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ABSTRACT

Glioblastomas (GBM) are heterogeneous highly vascular brain tumors exploiting the unique

microenvironment in the brain to resist treatment and anti-tumor responses. Anti-angiogenic

agents, immunotherapy, and targeted therapy have been studied extensively in GBM patients

over a number of decades with minimal success. Despite maximal efforts, prognosis remains

dismal with an overall survival of approximately 15 months. Angiogenesis; glioblastoma;
Bevacizumab, a humanized anti-vascular endothelial growth factor (VEGF) antibody, under- mouse models; YKL-40;

went accelerated approval by the U.S. Food and Drug Administration in 2009 for the treatment of VEGF

recurrent GBM based on promising preclinical and early clinical studies. Unfortunately, subse-

quent clinical trials did not find overall survival benefit. Pursuing pleiotropic targets and leaning

toward multitarget strategies may be a key to more effective therapeutic intervention in GBM, but

preclinical evaluation requires careful consideration of model choices. In this study, we discuss

bevacizumab resistance, dual targeting of pro-angiogenic modulators VEGF and YKL-40 in the

context of brain tumor microenvironment, and how model choice impacts study conclusions and

its translational significance.
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Introduction Bevacizumab is a recombinant humanized

monoclonal antibody directed against vascular

Glioblastomas (GBM) are highly lethal common  endothelial growth factor A (VEGF-A), a potent

brain tumors with a median overall survival (OS)
of approximately 15 months despite multimodality
standard treatment [1]. Vascular and immune dys-
function, which are among the hallmarks of GBM
[2-4], has been targeted intensely in recent years
with limited success [3,5]. Vessel recruitment in
GBM may include (1) sprouting angiogenesis (new
vessels sprout from existing vessels), (2) intussus-
ception (dilation and bifurcation of preexisting
vessels), (3) co-option (tumor cells grow and
migrate around existing vasculature), (4) vascular
mimicry (tumor cells integrate into the endothelial
vessel wall), (5) differentiation of cancer stem-like
cells into endothelial cells (sometimes described as
a variant of vascular mimicry), and (6) recruitment
of endothelial progenitor cells (vasculogen-
esis) [2,6,7].

pro-angiogenic factor overexpressed and driving
rampant vascularization in GBM [6]. Suggested
benefits of bevacizumab therapy include restora-
tion of morphology and organization of tumor-
related vasculature, improved tumor oxygenation,
decreased tumor interstitial pressure, increase of
tumor cell response to cytotoxic effects of che-
motherapeutics, glioma cell apoptosis, depletion
of glioma stem cell niches, and increased immune-
mediated anti-tumor response [6-8]. Bevacizumab
has been tested in GBM, both in the primary and
recurrent setting, but despite significant improve-
ment of progression-free survival, it has failed to
improve OS of these patients [3,9,10].

Proposed resistance mechanisms to bevacizu-
mab include increase in alternative angiogenic
pathway activation, change in vessel recruitment
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(switch toward intussusception, co-option, and
vascular mimicry), increased invasiveness, enrich-
ment of tumor-initiating stem cells, metabolic
reprogramming, pericyte proliferation around
tumor vessels, chemokine secretion, and mobiliza-
tion of myeloid cells [2,6,7,11-13] (Figure 1).

Based on transcriptional profiling, Verhaak and
colleagues initially described four molecular GBM
subtypes: classical, proneural, neural, and
mesenchymal [14], where the neural subtype was
later proposed to reflect the presence of nonma-
lignant cells [15,16]. Upon VEGEF-A inhibition,
GBM cells undergo a mesenchymal transition,
which is also believed to contribute to bevacizu-
mab resistance [6,11,17] (Figure 1).

The conserved heparin-, chitin-, and collagen-
binding glycoprotein YKL-40 (gene: CHI3LI) is
a pro-angiogenic factor [2,18] known to induce
a mesenchymal phenotype [19] and as
a characteristic of the mesenchymal GBM subtype
[14]. YKL-40 has been shown to increase upon
VEGF-A inhibition [11,17,20], was found upregu-
lated in bevacizumab-resistant GBM cells [13], and
is involved in several mechanisms associated with
bevacizumab resistance such as glioma cell inva-
sion, angiogenesis [18], vascular mimicry [2], and
vascular stability and permeability [21]. In GBM
xenograft mouse studies, inhibition of YKL-40
alone and combined with radiotherapy suppressed
tumor growth [21,22] and increased survival [21].
Similarly, high YKL-40 expression in GBM patient
tumor tissue and elevated plasma YKL-40 levels
are associated with short OS [23,24].

Effective dual- or multitarget strategies are
urgently needed to overcome bevacizumab resis-
tance. In pursuit of this goal, we interrogated the
combined treatment of bevacizumab and mouse
anti-human YKL-40 blocking antibody in an
orthotopic mouse xenograft model.

