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Abstract

We previously identified matrix metalloproteinase 2 (MMP2) and MMP9 plasma levels as candidate biomarkers of
bevacizumab activity in patients with recurrent glioblastoma. The aim of this study was to assess the predictive value
of MMP2 and MMP9 in a randomized phase Il trial in patients with newly diagnosed glioblastoma and to explore
their tumor source. In this post hoc analysis of the AVAglio trial (AVAGlio/NCT00943826), plasma samples from 577
patients (bevacizumab, n = 283; placebo, n = 294) were analyzed for plasma MMP9 and MMP?2 levels by enzyme-
linked immunosorbent assay. A prospective local cohort of 38 patients with newly diagnosed glioblastoma was
developed for analysis of tumor characteristics by magnetic resonance imaging and measurement of plasma and
tumor levels of MMP9 and MMP2. In this AVAglio study, MMP9, but not MMP2, was correlated with bevacizumab
efficacy. Patients with low MMP9 derived a significant 5.2-month overall survival (OS) benefit with bevacizumab (HR
0.51,95% Cl 0.34-0.76, p=0.0009; median 13.6 vs. 18.8 months). In multivariate analysis, a significant interaction was
seen between treatment and MMP9 (p =0.03) for OS. In the local cohort, we showed that preoperative MMP9 plasma
levels decreased after tumor resection and were correlated with tumor levels of MMP9 mRNA (p=0.03). However,
plasma MMP9 was not correlated with tumor size, invasive pattern, or angiogenesis. Using immunohistochemistry,
we showed that MMP9 was expressed by inflammatory cells but not by tumor cells. After cell sorting, we showed that
MMP9 was expressed by CD454 immune cells. Finally, using flow cytometry, we showed that MMP9 was expressed
by tumor-infiltrating neutrophils. In conclusion, circulating MMP9 is predictive of bevacizumab efficacy and is released
by tumor-infiltrating neutrophils.
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Introduction

Glioblastoma is the most aggressive and frequent pri-
*Correspondence: Emelinetabouret@grmail.com mary brain tumor in adults. Despite standard first-line
TCarine Jiguet-Jiglaire and Sebastien Boissonneau have been equally treatment based on surgical resection, radiotherapy,
*Ci\r:xw;\t/\):rtsejut; G:Iisvzvrg;;CNRs, INP, Inst Neurophysiopathol, Marseille, and Ch.emotherapy, recurrence remains systematic, with
France a median delay of 7 to 10 months [1]. At relapse, the
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ranging from 5 to 15%, whereas the use of immunother-
apy or targeted therapy such as epidermal growth fac-
tor receptor inhibitors failed to decrease tumor volume
or increase patient survival [2]. The use of bevacizumab
(Avastin), an antiangiogenic therapy against vascular
endothelial growth factor type A (VEGFA), was associ-
ated with a response rate of 25% to 35% in patients with
recurrent glioblastoma and was evaluated in phase III
trials in the initial and recurrent setting [3—-5]. In these
trials, bevacizumab significantly improved progression-
free survival (PFS) of patients at initial diagnosis and at
relapse. However, it failed to significantly improve overall
survival (OS), restricting its use for patients despite the
lack of real effective alternatives. This lack of impact on
OS could be related to the heterogeneity of bevacizumab
response. The heterogeneity of bevacizumab efficacy, its
cost, and its potential side effects, as well as the multi-
plication of other new therapies under investigation,
highlight the need to identify predictive biomarkers of
antiangiogenic activity.

In a retrospective study, we previously identified two
promising candidates, the plasma levels of matrix metal-
loproteinase 2 (MMP2) and MMP9, which are potentially
able to predict patient response after bevacizumab treat-
ment [6, 7]. In this study, we retrospectively analyzed
MMP2 and MMP9 plasma levels in two small, uncon-
trolled cohorts and observed that MMP2 and, to a lesser
extent, MMP9 plasma levels seemed to be associated
with patient survival after bevacizumab treatment. The
next step regarding these two potential predictive bio-
markers was to confirm their predictive value in a pro-
spective, randomized clinical trial evaluating the benefit
of bevacizumab versus placebo for glioblastoma patients.
MMP9 and MMP2 play an important role in the degrada-
tion of extracellular matrix components and are involved
in numerous physiological and pathological processes. In
cancer, MMP9 and MMP2 appear to play a role in tumor
invasion and angiogenesis and to mediate the tumor
microenvironment [8, 9]. Degradation of the extracellu-
lar matrix by MMP releases proangiogenic compounds,
such as vascular endothelial growth factor (VEGF) and
integrins [10]. MMP9 has been identified as a biomarker
in various cancers, mainly when tumor expression is con-
sidered [11]. High expression of MMP2 and MMP9 has
been described in glioma, correlated with tumor grade
and localized to the cytoplasm of tumor cells, endothelial
cells, and their extracellular matrix [12].

