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Abstract

Rationale: Glioblastoma multiforme (GBM) is a primary brain tumor with poor prognosis. The U.S. food and drug
administration approved the use of the anti-VEGF antibody bevacizumab in recurrent GBM. However, resistance to
this treatment is frequent and fails to enhance the overall survival of patients. In this study, we aimed to identify novel
mechanism(s) responsible for bevacizumab-resistance in CD146-positive glioblastoma.

Methods: The study was performed using sera from GBM patients and human GBM cell lines in culture or xeno-
grafted in nude mice.

Results: We found that an increase in sCD146 concentration in sera of GBM patients after the first cycle of bevaci-
zumab treatment was significantly associated with poor progression free survival and shorter overall survival. Accord-
ingly, in vitro treatment of CD146-positive glioblastoma cells with bevacizumab led to a high sCD146 secretion,
inducing cell invasion. These effects were mediated through integrin av33 and were blocked by mucizumab, a novel
humanized anti-sCD146 antibody. In vivo, the combination of bevacizumab with mucizumab impeded CD146 + glio-
blastoma growth and reduced tumor cell dissemination to an extent significantly higher than that observed with
bevacizumab alone.

Conclusion: We propose sCD146 to be 1/ an early biomarker to predict and 2/ a potential target to prevent bevaci-
zumab resistance in patients with glioblastoma.

Keywords: Soluble CD146, Biomarker, Therapeutic antibody, Bevacizumab, Glioblastoma

Introduction most lethal of all forms of cancers. The five-year survival

Glioblastoma multiforme (GBM) is the most com-
mon malignant primary brain tumor with extremely
poor prognosis because of its diffusive and infiltrative
nature. It accounts for more than 50% of all gliomas [1].
Despite decades of research, GBM remains among the
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rate barely reaches 3% in patients and the median sur-
vival of patients is about 14 months, even after first line
treatment including surgery, radiotherapy and chemo-
therapy. Resistance to this conventional line of treat-
ment is systematic and results in tumor recurrence [2].
Vascular proliferation that is markedly powered by Vas-
cular Endothelial Growth Factor (VEGF) signaling is a
hallmark in GBM. Bevacizumab, a neutralizing mono-
clonal anti-VEGF antibody, has been recognized as a
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potent drug candidate in the treatment of glioblastoma
at recurrence. Multiple phase III clinical trials including
the AVAglio, RTOG 0825 and the EORTC 26,101 have
confirmed a significantly longer progression-free sur-
vival (PFS) in GBM patients treated with bevacizumab.
However, bevacizumab has no effect on overall survival.
Indeed, bevacizumab was able to diminish tumor vol-
ume, intratumoral angiogenesis and oxygen consumption
in vivo at early cycles of treatment, which could explain
the increase in PFS, but why this did not translate into
overall survival benefit remains to be investigated [3].

CD146 (MCAM) is a transmembrane glycopro-
tein belonging to the immunoglobulin superfamily [4].
CD146 is present on the whole vascular tree, mainly at
the intercellular junction of endothelial cells and regu-
lates cell-cell cohesion, permeability and angiogenesis.
Besides, soluble CD146 (sCD146), generated by ectodo-
main shedding of membrane CD146, induces endothe-
lial cell proliferation and enhances angiogenesis and
metastasis [5]. In cancer, the expression of CD146 is
associated with a more aggressive phenotype, malignant
angiogenesis, thromboembolism, and resistance to cer-
tain chemotherapies. Alongside, sCD146 is regarded as a
poor prognostic factor in various cancers [6]. Its plasma
concentration is robustly increased in cancer patients as
well as in the cerebrospinal fluid (CSF) of patients with
central nervous system (CNS) diseases [7]. Public data-
bases show that CD146 is expressed in more than 65%
of patients with glioblastoma (Additional file 1: Fig. S1A)
and that high expression of the molecule is associated
with a reduced survival probability (Additional file 1:
Fig. S1B). Of importance, CD146 acts as a coreceptor for
VEGER2, essentially potentiating VEGF angiogenic sign-
aling [8]. In addition, CD146 has been recently shown to
be overexpressed in renal cell carcinoma 786-O cells after
acquiring resistance to the therapeutic agent Sunitinib,
which blocks VEGFR2 signaling pathway [9]. Thus, we
hypothesized that CD146 may be involved in the escape
mechanism in recurrent GBM treated with Bevacizumab.

This study is thus aimed at deciphering a potential
mechanism behind glioblastoma resistance to bevaci-
zumab through the CD146/sCD146 signaling axis with
the objective to block this escape pathway that hinders
the in vivo effectiveness of bevacizumab.

