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Abstract

Objectives

In the past decade, stroke-related deaths and disability have increased, making stroke
the second leading cause of death and the third leading cause of adult disability
worldwide. Given the extensive evidence that vascular smooth muscle cells (VSMCs)
play a critical role in both, atherosclerotic plaque development and rupture, a deeper
understanding of VSMCs function in advanced atherosclerosis will help with
achieving the goal of developing novel diagnostic and therapeutic strategies to
prevent plaque vulnerability.

Methods

By performing a Human Transcriptome Array of the fibrous cap in ruptured plaques
of symptomatic patients (n=20) vs. stable plaques of asymptomatic patients (n=20),
chitinase-3-like protein 1 (CHI3L1) was detected as the most significantly
upregulated transcript. In an ex vivo study, immunohistochemistry was used to
compare the distribution of CHI3L1-positive cells, VSMCs and macrophages in
ruptured and stable plaques. In an in vitro study, live-cell imaging analysis was
implemented to further investigate the effects of CHI3L1 on primary patient-derived
VSMC cell survival, migration, proliferation, and apoptosis. Following, Tagman gene
expression arrays in CHI3L1-modulated VSMC and in silico analysis were performed
to investigate promising co-regulators and transcription factors of CHI3L1’s
involvement in progressing atherosclerosis.

Results

Immunohistochemistry of human carotid plaques demonstrated that expression levels
of CHI3L1 in VSMC are increased in ruptured lesions in comparison to stable plaques.
Apart from VSMCs, some macrophages also appeared to be CHI3L1-positive, in
particular in rupture plaques. In addition, CHI3L1/CD68-positive cells in rupture
plaques appeared hyperproliferative (Ki-67 positive). A live-cell imaging analysis
showed that silencing Chi3l1 tends to reduce VSMC migration and proliferation,
while inducing VSMC apoptosis in primary patient-derived cells. Furthermore,
siRNA-guided knockdown of Chi3l1 significantly increased CD68 expression and
decreased ACTA2 expression in VSMCs respectively. Meanwhile, the transcription
factor Kriippel-like factor 4 (KLLF4) was detected as significantly down-regulated in
CHI3LI1 inhibited VSMCs, suggesting a potential role for CHI3L1 in VSMC
phenotypic transition towards a more inflamed, macrophage-like phenotype. In
addition, Myogenin (Myog) as the only transcript significantly correlated with
CHI3L1 overexpression or inhibition, supporting a role in regulating
CHI3L1-mediated VSMC cell fate. Through in silico analysis, CAMP Response
Element-Binding Protein CRE-BP1 and other nine potential transcription factors were
reported and deserved further investigation.

Conclusions



In conclusion, our study supports a role for CHI3L1 in VSMC-mediated plaque
vulnerability by regulating VSMC proliferation, migration and apoptosis, while
preventing VSMC transformation via altered expression patterns of macrophage and
VSMC markers through the key regulator KLF4 in VSMC-mediated lesion
pathogenesis.

Keyword: Chitinase-3-like-Protein-1 (CHI3L1), stroke, atherosclerosis, vascular
smooth muscle cells (VSMCs), proliferation, migration, apoptosis
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1. INTRODUCTION

1.1 Epidemiology

1.1.1 Cardiovascular diseases (CVD) and Stroke

As aresult of atherosclerosis, Cardiovascular diseases (CVD) are now the leading
cause of mortality and morbidity worldwide (Joseph 2017). According to the latest
report from the AHA (American Heart Association), CVD causes 17.9 million
deaths per year, and the number has increased globally during the past decade by
12.5%. This number is expected to increase to 23.8 million by 2030 (Benjamin 2018),
accounting for approximately one-third of all deaths globally (GBD 2015 DALYs
and HALE Collaborators 2015). Over 95% of CVD deaths are attributable to six
conditions: stroke, ischemic heart disease, hypertensive heart disease, cardiomyopathy,
rheumatic heart disease, and atrial fibrillation (Roth 2015). Furthermore, CVD
represents a major socio-economic burden on society.

Over the past 2 decades, stroke has been the second leading contributor to CVDs with
15 million patients suffering a new or recurrent stroke every year (Li 2018). There
were 5.9 million deaths annually and nearly 650,000 deaths per year in Europe alone
(Go 2014). Meanwhile, the number of stroke-related deaths is still rising each year
due to global population growth and the aging population (Hankey 2017). There were
also an additional 5 million patients left permanently disabled due to a stroke, making
it the third leading cause of adult disability worldwide. This global burden can be
expressed as years of life lost and years lived with disability, placing a large
socioeconomic burden on society. Thus, better diagnosis and treatment of strokes
requires a deep understanding of their epidemiology, etiology, pathogenesis, and
molecular characteristics.

1.1.2 Ischemic stroke and carotid stenosis

A stroke is the sudden loss of neurological function due to the interruption of blood
supply to the brain (Caplan 2009). There are two major classifications of brain
damage in stroke patients: ischemic and hemorrhagic stroke, which are caused by an
abrupt occlusion of an artery or bleeding into brain when a blood vessel ruptures,
respectively. The consequences of a stroke depend on its severity and the area of the
brain injured. As different parts of the brain have different functions, strokes can lead
to sudden weakness, loss of sensation, or difficulty with speaking or walking.

Accounting for approximately 85% of all strokes (Creager 2004), ischemic strokes are
much more common than hemorrhagic strokes. An ischemic stroke is caused by an
interruption or blockage in an artery or multiple arteries that transiently or
permanently reduces blood flow to the brain. In fact, there are two main mechanisms:
embolism and thrombosis. In an embolism, an arterial embolus lodges within the
brain from the heart, a carotid artery, or elsewhere within the artery or vein system,
blocking blood flow. By comparison, a thrombosis luminal occlusion is caused by a



localized process at the site of an atherosclerotic plaque originating within the artery.
Being responsible for 65% of all strokes, thrombosis-plaque-caused arterial
obstruction is the major cause of ischemic stroke (Zivin 2012). Figure 1A shows the
formation of atherosclerotic plaques, which are deposited within the carotid artery
wall in the neck, blocking the free flow of blood. This atherosclerotic process is also
called carotid stenosis or carotid artery disease. It is a progressive narrowing of the
carotid arteries.

According to a recent clinical trial in the treatment of Acute Ischemic Stroke (AIS) (Li
2016), AIS is more likely to be associated with the rupture of carotid plaque. Around
20% of ischemic strokes appear to originate from carotid plaques. Thus, as being the
most common initiator that leads to ischemic stroke (del Zoppo 2006), carotid
stenosis is thought to increase the risk of ischemic stroke in a variety of ways.
Progressive narrowing of the lumen eventually blocks the artery completely, forming
a clot that blocks blood supply to the brain. This clot then ruptures into an embolus
and lodges in smaller downstream vessels; blood flow to this part of the brain stops.
The most common area of atherosclerotic plaque formation — and consequentially,
plaque vulnerability — is the bifurcation, where the common carotid on each side splits
into the external and internal carotid arteries, usually at the upper border of the
thyroid cartilage (see Fig 1B). The amount of damage an ischemic stroke causes is
related to the parts of the brain that are affected and depend on the stroke severity (see
Fig 1C).

Atherosclerotic
Plagque




Fig 1. Carotid stenosis and Imaging modalities of an ischemic stroke. (A) A cartoon
illustrates the development of a plaque in the carotid artery. (B) The CT image reconstruction
demonstrates an atherosclerotic plaque at the bifurcation of the carotid artery. (C) The MRI
shows an acute ischemic stroke in the left middle cerebral artery territory (red circles).
Representative radiological images are from our radiology clinic.

Once patients have been diagnosed, medications and carotid endarterectomy are the
two most common treatments. Generally, medications are recommended for patients
who have carotid stenosis of less than 50% or no symptoms (Hobson 2008). Because
the mechanism of subtypes of stroke are distinct, the medications require different
treatment strategies. For patients who have a moderate to high grade of carotid
stenosis, or who have had symptoms (stroke or TIA), surgical treatment is the
recommended option. Here, TIA is known as a transient ischemic attack with
symptoms first appearing after a mini-stroke.

Thus, to remove the plaque completely from the carotid artery and restore blood flow,
a carotid endarterectomy is especially indicated for patients who have a blockage
greater than 50% with symptoms and blockage greater than 60% without symptoms.
Studies have demonstrated that a carotid endarterectomy can significantly reduce the
risk of stroke in symptomatic stenosis. In a randomized trial from NASCET (North
American Symptomatic Carotid Endarterectomy Trial Collaborators 1991), the
procedure reduced the 2-year risk from 26% to 9% and the 5-year risk from 22.2% to
15.7% in patients with 50-69% carotid stenosis. However, there is no benefit in
patients with stenosis of less than 50%.

Furthermore, in asymptomatic carotid stenosis, carotid endarterectomy can also

benefit by reducing the risk of stroke from 11% to 5.1%, as shown in another
randomized trial (Executive Committee for the Asymptomatic Carotid Atherosclerosis
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Study 1995). Finally, carotid stenting is an alternative to carotid endarterectomy,
particularly in patients at high surgical risk.

1.2 Etiology and pathogenesis

1.2.1 Atherosclerosis

Within the etiology and pathophysiology of an ischemic stroke, atherosclerosis of the
carotid artery is the most common disorder (Glisic 2017). Conventionally,
atherosclerosis refers to a chronic progressive inflammatory disease, complicated by
progressively increasing atherosclerotic plaques within the inner arteries walls. An
underlying atherosclerotic plaque not only gradually narrows the lumen, but it also
causes thrombotic events or emboli in relation to an acute rupture of an unstable
(vulnerable) plaque (Liem 2017). Fundamentally, the whole process is a complex
interaction of many factors in the immune system and environment, which contains
lipid accumulation and modification, chronic inflammation, immune disorders,
oxidative stress, epigenetics, and multiple risk factors (pollution, smoking, mental
health, diet, and lifestyle) (Xu 2018).

Generally, a normal arterial wall contains three layers: intima, media, and adventitia.
In most cases, atherosclerotic plaques are known to be initiated after a universal
pathology step called adaptive intimal thickening of smooth muscle cell accumulation
within the intima and a endothelial injury and dysfunction, resulting in the adhesion of
blood leukocytes, lipid uptake (low density lipoproteins, LDL), the adhesion and
migration of circulating monocyte, and the formation of a fatty streak (xanthoma) that
macrophages phagocytose the lipid, becoming foam cells (Bentzon 2014).
Additionally, lipid pools can be observed in the intima beneath the layers of foam
cells, which is termed pathological intimal thickening. Furthermore, a necrotic core is
present when these aforementioned lesions grow into a confluence lesion, also known
as a fibroatheroma. Concurrently, lesion progression involves the differentiation and
migration of vascular smooth muscle cells from the media layer to the space between
the necrotic core and lumen, as well as the generation of a SMC/collagen-rich fibrous
cap (Libby 2011). With the progression of atherosclerosis, inflammation leads to
hypoxia in the neo-angiogenesis in the plaque. These new vessels are fragile and
prone to hemorrhage (Moulton 1999).

