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SUMMARY

Glioblastoma (GBM) is the most aggressive primary intracranial tumor, with glioblastoma stem cells (GSCs)
enforcing the intratumoral hierarchy. The inflammatory microenvironment influences tumor development at
varying stages, while the underlying mechanism of GSCs facing pro-inflammatory stress remains unclear.
Here, we show that, in human GBM, pro-inflammatory stress from pro-inflammatory macrophages (pTAMs)
maintains GSC proliferation and self-renewal. Tumor necrosis factor alpha-induced protein 6 (TNFAIP6), as a
responder in patient-derived GSCs to pro-inflammatory stress tumor necrosis factor alpha (TNF-a) from hu-
man pTAMs, promotes tumor growth through binding epidermal growth factor (EGF) and prolonging EGF re-
ceptor (EGFR)-phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) signaling activation. Meanwhile,
pro-inflammatory stress-induced patient-derived GSCs secrete TNFAIP6 to transform macrophage pheno-
type from pTAMs to inflammatory-suppressive macrophages (sTAMs). Collectively, pharmacological or ge-
netic disruption of TNFAIP6 autocrine and paracrine communication between patient-derived GSCs and
TAMs inhibited GSC proliferation and self-renewal in vitro and in patient-derived xenograft tumor-bearing
mice, suggesting that TNFAIP6 is an effective target for GBM therapy.

INTRODUCTION and a half years after initial diagnosis.’* Glioblastoma stem cells

(GSCs), a subpopulation of GBM cells functionally defined by
Glioblastoma (GBM) is the most common and aggressive pri-  self-renewal and tumor-initiating activity, contribute to driving
mary intracranial tumor, with a median survival averaging one  GBM growth through their capacities of proliferation, invasion,
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Figure 1. Pro-inflammatory stress induces TNFAIP6 in GSCs

(A) Heatmap showing pro-inflammatory signature associated with GSC signature.

(B) Correlation between pro-inflammatory signature and GSC signature.

(C) Examples of spatial expression patterns of pro-inflammatory and GSC signatures.
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angiogenesis, suppression of anti-tumor immune responses,
and chemo-radiotherapy resistance.®® GSCs actively interact
with other cells in the tumor microenvironment (TME) to promote
malignant progression in GBM.”™'" Given the pivotal role of
GSCs in GBM, targeting GSCs and their interactions with other
components of the TME has the potential to improve GBM
treatment.

Inflammation, irrespective of its occurrence in the context of a
tumor-elicited situation or in a therapeutic process, has a great
effect on the composition of the TME and particularly on the
plasticity of both tumor cells and other cells in the ecosystem.’?
It has become clear now that the immune system can play
significant pro- and anti-tumorigenic roles at all stages of tumor-
igenesis.’>'* It is generally believed that pro-inflammatory
stress counteracts cancer development and leads to tumor
death.'>'*"> GSCs live in a niche that consists of astrocytes,
microglia, endothelial cells, tumor-associated macrophages
(TAMs), and T cells.'®"2%'7 However, the characteristics of
inflammation in the GBM microenvironment and its relationship
with GSCs remain unclear and warrant further exploration.

GSCs actively remodel the TME and, in turn, receive critical
maintenance cues from their niches.'® It is recognized that
TAMs can be functionally categorized into pro-inflammatory
macrophages (pTAMs) and inflammatory-suppressive macro-
phages (sTAMs) types. pTAMs exhibit an M1 macrophage-like
phenotype, while sTAMs display properties of M2-like macro-
phages and express M2-specific markers.'®?° TAMs are abun-
dant in the GBM microenvironment and are important in support-
ing malignant growth and progression. At the functional level,
sTAMs maintain GSC self-renewal and play immunosuppressive
roles in the TME®*"; however, how GSCs respond to the cell-cell
communication of pTAMs remains elusive.

Tumor necrosis factor alpha-induced protein 6 (TNFAIP6) has
been implicated in regulating anti-inflammatory functions in
several diseases, including gastric cancer, brain injury, and
lung injury.??~>* TNFAIP6 is essential for macrophage phenotype
transition in disease models such as acute lung injury.”* Mesen-
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chymal stem cells secrete TNFAIP6 to modulate the inflamma-
tory microenvironment by inhibiting the activation of the Toll-
like receptor 4 (TLR4)/Myeloid differentiation primary response
88 (MyD88)/nuclear factor kB (NF-kB) pathway in spinal micro-
glia.?® High expression of TNFAIP6 indicates a poor prognosis
in GBM,?® but its role between GSCs and TAMs in GBM is
unexplored.

Using interactive multiomic analyses and functional studies,
we identified pro-inflammatory stress from pTAMs that maintain
GSC proliferation and self-renewal. TNFAIP6, as a responder in
GSCs to pro-inflammatory stress tumor necrosis factor alpha
(TNF-a) from pTAMs, promotes GSC-associated tumor growth
through binding epidermal growth factor (EGF) and prolonging
EGF receptor (EGFR)- phosphoinositide 3-kinase (PI3K)-protein
kinase B (AKT) signaling activation. Meanwhile, pro-inflamma-
tory stress-induced GSCs secrete TNFAIP6 to induce phenotype
transformation of pTAMs to sTAMs. The pharmacological or
genetic disruption of TNFAIP6 autocrine and paracrine commu-
nication between GSCs and TAMs inhibited GSC proliferation
and self-renewal in vitro and in vivo, which will advance the ther-
apeutic development against GBM.

RESULTS

Pro-inflammatory stress induces TNFAIP6 in GSCs

To characterize the pro-inflammatory phenotype and its
relationship with GSCs, we interrogated the anatomic transcrip-
tional atlas of human GBM, Ivy Glioblastoma Atlas Project
(Ivy GAP) dataset,”” and identified that the pro-inflammatory
signature demonstrated a significantly positive correlation with
the GSC signature in GBM (R = 0.39; p < 0.0001) (Figures 1A
and 1B). Then, we leveraged a reported spatial multiomics
analysis of GBM?® and revealed that the pro-inflammatory
signature and GSC signature were highly colocalized in pa-
tient-derived GBM specimens (Figures 1C and S1A), which
encouraged us to further pursue the exact cell types of pro-
inflammatory stress in GBM. Using one in-house single-cell

(
(G) Correlation between pTAM intensity and GSC signature.

D-F) UMAP visualization of expression patterns of pro-inflammatory signature in GBM at the single-cell level.

(H) Relative cell growth of GSCs co-cultured with PBMC-induced pTAMs or GSCs alone, as measured by CellTiter-Glo assay. Data are presented as the mean +

SEM of six independent experiments. *p < 0.01.

(I) Quantification of the number of spheres formed by GSCs co-cultured with PBMC-induced pTAMs or GSCs alone. Data are presented as the mean + SEM of six

independent experiments. “*p < 0.01.

(J) The extreme limiting dilution assays (ELDAs) reveal the sphere formation of GSCs co-cultured with PBMC-induced pTAMs or GSCs alone. Data are presented

from three independent experiments. **p < 0.01.

(K) Schematic model that illustrates implantation of patient-derived GSCs with or without co-implantation of pTAMs into the brains of immunocompromised mice.

Created in BioRender. Wang, X. (2025) https://BioRender.com/t65t054.

(L-N) Representative in vivo bioluminescent images of NCG immunocompromised mice bearing intracranial xenografts (L). Kaplan-Meier survival curves of NCG
immunocompromised mice (n = 5 for each group) are shown (M). p values were calculated using the log-rank test. Representative images of H&E-stained coronal

sections of tumor-bearing brains are shown (N). Scale bar, 2 mm.
(O) Venn diagram showing the overlap of highly expressed targets.

(P) Immunoblot assessment of TNFAIP6 expression across 18 GBM and 4 NBT. Tubulin was used as a loading control.
(Q) Immunoblot assessment of TNFAIP6 expression across 2 NSC lines and 5 GSC lines. Tubulin was used as a loading control.
(R) Representative images of immunofluorescent staining showing the TNFAIP-positive cells (green) and SOX2-positive cells (red) in three human primary GBM

specimens. Scale bar, 10 pm.

(S) Immunoblot assessment of TNFAIP6 expression in matched CD133-positive and CD133-negative cells from two fresh GBM surgical specimens. Tubulin was

used as a loading control.

(T and U) Immunoblot assessment of TNFAIP6 protein levels. GSCs were treated with pTAMs supernatant over a concentration (T) or time course (U). Tubulin was

used as a loading control.
See also Figures S1 and S2.
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Figure 2. TNFAIP6 maintains GSC self-renewal and tumor growth

(A) Venn diagram showing the overlap of highly expressed targets in pTAMs.

(B) UMAP visualization of pTAM and sTAM in GBM at the single-cell level (left), expression patterns of pro-inflammatory signature and TNF-a (middle), and the
relative expression of TNF-o in pTAM and sTAM (right).

(C and D) Immunoblot assessment of TNFAIP6 protein levels. GSCs were treated with TNF-a over a concentration (C) or time (D) course. Tubulin was used as a
loading control.

