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Aims Atherosclerotic cerebrovascular disease underlies the majority of ischaemic strokes and is a major cause of death
and disability. While plaque burden is a predictor of adverse outcomes, plaque vulnerability is increasingly recog-
nized as a driver of lesion rupture and risk for clinical events. Defining the molecular regulators of carotid instability
could inform the development of new biomarkers and/or translational targets for at-risk individuals.

Methods Using two independent human endarterectomy biobanks, we found that the understudied glycoprotein, chitinase 3

and results like 1 (CHI3LT), is up-regulated in patients with carotid disease compared to healthy controls. Further, CHI3LT levels
were found to stratify individuals based on symptomatology and histopathological evidence of an unstable fibrous
cap. Gain- and loss-of-function studies in cultured human carotid artery smooth muscle cells (SMCs) showed that
CHI3L1 prevents a number of maladaptive changes in that cell type, including phenotype switching towards a syn-
thetic and hyperproliferative state. Using two murine models of carotid remodelling and lesion vulnerability, we
found that knockdown of ChilT resulted in larger neointimal lesions comprised by de-differentiated SMCs that failed
to invest within and stabilize the fibrous cap. Exploratory mechanistic studies identified alterations in potential
downstream regulatory genes, including large tumour suppressor kinase 2 (LATS2), which mediates macrophage
marker and inflammatory cytokine expression on SMCs, and may explain how CHI3L1 modulates cellular plasticity.

Conclusion CHI3L1 is up-regulated in humans with carotid artery disease and appears to be a strong mediator of plaque vulner-
ability. Mechanistic studies suggest this change may be a context-dependent adaptive response meant to maintain
vascular SMCs in a differentiated state and to prevent rupture of the fibrous cap. Part of this effect may be medi-
ated through downstream suppression of LATS2. Future studies should determine how these changes occur at the
molecular level, and whether this gene can be targeted as a novel translational therapy for subjects at risk of
stroke.
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1. Introduction

Atherosclerotic cardiovascular disease (CVD) is the leading cause of
morbidity and mortality worldwide."* Atherosclerotic plaques can accu-
mulate within the coronary, the carotid, or the peripheral vasculature,
where they can cause heart attack, stroke, or limb ischaemia, respec-
tively. About half of all strokes are ischaemic in nature (in contrast to
haemorrhagic strokes),” and typically result from a transient or perma-
nent reduction in cerebral blood flow.?

However, it is now recognized that risk of stroke is not solely related
to severity of arterial stenosis,4 which is still the main decision variable
for carotid endarterectomy (CEA).” Instead, recent data suggest that it is
the composition of the plaque, which influences its vulnerability and pro-
pensity for rupture. Plaques with a thin fibrous cap, a lipid-rich necrotic
core, inflammatory infiltrates, neo-vessel growth, and intra-plaque hae-
morrhage are considered ‘vulnerable’* Several mechanisms have been
proposed as potential contributors to these processes, many of which
regulate smooth muscle cell (SMC) differentiation, proliferation, and/or
apoptosis, and their ultimate contribution to the stabilizing fibrous cap.®

Transcriptomic and proteomic profiling studies in symptomatic and
asymptomatic patients undergoing CEA at the Karolinska Institute in
Stockholm identified chitinase 3 like 1 (human gene: CHI3l1, human

—> CD68+)

protein: CHI3L1, mouse gene: Chil1, mouse protein: Chil'l,7 also known
as YKL-40, BRP-39, cartilage glycoprotein 1, GP-39, and HcGP-39°) as
one of the most substantially up-regulated markers in symptomatic
patients.” CHI3L1 has previously been identified as a reproducible bio-
marker in several chronic inflammatory diseases (e.g. asthma, rheuma-
toid arthritis and diabetes-associated vascular diseases, etc.).m_22 It is
further known that CHI3L1 is expressed by various cell types of impor-
tance to atherosclerotic CVD, including macrophages, neutrophils, en-
dothelial cells, SMCs, and fibroblasts, and is regulated by a variety of
inflammatory cytokines [e.g. interleukin 1 beta (IL1), IL6, tumour necro-
sis factor (TNF), and interferon-y].2 Work from our own labs have dis-
covered that CHI3L1 mediates vascular inflammation via direct
regulation of miR-24 in progressing abdominal aortic aneurysms.”®
While elevated CHI3L1 levels have previously been reported in subjects
with carotid atherosclerosis,24 it remains unclear whether these changes
are causal or compensatory, given the existence of conflicting mechanis-
tic studies regarding its fundamental role in vascular biology.'%**2>~%°

In an effort to explore the biology behind increased CHI3LT levels, we
measured its mRNA expression in laser-captured, micro-dissected fi-
brous caps harvested from individuals undergoing CEA at the Technical
University Munich. Here, CHI3L1 was found to be significantly increased

in unstable vs. stable fibrous caps from advanced lesions. This finding
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generated the basis for this study, where the aim was to integrate in vitro,
ex vivo, and in vivo models to decipher the role of CHI3L1 in advanced
atherosclerosis and plaque vulnerability.