Subsequently, thinning of the fibrous cap — which is the gradual loss of vascular
smooth muscle cells (VSMC) from fibrous caps — may cause a subsequent plaque
rupture and thrombosis that obstruct the carotid artery, followed by a
microcalcification as a type of healing process. Ultimately, the risk of ischemic stroke
increases (Mughal 2011).

1.2.2 Vulnerable plaque and vascular smooth muscle Cell (VSMCs)

11



Based on morphology and histology, carotid atherosclerotic plaques can be
characterized as stable or unstable (vulnerable). In 1989, Muller first described the
“vulnerable plaque” concept in coronary artery stenosis (Muller 1989). The term
refers to all plaques at risk for thrombosis and prone to rapid progression in becoming
rupture lesions (Naghavi 2003). Although other terms such as “high-risk plaque,”
unstable plaque, AHA type IV plaque, noncalcified plaque, and soft plaque have been
proposed, it is still recommended to use “vulnerable plaque” as a uniform term to help
standardize terminology. It has already been widely used in various reports in medical
literature and was adopted by investigators and clinicians (Kolodgie 2001) (Stary
1995). Meanwhile, it seems to be the most suitable term for defining plaques
susceptible to complications.

Supported by histopathology studies on the constituents of carotid artery plaques after
ischemic strokes, the composition of a vulnerable plaque could determine the stability

of the plaque, making it prone to rupture and eventually leading to clinical events
(Redgrave 2006) (Spagnoli 2004).

According to Adamson (Adamson 2015), plaques with a thin or disrupted
smooth-muscle cell-rich fibrous cap, a large number of cells positive for macrophage
markers, a large volume lipid-rich necrotic core, inflammatory infiltrates,
microcalcification, intraplaque hemorrhage (IPH), positive remodeling, and
neo-vasculature growth are considered “vulnerable.” Figure 2 presents the
composition of a vulnerable plaque in the arterial system.

Fibrous cap .

Lumen  Circulating monocyte

. _Z Micmcal[ciﬂmriqn | A
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Adventia
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Fig 2. Figure illustrating the features of a vulnerable plaques according to
(Adamson 2015). Recognized features of the vulnerable plaque include a thin SMC-rich fibrous
cap, a high number of macrophages, a large necrotic core, positive remodeling, microcalcification,
intraplaque hemorrhage (IPH), and neovascularization.
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Thus, to understand the mechanisms leading to plaque vulnerability, great effort has
been committed to recognizing the pathological features of those unstable plaques. It
is not surprising that a wide array of mechanisms have thus been proposed as potential
contributors to unstable carotid atheroma development and ultimately rupture,
including apoptosis and insufficient proliferation of SMC, which essentially leads to
vulnerability and instability of the fibrous cap, with subsequent rupture (Maegdefessel
2014).

Histologically, a thin SMC fibrous cap can play a vital role in determining plaque
susceptibility, because further thromboembolic progression may eventually lead to a
dramatic complication, following by a thin cap rupture (Hatsukami 2000). In the
observations of animal studies and human specimens, most schemes of plaque
vulnerability posit the role of VSMC due to its athero-protective properties, where
less VSMCs within the fibrous cap and shoulder area plaques are more prone to
rupture. In this regard, VSMCs in advanced lesions are viewed as a detrimental factor
for plaque stabilization.

At our laboratory, we have focused on this VSMC behavior in atherosclerosis.
Increasing evidence has indicated that the origin or modulation of VSMC can
effectively impact the disease pathogenesis through these processes, such as VSMC
proliferation, VSMC migration, VSMC apoptosis, VSMC senescence, and VSMC
phenotypic switching (Bennett 2016). Figure 3 shows the interrelated processes that
VSMCs undergo in advanced plaques.

VSMC Apoptosis Plaque Rupture and
Platelet Aggregation

VSMC Senescence
Endothelial Cells =

Mitogens

VSMC Proliferation
and Migration

- ————— | _‘___-L — —_—
e A —— SS====—= Foam Cell Accumulation
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Fig 3. lllustration of processes that VSMCs undergo in vulnerable plaques (Bennett
2016). Generally, the thickness of the fibrous cap and the degree of inflammation are considered
key to plaque stability. Thus, the imbalance between the proliferation and migration of VSMCs
and the apoptosis and senescence of VSMCs may generate a vulnerable plaque from a stable
plaque by reducing the VSMC population.

1.2.3 Phenotypic switching of VSMC:s in atherosclerosis

During embryonic vasculature development, VSMCs can switch from a synthetic to a
contractile phenotype. Contractile tone is maintained by highly organized contractile
proteins in non-diseased vessels. However, in response to vascular injury, VSMCs can
further switch back to their synthetic characteristics followed by increasing cell size in
morphology, increasing rates of cell proliferation, migration, and extensive
extracellular matrix (ECM) synthesis (Alexander 2012). As such, this ability termed
phenotypic switching has long been considered important to atherosclerosis. The
scheme below provides an overview of vascular remodeling in atherosclerosis (see
Fig 4).

Today’s debate on the phenotypic switching of VSMCs is focused around the
identification of VSMCs /Macrophages within lesions and the effects of different
origins of VSMCs in atherosclerosis. Although these VSMC-derived macrophage-like
cells within advanced lesions have long been considered as pro-atherogenic, current
research has determined that phenotypic switching might also play a beneficial role in
the maintenance of plaque stability. Compelling evidence has shown that VSMC
phenotypic switching or transformation within advanced atherosclerotic plaque is
KLF4 dependent, and the selective loss of KLF4 within VSMCs can reduced lesion
size, increase fibrous cap thickness, result in the loss of VSMC-derived
macrophage-like cells, and increase VSMC-derived cells that contribute to plaque
stabilization within the fibrous cap (Shankman 2015). Additionally, studies have
demonstrated that VSMC-derived macrophage-like cells can reduce phagocytosis and
directly promote necrotic core progression within advanced lesions (Schrijvers 2005)
(Vengrenyuk 2015). Thus, VSMC behavior in atherosclerosis is remarkably critical,
but the consequences of phenotypic switching by VSMCs may vary throughout
atherosclerosis.
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Figure 4: Schematic summarization of the phenotypic switching of VSMCs
(Beamish 2010). The characteristics of VSMC contractile, differentiated, or “quiescent”
phenotype are on the left, and VSMC synthetic, dedifferentiated phenotype on the right. ECM,
extracellular matrix; FN, fibronectin; LN, laminin; Col, collagen; MMPs, matrix
metalloproteinases; TIMPs, tissue inhibitors of MMPs.

1.3 CHI3L1/YKL-40

1.3.1 CHI3L1 in preliminary differential Transcriptome array analysis

In an effort to explore the novel molecular mechanisms involved in carotid plaque
vulnerability, we have used the GeneChip 2.0 Human Transcriptome Array to profile
the plaque fibrous caps, which were isolated by laser-capture microdissection (LCM)
from a total of 40 age-, gender- and medication-matched patients undergoing carotid
endarterectomy in our department of Vascular and Endovascular Surgery at the
Klinikum rechts der Isar of the Technical University Munich (TUM; 20 patients
with ruptured plaques and symptoms within the last 7 days vs. 20 samples from
asymptomatic patients with histologically-defined stable lesions; Figure 4).
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The tissue was provided through the Munich Vascular Biobank, one of the largest
human vascular biobanks containing more than 2700 vascular tissue and plasma
samples, along with clinical data obtained from patients undergoing surgery in our
Department of Vascular and Endovascular Surgery. Thus, based on a preliminary data
analysis, one of the most intriguing targets we identified as being substantially
increased (8.6-fold up-regulation) in ruptured versus stable lesions is
Chitinase-3-like-protein-1 (CHI3L1, also known as YKL-40) (Fig 5). Additionally, a
recently published study from the BiKE cohort (Biobank of Karolinska
Endartherectomies) from Stockholm, Sweden, confirmed our results for CHI3L1
up-regulation in plaque specimens from symptomatic, rather than asymptomatic,
patients with advanced carotid atherosclerosis and subsequent stroke (Perisic 2016).
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1.3.2 CHI3L1 in Identification and characterization

Family 18 chitinases are an ancient gene family, including the true chitinase, acidic
mammalian chitinase (AMCase) and the chitinase-like proteins (CLP) that lack
chitinase activity as a result of mutations in their highly conserved putative enzyme
sites (Bleau 1999). Chitinase-3-like-1 (CHI3L1) is also knowns as YKL-40 in
humans and as the homolog breast regression protein-39 (BRP-39) in mice.
Additionally, its porcine homolog 38-kDa heparin-binding glycoprotein (GP38K) is
the prototype of this subfamily. First, CLP GP38K was discovered in swine vascular
smooth muscle cells (Millis 1985); subsequently, a variety of homologs with different
names, including human HcGP-39, bovine 39-kDa whey protein, and Drosophila
imaginal disc growth factors, have been described by researchers (Lee 2011). It was
not until 1992 that CHI3L1 was first identified in the medium of a human
osteosarcoma cell line MG-63 (Johansen 1992).

1.3.3 CHI3L1 in Biology and physiology

CHI3L1 is a 40-kDa heparin-, chitin- and collagen-binding glycoprotein encoded by
the CHI3L1 gene on chromosome 1 (Rathcke 2009). It is expressed in a variety of
cells, including VSMCs, macrophages, neutrophils, fibroblasts, hepatic stellate cells,
colonic, ductal, airway epithelial cells involved in tissue inflammation, chondrocytes,
and synovial cells involved in human connective tissue cells and cancer cells
(Johansen 2006). Additionally, studies have increasingly indicated that CHI3L1 is
associated with both acute and chronic inflammation and many human cancer
malignant processes, where it mediates cell proliferation, cell migration, cell
differentiation, cell apoptosis, angiogenesis, and tissue remodeling (Chen 2017).