(E) Relative cell growth of GSCs treated with shCONT, TNF-« (10 ng/mL) alone, shTNFAIP6-1 alone, or a combination of shTNFAIP6-1 and TNF-a (10 ng/mL), as
measured by CellTiter-Glo assay. Data are presented as the mean + SEM of six independent experiments. **p < 0.01.

(F) The ELDAs reveal the sphere formation of GSCs treated with shCONT, TNF-a (10 ng/mL) alone, shTNFAIP6-1 alone, or a combination of shTNFAIP6-1 and
TNF-a (10 ng/mL). Data are presented from three independent experiments. **o < 0.01.

(G) Quantification of the number of spheres formed by GSCs treated with shCONT, TNF-a (10 ng/mL) alone, shTNFAIP6-1 alone, or a combination of
shTNFAIP6-1 and TNF-a (10 ng/mL). Data are presented as the mean + SEM of six independent experiments. **p < 0.01.

(legend continued on next page)
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RNA sequencing (scRNA-seq) of seven patient-derived GBM
samples (dataset A: NGDC: HRA004899), two published data-
sets of GBM, an scRNA-seq of 16 fresh samples (dataset B:
GEO: GSE182109),>° and a single-nuclei RNA sequencing
(snRNA-seq) dataset of 18 frozen samples (dataset C: CPTAC:
phs001287),°° we profiled the pro-inflammatory signature
pattern in GBM-infiltrating immune cells and identified that
pTAMs account for the majority of pro-inflammatory immune
cells in the GBM microenvironment (Figures 1D-1F). Remark-
ably, pTAM intensity showed a significant positive correlation
with the GSC signature in the Ivy GAP dataset®” (Figure 1QG).
Based on these findings, we hypothesize that pro-inflammatory
stress from pTAMs maintains GSCs in GBM. We then co-
cultured the peripheral blood mononuclear cell (PBMC)-induced
M1-like macrophages (pTAMs), as previously reported,®'*? with
patient-derived GSCs to evaluate the function of pTAMs in
the tumor niche. pTAMs increased the GSC proliferation, cell
viability, and self-renewal (Figures 1H-1J and S1A-S1F).
To investigate the in vivo function of pTAMs in tumor propaga-
tion, we transplanted two patient-derived GSCs with or
without pTAMs into the brains of immunocompromised mice
(Figure 1K). Mice bearing co-implantation of GSCs and pTAMs
demonstrated significantly worse overall survival with increased
tumor volume than those with GSCs alone (Figures 1L-1N and
S1G-S1l). Using a humanized immune system (HIS) mouse
model, we also demonstrated that pTAMs promote GSC-associ-
ated tumor growth in human hematopoietic stem cell-NOD
CRISPR Prkdc 112r Gamma (huHSC-NCG) mice, underscoring
the biological relevance of pTAM-GSC interaction in a more
robust animal model (Figures S1J-S1M). Collectively, these
data encouraged us to explore the mechanisms underlying the
promotion of GSC proliferation and tumorigenesis by pTAMs.
Given that p TAM-GSC interactions promote tumor growth, we
interrogated The Cancer Genome Atlas (TCGA) datasets—GBM
vs. normal brain tissues (NBTs),>> RNA sequencing (RNA-seq)
data from GSC and neural stem cell (NSC) populations,®* and
GSCs and differentiated tumor cells (DGCs) populations®®—the
TNFAIP6 overlapping among these comparisons with positive
correlation with pTAM intensity in the lvy GAP dataset,”” sug-
gesting the potential role of TNFAIP6 in responding to the pro-in-
flammatory stress from pTAMs in the GSC niches (Figures 10
and S2A-S2D). Notably, the TNFAIP6 transcripts produce
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TNFAIP6 protein, which plays a vital role in inflammatory dis-
eases and tumors.?*>**>*® Comparing a cohort of 18 GBM and
4 NBT, TNFAIP6 mRNA and protein levels were elevated in
GBM compared with NBT (Figures 1P, S2E, and S2F). Given
the similarities between GSCs and NSCs, we compared mRNA
and protein levels of TNFAIP6 in GSCs and two NSC
lines, revealing markedly higher levels in GSCs than in NSCs
(Figures 1Q and S2G). The TNFAIP6 epigenetic profile assayed
by histone 3 lysine 27 acetyl (H3K27ac) chromatin immunopre-
cipitation followed by deep sequencing (ChIP-seq)® revealed
activation of the promoter and enhancer regions surrounding
the TNFAIP6 locus in GSCs (Figure S2H). To achieve a more
granular analysis, we extracted the subset of tumor cells and
found that the GSC signature was enriched in TNFAIP6-high
GBM cells (Figures S21-S2R). Immunofluorescent staining of
TNFAIP6 and SRY-box transcription factor 2 (SOX2) in GBM
specimens from human patients revealed that TNFAIP6 was en-
riched in GBM patients with overlap between TNFAIP6- and
SOX2-positive tumor cells (Figure 1R). As further confirmation
to avoid bias induced by tissue culture or xenografting, we
derived matched populations of CD133" and CD133~ tumor
cells from two fresh surgical GBM specimens. The protein levels
of TNFAIP6 were upregulated in CD133* tumor cells relative to
CD133™ tumor cells (Figure 1S). TNFAIP6 and CD133 were
also quantified by immunohistochemistry (IHC) in GBM tumor
specimens, which revealed a positive correlation between these
two proteins (Figures S2S and S2T). Additionally, TNFAIP6
was upregulated in GSCs when co-cultured with pTAMs
(Figures 1T, 1U, and S2U). Additionally, we demonstrated that
conditioned medium (CM) from pTAMs also induced TNFAIP6
in NSCs, while CM from pTAMs decreased the proliferation of
NSCs (Figures S2V-S2X). Taken together, these results support
the specific expression of TNFAIP6 in GSCs, suggesting that it
could contribute to GSCs responding to the pTAM-derived
pro-inflammatory stress.

TNFAIP6 maintains GSC self-renewal and tumor growth

To understand the contribution of pTAMs in the crosstalk with
GSCs, we analyzed the differentially expressed genes in pTAMs
vs. sTAMs in two scRNA-seq datasets (dataset A: NGDC:
HRA004899; dataset B: GEO: GSE182109) and found the
TNF-a gene to be dominant (Figures 2A, 2B, and S3A). As a

(H-K) Representative in vivo bioluminescence images (left) and quantification (right, n = 5 mice per group) of mice bearing the indicated xenografts. Images were
acquired when the first neurological sign occurred in any cohort (H and I). Kaplan-Meier survival curves of NCG immunocompromised mice (n = 5 for each group)
are shown in (J). p values were calculated using the log-rank test. Representative images of H&E-stained coronal sections of tumor-bearing brains are shown in
(K). Scale bar, 2 mm.

(L and M) Immunoblot assessment of stemness markers SOX2 and oligodendrocyte transcription factor 2 (OLIG2) protein levels. GSCs were treated with
TNFAIP6 over a concentration (L) or time (M) course. Tubulin was used as a loading control.

(N) Relative cell growth of GSCs treated with TNFAIP6 over a concentration course, as measured by CellTiter-Glo assay. Data are presented as the mean + SEM
of six independent experiments. **p < 0.01.

(O) The ELDAs reveal the sphere formation of GSCs treated with TNFAIP6 over a concentration course. Data are presented from three independent experi-
ments. *p < 0.01.

(P) Quantification of the number of spheres formed by GSCs treated with TNFAIP6 over a concentration course. Data are presented as the mean + SEM of six
independent experiments. *p < 0.01.

(Q-T) Representative in vivo bioluminescence images (left) and quantification (right, n = 5 mice per group) of mice bearing the indicated xenografts. Images were
acquired when the first neurological sign occurred in any cohort (Q and R). Kaplan-Meier survival curves of NCG immunocompromised mice (n = 5 for each group)
are shown in (S). p values were calculated using the log-rank test. Representative images of H&E-stained coronal sections of tumor-bearing brains are shown in
(T). Scale bar, 2 mm.

See also Figure S3.
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Figure 3. TNFAIP6 directly binds to EGF in GSCs

(A) KEGG enrichment and GSEA of signaling pathways related to TNFAIP6 expression in the TCGA GBM dataset.

(B) Venn diagram showing the overlap of TNFAIP6-binding proteins in 3028 and MES28 GSCs and PI3K-AKT pathway gene set from KEGG.

(C) Immunoblot of IP with anti-EGF antibody (upper) or anti-TNFAIP6 antibody (lower) in GSCs, with nonspecific IgG as negative controls.

(D) Molecular docking analysis of TNFAIP6 with EGF.

(E) Surface plasmon resonance (SPR) analysis of the interaction between EGF and TNFAIP6.

(F) SPR analysis of the interaction between EGFR and TNFAIPS6.

(G) Immunoblot assessment of the kinetics of intracellular level of EGF in GSCs transduced with shCONT or shTNFAIP6-1. Tubulin was used as a loading control.
(H) Immunoblot of IP with anti-HA antibody in TNFAIP6 knockout through transduction with sgTNFAIP6-1 and overexpressing wild-type TNFAIP6 or mutant
TNFAIP6 of D22A, R33A, K69A, R75A, and K76A.