Materials and methods

Cell culture

The three human glioblastoma cell lines U87, U118
and U373 were a kind gift from Dr. F. Peiretti INSERM
UMR-S 1263 Marseille, France). Cells were confirmed to
be mycoplasma free. U118 and U373 cells were cultured
in DMEM/F12 GlutaMAX"™ supplemented with 10% heat
inactivated FCS while U87 cells were cultured in DMEM
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(1 g/L glucose) enriched with 10% FCS. All media con-
tained 100 U/ml penicillin, 100 pg/mL streptomycin and
2 mM L-glutamine. Cells were maintained in 5% CO2 at
37 °C. For the generation of bevacizumab resistant U87,
U118 and U373, 2 x 10° parental wild-type cells were cul-
tured with 100 pg/mL of bevacizumab (Roche) in the cul-
ture media for up to 2 months. CHO cells were cultured
in DMEM medium containing 10% FCS. Supplementary
methods are given in the supplementary data file.

Results
Soluble CD146 is increased in the plasma of glioblastoma
patients and its increase is associated with poor
Progression-Free Survival (PFS) and Overall Survival (OS)
after bevacizumab treatment
We measured the plasma concentration of soluble CD146
(sCD146) in a cohort of 17 patients with recurrent IDHwt
glioblastoma who were treated for 3 weeks with bevaci-
zumab and carmustine (Fig. 1a). Plasma samples were
collected just before the second bevacizumab admin-
istration. Responses after bevacizumab-chemotherapy
administration were either complete (1 patient) or par-
tial (5 patients), corresponding to responders, or stable
(4 patients) or progressive (7 patients), corresponding
to non-responders. We show that sCD146 plasma level,
under treatment, was higher in non-responder patients
than in responders (Fig. 1b), and that this corresponded
to an increase in sCD146 occurring after treatment
(Fig. 1c). Importantly, a high sCD146 plasma level in
patients treated with one cycle of bevacizumab signifi-
cantly associated with shorter PFS (p=0.049) and OS
(p=0.032) (Fig. 1d). Patients with a high sCD146 plasma
concentration had a median PFS of 3.0 months (95% CI
2.5-3.6) as compared to 5.2 months (95% CI 3.4-6.9) in
patients with low sCD146 plasma concentration. Patients
with a high sCD146 plasma concentration had a median
OS of 6.1 months (95% CI 3.7-8.6) versus 9.6 months
(95% CI 4.8-14.3) in patients with low sCD146 plasma
concentration. In contrast, neither age, Karnofsky score
(KPS) nor steroid dose were associated with patient PFS
or OS in univariate analyses (Additional file 1: Table S1),
suggesting the independence of sCD146 from classical
prognostic factors.

These results highlight the pejorative impact of sCD146
increase in patients treated with bevacizumab and its
potential implication in bevacizumab resistance.

Long-term treatment with Bevacizumab significantly
induces CD146/soluble CD146 signaling pathway

in CD146-positive glioblastoma cell lines

In this study, we used 3 different glioblastoma cells lines,
U87, U373 and U118. Flow cytometry analysis of U87
and U373 glioblastoma cell lines demonstrated potent



Joshkon et al. Acta Neuropathologica Communications

(2022) 10:151

Page 3 of 12

A B C
sCD146 Plasma Concentration SCDM‘i evolution after
Charactexistics N % in Bvz Treated Patients 1**cycle of Bvz
o P=0.062 a0 p=0.045
Gender e
420 30
Women 5 30 2
Men 12 70 400 0
[Type of surgery 380 . Responders
Gross total resection 10 59 360 10 Non-responders
Partial resection 7 41 20
Histology 340 30
IDHwt Glioblastoma 17 100 320 -40
First line treatment 300 50
Radiotherapy alone 1 6 Responders Non-responders -60
Temozolomide alone 1 6
Stupp protocol 15 88 D 8 01461 Bvz-sCD146 low
VZ-S ow N
Before b+ BCNU tr 10— mmmes Bvz-sCD146 high 104 BYZ SCD146 high
‘ =0.049 p=0.032
|Age (years: median, range) 62.5(42.5-89.8) p=0.
— 084
Karnofsky Performance Status —_ o8 —
= )3
[ <
60 3 19 2 o6 % 064
70 6 37 £ £
[ [
80 3 19 2 o4 2 os
90 4 25 a a
Patients under steroid 8 a7 0,24 0,24
[Tumor diameter (median, range) ~45mm (20-80) . 00
' T T T T T T T ' T T T T T T T
00 2,00 4,00 6,00 8,00 10,00 12,00 00 2,00 4,00 6,00 8,00 10,00 12,00
Progression Free survival (months) Overall survival (months)
Fig. 1 sCD146 plasma concentration in patients under bevacizumab treatment. a Patients’ characterization. b sCD146 plasma concentration in
patients after one cycle of bevacizumab treatment (Bev) between responders and non-responders. ¢ Evolution of sCD146 plasma concentration at
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expression of CD146, VEGFR?2 and integrin av(33 in these
two cell lines. In contrast, U118 cells did not express inte-
grin avB3 and VEGFR?2, only faintly expressed CD146,
and were thus used as a negative control (Additional
file 1: Fig. S2). The secretion capacity of sCD146 and
VEGF from the three glioblastoma cell lines was deter-
mined in vitro. ELISA experiments on culture superna-
tant evidenced a high secretion of sCD146 in U87 and
U373 cell lines while U118 cells did not secrete sCD146.
In contrast, U87, U373 and U118 highly secreted the
Vascular Endothelial Growth Factor (VEGF) (Additional
file 1: Fig. S3).

