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Abstract
The 18 glycosyl hydrolase family of chitinases is an ancient gene family that is widely expressed
from prokaryotes to eukaryotes. In mammals, despite the absence of endogenous chitin, a number
of chitinases and chitinase-like proteins (C/CLPs) have been identified. However, their roles have
only recently begun to be elucidated. Acidic mammalian chitinase (AMCase) inhibits chitin-
induced innate inflammation; augments chitin-free, allergen-induced Th2 inflammation; and
mediates effector functions of IL-13. The CLPs BRP-39/YKL-40 (also termed chitinase 3-like 1)
inhibit oxidant-induced lung injury, augments adaptive Th2 immunity, regulates apoptosis,
stimulates alternative macrophage activation, and contributes to fibrosis and wound healing. In
accord with these findings, levels of YKL-40 in the lung and serum are increased in asthma and
other inflammatory and remodeling disorders and often correlate with disease severity. Our
understanding of the roles of C/CLPs in inflammation, tissue remodeling, and tissue injury in
health and disease is reviewed below.
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INTRODUCTION
The production of type 2 cytokines, including interleukin (IL)-4, IL-5, and IL-13 by CD4 T
helper (Th)2 and other immune cells, plays a critical role in the pathogenesis of asthma and
allergic responses. Studies over the past two decades have given us a glimpse of the
complexity of these responses, highlighting the importance of other inflammatory cytokines
[e.g., IL-17, IL-18, IL-33, transforming growth factor (TGF)-β, vascular endothelial growth
factor (VEGF), thymic stromal lymphopoietin (TSLP)] and chemokines [chemokine (C-C-
motif) (CCL)17, CCL22)] and the complex cell-cell interactions involving dendritic cells,
basophils, eosinophils,mast cells, and the newly described nuocytes, multipotent progenitor
type 2 (MPPtype2) cells, and natural helper cells that orchestrate these reactions (for reviews,
see References 1–3). However, the molecular and cellular mechanisms of these responses
are still incompletely understood, and the pathways connecting innate immunity and
adaptive immunity during Th2 responses have not been adequately defined. In an attempt to
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define the mechanisms that are involved in type 2 responses, antigen-driven and antigen-free
experimental systems have been employed. Evaluations of these systems highlighted
impressive alterations in the expression of 18 glycosyl hydrolases, including the true
chitinase acidic mammalian chitinase (AMCase) and the chitinase-like protein (CLP) breast
regression protein (BRP)-39/YKL-40. These abnormalities were readily appreciated in the
aeroallergen models of Th2 inflammation and transgenic mice in which Th2 cytokines are
overexpressed in a lung-specific manner (4, 5). This prompted investigations to define the
roles of these molecules in these responses and prompted studies of chitin, which is believed
to be a major target of some of these moieties. These studies demonstrated that chitinases/
chitinase-like proteins (C/CLPs) play a pivotal role in both innate and adaptive type 2
immune responses (5–9). Although nonspecific immune stimulatory functions of chitin and
chitin derivatives were reported three decades ago, these studies also prompted the
appreciation that appropriately sized chitin is a potent stimulator of type 1 and type 2 innate
immune responses (7, 10, 11) and a potent immune adjuvant that enhances viral or type 2
adaptive immune responses (12, 13). In mammals, although endogenous chitin or chitin
synthases do not exist, C/CLPs are endogenously expressed in the lung and other organs and
are impressively dysregulated in allergic disorders and a variety of diseases and disease
models characterized by chronic inflammation and tissue remodeling (4, 5). Together these
findings strongly support an evolving concept regarding the roles of C/CLPs in mammals. In
this conceptualization, C/CLPs are induced at sites of infection as part of an innate
antipathogen response. Selected moieties, in turn, feed back to control tissue injury by
minimizing oxidant damage and specific innate immune responses such as those induced by
chitin fragments. Simultaneously, they augment adaptive immune responses to chitin-free
antigens, ensuring pathogen eradication and the development of immunity. Many of the C/
CLPs are further induced during these adaptive responses and contribute to local tissue
healing and fibrosis (Figure 1). This overall concept is the result of studies of C/CLPs and
chitin in lower and higher life forms and mammals, including recent evaluations of null
mutant and transgenic mice. Such studies are summarized below.

CHITIN AND CHITINASES IN NATURE AND LOWER ORGANISMS
Chitin, a polymer made up of repeating units of β-(1–4)-poly-N-acetyl-D-glucosamine, is the
second-most-abundant polysaccharide in nature after cellulose. Chitin is found in the cell
walls of bacteria and fungi, mushrooms, the exoskeleton of crustaceans (crabs, shrimp, etc.)
and insects, the microfilarial sheath of parasitic nematodes, and the lining of the digestive
tracts of many insects (14–18). In these locations, chitin is used by chitin-containing
organisms for protection against the harsh conditions in their environment and host
antiparasite/pathogen immune responses. Thus, the absence of chitin can lead to the death of
the pathogen. Despite its ubiquity, chitin does not accumulate in the environment because
chitinolytic bacteria or saprophytes efficiently recycle most of the chitin in nature (19). In
lower life forms, chitin deposition is regulated by the balance of biosynthesis and
degradation. The chitinases, which are endo-β-1,4-N-acetylglucosamidases, are the key
degrading enzymes in this setting. They are produced in significant quantities by hosts as a
defense against infection with chitin-containing organisms. This attempt to damage the
chitin coat of the infecting organism is part of the innate immune response (19). This
process also produces differentially sized chitin fragments that can trigger innate immunity
pattern recognition receptors (PRRs) to induce tumor necrosis factor (TNF)-α, IL-17, and/or
IL-10 elaboration (10, 20). Chitinases also contribute to the life cycle of chitin-containing
fungi and parasites, in which they control growth and molting. Chitinases are also used by
pathogens to invade or exploit chitin-containing structures in the host and thus play a critical
role(s) in the transmission of infection from one vertebrate host to another by insect vectors
(18, 21, 22). This is nicely illustrated in plasmodia, which use chitinases to penetrate the
chitin surrounding the blood meal in the mosquito (23), and in fungi, which produce

Lee et al. Page 2

Annu Rev Physiol. Author manuscript; available in PMC 2013 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chitinases to penetrate the cuticle (24). As a result of the importance of chitin in the
protection of pathogens and the importance of appropriately regulated chitinase production
in the life cycle of pathogens, chitin synthesis inhibitors and chitinase inhibitors have
received significant attention as potential biopesticides to eradicate insects, fungi, and
helminthic parasites (24, 25).

