48 h using
the Lipofectamine™ 3000 (Invitrogen, Grand Island, USA)
following the manufacturer’s instructions.

2.4.  Enzyme-linked immunosorbent assay (ELISA)

The patient’s serum and cell culture medium were centrifuged at
1000 g for 20 min at 4 °C, and then the supernatant was analyzed
with different ELISA kits (IFI30 ELISA Kit, DL-IFI30-Hu,
DLDEVELOP, Wuxi, China; PGE2 ELISA Kit, 70-EK8103/2,
MultiSciences, Hangzhou, China) according to the manufacturer’s
instructions.

2.5.  Western blot

The total protein was extracted using RIPA lysis buffer supple-
mented with protease and phosphatase inhibitors, and the concen-
tration was quantitatively determined by the BCA method. An
equivalent quantity of proteins was separated by SDS-PAGE elec-
trophoresis and transferred onto the polyvinylidenedifluoride
(PVDF) membranes, which were subsequently blocked with 5%
BSA and probed with diluted primary antibodies (Supporting In-
formation Table S1) at 4 °C overnight. The membranes were at last
incubated with secondary antibodies (Table S1). Immunoreactive
bands were visualized by using chemiluminescence reagents in an
ECL kit.

2.6.  Chromatin immunoprecipitation-qPCR (ChIP-qPCR) assay

Cells were collected and washed once with PBS. The cells were
cross-linked with 1% formaldehyde for 10 min, followed by
quenching with 0.125 mol/L glycine for 5 min. Chromatin immu-
noprecipitation, including sample preparation, sonication, immu-
noprecipitation by specific antibodies, and purification, was
conducted using the SimpleChIP® Enzymatic Chromatin IP Kit
(9002, Cell Signaling Technology, MA, USA). Quantification of
ChIP products was performed in a Bio-Rad detection system.
Primers used in ChIP-gPCR are listed in Supporting Information
Table S2.

2.7.  Invivo GBM models

2.7.1.  Animals

8-week-old NOD-SCID and BALB/c-nude immunodeficient mice
(female) and C57BL/6 mice (female) (GemPharmatech, Nanjing,
China) were employed in this study. All mice were raised in in-
dividual cages under 12 h/day light at 23 4 2 °C with unrestricted
access to food and water. The study was conducted under the
Guide for the Care and Use of Laboratory Animals (NIH) and
approved by the Animal Ethics Committee of Peking Union
Medical College and Chinese Academy of Medical Sciences (No.
00004002, Beijing, China).

2.7.2.  GBM orthotopic model

Harvested GL261-Ctrl and GL261-IFI30°" cells were resuspended
in PBS (4 x 10° cells/puL). NOD-SCID mice, BALB/c-nude mice
and C57BL/6 mice were anesthetized with sodium pentobarbital
(60 mg/kg), and a tiny hole was drilled through their skull (3 mm to
the right and 0.5 mm anterior to the bregma). The GL261-NC/
GL261-IFI30°" orthotopic model was constructed by slowly
injecting an aliquot of 5 pL cells into the striatum (3.3 mm to the
depth) at a rate of 1 pL/min. Mice were administered 10 mg/kg
celecoxib (Solarbio, Beijing, China) on alternate days for 21
consecutive days. At the end of the experiment, an MRI was
performed to measure the tumor volume, and the brains were stored
for subsequent analysis.

2.7.3.  In situ TAM depletion assay

The GBM orthotopic model was established following the above
animal experiment protocol. Briefly, GL261-Ctrl/GL261-IF130°F
cells were injected into the striatum of C57BL/6 mice. A metal
cannula was then implanted at the identical site and secured to the
skull with dental cement. Clodronate liposome was administered
to deplete macrophages in the GBM. Specifically, an injection
tube was inserted into the metal cannula, and 1.5 pL of either
control liposome or clodronate liposome (Clod, Yeasen, Shanghai,
China) was delivered into the striatum at a rate of 1 puL/min every
3 days. On Day 21, the cannula was removed, and the tumor
volume was scanned by MRI.

2.8.  Immunohistochemistry (IHC) and immunofluorescence (IF)

Immunohistochemistry (IHC) and immunofluorescence (IF) were
carried out on 10 pm frozen sections. Sections were incubated
with the specific primary antibody (Table S1) at 4 °C overnight
and incubated with the corresponding secondary/fluorescent sec-
ondary antibody (Table S1) for 2 h at room temperature (RT).
Then, the immunohistochemical sections were detected with DAB
and counterstained with hematoxylin. For immunofluorescence,
the cell nuclei were stained with DAPI.