Materials and methods

Patients and GBM tissue used for cell culture
establishment and characterization

Brain tumor tissue was collected during brain
tumor surgery at the Department of
Neurosurgery, Copenhagen University Hospital,
Denmark, as part of the Copenhagen Brain
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Tumor Consortium Glio Research Biobank.
Samples were processed at the Danish Cancer
Society Research Center, Denmark, or at the
Department of  Pathology,  Rigshospitalet,
Copenhagen University Hospital. The project was
approved by the Danish Regional Committee for
Health Research Ethics (H-3-2009-136), and all
participants signed informed consents.

Cell cultures

Primary GBM cell cultures were derived through
papain dissociation (Worthington Biochemical
Corporation, Lakewood, New Jersey, USA, cat.
no. LK003150) of fresh or frozen GBM tissue.
GBM cells were maintained through subcutaneous
xenografting in the flanks of immunocompro-
mised  NOD.Cg-Prkdc*™  mice  (Taconic
Biosciences, Inc. Resselaer, New York, USA, cat.
no. NOG-F). The protocol was approved by the
Danish Regulations for Animal Welfare (Protocol
Number 2012-15-2934-00636/2018-15-0201-
01391). Following dissection, xenograft tumors
were dissociated using papain dissociation accord-
ing to the manufacturer’s protocol (Worthington
Biochemical Corporation, Lakewood, New Jersey,
USA, cat. no. LK003150). GBM cell lines were
cultured in Neurobasal A media (Invitrogen,
Carlsbad, California, USA, cat. no. 12349-015)
supplemented with B27 supplement minus vita-
min A (Invitrogen, Carlsbad, California, USA,
cat. no. 12587-010), human epidermal growth fac-
tor (EGF) (20 ng/ml; Invitrogen, Carlsbad,
California, USA, cat. no. PHGO0313), and human
basic fibroblast growth factor (bFGF) (20 ng/ml;
Invitrogen, Carlsbad, California, USA, cat. no.
PHGO0263), glutamax (Invitrogen, Carlsbad,
California, USA, cat. no. 35050-038), and penicil-
lin/streptomycin (Invitrogen, Carlsbad, California,
USA, cat. no. 15140-122) (COMP). To facilitate
growth, cell cultures were supplemented with up
to 1% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, California, USA, cat. no. 26140095) for
a limited time period. Experiments were per-
formed in COMP without FBS. Cells were cultured
at 37°C in an atmosphere of 5% CO,. Prior to
experiments, single-cell suspensions were prepared
using TrypLE (Invitrogen, Carlsbad, California,
USA, cat. no. 12563011). Trypan Blue Stain
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Figure 1. Bevacizumab resistance mechanisms and YKL-40 signaling in cancer. Bevacizumab resistance mechanisms include (1)
vessel co-option; (2) intussusception; (3) recruitment of BMDCs and CAFs; (4) vascular mimicry; (5) production of alternative
angiogenic factors by hypoxic tumor cells; (6) pericyte coverage of blood vessels [6,7]; (7) enhanced invasion of cancer cells into
normal brain parenchyma; and (8) mesenchymal transition of tumor cells associated with increased invasiveness, stemness, and
metabolic reprogramming [6,7,13]. YKL-40 production is regulated by tumor-astrocyte—microglia/macrophage crosstalk in the brain
tumor microenvironment [19,49]. Suggested YKL-40 functions are depicted in orange boxes and include bevacizumab resistance
mechanisms (4-8) [2,13]; transdifferentiation of GSCs into pericytes or smooth muscle cells [2]; regulation of endothelial cell-
mediated angiogenesis [2,18], apoptosis [21], proliferation and immune modulation, which may be partly mediated by changes in
cytokine and chemokine production [58-61]. BMDC, bone marrow-derived cell; BTME, brain tumor microenvironment; CAF, cancer-
associated fibroblast; EC, endothelial cell; GSC, glioma stem-like cell.



(Invitrogen, Carlsbad, California, USA, cat. no.
T20393) was used to exclude dead cells when
counting viable cells on the Countess II
Automated Cell Counter (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) before
experiments.

Conditioned media and GBM cell pellets

Cells were plated at 4 x 10> viable cells/ml COMP
in triplicates. After 72 h, cells and medium were
collected and either centrifuged directly at
2000 rpm for 5 min at 4°C followed by collection
of conditioned media or initially centrifuged at
1200 rpm for 5 min at 4°C for collection of GBM
cell pellets. For treatment experiments, 2 x 10’
viable cells were plated in 300 ul COMP in tripli-
cates. Human and mouse IgG (Sigma-Aldrich,
St. Louis, Missouri, USA, cat. no. 14506-50 MG
and Invitrogen, Rockford, Illinois, USA, cat. no.
10400C), anti-YKL-40 antibody  (Strategic
Biosolutions, Newark, Delaware, USA, MAB201.
F9), and/or Dbevacizumab (Roche, Basel,
Switzerland, or Pfizer, New York City, New York,
USA) (300 pl) were added to a final concentration
of either 10 or 100 pug/ml after 1 day of culture and
medium collected after additional 72 h as stated
above.