CHITIN AS AN IMMUNE MODULATOR
Early studies of selected high-molecular-weight chitin derivatives demonstrated that chitin is
nontoxic, nonallergenic, biodegradable, and biocompatible. As a result, chitin has been used
in the manufacture of a number of medical devices such as artificial skin, contact lenses,
prosthetics, and surgical stitches (26). Chitin preparations can also have powerful immune
effects. A group of Japanese investigators identified the nonspecific immune-stimulatory
function of chitin or chitin derivatives more than three decades ago. This group showed that
chitin or chitin derivatives have the ability to stimulate macrophages to produce H2O2,
thereby conferring nonspecific host resistance to bacterial or viral infections and antitumor
activity (27–29). Chitin also stimulates inflammatory cytokines, including IL-1β,
granulocyte-macrophage colony–stimulating factor (GM-CSF), and interferon-γ (IFN-γ), in
vivo, and an adjuvant activity of chitin has been identified. Shibata et al. (11) subsequently
reevaluated the immunological effects of chitin in vivo and in vitro using fractionated,
phagocytosable, small-sized chitin particles. Intravenous administration of fractionated
chitin particles (1 to 10 µm) induced alveolar macrophage production of IL-12, TNF-α, and
IL-18 and natural killer (NK) cell production of IFN-γ (11). These macrophage effects were
at least partially mediated by the macrophage mannose receptor (30). In keeping with this
type 1 biased immune response, the studies of Shibata et al. (10) have demonstrated that
chitin inhibits Th2 immunity, including IgE production and lung eosinophilia. Similarly,
intranasal application of chitin microparticles downregulated the symptoms of allergic
hypersensitivity to antigens from Dermatophagoides pteronyssinus or Aspergillus
furmigatus (31), and water-soluble chitosan (deacetylated chitin) reduced allergen-induced
inflammation via TSLP and arginase I (32).

In seeming contrast to these studies, Reese et al. (7) recently reported that direct
intrapulmonary administration of chitin beads coated with reacetylated chitosan stimulated
the recruitment of IL-4-positive cells, in particular eosinophils and basophils, into the lung
via a signal transducer and activator of transcription-6 (STAT-6)-independent, Rag-
independent, and leukotriene B4–dependent mechanism(s). Reese et al. also demonstrated
that alternative activation of macrophages was critically involved in chitin-mediated
inflammatory responses. These investigators speculated that these studies provide
mechanistic clues relevant to the high prevalence of asthma in workers who have high
environmental exposure to chitin (33, 34).

On superficial analysis, the studies noted above report seemingly contradictory findings,
with chitin inducing type 1 and type 2 innate responses and acting as an adjuvant while
inhibiting adaptiveTh2 reactions. Recent studies from our laboratory have, however,
provided insights into at least one of the likely explanations for these findings by
demonstrating that different chitin preparations, particularly preparations of different sizes,
have different effects and activate inflammation via different mechanisms. In these in vivo
and macrophage-based in vitro studies, large chitin fragments were inert. In contrast,
intermediate-sized chitin (40–70 µm) stimulated macrophage IL-17A production and IL-17A
receptor expression via a pathway(s) that involved Toll-like receptor (TLR)-2 and MyD88.
We further demonstrated that chitin uses a TLR-2-, MyD88-, and IL-17A-dependent
mechanism(s) to induce acute inflammation (35). Interestingly, when even smaller chitin
fragments were utilized, additional insights were obtained. In these studies, both
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intermediate-sized chitin (40–70 µm) and small chitin (<40 µm, usually 2–10 µm) stimulated
TNF-α elaboration. In contrast, only the small chitin induced IL-10 elaboration. Pathways
that involved TLR-2, dectin-1, and nuclear factor-κB (NF-κB) mediated the effects of
intermediate-sized chitin. In contrast, the effects of small chitin were mediated by TLR-2-
dependent/TLR-2-independent, dectin-1-dependent pathways that involved the mannose
receptor and spleen tyrosine kinase (Syk). When viewed in combination, these studies
demonstrate that chitin contains size-dependent pathogen-associated molecular patterns that
stimulate TLR-2, dectin-1, and the mannose receptor; that differentially activate NF-κB and
Syk; and that stimulate the production of pro- and anti-inflammatory cytokines (20) (Figure
2). Most recently, studies from our laboratory demonstrated that 40–70-µm chitin is a
multifaceted adjuvant for Th2, Th1, and Th17 responses (13). When the entire body of
literature is viewed in combination, it is clear that chitin induces variable host responses
depending on its size and possibly the nature of the chitin employed and on the methods of
preparation, timing, and route of administration.

THE 18 GLYCOSYL HYDROLASE FAMILY IN MAMMALS
Both chitinases and C/CLPs contain a glyco-18 domain, the characteristic feature of
evolutionarily conserved 18 glycosyl hydrolase family. Family 18 chitinases are expressed
in a wide range of organisms from prokaryotes to eukaryotes, including mammals (for
evolutionary insight of this family, see References 36 and 37 for reviews). Chitin is the only
documented substrate for these enzymes and is readily appreciated in lower life forms.
Interestingly, although true chitinases are found, chitin and chitin synthases have not been
detected in mammals. As a result of this conundrum, endogenous carbohydrates that have
structural similarities with chitin, such as heparan sulfate and hyaluronic acid, have been
proposed to be substrates of mammalian chitinases. Direct proof of this interaction,
however, has not been demonstrated. Currently, more than seven family 18 chitinases and
CLPs have been identified in mice and humans (Table 1). AMCase, chitotriosidase
(chitinase 1), oviductin, YKL-40/HcGP-39 (chitinase 3-like 1), YKL-39, Stabilin-1-
interacting chitinase-like protein (SI-CLP), and chitinase domain–containing 1 (CHID1)
have been described in humans. AMCase, chitotriosidase, oviductin, BRP-39, SI-CLP, and
Ym1/Ym2 have been described in mice (38–44). Ym1 and Ym2, which are produced by
macrophages after parasitic (41) or fungal (45) infection, are mouse specific because
comparable genes have yet to be described in humans.

