1' frontiers
in Neurology

MINI REVIEW
published: 27 May 2020
doi: 10.3389/fneur.2020.00377

OPEN ACCESS

Edited by:
Sven G. Meuth,
University Hospital Mdinster, Germany

Reviewed by:

Stefanie Schreiber,

University Hospital

Magdeburg, Germany

Marc Pawlitzki,

University Hospital Mtinster, Germany

*Correspondence:
Nayana Gaur
nayana.gaur@med.uni-jena.de

Specialty section:

This article was submitted to
Multiple Sclerosis and
Neuroimmunology,

a section of the journal
Frontiers in Neurology

Received: 28 November 2019
Accepted: 14 April 2020
Published: 27 May 2020

Citation:

Gaur N, Perner C, Witte OW and
Grosskreutz J (2020) The Chitinases
as Biomarkers for Amyotrophic Lateral
Sclerosis: Signals From the CNS and
Beyond. Front. Neurol. 11:377.

doi: 10.3389/fneur.2020.00377

Check for
updates

The Chitinases as Biomarkers for
Amyotrophic Lateral Sclerosis:
Signals From the CNS and Beyond

Nayana Gaur ™, Caroline Perner'?, Otto W. Witte * and Julian Grosskreutz '3

" Hans Berger Department of Neurology, Jena University Hospital, Jena, Germany, ? Center for Inmunology and Inflammatory
Diseases, Massachusetts General Hospital, Charlestown, MA, United States, ° Jena Center for Healthy Ageing, Jena
University Hospital, Jena, Germany

Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative condition, most
widely characterized by the selective vulnerability of motor neurons and the poor life
expectancy of afflicted patients. Limited disease-modifying therapies currently exist,
which only further attests to the substantial heterogeneity associated with this disease.
In addition to established prognostic factors like genetic background, site of onset,
and age at onset, wide consensus on the role of neuroinflammation as a disease
exacerbator and driver has been established. In lieu of this, the emerging literature on
chitinases in ALS is particularly intriguing. Individual groups have reported substantially
elevated chitotriosidase (CHIT1), chitinase-3-like-1 (CHI3L1), and chitinase-3-like-2
(CHIBL2) levels in the cerebrospinal, motor cortex, and spinal cord of ALS patients
with multiple—and often conflicting—lines of evidence hinting at possible links to
disease severity and progression. This mini-review, while not exhaustive, will aim to
discuss current evidence on the involvement of key chitinases in ALS within the
wider framework of other neurodegenerative conditions. Implications for understanding
disease etiology, developing immunomodulatory therapies and biomarkers, and other
translational opportunities will be considered.
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INTRODUCTION

ALS and Neuroinflammation

Amyotrophic lateral sclerosis (ALS) is the most prevalent form of adult-onset motor neuron
disease and clinically presents with the relentless destruction of primarily (but not exclusively)
upper and lower motor neurons (UMN, LMN). Riluzole, the sole treatment available, confers
only modest effects via a median increase of 2-3 months in survival; most patients eventually
succumb to respiratory failure. Although there is a pressing need for treatment modalities that
tackle disease aggressiveness, therapeutic development has been severely constrained by the
disease’s characteristic heterogeneity; this stems from age-at-onset and site-of-onset, presence
of disease-associated mutations, and comorbidities, including frontotemporal dementia (FTD)
(1). Progression and survival rates are also highly variable; while the median survival is 2-3
years from symptom onset, some patients present with a disease duration of over 10 years (2).
Cellular and animal studies have provided elegant evidence that neuroinflammation contributes
to ALS pathology and that concomitant glial dysregulation is necessary for motor neuronal
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degeneration (3-5). Numerous immunological changes,
including the functional alteration and pro-inflammatory
phenotype of circulating myeloid cells (6), dysregulated
leukocytic chemokine receptor expression (7), the reduction of
regulatory T cells (8), and cytotoxic T cell infiltration, have also
been reported in patients (9).

Despite this, there remains a paucity of biological tools
that adequately capture the neuroinflammatory response
across the disease; this may partially explain the failure of
immunomodulatory therapies to date. Biomarkers that reflect
target engagement and assess the efficacy of novel treatments
are therefore crucial. Although molecular imaging studies of
microglial activation are underway, fluid-based biomarkers are
more accessible and can provide important insights into disease
pathomechanisms. For instance, cerebrospinal fluid (CSF) and
humoral levels of the neurofilament proteins have been validated
as robust diagnostic and prognostic markers for ALS. Several
inflammatory cytokines have also been reported as dysregulated
in ALS, including TNF-a, MCP-1, and IL-6 (10-12). In lieu
of this, recent reports of elevated chitinase levels in ALS are
particularly interesting, as these have already been reported
as surrogate markers of a chronic inflammatory response in
non-neuronal conditions.

Mammalian Chitinases: Novel Players in

Neurodegeneration?

The chitinases belong to the family 18 glycosyl hydrolases
(GH18) and are characterized by their ability to cleave chitin, a
natural polysaccharide found in the coating of various pathogens.
The GH18 family is ubiquitously expressed across a wide
range of organisms, from bacteria to humans; evolutionary
conservation in the latter is particularly interesting, given the
lack of endogenous chitin synthesis. This has led to the view
that chitin is a defense target for the mammalian immune
system or an “immune stimulator.” Indeed, it is recognized by
several pattern recognition receptors and can trigger associated
immune responses in a fragment-size and tissue-dependent
manner (13). Mammalian chitinases include the enzymatically
active chitinases chitotriosidase (CHIT1) and acidic mammalian
chitinase (AMCase) that can degrade chitin, and the chi-
lectins (CLs) chitinase 3-like 1 and -like 2 (CHI3L1, CHI3L2).
Despite being able to bind chitin with high affinity, the CLs
possess no chitinolytic activity, owing to the absence of the
catalytic motif. CHIT1 is primarily expressed by cells of myeloid
lineage, particularly mature macrophages (14, 15). Like CHIT1,