In the present study performed in a large prospective
international multicentric phase III trial, for the first
time to our knowledge, we identified MMP9 plasma
level as a biomarker predictive of bevacizumab efficacy
in patients with newly diagnosed glioblastoma. Then,
exploring the source of MMP in the tumors, we showed
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that the MMP9 plasma level was significantly higher in
glioblastoma patients than in control subjects, decreased
after tumor resection, and was correlated with MMP9
tumor expression. However, no correlation was observed
between MMP9 and tumor size, invasive pattern, or
angiogenesis, in agreement with our results showing that
MMP9 was expressed by CD45+ inflammatory cells that
we identified as tumor-infiltrating neutrophils but was
not expressed by tumor cells.

Patients and methods

Patients (Additional file 1: Fig. S1)

AVAglio trial cohort (prospective phase lll trial)

First, to assess the predictive value of MMP2 and MMP9
plasma levels, we analyzed the plasma samples from
the AVAglio trial (NCT 00,943,826). The Avastin in
Glioblastoma (AVAglio) study (BO21990) was a rand-
omized, double-blind, placebo-controlled trial spon-
sored by F. Hoffmann— La Roche (Additional file 1: Fig.
S2A) [3]. Briefly, patients 18 years of age or older with
newly diagnosed, histologically confirmed, supratento-
rial glioblastoma were randomly assigned, in a 1:1 ratio,
to bevacizumab or placebo. All patients were required
to give written informed consent before enrollment.
The protocol was approved by the applicable independ-
ent ethics committees and institutional review boards.
The study adhered to the principles of the Declaration of
Helsinki and the Guidelines for Good Clinical Practice.
After undergoing surgical resection or biopsy, patients
received concurrent radiotherapy and oral temozolomide
(Additional file 1: Fig. S2A) in combination with intrave-
nous bevacizumab (BEV) or placebo every 2 weeks. In
the maintenance phase, patients received temozolomide
plus intravenous bevacizumab or placebo every 2 weeks,
for six 4-week cycles. In the monotherapy phase, intrave-
nous bevacizumab (15 mg per kilogram) or placebo was
continued every 3 weeks until the disease progressed, or
unacceptable toxic effects developed. The determination
of progression was based on imaging assessment (MRI),
clinical assessment, and glucocorticoid use. Plasma sam-
ples were collected at baseline, within 24 to 48 days after
surgery and prior the administration of any study treat-
ment. Peripheral blood was drawn into EDTA tube.
Blood samples were centrifuged within 2 h at 3000 x g
for 10 min at room temperature and plasma was stored
at —80 °C.

Prospective peri-operative patient cohorts

To understand the relationship between plasmatic
MMP9 and glioblastoma, we established a local pro-
spective cohort composed by 38 adult (>18 years)
IDHwt glioblastoma patients included at initial diagnosis
between June 2016 and October 2017 at Timone Hospital
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(Marseille, France). For these patients, the plasma sam-
ples were collected before and 48 h after surgical resec-
tion, as well as paraffin and frozen tumor samples. A
concomitant MRI was performed at the time of diagnosis
including T1, T1 with gadolinium, T2, FLAIR and per-
fusion sequences. Tumor volumes were analyzed using
the Horos software®. Perfusion sequences were analyzed
using the Olea Medical software®. This cohort was com-
pleted by 7 patients hospitalized for the resection of brain
aneurysm and 12 healthy controls.

The following data were recorded: age, gender, type of
surgery, Karnofsky Performance Status (KPS), oncologi-
cal treatment, clinical symptom, steroid dose, and MRI
characteristics.

All samples were stored in the APHM Biological
Resource Center (BRC) (authorization number AC2018-
31053; CRB BB-0033-00097). Tumor and plasma samples
were obtained after written consent according to a proto-
col approved by the local institutional review board and
ethics committee. The present studies were conducted in
accordance with the declaration of Helsinki.

Methods

Enzyme-linked immunosorbent assay (ELISA)

Plasma samples stored at —80 °C were diluted and
assayed with sandwich ELISA for MMP2, MMP9,
VEGFA, VEGFR2, CXCL12 (Quantikine ELISA Kit from
R&D Systems) and CXCR4 (CUSABIO) as recommended
by manufacturers. Protein quantities were calculated
with a calibrated specific standard.

Immunohistochemistry (IHC)

Five micrometers formalin fixed paraffin embedded
(FFPE) slides of tumor samples were labeled with anti-
MMP2 or anti-MMP9 antibodies (MMP2, ab37150,
1/25—MMP9, ab38898 Abcam, 1/1000). Staining was
performed on a Benchmark XT (Ventana Medical sys-
tems, Illkirch, France) according to manufacturer’s
instructions. A semi-quantitative analysis was done
by two pathologists (RA, DFB) who read all samples
together, to define the expression location and level (from
0: absent to 3: high) without knowledge of clinical data.

