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ABSTRACT

W54011, a C5a antagonist, as a therapeutic strategy: Restoring Glioblastoma
tumor microenvironment altered by tumor mesenchymal stem-like cell-

derived C5a

Jihwan Yoo

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Seok-Gu Kang)

Purpose Glioblastoma (GBM) is a notoriously aggressive brain tumor with a grim
prognosis. Within GBM tissues, tumor mesenchymal stem-like cells (tMSLCs) secrete
complement component 5a (C5a), a substance that exacerbates tumor progression by
disrupting the tumor microenvironment (TME). This study explores the therapeutic
potential of the C5a antagonist W54011 in mitigating TME-induced tumor progression in
GBM tumorspheres (GBM-TS) affected by tMSLC-derived C5a.

Methods We conducted a transcriptomic analysis on tissues from human GBM patients,

dividing them into groups based on high and low CS5a receptor 1 (C5aR1) expression.

Survival analysis and transcriptomic analysis, including differentially expressed genes and

v



gene set enrichment analysis, were performed between these groups. GBM-TS were co-
cultured with tMSLCs to produce a C5a-containing conditioned medium (CM) that was
used to stimulate GBM-TS. The biological impact of C5a on proliferation, invasion, and
stemness to GBM-TS was assessed using WST/ATP, a 3D invasion assay, and an Extreme
limiting dilution analysis (ELDA) assay. Validation was achieved through Western blot
and bulk RNA sequencing. In vivo experiments using a xenograft mouse model showcased

the therapeutic potential of the C5a antagonist, W54011, in treating GBM-TS.

Results Patients with high C5aR1 expression exhibited an increase in TME and
inflammation-related genes, correlating with a poor prognosis. GBM-TS treated with CM
led to increased proliferation, invasion, and stemness, effects which were reversed by
W54011. CM treatment induced EMT in GBM-TS, while W54011 restored spherical
morphology and induced apoptosis. Transcriptome analysis and marker expression in
western blots corroborated our findings. In an orthotopic xenograft mouse model, co-
injection of GBM-TS and CM resulted in larger tumors and lower survival, whereas

W54011 reduced tumor size with prolonged survival.

Conclusion Our study reveals a crucial role of C5a in promoting growth, invasion, and
stemness to GBM-TS. The inhibition of C5a through W54011 successfully reversed the
malign effects on GBM-TS phenotype induced by C5a. These findings offer valuable
insights into the mechanisms underlying GBM progression and lay the groundwork for

understanding the clinical efficacy of W54011 in GBM treatment.

Key words: Glioblastoma; Tumor mesenchymal stem-like cell; Complement

component 5a; Tumor microenvironment; Patient-derived xenograft
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[. INTRODUCTION

Glioblastoma (GBM) is the most common malignant brain tumor in adults,
characterized by a poor prognosis.! Although standard treatments such as
radiotherapy and chemotherapy with temozolomide (TMZ) are performed, the
reported median overall survival is about 15-20 months.!3 Despite recent advances
in immunotherapy and targeted therapy in cancer treatment, the results in GBM
rarely succeeded.*> The tumor microenvironment (TME), which consists of the

extracellular matrix (ECM), interstitial fluid, and various stromal cells, is a key



regulator of tumor progression and one of the main causes of GBM treatment
resistance.® The TME of GBM has been shown to promotes tumor progression,
invasion, and epithelial-mesenchymal transition (EMT).”® Thus, a novel treatment
strategy for GBM is required, and modulating the TME of GBM could be an
alternative.’

Previously, we isolated GBM tumorspheres (GBM-TS) and tumor mesenchymal
stem-like cells (tMSLC) from patient-derived tumor tissue, and found that the
successful isolation of tMSLC was associated with a poor prognosis.!®!! The
adverse prognostic effects of tMSLC was further observed in a patient cohort from
The Cancer Genome Atlas (TCGA).!? Remodeling of TME may be one of the
underlying mechanismsfor the association between tMSLC and poor prognosis.
Our studies revealed that tMSLCs contribute to ECM remodeling through the
CD40/NFB2/LOX signaling pathway!?, and also produces hyaluronic acid (HA)
rich tumor microenvironment via an autocrine manner by complement component
5a (C5a), thereby enhancing the invasiveness of GBM-TS.!* Furthermore, tMSLCs
exposed to cancer cell-conditioned medium are capable of differentiating into
cancer associated fibroblasts (CAF) through TGFB1-mediated mechanisms, leading
to the promotion of cancer cell stemness, EMT, and invasion, ultimately driving
tumor progression. !>

Additionally, the tMSLC modifies the cellular properties of GBM-TS. The
tMSLC triggers the proliferation of GBM-TS by the paracrine effect of TGF beta!®

17" Furthermore,

and increases programmed death ligand (PD-L1) expression.
tMSLC could exhibit more tumorigenic properties by maintaining the stemness of
glioma stem cells (GSCs) and enhancing proliferative properties through the IL-
6/gp130/STAT3 pathway.'®!® Lim et al. discovered that tMSLCs in the GBM

microenvironment secreted high concentration of C5a, which increases the activity



of ZEBI via C5a receptor 1 (C5aR1) and activates the p38-MAPK pathway in a
paracrine manner.2? Activation of this pathway enhances the infiltrative capacity of
GBM, resulting in a malignant prognosis in an in vivo model.?