An overview of these moieties reveals two big categories. The first category comprises the
true chitinases, of which there are only two: AMCase and chitotriosidase. All the rest are
CLPs (also termed chitolectins) that lack chitinase activity as a result of mutations in their
highly conserved putative enzyme sites (40, 41). BRP-39/YKL-40, Ym1, and Ym2 are the
prototypes of this subfamily. As a result, their roles in biology are particularly enigmatic. A
complete understanding of the biology of the C/CLPs requires the elucidation of the roles of
true chitinases and the CLPs. Insights into the roles of these moieties have only recently
begun to be elucidated. AMCase regulates innate (7) and adaptive (5) Th2 inflammatory and
remodeling responses. Studies from our laboratory and others have demonstrated that
YKL-40 is dysregulated in a variety of human disorders and that BRP-39/YKL-40
contribute to adaptive Th2 inflammation and fibrosis and inhibit oxidant-induced lung injury
(4, 46, 47). Additional details are provided below.

True Chitinases (Chitinases with Chitolytic Enzyme Activity)
AMCase and chitotriosidase contain both a chitin-binding domain and an enzymatically
active domain that catalyze hydrolysis of β(1 → 4) glycosidic bonds in carbohydrate.
Although no endogenous substrate for these true chitinases has been identified in mammals,
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recent studies suggest that they have significant roles in inflammation, tissue injury
responses, and pathogenesis of human diseases.

AMCase
AMCase is produced by lung epithelial cells, macrophages, and eosinophils at sites of Th2
inflammation (5). In the IL-13-exposed murine airway, AMCase is expressed mainly in
distal non-mucous-producing epithelial cells (48). Interestingly, IL-13 is necessary and
sufficient for the induction of this chitinase (5). This induction appears to involve the
epidermal growth factor receptor (EGFR) because in adaptive inflammation and IL-13
transgenic mice, epithelial AMCase expression was paralleled by and colocalized with
increased expression of EGFR and its activator, TNF-α-converting enzyme (TACE). In
airway epithelial cells (A549), cotransfection of AMCase with EGFR enhanced, whereas
blocking of EGFR function using small-molecule kinase inhibitors impaired, AMCase
secretion. Blocking the EGFR upstream transactivator TACE or the EGFR downstream
molecule Ras further inhibited the secretion of AMCase. These studies demonstrate that
AMCase secretion is regulated via a TACE/EGFR/Ras-dependent pathway (49). AMCase
inhibits the innate type 2 inflammation induced by reacetylated chitosan beads (7). AMCase
also plays a critical role in adaptive Th2 inflammation and remodeling in chitin-free
situations (5). The former is mediated by the chitinase activity of this enzyme. However, the
chitinase activity of AMCase may not mediate all the biological effects of AMCase. For
instance, point mutations that abrogate the chitinase activity of AMCase do not eliminate its
antiapoptotic effect on the epithelium (50).

Chitotriosidase (chitinase 1)
Chitotriosidase is the best-characterized true chitinase from a clinical and biological
perspective. Mature monocyte-derived macrophages, Gaucher’s cells, and lung macrophages
express this chitinase. Proinflammatory cytokines (e.g., GM-CSF, TNF-α) and
lipopolysaccharide (LPS) stimulate the expression of chitotriosidase in monocyte-derived
macrophages, whereas IFN-γ and IL-4 inhibit chitotriosidase expression (51–53). Two
enzymatically active isoforms of chitinase 1 (of 50 kDa and 39 kDa) and an alternatively
spliced 40-kDa variant have been identified in splenic or Gaucher’s cells. The 50-kDa
moiety is the predominantly secreted isoform, whereas the 39-kDa and 40-kDa isoforms are
expressed and stored in intracellular lysosomes and lysosome-related organelles (LROs) (54,
55). The biological significance of this chitinase as a component of lysosomes and LROs in
disease pathogenesis is not fully understood. However, elevated levels of chitinase 1
expression have been described in lysosomal storage diseases (e.g., Gaucher diseases,
Niemann-Pick syndrome, Fabry disease). Elevated levels are also seen in a variety of other
diseases, including infections (fungal and bacterial infection, malaria), chronic inflammation
(atherosclerosis, sarcoidosis), liver diseases [nonalcoholic fatty liver disease–steatohepatitis
(NASH)], and neurodegenerative diseases (Alzheimer’s disease, ischemic cerebrovascular
dementia) (for reviews, see References 56 and 57).

Chitinase-Like Proteins
BRP-40/YKL-40, YKL-39, SI-CLP, and Ym1/Ym2 are CLPs (56). Oviductin/MUC9 also
contains an additional long stretch of O-glycosylation at its carboxyl terminal, characteristic
of mucins. These CLPs can bind chitin by inducing conformational changes that depend on
the length of the oligosaccharides in a similar fashion as catalytically active family 18
chitinases (58). However, due to mutations in their active domains, CLPs do not have
chitinolytic enzyme activity (for a review, see Reference 56).
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BRP-39/YKL-40 (Chi3l1)
BRP-39 was originally discovered in mouse breast cancer cells (59). Subsequently,
researchers described a variety of homologs with different names, including human
HcGP-39, human YKL-40, porcine 38-kDa heparin-binding glycoprotein (GP38K), bovine
39-kDa whey protein, and Drosophila imaginal disc growth factors (60–63). BRP-39,
HcGP-39, and YKL-40 are on chromosome 1 in mice and humans and are synthesized as
39-kDa proteins that lack chitinase activity. BRP-39/YKL-40 are expressed in a variety of
cells, including macrophages; neutrophils; chondrocytes; fibroblasts; vascular smooth
muscle cells; endothelial cells; hepatic stellate cells; and colonic, ductal, and airway
epithelial cells (4, 61). YKL-40 is not expressed in monocytes and is marginally expressed
in monocyte-derived dendritic cells but is strongly induced at late stages of human
macrophage differentiation. Thus, YKL-40 is regarded as a macrophage differentiation
marker (64, 65). The transcriptional factor Sp1 regulates the expression of BRP-39/YKL-40.
The YKL-40 promoter sequence also contains consensus binding sites for several known
transcription factors and can support the specific binding of nuclear PU.1, Sp1, Sp3,
upstream stimulatory factor (USF), acute myeloid leukemia (AML)-1, and CCAAT/
enhancer-binding protein (C/EBP) (65). The expression of BRP-39/YKL-40 is regulated by
various cytokines and hormones, including IL-6, IL-13, IFN-γ, vasopressin, and parathyroid
hormone–related protein (66). The inflammatory cytokines TNF-α and IL-1β also stimulate
the expression of YKL-40 in articular chondrocytes (67). In contrast, YKL-40 inhibits
cellular responses induced by IL-1 and TNF-α (68), suggesting that the induction of
BRP-39/YKL-40 feeds back to control local tissue responses. Selective repression of
YKL-40 by NF-κB activation through recruitment of histone deacetylases was also
demonstrated in glioma cells (69). These mechanisms may contribute to the dysregulation of
YKL-40 seen in a number of human diseases characterized by acute or chronic inflammation
and tissue remodeling (see below). YKL-40 levels are a predictor of all-cause mortality in
the elderly (70) and have a significant association with rates of overall and cardiovascular
mortality (71). However, the biological roles of YKL-40 in these events have only recently
begun to be defined.

