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Human chitinases and chitinase-like proteins as
emerging drug targets - a medicinal chemistry
perspective
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Human chitinases and chitinase-like proteins (CLPs) provide the immune system with the ability to
recognize or process chitin originating from chitinous pathogens. In addition to their role in host defense,
most members of this protein family have evolved pleiotropic cellular effector functions broadly related to
immune homeostasis, cell proliferation, and tissue remodeling. This wide-ranging ability to modulate
crucial cellular processes proceeds via the activation of cellular signal transduction cascades and appears
to be fully independent of chitin recognition. Dysregulation of chitinase/CLP functions has been linked to a
plethora of inflammatory diseases, such as allergic airway diseases and asthma, fibrosis, as well as cancer.
This fact predetermines certain members of this protein family as prime targets for pharmacological
intervention. Here, we provide an extensive review of medicinal chemistry efforts targeting the most widely
studied members of the human chitinase/CLP family, namely acidic mammalian chitinase (AMCase),
chitotriosidase (CHIT1), and chitinase-3-like protein 1 (CHI3L1/YKL-40).
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Human chitinases and chitinase-like
proteins

Chitin is a natural linear polysaccharide consisting of
repeating units of p-1,4-linked N-acetyl-p-glucosamine
(GleNAc). Chitin and its derivatives are the main structural
components of cell walls in fungi and the shells of
crustaceans and insects, which renders chitin the second
most abundant polysaccharide in nature. Chitin-containing
organisms employ chitinases for endogenous chitin
remodeling during developmental processes, while many
microorganisms also utilize these enzymes to degrade
exogenous chitin as a nutritional substrate, making them a
promising target for combating pathogenic fungi and
controlling agricultural pests.”> It is, however, not
endogenous to plants and vertebrates. In this context, many
organisms can sense the polymer as a marker for infection by
chitin-containing pathogens such as parasitic-fungi and
arthropods. The human innate immune system can recognize
chitin through pattern recognition receptors, such as TLR2 or
dectin-1.> In addition, secreted chitinases are produced in
tissues prone to encountering environmental pathogens.
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Two enzymatically active chitinases from the glycosyl
hydrolase 18 (GH18) family, chitotriosidase (CHIT1) and acidic
mammalian chitinase (AMCase, CHIA), have been described
and characterized in humans.® These enzymes feature a
secondary chitin binding domain in addition to the canonical
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Fig. 1 A) Domain organization and B) sequence alignment of the
catalytic sites of human chitinases and CLPs.
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GH18 domain (Fig. 1A)." Their catalytic activity is conveyed by a
conserved DXXDXDXE motif (Fig. 1B). In the context of human
diseases, CHIT1 and AMCase have been linked to lysosomal
storage disorders,” sarcoidosis,”” and respiratory system
diseases including asthma,®® chronic obstructive pulmonary
disease,"”'" and idiopathic pulmonary fibrosis.*"?

Structurally, the catalytic domain of GH18 family
enzymes is characterized by a (B/a)s triosephosphate
isomerase (TIM)-barrel fold (Fig. 2A)." An extensive linear
cleft spanning across the central B-barrel can bind chitin
oligosaccharides (COS) of variable length. The GlcNAc
monomers are accommodated in subsites, which are
systematically numbered according to their relation to the
cleavage site (Fig. 2B).

By this convention, chitin hydrolysis occurs between
subsites -1 (non-reducing end) and +1 (reducing end). COS
are typically bound through hydrogen bonds with their polar
hydroxyl groups and acetamide moieties, as well as CH-n
interactions between the apolar carbohydrate B-face and
tryptophan residues, which are abundant in the chitin
binding site. The catalytic mechanism of GH18 enzymes
proceeds under retention of stereochemistry by a substrate-
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assisted double inversion mechanism." The *C;-chair
equilibrium conformation in solution is distorted into an
energetically unfavorable "“B-boat conformation upon
binding to the active site of the enzyme. After protonation of
the glycosidic oxygen atom, this change in ring puckering
enables an intramolecular attack of the acetamide carbonyl
oxygen on the anomeric center, resulting in the formation of
a charged oxazolium intermediate, which is subsequently
attacked by a water molecule to release the product as a
hemiacetal (Fig. 2D)."*"®

In addition to the enzymatically active chitinases, several
chitinase-like proteins (CLPs) have been discovered in
humans, namely chitinase-3-like protein 1 (CHI3L1, YKL-40,
HCgp-39), chitinase-3-like protein 2 (CHI3L2, YKL-39),
stabilin-1 interacting CLP (SI-CLP, CHID1), and oviductin.'®
While CLPs are largely homologous with active chitinases on
a sequence and structural level (Fig. 1A), they lack enzymatic
function. This loss of enzymatic function has been linked to
mutations in the DXXDXDXE motif conveying catalytic
activity (Fig. 1B)."® Yet, CLPs still display affinity towards
chitin, which is mediated by their intact chitin binding site.
Their biological function, however, is not related to chitin
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Fig. 2 A) Crystal structure of CHI3L1 as an example for GH18 proteins (PDB ID 1HJW). B) Close-up view of the chitin binding cleft with subsites
+2 to -4 harbouring a COS ligand. C) Superposition of the -1 to +1 subsites of CHI3L1, AMCase, and CHIT1 (PDB ID INWR, 4WKA, and 3FXY). D)
Substrate-assisted mechanism of chitin hydrolysis by GH18 chitinases (CHIT1 numbering).
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processing. Instead, CLPs exert context-dependent effector
functions linked to immune homeostasis, cell proliferation
and migration, tissue remodeling, and other processes."”
These pleiotropic functions are mediated by interactions with
various cellular receptors and subsequent activation of
intracellular signaling cascades. In a disease context, CLPs
have been implicated in oncogenesis, respiratory diseases,
and other disorders."”” As a consequence, human chitinases
and CLPs have emerged as promising targets for
pharmacotherapy. In this review, we focus on recent progress
in the development of drugs targeting the most well-studied
members of the human chitinase/CLP family, namely
AMCase, CHIT1, and CHI3L1.

Natural product chitinase inhibitors

Several natural products of high structural diversity have been
identified as broad-spectrum chitinase inhibitors (Fig. 3). This
includes the oligosaccharide analog allosamidin,'® cyclic
peptides (argifin,"”** argadin,>* Cl-4 (cyclo-1-Arg-p-Pro)),”*

well as xanthine and xanthine derivatives (caffeine,
theobromine, theophylline, and the synthetic analog
pentoxyfylline).”>  Additionally, ~psammaplin A** and
styloguanidine®® were demonstrated to exhibit potent
inhibitory activity against chitinases. These compounds are
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Fig. 3 Chemical structure of natural product chitinase inhibitors.
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produced by a wide range of organisms, including soil and
marine microbes, fungi, plants, and animals.>

Crystal structures of various GH18 chitinases in complex
with allosamidin and its derivatives have revealed that the
allosamizoline moiety occupies the —1 subsite, representing
a non-hydrolysable mimetic of the oxazolium intermediate
(Fig. 2D). Argifin, argadin, and Cl-4 similarly target the
active site: argifin engages the -1 subsite through its
N-methyl carbamoyl-derivatized arginine side chain, whereas
argadin and Cl-4 utilize the histidine side chain or
diketopiperazine heterocycle for binding at this position,
respectively.>**” Additionally, the basic imidazolopyrimidine
heterocycle of xanthine derivatives also binds to the catalytic
site in the -1 pocket.*

Due to a combination of structural complexity, lack of
selectivity, unfavorable physicochemical properties, or low
potency, none of these compounds were seriously considered
for further (pre-)clinical development. Nevertheless, natural
chitinase inhibitors can offer valuable insight into the
catalytic mechanism and represent potential leads for drug
discovery and pest control.>*™?