After the designed treatment, the cells were fixed with 4%
paraformaldehyde—PBS, permeabilized and blocked with Triton
X-100 (0.1%)—BSA (3%). Primary antibodies at the recom-
mended dilutions (Table S1) were then used to stain cells at 4 °C
overnight. After intensive washing, cells were labeled by sec-
ondary antibodies (Table S1) together with DAPI/Hoechst for 2 h.
Images were visualized using fluorescence microscopy.

2.9.  Flow cytometry analysis

Tumors were isolated and clipped into 1—3 mm pieces in serum-free
medium containing collagenase-IV and DNase-I, which were
digested for 1 hat 37 °C and subsequently filtered with a 70 um filter
to obtain the single-cell suspension. Antibodies (Supporting Infor-
mation Table S3) were diluted for staining following the in-
structions. Flow cytometry was performed using Urit BF730 (URIT,
Guangxi, China) and quantified by FlowJo V10 (FlowJo, OR, USA).
Single-cell suspensions of Thpl and HMC3 were collected and
then incubated with antibodies (Table S3) at 4 °C for 30 min.
Following two washes, the stained cells were resuspended in 200 pL
PBS, analyzed on a FACS Calibur flow cytometer (BD Biosciences,
NJ, USA), and quantified using FlowJo V10 (FlowJo, OR, USA).
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2.10.  Reverse transcriptase quantitative real-time PCR (RT-
qPCR)

Total RNA was extracted by RNAeasy™ Animal RNA Isolation
Kit with Spin Column (Beyotime, Shanghai, China) following the
instructions. Then, reverse transcription was carried out using
HiFiScript gDNA Removal RT MasterMix (CWBIO, Taizhou,
China). The expression abundance of mRNA was evaluated using
RT-qPCR on a CFX thermal cycler (Bio-Rad, CA, USA). Primers
used in RT-qPCR are listed in Supporting Information Table S4.

2.11. RNA sequencing and functional enrichment analyses

U87-NC and U87-IFI30 cells were collected and lysed with TRIzol
reagent (Invitrogen, Carlsbad, USA) and sent to NOVOGENE
(Beijing, China) for next-generation sequencing. The total RNA was
qualified by Agilent 2100 Bioanalyzer. NEB libraries were gener-
ated, qualified, pooled, and sequenced using the Illumina NovaSeq
6000 sequencing platform (Illumina Inc., CA, USA) according to
the instructions. Gene Ontology (GO) enrichment analyses of
differentially expressed genes (DEGs) were performed by the
Metascape website (https://metascape.org/gp/index.html). For
Gene Set Enrichment Analysis (GSEA), all gene sets were acquired
from the Wikipathways Database (wikipathways.org/).

2.12.  Statistical analysis

Results are presented as mean =+ standard error of mean (SEM).
Two-tailed unpaired Student’s r-test or one-way ANOVA with
Dunnett’s method was applied to analyze the statistical signifi-
cance. A P value less than 0.05 was considered significant.

3. Results

3.1.  IFI30 is highly expressed in GBM through histone
modification and is associated with poor prognosis

To estimate the expression of IFI30 in GBM and investigate if it
correlates with the progression of GBM, in silico assays were
conducted using the GEPIA (http://gepia.cancer-pku.cn/),
UALCAN  (https://ualcan.path.uab.edu/), Oncomine (wWww.
oncomine.org) and CGGA (http://www.cgga.org.cn/) databases.
The results suggested that /F130 was highly expressed in various
cancers including GBM (Fig. 1A). Compared with oligoden-
drocytoma and astrocytoma, the expression of /F/30 in high-grade
glioma, especially GBM, was the highest (Fig. 1B), which was
closely associated with the poor prognosis of GBM patients. Sur-
vival analysis further supported that GBM patients with high
expression of IFI30 had a low survival rate (Fig. 1C). Therefore, we
hypothesized that IFI30 might contribute to the malignant pro-
gression of GBM. Subsequently, we characterized the expression
level and prognostic value of IFI30 in patients with GBM. The re-
sults of Western blot and IHC showed that IFI30 was highly
expressed in tumor tissues of GBM patients (Fig. 1D, E, and G).
Meanwhile, the ELISA assay also showed elevated IFI30 in the
serum of GBM patients (Fig. 1H), suggesting that IFI30 may serve
as a feasible biomarker for the diagnosis of GBM.

