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Streszczenie

CHI3L1 to wydzielane, nieenzymatyczne glikozylowane biatko, ktéra wigze sie z
biatkami, proteoglikanami i polisacharydami obecnymi na powierzchni komorek i w
macierzy pozakomoérkowej. Oddziatywania CHI3L1 z licznymi czgsteczkami utrudniajg
zrozumienie funkcji tego biatka. Podczas gdy wiele badaih wskazuje na zwiekszenie
ekspresji mRNA/biatka CHI3L1 w réznych nowotworach, jego rola w procesie

nowotworzenia i progresji nowotworu pozostaje niejasna.

Przeprowadzono kompleksowg analize ekspresji CHI3L1 w glejakach w wielu
publicznych zbiorach danych, w tym w TCGA (The Cancer Genome Atlas) oraz w
danych transkryptomicznych z pojedynczych komérek (scRNAseq), aby okresli¢
komérkowe zrédto ekspresji CHI3L1 w glejakach. Najwyzszy poziom mRNA/biatka
CHI3L1 wykryto w glejaku wielopostaciowym (GBM), wysoce agresywnym pierwotnym
guzie mdézgu. Wyciszenie ekspresji CHI3L1 w ludzkich komérkach glejaka U87-MG
znaczaco wptyneto na profil transkrypcyjny oraz inwazyjnos¢ tych komérek in vitro i
silnie zmniejszyto wzrost guzow wewnagtrzczaszkowych U87-MG u myszy z
niedoborami odpornosci swoistej. Co interesujgce, wyciszenie ekspresji CHI3L1 w
komoérkach glejaka spowodowato normalizacje unaczynienia guzOw oraz zmniejszenie
nacieku mieloidalnych komérek odpornosciowych do mikrosrodowiska guza.
Wykazano, ze komorki pozbawione CHI3L1 miaty zmniejszong ekspresje/aktywnosc
metaloproteinazy 2 (MMP-2), co wigzato sie ze zmniejszong inwazyjnoscig guzow oraz
obnizong ekspresje osteopontyny (SPP1), istotnego czynnika promujgcego
gromadzenie sie komorek mieloidalnych w ztosliwych glejakach. Wyniki przedstawione
w rozprawie wskazujg, ze CHI3L1 jest kluczowym czynnikiem w progresji zto$liwych
glejakéw, regulujgcym wazne procesy wptywajgce na agresywnos$¢ guzéw. Terapie
celowane zmniejszajgce ekspresje lub aktywno$¢ CHI3L1 mogg stanowic obiecujgca,

nowg strategie leczenia pacjentow z glejakiem wielopostaciowym.



Abstract

Chitinase-3-like protein 1 (CHI3L1) is a secreted, non-enzymatic glycoprotein that
binds proteins and carbohydrates, and interacts with cell-surface and extracellular-
matrix proteins, proteoglycans, and polysaccharides. Multiple interacting partners of
CHI3L1 make the dissection of its functions challenging. While many studies reported
an upregulation of CHI3L1 mRNA/protein in various tumors, its exact roles in
tumorigenesis remain elusive. We performed a comprehensive analysis of CHI3L1
expression in multiple public datasets including TCGA (The Cancer Genome Atlas)
and single-cell RNAseq datasets to determine the cellular source of CHI3L1
expression in gliomas. The highest CHI3L1 mRNA/protein levels were detected in
glioblastoma (GBM), a highly malignant and diffusive brain tumor. We demonstrate
that CHI3L1 knockout in human U87-MG glioma cells grossly affects transcriptional
profile and in vitro invasiveness of these cells, and strongly reduces the growth of
intracranial U87-MG tumors in athymic mice. Remarkably, CHI3L1 knockout in glioma
cells resulted in normalization of tumor vasculature and diminished infiltration of
glioma-associated myeloid cells. Mechanistically, CHI3L1 depleted cells had reduced
MMP2 expression/activity, which was associated with reduced invasion, and
downregulated osteopontin (SPP1), a crucial factor driving the myeloid cell
accumulation in GBM. Altogether, the presented work demonstrates that CHI3L1 is a
key player in GBM progression, and its targeting represents a novel strategy in therapy

of GBM patients.



1. Introduction

1.1 The functions of chitinase-3-like protein 1 in physiology and cancer

1.1.1 The biochemical properties and interacting partners of CHI3L1

Chitinase-3-like protein 1 (CHI3L1, also known as YKL-40) is a secreted 40 kDa
glycoprotein that belongs to the glycoside hydrolase family 18. This family includes
enzymatically active chitinases such as chitotriosidase (CHIT1), acidic mammalian
chitinase (AMCase), retina-specific chitinase-like protein (CHI3L5), and oviduct-
specific chitinase-like protein 1 (OvCHIT1), as well as non-enzymatic chitinase-like
proteins (CLPs) or chi-lectins such as CHI3L1. CHI3L1 contains a functional glycoside-
binding domain and has been shown to bind multiple carbohydrates including chitin,
heparin, heparan sulfate and hyaluronic acid®. Since chitin is a structural protein of
many lower organisms, including arthropods in mammalian diet, inhalable dust mites,
arthropod and nematode parasites, and pathogenic fungi, mammalian chitinases and
chitinase-like proteins are considered to have evolved as defense mechanisms of the

innate immune system?2.

The loss of enzymatic activity has been reported as a recent evolutionary event,
pointing towards the evolution of chitin-binding proteins from active anti-pathogen
functions towards modulators of inflammatory responses, inflammation resolution and
tissue remodeling following an inflammatory response?S. Since CHI3L1 has been
reported to also bind protein ligands in mammals, it is considered a cytokine and
growth factor, however a specific receptor has not been identified. The ability of
CHI3L1 to bind both proteins and carbohydrates permits potential interactions with a
wide spectrum of cell-surface and extracellular matrix proteins, proteoglycans, and
polysaccharides. Several interacting partners of CHI3L1 play multi-facet roles in

physiology and disease, making the CHI3L1 signaling network extremely complex®.

CHI3L1 has been reported to interact with numerous proteins: interleukin-13
receptor subunit alpha-2 (IL13Ra2)*°, transmembrane protein 219 (TMEM219)4,
galectin-3 (Gal-3)®, and CD44’. The binding of CHI3L1 to IL-13Ra2 is dependent on
the CD and chitin binding motif of CHI3L1 and the extracellular domain of IL-13Ra2
but does not require IL-13Ra2 N-glycosylation®. The depletion of TMEM219 or IL-
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13Ra2 decreased CHI3L1-stimulated HB-EGF (Heparin-binding EGF-like growth
factor) production by epithelial cells and activation MAPK/Erk (mitogen activated
protein kinase ERK) and Akt (a serine/threonine protein kinase encoded by the
oncogene in the transforming retrovirus isolated from the thymoma cell line AKT-8) in
macrophages. Null mutations of TMEM219 or IL-13Ra2 abolished the inhibitory ability
of CHI3L1 in oxidant-induced apoptosis and lung injury, and support for melanoma
metastasis®. In gastric cancer CHI3L1 binding to CD44v3 activates Erk, Akt, and B-

catenin signaling, therefore enhances cancer cell metastasis’.

CHI3L1-IL-13R02 interactions induce Wnt/B-catenin pathways that are involved
in the regulation of tumor metastasis and allergic reaction. CHI3L1 binds to IL-13Ra2
and through this interaction regulates oxidant injury, apoptosis, pyroptosis,
inflammasome activation, pathogen responses, melanoma metastasis, and signaling

via TGF-B (transforming growth factor beta)®.

The interactions of CHI3L1 with CD44v3/IL13Ra2 complex induce Erk1/2, Wnt/(3-
catenin and Akt signaling pathways that participate in promoting epithelial-to-
mesenchymal transition (EMT) in gastric cancer cells®’. The interactions of CHI3L1
and type | collagen have been reported to regulate collagen fibril formation°. Detailed
studies showed that chitohexaose and hyaluronan preferentially bind to CHI3L1 over
collagen, with the negatively charged hyaluronan as the preferred physiological ligand.
Collagen binds to two sites in CHI3L1 and this binding may play a role in fibril
formation!!. Collagen fibrils and their nets are major components of the extracellular
matrix providing physical support for cells but also determining cellular behavior and

tissue functioning in the majority of mammalian tissues'?13,

A summary of binding partners of CHI3L1 and downstream signaling evoked by

their interaction is depicted in Figure 1.1.
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Figure 1.1.The interaction of CHI3L1 with selected protein ligands and the downstream signaling
pathways relevant to cancer initiation and progression. Adapted from Pinteac et al.® Abbreviations:

CRTH2, chemoattractant receptor homologous molecule expressed on Th2 cells; FAK, focal adhesion

kinase; NFkB, nuclear factor of kappa B cells; RAGE, receptor for advanced glycation end products.

Moreover, a role of CHI3L1 in angiogenesis was demonstrated. CHI3L1 binds to
syndecan-1 and integrin aVB5 to signal through FAK (focal adhesion kinase) and
MAPK/Akt pathways to promote angiogenesis*4. CHI3L1 up-regulates VEGF (vascular
endothelial growth factor) expression in glioma U87-MG and SNB-75 cells, and both
proteins synergistically promote endothelial cell angiogenesis in vitro. CHI3L1 acts via
a membrane receptor syndecan-1 and integrin av35 and triggers a signaling cascade
through FAK to ERK-1 and ERK-2, leading to elevated VEGF and enhanced
angiogenesis. Blockade of CHI3L1 activity or expression decreased tumor growth,

angiogenesis in animals implanted subcutaneously with human glioma cells?®.

Due to multiple functions CHI3L1 has been implicated in the remodeling of
connective tissues, wound healing, inflammation resolution processes, alternative

macrophage activation, and angiogenesis*1.
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1.1.2 The regulation of CHI3L1 expression in macrophages

CHI3L1 expression is cell type-restricted. For example, in contrast to many other
myeloid cell markers, CHI3L1 expression is absent in human monocytes and strongly
induced during their maturation to macrophages. Molecular analyses by primer
extension and S1 nuclease protection assays revealed the presence of two
transcriptional initiation sites, located 82 and 126 bp upstream of the ATG start codon
in the human CHI3L1 promoter'’. A promoter fragment (1.3 kb) in the 5' flanking region
contains consensus binding sequences for many transcription factors, and direct
binding of Sp1, PU.1, Sp3, USF, AML-1, and C/EBP factors has been detected in gel
shift assays. Mutational analysis of the promoter pointed to the role of Spl as the

dominant regulator of CHI3L1 expression in macrophages?s.

1.1.3The expression of CHI3L1 in brain pathologies

CHI3L1 plays an important role in brain inflammation. Its presence in the
cerebrospinal fluid (CSF) is a biomarker of neuroinflammation as it increases with
aging, in neurodegenerative dementia and early in Alzheimer's disease (AD)*2,
CHI3L1 is often reported as a reliable prognostic and/or diagnostic biomarker in
neurodegenerative diseases??7?4, neuroinflammation?>2° and ischemic pathologies®°.
Epidemiologic studies showed that a variant in the human CHI3L1 gene, which results
in areduced presence of CHI3L1 in the CSF, is associated with slower AD progression.
Chi3I1 deletion in mice did not affect astrocyte activation but moderately promoted
microglia activation. In a mouse model of AD, Chi3I1 deletion reduced amyloid plaque
burden and increased CDG68 (the myeloid cell marker) expression. The results
suggested that CHI3L1 may suppress phagocytic activation of glial cells and promote
amyloid accumulation. Consequently, Chi3l1 knockdown increased phagocytosis of
the B-amyloid peptide by astrocytes and microglia in vitro. Interestingly, basal and
inflammation induced expression of Chi3l1 was regulated by the circadian clock and
deletion of BMAL1 or CLOCK/NPAS2 (the clock proteins) strongly suppresses basal
Chi3l1 expression, while deletion of the negative clock regulators PER1/PER2
increased Chi3l1 expression3.
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CHI3L1 has been reported to have a direct neurotoxic effect towards mouse
primary cultured neurons®?, however, it seems to play a neuro-protective role in stroke.
In a mouse model of stroke, the depletion of CH3L1 decreased M2-like (cytoprotective)
microglia polarization and resulted in increased neuronal cell death®. This suggests

that CHI3L1 might prevent neuronal cell death in ischemic brain injuries.

1.1.4The expression of CHI3L1 in cancer

CHI3L1 has emerged in 1990s as a biochemical marker of joint injury, rheumatoid
arthritis®4-36, asthma and intestinal inflammation3’-4*. It was quickly followed by reports
showing elevated blood serum levels of CHI3L1 in cancer patients*2=46, opening the
second of the two research areas (next to inflammation) that CHI3L1 has been mostly

investigated in: cancer.

Figure 1.2A shows a bar plot of CHI3L1 expression in 32 cancer types and
corresponding healthy tissues from GEPIA database*’ (RNAseq data).
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Figure 1.2. Expression of CHI3L1 in various tumor types. A. Bar plot of the CHI3L1 expression profile
across various tumor samples and paired normal tissues from the GEPIA database*’. TPM, transcripts
per million. B. Ratio of CHI3L1 expression in tumor versus normal tissue. Data from the GEPIA
database. ACC adrenocortical carcinoma, BLCC bladder Urothelial Carcinoma, BRCA breast invasive
carcinoma, CESC cervical squamous cell carcinoma and endocervical adenocarcinoma, CHOL
cholangiocarcinoma, COAD colon adenocarcinoma, DLBC lymphoid neoplasm diffuse large b-cell
lymphoma, ESCA esophageal carcinoma, GBM glioblastoma, HNSC head and neck squamous cell
carcinoma, KICH kidney chromophobe, KIRC kidney renal clear cell carcinoma, KIRP kidney renal
papillary cell carcinoma, LAML acute myeloid leukemia, LGG brain lower grade glioma, LIHC liver
hepatocellular carcinoma, LUAD lung adenocarcinoma, LUSC lung squamous cell carcinoma, MESO
mesothelioma, OV ovarian serous cystadenocarcinoma, PAAD pancreatic adenocarcinoma, PCPG
pheochromocytoma and paraganglioma, PRAD prostate adenocarcinoma, READ rectum
adenocarcinoma, SARC sarcoma, SKCM skin cutaneous melanoma, STAD stomach adenocarcinoma,
TGCT testicular germ cell tumors, THCA thyroid carcinoma, THYM thymoma, UCEC uterine corpus

endometrial Carcinoma, UCS uterine carcinosarcoma, UVM uveal melanoma.