Acidic mammalian chitinase

Acidic mammalian chitinase (AMCase, CHIA) is commonly
expressed by epithelial cells, neutrophils, and macrophages
in the brain, eyes, stomach, lung, kidneys, and nose.**** Its
name originated from the ability of the enzyme to resist
acidic environments. Consequently, the enzyme displays
remarkable stability under acidic conditions, a property that
is considered to be conveyed by a central histidine residue in
position 187,% and resistance against proteolytic cleavage by
gastric proteases.®® In addition to its role in the protection
against chitinous pathogens, its paralogs mediate the
digestion of chitin in insectivore mammals like bats and
mice. This finding has been previously linked to the ability of
early primates to utilize chitin as a source of nutrition, which
was lost during the evolutionary development of humans.*”

In nasal glands, AMCase is exponentially upregulated
when the host is confronted with chitin-containing
pathogens.*® Similarly, AMCase expression in the lungs is
induced upon contact with chitin-containing allergens, such
as house dust.** This allergen-induced overexpression of
AMCase might contribute to increased allergic airway
inflammation.’” The chitinolytic activity of AMCase is
regulated by environmental stimuli, such as ionic strength
and pH.*® With a pH optimum between 4 and 5, AMCase is
hypothesized to be predominantly active in the pathologically
acidified airways of asthma patients, as well as the acidic
stomach environment.®’

Beyond its role in host defense, AMCase is associated with
various other functions related to cell proliferation and
survival, as well as tissue remodeling.”® Cytoprotection of
airway epithelial cells has been linked to an activation of the
PI3K/Akt pathway by AMCase.*" This function was not related
to the chitinolytic activity of the enzyme, as a recombinant

This journal is © The Royal Society of Chemistry 2025
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catalytically inactive AMCase mutant retained the ability to
protect epithelial cells from growth factor withdrawal and Fas
ligand-induced apoptosis. This indicates that AMCase might
enact its non-chitin-related effector functions by engaging yet
unknown cellular receptors in analogy to CLPs (see section
on CHI3L1 below). Notably, the cytoprotective effect of
AMCase was abrogated by treatment with the pan-chitinase
inhibitor allosamidin, even when a catalytically inactive
mutant protein was employed. This key insight demonstrates
that even non-chitin-related functions of chitinases can be
modulated by molecules binding to the chitin binding site,
suggesting a potential allosteric coupling between this region
and distal secondary binding sites for its cellular receptors.
Whereas a blockade of AMCase by allosamidin or an anti-
AMCase antibody ameliorated airway inflammation and
hyper-responsiveness in a non-chitin-dependent allergy
model,® the opposite observation was made in a chitin-
dependent model of pulmonary inflammation.** This points
to the detrimental role of a misguided and overshooting
immune response in the absence of chitinous pathogens.
Despite the strong evidence of AMCase involvement in the
pathology of allergic airway diseases, a contrasting report
suggests a less prominent role of the enzyme.*’

Discovery of small-molecule AMCase inhibitors

Given the therapeutic potential of the enzyme, the development
of small molecule AMCase inhibitors was initiated by an
industry-led discovery campaign.** Initially, a library consisting
of 466000 compounds was screened via a high throughput
enzyme assay (HTS). The resulting list of potential binders was
then amended with hits from an orthogonal virtual screening
(VS) employing a library of 150000 additional molecules. In a
complementary fragment-based design approach, a library of
1045 fragments was screened by STD-NMR. With hit rates
ranging from 0.18% (HTS) to 0.96% (FBD) and 1.96% (VS) after
validation, the complimentary screening campaigns identified
the high-affinity inhibitor 1 (Wyeth-1, Fig. 4) with an ICs, value
of 210 nM (enzyme assay) and a Kp of 1.69 uM (SPR). In the
crystal structure of the complex, 1 was found to closely mimic
the binding mode of allosamidin (Fig. 5A). The aminotriazole
moiety of 1 was accommodated in the active site of the enzyme,
interacting with the catalytic residues Asp138 and Glu140, as
well as Tyr212 and Tyr27. In addition, the bromobenzene
moiety of 1 engages in apolar interactions in a nearby
hydrophobic region of the chitin binding cleft. To elucidate the
effectiveness of AMCase inhibition in allergic airway disease,
mice were challenged with house dust mite and cockroach
antigens. The chitinolytic activity measured in bronchoalveolar
lavage fluid (BALF) was found to be significantly reduced (43%
reduction) after treatment with 1, compared to a reduction of
60% after treatment with dexamethasone.

Building on these results, Mazur et al. embarked on a
structure-guided optimization campaign focusing on
modifications of the central piperazine moiety.*> The
heterocycle was converted to an aminopiperidine decorated

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evolution of aminotriazole-based AMCase inhibitors.

with bulky and hydrophobic aryl and alkyl groups. This
effort led to the discovery of 2 (OAT-177). Crystallography
revealed that the modifications successfully enhanced
peripheral hydrophobic contacts of the related analog 3 in
the chitin binding cleft, while retaining the strong polar
interactions of the aminotriazole moiety in the active site
(Fig. 5B). An additional salt bridge with Asp213 was enabled
by shifting the basic nitrogen to the exocyclic position. This
resulted in an increased potency (ICs, = 14 nM) compared
with the parent molecule 1, which was reported with a
weaker affinity of ICs, = 5.5 uM in this study. Notably, an
approximately 16-fold selectivity versus the closely related
chitinase CHIT1 was achieved (see Table 1 for a summary
of all discussed AMCase/CHIT1 inhibitors). This observation
was linked to a difference in the interaction of the
aminotriazole moiety, which forms a direct contact with
Glu140 in the crystal structure with AMCase, whereas a
weaker water-mediated interaction is observed in CHIT1.

An investigation of the in vivo pharmacokinetic (PK)
properties of 2 revealed an overall favorable profile with an
acceptable oral bioavailability (52%) dominated by hepatic first
pass and low renal clearance. However, potential off-target
toxicity of 2 through a considerable blockade of the hERG
potassium channel (ICs5, = 4 pM) and strong inhibition of
serotonin and dopamine transporters (95% inhibition at 10
M) remained a serious concern. In a mouse model of allergic

RSC Med. Chem., 2025, 16, 2388-2402 | 2391
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Fig. 5 A) Superposition of X-ray crystal structures of AMCase in
complex with methylallosamidin (PDB ID 3FY1, orange) and 1 (PDB ID
3RM4, cyan). B) X-ray crystal structures of AMCase in complex with 3
(PDB ID 5NRA).
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airway disease, oral treatment with 2 led to a significant
reduction of chitinolytic activity in BALF, concomitant with a
reduction in total leukocyte and eosinophil numbers in
particular. In addition, IgE concentration in plasma was
markedly reduced in the treated animals.

In a later study, 2 was investigated in the context of
gastrointestinal inflammatory diseases employing a dextran
sulfate sodium-induced mouse model of colitis.”® The effect
of the compound was evaluated by the assignment of a
macroscopic score, measurement of colon length, colon
weight, and myeloperoxidase levels, which were known to be
affected by an inflammatory response. As a result, a
significant anti-inflammatory effect and decrease in
expression of AMCase was observed with a low dose of 30 mg
kg™". When the dose was increased to 50 mg kg™ and higher,
the protective effect of 2 was reversed and an exponentially
increased expression of CHIT1 was observed. Subsequent
lead optimization was driven by the ambition to convert the
moderately selective AMCase inhibitor 2 into a dual AMCase/
CHIT1 inhibitor while simultaneously reducing hERG
inhibition.”” For this, the hydrophobicity of the compound
was diminished by an exchange of the apolar isobutyl
substituent against more polar moieties. Simultaneously, the
outright integration of this region into a saturated
heterocycle was attempted to restrict the conformational
flexibility of the molecule. Whereas the former strategy was
met with limited success, the introduction of a substituted
morpholine in this position (—4, OAT-870) successfully
retained high activity against both chitinases, while
simultaneously reducing hERG inhibition by a factor of 10
(ICso = 39 uM, FP assay), although a higher activity was later
observed in a patch-clamp assay (IC5, = 12 uM). Despite a
successful optimization of some properties, near-complete
dopamine transporter inhibition remained a significant
challenge. 4 displayed good oral bioavailability and low
clearance in mice and was advanced into animal studies,

Table 1 Summary of biological assay data for hAMCase and CHIT1 inhibitors

Compound hAMCase” [nM] hCHIT1“ [nM] hERG* [uM] Ref.
1 (Wyeth-1) 200 4200 N/A 44, 45
2 (OAT-177) 14 232 4 45
3 9 123 N/A 45
4 (OAT-870) 22 48 39 47
5 2 49 0.1-0.15 48
6 (OAT-1441) 4.7 830 22 48
7 (bisdionin B) 90000 110000 N/A 49
8 (bisdionin C) 3400 8300 N/A 49
9 (bisdionin F) 900 17000 N/A 50
10 13 000 10000 N/A 28
11 18000 >50000 N/A 28
12 2000 >12000 N/A 28
13 1590 (mAMCase) 7600 (mAMCase) N/A 79
14 (OAT-2068) 84 1250 2.4 79
15 (OATD-01) 9 23 23 80
16 6800 (K; 82
17 396000 (K;) 49 () 82

“ The reported data are ICs, values, unless otherwise noted.