For example, researchers found that CHI3L1 produced by activated macrophages can
induce the maturation of monocytes to macrophages during the late stages of
differentiation. Therefore, it is regarded as a differentiation marker in macrophages
(Rehli 2003). Additionally, according to Nishikawa (Nishikawa 2003), CHI3L1
expression by differentiated VSMC:s is also an adhesion and migration factor in vitro,
suggesting an important role in angiogenesis. Meanwhile, another in vitro study
identified that CHI3L1 can stimulate cell proliferation in a dose-dependent manner in
human connective tissue cells (Recklies 2005). Furthermore, observations in mice
have demonstrated that CHI3L1 has a critical role in protection against inflammatory
apoptosis as an important regulator of Th2 cytokine effector (Lee 2009). It may also
inhibit the toxic effects of hyperoxia, making it a vital regulator of oxidant injury and
epithelial apoptosis in the murine and human lung (Sohn 2009). In a study regarding
glioblastoma (the most lethal primary brain tumor), Shao et al (Shao2014) found that
CHI3LI can increase tumor angiogenesis in mural cell-associated vessel diameter,
density, and stability, and decrease the angiogenesis in vessel permeability. So far,
according to Di Rosa (Di Rosa 2016), Figure 5 summarizes the current CHI3L1
biological activities.
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1.3.4 CHI3L1 in atherosclerosis

As high levels of serum CHI3L1 is a biomarker of poor prognosis in patients with
cancer, inflammation, and increased tissue remodeling (Roslind 2009), more clinical
studies have described elevated CHI3L1 levels as independently associated with the
presence and mortality of CVD (Kastrup 2009). In patients who are suffering
myocardial infarction (MI), higher CHI3L1 levels were found in thrombolyzed
patients than non-thrombolyzed patients (Nojgaard 2008). Additionally, earlier
pathology studies have also revealed that there are high levels of serum CHI3L1
existing in carotid atherosclerosis, without explaining or exploring the vascular
biology behind this elevation (Michelsen 2010).

Furthermore, recent clinical studies found a positive correlation between CHI3L1
levels and stroke. Studied in the general population, elevated CHI3L1 values
indicated an increased risk of ischemic cerebrovascular events. An increased
expression of CHI3L1 in the CSF of patients with acute ischemic stroke is correlated
with clinical stroke severity (Kjaergaard 2010). Bonneh-Barkay reported that CHI3L1
was induced in astrocytes in all kinds of neurological diseases, such as stroke, and that
it was mostly associated with astrocytes residing around inflammatory cells
(Bonneh-Barkay 2010). Moreover, Chen’ research showed that elevated CHI3L1 is a
significant and independent biomarker to predict poor clinical outcomes in 141
patients with large-artery atherosclerosis (LAA) stroke (Chen 2017).

Interestingly, baseline-elevated plasma CHI3L1 levels have been shown to be
associated with the development of ischemic stroke, but not with MI (Park 2012).
This discrepancy is possibly explained by differences in the pathogenesis of
atherosclerosis in carotid and coronary vasculature and might also be related to
differences in levels of lipids and lipoproteins. It is also possible that elevated
CHI3L1 is a direct cause of ischemic stroke but not of MI. A Mendelian
randomization study on this regard, using genetic variants, was able to show that
lifelong elevated CHI3L1 levels are largely un-confounded and not prone to reverse
causation (Kjaergaard 2010). It is partly heritable, and rs4950928, a single nucleotide
polymorphism in the proximal promoter of CHI3L1, accounts for an estimated 9% of
its variance (Kjaergaard 2016). Mechanistically, c-myc/myc-associated factor X
transcriptional factors bind well to the major allele of rs4950928, which increases
CHI3L1 transcription and consequently elevates YKL-40 levels.

Although its biological mechanism and role in plaque vulnerability and VSMC
survival have yet to be identified, to date, studies have demonstrated that CHI3L1 can
be regulated by various cytokines and hormones. For example, inflammatory
cytokines like tumour necrosis factor alpha (TNF-a) and interleukin 1 beta (IL-1p)
can stimulate the expression of CHI3L1 through the sustained activation of NK-kappa
B, in particular in chondrocytes. (Ling 2004). Additionally, published data
investigating pulmonary hypertension indicated that CHI3L1 might influence SMC
proliferation and migration through protease activated receptor type 2 (PAR-2)-,
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AKT-, ERK-, and p38-dependent mechanisms (Bara 2012). Other studies have
previously shown that fibroblast migration is not affected by CHI3L1 (Catalan 2012).
However, active crosstalk between macrophages, neutrophils, and fibroblasts is
known to regulate extracellular matrix deposition (Rudolph 2010). Therefore, apart
from fibrous cap enriched SMCs, fibroblasts might be modulated in response to
CHI3LI1 elevation. Thus, further efforts should be conducted studying the
mechanisms that contribute to plaque instability. In fact, cellular receptors that
regulate the biological effects of CHI3L1 have not been identified, and so far, only a
potential network involving the CHI3L1 and Toll Like Receptor 4-signaling pathway
has been published (Kamba 2013) (Fig 5).
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Figure 5: CHI3LI1 biological activities and molecular network (Di Rosa 2016).
CHI3L1 can be expressed by types of cells. Through the mediator PI3K followed by the
phosphorylation of AKT, CHI3L1 can be transcribed and further regulated in many biological
processes, such as cell proliferation, cell adhesion, cell migration, activation, inflammation, and
even increased atherosclerotic plaques. During the activation of CHI3L1, the inflammatory
cytokines IL-6, TNF-a and IL-1p or inflammation mediators oxLDL can increase CHI3L1
expression by the continued activation of NF-kappa B, which in turn enhances the expression of
CHI3L1.

1.3.5 Main aims of the doctoral thesis

Extraordinary efforts have been devoted to determining the pathophysiological and
molecular characteristics of the diseased plaques and the surrounding vasculature,
with the goal of developing novel diagnostic and therapeutic strategies to prevent
vulnerable plaque rupture. Thus, the study presented in this thesis was designed to
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explore the functional role of CHI3L1 and the mechanism behind atherosclerotic
plaque vulnerability in vitro, and there are two main goals of this doctoral thesis,
introduced below:

Aim 1: Exploring the functional role of CHI3L1 in atherosclerotic plaque
vulnerability in vitro.

Hypothesis 1.1: CHI3L1 plays a role in VSMC:s cell fate in vitro.

Hypothesis 1.2: CHI3L1 plays a role in VSMCs phenotypic switching in vitro.

Aim2: Defining the mechanism behind how CHI3L1 modulation effects cell fate
decisions in VSMCs.

Hypothesis 2.1: Define the cellular mechanism of CHI3L1 biological activities in
VSMC:s cell survival.

Hypothesis 2.2: Define the cellular mechanism of CHI3L1’s biological activities in
VSMC phenotypic switching.

To test this hypothesis, a set of experiments have been carried out in our Vascular
Biology lab at the TUM. However, we have analyzed human stable and vulnerable
plaques with immunohistochemistry, performed live-cell imaging analysis in primary
patient-derived VSMCs with CHI3L1 modulation, implemented TagMan gene
expression array, and used bioinformatic tools to predict the potential interacting
network. The relative details are explained in the methods and results chapters below.

2. MATERIALS AND METHODS

2.1 Munich Vascular Biobank and cell culture

2.1.1 Munich Vascular biobank

The Munich Vascular Biobank (MVB) is one of the largest human vascular biobanks,
collecting more than 2700 vascular tissues and over 4400 serum from patients
undergoing surgery in our Department of Vascular and Endovascular Surgery (from
January 2004 to December 2018). We summarize the details in Table 1. Permission to
collect human biospecimens was granted by the Ethics Committee of our local
Hospital (Klinikum rechts der Isar, Munich, Germany). Written consent was obtained
from all patients.

Table 1. List of biospecimens collected over the years.

Year *CAROTID AAA PAD
*FFPE Serum FFPE Serum FFPE Serum
2004 79 47
2005 72 63 8 17
2006 36 84 36 84
2007 79 56 40 89
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2008 63 72 34 &4

2009 100 62 40 60 63 90
2010 94 58 40 72 77 78
2011 121 87 38 91 51 133
2012 122 111 33 136 62 251
2013 126 99 41 114 63 228
2014 92 97 24 131 63 259
2015 126 131 26 126 84 294
2016 124 117 30 124 142 228
2017 173 156 48 127 60 116
2018 160 154 43 125 38 25
*Total: 1567 1394 481 1380 703 1702

*carotid plaques, n=1567; abdominal aortic aneurysm, n=481; peripheral arterial disease, n=703,
including peripheral aneurysms and thrombus. FFPE: formalin fixed paraffin embedded. (For this
table data from our publication data: Pelisek 2019).

2.1.2 Carotid artery tissue processing

Following surgical excision of an atherosclerotic plaque, the tissue was delivered
contemporary to the lab for further processing. There, the plaque was segmented in
blocks of 3—4 mm and immediately frozen in liquid nitrogen for further molecular
analysis. The remaining segments were fixed in 4% formalin, followed by
dehydration and embedding in paraffin. An example of our carotid tissue processing
is shown in Figure 6.

Fig 6: Schematic chart of our patient carotid tissue processing.

Patient Carotid Plaques

¥

Fresh sample preserved in liquid nitrogen

¥

Fixation (4%Formalin, 24hrs)

¥

Decalcification(EDTA, 3-7days)
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Histological characterisation and *IHC

*[HC: immunohistochemistry; RT: room temperature. (For this chart from our publication data:
Pelisek 2019).

2.1.3 Isolation of primary patient-derived vascular smooth muscle cells
Primary patient-derived VSMCs were isolated from patients’ carotid atherosclerosis
plaques. The tissue we investigated — along with clinical feature data from each
patient —were all provided by the Munich Vascular Cell Biobank (see Table 2). We
selected three patient samples with similar clinical characteristics and comparable
pathological features.

Table 2. Information on patients of carotid biosies.

Biopsy name | Age Sex Disease Stenosis degree
location [Yo]

G183/18 75 Male carotis interna | 70

G216/18 74 Male carotis interna | 80

G224/18 74 Male carotis interna | 80

Briefly, following surgical excision, the patients’ carotid biopsies were transported
from the operation room to the lab in DMEM/F-12 medium (Sigma-Aldrich, St. Louis,
MO). After removal of the adventitia, the pure VSMC bundles were isolated from the
media of the vessel. The specimens were then cut into small pieces by removing the
calcifications to aid digestion by Collagenase A (Roche, Mannheim, Germany), then
placed inside the incubator at 37°C for 4-6 hours. The cells were then strained using a
100um sterile cell strainer (Corning, Durham, USA) to remove debris. The cell
suspension was centrifuged (400 g/5 min). Then, the cells were suspended with 15 ml
of DMEM/F-12. This process was repeated twice, and the cells were transferred into a
T-25 Flask (Corning, Oneota, USA). Growth medium was first changed after 72 hours
and then regularly every 48—72 hrs. Furthermore, smooth muscle cell marker
SM22-alpha (Abcam, Cambridge MA, USA) expression was analyzed by
immunofluorescence (Leica, Munich, Germany). An example of the cell isolation is
shown in Figure 7 below.
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Fig 7: Schematic chart of primary patient-derived VSMCs isolation.

Removal of the calcification and adventitia

Digest, Strain, Remove and Wash to access pure VSMC cell pellet

Transportation of the biopsy Cell Culture and Immunofluorescence Confirmation

*Immunofluorescence demonstrates the primary patient-derived VSMCs expression of adult
smooth muscle cell marker SM22 alpha.

