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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative neuromuscular disease that
affects motor neurons controlling voluntary muscles. Survival is usually 2-5 years after onset, and
death occurs due to respiratory failure. The identification of biomarkers would be very useful to help
in disease diagnosis and for patient stratification based on, e.g., progression rate, with implications
in therapeutic trials. Neurofilaments constitute already-promising markers for ALS and, recently,
chitinases have emerged as novel marker targets for the disease. Here, we investigated cerebrospinal
fluid (CSF) chitinases as potential markers for ALS. Chitotriosidase (CHIT1), chitinase-3-like protein
1 (CHI3BL1), chitinase-3-like protein 2 (CHI3L2) and the benchmark marker phosphoneurofilament
heavy chain (pNFH) were quantified by an enzyme-linked immunosorbent assay (ELISA) from
the CSF of 34 ALS patients and 24 control patients with other neurological diseases. CSF was also
analyzed by UHPLC-mass spectrometry. All three chitinases, as well as pNFH, were found to
correlate with disease progression rate. Furthermore, CHIT1 was elevated in ALS patients with high
diagnostic performance, as was pNFH. On the other hand, CHIT1 correlated with forced vital capacity
(FVCQ). The three chitinases correlated with pNFH, indicating a relation between degeneration and
neuroinflammation. In conclusion, our results supported the value of CHIT1 as a diagnostic and
progression rate biomarker, and its potential as respiratory function marker. The results opened
novel perspectives to explore chitinases as biomarkers and their functional relevance in ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects upper
and lower motor neurons in the motor cortex, brainstem and spinal cord. Typical age of
onset is between 50 and 70 years of age. It is an infrequent disease, with an incidence
of 2-3/100,000; however, the lifetime risk is estimated at 1/350 in Europe [1]. Therapies
include ventilatory and nutritional support. Riluzole and edaravone are the only licensed
drugs, with only modest effects on survival and rate of progression, respectively. ALS
is incurable and death generally occurs within 2-5 years after onset due to respiratory
insufficiency and complications.
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About 5-10% of ALS cases have a positive family history and more than 30 ALS
genes have been associated with the disease [2]. The GGGGCC hexanucleotide repeat
upstream of the C9ORF72 coding region is the most common cause of familial ALS and
frontotemporal dementia. Other well-studied mutated genes are SOD1, TARDBP and
FUS. Very recently, mutations in EGF domain-specific O-linked N-acetylglucosamine
transferase [3] and glycosyltransferase 8 domain-containing 1 [4] have also been found in
ALS. The remaining 90-95% of ALS cases are sporadic, for which mutations are also found
in some patients.

Pathological mechanisms in ALS include dysregulation of DNA and RNA metabolism,
protein misfolding and aggregation, endoplasmic reticulum stress, proteasome inhibition
and autophagy, neurofilament accumulation and impaired axonal transport, mitochondria
damage and apoptosis, oxidative stress, excitotoxicity and neuroinflammation [5,6]. Death
of the motor neuron is non-cell autonomous and also depends on surrounding glia and
possibly other cell types [7,8]. Neuroinflammation plays an important role in familial and
sporadic ALS pathogenesis, as in other neurodegenerative diseases. Neuroinflammation in
ALS is mostly characterized by the activation of microglia and astroglia, but peripheral
immune cells infiltrating the CNS, including lymphocytes, macrophages and natural
killer cells, also play an important role. Microglia that, in healthy conditions, play a
supportive role to maintain neuron homeostasis, with disease initiation due to different
factors (e.g., ALS-associated mutations), acquire toxic properties, inducing neuron damage.
Concomitantly, deregulation of secretory factors occurs, such as imbalanced pro- versus
anti-inflammatory cytokine profiles and growth factors [8-11].

Although mammals do not contain endogenous chitin or chitin synthases genes,
several cells in the human body, including activated immune cells, are capable of producing
chitinases [12]. Chitinases in mammals belong to the glycoside hydrolase 18 family (CAZy,
GH18). They include two true chitinases (chitotriosidase, CHIT1, and acidic mammalian
chitinase, AMCase) that are catalytically active, as well as chitin-like proteins or chitolectins
that still bind chitin but do not present hydrolytic activity. CHIT1 (EC 3.2.1.14) cleaves
glycosidic linkages in chitin, which is a linear polymer of 31,4 linked N-acetylglucosamine
(GIeNAc). CHIT1 was detected in microglia from the corticospinal tract [13] in macrophages
and neutrophils [12]. Chitin-like proteins include CHI3L1 (YKL-40) and CHI3L2 (YKL-
39) [14]. CHI3L1 was found to bind heparin and play a role in cell signaling [15]. CHI3L1
was detected in a subset of activated astrocytes in the white matter of the motor cortex
and spinal cord of ALS patients [16], as well as in monocytes/macrophages, chondrocytes,
synovial cells and osteoclasts [12]. CHI3L2 has been detected in macrophages, tumor
cells [17] and cartilage chondrocytes [12].