Abbreviations: AD, Alzheimer’s Disease; ALS, Amyotrophic Lateral Sclerosis;
ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale Revised;
CHIT1, Chitotriosidase; CHI3L1, Chitinase 3-Like 1; CHI3L2, Chitinase 3-Like
2; CLs, Chi-lectins; fALS, Familial ALS; FTD, Frontotemporal Dementia; gALS,
genetic ALS; GH18, family 18 Glycosyl Hydrolases; HCs, Healthy Controls; IFN-
y, Interferon gamma; IL-6, Interleukin 6; LMN, Lower Motor Neuron; LPS,
Lipopolysaccharide; MCs, Mutation Carriers; MCP-1, Monocyte Chemoattractant
Protein 1; MS, Mass Spectrometry; NDCs, Neurological Disease Controls; NfL,
Neurofilament Light Chain; PLS, Primary Lateral Sclerosis; pNfH, Phosphorylated
Neurofilament Heavy Chain; PR, Progression Rate; sALS, sporadic ALS; sAPPg,
soluble Amyloid Precursor Protein Beta; Th2, T Helper Type 2; TNF-a, Tumor
Necrosis Factor alpha; TREM2, Triggering Receptor expressed on Myeloid Cells 2;
UMN, Upper Motor Neuron.

CHI3L1 is absent in monocytes and strongly upregulated during
later stages of macrophage differentiation (16). CHI3L1 is also
produced by reactive astrocytes and associated with chronic
neuroinflammation, as will be further discussed in the Section
Chitinases Across the ALS-FTD Spectrum (17-19). While
CHI3L2 hasn’t been as extensively studied, expression has been
noted in chondrocytes, synoviocytes, and alternatively activated
“M2” macrophages (20).

Although the exact roles of these moieties remain to be
fully elucidated, it is clear that they extend beyond innate
immunity against chitin-containing pathogens. Chitinases have
been reported in the context of adaptive Th2 response mediation
(21, 22), tissue remodeling and repair, and, most recently,
oligodendrogenesis (23). Dysregulated chitinase levels have
been reported in several chronic neurodegenerative conditions,
including Alzheimer’s disease (AD) and FID. In vitro evidence
suggests that, at least in ALS, they may act in a “feed-forward”
loop that sustains neuroinflammation and exacerbates disease,
as illustrated in Figure 1. For instance, in a transgenic rat
model, TDP-43 induced astrocytic CHI3LI up-regulation; in
turn, synthetic CHI3L1 caused neuronal death in a dose-
dependent manner (19). Similarly, Raju et al. reported that
CSF from ALS patients impacted cell viability and upregulated
CHIT1 expression in murine microglial cultures (24). Subsequent
exposure to CHIT1 itself caused microglial activation, indicating
again a “self-propagating” inflammatory mechanism (25).

This review, while not exhaustive, will summarize current
evidence for chitinase dysregulation in ALS and its implications
for understanding disease etiology and progression, and
therapeutic and biomarker development. CHIT1, CHI3LI, and
CHI3L2 will be focused on, since these have been most
extensively studied in a neurodegenerative context.

THE CHITINASES IN ALS

Evidence Concerning Diagnostic Potential

Varghese et al. (26) were the first to report chitinases in the
context of ALS; using quantitative mass spectrometry (MS)
and ELISA-based validation in an independent cohort, they
showed that CSF levels of CHIT1, CHI3L1, and CHI3L2
were significantly elevated in ALS patients relative to healthy
controls (HCs). This elevation has since been confirmed by
several studies using a range of proteomic and transcriptomic
methods (27-33). Recent studies have predominantly focused on
assessing discriminatory power with regard to mimic conditions,
and other neurodegenerative diseases. However, studies have
differed with respect to (a) the chitinases and secondary targets
investigated; (b) cohort demographics; (c) bio-fluids assessed,
and (d) experimental and analytical methods used (Table 1).
Thompson et al. subsequently investigated all three chitinases
and reported that they were significantly higher in the CSF of ALS
patients relative to HCs, mimics, and asymptomatic mutation
carriers (MCs) and that increased CHIT1 levels corresponded
to active forms of the enzyme. While all three could reliably
distinguish ALS from HCs and mimics, they were outperformed
by pNfH. Furthermore, all three chitinases performed poorly in
distinguishing ALS from primary lateral sclerosis (PLS) (28). A

Frontiers in Neurology | www.frontiersin.org

May 2020 | Volume 11 | Article 377


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Gaur et al. Chitinases in Amyotrophic Lateral Sclerosis
Central
Nervous : . . . o
Accumulating neuronal Micro- and Astroglial Continued Chitinase
System degeneration and damage activation Production

signals

\Q, ° e
vﬁ . y
,J:"/“;;;;
e )f s
Sustained\ | .
dystrophy and lictease
y Py pro-inflammatory
disease

) cytokine production
exacerbation

Feed-forward
Periphery
loop

Increased leukocytic
recruitment and
activation

N~

/

°. <" _.°  Continued Chitinase
O i e Production by activated
5 myeloid cells

production and

pro-inflammatory

Increased chemokine
production e.g.
MCP-1

Blood Brain Barrier

FIGURE 1 | Hypothetical mutual regulation cascade of chitinases and the mammalian immune system that sustains neuroinflammation in ALS.
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prior MS-based study by the same group also noted a modest
fold change for only CSF CHIT1 and CHI3L2 between ALS and
PLS (31). Similarly, while Steinacker et al. (33) recommended
CHIT1 as a potential differential diagnostic marker for ALS, they
also noted that levels were increased in other neurodegenerative
conditions and that pNfH and NfL had superior discriminatory
power. In the same vein, Gille et al. (10) reported that elevated
CSF CHIT1 and CHI3LI levels were only weakly specific to
ALS patients relative to neurological disease controls (NDCs).
Observations of significant ALS-associated chitinase elevations
in blood have been limited, barring one study that reported
significantly elevated CHIT1 activity in dried blood spots (30)
and another that noted higher CHIT1 levels in a genetic
ALS (gALS) cohort (27) (both relative to HCs). This, coupled
with reports of poor correlations between peripheral and CSF
chitinase levels, makes a blood-based marker unlikely.
Applicability as stand-alone diagnostic markers is also likely to
be constrained by the effect of functional variants. For instance,
polymorphisms in the CHI3LI locus contribute to almost 15% of
the variance in CSF CHI3L1 levels (34). Likewise, duplication in
exon 10 of the CHIT1 gene reduces both expression and activity;

although this polymorphism is highly prevalent in European
populations, no significant differences in genotype frequency
have been observed between ALS patients and healthy individuals
(27, 30). Additionally, presence of the CHITI polymorphism
has no influence on neurofilament levels or age of onset in
patients, making a causative role in ALS pathogenesis unlikely.
Importantly however, both CHIT1 expression and activity
are significantly elevated in ALS patients (relative to HCs)
independent of genotype and other factors like gender and
age, indicating that disease status—rather than the presence
of the polymorphism—determines the extent of dysregulation
(12, 27, 30).