This study aimed to investigate the potential association of C5aR1 expression in
GBM tumor tissues with patient prognosis, and identify the related pathway through
transcriptomic profiling according to C5aR1 expression. In addition, we evaluated
the functional effects of C5a on the proliferation, stemness, and invasiveness of
GBM-TS, as well as the alteration of its transcriptomic profile. By inhibiting C5a,
we aimed to reduce the malignant phenotype of GBM-TS and assess its therapeutic
potential in an in vivo model. Our findings provide insights into the role of C5a in

GBM progression and suggests the potential for C5a inhibition as a novel

therapeutic strategy for GBM.



II. MATERIALS AND METHODS
1. Synthesis of the compound

The C5aR antagonist, W54011, was synthesized as a free form according to the
previous literature.?! All chemicals and solvents obtained from chemical suppliers
were used without further purification. Column chromatography purification was
conducted using pre-coated thin-layer silica gel plates (MERCK silica gel 60;
F254, 0.040-0.063mm).NMR spectra were acquired using a JEOL ECS 400 NMR
spectrometer (Tokyo, Japan) operating at a 1H frequency of 400 MHz. Proton
chemical shifts are reported in parts per million (ppm) relative to an internal
standard. Chemical shifts, multiplicity, and coupling constants (J) were
determined and analyzed using ACD NMR processor academic edition software.
The synthesized compound underwent analysis utilizing a Waters ACQUITY
ultra-performance liquid chromatograph (UPLC) coupled with a triple quadrupole
mass spectrometer (Micromass Quattro Micro, Waters). Chromatographic
separation was executed on a BEH C18 column (1.7 mm, 2.1 mm % 50 mm;
Waters) maintained at 40 °C under isocratic conditions (mobile phase A: mobile
phase B =20:80). Mobile phase A was composed of water (LC-MS grade) with
0.1% formic acid (v/v), while mobile phase B consisted of acetonitrile (LC-MS

grade) with 0.1% formic acid (v/v). The flow rate was set at 0.2 mL/min."

2. Spectral data of the compound

W54011. 1H NMR (400 MHz, CDCI3) d ppm 7.15 (d, J=8.55 Hz, 2 H), 7.18 (d,
J=8.24 Hz, 2 H), 6.91 - 7.03 (m, 3 H), 6.62 - 6.73 (m, 3 H), 6.53 (d, J=2.44 Hz, 1
H), 5.08 (d, J=14.04 Hz, 1 H), 4.58 (d, J=14.04 Hz, 1 H), 3.65 - 3.75 (m, 4 H), 2.93



-3.03 (m, 6 H), 2.71 - 2.93 (m, 2 H), 2.59 (dt, J=16.33, 4.50 Hz, 1 H), 1.95 - 2.09
(m, 2 H), 1.84 - 1.94 (m, 1 H), 1.39 - 1.55 (m, 1 H), 1.19 - 1.29 (m, 6 H). MS (ESI):
[M + H]+ = 457.2

3. Isolation of GBM TSs and tMSLCs from tumor samples

In our study, GBM tissue obtained from patients was expeditiously transported from
the hospital to the laboratory. To isolate cells from fresh GBM specimens, we
employed a previously established method.?>? Briefly, fresh GBM tissues were
chopped using a surgical knife and passing it through 100-um nylon mesh cell
strainers with Dulbecco's modified Eagle medium: nutrient mixture F-12
(DMEM/F-12, Mediatech) supplemented with 1% antibiotic-antimycotic solution
(Invitrogen). The resulting single cells were divided into two separate 15ml conical
tubes. One half was cultured for TSs in DMEM/F-12 supplemented with B27
(Invitrogen), 20 ng/ml basic fibroblast growth factor (bFGF, Invitrogen), 20 ng/ml
epidermal growth factor (EGF, Invitrogen), and 50 U/ml penicillin and 50 mg/ml
streptomycin (Invitrogen). The other half was cultured for tMSLCs in media
containing minimal essential medium-a (MEMa; Mediatech), 10% fetal bovine
serum (FBS; Lonza), 2 mM L-glutamine (Mediatech), and 1% antibiotic-

antimycotic solution (Invitrogen).

4. Gene expression datasets and analysis

Ninety-six samples were obtained from primary GBM patients operated at
Severance Hospital. To get gene expression profiles through microarrays, we
extracted total RNA from each tissue sample using Qiagen RNeasy Plus Mini kits.
The collected RNA was then loaded onto the Illumina HumanHT-12 v4 Expression



BeadChip (Illumina, San Diego, CA, USA). The data underwent variance
stabilizing transformation and quantile normalization using the R/Bioconductor
lumi package.?* Differentially expressing genes (DEG) were calculated using
limma package.? Using the maxstat package, the C5AR1 expression of patients
was divided into two groups. Volcano plot was generated using EnhancedVolcano
package. Genes were functionally annotated by over-representation analysis using
GO gene sets, and then visualized as a dot plot using cluster profiler package.
Enriched GO terms were categorized according to their kappa scores (>0.4).
Enrichment plot was generated using GenePattern 2.0.26 The datasets generated
during and/or analyzed during the current study are available from the

corresponding author upon reasonable request.

5. Preparation of C5a conditioned media

tMSLCs were cultured to achieve a confluency of 80%. After 24 hours, tMSLCs
were washed twice with phosphate-buffered saline (PBS; Mediatech) to remove
non-adherent cells and the MSLC media. The culture media was then replaced with
TS media, and the cells were allowed to grow for 3 days. After 3 days, the TS media
were harvested and centrifuged at 3000 rpm for 5 minutes. The supernatant was
collected and used as C5a conditioned media (CM), which served as the culture

media throughout the experimental process.