Immunofluorescence (IF)

Five um frozen section of tumor samples were permea-
bilized with ethanol-acetone (19v-1v) before saturation
in PBS- BSA5%. Sequential staining with anti-CD31/anti-
MMP9 antibodies or anti-CD45/anti-MMP9 antibod-
ies were done (CD31, JC70A, Dako, 1/50—CD45, HI30,
Invitrogen, 1/200—MMP9, ab38898 Abcam, 1/1000).
Secondary antibodies were purchased from Molecu-
lar Probes'”, goat anti mouse-AlexaFluor 488 (A11001)
for antibodies targeting CD31 and CD45 and goat anti
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rabbit-AlexaFluor 568 (A11011) for anti-MMP9 antibody.
Nuclei were stained with Hoechst 33,342 (B2261, Sigma,
1/1000). Fluorescent microcopy pictures were done with
Zeiss® Observer. Z1 and ZenPRO software and analysis
were done with Image] software.

Magnetic sorting

Fresh glioblastoma samples were obtained from
APHM—Biological Resource Center (AC-2018-31053;
CRB BB-0033-00097)—after surgical resection. Tissues
were first dissociated with Brain tumor dissociation kit
as recommended by manufacturer. Myelin was excluded
from cell suspension with Myelin Isolation Beads. Part of
the whole tumor was set aside as a future control. Then,
magnetic sorting of CD31" or CD457 cells was done with
specific microbeads (CD31 MicroBead Kit and CD45
MicroBeads from Miltenyi Biotec). Cell fraction purity
was assayed by flow cytometry. Samples were validated
for further analysis if purity reached 65%.

Flow cytometry analysis

All analyses were done on fresh newly-diagnosed glio-
blastoma samples. For the initial analyses (Fig. 4), cells
were stained for extracellular proteins (CD31-APC,
clone REA730, 1/50; CD45-APC, clone HI30, 1/5, BD
biosciences). After fixation, cells were permeabilized
with 0.1% saponin before MMP staining (MMP2-PE,
clone 1A10, 1/10; MMP9-FITC, clone 56,129, 1/10,
R&Dsystems). Cell staining were analysed on a BD FAC-
SCalibur™ cytometer and CellQuest software.

For the second analyses (Fig. 5), flow cytometry was
conducted using BD Symphony and BD LSR Fortessa
X-20 machine (BD Biosciences"') and data were analyzed
with FlowJo (Tree Star' ). Tumor cell suspentions were
stained with LIVE/DEAD"™ Fixable Aqua Dead Cell Stain
(Invitrogen™, Catalog No. 1.34957) to stain dead cells,
Fc blocked with anti-CD16/32 cells and fixed/RBC lysed
with RBC Lysis/Fixation Solution (10X) (Biolegend Cat.
No. 422401) and the following anti-Human antigens anti-
bodies were used for staining glioblastoma derive single
cell suspensions:

BUV395 Mouse Anti-Human CD1l1lc (Clone B-ly6,
BD Bioscience, Cat. No. 563787), BUV496 Mouse Anti-
Human CD3 (Clone UCHT1, BD Bioscience, Cat. No.
564809), BUV737 Mouse Anti-Human CD64 (Clone
10.1, BD Bioscience, Cat. No. 612776), BUV805 Mouse
Anti-Human CD14 (Clone M5E2, BD Bioscience, Cat.
No. 612902), eFluor 450 Mouse Anti-Human CD123
(Clone 6H6, eBioscience, Cat. No. 48-123-42), BV605
Anti-Human CD8a (Clone RPA-TS8, BioLegend, Cat.
No. 301040), BV650 Mouse Anti-Human CD163 (Clone
GHI/61, BD Bioscience, Cat. No. 563888), BV786 Mouse
Anti-Human gdTCR (Clone 11F2, BD Bioscience, Cat.
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No. 744743), PE Mouse Anti-Human CD16 (Clone RUO,
BD Bioscience, Cat. No. 555407), PE-Dazzle Mouse
Anti-Human CD197 (CCR7) (Clone GO043H7, Biole-
gend, Cat. No. 353236), APC Anti-Human HLA-DR
(Clone REA805, Miltenyi Biotec, Cat. No. 130-111-943),
APC-R700 Rat Anti-Human CXCR5 (Clone RF8B2, BD
Bioscience, Cat. No. 555407), APC-eFluor 780 Mouse
Anti-Human CD45(Clone HI30, eBioscience, Cat. No.
47-0459-42). After washing cells were fixed and per-
meabilized with the Foxp3/Transcription Factor Stain-
ing Buffer set (eBioscience Cat#00-5323-00), washed and
stained with FITC Mouse Anti-Human MMP9 (Clone
56,129, R&D Systems, Cat. No. IC9111F), PerCP-Cy5.5
Mouse Anti-Human perforin (Clone G9, BD Bioscience,
Cat. No. 563762).

