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Chitinase 3-like 1 (CHI3L1) is a secreted glycoprotein that mediates inflammation, macrophage polarization, ap-
optosis, and carcinogenesis. The expression of CHI3L1 is strongly increased by various inflammatory and immu-
nological conditions, including rheumatoid arthritis, multiple sclerosis, Alzheimer’s disease, and several cancers.
However, its physiological and pathophysiological roles in the development of cancer and neurodegenerative
and inflammatory diseases remain unclear. Several studies have reported that CHI3L1 promotes cancer prolifer-
ation, inflammatory cytokineproduction, andmicroglial activation, and thatmultiple receptors, such as advanced
glycation end product, syndecan-1/αVβ3, and IL-13Rα2, are involved. In addition, the pro-inflammatory action
of CHI3L1 may be mediated via the protein kinase B and phosphoinositide-3 signaling pathways and responses
to various pro-inflammatory cytokines, including tumor necrosis factor-α, interleukin-1β, interleukin-6, and
interferon-γ. Therefore, CHI3L1 could contribute to a vast array of inflammatory diseases. In this article, we re-
view recent findings regarding the roles of CHI3L1 and suggest therapeutic approaches targeting CHI3L1 in the
development of cancers, neurodegenerative diseases, and inflammatory diseases.
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1. Introduction

CLPs, which are members of the glycoside hydrolase 18 gene family,
are expressed by diverse species and play essential biological roles. CLPs
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bind to chitin by inducing conformational changes and are especially
abundant in mammals, despite these species lacking endogenous chitin
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chitinase enzymatic activity, for mutations in their active domains.
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CHI3L1 is a heparin-, chitin-, and collagen-binding 40 kDa glycoprotein
(Di Rosa, Tibullo, et al., 2016), and is expressed at high levels in numer-
ous chronic inflammatory conditions (Low et al., 2015), where it acts as
a lectin due to the presence of a preserved carbohydrate-binding do-
main.While a broad spectrum of cells are known to express CHI3L1, in-
cluding macrophages, neutrophils, chondrocytes, synovial cells,
osteoblasts, granulocytes, and vascular smoothmuscle cells, the identity
of its ligands has only recently began to be elucidated (Johansen et al.,
1999; Kognole & Payne, 2017; Sanchez et al., 2018; Shao, 2013; Volck
et al., 1998).

Recent studies have shown that CHI3L1 is associated with immune
disease and cancer via regulation of various biologic processes, includ-
ing oxidant injury response, apoptosis, Th1/Th2 inflammatory balance,
and M2 macrophage differentiation (Chen, Zhang, Cao, & Zhang, 2018;
Kim, Park, et al., 2018; Zhou et al., 2015). However, the exact role of
CHI3L1 in inflammatory diseases remains controversial. Based on its
ability to simultaneously decrease epithelial cell apoptosis while stimu-
lating fibroproliferative repair, CHI3L1 is likely produced as a part of the
protective response (Zhou et al., 2014).

Many studies have demonstrated that CHI3L1mediates a number of
pro-inflammatory effects. For example, CHI3L1 is strongly expressed by
macrophages in inflammatory diseases such as rheumatoid arthritis,
liver cirrhosis, diabetes, and asthma as well as in cases of tissue injury,
as its secretion induces macrophage activation of inflammatory media-
tors (Di Rosa &Malaguarnera, 2016; Kumagai et al., 2016; Recklies, Ling,
White, & Bernier, 2005; Tsai et al., 2014). Additionally, CHI3L1 has been
shown to play a role in connective tissue cell growth, endothelial cell
migration, and inhibition of mammary epithelial cell differentiation
(Libreros, Garcia-Areas, & Iragavarapu-Charyulu, 2013).

CHI3L1 has the ability to bind tomultiple receptors, inducing various
cellular responses (He et al., 2013). Among these receptors, RAGE,
syndecan-1/αVβ3, and IL-13Rα2 induce inflammasomeactivation, apo-
ptosis, carcinogenesis, and tumor angiogenesis via binding to CHI3L1
(Subramaniam, Mizoguchi, & Mizoguchi, 2016). In previous studies,
serum CHI3L1 levels were increased in various central nervous system
diseases, including human immunodeficiency virus encephalitis, stroke,
MS, traumatic brain injury, and glioblastoma, indicating that CHI3L1
could be involved in several neuroinflammatory diseases (Eurich,
Segawa, Toei-Shimizu, &Mizoguchi, 2009; Hinsinger et al., 2015). Addi-
tionally, it has been shown that the expression of CHI3L1 can be regu-
lated by various pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-
6, and IFN-γ (Di Rosa & Malaguarnera, 2016).

Several inflammatory mediators, including monocyte
chemoattractant protein-1 (MCP-1), are upregulated by CHI3L1
(Libreros & Iragavarapu-Charyulu, 2015). Conversely, CHI3L1 has also
been shown to downregulate responses to inflammatory mediators,
suggesting that it may be related to a feedback mechanism regulating
inflammatory responses (Bohr et al., 2015). Therefore, CHI3L1 may
play a role as an acute-phase reactant related to disease severity and
mortality in various infections. Although several studies on CHI3L1
have been published, a systematic review of the various features and
functions of the protein is lacking. In this review article, we discuss re-
cent findings relating to CHI3L1’s roles in the development of several
diseases as well as therapeutic approaches.

2. Chitinase-like proteins

2.1. Members of Chitinase-like proteins

A systemic literature search identified 44 members of the mamma-
lian chitinase protein family (Bussink, Speijer, Aerts, & Boot, 2007).
Based on sequence homology, chitinases can be classified into two
groups, namely families 18 and 19 of the glycoside hydrolases
(Henrissat, 1991). Chitinases in which a substrate-assisted reaction
mechanism is conservedbelong to the glycoside hydrolase 18 gene fam-
ily (Terwisscha Van Scheltinga et al., 1995; van Aalten et al., 2001),
while gene family 19 members possess a fold-and-reaction mechanism
similar to that of lysozyme (Bussink et al., 2007). This indicates that the
evolution of genes occurs independently in each of these gene families.

A chitinolytic enzyme, chitotriosidase, was identified from the
plasma of symptomatic patients with Gaucher disease, one of the
most common lysosomal storage disorders, and shown to have a true
chitinase activity. Moreover, another type of mammalian chitinase, the
acidic mammalian chitinase (AMCase) family, was discovered, and the
association between mammalian chitinase and susceptibility to fungal
infection and pathophysiology of asthma has been reported.

Interestingly, chitinases lacking enzymatic activity have also been
identified. These proteins are referred to as CLPs, and are homologous
to active chitinase, have carbohydrate binding sites, and act as lectins.
CLPs belong to family 18 of the glycoside hydrolases, and contain a
triose-phosphate isomerase-barrel structure, one of the most versatile
folds in nature, but lack the six cysteine residues responsible for true
‘chitinases’ ability to bind to chitin (Boot et al., 2001; Boot, Renkema,
Strijland, van Zonneveld, & Aerts, 1995; Renkema et al., 1997). Among
CLPs, CHI3L1 and OVGP1 are expressed in 11 mammals, while BP40 is
specific for the artiodactyls. Other CLPs, such as CHI3L2, CHI3L3,
CHI3L4, and brain chitinase-like protein 2, exist in specific species like
primates and rodents.

2.2. General functions of Chitinase-like proteins

CLPs including CHI3L1 are expressed in extracellular matrix and se-
creted in response to immune activation (Catalan et al., 2016;
Kzhyshkowska, Yin, Liu, Riabov, & Mitrofanova, 2016; Renkema et al.,
1998; Sutherland, Maizels, & Allen, 2009). In this regard, these proteins
may have a role in cancer development, tissue remodeling, and inflam-
matory conditions such as neurodegenerative diseases. For example,
CLPs mediate T-helper 2 type inflammatory response (Lee et al.,
2011), which is known to induce M2 macrophage activation. In addi-
tion, CHI3L4 (Ym2) mediates T-helper 2 type immune response
(Muallem&Hunter, 2014). Polarization toM2macrophages induces an-
giogenesis and this may exacerbate cancer development (Riabov et al.,
2014). Furthermore, CHI3L1 also induces epithelial–mesenchymal tran-
sition, which is associated with cancer (Hao et al., 2017; Jefri, Huang,
Huang, Tai, & Chen, 2015). Excessive expression of other CLPs such as
OVGP1 is associated with ovarian cancers (Maines-Bandiera et al.,
2010). These results suggest that CLPs may contribute to the develop-
ment of cancers.

In addition, we also assume that CHI3L1 plays a critical role in tissue
remodeling and regulation of immune response. CHI3L1mediates tissue
regenerative process and induces a balance between tissue remodeling
and pathology (Sutherland, 2018). CHI3L1 also regulates liver fibrosis
and contributes to fatty liver diseases such as non-alcoholic
steatohepatitis (NASH) (Johansen et al., 1997; Johansen et al., 2000;
Malaguarnera et al., 2006). TGF-β may mediate tissue remodeling in-
duced byCHI3L1 at least in part (Lee et al., 2011). This tissue remodeling
is not only induced by CHI3L1 but also CHI3L3 (Starossom et al., 2019).
Additionally, immune responses of CHI3L2 are similar to those of
CHI3L1. CHI3L2 also has a tissue remodeling function, because cartilage
biogenesis and collagen expression are increased by this protein
(Miyatake et al., 2013). These results suggest that CLPs are associated
with tissue remodeling.

Another core function of CLPs is related to pathological processes in
neurodegenerative diseases. Neurodegenerative diseases are highly re-
lated to inflammatory processes in the brain. We reported that CHI3L1
has an important role in Alzheimer’s disease, which is mediated by
NF-kB or STAT3 inhibition (Choi et al., 2018). The other CLPs including
CHID1 also have pro-inflammatory functions. However, controversial
results have been reported regarding the protective effects of CLPs dur-
ing inflammation (Sutherland, 2018). Otherwise, CLPs are extensively
expressed under chronic inflammatory conditions (Lee et al., 2011).
This overexpression of CLPs may be responsible for the pathological



Table 1
CLP-related genes.

Gene Description
PGR progesterone receptor
CHIA chitinase, acidic
CHIT1 chitinase 1
CTBS chitobiase
ETS1 ETS proto-oncogene 1, transcription factor
SPI1 Spi-1 proto-oncogene
USF1 upstream transcription factor 1
GAA glucosidase alpha, acid
SP3 Sp3 transcription factor
PAFAH1B1 platelet activating factor acetylhydrolase 1b regulatory subunit 1
MAN2B1 mannosidase alpha class 2B member 1
RASA4 RAS p21 protein activator 4
IDO1 indoleamine 2,3-dioxygenase 1
GALC galactosylceramidase
MTRF1L mitochondrial translational release factor 1 like
CD55 CD55 molecule (Cromer blood group)
CR2 complement component 3d receptor 2
UBE2W ubiquitin conjugating enzyme E2 W (putative)
BRE brain and reproductive organ-expressed (TNFRSF1A modulator)
RGS10 regulator of G-protein signaling 10
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processes in various diseases. Therefore, we assume that CLPs may con-
tribute to chronic neuroinflammation in neurodegenerative diseases.