Out of 32 neoplasms included in the GEPIA database, 12 (38%) are
characterized with at least 2-fold overexpression of CHI3L1 compared to a healthy
tissue (Fig. 1.2B). Among these malignancies, glioblastoma (GBM), the most lethal
primary brain tumor, is characterized with the highest overexpression of CHI3L1. In
terms of tumor vs. healthy tissue ratio of CHI3L1 expression, GBM is surpassed only

by ovarian cancer.

The principal cellular source of CHI3L1 are chondrocytes and synovial cells?®,
neutrophils#®, activated macrophages® and cancer cells, including cancer stem cells.
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Therefore, CHI3L1 mRNA/protein levels are elevated in diseases characterized by
chronic inflammation and tissue remodeling and many human cancers'®. Increased
serum levels of CHI3L1 correlate with malignancy, poor prognosis, and shorter overall

survival in breast, colon, prostate, ovary, thyroid, lung, liver and brain cancers?°.

CHI3L1 has been documented to play a role in every step of tumorigenesis:
initiation, promotion, progression, and metastasis. In a mouse model of lung cancer,
tumor nodules were significantly reduced in Chi3l1” mice and CHI3L1 was shown to
destabilize and decrease the level of p53, a well-established tumor suppressor protein,
in lung cancer cells®'. The same phenomenon was observed in colon cancer cells®?,

further pertaining to the role of CHI3L1 in the initiation of tumorigenesis.

CHI3L1 has been reported to promote cancer cell proliferation in a model of
hepatocellular carcinoma®® and was found to be elevated in highly proliferative
epithelium of MOLF/EiJ mice®*. Moreover, CHI3L1 promotes macrophage recruitment
and angiogenesis in colorectal cancer® and glioblastoma®®. The depletion of CHI3L1
in HER2-enriched breast cancer cells resulted in reduced migration and invasion as

well as reduced ability to induce angiogenesis in an in vitro assay®’

CHI3L1 inhibits the degradation of type | collagen and hyaluronic acid by
inhibiting the proteolytic activity of metalloproteinase 1 (MMP-1)*?, but at the same time
induces other metalloproteinases such as MMP-9%8, Therefore, by impacting the levels
of MMPs, it influences cell adhesion and migration, tissue remodeling, fibrosis, and
potentially tumorigenesis. Macrophage-derived CHI3L1 has been reported to promote
gastric and breast cancer cell metastasis via IL13Ra2-MAPK-MMP axis®®. A
pharmacological blockade of CHI3L1 with a small molecule inhibitor was shown to
diminish melanoma and lung cancer metastasis by blocking IL-13Ra2-mediated JNK-
AP-1 signals®. CHI3L1 has also been shown to promote proliferation, migration and

metastasis of gastric carcinoma cells via CD44-B-catenin-Erk/Akt signaling’.

Evasion of the immune response is one a hallmark of cancer, and programmed
cell death 1 (PD-1) and PD-1 ligand 1 (PD-L1) are major immunomodulators of
immunosuppression. CHI3L1 regulated the expression of immune inhibitors such as
PD-L1 (programmed cell death ligand 1), PD-L2, PD-1, LAG3 (Lymphocyte Activating

3), and TIM3 (T cell immunoglobulin and mucin domain-containing protein 3) which
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contributed to melanoma progression and lymphatic spread. Antibodies against
CHI3L1 or PD-1 had antitumor effects in lung metastasis mouse models and T cell-
tumor co-cultures. Bispecific antibodies that simultaneously target CHI3L1 and PD-1
had synergistic cytotoxic effects in tumor models®. CHI3L1 inhibited the expression of
ICOS (Inducible T-cell costimulatory), ICOSL and CD28 but stimulated CTLA-4
(cytotoxic T-lymphocyte associated protein 4) and the B7 proteins in a melanoma lung
metastasis model. Individual or combined treatment with anti-CTLA-4 and anti-CHI3L1
antibodies had antitumor effects in melanoma lung metastasis which represents a

promising therapeutic strategy in lung metastasis®?.

1.2 Glioblastoma — basic facts

1.2.1Gliomas - classification and epidemiology

Gliomas are neoplasms that originate from the neural stem cells or progenitor cells of
the central nervous system (CNS). Malignant tumors constitute one-third of all primary
brain tumors and occur at the yearly incidence rate of 7 per 100 000%. Gliomas
encompass a broad category of diverse tumors originally classified based on their
microscopic similarity to the precursor cells of glial lineages — the putative cells of
glioma origin. The histopathological glioma classification relied on the morphological
resemblance of the neoplastic cells to healthy brain cells, assigning tumors with
astrocytic features as astrocytomas and oligodendroglial features as
oligodendrogliomas®3. The classification of CNS tumors by the World Health
Organization (WHO) published in 2016, revised this approach and included molecular
markers in addition to the histological characterization®*. Based on the growth pattern
and genotype diffuse gliomas have been grouped together and further defined with
both histological and molecular characteristics. This classification has been updated in
2021, including more sophisticated molecular diagnostic methods such as global

disturbances of genome methylation and/or methylation status of and specific genes®®.

The diffuse gliomas are characterized by a highly infiltrative growth pattern
resulting in the migration of neoplastic cells within the brain parenchyma, which
impedes their surgical resection or elimination by focused radiotherapy. In adults, the

diffuse gliomas constitute 80% of all malignant gliomas and encompass adult IDH1-
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mutant astrocytomas, oligodendroglioma, pediatric gliomas, and IDH1-wildtype
glioblastomas (GBM). The non-diffuse gliomas with more apparent tumor borders

encompass pilocytic astrocytomas and ependymomas®®.

Despite decades of research, the therapeutic options for malignant gliomas are
very limited, which is reflected by high mortality rates. The most aggressive glioma
type — GBM, which constitutes more than a half of all gliomas, is primarily diagnosed
at an older age (median of 65 years), and shows the worst median survival of 15
months®%6, WHO 2016 grade Il and Ill gliomas are associated with better survival —
5-7 years in grade I, 2-3 years in grade lll, and are more frequently diagnosed in
younger patients (median 34 and 39 years, respectively)®%%’. The therapeutic
intervention is largely restricted to surgical resection and chemo- and/or radiotherapy.
Multiple therapies have been tested in clinical studies, yielding a very limited

improvement of patient outcomes®8,

1.2.2 The hallmarks of glioblastoma pathology

1.2.3The invasiveness of GBM into brain parenchyma

A major characteristic of diffuse gliomas (such as glioblastoma) is their capacity
to extensively infiltrate the brain parenchyma. Malignant cells tend to grow along the
paths of least resistance such as blood vessels, white matter tracts and the
leptomeningeal space (also called subarachnoid space). The extensive malignant cell
invasion results in tumor expansions that reach deep into the brain parenchyma
leading to destruction and dysfunction of the surrounding brain tissue®®. This growth
pattern represents a major challenge in clinical management as it precludes complete
surgical resection. The outgrowing tumor extensions can be difficult to distinguish from
the healthy tissue during surgery, which might lead to incomplete resection and
accelerated recurrence of the disease. There are methods available that facilitate the
removal of the tumor extensions e.g., the fluorescence-guidance with 5-aminolevulinic
acid (5-ALA) under ultraviolet light’®. The complete resection is desirable, but it is not
free of significant clinical complications such as cognitive impairment, vision loss,
paresis, etc. depending on the location of the tumor in the brain and the proximity to

vital, neurologically competent areas that must be sacrificed to remove the malignancy.
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Thus, the prevention of the extensive growth pattern of diffusive gliomas is highly

desirable in the first place.

The extracellular matrix (ECM) of the brain parenchyma differs in terms of
composition and rigidity from other organs because it is relatively poor in collagens
but rich in tenascin-C, thrombospondin 1 (THBS1), hyaluronan, glycosaminoglycans
and various proteoglycans such as versican and CNS-specific brevican and
neurocan’?73, Collagen is present in the brain mainly in the perivascular ECM along
with other molecules such as laminin, fibronectin, vitronectin, entacin and heparan
sulfate’? (as shown in Fig. 1.3). An increase in the expression of collagen-coding
genes, especially COL3A1, COL4Al1 and COL5A2, is associated with a malignant

growth in the brain as the tumor utilized collagen scaffolding to pave its invasion’.
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Figure 1.3.Main routes of invasion of diffusive gliomas and site-specific changes of the ECM

caused by growing tumor. Adapted from de Gooijer et al. 201672,
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In order to invade surrounding tissue, diffuse gliomas use several protein
degrading enzymes, most importantly matrix metalloproteinases (MMPs), members of
the disintegrin and metalloproteinase (ADAM) family, and ADAMs with
thrombospondin motifs (ADAMTS) proteins®®. The secreted MMP-2 and MMP-9 as well
as MT1-MMP (membrane type 1-matrix metalloproteinase, also known as MMP-14)
play important roles in GBM invasion and their expression is correlated with tumor
grade’ 7’5, This is confirmed in public databases showing an upregulation of these
MMPs at the mRNA level compared to normal brain. All three MMPs also show the
highest expression in GBM compared to other glioma types like astrocytoma and

oligodendroglioma’®.

Tumor-associated microglia and macrophages (TAMs) express MT1-MMP,
which is involved in ECM remodeling and invasion. MT1-MMP supports glioma cell
invasion by the proteolytic cleavage of the glioma cell-derived pro-MMP-2 into its active
form’’. The metalloproteinases ADAMs and ADAMTSs affect cell adhesion through
integrin interactions via their disintegrin domain’®. Particularly ADAMTS-4/5 are
upregulated in GBM surgical samples and show confined expression in astroglial and
GBM cells. ADAMTS-5 may also promote invasion through a cleavage of the brain-
specific ECM proteoglycan brevican. ADAM-17 may affect GBM invasion through its
function as a sheddase (shedding off ectodomains of membrane proteins) for

activation of EGFR ligands such as tumor necrosis factor a (TNF-a) and TGF-a’8.

1.2.4The role of myeloid cell infiltration and tumor microenvironment

Malignant gliomas, including glioblastoma, are considered immunologically inert
tumors characterized by a highly immunosuppressive microenvironment and low
potential for activation of the acute inflammatory and anti-tumor responses. This is
partly attributed to the CNS being an immunologically distinct (or privileged) site. The
CNS is shielded from the peripheral circulation by the blood-brain barrier, there are no
obvious connections with the lymphatic system and there is low expression of major
histocompatibility complex (MHC) proteins by the cells of the CNS’°. Nevertheless,
malignant gliomas are massively infiltrated by the immune cells that can constitute up

to 30% of tumor mass®. The immune population is dominated by myeloid cells?,
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especially the brain-resident microglia, and monocytes/macrophages infiltrating from

the periphery, whereas infiltration of activated T cells is rather low.

The immune landscape of malignant gliomas results from several mechanisms.
Tumor cells secrete factors recruiting and modulating the function of certain immune
populations, e.g., chemokines CCL (C-C chemokine) 2, CCL7 and CCL12 that attract
monocytes, dendritic cells (DCs), natural killer (NK) cells, and T cells; chemokine
CCL22 that recruit regulatory T cells; TGF-B that blocks cytotoxic T lymphocytes;
prostaglandin E2 (PGE2) that downregulates the production of inflammatory Thl
cytokines, upregulates Th2 immunosuppressive cytokines and inhibits anti-tumor
activity of NK cells®8283 |n addition, eliciting the adaptive immune response is blocked
due to e.g., ineffective presentation of tumor antigens to T cells by antigen presentation
cells (APC), accumulation of T regulatory cells that produce interleukins 10 and 35 (IL-
10, IL-35) and TGF-B which has an inhibitory effect on the response of the cytotoxic T
lymphocytes®. The T cell infiltration to the brain is impeded by the T cells sequestration
in the bone marrow during GBM development®. T cells that successfully migrated to
the tumor mass are frequently hypo-responsive due to chronic antigen exposure, which
is defined as T cell exhaustion. Exhausted T cells in GBMs upregulate many immune
checkpoint proteins e.g., PD-1 which is overstimulated by the malignant cells
expressing cognate ligand PD-L1 that binds to PD-1 and renders T cells inert or

apoptotic®®,

The glioma microenvironment is rich in non-neoplastic cells including stromal,
endothelial, and immune cells encompassing microglia, monocytes/macrophages,
DCs, T cells, B cells, and NK cells. However, the glioma-associated microglia and
macrophages (GAMSs) constitute the most abundant population of immune cells in the
glioma microenvironment®’. Despite the accumulation of the immune system cells to
the tumor-bearing brain parenchyma, GAMs do not counteract tumorigenesis, but
rather promote tumor progression. High numbers of amoeboid, activated GAMs are
associated with poor patient survival prognosis®®. GAMs are recruited to the tumor
niche and undergo tumor-directed education. As a result, GAMs contribute to tumor
progression and evasion of the anti-tumor immune response via e.g., releasing
immunosuppressive cytokines, inhibiting cytotoxic responses of NK cells, and blocking

the activation of CD4+ T cells (reviewed in ).
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1.2.5The neovasculature of glioblastoma

Aberrant vasculature is a hallmark of glioblastoma pathology. Physiologically,
angiogenesis is a highly regulated process and is essential for the adequate supply of
nutrients and oxygen to the developing or healing tissues®. There are many players
involved in the process, but the most important ones are endothelial cells, mural cells
(smooth muscle cells and pericytes), soluble growth factors (such as VEGF, FGF, HIF-
1a) and proteolytic enzymes such as MMPs that facilitate vessel sprouting®®. In many
cancers, but particularly in glioblastoma, this process is unbalanced and uncontrolled.
There are many mechanisms that glioblastoma utilizes to orchestrate this process.
First, GBM produces large quantities of pro-angiogenic factors such as VEGF that
drive the neoangiogenesis. It also displaces mural cells from the existing blood vessels
in a process known as vessel co-option®?. Lastly, glioblastoma cells form non-
endothelial, cancer-cell-lined microvascular channels in the process of vascular
mimicry®3. As a result, the tumor vessels are collapsed and disorganized, many of
these vessels form a dense network of aberrant capillaries, the blood flow is turbulent
and insufficient for an optimal perfusion of the tissue. This contributes to hypoxia,

necrosis and immunosuppression, and creates a specific TME®4-97,

Importantly, the perivascular niche is also affected. Physiologically, blood vessels
of the brain are lined with an endothelium that is permeable to molecules ranging from
0.1 nm (sodium ion) to 11.5 nm (immunoglobulin G) in diameter®®, and is tightly covered
by pericytes and astrocytic endfeet. This physical and functional barrier, called blood-
brain-barrier (BBB) allows for a strict control of substances entering the brain
parenchyma. The space between the blood vessel and cells covering it (astrocytes,
pericytes), known as the glymphatic system, serves as a buffer for cerebrospinal fluid
(CSF) and interstitial fluid (ISF) exchange that facilitates an efficient clearance of
solutes and waste from the brain®®. The most prominent protein involved in the process
is aquaporin 4 (AQP4), an astrocyte-specific water channel that is used to control the
volume of the CSF and ISF. In glioblastoma, the astrocytes and pericytes are displaced
from the BBB by malignant cells, which disrupts the function of the barrier and

glymphatic system and results in a damaging “permeability and retention effect0°.
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Despite the BBB being disrupted and more permeable, the delivery of anti-tumor
drugs to the tumor remains a key challenge in the treatment of GBM°L. Anti-angiogenic
treatment fails to bring about permanent de-vascularization; rather, normalized tumor
vessels emerge from the neovascular tree (as shown in Fig. 1.4). Given the obstacles
in the drug delivery to the site of GBM, the normalization of vasculature is desirable for

an effective anti-tumor activity in GBM.