(I) Immunoblot assessment of the EGF levels in 3028-KO and MES28-KO GSCs transduced with overexpressing wild-type TNFAIP6 or mutant TNFAIP6 of D22A,
R33A, K69A, R75A, and K76A. Tubulin was used as a loading control.

(legend continued on next page)
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pro-inflammatory cytokine, TNF-a has various effects in the
response to injury and infection, tumorigenesis, and other phys-
iological processes.**°® We evaluated the function of TNF-a
and identified that TNF-a increased GSC proliferation, cell
viability, self-renewal, and tumor propagation (Figures S3B-
S3J). Meanwhile, to assess the TNFAIP6 expression under the
pro-inflammatory stress from TNF-a, we treated patient-derived
GSCs with TNF-a over a concentration and a time course. We
confirmed the upregulated expression of TNFAIP6 in GSCs, as
well as the upregulation of stemness markers, SOX2 and
CD133, and the decreased expression of differentiation marker,
GFAP (Figures 2C, 2D, S3K, and S3L).

To determine whether TNFAIP6 induced by TNF-a contributes
to GSC maintenance, we developed one nontargeting control
short hairpin RNA (shRNA), defined as shCONT, and shRNA to
knock down TNFAIP6 expression, designated shTNFAIP6. We
treated GSCs expressing shRNA targeting TNFAIP6 with
TNF-a. Knockdown of TNFAIP6 attenuated the pro-proliferative
and stemness maintenance effects of TNF-a (Figures 2E-2G
and S3M). We next examined the function of TNF-a-induced
TNFAIP6 using an in vivo tumorigenesis assay. Immunocompro-
mised mice bearing GSCs treated with TNF-a demonstrated
worse overall survival compared with control GSCs, but the
in vivo effect of TNF-a via intracranial injection was lost
when TNFAIP6 expression was knocked down using shRNA
(Figures 2H-2K), suggesting the vital role of TNFAIP6 induced
by pTAM-derived TNF-a in GBM. Further, we treated patient-
derived GSCs with recombinant TNFAIP6 (rTNFAIP6) over a con-
centration or time course. Consistently, the stemness markers
were upregulated in GSCs (Figures 2L and 2M). Treatment with
rTNFAIP6 maintained GSC proliferation, cell viability, self-
renewal, and tumor growth (Figures 2N-2T). Collectively, these
results strengthened the point that TNFAIP6 is critical for GSC
maintenance and tumor growth.

TNFAIPG6 directly binds to EGF in GSCs

To understand the molecular mechanisms underlying TNFAIP6-
mediated GSC proliferation, we interrogated the TCGA dataset
using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
and gene set enrichment analysis (GSEA) analysis. We
found that PISK-AKT signaling was positively correlated with
TNFAIP6 in GBM (Figure 3A). To identify possible interac-
tion partners mediating the autocrine signaling functions of
TNFAIP6 in GSCs, we performed immunoprecipitation (IP) with
the anti-TNFAIP6 monoclonal antibody on whole cell lysates
from GSCs. The precipitated proteins were analyzed using
mass spectrometry (MS). The TNFAIP6 antibody IP preferentially
enriched EGF as a top-ranked protein compared with the
nonspecific human immunoglobulin G (IgG) negative control
(Figures 3B and S4A). Given its role as a surface receptor tyro-
sine kinase (RTK) ligand and essential function in GSCs, we
focused on EGF for further analysis. Reciprocal IP with either
an anti-TNFAIP6 antibody or an anti-EGF antibody confirmed
that TNFAIP6 interacted with EGF in GSCs (Figure 3C). We
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used the ClusPro server® to perform molecular docking simula-
tions of TNFAIP6 to the EGF domain. The Ramachandran plot
indicated that the three-dimensional (3D) structure of the model
was consistent (Figure 3D). Next, we performed the surface plas-
mon resonance (SPR) assay using purified proteins of TNFAIP6
and EGF to evaluate their direct interaction. rTNFAIP6 is effec-
tively bound to immobilized EGF, with a dissociation constant
(Kg) of 36.18 nM (Figure 3E). EGFR signaling is critical to tumor-
igenesis in GBM, but clinical strategies targeting EGFR have not
translated into improved patient outcomes, suggesting that un-
derstanding the complexity of EGFR signaling may inform thera-
peutic strategies. These observations prompted us to investi-
gate further whether TNFAIP6 could bind to EGFR and activate
PIBK-AKT signaling in GSCs. Intriguingly, TNFAIP6 was not
able to bind to EGFR (Figure 3F).

We then sought to determine the functions of TNFAIP6-EGF
binding in GSC. We treated GSCs expressing shRNA targeting
TNFAIP6 with biotin-EGF and identified that knockdown of
TNFAIP6 attenuated the EGF levels in GSCs (Figure 3G). We per-
formed the co-staining immunofluorescence and demonstrated
that TNFAIP6-associated phospo-EGFR stayed on the cell
membrane for 60 min after stimulation, which suggests that
TNFAIP6 retains EGF-EGFR signaling on the cell surface for a
prolonged period (Figure S4B). To determine the importance of
the key residue on TNFAIP6 directly involved in the interaction
with EGF, mutant forms of TNFAIP6 were generated through
alanine scanning. Residues of the TNFAIP6 protein —specifically
D22, R33, R75, K76, and K69 —were recognized as potential key
sites of the interaction between TNFAIP6 and EGF. Point muta-
tions at residue sites of D22, R33, or K69 of TNFAIP6 decreased
its binding affinity with EGF but not at R75 or K76 in IP experi-
ments (Figure 3H). Consistently, mutations at D22, R33, or K69
attenuated the EGF levels in GSCs (Figure 3l). At the cellular
level, TNFAIP6 K76A maintained the GSC proliferation and
self-renewal, while TNFAIP6 K69A failed to stimulate cellular
growth and proliferation or to sustain the expression of stemness
markers (Figures S4C-S4G). To investigate the in vivo function of
tumor propagation, we co-transplanted pTAMs with patient-
derived GSCs transduced with wild-type TNFAIP6, TNFAIP6
KB69A, or TNFAIP6 K76A into the brains of immunocompromised
mice. Mice bearing GSCs harboring TNFAIP6 K69A demon-
strated longer overall survival with smaller intracranial tumor vol-
umes compared with mice with GSCs transduced with wild-type
TNFAIP6 or TNFAIP6 K76A (Figures 3J-3L). Taken together,
these findings indicate that TNFAIP6 acts through direct binding
to the EGF and maintains GSCs.

TNFAIP6 prolongs EGFR-PI3BK-AKT signaling activation
through EGF binding in GSCs

Based on the direct binding of TNFAIP6 to the EGF but not EGFR
and the positive correlation between TNFAIP6 and PI3K-AKT
signaling, we next asked how TNFAIP6 affects the activation of
downstream signaling in GSCs. We treated two patient-derived
GSCs (3028 and MES28) with TNFAIP6 protein (300 ng/mL),

(J-L) Representative in vivo bioluminescent images of NCG immunocompromised mice bearing intracranial xenografts (J). Kaplan-Meier survival curves of NCG
immunocompromised mice (n = 5 for each group) are shown in (K). p values were calculated using the log-rank test. Representative images of H&E-stained

coronal sections of tumor-bearing brains are shown in (L). Scale bar, 2 mm.
See also Figure S4.
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Figure 4. TNFAIP6 prolongs EGFR-PI3K-AKT signaling activation through EGF binding in GSCs

(A) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. 3028 and MES28 GSCs were
treated with recombinant TNFAIP6 (rTNFAIP6, 200 ng/mL) alone, EGF (20 ng/mL) alone, or combined rTNFAIP6 and EGF over a time course, in the absence of
other growth factors. Tubulin was used as a loading control.

(B) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with
shCONT or shTNFAIP6-1 and treated with EGF (20 ng/mL) over a time course without other growth factors. Tubulin was used as a loading control.

(C) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with an
empty vector or TNFAIP6 overexpression vector and treated with EGF (20 ng/mL) over a time course without other growth factors. Tubulin was used as a loading
control.

(D) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with
overexpressing wild-type TNFAIP6 or mutant TNFAIP6 of D22A, R33A, K69A, R75A, and K76A. EGF (20 ng/mL) was treated for 2 h without other growth factors.
Tubulin was used as a loading control.