We further analyzed gene-gene interactions of CLPs using a web-
based prediction tool (https://genemania.org) (Warde-Farley et al.,
2010). Among CLPs, CHI3L1, CHI3L2, CHID1, and OVGP1 are available
in theweb-based tool (Fig. 1).We identified 16 genes that are highly as-
sociated with CLPs (Table 1). Expectedly, several oncogenes such as ETS
proto-oncogene 1, transcription factor, upstream transcription factor 1,
and Spi-1 proto-oncogene were predicted as CLP-related genes. ETS
proto-oncogene1, transcription factor can induce angiogenesis in breast
cancer (Furlan et al., 2019). Upstream transcription factor 1 regulates
several cancers such as thyroid cancer and hepatocellular carcinoma
(Yuan et al., 2016; Zhao et al., 2015). Spi-1 proto-oncogene is associated
with cancers such as lymphoma (Goto et al., 2017; Seki et al., 2017). The
gene-gene interaction network also showed that progesterone receptor
is associated with CLPs. Progesterone receptor levels are negatively cor-
related with the expression of CHI3L1 in breast cancer (Kim, Das,
Noreen, Coffman, & Hameed, 2007). OVGP1 and progesterone receptor
interaction may have a role in ovarian cancer (Wang, Mavrogianis, &
Fazleabas, 2009). The other cancer-related genes such as GALC, SP3,
PAFAH1B1, RASA4, CD55, and RGS10 are predicted to interact with
CLPs (Bivona et al., 2003; Cao et al., 2017; Essafi-Benkhadir et al.,
Fig. 1. Gene interaction network of CLP-related genes (see also Table 1). The gene-gene interaction network was generated by GeneMANIA (Warde-Farley et al., 2010). Color of lines
represents the type of interaction in the network (right panel); physical interaction (pink), co-expression (purple), predicted (orange), co-localization (blue) and pathway (cyan).
Sixteen genes are predicted to interact with CLPs.

https://genemania.org
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2009; Hooks et al., 2010; Hooks & Murph, 2015; Liu, Xue, Li, Yang, &
Peng, 2018; Zhang et al., 2017).

These gene-gene interactions may contribute to the regulation of
immune response and tissue remodeling. Chitinase has a critical role
in allergic inflammation process and tissue remodeling (Lee et al.,
2011). Chitinase1 is released by activated macrophage and triggers tis-
sue remodeling such as fibrosis (Kanneganti, Kamba, & Mizoguchi,
2012). IDO1, another CLP-related gene, is also related to immune re-
sponse and T cell regulation (Spekker-Bosker et al., 2019). It inhibits
structural vascular remodeling in the lungs (Xiao et al., 2013).

In addition, other CLP-related genes including MAN2B, MTRF1L1,
CR2, and BRE are associated with the development of the nervous sys-
tem and neurodegenerative diseases (Jang, Lee, Kim, & Ki, 2015;
Michailidou et al., 2017; Pacitti & Bax, 2018; Wang, Li, et al., 2015).
Spi-1 proto-oncogene also regulates neurodegenerative diseases such
as Alzheimer’s disease (Rustenhoven et al., 2018) by modulation of
neuroinflammatory responses.

Regarding the possible core function of the 4 CLPs (CHI3L1, CHI3L2,
CHID1, and OVGP1), we suggest that these genes have a critical role in
tissue remodeling, cancer development, and neurodegeneration. Ac-
cordingly, we concentrated their functions.

Four CLPs have been identified in humans: CHI3L1, CHI3L2, oviductal
glycoprotein 1 (oviductin, OVGP1), and chitinase domain containing 1
(CHID1) or SI-CLP. Unlike chitotriosidase and AMCase, CLPs do not con-
tain the conserved additional chitin binding domain in which glutamic
acid residue is substituted with tryptophan, leucine, or isoleucine
(Fusetti, Pijning, Kalk, Bos, & Dijkstra, 2003; Hakala, White, & Recklies,
1993; Kzhyshkowska et al., 2016). These molecules have no ability to
cleave chitin but are able to bind to it with high affinity. Chitin is a com-
ponent of the cell walls of fungi, and activates innate immunity; how-
ever, the action of CLPs may not be limited to immune responses to
fungal infection.

CHI3L1 is a 40 kDa mammalian glycoprotein and is also known as
YKL-40 based on its three N-terminal amino acids namely tyrosine
(Y), lysine (K), and leucine (L). Recently, several studies have revealed
that CHI3L1 is a useful biomarker for various inflammatory diseases;
however, its physiological role has not yet been fully elucidated. What
is known is that CHI3L1 has regulatory activity on cell proliferation, ad-
hesion, migration, and activation. Various cells, such as neutrophils,
monocytes/macrophages, and osteoclasts, secrete CHI3L1 (Di Rosa,
Szychlinska, Tibullo, Malaguarnera, & Musumeci, 2014), and the migra-
tion of macrophages and bronchial smoothmuscle cells has been found
to be associated with its expression (Libreros et al., 2012). Furthermore,
CHI3L1 activates macrophages against infection by bacterial pathogens
such as S. pneumoniae, and may have pathogen-specific affinity (Di
Rosa, Distefano, Zorena, & Malaguarnera, 2016). CHI3L1 also regulates
wide-ranging functions in immunity and extracellular matrix assembly
in chronic inflammations and cancer. These functions may be mediated
via interaction with several receptors, including RAGE, syndecan-1/
αVβ3, and IL-13Rα2a.

Unlike CHI3L1, CHI3L2 (YKL-39) is not a glycoprotein, but is highly
homologous to CHI3L1 in amino acid sequence (51%) (Di Rosa,
Distefano et al., 2016) and has lectin properties (Schimpl et al., 2012).
However, whether it displays chitinase activity remains controversial
(Knorr, Obermayr, Bartnik, Zien, & Aigner, 2003; Schimpl et al., 2012).
Human cartilage chondrocytes are known to secrete CHI3L2 during car-
tilage biogenesis. Furthermore, this protein enhances proliferation and
type II collagen expression (Miyatake et al., 2013), acts as a growth fac-
tor, and induces differentiation. CHI3L2 is also associatedwith immune-
response and inflammation in a manner similar to CHI3L1 (Lee et al.,
2011).

OVGP1 is an estrogen-regulated carbohydrate-rich glycoprotein se-
creted from oviductal epithelial cells (McBride, Boisvert, Bleau, & Kan,
2004). It contains threonine-, serine-, and proline-rich tandem repeats
with O-glycosylation sites. OVGP1 plays a supportive role in fertilization
and embryo development. Furthermore, it binds to human sperm via
myosin heavy chain 9 (Kadam, D'Souza, Bandivdekar, & Natraj, 2006).
OVGP1 is also associated with ovarian cancers and mucinous carcino-
mas (Maines-Bandiera et al., 2010).

CHID1 is a recently identified saccharide-binding protein that is re-
ported to be a ligand for themultifunctional receptor stabilin-1. A variety
of tissues express CHID1, and its expression is induced by activatedmac-
rophages in inflammatory diseases such as rheumatoid arthritis. Further-
more, in humanmacrophages, IL-4 and dexamethasone have been found
to increase CHID1 expression,while IFN-γdiminishes its upregulated ex-
pression (Kzhyshkowska, Gratchev, & Goerdt, 2007). Interestingly,
dexamethasone-induced expression is found only in CHID1, and not in
other CLPs. The findings described above indicate that CLPs may differ
in terms of the mechanisms regulating their expression.

Of the human CLPs, CHI3L1 shows responses to pro-inflammatory
cytokines and displays binding capacities for several receptors that are
associated with various inflammatory diseases and cancer. The general
properties of CLPs are summarized in Table 2, and their roles are illus-
trated in Fig. 2.

2.3. Regulation of CHI3L1 expression

Amechanism underlying the regulation of transcription or release of
CHI3L1 is not fully known yet; however, the general regulatory pathway
of CHI3L1 expression is presented in Fig. 3. A variety of diseases are as-
sociated with increased expression levels of CHI3L1 in patients
(Table 3).

A number of mediators, including IL-13, IL-6, IL-1β, and IFN-γ, have
been reported to regulate CHI3L1 expression in cells such as macro-
phages, osteoclasts, Kupffer cells, epithelial cells, and chondrocytes. Re-
cently, STAT3 and RelB/p50 complexes were proposed to play an
important role in cytokine-induced CHI3L1 expression. However, the
underlying mechanism remains largely unknown (Bhardwaj et al.,
2015; Kim, Park, et al., 2018). The CHI3L1 promoter sequence contains
binding sites for PU.1, Sp1, Sp3, USF, AML-1, and C/EBP proteins.
Among these transcription factors, Sp1was identified as having a critical
role in transcriptional regulation of CHI3L1 for macrophage differentia-
tion. CHI3L1 expression is also regulated bymiRNAs such asmiR-24 and
miR-449a in aortic vascular inflammation, osteomyelitis, and hepatitis
(Deng et al., 2017; Jin et al., 2015; Maegdefessel et al., 2014; Sarma
et al., 2012). Recently, we reported that miR-342-3p regulates CHI3L1
expression in vascular inflammation and atherosclerosis (Jung, Park,
et al., 2018). Semaphorin 7a and β-1 integrin have been found to regu-
late the expression of CHI3L1 in pulmonary melanoma metastasis (Ma
et al., 2015). In addition, RIG-like helicase regulation has an inhibitory
role in CHI3L1 expression via Semaphorin 7a and β-1 integrin. Interest-
ingly, miRNA-449a decreased the expression of IL-6 receptor in osteo-
sarcoma (Deng et al., 2018).

These findings indicate that the expression of CHI3L1 is regulated by
inflammation and immune response mediators in cancer and inflam-
matory diseases. However, CHI3L1 can also regulate the transcription
levels of IL-6, IL-8, IL-12, IFN-γ, TNF-α, CXCL9, CXCL11, and IL-18, conse-
quently modulating immunity and tissue repair in various diseases
(Dela Cruz et al., 2012; Kawada et al., 2012; Li, Liu, et al., 2017; Li, Lu,
et al., 2017; Libreros et al., 2012; Marion et al., 2016).

3. CHI3L1 and cancer

The high expression level of CHI3L1 is accompanied by poor progno-
sis in cancer. Several studies have suggested that CHI3L1 may be a new
biomarker for several cancers, including glioblastoma, osteosarcoma,
colorectal cancer, lung adenocarcinoma, breast cancer, and cervical can-
cer (Fuksiewicz et al., 2018; Mitsuhashi et al., 2009; Rusak et al., 2018;
Steponaitis et al., 2016; Thorn et al., 2016; Yan et al., 2013). The tumor
microenvironment including blood vessels, immune cells, fibroblasts,
endothelial cell, cytokines, growth factor, signaling molecules, and ex-
tracellular matrix contributes to relapse and metastasis. In cancer cells,



Table 2
Properties of CLP isoforms.

CHI3L1 CHI3L2 OVGP1 CHID1

Glycoprotein Yes No Yes Yes
Expressed sites Various cells including neutrophils, monocytes/macrophages,

and osteoclasts
Human cartilage chondrocytes Oviductal epithelial

cell
Macrophages and
neutrophils

Function Regulation of cell proliferation, adhesion, migration, and
activation Activation of macrophages Regulation of
immune-response in inflammation and cancer

Cartilage biogenesis Type II
collagen expression Similar to
CHI3L1 in immune-response

Supportive role in
fertilization and
embryo development

A ligand for the
multifunctional
receptor stabilin-1

Dexamethasone-induced
expression

No No No Yes

Associated disease Various inflammatory diseases and cancers Similar to CHI3L1 in immune and
inflammatory disease

Ovarian cancers,
mucinous carcinomas

Inflammatory
diseases
(Rheumatoid
arthritis)
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altered environmental conditions and cellular morphologies often in-
volve tumor growth and resistance to chemotherapy. Increased
microvessel density, reactive oxygen species, type 2 immunity, and vas-
cular endothelial growth factor (VEGF) in cancer cells may promote
tumor development and progression. As CHI3L1 has a role in a wide va-
riety of functions related to immunity, inflammation, and extracellular
matrix assembly, it can regulate microenvironmental conditions that
are associated with tumor growth, metastasis, and response to therapy.