Evidence Concerning Prognostic Potential

The prognostic potential of the chitinases has been examined in
relation to several clinical outcomes, including disease severity
(overall ALSFRS-R score), the ALSFRS-R-derived progression
rate (PR), survival, and disease duration, with several conflicting
results as discussed below. The majority of the results discussed
here focus on CSE as almost no robust and consistent links
between blood chitinase levels and prognostic factors have been
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TABLE 1 | An overview of recent studies investigating chitinases in the context of ALS.

Study Study Participants Sample Methods Relative expression Correlation Other Proposed bio Proposed utility
PMID targets type used in ALS* with targets mechanism
ALS HCs Mimics Other neurofilament
NDegs, groups levels*
NDCs
31175169  CHIT1 105 16 mimics, CSF and ELISA and CSF CHIT and CHI3L1 All with pNfH MCP-1 Surrogate Monitoring therapy
and 102 NDCs serum chemiluminescent ~ $NPCs,Mimics and NfL (in markers of response and
CHI3LA1 assays CSF) Gliosis stratification
31123140  CHITT, 82 25 12 mimics, 5 asym CSF and ELISA, CSF All All with pNfH C-RP Glial activity Adjunctive predictor
CHI3L1, 10 PLS gALS MCs serum enzymatic 4HCs,Mimics,MCs (in CSF) of progression,
CHI3L2 activity assay CSF CHIT, monitoring glial
CHISL2¢PLS response to therapy
30224549  CHIT1 70 sALS, 36 HCs 26 sFTD, 23 26 asym. CSF and ELISA CSF All with pNfH GFAP Microglial activity
CHI3L1 65 gALS gFTD gALS MCs blood CHITAHCSMCs,gFTD - ang NiL (in and astrogliosis.
Blood CHIT4HCS, CSF) Neuroinflammation
CSF CHI3L1 for gALS, is common to
and gFTD1HCs,MCs gALS and sALS
30215603  CHI3L1 IHC 11, IHC 23, CSF, blood, RT-gPCR, IHC, PMT CHI3L1, CHI3L1 NfL AIF1, CD68, Increased Potential
ELISA 86, ELISA 21, spinal cord ELISA, IB THCS, CSF IBA1, GFAP astroglial activity prognostic marker
RT-gPCR RT-gPCR and frontal CHI3L14HCs when used with NfL
12all 10 cortex PMT
sALS
29142138  CHIT1 ELISA 60, ELISA 25, ELISA 46 CSF, blood, ELISA, HC CSF CHITTHCS, pNfH and IBA1, CD68 Microglial/ Biomarker for
IHC 3 IHC 2 NDCs and spinal cord NDCs,NDegs Spinal NfL (in CSF) macrophage immune activation;
135 Ndegs, PMT cord PMT CHITt activation can be used to
IHC NDegs 4 NDegs,HCs monitor efficacy of
immunomodulatory
therapies
29331073  CHITH, 43 25 6 PLS, 12 CSF High CHIT1, CHI3L2 All with pNfH Microglial activity Distinguishing
CHI3L1, mimics, 20 throughput HCs,Mimics,NDeg,PLS, between ALS and
CHI3L2 NDeg MS, ELISA (for CHi3L14HCs Mimics,NDeg ALS mimic
PNfH) conditions
30134252  CHIT1 29 36 CSF and ELISA, CSF CHIT1 CCL18, Microglial Neuroinflammation
blood chemiluminescence, activityTHCS TNF-a, IL6, activation biomarker
enzymatic CHIT1
activity assay
30291183  CHI3L1 38 49 86 FTD CSF ELISA CHIBL1 THCS NfL SAPPB Staging and
prognosis along
ALS-FTD spectrum
25563799  CHIT1 75 106 Blood Enzymatic CHIT1 activityTHCS Lysosomal Microglial activity
activity assay enzyme and possible
activity chronic triggering
of the innate
immune system
27634542 CHIT1 40 SALS 40 NDCs CSF ELISA CHIT14 NDCs PNfH S100-, Improves
Cystatin C diagnostic potential