Real-time quantitative polymerase chain reaction (RT-qPCR)
MMP2 and MMP9 gene and 18S, B-actin and GAPDH
reference gene expressions were assayed by RT-qPCR
(Additional file 2: Table S1). Total RNA was reverse tran-
scribed and target genes were quantified by amplification
using the Light Cycler Real- Time PCR (Roche Applied
Science, Meylan, France). RT-qPCR was performed by
using a medium containing 1X LightCycler 480 SYBR
Green I master mix, 0.25 pM of each primer and 20 ng of
c¢DNA. Each PCR reaction was preceded by one activa-
tion cycle of 95 °C for 5 min and ended by establishing a
melting curve 5 degrees above the oligonucleotide melt-
ing temperature.

Statistical analyses

Categorical variables were presented as frequencies and
percentages, continuous variables as median, quartile
and range. Overall survival (OS) was defined to be time
from randomization to death from any cause, censored
at the date of last contact. Progression free survival (PES)
was defined to be the time from randomization to docu-
mented progression or death, censored at the date of the
last documented disease evaluation. The Kaplan—Meier
method was used to estimate survivals distributions.
Log-rank tests were used for univariate comparisons. Cox
proportional hazards models were used for multivariate
analyses and to estimate hazard ratios in survival regres-
sion model. Interaction test was done between biomarker
subgroups and treatment arms. Subjects were divided
into four groups based on their baseline biomarkers lev-
els using the quartile value as the cutoff. Mann—Whit-
ney U-test or Kruskal-Wallis test were used to compare
quantitative values; qualitative values were analyzed
using Fisher exact test and Chi 2 test. Correlations were
analyzed using the Spearman test. All reported p-values
are two-sided, and p<0.05 was considered statistically
significant. This study followed the REMARK criteria. All
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statistical analyses were performed using SPSS software
v22°,

Results

Plasma MMP9 predicts bevacizumab efficacy in patients
with newly diagnosed glioblastoma: AVAglio ancillary
study

To assess the predictive value of plasma MMP2 and
MMP9 levels, we analyzed 577 of 921 patients included
in the AVAglio trial for whom plasma samples were avail-
able at inclusion: 283 patients treated by radiochemo-
therapy and bevacizumab and 294 patients treated by
radiochemotherapy and placebo. Patient characteristics
were similar between the two treatment groups (Fig. 1A
and Additional file 2: Tables S2 and S3). Overall survival
observed in our subpopulations were comparable to those
reported in the overall population (Additional file 1: Fig.
S2B and S2C). The median MMP?9 levels at baseline were
similar in the placebo and bevacizumab arms: 82.4 ng/
mL (44.8-160.3) and 83.6 ng/mL (43.8-133.8), respec-
tively. Patients with low MMP9 plasma levels (< quartile
1) presented with a significant OS benefit from bevaci-
zumab (HR 0.51, 95% CI 0.34-0.76, p=0.0009), which
translated into a median increase in OS of 5.2 months
(Fig. 1B); a consistent benefit in PFS was also seen (HR
0.36, 95% CI 0.24-0.54, p<0.0001). Interestingly, in
patients with high MMP9 (>Q3), OS tended to be longer
in the placebo arm (HR 1.21, 95% CI 0.80-1.81). In mul-
tivariate analysis including enzyme-inducing antiepilep-
tic drugs, MMSE, MGMT promoter methylation, World
Health Organization performance status, race, and age, a
significant interaction was seen between treatment group
and MMP9 plasma level for OS (p=0.0089) and PFS
(p=0.0045). In contrast to our previous study, MMP2
did not have predictive value (Additional file 1: Fig. S3).
Importantly, MMP2 and MMP9 plasma levels were not
prognostic of PES or OS. Taken together, these results
suggest that baseline plasma MMP9 level was predictive
of the benefits of bevacizumab for PFS and OS in patients
with newly diagnosed glioblastoma.

Circulating MMP9 is specifically released by glioblastoma
To explore the relationship between MMP9 plasma level
and intratumoral glioblastoma biology, we analyzed
the plasma expression of this marker before and after
surgical resection of glioblastoma and its concomitant
tumor expression in a prospective cohort of 38 patients
(Fig. 2A-D).