Normal vasculature Abnormal vasculature Normalised vasculature

Regular blood flow Sprouting endothelial cells Re-structured vascular architecture

Even vessel diameter | _ _ _ _ _ _ _ > Pericyte detachment s Regulated blood flow

Endothelial cell integrity Tortuous vascular architecture Increased perfusion

Pericyte coverage =~~~ " T T 77 > Irregular blood flow "= =% Pericyte recruitment
-------- > Decreased perfusion = = = % Reduced vascular permeability

Enhanced vascular permeability
High interstitial pressure

Proliferating cells signal

to the normal vessels
and trigger angiogenic Chance of relapse
(‘@) &) response 9] <—p % C%

pro anti p anti pro anti
Balanced pro-and anti- Imbalanced pro-and anti-angiogenic Re-balanced pro-and anti-angiogenic
angiogenic factors factors lead to abnormal vessels factors transiently normalise vessels
Normal oxygenation of the tissue Hypoxia and acidosis in the tissue Re-oxygenation of the tissue

\_’/‘

Dose-dependent anti-angiogenic treatment results in
targeted pruning of the neovascular tree

Figure 1.4.Schematic illustration of the vascular network in a physiological (normal), pathogenic
(abnormal) and normalized state. In a normal network, there is a balance of pro- and anti-angiogenic
factors. This balance is skewed towards pro-angiogenic factors in abnormal scenarios e.g., heoplastic
growth. In the normalized vascular network, pro-angiogenic factors still outweigh the anti-angiogenic
factors but the ratio of the two is smaller, which confers an increased functionality of the network for

e.g., drug delivery to the site of the tumor. Adapted from Magnussen et al.1%?

1.2.6 The roles of CHI3L1 in glioblastoma

In the brain, CHI3L1 is upregulated during inflammatory processes in
neurological disorders, and its expression is abundant in reactive astrocytes and
macrophages but not in microglia, brain resident myeloid cells1%1%4 The level of
CHI3L1 protein is elevated in approximately 65% cases of glioblastoma (GBM), the
most common and lethal primary brain tumor with a median survival of only 15
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months!05196 CHI3L1 expression in the Cancer Genome Atlas (TCGA) gliomas was
identified as one of markers of the mesenchymal subtype of glioblastoma, the most
malignant subtype of GBM%7, CHI3L1 was undetectable by Western blotting in lower-
grade gliomas (WHO 2021 grades 2 and 3) and normal brain tissue!°8. CHI3L1 serum
levels were substantially elevated in numerous GBM patients and correlated with tumor
grade and tumor burden®. Higher CHI3L1 expression was significantly associated
with poorer radiation response, shorter time to progression and shorter overall
survival'®®, Moreover, CHI3L1 high expression is associated with activation of
PI3K/AKT/mTOR signaling in GBM?®S.

Transient suppression of CHI3L1 in U87-MG human glioma cells results in a
decreased MMP-2 production and a lower gelatinolytic activity in vitro'1°, CHI3L1-Gal3-
Gal3BP protein complexes have been reported to regulate infiltration and
reprograming tumor-associated myeloid cells resulting in deficits of T cell-mediated

immune responses in GBM progression®®.

CHI3L1 has been linked to angiogenesis as it affects endothelial tubulogenesis
in vitro as potently as VEGF'!!., CHI3L1 increased VEGF expression by signaling
through syndecan-1, integrin aVp5 and phosphorylated FAK in human U87-MG glioma
cells (represented schematically in Fig. 1.5)4. CHI3L1 levels were elevated and
associated with elevated VEGF in subcutaneous but not in intracranial U87-MG and
SNB-75 experimental gliomas®®. CHI3L1 signaling was also implicated in GBM
resistance to bevacizumab (the VEGF inhibitor and anti-angiogenic drug). The
potential mechanisms involve vascular mimicry, production of angiogenic factors,
modulation of pericyte coverage of blood vessels, increased invasiveness of GBM cells
and mesenchymal transition®*. The exact role of CHI3L1 in GBM progression is poorly
understood or documented, especially in terms of the impact on GBM vasculature and
invasiveness, but it has been increasingly implicated as a cytokine, growth factor and

pro-angiogenic factor.
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Figure 1.5.Schematic illustration of interacting partners of CHI3L1 and downstream signaling
pathways associated with angiogenesis. CHI3L1 induces coordinated activation of Syn-1 and
integrin av5 to activate FAK397 and downstream signaling pathways, upregulating VEGF in U87-MG
human glioma cells. Adapted from Zhao et al.*
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2. Aims

Despite a wealth of information regarding expression and potential functions of
CHI3L1, its role in glioma pathogenesis has not been fully elucidated. The current data
implicate  CHI3L1 in numerous pathological processes involving immune cells
activation, tissue remodeling, wound healing, and angiogenesis. In neoplastic cells
some of the CHI3L1 functions are hijacked and employed to support tumor invasion

and progression.

The presented study aims at better description of CHI3L1 expression profiles in
gliomas and elucidating its role in glioma progression using a relevant glioma model.
The mechanisms through which CHI3L1 is involved in the glioma progression are to

be disclosed.

The specific goals were the following:

=

. To identify a cellular source of CHI3L1 in gliomas using public data repositories.
2. To obtain a genetically engineered cell line depleted of CHI3L1 gene using
CRISPR/Cas9 technology and characterize properties of gene edited cells.
3. To define transcriptomes of parental (WT) and CHI3L1 KO cells and identify key
differentially expressed genes and pathways.

4. To evaluate the impact of CHI3L1 depletion in human glioma cells on growth of
intracranial gliomas.

5. To identify mechanisms underpinning the effects of CHI3L1 depletion on tumor

growth.
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3. Materials and methods

3.1 Patient samples

Total RNA from two patient cohorts were analyzed in this study. The first cohort
encompassed 76 glioma samples of various WHO grades (described in our previous
study!'?) and analyzed using reverse-transcription quantitative PCR (RT-qPCR).
Normal brain controls used as a reference for gene expression experiments were
purchased from: Agilent 540005 (lot 0006127195, Female 66 years), Biochain
R1234035-50 (lot B304105, Male 25 years), First Choice Human Brain Reference RNA
AM6050 (lot 1207015, mix of RNA from male and female donors). The second cohort
was 31 tumor samples collected and analyzed by RNA sequencing as described in our
previous study!!3. Patients’ permissions have been collected and these studies were

approved by the Bioethics committees of the respective hospitals.

3.2 Human cell lines and cell culture

Human established glioblastoma cell lines LN229, U251, LN18, T98G, U87-MG,
U87-MG-RFP (purchased from ATCC, American Type Cell Collection) and human
primary glioblastoma cells WG4 and WG9 (established in the laboratory''#4) were
cultured in 1 g/L glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
#11885084) supplemented with 10% fetal bovine serum (FBS) (Gibco, #16000044)
and antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin, Gibco, #10378016).
Normal human astrocytes (NHA; purchased from Lonza, #CC-2565) were cultured in
Clonetics media and dedicated reagents (Lonza, #CC-3187). Cells were cultured in a
humidified atmosphere CO2/air (5%/95%) at 37°C (incubator, Heraeus). Cells were

passaged after reaching the confluence up to 10th passage from the initial seeding.

3.3 RNA extraction and reverse transcription quantitative PCR (RT-qPCR)

Cells (seeded and cultured for 48 h) were washed with PBS and collected using
a cell scraper and centrifugation. Glioma and NHA cells were lysed using RLT buffer
containing 1% (v/v) B-mercaptoethanol and total RNA was isolated using RNeasy Mini

Kit (QIAGEN, #74104) according to the manufacturer's recommendations.
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QIAshredder columns (Qiagen) and DNase digestion step were employed to facilitate
cell lysis and the depletion of genomic DNA, respectively. RNA was eluted in 30 pL of
high-purity nuclease free water and its quantity and quality were determined using
NanoDrop 2000 spectrophotometer (ThermoFisher) and Agilent 2100 Bioanalyzer with
RNA 6000 Nano Kit (Agilent). Samples were stored at -80°C. For reverse transcription
(RT), the reaction mix contained RNA (0.5 pg), oligo(dT)20 (1 uL of 50 yM stock),
dNTPs (1 uL of 10 mM stock), specific primers and sterile RNase-free water (up to 13
uL of total volume). This mix was incubated at 65°C for 5 min. Next, 5X First-Strand
Buffer (4 pyL), DTT (1 pL of 0.1 M stock), SuperScript Ill Reverse Transcriptase (200
U/uL; 0.5 uL, Invitrogen) and sterile RNase-free water (1.5 yL) was added followed by
1 h incubation at 50°C for cDNA synthesis, and 70°C for 15 min to inactivate the

enzyme.

Quantitative real-time PCR (qPCR) was performed on 12.5 ng of cDNA in
duplicates using SYBR Green detection reagents (Fast SYBR™ Green Master Mix,
Applied Biosystems, #4385612) and the primers listed in Table 1.

Target Sequence/reference

Forward 5'-AGGGCTGCTTTTAACTCTGGT-3'
GAPDH

Reverse 5'-CCCCACTTGATTTTGGAGGGA-3'

Forward 5-CGGACATCTAAGGGCATCAACA-3’
18S

Reverse 5'-AACGAACGAGACTCTGGCATG-3
CHI3L1 BioRad, ref. ID: qHsaCED0044484

Forward 5-CTGTTCTTGAGTGTGTTGAGCA-3’
CHI3L1 (site ‘887"

Reverse 5-GCAACGATCACATCGACACC-3'

Forward 5-GTATCCTACCCACTGGTTGCC-3'
CHI3L1 (site ‘589

Reverse 5-CGGAGCCACAGTCCATAGAATC-3’

Table 1. Sequences of oligonucleotides used as primers for RT-gPCRs.

The amplified product was normalized to the endogenous expression of
glyceraldehyde-3-phosphate dehydrogenase mRNA (GAPDH) or 18S rRNA and

represented as delta Ct values.
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3.4 CRISPR/Cas9 genome editing

The CRISPR/Cas9 genome editing reagents were designed using
manufacturer’s online tool (Sigma). Single guide sgRNA molecules targeting two exons
in CHI3L1 gene were ordered: HS0000229887 (site ‘887’) and HS0000230589 (site
‘5689’). U87-MG-RFP human glioma cells (2 x 10°) were electroporated with 0.5 ug
pCMV-Cas9-GFP plasmid (Sigma, #CAS9GFPP) and 2 sgRNAs (150 pmol each) or
control non-targeting sgRNA (sgCTR) in SE electroporation buffer (100 uL in a
Nucleofector cuvette, Lonza, #V4XP-1024) using a Nucleofactor 4D X unit (Lonza,
#AAF-1003X) according to manufacturer’'s instructions. After electroporation, cells
were seeded on T150 flask in 20 mL standard culture media pre-incubated for 1 h in
37°C before seeding. Cells were then maintained under standard culture conditions for

24 h before sorting the CRISPR/Cas9-transfected population.

3.5 Fluorescence-activated cell sorting (FACS) and clonal selection

Cells were harvested using trypsin (0.25%, Gibco, #25200056), centrifuged for 5
min at 300 x g and resuspended in Stain Buffer (BD Pharmingen, #554656). Cells were
sorted in a single-cell mode into five 96-wells flat-bottom culture plates into 100 pL of
high glucose GlutaMAX™ DMEM (Gibco, #10566016) supplemented with 15% FBS
(Gibco, #16000044) using BD FACSAria 1l cell sorter (BD Pharmingen). Gates for
sorting were set for RFP-high and GFP-positive events (Fig. 3.1). Culture plates with
sorted cells were incubated under standard cell culture conditions immediately after
sorting. Next, media for single-cell clones were changed every 3 days for a conditioned
medium which comprised of 50% 48 h-conditioned U87-MG medium (filtered through
20 um strainer) containing essential growth factors and 50% fresh high glucose
GlutaMAX™ DMEM supplemented with 15% FBS. This medium provided growth
factors and optimal conditions for single clones to proliferate and establish a colony.
When colonies were established, cells were detached using 0.5% trypsin and
transferred to a 6-wells culture plate, allowed to grow to 85% confluency and passaged
to achieve a large number of cells. Cells were collected, suspended in 1:9 DMSO to
FBS and stored at -80°C or used for further experiments. All flow cytometry
experiments were performed at the Laboratory of Cytometry, Nencki Institute of

Experimental Biology, Warsaw, Poland.
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Figure 3.1.Gating strategy for the flow cytometric sorting of U87-MG-RFP successfully transfected with
pCMV-Cas9-GFP plasmid.