when used with
pNfH
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erEs reported. It is worth noting, however, that studies have only
g :5; §§ g now begun to examine CHIT1 enzymatic activity in addition
% 9 ‘§ _S 8 to protein levels and that links between the periphery and
g S 9 :E 3 prognostic factors, as reported by Pagliardini et al. (30), may
£ £0 58 t emerge.
§ A E yEemes
5S3¢
2 8 5858
§ £ é Eo% 2 % § i % § Links With Disease Severity and Progression
2§ (%;% % 2 % §9 3 P 2 Evidence for a link with disease severity and progression has
g g 2 e%%% 22 §s S % been tenuous at best. Martinez-Merino et al. (12) controlled
E‘ % g o for CHITI genotype and reported that while ALS patients had
< 5 E § % significantly elevated CHIT1 activity, it correlated with neither
e s g2<273 disease severity nor progression. Thompson et al. (28) reported a
g5 3 ) § g significant albeit modest correlation between CHIT and CHI3L2
°= © g §89 levels—but not CHI3L1—and PR after controlling for gender, age
c g § é § E_ at onset, and site of onset; however, a stronger correlation was
2 é . § g 23 noted for pNfH. Conversely, Illan-Gala et al. (32) and Andres-
g s % § é § § § Benito et al. (35) reported that CSF CHIf3LL11 lexlrels correlated with
©zc2 SSZ2 5§ PR to almost the same degree as CSF NfL levels.
%;i) §§ Gille et al. (10) noted that both CSF CHIT1 and CHI3L1
s 8, i} 2 S g only weakly correlated with PR at time of sampling; however,
g Iﬁi %5 s 3 % “fast” progressors had significantly higher levels of CHIT1 and
& ez Hegga CHI3L1 than “slow” progressors. One study reported that CSF
2 i S% § g % § CHIT1 also significantly correlated with both disease severity
ﬁ : % % % o %” § and PR (inversely) and to almost the same magnitude as NfL
§ g 59 and pNfH. However, these correlations did not persist when
. % g) i % patients were stratified based on PR, despite “fast” progressors
2 g ° % b2 § § having significantly higher levels of CHIT1 (33). Chen et al. (29)
2o S« £z 2 855 too reported no significant differences in CHIT1 levels between
2¢ Sd 5% % i s PR-stratified patients.
E (i) }% E_ It is worth noting that establishing any association between
‘% ;é; %% the chitinases and PR is likely confounded by the lack of any
2 g § é 2 external consensus on the thresholds for “high” or “low” PR.
§ g & T30S These are often arbitrarily set based on individual cohorts, thus
o cé f é constraining inter-study comparability and potentially occluding
°§ £§% genuine biological signals.
g g§8sdy
£8 28583
°° sgELd Links With Disease Duration
So § Se Evidence for an association with disease duration has also
0 3 %% s § been inconsistent, even by the few studies that have included
2 E §‘§ 388L ¢ longitudinal sampling. CSF CHIT1 activity did not significantly
g =22 S8 § % IS differ between patients stratified based on time since onset to
5 § i§ % 2 N sampling (12). A MS-based study reported a small increase in
I3 ‘g% E g CSF CHI3LI levels over time in patients who had low levels
é 9 . Q%’ = g fEE at onset (31). However, a subsequent ELISA-based verification
g € 5 8 ,i g noted that CSF chitinase levels in ALS and PLS patients
§ ‘@E 8§88 did not significantly increase over a follow-up period of ~2
ﬁ 2 E) % S 'DS: ((Bz years, even when patients were stratified by PR (28). Similarly,
g b fg 8 By § ‘%% no significant associations between CSF CHIT1 and CHI3L1
g ,§ 8458 5 and disease duration were observed in a cohort of 105 ALS
8 " o LES §§ S patients (10). Indeed, evidence from asymptomatic ALS and
£ g g % g% ; % § 3 % Pg FTD MCs suggests that chitinase elevation is a feature of the
8§ &= coo 2% 3 § N early symptomatic phase of the disease and is unlikely by itself
E 2 § § §§§ E to trigger disease onset, g.iven that no signiﬁcaflt diﬁeren@s
@ B9 8 8895w were observed between patients with either genetic or sporadic
282 2 cx587% disease (27).
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Links With Survival and Mortality

Studies examining survival have also reported discrepant results.
Di Rosa et al. analyzed microarray datasets and reported that
patients with a shorter survival had significantly higher CHI3L1
and CHI3L2 in their motor cortex than those that survived
longer; levels also inversely correlated with survival in the entire
patient cohort (36). Cox proportional hazards analyses have also
revealed a significant association between CSF CHITI1 levels
and mortality, while one study reported that the association
was independent of pNfH levels, another by the same group
reported the opposite (28, 31). However, neither study had
data on other prognostic factors, e.g., respiratory and C9orf72
status, thus precluding a definitive conclusion on the influence
of CHIT1. In contradiction, Gille et al. (10) reported that CSF
CHI3L1, but not CHITI, significantly affected mortality; this
is compelling because they included data for eight established
prognostic markers. The authors did not however compare how
the chitinases performed relative to neurofilaments. Building
on this, Illan-Gala et al. (32) also reported that increased CSF
CHI3L1 levels were associated with shortened survival, even after
adjustment for sex, age at onset and site of onset, NfL levels, and
ALSFRS-R score at time of sampling. Taken together however,
the currently available evidence doesn’t unequivocally establish
the degree to which the chitinases influence survival and whether
they outperform established prognostic factors.

Links With Additional Indices

Although data are limited, some studies have also begun to
examine a wider range of clinical outcomes; for instance,
peripheral CHIT1 activity was significantly inversely correlated
with forced vital capacity (30). Additionally, CSF CHIT1 and
CHI3L1 levels correlated with the number of regions clinically
affected by both UMN and LMN and only UMN degeneration,
respectively (10, 28). Frontotemporal cortical thickness, as
assessed by structural MRI, directly correlated with the CSF
sAPPB:CHI3L1 ratio in both ALS and FID patients (32).
Finally, whether chitinase levels also reflect the poorer outcomes
associated with factors like bulbar onset or genetic status (e.g.,
C90rf72) needs further investigation.

CHITINASES ACROSS THE ALS-FTD
SPECTRUM

Studies focusing on the broader ALS-FTD spectrum have
noted that the two conditions present with specific chitinase
dysregulation patterns. When examined alongside glial activation
markers, these suggest different underlying inflammatory
processes: increased microglial (as evidenced by CHIT1) and
astroglial (as evidenced by CHI3L1) activation in ALS and
FTD, respectively.