(legend continued on next page)
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EGF (20 ng/mL), or both in the absence of other growth factors
over a time course. TNFAIP6 alone was not able to induce
p-EGFR, p-AKT, and p-mechanistic target of rapamycin kinase
(mTOR) in GSCs. By contrast, combined treatment of TNFAIP6
and EGF induced a prolonged activation of EGFR-PI3K-AKT
signaling compared with EGF treatment alone (Figure 4A). In
loss-of-function studies, knockdown of TNFAIP6 attenuated
the activation of EGFR-PI3K-AKT signaling in GSCs on immuno-
blot (Figure 4B). Reciprocal gain-of-function treatment with
TNFAIP6 protein in the absence of other growth factors pro-
longed the phosphorylation of EGFR, AKT, and mTOR in GSCs
(Figure 4C). To examine the significance of TNFAIP6-EGF bind-
ing in EGFR-PI3K-AKT signaling activation, we treated two
patient-derived GSCs transduced with wild-type TNFAIP6 or
mutant TNFAIP6 at D22, R33, R75, K76, and K69 residues with
EGF (20 ng/mL) for 2 h in the absence of other growth factors.
The activation of phosphorylated EGFR, AKT, and mTOR
was maintained in wild-type TNFAIP6, TNFAIP6 R75A, and
TNFAIP6 K76A but not TNFAIP6 D22A, TNFAIP6 R33A, or
TNFAIP6 K69A GSCs (Figure 4D), suggesting the vital role of
TNFAIP6-EGF binding for maintaining EGFR-PI3K-AKT signaling
in GSCs. To further clarify the TNFAIP6 impact on EGFR-PI3K-
AKT signaling maintenance, we assessed the phosphorylation
levels of EGFR, AKT, and mTOR in GSCs expressing shRNA
targeting TNFAIP6 maintained in the complete neural basal me-
dium (NBM). Knockdown of TNFAIP6 attenuated the EGFR-
AKT-mTOR activation (Figure 4E). Conversely, overexpression
of TNFAIP6 induced EGFR-PI3K-AKT signaling in GSCs main-
tained in the completed NBM (Figure 4F). GSCs transduced
with wild-type TNFAIP6, TNFAIP6 R75A, or TNFAIP6 K76A main-
tained EGFR-PI3K-AKT signaling activation, supporting the role
of TNFAIP6-EGF binding in mediating EGFR-PI3K-AKT signaling
activation (Figure 4G).

Targeting TNFAIP6-EGF binding suppresses the GSC-
associated tumor growth

Our data showed that TNFAIPG, as a responder in GSCs to pro-
inflammatory stress TNF-o, promotes GSC-associated tumor
growth through binding EGF and prolonging EGFR-PI3K-AKT
signaling activation, suggesting TNFAIP6 as a meaningful target
for GBM. As inhibitors targeting TNFAIP6 are unavailable, we
then developed a pipeline to perform virtual molecular screening
with Food and Drug Administration (FDA)-approved drugs ac-
cording to the TNFAIP6 residues binding EGF (D22, R33, and
K69) and focused on colistin, an FDA-approved polymyxin anti-
biotic (Figure 5A).%° Using bio-layer interferometry (BLI), we vali-
dated the binding of colistin with TNFAIP6 (Figure 5B). Cell
viability assay showed that colistin attenuated GSC proliferation
at micromolar concentrations, showing the half maximal inhibi-
tory concentration (IC50) at 14.08 to 50.70 uM (Figure 5C). We
treated patient-derived GSCs with colistin at the concentration
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of 20 pM and found that colistin decreased GSC self-renewal
(Figures 5D, 5E, and S4H). IP with the anti-TNFAIP6 or anti-
EGF antibody showed that TNFAIP6 failed to bind with EGF
when treated with colistin (Figure 5F). With colistin treatment,
the activation of EGFR-PI3K-AKT signaling and stemness in
GSCs was attenuated (Figures S41-S4K). Further, colistin in-
hibited GSC proliferation and self-renewal effectively in GSCs
transduced with wild-type TNFAIP6 or TNFAIP6 K76A but failed
in GSCs transduced with TNFAIP6 K69A (Figures 5G-5I). Treat-
ment with colistin as a single agent administered intracranially
(Figure 5J) extended the survival of mice bearing GSCs with
co-transplantation of pTAMs (Figures 5K and 5L). Histologic
evaluation of the brains of tumor-bearing mice confirmed that tu-
mor volumes reflected the differences in survival (Figure 5M).
These data demonstrated that TNFAIP6 is a promising therapeu-
tic target in GBM.

TNFAIP6 promotes macrophage phenotype switch from
pTAMs to sTAMs

Based on prior connections between TNFAIP6 and immune re-
sponses, specifically macrophages,”**' we hypothesized that
TNFAIP6 acts as a secreted factor to modulate the phenotypes
of TAMs in GBM. CM, used for TAMs co-culture, was generated
from either control GSCs or GSCs expressing shRNA targeting
TNFAIP6 in growth factor-free conditions. Flow cytometry results
showed that CM from two patient-derived GSCs (3028 and
MES28) expressing shRNA targeting TNFAIP6 polarized PBMC-
induced TAMs toward a pro-inflammatory phenotype by
decreasing the percentage of CD206-positive cells. At the same
time, this effect was switched when supplied with TNFAIP6 pro-
tein (Figures 6A and 6B). PBMC-induced TAMs co-cultured with
CM of GSCs expressing shRNA targeting TNFAIP6 displayed
increased secretion of TNF-a and reduced when supplied with
TNFAIP6 protein (Figure 6C), implying that TNFAIP6 maintains
sTAMs phenotypes. Signal transducer and activator of transcrip-
tion 6 (STAT®) is a key signaling pathway in macrophage function,
and phosphorylation of STATS is a recognized marker of M2-like
macrophages (sTAMs).*? Tumor-derived primary TAMs, PBMC-
induced and Tohoku Hospital Pediatrics-1 (THP-1)-induced
pTAMs (M1-like macrophages) were used to further confirm the
function of TNFAIP6 on TAMs in the GSC niche. Loss of
TNFAPI6 reduced mRNA levels of M2-like markers (Figures
S5A-S5C) and attenuated the activation of STAT6 (Figures 6D-
6F) in tumor-derived primary TAMs, PBMC-induced TAMs,
and THP-1-induced TAMs. Additionally, the loss of TNFAPI6
increased mMRNA levels of M1-like markers (Figures S5D and
S5E) in PBMC-induced TAMs and THP-1-induced TAMs. We
interrogated the in-house scRNA-seq of 7 patient-derived GBM
samples (dataset A: NGDC: HRA004899) and a published dataset
of GBM, which is an scRNA-seq of 16 fresh samples (dataset B:
GEO: GSE182109).?° We then demonstrated that TLR4 is mainly

(E) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with
shCONT, shTNFAIP6-1, or shTNFAIP6-2. GSCs were maintained in the completed neural basal medium (NBM). Tubulin was used as a loading control.

(F) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with
empty vector or TNFAIP6 overexpression vector. GSCs were maintained in the completed NBM. Tubulin was used as a loading control.

(G) Immunoblot assessment of activated EGFR (p-EGFR), activated AKT (p-AKT), and activated mTOR (p-mTOR) protein levels. GSCs were transduced with
overexpressing wild-type TNFAIP6 or mutant TNFAIP6 of D22A, R33A, K69A, R75A, and K76A. GSCs were maintained in the completed NBM. Tubulin was used

as a loading control.
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Figure 5. Targeting TNFAIP6-EGF binding suppresses the GSC-associated tumor growth

(A) Workflow of experimental strategy for finding TNFAIP6-targeting drugs (left). Molecular docking analysis of TNFAIP6 with colistin (right).

(B) Bio-layer interferometry (BLI) was used to detect the equilibrium dissociation constant (Ky) between colistin and TNFAIP6.

(C) Dose-response curves for colistin in five patient-derived GSC models.

(D) The ELDAs reveal the sphere formation of GSCs treated with colistin (20 uM). Data are presented from three independent experiments. **p < 0.01.

(E) Quantification of the number of spheres formed by GSCs treated with colistin (20 uM). Data are presented as the mean + SEM of six independent experi-
ments. **p < 0.01.

(legend continued on next page)
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expressed on macrophages in GBM (Figures S5F and S5G). To
validate whether this mechanism works in the pTAM-GSC interac-
tion in GBM, we treated pTAMs with rTNFAIP6. IP with an anti-
TLR4 antibody confirmed that rTNFAIP6 attenuated the inter-
action between TLR4 and MYD88 in pTAMs and impaired
the downstream NF-kB signaling, supporting the vital role of
TNFAIPS6 in switching macrophage phenotype in the GSC niche
(Figure S5H). Concordantly, xenografts derived from GSCs trans-
duced with shTNFAIP6 showed a markedly reduced frequency of
M2-like macrophages, as measured by CD163 and pan-macro-
phage marker Iba-1, compared with xenografts derived from
GSCs transduced with shCONT (Figures 6G and 6H). These re-
sults revealed that TNFAIP6 switches macrophage phenotype
from pTAMs to sTAM in GBM.

Given the paracrine function of TNFAIP6 in the GSCs microen-
vironment, we hypothesized that inhibiting the TAMs phenotype
switch combined with colistin may synergize the anti-tumor effi-
cacy. AS1517499 is a pharmacologic inhibitor of STAT6.%* To
validate the efficacy of this combined therapy in vivo, GSCs
and pTAMs were implanted into the frontal lobes of immuno-
compromised mice. Tumor-bearing mice underwent treatment
with vehicle control, colistin, AS1517499, or the combination of
colistin and AS1517499 (Figure 6l). Intracranial administration
of colistin prolonged survival moderately, but survival increased
markedly in the group receiving the combination of colistin and
AS1517499 (Figures 6J-6L). Taken together, TNFAIP6, the
responder in GSCs, altered the main source of pro-inflammatory
stress pTAMs to sTAMs, showing an adaptive ability to TME
danger. Combined targeting of TNFAIP6 and sTAMs exhibited
synergized anti-tumor efficacy.