Epigenetic modification refers to stable and heritable changes
in gene expression and cell function without altering the DNA
sequence®®, including histone modifications. To investigate the
regulatory mechanism behind the aberrant expression of IFI30 in

GBM, ChIP-seq data from the UCSC Human Genome Database
(https://genome.ucsc.edu/) were utilized to identify probable his-
tone modifications in the promoter of IFI30 and examine the as-
sociations with GBM. The results revealed that the transcriptional
activation marks H3K4me3 and H3K27ac were enriched in the
promoter of /FI30 across several cell lines and GBM-associated
samples (Supporting Information Fig. SIA—S1D). ChIP-qPCR
also verified that H3K4me3 and H3K27ac were more fold-
enriched in the [FI30 promoter of U251 cells relative to
U87 cells (Fig. 11 and J). Moreover, the inducers of H3K4me3
(KDM5-C70, PBIT) and H3K27ac (TSA) modification increased
the expression of IFI30 in GBM cell lines (Fig. 1K and L).
Analysis of the proteomic data in the UALCAN database revealed
the up-regulation of histone methyltransferases and acetyl-
transferases in GBM, consistent with IFI30 (Fig. S1E and S1F). In
addition, up-regulation of H3K4me3 and H3K27ac was also
observed in the GBM tissues (Fig. 1D and E, and Fig. S1G), and
was positively correlated with IFI30 expression (Fig. 1F).

Taken together, these results indicate that the expression of
IFI30, regulated by the histone modification H3K4me3/H3K27ac,
is up-regulated in GBM, which is closely associated with the
degree of malignancy and poor prognosis of GBM patients.

3.2.  IFI30 is involved in immunosuppressive pathway for GBM
progression

RNA-Seq was used to reveal the mechanism by which IFI30 facili-
tates the progression of GBM. A total of 323 down-regulated genes
and 256 up-regulated genes were detected in US87-IFI30 cells
(Fig. 2A). GO enrichment analysis found that IFI30 was associated
with immune response, cytokine production, etc (Fig. 2B). GSEA
analysis also suggested the up-regulation of several tumor immune
escape-related gene sets (Supporting Information Fig. S2A). To
elucidate the relationship between IFI30 and tumor immunity, bio-
informatics analysis was carried out to estimate the immune infil-
tration landscape. Surprisingly, a strong and positive correlation was
observed between IFI30 and ImmuneScore in the TCGA dataset
across various grades of glioma (Fig. S2B). And, IFI30 was also
found to be associated with immunosuppressive factors of tumor cells
(Fig. 2C). Analysis of immune cell infiltration further suggested that
tumor tissues with higher IFI30 expression were accompanied with
higher M2-macrophages, but not consistently with B-cells, neutro-
phils and dendritic cells (Fig. 2D, Fig. S2C and S2D). Additionally,
correlation analyses strengthened this finding, with IFI30 expression
found to be positively associated with M2-macrophage markers
(CD206, CD163, IL10) (Fig. S2E) in TCGA—GBM datasets. Infil-
trating TAMs are the critical components of the tumor-promoting
microenvironment, with M2-TAMs being an important contributor
to the development of GBM (Fig. S2F). GBM patients with a high
percentage of M2-TAMs had a low survival rate (Fig. S2G). Inter-
estingly, we also found that IFI30 was negatively correlated with
CDS8™ T cell infiltration (Fig. S2C) and associated with factors of
exhausted cytotoxic T-cells (Fig. S2H). These findings suggest that
IFI30 participates in GBM immunosuppression.

To explore whether IFI30 is involved in the regulation of the
tumor immune, GL261-Ctrl and GL261-IFI30°F cells were used
to generate orthotopic tumors in immunodeficient or immuno-
competent mice. It was found that in immunocompetent C57
mice, overexpression of IFI30 promoted GL261 tumor growth,
with a tumor proliferation rate of approximately 337.7%, which
was only about 117.8% and 225.1% in NOD/SCID mice and
BALB/c-nude mice (Fig. 2E—I), indicating a potential role of
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IFI30 in regulating the antitumor immune responses. The effects
of IFI30 on the GBM immune microenvironment were further
detected by flow cytometry and immunofluorescence. It was
observed that the infiltration of TAMs (Fig. 2J and M), especially
M2-TAMs (Fig. 2K—M), was enhanced in IFI30-overexpressed
tumor tissues. Consistently, overexpression of IFI30 also sup-
pressed the infiltration of CD8" T cells (Fig. 2N and O) and
reduced the percentage of interferon-y" (IFNy) CD8" T cells in
the TME (Fig. 2P). Nevertheless, IFI30 did not affect the abun-
dance and function of CD4" T cells (Fig. S2I and S2K). In
summary, IFI30 induces the infiltration of TAMs and reduces the
proportion of CD8" T cells in GBM tissues.

3.3.  IFI30 induces PTGS?2 expression in GBM cells to
coordinate macrophages

To further validate the effects of IFI30 on TAMs in the GBM
microenvironment, microglia/macrophages were co-cultured with
the conditioned medium of IFI30-overexpressing or knockdown
GBM cell lines, and the changes in their migratory and polari-
zation state were promptly detected. Overexpression of IFI30 in
U87 cells (Supporting Information Fig. S3A and S3B) altered
macrophage morphology (Fig. 3A), promoted macrophage
migration (Fig. 3B) and increased the expression of M2 markers
(CD163, CD206, IL10, and Arg 1, Fig. 3C and D). Conversely,
knockdown of IFI30 in U251 cells (Fig. S3C and S3D) inhibited
macrophage migration (Fig. 3B) and polarization (Fig. 3E and F).