2.1.4 Culture of Primary Patient-Derived VSMCs

Primary patient-derived VSMCs were cultured in SMC growth medium (PeloBiotech,
Martinsried, Germany) supplemented with SMC growth supplement classic
(PeloBiotech, Martinsried, Germany). Cells were cultivated in plastic culture flasks
(25/75cm?2), 6-well plates, 24-well plates, 96-well plates (BD Bioscience, Heidelberg,
Germany) depending on the experiments intended and incubated in a 5% CO,
atmosphere at 37°C. After cells were grown to 70%-80% confluence, passage 4-6
were used for all further experiments. For incubation in the IncuCyte ZOOM, the
same medium was used and changed every 3 days.

2.1.5 CHI3L1 Recombinant plasmid

Today, plasmids most commonly used in the field of recombinant DNA technology
have become an essential tool in molecular biology. Within a cell that can replicate
independently, plasmids are small, circular, double-stranded DNA molecules and they
serve as vectors to amplify genetic information in foreign hosts. For overexpressing
an interest gene, plasmid DNA is referred to as cloned DNA, and this process of
generating multiple identical copies of a recombinant DNA molecule is known

as DNA cloning. Additionally, these recombinant plasmids are derived from mRNA
and including 5’and 3’UTRs. In this study, our recombinant plasmid DNA
(pCMV6-CHI3L1) and the pPCMV6 empty vector used for negative control were all
purchased from OriGene Technologies (Rockville, MD). It is Kanamycin resistant,
and its plasmid map and cloning scheme are shown in Fig 8.

To produce stable quality and large quantities of DNA for further transfection
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experiments, we first transformed both plasmids into competent cells and generated a
glycerol stock. Later, following the manufacturer’s protocol, cells were transfected at
concentrations of 5, 50, and 500 ng/uL with a lipofectamin 3000 transfection kit
(Invitrogen, Carlsbad, CA). Further, the treated cells were examined for cell
proliferation, migration, and apoptosis by using IncuCyte system and VSMC
phenotypic switching was investigated by using qPCR.
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Fig 8. CHI3L1 Expression Plasmids. (A) Plasmid circular map for CHI3L1. (B) Cloning
scheme for CHI3L1.
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2.1.6 CHI3L1 Knockdown

Functional analysis by mRNA knockdown using siRNA (small interfering RNA) is
now routine in science research; RNA interference (RNA1) can be triggered by
siRNAs that cause strong, yet transient, inhibition of gene expression on specific
genes. These siRNAs can be synthesized and transfected into mammalian cells,
resulting in effective suppression of gene expression. Our CHI3L1-specific human
27mer small interfering RNA (siRNA) oligo duplex and a universal negative scramble
control duplex was all purchased from OriGene Technologies (Rockville, MD). The
following three unique oligonucleotides (siCHI3L1) were synthesized, as shown in
Table 3.

Duplexes are stored in a 20uM final concentration at-20°C. After transfection, RNA is
harvested from the transfected cells and used in quantitative RT-PCR to verify the
loss of gene expression. Then, the most efficient siCHI3L1 duplex are directly used
for transfection and gene-knockdown studies after the validation of efficiency. Cells
were transfected at different amounts of 10, 30, and 60 pmol of siRNA (10uM) by
using RNAIMAX reagent (Invitrogen, Carlsbad, CA). Furthermore, we examined the
gene-knockdown in cell proliferation, migration, and apoptosis by using the IncuCyte
system and investigated VSMC phenotypic switching by using qRT-PCR.

Table 3. Duplex sequences of three unique siCHI3L1.

Name of siRNA Duplex sequences

SR319700A rArUrCrArArGrUrCrArGrUrArCrCrGrCrCrArUrUrUr
CruGcC

SR319700B rCrArUrUrGrCrCrArArGrArUrArUrCrCrCrArArCrArC
rCTG

SR319700C rArArGrCrCrCrArGrCrUrUrGrArArArCrCrUrUrCrArC
rUTA

2.2 RNA isolation and qRT-PCR

Cells were harvested at 24 and 48 hours after transfection. Total cellular RNA was
isolated with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The RNA concentration was measured by Nanodrop
(Thermo Fisher Scientific, Munich, Germany), and cDNA was synthesized with the
High Capacity RNA-to-cDNA Kit (Thermo Fisher, Vilnius, Lithuania). For each
assay, 4ul DNA was added into a 20ul reaction volume, including 1ul the 20x
TagMan Assay, 10ul TagMan Master Mix (Life Technologies, Austin, TX), and 5Sul
Nuclease-Free Water. The reaction was performed using the StepOnePlus Real-Time
PCR System (Life Technologies, Singapore) with the following cycling conditions
(Table 4). For each real-time PCR amplification, measurements were performed in
triplicate. Quantification was normalized to housekeeping control RPLP within the
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log-linear phase of the amplification curve obtained for each primer set using the
““CT method and presented as a fold induction with mean standard deviation.

Step Temperature Time (standard Cycles
cycling model)

UNG incubation* | 50C 2 minutes 1

Enzyme activation | 95°C 20 seconds 1

Denature 95C 1 seconds 40

Anneal/Extend 60°C 20 seconds 40

Table 4. Duplex sequences of three unique siCHI3L 1. *Carryover amplicons result in
false-positive amplification during PCR. Uracil- N- Glycosylasecan is used to degrade many

contaminating carryover amplicons.

2.3 Immunohistochemistry

Atherosclerotic plaque for immunohistological staining was performed on 2.5 pm thin
slices of tissue fixed with formaldehyde and embedded in paraffin (FFPE). Following
the instructions of the manufacturer, procedures were carried out with the Dako Real
Detection System Peroxidase/DAB kit (Dako, Glostrup, Denmark). To compare the
distribution of CHI3L1-positive cells, VSMCs, and macrophages in ruptured and
stable plaques, antibodies were diluted in the antibody diluent also obtained from

Dako and used at optimal dilutions, as shown in Table 5. Images were captured and
analyzed using a Leica DFC310 FX inverted fluorescent microscope (Leica, Munich,
Germany) and scanned with a PerciPoint Digital microscope system (Perci, Freising,
Germany).

Table 5. Antibodies used for IHC.

Ab Name React with Clone Brand&Cat. | Dilution Counterstain
Nr. ed with
Hematoxylin
CHI3L1 Human Rabbit Abcam 1:50 30s
(ab180569)
SMC-a Human Mouse Abcam 1:200 20s
(ab7817)
CD68 Human Mouse Dako 1:1000 30s
(MO0814)
Ki67 Human Mouse VWR 1:75 60s
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(9252-M05)

Caspase-3 Human Mouse EMD 1:100 60s

(MAB10753)

2.4 Live-cell imaging and analysis

2.4.1 IncuCyte Live-Cell Analysis System and IncuCyte ZOOM software

The IncuCyte live-cell analysis system (Essen Bioscience, Michigan, USA) is a
real-time quantitative platform that gathers cell images (phase contrast or fluorescence)
from assay microplates automatically, repeatedly within a standard incubator (Thermo
GmbH, Langenselbold, Germany) (Fig9 A). The system has the unique ability to
analyze different cell types and multiple applications including cell proliferation,
apoptosis, migration, chemotaxis, and phagocytosis. A specialized microscope and
live-cell imaging device allows researchers to make time-lapsed measurements; in
each case, the full time-course data and “mini movies” of the analysis can be obtained,
thus providing greater biological insight into active processes in real time.
Furthermore, the IncuCyte ZOOM software provides a powerful workflow for
acquiring, viewing, and analyzing images of living cells, which can help us to

simplify the complex ones.

In summary, it is a widely used technology, and according to data from IncuCyte
official website (www.essenbioscience.com/en/resources/publication-list), the
reference number of the IncuCyte technology is over 2,000. Here, we display
examples of IncuCyte application according to official data
(www.essenbioscience.com/en/resources/image-gallery/) (see Fig9 B-D).

A

z

1
- | i lullllmm'\'l'n'l'mm

27



https://www.essenbioscience.com/en/resources/publication-list/publications-map/
https://www.essenbioscience.com/en/resources/image-gallery/

0

day 2, 0:00

Fig 9. IncuCyte System and Different application examples. (A) IncuCyte system and a
standard incubator housing the system. (B) An example of a cell proliferation measurement

28



according to IncuCyte official data: Phase-contrast images (10x) of A549 human lung carcinoma,
HT-1080 human fibrosarcoma, and LNCap cells (androgen-sensitive
human prostate adenocarcinoma cells) shown with and without the confluence mask overlaid in
orange. (C) An example of a cell migration measurement according to IncuCyte official data:
Phase-contrast image (10x) at 14 hours post wounding of migrating HUVECs. The initial wound
is overlaid (blue areas) and the wound mask at the 14-hour point is shown in yellow. (D) An
example of a cell apoptosis measurement according to IncuCyte official data: Phase-contrast and
green-fluorescence blended images (10x) of HT-1080 cells in the presence of Caspase-3/7 reagent.

2.4.2 IncuCyte Scratch Wound Assay

Measurements of migration into a wound region can be carried out by the IncuCyte
Scratch Wound Assay in the system (Essen Bioscience, Michigan, USA). Following
the recommended protocol, cells were seeded at a density of 10,000 cells/well into
96-well Image Lock plates (Essen Bioscience, Michigan, USA), then placed into a
37°C incubator overnight. By utilizing the IncuCyte Wound Maker tool (Essen
Bioscience, Michigan, USA), which is a 96-pin device designed to create
homogeneous scratch wounds, uniform cell-free zones in a 96-well plate were created
in the next day. After wounding, the media was immediately aspirated from each well
and the cells were carefully washed twice with Dulbecco’s Phosphate Buffered Saline
(dPBS)  (Sigma-Aldrich, St. Louis, MO). Then, transfections with expression
plasmid and siRNA (as described above) were performed, using empty vector or
scramble control for negative control. Time lapse images were collected at 10x
magnification every half hour for a total of 48 hours. By generating masks of the
wound area and measuring relative wound density, phase-contrast images of cell
migration into the wounded area were automatically analyzed by the IncuCyte ZOOM
software. Results were reported as the mean of three replicates=SD.

2.4.3 IncuCyte Apoptosis assay

By reading IncuCyte Caspase 3/7 green reagents (Essen Bioscience, Michigan, USA),
the IncuCyte Apoptosis Assay module (Essen Bioscience, Michigan, USA) was used
to detect apoptosis in real time. Under a manufacturer’s protocol, we seeded our cells
(100 ul/well) into a 96-well plate at a density of 3000 cells/well, that by the next day
the cell confluence is approximately 30%. Then the plate was placed into the
incubator overnight. Dilute apoptosis reagents 1:1000 were used in our SMCs growth
medium (PeloBiotech, Martinsried, Germany) and aspirate off medium. Then,
transfections with plasmid and siRNA were performed, and controls were added to
the wells as well (as described above). Apoptosis was quantified as the number of
green fluorescent caspase-3/7 active objects at 10x magnification alongside cell
proliferation in phase-contrast cell count hourly for a total of 72 hours. Results were
showed both for caspase activity and the proliferation for each individual well at each
time point.
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2.4.4 IncuCyte proliferation assay

Multiplexed measurements of proliferation can be combined using the IncuCyte
Live-Cell Analysis System (Essen Bioscience, Michigan, USA) alongside apoptosis
within the same well. According to manufacturer’s protocol, we seeded our cells into
a 96-well plate (Corning, Durham, USA) at density of 3000 cells/well. Transfections
with expression plasmid and siRNA (as described above) were performed after 12
hours, using empty vector or scramble control for negative control. The experiment
was conducted over a total of 72 hours, taking images repetitively at 10x
magnification every hour. Analysis was quantified with the IncuCyte ZOOM software.
Proliferation was monitored by analyzing the occupied area (% confluence) of cell
images over time.