2392 | RSC Med. Chem., 2025, 16, 2388-2402
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where it revealed a sizeable reduction of CD45" leukocytes in
BALF of allergen-challenged mice.

Reverting to the concept of AMCase selective inhibitors
featuring purely hydrophobic substituents on the central
aminopiperidine, a series of decorated benzyl moieties was
introduced in this position.”® This effort yielded highly
potent AMCase inhibitor 5 with single digit nM activity and
improved selectivity against CHIT1. However, this gain in
potency went along with a strongly unfavorable
pharmacokinetic (PK) profile characterized by potent hERG
inhibition (IC5, = 100-150 nM) and poor microsomal stability
(& < 1 h). Inspired by the previous success originating from a
reduction of the conformational flexibility, the lead structure
was converted into a bicyclic benzoxazepine (6, OAT-1441).
This modification resulted in a 10-fold increase of AMCase/
CHIT1 selectivity, while retaining low nM potency. Off-target
toxicity was simultaneously reduced to a more acceptable
level (hERG: IC5, = 22 uM (FP assay), ICso = 23 uM, (patch-
clamp assay); dopamine transporter: 37% inhibition at 10
uM). 6 displayed a generally favorable pharmacokinetic
profile characterized by an oral bioavailability of 41% and
moderate plasma clearance.

Starting from the crystallographic observation that the
chitin binding site of GH18 chitinases can accommodate
two  xanthine derivative  molecules simultaneously,
Schiittelkopf et al. disclosed the discovery of dimeric
xanthine derivatives bisdionin B/C (7-8) as moderately
potent AMCase inhibitors with no selectivity against CHIT1
(Fig. 6A)."> A detailed analysis of the bisdionin C/AMCase
crystal structure revealed that N7-methylation in bisdionin C
imposed an unfavorable conformational change of the
Asp138 side chain, which was not observed in the structure
with CHIT1 (Fig. 6B).>° Demethylation of this position
yielded bisdionin F (9), which favorably engaged Asp138
(Fig. 6C), showed greatly improved AMCase inhibition (ICs,
= 0.9 puM) and approximately 20-fold selectivity against
CHIT1. In a mouse model of allergic airway inflammation,
the lung homogenate of OVA-challenged mice showed
reduced chitinase activity after treatment with 9. Analysis of
the cellular infiltrate into BALF revealed a significant
depletion of lymphocytes and eosinophils and,
unexpectedly, an increase in the number of neutrophils in
the treated animals. In addition, chitinase inhibition
resulted in an altered expression of genes associated with
tissue remodeling, such as matrix-metalloprotease 12, Ym1,
and tissue inhibitor of metalloproteinases 1.

Taking inspiration from the peptidic chitinase inhibitor
argifin, Balestri et al. developed novel macrocyclic
amidinoureas as inhibitors of AMCase and CHIT1.>® In an
attempt to explore macrocycle flexibility and potential
aromatic interactions, several series differing in ring size and
nature of the ring-forming linkage were synthesized (10-12,
Fig. 7). This effort yielded the dibenzena-cyclophane 12 as
the most potent compound of the series, which inhibited
AMCase with a K; of 2 uM and a selectivity index of 6 versus
CHIT1. Relying on docking studies, the authors concluded

This journal is © The Royal Society of Chemistry 2025
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that the exocyclic amidinourea moiety interacted with the
active site residues, whereas the macrocyclic portion of the
molecule engaged in additional interactions within the chitin
binding cleft. Preliminary ADME studies with the most
potent compounds revealed good microsomal stability and
led to their classification as BCS class III compounds (high
solubility, low permeability).

Chitotriosidase

Human chitotriosidase (hCHIT1) was the first mammalian
chitinase to be identified.”"** 1In addition to its
endochitinase activity,” it displays trans-glycosylation activity
at excess substrate concentration.>® As a component of the
innate immune system,”> CHIT1 plays a protective and
regulatory role against the susceptibility to infection by
chitin-containing pathogens.’®*™® Over the past few decades,
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Fig. 7 Macrocyclic chitinase inhibitors.

numerous studies have emerged detailing the differential
regulation of CHIT1  expression during specific
immunological activities, with much of this research focusing
on its association with diseases characterized by
inflammation and remodeling.”® Interestingly, different
Caucasian populations show a high frequency of a CHIT1
gene mutation, characterized by a 24-bp duplication in exon
10, which results in an abnormally spliced mRNA encoding
an enzymatically inactive protein lacking 29 amino acids.*
Conversely, the low prevalence of this polymorphism in
African populations living in malaria-endemic areas suggests
that the wild-type CHIT1 gene has been maintained for its
role in providing innate protection against parasitic diseases
like malaria.®® These findings suggest that CHIT1 may have
become functionally redundant in regions with lower
endemic parasitic burdens or even detrimental in the context
of certain inflammatory and degenerative disorders.

CHIT1 is widely distributed in human tissues, such as
salivary gland, liver, thymus, and spleen, with the lung and
stomach showing the highest mRNA levels.®® It is produced
at minimal levels in healthy persons but is highly expressed
in response to several pro-inflammatory signals in activated
macrophages,®® and in other cells such as neutrophils,®
Kupffer cells,** and bronchial epithelial cells."* The elevated
secretion of CHIT1 in serum is implicated as a diagnostic
biomarker for Gaucher's disease (GD).” Patients with GD can
exhibit a 10- to 1000-fold increase in CHIT1 activity in the
blood, which appears to correlate with disease severity.>®
This makes CHIT1 a potential target for therapeutic
strategies, as well as an indicator for monitoring treatment
effects. Beyond GD, an increase in CHIT1 enzymatic activity
has been observed in other lysosomal storage disorders and
conditions such as Niemann-Pick disease, atherosclerosis,
and malaria.®®®® In addition, numerous biomarker studies
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from patients with chronic respiratory diseases, including
sarcoidosis, idiopathic pulmonary fibrosis (IPF), chronic
obstructive pulmonary disease (COPD), and asthma, have
reported high expression or activity of the enzyme in
diagnostic fluids.'**~7" Moreover, CHIT1 upregulation has
been linked to several neurological diseases, including
Alzheimer's disease,”” amyotrophic lateral sclerosis (ALS),”
and multiple sclerosis (MS).”* While CHIT1 is
established as a clinical marker, its precise role in regulating
inflammation, immune responses, and its direct contribution
to the pathogenesis of all of these diseases, remains to be
fully elucidated.