3.6 Enzyme-linked immunosorbent assay (ELISA)

To select U87-MG KO clones with low CHI3L1 expression, cell culture
supernatants were analyzed for the presence of the human protein using Human
Chitinase 3-like 1 Quantikine ELISA Kit (R&D Systems, #DC3L10). Cell culture
supernatants were centrifuged for 10 min at 300 x g before the assay to remove
residual cells. Tests were performed according to manufacturer’s protocol and
measurements were acquired with a scanning multiwell spectrophotometer. Quantity

of detected protein was normalized to a cell number or total protein content per sample.

3.7 Cell proliferation assays

The proliferation of cells was measured using two independent methods. For flow
cytometry assay, 5 x 104, 2.5 x 10% or 1.25 x 10* cells were seeded onto a 12-wells
culture plate and stained with a cytoplasmic dye eF450 (1:1000, eBioscience™ Cell
Proliferation Dye eFluor™ 450, #65-0842-85). Batches of dyed cells were analyzed for
the eF450 signal at day 3, 4 and 5 after addition of the dye using LSR Fortessa (BD
Pharmingen) analyzer. Cells were also analyzed immediately after the incubation with
the dye (day 0). For BrdU incorporation assay, 3 x 10° cells were seeded onto a 96-
wells culture plate and allowed to grow for 48 h before the incubation with BrdU solution
(1:1000, Cell Proliferation ELISA, BrdU (colorimetric), Roche, #11647229001) for 2 h.
After the incubation, cells were processed according to manufacturer’s protocol and
the BrdU signal was measured using a scanning multiwell spectrophotometer. BrdU

assays were performed in 6 technical replicates to ensure accurate read-out.
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3.8 RNA sequencing and data analysis

RNA was isolated using the RNeasy kit (QIAGEN, #74104) and RNA quality/yield
was verified using Bioanalyzer 2100 (Agilent Technologies, #G2939BA). mRNA
libraries were prepared using KAPA Stranded mRNAseq Kit (Roche, #07962142001)
according to the manufacturer’s protocol (KR0960-v6.17). mRNAs were enriched from
the starting material of 500 ng of total RNA using poly-T oligo-attached magnetic beads
(Kapa Biosystems). Enriched mRNA was fragmented, then the first and the second
strand of cDNA were synthesized. Subsequently, adapters were ligated, and loop
structure of each adapter was cut by USER enzyme (NEB, #M5505S). Finally, the
amplification of obtained dsDNA fragments that contained a specific adapter sequence
was performed using NEB starters. Quality of final libraries was determined using
Agilent Bioanalyzer High Sensitivity dsDNA Kit (Agilent Technologies, #5067-4626).
Concentrations of the final libraries were measured using Quantus Fluorometer and
QuantiFluor ONE Double Stranded DNA System (Promega, #E4871). Libraries were
sequenced on HiSeq 1500 (lllumina) on the rapid run flow cell with a paired-end
settings (2x 76 base pairs). The acquired fastq files were aligned to hg38 human
reference genome with STAR program'®, and reads were counted to genes using
feature Counts algorithm SUBREAD package!*¢. Gene counts were normalized, and
differential analysis was performed using the DESeq2'!’. Genes were considered
differentially expressed (DEG) with FDR corrected p-value (padj) <0.05. REACTOME
pathway analyses!!® were performed using R package clusterProfiler!® to annotate

the functions of differentially expressed mRNAs.

3.9 Housing of athymic (Foxn1"¥"Y) mice

The animal study was conducted according to the protocol approved by the First
Local Ethics Committee in Warsaw, Poland (approval number 1123/2020).
Experiments were performed on athymic male mice (Rj:ATHYM-Foxn1"/n! Janvier
Labs, #SM-ATH-M), housed in individually ventilated home cages (IVC), 2-5 mice per
cage, in a pathogen free environment. Mice were fed with standard chow ad libitum
and kept under standard day/night conditions. Upon arrival to the animal house facility
from the breeder, animals were housed for at least 2 weeks as an adaptation period

before the start of the procedure.
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3.10 Intracranial glioma implantation

Ten weeks old male mice were anesthetized with isoflurane inhalant anesthesia
(4-5% induction, 1-2% maintenance, 21% oxygen) using Isoflurane vaporizer
(Temsega), and opioid analgesic Butorphanol (2 mg/kg, s.c.; OrionPharma). Mice were
also injected with an anti-inflammatory drug Meloxicam (2 mg/kg, s.c.; Boehringer) and
local analgesic Bupivacaine (5 mg/kg, s.c. at the site of incision; Polfa). Before starting
the surgical procedure and during the surgery, the depth of anesthesia was verified by
the lack of pedal reflex in the limb and breathing regularity. Choice of specific
anesthetics was recommended by a veterinarian and approved by the First Local
Ethics Committee in Warsaw, Poland. When mounted in the stereotactic instrument,
Vidisic gel (2 mg/g Carbomerum, Bausch&Lomb) was placed on each of the animal’s
eyeball to prevent excessive drying of the conjunctiva. After performing a 1 cm
longitudinal skin incision at the level of sagittal suture, 1 mm diameter hole was drilled
with a micromotor drill (Stoelting Co.) 1 mm anterior and 2 mm lateral (to the right) to
the bregma. WT or CHI3L1 KO U87-MG-RFP glioma cells (5 x 10* cells in 1 pl of
DMEM) were implanted under aseptic conditions into the right striatum using 1 pL
syringe with a 26-gauge needle in a stereotactic apparatus (Stoelting Co.) at speed 1
ML/3 min. Once the injection of cells finished, the needle was slowly retracted at the
speed of 1 mm/min. The cranial bone loss was compensated for with surgical bone
wax (SMI). Before implantations cells were checked for Mycoplasma contamination
using a commercial PCR test. Cells were kept on ice throughout the procedure for no
longer than 4 h. The incision area was sutured using silk non-absorbable sutures
(Atramat, #CE1935-45 USP 5-0/EP1) by performing interrupted suture, topic analgesic
was applied onto the site of suturing (Lignocainum cream containing 20 mg/g of
lidocaine hydrochloridum). Mice were immediately placed into a clean cage and

observed to confirm full recovery from anesthesia.

3.11 Magnetic resonance imaging

Heads of the animals were scanned with 7T BioSpec 70/30 MR system (Bruker)
equipped with Avance Ill console and actively shielded gradient system B-GA 20S
(amplitude 200 mT/m) with an integrated shim set up to 2nd order. A combination of

transmit cylindrical radiofrequency volume coil (8.6 cm inner diameter, Bruker) and
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head-mounted mouse dedicated receive-only array coil (2x2 elements, Bruker) was
used. The animals were anesthetized with 1.5-2% isoflurane (Baxter) in oxygen and
positioned prone with the head placed in the MR-compatible bed integrated with an
anesthesia mask. Respiration and rectal temperature were monitored throughout the
experiment with a MR-compatible small animal monitoring system (SA Instruments).
All the imaging sessions started with a localizer protocol consisting of three orthogonal
scout scans to accurately position the animal inside the magnet center. To evaluate
volumes of the brain structures, structural transverse MR images covering the whole
brain were acquired with T2-weighted TurboRARE (TR/TEeff = 7000/30 ms, RARE
factor = 4, spatial resolution = 86 ym x 86 pm x 350 ym, 42 slices, no gaps, humber
of averages (NA) = 4, scan time ~ 23 min). The MRI evaluation was performed at the
Laboratory of Small Animal Magnetic Resonance Imaging at the Mossakowski Medical
Research Institute, Warsaw, Poland. MRI scans were then analyzed using Osirix DM
DICOM Viewer software (v13.0.2.).

3.12 Collecting animal tissues and blood samples

On day 21 after glioma implantation, the animals were anesthetized with an i.p.
injection of ketamine (160 mg/kg) and xylazine (20 mg/kg) and after the verification of
the unresponsiveness to the noxious stimuli and absent reflexes, mice were
transcardially perfused with an ice-cold PBS (Gibco, #18912014) and 4%
paraformaldehyde (PFA, sigma, #158127) in PBS. Right before the perfusion, the right
atrium of the heart was perforated and 500 pL venous blood was collected into 1.5 mL
tubes without anticoagulants. Mice were sacrificed and brains removed and post-fixed
for 48 hin 4% PFA in PBS at 4°C. Then, brains were placed in 30% sucrose in PBS at
4°C until sunk to the bottom of a tube. Subsequently, the brains were frozen in Tissue
Freezing Medium (Leica, #14020108926) and serial 12 or 50 um thick coronal sections
were collected and stored at -80°C. Collected blood was kept for 2 h at room
temperature to allow coagulation and then centrifuged for 10 min at 3.000 x g. After
centrifugation, blood serum was carefully collected into 1.5 mL tubes, supplemented
with proteinase inhibitor PMSF (phenylmethylsulfonyl fluoride, effective concentration
1 uM, Sigma, #P7626) and stored at -80°C. Sera collected from tumor-bearing mice

were analyzed for human and mouse CHI3L1 using Human Chitinase 3-like 1
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Quantikine ELISA Kit and Mouse Chitinase 3-like 1 Quantikine ELISA Kit (R&D
Systems, #DC3L10 and #MC3L10, respectively). Tests were performed according to

the manufacturer’s protocol.

3.13 Fluorescence microscopy

Mouse brain cryosections of 12 or 50 pm thickness were used for
immunostaining. For immunostaining of vWF, IBA1, AQP4, brain sections were thawed
and dried for 2 h in room temperature and then rehydrated in PBS for 15 min. Next,
sections were washed three times in 0.05 M TBS (Tris-buffered saline, Sigma, #T5912)
and then incubated with 10% donkey serum with 0.1% Triton X-100 (Sigma, #X100) in
TBS for 2 h at room temperature, then separately stained with primary antibodies: goat
anti-lbal antibody (1:500; Abcam, #ab5076), rabbit anti-von Willebrand factor (1:1000;
Agilent, #A008229-2), rabbit anti-aquaporin 4 (1:200, Abcam, #ab125049) for 24 h at
4°C followed by incubation with donkey anti-goat Alexa Fluor 488 (1:1000, Invitrogen,
#A-11055), donkey anti-rabbit Alexa Fluor 488 (1:1000, Invitrogen) and donkey anti-
rabbit Alexa Fluor 647 (1:1000, Invitrogen, #A-31573) for 2 h at RT. Primary antibody
was omitted in a negative control. Sections were then washed and mounted with
Vectashield Vibrance® Antifade Mounting Medium with DAPI (Vector Labs, #H-1800-
2).

For GFAP, CD31and laminin staining, brain sections were thawed and dried for
5 min at 37°C temperature and then kept in chilled methanol in -20°C for 30 min. Next,
sections were washed three times for 5 min each in PBST (0.1% Triton X-100 in PBS)
and then blocked with 3% donkey serum in Blocking Buffer: 0.4% Triton X-100 in PBS
for 2 h at room temperature, then separately stained with primary antibodies: rabbit
anti-GFAP antibody (1:200; Dako, #2033429-2), rat anti-CD31 antibody (1:100, Novus
Biologicals, #NB600-1475), rabbit anti-laminin (1:50; Abcam, #ab11575), for 24 h at
4°C followed by incubation with donkey anti-rat or anti-rabbit Alexa Fluor 488 (1:500,
Invitrogen, #A-21208 or #A-21206, respectively), for 2 h at RT. Primary antibody was
omitted in a negative control. Sections were then washed three times in PBST for 5
min each, one time in PBS for 5 min, one time in ultrapure water for 5 min and mounted

with Vectashield Vibrance® Antifade Mounting Medium with DAPI. Images were
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captured on Zeiss Axio Imager M2 microscope. Image processing and quantification
was performed using ImageJ software (NIH). The number of non-capillary vessels was
guantified by excluding blood vessels of diameter below 10 um as depicted in Figure
3.2.
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Figure 3.2.Quantification of non-capillary blood vessels in tumors sections stained for vVWF. A.
Diameter of blood vessels in mouse®?°. B. Blood vessels that appeared with diameter of above 10 um
(encircled with yellow dashed line) were calculated as non-capillary. Vessels with diameter below 10 ym
(yellow arrows) were excluded from the analysis.

The microvessel density was calculated by measuring the area fraction taken up
by the signal coming from vessels of diameter below 10 um using Threshold, Analyze,

Measure and Area fraction tools in ImageJ as shown in Figure 3.3.

35



» Threshold and removal
of non-capillary vessels

Original image

Figure 3.3.Quantification of microvessel density in tumor sections. Original images with VWF
signal were transformed into masks using Threshold tool. Signal from non-capillary vessels (yellow
circles) within the area corresponding to tumor (outlined in yellow) was removed. Remaining signal
coming from the tumor was quantified using Analyze > Measure > Area fraction tool sequence. Scale
bars represent 300 um.

Immunopositive signals from Ibal, laminin, AQP4 and GFAP were quantified
using Threshold, Analyze, Measure, Raw Integrated Density tools in ImageJ. Confocal
images were taken using Zeiss LSM 780 or Zeiss LSM800 Airyscan microscope at the
Laboratory of Imaging Tissue Structure and Function, Nencki Institute of Experimental
Biology. The images shown in Figure 4.25 are 3D renderings of z stacks of sections
stained for CD31: 639x639um and at least 40 ym of z stack (z steps 3.5 ym). The
vessels and tumor cells were rendered using surface rendering of Bitplane Imaris

Image Analysis software.

3.14 Matrigel invasion assay

Cell culture inserts (8 um pore size Costar, #3422) were coated with 1 mg/mL
Growth Factor Reduced Matrigel Matrix (BD Biosciences, #354230) in DMEM, and
dried at 37 °C for 5 h. U87-MG glioma cells (4x10%) were seeded on matrigel-covered
membrane in an upper compartment and then inserts were transferred to a 24-well

plate with or without human SV40 microglial cells (HM SV40) in a lower compartment
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(as shown in Fig. 3.4A). After 18 h, cells invading through the matrigel were fixed with
95% methanol and stained with DAPI (4',6- Diamidino-2-Phenylindole; 0.01 mg/ml,
Sigma, #D9542). The membranes from inserts were cut out and invading cells were
visualized using fluorescence microscope (Leica DM4000B) and cell nuclei were
counted from five independent fields/slide using ImageJ software as depicted in Figure
3.4B. The statistical significance was calculated using a chi-square test (*p<0.05,
**p<0.01, **p<0.001). OR stands for odds ratio.
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Figure 3.4.Matrigel invasion assay. A. Schematic representation of the experimental procedure. B.
Quantification of matrigel invasion assay using the ImageJ software. Original fluorescence images with
cell nuclei stained with DAPI were transformed into a black-and-white mask with Threshold tool, then
particles corresponding to cell nuclei were outlined and quantified using Analyze Particle tool. Nuclei
from five independent fields of view were counted. Scale bar represents 200 ym.