To delve into the mechanism by which IFI30 modulates TAMs
in the GBM microenvironment, we screened GO terms in RNA-
seq related to inflammation, leukocyte migration, cytokine pro-
duction, etc., and identified tumor immune-related genes regulated
by IFI30 (Fig. 3G). RT-qPCR assay showed that the mRNA levels
of CXCLS, CXCL3, CXCL2, PTGS2, IL6, TNF and ILIA were
increased in US87-IFI30 cells. Among them, prostaglandin-
endoperoxide synthase 2 (PTGS2, COX2) showed one of the
most notable changes (Fig. 3H) and was also the core target of the
PPI network (Fig. S3E). The inducible enzyme PTGS2 functions
as a crucial inflammatory marker by converting arachidonic acid
to PGE2, and has been shown to promote the progression of tu-
mors by stimulating cell division, inhibiting apoptosis, spurring
neovascularization, and facilitating immune escape. Exogenous
addition of PGE2 dramatically promoted the migration and M2-
polarization of macrophage (Fig. S3F—S3H). To verify the regu-
latory role of IFI30 on PTGS2 expression, we initially examined
whether PTGS2 was also highly expressed in GBM patients. Both
Western blot assay and GEPIA database analysis confirmed that
PTGS2 was elevated in tumor tissues of GBM patients compared
with adjacent tissues (Fig. 31 and Fig. S3I). Moreover, the corre-
lation analysis of TCGA revealed a positive association between
IFI30 and PTGS?2 (Fig. S3J). The results from RT-qPCR, Western
blot and IF confirmed that both mRNA and protein expression of
PTGS2 were regulated by IFI30 (Fig. 3H—J, K, and Fig. S3K).
Consistently, in the GBM orthotopic model, mice in the IFI30°%
group exhibited higher PTGS2 levels (Fig. S3L). On the other
hand, results from ELISA showed that IFI30 endogenously drove
the expression of PGE2 in GBM cells (Fig. 3J and K), suggesting
that PTGS2 may be a downstream target of IFI30. Furthermore,
we interrogated whether PTGS2 mediates the regulatory effect of
IFI30 on macrophages. Knockdown of PTGS2 in U251 cells was
found to inhibit the expression of PGE2 (Fig. 3L), leading to
reduced macrophage migration (Fig. 3M). Crucially, silencing of
PTGS2 suppressed IFI30-induced macrophage migration and

polarization (Fig. 3N—Q). On the other hand, PTGS2 over-
expression also reversed the IFI30-knockout-induced inhibition of
macrophage migration and polarization (Fig. S3M and S3N).
Collectively, the above results suggest that PTGS2 is responsible
for the recruitment and polarization of macrophages induced by
TF130.

3.4. IFI30 enhances PTGS2 expression through the
transcription factor MAFF

To investigate how IFI30 promotes PTGS2 expression in GBM
cells, a Co-IP assay was applied and no direct interaction was
found between IFI30 and PTGS2 (Fig. 4A). Further, we examined
several transcription factors to ascertain whether they were
involved in the regulation of PTGS2 expression by IFI30. The
PROMO website and UCSC Human Genome Database were used
to identify multiple transcription factors potentially implicated in
PTGS2 regulation (Supporting Information Fig. S4A and S4B).
By screening the transcriptomic data, NRIDI, MAFF, TFAP2A,
and ATF3 were up-regulated in U87-IFI30 cells and were identi-
fied as the transcription factors most likely mediating IFI30
function (Fig. 4B). The in silico analysis of TCGA data verified
that only MAFF and ATF3 exhibited the positive correlation with
both /FI30 and PTGS2 (Fig. 4C). The levels of NR1D1, MAFF,
TFAP2A, and ATF3 were examined by RT-qPCR and Western
blot, and the results showed that IFI30 dramatically enhanced the
mRNA and protein expression of MAFF (Fig. 4D—F). In addition,
MAFF regulated the expression of PTGS2 (Fig. 4G), illustrating
that MAFF mediated the regulatory effect of IFI30 on PTGS2
expression. Next, ChIP-qPCR further demonstrated that MAFF
directly bound to the PTGS2 promoter (Fig. 4H). The above
findings indicate that MAFF is a transcription factor of PTGS2.
Interestingly, further experiments revealed that IFI30-MAFF co-
localized and interacted in GBM cells (Fig. 41, J, Fig. S4C and
S4D). Taken together, these results indicate that IFI30-induced
MAFF binds to the PTGS2 promoter to regulate its expression.