Few mechanistic studies have explored the role of CHIT1
in cellular signaling pathways to determine whether it acts
protectively or adversely in different disease states. Lee et al.
demonstrated that CHIT1 is involved in interleukin (IL)-13
and bleomycin-induced lung fibrosis, with CHIT1”~ mice
showing reduced fibrosis and CHIT1-overexpressing mice
exhibiting increased fibrosis, which was mediated by
enhanced transforming growth factor (TGF)-p1 signaling and
receptor expression.”” An in vitro study by Wang et al. showed
that CHIT1 increases TGF-fl-induced Smad signaling and
amyloid B (AB) phagocytosis in microglia, suggesting a
protective role in AP clearance and Alzheimer's disease.”®
Hong et al. depicted that CHIT1 plays a protective role in
allergic inflammation by inhibiting T helper 2 (Th2)
responses while enhancing anti-inflammatory cytokines and
Treg accumulation through the regulation of TGF-f1
signaling.”” On the other hand, Wiesner et al. reported that
in response to pulmonary fungal infection, recognition and
cleavage of chitin vie CHIT1 enhanced harmful Th2 cell
accumulation and inflammation.”®

well-

Development of small-molecule CHIT1 inhibitors

The development of small-molecule inhibitors that selectively
block CHIT1 activity could provide insights into the enzyme's
role in disease progression and deliver potential treatment
options. Starting with the moderately potent and unselective
murine CHIT1 (mCHIT1) and AMCase (mAMCase) inhibitor
13, which was identified as part of the previously developed
AMCase-targeted aminotriazole series, Mazur et al. aimed to
develop potent mCHIT1 selective compounds.”® SAR studies
demonstrated that the substitution pattern on the piperazine
ring governs selectivity between mCHIT1 and mAMCase.
Incorporating a bulky isobutyl group at the N1 position
enhanced selectivity for mCHIT1 without compromising
binding affinity. This modification resulted in the highly
potent mouse CHIT1 inhibitor 14 (OAT-2068) displaying an
ICso value in the low nanomolar range and a 143-fold
selectivity for mCHIT1 over mAMCase (Fig. 8). Molecular
docking experiments revealed that the isobutyl chain extends
into an aliphatic sub-pocket of mCHIT1, where it establishes
enhanced hydrophobic interactions. In contrast, this
hydrophobic group is less effectively accommodated within
the putatively more polar region of the pocket in mAMCase.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Development of the selective mCHIT1 inhibitor 14.

14 demonstrated promising PK properties in single dose PK
studies with an oral bioavailability of 61%. However, 14
showed inverse selectivity for the human chitinase analogs,
with a 19-fold preference for hAMCase over hCHIT1.*® The
compound was ultimately not pursued further due to high
off-target activity.® Koralewski et al. took inspiration from
the previously described dual chitinase inhibitor 4 (OAT-870,
see above)'” intending to improve off-target activity and PK
properties.®” The primary concern with 4 was its high activity
against dopamine transporters (ICs, = 370 nM). SAR studies
revealed that introducing alkyl substituents to the
morpholine ring could immediately abrogate this off-target
activity while simultaneously enhancing potency against
chitinases. The introduction of a “magic methyl” group in
this position (—15, OATD-01) gave the most favorable on-/off-
target activity profile. The PK profile determined for 15 was
favorable, including high oral bioavailability in multiple
species (77% to 107%) and low renal clearance. From the
crystal structure of the CHIT1 complex with 15, it becomes
apparent that the binding mode closely resembles the
binding mode of 3 (Fig. 5B). In this case, the
2-methylmorpholine ring establishes additional van der
Waals interactions with Arg269, arresting it in a single
conformation, and also interacts with the side chain of
Met300 (Fig. 9B). These additional interactions are likely
responsible for the observed increase in potency (hCHIT1
ICso = 23 nM, hAMCase ICs, = 9 nM) compared with the
parent molecule 4. The authors demonstrated that 15
substantially alleviated the degree of lung fibrosis and
reduced plasma chitinolytic activity in a murine bleomycin-
induced pulmonary fibrosis model. Following these findings,
15 has already progressed through phase I trials and is
currently being evaluated for pulmonary sarcoidosis in a
phase II clinical trial.*®*® In a recent study, 15 was also
evaluated as a therapeutic for chronic asthma, demonstrating
significant antifibrotic effects through dose-dependent
inhibition of TGF-B1 release in a mouse model of house dust
mite (HDM)-induced allergic airway inflammation.*" Notably,
the authors concluded that CHIT1 plays a significant role in
airway remodeling and fibrosis, as macrophage-specific
CHIT1 localization in the lungs becomes predominant in the
later stages of HDM administration, highlighting its potential
as a therapeutic target in severe asthma. However, given the
involvement of AMCase in early allergic inflammation®® and
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Fig. 9 A) Optimization of non-selective chitinase inhibitor 4 towards
clinical candidate 15. B) X-ray crystal structure of 15 in complex with
CHIT1 (PDB ID 6ZE8).

the lack of selectivity of 15, it remains unclear whether the
observed effects are solely attributable to CHIT1 inhibition or
if AMCase inhibition also contributes, warranting further
investigation to distinguish these effects.

In a recent study by Jiang et al., a new series of chitinase
inhibitors featuring a shared dipyrido-pyrimidine-based
scaffold was identified using a hierarchical virtual screening
approach (Fig. 10A).%> Among the structural analogs of the
initial hit compound 16, 17 demonstrated the strongest
inhibitory effect on hCHIT1, with a K; value in the nanomolar
range and approximately 80-fold selectivity against hAMCase.
Crystal structures of the complexes revealed that the key
determinant for binding is the engagement of sandwiched
n-n stacking interactions between the dipyrido-pyrimidine
moiety with aromatic residues (Trp99 and Trp218) lining the
+1 and +2 subsites (Fig. 10B). Interestingly, 17 does not
extend deeply into the -1 pocket and, consequently, does not
interact with the catalytic acidic residues. An additional
hydrogen bond is formed by Asp213 with the 3-carbamoyl
nitrogen atom. Further decoration of the dipyrido-pyrimidine
scaffold with aromatic groups enabled the formation of
hydrophobic n-n stacking interactions with aromatic residues
(Tyr267 and Trp358) around the pocket. This led to enhanced
potency (K; = 49 nM) relative to the parent molecule 16. The
observed selectivity of 17 for hCHIT1 is attributed to the
substitution of His269 in hAMCase for Arg269 in hCHIT1.
The guanidine group of Arg269 forms a water-mediated
hydrogen bond with 17, an interaction absent in hAMCase.
Consequently, the positioning of the dipyrido-pyrimidine ring
and other aromatic moieties for n-n stacking with tryptophan
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Fig. 10 A) Structure of dipyrido-pyrimidine analog 16 and optimization
towards selective high-affinity CHIT1 inhibitor 17. B) X-ray crystal
structure of 17 in complex with CHIT1 (PDB ID 6JJR).

residues lining the binding site is less optimal in hAMCase.
In addition, the lower binding affinity of dipyrido-
pyrimidine ligands for hAMCase compared to hCHIT1 may
also stem from the smaller binding pocket of hAMCase,
which reduces protein-ligand contacts and restricts the
rotation of functional groups necessary for optimal
interactions. The inhibitory activity of compound 17 was
also tested against murine chitinases and potential off-
targets, revealing similar potency but only 15-fold selectivity
for mCHIT1, along with near-complete inhibition of hERG
and the phosphodiesterase enzyme PDE4D2 at 10 uM,
raising potential safety concerns for therapeutic use.
Furthermore, the in vivo efficacy of compound 17 was
evaluated in a bleomycin-induced lung fibrosis murine
model. While the treatment of bleomycin combined with 17
effectively reduced lung fibrosis, it also triggered increased
lung inflammation, indicating that chitinases could have a
protective function.”®

Chitinase-3-like protein 1

The CLP chitinase-3-like protein 1 (CHI3L1), also known as
YKL-40 - a reference to the first three N-terminal amino acids
in its sequence and its molecular mass - or human cartilage
glycoprotein 39 (HCgp-39), was first identified in the culture
medium of MG-63 human osteosarcoma cells, alongside its
close analog chitinase-3-like protein 2 (CHI3L2) or YKL-39.%
In addition, CHI3L1 is produced by many immune cell types,
most prominently macrophages, endothelial cells, as well as
many tumor cells."” Despite its high similarity with AMCase
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and CHIT1, two mutations in the catalytic motif (Fig. 1B)
prevent hydrolysis of chitin and render CHI3L1 catalytically
inactive. Despite the loss of catalytic activity, CHI3L1 still
retains its affinity towards chitin. Contrary to this notion,
however, a recent study suggested that the catalytic inactivity
of CHI3L1 is not only a result of the mutated catalytic motif
in the -1 subsite but also stems from variations in non-
catalytic residues.®® Accordingly, a mere reversion of the
catalytic consensus sequence was not sufficient to restore
catalytic activity. Introduction of two additional key
mutations based on the CHIT1 sequence, I61M and W69T,
however, resulted in chitinase activity, whereas the reverse
process, introducing M611 and T69W mutations into the
CHIT1 sequence, abolished its catalytic activity. In addition
to chitin, major components of the extracellular matrix, such
as heparin/heparan sulfate,* hyaluronic acid,"” and
collagen,®® have been identified as natural ligands of CHI3L1.
However, the respective binding mechanisms and functional
consequences of these interactions are still elusive and a
matter of ongoing discussion. The putative
glycosaminoglycan (GAG) binding site of CHI3L1 is located
on the extended surface of the protein. Initially, a consensus
heparin-binding motif (RRDK) in positions 144-147, located
in relative proximity to the chitin-binding grove, was
assumed to convey heparin binding affinity (Fig. 11).*> 1t
was later shown, however, that a different KR-rich domain on
the distal end of the protein in positions 334-345 enabled
heparin binding.*” As a key regulator of innate immunity,
CHI3L1 plays a crucial role in the defense against
pathogens,®®*® inflammation,’®™** as well as for tissue repair
and remodeling.’*°° In addition, overexpression of CHI3L1 is
considered as a marker of tumor cells.”>%%%°