2. Methods

2.1 Analysis of human biobank specimens
2.1.1 Biobank of Karolinska Endarterectomies

The Biobank of Karolinska Endarterectomies (BiKE) from Stockholm,
Sweden is a prospective collection of atherosclerotic plaques received
after CEA for high-grade carotid artery stenosis. Patient clinical parame-
ters, sample collection and processing, and methods applied in this bio-
bank have been described elsewhere in detail.”>° The same definition as
elaborated below in the Munich Vascular Biobank was used to differenti-
ate asymptomatic from symptomatic patients. Human studies from BiKE
are approved by the Ethical Committee of Stockholm and follow the
guidelines of the Declaration of Helsinki. All human samples and data in
BiKE are collected with informed consent from patients or organ
donors’ guardians. For microarrays, non-atherosclerotic iliac arteries and
one aorta from healthy individuals (h=10) were compared with carotid
plaques (n=127), where 40 were from asymptomatic and 87 from symp-
tomatic patients at the time of CEA. The full dataset can be accessed
from Gene Expression Omnibus with the number GSE21545. For prote-
omics, CEA tissue specimens from n=18 patients matched for male gen-
der, age, and statin medication were analysed using liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS),
as previously described in detail 3% Further, gene expression correla-
tion studies with the carotid artery plaques were performed.

2.1.2 Munich Vascular Biobank

Plaque specimens from the Munich Vascular Biobank were used to study
gene expression in laser-captured, micro-dissected fibrous caps and to
perform immunohistochemical analyses, as shown before®® and de-
scribed below. The Munich Vascular Biobank contains more than 1700
human atherosclerotic plaques and plasma samples, along with clinical
data obtained from patients receiving CEA.>* Informed written consent
was obtained from each patient, and studies follow the guidelines of the
Declaration of Helsinki. Age-, gender-, and medication-matched samples
from 10 asymptomatic patients with histologically stable plaques were
compared with 10 symptomatic patients with histologically unstable pla-
ques. Symptomatic stenosis was defined if the patient had suffered from
carotid related symptoms, such as transient ischaemic attack, amaurosis
fugax, or stroke, within the last 6 months. Plaque stability was defined as
described by Redgrave et al® An unstable lesion was defined as a rup-
tured or rupture-prone plaque with a fibrous cap of <200 pm overlying
the necrotic core. Conversely, stable lesions were defined as those hav-
ing a thick fibrous cap (>200 pum) or those without a lipid or necrotic
core.

2.1.3 Laser capture micro-dissection of advanced athero-
sclerotic carotid artery plaques

Atherosclerotic lesions were embedded in paraffin, then sectioned, and
finally stained with haematoxylin and eosin (H&E) on RNase-free glass
slides, using a standardized protocol being described before. 33 In brief,
RNA extraction from catapulted, micro-dissected samples was per-
formed using the RNeasy Micro Kit (Qiagen, Venlo, the Netherlands)
following manufacturer’s protocol. RNA was quantified by Nanodrop

(Agilent Technologies, Santa Clara, CA, USA) and RNA quality was veri-
fied using an Agilent 2100 Bioanalyzer (Agilent Technologies). The
TagMan High Capacity ¢cDNA Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA) was used for cDNA synthesis, and primer
assays for CHI3L1, large tumour suppressor kinase 2 (LATS2), and glycer-
inaldehyde 3-phosphate dehydrogenase (GAPDH) (all from Thermo
Fisher Scientific) and others (see Supplementary material online) were
utilized to detect expression changes.

2.1.4 Immunohistochemistry of human carotid plaques
Atherosclerotic plaques were embedded in paraffin, sectioned at 7 um
thickness, and then stained after a standardized protocol (see
Supplementary material online, Table ST for immunohistochemistry and
Table S2 for immunofluorescence staining). Antibodies used for staining
are described in the Supplementary material online, Methods. Images
were scanned using the PreciPoint M8 digital microscope system
(PreciPoint, Freising, Germany) for immunohistochemistry and FV3000
(Olympus, Hamburg, Germany) for immunofluorescence staining.

2.2 In vitro

2.2.1 Primary cell culture

For primary cell culture experiments, we used human carotid artery
smooth muscle cells (HCtASMC) from Cell Applications (San Diego,
CA, USA). Cells were cultivated in accordance with the manufacturers’
instructions in 5% CO, atmosphere at 37°C. After reaching 70-80%
confluence, cells at passage number 4—6 were used for all further experi-
ments. Cells were treated under different conditions including normal
serum, mechanical stress (scratch wound injury), or inflammatory stimuli,
such as oxidized low-density lipoprotein (oxLDL, Thermo Fisher
Scientific) and lipopolysaccharides (LPSs, Sigma Aldrich, St. Louis, MO,
USA). For mechanical stress, a scratch wound injury was performed us-
ing the IncuCyte Wound Maker tool (Essen Bioscience, Michigan, USA)
and mRNA expression was measured 24 h after injury compared to nor-
mal controls. For oxLDL and LPS, cells were serum starved and treated
with oxLDL (100 pg/mL) or LPS (10 pg/mL) for 12 or 48 h, respectively.

2.2.2 Gene modulation

For gene overexpression, we used a specific recombinant plasmid DNA
(pCMV6-CHI3LT) and a pCMVé6 empty vector for negative control
(OriGene Technologies, Rockville, MD, USA). The plasmid map is
shown in the Supplementary material online, Figure STA. After assessing
transfection efficiency, a plasmid concentration of 5 ng/uL was used for
further experiments (see Supplementary material online, Figure S1B).
Cell transfection was performed with lipofectamine 3000 transfection kit
(Invitrogen, Carlsbad, CA, USA). For CHI3L1 knockdown, we used a
gene-specific 27mer small interfering RNA (siRNA) and a universal
scramble control (OriGene Technologies). Three different gene-specific
siRNAs were generated (see Supplementary material online, Table S3).
Transfection was performed with RNAIMAX  (Invitrogen). siRNA
SR318700A was identified as having the highest knockdown efficiency by
quantitative real-time polymerase chain reaction (QRT-PCR, see below).
A concentration of 60 pmol was found to be most effective in a dose-
dependent study and was used for further experiments (see
Supplementary material online, Figure S1B). A similar approach was per-
formed to identify the most effective dose of LATSZ siRNA. In this case, a
concentration of 30 pmol was found to be most effective (see
Supplementary material online, Figure S1C). The effect of CHI3L1 modula-
tion on protein expression was measured with western blot analysis
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(see Supplementary material online, Figure S1D). A detailed description
of the western blot analysis protocol can be found in the Supplementary
material online, Table 54.