3.15 Gelatin zymography

U87-MG cells were seeded onto 24-wells plate at 5x10° cells per well in 1 mL
DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL
penicillin, 100 pg/mL streptomycin). After 24 h, culture medium was discarded (to get
rid of endogenous MMPs from blood serum) and replaced with a corresponding
medium without FBS. Cells were incubated in FBS-free medium for 24 h and then, the
culture medium was collected, centrifuged for 10 min at 300 x g to pellet floating cells
and the cell-free medium was subjected to gelatin zymography. In brief, samples were
diluted in 5% Laemmli buffer without dithiothreitol (DTT) and subsequently separated
electrophoretically using 8% acrylamide—bisacrylamide (29:1, Sigma, #A3699) gels
supplemented with 2 mg/mL porcine gelatin (Sigma, #9000-70-8), 380 mM TRIS—HCI
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(pH 8.8, Roche, #10812846001), 0.1% SDS (Sigma, #L3771), 0.1% ammonium
persulfate (Sigma, #A3678) and 0.6 ul/ml of TEMED (Sigma, #1.10732). Once
electrophoresis was done, gels were rinsed twice with 2.5% Triton X-100 at RT before
incubation in a renaturation buffer containing 50 mM TRIS—HCI pH 7.6, 10 mM CacCl2
(Sigma, #C1016), 1 yM ZnCI2 (Sigma, #39059), 1% Triton X-100 and 0.02% sodium
azide (37°C, 100 rpm). After 24 h gels were stained with Coomasie brilliant blue,
washed with PBS, and subjected to a densitometric analysis. Cell culture medium with

FBS was used as a positive control as FBS contains gelatin-degrading enzymes.

3.16 Public data analysis

Analysis of public data was performed using R Statistical Software (version 4.2.2;
R Foundation for Statistical Computing). RNAseq data (FPKMs) were downloaded
from the Ivy Glioblastoma Atlas Project'?! and normalized RNAseq and protein data
from The Brain Protein Atlas (BPA)'?2123, Correlation of CHI31L1 mRNA and protein
expression level was computed in the BPA dataset, using Kendall correlation and von
Waerden test followed by post-hoc U-Mann-Whitney tests to determine differences
between tumor regions. Exact Fisher tests was performed for overlap of genes, whose

expression correlated with CHI3L1, and MESIlikel signature by Neftel et al.1?4,

3.17 Statistical analysis

All biological experiments were performed on 3-5 independent cell passages. The
results were expressed as means + standard deviation (SD). P values were calculated
using chi-square, two-tailed t test; one-way ANOVA or linear regression analysis
followed by appropriate post-hoc test using GraphPad Prism v9 (GraphPad Software).

Differences were considered statistically significant for P values <0.05.

3.18 Data availability

RNAseq data are available in the NIH GEO database with the accession number
GSE231816.
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4. Results

4.1 The determination of CHI3L1 expression in gliomas of various WHO grades

The comprehensive evaluation of CHI3L1 expression in in-house and public bulk
and single-cell RNA seq datasets was performed. Using real-time quantitative PCR
(RT-gPCR) CHI3L1 mRNA was determined in glioma samples from 76 patients with
juvenile pilocytic astrocytomas (PA, n=15), diffusive astrocytomas (DA, n=17) and
glioblastomas (GBM, n=44). Normal human brain samples were used as a control (NB,
n=3). CHI3L1 was overexpressed in samples isolated from PA and GBM patients in
comparison to normal brains (Fig. 4.1A). Next, CHI3L1 expression was evaluated in
RNA-sequencing dataset from a cohort of 31 patients diagnosed with PA (n=11), DA
(n=7) and GBM (n=13). RNA from normal brain was used as a reference control (n=4).
CHI3L1 expression showed the same pattern, namely was overexpressed in PA and

GBM samples in comparison to normal brain (Fig. 4.1B).
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Figure 4.1.CHI3L1 is overexpressed in glioblastomas and pilocytic astrocytomas. A. CHI3L1
MRNA levels in patient-derived samples (cohort 1) determined using RT-qPCR), data is presented as
meantSD; NB, normal brain n=3; PA, pilocytic astrocytoma, n=15; DA, diffusive astrocytoma n=17;
GBM, glioblastoma n=44. Statistical analysis by one-way ANOVA, Tukey’s multiple comparison test, *
P<0.05, ** P<0.01. B. CHI3L1 levels in bulk-RNAseq gene expression datasets composed of 31 patient-
derived samples (cohort 2); NB n=4, PA n=11, DA n=7, GBM n=13.

These data demonstrate overexpression of CHI3L1 in GBM resected specimens, but
also shows high expression of CHI3L1 in PA tumors, which are described as benign,

circumscribed, and non-invasive.
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4.2 The determination of the cellular source of CHI3L1 in glioblastoma

In order to determine the cellular source of CHI3L1 in glioblastoma, a publicly
available single-cell RNA-sequencing database of 28 IDH1-wt GBM tumors was
explored (the Single Cell Portal, Broad Institute)?4. This database distinguishes 4
types of cells in glioblastoma: malignant cells, macrophages, oligodendrocytes, and T
cells. At single-cell resolution, CHI3L1 was found to be expressed predominantly by

malignant cells, with a lesser expression in glioma-associated macrophages (Fig. 4.2).
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Figure 4.2. Malignant cells are the main source of CHI3L1 mRNA in glioblastoma. Beeswarm plot
of CHI3L1 expression in malignant, stromal, and immune cells in GBMs.

The Single Cell Portal enables to explore the expression of the gene of interest
within several cellular state signatures defined by Neftel et al.1?*: mesenchymal-like
(MES-likel and 2), astrocyte-like (AC-like), oligodendrocyte progenitor cell-like (OPC-
like) and neuronal progenitor cell-like (NPC-likel and 2). CHI3L1 was expressed
predominantly within the MES-like state of tumor cells (Fig. 4.3A). A linear regression
analysis was performed, and the results show high positive correlation between
CHI3L1 expression and genes classified as MES-likel (Fig. 4.3B). The genes listed in
the MESIikel signature were cross-checked with the proteins correlated with CHI3L1
in the Brain Protein Atlas database'?>'23. Out of 27 genes assigned to the MESlikel
signature, 25 correlated positively with CHI3L1 at a protein level in GBMs (Fig. 4.3C).
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Figure 4.3.CHI3L1 expression is positively correlated with the mesenchymal gene expression
profile in human GBMs at single-cell resolution. A. Left: tSNE plot showing distribution of CHI3L1
expression across GBMs at single-cell resolution. Right: tSNE plot representing MESIlikel signature in
the dataset. B. Scatter plot representing a positive correlation between the mesenchymal signature and
CHI3L1 expression. Linear regression line in red. **** P <0.0001. C. Correlation analysis between genes
associated with the mesenchymal signature in the Single Cell Portal and proteins correlating with
CHI3L1 in the Brain Protein Atlas database. Exact Fisher test. Numbers in circles indicate the number
of genes/proteins.

CHI3L1 expression was also found to correlate negatively with OPC-like and

NPC-likel signatures, which represent distinct cellular states of glioblastoma (Fig. 4.4)
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Figure 4.4. Correlation of CHI3L1 expression with various transcriptomic signatures in GBMs. A-
H. Scatter plot representing a linear regression analysis between the various cellular state signatures
defined in The Single Cell Portal and CHI3L1 expression. Linear regression line in blue. Significance of
all analyses at P <0.0001.

4.3 The expression of CHI3L1 in human glioma cell lines

The expression of CHI3L1 mRNA was determined in several established human
glioma cell lines (LN229, U251, LN18, T98G, U87-MG) and primary cells from patient-
derived glioma samples (WG4 and WG9). Immortalized, non-transformed human
astrocytes (NHA, normal human astrocytes) were used as a reference control. Majority
of the tested cells had lower CHI3L1 expression than NHA, U87-MG had the CHI3L1
expression comparable to NHA, while WG9 primary cells exhibited higher CHI3L1
levels in comparison to NHA (Fig. 4.5A). CHI3L1 concentration was measured by
ELISA in glioma-conditioned medium (GCM) collected from LN229, U87-MG and WG9
cells. CHI3L1 was undetectable in the GCM of LN229, which was predicted based on
very low transcript levels. The level of the protein was 3 times higher in U87-MG (mean
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88 pg/mL) and around 50 times higher in WG9 cells (mean 1384 pg/mL) in comparison
to NHA (mean 28 pg/mL) (Fig. 4.5B).
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Figure 4.5. Accumulation of CHI3L1 in conditioned media from human U87-MG glioma cells and
patient derived WG9 cells. Assessment of CHI3L1 expression at the mRNA (A) and protein (B) level
in normal human astrocytes (NHA), five glioma cell lines (LN229, U251, LN18, T98G and U87-MG) and
two GBM patient derived cell cultures (WG4, WG9). Mean £ SD is presented, one-way ANOVA. Tukey’s
multiple comparison test. * P<0.05, ** P<0.01, **** P<0.0001.

The tested cell lines were evaluated for the effect of CHI3L1 knock-out (KO) on
cell viability using large-scale loss-of-function screening database (DepMap, Broad
Institute)12®. U87-MG were scored the highest among the tested cell lines on the
CHI3L1 “gene effect” score, which is a measure of how cell viability is dependent on

CHI3L1 knock-out (Fig. 4.6).
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Figure 4.6.CHI3L1 knock-out has a low effect on cell viability of U87-MG human glioma cells. Cancer
Dependency Map (DepMap, Broad Institute) plot of “gene effect” of tested human glioma cell lines. The
higher the gene effect, the lower the impact of CRISPR-mediated knock-out of CHI3L1 on the viability

of the cells.
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Based on these results, U87-MG cells were selected for CRISPR/Cas9 mediated
knock-out of CHI3L1. The primary WG9 cell cultures grew relatively slow in vitro, which
made it impossible to use them for silencing of CHI3L1 even though these cells had
highest level of CHI3L1 both at mMRNA and protein level. Moreover, WG9 cells do not

establish tumors in recipient mice (data unpublished).

4.4 The development of CHI3L1 KO cells using CRISPR/Cas9 genome editing

4.4.1 The selection of U87-MG-RFP sgCHI3L1 transfectants

To evaluate the effect of CHI3L1 depletion on glioma cells, CRISPR/Cas9
genome editing was applied to generate human glioblastoma cells depleted of CHI3L1
(KO) (Fig. 4.7).
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Figure 4.7.Experimental pipeline for developing CHI3L1 knock-out in U87-MG-RFP (U87) human
glioblastoma cells using CRISPR/Cas9 genome editing technique.

U87-MG-RFP cells were transfected with two CHI3L1-specific guide RNAs
(sgRNA) and pCMV-Cas9-GFP plasmid using electroporation as described in
Methods. Before sorting, the cells were seeded onto the culture flask and assessed for
the presence GFP signal using fluorescence microscopy. Cells appearing as orange

(indicated with arrows) in Figure 4.8 are the successfully transfected cells.
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Figure 4.8.Visualization of transfected U87-MG-RFP cells. Representative images of U87-MG-RFP
cells 24 h after transfection with the CHI3L1-specific SgRNA and the Cas9-GFP plasmid. Arrows indicate
double-positive cells that were successfully transfected. Scale bar represents 50 ym.

U87-MG-RPF cells transfected with the sgCHI3L1 and the Cas9 plasmid were
cultured for 24 h and subjected to FACS analysis to sort out transfected cells. Figure
4.9A shows a histogram representing GFP signal from transfected cells. Sorting gates
were set to include cells with a high expression of RFP and GFP signal (8.13% of viable
cells) (Fig. 4.9B). As a result, 480 cells were sorted into five 96-wells plates to establish

single clone cultures.
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Figure 4.9.Single-cell FACS of U87-MG-RFP sgCHI3L1 transfectants. A. Histogram of U87-MG cells
transfected with the pCMV-Cas9-GFP plasmid (green) and mock control (gray). B. Contour plot
cytogram of sorted U87-MG-RFP cells transfected with the sgCHI3L1 and the Cas9-GFP plasmid.

4.4.2 The validation of CHI3L1 knock-out in U87-MG-RFP cells
Upon establishing colonies, proliferating U87-MG-RFP sgCHI3L1 clones were

up-scaled and a portion of cells was banked for future use. Levels of CHI3L1 mRNA
and protein were determined in cells using RT-gPCR with two sets of CHI3L1-specific
primers and CHI3L1-specific ELISA, respectively. Initially, glioma-conditioned medium
from 40 clones was subjected to ELISA to select the clones with the lowest
concentration of CHI3L1 (Figure 4.10). A threshold of below 15% of wild-type CHI3L1

expression was set to select CHI3L1 KO candidate clones.
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Figure 4.10.CHI3L1 levels in U87-MG-RFP sgCHI3L1 clones. Bar plot showing a ratio pf CHI3L1
concentration in indicated clones compared to WT control (U87-MG-RFP, marked with a striped bar).
CHI3L1 was measured in cell culture supernatant. Red line at 100% represents the reference to WT
control. Red line at 15% represents the arbitrary threshold to select CHI3L1 KO candidate clones.

The primers for RT-gPCR were designed to target two sites in the CHI3L1 gene
(“887” and “589”) to which the two sgRNAs guided the Cas9 nuclease to. The Fig.
4.11A shows a significant decrease in the CHI3L1 transcript levels in all the selected
candidate clones. A second round of ELISA confirmed a significant decrease in the

level of secreted CHI3L1 in candidate clones compared to WT (Fig. 4.11B).
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Figure 4.11. Validation of CHI3L1 depletion in selected clones. A. RT-gPCR analysis of CHI3L1
expression using 2 sets of primers. CHI3L1 expression given as % of WT control (red line). B. CHI3L1
concentration was determined by ELISA in supernatants of sgCHI3L1 clones and is presented as % of
WT control (red line).