3.5.  IFI30-induced PGE2 shapes macrophage by binding to
EP2/4 receptor

The prevailing consensus indicates that high levels of PTGS2 and its
catalyzed product, PGE2, in the TME of various solid tumors have
pro-tumorigenic effects, promoting the formation of immunosup-
pressive microenvironment by affecting diverse immune cell pop-
ulations®®. PGE2 regulates downstream pathways by binding to
macrophage-surface receptors (EP1—4), encouraging macrophage
migration within the TME, M2-polarization, and expression of
various cytokines and chemokines**~*®. Among the four receptors,
EP1 displays the lowest affinity for PGE2*°. We further aimed to
delineate the downstream mechanism of IFI30 remodeling macro-
phages, several EPs and downstream pathways were tested. Tumor
cell-intrinsic IFI30 was proven to drive the expression of EP2 and
EP4 in macrophages (Fig. 5A and B). In addition, M-CSF is another
chemoattractant for macrophages, acting on the CSF-1R to activate
the downstream ERK1/2 pathway and boost the recruitment of
macrophages. Previous studies have shown that PGE2-activated
EPs also signal by inducing phosphorylation and activation of re-
ceptor tyrosine kinase (RTK)***°. Surprisingly, in this study,
overexpression of IFI30 in GBM cells was found to increase the
phosphorylation levels of CSF-1R, SRC and ERK1/2 in macro-
phages (Fig. 5C). These data imply that IFI30 in GBM cells upre-
gulates the EP2/EP4 on macrophages and further induces
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Figure 2  IFI30 is involved in immunosuppressive pathway for GBM progression. (A) Visualization of DEGs by volcano plot in U87 cells. (B)
GO enrichment was performed in terms of biological process and molecular function. (C) Correlation coefficient plot showing the relationship
between IFI30 and common immunosuppressive factors in the TCGA—GBM dataset. (D) IFI30 was closely related to the infiltration of M2-
macrophages. (E) Representative MRI images and tumor volume of GL261 orthotopic NOD/SCID mice model. (F) Representative MRI im-
ages and tumor volume of GL261 orthotopic BALB/c-nude mice model. (G) Representative MRI images and tumor volume of GL261 orthotopic
C57 mice model. (H, I) IHC analysis of Ki67 in GBM tissues of GL261 orthotopic C57 mice model (Scale bar = 40 pm). (J—M) Analyses of
macrophage infiltration in IFI30 overexpression tumors. Shown are flow cytometry analyses of the CD11b"F4/80" cells (J), F4/80"CD163 ™" cells
(K), F4/807CD206" cells (L); CD206 and F4/80 staining of the tumors (M, Scale bar = 80 pm). (N—P) Analyses of T cell infiltration in IFI30
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U87 cells using RT-qPCR. (I) The expression of PTGS2 was higher in tumor tissues (T) than in adjacent normal brain tissues (N) of GBM
patients. (J) The expression of PTGS2 and PEG2 was increased in U87-IFI30 cells. (K) The expression of PTGS2 and PEG2 was decreased in
U251-siIFI30s cells. (L) The expression of PTGS2 and PEG2 was decreased in U251 cells after knockdown of PTGS2. (M) Silencing of PTGS2 in
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Figure 4  IFI30 enhances PTGS2 expression through the transcription factor MAFF. (A) Co-IP analysis showed that IFI30 and PTGS2 did not

co-immunoprecipitate in U87 cells. (B) After overexpression of IFI30 in U87 cells, the expression of NRIDI, MAFF, TFAP2A and ATF3 was
analyzed using RNA-seq. (C) In silico analysis of TCGA data showed that /FI30 and PTGS2 were positively correlated with MAFF and ATF3. (D,
E) Quantification of mRNA levels of NRIDI, MAFF, TFAP2A and ATF3 using RT-qPCR in U87/U251 cells. (F) Protein expression of MAFF in
U87-IFI30 cells. (G) Protein expression of MAFF and PTGS2 in U87-MAFF/U251-siMAFFs cells. (H) ChIP-qPCR analysis showed that MAFF
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synergistic activation of CSF-1R through SRC-mediated crosstalk,
ultimately co-promoting the migration of macrophages through the
ERK1/2 pathway.

Additionally, we noticed that overexpression of IFI30 in GBM
cells also raised the p-CREB/CREB ratio and KLF4 expression in
macrophages, and facilitated the phosphorylation and nuclear
translocation of STAT6 (Fig. 5D and E). Partial co-localization
between p-STAT6 and KLF4 was also observed (Fig. 5F). The
above findings demonstrate that IFI30 in GBM cells promotes
transcriptional activation of M2 macrophage-specific genes
through STAT6 and CREB-mediated KLF4 synergistically. To
establish that PTGS2 and its catalytic product PGE2 are respon-
sible for IFI30-induced signaling of macrophage recruitment and
polarization, PTGS2 expression was knocked down in U87-
IFI30 cells. Rescue experiments confirmed that silencing PTGS2
attenuated the effects of IFI30 in boosting EP2/EP4 expression
and activating the downstream ERKI1/2 and KLF4/STAT6

pathways in macrophages (Fig. 5G—I). In summary, IFI30-
induced PGE2 binds to macrophage EP2/EP4 and activates the
downstream ERK1/2 and KLF4/STAT6 pathways, leading to
macrophage recruitment and polarization.