6. Cell viability and ATP level assays

Cell viability and ATP level assays were conducted to evaluate the impact of
conditioned media and W54011 on cell proliferation. TSs were dissociated into

single cells and 1x10* cells were plated in a 96-well plate. After 24 hours of



incubation, W54011 was treated at various concentrations in MSLC conditioned
media for 72 hours. Cell viability was assessed using WST-8/CCKS8 assay by
measuring absorbance at 450 nm after adding 10 pL of WST-8/CCKS8 (Dojindo
Laboratories). ATP levels were quantified utilizing the CellTiter-Glo® Luminescent
Cell Viability Assay Kit (Promega) by adding 70 pL of the reagent to each well and
measuring luminescence. All measurements were performed in triplicate and

statistical analysis was performed using Prism 8 software (GraphPad Software).

7. Western blot analysis

TSs were collected and lysed in lysis buffer (50 mM Tris-Cl pH 8.0, 150 mM
Nonidet P-40, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid) supplemented
with phosphatase and protease inhibitor cocktails (GenDEPOT). The lysates were
collected after centrifugation at 14000 rpm at 4C for 15 minutes. The
quantification of proteins was conducted using the Bradford reagent (BioRad), and
the separation of the proteins was achieved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins that were divided
were moved to nitrocellulose membranes (GE Healthcare Life Sciences) and
obstructed with 3% bovine serum albumin (BSA) for a duration of 1 hour.
Subsequently, the membranes were incubated overnight at 4C with specific
primary antibodies. The membranes were visualized using Western Lightning Plus-
enhanced chemiluminescence reagent (PerkinElmer) and the images were captured

using ImageQuant LAS 4000 mini (GE Healthcare Life Sciences).

8. Extreme limiting dilution analysis (ELDA) assay

Dissociated single TSs were seeded in a 96-well plate at densities ranging from 10



to 200 cells per well (n = 30). The TSs were then exposed to either TS complete
media, MSLC conditioned media, or W54011 in MSLC conditioned media. After
14 days of incubation, large images with a diameter greater than 50 um were
captured and quantified using the Operetta CLS High-Content Analysis System
(PerkinElmer). Subsequently, ELDA analysis (http://bioinf.wehi.edu.au/software/
elda/) based on tumorigenic cell frequency was performed to determine statistical

significance.

9. Three-dimensional (3D) invasion assay

Cultured TSs of equal size were subjected to a matrigel mixture containing 2.4
mg/ml of high-concentration rat tail collagen type I (BD Biosciences), 2.1 mg/ml
of Matrigel (Corning Life Sciences), 10% NaHCO3, and 2X TS complete medium.
The cells were then seeded with either TS complete medium or tMSLC conditioned
medium, and treated with different concentrations of W54011, followed by
incubation for 72 hours. Invasion images were obtained using an inverted
microscope (Intron Biotechnology), and migration edge parameters were measured
for quantitative assessment of invasiveness using ToupView image analysis

software (x64 v3.7.1460, AmScope).

10. Immunocytochemistry

TSs were attached to coverglass (Vectashield) using Poly-L-Lycine (Sigma) and
allowed to incubate for 24 hours. Subsequently, the TSs were treated with TS
complete media, MSLC conditioned media, or MSLC conditioned media
containing W54011. After 72 hours, the cells were fixed in 3.8%
Formaldehyde/1xPBS, and permeabilized using 0.1% Nonidet® P 40 (NP-



40)/1xPBS for 15 minutes. Blocking was performed with 1% BSA/1xPBS for one
hour. Immunostaining was carried out using primary antibodies against GFAP (Cell
Signaling) and C5a (Abcam), followed by secondary antibodies Alexa Fluor 488
(Invitrogen) and Alexa Flour 568 (Invitrogen). Laser scanning microscope (LSM)
images were acquired using an inverted confocal microscope (LSM700; Carl Zeiss
Microlmaging, Inc.). The obtained images were further processed using ZEN2009

software and Image J for subsequent analysis.

11. Mouse orthotopic xenograft model

Male athymic nude mice (Central Lab. Animal Inc.) aged 4 to 8 weeks were utilized
in the experiment. Upon arrival, the animals were acclimatized for at least one week
under controlled conditions of a sterile environment, temperature, and humidity.
All experimental procedures were approved by the Institutional Animal Care and
Use Committee, Yonsei University School of Medicine. TS or tMSLC, and TS and
tMSLC, respectively, were injected with 5 x 105 cells into the right frontal lobe of
nude mice at a depth of 4.5 mm using a guide-screw system. Prior to injection, TS
or tMSLC were pre-treated with W54011 drug, and live cells were selected with
trypan blue. The body weight of the mice was measured every other day, and mice
that lost more than 15% of their maximum body weight were euthanized to confirm
survival. The brains of sacrificed mice were fixed in 10% neutral buffered formalin,
embedded in paraffin, and cut into 4 micron-thick slices. Cut tissue sections were
deparaffinized in xylene and stained with hematoxylin. Imaging was captured by

an IX71 microscope (Olympus).

12. Immunohistochemistry (IHC)



Paraffin-embedded tissue blocks were cut at 5 um thickness using a microtome and
mounted on adhesive slide glass. Immunohistochemical staining for Anti-C5a
(Abcam), Anti-N-cadherin (Cell Signaling), and Anti-Vimentin (Abcam) was
performed using a Peroxidase/3,3'-diaminobenzidine (DAB) staining system. The

image was captured using an IX71 microscope (Olympus).

13. Statistical analysis

Statistical analysis was conducted using Prism 8 software (GraphPad Software) and
R software (version 4.2.0) to compare control and treatment groups. One-way
ANOVA with Tukey's post hoc test was used for multiple comparisons of measured
values. Kaplan-Meier method and log-rank test were employed to analyze mice

survival. A P value <0.05 was considered statistically significant.