First, we showed that the baseline MMP9 plasma level
was higher in glioblastoma patients than in patients
operated for cerebral aneurysm or healthy controls
(p=0.006) (Fig. 2B). Then we observed that the MMP9
plasma level significantly decreased after glioblastoma



Jiguet-Jiglaire et al. Acta Neuropathologica Communications (2022) 10:1 Page 5 of 14
A
Characteristics Bevacizumab Placebo
(n=283) (n=294)
Median age 57.0 (20-79) 56.0 (21-79)
Male 181 (64) 187 (64)
WHO
0 151 (53) 162 (55)
1-2 132 (47) 132 (45)
Surgery type
Biopsy only 33 (12) 21(7)
Partial resection 131 (46) 115 (39)
Complete resection 119 (42) 158 (54)
MGMT gene promoter
Methylated 68 (24) 78 (26)
Non-methylated 150 (53) 151 (51)
KPS
50-80 84 (30) 84 (29)
90-100 199 (70) 210 (71)
MMSE score
<27 59 (21) 66 (22)
227 220 (78) 227 (77)
Corticosteroids
On 108 (38) 157 (53)
Off 173 (61) 135 (46)
B
Low MMP9 (Quartile 1) High MMP9 (Quartile 4)
1.0 = . i — RT/TMZ + BEV
— RIIMZ +BEV 1 — RT/TMZ + Plb
» 087 HR, 0.51 (95% Cl: 0.34-0.76) » 08 HR, 1.21 (95% CI: 0.80-1.81)
Q p=0.0009 o p=0.3654
— . o -
Ll . 2 %A
2 o4 8 04-
g o4 g o
@ o
0.2 : 0.2 _
o 13.6 :18.8 o :18.1
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 4'5
OS (months) OS (months)
No. at risk 72 49 21 " 0 No. at risk 82 58 37 1 0
72 63 34 15 0 63 49 20 7 0
Low MMP9 (Quartile 1) High MMP9 (Quartile 4)
107 = RT/TMZ + BEV 107 — RT/TMZ + BEV
~ RT/TMZ + Plb ~ RT/TMZ + Plb
« 08" HR, 0.36 (95% CI: 0.24-0.54) o 08 HR, 0.90 (95% Cl: 0.61-1.32)
& p<0.0001 & p=0.5763
L L
3 3
T 047 T 04T
o [
o o
0.2 0.2
0 T T T T T T T T 1 0 T | T T T T T T 1
0 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
PFS (months) PFS (months)
No. at risk 72 20 9 1 0 No. at risk 81 20 17 1 0
72 42 19 4 0 63 25 7 3 0

Fig. 1 MMP9 plasma level is predictive of bevacizumab efficacy (AVAglio trial). A Patient characteristics in the two arms of AVAglio ancillary
sub-population. B Overall Survival (OS, top) and Progression Free Survival (PFS, bottom) according to low plasma level of MMP9 (left) or high plasma
level of MMP9 (right) at baseline. RT: radiotherapy; TMZ: temozolomide; BEV: bevacizumab; Plb: placebo
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Fig. 2 Plasmatic expression of MMP9 is specific for glioblastoma. A Patient characteristics of peri-operative cohort. B Plasmatic expression of MMP2
and MMP9 before surgical resection of newly-diagnosed glioblastoma or cerebral aneurysm and in healthy controls. C MMP2 and MMP9 plasma
level before and after glioblastoma resection. D MMP2 and MMP9 plasma level before and after cerebral aneurysm resection. MMP9 is highly
expressed into glioblastoma and significantly decreases after tumor resection. *p < 0.05; **p < 0.01; ***p <0.001
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resection (p=0.03) (Fig. 2C). In contrast, the MMP9
plasma level was not changed after aneurysm resec-
tion (Fig. 2D). Finally, we observed that the presurgi-
cal plasma MMP9 level was significantly correlated
with MMP9 mRNA tumor expression (p=0.033). Of
note, the MMP2 plasma level was lower in glioblastoma
patients than in aneurysm or control patients, was not
correlated with MMP2 tumor expression, and did not
vary during the perioperative time.

To explore MMP2 and MMP9 activity, we performed
zymogram analyses. MMP9 activity tended to decrease
after glioblastoma resection (Additional file: Fig. S4),
while no modification was observed after aneurysm
resection.

Finally, to explore the involvement of MMP9 in angi-
ogenic and invasive processes, we concomitantly ana-
lyzed the baseline plasma expression of five related
factors implicated in the tumor microenvironment:
MMP2, VEGFA, VEGFR2, CXCR4, and CXCL12. The
plasma level of MMP9 was not correlated with these
other markers (data not shown), suggesting that MMP9
was independent of these angiogenic and invasive
processes.

Taken together, these results suggest that plasma
MMP9 is specifically released by glioblastoma, is not
only linked to brain alteration and is not correlated to
angiogenic or invasive markers.
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Fig. 3 Correlation between MMP9 plasma level and neuro-radiological characteristic. A lllustrative magnetic resonance imaging (MRI) showing
(from left to right): T1 sequence with contrast enhancement, FLAIR sequence, perfusion sequence and perfusion curve. Round mark: Region Of
Interest (ROI) in enhanced tumor (right) and controlateral brain (left, control). B Neuro-radiological characteristics of peri-operative cohort. CT1
volume according to MMP9 plasma level. D FLAIR volume according to MMP9 plasma level. E Infiltrative pattern of glioblastoma (using the FLAIR/
T1 volume ratio) according to MMP9 plasma level. F Corrected CBV ratio according to MMP9 plasma level. G Permeability coefficient according to
MMP9 plasma level. No significant difference was shown
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MMP9 is not correlated with glioblastoma tumor volume,
invasion, or angiogenesis assessed by neuro-imaging