3.1. Roles of CHI3L1 in cancer development

Changes in the expression of CHI3L1 have been associatedwith diag-
nosis of cancer; however, the roles it plays have not been extensively
studied. Although the relationship between CHI3L1 and poor prognosis
remains controversial (Erturk, Tas, Serilmez, Bilgin, & Yasasever, 2017;
Xu, Yu, et al., 2014), several studies have suggested that increased
CHI3L1 expression promotes metastasis and progression of cancer.

Immune response and cytokines may mediate the regulatory ac-
tivity of CHI3L1 on cancer development. A recent study showed
Fig. 2. The roles of CLPs. Four CLPs have been identified in humans. Various cells, such as neutr
(see also Table 2). Several interleukins such as IL-13, IL-6, and IL-1β stimulate CHI3L1 produc
regulation of actions of cytokines including IL-6, IL-8, IL-12, IL-18, IFN-γ, and TNF-α. CHI3L2 is
CHI3L1. OVGP1 binds to myosin heavy chain 9 and has a supportive role in fertilization and em
that decreased expression of CHI3L1 in T cells inhibits lung metas-
tasis via activation of the Th1 response, and by increasing IFN-γ,
TNF-α, and IL-2 levels (Kim, Park, et al., 2018). In gastric and breast
cancer, M2 macrophage-secreted CHI3L1 can activate interleukin-
13 receptor α2 chain (IL-13Rα2) and stimulate the MAPK signaling
pathway, resulting in the expression of metalloproteinase genes as-
sociated with cancer progression (Chen, Zhang, Wang, & Zhang,
2017).

Other studies suggest that the CHI3L1-associated signal pathway is
associated with cancer development. In cholangiocarcinoma cell lines,
CHI3L1 promotes tumor growth and migration via the Akt/Erk-
mediated pathway (Thongsom et al., 2016). Knock-down of CHI3L1 re-
duced invasion and migration of prostate cancer, while overexpression
increased the anchorage-independent growth of cells, and induced
more invasion and migration (Jeet, Tevz, Lehman, Hollier, & Nelson,
2014). Oxidative stress is another possible mechanism underlying
CHI3L1-related cancer progression. CHI3L1 may contribute to colitis-
associated carcinoma by increasing reactive oxygen species and oxida-
tive DNA damage (Ma et al., 2014).
ophils, monocytes/macrophages, cartilage chondrocytes, and epithelial cells produce CLPs
tion, while IFN-γ inhibits CHID1 expression. CHI3L1 regulates immune responses via the
also associated with immune-response and inflammation in a manner similar to that of
bryo development. CHID1 is a ligand for the multifunctional receptor stabilin-1.



Fig. 3. General regulatory pathways of CHI3L1 expression. Increased expression of CHI3L1 is observed in patients with various cancers, immunological diseases, and neurodegenerative
diseases. A number of mediators, including IL-13, IL-6, IL-1β, and IFN-γ induce CHI3L1 expression in cells such as macrophages, osteoclasts, Kupffer cells, epithelial cells, and
chondrocytes. RIG-like helicase inhibits CHI3L1 expression via Semaphorin 7a and β-1 integrin. CHI3L1 expression is also regulated by miRNAs such as miR-342-3p. CHI3L1 can also
increase the transcription levels of IL-6, IL-8, IL-12, IFN-γ, TNF-α, CXCL9, CXCL11, and IL-18,

6 I.J. Yeo et al. / Pharmacology & Therapeutics 203 (2019) 107394
A collection of studies have suggested a possible role of CHI3L1 in
cancer development and progression. One recent study showed that
CHI3L1 derived from cancer-associated fibroblasts mediates breast can-
cer growth and metastasis (Cohen et al., 2017). In addition, decreased
expression of CHI3L1 resulted in tumor suppression in endometrial can-
cer cells (Libreros et al., 2013). Creation of an immunosuppressive mi-
croenvironment is also suggested as a possible mechanism of CHI3L1-
induced cancer promotion. Especially, CHI3L1 mediates tumor progres-
sion and metastasis via the regulation of type 2 immunity, including
macrophage recruitment and reprogramming to an M2-like phenotype
(Cohen et al., 2017). Mutant CHI3L1 expression decreased development
and vessel formation in breast cancer cells (Ngernyuang, Shao,
Suwannarurk, & Limpaiboon, 2018). Furthermore, VEGF may have a
synergistic effect with CHI3L1 on endothelial cell angiogenesis and
tumor malignancy in human glioblastoma (Francescone et al., 2011),
and CHI3L1 expression was followed by VEGF production in osteosar-
coma cells (Salvatore et al., 2017). CHI3L1 has also been found to induce
angiogenesis and the formation of vasculogenicmimicry in cervical can-
cer patients (Ngernyuang et al., 2018). These results suggest that
CHI3L1 has a promotive role in angiogenesis and the regulation of the
cell microenvironment in cancer.

Furthermore, in circulating tumor cells from patients with extensive
small cell lung cancer, CHI3L1 was expressed and mediated invasion
and tumor progression via the regulation of macrophages and inflam-
mation (Hamilton & Rath, 2017). It is also reported that CHI3L1 is asso-
ciated with disease risk and poor survival, and demonstrated a
pathophysiological role in disease initiation and drug resistance inmul-
tiple myeloma patients (Nielsen et al., 2017). In gliomas, anisomycin-
induced decreases in CHI3L1 expression are associated with the attenu-
ation of aggressive features of cancer (Heiland et al., 2017). In addition,
STAT3 inhibitor inhibited the glioblastoma cell line through regulation
of CHI3L1 expression (Miyata et al., 2017). The relationship between
cancer development and CHI3L1 is summarized in Table 4.
3.2. Expression of CHI3L1 in human cancer patients

Increased expression of CHI3L1 has commonly been observed in the
tissues or plasma of patients with various types of cancer, and is, for ex-
ample, significantly upregulated in non-small cell lung cancer tissue
(Wang, Cai, et al., 2015). It has therefore been suggested as a poor prog-
nostic marker. In human glioblastoma samples, elevated expression of
CHI3L1 was reported in glioblastoma patients with poorer rates of sur-
vival (Francescone et al., 2011). A recent study showed that 58% of
subventricular zone type II glioblastomas (45 out of 77 samples)
expressed CHI3L1 (Batista et al., 2016). However, another study sug-
gested that CHI3L1-expressed glioblastoma multiforme is linked to
subventricular zone types IV and V (Pina Batista et al., 2015). In addi-
tion, CHI3L1 was expressed at high levels in human astrocytoma as
well as in glioblastoma tissues (Steponaitis et al., 2016). CHI3L1 was
highly expressed in human papillary thyroid carcinoma tissues, and
was associated with tumor size, lymph node metastasis, and invasion
(Luo et al., 2017). It is also associated with poor prognosis in melanoma
patients. Interestingly, tumor-associated macrophages expressed
CHI3L1 at significantly higher levels than melanoma cells, and may in-
duce high serum levels of CHI3L1 in melanoma patients (Krogh et al.,
2016). Elevated serum CHI3L1 correlated with short survival in cholan-
giocarcinoma, but the cancer cells themselves expressed low levels of
CHI3L1 (Thongsom et al., 2016). CHI3L1 seems to be expressed in
early endometrial cancer, and is suggested as a prognosticmarker in de-
tection of high risk patients (Kemik et al., 2016). CHI3L1 in the colon is
detectable during colorectal cancer; however it is rare in the colons of
healthy individuals (Chen et al., 2011; Petersson, Bucht, Granberg, &
Stark, 2006). Serum CHI3L1 was higher in subjects at risk of colorectal
cancer, and was suggested as a biomarker to predict colorectal cancer
(Johansen et al., 2015).

Contrary to what was reported in the previously mentioned studies,
in one study, a high CHI3L1 tumor cell/matrix ratio was found to be



Table 3
Summary of diseases associated with increased CHI3L1 levels.

Pathological conditions Diseases type References

Inflammatory
conditions

Pneumonia, rheumatoid
arthritis, Kawasaki disease,
asthma, COPD, coronary
artery disease,
periodontitis, diabetes,
cellulitis, intracerebral
hemorrhage, psoriasis,
obesity-associated
inflammation, Behcet’s
disease, hepatic fibrosis,
acute kidney injury, and
atopic dermatitis

(Baran et al., 2018; Bilen,
Altinkaynak, Sebin, Aksoy,
& Akcay, 2016; Erturk
et al., 2015; Hall, Stern,
Cantley, Elias, & Parikh,
2014; Harvey, Whaley, &
Eberhardt, 2000; Jiang,
Zhang, Wang, & Yang,
2014; Kido et al., 2015;
Kim, Ahn, Kim, Kim, & Kim,
2017; Kunz et al., 2015;
Mathiasen et al., 2011;
Salomon, Matusiak,
Nowicka-Suszko, &
Szepietowski, 2017;
Thomsen et al., 2015;
Usemann et al., 2016;
Wang, Hsiao, Tsai, Yeh, &
Yang, 2013; Zheng, Cai,
Zhao, Zhu, & Liu, 2005).

Cancers Breast cancer, colon
cancer, epithelial ovarian
carcinoma, uterine
leiomyomas,
hepatocellular carcinoma,
lung cancer, squamous cell
carcinoma of the head and
neck, anal carcinoma,
papillary thyroid
carcinoma, gastric cancer,
osteosarcoma,
cholangiocarcinoma,
astrocytoma, multiple
myeloma, renal cell
carcinoma,
colitis-associated
carcinoma, prostate
cancer, uterine cervical
cancer, glial tumors, and
pancreatic cancer

(Catalan et al., 2016; Chen,
Zhang, et al., 2017; Guo,
Wang, & Wei, 2016; Joob,
Wiwanitkit, & Tin, 2015;
Kazakova et al., 2014; Luo
et al., 2017; Ma et al.,
2014; Mitsuhashi et al.,
2009; Mylin et al., 2015;
Ozdemir, Cicek, & Kaya,
2012; Roslind et al., 2008;
Schultz et al., 2013; Shao
et al., 2011; Stawerski,
Wagrowska-Danilewicz,
Stasikowska-Kanicka, &
Danilewicz, 2011;
Thongsom et al., 2016;
Thorn, Daugaard,
Christensen, Christensen,
& Petersen, 2016;
Vaananen, Kallio, et al.,
2017; Yang, Yang, Tao, &
Jin, 2014; Zhang et al.,
2010; Zhu et al., 2012)

Immunological diseases,
neuropsychological
disorders, and
neurodegenerative
diseases

Acute graft-versus-host
disease, suicidal ideation,
depression, schizophrenia,
and Alzheimer’s disease

(Chung, Tallerico, &
Seeman, 2003; Johansson
et al., 2017; Morup et al.,
2011; Rymo et al., 2017;
Wennstrom et al., 2015).
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positively correlated with longer overall survival in human osteosar-
comapatients (Thorn et al., 2016). Furthermore, it was reported that se-
rological CHI3L1 was not significantly associated with risk of
subsequent primary cancer (Hvolris et al., 2016). Further research on
CHI3L1 expression in serumor immune cell-relatedmicroenvironments
is required. These results suggest that the expression of CHI3L1 varies in
tumor cells and microenvironments, and its presence depends on the
stage of the cancer.
Table 4
Summary of the relationship between CHI3L1 and cancer development.