Cell viability and tumor growth

Cell viability (in vitro): Single cells were seeded at
a density of 3500 cells in 100 pl COMP in 96-well
plates. Cell viability was measured at days 0, 1, 4,
7, and 10 using Cell Titer-Glo luminescent cell
viability assay (Promega, Madison, Wisconsin,
USA, cat. no. G7571) according to the manufac-
turer’s instructions. Results were analyzed using
Microsoft Excel and GraphPad Prism Software
version 8 (GraphPad Software, San Diego,
California, USA).

Tumor growth (in vivo): Four million viable
single GBM cells were injected subcutaneously in
the flanks of immunocompromised NOD.Cg-
Prkdc®®  mice (Taconic Biosciences, Inc.
Resselaer, New York, USA, cat. no. NOG-F).
Mice were sacrificed when showing clinical signs
of sickness or the tumor reached 1000 mm’
(ellipse tumor) or 15 mm (round tumor). Growth
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was calculated from the day of injection to the day
of sacrifice.

Animal studies

Animal studies were approved by the Danish
Regulations for Animal Welfare (Protocol
Number 2012-15-2934-00636/2018-15-0201-
01391).

10* viable G06 GBM cells per mouse were
stereotactically implanted into the right frontal
cerebral lobe of forty 6- to 8-week-old BomTac:
NMRI-Foxn1™ female mice (Taconic Biosciences,
Inc. Resselaer, New York, USA, cat. no. NMRINU-
F). Mice were randomized into four groups of 10
after surgery and received either human IgG 5 mg/
kg (Sigma-Aldrich, St. Louis, Missouri, USA, cat.
no. I4506-50 MG) + mouse IgG 5 mg/kg
(Invitrogen, Rockford, Illinois, USA, cat. no.
10400 C), anti-YKL-40 antibody 5 mg/kg
(Strategic Biosolutions, Newark, Delaware, USA,
MAB201.F9), bevacizumab 5 mg/kg (Roche,
Basel, Switzerland), or anti-YKL-40 antibody
5 mg/kg (Strategic Biosolutions, Newark,
Delaware, USA, MAB201.F9) + bevacizumab
5 mg/kg (Roche, Basel, Switzerland). Treatment
was given as 0.1 ml intraperitoneal (IP) injections
twice weekly from day 4 post-implantation until
death. Mice were monitored daily and sacrificed
according to humane endpoints. Blood samples
were collected upon euthanization and left to clot
for 1-26 h at 4°C followed by centrifugation at
3000 rpm for 10 min at 4°C and subsequent col-
lection of serum.

YKL-40 antibody

We used a mouse anti-human YKL-40 monoclonal
antibody (IgG2bx) for treatment experiments and
immunohistochemistry. The antibody was raised
against human purified YKL-40 and binds to the
epitope  GAWRGTTGHHS corresponding to
amino acids (AAs) 210-220 of the human YKL-
40 protein. The antibody has previously been used
in animal studies [25] and has no affinity to mur-
ine YKL-40 (JS Johansen, personal observation).
The antibody was kindly donated by Professor
Paul A. Price, University of California, San Diego.
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Enzyme-linked immunosorbent assay (ELISA)

YKL-40 concentrations in conditioned media and
mouse serum were determined using a commercial
ELISA (Quidel, San Diego, California, USA) with
a detection limit of 10 ng/ml, an intra-assay coeffi-
cient of variation (CV) of <5%, and inter-assay CV
<6% [26,27]. Analysis was performed in accor-
dance with the manufacturer’s instructions.
Results were analyzed using Microsoft Excel and
GraphPad Prism Software version 8 or 9
(GraphPad Software, San Diego, California, USA).

Western blot analysis

Western blot analysis was performed as previously
described [28]. Ponceau S Staining Solution
(Sigma-Aldrich, St. Louis, Missouri, USA, cat. no.
P7170) was used as a loading control, and blots
were developed using the ChemiDoc Imaging
System (Bio-Rad Laboratories, Inc., Hercules,
California, USA).

Immunohistochemistry

Sections of GBM tumor tissue acquired at surgery
(n = 10; used for cell line establishment) were
stained for YKL-40 as previously described [29]
and compared to hematoxylin and eosin standard
staining. YKL-40 immunoexpression was evalu-
ated by an expert neuropathologist (ELL) and
scored as above or below 30% YKL-40 positive
cells.