2.5 Prediction of potential mediators of CHI3L1 modulation

Understanding the molecular mechanism of a gene largely relies on the identification
of its target genes. This demand has been addressed by the application of a
combination of experimental and computational processes. To further identify a
potential pathway of CHI3L1 regulation in VSMC survival, its downstream targets
and phenotypic switching associated genes were predicted by using RegRNA2.0
(http://regrna2.mbc.nctu.edu.tw/detection.html), which is an integrated web server for
identifying functional RNA motifs in an input RNA sequence. This widely used tool
also successfully helped us find a transcription factor in the previous H19 project (Li
2018). Based on the mRNA of CHI3L1 and functional RNA motifs interaction, those
predictions are computing binding free energy, which is a well-established statistical
mechanics theory of molecular association. The input mRNA sequence of CHI3L1 in
FASTA format was obtained from the NCBI Nucleotide database (NM_001276.3)
and is shown below (see Table 6).

Table 6. The input mRNA sequence for relative mediators’ prediction

>NM_001276.3 Homo sapiens chitinase 3 like 1 (CHI3L1), nRNA

ICACATAGCTCAGTTCCCATAAAAGGGCTGGTTTGCCGCGTCGGGGAGTGGAGTGGGACAGGTATATAAAGGAAGTACAGGGCCTGGGGAAGA

IGGCCCTGTCTAGGTAGCTGGCACCAGGAGCCGTGGGCAAGGGAAGAGGCCACACCCTGCCCTGCTCTGCTGCAGCCAGAATGGGTGTGAAGG

ICGTCTCAAACAGGCTTTGTGGTCCTGGTGCTGCTCCAGTGCTGCTCTGCATACAAACTGGTCTGCTACTACACCAGCTGGTCCCAGTACCGGGA

IAGGCGATGGGAGCTGCTTCCCAGATGCCCTTGACCGCTTCCTCTGTACCCACATCATCTACAGCTTTGCCAATATAAGCAACGATCACATCGAC

IACCTGGGAGTGGAATGATGTGACGCTCTACGGCATGCTCAACACACTCAAGAACAGGAACCCCAACCTGAAGACTCTCTTGTCTGTCGGAGGA

TGGAACTTTGGGTCTCAAAGATTTTCCAAGATAGCCTCCAACACCCAGAGTCGCCGGACTTTCATCAAGTCAGTACCGCCATTTCTGCGCACCC

IATGGCTTTGATGGGCTGGACCTTGCCTGGCTCTACCCTGGACGGAGAGACAAACAGCATTTTACCACCCTAATCAAGGAAATGAAGGCCGAAT

TTATAAAGGAAGCCCAGCCAGGGAAAAAGCAGCTCCTGCTCAGCGCAGCACTGTCTGCGGGGAAGGTCACCATTGACAGCAGCTATGACATT

IGCCAAGATATCCCAACACCTGGATTTCATTAGCATCATGACCTACGATTTTCATGGAGCCTGGCGTGGGACCACAGGCCATCACAGTCCCCTGT]

[TCCGAGGTCAGGAGGATGCAAGTCCTGACAGATTCAGCAACACTGACTATGCTGTGGGGTACATGTTGAGGCTGGGGGCTCCTGCCAGTAAGC

TGGTGATGGGCATCCCCACCTTCGGGAGGAGCTTCACTCTGGCTTCTTCTGAGACTGGTGTTGGAGCCCCAATCTCAGGACCGGGAATTCCAGG

ICCGGTTCACCAAGGAGGCAGGGACCCTTGCCTACTATGAGATCTGTGACTTCCTCCGCGGAGCCACAGTCCATAGAATCCTCGGCCAGCAGGT

ICCCCTATGCCACCAAGGGCAACCAGTGGGTAGGATACGACGACCAGGAAAGCGTCAAAAGCAAGGTGCAGTACCTGAAGGACAGGCAGCTG

30


http://regrna2.mbc.nctu.edu.tw/detection.html

IGCGGGCGCCATGGTATGGGCCCTGGACCTGGATGACTTCCAGGGCTCCTTCTGCGGCCAGGATCTGCGCTTCCCTCTCACCAATGCCATCAAGG,
IATGCACTCGCTGCAACGTAGCCCTCTGTTCTGCACACAGCACGGGGGCCAAGGATGCCCCGTCCCCCTCTGGCTCCAGCTGGCCGGGAGCCTG
IATCACCTGCCCTGCTGAGTCCCAGGCTGAGCCTCAGTCTCCCTCCCTTGGGGCCTATGCAGAGGTCCACAACACACAGATTTGAGCTCAGCCCT
IGGTGGGCAGAGAGGTAGGGATGGGGCTGTGGGGATAGTGAGGCATCGCAATGTAAGACTCGGGATTAGTACACACTTGTTGATTAATGGAAA
TGTTTACAGATCCCCAAGCCTGGCAAGGGAATTTCTTCAACTCCCTGCCCCCCAGCCCTCCTTATCAAAGGACACCATTTTGGCAAGCTCTATC
IACCAAGGAGCCAAACATCCTACAAGACACAGTGACCATACTAATTATACCCCCTGCAAAGCCCAGCTTGAAACCTTCACTTAGGAACGTAATC

IGTGTCCCCTATCCTACTTCCCCTTCCTAATTCCACAGCTGCTCAATAAAGTACAAGAGCTTAACAGTGAAAAAAAAAAAAAAAAAAAAAAAAA

IAAAAA

2.6 TagMan gene expression array

To reveal a potential pathway of CHI3L1 in regulating VSMCs, a set of differential
gene expression analyses using Custom TagMan Gene Expression Array Plates
(Applied Biosystems, Pleasanton, CA) were performed. First, we utilized the
powerful bioinformatic tool RegRNA2.0 as described above to predict those potential
effectors based on dynamic programming and computing free energy. Here, 19
candidates were obtained through this bioinformatics analysis with predicted binding
free energy of less than -20 Kcal/mol. (see Fig 10).
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Fig 10. Predicted Panel of Effectors potentially interacting with CHI3L1. All selected
candidates exploiting a binding free energy below -20 Kcal/mol.

Further, these 19 downstream candidates — together with four genes associated with
VSMC phenotypic switching, five genes associated with VSMC apoptosis, and four
endogenous control genes — were designed and assessed through real-time PCR using
Custom TagMan Gene Expression Array Plates (Applied Biosystems, Pleasanton, CA)
containing gene-specific primers (see Table 7). The total RNA was collected from
triplicate wells of VSMC using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany).
Then, reverse transcription was synthesized using a High Capacity RNA-to-cDNA Kit
(Thermo Fisher, Vilnius, Lithuania). Furthermore, according to the manufacturer’s
instructions, we combined the cDNA and TagMan Fast Advanced Master Mix (Life
Technologies, Austin, TX). Next, each well of our TagqMan Array Plates was
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reconstituted using 20ul of cDNA-Master Mix and then performed under the
StepOnePlus Real-Time PCR System (Life Technologies, Singapore) with the
following cycling conditions: 50°C and 2 mins for UNG  (Uracil-N-Glycosylase)
incubation, 95°C and 10 mins for enzyme activation, 95°C and 15 sec for denature,
followed by 40 cycles of 60°C and 1 min for the final extend. Results were analyzed
using the relative quantification ““Ct method. Further statistical analysis was
performed with GraphPad Prism 7 (GraphPad Software Inc, San Diego, USA).

Gene ID Gene ID

KLF1 Hs00610592 ml NR3C1/GR Hs00353740 ml
RUNX3 Hs01091094 ml Hs00358836 _ml
NF-E2 Hs00232351 ml Hs01047973 ml
CABLESI1 Hs01106667 ml Hs04260367 gH
TCF3 Hs01012685 ml Hs00538076_ml
STAT3 Hs00374280 ml Hs00355782 ml
TCF12 Hs00918966 ml Hs00153408 ml
HOXA7 Hs00600844 ml Hs00608023 ml
MyoG Hs01072232 ml Hs00180269 ml
NEURODI1 Hs01922995 s1 Hs01034249 ml
ZBTB14 Hs01924092 sl Hs03003631 gl
ZNF354C Hs00395825 ml Hs02786624 gl
MTF-1 Hs00232306_ml Mm03024075_ml
CHURCI1 Hs00540886 ml Hs00939627 ml

Table 7. Assay Identifications for Genes used in custom TagMan Gene Expression
Arrays. 1.Genes associated with VSMC phenotypic switching; 2.Genes associated with VSMC

apoptosis; 3. Endogenous control genes (housekeeping). KLF1(Kriippel-like factor-1),
RUNX3(RUNX Family Transcription Factor 3), NF-E2(nuclear factor erythroid-2),
CABLESI(CdkS5 and Abl enzyme substrate 1), TCF3(Transcription Factor 3), STAT3(Signal
transducer and activator of transcription 3 ), TCF12(Transcription Factor 12), HOXA7(Homeobox
A7), MyoG(Myogenin), NEUROD1(Neuronal Differentiation 1), ZBTB14(Zinc Finger And BTB
Domain Containing 14), ZNF354C(Zinc finger 354C), MTF-1(metal regulatory transcription
factor 1), CHURCI1(Churchill Domain Containing 1), NR3C1/GR(glucocorticoid receptor gene),
KLF4(Kruppel Like Factor 4), RUNX2(Runt-related transcription factor 2),

OCT _4(octamer-binding transcription factor 4), MYOCD(Myocardin), CDKN1A(Cyclin
Dependent Kinase Inhibitor 1A), Bcl2(B-cell lymphoma 2), Bax(BCL2 Associated X),
TP53(cellular tumor antigen p53), GAPDH(Glyceraldehyde 3-phosphate dehydrogenase),
HPRT(Hypoxanthine-guanine phosphoribosyltransferase), GUSB(Glucuronidase Beta)
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2.7 Transcription factor prediction

To date, bioinformatic algorithms were developed to predict the target’s transcription
factor based on the protein-mRNA or miRNA-mRNA interaction rules. Here, the
Gene Cloud of Biotechnology Information (GCBI) (Shanghai, China,
https://www.gcbi.com.cn) (Yu 2012) is one of these powerful algorithms. The GCBI
online laboratory is a powerful platform that provides data services, molecular
information solutions, and cloud genetic analysis. It is a widely used platform
containing differentially expressed gene (DEG) analysis, GO (gene ontology)
enrichment analysis, pathway network analysis, and gene signal network analysis
(Huang 2018). In this thesis, the promoter sequences were retrieved from the Ensembl
database (http://www.ensembl.org), and the target promoter sequences were obtained
1000 base pairs upstream from the transcription start site (TSS) of the CHI3L1
transcript (see Table 8). Next, the GCBI program retrieves all human protein coding
genes and computes them.