For instance, although CSF CHIT1 is elevated in FTD patients
relative to both HCs and asymptomatic MCs, it is significantly
higher in ALS patients (27, 33). Furthermore, CHIT1 immuno-
staining in post-mortem spinal cord tissue was observed only in
ALS cases, where it co-localized with IBA1-positive microglia and
CD68-positive macrophages, and not in other neurodegenerative

disorders, including FTD and AD (27, 33). Conversely, despite
considerable overlap, CSF CHI3L1 levels were higher in patients
with sporadic FTD relative to those with sporadic ALS, albeit
only slightly. CHI3L1 elevation also correlated with cognitive
dysfunction, as assessed by the Edinburgh Cognitive and
Behavioral ALS Screen (ECAS), suggesting that it skews more
closely to the FTD phenotype (28). Illin-Gala et al. (32)
reported that although neither absolute CSF CHI3L1 levels nor
the sAPPB:CHI3LI1 ratio significantly differed between FTD
and ALS patients, CHI3L1 and global cognitive performance
only correlated in the FTD subgroup. Furthermore, a robust
inverse correlation was noted between the sAPPB:CHI3L1 ratio
and the FTD-Clinical Dementia Rating score in FTD patients.
CHI3L1 immunoreactivity has been observed in astrocytes,
but not microglia and neurons; its expression correlates with
GFAP, particularly in acute inflammatory conditions like multiple
sclerosis, suggesting that CHI3L1 is indicative of reactive
astrocytosis (18, 19, 37). Crucially, negligible CHI3L1-positive
astrocytes were observed in post-mortem ALS cortical tissue and
no significant differences in GFAP mRNA in the spinal cord were
noted between ALS patients and HCs (18, 35). CSF GFAP levels
were also significantly increased in FTD patients while they were
unaffected in ALS patients (27).

In summary, while the chitinases may not be specific markers
for either condition, they allude to distinct neuroinflammatory
profiles. If corroborated by other modalities, e.g., PET imaging
(38), these profiles could help delineate the underlying pathology
and provide specific targets for immunomodulatory therapy.

CHITINASES IN THE BROADER
NEUROINFLAMMATORY AND
NEURODEGENERATIVE MILIEU

While much remains unknown about their cellular origin,
it is evident that chitinase expression is not exclusive
to ALS. It has been noted in multiple neurodegenerative
conditions, where it predicts both clinical severity and long-
term risk (39-41). The chitinases also robustly correlate with
established neurodegenerative markers, including, e.g., the
neurofilaments (10, 27, 31) and both total and phosphorylated
tau (40, 42). Studies investigating multivariate panels have
additionally reported close links to other inflammatory
mediators. For instance, CSF chitinase levels correlated with
MCP-1, and C-reactive protein in ALS patients and soluble
TREM2 in cognitively unimpaired individuals (10, 28, 43).
Transcriptomic studies have shown that CHITI correlates
with IL-16, IL-18, and CHI3L1 and CHI3L2 with complement
Cls subcomponent (36, 41). Therefore, it is probable that
the chitinases reflect the inflammation that is characteristic
of the wider neurodegenerative process. Given the evidence
from post-mortem co-localization studies and that significant
dysregulations have been primarily observed in CSF rather
than blood, we further speculate that the chitinases are proxies
for reactive gliosis. It is worth noting, however, that systemic
conditions may also influence chitinase levels, potentially
“masking” alterations in blood.
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While  there is  considerable  overlap  between
neurodegenerative conditions, expression patterns differ,
underscoring the different pathomechanisms at play; for
instance, while CSF CHI3L1 increases as cognitive deficits
worsen along the AD continuum, no similar associations
have been noted with the ALSFRS-R, the primary indicator of
disease severity in ALS (40). However, limitations with using
the ALSFRS-R and derived parameters have been previously
described (44). Instead, disease progression models could
be particularly informative, as they allow interpretation of
biomarker profiles within the disease course.

It is also imperative to expand beyond studying the chitinases
as just fold changes within a case—control paradigm, given the
evidence that they act as active immune modulators rather
than just passive indicators of pathology. For instance, TNF-a,
LPS, and IFN-y stimulation increased both CHITI expression
and activity in human macrophages (45). Conversely, CHIT1,
CHI3L1, and AMCase stimulation increased the transmigratory
capacity of leukocytes from patients with multiple sclerosis (46).

In conclusion, studies should address how immune
activation—vis-a-vis  chitinase elevation—presents  across
the ALS disease course, whether it differs between glial cell types
and what the functional consequences are. Studies also need to
account for physiological aging, given multiple reports that it
influences chitinase levels (27, 31, 47).

CONCLUSIONS AND FUTURE
DIRECTIONS

What can be concluded of the chitinases holds true for all
biomarkers; no single molecule can capture all the pathogenic
processes at play in a disease as heterogeneous as ALS.
This is particularly relevant in the case of inflammatory
markers: these cannot be viewed in isolation because of their
functional abundance and intricate signaling networks. It is
the interaction with the disease microenvironment and the
interplay between different cell types that drives pathology,
rather than the singular action of a specific target. Multivariate
biomarker panels are more likely to capture the dynamic immune

REFERENCES

1. Talbot K, Feneberg E, Scaber J, Thompson AG, Turner MR. Amyotrophic
lateral sclerosis: the complex path to precision medicine. J Neurol. (2018)
265:2454-62. doi: 10.1007/s00415-018-8983-8

2. Pupillo E, Messina P, Logroscino G, Beghi E, Group S. Long-term survival in
amyotrophic lateral sclerosis: a population-based study. Ann Neurol. (2014)
75:287-97. doi: 10.1002/ana.24096

3. Zhao W, Beers DR, Henkel JS, Zhang W, Urushitani M, Julien JP, et al.
Extracellular mutant SOD1 induces microglial-mediated motoneuron injury.
Glia. (2010) 58:231-43. doi: 10.1002/glia.20919

4. Liao B, Zhao W, Beers DR, Henkel JS, Appel SH. Transformation from a
neuroprotective to a neurotoxic microglial phenotype in a mouse model of
ALS. Exp Neurol. (2012) 237:147-52. doi: 10.1016/j.expneurol.2012.06.011

5. Beers DR, Zhao W, Liao B, Kano O, Wang ], Huang A, et al
Neuroinflammation modulates distinct regional and temporal clinical

signatures associated with different functional disease phases and
identify optimal treatment windows and patients who would
most benefit from immunomodulatory therapies. Therefore, the
chitinases represent valuable additions to the current immuno-
biomarker repertoire; while their diagnostic and prognostic
efficacy is unlikely to supersede that of the neurofilaments,
they can assist with subtle distinctions between different
neurodegenerative conditions and delineate the mechanisms
underlying glial dysregulation. Additional mechanistic studies
could focus on how the chitinases reflect the dynamicity of glial
cell responses across the disease. For instance, current evidence
already indicates that the chitinases reflect a neuroinflammatory
component that is common to both genetic and sporadic forms
of ALS (27). Future prospective studies could focus on recruiting
MCs and following them as they transition to clinical disease
to better understand how chitinase elevation manifests, what
triggers it, and how it relates to other modalities.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