Fluorescence-activated cell sorting (FACS)

For flow cytometry analysis of CD133 and CD15,
freshly papain-dissociated cells were allowed to
recover overnight. Next day cells were triturated
and filtered through a 70 pm cell strainer (BD
Biosciences, Franklin Lakes, New Jersey, USA,
cat. no. 352350). Cells were blocked for 1 h on
ice in 3% bovine serum albumin (BSA) (Bovine
Albumin Fraction V, 7.5% solution; Thermo
Fisher Scientific, Waltham, Massachusetts, cat.
no. 15260037) diluted in Dulbecco’s phosphate-
buffered saline (DPBS) (Invitrogen, Carlsbad,
California, USA, cat. no. 14190144) and then incu-
bated with CD133-PE (Miltenyl Biotec, Bergisch

Gladbach, Germany, cat. no. 130-113-186), CD15-
VioBlue (Miltenyl Biotec, Bergisch Gladbach,
Germany, cat. no. 130-113-488), IgG2b-PE
(Miltenyl Biotec, Bergisch Gladbach, Germany,
cat. no. (130-092-215) or IgM-VioBlue (Miltenyl
Biotec, Bergisch Gladbach, Germany, cat. no. 130-
098-588) antibodies in 0.5% BSA diluted in DPBS
for 30 min on ice with gentle shaking. Antibodies
were then removed, and cells were incubated with
7-amino-actinomycin-D staining solution
(Miltenyl Biotec, Bergisch Gladbach, Germany,
cat. no. 130-111-568) to exclude dead cells. All
samples were run on a BD FACSverse cytometer
(BD Biosciences, Franklin Lakes, New Jersey,
USA) and analyzed using the FlowJo software ver-
sion 10 (BD Biosciences, Franklin Lakes, New
Jersey, USA).

Gene expression analysis

Sample selection and RNA preparation: Total RNA
from GBM cell cultures was isolated using the
AllPrep DNA/RNA/Protein mini kit (80,004,
Qiagen) according to the manufacturer’s
instructions.

RNASeq Library Construction: Purified RNA
was sent for 100 nt paired end strand specific
“BGI-Seq LncRNA-seq(mRNA+IncRNA)” sequen-
cing (obtained via rRNA depletion) at BGI China.

Quantification: The sequenced files (F< ASTQ)
were quality checked with FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/).
Gencode v28 (Hg38) [30] transcripts were quanti-
fied with Salmon v0.13.1 [31] with bias correction
(“-seqBias” and “-gcBias”) and using the “-
validateMappings” option. The transcript quantifi-
cation was imported into R and summarized to
gene_id level via IsoformSwitchAnalyzeR [32].
Only genes having at least 10 counts in minimum
6 libraries were kept for further analysis. This cut-
off was applied after normalizing to CPM values
by also converting the 10 counts into CPM values
using the median library size (mimicking the
edgeR: filterByExp() function). Normalized expres-
sion levels were obtained by using the
varianceStabilizingTransformation() function
from the DESeq2 R package [33].

Differential expression: Differential expression
analysis of the cell lines was done using edgeR
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v 3.24.0 [34]. Specifically the data were filtered
as described above, normalized with TMM nor-
malization [35] and the test for differential
expression based on YKL-40 status was done
using the Quasi-likelihood framework [36] cor-
recting for gender, MGMT and recurrence sta-
tus. Cell lines were categorized as YKL-40™€" or
YKL-40"°". YKL-40"°" was defined as cell lines
with minimal or no YKL-40 protein abundance
and minimal or no YKL-40 secretion in condi-
tioned medium.

Gene  set  enrichment  analysis:  First,
a compendium of gene sets was concatenated,
specifically MSigDB v5 [37]was obtained from
http://bioinf.wehi.edu.au/software/MSigDB/and
the “H” (Hallmark), “C2” (Curated) and “C3”
(Motif) and C6 (Oncogenic) collections were
extracted. These gene sets were combined with
gene sets from Gene Ontology (GO) [38,39]. The
GO gene set were downloaded from EBI’s offi-
cial mirror in January 2016 and to avoid the
bulk of gene-duplication only gene sets at level
6 of the “biological process” hierarchical ontol-
ogy structure were used. Ensemble IDs were
translated to entrez ids using the “org.Hs.eg.db”
v 3.7.0 Bioconductor package [40]. The collec-
tion of gene sets was then reduced to only con-
tain genes tested for differential expression and
afterward filtered for gene sets with at least 10
remaining genes.

This collection of gene set was used to make
a competitive gene set enrichment analysis via
the CAMERA tool [41]. Specifically, we used the
-log10(p-value) from the edgeR differential ana-
lysis described above as the input statistics used
in the cameraPR function implemented in the
edgeR package. Gene sets with a false discovery
rate-corrected p-value smaller than 0.05 were
considered significant. Annotation of gene sets
into groups was done by expert curation con-
sidering both the gene set descriptions and the
genes in each gene set.