To generate Bevacizumab-resistant GBM cell lines, we
treated U87, U373 and U118 for two months with 100 pg/
ml bevacizumab (commercially known as Avastin) or
irrelevant IgG as a control. The absence of antibody tox-
icity was confirmed using trypan blue exclusion assay
and live/dead fixable aqua staining dye (data not shown).
After 2 weeks of treatment, we noticed a robust increase
in U87 and U373 cell proliferation, but not in U118 cell
proliferation, an effect that was maintained during the
entire treatment course (Fig. 2a; Additional file 1: Figs.
S4A; S5A). In addition, a significant increase in CD146,
VEGEFR2, integrin subunits av and 3 at the mRNA levels
was detected in U87 and U373 cell lines, but not in U118

cells (Fig. 2¢; Additional file 1: Figs. S4C; S5C). As mem-
brane CD146 expressed at the membrane can be shed to
generate sCD146, we analyzed the membrane expres-
sion of these proteins by flow cytometry. The membarne
expression of integrin avp3 and VEGFR2 were increased
but CD146 membrane expression decreased (Fig. 2d;
Additional file 1: Fig. S4D). In contrast, membrane
expression of the three surface proteins did not change in
U118 cells (Additional file 1: Fig. S5D).

Besides, sCD146 concentration was significantly
increased in the culture media of U87 and U373 cells
after exposure to bevacizumab as compared to irrelevant
IgG (Fig. 2b; Additional file 1: Fig. S4B). This increase in
sCD146 concentration was not detected in the superna-
tant of bevacizumab-treated U118 cells (Additional file 1:
Fig. S5B).

We then examined Epithelial-Mesenchymal Transition
(EMT) and Cancer Stem Cells (CSC) markers in the bev-
acizumab-challenged glioblastoma cells. We analyzed the
main CSC markers oct4, sox2 and nanog, and the EMT
markers that are commonly expressed in GBM cells,
snail, slug, vimentin, N-cadherin, S100A4, Twistl, and
Zebl, at the mRNA level. All these markers were potently
upregulated in the bevacizumab challenged U87 cell line
as compared to IgG treated cells (Fig. 2e and f). Similar
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results were obtained in the U373 cell line (Additional
file 1: Fig. S4 E-F) but not in the CD146-negative glio-
blastoma cell line U118 (Additional file 1: Fig. S5 E-F).

Soluble CD146 reproduces the effects observed

with long-term bevacizumab treatment in CD146-positive
glioblastoma cells

As bevacizumab treatment of CD146-positive (CD146 +)
glioblastoma cells led to a potent increase in sCD146
secretion, we investigated sCD146 effect on U87 and
U373 cells. Our results show that in vitro stimulation of
these cells for 48 h with recombinant sCD146 or VEGF
significantly increased cell proliferation, migration, and
invasion. An additive outcome effect was achieved when
combining both molecules, in comparison to VEGF or
sCD146 treatment alone (Fig. 3a—c; Additional file 1: Fig.
S6 A—C). In contrast, in U118 cells, sCD146 or VEGF
failed to induce cell proliferation (Additional file 1: Fig.
S7).

Moreover, sCD146 potently induced the expression of
the mesenchymal markers snail, slug, N-cadherin and
vimentin, but decreased the epithelial marker E-cadherin
at the protein level in U87 cells. Likewise, sCD146 upreg-
ulated the expression of the cancer stem cell markers

nanog, oct4 and sox2 in U87 cells (Fig. 3d and e). Similar
results were obtained in U373 cell lines (Additional file 1:
Fig. S6 D and E).

Soluble CD146 mediates its effects through integrin av3
in CD146-positive glioblastoma cells

In a previous work, we showed that sCD146 interacts
with angiomotin on endothelial cells to promote angio-
genesis [10]. Thus, we examined angiomotin expression
on U87, U373, and U118 cells. Flow cytometry analysis
showed a weak expression of this surface protein (Fig. 4a;
Additional file 1: Fig. S2). In contrast, integrin subunits
av and 3 were expressed by U87 and U373 but not U118
cells as assessed by RT-PCR and flow cytometry. There-
fore, we tested a possible interaction between sCD146
and integrin avp3. Silencing RNA targeting integrin
subunits av or B3 significantly reduced sCD146-induced
increase in proliferation of U87 and U373 cells, whereas
siRNA targeting other integrin subunits, oL or 2, did
not modify cell proliferation (Fig. 4b; Additional file 1:
Fig. S8A). Moreover, knocking down integrin avf3 using
silencing RNA targeting either av or 3 subunits, but not
aL or B2 integrins, on U87 and U373 cells, led to a sig-
nificant decrease in sCD146-FITC binding to these cells
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(Fig. 4c; Additional file 1: Fig. S8B). In order to confirm
the specific binding of sCD146 on avf3, we transfected
Chinese Hamster Ovary cells (CHO), which originally do
not express this integrin, with av33. Exogenous expres-
sion of integrin subunits av and B3 into CHO cells
induced a significant increase in sCD146-FITC binding
to these cells as revealed by flow cytometry and immu-
nofluorescence experiments (Fig. 4d and e). In addition,
anti-avp3 antibody immunoprecipitated sCD146 only
when CHO cells expressed this integrin after sCD146
treatment. To confirm the specificity of the immunopre-
cipitated sCD146, we treated CHO cells with blocking
anti-avp3 antibody before adding sCD146. Results show
that anti-avP3 antibody potently reduced the interaction
with sCD146 (Fig. 4f).