Based on the lowest CHI3L1 expression (Fig. 4.11) and cellular morphology
resembling the control cells (data not shown), the clone 2G2 (CHI3L1 KO1) was
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selected as the best candidate for in vivo studies. Clone 5B5 (CHI3L1 KO2) was
selected as the second-best candidate with a slightly higher expression of CHI3L1.
Both KO1 and KO2 cells were subjected to RT-qPCR and ELISA to confirm a
successful decrease of CHI3L1 expression in these cells compared to WT control (Fig.
4.12).
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Figure 4.12.Validation of CHI3L1 depletion in selected clones. A. RT-gPCR analysis of CHI3L1
expression. B. ELISA of cell culture supernatants of KO1 and KO2 clones. Data is presented as mean
+ SD; n=3, Unpaired t-test, ** P<0.01, *** P<0.001, **** P<0.0001.

Since the CHI3L1 KO cells and wild type (WT) counterparts were to be used in
Vivo to assess the tumor growth, it was necessary to examine proliferation capacity of
these cells as any substantial difference in cell proliferation in vitro could diminish the
capacity of these cells to establish tumors in vivo. Therefore, cell proliferation in
CHI3L1 KO1 cells was determined using two assays: dye dilution and BrdU
incorporation assays in CHI3L1 KOL1 cells. Fig. 4.12 shows that the proliferation of
CHI3L1 KO cells was comparable (not significantly different) to that of WT cells (Fig.
4.13A). The results were corroborated by the BrdU assay (Fig. 4.13B). The addition of
recombinant human CHI3L1 (rhCHI3L1) at concentrations of 7.5 ng/mL (concentration
of CHI3L1 in WT cells conditioned media) or 15 ng/mL (double concentration) did not
modulate proliferation of CHI3L1 KO cells (Fig. 4.13C). This shows that extracellular

CHI3L1 is not a factor governing glioma cell proliferation in vitro.

Notably, CRISPR/Cas9-based gene editing did not change the proliferation of
cells. U87-MG-RFP cells were transfected with control non-targeting sgRNA (sgCTR),
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then 3 clones were subjected to BrdU incorporation assay. sgCTR cells had

comparable proliferation rate as control cells (Fig. 4.12D).
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Figure 4.13.CHI3L1 depletion or supplementation do not affect proliferation of glioma cells. A.
Cell proliferation dye dilution assay. Histogram of fluorescent dye signal at time points 0, 3, 4 and 5 days
of cell culture with the dye. Unstained control is designated “-”. B. Quantification of fluorescent dye signal
after 72 h of cell culture with the dye; mean + SD is presented; n=3, parametric unpaired t-test. C. BrdU
incorporation assay; mean * SD is presented; n=4, one-way ANOVA with Dunn’s multiple comparison
test. Adding recombinant human CHI3L1 to WT and KO cells does not affect cell proliferation. D. BrdU
incorporation assay for U87-MG-RFP cells transfected with control non-targeting gRNA. Mean + SD is
presented; n=3, parametric unpaired t-test.

4.5 The determination of transcriptome changes in CHI3L1 KO cells

To study global transcriptomic changes in CHI3L1 deficient cells, total RNA was
isolated from CHI3L1 KO cells (clones 1 and 2) and WT U87-MG cells and subjected
to RNA sequencing. Differentially expressed genes (DEGs) were identified. A Venn
diagram shows the number of commonly up- or down-regulated genes among DEGs
in KO1 and KO2 clones compared to WT cells (Fig. 4.14). Around 50% of DEGs were
commonly regulated in both KO cell lines.
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Figure 4.14.|dentification of differentially expressed genes CHI3L1 KO1 and KO2 cells. Left.Venn
diagrams of differentially expressed genes for up- (top) and down-regulated (bottom) genes between
two CHI3L1 KO clones as compared to WT controls. Right. Snakeplot of up- and down-regulated genes
in CHI3L1 KO cells vs WT.

A Volcano plot shows genes with significantly altered expression in KO1 cells
(Fig. 4.15A). Many of those DEGs are implicated in the regulation of ECM degradation,
cell migration, and invasion. Reactome pathway enrichment analysis revealed that
many genes down-regulated in CHI3L1 KO clones belong to ECM organization
pathway (MMP2, MMP24, BMP1, PCOLCE, PCOLCE2, COL5A2, COLI1A1,
ADAMTS2, ADAMTSY9, EFEMP1, TGFB3), which suggests that glioma cells depleted
of CHI3L1 might exhibit a decreased ability to reorganize the ECM (Fig. 4.15B).
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Figure 4.15. Distinct patterns of gene expression in U87 CHI3L1 KO cells. A. Volcano plot of DEGs
in the CHI3L1 KO1 cells compared to the WT cells. Common DEGs for KO1 and KO2 are highlighted
with a label. B. Z-score heatmap of REACTOME pathway enrichment analysis for CHI3L1 KO1 and
KO2.

The heatmap shows similar expression patterns of genes from the selected
categories in both KO clones (Fig.14B). GBM is a highly invasive tumor that infiltrates
brain parenchyma making complete surgical resection impossible. Glioblastoma cells
invade brain parenchyma through production of metalloproteinases, including MMP-
2126 and paving its way through collagen scaffolding. COL5A2 has been reported as
one of the most up-regulated in GBM in comparison to normal brain tissue’t. COL1A1
has been implicated in malignant behavior of gliomas*?’, thus their reduced expression
might decrease tumor invasiveness. BMP1, coding for bone morphogenetic protein 1
also known as procollagen C-endopeptidase, was down-regulated in CHI3L1 KO cells.
BMP1 has been implicated in gastric cancer progression and was a marker of poor
prognosis for gastric cancer patients??, The binding of BMP1 to collagen is potentiated
by procollagen COOH-terminal proteinase enhancers such as PCOLCE and
PCOLCE2!?, Notably, PCOLCE and PCOLCE2 were down-regulated in CHI3L1 KO
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cells. These genes encode glycoproteins which bind and drive the enzymatic cleavage
of type | procollagen and heightens C-proteinase activity. Down-regulated genes
include ADAMTS9 and ADAMTS2, genes coding for the members of disintegrin-like
and metalloprotease with thrombospondin type 1 motif (ADAMTS) family. Members of
ADAMTS family are involved in both assembly and disassembly of collagen fibers and
play important roles in the proteolytic degradation of the ECM during cancer cell
invasion, particularly the degradation of brain ECM component thrombospondin 1
(THBS1)%°120, However, the direct role ADAMTS family members in glioblastoma
progression has not been yet reported*3!. Of note, ADAMTS4 and ADAMTSS5 which
were detected in surgically resected GBMs!32, were unchanged in CHI3L1 KO cells,
which suggests that these members of ADAMTS family might not be dependent on
CHI3L1 expression. EFEMPL1 codes for fibulin-3, a member of EGF-containing fibulin
ECM proteins. Fibulin-3 has been associated with glioma cell motility and invasiveness

contributing to the aggressive nature of glioblastoma33.134,

Genes highly up-regulated in CHI3L1 KO cells included genes associated with
formation and re-organization of ECM and cell-to-cell adhesion (FBLN1, PXDN,
MMP1, PCDHBS) (Fig. 4.15B). FBLN1 codes for fibulin 1, an ECM component of blood
vessel basement membrane. Fibulin 1 interaction with ADAMTS1 has been shown to
exert anti-tumor effect in breast cancer'3>. PXDN codes for peroxidasin, an essential
enzyme in the cross-linking of collagen IV in endothelial basement membrane!3®,
PCDHBS8 codes for protocadherin beta 8, a member of a protocadherin family
expressed predominantly in the nervous system during neuronal development!s’,
Other protocadherin genes up-regulated in CHI3L1 KO were PCDHB9, PCDHB14 and
PCDHB16. Protocadherins have been suggested to act as tumor suppressors in
multiple malignancies, including astrocytomas!®. Reactome analysis of RNAseq data
revealed two other classes of downregulated genes that have biological significance.
Genes involved in PD-1 and IL-10 signaling have been downregulated in CHI3L1 KO
cells. Numerous genes coding for HLA-DR, DQ were downregulated. CSF1 coding for
macrophage colony stimulating factor or TGFB3 encoding transforming growth factor

3 were consistently downregulated in both clones (Fig. 4.15B).

Some of the genes determined as mesenchymal-associated in single-cell
database'?*: ANXA1, EFEMP1, SPP1, NPC2, TNFRSF1A, appeared as most down-
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regulated in CHI3L1 KO compared to WT cells (Fig. 4.15B). This suggests that CHI3L1
KO cells lost the mesenchymal transcriptomic prolife.

Altogether, functions of genes differentially expressed in CHI3L1 KO cells
suggest reduced ECM reorganization capacity, less immunosuppressive genotype,

and loss of the mesenchymal transcription profile of U87-MG glioma cells.

4.6 The impact of CHI3L1 depletion on tumor growth

To assess the impact of glioma-derived CHI3L1 depletion on tumor growth in
vivo, human WT and CHI3L1 KO U87-MG-RFP glioma cells were implanted
intracranially into athymic Foxnl1l™ mice. Tumor volume was measured by endpoint
head magnetic resonance imaging 21 days post implantation. Mice implanted with
CHI3L1 KO cells developed significantly smaller tumors compared to WT controls.
Depletion of CHI3L1 resulted in over 80% decrease in tumor volume (mean of
WT=27.3 mm?3, mean of KO=5.3 mm3; N=17) (Fig. 4.16A-B). In contrast to WT controls,
mice bearing KO tumors have gained weight during the studied period, which is an
indicator of a lesser tumor burden and smaller neurological deficits (Fig. 4.16C). Tumor

volume and body mass of tumor-bearing animals showed a negative correlation (Fig.

4.16D).
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Figure 4.16. Depletion of CHI3L1 in U87-MG human glioblastoma cells reduces tumor growth in
recipient mice. A-B. Measurement of tumor growth by magnetic resonance imaging (MRI) 21 days post
orthotopic implantation of glioma cells to athymic mice. A. Representative head MRI scans showing
tumor size reduction in CHI3L1 KO tumors compared to WT tumors. B. Quantification of tumor volume
measurement; mean + SD, n=17 per group; mean of WT=27.3 mm?, mean of KO=5.3 mm?; statistical
analysis by parametric, unpaired t-test; **** P<0.0001. C. Comparison of body mass of recipient mice
between day 0 and day 21 post implantation in WT and CHI3L1 KO groups; n=17 per group; parametric,

52



paired t-test; *** P<0.001. D. Scatter plot of tumor volume versus corresponding body mass in WT group
showing a negative correlation between the two parameters.

4.6.1 CHI3L1 concentration is augmented in blood serum of tumor—bearing mice

The concentration of mouse and human CHI3L1 was measured in the blood
serum of WT and CHI3L1 KO tumor-bearing mice. As expected, human CHI3L1
(hCHI3L1) was detected only in the blood of mice bearing WT tumors while the level
of hCHI3L1 was very low in mice bearing CHI3L1 KO tumors, and undetectable in the
serum of naive mice (Fig. 4.17A, left). A positive correlation (r=0.96) between hCHI3L1
serum level and tumor volume was found in the WT group (Fig. 4.17A, right). On the
other hand, mouse CHI3L1 (mCHI3L1) was detectable in the serum of naive mice and
increased in mice bearing WT tumors but not CHI3L1 KO tumors (Fig. 4.17B, left).
However, no correlation was discovered between stroma-derived CHI3L1 and tumor
volume (Fig. 4.17B, right).
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Figure 4.17. Serum concentration of glioma-derived CHI3L1 correlates positively with the tumor
volume. A-B. Measurement of concentration of human and mouse CHI3L1 in blood serum of tumor-
bearing mice and a correlative analysis with the tumor volume; mean = SD is presented, n=4 for naive,
n=9 for other groups; parametric, unpaired t-test; * P<0.05, ** P<0.01, *** P<0.001; linear regression line
in red.

4.7 The determination of the mechanisms of reduced growth of CHI3L1 KO

tumors

Several mechanisms underlying the reduced growth CHI3L1 KO tumors were
verified experimentally based on the results of gene expression analysis and well-

established features of glioblastoma pathology. Three main aspects were considered:
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ECM degradation capacity via metalloproteinases, myeloid cell infiltration and vascular

network features.

4.7.1 CHI3L1 KO cells have reduced ECM degradation capacity

The gene expression analysis performed on WT or CHI3L1 depleted U87-MG
cells demonstrated a reduced expression of genes coding for metalloproteinases
(MMP2, MMP24), involved in ECM remodeling (Fig. 4.18A). To validate this finding, a
gelatin zymography assay that measures the proteolytic gelatinase activity in
conditioned media was employed. A significantly lower gelatinolytic activity of MMP-2
was detected in CHI3L1 KO1 glioma cells when compared to wild-type cells. Similar,
but non-significant, reduction was noticed in CHI3L1 KO2 cells (Fig. 4.18B).
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Figure 4.18. Reduced MMP expression and invasiveness of CHI3L1 KO glioma cells. A. Boxplots
of MMP2 and MMP24 expression in CHI3L1 KO clones compared to WT control in the RNA-seq
analysis; * Padj<0.05, ** Padj<0.01, **** Padj<0.0001. B. The gelatinolytic activity in the U87-conditioned
medium measured using gelatin zymography. Upper panel shows representative bands on the
electrophoretic gel corresponding to the gelatinase activity. Lower panel shows the quantification of
three biological repeats; data are shown as mean + SD; statistical analysis with one-sample t-test with
a hypothetical value of 100%; * P<0.05.

It has been demonstrated that glioma invasion is strongly enhanced by microglial
cells as those cells produce membrane type 1 metalloproteinase (MT1-MMP), an
enzyme activating MMP-277139140 Therefore, the invasiveness of WT and CHI3L1
KO1 glioma cells in the presence or absence of human microglial HM-SV40 cells

(SV40 immortalized microglial cells) was determined using a matrigel assay. The
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presence of HM-SV40 microglial cells strongly enhanced the tumor cell invasion in WT

cells. A significant decrease in the invasion of CHI3L1 KO cells was found (Fig. 4.19).
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Figure 4.19.Reduced microglia-dependent invasion of CHI3L1 KO cells. A. Representative
microscopy images of porous membranes with U87-MG cell nuclei stained with DAPI after 18 h
incubation without (upper image) or with HM-SV40 microglia cells (lower image). B. Quantification of
Matrigel invasion assay. Black bars represent the baseline invasiveness of glioma cells; grey and red
dots/bars represent the invasiveness of WT and CHI3L1 KO cells when co-cultured with HM-SV40
human microglial cells; mean + SD is presented; chi-squared test; odds ratio=2.37; **** P<0.0001.