NG was supported by a  doctoral  scholarship
(Landesgraduiertenstipendien) from the Graduate Academy of
Friedrich Schiller University, Jena, Germany. This work was
also supported by the German Bundesministerium fiir Bildung
und Forschung (BMBF) grant ONWebDUALS to JG under the
aegis of the EU Joint Programme-Neurodegenerative Disease
Research (JPND) and a BMBF grant PYRAMID to JG in the
framework of the ERANET E-RARE program.

ACKNOWLEDGMENTS

We extend our sincere thanks to Klara Metzner for bibliography
curation and management. Figurel was created with
www.BioRender.com.

responses in ALS mice. Brain Behav Immun. (2011) 25:1025-35.
doi: 10.1016/j.bbi.2010.12.008

6. Zondler L, Muller K, Khalaji S, Bliederhduser C, Ruf WP, Grozdanov
V, et al. Peripheral monocytes are functionally altered and invade
the CNS in ALS patients. Acta Neuropathol. (2016) 132:391-411.
doi: 10.1007/s00401-016-1548-y

7. Perner C, Perner E Stubendorff B, Forster M, Witte OW, Heidel FH,
et al. Dysregulation of chemokine receptor expression and function
in leukocytes from ALS patients. J Neuroinflammation. (2018) 15:99.
doi: 10.1186/s12974-018-1135-3

8. Beers DR, Zhao W, Wang J, Zhang X, Wen S, Neal D, et al
ALS patients’ regulatory T lymphocytes are dysfunctional, and correlate
with disease progression rate and severity. JCI Insight. (2017) 2:e89530.
doi: 10.1172/jci.insight.89530

9. Coque E, Salsac C, Espinosa-Carrasco G, Varga B, Degauque N, Cadoux M,
et al. Cytotoxic CD8™ T lymphocytes expressing ALS-causing SOD1 mutant

Frontiers in Neurology | www.frontiersin.org

May 2020 | Volume 11 | Article 377


https://www.BioRender.com
https://doi.org/10.1007/s00415-018-8983-8
https://doi.org/10.1002/ana.24096
https://doi.org/10.1002/glia.20919
https://doi.org/10.1016/j.expneurol.2012.06.011
https://doi.org/10.1016/j.bbi.2010.12.008
https://doi.org/10.1007/s00401-016-1548-y
https://doi.org/10.1186/s12974-018-1135-3
https://doi.org/10.1172/jci.insight.89530
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Gaur et al.

Chitinases in Amyotrophic Lateral Sclerosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

selectively trigger death of spinal motoneurons. Proc Natl Acad Sci USA.
(2019) 116:2312-7. doi: 10.1073/pnas.1815961116

Gille B, De Schaepdryver M, Dedeene L, Goossens J, Claeys KG, Van Den
Bosch L, et al. Inflammatory markers in cerebrospinal fluid: independent
prognostic biomarkers in amyotrophic lateral sclerosis? J Neurol Neurosurg
Psychiatry. (2019) 90:1338-46. doi: 10.1136/jnnp-2018-319586

Ehrhart J, Smith AJ, Kuzmin-Nichols N, Zesiewicz TA, Jahan I, Shytle
RD, et al. Humoral factors in ALS patients during disease progression. J
Neuroinflammation. (2015) 12:127. doi: 10.1186/s12974-015-0350-4
Martinez-Merino L, Iridoy M, Galbete A, Roldin M, Rivero A, Acha B, et al.
Evaluation of chitotriosidase and CC-chemokine ligand 18 as biomarkers of
microglia activation in amyotrophic lateral sclerosis. Neurodegener Dis. (2018)
18:208-15. doi: 10.1159/000490920

Fuchs K, Cardona Gloria Y, Wolz OO, Herster F, Sharma L, Dillen
CA, et al. The fungal ligand chitin directly binds TLR2 and triggers
inflammation dependent on oligomer size. EMBO Rep. (2018) 19:e46065.
doi: 10.15252/embr.201846065

Di Rosa M, De Gregorio C, Malaguarnera G, Tuttobene M, Biazzo
F, Malaguarnera L. Evaluation of AMCase and CHIT-1 expression in
monocyte macrophages lineage. Mol Cell Biochem. (2013) 374:73-80.
doi: 10.1007/s11010-012-1506-5

Di Rosa M, Malaguarnera G, De Gregorio C, D’Amico F, Mazzarino
MC, Malaguarnera L. Modulation of chitotriosidase  during
macrophage differentiation. Cell Biochem Biophys. (2013) 66:239-47.
doi: 10.1007/s12013-012-9471-x

Di Rosa M, Malaguarnera G, De Gregorio C, Drago F Malaguarnera
L. Evaluation of CHI3L-1 and CHIT-1 expression in differentiated
and  polarized macrophages. Inflammation.  (2013)  36:482-92.
doi: 10.1007/s10753-012-9569-8

Bonneh-Barkay D, Bissel SJ, Kofler ], Starkey A, Wang G, Wiley
CA. Astrocyte and macrophage regulation of YKL-40 expression and
cellular response in neuroinflammation. Brain Pathol. (2012) 22:530-46.
doi: 10.1111/j.1750-3639.2011.00550.x

Bonneh-Barkay D, Wang G, Starkey A, Hamilton RL, Wiley CA. In vivo
CHI3L1 (YKL-40) expression in astrocytes in acute and chronic neurological
diseases. ] Neuroinflammation. (2010) 7:34. doi: 10.1186/1742-2094-7-34
Huang C, Huang B, Bi E Yan LH, Tong J, Huang J, et al. Profiling the genes
affected by pathogenic TDP-43 in astrocytes. ] Neurochem. (2014) 129:932-9.
doi: 10.1111/jnc.12660