We then analyzed the correlations between baseline
circulating MMP9 levels and the neuroimaging pat-
tern of patients before adjuvant treatment (Fig. 3). All
patients presented with supratentorial glioblastoma.
Most of them presented with a single lesion at diagnosis
(Fig. 3B). The median baseline T1 enhancement and T2/
FLAIR volumes were 16.4 cm® and 96 cm® respectively
(Fig. 3B). Because the MMP9 plasma level was correlated
with MMP9 tumor expression, we analyzed the correla-
tion between plasma MMP9 level and tumor volume. No
correlation was found between MMP9 plasma level and
enhancement volume (T1 with gadolinium) or tumor
infiltration volume (T2/FLAIR sequences) (Fig. 3C, D).
Then, because MMP9 was reported to be involved in
invasive processes through extracellular matrix remod-
eling, we analyzed the infiltrative pattern of glioblastoma
using the ratio enhancement volume/FLAIR volume.
This ratio was not correlated with MMP9 plasma level
(Fig. 3E). Finally, no correlation was found between cir-
culating levels of MMP9 and perfusion characteristics
(Fig. 3F, G). Regarding the MMP9 activity evaluated by
zymogram, no correlation was observed between MMP9
activity and FLAIR volume (p=0.284), contrast enhance-
ment volume (p=0.325) or infiltrative pattern, as previ-
ously defined (p=0.774). Of note, no correlation was
observed between MMP2 plasma level and neuroimaging
characteristics (data not shown). These results suggest
that tumor growth, invasion, and vascularization seem to
be independent of MMP9 level, suggesting that MMP9
could be related to another glioblastoma microenviron-
ment process.

MMP?9 is expressed by immune cells of the glioblastoma
microenvironment

To determine the origin of MMP9 in glioblastoma, we
first analyzed its expression by immunohistochemistry
(Fig. 4A, B, Additional file 1: Fig. S5). At initial diagnosis,
MMP9 staining was mainly located in the microvascular
proliferation, inflammatory cells, and circulating intra-
vascular cells (Fig. 4A, B). No staining was observed in
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glioblastoma cells or in the extracellular matrix. In con-
trast, MMP2 staining was mainly located in tumor cells
and the extracellular matrix (Fig. 4A, B).

Then, to characterize which cells express MMP9, we
analyzed the coexpression of MMP9 with the vascular
marker CD31 and the immune marker CD45 by immu-
nofluorescence (Fig. 4C). Immunofluorescence staining
of MMP9 confirmed its predominant expression in the
perivascular area, but MMP9 was not coexpressed by
CD31 + vascular cells. In contrast, most cells (>80%) that
were positive for MMP9 coexpressed CD45 (Fig. 4C). To
confirm that MMP9 was expressed by immune cells, we
sorted the CD31 4 cells from fresh glioblastoma samples
and the CD45+ cells from the remaining tissue to ana-
lyze their MMP9 protein expression by cytometry (N =3;
Fig. 4D, E) and their MMP9 and MMP2 mRNA expres-
sion by reverse transcriptase-quantitative polymerase
chain reaction (RT-qPCR) (N =5; Fig. 4F and Additional
file 1: Fig. S6). As expected, MMP9 was mainly expressed
at the protein and mRNA levels by the CD45+4 popula-
tions. Taken together, these results confirm that MMP9
is indeed expressed by immune cells infiltrating the glio-
blastoma microenvironment.

MMP9 is mainly expressed by glioblastoma-infiltrating
neutrophils (Fig. 5 and Additional file 1: Fig. S7)

To determine which immune population was responsi-
ble for MMP9 expression in the glioblastoma microen-
vironment, we analyzed five fresh IDHwt glioblastoma
samples by flow cytometry using a large panel of antibod-
ies. Neutrophils and macrophages represented the main
CD45+ subsets (Fig. 5A, B). Inflammatory dendritic cells
were only present in 3 samples. The maximal mean fluo-
rescence intensity shift between stained and unstained
samples for MMP9 was observed for neutrophils and
dendritic cells (p=0.024, Fig. 5C, D). Neutrophils and
inflammatory dendritic cells (when present) were posi-
tive for MMP9 in 87% and 92% respectively (Fig. 5E, F).
After normalization by cell frequency and mean fluores-
cence intensity shift, the neutrophils appeared to be the
main origin of MMP9 expression in IDHwt glioblastoma
(p=0.008, Fig. 5G). Taken together, these results suggest

(See figure on next page.)