2.2.3 RNA isolation and qRT-PCR

Cells were harvested at 24 and 48 h after transfection. Isolation of RNA
was performed with RNeasy Plus Mini Kit (Qiagen) following the manu-
facturer’s protocol. To generate equivalent amounts of cDNA, RNA
concentrations were measured with a Spectrophotometer (NanoDrop
2000 C, Thermo Fisher Scientific). cDNA was synthesized with the High
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). Reaction took
place in the StepOnePlus RT-PCR System (Thermo Fisher Scientific)
(see Supplementary material online, Table S5). Normalization of quantifi-
cation was performed with the housekeeping genes ribosomal protein
lateral stalk subunit PO (RPLPO) or GAPDH.

2.2.4 Live-cell imaging analysis

To assess the effect of CHI3L1 on proliferation, migration, and apoptosis
in cell culture, we used a live-cell imaging analysis system (IncuCyte,
Essen Bioscience), in which cells that are cultured in a standard incubator
(Thermo GmbH, Langenselbold, Germany) can be analysed. The
IncuCyte captures real-time images (phase contrast and fluorescence)
from assay microplates. After training and adjusting the device to detect
cells correctly, the software performs an application-specific quantitative
imaging analysis. IncuCyte Scratch Wound Assay for migration, conflu-
ence assay for proliferation, and IncuCyte Apoptosis Assay for apoptosis
were used following the procedure-specific protocol and are described
in the Supplementary material online, Methods. Images were automati-
cally analysed by the IncuCyte ZOOM software. Per group, three repli-
cates were performed. Data were presented as the mean with standard
deviation.

2.2.5 RNA sequencing

RNA sequencing (RNAseq), was performed using the lon Torrent lon
S5 system (Thermo Fisher Scientific) in HCtASMC using the same over-
expression and negative control conditions as described above (n=4 per
group). Libraries were prepared using the lon Torrent lon Total RNA-
Seq Kit v2 and lon Xpress RNA-Seq Barcode 1-16 Kit (Thermo Fisher
Scientific). Data analysis was performed using Bioconductor v3.10/
RStudio v1.1.463/R v3.5.3. Based on multidimensional scaling (see
Supplementary material online, Figure S2A), two samples—one in each
group, were considered outliers and excluded from further analysis,
leaving us with three samples in each group. Mapped gene reads were
analysed for differential expression using the edgeR library (v3.24.3).
From 55 765 mapped genes, 11 096 remained after performing basic fil-
tering using default edgeR settings—selecting only genes with a count-
per-million CPM of at least 10 in each analysed sample. In total, 225 dif-
ferentially expressed genes were identified (fold-change >1.5 and
Benjamini-Hochberg FDR<0.05). To allow a more stringent analysis,
Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis
was performed using limma (v3.38.3, see Supplementary material online,
Figure 2B and €)%’

2.3 Invivo

All animal protocols used were approved by the Stanford University
Administrative Panel on Laboratory Animal Care (protocol 27 279). All
animal procedures performed conform to the current NIH guidelines.
For anaesthetic agent, we used isoflurane 1-3% per inhalation and for

analgesics lidocaine 2—4 mg/kg local subcutaneously before surgical inci-
sion, bupivacaine 1-2 mg/kg local subcutaneously before surgical incision,
and carprofen 5-10 mg/kg pre-operatively subcutaneously. Response of
mice to pain stimulation was monitored to assess adequacy of anaesthe-
sia. For this, withdrawal reflex was assessed before incision and after
10 min. Immediately after surgery, mice were monitored every 15 min
until full awake and recovered (=righting-reflex has returned, and mice
were fully mobile) in a separate cage with flat bedding and half of the
cage supplemented with heat. Once recovered, they were returned to
their home cage. Mice were monitored postoperatively twice daily for
the first three days, then daily for the remaining experiment. If found in
pain (irritation, scratching, hunched, or scruffy), carprofen was injected
subcutaneously. Rodents were euthanized under full anaesthesia with
isoflurane 1-3% and cardiac exsanguination. Cervical dislocation was
used as a secondary method of euthanasia.

2.3.1 Carotid ligation and induced plaque rupture in mice
For functional studies, we used two animal surgery models (see
Supplementary material online, Figure S3). The first was the carotid liga-
tion model (CLM), which was used to induce vascular remodelling.®
This model helps to investigate the process of vascular intimal prolifera-
tion and thus is helpful to measure SMC function and differentiation sta-
tus. The second surgery model was the inducible plaque rupture model
(PRM). This model utilizes a modified version of the carotid ligation/cast

9 .
1,3 which can be used to measure

approach first described by Sasaki et a
lesion vulnerability and fibrous cap stability. Both models are described

in detail in the Supplementary material online, Methods and Figure S3.

2.3.2 Phenotype mouse models

The CLM (see Supplementary material online, Figure S3) was performed
using common wild-type C57BL/6] mice that were fed standard chow
diet (Stock Number: 000664, Jackson Laboratory, Bar Harbour, Maine,
USA). For the inducible PRM (see Supplementary material online, Figure
$3), we used dyslipidaemic Apoe '~ mice that were fed a high-fat diet
(Stock Number: 002052, Jackson Laboratory). To assess phenotype
switching in the inducible PRM, Myh1 1-CreERT,2 RosaZé-Tomato+/', and
Apoe '~ SMC lineage-tracing mice (Tomato mice) were provided by
Stanford University.