Cancer type Results Mechanisms

Gastric and breast
cancer

Expression of metalloproteinase genes Activation of IL
signaling pathw

Cholangiocarcinoma Promotion of tumor growth and migration Akt/Erk-mediat
Breast cancer Tumor progression and metastasis Type 2 immuni

reprogramming
Glioblastoma,
Osteosarcoma

Endothelial cell angiogenesis and tumor
malignancy Growth of glioblastoma cell line

VEGF productio

Small cell lung
cancer

Invasion and tumor progression Regulation of m
3.3. Signaling pathway of CHI3L1 in the development of cancer

The roles of CHI3L1 in signaling pathways for the development of
cancers is illustrated in Fig. 4. CHI3L1 is associated with several signal
pathways in the process of cancer development. CHI3L1 plays a regula-
tory role in cancer microenvironment and immune-responses. There-
fore, several studies investigating the signaling pathway of CHI3L1 in
immune cells have been conducted recently. One such study revealed
that CHI3L1 was expressed at significant levels in Th2 cells, and that it
modulated cytokine production, including that of IL-2, IFN-γ, and IL-4
(Kim, Park, et al., 2018). A basic helix-loop-helix family member,
Twist1, was proposed as a target molecule of CHI3L1 in T cells. CHI3L1
deficiency upregulated IFN-γ signaling mediated by decreased Twist1
expression. These results suggest that IFN-γ signaling may play an im-
portant role in antitumor activity in CHI3L1 knock-out T cells.

Angiogenesis is a possible result of cancer progression associated
with CHI3L1. CHI3L1 elevated both VEGF and angiogenesis through
FAK397 and ERK-1/ERK-2 activity (Francescone et al., 2011). Especially,
membrane receptors syndecan-1 and integrin αvβ5 were identified as
trigger molecules in CHI3L1 signaling cascades. CHI3L1 binds to RAGE
and induces proliferation of cancer cells, with the ERK1/2-MAPK path-
way playing a role in the RAGE-CHI3L1 downstream signal cascade. Fur-
thermore, CHI3L1 is able to increase the expression levels of MMP9,
CCL2, and CXCL2 via syndecan-1 (Kzhyshkowska et al., 2016).

Interestingly, CHI3L1 expression in mice is directly associated with
increased vulnerability to infection by microbes such as Salmonella
and Escherichia coli, as it enhances bacterial adhesion and invasion. Bac-
terial/epithelial interaction may play a role in the increased susceptibil-
ity to carcinogenesis and tumor cell expansion in Japanese mice (Mus
musculus molossinus) (Low et al., 2013). One mechanism underlying
CHI3L1’s effect in bacterial infection is the binding of microbes to the
N-glycosylated asparagine of CHI3L1 (Low et al., 2013). Furthermore,
microbe-released factors can promote tumor cell expansion (Bhatt,
Redinbo, & Bultman, 2017). Therefore, further investigation of intestinal
microbiota and CHI3L1 interaction is required to elucidate the mecha-
nism of CHI3L1 during the development of colorectal cancer.

Malignant glioblastomas are brain tumors closely associated with
CHI3L1. Tumor angiogenesis plays an important role in glioblastoma
prognosis. Vascular endothelial cells can sprout andmediate the process
of tumor angiogenesis. VEGF is an angiogenic factor capable of enhanc-
ing glioblastoma vascularization. CHI3L1 has been found to directly in-
duce VEGF and VEGF receptor 2 expression in glioblastoma-derived
cell line U87 and endothelial cells, respectively (Faibish, Francescone,
Bentley, Yan, & Shao, 2011; Francescone et al., 2011). In endothelial
cells, themembrane-bound protein syndecan-1 is suggested as a recep-
tor mediating CHI3L1-induced angiogenesis. Syndecan-1 is a cellular
surface heparan sulfate that binds to CHI3L1 by means of an adjacent
membrane-associated protein, integrin αvβ3. This coupling facilitates
a signaling pathway of FAK861 to MAP kinase ERK 1 and 2, consequently
activating angiogenesis in endothelial cells (Kawada et al., 2012). Acti-
vation of the FAK861 signaling pathway also promotes VEGF expression.

Furthermore, CHI3L1 is able to induce activation of the PI3K-AKT
pathway in U87 cells (Faibish et al., 2011; Francescone et al., 2011)
Reference

-13Rα2 and stimulation of MAPK
ay

(Chen, Zhang, et al., 2017)

ed pathway (Thongsom et al., 2016)
ty such as macrophage recruitment and
to an M2-like phenotype

(Cohen et al., 2017)

n STAT3 pathway (Francescone et al., 2011) (Salvatore
et al., 2017) (Miyata et al., 2017)

acrophages and inflammation (Hamilton & Rath, 2017)



Fig. 4. The roles of CHI3L1 in signaling pathways for the development of cancers. Cytokines, transcription factors, and active vitamin D3metabolite increase CHI3L1 expression in various
cancer cells. Themembrane receptors syndecan-1 and integrinαvβ5 trigger CHI3L1 signaling cascades and elevate both VEGF and angiogenesis through FAK397 and ERK-1/ERK-2 activity.
CHI3L1 also directly induces VEGF andVEGF receptor 2 expression. CHI3L1 binds to RAGE and induces proliferation of cancer cellswith the ERK1/2-MAPKpathway. Furthermore, CHI3L1 is
able to activate β-catenin and increase the expression levels of MMP9, CCL2, and CXCL2 via syndecan-1.
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and is capable of binding to IL-13Rα2 in macrophages (He et al., 2013).
These signaling pathways protect against cell death by irradiation and
mediate melanoma lung metastasis, respectively (Faibish et al., 2011;
Francescone et al., 2011; Ma et al., 2015). MEK1/2 and the PI3K signal
pathways also mediate CHI3L1 function in glioblastoma (Yao et al.,
2015). However, the association of IL-13Rα2 and angiogenesis in glio-
blastomahas not yet been fully elucidated, and further study is required.

Tumor vascular stability and permeability are correlated with
CHI3L1 expression in glioblastoma patients (Pinet et al., 2016). CHI3L1
induces the activation of β-catenin and cytoskeleton protein smooth
muscle actin coordination via syndecan-1,which regulates vascular per-
meability and stability in endothelial cell-derived pericytes/smooth
muscle cells (Pinet et al., 2016). Furthermore, we recently reported
that CHI3L1 mediates endothelial cell inflammation and vascular
smooth muscle cell activation, which in turn exacerbates atherosclero-
sis (Jung, Park, et al., 2018). These pro-atherogenic effects of CHI3L1
are induced via monocyte-endothelial cell adhesion, inflammatory
gene expression, and reduced NO generation in endothelial cells, and
are accompanied by enhanced vascular smoothmuscle cell proliferation
and migration (Jung, Park, et al., 2018). As microRNA 342-3p inhibits
CHI3L1-induced vascular inflammation, further study into its effects
on angiogenesis in glioblastoma is required.

Similarly, CHI3L1 is highly expressed in small cell lung cancer circu-
lating tumor cells. CHI3L1 may play a role in the regulation of VEGF,
MMP9, and cadherin expression in small cell lung cancer circulating
tumor cells (Hamilton, Rath, & Ulsperger, 2015). Inhibition of CHI3L1
expression by miR-125-3p-mediated upregulation of USF1 has been re-
ported to suppress lung cancer metastasis (Kim, Yun, et al., 2018). In
human fibroblasts, CHI3L1 acts in a manner similar to insulin-like
growth factor-1, and increases the expression of MMP1 and extracellu-
lar matrix remodeling (Salvatore, Focaroli, Teti, Mazzotti, & Falconi,
2015). These findings suggest that CHI3L1 regulates the tumor
microenvironment and stroma reactivity via angiogenesis and the
inflammation-related signaling pathway.

Several studies have investigated the upstream signaling pathway of
CHI3L1. Cytokines, including IL-6, regulate CHI3L1 secretion in macro-
phages (Xing et al., 2017). A complex of nuclear factor I-X3 and STAT3
binds to the promoter of CHI3L1 and induces transcription (Singh,
Bhardwaj, Wilczynska, Dumur, & Kordula, 2011). Furthermore, a vital
factor, active vitamin D3 metabolite (1,25-dihydroxychlecalciferol,
1,25 D), has been shown to stimulate CHI3L1 expression in osteoblasts
(Mansell et al., 2016). Meanwhile, inhibitors targeting AP1, MEK, Sp1,
and STAT3 inhibited 1,25D-induced CHI3L1 expression. STAT3 signaling
is also associatedwith the expression of CHI3L1 in glioblastoma (Natesh
et al., 2015). An IL-6 family cytokine, oncostatin-M, induces CHI3L1 ex-
pression in mesenchymal glioblastoma via oncostatin-M receptor and
STAT3. In addition, a transcription factor, Kruppel-like factor 6 binds to
CHI3L1 promoter and increases its expression in glioblastoma stem
cells (Yao et al., 2015).

Hormone levels, which are associatedwith cancer development, also
affect CHI3L1 levels. Testosterone regulates CHI3L1 expression in breast
cancer cell lines and positively correlates with CHI3L1 in nipple aspira-
tion fluid of breast cancer patients (Shidfar et al., 2016).
4. CHI3L1 and neurodegenerative diseases

Elevated levels of CHI3L1 are routinely detected in patientswith var-
ious neurodegenerative diseases, including Alzheimer’s disease, multi-
ple sclerosis, amyotrophic lateral sclerosis, and Parkinson’s disease
(Hall et al., 2016; Melah et al., 2016; Quintana et al., 2018; Sanfilippo
et al., 2017). In the brain, activatedmicroglia produce CHI3L1 andmedi-
ate neuroinflammation and neural damage. CHI3L1 is expressed in acti-
vated microglia and reactive astrocytes and is therefore a biomarker of
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neuroinflammation and microglial activation. Hippocampal neurons
also express CHI3L1 in response to neuronal injury (Long et al., 2016).