Fig. 4 Sub-histological location of MMP2 (left) and MMP9 (right) expression in glioblastoma tissue. A Immunostaining of MMP2 expression (left) on
glioblastoma (a, b) and cortectomy (c) tissues. Immunostaining of MMP9 expression (right) on glioblastoma (d, e) and cortectomy (f) tissues. Scale
bars: a: 50 um; b-c: 100 um; d-f: 250 um. B Semi-quantitative analysis of MMP2 and MMP9 immunostaining (high expression: score 2 or 3). Tumor:
tumor cells; ECM: extracellular matrix; Endoth.: endothelial cells; MVP: microvascular proliferation; Infiltrative: infiltrative cells; Intravasc.: intravascular
cells; Necrosis: necrosis cells. MMP9 is expressed by CD454- cells in glioblastoma patient samples. C Immunofluorescent staining of CD31, CD45

and MMP9 on frozen glioblastoma samples. MMP9 is expressed by CD45 positive cells. Nuclei were stained by Hoechst. Scale bar: 50 um. D Count
of MMP9 positive cells in different tumor fractions. Tumors were processed to isolate individual cells; immunomagnetic sorting allowed to separate
cells for CD31% and CD45" expression. Each fraction was analyzed for MMP9 expression by cytometry. MMP9 is significantly overexpressed by
CD45T fraction. E Relative expression of MMP9 by CD31 +and CD45+ fraction cells by cytometry (N = 3). F- MMP9 mRNA expression in CD31+and
CD45+ fraction cells. MMP9 mRNA expression is significantly higher in CD45* fraction (N=5). *p < 0.05; **p < 0.01
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that the largest amount of MMP9, which seems to be
involved in resistance to bevacizumab, is expressed by
the tumor-infiltrating neutrophils.

Discussion

In the present post hoc analysis of a phase III trial (AVA-
glio), we showed that baseline MMP9 plasma level is pre-
dictive of bevacizumab efficacy in patients with newly
diagnosed glioblastoma. Then, we showed that MMP9
plasma level is correlated with glioma tissue RNA level
and is released by tumor-infiltrating neutrophils from the
glioblastoma microenvironment.

These results represent an important contribution to
neuro-oncology. For the first time, to our knowledge,
we were able to validate an accessible predictive bio-
marker for bevacizumab activity in glioblastoma patients
in a prospective phase III trial. Identifying a predictive
biomarker of antiangiogenic therapy is an unmet onco-
logical need. Antiangiogenic therapies improve patient
outcomes, but the responses remain heterogeneous,
resulting in heterogeneous use and approval restrictions.
The clinical benefit for glioblastoma patients associ-
ated with bevacizumab motivated approval of the drug
in numerous countries, including the United States,
but not in Europe due to the lack of survival benefit in
phase III trials [3, 4]. However, considering that glio-
blastoma remains one of the most aggressive and lethal
tumors, with limited therapeutic options, identifica-
tion of patients who could benefit from bevacizumab
would considerably improve their therapeutic oppor-
tunities. Several predictive candidates were previously
tested in oncology: tissue biomarkers (VEGFA, VEGFR2,
CAIX, HIF2a, and hERG1) [13], molecular biomark-
ers (HIF1la, VEGFA, VEGF single nucleotide polymor-
phisms, transcriptomic signature, microRNA signature,
angiotensinogen promoter methylation) [14, 15], cir-
culating biomarkers (plasma levels of VEGFA, CAIX,
Tie2, and bevacizumab trough concentration) [16—19],
or clinical factors (hypertension) [20]. In most studies,
these markers were only prognostic. Interestingly, some
inflammatory markers were also investigated, such as
CD8+T-cell count, neutrophil count, neutrophil-to-
lymphocyte ratio, and C-reactive protein or interleukin
6 plasma levels [21-24]. We recently identified MMP2
and MMP9 plasma levels as two promising biomarkers
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of bevacizumab activity. MMP2 and, to a lesser extent,
MMP9 were predictive of response, PFS, and OS in two
independent small cohorts of patients with recurrent
high-grade gliomas treated with bevacizumab, but not in
a third cohort of patients treated by chemotherapy only
[6]. Here, in contrast to our previous study, the predic-
tive value of MMP9 is clearly identified, whereas no pre-
dictive value could be attributed to MMP2. Of note, in
the present study, a trend was observed for a potential
detrimental effect of bevacizumab use in patients with a
high MMP?9 level, which reinforces our results. The sta-
tus of the disease (recurrent versus newly diagnosed) and
the patient’s dataset issue from a large prospective rand-
omized study may contribute to the differences between
these two studies. We also showed that these biomark-
ers were correlated with disease control under treatment
with plasma level modifications at the time of recurrence
[7]. Taken together, these results would allow the use of
these biomarkers both at baseline, to select responders,
and during treatment, to identify bevacizumab escape
early. Advantages of these markers are that they are
accessible (a simple blood test), inexpensive, fast, easy to
use, and reproducible. Validation of the predictive value
of MMP9 in a prospective trial is a major step toward
its potential routine clinical use. These results raise new
questions about the appropriate cutoff for clinical use
and the potential use of MMP9 with other antiangiogenic
agents and in other tumor types.