Pharmacologic targeting of TNFAIP6 augments the anti-
tumor efficacy of EGFR inhibition in GBM

Treatment options for recurrent GBM remain ineffective and
largely palliative. RTKSs, including EGFR, are commonly dysregu-
lated oncogenic pathways in GBM, yet therapies targeting these
pathways have repeatedly failed in clinical trials. TNFAIP6-EGF
binding prolonged EGFR-PI3K-AKT signaling activation, which
suggested combinatorial targeting approaches for improved
outcomes. Treatment of GSCs with the EGFR inhibitors osimer-
tinib or gefitinib inhibited GSC proliferation at submicromolar
concentrations in vitro (Figure 7A). Colistin augmented the effi-
cacy of EGFR inhibitor osimertinib against GSCs (Figure 7B).
To further determine the possibility of combinatorial benefit
in vivo, we implanted pTAMs and GSCs transduced with lucif-
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erase into the brains of immunocompromised mice to interrogate
the effect of targeting TNFAIP6 and EGFR on tumor growth. Tu-
mor-bearing mice underwent treatment with vehicle control,
colistin, osimertinib, or the combination of colistin and osimerti-
nib (Figure 7C). Combined targeting of TNFAIP6 and EGFR
enhanced overall survival and reduced the tumor volume and
EGFR activation compared with each monotherapy individually
or the vehicle control group in intracranial xenograft models
(Figures 7D-7F and S6A). Collectively, our data demonstrated
that pharmacologic targeting of TNFAIP6 augments the anti-tu-
mor efficacy of EGFR in GBM.

To generalize our findings of TNFAIP6 dependence to the clin-
ical, we analyzed the TCGA®® and several GBM datasets.**> We
revealed that TNFAIP6 informed poor prognosis in GBM patients
(Figures 7G and S6B). Integrating combined TNFAIP6 and EGFR
expression levels informed a much poorer prognosis (Figure 7H).
To confirm the connection between TNFAIP6 and EGFR in the
absence of cell culture, we interrogated the spatial transcriptom-
ics from GBM patient specimens.?® TNFAIP6 levels spatially
correlate with EGFR in the GBM spatial transcriptomic dataset
(Figure 71), although not exclusively.

Notably, TNF-a showed no prognostic significance in GBM
patients. At the same time, in the TNF-a high group, TNFAIP6
informed poor prognosis, which strengthened our finding that
GSCs express TNFAIP6 in response to pro-inflammatory stress
TNF-a to promote GSC-associated tumor growth (Figure S6C).
Additionally, in agreement with our findings, integrating
TNFAIP6 and EGF, or STAT6 expression levels, collectively
informed prognosis to a greater degree (Figures S6D and S6E).

To assess the expression of TNFAIP6 in human cancer, we
examined bulk RNA-seq datasets through the TCGA with both
tumor and normal tissue across 28 tumor types. The expression
of TNFAIP6 in tumor vs. normal tissue was highly variable
across different tumor types. Ranked by the TNFAIP6 expres-
sion in tumors, kidney renal clear cell carcinoma (KIRC), kidney
renal papillary cell carcinoma (KIRP), GBM, breast cancer
(BRCA), pancreatic adenocarcinoma (PAAD), head and neck
squamous cell carcinoma (HNSC), esophageal carcinoma
(ESCA), stomach adenocarcinoma (STAD), and ovarian cancer
(OV) presented higher TNFAIP6 expression than those in relative
normal tissue. In comparison, thymoma (THYM) presented
lower TNFAIP6 expression than that in relative normal tissue
(Figure S6F). We then interrogated the overall survival in
TCGA datasets across those nine tumor types with significant
expression differences. TNFAIP6 expression portended a

(F) Immunoblot of IP with anti-EGF antibody (upper) or anti-TNFAIP6 antibody (lower) in GSCs treated with colistin (20 pM, 48 h), with nonspecific IgG as negative

controls.

(G) Relative cell growth of GSCs treated with colistin (20 pM), as measured by CellTiter-Glo assay. 3028-KO or MES28-KO GSCs were transduced with over-
expressing wild-type TNFAIP6 or mutant TNFAIP6 of K69A and K76A. Data are presented as the mean + SEM of six independent experiments. **p < 0.01.

(H) Quantification of the number of spheres formed by GSCs treated with colistin (20 pM). 3028-KO or MES28-KO GSCs were transduced with overexpressing
wild-type TNFAIP6 or mutant TNFAIP6 of K69A and K76A. Data are presented as the mean + SEM of six independent experiments. **p < 0.01.

(I) The ELDAs reveal the sphere formation of GSCs treated with colistin (20 pM). 3028-KO or MES28-KO GSCs were transduced with overexpressing wild-type
TNFAIP6 or mutant TNFAIP6 of K69A and K76A. Data are presented from three independent experiments. **p < 0.01.

(J) Schematic model that illustrates co-implantation of GSCs with pTAMs into the brains of immunocompromised mice and drug administration. Created in

BioRender. Wang, X. (2025) https://BioRender.com/t65t054.

(K-M) Representative in vivo bioluminescent images of NCG immunocompromised mice bearing intracranial xenografts (K). Kaplan-Meier survival curves of NCG
immunocompromised mice (n = 5 for each group) are shown in (L). p values were calculated using the log-rank test. Representative images of H&E-stained

coronal sections of tumor-bearing brains are shown in (M). Scale bar, 2 mm.
See also Figure S4.
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Figure 6. TNFAIP6 promotes macrophage phenotype switch from pTAMs to sTAMs

(A and B) Representative (A) and quantification (B) of flow cytometry for the percentage of CD206* PBMC-induced TAM treated with CM from GSCs. Data are
presented as the mean + SEM of three independent experiments. *p < 0.01.

(C) ELISA quantification of TNF-a in PBMC-induced TAM. Data are presented as the mean + SEM of three independent experiments. **p < 0.01.

(D-F) Immunoblot assessment of activated STAT6 (p-STATS6) protein levels in tumor-derived primary TAMs (D), PBMC- (E), and THP-1- (F) induced TAMs treated
with CM from GSCs transduced with shCONT, shTNFAIP6-1, or shTNFAIP6-2.

(legend continued on next page)
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favorable prognosis in KIRC but a poor prognosis in HNSC and
STAD (Figures S6G and S6H).

To determine whether TNFAIP6 functions in macrophage-tu-
mor cell interaction in HNSC and STAD, we collected an HNSC
cell line, Cal27, derived from squamous cell carcinomas of the
tongue, and a human gastric adenocarcinoma cell line, AGS,
for the further experiments. We treated these two cell models
with conditioned media from pTAMs and identified that
TNFAIP6 was upregulated in the HNSC cell line (Cal27) and
STAD cell line (AGS) (Figures S7A and S7B). Further, we per-
formed the cell viability assay and found that treatment with
rTNFAIP6 promoted HNSC cell line (Cal27) and STAD cell line
(AGS) proliferation (Figure S7C). Mechanically, we treated
HNSC cell line (Cal27) and STAD cell line (AGS) with TNFAIP6
protein (300 ng/mL), EGF (20 ng/mL), or both over a time course.
TNFAIP6 alone was not able to induce p-EGFR, p-AKT, and
p-mTOR in those two cell lines. By contrast, combined treat-
ment of TNFAIP6 and EGF induced a prolonged activation of
EGFR-PI3K-AKT signaling compared with EGF treatment alone
(Figure S7D). In loss-of-function studies, knockdown of
TNFAIP6 attenuated the activation of EGFR-PI3K-AKT signaling,
supporting the vital role of TNFAIP6 in prolonging EGFR-PI3K-
AKT signaling (Figures S7E and S7F). Additionally, we demon-
strated that TNFAIP6 promotes macrophage phenotype
switch from pTAMs to sTAMs in HNSC and STAD cell models,
emphasizing its role in macrophage-tumor cell interaction
(Figures S7G-S7J).

Taken together, TNFAIP6, as a pro-inflammatory stress
responder, promotes GSC-associated tumor growth through
binding EGF, prolonging EGFR-PI3K-AKT, and altering pTAMs
to sTAMs. This shows the biological behavior of GSCs and is a
promising therapeutic target for GBM.