4.1. Roles of CHI3L1 in the development of neurodegenerative diseases

The relationship between CHI3L1 and neurodegenerative disease is
summarized in Table 5. Serum CHI3L1 levels have been found to be in-
creased in various central nervous system diseases, including human
immunodeficiency virus encephalitis, stroke, multiple sclerosis, trau-
matic brain injury, and glioblastoma, indicating that the protein could
be associated with neuroinflammatory diseases (Eurich et al., 2009;
Hinsinger et al., 2015). However, no pathophysiological roles of
CHI3L1 in this regard have yet been elucidated. Alzheimer’s disease,
the most common cause of dementia, can be characterized by difficul-
ties inmemory, language, problem-solving, and other cognitive abilities
required to perform everyday activities (Calderon-Garciduenas &
Duyckaerts, 2017). Amyloid beta (Aβ) accumulation, the neuropatho-
logical hallmark of AD, leads to synaptic dysfunction and neurodegener-
ation in critical brain regions involved in cognition and memory (Ali,
Yoon, Shah, Lee, & Kim, 2015; Cai & Tammineni, 2017). Inflammation
is an important factor in the pathogenesis of AD. Increased levels of
CHI3L1 have been detected in CSF from AD patients (Muszynski,
Groblewska, Kulczynska-Przybik, Kulakowska, & Mroczko, 2017). The
pattern of CSF CHI3L1 overlaps extensively with that of P-tau and
Aβ1-42 in AD patients, suggesting that CHI3L1 is associatedwith the in-
flammatory process of neurodegeneration in AD (Alcolea et al., 2015).
Additionally, chitinases, as well as CHI3L1, are produced in the brains
of late-onset AD patients during neuroinflammation (Querol-Vilaseca
et al., 2017). In an animal study, the levels of chitinase 1 proteins in-
creased significantly in a time-dependent manner in APP/PS1 mice
aged 22months, compared to those in age-matchedwild-typemice, in-
dicating that chitinase 1 is associated with disease progression in AD
(Xiao et al., 2016). The mechanism may involve secretion of CHI3L1 by
activatedmicroglia and astrocytes acceleratingmacrophage infiltration,
angiogenesis, and neuronal death associated with neuroinflammation
(Bonneh-Barkay et al., 2012). Additionally, the upregulation of chitinase
neuromolecules is associated with increased neuroinflammation
(Querol-Vilaseca et al., 2017).

One in six humans will suffer at least one stroke in their lifetime
(Seshadri et al., 2006). Ischemic stroke causes thrombotic or embolic oc-
clusion of major cerebral arteries and their branches. In a general popu-
lation study, elevated CHI3L1 was found to be associated with a 34%
increase in triglyceride levels, andwith increased risk of ischemic stroke
(Kjaergaard et al., 2015). Furthermore, circulatory CHI3L1 serum levels
were elevated in cases of acute ischemic stroke compared to those in
controls in a study involving human patients (Park et al., 2012). Com-
parison of CHI3L1 transcription in different chronic infarct levels
showed that there is focal and temporal expression of CHI3L1 in astro-
cytes with injury. Furthermore, in acute stages, maximal CHI3L1 induc-
tionwas initiatedwith ischemic changes in visible neurons alongwith a
Table 5
Summary of the relationship between CHI3L1 and neurodegenerative diseases.

Disease
type

Results Mechanisms

Alzheimer’s
disease

Aβ accumulation and synaptic dysfunction in critical
brain regions Neuron death associated with
neuroinflammation Amyloidogenesis and memory loss

CHI3L1 is overlap
associating with
macrophages infi
pathway

Ischemic
stroke

Increasing risk of ischemic stroke Neutrophilic
infiltration and acute inflammation

Increase in trigly

Multiple
sclerosis

Conversion to MS Increasing of apo

Parkinson’s
disease

Cognitive decline and inflammation Astrocytes and m
cytokines secreti
prominent endothelium and early neutrophilic infiltration, and then di-
minished at the chronic stages. These differences in CHI3L1 transcrip-
tion at different stages of pathology imply that acute inflammation
induces CHI3L1 expression in astrocytes proximal to the lesion and
that, as inflammation resolves, CHI3L1 expression is diminished
(Bonneh-Barkay, Wang, Starkey, Hamilton, & Wiley, 2010). It was sug-
gested that significantly higher serum levels of CHI3L1 are a risk factor
of atherosclerosis for stroke, the triggering of inflammatory responses,
and positive vascular dementia (Xu et al., 2016). Furthermore, it is
known that CHI3L1 can induce macrophage activation and matrix deg-
radation within the atherosclerotic lesion (Di Rosa & Malaguarnera,
2016).

CHI3L1 has also been implicated in the pathogenesis of MS. MS is a
type of demyelinating autoimmune disease of the CNS, and is accompa-
nied by white matter lesions in the brain with neuronal damage and
astroglial activation (Bonneh-Barkay, Wang, et al., 2010). Much effort
has been put into identifying biomarkers for MS, and into predicting
and treating disease progression. Diagnosis using CSF could trace the
characteristics or patterns of the brain (Stoeck et al., 2012). In a previous
study, CSF CHI3L1 levels were found to be associatedwith conversion to
MS in patients presentingwith clinically isolated syndrome. It is known
that CHI3L1 and CHI3L2 induce proliferation and apoptosis during MS
relapse (El Ayoubi & Khoury, 2017). Furthermore, it has been found
that patients with progressive forms of MS have the highest plasma
levels of CHI3L1 compared with relapsing-remitting MS patients and
healthy controls (Varhaug et al., 2018).

Parkinson's disease is pathologically characterized by dopaminergic
neurodegeneration in the substantia nigra, and consequent depletion of
dopamine in the striatum (Kitada et al., 2009). CSF biomarkers including
α-synuclein, neurofilament light, tau, and phosphorylated tau (P-tau)
are associated with Parkinson’s disease. CHI3L1 also increases in PD,
and is associated with cognitive decline (Hall et al., 2016). CHI3L1 is
expressed in the process of astrocyte and microglia-mediated inflam-
mation, an important pathogenesis of PD, similarly to in other neurolog-
ical disorders such as traumatic brain injury, stroke, MS, amyotrophic
lateral sclerosis, and AD. Microglia activation, especially, has been ob-
served in several brain regions and is associated with motor symptoms.
CHI3L1 augments inflammation via the regulation of pro-inflammatory
cytokine secretion (Chen, Jiao, et al., 2017; Llorens et al., 2017; Rocha,
Ribeiro, Furr-Stimming, & Teixeira, 2016). Therefore, CHI3L1 may play
a role in the worsening of cognitive function in PD.

CHI3L1 is also detected in CJD. Prion pathology is abundant in the
thalamus at pre-clinical stages of sporadic CJD, and spreads over other
brain regions, including the hippocampus and cortex, in the clinical
stages of prion disease. CHI3L1 immunoreactivity correlated with
prion pathology at the pre-clinical disease stage in an Rocky Mountain
Laboratory strain prion-infected mice model (Llorens et al., 2017). This
study also demonstrated CHI3L1 levels to be positively correlated with
CSF tau. These results suggest that CHI3L1 is associated with the pre-
clinical and early stages of sporadic CJD.
Reference

ped with P-tau and Aβ1-42 in AD patients,
inflammatory process Accelerating the
ltration, astrocyte activation NF-κB signaling

(Alcolea et al., 2015)
(Bonneh-Barkay et al., 2012)
(Choi et al., 2018)

ceride levels Astrocytes activation (Kjaergaard, Johansen, Bojesen, &
Nordestgaard, 2015)
(Bonneh-Barkay, Wang, et al.,
2010)

ptosis (El Ayoubi & Khoury, 2017)

icroglia activation, Increasing pro-inflammatory
on

(Hall et al., 2016)
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CHI3L1 is also upregulated in other neuroinflammatory conditions,
including human immunodeficiency virus infection, encephalitis, and
amyotrophic lateral sclerosis. Generally, elevated levels of CHI3L1 are
detected in astrocytes involved in inflammatory responses, indicating
reactive gliosis (Bonneh-Barkay, Wang, et al., 2010). However, in con-
trast to what is described in other inflammatory diseases, CHI3L1 ex-
pression is not abundant in macrophage/microglia in the brain (Arion,
Unger, Lewis, Levitt, & Mirnics, 2007; Lee et al., 2009; Yang et al.,
2008). Additionally, not all CHI3L1-positive cells are co-localized with
GFAP-stained cells in the brain in sCJD and AD (Llorens et al., 2017).
Therefore, further studies are needed to elucidate a clear role for
CHI3L1 in reactive gliosis during neuroinflammatory responses.

4.2. Signaling pathway of CHI3L1 in neurodegenerative diseases

The roles of CHI3L1 in the signaling pathways of neurodegenerative
diseases are illustrated in Fig. 5. While CHI3L1 is considered a biochem-
ical marker in various neurodegenerative diseases, its expression pat-
terns and the mechanisms underlying its roles in the human brain
remain unclear. Some studies have suggested that CHI3L1 is expressed
in astrocytes in a variety of acute neuroinflammatory conditions, such
as traumatic brain injury or multiple sclerosis (Bonneh-Barkay,
Zagadailov, et al., 2010; Canto et al., 2015). Other studies, however, sup-
port the idea that CHI3L1 is also expressed inmacrophage/microglia cell
types in these conditions (Canto et al., 2015; Hinsinger et al., 2015). A
recent study reported that CHI3L1 was detected in astrocytes, but not
in neurons or microglia, in postmortem human frontal cortexes from
healthy controls and AD patients (Querol-Vilaseca et al., 2017). Another
research suggested that CHI3L1 is highly expressed in the astrocytes of
sCJD-related animal brains and is associated with elevated pro-
inflammatory mediators, IL-1β and TNF-α, in microglia (Llorens et al.,
2017). Pro-inflammatory cytokines such as IL-1β and IL-6 increased in
astrocytes, and synergistically induced the elevation of CHI3L1
Fig. 5.The roles of CHI3L1 in the signalingpathways of neurodegenerative diseases. Pro-inflamm
STAT3 dependent-mechanism in astrocytes. CHI3L1 in astrocytes may promote infiltration o
CHI3L1 activates the NF-κB, MAPK, and β-catenin signaling pathways via RAGE. A CHI3
neuroinflammatory genes including COX-2, iNOS, and GFAP in the AD animal brain.
expression through a STAT3 dependent-mechanism (Bhardwaj et al.,
2015). A recent study showed that secreted cytokines from activated
microglia induced reactive astrocytes in neurodegenerative diseases
(Liddelow et al., 2017). These findings suggest that elevated levels of
CHI3L1 in astrocytes may promote infiltration of immune cells and in-
duce a pro-inflammatory response, in turn, stimulating astrogliosis
and CHI3L1 expression. The mechanism by which CHI3L1 functions in
astrocyte-microglia cross-talk during neurodegeneration remains to
be clarified.

CHI3L1 has the ability to bind RAGE, contributing to various cellu-
lar responses with enhanced activation of the NF-κB, MAPK, and β-
catenin signaling pathways (Low et al., 2015). NF-κB is well-
documented as a transcription factor regulating β-secretase in brain
cells, inducing neuronal cell death with accumulation of Aβs (Snow
& Albensi, 2016). The activation of NF-κB, especially constitutively ac-
tivated NF-κB in chronic inflammatory patients, is a factor in a wide
variety of human diseases, including AD, PD, rheumatoid arthritis, can-
cer, and asthma (Gupta, Sundaram, Reuter, & Aggarwal, 2010; Shih,
Wang, & Yang, 2015). Several investigations have detected activated
NF-κB in the brains of AD patients (Snow & Albensi, 2016). Disruption
of NF-κB in p65 knockout cells reduced expression of β-site APP-
cleaving enzyme 1, contributing to Aβ generation. NF-κB p50 subunit
deletion leads to memory deficits through reduction of neurogenesis
and protection of hippocampal neurons in vivo (Chen et al., 2012;
Rolova et al., 2016). When applied extracellularly to cultured neurons,
Aβs, the main amyloid plaque, can exert pro-apoptotic effects by acti-
vating the NF-κB pathway, but may also enhance the intracellular pro-
duction of Aβ peptides (Shih et al., 2015). NF-κB has been suggested
to play an important role in neuroinflammatory responses in neurons
and astrocytes. Upregulation of NF-κB enhances pro-inflammatory/
inflammatory stimuli in AD neuropathology (Zhang & Jiang, 2015),
while its inactivation reduces cellular Aβ generation, as the promotor
for the β-site APP-cleaving enzyme 1 gene contains functional NF-κB
atory cytokines such as IL-1β and IL-6 induce the elevation of CHI3L1 expression through a
f immune cells and stimulate astrogliosis and CHI3L1 expression. Inflammation-induced
L1 inhibitor, K284-6111 inhibited NF-κB activation and expression of NF-κB-related
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binding elements. Therefore, regulation of NF-κB plays a key role in
Aβ-associated AD pathogenesis.