In-house ELISA also confirmed a strong interaction
between integrin avp3 and sCD146 with an estimated
dissociation constant of 1.8 nM. The addition of block-
ing cyclic RGD peptide failed to inhibit this interaction
even at high concentrations, in contrast to a newly gen-
erated humanized neutralizing monoclonal anti-sCD146

antibody, mucizumab, which was generated by our labo-
ratory (Fig. 4g and h).

Finally, we overexpressed or silenced integrin avp3
in U118 and U87 cells and studied EMT markers in
response to sCD146 stimulation. Results showed that
only cells expressing av3 upregulate EMT markers when
treated with sCD146 (Additional file 1: Figs. S9; S10).

CD146 is part of a signalosome containing VEGFR2
and Integrin avf3
To analyze the components of the signalosome con-
taining CD146, we performed co-immunoprecipita-
tion experiments using anti-CD146 antibody, S-Endol.
Immunoblotting with anti-VEGFR?2, anti-av, and anti-3
antibodies revealed specific bands corresponding to these
proteins. Membrane probing with an antibody to another
surface protein, EPCAM, failed to detect it, attesting the
specificity of the immunoprecipitated proteins (Addi-
tional file 1: Fig. S11 A). Results were reproduced in U373
cell line (Additional file 1: Fig. S12 A).

As CD146 is a co-receptor for VEGFR2, and since
VEGEFR2 activation induces its own phosphorylation at




Joshkon et al. Acta Neuropathologica Communications (2022) 10:151 Page 6 of 12

A C D
100 [l Amot 1004 [llav83 150 100 Esi83 sCD146-FITC 300 " Eiﬁi‘fi:ﬁ‘;'ﬁ.'&
[W'sotype CTRL Wisotype CTRL siav SCD146-FITC W sotype CTRL
BsiCTL sCO146-FITC -
- 20-{ [llisotype CTRL 2
oF 20 200
2 0100 i ®
co g e
© 2 Se
Soe a.z
a2z 2% 100
Q% 50 = e
2
-~ R il
0
0
siCTL siav sip3
B dedcke mm PBS E
2.0 ok
e = sCD146 100-{ [s182-5CD146 FITC
= 150 [ IsiaL-sCD146 FITC
o b EsicTL-sCD146 FITC
c .E 1.5 oo _ 80 Wllisotype CTRL
] o)
-] ok
© =9 1004 6
g 2 1.0 oo T
e e8
° > T o
[ a2z
08 g5 SF 50
e ¢ »
0.0- 0 o
VA S P i F A
,_,\6\ é\o‘\ l’\o 9& 9\0 6& siCTL siaL sip2
-RGD x
F G o Hoo, .
25 = _ Kd=1.8+ 06 nM
. i _ o £ E
IP: anti-avb3 avP3 + blocking E o 2 M E20 e
Mock avB3 X S a 62.5uM 2 P
oc anti-avp3 2.5 - 125uM > p
8 - 250 M £ 10
) s 1.0 :
anti-CD146 110 kDa 8 = 500 pM £ f
§ 0.5 —— 1gG 805
<
. < Mucizumab o
1gG heavy chain 50 kDa o. 0.0

T T T J
20 40 60 80

recombinant sCD146 (nM)

°

t T v r T m
1 10 100 1000 10000 100000
recombinant avp3 (ng/mL)

Fig.4 Soluble CD146 binds integrin av33 on U87 cells. The expression of angiomotin (Amot) and av33 on U87 cells was analyzed by flow
cytometry (a). The effect of silencing RNA targeting av, 33, al. and (32 was analyzed on sCD146-induced U87 cell proliferation (b). U87 cells were
transfected with siRNA targeting av, 33, aL and 32 and sCD146-FITC binding was determined by flow cytometry (c). CHO cells were co-transfected
with plasmids encoding integrin subunits av and 33 or control plasmids (mock) and sCD146-FITC binding was determined by flow cytometry (d)

or by immunofluorescence microscopy (e). Mock transfected or av33 expressing CHO cells were treated or not with blocking anti-av33 antibody
and then sCD146 was added for 1 h at 37°. CD146 was examined after immunoprecipitation with anti- av33 antibody. Loading was analyzed using
IgG heavy chain (f). In two ELISA assays, the effect of cyclic RGD peptide/mucizumab (g) and the dissociation constant Kd (h) were estimated for the
binding of avB3 to rsCD146. White bars correspond to 25 um. Average of 3 experiments is shown; *p < 0.05, **p < 0.01, ***p <0.001, experimental vs