To decipher the link between circulating MMP9 and
the response of glioblastoma to bevacizumab, we first
showed that circulating MMP9 was dependent on glio-
blastoma, because circulating MMP9 decreased after
glioblastoma resection, was correlated with MMP9
expression in the tumor, and was specific to glioblas-
toma as compared with brain injury. Then, we showed
that MMP9 was mainly released by the tumor-infil-
trating neutrophils of the glioblastoma microenviron-
ment. MMP9 expression and activity were previously
reported to be preferentially displayed by high-grade
gliomas [25] and were suspected to be prognostic [26].
Moreover, a correlation between plasma expression of
MMP9 and anaplastic glioma activity was previously
reported, reinforcing the link between this circulating
marker and the glioblastoma process [27]. Interest-
ingly, our study showed that plasma MMP9 was not

(See figure on next page.)

Fig. 5 MMP9 is mainly expressed by tumor-infiltrating CD16 + neutrophils. A Frequency of immune subsets into the CD45+ cells. BT-SNE
representation of immune subset in an illustrative case. C MMP9 expression: delta (d) Mean Fluorescence Intensity (MFI) [MFI mmp9—MFI
fluorescence minus one (fmo)] in each immune subset. D MMP9 mean fluorescence intensity (MFI) shift between stained and unstained neutrophils
(left) and inflammatory dendritic cells (right). E Percent of positive neutrophils (present in all cases) and inflammatory dendritic cells (present in

only 3/5 cases) for MMP9. F T-SNE representation of the markers including MMP9 in an illustrative case. G Normalized expression of MMP9 based on

CD45+ cell frequency and dMFI [%CD45*dFMI]
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Fig. 5 (Seelegend on previous page.)
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prognostic of tumor progression but was specifically
predictive of bevacizumab response. The potential
implication of MMP?9 in antiangiogenic prediction was
previously suggested in two case reports that reported
increasing urinary MMP9 activity at the time of
antiangiogenic escape [28]. The pattern of expression
of MMP9 in glioblastoma remains controversial. In
other tumor types, MMP9 was previously reported to
be expressed by immune cells, such as pathogenic M2
macrophages [29, 30], tumor-infiltrating neutrophils
[31, 32] or myeloid-derived suppressor cells [33]. In gli-
omas, previous studies suggested that MMP9 could be
released by microglial cells [34], macrophages [35], or
neutrophils [26]. In our study, we used for the first time
a large cytometry panel to refine the expression profile
of MMP?9 in five fresh tumor samples at diagnosis and
observed that MMP9 was mainly released by tumor-
infiltrating neutrophils. Regarding the involvement of
neutrophil-released MMP9 and resistance to antiangio-
genic therapy, Nozawa et al. [36] showed in a pancreas
model that tumor-infiltrating neutrophils mediated
the angiogenic switch by releasing MMP9, which was
able to degrade the extracellular matrix, thus making
VEGFA available by proteolytic cleavage. Deryugina
et al. [37] reported similar results with complemen-
tary preclinical models of systemic cancers. The proan-
giogenic role of neutrophils through MMP9 expression
is further supported by the description of a specific
proangiogenic neutrophil subpopulation, which was
distinct from inflammatory neutrophils recruited to
infectious sites, releasing a larger amount of MMP9 in
a pancreatic mouse model [38]. Finally, independently
of the immune system, the involvement of MMP9 in
VEGFA release was also reported in a preclinical model
of glioblastoma, highlighting its potential central role
in the initiation and promotion of angiogenesis [39,
40]. On the basis of these preclinical results, we can
hypothesize that MMP9 released by tumor-infiltrating
neutrophils may increase VEGFA availability in the
glioblastoma microenvironment, exceeding the ability
of bevacizumab to trap it. In the context of the failure
of classical immunotherapy in glioblastoma patients,
this specific neutrophil population could represent a
promising target for specific immunomodulation in
neuro-oncology.

Our study has some limitations. Our study lack of
an independent validation set to confirm our find-
ings: we would need to validate them in an independ-
ent prospective randomized trial. Moreover, the second
peri-operative cohort is only composed by 38 patients.
The conclusions issued from this second cohort are
limited by its size and should be carefully interpreted
as hypotheses. The confirmation of these results in
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a larger cohort is mandatory as well as preclinical
exploration of the mechanistical implication of tumor-
infiltrating neutrophils in MMP9 expression and beva-
cizumab sensibility.

In conclusion, the baseline plasma level of MMP9
may be predictive of the efficacy of bevacizumab for
patients with newly diagnosed glioblastoma. Circu-
lating MMP9 is released by glioblastoma-infiltrating
neutrophils, suggesting that antiangiogenic resistance
could be related to a specific immunological glioblas-
toma profile, thus opening new perspectives in the
development of therapy for glioblastoma.
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