YKL-39 (Chi3l2)
YKL-39 is expressed in chondrocytes and synoviocytes (72). It is also expressed in an
exaggerated manner, with YKL-40, in the microglia of patients with Alzheimer’s disease
(73). The biological and clinical significance of YKL-39 has, however, not been
appropriately defined.

Ym1/Ym2 (Chi3l3/Chi3l4)
Ym1 and Ym2, which are rodent-specific CLPs, are expressed in macrophages after
stimulation with IL-4 or IL-13 and in response to parasitic infection or allergic stimulation
(41, 74, 75). Substantial evidence suggests that they may play an important role(s) in the
development of Th2 inflammation.

Oviductin (mucin 9, oviduct-specific glycoprotein)
Oviductin is exclusively expressed and secreted by oviductal epithelium (76). Its expression
is regulated by hormones such as estradiol and luteinizing hormone. The biology of
oviductin has not been adequately defined.

SI-CLP
SI-CPL is produced by a variety of cells, including primary macrophages, Jurkat cells,
tumor cell lines, and sinusoidal endothelial cells in liver, spleen, lymph node, and bone
marrow (43). The expression of SI-CLP was strongly induced by the Th2 cytokine IL-4 and
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by the glucocorticoid dexamethasone. Exaggerated SI-CLP expression has been noted in
chronic airway inflammation and in patients with sarcoidosis. Because SI-CLP is the only
CLP that is upregulated by glucocorticoids, the level of macrophage steroid-induced SI-CLP
may be used as a marker for individual responsiveness to corticosteroid treatment as well as
a predictor of side effects. This CLP is also targeted to lysosomes through its interaction
with stabilin-1 (77).

C/CLPS IN Th2 INFLAMMATION, OXIDANT-INDUCED LUNG INJURY, AND
HUMAN DISEASES AND DISORDERS

As noted above, our understanding of the roles of C/CLPs in human disease is still quite
limited. However, several studies have demonstrated the importance of C/CLPs in murine
models of Th2 and oxidant-induced lung injury, and several research groups have reported
significant dysregulation of these genes in asthma and bronchopulmonary dysplasia (BPD).
Our present concepts of asthma pathogenesis, the roles of chitinases and CLPs in Th2
inflammation and oxidant-induced lung injury, and the alterations in YKL-40 in asthma,
BPD, and other human diseases are summarized below.

Concepts of Asthma Pathogenesis
Asthma is one of the most common chronic airway disorders, with a current global
prevalence of more than 300 million and a projected global prevalence of 400 million by
2025 (78, 79). Accordingly, asthma imposes an enormous economic burden; the annual cost
of asthma management is approximately $20 billion per year in the United States alone
(80).The clinical significance and the economic burden of asthma have fueled intense
research on its pathogenesis. In contrast to earlier concepts that focused on bronchospasm,
inflammation is now believed to play a central role in the disorder (81–85). The analysis of
bronchoalveolar lavage (BAL) and bronchial biopsy in patients with asthma has provided a
glimpse of the complexity of this response. A variety of cells and mediators are involved in
aeroallergen-induced asthma; immunoglobin (Ig)E triggers mast cells in the acute response;
eosinophils may be important effectors in the late response; and T cells (particularly Th2
cells) play key roles in the recognition of antigen and orchestration of airway events via their
production of IL-4, IL-5, IL-9, IL-13, and other cytokines (82–84, 86–90). Type 2 cytokine–
producing cells are now believed to be major contributors to the initiation and maintenance
of airway inflammation, the regulation of B cell and eosinophil function, the induction of
mucus, and the stimulation of remodeling (91, 92).

As a result, the critical genes that are downstream of Th2 cytokines and that mediate their
asthma-relevant effects are being investigated. IL-13 is a product of a gene on chromosome
5 at q31 that is produced by stimulated CD4+ Th2 cells (93, 94) and possibly by the recently
described nuocytes, MPPtype2 cells, and natural helper cells (3). IL-13 has a variety of
effects that are relevant to asthma and Th2 inflammation, including the ability to induce IgE
production (95), CD23 expression (96), mucus hypersecretion and goblet cell hyperplasia
(85, 87, 90, 97), and endothelial P-selectin and vascular cell adhesion molecule-1
(VCAM-1) expression (98, 99) and to inhibit eosinophil apoptosis (100). Studies from our
laboratory demonstrated that the overexpression of IL-13 in the murine lung causes
eosinophil-, lymphocyte-, and macrophage-rich inflammation; mucus metaplasia; airway
hyperresponsiveness (AHR) on methacholine challenge; and airway fibrosis (97). The
exaggerated production of IL-13 is well documented in atopic and nonatopic asthma (89,
101, 102), and polymorphisms in the IL-13 promoter and coding region have been
associated with asthma in study populations (103). As a result of these observations,
deregulated IL-13 production is now felt to be a cornerstone in the pathogenesis of Th2
inflammation and remodeling, the pathological hallmarks of asthmatic airways. However,
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the cellular and molecular events that are responsible for these IL-13-induced tissue
alterations have not been fully defined.