control

multiple tyrosine residues [11], we investigated whether
sCD146 or VEGF induces the phosphorylation of CD146
and whether integrin avf3 is indispensable in this pro-
cess. Accordingly, U87 cells were treated with either
sCD146 or VEGF, and CD146 was immunoprecipitated
followed by western blotting using anti-pan phospho-
tyrosine antibody. Results showed that sCD146 and
VEGF increased the phosphorylation of membrane
CD146 (Additional file 1: Fig. S11 B). Next, we knocked-
down integrin avP3 using silencing RNA and reproduced
the experiment. A potent decrease in CD146 phospho-
rylation in response to sCD146 or VEGF stimulation
was detected as compared to control cells transfected
with scrambled RNA (Additional file 1: Fig. S11 B). These
results were reproduced in U373 cells (Additional file 1:
Fig. S12 B).

We then studied the phosphorylation of integrin
B3. Our results show a significant increase in integrin
B3 phosphorylation in response to sCD146 or VEGF
stimulation (Additional file 1: Fig. S11 C). To examine

if CD146, integrin avp3, or VEGFR2 are crucial in the
phosphorylation and activation of the newly defined
signalosome, we used CRISPR-Cas9 technology to indi-
vidually knockout each of these proteins (Additional
file 1: Fig. S13). We showed that the knockout of CD146
on U87 cells significantly reduced integrin 3 and
VEGER2 phosphorylation following sCD146 or VEGF
stimulation. Also, knocking out integrin 3 on U87
cells significantly reduced or abolished VEGFR2 phos-
phorylation in response to VEGF or sCD146 stimula-
tion (Additional file 1: Fig. S11 D). In contrast, VEGFR2
knockout on U87 cells abrogated integrin B3 phos-
phorylation in response to VEGF stimulation but not
sCD146 (Additional file 1: Fig. S11 C). Similar results
were obtained in U373 cells (Additional file 1: Fig. S12
C-D).

Of interest, we also showed this signalosome to exist in
human umbilical endothelial cells, HUVEC, and revealed
that sCD146, through integrin avp3, induces cell prolif-
eration and migration (Additional file 1: Fig. S14).
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These results demonstrate a complex constituted by the
surface proteins CD146, VEGFR2 and integrin avp3 that
mediates sCD146 and VEGF effects on CD146 + glioblas-
toma cells, but also on endothelial cells.

Soluble CD146 and VEGF activate common signaling
pathways in CD146-positive glioblastoma cell lines

We next investigated the signaling pathways that are
implicated in mediating sCD146 and VEGF effects in
CD146 + glioblastoma cells. To this end, we studied the
phosphorylation of key proteins involved in major sign-
aling pathways regulating cell survival, proliferation,
and invasion. Our results show that, similar to VEGE,
sCD146 induced the phosphorylation of P38 MAPK,
AKT, and ERK44/42 proteins. Besides, both sCD146
and VEGF induced the phosphorylation and activation
of focal adhesion kinase (FAK). The phosphorylation of
these proteins became significantly impaired when either
CD146, VEGFR2, or integrin avf33 were knocked out
(Additional file 1: Figs. S15 and S16). These effects were
functionally translated to a decrease in the ability of cells
to proliferate and migrate in response to sCD146 and/ or
VEGF stimulation (Additional file 1: Figs. S17 and S18).
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Thus, CD146, VEGFR2 and integrin avf3 interact
together to translate extracellular stimuli into intracel-
lular signals, and each of these proteins is required to
potentiate the activated signaling pathways.

A novel humanized anti-sCD146 antibody, mucizumab,
blocks sCD146 adverse effects on CD146-positive
glioblastoma cells and prevents escape from bevacizumab
in vitro

In order to block glioblastoma escape from bevacizumab,
we tested the effect of the humanized neutralizing mono-
clonal anti-sCD146 antibody, mucizumab. The addition
of 100 pg/ml of either bevacizumab, mucizumab, or the
combination of both antibodies to U87 or U373 condi-
tioned media (CM) resulted in a significant decrease in
cell proliferation, migration, and invasion in vitro. Our
results showed that mucizumab displayed greater effects
than that achieved by bevacizumab, while the combi-
nation of mucizumab and bevacizumab significantly
extended the inhibitory effects of bevacizumab on cells’
proliferation, migration, and invasion as compared to
bevacizumab treatment alone (Fig. 5a—c; Additional
file 1: Fig. S19 A-C).