In healthy individuals, serum levels of CHI3L1 can
range from 0 to 50 ng mL™'. During inflammation,
cardiovascular diseases, fibrosis, cancer, neurodegenerative
diseases, or parasitic invasions, the serum level of CHI3L1
can increase to more than 100 ng mL™".' Elevated levels

Fig. 11 Potential heparin binding sites of CHI3L1 (PDB ID INWT). The
chitin binding site is colored in light blue. Potential heparin binding
sites spanning residues 144-147 (orange) or 334-345 (green) are
located in distal positions.
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of CHI3L1 are often correlated with disease progression,
particularly in cancer. This correlation was also shown in
amyotrophic lateral sclerosis (ALS) patients, for which
CHI3L1 levels can be used to predict disease severity and
survival rate.''°® Additionally, it was found that alcohol
consumption can affect CHI3L1 levels. Here, CHI3L1
expression is associated with an increased risk of ischemic
stroke-specific mortality in drinkers.'®® Overall, the
involvement of CHI3L1 in many different diseases gave
rise to countless studies investigating the protein as a
potential biomarker or therapeutic target.”>°%193719

Another example for the complex relationship between
CHI3L1 expression and the immune system stems from
studies on gallbladder cancer.”®'°® Elevated CHI3L1 levels in
plasma and tissue were found to correlate with tumor size
and metastasis formation. CHI3L1, mainly produced by
infiltrating M2 macrophages in the tumor microenvironment,
induced expression and secretion of growth differentiation
factor 15 (GDF15) in tumor cells. This ultimately causes an
imbalance of pro and anti-PD-L1 regulation, which enhances
PD-L1 expression, inhibits T-cell cytotoxicity, and results in
tumor immune evasion.

The biological functions of CHI3L1 at the cellular level
are fully independent of chitin recognition and can be
categorized as 1) stimulation of cell growth, proliferation,
and survival through the activation of major signal
transduction pathways, e.g., MAPK/Erk and PI3K/Akt. 2)
Activation  and  differentiation of immune cells,
influencing, for example, macrophage maturation and T
helper cell polarization. 3) Regulation of ECM synthesis/
degradation, which, in turn, affects tissue remodeling in
injury and fibrosis, as well as invasive cancer progression.
These effects are mediated by various cellular receptors of
CHI3L1, with Interleukin-13 receptor subunit alpha-2 (IL-
13Ra2) assumed to be its main receptor.’®”'® The
formation of a complex between IL-13Ro2, CHI3L1, and
either IL13 or TMEM219 results in the activation of the
MAPK/Erk, Akt, and Wnt/B-catenin signaling pathways.'”'*°
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For an in-depth discussion of the pleiotropic biological
functions of CHI3L1 and its presumed receptors, we refer
to recent reviews on the topic elsewhere.'”'*°

The exact nature of the interaction between CHI3L1 and
its receptors on the molecular level has not been elucidated
yet. Currently, three main hypotheses are under
consideration: 1) a direct protein-protein interaction between
CHI3L1 and its receptors; 2) a GAG-mediated interaction
between CHI3L1 and its receptors; 3) the liberation of
cytokine reservoirs in the extracellular matrix after
displacement by CHI3L1 without a direct receptor
interaction. Importantly, it is generally assumed that the
signaling functions of CHI3L1 are sensitive to small molecule
ligands binding to the chitin-binding site (Fig. 12).

The exact mechanism, however, in which small molecule
CHI3L1 ligands modulate its cellular effector functions, is
yet unclear.

Development of therapeutic antibodies targeting CHI3L1

Antibody-based approaches have been investigated for
modulating dysregulated CHI3L1 functions. The murine
anti-CHI3L1 antibody mAY was shown to inhibit
angiogenesis in an in vitro tumor model by interrupting
angiogenic signaling cascades through the vascular
endothelial growth factor receptor 2 (VEGFR 2) and the
MAPK/Erk pathway.''' In addition, a reduction of
radiotherapy resistance mechanisms mediated by PI3K/Akt
was observed after mAY application. An investigation of
mAY in a mouse xenograft model of glioblastoma showed
that neutralization of CHI3L1 significantly inhibited tumor
growth and metastasis formation in some animals,
however, mAY failed to provide full protection in all
treated mice. By replacing the complementarity-
determining regions (CDRs) of human IgG1 with the mAY-
CDR by in silico CDR-grafting, the humanized anti-CHI3L1
antibody rosazumab was developed.”® Rosazumab was
found to target the KR-rich region at residues 334-347, a
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Fig. 12 Mechanistic hypotheses of the effect of small-molecule ligands of CHI3L1 on its cellular effector functions. A) Direct competition with
CHI3L1-receptor interactions. B) Competition with glycosaminoglycan (GAG)-mediated interactions. C) Modulation of cytokine reservoirs in the
extracellular matrix by liberation of bound CHI3L1. Based on ref. 109. Copyright 2024 American Chemical Society.
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putative heparin binding site, with high affinity (Kp = 46
nM). The antibody elicited a direct cytotoxic effect by
modulating the anti-apoptotic B-catenin pathway.'’* To
investigate its effect on cell migration and tumor
vascularization, rosazumab was tested against glioblastoma
and gallbladder cancer cell lines in vitro. Here, the
antibody displayed a significant inhibitory effect on cell
migration and tube formation of CHI3L1 expressing tumor
cells. In wvivo studies in a murine xenograft model
provided further support for the notion that rosazumab
significantly reduces tumor growth and angiogenesis while
promoting tumor cell apoptosis. These studies highlight
the value of anti-CHI3L1 antibodies, such as rosazumab
and mAY, as potential therapeutic agents to combat tumor
angiogenesis, metastasis, and immunosuppression.

A bi-specific antibody against CHI3L1 and PD-1, dubbed
FRGxPD-1, displaying high affinity to both proteins (K, = 1
nM) was tested in an in vitro melanoma model.”> Here, a
synergistic cytotoxic effect of FRGXPD-1 compared with either
anti-CHI3L1, anti-PD-1, or a combination of both individual
antibodies was observed. The effect was mediated by an
increased activation of CD8+ cytotoxic T cells, as well as an
enhancement of the expression of the tumor suppressor
PTEN in treated cells. In an in vivo model of pulmonary
melanoma metastasis, FRGxPD-1 was similarly found to
synergistically reduce the number of pleural colonies in
treated animals.

Chitin oligosaccharides as potential CHI3L1 modulators

The hypothesis that the immunomodulatory properties of
chitin or COS, which are mediated by chitin sensing proteins,
can be exploited for therapeutic purposes has a long
tradition. In 1986, Suzuki et al investigated the effect of
hexa-N-acetylchitohexaose and chitohexaose in murine tumor
models Both COS elicited a tumor-suppressive response that
was attributed to an activation of the host immune system
rather than a direct cytotoxic effect.'™ Yet, no information
about the mechanism of action was available at that time.