2.3.3 In vivo Chil1 inhibition

In vivo knockdown or knockout of the gene of interest was performed
with single-stranded antisense oligonucleotides (GapmeRs, Qiagen),
which induced RNase H-dependent degradation of complementary
RNA targets. Oligonucleotides with unspecific binding sequence or-
dered from stock from the same company (Qiagen), were used as nega-
tive controls at the same dose. Sufficient knockdown of Chil1 with
GapmeRs was tested in vitro and in a small pilot study of four mice (see
Supplementary material online, Figure S4). More experimental details are
provided in the Supplementary material online.

2.3.4 Tissue processing, histology, and
immunohistochemistry

Tissue samples were formalin-fixed and then embedded in OCT after
sucrose-dehydration. Beginning at the suture, consecutive 7 um thin sec-
tions of the carotid were then cut caudally to the suture until the intimal
proliferation or plaque was no longer visible. Sections were marked
according to their distance from the suture. Selected sections were then
stained with H&E and other immunohistochemical probes as follows: in
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the CLM, all morphologic measurements and lesion areas were calcu-
lated at distances 200, 400, 600, and 800 pm proximal to the suture,
then averaged. For immunohistochemistry sections, samples were ana-
lysed 400 um from the suture. In the PRM, the most advanced lesion up-
stream of the suture and downstream of the cuff were selected for
staining. Samples of the CLM were excluded if there was a lumen at the
suture area or if there was no lesion formation, indicating failure of the
surgical procedure. Samples of the PRM were excluded if there was no
lesion formation, complete thrombosis in the absence of an advanced
plaque, or complete luminal occlusion due to intimal proliferation, similar
to methods described by Hartwig et al.*® The fibrous cap was defined as
the 20 um of the plaque nearest to the vessel lumen. H&E staining was
performed by a standard protocol (Supplementary material online, Table
$6). Primary and secondary antibodies used are described in the
Supplementary material online, Methods. Immunohistochemistry was
performed using a standard protocol (see Supplementary material on-
line, Table S7). For detection of in vivo proliferation, we used an EdU (5-
ethynyl-2’-deoxyuridine) proliferation assay: intraperitoneal injection of
50 mg/kg EAU (A10044, Thermo Fisher Scientific) was performed in all
mice 24 h before sacrifice. For staining, Click-iT™" EdU Alexa Fluor™
647 HCS Assay (C10356, Thermo Fisher Scientific) was used according
to the manufacturer’s instructions. To detect cell apoptosis both con-
ventional cleaved caspase-3 staining and staining for DNA strand breaks
(Terminal deoxynucleotidyl transferase dUTP nick end labelling,
TUNEL) using the In Situ Cell Death Detection Kit, Fluorescein (Sigma,
Cat# 11684795910) was performed according to the manufacturer’s
instructions.

2.4 Image analysis and statistics

Image analysis of in vivo experiments was performed with FlJl (Image
Version 2.0). Vessel area was calculated with the lasso tool in mm?Z Total
vessel area was defined as the region containing the media, intima, and lu-
men. The medial area was defined by subtracting the intimal and luminal
areas from the total vessel area. The intimal area was defined as the in-
tima subtracted by the luminal area. For quantitative immunohistochem-
istry analyses, each stain was identified using a Region of Interest (ROI)
analysis. For example, the fibrous cap was defined with the lasso tool and
the ‘make band’ tool in FlJI, and the ROl was quantified as the circumfer-
ential area within 20 pm of the lumen. The individual channels of each
immunohistochemistry image were converted into 8-bit greyscale
images with a range of O=black to 255=white. Within this range, a
threshold cut point was defined. This threshold cut point allowed distinc-
tion of pixels stained by the specific antibody (above threshold; positive)
or not stained (below threshold; negative). The ratio of above threshold
area/total area was used to define the ‘percentage antibody-positive
area’. For each antibody, the same threshold was used, and pictures
were captured under identical camera settings. For calculation of prolif-
eration and apoptotic index, the channel for cell core and EdU+/
TUNEL+ was converted into a binary picture, respectively. The number
of cell cores and EAU+/TUNEL+- cells were calculated with the ‘Analyse
Particles’ tool. The index was calculated by EdU+/all cell cores =
proliferation-index and TUNEL+/all cell cores = apoptotic index within
the different ROls. For in vitro cell culture and in vivo experiments, statisti-
cal analysis was performed in GraphPad Prism 7 or 8 (GraphPad
Software Inc., San Diego, USA). First, normality of distribution was
assessed by using D’Agostino and Pearson omnibus tests. Homogeneity
of variance was tested with F-test or Levene’s test. Normally distributed
data were analysed with two-sided Student’s t-test. Otherwise, non-
parametric Mann—Whitney U testing was performed. For analysis of

multiple gene expression panels, t-tests corrected for multiple compari-
sons using the Holm-Sidak method was performed. For the IncuCyte
experiments, both t-tests corrected for multiple comparisons using the
Holm—Sidak method for each individual time point and two-way re-
peated measures ANOVA for the entire time course were performed.
Differences of RNA level expression were calculated using the ““Ct
method. Microarray and LC-MS/MS dataset analyses in BiKE were per-
formed with the GraphPad Prism 6 and Bioconductor software, using a
linear regression model adjusted for age and gender to check for any as-
sociation with covariates, and a two-sided Student’s t-test assuming non-
equal deviation to compare groups. P-value <0.05 was considered as sta-
tistically significant.