Ava+Muc
g ® 0000 ¢ °
150 150 . 150 e
- - O Q O O — 3 = 3 Ava
3 % £ 3 [0) = Ava+Muc
cE £ £ cD
€ c € S =
%3100 5610 Eg100 3.23 =
g2 Ee 38 g5
=0 Do T x © 2
g2 2 o2 @ o
g2 50 £ 50 3% % <2
g g £e z2,
= = - ES
0 0 £
0
1gé Ava Muc ::;I’:c 1g6 Ava Muc f’x:c G Ava Muc +:l‘|l:c Vim  Zeb1 Twist1 S100A4 N-Cad Slug
US7CM + U87CM + UB7CM +
__M+ CM +
E F PBS sCD146 IgG Mucizumab G PBS sCD146 lgG Mucizumab
Octd
Sox2 . e .
Nanog
mm [gG 3
. B AR Py 3 7° e
- = Ava+Muc o 0 e
0 s T3 . PBS 5o
5= ) w3 "
o3 6 i o = sCD146 @ g2 - .
2% 4 [ g¢ = CM+gG 55 % A »
58 2 — I ° g =3 CM+Mucizumab % © .
3020 g . c8 = :
g3 82 g2 - ;
XS 40 - ﬁ o5 X
ES ° o= as 2
& [linl VT 100 e
00 o =~ o ;
Oct4 Sox2 Nanog N-Cad Slug Vimentin Oct4 Sox2 Nanog
Fig. 5 Humanized anti-sCD146 antibody mucizumab significantly decreases U87 cell proliferation, migration and invasion and hampers CSC and
EMT in vitro. U87 cells were treated with conditioned media (CM) containing Irrelevant IgG, bevacizumab (Avastin), Mucizumalb, or combination of
both antibodies for proliferation (a), migration (b), and invasion assays (c). EMT and CSC markers were also examined at the mRNA (d and e) and
protein (f and g) levels. Average of 3 experiments is shown; *p <0.05, **p <0.01, ***p <0.001, experimental vs control




Joshkon et al. Acta Neuropathologica Communications (2022) 10:151

We then reproduced the long-term bevacizumab chal-
lenging experiment and added mucizumab to the media
along with bevacizumab. The effect on EMT and CSC
induction in U87 and U373 cells was evaluated. Our
results showed a robust decrease in the tested EMT and
CSC markers when mucizumab was added to bevaci-
zumab (Fig. 5d—g; Additional file 1: Fig. S19 D-E).

These data confirm that CD146+ glioblastoma cells
escape bevacizumab through sCD146 secretion.

Combination of bevacizumab with mucizumab exhibits
greater inhibitory effects than bevacizumab alone

on tumor growth in different preclinical models

To investigate the in vivo relevance of combining beva-
cizumab with mucizumab, U87 cells were xenografted
subcutaneously in athymic nude mice and tumor growth
was weekly monitored with caliper. After 5 weeks of
treatment, results showed that mice receiving muci-
zumab developed significant smaller tumors than those
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receiving IgG. Of importance, an additive inhibitory
effect on tumor growth was detected when bevacizumab
was combined with mucizumab (Fig. 6a). We measured
the concentrations of human VEGF (hVEGF) and human
sCD146 (hsCD146) in the plasma of treated mice. Our
results showed that the combination of bevacizumab and
mucizumab significantly decreased hVEGF and hsCD146
concentrations in the plasma from treated mice as com-
pared to IgG-control group whereas bevacizumab alone
increased hsCD146 (Additional file 1: Fig. 520 A-B).

We also performed another in vivo study by ortho-
topically injecting U87 cells in nude mice. To evalu-
ate the therapeutic benefit of the administered
antibodies, immunohistochemistry was done to esti-
mate tumor growth. Similar to that in ectopic tumor
model, mucizumab significantly reduced tumor volume
and metastasis, while the combination of mucizumab
and bevacizumab greatly enhanced these effects. In con-
trast, bevacizumab, as a monotherapy, did not decrease
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intracranial tumor growth but rather increased tumor
dissemination across the brain parenchyma (Fig. 6b and
¢). In addition, immunoblots using brain lysate from
treated mice showed that the human proteins CD146 and
MAX (a DNA-binding transcriptional regulator used as
a human protein internal control) decreased when treat-
ing with bevacizumab and mucizumab to reach barely
detectable levels when both antibodies were combined as
compared to IgG-treated group (Fig. 6d). This indicates
a large decrease in human tissue corresponding to GBM
after treatment with both antibodies. This was confirmed
by PET imaging showing a slight significant decrease of
the tumor when bevacizumab was used, whereas a large
decrease was observed in the presence of both bevaci-
zumab and mucizumab. Along this line, the decrease was
significantly higher in the bevacizumab + mucizumab
group, as compared to bevacizumab group (Fig. 6e). Also,
we showed a significant decrease in plasma concentration
of hVEGF and hsCD146 in mice receiving simultaneously
bevacizumab and mucizumab antibodies as compared to
IgG-control group (Additional file 1: Fig. S20 C-D).

These results emphasize the interest of combining anti-
VEGF and anti-sCD146 therapy for achieving maximal
inhibitory effects on glioblastoma growth.