This notion prompted Libreros et al. to hypothesize that
the beneficial effects of chitin treatment in tumor models
could originate from its interaction with CHI3L1.''* It was
found that the intraperitoneal application of chitin
microparticles to mammary tumor-bearing mice resulted in a
downregulation of the pro-inflammatory mediators
C-chemokine ligand 2 (CCL2), CXC motif chemokine ligand 2
(CXCL2) and matrix metalloproteinase 9 (MMP-9), whereas
the production of interferon y was markedly increased. In
addition, a significant downregulation of CHI3L1 itself upon
chitin treatment was observed, suggesting a negative
feedback loop in the regulation of chitin sensing pathways.
Treated mice displayed a significant reduction of tumor
volume and lung metastasis formation. Even though CHI3L1
was found to co-localize with chitin particles, the observed
effect could not be unambiguously attributed to a
modulation of CHI3L1 signaling.
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In a model of Lewis lung carcinoma, COS treatment of
tumor-bearing mice similarly resulted in a reduction of
CHI3L1 plasma levels, although no effect on tumor growth
was observed."™® In combination with immune checkpoint
inhibition, however, COS treatment resulted in a synergistic
delay of tumor growth. Similar effects of chitin treatment on
tumor immunosuppression and lymphatic metastasis were
observed in a murine triple-negative breast cancer model.'*®
Here, chitin treatment resulted in a significant reduction of
primary tumor progression through downregulation of CLPs
originating from tumor-associated neutrophils. Reduced
numbers of immunosuppressive cell types and increased
numbers of anti-tumorigenic T cells were observed in the
primary tumor as well as axial lymph nodes. In addition,
chitin treatment alleviated anti-PD-1 resistance in
combination with immune checkpoint blockade.

It has to be considered that chitin is a heterogeneous
polymer that can differ in degree of polymerization, degree of
acetylation, and pattern of acetylation. Very little information
about the impact of the fine structure of chitin on the
binding affinity to CHI3L1 is currently available. The only
account in literature is a study of Einarsson et al, who
determined lower affinities for partially acetylated COS,
compared with the fully acetylated chitin hexamer.""”

Due to the pleiotropic effects of chitin and COS on
immune functions, definite evidence of CHI3L1 modulation
by small molecule ligands is still lacking, highlighting a
unique opportunity for medicinal chemistry to provide potent
and selective chemical probes targeting CHI3L1. This
research, however, is still in its infancy.

Development of small-molecule CHI3L1 modulators

In an extension of their portfolio of AMCase and CHIT1
inhibitors, the Polish biotech company Molecure recently
published an extensive study, in which the development of
selective CHI3L1 ligands was disclosed (Fig. 13A)."'% After
screening an internal library of 500 chitinase inhibitors using
a microscale thermophoresis assay, five compounds with Kp
values in the pM range were identified as potential starting
points. Interestingly, the aminotriazole pharmacophore of
previously identified AMCase/CHIT1 inhibitors turned out to
be detrimental, because key interactions with the active site
residues of functional chitinases could not be formed in the
inactive CLP (see Table 2 for a summary of all discussed
CHI3L1 modulators). Instead, the screen identified
compounds featuring less polar and weakly Dbasic
heterocycles such as pyridine (—18), thiazole or isoxazole in
this position. In the respective crystal structures, these
substitutions effectively filled the hydrophobic -1 pocket of
CHI3L1, while simultaneously accepting a hydrogen bond
from Tyr206. Additional hydrophobic interactions in the
chitin binding site, as well as CH-n interactions with Trp99
and Trp352, further contributed to binding affinity. Further
hit optimization efforts yielded morpholine derivative 19,
which displayed higher CHI3L1 affinity and reduced
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Fig. 13 A) Discovery of morpholine-based CHI3L1 ligands. B) Crystal
structure of CHI3L1 in complex with 20 (PDB ID 8R4X).

Table 2 Summary of biological assay data for CHI3L1 ligands

CHI3L1 CHI3L2 hAMCase hERG
Compound  ICso [nM]  ICso [nM]  ICso [nM]  ICso [uM]  Ref.
18 486 N/A 3300 0.2 118
19 118 1200 323 2.5 118
20 50 N/A 964 2.3 118
21 82 6900 554 >100 118

inhibition of CHIT1 and hERG. The introduction of a chloro-
substituent on the pyridine moiety further improved affinity
and selectivity, however, the resulting compound 20 showed
a concerning propensity for hERG-mediated off-target
toxicity. To tackle this unfavorable property, a polar methyl
sulfone function was introduced (21), which fully abrogated
hERG activity. From the crystal structure of the CHI3L1
complex with 20 (Fig. 13B) and supporting simulations, the
authors concluded that hydrogen bonds with Tyr206 and
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Asp207, as well as hydrophobic interactions withTrp352,
Thr293, and Phe261 were key interactions to restrict the
movement of the flexible Trp99 sidechain and achieve high
affinity to the protein. As a result, the application of previous
experience with chitinase inhibitors successfully yielded
potent and selective ligands for CHI3L1, whose main
drawback was the moderate PK profile with bioavailabilities
of 6%, 18%, and 31% for 18, 20, and 21, respectively.

A critical observation about the ligand binding
properties of CHI3L1 was made in a competitive assay
format recording competition between the heparin and
chitin binding sites. A probe selective for the chitin
binding site could be fully displaced by a chitin
oligosaccharide, whereas the addition of heparin-derived
polymers only resulted in the partial displacement of the
probe. Similarly. a heparin-based probe was only partially
displaced by compounds binding to the chitin binding
site. The authors concluded that the respective binding
sites must partially overlap. Based on the previous
elucidation of distal heparin binding sites, however, an
allosteric communication between the two binding sites
seems also possible.

Other reports claimed the discovery of potential CHI3L1
ligands originating from virtual screening hits. Three of
those hits, K284-611, G721-0282, and ebractenoid F (Fig. 14)
were then directly progressed into fairly complex cellular
and murine disease models of lung metastasis formation,""’
atopic dermatitis,”® lung cancer,"”*® or osteosarcoma,'*!
albeit without unequivocal evidence of target engagement or
an experimental validation of the binding mode inferred
from docking studies. To repurpose known drugs and drug
candidates, a library of such compounds was screened for
CHI3L1 binding by molecular docking.'* This effort
identified the muscarinic receptor antagonist darifenacin as
a potential CHI3L1 ligand, even though neither
experimental evidence of the interaction, nor a validation of
the predicted binding mode was presented. This compound
then evaluated for activity in pancreatic ductal
adenocarcinoma models.

was

o/@A
o N_ _S
~ Y N
N H
o
o

K284-6111

Ebractenoid F

Darifenacin

Fig. 14 Chemical structure of putative CHI3L1 ligands from virtual
screening campaigns.
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Conclusion

Due to their pleiotropic cellular effector functions at the
intersection of important regulatory pathways in host defense,
immune homeostasis, cellular proliferation, and tissue
remodeling, human chitinases and CLPs are prime targets for
pharmacotherapy. Due to the high structural similarity of
human GH18 chitinases, the most advanced candidates for the
targets rely on a mostly
pharmacophore targeting the -1 subsite. As a result, selectivity
against related GH18 proteins remains a challenge in some
This highlights the potential of drug-like small
molecules, which can be more easily optimized in terms of
potency, selectivity, and pharmacokinetics, in comparison to
COS or peptide-derived natural chitinase inhibitors. Despite
tremendous progress in this area, it has not yet been elucidated
how small molecules binding to the chitin binding site can
modulate the non-chitin-related functions of GH18 proteins,
highlighting the need for further studies. Nevertheless, the first
compounds targeting human chitinases and CLPs have
advanced towards (pre-)clinical development, paving the way
for a new class of therapeutics to alleviate inflammatory
conditions, fibrosis, and cancer.

discussed here conserved
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Data availability

No primary research results, software, or code have been
included and no new data were generated or analysed as part
of this review.

Author contributions

Onder Kur¢ and Nick Rihse - writing (original draft),
visualization. Jonathan Cramer and Holger Gohlke - writing
(review and editing), funding acquisition, supervision.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are grateful for the generous financial support by
the German Research Foundation (DFG SPP 2416 (GO 1367/7-
1, CR 811/3-1): CodeChi - chitin, chitosan and chito-
oligosaccharides and their interaction with proteins of the
extracellular matrix and cellular signaling).