Chitinases in Th2 Inflammation
Host immune responses to parasites include an early innate component designed to control
or eliminate parasitic infestation and, over time, an adaptive response that controls the
parasite in an antigen-specific fashion. The latter is frequently Th2 dominated and shares
key features with tissue allergy, including the increased production of IL-4, IL-5, IL-13, and
IgE and prominent tissue eosinophilia. As a result, it is believed that Th2 inflammatory
responses originally evolved to deal with parasites and other pathogens and that allergy,
atopic asthma, and their associated inflammatory and remodeling responses occur when
these Th2 responses are poorly controlled and/or are elicited in a parasite-independent
fashion (104, 105). An ideal type 2 response would control infection, minimize local tissue
injury, foster protective immunity, and augment healing. The innate response is a major
controller of the invading pathogen. Regulatory mechanisms that inhibit and fine-tune the
innate response and augment adaptive immunity would minimize collateral tissue injury,
ensure lasting control of the infectious agent, and contribute to long-term immunity.

AMCase has a role in many of these events. In keeping with the ability of chitin in parasites
and some antigens to stimulate type 2 innate immune responses, AMCase ameliorates chitin-
induced innate type 2 inflammation in the lung (7). In adaptive Th2 responses induced by
chitin-free aeroallergens, AMCase is dramatically upregulated in airway epithelial cells and
macrophages (5). Importantly, when the binding capacity and enzymatic activity of AMCase
were simultaneously abrogated with C/CLP inhibitors (allosamidin or dimethylallosamidin)
or neutralizing antiserum, allergen-induced airway inflammation and AHR were
significantly diminished (5, 106). Knocking down AMCase also abrogated aeroallergen-
induced AHR, eosinophil infiltration, and eotaxin and IL-13 secretion and decreased levels
of serum antigen-specific IgE (107). Similarly, AMCase expression was induced in the
lungs of IL-13-overexpressing transgenic mice, and interventions with allosamidin or
neutralizing antibody also significantly reduced IL-13-induced eosinophilic inflammation,
AHR, and chemokine production (5). In vitro studies further demonstrated the ability of
AMCase to stimulate chemokine production directly from epithelial cells (5, 49).

Some microbial and plant chitinases are also potent allergens that contribute to avocado,
latex, and house dust mite (Def f 15) allergies (40, 108, 109). These studies suggest that
AMCase plays a different role, depending on the type of stimulant and the stage of the
immune response in question. Specifically, these studies demonstrate that AMCase inhibits
innate type 2 reactions while augmenting adaptive responses and contributing to the effector
responses induced by IL-13. When such studies are viewed in combination, one can
hypothesize that AMCase, in addition to protecting the host by directly injuring chitin-
containing pathogens, also contributes to optimal type 2 responses by controlling local
innate responses and augmenting the evolution of adaptive immunity. Additional
investigations will be required to define the relevance of this conceptualization to chitin-free
stimulators of innate immunity and chitin-containing antigens that stimulate adaptive
immune responses. The relative contributions of ligand binding and enzymatic activity will
also need to be elucidated. Lastly, caution must also be employed in attempts to extrapolate
studies of AMCase from mice to humans because AMCase is the major chitinase in lungs
from mice, whereas chitotriosidase is the major chitinase in human respiratory tissues (110,
111).
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AMCase in Asthma
Recent studies described the exaggerated expression of AMCase in lung tissues from
patients with asthma (5). Associations between AMCase polymorphisms and asthma have
also been described (112, 113). However, other investigations did not detect a significant
correlation between AMCase activity or AMCase polymorphisms and the disorder (111,
114). These differences may be technical because the severity of asthma in the studied
populations was not the same and environmental differences were not adequately addressed.
Additional investigation will be required to address this issue in more detail.

CLP in Th2 Inflammation
Although the exact biological functions of CLP are still largely elusive, the regulation and
roles of Ym1/Ym2 and BRP-39/YKL-40 have been investigated. Ym1 and Ym2 are highly
homologous with each other and are rodent specific. Ym1 is induced by Th2 cytokines and
allergen challenge via a STAT-6-dependent mechanism (75). Ym1 expression is also
induced in lungs of mice infected with the parasite Nocardia brasiliensis (115), and Ym2
expression is upregulated in the lungs of aeroallergen-immunized and challenged mice in a
IL-4 signaling– and IL-13 signaling–dependent manner (74). The Ym1 and Ym2 proteins
are also commonly encountered as crystals at sites of pulmonary type 2 inflammation, as
seen in moth-eaten mice (45), IL-13-overexpressing transgenic mice (97), and aeroallergen-
sensitized and aeroallergen-challenged mice. Additionally, Ym1 and Ym2 are highly
expressed in macrophages, dendritic cells, and mast cells in proliferative dermatitis, which is
characterized by the accumulation of eosinophils and neutrophils (116). How Ym1 and Ym2
contribute to rodent biology is not clearly understood. However, in vitro assays using
purified proteins demonstrated that the Ym proteins are chemotactic for eosinophils, T
lymphocytes, and polymorphonuclear leukocytes (117).

These findings suggest that these moieties may play important roles in Th2 responses in the
proper setting. In keeping with YKL-40 levels in the serum of normals and its impressive
dysregulation in human diseases and disease models, recent studies have attempted to define
the role(s) of BRP-39/YKL-40 in biology. To accomplish this, BRP-39 null mutant mice and
lung-specific YKL-40–overexpressing transgenic mice were generated and characterized
(4). The null mutant mice had a significant defect in antigen- or IL-13-induced Th2
inflammation and remodeling, and transgenic expression of YKL-40 in the epithelium was
sufficient to rescue this defect (4). These studies further demonstrated that BRP-39 and
YKL-40 accomplish their proinflammatory effect at least in part by inhibiting inflammatory
cell (T cell, macrophage, and eosinophil) apoptosis/cell death through inhibition of Fas
expression and by inducing the phosphorylation of protein kinase B (PKB)/Akt. BRP-39/
YKL-40 also stimulate dendritic cell accumulation and activation and induces alternative
macrophage activation (Figure 3). In vitro assays with connective tissue cells demonstrated
the ability of YKL-40 to activate the mitogen-activated protein (MAP) kinase and PKB/Akt
pathways (118).