Discussion

Currently, no curative treatment is available for glioblas-
toma. Despite new therapeutic options, including bevaci-
zumab, it remains a disease with poor prognosis. Indeed,
bevacizumab treatment is often accompanied with escape
mechanisms leading to pejorative evolution. In this study
we show that, in patients with glioblastoma treated with
bevacizumab, an increase in sCD146, an easily quantifia-
ble circulating biomarker, as soon as at the end of the first
cycle of treatment is associated with a decrease in PFS
and OS. Thus, sCD146 could constitute an early marker
of resistance to this therapy. To confirm this hypothesis,
we deciphered the sCD146-mediated molecular mecha-
nisms leading to bevacizumab escape. We show in vitro
that bevacizumab-resistant CD146 + glioblastoma cells
are able to potently increase CD146 expression and
enhance sCD146 secretion. The secreted sCD146 is able
to exert autocrine effects on the glioblastoma cells to
stimulate their proliferation, migration, and invasion. In
the same way, sCD146 robustly increases cellular mark-
ers of epithelial to mesenchymal transition and cancer
stem cell markers in CD146+ glioblastoma cells. These
autocrine effects are mediated through the interaction
of sCD146 with integrin av3 which is overexpressed by
glioblastoma cells after bevacizumab treatment. To block
sCD146 adverse effects, we generated a novel human-
ized monoclonal anti-sCD146 antibody, mucizumab,
that specifically targets and neutralizes the soluble form
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of CD146 while maintaining minimal reactivity to mem-
brane CDI146 which displays physiological functions.
Of importance, the combination of bevacizumab and
mucizumab antibodies exhibits a potential therapeu-
tic benefit by significantly decreasing EMT and CSC
in CD146+ bevacizumab-resistant glioblastoma cells
in vitro, as well as potently decreasing tumor growth in a
pre-clinical model of glioblastoma orthotopically injected
in nude mice.

It is well established that epithelial to mesenchymal
transition (EMT) and cancer stem cells (CSC) generation
are critical for producing highly invasive and therapeutic-
resistant cancer cells [12]. Cancer cells, especially GBM,
are known to secrete soluble factors that can exert auto-
crine effects to drive tumor progression through EMT
and CSC generation [13]. Here we show that the expres-
sion of CD146, integrin subunits av and p3, and VEGFR2
are upregulated in response to bevacizumab treatment
in CD146+glioblastoma cells, and that they secrete
high levels of sCD146. Despite the increase in CD146 at
the mRNA level, the surface expression of this protein
decreased while integrin avp3 and VEGFR2 increased.
This may correspond to an increase in the shedding of
membrane CD146 to generate the soluble form. Soluble
CD146, in turn, induces a potent increase in EMT and
CSC markers, suggesting an autocrine effect on glioblas-
toma cells. Recently, the angiogenic growth factor VEGF
was shown to exert autocrine effect on glioblastoma cells
to promote their invasion [14]. By comparing with VEGE,
we show sCD146 to potently induce glioblastoma cell
proliferation, migration, and invasion to an extent greater
than that induced by VEGFE. Of importance, the combina-
tion of both soluble factors exhibits an additive effect.

A huge body of evidence highlights the role of sCD146
in neoangiogenesis and tumor development. Despite
these findings, it is unclear how sCD146 mediates its
effect on target cells and most of its receptors remain to
be discovered. We previously showed sCD146 to interact
with angiomotin (Amot), an angiostatin binding protein,
on endothelial cells [10]. Amot is also present on differ-
ent cancer cells [15, 16]. Surprisingly, we found Amot
to be absent or only weakly expressed on the three glio-
blastoma cell lines, leading to hypothesize that another
receptor could mediate sCD146 effects. As angiostatin
is known to bind Amot and integrin avf3 [17], and as
increasing data emphasize the role of integrin avf3 in the
process of neoangiogenesis [18], we hypothesized that
integrin avp3 could constitute another sCD146 recep-
tor. Through a series of experiments, we showed sCD146
to specifically interact with integrin avp3. We estimated
the dissociation constant (K;) to be around 1.8 nM for
sCD146. This is in line with the article of Wang et al.
showing sCD146 to interact also with integrin avfl on
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endothelial cells where it regulates the blood—brain bar-
rier (BBB) permeability [7]. Of interest, the fact that
the interaction between sCD146 and integrin avp3 was
independent of RGD peptide, as revealed by competitive
ELISA assay, suggested that sCD146 and cRGD have dif-
ferent binding sites on avf3.