3.6.  IFI30-overexpression-induced pro-tumorigenic properties
are abolished after TAMs depletion and PTGS?2 inhibition

Given the substantial rise in the infiltration of TAMs after over-
expression of IFI30 in vivo and in vitro, an in situ TAMs depletion
test was carried out to provide additional confirmation of the role of
TAM:s in IFI30-induced GBM progression. Briefly, GL261-IFI30°F
and GL261-Ctrl cells were injected into the striatum of C57 mice,
and then clodronate liposome was used to deplete macrophages and
microglia from the GBM microenvironment (Fig. 6A, Supporting
Information Fig. SSA). Whereas, in situ depletion of macrophages
by encapsulated clodronate eliminated the differences in tumor

flow cytometry analyses of CD163 (O) and CD206 (P), and RT-qPCR analyses of additional M2 markers (Q). Data are mean 4+ SEM of at least
triplicate experiments. ***P < 0.001, **P < 0.01, *P < 0.05 vs NC group; ™P < 0.01, *P < 0.05 vs IFI30°F group.
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Figure 5  IFI30-induced PGE2 shapes macrophage by binding to EP2/4 receptor. (A) Overexpression of IFI30 in U87 cells encouraged the
mRNA expression of EP2 and EP4 in macrophages. (B—D) The effects of overexpression/knockdown of IFI30 in U87/U251 cells on the
expression of corresponding proteins in macrophages. (E) The effect of overexpression/knockdown of IFI30 in U87/U251 cells on cytosolic and
nuclear expression of p-STAT6 in macrophages. (F) Immunofluorescence images of KLF4 and p-STAT6 in macrophages (Scale bar = 20 pm).
(G—I) Western blot results showed that silencing PTGS2 impaired the effects of IFI30 on the expression of EP2/EP4, and the activation of
downstream ERK1/2 and KLF4/STAT6 pathways in macrophages. Data are mean = SEM of at least triplicate experiments. *P < 0.05.

progression induced by IFI30 overexpression, the tumors
initiated and grew at similar rates in the IFI30°%/Ctrl groups
(Fig. 6B and C). Altogether, these data indicate that the effect of
IFI30 on the progression of GBM depends largely on the modula-
tion of TAMs.

Finally, we sought to determine whether pharmacological inhi-
bition of PTGS2 in vivo would affect the IFI30-induced growth and
immunosuppression of the tumor (Fig. 6A). Here, we found that
celecoxib treatment inhibited IFI30-induced tumor growth (Fig. 6B
and C). Celecoxib suppressed the infiltration of M2-TAMs in IFI30-
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Figure 6  IFI30-overexpression-induced pro-tumorigenic properties are abolished after TAMs depletion and PTGS2 inhibition. (A) Schematic
diagram of constructing the GBM orthotopic model and the in situ TAM depletion model in C57 mice. (B) After TAMs depletion and PTGS2
inhibition, IFI30-induced tumor growth in mice was abolished. (C) IHC results of Ki67 in GBM tissues of GL261 orthotopic C57 mice model
(Scale bar = 40 pm). (D—G) Analyses of macrophage infiltration in IFI30-overexpressing tumors treated with celecoxib. Shown are flow
cytometry analysis of the CD11b"F4/80™" cells (D), F4/80"CD163" cells (E), F4/80"CD206™" cells (F); CD206 and F4/80 staining of the tumors
(G, Scale bar = 80 um). (H—J) Analyses of T cell infiltration in IFI30-overexpressing tumors treated with celecoxib. Shown are flow cytometry
analyses of the CD37CD8™ cells (H), CD8 'INFy ™ cells (J), and CDS staining of the tumors (I, Scale bar = 90 um). Data are mean 4+ SEM of at
least triplicate experiments. ***P < 0.001, **P < 0.01, *P < 0.05 vs Ctrl group; #p < 0.01, *P < 0.05 vs IFI30°F group; NS, not significant.

overexpressing tumors, but did not alter the infiltration and function urgent need. The current discovery of the intracranial lymphatic
of CD47/CD8™ T cells (Fig. 6D—J and Fig. SSB—S5D). system has overturned the perception of the brain as “immuno-