Studies with genetically manipulated mice also identified a novel role of BRP-39 in IL-13-
induced tissue fibrosis. Previous studies from our laboratory showed that the fibrogenic
effects of IL-13 are mediated, at least in part, by the ability of IL-13 to induce and activate
TGF-β1 (119). Intriguingly, TGF-β1 induction in the lungs of IL-13 transgenic mice was
significantly decreased in mice deficient in BRP-39. The cellular and molecular mechanism
by which BRP-39 links IL-13 and TGF-β1 remains to be determined. The observation that
BRP-39/YKL-40 contribute to tissue fibrosis, however, provides interesting insights into the
potential roles of YKL-40 in fibrotic human disorders. The studies noted above suggest that
BRP-39 plays an important role both in antigen sensitization and in the effector phases of
allergic inflammation and remodeling (Figure 3). However, when viewed in combination
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with the recent observation that BRP-39/YKL-40 also inhibit oxidant injury (see below), one
can speculate that BRP-39 can contribute to optimal type 2 responses by inhibiting innate
immune–induced tissue injury, by augmenting the transition to adaptive immunity, and by
fostering tissue healing. The mechanisms underlying these effects and the receptors and
binding partners that mediate them still need to be defined.

BRP-39/YKL-40 in Human Asthma and Atopy
The exaggerated expression of CLPs in animal models of asthma prompted human studies to
define the relationship between YKL-40 and this disorder. Studies of three cohorts of
patients and controls (two from the United States and one from France) demonstrated that
levels of serum YKL-40 are significantly elevated in patients with asthma compared with
controls (120).These studies also demonstrated that levels of YKL-40 expression in the lung
correlate with levels in the circulation and that levels of circulating YKL-40 are higher in
patients with severe disease and airway remodeling. In these experiments, levels of serum
YKL-40 positively correlated with asthma severity and correlated inversely with the forced
expiratory volume in 1 s (FEV1) (120). Subsequent genetic studies in a founder population
of European descent, the Hutterites, identified a promoter single-nucleotide polymorphism
(SNP) in the CHI3L1 gene encoding YKL-40; this SNP was associated with elevated levels
of serum YKL-40 and the prevalence of asthma, AHR, and abnormal pulmonary function.
These studies identified CHI3L1 as a susceptibility gene for asthma, bronchial
hyperresponsiveness, and reduced lung function (121). They also provided support for the
concept that YKL-40 plays a significant role in the development and progression of asthma
and established YKL-40 as a biomarker of disease severity and a therapeutic target in this
disorder. A separate genetic study in a Korean cohort identified genetic variations in
CHI3L1 in patients with atopy (122). In that study, SNPs in the promoter region and intron 7
were associated with the development of atopy. In vitro assays also demonstrated that the
genetic variation in the promoter region of CHI3L1 (g.-237T risk allele) functionally
regulates the expression of YKL-40 via increased affinity for the C/EBP. Subjects with this
variant allele had significantly higher levels of circulating YKL-40 and IgE. These studies
provide additional evidence supporting the concept that YKL-40 plays an important role in
allergic diseases.

BRP-39/YKL-40 in Oxidant Injury and Tissue Remodeling
Oxidant-induced lung injury is a major cause of respiratory dysfunction. This can be readily
appreciated in its most severe forms, acute respiratory distress syndrome (ARDS) in adults
(123) and BPD in premature infants (124). Currently, no specific or effective interventions
prevent BPD or ameliorate established BPD, and no established biomarkers predict its
occurrence in premature newborns (124). In addition, although significant efforts have been
directed at identifying the mechanisms underlying these disorders, our understanding of the
pathogenesis of these adverse events is very primitive. Studies have been undertaken to
determine if BRP-39/YKL-40 play a role in pulmonary hyperoxic acute lung injury (HALI).
These studies demonstrate that exposure to 100% O2 significantly reduces the expression
and secretion of BRP-39 in the murine lung (46). They also demonstrate that mice that lack
BRP-39 have exaggerated susceptibility to 100% O2 manifesting as augmented alveolar-
capillary permeability and protein leak, tissue oxidation, neutrophil and macrophage-rich
inflammation, chemokine elaboration, epithelial apoptosis, and premature death. The
protective role of BRP-39/YKL-40 was further supported by the observation that transgenic
YKL-40 ameliorates HALI, prolongs survival after 100% O2 exposure, and rescues the
exaggerated injury in BRP-39 null mice. These studies highlight a novel relationship
between BRP-39/YKL-40 and oxidant injury: Oxidant injury decreases the expression and
production of BRP-39, and BRP-39 and YKL-40 inhibit oxidant-induced lung injury,
vascular permeability, and structural cell apoptosis.
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Similarly, in a murine cigarette smoke exposure model in which oxidants play a major role
in tissue injury, a null mutation of BRP-39 enhanced alveolar destruction and augmented
structural cell apoptosis (47). These studies suggest that endogenous BRP-39 is required for
the maintenance of cellular integrity after oxidant injury. Such studies also allow for the
intriguing hypothesis that levels of circulating and/or pulmonary BRP-39/YKL-40 are under
tight control and any alteration of these levels have significant pathological consequences.
Physiological levels of BRP-39/YKL-40 ameliorate the oxidant injury that is caused by day-
to-day exposures, whereas decreased levels enhance oxidant injury, as occurs in BPD. In
contrast, when levels are too high, inflammation, remodeling, and malignant transformation
may occur (see below).

BRP-39/YKL-40 IN OTHER HUMAN DISEASES
During the past decade or so, dysregulation of YKL-40 has been noted in a wide variety of
human disease and disorders characterized by acute inflammation, chronic inflammation,
and/or tissue remodeling (Table 2). Selected associations are highlighted below.

Infectious Diseases
Levels of circulating YKL-40 are augmented in patients with infections, for example, in
patients with purulent meningitis (125), pneumonia (126), and cystic fibrosis with acute lung
infection (127). This pattern is especially significant in patients with streptococcal
pneumonia, in whom levels correlate positively with mortality. Because YKL-40 is
expressed mainly by activated macrophages and neutrophils and is released by exocytosis
from specific granules at the site of inflammation, it can serve as a diagnostic and prognostic
serologic marker of specific bacterial infections (128). The mechanism of secretion of
YKL-40 and its in vivo role in antibacterial responses, however, have not been defined.