References

1 W. Chen, X. Jiang and Q. Yang, Biotechnol. Adv., 2020, 43,
107553.

2 A. Nagpure, B. Choudhary and R. K. Gupta, Crit. Rev.
Biotechnol., 2014, 34, 215-232.

3 K. Fuchs, Y. Cardona Gloria and O. Wolz, et al., EMBO Rep.,
2018, 19, e46065.

4 A. Kumar and K. Y. ]J. Zhang, Adv. Exp. Med. Biol.,
2019, 1142, 221-251.

2400 | RSC Med. Chem., 2025, 16, 2388-2402

5

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

View Article Online

RSC Medicinal Chemistry

C. E. Hollak, S. van Weely and M. H. van Oers, et al., J. Clin.
Invest., 1994, 93, 1288-1292.

B. Dymek, P. Sklepkiewicz and M. Mlacki,
J. Inflammation Res., 2022, 15, 5621-5634.

R. G. Boot, C. E. M. Hollak and M. Verhoek, et al., Clin.
Chim. Acta, 2010, 411, 31-36.

Z. Zhu, T. Zheng and R. J. Homer, et al., Science, 2004, 304,
1678-1682.

J. F. Hunt, K. Fang and R. Malik, et al., Am. J. Respir. Crit.
Care Med., 2000, 161, 694-699.

N. Przysucha, K. Goérska and R. Krenke, Int. J. Chronic
Obstruct. Pulm. Dis., 2020, 15, 885-899.

S. Létuvé, A. Kozhich and A. Humbles, et al., Am. J. Pathol.,
2010, 176, 638-649.

P. Sklepkiewicz, B. A. Dymek and M. Mlacki, et al, Eur. J.
Pharmacol., 2022, 919, 174792.

C.-M. Lee, C.-H. He and J. W. Park, et al., Life Sci. Alliance,
2019, 2, €201900350.

W. Chen, M. Qu, Y. Zhou and Q. Yang, /. Biol. Chem.,
2018, 293, 2652-2660.

D. M. F. van Aalten, D. Komander and B. Synstad, et al.,
Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 8979-8984.

C. G. Lee, C. A. Da Silva and C. S. Dela Cruz, et al., Annu.
Rev. Physiol., 2011, 73, 479-501.

T. Zhao, Z. Su and Y. Li, et al., Signal Transduction Targeted
Ther., 2020, 5, 201.

S. Sakuda, A. Isogai and S. Matsumoto, et al., Tetrahedron
Lett., 1986, 27, 2475-2478.

S. Omura, N. Arai and Y. Yamaguchi, et al, J. Antibiot.,
2000, 53, 603-608.

T. Hirose, T. Sunazuka and S. Omura, Proc. Jpn. Acad., Ser.
B, 2010, 86, 85-102.

N. Arai, K. Shiomi and Y. Yamaguchi, et al., Chem. Pharm.
Bull., 2000, 48, 1442-1446.

H. Izumida, N. Imamura and H. Sano, J. Antibiot., 1996, 49,
76-80.

F. V. Rao, O. A. Andersen and K. A. Vora, et al., Chem. Biol.,
2005, 12, 973-980.

J. N. Tabudravu, V. G. H. Eijsink and G. W. Gooday, et al.,
Bioorg. Med. Chem., 2002, 10, 1123-1128.

T. Kato, Y. Shizuri and H. Izumida, et al., Tetrahedron Lett.,
1995, 36, 2133-2136.

F. V. Rao, D. R. Houston and R. G. Boot, et al., J. Biol
Chem., 2003, 278, 20110-20116.

F. V. Rao, D. R. Houston and R. G. Boot, et al., Chem. Biol.,
2005, 12, 65-76.

L. J. I. Balestri, C. L. Trivisani and F. Orofino, et al., ACS
Med. Chem. Lett., 2023, 14, 417-424.

O. A. Andersen, A. Nathubhai and M. J. Dixon, et al., Chem.
Biol., 2008, 15, 295-301.

Y. Ding, Q. Lu, T. Liu and Q. Yang, Adv. Agrochem, 2023, 2,
306-312.

Z. Jiang, D. Shi and H. Fu, et al., Int. J. Biol. Macromol.,
2025, 306, 141805.

B. Maddens, B. Ghesquiere and R. Vanholder, et al., Mol.
Cell, 2012, 11, M111.013094.

et al,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01050g

Open Access Article. Published on 24 April 2025. Downloaded on 1/18/2026 1:16:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

W. S. Cho, T. H. Kim and H. M. Lee, et al., Laryngoscope,
2010, 120, 870-875.

M. Musumeci, M. Bellin and A. Maltese, et al., Cornea,
2008, 27, 168-173.

A. P. Bussink, J. Vreede and J. M. F. G. Aerts, et al., FEBS
Lett., 2008, 582, 931-935.

M. Ohno, M. Kimura and H. Miyazaki, et al, Sci. Rep.,
2016, 6, 37756.

M. C. Janiak, M. E. Chaney and A. J. Tosi, Mol. Biol. Evol.,
2018, 35, 607-622.

A. Lalaker, L. Nkrumah and W.-K. Lee, et al., Am. J. Rhinol.
Allergy, 2009, 23, 8-14.

L. K. Kim, R. Morita, Y. Kobayashi and S. C. Eisenbarth,
et al., Proc. Natl. Acad. Sci. U. S. A., 2015, 112, E2891-E2899.
C. Hu, Z. Ma and ]. Zhu, et al.,, Biomed. Pharmacother.,
2021, 138, 111465.