All in all, our results suggest that IFI30 promotes the progression logically privileged” and established a new awareness of the
of GBM mainly by coordinating TAMs to participate in the immu- intracranial infiltration and function of TME****. The unique

nosuppressive microenvironment through the PTGS2/PGE2 pathway. immune microenvironment infiltrated by high M2-TAMs in GBM
interferes with the cytotoxic function of T cells**. Therefore,
targeting TAMs* is expected to improve the prognosis of patients

4. Discussion with GBM by reversing “immune cold” TME to “immune

normalized” TME. Indeed, the intrinsic properties of heteroge-
GBM is one of the most malignant brain tumors. Despite the neous cancer cells fundamentally regulate the host immune
application of standard multimodality therapies including surgery, response and the infiltration of TAMs. In the study, our data
radiotherapy and chemotherapy (Temozolomide), the median propose a mechanism of IFI30 that may underlie the crosstalk
survival is still only 8 months“, and the recurrence rate is close to between GBM cells and TAMs. In GBM, enhanced histone

100%. Exploring new therapeutic strategies for GBM is the utmost modifications H3K4me3 and H3K27ac were involved in the
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overexpression of IFI30, which was correlated with immunosup-
pression and tumor progression. We uncovered that the beneficial
effects of IFI30 on GBM may be mediated by modulating the
antitumor immune responses. IFI30 induced PGE2 expression in
GBM cells via the MAFF/PTGS2 axis. PGE2 binds to macro-
phage EP2/EP4, regulating macrophage phenotype and infiltra-
tion. Our results indicated that IFI30 is a novel, potential tumor
therapeutic target that urgently needs to be explored.

The internal regulatory mechanisms of IFI30 abnormal
expression in GBM, especially epigenetic regulation, are not yet
known. In this study, we confirmed through ChIP-qPCR combined
with multiple inhibitors that the epigenetic gains of H3K4me3 and
H3K27Ac at the promoter were required for activation of IFI30.
Two prominent histone lysine modifications (H3K27ac and
H3K4me3) are predominantly enriched and overlap in the pro-
moter and enhancer regions of actively transcribed genes*®*’,
collectively promoting gene activation for expression, which can
be crucial in tumor progression, immune escape and drug
resistance®® 2, H3K4me3-gain and H3K27ac-gain were also

found in IFI30-upregulated GBM tissues. However, the specific
regulatory enzymes involved in IFI30 histone modification were
not delved into in this study, which still needs to be supplemented
and improved in future studies.

Previous in silico studies preliminarily revealed that IFI30

reflected the progression of GBM by inducing the infiltration of
E3031,

immune cells and modulating the immunosuppressive TM
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but experimental support for this hypothesis is currently lacking.
In this study, we demonstrated through immunocompetent and
immunodeficient mice models with orthotopic tumors, that the
GBM-promoting effects of IFI30 were probably associated with
immune-related variables in the TME. Notably, through in vivo/
in vitro experiments, we found that IFI30 enhanced the infiltration
of TAMs, and depressed the proportion of CD8' T cells.
Compared with CD8" T cells, TAMs exhibit more abundant
infiltration in GBM patients>>>4, reflecting the game between anti-
tumor immunity and immunosuppression. TAMs are also regarded
as a poor prognostic marker of GBM>>*, promoting diffuse
growth and recurrence of tumor’%. In addition, TAMs can
directly or indirectly inhibit the proliferation and killing functions
of CD8" T cells and promote their depletion through various
mechanisms. Targeted depletion of TAMs from the GBM immune
microenvironment eliminated the contribution of IFI30 to tumor
progression in C57 mice, suggesting that the pro-tumor effects of
IFI30 largely depend on TAMs.

PTGS2 mediates the initial committed step in prostanoid
synthesis by converting arachidonic acid to PGE2%°. Normally,
basal expression levels of PTGS2 are low or absent, but it is
induced in cancerous tissues, including GBM®. PTGS?2 and its
product, PGE2, actively contribute to tumor immune escape by
stimulating pro-tumoral phenotype differentiation and infiltration
into the TME of multiple immune cells, such as TAMs, dendritic
cells, and T cells. Previous studies have shown that targeting

CD206, CD163......