14. Ethics approval and consent to participate

Written informed consent was obtained from all patients for sampling and
evaluation, and the study was conducted in strict accordance with the relevant
guidelines and ethics regulations of the Institutional Review Board of Yonsei
University College of Medicine with the approval number 4-2021-1319. All
applicable international, national, and institutional guidelines for animal care and
use were followed. In vivo experiments and animal care procedures were reviewed
and approved by the Laboratory Animal Care Committee of Yonsei University
College of Medicine (approval number 2020-0248), in accordance with the
established laboratory animal guidelines published by the National Institutes of
Health. The ARRIVE guidelines for reporting animal experiments were followed.
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III. RESULTS

1. RNA expression in Glioblastoma patients from the Severance cohort

Demographics were summarized in Table 1. A total of 96 patients were included
in the analysis and were classified into two groups according to C5aR1 expression:
C5aR1 High group (n=61) and C5aR1 Low group (n=35) (Fig. 1A). The two
groups showed distinctly different whole-gene expression profiles (Fig. 1B). So,
we analyzed 1246 differentially expressed genes between two groups.
Representatively, the expression of C5aR1, IL10, TGFBR2, STAT6, CCL2,
CXCLS, CSF1, IL6, CCL3 and MMP19 was increased in the C5aR1 high group
(Fig. 1C). GSEA analysis based on 50 Hallmark gene sets confirmed that
epithelial mesenchymal transition, angiogenesis, apoptosis, hypoxia, and
inflammatory response related genes were highly expressed in the C5aR1 high
group (Fig. 1D). Clinically, overall survival also showed a worse prognosis in the
C5aR1 high group (p=0.027) (Fig. 1E). Again, according to gene ontology
analysis based on molecular function, the C5aR1 high group showed an increase
in innate immune response, cellular response to cytokine stiumulus, cytokine

production, and regulation of cytokine production (Fig. 1F).
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Figure 1. Prognostic potential of C5a as a clinical marker

(A) Schematic illustration for informatics analysis using primary GBM patient
samples in the Severance Cohort. (B) Heatmap showing expression patterns of
DEGs identified based on statistical significance of P-adj <0.05 from the C5a_High
group relative to the C5a_Low group. (C) Volcano plot showing the up-regulated,
down-regulated, or insignificantly DEGs of the C5a High group relative to the
C5a_Low group. Genes in the white boxes are significantly associated with the
tumor TME and inflammation. (D) GSEA plot of hallmark TME and inflammation
related gene set enrichment in the C5a_High group relative to the C5a_Low group.
(E) Comparison of GBM patients with C5a_High group (n=61) to those in the
C5a_Low group (n=35) in terms of patient survival. Patients in the C5a_High group
had significantly worse patient survival than those in the C5a Low group (P =
0.027). (F) Enrichment analysis for Gene Ontology (GO) biological processes of
DEGs in the C5a_High group relative to the C5a_Low group.

Table 1. Clinical information for 94 samples used in this study

Characteristics (CnS:a6II{)igh (C11522131§)() W P-value
Age (yrs) 60.0+10.8 59.5+12.3 0.823
Sex 0.274
F, n (%) 23 (37.7%) 18 (51.4%)
M, n (%) 38 (62.3%) 17 (48.6%)
Pathological diagnosis 1.000
Glioblastoma, n (%) 61 (100.0%) 35 (100.0%)
Type 1.000
Primary, n (%) 61 (100.0%) 35 (100.0%)
Recurrent, n (%) 0 (0.0%) 0 (0.0%)

14



IDH mutation
Wild type, n (%)
Mutant, n (%)
MGMT promotor methylation
Methylated, n (%)
Unmethylated, n (%)
1p19q codeletion
No deletion, n (%)
Co deletion, n (%)
TERT mutation
C228T, n (%)
C250T, n (%)
Wild type, n (%)
NA, n (%)
EGFR mutation
Yes, n (%)
No, n (%)
NA, n (%)
Ki-67 index, (%)

61 (100.0%)
0 (0.0%)

18 (29.5%)
43 (70.5%)

61 (100.0%)
0 (0.0%)

30 (49.2%)
9 (14.8%)
5(8.2%)
17 (27.9%)

24 (39.3%)
30 (49.2%)
7 (11.5%)

2424156

35 (100.0%)
0 (0.0%)

16 (45.7%)
19 (54.3%)

34 (97.1%)
0 (0.0%)

9 (25.7%)
4 (11.4%)
11 (31.4%)
11 (31.4%)

15 (42.9%)
19 (54.3%)
1(2.9%)

30.8 + 18.4

1.000

0.169

0.777

0.015"

0.339

0.067

2. W54011 exerts a potent inhibitory effect on C5a TS growth by impeding
proliferative processes within the TME

We investigated the potential of W54011, a C5a receptor antagonist, to alleviate the
disruption of the TME caused by C5a up-regulation, which leads to tumor
aggravation in GBM-TS. The W54011 drug was synthesized and prepared
following the method of a previously published study (Fig. 2A).2! To create

15



conditions with C5a upregulation and mimic the TME environment, we prepared

C5a conditioned media and treated GBM-TSs. Briefly, to generate C5a conditioned

media, we cultured GBM patient-derived tMSLCs in a-MEM supplemented with

10% FBS. After 24 hours, we replaced the media with serum-free DMEM and
allowed it to incubate for another 72 hours. Subsequently, we collected the media,
removed debris through centrifugation, and utilized the resulting supernatant (Fig.
2B). Our previous study using the same method of preparing conditioned media
revealed the presence of several cytokine factors, with C5a being the most abundant,
as reported in this study.?°

We conducted a microarray screening of various GBM primary cells and identified
two GBM-TSs, TS15-88 and TS14-15, which exhibited relatively high levels of
C5aR1 expression (Fig. 3A-C). These two GBM-TSs, along with the GBM human
cell line U87, were used in the subsequent experiments (Fig. 3A-C). Clinical data
of two selected GBM-TS was summarized in Table 2. In TS15-88, TS14-15, and
US87 cells, we observed an increase in cell viability upon treatment with C5a
conditioned media (CM), as measured by WST-1 and ATP assays.