3. Results

3.1 Chi3l1 is increased in patients with
symptomatic carotid artery disease and

unstable fibrous caps

High transcript expression levels of CHI3L1 were initially discovered in
patients with advanced carotid artery disease in the BIiKE cohort.
Compared to non-atherosclerotic artery controls, CHI3L1 was found to
be significantly up-regulated in plaques (fold-change 33.2, P=0.0001).
Moreover, CHI3L1 was significantly higher expressed in lesions from indi-
viduals with symptomatic vs. asymptomatic disease (fold-change 1.6,
P<0.0001; Figure 1A). Further, CHI3L1 was also up-regulated in plaque
specimens from patients with preoperative cardiovascular events vs.
those that have not previously suffered an adverse clinical event (fold-
change 1.5, P=0.04; Figure 1A). In addition to changes in mMRNA expres-
sion, CHI3L1 protein levels were also confirmed to be higher in plaques
compared to matched adjacent non-diseased arterial control tissues
(fold-change 1.2, P=0.0005), and in plaques from symptomatic patients
compared to asymptomatic ones (fold-change 1.4, P=0.0001; Figure 1B).

In addition to the changes in CHI3L1 in bulk plaque tissue, we mea-
sured its expression in laser-captured, micro-dissected fibrous caps from
unstable/ruptured plaques vs. stable plaques (n = 10 each). Here, CHI3L1
was significantly increased in ruptured compared to stable fibrous caps
(fold-change 2.1, P=0.0089; Figure 1C). To further investigate the localiza-
tion of CHI3L1 during lesion formation, we also performed immunofluo-
rescent and immunohistochemical stains of stable and unstable
atherosclerotic human carotid plaques. CHI3L1 was predominantly
expressed on those lesional SMCs which still expressed SMC differentia-
tion markers [alpha smooth muscle actin (aSMA)] in advanced unstable
plaques (Figure 1D, see Supplementary material online, Figure S5). This
finding contrasts with results from stable plaques, where overall CHI3L1
expression was low, and co-localization with SMC markers was minimal
(Figure 1D, see Supplementary material online, Figure S5).

To further investigate the association of CHI3L1 with genes implicated
in inflammation and SMC differentiation, we performed gene expression
correlation studies on CEAs from the BiKE cohort. We found that
CHI3L1T mRNA levels were indeed positively correlated with features of
plaque vulnerability, such as inflammatory cytokines (e.g. TNF; IL15; che-
mokine ligand 2 (CCL2); and CCL5), macrophage markers (e.g. cluster of
differentiation family: CD40, CD11a, CD11b, CD11c, CD163, CD274; fatty
acid binding protein 4), and apoptosis markers (e.g. Caspase 3), and
inversely-correlated with markers of lesion stability [including the estab-
lished SMC differentiation markers aSMA/actin alpha 2 (ACTAZ2); myosin-
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Figure I CHI3L1 mRNA and protein expression in human plaques. (A) BIKE mRNA expression analysis of CHI3L1 by microarrays. Normal arteries:
n =10 (iliac and one aorta), carotid plaques: =127, asympt: n=40 plaques from patients asymptomatic at surgery, sympt: n=87 plaques from patients
symptomatic at surgery, event: indicates previous cardio- or cerebrovascular event n=27, no event n=98. CHI3LT mRNA expression fold-change: plaques
vs. normal =+33.2, P<0.0001, sympt vs. asympt =+1.6, P<0.0001, yes vs. no =+1.5, P=0.04. Statistical test: linear regression model and Student’s t-test.
(B) BiKE protein quantification of CHI3L1 by LC-MS. Adjacent tissues: n=18 matched adjacent arterial tissues used as controls, plaques: n=18 carotid
plagues, asympt: n=18 plaques from patients asymptomatic at surgery, sympt: n=18 plaques from patients symptomatic at surgery. CHI3L1 protein fold--
change: plaques vs. adjacent =+1.23, P=0.0005, sympt vs. asympt =-+1.38, P=0.0001. Statistical test: see (A). (C) CHI3LT mRNA expression of laser cap-
ture micro-dissection of human fibrous cap of 10 stable plaques vs. 10 unstable plaques of the Munich Vascular Biobank. Scale bar: 3 mm. CHI3L1
expression fold-change: 4-2.1, P=0.0089. Shown as mean+SEM. Statistical test: Student’s t-test. (D) H&E and immunohistochemistry of human atheroscle-
rotic plaques from the Munich Vascular Biobank. CHI3L1 and aSMA co-stain in advanced unstable plaques. Stable plaques show low CHI3L1 expression
and minimal co-localization with aSMA. Scale bar: 2 mm (stable), 3 mm (unstable). *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001; n.s., non-significant;
TMT, tandem mass tag; M, media; NC, necrotic core; FC, fibrous cap; H&E, haematoxylin and eosin stain; CHI3L1, chitinase 3 like 1; aSMA, alpha smooth
muscle actin; LGALS3, galectin-3.
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11 (MYHT1T1); myocardin; smoothelin; and transgelin)] (see
Supplementary material online, Figure S6).