Angiogenesis profiling was done from the
gene sets above selecting the genes having
“ANGIOGEN” as part of its name. To distin-
guish between background expected expression,
we generated 1000 random gene sets with simi-
lar length distribution profile. Expression of the
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angiogenesis and random gene sets was ana-
lyzed in each sample using single sample gene
set enrichment analysis (ssGSEA) [42]. This
analysis is implemented in the GSVA
R package in the gsva() function by using
methods = ‘ssgsea’ and ssgsea.norm = FALSE.
Gene sets having an absolute ssGSEA score
larger than 95 percentile of the random gene
sets were deemed above background noise and
kept for further analysis. The heatmap of the
ssGSEA scores was done using the pheatmap
R package. Description of gene sets can be
found at http://software.broadinstitute.org/
gsea/msigdb/search.jsp.

To determine the GBM subtypes of the 10
cell lines, we performed an analysis of GBM
subtype profiles (gene sets) [14-16] via
ssGSEA as described above and classified each
cell line according to its highest ssGSEA score.

Similarity of cell lines and patient tumor sam-
ples: The similarity of the RNASeq samples from
four paired cell lines and GBM patient samples
was done using hierarchical clustering via the
R functions dist() and hclust() using default
parameters. To remove the expected systematic
difference between patient samples and cell lines
(due to cell type composition, environment,
etc.), we used limma’s [43] removeBatchEffect
[44] on the normalized expression data
(obtained as described above). Specifically, we
first estimated the average excess correlation
between paired samples (consensus correlation)
by using the duplicateCorrelation() with
patient_id as a blocking factor. Next we removed
the systematic difference between patient sam-
ples and cell lines using the removeBatchEffect()
function using the sample type as a batch to
remove, supplying patient_id as a blocking fac-
tor and supplying the estimated consensus cor-
relation to the correlation argument.

Statistical analysis

Quantified data are presented as mean + SEM,
+SD or +95% CI. n designates the number of
independent experiments (in vitro), number of
animals (in vivo), or patient samples used for
analysis. Kaplan-Meier methodology and the log-
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rank test were used for survival analysis. GraphPad
Prism (v8 and v9), R (3.5.1 and 3.6.1), and SPSS
(v22.0, IBM Corp., Armonk, NY) were used for
statistical analysis.

Results and discussion

Choice of model

Choosing relevant model systems relies on
a balance between portraying complexity and
demanding clear outputs and is therefore highly
dependent on the questions asked [45]. Stable
commercially available human GBM cell lines,
such as U87MG, are often used in preclinical stu-
dies. These cell lines are cost-effective and easy to
culture, but do not reflect genotype or heteroge-
neity of original tumors and develop xenograft
tumors missing key GBM features [45-47].
Patient-derived primary GBM cells are usually
grown under serum-free conditions and are
believed to retain tumor heterogeneity, molecular,
and stem-cell like features of the original tumor
[45,46,48]. Disadvantages include low take rate of
xenografts, heterogeneity between cultures, high
cost, and labor demand [45,46]. Recently, cerebral
organoids have also emerged in the field as
a potential substitute for in vivo modes.
Organoids enable growth of GBM tissue with key
features of human tumors and a range of cell types
in complex 3D models, but these models are
highly time-consuming [45] and cost-ineffective.
Organotypic brain slice cultures facilitate evalua-
tion of tumor-host interactions in human tissue
with intact architecture, which may be valuable
given differences in human and murine central
system [49].
Nevertheless, whole-animal models are still neces-
sary for preclinical testing of treatment effi-
cacy [45].

Among animal models, xenotransplantation of
human cells into immunocompromised animals
and autochthonous models are the most com-
monly used. Transplantation of transformed/engi-
neered cells or cancer cells is performed using
allograft/isograft (same species) or xenograft (e.g.
human to mouse) models and can be orthotopic
(i.e. intracranially) or heterotopic (typically

nervous microenvironment

subcutaneous implantation). Heterotopic models
are discouraged since they lack the brain tumor
microenvironment and brain-infiltrative behavior
[45]. Using syngeneic hosts (autochthonous mod-
els or isografts) gives the possibility of modeling
interactions with the immune system, whereas
xenograft models require an immunocompro-
mised host [47]. On the other hand, allografts,
isografts, and autochthonous models may lack spe-
cific characteristics of human tumors and their
microenvironment [47].