Altogether, the presented data demonstrate the crucial role of CHI3L1 in the

enhanced remodeling of local ECM via regulation of MMP-2 activity.

4.7.2Myeloid cells infiltration is reduced in CHI3L1 KO tumors

The immune cell landscape in malignant gliomas is dominated by myeloid cells,
mostly monocytes, monocyte-derived macrophages, dendritic cells, and brain resident
microglia®4t, These cells have been shown to drive GBM immunosuppression and
resistance to therapy!#?. The important role of tumor-derived SPP1 (secreted
phosphoprotein 1/osteopontin) as one of the main attractants of myeloid cells in GBM
was previously reported!3®. The expression of SPP1, which was high in U87-MG
glioma cells, was significantly down-regulated in CHI3L1 KO cells (Fig. 4.20A). The
results were corroborated by the SPP1-specific ELISA showing a significant decrease

of SPP1 concentration in conditioned media collected from both CHI3L1 KO cell
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cultures compared to WT cells (Fig. 4.20B). Subsequently, the infiltration of myeloid
cells in intracranial gliomas was determined by detecting IBA1 positive (IBA1+) cells in
sections from tumor-bearing brains. A significant decrease in the density of IBA1+ cells

was detected in CHI3L1 KO tumors compared to WT gliomas (Fig. 4.20C-D).
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Figure 4.20.Reduced SPP1 levels are associated with lessened myeloid cell infiltration into
CHI3L1 KO tumors. A. A boxplot of SPP1 expression in CHI3L1 KO cells compared to WT controls in
the RNA-seq data; **** Padj<0.0001. B. A measurement of SPP1 levels in U87-conditioned media from
CHI3L1 KO cells compared to WT control cells. Cytokine concentration was normalized to the cell lysate
proteins; unpaired, parametric t-test; ** P<0.01, n=3. C. An immunofluorescent staining of a pan-myeloid
cell marker Ibal (green) in the U87-MG gliomas in athymic mice. Scale bar represents 150 ym. D. The
guantification of IBA1 immunostaining in tumor-bearing brain sections; unpaired, parametric t-test; **
P<0.01, n=8.

Overall, these results demonstrate two mechanisms through which CHI3L1
depletion may result in the reduced glioma growth: one involving reduced MMP-2
expression/activity leading to diminished ECM degradation and reduced glioma cell
invasion and the second one involving a decrease in the tumor-derived SPP1

production which results in reduced myeloid cell infiltration.

4.7.3The impact of CHI3L1 depletion on the glioma vasculature

GBM is one of the most highly vascularized solid tumors. The tumor uses an
extensive network of aberrant blood vessels to support heightened demands for
nutrients and oxygen. One of the characteristics of the GBM vessel network is the
extensive proliferation of microvessels'43, which leads to a high microvessel density
(MVD). While the potential role of CHI3L1 in promoting glioblastoma neoangiogenesis
has been proposed, direct evidence on the mechanisms underpinning the CHI3L1-

dependent organization of the glioma vascular network is lacking.
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The vasculature of WT and CHI3L1 KO U87-MG tumors was compared using
immunofluorescent staining for von Willebrand Factor (VWF), a marker of activated
endothelium (Fig. 4.21A). The gross vasculature differed considerably in WT and
CHI3L1 KO tumors. The quantification of vessels number and microvessel density
shows an increased number of larger vessels in CHI3L1 KO tumors and reduced

microvessel density (Fig. 4.21B-C).
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Figure 4.21.Changes in vessel number and microvessel density in CHI3L1 KO tumors. An
immunofluorescence staining for the von Willebrand Factor (VWF) in WT and CHI3L1 KO tumors. A.
Representative images for WT and CHI3L1 KO tumors. Color code indicated above the images. Scale
bar represents 150 ym. B-C. The quantification of non-capillary vessels (z >10 uym) (B) and microvessel
density (C) based on the VWF staining. Mean = SD is shown; data were analyzed with the unpaired,
parametric t-test; * P<0.05, ** P <0.01.

The number of vessels and microvessel density did not correlate with the tumor
volume in either group (Fig. 4.22), suggesting that the increase in non-capillary vessels
in CHI3L1 KO tumors was not due to their smaller volume but a result of CHI3L1
depletion. This is also depicted in representative scale-matched whole-tumor images

in Fig. 4.23.
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Figure 4.22. A linear regression analysis for number of non-capillary vessels (A) and microvessel
density (B) and tumor volume. No correlations were found.

Figure 4.23. Representative immunofluorescence microscopy images for the von Willebrand
factor staining. Upper and lower panels depict WT and CHI3L1 KO tumors, respectively. Specimen
were chosen to show three different tumor section areas. Red: U87-MG-RFP, blue: DAPI (DNA), green:
von Willebrand factor. Scale bars represent 500 pm. Size ratios between specimen are matching.

To determine if CHI3L1 contributes to the aberrant network of capillary vessels in
glioblastoma, the structure of the blood vessel walls was examined. It was
hypothesized that the depletion of CHI3L1 should result in a normalization of the vessel

structure. Tumor sections were stained for laminin, an endothelium basement
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membrane marker (Fig. 4.24A). In CHI3L1 KO gliomas both capillary and non-capillary
blood vessels were continuously lined with laminin in contrast to WT tumors and there

was a significant increase in laminin signal in CHI3L1 KO gliomas compared to WT
(Fig. 4.24B).
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Figure 4.24.The detection of laminin at the endothelial basement membrane. A. Representative
immunofluorescence images for WT and CHI3L1 KO tumors. Color code indicated above the images.

Scale bar represents 300 ym. B. The quantification of laminin signal; mean = SD is shown; unpaired,
parametric t-test; * P<0.05.

The integrity of morphologically abnormal vessels was also assessed using CD31
staining and 3D rendering. The CD31+ vessels formed continuous tubes in CHI3L1
KO tumors compared to those in WT (Fig. 4.25). These findings show that in the

absence of tumor-derived CHI3L1, blood vessels are better structured and probably
more functional.
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CD31 U87-MG

Figure 4.25. An analysis of vessel integrity. The 3D rendering of CD31 immunofluorescence staining
images in Imaris software has been applied. Color code indicated above the images. Scale bar
represents 150 ym.

An important property of cerebral blood vessels is their coverage by astrocytic
endfeet. Astrocytes contribute to the blood-brain barrier by releasing factors that seal
endothelial cell junctions and controlling the intake of nutrients from circulation44,
Astrocytes are responsible for clearing waste and excess of extracellular fluid via
perivascular space!#®. One of the crucial molecules involved in the latter function is an
astrocytic water channel aquaporin 4 (AQP4), localized at the astrocytic endfeet that

covers cerebral blood vessels and controls the volume of interstitial fluid.

The expression of AQP4 was found to be very low in U87-MG gliomas but
strongly increased in the absence of CHI3L1 (Fig. 4.26A-B). A linear regression
analysis for the expression of CHI3L1 and AQP4 at a protein level on data from BPA
database was performed. A statistically significant negative correlation between the
two proteins was found (Fig. 4.26C). Reduced staining for astrocytic marker glial
fibrillary acidic protein (GFAP) demonstrates that astrocytes were less activated in
CHI3L1 KO tumors in comparison to WT controls (Fig. 4.26D-E). The association of
AQP4 with the astrocytic endfeet was confirmed by double staining for AQP4 and
GFAP. Aquaporin 4 was localized at the GFAP+ cell protrusions covering blood
vessels (Fig. 4.26F).
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Figure 4.26. Immunofluorescence microscopy images show the localization of AQP4 and GFAP.
A, D. The representative images of AQP4 (A) and GFAP (D) staining for WT and CHI3L1 KO tumors.
Color code indicated above the images. Scale bar represents 150 uym. B, E. The quantification of AQP4
(B) and GFAP (E) signal based on respective staining shown in A and D. Mean £ SD is shown; unpaired,
parametric t-test; * P<0.05. C. A linear regression analysis of CHI3L1 and AQP4 protein expression in
the Brain Protein Atlas: proteomic data from patient GBM samples. F. A co-staining of AQP4 (in light
gray) and GFAP (in green) immunofluorescent staining at confocal resolution. Astrocytic endfeet around
a blood vessel are captured. Scale bar represents 50 pym.

The impact of CHI3L1 on neoangiogenesis was associated with VEGF
signaling®'>%, Therefore, available databases and experimental resources were
explored for the association between VEGF and CHI3L1. A positive correlation for
VEGFA and CHI3L1 was found in the Ivy GAP database!?! (Fig. 4.27A). Moreover, the
concentrations of mMVEGF and mCHI3L1 in the blood of the tumor-bearing mice
showed a positive correlation in CHI3L1 KO group (Fig. 4.27B).
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Figure 4.27.Correlation analysis for VEGFA and CHI3L1. A. A linear regression analysis of VEGFA
and CHI3L1 expression in lvy GAP RNAseq database. B. A linear regression analysis of mVEGF and
mMCHI3L1 concentrations in the sera of tumor-bearing mice determined by ELISA.

The presented results show that CHI3L1 promotes the deregulation of the
vascular network in glioma by increasing the number of endothelial sprouts, altering
the structure of vascular walls, decreasing the coverage of blood vessels by astrocytes,

and thus disrupting the perivascular space.
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5. Discussion

In the presented thesis, the expression, and roles of CHI3L1 in gliomas have
been addressed based on the exploration of new single-cell databases, two Polish
glioma patient cohorts and multiple cell lines. Using genetically engineered human
glioma cells and an orthotopic mouse model, it has been shown that CHI3L1-deficient
gliomas establish considerably smaller tumors compared to wild-type controls. Several
mechanisms through which CHI3L1 influences tumor growth have been highlighted:
the rearrangement of ECM, the induction of glioma invasiveness, the stimulation of
myeloid cells infiltration and the enhanced neoangiogenesis. It has been shown that
blood vessels in tumors established with CHI3L1-deficient cells have larger diameter,
thicker walls lined with laminin and normalized perivascular space with the high

expression of AQP4 in astrocytic endfeet when compared to wild-type controls.

5.1 The overexpression of CHI3L1 in high- and low-grade gliomas

Several reports based on gene microarrays'® and bulk RNA sequencing!®’
demonstrated the overexpression of CHI3L1 in many human malignancies, including
high grade gliomas?. Recently, many new databases have been published and made
accessible, including ones integrating multiple previously published datasets or single-
cell databases. These newly published databases have been explored to investigate
CHI3L1 expression in a broader context and greater detail. The exploration of publicly
available single-cell data shows that malignant cells are the predominant source of
CHI3L1 expression in GBMs. The expression of CHI3L1 correlates positively with the
MESIikel signature which represents the mesenchymal gene expression profile of
GBM, which is in line with previous findings!®’. Moreover, a positive correlation was
found between genes listed in the MESIikel signature and the CHI3L1 protein in the
Brain Protein Atlas, which further strengthens the link between CHI3L1 and the
mesenchymal phenotype of GBM which is the most aggressive, invasive, and

immunosuppressive primary brain tumor in adults.

In a recently published study, Guetta-Terrier and colleagues!*® report that
CHI3L1 is not only associated with the mesenchymal signature but is a driver of the
mesenchymal phenotype of glioma stem cells (GCS). This is also in line with the
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obtained RNAseq results where genes associated with the mesenchymal subtype are
among the most down-regulated DEGs along with CHI3L1 in CHI3L1 KO glioma cells
(Fig. 4.15). U87-MG glioma cells used in this study have been shown as being a rich
source of GSCs!’.

In the studied glioma cohorts, an increased expression of CHI3L1 was found in
both GBM and, unexpectedly, in pilocytic astrocytomas (PAs) which are benign, non-
invasive brain tumors48, The high level of CHI3L1 mRNA in PA might not, however,
be reflected at the protein level as low levels of CHI3L1 have been reported in PAs
using protein detection assays®®. CHI3L1 content was determined at mRNA and
protein level in several glioma cell lines and human astrocytes. Interestingly, human
astrocytes showed a level of CHI3L1 mRNA comparable to U87-MG cells (Fig. 4.5A),
but at the protein level they had much less CHI3L1 protein than U87-MG (Fig. 4.5B).
These results, together with the results of CHI3L1 overexpression in PAs, suggest that
in high-grade gliomas CHI3L1 mRNA is either more stable or more readily translated
into protein. This might be due to the presence of mRNA-stabilizing protein HuR that
is known to be up-regulated in cancer, including high-grade gliomas!*°, and drives

excessive protein synthesis.

5.2 The characteristics of glioma cells depleted of CHI3L1

CRISPR Cas9 mediated gene editing is currently the most effective, efficient, and
accurate method of genome editing. It employs guide RNA (gRNA) that recognizes the
target sequence in the gene of interest through a complementary base pair and
CRISPR-associated (Cas-9) proteins that perform three steps: recognition, cleavage,
and repair. The Cas-9 nuclease makes double-stranded breaks at a site 3 base pair
upstream to protospacer adjacent motif, then the double-stranded break is repaired by

either non-homologous end joining or homology-directed repair cellular mechanisms.

A validated set of two gRNAs and a Cas9 carrying vector were used in this study.
The generated cell lines were grown and clones with the lowest CHI3L1 were selected
through several rounds of protein testing by ELISA and gPCR. The cells transfected
with specific and control gRNAs had similar basic properties when compared with

parental cells. Cell morphology, MTT metabolism and proliferation were not
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significantly affected by CRISPR Cas9 editing. The exogenous CHI3L1 did not change
the proliferation rate of obtained cells suggesting that CHI3L1 does not regulate cell

proliferation as an exogenous/extracellular factor.