Notably, the elevated cellular levels resulting from CM treatment gradually
decreased when W54011 was administered at concentrations ranging from 0 to 30
uM (Fig. 2C, D). The cellular brightfield images confirmed an increase in cell
population and sphere size after CM treatment, and this effect was reversed upon
the administration of W54011 (Fig. 2E). When 2.5 puM of W54011 was
administered, cell viability started to decrease, and at a concentration of 7.5 pM, it
was confirmed that the viability level was noticeably reduced. To further validate
the effects of CM and W54011, we performed Western blot and RNAseq analyses.

The apoptotic molecules, as confirmed by Western blot, showed heightened
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sensitivity to CM treatment, while their levels were significantly reduced after
W54011 administration (Fig. 2F). On the other hand, the level of Bax, a pro-
apoptotic molecule, increased when treated with W54011, and the cleaved form of
caspase-3 also showed an increasing trend. Subsequently, we analyzed the RNAseq
results for GBM-TSs under different treatments: untreated GBM-TS (TS), GBM-
TS treated with CM (TS+CM), GBM-TS treated with W54011 (TS+W54011), and
GBM-TS treated with both CM and W54011 (CM+W54011). The expression of
several proliferation markers was significantly reduced in the group treated with the

W54011 following CM treatment in GBM-TS (Fig. 2G).
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Figure 2. The generation of C5a-CM and treatment with the C5a antagonist,
W54011, reduces the proliferation of GBM-TS cells exposed to C5a.

(A) The chemical structure of W54011, a synthesized drug. (B) Generation of C5a
CM from tMSLC for obtaining secreted C5a. (C) Assessment of cell viability and
(D) ATP content of three glioblastoma multiforme tumor spheres (GBM-TSs;
TS15-88, TS14-15, U87) treated with C5a CM alone and in combination with
W54011 at various concentrations (0-30 uM). The graph represents the fitting curve
for cell viability, used to calculate the IC50. (E) Bright field images of three GBM-
TSs (TS15-88, TS14-15, U87) treated with C5a CM alone and in combination with
W54011 at various concentrations (0-7.5 uM), with an initial seeding density of 1.0
% 104 cells. All scale bars represent 200 um. (F) Analysis of three GBM-TSs (TS15-
88, TS14-15, U87) treated with C5a CM alone and with W54011 at indicated
concentrations (0, 2, 5, 7.5 uM). Cell lysates were subjected to Western blotting
using antibodies against Pro-Caspase3, Bcl2, Bax, Pro-PARP, Cleaved PARP, and
GAPDH. (G) Heatmap depicting gene expression changes in the GBM
amplification marker gene set between GBM-TSs treated with C5a CM alone and
with W54011 at a concentration of 7.5 uM. Statistical significance was calculated

via the T-test. “P < 0.05, P < 0.01, P < 0.001, “**P < 0.0001.
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Figure 3. Analysis of C5aR1 and C5aR2 expression profiles in GBM tissue.
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Table 2. Clinical and mutation profiles of two tumor tissues used for detailed
comprehensive experiments.

Case Number TS 14-15 TS 15-88
Diagnosis Glioblastoma  Glioblastoma
IDH type Wildtype Wildtype
MGMT promoter methylation =~ Methylated Unmethylated
Age 68 69
Sex Male Male
1p/19q status Ip intact/ 19q Intact
LOH
KI67 (%) 15~20% 30%
P53 3~4% 80%
Mutation status® NA NA
TERT promoter mutation NA NA
EGFR NA NA
TP53 NA NA
PTEN NA NA
Nestin NA NA
Musashi-1 NA NA
CD133 NA NA
SOX2 NA NA
N-cadherin NA NA
CD44 NA NA
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3. W54011 effectively suppresses C5a-induced GBM-TS stemness and EMT
through TME disruption.

In the context of GBM-TS, stemness refers to the enhanced or upregulated stem
cell-like properties in comparison to the bulk tumor cells. Specific TME factors,
such as growth factors or cytokines in GBM-TS, can promote or sustain stemness
in GSCs, while hypoxic conditions within the TME can activate signaling pathways
that enhance the self-renewal capacity and pluripotency of CSCs.?”2* Accordingly,
we hypothesized that increased C5a levels would elevate the stemness of GBM-TS.
To evaluate this, we employed the extreme limiting dilution assay (ELDA) to
determine the stemness frequency of GBM-TS subpopulations that were either
untreated, treated with CM, or treated with W54011.