D. Hartl, C. H. He and B. Koller, et al, J. Immunol,
2009, 182, 5098-5106.

T. A. Reese, H.-E. Liang and A. M. Tager, et al., Nature,
2007, 447, 92-96.

L. J. Fitz, C. DeClercq, J. Brooks and W. Kuang, et al., Am. J.
Respir. Cell Mol. Biol., 2012, 46, 71-79.

D. C. Cole, A. M. Olland and J. Jacob, et al., J. Med. Chem.,
2010, 53, 6122-6128.

M. Mazur, J. Olczak and S. Olejniczak, et al., J. Med. Chem.,
2018, 61, 695-710.

M. Mazur, J. Whodarczyk and M. Swierczynski, et al., Int. .
Mol. Sci., 2022, 23, 2159.

M. Mazur, B. Dymek and R. Koralewski, et al, J. Med.
Chem., 2019, 62, 7126-7145.

G. Andryianau, M. Kowalski and M. C. Piotrowicz, et al.,
ACS Med. Chem. Lett., 2020, 11, 1228-1235.

A. W. Schiittelkopf, O. A. Andersen and F. V. Rao, et al., ACS
Med. Chem. Lett., 2011, 2, 428-432.

T. E. Sutherland, O. A. Andersen and M. Betou, et al., Chem.
Biol., 2011, 18, 569-579.

R. G. Boot, G. H. Renkema, A. Strijland and A. ]J. van
Zonneveld, et al., J. Biol. Chem., 1995, 270, 26252-26256.

R. G. Boot, G. H. Renkema and M. Verhoek, et al., J. Biol.
Chem., 1998, 273, 25680-25685.

G. H. Renkema, R. G. Boot and A. O. Muijsers, et al., J. Biol.
Chem., 1995, 270, 2198-2202.

B. Aguilera, K. Ghauharali-van der Vlugt and M. T. J.
Helmond, et al., J. Biol. Chem., 2003, 278, 40911-40916.

M. van Eijk, C. P. A. A. van Roomen and G. H. Renkema,
et al., Int. Immunol., 2005, 17, 1505-1512.

M. Vandevenne, V. Campisi and A. Freichels, et al., Protein
Sci., 2011, 20, 1451-1463.

P. E. B. Verwer, C. C. Notenboom and K. Eadie, et al., PLoS
Neglected Trop. Dis., 2015, 9, €0004061.

R. Barone, J. Simporé, L. Malaguarnera and S. Pignatelli,
et al., Clin. Chim. Acta, 2003, 331, 79-85.

M. A. Elmonem and L. P. van den Heuvel, et al., Enzyme
Res., 2016, 2016, 1-9.

G. Mavrikiou, P. Petrou and T. Georgiou, et al, Clin
Biochem., 2016, 49, 885-889.

This journal is © The Royal Society of Chemistry 2025

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

View Article Online

Review

L. Malaguarnera, J. Simpore and D. A. Prodi, et al., Genes
Immun., 2003, 4, 570-574.

M. Ohno, Y. Togashi and K. Tsuda, et al., PLoS One, 2013, 8,
€67399.

M. van Eijk, C. P. A. A. van Roomen and G. H. Renkema,
et al., Int. Immunol., 2005, 17, 1505-1512.

L. Malaguarnera, M. Di Rosa and A. M. Zambito, et al., Gut,
2006, 55, 1313-1320.

A. Wajner, K. Michelin and M. G. Burin, et al, Clin.
Biochem., 2007, 40, 365-369.

J. Brinkman, F. A. Wijburg and C. E. Hollak, et al,
J. Inherited Metab. Dis., 2005, 28, 13-20.

R. Barone, J. Simporé and L. Malaguarnera, et al., Clin.
Chim. Acta, 2003, 331, 79-85.

M. Artieda, A. Cenarro and A. Gafan, et al., Arterioscler.,
Thromb., Vasc. Biol., 2003, 23, 1645-1652.

E. Bargagli, M. Margollicci and A. Luddi, et al., Respir. Med.,
2007, 101, 2176-2181.

E. Bargagli, D. Bennett and C. Maggiorelli, et al., J. Clin.
Immunol., 2013, 33, 264-270.

A. J. James, L. E. Reinius and M. Verhoek, et al., Am. J.
Respir. Crit. Care Med., 2016, 193, 131-142.

M. Watabe-Rudolph, Z. Song and L. Lausser, et al.,
Neurology, 2012, 78, 569-577.

A. M. Varghese, M. Ghosh and S. K. Bhagat, et al,
J. Neuroinflammation, 2020, 17, 232.

M. Mollgaard, M. Degn and F. Sellebjerg, et al, Eur. J.
Neurol., 2016, 23, 898-905.

C. G. Lee, E. L. Herzog and F. Ahangari, et al., J. Immunol.,
2012, 189, 2635-2644.

X. Wang, W. Yu and X. Fu, et al., Neurosci. Lett., 2018, 687,
99-103.

J. Y. Hong, M. Kim and 1. S. Sol, et al., Allergy, 2018, 73,
1686-1699.

D. L. Wiesner, C. A. Specht and C. K. Lee, et al, PLoS
Pathog., 2015, 11, €1004701.

M. Mazur, A. Bartoszewicz and B. Dymek, et al., Bioorg.
Med. Chem. Lett., 2018, 28, 310-314.

R. Koralewski, B. Dymek and M. Mazur, et al, J. Med.
Chem., 2020, 63, 15527-15540.

P. Sklepkiewicz, B. Dymek and M. Mlacki, et al., Int. J. Mol.
Sci., 2023, 24, 4719.

X. Jiang, A. Kumar and Y. Motomura, et al., J. Med. Chem.,
2020, 63, 987-1001.

B. Hu, K. Trinh and W. F. Figueira, et al., J. Biol. Chem.,
1996, 271, 19415-19420.

K. Suzuki, K. Okawa and M. Ohkura, et al., J. Biol. Chem.,
2024, 300, 107365.

N. Ngernyuang, W. Yan and L. M. Schwartz, et al,

Neoplasia, 2018, 20, 182-192.

H. F. Bigg, R. Wait and A. D. Rowan, et al., J. Biol. Chem.,
2006, 281, 21082-21095.

F. Fusetti, T. Pijning and K. H. Kalk, et al, J. Biol.
2003, 278, 37753-37760.

A. D. Kjaergaard, J. Helby and J. S. Johansen, et al., Clin.
Microbiol. Infect., 2020, 26, e1-e9.

Chem.,

RSC Med. Chem., 2025, 16, 2388-2402 | 2401


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01050g

Open Access Article. Published on 24 April 2025. Downloaded on 1/18/2026 1:16:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

89

90

91

92

93

94

95

96

T. K. Outinen, P. Mantula and P. Jaatinen, et al., Viruses,
2019, 11, 767.

M.-C. Chang, C.-T. Chen and P.-F. Chiang,
Pharmaceuticals, 2024, 17, 307.

E. Mizoguchi, T. Sadanaga and L. Nanni, et al., Cells,
2024, 13, 678.

B. Ma, B. Akosman and S. Kamle, et al, J. Clin. Invest.,
2021, 131, €137750.

S. H. Jeon, Y. S. Lee and I. J. Yeo, et al., Immune Netw.,
2021, 21(3), €22.

Y. Zhou, H. Peng and H. Sun, et al., Sci. Transl. Med.,
2014, 6, 240ra76.

Q. Wang, H. Shen and ]J. Min, et al, J. Transl. Med.,
2018, 16, 229.

M. Kazakova, T. Ivanova and D. Dikov, et al., Heliyon,
2024, 10, €27570.

et al,

97 ]. Bi, S.-H. Lau and Z.-L. Lv, et al., Hum. Pathol., 2009, 40,

1790-1797.

98 J. E. Yu, L. J. Yeo and S.-B. Han, et al, Exp. Mol. Med.,

99

100

101

102

103

2024, 56, 1-18.
B. Wang, K. Chen and M. Gao, et al., Clin. Transl. Immunol.,
2024, 13, €1505.

H. Yu, Z. Wang and B. Zhu, et al, Biochem. Pharmacol.,
2024, 225, 116335.

C. Rosén, B. Mitre and B. Nellgard, et al, J. Neurol. Sci.,
2024, 463, 123112.

B. Gille, M. De Schaepdryver and L. Dedeene,
et al, J. Neurol, Neurosurg. Psychiatry, 2019, 90,
1338-1346.

Z. Wang, K. Zhang and C. Zhong, et al., Neuroscience,
2024, 552, 152-158.

104 J. Kastrup, Immunobiology, 2012, 217, 483-491.

105

G. F. Bouvet, O. Bulka and A. Coriati, et al., Cytokine+,
2021, 146, 155635.

2402 | RSC Med. Chem., 2025, 16, 2388-2402

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

View Article Online

RSC Medicinal Chemistry

Z. Wang, S. Wang and Z. Jia, et al., Cancer Lett., 2023, 563,
216184.

T.-H. Pham, Y. Bak and ].-W. Oh, et al, Int. J. Mol. Sci.,
2019, 20, 1949.

C. H. He, C. G. Lee and C. S. Dela Cruz, et al., Cell Rep.,
2013, 4, 830-841.

C.-M. Lee, C. H. He and A. M. Nour, et al., Nat. Commun.,
2016, 7, 13541.

J. E. Yu, L. J. Yeo and S.-B. Han, et al., Exp. Mol. Med.,
2024, 56, 1-18.

M. Faibish, R. Francescone and B. Bentley, et al, Mol
Cancer Ther., 2011, 10, 742-751.

H. Yu, Z. Wang and B. Zhu, et al., Biochem. Pharmacol.,
2024, 225, 116335.

K. Suzuki, T. Mikami and Y. Okawa, et al., Carbohydr. Res.,
1986, 151, 403-408.

S. Libreros, R. Garcia-Areas and Y. Shibata, et al, Int. J.
Cancer, 2012, 131, 377-386.

A. Z. Johansen, M. Carretta and M.-L. Thorseth, et al.,
Pharmaceutics, 2022, 14, 1046.

R. Salembier, C. De Haes and ]. Bellemans, et al., Breast
Cancer Res., 2024, 26, 63.

J. M. Einarsson, S. Bahrke and B. T. Sigurdsson, et al.,
Biochem. Biophys. Res. Commun., 2013, 434, 298-304.

W. Czestkowski, L. Krzeminski and M. C. Piotrowicz, et al.,
J. Med. Chem., 2024, 67, 3959-3985.

Y. S. Lee, J. E. Yu and K. C. Kim, et al, Mol. Oncol,
2022, 16, 508-526.

D. E. Hong, J. E. Yu and J. W. Lee, et al., Molecules,
2022, 28, 329.

K.-R. Park, H.-M. Yun and ]. T. Hong, Int. J. Biol. Sci.,
2020, 16, 330-341.

S. M. Sousa, H. Branco, A. Avan and A. Palmeira, et al,
Cancer Chemother. Pharmacol., 2024, 94, 585-597.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md01050g

	crossmark: 