A recent article by Jiang T et al. showed that CD146
acts as a coreceptor for VEGFR2 [8]. Besides, Masson-
Gadais et al. showed that integrin avf3 is indispensable
for the full activation and phosphorylation of VEGFR2
in response to VEGF stimulation on endothelial cells
[19]. We thus investigated the activated signaling path-
ways after the interaction between sCD146 and integrin
avB3. Both sCD146 and VEGF activated the same sign-
aling pathways as they significantly increased ERK44-
42, MAPK P38, Akt, and FAK phosphorylation. When
CD146, integrin B3 or VEGFR2 were knocked-out,
the activation of the signaling pathways as induced by
sCD146 or VEGF were hampered. In addition, knocking
out any of these proteins resulted in constitutive phos-
phorylation and activation of the ERK42-44, MAPK P38,
Akt, and FAK proteins at the basal level. These results are
in line with those of Szabo E et al. showing that VEGFR2
silencing on glioblastoma cell lines LN-308, LN-428
and T-325 potently increased the phosphorylation of
AKT, ERK44/42, and P38 MAPK [20]. It appears that
the absence of VEGFR2 or any of its co-receptors could
trigger a stress response by CD146 4 glioblastoma cells,
which will compensate by constitutively activating alter-
native receptors such as CD146 or integrin avfp3 and the
subsequent signaling pathways. Based on these data and
in view of our findings, we propose a signalosome com-
posed of membrane CD146, VEGFR2 and integrin avf3
on glioblastoma cells that mediates sCD146 effects and
regulates the MAPK/FAK signaling axis which will, in
turn, control cell proliferation, migration and invasion.
Of interest, co-immunoprecipitation experiments con-
firmed this signalosome to exist also on endothelial cells
which highlights its importance in both tumor develop-
ment and neoangiogenesis.

In this study, we show for the first time that sCD146,
as VEGE induces the phosphorylation of integrin B3
which consequently activates and phosphorylates FAK.
The phosphorylation of integrin B3 was abolished when
CD146 was knocked out and was significantly reduced
in VEGFR2 knock out cells. Together, these data sug-
gest that the interaction between CD146 and integrin
avP3 induces conformation changes in integrin avp3 to
enhance its affinity for sCD146. Concomitantly, VEGFR2
and CD146 phosphorylation could lead to the recruit-
ment of adaptor proteins that bring tyrosine kinases
close to the B subunit of avp3 integrin. In addition, we
show sCD146 and VEGEF to significantly induce CD146
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phosphorylation on tyrosine residue Y641, an effect
dependent on integrin avp3. This suggests that the
binding of sCD146 or VEGF to their cognate receptors
induces the phosphorylation of integrin avp3 which in
turn brings protein kinases close to CD146. In accord-
ance with these data, Xu W et al. showed that binding
of growth factors to receptor tyrosine kinases (RTKs)
induces CD146 phosphorylation which allows to recruit
and interact with mTORC2 to induce endothelial cell
proliferation. In the absence of CD146, VEGF prolifera-
tive effect on ECs vanished [21]. This further strength-
ens our findings showing that the binding of VEGF to
VEGEFR2 activates integrin avp3 which increase CD146
phosphorylation and eventually potentiate VEGF down-
stream signaling pathways.

Finally, we found sCD146, as VEGE, to strongly induce
VEGFR2 phosphorylation. This effect was abolished
when either CD146 or integrin B3 were knocked out.
This signifies that sCD146 could interact with integrin
avp3, phosphorylate integrin 3 which, in turn, facili-
tate CD146 phosphorylation to subsequently activate
and phosphorylate VEGFR2 (Additional file 1: Fig. S21).
It also emphasizes the significant role of integrin avf3
in enhancing VEGF effect on target cells. In fact, Cilen-
gitide, a cyclic RGD pentapeptide inhibitor of av integ-
rins, failed to pass phase III clinical trials and showed no
survival benefit for glioblastoma patients [22]. Interest-
ingly, we found that cRGD and sCD146 have probably
different binding sites on avp3, explaining, at least in
part, why Cilengitide and other inhibitors of RGD bind-
ing integrins fail to block angiogenesis and tumor pro-
gression in several clinical trials.

The adverse effects of sCD146 thus appear to be more
and more prominent in cancers and especially in glio-
blastoma [23]. To combat these undesirable effects, we
developed a fully humanized monoclonal anti-sCD146
antibody, mucizumab. Mucizumab significantly reduces
U87 and U373 cell proliferation, migration and inva-
sion in vitro. Notably, combining mucizumab to beva-
cizumab induces an additive inhibitory effect on cancer
cell proliferation, migration and invasion when com-
pared to bevacizumab treatment as a monotherapy.
Likewise, in the bevacizumab resistant cells, addition
of mucizumab to the media significantly reduces the
expression of EMT and CSC markers. These results
were expanded and confirmed in vivo in two different
U87 mouse models with ectopic and orthotopic injec-
tion of glioblastoma cells. In both cases, mucizumab
was able to significantly reduce tumor growth in vivo.
Importantly, higher inhibitory effect on tumor growth
was observed when mucizumab and bevacizumab were
combined. Of remark, bevacizumab monotherapy
failed to significantly diminish tumor development
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in vivo, in agreement with the outcome of several phase
III clinical trials [24]. By quantifying human VEGF and
human sCD146 originating from the human tumor cells
in the plasma of mice, we observed that bevacizumab
reduced hVEGF concentration but increased hsCD146.
However, combining bevacizumab with mucizumab led
to a potent decrease in both hVEGF and hsCD146.

Conclusion

This study identifies sCD146 as 1/ an easily detectable
and early non-invasive biomarker to predict and 2/
a potential target to prevent bevacizumab resistance
in patients with glioblastoma. This leads us to pro-
pose that a targeted therapy combining bevacizumab
and mucizumab may enhance therapeutic benefits in
patients with CD146 + glioblastoma.
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