Chronic Inflammatory and Remodeling Diseases
Plasma levels of YKL-40 are increased in chronic inflammatory and remodeling disorders
including rheumatoid arthritis (RA), osteoarthritis (OA), systemic lupus erythematosus
(129), inflammatory bowel disease (129–131), sarcoidosis (132), and chronic obstructive
lung disease (47, 133). Liver diseases characterized by hepatic inflammation and fibrosis
such as chronic alcoholic hepatitis or cirrhosis also showed elevated levels of circulating
YKL-40 (134, 135), which correlated with the degree of liver fibrosis (136). Elevated serum
YKL-40 levels are a serologic marker of hepatitis C virus–mediated fibrosis, autoimmune
hepatitis–induced cirrhosis, and primary biliary cirrhosis (135, 137).The role of YKL-40 in
RA deserves specific mention. In RA, YKL-40 is an autoantigen (138, 139), approximately
50% of RA patients have YKL-40 peptide complexed with major histocompatibility
complex (MHC), and dendritic cells presenting YKL-40 peptide have been detected in
synovial tissues from RA patients (140). Importantly, levels of YKL-40 in serum and
synovial fluid of RA and OA patients reflect the severity of synovial inflammation and
articular cartilage degradation and correlate positively with disease activity and progression
(141).

Atherosclerosis and Giant-Cell Arteritis
The pathological lesion of atherosclerosis is characterized by the infiltration of monocytes
into the walls of blood vessels and subsequent macrophage activation and lipid
accumulation. Interestingly, the expression of YKL-40 and chitotriosidase is impressively
augmented in a distinct subset of macrophages in the atherosclerotic plaque. This prominent
expression of YKL-40 is seen in deeply infiltrated macrophages and in macrophages in early
stages of atherosclerotic lesion development. In addition, macrophages stimulated with
oxidized low-density lipoprotein, a process that mimics the formation of foam cells, secreted
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high levels of YKL-40 (142). Similarly, the expression of YKL-40 was also detected in
CD68+ giant cells and circulating mononuclear cells in giant-cell arteritis, another
inflammatory vessel disorder (143).These studies suggest that YKL-40 plays a role in the
development of vascular disorders that are characterized by macrophage/monocyte
accumulation and activation. The mechanism(s) of this contribution, however, has not been
defined.

Cancer
A number of studies have demonstrated strong correlations between YKL-40 expression and
the development of primary and metastatic tumors. The types of tumors include tumors of
the breast, colon/rectum, ovary, lung, prostate, kidney, brain (glioblastomas), and bone
(osteosarcomas) and melanomas (for details, see reviews in References 128, and 144).
Levels of YKL-40 frequently correlate inversely with disease-free interval and survival.
These studies support the contention that YKL-40 plays a role in the development and
progression of a variety of malignancies. However, the mechanisms underlying these
YKL-40-cancer associations have not been defined. In vitro studies have demonstrated that
YKL-40 is secreted by osteosarcoma (145), glioblastoma (146), and myeloid leukemia cell
lines (65) and is strongly expressed by tumor-associated macrophages in small-cell lung
cancer biopsies (147). This is potentially important because YKL-40 can contribute to tumor
invasion and metastasis through the regulation of cancer cell proliferation and
differentiation. In addition, the inhibition of YKL-40 of cancer cell apoptosis in a manner
similar to its effects on the survival of inflammatory cells can also contribute to
tumorigenesis. Finally, YKL-40 can also modulate certain aspects of the host
microenvironment such as angiogenesis (148). Recent studies of YKL-40 and tumor
angiogenesis have provided novel mechanistic insights into the regulatory pathways that
may mediate these vascular effects (148) (Figure 4). Such studies demonstrated that YKL-40
binds the heparan sulfates of Syndecan-1, a major proteoglycan on the epithelial cell surface,
and activates (phosphorylates) focal adhesion kinase (FAK) together with integrin αvβ3.
This induces angiogenesis through the subsequent activation of MAP kinase/Erk (148). FAK
can also activate phosphatidylinositol 3 kinase (PI3K)/Akt signaling pathways that are
critical for cell survival, differentiation, and fibrogenesis (149). Whether Syndecan-1 and its
signaling pathways, as shown in angiogenesis, are equally important for the inflammatory,
proliferative, and fibrogenic effects of BRP-39/YKL-40 remains to be determined. Of note,
serum levels of YKL-40 are being recognized as a promising diagnostic and prognostic
biomarker for malignancy, and YKL-40 is increasingly appreciated as a therapeutic target in
cancer (144).

Diabetes Mellitus
Levels of circulating YKL-40 are increased in patients with type 1 (150) and type 2 (151,
152) diabetes. In the latter group of patients, YKL-40 levels correlate positively with insulin
resistance and features of dyslipidemia (151, 152) but do not correlate with body mass index
or other indicators of glucose metabolism (151). Patients with type 2 diabetes, especially
those with concurrent obesity, commonly display increased macrophage infiltration in
adipose tissue. YKL-40 stimulates macrophage production of monocyte chemoattractant
protein-1 (MCP-1; also known as CCL2) and other inflammatory chemokines (133), which
in turn can alter adipocyte function and augment monocyte infiltration into the
subendothelial space (153). Thus, YKL-40 may affect insulin sensitivity through regulation
of macrophage infiltration and subsequent activation in adipose tissue.

Bronchopulmonary Dysplasia
Respiratory distress syndrome (RDS) and respiratory failure are problematic consequences
of premature birth. These patients are commonly treated with mechanical ventilation,
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supplemental oxygen, and surfactant preparations (46, 154) and in many cases rapidly
recover. However, in a subset of patients, oxidant injury contributes to the development of
BPD with chronic respiratory failure, and death can ensue (124). To determine if there is a
relationship between CLPs and BPD, recent studies from our laboratory compared YKL-40
levels in the tracheal aspirate from a cohort of premature babies with RDS who developed
BPD or died with YKL-40 levels in premature infants with milder disease who did not
experience these adverse consequences. In this cohort the premature infants with the milder
disease had higher levels of YKL-40. These observations are in accord with mice studies
that demonstrated that levels of pulmonary BRP-39 are decreased after exposure to
hyperoxia and that YKL-40 diminishes the adverse effects of 100% O2 (46). Such findings
also show for the first time that decreases in the levels of a CLP may be important in the
initiation and/or pathogenesis of a disease process. If confirmed in larger studies, these
results raise the possibilities that elevated levels of YKL-40 cause the milder disease and
that investigators could manipulate BRP-39/YKL-40 to control oxidant-induced pulmonary
responses.
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SUMMARY POINTS

1. Chitin contains size-dependent pathogen-associated molecular patterns that
stimulate types 1 and 2 innate immune responses while differentially stimulating
TLR-2, dectin-1, and the mannose receptor and differentially activating NF-κB
and spleen tyrosine kinase.