The method GCBI uses is based on the TRANSFAC database (Matys 2006),
COSMIC database (Forbes 2011), and the Single Nucleotide Polymorphism Database
(dbSNP) (Wheeler 2007). Here, the TRANSFAC database is organized by position
weight matrices (PWMs) that it is centered around the interaction between
transcription factors (TFs) and their DNA binding sites (TFBS) (Morozov 2013).
Additionally, related TFs are screened by computing an algorithm named
position-specific scoring matrix (PSSM): the closer to 1 the score value is, the more
likely it is a target. Further, the COSMIC database and dbSNP assist in identifying
either DNA methylation marks or single nucleotide polymorphisms (SNPs) in their
TF-DNA binding area of the CHI3L1 translated region. Taken together, possible TFs
were eventually analyzed and reported through the in-built evaluation model provided
by GCBI (Figl1).

Table 8. Sequence of the proximal promoter of CHI3L1

P>chromosome:GRCh38:1:203178331:203187749:-1

ITCACTCACTGCCTATTAATTAATGTTAAGCCTGCAAAGAATGGAGTTGTCCTGGATATTTGGCCAAAAAAAAAATGTATCCACAAACAGGGAC

IGTAATCAGGCAGGGAGCCTCGTTAAGAAGTTTTGTTCTTGTCCTAGGAGTGATGAGAGATCACTGAAGGATTTAGAGAGGGGCTGTATCATCA

IGGCTTGGGTTCCAAAGCCTCACTGAGAGAGTTGGGGAGCTGACTGATGTCAGATGCTCGTGCAGCCGCCCCGTAGGGCCTGTATTTCCTCCAT

IGGTGCCTCACTGCAGCACCGAGCTTGCAAAAGATCCTCTCTCTTTATGGGAATTTCAAAACAGAAGCAAAATAGCACCGGGGCTTAAAGCATT

ICTTGGGAATTTCCCTGTCTTTCCCTCTAAATAATCAGCATGTAAATTGCAAAAAAAAAAAAAAAAAAAAAAAAAAAGACACGGGCCCAAAAG

IGGAGCGCTCAGTTTCAGGCTCTTTGCTTTCCTTCCTCCCGAGGCTCTCTGGCCCTTACCCAGCCTGAAGACAGAAAGTGTGAGGGGGAGGGTAG,

IGAAGGTAGGTCAAGCAGGGCAATGCTGAGCCTGGGAAGAAAACAACAGCCTTGTTTAGGGCACTGTGGCTTACGTAACTAAATTGTGCCCAG

[TTTCCACCTGGCCAGGGGCCTGGAGTGAATGCTGAAGATGCAAAGGTAGAGGCTGCCAGAAAAGCCAGGAAATTGCTGGCAAGAAAGGCCAG

TGGTGGGGTGCAGGAGTGGGAGGAAGGCTGGGAAATGCGGCTGAGTCACATCTCCAGAAGCCCCCCATCATCACCCTAGTGGCTCTTCTGCTG

IGCAGGTGCCTCATGAAGACCTGACCCAAAGTTTTCAAAACTCTGCGGTTTCTCAACCCTCCTCTGGTAATCCATAGTACTCCCCCGCCTCCACT

ITGCCAGCCTCGTGATTCCTTCATTGACACATAGCTCAGTTCCCATAAAAGGGCTGGTTTGCCGCGTCGGGG
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Predicted
Match Score Exploratory Recommendation Level

Fig 11. Schematic predictive evaluation model from GCBI online program. A
predicted TF with a good score value and DNA methylations or SNPs in its binding area is
considered a high recommendation level.

2.8 Statistical analysis

Statistical analysis was carried out using GraphPad Prism 7 (GraphPad Software Inc,
San Diego, USA). Normal distributed samples were analyzed using an independent
t-test for n=2 and ANOVA test for n>2. Non-parametric data were used in the
Mann-Whitney-U-test for n=2 and Kruskal-Wallis for n>2. Continuous data in
qRT-PCR results are presented as mean+SD. Differences of RNA level expression
were calculated as fold change versus control using the mean ACt defined as Ct value
of target RNA minus Ct value of endogenous control. The significance of differences
* for p<0.05; ** for p<0.01; *** for p<0.001 were considered statistically significant.

3. RESULTS

3.1 Immunohistochemical analysis of CHI3L1

Previous transcriptome array results have shown that CHI3L1 was the most
significantly upregulated transcript in rupture plaques. Next, in our ex vivo study,
anti-CHI3L1 immuno-expression was performed to confirm the affiliation of CHI3L1
with cells in human carotid plaques. Here, a-SMA positive and CD68 positive cells
were presumed to be of VSMCs and macrophage (M®), respectively. In stable
plaques, CHI3L1 were expressed in both VSMCs and M®s (Fig.12 A). Additionally,
a representative rupture sample involving a clear fibrous cap over a lipid core was
selected for further consecutive staining of cellular localization and CHI3L1
expression as well (Fig.12 B). In these rupture plaques, a-SMA and CD68 positive
cells were both positive for CHI3L1, and also major in putative macrophages.
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Furthermore, when observed closely, anti-CHI3L1 immuno-expression were
increased in rupture plaque when compared to stable plaques, and those increased
CHI3L1/a-SMA positive cells seemed to be mainly located in the fibrous cap and the
non-uniform thickening area of media/neointima (Fig.12 C). Later, plaques were
further stained with antibodies against ki67 and caspase-3. And CHI3L1/a-SMA
positive cells appeared to be hyperproliferative (Ki67+) in unstable plaques (Fig.12
D).
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Fig 12. Immunohistochemical staining of CHI3L1 on sections of carotid plaques.
(A) In stable plaques, CHI3L1 was mainly expressed in CD68+cells. (B) An overview of the
representative rupture plaque by performing a-SMA staining. FC=fibrous cap; T=thrombus;
NC=necrotic core; L=lumen. 10x resolution. (C) In rupture plaques, CHI3L1/a-SMA+ cells
seemed to mainly express in the fibrous cap and the neointima thickening area. (D)
CHI3L1/a-SMA+ cells appeared hyperproliferative (Ki67+) in rupture plaques. 20x resolution.

3.2 Analysis of CHI3L1 modulation at mRNA level in VSMC

For quantification of CHI3L1 modulation at the mRNA level in primary
patient-derived VSMCs, qRT-PCR analysis was performed. First, to obtain
reproducible and reliable results, a transfection optimization with reasonable
efficiency was established; then, we explored the modulation of CHI3L1 in VSMC
phenotypic switching. These results are described in greater detail in the following
sections.

3.2.1 Efficiency of CHI3L1 modulation in VSMCs

Due to a greater proliferation and identity, Passages 4—6 were selected for all further
experiments. Thereafter, transfected cells with the target modulation in 6-well plates
were collected and thermo-cycled for amplification to detect CHI3L1 expression. The
normalized threshold cycle (Ct) value of each gene was obtained from a housekeeping
gene, RPLP. The relative amount of each mRNA was also normalized to RPLP.

In the case of CHI3L1 overexpression modulation, different amounts of recombinant
plasmid were examined over time. Here, S5Sng/ul seemed to be the optimal
concentration with a 42 folds upregulated at the 24-hour point and over 600 folds
upregulated at the 48- time point (P=0.0148, n=3) (Fig.13 A). We assumed that it was
more reasonable to reflect the characterizing gene involvement in a disease situation.
Validated results based on technical and biological replicates were significant, as
shown in Figure.13 C.

Furthermore, in an efficient study of CHI3L1 knockdown modulation, by targeting
against CHI3L1 gene in VSMCs, all three synthesized siRNA oligos can sufficiently
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suppress CHI3L1 expression at different concentrations when compared to the
scrambled control. However, we identified that a concentration of 60pmol (20nM) of
variant A has the best efficiency out of three by silencing the expression of CHI3L1
over 85% 48 hours after we transfected into VSMCs (P=0.0007, n=3) (Fig.13 B). The
validation based on technical and biological replicates was also significant (Figure 13
C).
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Fig 13. qRT-PCR validation of CHI3L1 modulation in VSMCs (A) The representative
bar chart of the overexpression modulation of CHI3L1 and the mRNA expression level of CHI3L1
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was over 42 folds higher at the 24-hour time point and over 800 folds higher than control group —
an amount of 5Sng — at the 48-hour time point, respectively. (B) The representative bar chart of the
knockdown modulation of CHI3L1, where gene silencing analysis showed that variant A was the
most effective vector at a concentration of 60pmol. (C) Validation of CHI3L1 modulation in
VSMCs, the overexpression group vs the control group (P=0.0148,n=3); the knockdown group vs
the scramble group (P=0.0007, n=3). Data were presented as the mean+SD; *P<(.05; **P<0.01;
***¥P<0.001.

3.2.2 Exploring role of CHI3L1 in VSMC phenotypic switching

Vascular smooth muscle cell phenotype switching has been considered to play a vital
role in vascular disease development. To explore whether CHI3L1 may influence
VSMC phenotype switching, two typical phenotypic biomarker expression levels
were determined by qRT-PCR in primary patient-derived VSMCs treated with
CHI3L1 modulation for 24 hours. Results disclosed that silencing CHI3L1 can
significantly suppress the mRNA expression of VSMC markers ACTA2 (a-SMA),
while simultaneously increasing the mRNA expression of macrophage markers CD68
(Fig.14 A). However, in contrast, overexpressing CHI3L1 did not significantly alter
these endogenous gene expressions (Fig.14 B). The results of trans-differentiation
may provide evidence of the role CHI3L1 plays in VSMC phenotypic switching.
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Fig 14. Phenotypic biomarker expression after CHI3L1 modulation: (A) Relative
mRNA levels of the VSMC biomarker ACTA2 (a-SMA) were significantly reduced in VSMCs
transfected with the CHI3L1 inhibitor (P=0.0455, n=3). Meanwhile, the macrophage biomarker
(CD68) was displayed significantly upregulated (P=0.0335, n=3). (B) Conversely, analysis
showed no significant difference in relative phenotypic biomarker expression after CHI3L1
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overexpression  (P=n.s, n=3). Expression of relative mRNA was measured by qRT-PCR,
normalized to RPLP, and expressed as fold change. Data and error bars represent the mean+SD.
*P<0.05 (versus control/scramble); n.s, non-significant. Each experiment is representative of
three independent studies.