DISCUSSION

Inflammation is an ancient, evolved process that involves the
activation, recruitment, and action of the cells of innate and
adaptive immunity.'>'* During the last couple of decades, the
contribution of the immune system and inflammation to cancer
development, progression, and therapy has regained enormous
interest. The cellular hierarchy of GBM is generated and main-
tained by GSCs, which promote tumor growth, therapeutic
resistance, invasion into the normal brain, immune escape,
and angiogenesis.'%**% GSCs and TAMs are the important
components of the GBM TME.*"~*° Our study unveiled that
pro-inflammatory stress from pTAMs maintains GSC prolifera-
tion and self-renewal, in which TNFAIP6 plays a vital role in
this process. TNFAIP6 has been implicated in regulating anti-in-
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flammatory functions in several diseases, including gastric can-
cer, brain injury, and lung injury.*** High expression of
TNFAIP6 indicates a poor prognosis in GBM,® but its role be-
tween GSCs and pTAMs in GBM is unexplored. We demon-
strated that TNFAIP6, induced by pTAM-derived TNF-a,
maintains GSC self-renewal and tumor growth and alters
macrophage phenotype from pTAMs to sTAM in GBM. Phar-
macologic targeting of the molecular crosstalk between GSCs
and TAMs generated sustained tumor control. Inhibition of
TNFAIP6 and its downstream effectors impaired GBM tumor
growth, nominating future therapeutic targets within the TME
and providing additional strategies for cancer therapeutic
development.

Previous studies demonstrated that TNFAIP6, as a hyaluronan
(HA)-binding protein, is produced by monocytes/macrophages,
mesenchymal stem cells, and fibroblasts in inflammatory dis-
eases.”®®' TNFAIP6 is essential for macrophage phenotype
transition in disease models such as acute lung injury.* In our
studies, TNFAIP6, induced by pTAM-derived pro-inflammatory
stress, prolongs EGFR-PISK-AKT signaling activation in GSCs
through EGF binding to promote GSC proliferation, demon-
strating a notable node of the integrated network between tumor
stem cells and neighboring macrophages.

TAMs are a prominent population of immune cells in the TME
that plays an essential role in facilitating tumor progression and
inducing immunosuppression.®' Understanding the heterogene-
ity and functional plasticity of TAMs is crucial for developing
effective therapeutic strategies for GBM patients. Emerging ev-
idence demonstrates that TAM populations infiltrate GBM tu-
mors, resulting in a symbiotic interaction between distinct
TAMs and tumor cells in the TME.®? TAMs are categorized into
classically activated macrophages (M1-like phenotype) and
alternatively activated macrophages (M2-like phenotype). The
M1/M2 dichotomy does not represent the full complexity of
TAMs in GBM.>** In this study, we identified TNFAIP6 as a
responder in GSCs to pTAM stress, which activates M2-like/
anti-inflammatory macrophages (sTAMs). GSCs recruit TAMs
through the secretion of chemoattractants and promote an
M2-like phenotype.®'*> TAMs maintain GSCs and facilitate
GBM progression and therapeutic resistance.’®°” Therefore,
molecular crosstalk between GSCs and TAMs is bidirectional,
promoting the collaborative maintenance of the immunosup-
pressive TME in GBM.

EGFR activation is one of the most important derangements in
GBM, with over half of all GBM patients harboring a mutation, re-
arrangement, splicing alteration, or amplification of EGFR.%®>°
Overexpression or mutations of EGFR are recurrent molecular
alterations in GBM associated with an unfavorable prognosis.®°

(G) Schematic model that illustrates co-implantation of patient-derived GSCs with pTAMs into the brains of immunocompromised mice. Tumors were harvested
after 14 days. Created in BioRender. Wang, X. (2025) https://BioRender.com/t65t054.
(H) Immunofluorescent staining of CD163 (green) and the pan-macrophage marker Iba1 (red) in GBM xenografts derived from GSCs expressing shCONT or

shTNFAIP6. Scale bar, 20 pm.

(I) Schematic model that illustrates co-implantation of GSCs with pTAMs into the brains of immunocompromised mice and drug administration. Created in

BioRender. Wang, X. (2025) https://BioRender.com/t65t054.

(J-L) Representative in vivo bioluminescent images of NCG immunocompromised mice bearing intracranial xenografts (J). Kaplan-Meier survival curves of NCG
immunocompromised mice (n = 5 for each group) are shown in (K). p values were calculated using the log-rank test. Representative images of H&E-stained

coronal sections of tumor-bearing brains are shown in (L). Scale bar, 2 mm.
See also Figure S5.
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Figure 7. Pharmacologic targeting of TNFAIP6 augments anti-tumor efficacy of EGFR inhibition in GBM

(A) Dose-response curves for EGFR inhibitors, gefitinib or osimertinib, in four patient-derived GSC models.

(B) Calculation and visualization of synergy scores for drug combinations of osimertinib and colistin.

(C) Schematic model that illustrates co-implantation of GSCs with pTAMs into the brains of immunocompromised mice and drug administration. Created in
BioRender. Wang, X. (2025) https://BioRender.com/t65t054.

(D-F) Representative in vivo bioluminescent images of NCG immunocompromised mice bearing intracranial xenografts (D). Kaplan-Meier survival curves of NCG
immunocompromised mice (n = 5 for each group) are shown in (E). p values were calculated using the log-rank test. Representative images of H&E-stained
coronal sections of tumor-bearing brains are shown in (F). Scale bar, 2 mm.

(G and H) Interrogation of the TCGA GBM dataset indicates a negative correlation between the expression of TNFAIP6 (G) and TNFAIP6 combined with EGFR (H).
() Examples of spatial expression patterns of EGFR and TNFAIPS.

See also Figures S6 and S7.

Clinical trials targeting EGFR therapy have proven ineffective in
treating patients with GBM, even in combination with temozolo-
mide.®’ Our data suggested that the lack of effectiveness for

EGFR inhibitors may be partially attributed to the signaling main-
tenance in GBM. Osimertinib is a third-generation tyrosine ki-
nase inhibitor that irreversibly inhibits EGFR but penetrates the
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blood-brain barrier more effectively than other inhibitors.5>%*

TNFAIP6-EGF binding maintains GSCs by prolonging EGFR-
PIBK-AKT signaling activation. Targeting EGFR signaling com-
bined with TNFAIP6-EGF blockade may represent a promising
strategy to inhibit the EGFR activation and maintenance mecha-
nisms in tumor malignant progression.

In conclusion, our study identified TNFAIP6 as a responder in
GSCs to pro-inflammatory stress TNF-a from pTAMs, promot-
ing GSC-associated tumor growth through binding EGF and
prolonging EGFR-PI3K-AKT signaling activation. Meanwhile,
pro-inflammatory stress-induced GSCs secrete TNFAIP6
to induce phenotype transformation of pTAMs to sTAMs.
TNFAIP6 plays both autocrine and paracrine roles in maintain-
ing the immunosuppressive TME. The pharmacological disrup-
tion of TNFAIP6 and STAT6 or EGFR effectively suppresses
GBM growth, informing a combinatorial targeting strategy that
will advance the therapeutic development against GBM.
Considering the role of GSCs in the tumor ecosystem and the
limited efficacy of GSC-targeted monotherapy, the disruption
of GSC-oncogenic signaling in combination with targeting
TAM dependencies will improve our understanding of dynamics
in the TME, which may provide a promising therapeutic ratio-
nale for GBM patients.

Limitations of the study

This study has identified that pro-inflammatory stress TNF-a
from pTAMs induces TNFAIP6 and promotes GSC-associated
tumor growth; however, it is possible that other pro-inflamma-
tory cytokines could mediate the complex tumor-immune inter-
action and contribute to GBM progression. In addition, further
prospective investigations with clinical validation are required
to confirm the therapeutic benefit of colistin, the drug that targets
the TNFAIP6-EGF binding residues, as a treatment approach
for GBM.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Dr. Xiuxing Wang (drxiuxingwang@163.com).

Materials availability
This study did not generate new, unique reagents.

Data and code availability

® The processed data generated for this study can be obtained upon
request from the lead contact.

@ This study did not generate new code.

® Raw GBM scRNA-seq data derived from human samples have been
deposited at the GSA database, in the Genome Sequence Archive
in the National Genomics Data Center China National Center, the
China National Center for Bioinformation/Beijing Institute of Geno-
mics, and the Chinese Academy of Sciences,®*°° and the accession
number is listed in the key resources table. Local law prohibits depos-
iting raw GBM scRNA-seq datasets derived from human samples
outside of the country of origin. Prior to publication, the authors offi-
cially requested that the raw scRNA-seq data datasets reported in
this paper be made publicly accessible. To request access, contact
the lead contact.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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GlioVis Bowman et al.** http://gliovis.bioinfo.cnio.es

FlowdJo (v10.8.1) BD Biosciences https://www.flowjo.com/solutions/flowjo

GraphPad Prism (v9.3.1) GraphPad Prism https://www.graphpad.com
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and human tumor samples

Paraffin-embedded (n = 30) and fresh tumor (n =20) samples were obtained from patients with GBM who received surgical resection
from the Department of Neurosurgery, the First Affiliated Hospital of Nanjing Medical University. The diagnosis of GBM was
confirmed independently by two experienced pathologists.

Patient-derived and cell line models

All related procedures for collecting samples from patients in the First Affiliated Hospital of Nanjing Medical University were per-
formed with the approval of the internal review and ethics boards of the First Affiliated Hospital of Nanjing Medical University
(2021-SR-076). Informed consent was provided for patients to collect samples. The research is not intended to provide direct med-
ical or financial benefit to anyone including the donor.