CHI3L1 interacts synergistically with pro-inflammatory cytokines to
activate NF-κB signaling (Tran et al., 2014b, 2014a). Moreover, the ex-
pression of the CHI3L1 gene induces proliferation in various cell lines,
and stimulates endothelial cell migration (Johansen, 2006).
Inflammation-induced CHI3L1 efficiently activates the NF-κB signaling
pathway and enhances the secretion of IL-1β, IL-6, and TNF-α, suggest-
ing the presence of a positive feedback loop in the pro-inflammatory
cascade (Hamilton & Rath, 2017; Schimpl et al., 2012; Wang, Tan, Yu,
& Tan, 2015). Recently, we showed that a CHI3L1 inhibitor, K284-
6111, inhibited not only NF-κB activation and NF-κB-related
neuroinflammatory gene expression, including that of COX-2, iNOS,
GFAP, and Iba-1, but also that of inflammatory cytokines such as NO,
TNF-α, IL-1β, and IL-6 in the AD animal brain (Choi et al., 2018). Addi-
tionally, K284-6111 inhibited the translocation of a p65 subunit in
microglial BV-2 cells and cultured astrocytes. Thus, inactivation of NF-
κB by K284-6111 induced significant neuroprotective effects in the AD
animal brain through an anti-neuroinflammatory mechanism. We also
showed that K284-6111 directly binds to CHI3L1, with a docking
model revealing a strong protein binding affinity (−9.7 kcal/mol) to
Arg263, Thr293, Glu290, Lys289, Thr288, Phe287, Leu356, Trp352,
Trp99, Asn100, Phe58, Glu36, Arg35, Tyr34, Trp31, and Trp69. K284-
6111 also bound to cell lysates containing CHI3L1 from B16F10 in a
pull-down assay. It was also illustrated that K284-6111 has an anti-
inflammatory effect in LPS-induced microglial BV-2 cells and cultured
astrocytes, via inhibition of NF-κB-mediated CHI3L1 activation. This in-
hibitory pathway was accompanied by decreased levels of Aβ1-42,
CHI3L1 mRNA, and pro-inflammatory cytokines, including TNF-α, IL-
1β, and IL-6 (Choi et al., 2018). These results suggest that CHI3L1 activa-
tion followed by stimulation of the NF-κB signaling pathway contribute
to neuroinflammation and amyloidogenesis.

5. CHI3L1 and inflammatory diseases

Inflammation is a complex biological self-defense reaction of the im-
mune system triggered by tissue damage, infection, or toxic compounds
(Ishii, 2015). CHI3L1 expression is increased in a variety of inflamma-
tory and chronic diseases including obesity, diabetes, nephropathy dis-
ease, rheumatoid arthritis, inflammatory bowel disease, cancer,
coronary arterial diseases, and acute ischemic stroke (Hobaus et al.,
2018; Johansen, Schultz, & Jensen, 2009; Kamba, Lee, & Mizoguchi,
2013; Lee et al., 2012; Persson et al., 2012; Schernthaner, Hobaus, &
Brix, 2016; Turkyilmaz et al., 2013; Xu, Ma, et al., 2014). CHI3L1 is also
associated with immune response and inflammation in instances of
acute infection by viruses and bacteria (Breyne, Steenbrugge,
Demeyere, Vanden Berghe, & Meyer, 2017; Chen, Jiao, et al., 2017;
Peluso et al., 2017).

NF-κB is a well-characterized transcription factor and plays an im-
portant role in the initiation and progression of inflammation through
the production of various cytokines and prostaglandins (Kunsch &
Medford, 1999). In addition, CHI3L1 secreted from cells under condi-
tions of inflammation induces NF-κB activation, which is important for
the expression of inflammatory proteins. Furthermore, CHI3L1 can
stimulate pro-inflammatory mediators (Libreros et al., 2012) and may
play a role in type 2 helper cell-mediated inflammation. Therefore,
these reports suggest that CHI3L1 is involved in inflammation-related
disease.

5.1. Roles of CHI3L1 in the development of inflammatory diseases

The relationship between CHI3L1 and inflammatory diseases is sum-
marized in Table 6. Elevated levels of CHI3L1 are associatedwith various
inflammatory diseases including pneumonia, RA, Kawasaki disease,
asthma, COPD, coronary artery disease, periodontitis, diabetes, cellulitis,
intracerebral hemorrhage, psoriasis, obesity-associated inflammation,
Behcet’s disease, hepatic fibrosis, acute kidney injury, and atopic
dermatitis.

RA is an autoimmune disease that induces chronic inflammation of
the joints. Several studies have suggested that CHI3L1 is a candidate
autoantigen for inducing autoimmune response in RA (Steenbakkers
et al., 2003; Tsark et al., 2002; van Bilsen et al., 2004; van Lierop et al.,
2007; Vos et al., 2000). RA patients show high levels of circulating
CHI3L1, with concentrations in synovial fluid being higher than those
in plasma (Johansen, Jensen, & Price, 1993; Volck et al., 2001). Articular
chondrocytes, synovial cells, infiltrated macrophages, and neutrophils
can produce CHI3L1 in RA joints. In addition, the levels of pro-
inflammatory mediators such as MMP-3, IL-6, IFN-γ, and TNF-α, were
found to be correlated with those of CHI3L1 in RA, with anti-
rheumatic treatment reducing CHI3L1 levels in RA patients (Cope
et al., 1999; Houseman et al., 2012; Mottonen et al., 1999; Vaananen,
Vuolteenaho, et al., 2017). These findings suggest that CHI3L1 may
play a role in the development of RA.

Obesity induces a chronic inflammatory state with elevated levels of
several inflammatory mediators (Cao, 2014). Various cytokines, includ-
ing IL-1, IL-6, and TNF-α, increase during this inflammatory response.
Pathological states including insulin resistance and islet β-cell dysfunc-
tionmay contribute to the disease activity of diabetes, and CHI3L1 is as-
sociated with this chronic inflammation. The immune response is
critically involved in obesity and insulin resistance. Infiltrated macro-
phages are observed in obesity-associated inflammation (Lackey &
Olefsky, 2016), and peripheral blood mononuclear cells in obesity re-
leased high levels of TNF-α, IFN-γ, and IL-2 (Dicker, Salook,
Marcoviciu, Djaldetti, & Bessler, 2013). Furthermore, upregulation of
CHI3L1 in peripheral bloodmononuclear cells exacerbate inflammation
in obesity, and high levels of CHI3L1 are associatedwith insulin resistant
markers (Nielsen et al., 2008). In type 2 diabetes patients, CHI3L1 is
expressed at a high level, and correlates with metabolic syndrome, dys-
lipidemia, and glycemic parameters such as HbA1c, albuminuria, and
fasting glucose (Cabrera, Henschel, & Hessner, 2016; Downs &
Faulkner, 2015; Nielsen et al., 2008; Rathcke, Persson, Tarnow,
Rossing, & Vestergaard, 2009; Rathcke & Vestergaard, 2006). These re-
ports suggest that CHI3L1 plays a critical role in the pathophysiological
states of obesity and diabetes.

CHI3L1 is also associated with the pathology of atherosclerosis in di-
abetes patients (Aguilera et al., 2015). CHI3L1 was found to be secreted
from differentiated macrophages in early-stage atherosclerosis lesions
(Boot et al., 1999; Rehli et al., 2003), as well as from VSMCs during
hyper cholesterol-induced coronary atherosclerotic plaque develop-
ment in swine (Rocchiccioli et al., 2015). A recent study reported that
CHI3L1 inhibited the atherosclerotic response induced by LPS in
human umbilical vein endothelial cells (Jung, Kim, et al., 2018). How-
ever, CHI3L1 may have a dual action in inflammatory responses, de-
pending on inflammatory states. Acute inflammatory responses have
been studied using LPS models and can be used to elucidate the role of
CHI3L1 in inflammation. Knock-down of elevated CHI3L1 expression as-
sociated with the atherosclerotic aorta and endothelial dysfunction was
found to suppress the progression of these characteristics in a mouse
model (Bakirci et al., 2015; Gong, Xing, Zheng, & Xing, 2014; Jafari,
Elias, & Mohsenin, 2014; Maegdefessel et al., 2014; Ridker, Chasman,
Rose, Loscalzo, & Elias, 2014; Rocchiccioli et al., 2015). These data sug-
gest that CHI3L1 is associatedwith the development of vascular inflam-
mation and atherosclerosis, adding to its potential role as a circulating
biomarker for inflammation.

Based on the above findings, we investigated whether CHI3L1medi-
ated the observed increased vascular inflammation, arterial wall thick-
ening, and atherosclerosis in APPsw Tg mice by performing
supplementation and knock-down analyses. Briefly, recombinant
human CHI3L1 (rhCHI3L1) treatment resulted in pro-atherogenic ef-
fects in vitro, as measured by monocyte-EC adhesion, inflammatory
gene expression, and reduced NO generation in ECs along with en-
hanced VSMC proliferation and migration, whereas CHI3L1 knock-



Table 6
Summary of the relationship between CHI3L1 and inflammatory diseases.

Disease type Results Mechanisms Reference

Rheumatoid
arthritis

Autoimmune response Chronic
inflammation

CHI3L1 is an auto-antigen Production of CHI3L1 in RA
joints by articular chondrocytes, synovial cells, and
infiltrated macrophages Mediation of pro-inflammatory
such as MMP-3, IL-6, IFN-γ, and TNF-α correlated with
CHI3L1 in RA

(Steenbakkers et al., 2003; Tsark et al., 2002; van Bilsen
et al., 2004; van Lierop et al., 2007; Vos et al., 2000)
(Cope et al., 1999; Houseman et al., 2012; Mottonen
et al., 1999; Vaananen Vuolteenaho, et al., 2017)

Chronic
obstructive
pulmonary
disease (COPD)

Promoting wound healing in
oxidant-induced lung injury
Protection from inflammatory cell
apoptosis and cell death

Regulation of adaptive Th2 immunity, apoptosis,
macrophage activation and fibrosis Inhibition of Fas
expression

(Lee et al., 2011) (Lee et al., 2009)

Obesity-associated
inflammation

Insulin resistance (Diabetes) Chronic
inflammation

Increasing of various cytokines such as IL-1, IL-6, and
TNF-α in an inflammatory response Infiltrated
macrophage

(Di Rosa & Malaguarnera, 2016) (Nielsen et al., 2008)

Osteomyelitis Bone destruction Reducing of Notch signaling (Chen, Jiao et al., 2017)
Atherosclerosis Development of atherosclerotic

plaque and vascular inflammation
Enhancing endothelial cell inflammation and VSMC
migration and proliferation

(Jung, Park, et al., 2018)
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down yielded the opposite effects, and also inhibited atherosclerotic
plaque development and vascular inflammation in vivo (Jung, Park,
et al., 2018). Taken together, our findings suggest that upregulated
levels of CHI3L1 contribute to the development of atherosclerosis in
the artery of the APPsw Tg mouse. We demonstrated that CHI3L1
plays a key role as a pro-atherogenic factor in vascular inflammation
and atherosclerosis development in APPsw Tg mice through the en-
hancement of EC inflammation and VSMC migration and proliferation
(Jung, Park, et al., 2018). In addition, CHI3L1 has also been found to be
associated with other inflammatory diseases such as chronic liver in-
flammation. Analysis of the Human Protein Atlas revealed that CHI3L1
is abundantly expressed in hepatocytes and hepatic stellate cells
(www.proteinatlas.org) (Uhlen et al., 2015). Fibrosis, chronic hepatitis
C, and hepatitis B are reported to be associated with the elevated ex-
pression levels of CHI3L1 (Kumagai et al., 2016; Tao et al., 2014). Espe-
cially, inflammation is tightly linked to the development of alcoholic
liver disease (ALD), which induces severe liver injuries including
steatosis, steatohepatitis, fibrosis, cirrhosis, and hepatocellular carci-
noma (Sugimoto & Takei, 2017). ALD patients showed higher serum
CHI3L1 levels than did healthy controls (Johansen et al., 2000;
Nøjgaard et al., 2003). However, the role of CHI3L1 in the development
of ALD is not yet fully understood. Therefore, we studied the function of
CHI3L1 in ethanol-induced liver injury. We observed that CHI3L1
knockout inhibited liver injury through regulation of triglyceride syn-
thesis and oxidative stress in ethanol-treated mice (Lee, Han, et al.,
2019).