In patient-derived orthotopic xenograft (PDX)
models, fresh patient tumor cells or tissue frag-
ments are implanted without preceding cell cul-
ture. This procedure excludes in vitro selection,
enabling the existence of clonally different cell
subpopulations [47,50], but does not prevent selec-
tion and drift over time [45]. Primary GBM cell
lines offer the advantage of preliminary in vitro
characterization [45] and may therefore be pre-
ferred to serial in vivo passaging of PDX models.

In our study, we have generated and character-
ized a cohort of 10 primary cell cultures main-
tained through serial passaging in the flank of
immunocompromised mice. Using such model
line, we interrogated the benefit of combined bev-
acizumab treatment with a mouse anti-human
YKL-40 monoclonal antibody.

Characterization of glioblastoma cell lines

We initially interrogated growth (in vitro and
in vivo) of 10 GBM cell lines generated in our
laboratory. Two cell cultures did not grow in vivo
(subcutaneous xenografts). The remaining eight
cell lines presented with in vitro doubling times
of 3-5.7 d and large variation in vivo in growth
and estimated stem cell content based on CDI15
and CD133 (Supplementary file 1). The cell sur-
face markers, CD133 and CD15, have been used
routinely to assess and isolate GSCs (glioma stem-
like cells) in GBM [51,52].

We further interrogated YKL-40 protein levels
and its secretion in our cell line panel to predict
susceptibility to YKL-40 inhibition. Six out of 10
cell lines showed varying degrees of YKL-40 pro-
tein abundance, remaining four cell lines displayed
little or no YKL-40 signal (Figure 2a). This corre-
lated well with YKL-40 secretion in culture
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Figure 2. Characterization of GBM cell lines and dual inhibition of VEGF-A and YKL-40. YKL-40 protein abundance in 10 primary (G14, G17,
G18, G26, G48) and low passage xenograft (G06, GO7, G11, G16, G20) human GBM cell lines are depicted in a representative western blot
(n = 3)in (a) and YKL-40 secretion in conditioned media in (b) is presented as mean and SEM (n = 2, 3 replicates per n). Cell lines were divided
in YKL-40"'9" (red) and YKL-40°" (table in b) based on YKL-40 protein abundance and secretion. (c) Representative graph of YKL-40 in
conditioned media from G06 GBM cells treated with IgG, anti-YKL-40, bevacizumab, or anti-YKL-40 and bevacizumab presented as mean YKL-
40 concentration and SD (n = 2, 3 replicates per n). (d) Mean serum YKL-40 in mice treated with IgG (n = 7), anti-YKL-40 (n = 9), bevacizumab
(n = 9), or anti-YKL-40 and bevacizumab (n = 9). (e) Kaplan—Meier survival analysis of cumulative survival from tumor cell-injection until
sacrifice of mice treated with IgG (n = 9), anti-YKL-40 (n = 9), bevacizumab (n = 9), or anti-YKL-40 and bevacizumab (n = 9). In (f), cell lines are
divided into molecular subtypes [14] based on RNA sequencing and analyzed for CHI3L7 and VEGFA RNA expression. (g, h) represent
hierarchical clustering (g) of four cell lines and paired patient samples and hierarchical clustering corrected for systematic differences between
cell lines and patient tumor tissue (h). Cell lines in red are considered YKL-40"9", Statistical tests: (c) two-way ANOVA and Tukey’s multiple
comparisons test; (d) Kruskal-Wallis test and Dunn’s multiple comparisons test; (e) log-rank test. Statistical significance levels: * p < 0.05; ns,
non-significant.
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medium (Figure 2b). Based on YKL-40 protein
abundance and secretion by cell lines, we divided
cell lines into YKL-40"8" and YKL-40"" (Figure
2b). We estimated stem cell content of eight cell
lines based on the detection of CD133 and CD15
stem cell markers. Stem cell content did not seem
to be correlated with YKL-40 protein abundance
and secretion (Spearman correlation: YKL-40"s"
vs. CD133+, p = 0.89; YKL-40™8" vs. CD15+,
p = 0.89), although the two cell lines (G06; G26)
with highest CD133 fraction were both YKL-
407" cell lines (Supplementary file 1 and Figure
2). The YKL-40"¢" cell line G06 grew in vitro and
in vivo (subcutaneous and orthotopically), and we
therefore chose this line for further experiments.