GBM tissues for GSC isolation were obtained from excess surgical resection samples from patients at the Case Western Reserve
University (Cleveland, OH) after review by neuropathology with appropriate consent and in accordance with an Institutional Review
Board-approved protocol (090401). All patient studies were conducted in accordance with the Declaration of Helsinki. To minimize
in vitro cell culture-based artifacts, patient-derived xenografts were propagated as a renewable source of GSCs. Short tandem
repeat analyses were performed on the tumor model for authentication. All GSC lines were cultured in Neurobasal media (Gibco) sup-
plemented with B27 without vitamin A (Gibco), EGF and bFGF (20 ng/mL each; R&D Systems), sodium pyruvate (catalog no.
11360070; Life Technologies), and Glutamax (catalog no. 35050061; Life Technologies) at 37°C with 20% oxygen and 5% carbon
dioxide. All cells were thawed within 1 month of these experimental procedures. Further, details of these patients are restricted
by the institutional requirements. All experiments conform to relevant regulatory standards.

This study used the nonmalignant NSC models ENSA and NSC11. ENSA (ENStem-A) is a human neural progenitor cell (Millipore
Sigma, Cat# SCC003). NSC11 is a human-induced pluripotent-derived neural progenitor cell (Alstem, Cat# hNSC11).

293FT cells (ThermoFisher Scientific, Cat# R70007) were used to generate lentiviral particles as described in the method details
section. They were cultured in DMEM medium (Hyclone) containing 10% fetal bovine serum (FBS, Gibco).

Human THP-1 cell lines and PBMC were cultured in RPMI/1640 medium supplemented with 10% FBS and 1% PS.

The HNSC cell line Cal27, derived from squamous cell carcinomas of the tongue, and the human gastric adenocarcinoma cell line
AGS were cultured in DMEM medium (Hyclone) containing 10% fetal bovine serum (FBS, Gibco).

STR analyses were performed on cell lines used in this article for authentication.

Mice

The NCG mice (NOD/ShiLtJGpt-Prkdc®™m26Cd92||2ygem26Cd22,Gpt  Strain NO. T001475, GemPharmatech, Nanjing, China) or the hu-
manized immune system (HIS) mouse, huHSC-NCG mice (huCD34+HSC-NOD/ShilLtJGpt-Prkdc®m266952|2rgem26Cd22/Gpt (CH),
Strain NO. T037620, GemPharmatech, Nanjing, China) were purchased from GemPharmatech Co., Ltd (Nanjing, China). Healthy,
wild-type male or female mice of NSG background (4-6 weeks old), and male or female huHSC-NCG mice (14-16 weeks old),
with no prior treatment or procedures, were randomly selected and used in this study. Mice were maintained in 12 hours light/12
hours dark cycle at a room temperature of 20°C-26°C by animal husbandry staff at the Nanjing Medical University, with no more
than five mice per cage. Animals had free access to water and food. Experimental animals were housed together. Housing conditions
and animal status were supervised by a veterinarian. According to the ethical regulations, animals were monitored until neurological
signs were observed, at which point they were sacrificed. Neurological signs or signs of morbidity included hunched posture, gait
changes, lethargy, and weight loss. All murine experiments were performed under an animal protocol approved by the Institutional
Animal Care and Use Committee (IACUC-2006033-2) at Nanjing Medical University in accordance with NIH and institutional
guidelines.
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METHOD DETAILS

Isolation and differentiation of PBMC

Human peripheral blood mononuclear cells (PBMC) were isolated from human blood by Ficoll-Paque PLUS (GE Healthcare). Briefly,
human blood was diluted with an equal volume of PBS and thoroughly blended. The blood dilution was then placed over a half-vol-
ume of Ficoll-Paque PLUS and centrifuged at 2,000 rpm for 20 min. Cells from the middle layer were collected in 15ml tubes. After
washing and erythrocyte lysis, cells were cultured in RPMI/1640. Then, suspended cells were washed away with PBS, and the
adherent monocytes were trypsinized and subjected to differentiation steps. For the PBMC differentiation assay, cells were cultured
in RPMI/1640 medium supplemented with 10% FBS, 1% PS, and 200 ng/ml M-CSF (PeproTech, 300-25-10). After seven days, cells
were cultured with 100 ng/ml LPS and 20 ng/ml IFNy for another 48 hours to obtain M1-like macrophages.

Differentiation of THP-1 cells

Human THP-1 cells were differentiated into the M0 stage with the stimulation of 50 ng/ml PMA (Sigma, P1585) for 24 hours. Then, MO
cells were cultured with 100 ng/ml LPS (Sigma, L6529) and 20 ng/ml IFNy (PeproTech, GF305) for another 48 hours to obtain M1-like
macrophages. The differentiated THP-1 cells were washed in fresh RPMI/1640 media (Gibco) and cultured in RPMI/1640 media for
further experiments.

In vivo tumorigenesis

Intracranial xenografts were generated by implanting 2 x 10* human-derived GSCs into the right cerebral cortex of NCG mice (NOD/
ShiLtJGpt-Prkdc®m266952)|2rgem26Cd22 /Gt Strain NO. T001475, GemPharmatech, Nanjing, China) or the humanized immune system
(HIS) mouse, huHSC-NCG mice (huCD34+HSC-NOD/ShiLtJGpt-Prkdc®m26¢952|12rgem26Cd22/Gpt (CH), Strain NO. T037620,
GemPharmatech, Nanjing, China) at a depth of 3.5 mm. For co-implantation, 2 x 10* GSCs plus 2 x 10* pTAMs were implanted into
the right cerebral cortex of NCG mice.

To deplete mouse monocyte-derived TAMs in GBM xenografts, mice were treated with Clodronate liposomes (50 mg/kg) through
intraperitoneal (IP) injection 7 days before GSC transplantation.®?

To evaluate tumor volume, animals were monitored until neurological signs were observed in any one of the groups, at which point
two mice of each group were selected randomly, and their brains were harvested and fixed in 4% formaldehyde, cryopreserved in
30% sucrose, and then cryosectioned. Hematoxylin and eosin (H&E) staining was performed on sections for histological analysis. In
parallel survival experiments, mice were observed until the development of neurological signs. The maximal tumor burden was
strictly limited to 1.2cm in diameter for mice, with a total tumor weight not exceeding 10% of the mice body weight.

Spatial transcriptomics data processing

The visualization of spatial gene expression is implemented in the SPATA software SPATA:: plotSurfacelnteractive.”® Pathway an-
alyses are all implemented into our SPATA toolbox. The analysis was performed through the gene set variation analysis (GSVA)
package.®®

Single-cell RNA analysis

Raw scRNA-seq data were preprocessed using Cell Ranger (v7.1.0, 10X Genomics), followed by quality filtering, doublet removal,
data normalization, assessment, and correction of batch effects. Briefly, cells expressing fewer than 500 genes or genes with fewer
than 1000 unique molecular identifiers (UMI) were removed. Likely dying or apoptotic cells with>15% of transcripts derived from the
mitochondrial genome were also excluded. Additional possible doublets were further identified and removed. Seurat (v4.1.1)°® was
applied for data normalization, unsupervised cell clustering, and identification of differentially expressed genes among cell clusters.
The cell types were defined based on cluster distribution, cluster-specific genes, unique expression of canonical cell markers, and
transcriptional factors.®”

Signaling signature analysis

As for signaling signature, the pro-inflammatory signature was derived from MSigDB, standard name: GOBP_POSITIVE_
REGULATION_OF_ACUTE_INFLAMMATORY_RESPONSE, systematic name: M11700 (https://www.gsea-msigdb.org/gsea/msigdb/
human/geneset/GOBP_POSITIVE_REGULATION_OF_ACUTE_INFLAMMATORY_RESPONSE). The analyses of GSC signature were
performed as reported previously.”””" The signature score is calculated by Gene Set Enrichment Analysis (GSEA).”*"®

Lentiviral production and transfection

Lentiviral clones expressing two non-overlapping shRNAs directed against human TNFAIP6 (TRCN0000046913 and
TRCNO0000046914), or a nontargeting control shRNA (TRCN0000231489) that matches the unexpressed sequence in the human
genome were obtained from Sigma-Aldrich. All shRNAs were assayed for knockdown efficiency by gRT-PCR and were then used
for functional assays. Lentiviral overexpression plasmid for full-length human TNFAIP6 was generated by cloning the full-length
open reading frames (ORF) into the pCDHMCS-T2A-Puro-MSCV vector (System Biosciences) using In-Fusion HD Cloning Kit
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(Clontech Laboratories). Lentiviral particles were generated in 293FT cells in Neurobasal complete medium (Life Technologies) with
co-transfection with the packaging vectors pCMV-dR8.2 dvpr®® and pCI-VSVG (Addgene) using the standard calcium phosphate
transfection method.