3.3 CHI3L1 knockdown inhibits migration in VSMCs

Once the transfection setup was ready, we then implemented all further experiments.
By using the IncuCyte Scratch Wound Assay module, differences in cell morphology
and rate of wound closure between migrating VSMCs after CHI3L1 modulation were
observed. As shown in Fig.15 A, cell migration were measured using relative wound
density in percentage between initial wound and incremental wound closure for 72h.
Since cells derived from different patients can behave differently in culture conditions
depending on the genetics and age of the individuals, we therefore demonstrated the
results from three individual samples respectively, which indicated that silencing
CHI3L1 can decrease the migration in two out of three experiments. Furthermore, we
analyzed cell movement after CHI3L1 overexpression modulation and found that
there was no significant difference between the overexpression and control groups
(Fig.15 B). There is further evidence suggesting a role of knockdown CHI3L1 may
reduce VSMC migration.
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Fig 15. Migration in VSMCs after CHI3L1 modulation: (A) Quantification of cell
migration by measuring relative wound density in percentage — silencing CHI3L1 can
significantly decreased migration in VSMC in two out of three independent experiments at certain
timepoints, n=3. (B) There was no significant difference between the overexpression and normal
control groups n=3. Data were presented as the mean+SD. *P<0.05; **P<0.01; ***P<(.001, n.s,

non-significant.

3.4 CHI3L1 knockdown induces apoptosis in VSMCs

By reading the green fluorescent label of the IncuCyte Caspase 3 Reagent — which is a
reliable marker for apoptosis and also compatible with the IncuCyte live-cell analysis
system — we then quantified the apoptosis after CHI3L1 modulation in primary
patient-derived VSMCs as described above (G183/18, G216/18, G224/18). In
measurements over a total of 72 hours, Fig.16 A showed that knockdown CHI3L1 can
significantly induces VSMC apoptosis in all three independent experiments. However,
in the case of CHI3L1 overexpression, there was no difference of green-fluorescence
signaling between the overexpression and control groups in the apoptosis of VSMCs
(Fig.16 B).
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Fig 16. Apoptosis in VSMC after CHI3L1 modulation: (A) Upper panels:
Representative phase-contrast and green-fluorescence merged images taken 0, 48, and 72 hours
after CHI3L1 modulation. Compared to the scramble groups, CHI3L1 knockdown groups
demonstrated greater fluorescent cells. Lower graph: Green cell counts up to 72 hours after
CHI3L1 modulation. These graphs represent one of the replicates. Each point represents the mean
of the caspase-3 counts for four different optic fields analyzed per well and treatment at a given
time point. In all three replicates, silencing CHI3L1 can significantly induced the apoptosis in
VSMCs, n=3. (B) However, there was no significant difference in apoptosis between the
overexpression and  control groups, n=3. Data were presented as the meantSD; *P<0.05,
**#P<0.01, ***P<(.001, n.s, non-significant.

3.5 CHI3L1 knockdown reduces proliferation in VSMCs

Alongside apoptosis within the same well, VSMC proliferation under CHI3LI
modulation was captured with the IncuCyte Cell Proliferation Assay module. By
analyzing the occupied area (%confluence) of each cell image over time, cell
proliferation was monitored and quantified. Of these results, the normalized ones
showed a significant reduction of proliferation in VSMCs after CHI3L1 knockdown
modulation in one out of three replicates(Fig.17 A). Meanwhile, we found that
overexpressing CHI3L1 does not affect the proliferation of VSMCs in vitro (Fig.17
B).
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Fig 17. Proliferation in VSMC after CHI3L1 modulation:
Representative phase-contrast images taken at 0, 48, and 72 hours after CHI3L1 modulation.

(A) Upper panels:

Compared to scramble groups, CHI3L1 knockdown groups show a greater occupied area of
VSMCs. Lower graph: Cell confluence analysis up to 72 hours after CHI3L1 modulation. These
graphs are representative of one of the replicates. Each point represents the mean of the
confluence percentages for four optic fields analyzed per well and treatment at a given time point.
Based on three biological replicates in primary patient-derived VSMCs, silencing CHI3L1 can
(B) By
measuring the object confluence of each cell images, there was no significant difference between

significantly reduce the proliferation in VSMCs in one out of three replicates, n=3.

the overexpression and control groups, n=3. Data were presented the mean £ SD. *P<0.05;
**#P<0.01; ***P<0.001, n.s, non-significant.
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3.6 Potential mediators of CHI3L1 modulation

Identifying CHI3L1-mediated genes may determine VSMCs’ survival and phenotypic
modulation, so we performed custom TagMan gene expression array analysis to
measure gene expression changes in CHI3L1 modulation VSMCs. Here, we show the
average of relative mRNA expression of each gene from four replicate arrays in the
bar charts below. Among 28 candidate genes, only MyoG (Myogenin), a
muscle-specific transcription factor that can induce myogenesis in a variety of cell
types in tissue culture (Moresi 2010), was significantly correlated with CHI3L1
overexpression or inhibition (see Fig.18 B C). Furthermore, KLF4, a key regulator in
VSMCs phenotypic switching (Shankman 2015), was significantly down-regulated in
CHI3L1 knockdown modulation (see Fig.18 C). Although positive results here are
rather limited, an analysis still showed a number of genes altered by CHI3L1 with
relative corresponding changes, suggesting their potential roles in CHI3L1-mediated
VSMC cell survival and phenotypic transition (see Fig.18 A). For example, four
genes can be induced by CHI3L1 overexpression: MyoG (2.1-fold), CDKN1A
(1.6-fold), TP53 (1.5-fold), and POUSF1 (1.30-fold), when compared to the
expression level of housekeeping genes (see Fig.18 B). In contrast, their expression
revealed lower levels in CHI3L1 knockdown modulation: MyoG (0.68-fold),
CDKNIA (0.86-fold), TP53 (0.91-fold), and POUSF1 (0.60-fold) (see Fig.18 C). Of
these, POUSF1 (POU Class 5 Homebox 1 also known as Oct4) — together with KLF4,
MYOCD, and RUNX?2 — has been considered a key mediator in VSMC phenotypic
switching (Leeper 2018). Additionally, CDKN1A (p21) and TP53 (p53) are
well-known cell fate associated genes. Although it is barely a compelling result, it still
provides evidence that CHI3L1 may regulate VSMC survival and phenotypic
switching in some way, which we discuss in more detail below (see Discussion).
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Fig 18. Relative Expression of Genes in VSMC after CHI3L1 Modulation using
TagMan Array Plates: (A) The average of relative mRNA expression of genes in CHI3L1
modulation — a number of genes, including MyoG, POU5F1, CDKNI1A and TP53. showed
corresponding change. (B) The average of relative mRNA expression of genes in CHI3L1
overexpression modulation with no statistical significance in four replicates analysis. (C) The
average of relative mRNA expression of genes in CHI3L1 knockdown modulation — only MyoG
showed a significantly reduction altered by silencing CHI3L1 (P=0.00061, n=4). *P<0.05;

**#P<0.01; ***P<0.001, n.s, non-significant.

3.7 Prediction of transcription factors interacting with CHI3L1

To reveal the potential transcription factor of CHI3L1, we used the GCBI program as
described above. Here, a predicted transcription factor with a good score value and
either DNA methylations or SNPs in its binding area was considered as a high
recommendation. In Fig.19 A, among all human transcripts, eventually 86 TFs were
evaluated as high level and reported by the GCBI program. Additionally, we manually
selected the top 10 TFs, which exhibited better binding affinity and exploration
(Figl8 B). Of these, CREBP1 was the most likeliest transcription factor to interact
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with CHI3L1. Further experiments, such as the Luciferase reporter assay and
chromatin immune precipitation (ChIP) should be performed to confirm the result and
map a regulatory network of CHI3L1 in the future.
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CREBPI ttaCGTAA 1 + + 1
GMEB2 tTACGTaa 1 + + 1
HLF agttaCGTAAgc 0.997 + + 1
CPBP acGGGGC 1 + - 6
NFATI tTTTCC 1 - + 6
SF1 CAAGGtca 1 - + 3
NFAT4 tTTTCC 1 - + 3
PMX1 tTATTA 1 - + 2
REST agcACCTT 1 - + 1

Fig 19. The Analysis of CHI3L1 Transcription Factors.

(A) In this diagram, 86 targets

were enriched from the GCBI analysis, and each orange dot was evaluated as a high

recommendation level based on the predictive evaluation model, and thus represents putative TFs

of CHI3LI.

(B) The top 10 out of 86 potential alignments that deserve further investigation.
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4. DISCUSSION

The conventional view of plaque vulnerability leading to rupture in advanced
atherosclerosis has been associated with a thin or disrupted fibrous cap; an ACTA2
(smooth muscle a-actin) positive-cells-rich layer covering the lipid core of an
atherosclerotic plaque; a large population of CD68 or LGALS3 positive cells
presumed to be M®s; and the presence of a large macrophage-derived foam-cells-rich
necrotic core (Ross 1999) (Virmani 2000).

In fact, the contribution of VSMCs in atherosclerosis development and progression
has been greatly underestimated (Shankman 2015). By considering therapies that
allow the prevention of plaque rupture, we may be able to gain insight into the role of
VSMCs within the fibrous cap. In the present study, we used a powerful technical
method of LCM to precisely extract smooth-muscle-cell-enriched RNA samples from
the entire fibrous cap section in pathological human carotid plaques, which allowed us
to perform a whole transcriptome study to identify genes that regulate VSMC within
the fibrous cap during atherosclerosis progression. CHI3L1 (chitinase-3-like-protein-1)
was found to be the most significantly upregulated in rupture plaques when compared
to stable plaques. Of such, transcriptome array analysis suggests a potential effect on
VSMCs within the fibrous cap mediated by CHI3L1.