5.3 The transcriptional changes in glioma cells depleted of CHI3L1

Transcriptomic analysis allows for the determination of global changes ongoing
in cells devoid of a specific gene. It helps to identify the important pathways affected
and provide signaling hubs for further validation. Performing transcriptomic analysis of
parental and CHI3L1 KO followed by the comparative analysis allowed identification of
the genes affected by CHI3L1 depletion. The genes affected in the similar manner in
both KO cell lines were focused on. Differential gene expression analysis of the WT
and CHI3L1 KO cells showed that genes up-regulated in CHI3L1 KO cells were
associated with formation of ECM, and cell-to-cell adhesion. A substantial number of
genes down-regulated in CHI3L1 KO cells belongs to the ECM organization category,
which suggests that glioma cells depleted of CHI3L1 might exhibit a decreased ability
to reorganize the ECM and become less invasive. Two other classes of reported DEGs
were considered biologically important. Genes associated with PD-1 and IL-10
signaling were down-regulated in CHI3L1 KO cells, including genes coding for HLA-
DR, DQ proteins and immunomodulating cytokines such as CSF1, CCL2 and TGFBS3.
CSF1 and CCL2 are crucial cytokines driving the accumulation of myeloid cells in
glioblastoma!®® and TGFB is a cytokine implicated in glioma invasion and
immunosuppression'®11%2 The genes associated with the mesenchymal signature
(ANXA1, EFEMP1, SPP1l, NPC2, TNFRSF1A) from the single-cell human

glioblastoma database'?* were strongly down-regulated in CHI3L1 KO cells.

Genes associated with “DNA replication” (PCNA, NUP62 and SUMO3) were
down-regulated in CHI3L1 KO cells but the proliferation rate of CHI3L1 KO cells was
comparable with WT cells, thus the observed reduction of tumor growth was not a
result of decreased cell proliferation of the CHI3L1 KO cells. To make sure
CRISPR/Cas9 gene editing did not impact cell proliferation, three clones of U87-MG
transfected with non-targeting control gRNA were tested in a proliferation assay and

found to proliferate comparably as WT controls (Fig. 4.13D).
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In the light of those results, it was concluded that CHI3L1, apart from being a
member of mesenchymal signature, might be a potential positive regulator of some of
the mesenchymal signature genes. The results also suggest that CHI3L1 KO cells

become less invasive and immunosuppressive.

5.4 The mechanisms of the reduction of tumor volume in CHI3L1 depletion

The results obtained using magnetic resonance imaging demonstrated that the
CHI3L1 KO cells formed significantly smaller tumors compared to WT cells, which
indicates that CHI3L1 plays a role in tumor progression. The mice bearing CHI3L1 KO
tumors gained body mass during the tumor growth period corroborating the
observation that tumor progression was halted. This conclusion is in line with the
results obtained by Chen et al.*>2 showing the overexpression of CHI3L1 yielded larger
tumors in recipient mice. Several potential mechanisms that could be responsible for

the impaired growth were verified, guided by the results of transcriptomic analyses.

MMP-2 is a crucial ECM degrading enzyme that is produced by glioma cells and
activated through interactions with MMP-14 (also known as MT1-MMP) expressed on
activated microglia’’. The reduced MMP2 expression in CHI3L1 KO cells resulting in
reduced invasiveness was corroborated by functional assays: gelatin zymography and
matrigel invasion assays. CHI3L1 KO1 cells exhibited a reduced proteolytic and
invasive activity compared to WT cells. The CHI3L1 KO2 cells showed a weaker, but
statistically insignificant, reduction of the gelatinolytic activity than WT cells, likely due
to the remaining production of CHI3L1 in those cells (Fig. 4.12B) or differences in
DEGs between CHI3L1 KO1 and KO2 (Fig. 4.14A). These results demonstrate that
CHI3L1 has a profound impact on the neoplastic outgrowth. The results are in line with
the report of Ku et al.**® who showed that a transient silencing of CHI3L1 in U87-MG
cells results in a decreased MMP-2 production and lowered gelatinolytic activity of
these cells in vitro. The integrity of these results is an important validation of a
successful knock-out of CHI3L1 with CRISPR/Cas9 technology in the cells used for
the presented study. Lee and colleagues®® showed that a pharmacological blockade
of CHI3L1 reduces the number and size of lung metastases of melanoma and lung

cancer, and diminishes the level of several proteins in those metastases including
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MMP-2 and MMP-9. Scully and colleagues®® showed that CHI3L1 induces MMP-9
levels in mammary epithelium in vitro, which was impeded by the addition of CHI3L1-
neutralizing antibody. These reports show that CHI3L1-MMP link is not glioma-specific
but is a biological phenomenon applicable to other malignancies. It is also a proof that
CHI3L1 can be pharmacologically blocked in vivo, resulting in changes congruent with
in vitro data. This shows that MMP expression might be dependent on CHI3L1
signaling, however, more mechanistic research needs to be done to pinpoint

underlaying regulatory pathways.

Certain matrix metalloproteinases play a key role in the mechanisms of
glioblastoma invasion'®41%°, These enzymes are involved in the degradation and
remodeling of ECM but also contribute to the overall pathology by cleaving and
activating/deactivating cytokines, chemokines, and growth factors'®®. Accumulated
evidence shows that lowering MMP activity in glioblastoma TME would be a desirable
outcome in the GBM therapy, however, clinical trials with the MMP inhibitor marimastat
in the 2000s failed to yield any survival benefits for GBM patients'®’. Recently, new
insights into the MMP role in health and disease have been highlighted: the non-
enzymatic signaling function that these proteins exert in the cytoplasm and cell
nucleus!®®1%° It is possible that previous attempts of interfering with MMPs activity in
GBM did not consider the intracellular functions of MMPs, and that perhaps, the topic
of targeting MMPs in GBM is not exhausted. Assuming that CHI3L1 is regulating the
expression of certain MMPs, the blockade of CHI3L1 in TME might improve the

outcomes of anti-GBM therapy.

CHI3L1 KO cells exhibited a diminished expression/production of SPP1
(osteopontin), a well-established multifunctional protein associated with the regulation
of tumor invasion and immunosuppression in GBM*3%.147_ The accumulation of myeloid
cells in CHI3L1 KO tumors was diminished compared to tumors in the WT group (Fig.
4.20), which was attributed to the lower concentration of tumor-derived SPP1 in TME.
There are a few reports exploring the CHI3L1-SPP1 link in GBM or other pathologies.
These proteins are often reported together as reliable prognostic/diagnostic
biomarkers (or combined biomarker scores) in astrocytomas'®, cancert®?,
neurodegenerative diseases???4, neuroinflammation?6-2° or other inflammatory

diseases!®?, but the mechanical basis of this association is unknown. Urakami and
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colleagues'®? reported that CHI3L1 and SPP1 are signaling through a mutual integrin
B4-p70S6K axis in macrophages in esophageal squamous cell carcinoma, but the
common regulation mechanisms of these two proteins remain unspecified. Given the
reported role of CHI3L1 as a driver of GSC stemness!#¢, it is likely that the expression
of other genes known to be involved in this process such as SPP1 is down-regulated
when CHI3L1 is silenced. This conclusion is also in line with the fact that SPP1 is
associated with the mesenchymal signature in large scale gene expression studies'?*
along with CHI3L1. Moreover, Kijewska and colleagues#’ reported an important role

of tumor derived SPP1 in the maintenance and self-renewal of human and rat GSCs.

A substantial increase of the serum mCHI3L1 levels was detected in mice bearing
WT tumors (Fig. 4.17B, left) — an increase that can be associated with the response of
the tumor microenvironment i.e., astrocytes, pericytes, endothelium, accumulated
macrophages. Interestingly, the level of mMCHI3L1 decreased in mice bearing CHI3L1
KO tumors but the difference was not significant in comparison to neither naive nor the
WT group (Fig. 4.17B, left). This suggests that growing tumors stimulate the TME to
release CHI3L1 in the presence of glioma-derived CHI3L1 but when the glioma-derived
CHI3L1 is absent, the TME ceases to respond this way. No correlation between TME-
derived CHI3L1 and tumor volume was detected (Fig. 4.17B, right), which implies that
the microenvironment response to a growing tumor is not linear in terms of CHI3L1
release and may be dependent on other, unidentified factors. These results suggest
that either tumor growth is dependent predominantly on the glioma-derived CHI3L1,
which suggests autocrine signaling of CHI3L1 in glioma cells, or that human glioma
cells do not respond to mouse CHI3L1 as they respond to a human counterpart.
However, the addition of exogenous CHI3L1 did not modulate WT and CHI3L1 KO cell

proliferation, so there is no evidence of autocrine signaling via CHI3L1 in glioma cells.

Serum levels of hCHI3L1 were substantially heightened in mice bearing WT
tumors and reduced to the level of naive mice in mice bearing CHI3L1 KO tumors (Fig.
4.17A, left). Serum hCHI3L1 correlated positively with the tumor volume in the WT
group (Fig. 4.17A, right) indicating the supportive role of the tumor derived protein in
glioma growth. This result shows also that CHI3L1 readily enters circulation and can

be used to assess the tumor burden in mice.
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5.5 The normalization of blood vessel network in tumors depleted of CHI3L1

The presence of aberrant vasculature is a fundamental hallmark of GBM
pathology. Abnormal blood vessels in GBM impede delivery of nutrients, oxygen,
drugs, and effector immune cells. The organization of blood vessels is disrupted, which
leads to the formation of abnormal vessels that are leaky, collapsed, and disorganized.
This contributes to hypoxia and immune suppression, alters tumor metabolism and
creates a specific TME®-%, The perivascular space is also disrupted by the
displacement of astrocytes by glioblastoma cells and accumulation of macromolecules
and an excessive extravascular fluid, which leads to an enhanced permeability and
retention (EPR) effect'®. The increased permeability of blood-tumor barrier (BTB)
does not however facilitate the delivery of therapeutics to a GBM tumor. On the
contrary, the delivery of drugs to tumors remains a key challenge in the treatment of
GBM1%, Therefore, normalization of GBM vasculature is highly desirable for effective

anti-tumor activity.

Several previous studies reported on the impact of CHI3L1 on vasculature in
GBMs based on in vitro studies of tube formation assays with human umbilical vein
cord (HUVEC) or extracranial mouse models!®>111.164 |n the intracranial orthotopic
model presented here, tumors depleted of glioma-derived CHI3L1 exhibited features
of normalized vasculature and vessel lining, along with AQP4 localized to the astrocytic
endfeet surrounding the vessels. The role of AQP4 and glymphatic system in the
pathology of gliomas is double-edged. On the one hand, the disruption of the
glymphatic system and the loss of polarization of AQP4 at the astrocytic endfeet
around blood vessels contributes to the retention of glioma-derived metabolites and
signaling molecules in the TME?'%5, which contributes to the pathology. On the other
hand, however, the excess of perivascular AQP4 has been considered a causative of
CNS edema in various neuropathologies and the peritumoral brain edema in
gliomast®5-167_ The overall contribution of AQP4 to the glioma TME depends probably
on the structure and function the vascular network: the degree of leakiness of the
vessels, the degree of disruption of the vascular blood flow and/or the level of
microvascular density. If these parameters are heightened, the drainage of the excess

of peritumoral fluids is perhaps necessary. However, when there is an excess of AQP4,
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especially if it is localized to glioma cells (and not astrocytes), it might contribute to

aberrant water flow in the brain and result in peritumoral edema.

In the Figure 4.28 a proposed model of the brain vasculature and perivascular

space in CHI3L1 depleted gliomas is presented.
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Figure 4.28. A proposed model of the brain vasculature and perivascular space in CHI3L1 depleted
gliomas.

In tumors with high CHI3L1 production the number of large vessels decreases
and the expanse of microvessels forming disorganized vascular network increases.
The vascular laminar basement membrane is fenestrated and thin. The aberrant
vessels may facilitate the penetration of myeloid cells from the periphery. The blood-
brain barrier is disrupted: astrocytes retract from vessels and the perivascular space is
not sealed by astrocytic endfeet with a crucial water channel AQP4. In CHI3L1 KO
gliomas, the vascular network is normalized, less leaky and more efficient in carrying
blood flow. Endothelial basement membrane is well structured and thick. The number
of activated astrocytes is reduced, an astrocytic endfeet covers the blood vessels and
seals the perivascular space. AQP4 in the astrocytic endfeet facilitates clearance of
harmful substances and water excess from the perivascular space.
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In previous studies, CHI3L1 impact on neoangiogenesis was associated with
VEGF signaling®°+164, A positive correlation for VEGFA and CHI3L1 was found in the
lvy GAP RNAseq database'?! (Fig. 4.27A). Moreover, a positive correlation for m"\VEGF
and mCHI3L1 concentration was detected in blood sera of tumor-bearing mice, but
only in the CHI3L1 KO group (Fig. 4.27B). Neoangiogenesis is controlled by a balance
of pro- and anti-angiogenic factors. It is likely that CHI3L1 and VEGF impact
neoangiogenesis as pro-angiogenic factors synergistically, however, the exact

interplay between CHI3L1 and VEGF is more complex and remains elusive.
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6. Conclusions

In this PhD thesis | presented a set of experiments exploring expression patterns

of CHI3L1 in human gliomas and its role in driving progression of malignant gliomas.

The specific aims of this study were achieved, and the following conclusions

have been reached:

1. While CHI3L1 mRNA levels were high in benign and malignant human
gliomas, the CHI3L1 protein levels were upregulated only in malignant
tumors and high-grade glioma-derived cell lines.

2. CRISPR-Cas9 mediated CHI3L1 depletion does not change basal cellular
behavior of cells but strongly modifies global gene transcription.

3. CHI3L1 depletion downregulates genes involved in ECM rearrangement,
myeloid cell infiltration and immunosuppression.

4. CHI3L1 depletion in human glioma cells decreases tumor growth in vivo.

Inhibition of tumor growth in CHI3L1 KO tumors could result from reduced MMP-
2 dependent invasion, diminished Sppl-driven myeloid cells infiltration/activation and
a restoration of effective angiogenesis. Altogether, the results presented in this study
indicate that CHI3L1 is an important therapeutic target in GBM, and the presented
findings document speculated roles of CHI3L1 in driving or maintaining GBM
progression. If CHI3L1 regulates many pathogenic proteins in GBM, such as MMP-2,
SPP1 or AQP4, pharmacological blocking of CHI3L1 might yield multiple benefits in
the anti-GBM therapy. However, more research must be conducted to test that
hypothesis. Given the notorious resistance of GBM to therapies, it might be beneficial
to combine anti-CHI3L1 drugs with other therapeutic approaches, such as

immunotherapy, to maximize the outcomes.
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