Cell proliferation assay

Cell proliferation experiments were conducted by plating cells of interest at a density of 1000 cells/well in a 96-well plate with six
replicates. CellTiter-Glo (Promega, Madison, WI, USA) was used to measure cell proliferation. All data were normalized to day 1
and presented as mean + SEM. For the co-culture system, we stimulated GSCs with the supernatant of pTAMs derived from
PBMC-induced M1-like phenotype macrophages.

Neurosphere formation assay

Decreasing numbers of cells per well (50, 20, 10, 5, and 1) were plated into 96-well plates. The presence and number of neurospheres
in each well were recorded five days after plating. Extreme limiting dilution analysis was performed using software available at http://
bioinf.wehi.edu.au/software/elda, as previously described.”*”® All tumorsphere and proliferation experiments were performed at
least six times.

Quantitative RT-PCR

Trizol reagent (Sigma Aldrich) was used to isolate total cellular RNA from cell pellets. The qScript cDNA Synthesis Kit (Quanta Bio-
sciences) was used for reverse transcription into cDNA. Quantitative real-time PCR was performed using Applied Biosystems
7900HT cycler using SYBR-Green PCR Master Mix (Thermo Fisher Scientific). The sequences of primers for gRT-PCR analysis
were included in Table S1.

Western blotting

Cells or GBM tissues were lysed in moderate RIPA lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, two mM EDTA, 1% NP-40,
0.1% SDS, and supplemented with protease inhibitors) for 30 min at 4 °C. Cell lysates were then centrifuged at 13,000xg for
15 min at 4 °C. The supernatant was collected and boiled with SDS sample buffer at 100 °C for 5 min. Protein lysates were then sepa-
rated through SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% non-fat milk for two hrs at
room temperature and then immunoblotted with indicated primary and secondary antibodies.

Co-immunoprecipitation

For the Immunoprecipitation assay, cells were lysed in NP40 lysis buffer (beyotime, PO013F) supplemented with protease and phos-
phatase inhibitor for 1 hour at 4 °C. Centrifuging at 13,000x g for 15 min at 4 °C. Cell lysates were collected and incubated with IgG or
indicated primary antibody in at 4 °C overnight followed by incubation with protein A/G agarose beads for 3 hours. The beads were
centrifuged at 3000 x g, washed with lysis buffer five times for 5 min each, and then boiled with SDS sample buffer at 100 °C for 5 min.
The resulting protein supernatant fraction was subjected to western blot analysis as described. This study used the following anti-
bodies for immunoprecipitation: anti-TNFAIP6 (Abcam, ab267469), anti-EGF (ThermoFisher Scientific, MA542471), and Rabbit-IgG
(beyotime, A7016). Protein A+G Agarose (beyotime, P2055).

Flow Cytometry Analysis

Cells were harvested and stained with APC Mouse Anti-Human CD206 (19.2)(BD Pharmingen, 550889) at a dilution ratio of 1:50. For
intracellular staining, cells were fixed in the Fixation and Permeabilization Kit (eBioscience, 00-5521-00). After being washed with Fix-
ation and Permeabilization Buffer, the cells were stained intracellularly for 30 minutes in the dark. All samples were acquired on a BD
flow cytometer and were analyzed using FlowJo (FlowJo LLC).

Immunofluorescence

GBM patient tissues or mice xenograft tissues were fixed in cold acetone for 10 min. The tissue sections were blocked with 5% BSA
plus 0.3% Triton-X in PBS at room temperature and then incubated with primary antibody at 4°C overnight. Then, the fluorescent
secondary antibody was dripped on the surface for 2 hours. Nuclei were counterstained with Hoechst for 10 min. Images were
captured with a Zeiss LSM700 microscope (Carl Zeiss, USA). The following primary antibodies were used for immunofluorescent
staining in this study: anti-TNFAIP6 (Santa Cruz, sc-377277), anti-SOX2 (RD system, AF2018), anti-Iba1(Abcam, ab178846), anti-
CD163 (Abcam, ab182422).

Immunohistochemistry

All slides were first deparaffinized in xylene and rehydrated, followed by washing for 3 times using PBS. Slides were then incubated in
goat serum dilution buffer (GSDB) for 1 hour in a wet chamber at room temperature. The slides were incubated with primary antibody
diluted in GSDB overnight at 4 °C in a wet chamber. After washing three times for 10 min each with wash buffer (450 nM NaCl, 20 mM
phosphate buffer, and 0.3% Triton X-100), slides were incubated with secondary antibody in GSDB for 60 min at room temperature in
awet and light-protected chamber. Slides were subsequently washed three times with the above wash buffer. Diaminobenzidine was
used to stain the slides, followed by counterstaining using hematoxylin to visualize nuclei.
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Molecular docking

The 3D structures of TNFAIP6 and EGF were downloaded from the RCSB Protein Data Bank. Protein-protein docking was performed
using the ClusPro server, using a global rigid search to predict the binding affinity of TNFAIP6 and EGF. MOE was used to analyze the
docked structures and interface residues. PyMOL was used to generate molecular graphics.

Surface plasmon resonance (SPR)

A direct binding assay format was performed to detect direct binding using a BlAcore S200 instrument (GE Healthcare). Prior to acti-
vation, the surface of the research-grade CM5 chip was pre-conditioned with two 50 ml injections of 10 mM HCI, 50 mM NaOH, 0.1%
SDS, and 0.085% H3PO, at a flow rate of 100 ml/min. TNFAIP6 was immobilized on the sensor surface using standard
amine coupling, which was achieved by activating the sensor surface using 7 min injection with a mixture of 11.5 mg/mi
N-hydroxysuccinimide and 75 mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride. Protein immobilization was
performed using a 10 min injection of TNFAIP6 (10 mg/ml) in 10 mM NaAc, pH 5.0 buffer. The remaining active esters were blocked
using a 7 min injection of 1M ethanolamine, pH 8.5, at a flow rate of 10 mI/min. Reference flow cells were prepared without the protein.
Denaturation was achieved with a 30 sec injection of 10 mM HCI at a flow rate of 30 mlI/min. All binding measurements were per-
formed in PBSP, pH 7.4, at a flow rate of 30 ml/min. Proteins were injected over the active protein and reference surface with at least
30 seconds of association and dissociation time. Surface regeneration was achieved using dissociation for a time period, allowing the
response to return to baseline. SPR equilibrium binding data, consisting of Req values from 5 point concentration series, were
analyzed by fitting a steady model to yield R;,ox and K4 values using BlAcore S200 evaluation software.

Bio-Layer Interferometry (BLI)

Ni-NTA biosensors were loaded with His-tag human recombinant TNFAIP6 protein (CUSABIO TECHNOLOGY LLC, Cat# CSB-
EP023959HU) and then incubated with recombinant human EGF protein (R&D Systems, Cat# 236-EG) or colistin
(MedChemExpress, Cat# HY-A0089) to generate an association curve (ForteBio Octet). The 60s association phase was followed
by a 90s dissociation step to obtain the Kd value by the fitting curve.

In vivo drug treatment
For drug treatment, mice were treated with control DMSO vehicle, AS1517499 (20 mg/kg intraperitoneally), osimertinib (50 mg/kg,
oral administration), or colistin (2 pg/dose, intracranially).

In vivo bioluminescence analysis

To monitor tumor growth in living animals, all GSCs used for animal studies were transduced with firefly luciferase through lentiviral
infection at an MOI of 0.8. GSCs expressing firefly luciferase were then intracranially implanted into athymic immunocompromised
mice. To examine the tumor growth, mouse brains implanted with GSCs were monitored by bioluminescent imaging. Blinding was
used to measure tumor growth when using bioluminescence analysis. Animals were treated with 120mg/ kg body weight d-luciferin
intraperitoneally and anesthetized with isoflurane for the imaging analysis. The tumor luciferase images were captured using an IVIS
imaging system (Spectrum CT; PerkinElmer). All animal procedures were performed in accordance with a Nanjing Medical University
Institutional Animal Care and Use Committee—approved protocol. According to the ethical regulations, animals were monitored until
neurological signs were observed, at which point they were sacrificed. Neurological signs or signs of morbidity included hunched
posture, gait changes, lethargy, and weight loss. The maximal tumor burden was strictly limited to 1.2cm in diameter for mice,
with a total tumor weight not exceeding 10% of the mice body weight.

QUANTIFICATION AND STATISTICAL ANALYSIS

Power calculations based upon previous in vivo studies in our models were utilized to predetermine sample sizes. The studies were
designed with 80% power to detect a difference of 20% given a 10% standard deviation at a significance level of alpha = 0.05.
Kaplan-Meier survival curves were generated using Prism software, and a log-rank test was performed to assess statistical signif-
icance between groups. For other studies, a two-sided unpaired Student’s t-test was used to assess differences between groups.
Data distribution was assessed for normality using the Shapiro-Wilk test. Precise experimental details (number of animals or cells,
experimental replication, definition of center, and dispersion and precision measures) are provided in the figure legends and the
experimental model and study participant details and method details sections above. P values are detailed in the figure legends.
P values < 0.05 were considered to be significant. No data were excluded from the analyses.
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