Interestingly, in our previous study, we also showed that CHI3L1 was a major target
of miR-24, promoting aortic smooth muscle cell migration, regulating macrophage
survival, and stimulating adhesion molecule expression in vascular endothelial cells
(Maegdefessel 2014). Herein, as a highly conserved member of the CLPs family,
CHI3L1 is expressed by a board range of cells such as SMCs, M®, astrocytes,
endotheliocytes, and many proliferating cancer cells. Further, it has been found to be
involved in many pathophysiological processes, including inflammation, tissue
remodeling, tumor angiogenesis, and fibrosis (Tang 2012). Additionally, elevated
serum levels of CHI3L1 serve as a biomarker in a variety of chronic inflammatory
diseases (Jung 2018), and also as an independent prognostic biomarker of different
cancers (Kim 2018). Furthermore, Michelsen ef a/ extended these findings by
demonstrating that CHI3L1 serum levels were significantly increased in patients with
symptomatic carotid plaques, suggesting CHI3L1 as a promising marker of plaque
vulnerability (Michelsen 2010). Similarly, Park et al provided evidence that serum
CHI3L1 is an early surrogate biomarker for AIS patients, and its elevated expression
is more significantly related to the large artery atherosclerosis (LAA) type AIS than
the small vessel disease (SVO) type. Furthermore, in studies of tumor vascularization
in the cancer field, CHI3L1 together with alpha-smooth muscle action (a-SMA) and
vimentin expressed by SMCs or mesenchyme-derived mural cells within the out layer
of the neovessels were determined to serve as a major mesenchymal cell marker in
tumor angiogenesis (Phillips 2006) (Ricci-Vitiani 2008).
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Consistent with previous human carotid atherosclerotic plaques studies (Michelsen
2010) (Boot 1999), our ex vivo (human tissue) results demonstrated that anti-CHI3L1
immuno-expression can be observed in both VSMCs (a-SMA+) and M®s (CD68+),
prominently in M®s within the advanced lesions, supporting its prevalent synthesis
and complex interaction between VSMC/M® (see Fig 12). Here, a-SMA positive and
CD68 positive cells were presumed to be of VSMC and MO, respectively. Further,
we found that CHI3L1/a-SMA immune-expression was increased in ruptured plaques
compared to stable plaques, and more importantly, these increased CHI3L1/a-SMA
positive cells seemed to be mainly located in the fibrous cap and the non-uniform
thickening area of media/neointima (see Fig 12), suggesting CHI3L1 plays a role in
VSMC-mediated lesion pathogenesis. Deviating from the above studies, Rocchiccioli
et al showed a site-specific relationship between VSMC-secreted CHI3L1 and
coronary atherosclerotic lesion severity by observing CHI3L1 expressed mainly in
a-SMA/S100A4 positive cells (migratory VSMC with synthetic phenotype) instead of
observing maximal CHI3L1 expression in M®s and lipid-laden M®s. However, our
and previous studies seem to oversimplify, as ambiguity over the so-called
“SMCs/M®s mis-identification” emerged long before and was debated extensively
over the last decade (Allahverdian 2014). Given evidence that SMCs can present with
M® markers and vice versa, it is barely possible to distinguish cells within advanced
atherosclerotic lesions as solely SMC- or M®-derived (Feil 2014). Remarkably, over
80% of VSMCs were traditional SMC-marker negative; approximately 30% cells that
would be identified as M®s originated from VSMCs, not hematopoietic origin; and
about 18% of CD68 positive cells demonstrated a positive SMC-specific marker as
well (Shankman 2015). Still, the results above provide evidence that CHI3L1 plays a
role in VSMC-regulated atherosclerotic plaque vulnerability.

Given extensive clinical and laboratory observations, we investigated whether the
VSMC survival effect in vitro (cell culture) were regulated by CHI3L1 by
implementing overexpression and knockdown modulation. To address this conjecture
specifically and get the closest to pathological conditions involved in lesion
development for the first time, we obtained primary patient-derived VSMC from
carotid atherosclerotic plaques with similar clinical characteristics and pathological
features instead of culturing SMC cell lines and human primary carotid SMC derived
from healthy adults. Notably, our results demonstrated silencing CHI3L1 significantly
induced VSMCs apoptosis (see Fig 16), and simultaneously significantly inhibited
VSMC proliferation (see Fig 17) and migration (Fig 15). Likewise, at least partly in
agreement with our findings, a recent study found that silencing CHI3L1 in primary
cultured mouse aortic VSMC from C57BL/6 mice aorta reduced
PDGF-BB-stimulated VSMC migration and proliferation (Jung 2018). However, there
were no significant differences observed in VSMC survival induced by CHI3L1
overexpression. Interestingly, studies in human bronchial smooth muscle cells
(BSMCs) indicated that increased CHI3L1 can induced BSMC proliferation and
migration by either producing IL-8 or through PAR-2-, AKT-, and ERK-dependent
mechanism (Bara2012) (Tang2012). Additionally, CHI3L1 pig homolog (gp38k) can
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regulate SMC migration, adhesion, and spreading in VSMC derived from thoracic
aortic explants of adult pigs. Thus, reports linking CHI3L1 with VSMC behavior
suggest that CHI3L1 can regulates VSMC cell fate but may vary dramatically
depending on different SMC origin and pathophysiological conditions.

To date, few studies have explored CHI3L1’s functional role and underlying
mechanism in VSMC:s. In this present work, we identified that Krueppel-like factor 4
(KLF4), which research groups have previous shown plays a vital role in regulating
VSMC phenotypic switching, VSMC functional properties and overall plaque
pathogenesis (Yoshida 2008) (Deaton 2009) is associated with CHI3L1 knockdown
modulation in VSMC:s (see Fig 18). Furthermore, our results of trans-differentiation
demonstrated that silencing CHI3L1 can significantly suppress mRNA expression of
VSMC markers ACTA2 (a-SMA) and simultaneously increase mRNA expression of
macrophages markers CD68 (see Fig 14). Therefore, we postulated that the
knockdown of CHI3L1 within VSMC results in VSMC trans-differentiation through
the regulatory role of KLF4.

Meanwhile, it is noteworthy that MyoG was detected significantly associated with
CHI3L1-modulation in VSMCs (see Fig 14). A key regulator of skeletal muscle gene
expression, MyoG, and together with MyoD, another muscle-specific myogenic
regulatory factor (MRF), has been considered | dominant over the differentiation of
SMC (Long 2007). This compelling study demonstrated that MyoD, rather than be a
coactivator that induces VSMC differentiation via stimulating serum response factor
(SRF) dependent smooth muscle cell marker, can function as a repressor of MyoG,
inhibiting skeletal muscle cell differentiation. Since muscle-derived stem cells or
skeletal myoblasts expressing MyoG are refractory to terminal differentiation,
obtaining an SMC-like phenotype and further becoming a functional SMC, we
assumed that MyoG is also involved in the development of atherosclerosis, directly
inhibiting skeletal muscle cell differentiation while promoting SMC differentiation.
Collectively, we boldly hypothesized that reduced MyoG mediated by CHI3L1 can
directly inhibit skeletal muscle differentiation while activating SMC phenotype.

Unfortunately, we were not able to identify genes significantly associated with VSMC
survival due to the small number of specified candidates on our custom gene
expression array plate. Although CDKNI1A (p21) and p53 seemed to be mediated by
CHI3L1 from the analysis (see Fig 18), a large-scale unbiased gene expression
profiling or specific arrays containing genes related to pathway of VSMC
proliferation/apoptosis/migration should be designed and explored. Lastly, through in
silico analysis of the putative transcription factor, CREBP1 was reported as the
highest possible transcription factor of CHI3L1 by showing the highest matching
score and having both DNA methylation marks and single nucleotide polymorphisms
in its TF-DNA binding area. However, further experiments, such as chromatin
immunoprecipitation and Luciferase reporter assay should be performed to confirm
this result.
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It should be mentioned that this project actually included an in vivo study aiming to
explore the function role of CHI3L1 in vascular remodeling and plaque vulnerability,
which was predominantly completed by Pavlos Tsantilas, a Vascular Surgeon from
our Clinic, at our cooperative laboratory in Stanford University. They established two
animal models that investigate vascular remodeling and plaque vulnerability,
respectively, in four different background mice, including Chi3/1-/- Cre/FloxP,
C57BL6 (Wildtype), ApoE-/-, and Myhl1/Tom-/+ mice. Consequently, they
observed that inhibiting CHI3L1 can increase total vessel area and its individual
components (media, intima and lumen). Meanwhile, the percentage of aSMA+ cells
in the intima was reduced in the remodeling model, and the percentage of aSMA+
cells was significantly reduced in the fibrous cap within advanced lesions in the
vulnerability model. This in vivo work is of great complimentary value to the in vitro
and ex vivo studies presented in my thesis. Further explorations and studies will shed
light on the molecular mechanisms through which CHI3L1 induces VSMC dynamics,
such as migration, proliferation, and apoptosis. One final limitation is that our in vitro
study was limited by a relatively small sample size when utilizing cells being derived
from patients. Here obviously a better characterization of the patients from which the
cells originate from is needed, and more cells from further patients should be
generated.

5. SUMMARY

In conclusion, the present study provides evidence that CHI3L1 plays a role in
VSMC-mediated advancement of atherosclerosis. Ex vivo results demonstrate that
anti-CHI3L1 immuno-expression in the areas populated by VSMC are increased in
rupture plaques. Further, the in vitro study demonstrated that CHI3L1 exerts effects
on VSMC cell fate decisions, with the ability to induce cell apoptosis and reduce cell
migration/proliferation as well. Intriguingly, gene array analysis found two
VSMC-trans-differentiation-related genes — KLF4 and MyoG — were associated with
CHI3L1 modulation. At the same time, inhibiting CHI3L1 might result in smooth
muscle cell trans-differentiation by altering the expression patterns of macrophage
and VSMC markers. Last, if I am allowed to mention our cooperator-based in vivo
data, CHI3L1 seemingly prevents VSMC dedifferentiation and transformation in the
vasculature by increasing aSMA-expression in intima of vascular remodeling mice
model and in the fibrous cap of an inducible plaque vulnerability model. Collectively,
our studies can be interpreted as evidence that CHI3L1 contributes to
VSMC-mediated atherosclerotic plaque pathogenesis.
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7. APPENDIX

7.1 Abbreviations

a-SMA
AIS
Apoe-/-
BiKE
CHI3L1

CHI3L1-/- Cre/FloxP
transgenic mouse

CLP
CVD
CDKNI1A
Col
ECM
FFPE

FN
GCBI
HCtSMC
IHD

IPH
LAA
LCM

LN

MVB
Mo
MyoG
MMPs
Myh11/Tom-/+
POUSF1
PWM
RHD
SNPs
siRNA
TSS
TFBS
TIMPs
TP53

Alpha smooth muscle actin

Acute Ischemic Stroke

Apolipoprotein E knockout

Biobank of Karolinska Endarterectomies
Chitinase-3-like-protein-1
Chitinase-3-like-protein-1 knockout CreLoxP-inducible

Chitinase-like-protein
Cardiovascular diseases
Cyclin Dependent Kinase Inhibitor 1A, p21
Collagen
extracellular matrix
fixed with formaldehyde and embedded in paraffin
fibronectin
Gene Cloud of Biotechnology Information
Human carotid artery smooth muscle cell
ischemic heart disease
intraplaque hemorrhage
large-artery atherosclerosis
Laser capture microdissection
laminin
Munich Vascular Biobank
macrophage
myogenin
matrix metalloproteinases
Myhl1/Tomato transgenic mouse
POU Class 5 Homebox 1, Oct4
position weight matrice
rheumatic heart disease
single nucleotide polymorphisms
small interfering RNA
transcription start site
transcription factor binding sites
tissue inhibitors of MMPs
tumor protein p53
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