Three GBM-TSs (TS15-88, TS14-15, U87) were freshly dissociated and subjected
to either no treatment or treatment with CM and W54011. They were grown for 14
days to quantitatively assess self-renewal capacities, and high-throughput bright-
field imaging captured images of the three GBM-TSs (Fig. 4A). As can be seen
from the results, sphere formation increased in all three GBM-TS cells when treated
with CM. Conversely, sphere formation decreased when treated with W54011 at
concentrations ranging from 2.5 uM to 7.5 uM (Fig. 4A). We also quantitatively
tested the confidence intervals for 1/stem cell frequency following CM and W54011
treatments in three GBM-TS. These calculations were performed using the ELDA
analysis program (http://bioinf.wehi.edu.au/software/elda/) and presented
graphically (Fig. 4B). ELDA results showed that all three GBM-TSs displayed the
highest self-renewal capacity in the CM treatment group, with clonogenic potential
of 5.76% (TS15-88), 21.9% (TS14-15), and 4.09% (U87), respectively. Conversely,

higher concentrations of W54011 led to decreased self-renewal capacity.
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Confidence intervals for 1/stem cell frequency in three GBM-TS were
quantitatively calculated and are provided as a separate table (Fig. SA-C). Moreover,
TS14-15 exhibited the lowest sphere-forming ability (Fig. 4B). Subsequently,
western blot analysis was conducted to measure the expression of stemness markers.
In the CM-treated group, marker expression significantly increased in all three
GBM-TSs, while marker expression significantly decreased as the concentration of
W54011 increased (Fig. 4C). Furthermore, RNAseq analysis confirmed the
upregulation of stemness markers in the CM-treated group, and significant
reductions in stemness markers were observed in the CM+W54011 treated groups
(Fig. 4D).

To confirm the morphological changes of GBM-TS upon C5a treatment, we
conducted confocal analysis, co-staining the samples with GFAP, a GBM stemness
marker, and C5a. As a result, both GFAP and C5a were increased in the CM
treatment groups, and it was confirmed that the sphere shape changed to the EMT-
like shape. However, upon treatment with W54011, this phenomenon was reduced,
and it was confirmed that the cells returned to their original spherical shape (Fig.
4E). From these results, we confirmed that the stemness of GBM is increased from

the TME excerpted from C5a and induces cells drive EMT.
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Figure 4. Stemness reduction effect and cellular morphological changes after
W54011 treatment in GBM-TS exposed to C5a-CM.

(A) High-throughput bright field images of three GBM-TSs (TS15-88, TS14-15,
U87) treated with C5a CM alone and in combination with W54011 at various
concentrations (0-7.5 pM), with an initial seeding density of 200 cells. (B)
Frequency within populations of three within three GBM-TSs (TS15-88, TS14-
15, U87) treated with C5a CM alone and in combination with W54011 at various
concentrations (0-7.5 pM) were measured by the Extreme limiting dilution assay
(ELDA) at 14 days post cell seeding. (C) Analysis of three GBM-TSs (TS15-88,
TS14-15, U87) treated with C5a CM alone and with W54011 at indicated
concentrations (0, 2, 5, 7.5 uM). Cell lysates were subjected to Western blotting
using antibodies against Nestin, Sox2, PDPN, OCT3/4, and GAPDH. (D)
Heatmap depicting gene expression changes in the GBM stemness marker gene
set between GBM-TSs treated with C5a CM alone and with W54011 at a
concentration of 7.5 uM. (E) Representative confocal microscopy images showing
the colocalization of GFAP (red stain) and C5a (green stain) in GBM-TSs treated
with C5a CM alone and with W54011 at a concentration of 7.5 pM. All scale bars

represent 20 um.
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Figure 5. Confidence intervals for 1/(stem cell frequency)

4. CSa-induced stemness and EMT in GBM-TS contribute to increased
invasion, which can be effectively suppressed by W54011 treatment

In Figure 4, we confirmed that C5a increases stemness and initiates EMT, leading
to modifications in cell morphology. We hypothesized that EMT induced by C5a
would cause GBM-TS cells to lose their cell-cell adhesion and polarity
characteristics, acquiring mesenchymal properties, and consequently increasing
invasion. Indeed, it is well-documented in numerous studies that EMT contributes

to heightened invasiveness.?**! To validate this theory, we cultured three GBM-TSs
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(TS15-88, TS14-15, U87) for 7 days, forming spheres, and treated each sphere with
either no treatment, or CM, or W54011 or CM +W54011. These spheres were then
implanted in a 3D matrix, and brightfield imaging was captured after 72 hours of
sphere implantation (Fig. 6A). As shown in the figure, invasion significantly
increased in the CM-treated group for all three GBM-TSs, whereas invasion
gradually reduced with different concentrations of W54011 treatment at
concentrations ranging from 2.5 uM to 7.5 uM. Subsequently, we quantitatively
measured the invasive areas, and the results confirmed a significant increase in
invasion when CM was applied to all three GBM-TSs compared to the non-CM-
treated group, with decreasing levels observed with each concentration of W54011
treatment (Fig. 6B). Further western blot analysis also corroborated the elevated
expression of various invasion markers in the CM-treated group, with levels
gradually decreasing upon W54011 treatment at concentrations ranging from 2.5
uM to 7.5 uM (Fig. 6C). Additionally, RNAseq results confirmed increased
expression of invasion markers in the CM treatment group, while their expression
significantly decreased in the CM and W54011 treatment groups (Fig. 6D). Based
on these findings, it is evident that C5a promotes GBM-TS invasion, and this effect
can be mitigated by W54011 treatment.