Hepatic fibrosis with tissue inflammation also represents a progres-
sion of NASH/nonalcoholic fatty liver disease (NAFLD). It has been pro-
posed that CHI3L1 is a non-invasive serum biomarker for diagnosis of
these life-threating liver diseases (Cho et al., 2014; Kori, Gov, & Arga,
2019; Paschetta et al., 2015). SerumCHI3L1 levels showed a good corre-
lation with severity of liver fibrosis in NAFLD patients (Kumagai et al.,
2016). Therefore, we assume that CHI3L1 plays an important role in
the development of ALD and NASH/NAFLD.

In contrast to its roles in the induction of disease, CHI3L1 plays a pro-
tective role in several inflammatory diseases. COPD is associated with
various immune cells and inflammatory mediators. Immune cells, in-
cluding macrophages, dendritic cells, neutrophils, and T lymphocytes
increase in number in COPD (Rovina, Koutsoukou, & Koulouris, 2013).
Lung chitinolytic activity is upregulated in COPD, and chitin induces in-
nate inflammation, which can be blocked by acidic mammalian
chitinase (AMCase) (Lalaker, Nkrumah, Lee, Ramanathan, & Lane,
2009; Letuve et al., 2010). AMCase reportedly also reduces Th2 inflam-
matory conditions and the activity of IL-13 (Zhu et al., 2004). CHI3L1
may promotewoundhealing in oxidant-induced lung injury via the reg-
ulation of adaptive Th2 immunity, apoptosis, macrophage activation,
and fibrosis (Lee et al., 2011). Antigen-induced Th2 responses were sig-
nificantly inhibited in CHI3L1 knock-out mice, and were rescued by
epithelial CHI3L1. IL-13-induced inflammation and fibrosis were also
reduced by the absence of CHI3L1. Furthermore, CHI3L1 showed a pro-
tective effect against inflammatory cell apoptosis and cell death with
the inhibition of Fas expression (Lee et al., 2009). COPD patients and
smokers have high circulating levels of CHI3L1, while non-smokers do
not (Matsuura et al., 2011). This suggests that CHI3L1 plays a role in
the regulation of pulmonary inflammation.

Infiltration of polymorphonuclear cells andmacrophages is a normal
inflammatory response to kidney injury. In this inflammatory state,
CHI3L1 is expressed at high levels inmacrophages and promotes the re-
pair process (Montgomery et al., 2017). CHI3L1 is therefore considered
an important growth and survival factor in renal tubular repair. Further-
more, CHI3L1 reduces tubular cell apoptosis and promotes proliferative
repair in kidney injury (Puthumana et al., 2017). However, excessive ex-
pression of CHI3L1 has profibrotic activity, and induces maladaptive
kidney repair.

CHI3L1 protein is expressed in colonic epithelial cells and macro-
phages in the inflamed colon of colitis (Chen, Pekow, et al., 2011;
Mizoguchi, 2006). In inflammatory bowel disease, highly expressed
CHI3L1 induces the proliferation of intestinal epithelial cells, which
may promote cell survival (Low et al., 2015). However, elevated levels
of CHI3L1 are pathogenic in that they are involved in hyper-
proliferation and contribute to colitis-associated cancer. The dual func-
tion of CHI3L1 in idiopathic pulmonary fibrosis has been suggested pre-
viously (Turn & Kolliputi, 2014). Low levels of CHI3L1 in the acute
inflammatory state or injury, and elevated levels in the chronic inflam-
matory state or recovery period, both result in pathological responses in
inflammatory bowel disease and idiopathic pulmonary fibrosis.

In inflammatory disease, CHI3L1’s role may be complicated, and de-
pendent on both the disease and the inflammatory state, such as acute
injury and recovery.
5.2. Signal pathway of CHI3L1 in the development of inflammatory diseases

The roles of CHI3L1 in the signalingpathways for the development of
inflammatory diseases are illustrated in Fig. 6. CHI3L1 is considered a
pro-inflammatorymolecule as it induces the NF-κB and TGF-β signaling
pathway in various pathological process (Jung, Park, et al., 2018; Lee
et al., 2009;Matsuura et al., 2011; Sohn et al., 2010). However, this mol-
ecule also prevents apoptosis and promotes fibrosis. During the acute
phase of inflammation or injury in the colon, low levels of CHI3L1 exac-
erbate the inflammatory response and consequently induce chronic co-
litis. The mechanism underlying CHI3L1’s action in this regard is not
well understood. However, a damage-associated molecular protein,
S100A9, is involved in the reduced inflammation induced by CHI3L1,
which negatively regulates the action of S100A9 by competitively bind-
ing to RAGE in chronic colitis (Low et al., 2015).



Fig. 6.The roles of CHI3L1 in the signaling pathways for the development of inflammatory diseases. Activation of RAGE byCHI3L1 induces thepro-inflammatory signalingpathway such as,
STAT3, caspase 3, and NF-κB in various pathological process. However, CHI3L1-induced inhibition of S100A9 action is involved in reduced inflammation through competitive binding of
CHI3L1 to RAGE in the chronic colitis. Interestingly, CHI3L1 binds to its receptors in two ways, depending on the association of TMEM219. A multimeric CHI3L1 receptor composed of IL-
13Rα2 andTMEM219 canbind to CHI3L1 and reduce cell death by activating Erk1/2 andAkt signaling.However, CHI3L1binding to IL-13Rα2 in the absence of TMEM219 induces apoptotic
responses via stimulation of Wnt/β-catenin signaling. CHI3L1 also has a protective role in inflammation through the regulation of TNF-α and inMCP-1 release induced by LPS via PPARδ-
mediated signaling.
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Overexpression of RAGE activates STAT3-, β-catenin-, and NF-κB-
signaling, which are known downstream pathways of CHI3L1 (Chen,
Llado, Eurich, Tran, & Mizoguchi, 2011; Chen, Pekow, et al., 2011; Tran
et al., 2014b, 2014a). CHI3L1 binding to RAGE induces the common
pro-inflammatory signaling pathway, consequently stimulating phos-
phorylation of MAPK p42/p44, p38, JNK, STAT3, and caspase-3 p17
(p17’s cleaved active caspase-3 form) (Low et al., 2015). These results
suggest that the elevated levels of CHI3L1 induce the activation of in-
flammatory signaling pathways via RAGE.

In addition to RAGE, several CHI3L1-binding molecules have been
identified, including IL-13Rα2, prostaglandin D2 receptor (also called
CRTH2), and type I collagen (Bigg, Wait, Rowan, & Cawston, 2006; He
et al., 2013; Iwata et al., 2009; Zhou et al., 2015). ERK and AKT signaling
is activated through the binding of CHI3L1 and IL-13Rα2. CHI3L1 also
stimulates Wnt/β-catenin signaling. IL-13 is able to stimulate macro-
phageMAPK and AKT through the IL-13Rα2-mediated CHI3L1 pathway
(He et al., 2013). TGF-β1 activation is also induced by CHI3L1/IL-13Rα2-
dependentmechanisms (Lee et al., 2009). In addition, CHI3L1 and IL-13
form a multimeric complex with IL-13Rα2 (He et al., 2013). IL-13Rα2
maymediate CHI3L1-inducedMAPK, AKT, andWnt/β-catenin signaling
pathways, consequently regulating inflammatory responses.

CHI3L1 also has a protective effect against inflammation (Gorgens,
Eckardt, Elsen, Tennagels, & Eckel, 2014). Recently, PPARδ-dependent
pathway has been put forward as a candidate signaling pathway of
CHI3L1 (Jung, Kim, et al., 2018). In this study, CHI3L1 reduced TNF-α
and MCP-1 release induced by LPS via PPARδ-mediated signaling. The
150-kDa oxygen-regulated protein is also associatedwith the protective
effect of CHI3L1 on endoplasmic reticulum stress through PPARδ-
mediated signaling.

Fibrosis could be triggered by inflammation. CHI3L1 plays a role in
pulmonary fibrosis by binding to and activating the chemokine receptor
homologous molecule on the surfaces of Th2 lymphocytes (CRTH2,
prostaglandin D2 receptor 2). Activation of this molecule induces
profibrotic signaling in lung injury (He et al., 2013; Lee et al., 2016;
Zhou et al., 2014; Zhou et al., 2015). Transient expression of CHI3L1 ac-
tivates IL13Ra2-dependent PI3K signaling during acute repair processes,
reducing tubular cell death. Hermansky–Pudlak syndrome (HPS) is an
inherited disorder that is associated with severe pulmonary fibrosis. A
recent study suggested that elevated expression of CHI3L1 resulting
from injury increases the levels of Galectin-3 that exacerbates tissue fi-
brosis by interacting with CHI3L1 and its receptor IL-13Rα2 in HPS ep-
ithelial cells (Zhou et al., 2018).

In the inflammation process, CHI3L1 and its receptor binding pattern
are very important. For example, CHI3L1 is reported to bind to its recep-
tors in two ways, depending on the association of TMEM219. This mol-
ecule is a cell death receptor and regulates CHI3L1 and its receptor
signaling pathway activation. A multimeric CHI3L1 receptor composed
of IL-13Rα2 and TMEM219 can bind to CHI3L1 and reduce epithelial
cell death by activating Erk1/2 and Akt signaling (He et al., 2013). How-
ever, CHI3L1 binding to IL-13Rα2 in the absence of TMEM219 stimu-
lates Wnt/β-catenin signaling, which, in turn, induces apoptotic
responses (Lee et al., 2016).