Litviakov N, Tsyganov M, Larionova I, Ibragimova M, Deryusheva I,
Kazantseva P, et al. Expression of M2 macrophage markers YKL-39
and CCL18 in breast cancer is associated with the effect of neoadjuvant
chemotherapy.  Cancer ~ Chemother (2018)  82:99-109.
doi: 10.1007/s00280-018-3594-8

Hong JY, Kim M, Sol IS, Kim KW, Lee CM, Elias JA, et al. Chitotriosidase
inhibits allergic asthmatic airways via regulation of TGF-f expression and
Foxp3™ Treg cells. Allergy. (2018) 73:1686-99. doi: 10.1111/all.13426

Elias JA, Homer RJ, Hamid Q, Lee CG. Chitinases and chitinase-like proteins
in T%_I inflammation and asthma. J Allergy Clin Immunol. (2005) 116:497-500.
doi: 10.1016/j.jaci.2005.06.028

Starossom SC, Campo Garcia J, Woelfle T, Romero-Suarez S, Olah M,
Watanabe E et al. Chi3I3 induces oligodendrogenesis in an experimental
model of autoimmune neuroinflammation. Nat Commun. (2019) 10:217.
doi: 10.1038/s41467-018-08140-7

Mishra PS, Dhull DK, Nalini A, Vijayalakshmi K, Sathyaprabha TN,
Alladi PA, et al. Astroglia acquires a toxic neuroinflammatory role in
response to the cerebrospinal fluid from amyotrophic lateral sclerosis
patients. ] Neuroinflammation. (2016) 13:212. doi: 10.1186/s12974-016-0
698-0

Mishra PS, Vijayalakshmi K, Nalini A, Sathyaprabha TN, Kramer BW,
Alladi PA, et al. Etiogenic factors present in the cerebrospinal fluid
from amyotrophic lateral sclerosis patients induce predominantly pro-
inflammatory responses in microglia. | Neuroinflammation. (2017) 14:251.
doi: 10.1186/s12974-017-1028-x

Varghese AM, Sharma A, Mishra P, Vijayalakshmi K, Harsha HC,
Sathyaprabha TN, et al. Chitotriosidase - a putative biomarker for
sporadic amyotrophic lateral sclerosis. Clin Proteomics. (2013) 10:19.
doi: 10.1186/1559-0275-10-19

Pharmacol.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Oeckl P, Weydt P, Steinacker P, Anderl-Straub S, Nordin F, Volk AE, et al.
Different neuroinflammatory profile in amyotrophic lateral sclerosis and
frontotemporal dementia is linked to the clinical phase. | Neurol Neurosurg
Psychiatry. (2019) 90:4-10. doi: 10.1136/jnnp-2018-318868

Thompson AG, Gray E, Bampton A, Raciborska D, Talbot K, Turner MR.
CSF chitinase proteins in amyotrophic lateral sclerosis. ] Neurol Neurosurg
Psychiatry. (2019) 90:1215-20. doi: 10.1136/jnnp-2019-320442

Chen X, Chen Y, Wei Q, Ou R, Cao B, Zhao B, et al. Assessment of a multiple
biomarker panel for diagnosis of amyotrophic lateral sclerosis. BMC Neurol.
(2016) 16:173. doi: 10.1186/s12883-016-0689-x

Pagliardini V, Pagliardini S, Corrado L, Lucenti A, Panigati L, Bersano E, et al.
Chitotriosidase and lysosomal enzymes as potential biomarkers of disease
progression in amyotrophic lateral sclerosis: a survey clinic-based study. J
Neurol Sci. (2015) 348:245-50. doi: 10.1016/j.jns.2014.12.016

Thompson AG, Gray E, Thezenas ML, Charles PD, Evetts S, Hu MT, et al.
Cerebrospinal fluid macrophage biomarkers in amyotrophic lateral sclerosis.
Ann Neurol. (2018) 83:258-68. doi: 10.1002/ana.25143

Illan-Gala I, Alcolea D, Montal V, Dols-Icardo O, Muifioz L, de Luna N,
et al. CSF sAPPB, YKL-40, and NfL along the ALS-FTD spectrum. Neurology.
(2018) 91:e1619-€28. doi: 10.1212/WNL.0000000000006383

Steinacker P, Verde F, Fang L, Feneberg E, Oeckl P, Roeber S, et al.
Chitotriosidase (CHIT1) is increased in microglia and macrophages in spinal
cord of amyotrophic lateral sclerosis and cerebrospinal fluid levels correlate
with disease severity and progression. | Neurol Neurosurg Psychiatry. (2018)
89:239-47. doi: 10.1136/jnnp-2017-317138

Deming Y, Black K, Carrell D, Cai Y, Del-Aguila JL, Fernandez MV, et al.
Chitinase-3-like 1 protein (CHI3L1) locus influences cerebrospinal fluid
levels of YKL-40. BMC Neurol. (2016) 16:217. doi: 10.1186/s12883-016-0
742-9

Andres-Benito P, Dominguez R, Colomina MJ, Llorens F, Povedano M, Ferrer
1. YKL40 in sporadic amyotrophic lateral sclerosis: cerebrospinal fluid levels
as a prognosis marker of disease progression. Aging (Albany NY). (2018)
10:2367-82. doi: 10.18632/aging.101551

Sanfilippo C, Longo A, Lazzara F, Cambria D, Distefano G, Palumbo M,
et al. CHI3L1 and CHI3L2 overexpression in motor cortex and spinal cord of
sALS patients. Mol Cell Neurosci. (2017) 85:162-9. doi: 10.1016/j.mcn.2017.1
0.001

Querol-Vilaseca M, Colom-Cadena M, Pegueroles J, San Martin-Paniello
C, Clarimon J, Belbin O, et al. YKL-40 (Chitinase 3-like I) is expressed
in a subset of astrocytes in Alzheimer’s disease and other tauopathies. |
Neuroinflammation. (2017) 14:118. doi: 10.1186/s12974-017-0893-7