Dual YKL-40 and VEGF inhibition

To evaluate the combined effect of bevacizumab
and mouse anti-human YKL-40 blocking antibody
on human YKL-40 secretion by GBM cells and
their survival, we first treated G06 GBM cells
in vitro with bevacizumab and anti-human YKL-
40 antibody alone or in combination and mea-
sured YKL-40 levels in conditioned media from
GBM cells. In vitro, bevacizumab increased YKL-
40 secretion from G06 GBM cells, but addition of
anti-YKL-40 antibody abrogated the effect of anti-
VEGF treatment on YKL-40 secretion (Figure 2c).
The YKL-40"'8" G17 cell line showed similar
response to bevacizumab and anti-YKL-40 anti-
body combination in regard to YKL-40 secretion,
particularly at high dosage (Supplementary file 2a).
Next, we analyzed the impact of the same treat-
ment regime in vivo using a G06 xenograft ortho-
topic mouse model. Discordant with our in vitro
findings, the treatment of animals with anti-YKL
-40 blocking antibody in combination with beva-
cizumab increased YKL-40 levels in mouse serum
compared to IgG control and bevacizumab treat-
ment (Figure 2d). Possible explanations could be
that (1) long-term sequestration of YKL-40 yields
a compensatory increase in YKL-40 production;
(2) secretion of YKL-40 through the blood-brain
barrier is facilitated by YKL-40 inhibition and
constricted by VEGF inhibition given that VEGF
and YKL-40 have opposite effects on vascular sta-
bility and integrity [21,53]; and (3) the increased
YKL-40 secretion is driven by changes in tumor

microenvironment, which has previously been
found to influence YKL-40 expression in U87
glioma cells [54]. Interestingly, we did not find
a correlation between YKL-40 immunoreactivity
(above or below 30% YKL-40 immunoreactivity)
in patient samples and YKL-40 dichotomization of
corresponding GBM cell lines (data not shown).
This could be due to the fact that in vitro, GBM
cells are excised from their natural microenviron-
ment and cultured in media heavily supplemented
by growth factors such as bFGF, both of which
influence YKL-40 expression [54]. In addition,
YKL-40 was generally up-regulated in pseudopali-
sading tumor cells surrounding necrosis in patient
tumor samples (Supplementary file 2b), which is
consistent with previously reported hypoxic induc-
tion of YKL-40°*. This pattern was independent of
YKL-40 immunoreactivity score. YKL-40 immu-
noexpression was also seen in endothelial cells in
microvascular proliferation (Supplementary file
2¢) and evident macrophages (Supplementary file
2d), although not consistently.

Neither treatment with anti-YKL-40 antibody
nor combined treatment with bevacizumab
impacted mouse survival in vivo compared to con-
trol or bevacizumab treatment, respectively
(Figure 2e). Intriguingly, several preclinical studies
have found inhibition of YKL-40 to decrease
tumor growth and angiogenesis and increase sur-
vival in GBM models [18,21]. A possible explana-
tion for such different outcome may be the choice
of YKL-40 blocking antibody. The antibody used
in our study recognizes AAs 210-220 of the
human YKL-40 protein. A chitin-binding motif
between 325 and 339 AA residues at the
C-terminus of YKL-40 is crucial for Akt pathway
activation [55], thus there may be important bind-
ing motifs, which are still functional. However,
two other studies have used this particular anti-
body and found it to reduce tube formation [25],
inhibit tumor growth in a subcutaneous GBM
tumor model (Junker et al. 2007, Abstract 4099,
AACR meeting 2007), and induce intratumoral
hemorrhage and increase tumor size in
a  subcutaneous melanoma model [25].
Considering the hemorrhages described in mela-
noma, we used a smaller dose of anti-YKL-40,
than used by Junker et al. (Junker et al. 2007,
Abstract 4099, AACR meeting 2007). This may



have been insufficient to block YKL-40 function.
These discordant results could also be caused by
tissue-specific YKL-40 interactions. One of the two
studies used a melanoma model [25] and the other
one analyzed heterotopic (subcutaneous) GBM
tumors using the U87 commercial cell line,
whereas we implanted low-passage patient-
derived xenograft GBM cells orthotopically in the
brain, ensuring a more relevant tumor
microenvironment.