3.2 Chi3l1-mediated effects on SMC migra-
tion, proliferation, and apoptosis

Based on our findings from profiling high-risk carotid artery lesions and
the suggested co-localization of CHI3L1 with aSMA-positive cells, we in-
vestigated phenotypic and functional changes in disease-relevant
HCtASMCs upon CHI3LT modulation (Figure 2A-E). Interestingly,
siRNA-based knockdown of CHI3L1 significantly increased proliferation
compared to (scramble-transfected) controls when using the IncuCyte
dynamic live-cell imaging system (P=0.0021, Figure 2A). Plasmid-based
overexpression of CHI3L1 had opposing results and led to a decrease in
proliferation rates over time (P<0.0059, Figure 2A). Further, CHI3L1
knockdown led to an increase in SMC apoptosis (P<0.0001, Figure 2B).
Here, CHI3L1 overexpression did not affect SMC survival compared to
the control group (Figure 2B). Finally, we used the IncuCyte scratch
wound assay to determine the effect of CHI3LT modulation on SMC mi-
gration. Neither inhibition nor overexpression of CHI3L1 led to signifi-
cant differences in the migratory response (Figure 2C).

3.3 Chi3l1 is induced by pro-inflammatory
stimuli in SMCs and triggers their trans-
differentiation

To assess whether CHI3LT modulation is involved in phenotypic and
pro-inflammatory changes in HCtASMCs, we investigated the expres-
sion of ACTA2 and cluster of differentiation 68 (CD68) upon CHI3L1 inhi-
bition and overexpression. Interestingly, CHI3L1 knockdown significantly
increased CD68-expression (P=0.0335, Figure 2D), while CHI3L1 overex-
pression was not associated with a significant change in CD68 mRNA lev-
els (Figure 2D). Knockdown of CHI3L1 further resulted in a significant
reduction of ACTA2-expression (P=0.0455, Figure 2D), while CHI3L1
overexpression was not associated with a significant change in ACTA2
mMRNA levels (Figure 2D). We further found that HCtASMCs exposed to
the pro-atherogenic inflammatory stimulus oxLDL down-regulate classic
SMC differentiation markers and up-regulate macrophage markers, such
as LGALS3 (see Supplementary material online, Figure S7A). Knockdown
of CHI3LT under oxLDL conditions exacerbated these findings, leading
to additional down-regulation of ACTA2 and up-regulation of macro-
phage (LGALS3) and inflammatory markers (IL6, IL1p) (Figure 2E). CHI3L1
was also suppressed under oxLDL conditions, while other stimuli like
toxic inflammatory LPS or mechanical stimuli (scratch wound injury) had
no effect (see Supplementary material online, Figure S7A-C).

3.4 Role of Chil1 in murine models of

vascular remodelling and plaque rupture

To address the impact of ChilT on vascular remodelling and intimal prolif-
eration, we performed H&E staining at standardized distances proximal
to the suture in mice subjected to carotid artery ligation. A variety of
endpoints, including total area, vessel area, medial area, intimal area, and
luminal area were assessed upon H&E staining. The total area of the ves-
sel was significantly larger in the ChilT GapmeR group compared to
scrambled controls (P=0.007, see Supplementary material online, Figure
S8A). The luminal area (P=0.012), the vessel area (total area without the
lumen, P=0.017), and its individual components including the media
(P=0.017), and intima (P= 0.023) were all significantly larger as well
(Figure 3A, see Supplementary material online, Figure S8A). To address
the effect on aSMA positive cells, representing the content of

differentiated SMCs, we analysed the percentage of aSMA-positive area
in the total area, medial area, and intimal area upon carotid ligation. In
the Chil1 GapmeR group, the percentage of aSMA positive cells was sig-
nificantly reduced (P=0.016, see Supplementary material online, Figure
S$8B). This effect was not significant when analysing the medial part only
(P=0.16, see Supplementary material online, Figure S8B), but significant in
the intimal area alone (P=0.007, Figure 3B). CD107b (Mac-3), represent-
ing macrophages, was expressed equally in both, the ChilT GapmeR and
control groups (see Supplementary material online, Figure S8C). In the
GapmeR group, the proliferation-index of the vessel was significantly in-
creased compared to the control group (P=0.042, Figure 3C). No signifi-
cant differences between both groups regarding the apoptotic index
could be measured (P=0.244, Figure 3D).

Next, we performed the inducible PRM in Apoe '~ mice.
Immunohistochemistry using antibodies against aSMA and MAC3
revealed no significant differences between groups (see Supplementary
material online, Figure S8D). Of the analysed arteries, 86% (n=6/7) in the
control group and 63% (n=5/8) in the knockdown group developed an
advanced lesion with increased intimal thickening and partial necrotic
core formation. To determine the SMC content in fibrous caps, we mea-
sured aSMA positive cells in this specific region of the developed pla-
ques. In this area, aSMA positive cells were significantly reduced in the
GapmeR group compared to controls (P=0.0148, Figure 4A). Ter-119
positive cell areas, which indicate erythrocytes inside the intima, were
utilized to define intra-plaque haemorrhages. Intra-plaque haemorrhages
were present in five of seven mice in the control group (71%), and in six
of eight mice in the GapmeR group (75%), showing no statistically signifi-
cant changes. However, a cross-linked fibrin antibody stain to detect
atherothrombotic events in this particular model***¢ indicated more
plaque ruptures in the GapmeR group when compared to controls
(Figure 4B).

To assess differences in cell-specific phenotype modulation, we per-
formed a small subset study using the Tomato mice system as described
above in a total of eight mice. Double immunofluorescent imaging (red
fluorescence = initial MYH11 cells, green fluorescence = aSMA positive
cells) supported the notion of reduced aSMA expression in SMC-
derived cells as a result of Chil 1 inhibition (dominant red-coloured plaque
in the GapmeR group, Figure 4C).