Corcia P, Tauber C, Vercoullie ], Arlicot N, Prunier C, Praline J, et al.
Molecular imaging of microglial activation in amyotrophic lateral sclerosis.
PLoS One. (2012) 7:¢52941. doi: 10.1371/journal.pone.0052941

Mollgaard M, Degn M, Sellebjerg E, Frederiksen JL, Modvig S. Cerebrospinal
fluid chitinase-3-like 2 and chitotriosidase are potential prognostic
biomarkers in early multiple sclerosis. Eur J Neurol. (2016) 23:898-905.
doi: 10.1111/ene.12960

Nordengen K, Kirsebom BE, Henjum K, Selnes P Gisladottir B,
Wettergreen M, et al. Glial activation and inflammation along the
Alzheimer’s disease continuum. ] Neuroinflammation. (2019) 16:46.
doi: 10.1186/s12974-019-1399-2

Di Rosa M, DellOmbra N, Zambito AM, Malaguarnera M, Nicoletti
F, Malaguarnera L. Chitotriosidase and inflammatory mediator levels in
Alzheimer’s disease and cerebrovascular dementia. Eur | Neurosci. (2006)
23:2648-56. doi: 10.1111/j.1460-9568.2006.04780.x

Rodrigues FB, Byrne LM, McColgan P, Robertson N, Tabrizi SJ,
Zetterberg H, et al. Cerebrospinal fluid inflammatory biomarkers reflect
clinical severity in huntington’s disease. PLoS One. (2016) 11:e0163479.
doi: 10.1371/journal.pone.0163479

Falcon C, Monte-Rubio GC, Grau-Rivera O, Sudrez-Calvet M, Sanchez-
Valle R, Rami L, et al. CSF glial biomarkers YKL40 and sTREM2
are associated with longitudinal volume and diffusivity changes in
cognitively unimpaired individuals. Neuroimage Clin. (2019) 23:101801.
doi: 10.1016/j.nicl.2019.101801

Rutkove  SB.  Clinical
amyotrophic lateral sclerosis.
doi: 10.1007/s13311-014-0331-9

measures of  disease

Neurotherapeutics.

progression  in
(2015)  12:384-93.

Frontiers in Neurology | www.frontiersin.org

May 2020 | Volume 11 | Article 377


https://doi.org/10.1073/pnas.1815961116
https://doi.org/10.1136/jnnp-2018-319586
https://doi.org/10.1186/s12974-015-0350-4
https://doi.org/10.1159/000490920
https://doi.org/10.15252/embr.201846065
https://doi.org/10.1007/s11010-012-1506-5
https://doi.org/10.1007/s12013-012-9471-x
https://doi.org/10.1007/s10753-012-9569-8
https://doi.org/10.1111/j.1750-3639.2011.00550.x
https://doi.org/10.1186/1742-2094-7-34
https://doi.org/10.1111/jnc.12660
https://doi.org/10.1007/s00280-018-3594-8
https://doi.org/10.1111/all.13426
https://doi.org/10.1016/j.jaci.2005.06.028
https://doi.org/10.1038/s41467-018-08140-7
https://doi.org/10.1186/s12974-016-0698-0
https://doi.org/10.1186/s12974-017-1028-x
https://doi.org/10.1186/1559-0275-10-19
https://doi.org/10.1136/jnnp-2018-318868
https://doi.org/10.1136/jnnp-2019-320442
https://doi.org/10.1186/s12883-016-0689-x
https://doi.org/10.1016/j.jns.2014.12.016
https://doi.org/10.1002/ana.25143
https://doi.org/10.1212/WNL.0000000000006383
https://doi.org/10.1136/jnnp-2017-317138
https://doi.org/10.1186/s12883-016-0742-9
https://doi.org/10.18632/aging.101551
https://doi.org/10.1016/j.mcn.2017.10.001
https://doi.org/10.1186/s12974-017-0893-7
https://doi.org/10.1371/journal.pone.0052941
https://doi.org/10.1111/ene.12960
https://doi.org/10.1186/s12974-019-1399-2
https://doi.org/10.1111/j.1460-9568.2006.04780.x
https://doi.org/10.1371/journal.pone.0163479
https://doi.org/10.1016/j.nicl.2019.101801
https://doi.org/10.1007/s13311-014-0331-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Gaur et al.

Chitinases in Amyotrophic Lateral Sclerosis

45. Malaguarnera L, Musumeci M, Di Rosa M, Scuto A, Musumeci S. Interferon-
Y, tumor necrosis factor-a, and lipopolysaccharide promote chitotriosidase
gene expression in human macrophages. J Clin Lab Anal. (2005) 19:128-32.
doi: 10.1002/jcla.20063

46. Correale ], Fiol M. Chitinase effects on immune cell response in
neuromyelitis optica and multiple sclerosis. Mult Scler. (2011) 17:521-31.
doi: 10.1177/1352458510392619

47. Del Campo M, Galimberti D, Elias N, Boonkamp L, Pijnenburg YA,
van Swieten JC, et al. Novel CSF biomarkers to discriminate FTLD
and its pathological subtypes. Ann Clin Transl Neurol. (2018) 5:1163-75.
doi: 10.1002/acn3.629

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Gaur, Perner, Witte and Grosskreutz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

May 2020 | Volume 11 | Article 377


https://doi.org/10.1002/jcla.20063
https://doi.org/10.1177/1352458510392619
https://doi.org/10.1002/acn3.629
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	The Chitinases as Biomarkers for Amyotrophic Lateral Sclerosis: Signals From the CNS and Beyond
	Introduction
	ALS and Neuroinflammation
	Mammalian Chitinases: Novel Players in Neurodegeneration?

	The Chitinases in ALS
	Evidence Concerning Diagnostic Potential
	Evidence Concerning Prognostic Potential
	Links With Disease Severity and Progression
	Links With Disease Duration
	Links With Survival and Mortality
	Links With Additional Indices


	Chitinases Across the ALS-FTD Spectrum
	Chitinases in the Broader Neuroinflammatory and Neurodegenerative Milieu
	Conclusions and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