CD8* T cell

Diagram showing the proposed mechanism of IFI30 in the GBM immune microenvironment. IFI30 is highly expressed in GBM and regulated

by histone modifications H3K4me3 and H3K27ac. IFI30 induces the expression of PGE2 through the MAFF/PTGS2 pathway in GBM cells. PGE2 binds to
macrophage EP2/EP4 and activates the downstream ERK1/2 and KLF4/STAT6 pathways, stimulating the TAMs infiltration and GBM progression.
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PTGS?2 in pancreatic cancer6l, breast canceréz, and melanoma®
could alleviate immunosuppression and inhibit tumor growth. We
further investigated the mechanism and found that IFI30 drove the
expression of PTGS2 and PGE2 in GBM cells. Treatment with
celecoxib, an inhibitor of PTGS2, reduced M2-TAMs infiltration
in the IFI30°F group of mice, suppressing tumor growth. In
addition, we first discovered and characterized MAFF as the
PTGS2 transcription factor. MAFF is a member of the MAF
family of basic region leucine zipper (bZIP)-type transcription
factors and can be involved in the tumor immunosuppressive
microenvironment by controlling inflammation-related gene
expression. A recent study reports that MAFF intervenes in the
recruitment and maturation of macrophage and granulocyte by
stimulating the expression of CXCL1 and CSF3%. Also, our in
silico analysis and ChIP-qPCR data proved that IFI30-induced
transcription factor MAFF bound to the PTGS2 promoter to
regulate its expression.

The primary biological function of PGE2 in inflammation-
associated cancer was mediated by four G-protein-coupled PGE2
receptors (GPCR, EP) (EP1—4). EP2 and EP4 are the EPs pre-
dominantly expressed by human macrophages®, mediating the
function of PGE2 signaling®®®. A previous study showed that
activated EP2/EP4 promotes macrophage migration through the
downstream ERK1/2 signaling™. In the present study, we found that
IFI30 activated the EP2/EP4 and downstream ERK1/2 pathways of
macrophages by inducing PTGS2 and PGE2 expression, facilitating
the migration of macrophages. PGE2-activated EPs are also known
to signal by evoking the phosphorylation of RTK. In human oral
squamous cell carcinoma cell line SCC-9, PGE2/EP2 signaling
enhances iNOS expression by transactivating the EGF receptor via
the SRC pathway®’. Surprisingly, we detected that overexpression
of IFI30 in GBM cells triggered the phosphorylated activation of
CSF-1R in macrophages, which may be attributed to the crosstalk
between EP2/EP4 and CSF-1R through the SRC pathway. CSF-1R,
as an RTK, maintains the survival, proliferation, and motility of
monocyte/macrophage through several downstream signaling
pathways including ERK1/2”. Our results revealed that IFI30-
induced PGE2 activated macrophage EP2/EP4, which caused
transactivation of CSF-1R via the SRC pathway, synergistically
attracting the recruitment of macrophage within the TME through
the ERK1/2 pathway.

As GPCRs, EP2/EP4 mediates the anti-inflammatory activity
of PGE2 through the cAMP/CREB pathway®. Although CREB is
necessary for the expression of PGE2-induced M2-marker genes,
the absence of conserved CREB binding sites on the promoter of
these genes points to the involvement of additional transcriptional
activators in mediating these effects. Our previous investigation
revealed that KLF4 is an evolutionarily conserved zinc-finger-
containing transcription factor, whose promoter contains CREB
binding sites®®®® at —269 and —232 relative to the transcription
start site, suggesting that PGE2 may induce KLF4 expression
through the CREB pathway. KLF4 has been shown to cooperate
with STAT6 in promoting M2-polarization of macrophages. KLF4
deficiency disrupts the function of M2-macrophages and increases
the expression of proinflammatory genes’’. The STAT6 pathway is
very critical to M2-polarization of macrophages’' and mediates
the transcriptional activation of M2 macrophage-specific genes’>.
Jinglin Wang et al.”® found that mesenchymal stem cell-derived
PGE2 induced M2-polarization of macrophages by activating
the EP4/STAT6 pathway. Liao et al.”® demonstrated that KLF4 is
both induced by and cooperates with STAT6, and that the intact
KLF4 site is required for maximal transcriptional activity of

STATG6 (and vice versa). Furthermore, in this study, IFI30-induced
PGE2 acted on EP2/EP4 to stimulate M2-polarization of macro-
phages via STAT6 and CREB/KLF4 pathway. A representative
mechanism diagram is shown in Fig. 7.

5. Conclusions

The expression of IFI30 varies in different cancers, which in-
dicates that the expression pattern and function of IFI30 are het-
erogeneous in different cancers and may be highly dependent on
the immunogenicity and immunosuppressive microenvironment of
the tumor. The unified characteristics and mechanism of IFI30
under pan-cancer still need to be further explored. This study
focuses on the non-immunogenic tumor-GBM, revealing the
critical role of IFI30 in regulating GBM progression. IFI30 was
highly expressed in GBM, regulated by H3K4me3 and H3K27ac.
In the GBM immune microenvironment, IFI30 induced the
expression of PGE2 in GBM cells through the MAFF/PTGS2
pathway, and PGE2 bound to macrophage EP2/EP4, activating the
downstream ERK1/2 and KLF4/STAT6 pathways, which stimu-
lated the TAMs infiltration and GBM progression. In summary,
IFI30 may become an important R&D target for GBM therapy.
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