3.5 Potential mediators of CHI3L1

deregulation in atherosclerosis

Finally, we sought to identify interaction partners and downstream medi-
ators of CHI3L1 in the context of advanced atherosclerosis. To mimic
the elevated levels of CHI3L1 expression in SMCs in atherosclerosis, we
performed RNAseq in HCtASMCs treated with a CHI3L1 overexpress-
ing plasmid analogous to our cell culture experiments described above.
KEGG Pathway over-representation analysis revealed 85 significantly
(P<0.05) enriched pathways, of which 12 we deemed relevant for dis-
ease and tissue phenotype (Figure 5A). In the case of the top 10 pathways,
we observed significant enrichment of down-regulated genes in each
pathway. In the case of the two pathways on the bottom of the panel,
we observed significant enrichment of down-regulated genes but also of
up-regulated genes in those pathways (Figure 5A, see Supplementary ma-
terial online, Figure S2B and C). In order to improve disease-relevance of
the final set of differentially expressed genes, we chose to filter out genes
within the remaining 73 significantly enriched pathways from further
analysis. Following this approach, remaining were 33 genes significantly
different between the treatment (CHI3LT overexpression) and the
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Figure 2 Live-cell imaging analysis to determine the functional role of CHI3L1 and expression of vascular SMC and macrophage markers upon CHI3L1
and LATS2 modulation. Results are presented as the meantstandard deviation. Statistical test IncuCyte: multiple t-tests corrected for multiple compari-
sons (Holm-Sidak) for each individual time point and two-way repeated measures ANOVA for the whole time course. (A) Proliferation: occupied area
(confluence %, n=3), CHI3L1-knockdown: P=0.0021; CHI3L1-overexpression: P=0.0059. (B) Apoptosis: IncuCyte apoptosis assay (n=3). CHI3L1-knock-
down: P<0.0001; CHI3L 1-overexpression: P=0.4210. (C) Migration: IncuCyte scratch wound assay (n=3). CHI3L1-knockdown: P=0.1978; CHI3L1-overex-
pression: P=0.2526. (D) Measurements of relative mRNA levels of the macrophage biomarker (CDé68) and vascular SMC biomarker ACTA2 (aSMA).
Differences between groups were presented as fold-change with error bars as standard deviation (n=3). Statistical test: Student’s t-test. Knockdown of
CHI3L1: CD68 expression (fold-change 2.2, P=0.0335), ACTA2 expression (fold-change 0.7, P=0.0455). (E) Treatment of HCtASMC with anti-CHI3L1
siRNA before 12 h of oxLDL (100 pg/mL) exposure (n=5). Quantification of mMRNA expression with gPCR: CHI3L1 fold-change 0.2, P<0.0001; LATS2
fold-change 4.9, P=0.0002; LGALS3 fold-change 2.9, P=0.006; ACTA2 fold-change 0.2, P=0.0007; IL6 fold-change 5.7, P <0.0001; IL1f, fold-change 4.8,
P=0.0002. Statistical test: Multiple t-tests corrected for multiple comparisons using the Holm-Sidak method. (F) Treatment of HCtASMC with anti-LATS2
siRNA before 12 h of oxLDL (100 pg/mL) exposure (n=5). Quantification of mRNA expression with qPCR: CHI3L1 fold-change 1.2, P=0.1; LATS2 fold-
change 0.2, P=0.001; LGALS3 fold-change 0.3, P=0.004; ACTA2 fold-change 1.4, P=0.4; IL6 fold-change 0.3, P=0.007; IL1p, fold-change 0.2, P=0.001.
Statistical test: Multiple t-tests corrected for multiple comparisons using the Holm—Sidak method. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. n.s.,
non-significant; OF, overexpression of CHI3L1; KD, knockdown of CHI3L1; Cas3/7, Caspase 3/7; CDé8, cluster of differentiation 68; ACTA2, actin alpha
2; CHI3L1, chitinase 3 like 1, HCtASMC, human carotid artery SMCs; LATS2, large tumour suppressor kinase 2; LGALS3, galectin-3; IL6, interleukin 6;
IL1B, interleukin 1 beta; oxLDL, oxidized low-density lipoprotein.
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control group (Figure 5B). We identified the six genes being most signifi-
cantly down-regulated in response to CHI3LT overexpression
(Figure 5B), and further analysed these in HCtASMCs in which CHI3L1
was inhibited using siRNA (again analogous to our cell culture experi-
ments described above). Interestingly, two out of these six genes [LATS2
and homeodomain-interacting protein kinase 2 (HIPK2)] were

significantly increased upon CHI3L1 inhibition (Figure 5C), suggesting a di-
rect correlation and interaction with CHI3L1 expression levels in SMCs.
When analysing mRNA expression of these two genes in our fibrous
caps from ruptured/unstable vs. stable lesions, only the tumour suppres-
sor LATS2 was significantly deregulated. In accordance with our RNAseq
profiling data, where LATS2 expression was decreased upon high
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exposure of CHI3L1 (overexpression), a similar result (down-regulation
of LATS2 in ruptured/unstable) could be observed in the laser-captured
fibrous caps (Figure 5D). To further pursue the mechanistic link between
CHI3LT and LATS2, we performed in vitro LATS2 knockdown studies in
cultured HCtASMCs. LATS2 knockdown suppressed the expression of

macrophage markers (LGALS3) and inflammatory cytokines (IL6 and
IL1p), but had no effect on the SMC differentiation marker, ACTA2
(Figure 2F). Further, LATS2 was up-regulated in response to the athero-
sclerotic stimulus oxLDL in cultured HCtASMCs (see Supplementary
material online, Figure S7A).
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4. Discussion