The choice of molecular GBM subtype may also
influence treatment response. Thus, to explore
whether the molecular subtype of our model of
choice impacted the outcome of in vivo study, we
performed RNA sequencing analysis with the aim
to determine molecular subtype as well as angio-
genic profile of our cell lines. GBM cell lines
generated herein represented classical, mesenchy-
mal, neural, and proneural molecular subtypes
according to the signatures originally proposed
by Verhaak [14] (Figure 2f). Using recent classifi-
cation schemes [15,16], cell lines were grouped as
classical or mesenchymal (Wang 2017) and MES1
or NPC1 (Neftel 2019), respectively
(Supplementary file 3). Paired patient samples
were available for four cell lines and confirmed
molecular subtypes using two out of three classifi-
cation systems (Supplementary file 4). Three out of
four cell lines clustered with paired patient sam-
ples in hierarchical clustering corrected for sys-
tematic differences between cell lines and patient
material (e.g. differences in cell type composition,
microenvironment, and growth conditions)
(Figure 2g, h) and shared molecular signature
defined by Neftel and colleagues [16]
(Supplementary file 4). As expected, most (three
out of five) mesenchymal cell lines were YKL-
40Hish (Figure 2f), but all (two out of two) classical
cell lines and one (one out of two) neural cell line
were also defined as YKL-40™", questioning spe-
cificity of YKL-40 as a mesenchymal marker. The
GO6 cell line used for experiments belonged to the
classical subtype. Exploring expression of gene sets
related to angiogenesis, all mesenchymal tumors
displayed an elevated angiogenic profile (Figure
3a). This was not the case for classical and pro-
neural cell lines (Figure 3a), and therefore ques-
tions the relevance of testing anti-angiogenic
treatment in these cell lines.
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A recent study found a tendency toward
mesenchymal transition with increasing bevacizu-
mab monotherapy treatment duration [13]. Such
change was not observed when bevacizumab was
combined with traditional chemotherapy [13,56].
Interestingly, Urup and colleagues reported that
GBM tumors responding to bevacizumab com-
bined with chemotherapy shift toward a more pro-
neural and less mesenchymal phenotype at the
time of progression [56]. Relevance of YKL-40
inhibition may therefore be dependent on bevaci-
zumab treatment regime and initial bevacizumab
response. In addition, concomitant inhibition of
YKL-40 and VEGF may impact subtype transition,
favoring a sequential treatment regimen.

Importance of the brain tumor
microenvironment and the immune system

Tissue-specific pathways and complex factors in
the brain tumor microenvironment including
composition of cell types, cytokines, mediators,
cell-cell contact, tumor-stromal interaction, extra-
cellular matrix composition, and immune cells
influence GBM growth [4,19].

Gene set enrichment analysis showed that gene
sets involved in the complement pathway were
consistently overrepresented in YKL-40"™¢" cell
lines (Figure 3b and Supplementary file 5).
Although scarcely investigated in GBM, unba-
lanced activation of the complement system in
the tumor microenvironment may contribute to
immune evasion, invasion, GSC maintenance,
GSC interactions, and angiogenesis based on
molecular pathways modulated by the comple-
ment system [57]. Recently, YKL-40 has also
been implicated in the regulation of Th2/Th1 bal-
ance, T cell activation and proliferation [58,59],
recruitment of inflammatory cells [59,60], and
“M2-like” reprogramming of macrophages [59] in
mouse lung cancer, melanoma, and/or breast can-
cer (Figure 1). Heiland and colleagues (2019)
found CHI3L1 (YKL-40), CD274 (PD-L1), and
complement components to be upregulated in
tumor-associated  reactive  astrocytes  [49].
Astrocyte and microglia activation and immune
suppression were at least partly mediated by
tumor-astrocyte-microglia crosstalk [49] (Figure
1). CHI3L1 expression was also found to be highly
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Figure 3. Gene expression analysis of 10 GBM cell lines. (a) Heatmap depicting single sample gene set enrichment of angiogenesis-
related gene sets in 10 GBM cell lines. (b) Gene set enrichment analysis showing the 20 most overrepresented gene sets between
YKL-40""9" and YKL-40"°" cell lines divided into the groups: Cell Cycle Regulation and Cell Death; Complement and Coagulation;
Hypoxia and Oxidative Stress; Other; and Syndecan-1 pathway. A full list of differentially enriched gene sets can be found in
Supplementary file 5. Cell lines in red are considered YKL-40"9",



variable in GBM tumor cells but stable in tumor-
associated astrocytes [19]. Since we used an anti-
body only targeting human YKL-40 in the present
study, YKL-40 secreted from murine astrocytes
and macrophages/microglia was not inhibited
and could affect tumor growth.

Conclusions

Dual targeting of VEGF and YKL-40 did not alter
survival in tumor-bearing mice. Previous preclini-
cal studies focused on bevacizumab resistance and
YKL-40 function in GBM are primarily based on
established cell lines or few primary GBM cell
cultures [13,18,22], which leaves this topic
a subject to further studies and their clinical
impact remains elusive. Considering the pleiotro-
pic role YKL-40 plays in cancer cells, tumor
microenvironment, and immune system (Figure
1), it seems unlikely to achieve the true clinical
benefit of YKL-40 inhibition using a purely anti-
human antibody in an immunocompromised
mouse model. Nevertheless, our results emphasize
the importance of thorough consideration for the
model choice and study design. Acknowledging
the impact of brain tumor microenvironment, het-
erogeneity, and limitations of experimental models
may be the key to overcome decades of failed
attempts to translate preclinical findings.

Future directions could be to use combinations
of multiple models, such as organotypic brain slice
cultures, larger panels of well-characterized pri-
mary GBM cell lines, extensive validation of block-
ing antibodies, and treatments with interspecies
cross-reactivity and syngeneic mouse models
using CRISPR or similar technologies to engineer
consistent models.
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