CHI3L1 is also associated with the inflammatory response to infec-
tion by microorganisms. Aberrant STAT3 activation, induced by bacte-
rial infection, has been demonstrated in CHI3L1 knock-out mice, with
the finding that activation of CHI3L1 and IL-6 can stimulate the STAT3
signaling pathway synergistically by means of a NF-κB/MAPK-depen-
dent mechanism in bacterial infectious colitis (Tran et al., 2014). In ad-
dition, in Staphylococcus aureus-induced osteomyelitis, CHI3L1 is
involved in bone destruction. Elevated levels of CHI3L1 were observed
in an S. aureus-induced murine model of osteomyelitis. CHI3L1 in-
creased pro-inflammatory cytokines and reduced Notch signaling,
which worsened bone destruction (Chen, Jiao, et al., 2017). A recent
study showed that CHI3L1 modulated the expression of pro-
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inflammatory cytokines, such as IL-1β, IL-6, and RANTES/CCL5, via the
regulation of caspase activity in E. coli-infected mammary glands
(Breyne et al., 2018).
6. Therapeutic approaches of CHI3L1 for treatment of diseases

From the findings of many clinical and non-clinical studies, CHI3L1
has been sufficiently verified as a promising treatment target in a vari-
ety of diseases. Several studies have demonstrated that CHI3L1 plays
an important role in the progression of cancer.

Inhibition of CHI3L1 by caffeine has been shown to reduce tumor
progress in colitis-associated carcinoma via regulation of oxidative
stress (Maet al., 2014). Caffeinehas protective effects against inflamma-
tory bowel disease through the inhibition of CHI3L1, AKT-, and PI3K-
signaling pathway (Lee, Low, Kamba, Llado, & Mizoguchi, 2014). In ad-
dition, oxidation-inducedDNA damage is reduced by caffeine via the in-
hibition of CHI3L1. CHI3L1 was proposed as a target for colitis-
associated carcinoma (Ma et al., 2014). In glioblastoma, downregulation
of CHI3L1 expression induces sensitization to PI3K/AKT pathway inhib-
itors (Wang et al., 2018). Furthermore, another CHI3L1 inhibitor, the-
ophylline, has been suggested to exert antitumor activity. This pan-
chitinase inhibitor targets CHI3L1 and also regulates PI3K/AKT pathway.
Theophylline inhibits the proliferation of human rectal cancer SW480
cells through G1 phase cell cycle arrest and downregulation of
angiopoietin-2 (Peng et al., 2018). Therefore, caffeine and theophylline
may have a beneficial effect in cancer treatment by regulating the
PI3K/AKT pathway.

Furthermore, CHI3L1 inhibits apoptosis of human ovarian cancer
cells by interfering with the action of paclitaxel through regulation of
Mcl-l expression (Chiang et al., 2015). In brain tumor models, anti-
CHI3L1 antibody combined with irradiation was suggested as a syner-
gistic treatmentmethod for inhibition of tumor vascularization and pro-
gression (Faibish et al., 2011; Shao et al., 2014). These data indicated
that CHI3L1 could be a target for the treatment of drug resistant cancers.

The therapeutic targeting of CHI3L1 has also been studied for the in-
hibition of metastasis. In lungmetastasis, the siRNA complex for CHI3L1
significantly enhances anti-tumor immunity, such as TH1 and CTL re-
sponse and inhibits melanoma lung metastasis (Kim, Park, et al.,
2018). Another study reported that CHI3L1 is associated with breast
cancer metastasis (Libreros et al., 2012). Chitin (β-(1–4)-poly-N-acetyl
D-glucosamine) can block CHI3L1’s action and inhibit breast cancerme-
tastasis via production of IFN-γ and reduction of CCL2, CXCL2, and
MMP-9 expression. According to the aforementioned studies, angiogen-
esis induced by CHI3L1 is critical for cancer cell resistance. Recently, the
heparin-binding motif of CHI3L1 has been reported to be associated
with microvascularization in cancer. Point mutations in the heparin
binding domain of CHI3L1 resulted in decreased angiogenic activity.
Furthermore, anti-CHI3L1 antibody targeting heparin-binding residues
prevented angiogenesis in breast cancer model (Ngernyuang, Shao,
et al., 2018).

Ischemia-reperfusion injury is a major problem in the transplanta-
tion of steatotic liver disease. CHI3L1 has been proposed as a therapeutic
target of boratezomib in this condition (Tiriveedhi et al., 2014).
Bortezomib is a selective inhibitor of 26S proteasome and has a NF-kB
inhibitory action. However, this drug inhibited CHI3L1 expression and
MMP activation in steatotic liver ischemia-reperfusion injury models.
In addition, suppressed CHI3L1 expression is correlated with the down-
regulation of NF-kB and its downstream signaling pathways such as the
pro-inflammatory (IL-1β, TNF-α and IFN-γ) and pro-fibrotic (VEGF,
TGF-β, HGF, bFGF) cascades. The STAT3 andmTOR pathway is also asso-
ciated with the therapeutic application of CHI3L1 in cancer (Miyata
et al., 2017). According to a previous study, mTOR is downstream of
STAT3/CHI3L1. Therefore, dual inhibitors such as rapamycin (mTOR in-
hibitor) and STX-0119 (STAT3/CHI3L1 inhibitor)were suggested for gli-
oma treatment.
CHI3L1 is also a promising target for the treatment of various inflam-
matory diseases. In RA, CHI3L1 promoted production of IL-18 in osteo-
blasts and angiogenesis in endothelial progenitor cells, which are
critical to the pathogenesis of RA (Li, Liu, et al., 2017). CHI3L1 shRNA
transfection reduced vessel formation in vivo, andmiR-590-3p inhibited
CHI3L1-induced endothelial progenitor cells tube formation andmigra-
tion through regulation of the FAK/PI3K/Akt pathway for IL-18 produc-
tion (Li, Liu, et al., 2017). CHI3L1 is also implicated in another
inflammatory-related disease, atherosclerosis, Interestingly, APP is as-
sociated with vascular diseases and CHI3L1may promote EC inflamma-
tion and VSMC activation (Jung, Park, et al., 2018). Based on this
involvement, we recently demonstrated that microRNA 342-3p
targeting CHI3L1 reduced inflammatory response in arterial endothe-
lium and inhibited the development of atherosclerosis in APPsw-Tg
mice (Jung, Park, et al., 2018). In addition, microRNA targeting CHI3L1
can be applied for the treatment of osteomyelitis induced by S. aureus
(Jin et al., 2015). The study reporting this finding demonstrated that
miR-24 reduced osteoblast apoptosis, abnormal bone formation, and
mineralization induced by S. aureus by inhibiting the expression of
CHI3L1.

Furthermore, obesity has an inflammatory pathology and is associ-
ated with asthma (Brumpton, Langhammer, Romundstad, Chen, &
Mai, 2013). High fat diet and allergen exposure increased the expression
of CHI3L1 in white adipose tissue and lung tissue with Th2 inflamma-
tion (Ahangari et al., 2015). The inflammatory response was decreased
in CHI3L1 knockout mice. Therefore, avoidance of fatty foods, in combi-
nationwith inhibitors of CHI3L1 or its receptor(s), has been proposed as
a novel preventive and/or therapeutic strategy for treating obesity and
asthma-related inflammation (Ahangari et al., 2015). These data indi-
cated that targeting CHI3L1 may have potentially beneficial effects for
the treatment of inflammatory diseases.

Based on our studies on the roles of CHI3L1 in various inflammatory
diseases including Alzheimer’s diseases, atherosclerosis, liver injury,
and cancer, to the best of our knowledge, our previous report (Choi
et al., 2018) is thefirst to show that CHI3L1 inhibitor attenuatesmemory
dysfunction and neuroinflammation in AD animal models. In our previ-
ous study, we screened CHI3L1 inhibitors using 3D chemical database
analysis with X-ray structure-based virtual screening (Fig. 7). We iden-
tified 11 candidates as CHI3L1 inhibitors from 14million chemical data-
bases (data not shown). Among the 11 candidates, we evaluated the
efficacy of 2-((3-[2-(1-cyclohexen-1-yl)ethyl]-6,7-dimethoxy-4-oxo-
3,4-dihydro-2-quinazolinyl)sulfanyl)-N-(4-ethylphenyl)butanamide
(K284-6111) in an AD animal model.

We observed that K284-6111 inhibited NF-κB activation and NF-κB-
related neuroinflammatory gene expression, including COX-2, iNOS,
GFAP, and Iba-1, and also inflammatory cytokines such as NO, TNF-α,
IL-1β, and IL-6, in the AD animal brain (Choi et al., 2018). Additionally,
K284-6111 inhibited the translocation of the p65 subunit in microglial
BV-2 cells and cultured astrocytes. Thus, inactivation of NF-κB by
K284-6111 induced significant neuroprotective effects in the AD animal
brain through an anti-neuroinflammatory mechanism. We also ob-
served that K284-6111 directly binds to CHI3L1 with a high protein
binding affinity (-9.7 kcal/mol) to Arg263, Thr293, Glu290, Lys289,
Thr288, Phe287, Leu356, Trp352, Trp99, Asn100, Phe58, Glu36, Arg35,
Tyr34, Trp31, and Trp69, in a docking model. K284-6111 also bound to
CHI3L1 in cell lysates from B16F10 in a pull-down assay. In addition to
this, it was illustrated that K284-6111 has an anti-inflammatory effect
in LPS-inducedmicroglial BV-2 cells and cultured astrocytes through in-
hibition of NF-κB-mediated CHI3L1 activation. This inhibitory pathway
of NF-κB was accompanied by decreased Aβ1-42 levels, as well as
lowered levels of CHI3L1 mRNA and pro-inflammatory cytokines, in-
cluding TNF-α, IL-1β, and IL-6. These results suggest that CHI3L1 deac-
tivation followed by inhibition of the NF-κB signaling pathway could be
a target for treating neuroinflammatory diseases such as AD.

We also observed that downregulation of CHI3L1 decreased lung
tumor development and metastasis (Kim, Yun, et al., 2018; Lee, Kim,



Fig. 7.Dockingmodel of K384-6111; reproduction of a figure fromour previous report (J Neuroinflammation. 2018; 15: 224. Choi et al., 2018).We observed that K284-6111 directly binds
to CHI3L1 with a high protein binding affinity (-9.7 kcal/mol) to Arg263, Thr293, Glu290, Lys289, Thr288, Phe287, Leu356, Trp352, Trp99, Asn100, Phe58, Glu36, Arg35, Tyr34, Trp31, and
Trp69 in a docking model.
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et al., 2019). Furthermore, these therapeutic effects of CHI3L1 antago-
nism could be potentiated by NF-kB or STAT3 inhibition. We found
that STAT3 andNF-kB activity is regulated by CHI3L1 expression. Collec-
tively, simultaneous downregulation of CHI3L1 protein activity, NF-kB-
and STAT3- pathways by the binding of inhibitors, anti-CHI3L1 anti-
body, or siRNA is a novel therapeutic strategy for treating various in-
flammatory diseases.

In conclusion, CHI3L1 plays a pro-inflammatory role in cancers, neu-
rodegenerative diseases, and inflammatory diseases. However, other
roles for CHI3L1 have also been proposed in different disease types
and inflammatory states, and these remain controversial. It remains to
be determined how the interplay and regulatory behavior of CHI3L1
varywith respect to acute/chronic inflammation, non-immune cells/im-
mune cells, cytokine production/angiogenesis, andmultimeric receptor
complex binding. Investigation of novel therapeutic strategies targeting
CHI3L1 will open new avenues for the future treatment of cancers, neu-
rodegenerative diseases, and inflammatory disease.
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