Results from our study indicate that CHI3L1 may not only be a powerful
biomarker that can predict the presence of unstable carotid disease, as
shown previously** but also serve as a key regulator of SMC physiology
and thus plaque instability. Specifically, in vitro data from human carotid
artery SMCs as well as in vivo data from two mouse models suggest that
Chil1 prevents SMC ‘de-differentiation’ and neointimal proliferation, and
therefore could represent a novel translational target for the prevention
of fibrous cap thinning and atherosclerotic plaque destabilization. Gene
expression correlation studies indicate that CHI3LT is not only up-
regulated in more vulnerable plaques but also shows a clear association
with markers of lesional inflammation and loss of stabilizing differentiated
SMC content. When considered in the context of our in vitro and in vivo
loss-of function studies, these results suggest that CHI3LT up-regulation
under pro-atherogenic conditions in the atherosclerotic plaque may rep-
resent a compensatory response meant to prevent SMC ‘de-differentia-
tion” and inflammation.

CHI3L1 has previously been shown to be elevated in patients with
ischaemic CVD*"*? and advanced atherogenesis in particular.43
However, this particular biomarker is interesting in that it appears to be
differentially expressed under distinct clinical conditions, and perhaps in
a tissue- and even vascular bed-specific manner. For example, elevated
plasma CHI3L1 levels have been shown to predict the development of
ischaemic stroke, but not myocardial infarction.**** While some epide-
miological studies have identified an association between YKL-40 and tri-
glyceride levels,**** Mendelian randomization studies have not shown a
causal relationship with cholesterol.* Instead, YKL-40, which is an acute
phase reactant generated by infllmmatory cells commonly found in
rupture-prone carotid lesions, may be specifically up-regulated in re-
sponse to the erosion and apoptotic cell death that commonly precedes
ischaemic stroke.*’*8

The mechanism by which CHI3L1 might promote beneficial, plaque
stabilizing changes are not yet clear and remains the topic of significant
debate. Prior reports indicate that CHI3L1 may dampen the deleterious
effects of a wide range of inflammatory cytokines on endothelial cells,*’
myocytes,” and fibroblasts.>" However, CHI3L1 has also been reported
to have pro-proliferative effects on SMCs in vitro %% and atherogene-
sis in vivo.2> "> The reasons for these diverging results remain unclear but
could be related to context-dependent feedback mechanisms that vary
according to the presence of upstream inflammatory stimuli or other en-
vironmental cues. For example, treatment of isolated HCtASMCs with
the pro-atherogenic stimulus oxLDL led to the down-regulation of
CHI3L1 in vitro (see Supplementary material online, Figure S7A), while
non-atherogenic stimuli had no effect (see Supplementary material on-
line, Figure S7B and C), and an inverted pattern was observed in end-
stage human carotid plaques (Figure TA-C). The state of disease (early
atherogenesis vs. destabilization of existing plaques) appears to be of
great importance.

In this study, we find that CHI3L1 maintains SMCs in a quiescent, differ-
entiated, and non-proliferative state. It also prevents SMC apoptosis and
phenotype switching towards a ‘macrophage-like’ state, in vitro. In vivo,
these properties appear to synergize to prevent SMC ‘de-differentiation’
and maladaptive vascular changes under both atherosclerotic and non-
atherosclerotic conditions. For example, Chil1 prevented mature SMCs
from down-regulating their ‘SMC-specific’ markers and contributing to
the hyperplastic neointima in a carotid injury model, while preserving the
number of fully differentiated SMCs in the fibrous cap of lesions from an
atherosclerotic carotid PRM. From a molecular mechanism perspective,

hypothesis-free RNAseq studies identified a significant decrease in LATS2
in cells with high levels of CHI3L1. LATS2 has been previously linked to
cancer-related de-differentiation pathways.>* Being a tumour suppressor
gene, LATS2 might play a significant role in SMC proliferation and differ-
entiation in fibrous cap stability and thus atherosclerotic plaque vulnera-
bility. Results from our in vitro CHI3L1 and LATS2 knockdown studies
suggest that the beneficial effects of CHI3L1 up-regulation (inhibition of
SMC ‘de-differentiation’ and inflammation, as shown in Figure 2D and E)
may be dependent on the downstream suppression of LATS2 (which oth-
erwise would permit the up-regulation of macrophage markers and in-
flammatory cytokines). Future studies are needed to fully investigate the
CHI3L1-LATS2 axis in atherosclerosis.

Taken together, this study suggests that CHI3L1 may play a key role in
vascular pathology and should be investigated as a new translational tar-
get for CVD. Using two large, independent human biobanks, we confirm
that CHI3L1 is a powerful mediator of carotid disease. These findings
support other reports™ suggesting that CHI3L1 has the capacity to dif-
ferentiate which subjects are at highest risk for a future clinical event.
Mechanistically, we report that CHI3L1 prevents maladaptive changes in
vascular SMCs, preserving a phenotype that appears to stabilize the vul-
nerable atherosclerotic plaque. This effect seems to occur as a compen-
satory response to the complex pro-atherogenic milieu of the plaque
and may be mediated via the downstream suppression of the tumour
suppressor gene, LATS2. While future studies are needed to understand
the context-dependent properties of this key acute phase reactant, un-
derstanding how to measure and modulate CHI3L1 could have a role in
the diagnosis and management of patients with cerebrovascular disease
at risk for stroke.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Taken together, CHI3L1 has the potential to become a new translational target for cardiovascular disease. With further studies to understand its full
causal relationship to inflammatory pathways, it could have a role in the diagnosis and management of patients with cerebrovascular disease at risk

for stroke.