27



A CM+W54011 (ug/mL)
Control oM 25uM 5uM 7.5uM

TS15-88

TS14-15

us7

TS15-88 TS14-15 us7

IS
w

N

)

otm o Ot™m aT™
ECM I— ECM
[ CM+W54011 [0 CM+W54011

@cm
O CM+W54011

w
=
3]

r

N
h

o *

-
i

Invaded area (Fold)
- ® "
Invaded area (Fold)

Invaded area (Fold)
o

1)
;
1S)
;
o
e

O 9.0 9,0 O 9,0 0,0 O 0.0 6,6
CM+W54011 CM+W54011 CM+W54011
(pg/mi) (ng/mli) (ng/ml)
C CM+W54011 CM+W54011 CM+W54011 D
(Hg/mL) (Hg/mL) (Hg/mL)

QQ‘\/‘O OQ‘\/‘O’\ OQ‘V‘O’\'
2 | mros | [ ] Zebt
=== o mn caon

_ L] L] AR CD133

[eneisa | [WWWW | [F@ % & o] CDa4

E [(AESEE ] E Snail
——— - | [To=es o

F = | }i. | GAPDH ] 7s [] Ts+cM [ TS+W54011 [] CM+W54011
TS15-88 TS14-15 us?

28



Figure 6. Invasion reduction effect of W54011 in GBM-TS exposed to C5a-CM.
3D cell spheroid invasion assay.

(A) Time-lapse images of three GBM-TSs (TS15-88, TS14-15, U87) showing
spheroid invasion inside the matrix gel. Representative images of three GBM-TSs
treated with C5a CM alone and in combination with W54011 at various
concentrations (0-7.5 uM) for 72 h. All scale bars represent 200 pm. (B)
Quantification of the single spheroid invasion area. Statistical significance was
determined using the T-test. “P < 0.05, “P < 0.01, P < 0.001, ***P < 0.0001. (C)
Analysis of three GBM-TSs (TS15-88, TS14-15, U87) treated with C5a CM alone
and with W54011 at indicated concentrations (0, 2, 5, 7.5 uM). Cell lysates were
subjected to Western blotting using antibodies against Zeb1, N-Cadherin, -Catenin,
CD133, CD44, Snail, Twist, and GAPDH. (D) Heatmap depicting gene expression
changes in the GBM invasion marker gene set between GBM-TSs treated with C5a
CM alone and with W54011 at a concentration of 7.5 pM.

5. C5a induces tumor malignancy, and W54011 counteracts its tumorigenic
effects in animal brains.

We aimed to investigate whether C5a could induce tumor malignancy in animal
brains and whether W54011 could counteract the tumorigenic effects of C5a. For
this purpose, we established a mouse orthotopic xenograft model with four groups
of animals (n = 33). Luminescence was induced by inserting Luciferase virus
particles into TS15-88, which displayed relatively high endogenous C5a levels and
showed enhanced sphere proliferation, stemness, and invasive ability following CM
treatment and W54011-induced tumor suppression effect (data not shown).

Orthotopic injections were performed in the brains of mice, dividing the injections
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into four groups: GBM-TS, GBM-TS+tMSLC, GBM-TS+W54011, and GBM-
TS+HMSLC+W54011 (Fig. 7A).

At approximately 150 days, tumor generation was observed and imaged by IVIS
fluorescence, while MRI was taken at 18 weeks. The tumor size in the TS+CM
treatment group significantly increased compared to the TS-only injection group,
and the tumor size in the CM+W54011 treatment group was restored to its original
size (Fig. 7B). This observation aligned with the IVIS results taken at 13 weeks
(Fig. 7C). To assess tumor growth, we considered the tumor to have progressed if
the mice’s weight was reduced by 25% compared to their initial weight. At this
point, the mice were sacrificed, and their brains were removed and preserved.
Subsequent H&E staining of the brain tissue confirmed enlarged tumors in the
TS+CM treatment group, while the tumor size was restored to its original size in
the TS+CM+W54011 group. No significant difference was observed between TS
alone or TS+W54011, and no significant difference was found with
TS+CM+W54011 (Fig. 7D).

To explore whether C5a induces EMT in animal models, we performed vimentin
and N-cadherin DAB staining, along with C5a level confirmation. As a result, C5a,
N-cadherin, and vimentin expression were markedly increased in TS+CM, but their
levels significantly reduced upon W54011 treatment (Fig. 7E-F). Additionally,
overall mouse survival showed that compared to mice injected with TS alone, the
survival rate of mice in the CM-treated group was significantly reduced
(P<0.00053). However, among the same CM-treated groups, survival was increased
significantly when W54011 was additionally administered (P<0.032). On the other
hand, W54011 treatment in TS alone did not significantly increase the survival rate
(Fig. 7G). Based on these results, it was evident that C5a induces tumor malignancy

in the mouse brain, and W54011 effectively reduces the level of tumor malignancy.
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Figure 7. The effect of W54011 in reducing tumor growth from C5a-CM in an in
vivo model.

(A) Hlustration depicting the design and method of treatment of the xenograft model,
BALB/c nude mice were inoculated with TS15-88 GBM-TS cells (2 x 105) and
treated with W54011. (B) Representative magnetic resonance imaging (MRI)
images at 13 weeks post-inoculation. White grid lines indicate tumor volumes. (C)
Orthotopic xenograft mouse models were established with TS15-88-Luciferase
cells using surgical orthotopic implantation to observe the effects of C5a CM alone
and in combination with W54011 in vivo. Tumor growth was monitored using an
IVIS Lumina II starting on day 8 and then once every three weeks to obtain in vivo
bioluminescence images. Images show bioluminescent signals obtained at 13 weeks.
(D) Representative images of H&E-stained brain sections from mice after sacrifice
when 25% of weight was lost. The images were taken at 100x objective. (E) The
expression levels of C5a, N-cadherin, and Vimentin in tumor tissues harvested from
mice bearing orthotopic xenografts (TS, TS+CM, and TS+CM+W54011 groups)
were assessed using immunohistochemistry (IHC). The images were taken at 20x
and 100x objectives, respectively. (F) Quantitative assay of the IHC data for C5a,
N-cadherin, and Vimentin. (G) Survival analysis of mouse models. The p-value
between TS+CM (n=6) and TS+W54011 (n=9) is (P=0.00053), and the p-value
between TS+CM (n=6) and TS+CM+W54011 (n=10) is (P=0.032).