2. The 18 glycosyl hydrolase family contains true chitinases (AMCase and
chitotriosidase) and CLPs such as BRP-39 and its human homolog YKL-40,
which lack chitinase activity.

3. AMCase ameliorates chitin-induced type 2 inflammatory responses in innate
immune cells via its chitinolytic activity while augmenting the adaptive immune
responses and physiological dysregulation induced by chitin-free antigens.

4. BRP-39/YKL-40 play a critical role in the development of aeroallergen-induced
adaptive Th2 inflammation and mediates IL-13-induced pulmonary
inflammation and fibrosis.

5. Oxidant injury decreases the expression and production of BRP-39, and BRP-39
and YKL-40 are important inhibitors of oxidant-induced lung injury, vascular
permeability, and structural cell apoptosis.

6. BRP-39/YKL-40, via interactions with binding partners such as Syndecan-1 and
integrin αvβ3, can activate the PI3K/Akt and the MAP kinase/Erk signaling
pathways. These activation events can promote cell migration, proliferation, and
survival; tumor angiogenesis; and other tissue-remodeling responses.

7. Levels of circulating and/or tissue YKL-40 are increased in a variety of
inflammatory, remodeling, and neoplastic disorders such as asthma and various
primary and metastatic cancers and are decreased in the BAL fluid of children
with BPD compared with newborns with RDS who do not present this
complication.
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Figure 1.
Immune and regulatory effects of chitin, chitinases (C), and chitinase-like proteins (CLP).
Chitin is a potent stimulator of innate immune responses and subsequent tissue injury.
Chitin-free antigens are also able to induce the innate reactions that, in turn, lead to adaptive
immune responses. When appropriately managed, these responses lead to tissue healing.
When excessive injury or repair occurs, tissue fibrosis can ensue. C/CLP can inhibit (−)
chitin-induced innate immune and injury responses. The ability of AMCase to directly
degrade chitin via its chitinase activity and to inhibit epithelial cell apoptosis via a
chitinolytic-independent mechanism and the ability of BRP-39/YKL-40 to inhibit oxidant-
induced injury are examples of this regulation. Simultaneously, C/CLP-like acidic
mammalian chitinase (AMCase) and BRP-39/YKL-40 enhance adaptive immune responses
to chitin-free moieties, thereby ensuring the development of selective antigen-specific
immunity. This has been studied most intensively with BRP-39/YKL-40, which enhance
antigen sensitization, augment the survival of inflammatory cells, and induce alternative
(M2) macrophage differentiation. C/CLP are further induced during the type 2 immune
response, and their ability to inhibit structural cell apoptosis, to induce macrophage
differentiation, and to aid in the production of TGF-β1 may also contribute to healing and
fibrosis.
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Figure 2.
Chitin regulation of macrophage proinflammatory [tumor necrosis factor (TNF)-α] and anti-
inflammatory [interleukin (IL)-10] cytokine production. Chitin stimulates the expression of
TNF-α and IL-10 in a size-dependent manner. Large chitin is inert, and intermediate-sized
chitin (40–70 µm) is a powerful stimulator of TNF. This activation is mediated mainly via a
Toll-like receptor-2–nuclear factor-κB (TLR-2-NF-κB) pathway, with lesser contributions
from spleen tyrosine kinase (Syk). In contrast, small chitin (<40 µm, usually 2–10 µm) is a
potent stimulator of IL-10 production. This inductive event is mediated largely via a
dectin-1-Syk pathway, with lesser contributions from TLR-2 and NF-κB.
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Figure 3.
Contributions of BRP-39/YKL-40 to allergen-induced Th2 inflammation and tissue
remodeling. At sites of adaptive Th2 inflammation, cytokines such as interleukin (IL)-13
stimulate BRP-39/YKL-40 production in macrophages and epithelial cells. BRP-39/
YKL-40, in turn, contribute to this response by preventing macrophage apoptosis and
inducing alternative (M2) macrophage differentiation, by increasing the number of and
activating local dendritic cells (DC), and by inhibiting Th2 cell apoptosis. The Th2
cytokines that are then produced induce chemokines and transforming growth factor (TGF)-
β1, which contribute to inflammation, remodeling, and healing.
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Figure 4.
The proposed signaling pathways of YKL-40 in regulating angiogenesis and cellular
proliferation. BRP-39 binds to the heparan sulfate (HS) of Syndecan-1, a major cell surface
proteoglycan. Along with integrin αvβ3, such binding activates focal adhesion kinase
(FAK). Phosphorylated FAK (p-FAK) activates downstream signaling molecules, including
mitogen-activated protein (MAP) kinase Erk (p-Erk), phosphatidylinositol 3 kinase (p-
PI3K), and Akt (p-Akt). Such activation induces cellular proliferation, adhesion, and
survival, all of which contribute to the development and progression of angiogenesis.
Similar pathways may contribute to tissue-remodeling responses such as those seen in
fibrosis.
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Table 1

Representative members of the 18 glycosyl hydrolase family in humans and micea

Name Alias(es) Humans Mice

Acidic mammalian chitinase (AMCase) CHIA, eosinophil chemotactic cytokine + +

Chitotriosidase Chitinase 1 + +

YKL-40/BRP-39 CHI3L1, cartilage glycoprotein 1, GP-39, HcGP-39 + +

Oviductin Oviductal glycoprotein 1 + +

Chondrocyte protein 39 CHI3L2, YKL-39 +

Stabilin-1-interacting chitinase-like protein (SI-CLP) + +

Ym1 Chi3l3 +

Ym2 Chi3l4 +

a
Additional sequences belonging to the 18 glycosyl hydrolase family, such as Ym3, Bclp2, and BYm, are described in mice.
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Table 2

Human diseases associated with dysregulated YKL-40 expression

Acute infections

Purulent meningitis

Pneumonia

Chronic inflammatory conditions

Asthma/allergy

Atherosclerosis

Types 1 and 2 diabetes mellitus

Rheumatoid arthritis/osteoarthritis

Systemic lupus erythematosus

Inflammatory bowel disease

Chronic obstructive lung disease

Cancers (primary and/or metastatic)

Osteosarcoma, glioblastoma, breast, colon/rectum, ovary, lung, prostate, kidney, malignant melanoma

Others

Alcoholic liver cirrhosis

Liver fibrosis

Schizophrenia

Giant-cell arteritis
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