32



IV. DISCUSSION

The main finding of this study is that C5aR1 expression is deeply related to
prognosis in GBM patients, and in experiments using patient-derived GBM TS,
W54011 successfully restored proliferation, invasion, and stemness of GBM TS
increased by tMSLC, resulting in prognosis recovery in a mouse orthotopic model
(Fig. 8). Recent findings have reported genetic evidence of glioma stem cells in
GBM originating from neural stem cells located in the subventricular zone.??-3* The
tMSLC denatures the TME in an autocrine and paracrine manner, therby
contributing to malignant degeneration of GBM TS.!*!® Since GBM TME causes
resistance to various treatments, targeting GBM TME to restore the increased

malignancy caused by tMSLC could be an important treatment strategy.>>-3’
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GBM TME is known to contain highly proliferating malignant astrocytoma cells,
vascular endothelial cells and pericytes, and significant amounts of resident and
infiltrating immune cells in the extracellular matrix around the tumor.’®*° Due to
high tumor heterogeneity and immune evasion, several attempts have been made to
target the TME in addition to targeting the tumor cells themselves.*® A
representative example is bevacizumab, a monoclonal antibody targeting VEGF-A,
which successfully extended progression-free survival by more than 3 months
compared to standard treatment in GBM.*! In addition, it led to significant
improvement in symptoms in all five scales measuring quality of life.*! According
to another report, a soluble factor called Galectin-1, which is widely observed in
GBM TME, is known to increase GBM invasiveness and chemotherapy resistance,
so siRNA was used to test this hypothesis.*> This study was able to enhance the
biological efficacy of TMZ by altering the composition of myeloid and lymphoid
cells via non-invasive intranasal administration and observing an increase in
survival in an in vivo orthotopic mouse model.** Another study revealed that
osteopontin, one of the small integrin-binding ligand N-linked glycoproteins, is
highly expressed in GBM and is a poor prognostic marker.*> When knocked down
using shRNA, it was found that sphere formation was inhibited and tumor growth
was inhibited by inhibiting Akt/mTOR/p70S6K.* In addition to these findings, our
study suggests that tMSLC has a major effect on TME formation and that C5a
inhibition originating from tMSLC contributes to preservation of GBM TS traits,
suggesting potential as a therapeutic agent.

Through the previous study and this study, we succeeded in restoring tumor cells
that had acquired a malignant phenotype to their original state by suppressing C5a
secreted by tMSLC in a paracrine manner.?’ The complement system is one of the

key factors in innate immune response, and animal models demonstrate that C5a,
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generated within the TME, promotes cancer progression by activating angiogenesis
and driving immunosuppression.** C5a inhibition has also been tried for treatment
in other carcinomas. In nasopharyngeal cancer, C5a production contributed to
cancer progression, and C5aR inhibition by apigenin reduced NPC cell proliferation
through negative regulation of the C5aR/PCAF/STAT3 pathway.* Dai et al.
demonstrated that the group of hepatocellular carcinoma patients with high C5aR
expression was susceptible to vascular invasion, had high levels of alpha fetoprotein,
and had high recurrence and mortality rates.*® After C5aR knockdown in vitro, cell
migration, invasiveness, proliferation, and EMT were found to be significantly
inhibited. Recently, Li et al found that C5a administration increased TMZ resistance
in GBM by increasing the expression levels of DNA damage repair (DDR)-related
proteins, and C5aRa attenuated high levels of DDR-related proteins.*’

These experimental findings imply that targeting C5a could be an appealing
treatment, although it is not without limitations. The dynamic alterations of innate
immunity and TME throughout the advancement of cancer have been accepted,
although there remains a dearth of knowledge on the changes of complement
system for GBM in the spatiotemporal context.*3->* The presence of a cohort of
individuals exhibiting diminished C5a expression in clinical samples may indicate
a potential correlation between C5a levels and the dynamic nature of tumor
progression. However, the observed elevated expression of C5a at the cellular level
and in animal models within our investigation indicates that C5a may play a crucial
role in tumor growth for a substantial duration. Due to the lack of prior investigation,
adequately depicting the innate immune system within the current models of
tumorsphere, organoid, and xenograft poses an anticipated challenge. Therefore, we
believe that observing complement changes in glioblastoma as the tumor progresses

will be an important direction for future research.
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Nevertheless, we can anticipate a synergistic effect when W54011 is combined with
existing anti-cancer medicines, such as TMZ, due to the fact that C5aR inhibition
via W54011 effectively contributes to malignant transformation-restoration, as

demonstrated in this study.

V. CONCLUSION

In conclusion, the study reveals a significant correlation between C5aR1 expression
and the prognosis in patients suffering from GBM. This was further demonstrated
in laboratory studies using patient-derived GBM TS, where the application of
W54011 was able to counteract the enhanced proliferation, invasion, and stemness
instigated by tMSLC. The restoration of these malignant characteristics led to
improved prognosis in an orthotopic mouse model. Future research is expected to
concentrate on the clinical applicability and combinatorial effect of W54011 and
existing drugs in GBM. Particularly, it is believed that it can be administered

selectively to the patient population in which tMSLC is detected.
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