The search for ALS biomarkers has been a field of intensive research, either by
hypothesis-driven approaches related to disease pathology or by unbiased systematic
analyses (omics). Currently, neurofilaments (NF), which are increased in CSF and blood
of ALS patients as consequence of motor neuron damage [18], are largely accepted as
biomarkers for ALS; they constitute benchmark biomarkers and have been used in clin-
ical trials [19]. This has been supported by numerous studies from different groups and
multicenter studies validating the phosphoneurofilament heavy chain (pNFH) and neuro-
filament light chain (NFL) as ALS biomarkers [20-25]. Unfortunately, NF are also increased
in other neurological diseases, driving the need to find additional targets. The value of chiti-
nases as biomarkers for amyotrophic lateral sclerosis has been supported by strong recent
evidence [12,26,27]. CHIT1 has been advanced as an ALS biomarker in diagnosis and pro-
gression [13,16,28-31], as has CHI3L1 [16,29,30]. Although less studied, CHI3L2 [29,30,32]
also appeared promising. In this context, even if CSF CHIT1 is known to be active towards
synthetic substrates in vitro [30], its potential substrates in vivo have not been identified
yet. Thus, the functional role of chitinases in ALS is still unknown [8,27].

Here, we investigated CSF levels of chitinases CHIT1, CHI3L1 and CHI3L2, testing
their biomarker potential for ALS. In addition, we analyzed the CSF of ALS patients by
UHPLC-mass spectrometry to investigate potential products of CHIT1 activity.
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2. Materials and Methods
2.1. Patient Material

Cerebrospinal fluid was collected by lumbar puncture into polypropylene tubes
without additives and immediately stored at —80 °C. In all included subjects, serology for
Borrelia burgdoferi and Treponema pallidum (CSF) and retrovirus (blood) were negative.
We included the following groups of subjects: 37 ALS patients; 24 controls with other
neurological diseases—polyneuropathy (15); sudden headache with normal diagnostic
workup (3); normal pressure hydrocephalus (1); ganglionopathy (1); myelitis (1); primary
progressive multiple sclerosis (MS) (1); mitochondriopathy (1); brachial plexopathy (1)
(Table 1). All ALS patients included were regularly followed at the Neuromuscular Unit of
our hospital. ALS patients presented probable or definite disease, according to the revised
El Escorial criteria [33]. All patients had spinal onset, except for one who had bulbar onset.
At the time of CSF sampling, the patients were observed and disease severity was scored by
applying ALSFRS (Amyotrophic Lateral Sclerosis Functional Rating Scale), and forced vital
capacity (FVC) was registered. CSF was collected as part of the diagnostic workup. Patients
were above 18 years old and all signed a written informed consent before performing the
lumbar puncture, which was performed as part of the diagnosis workup. Patients with
other medical conditions, on gastrostomy, taking supplements other than vitamins or with
symptoms of respiratory distress or cognitive changes were excluded.

2.2. ELISA Quantifications

For ELISA assays, CSF was centrifuged at 2000x g for 10 min, RT, and the super-
natant used for quantification. pNFH from the CSF was quantified using the ELISA kit
from BioVendor Research and Diagnostic Products (RD191138300R, Brno, Czech Republic),
as previously described [21]. CHIT1, CHI3L1 and CHI3L2 were quantified using a Cir-
cuLex ELISA kit (MBL, CY-8074; Nagoya, Japan), Quantikine ELISA kit (R&D, DC3L10;
Minneapolis, MN, USA) and CircuLex ELISA kit (MBL, CY-8087), respectively, following
the supplier’s instructions. Calibration curves between 56.25 and 3600 pg/mL for CHIT1,
between 62.5 and 4000 pg/mL for CHI3L1 and between 37.5 and 2400 pg/mL for CHI3L2
were performed. Measurements were conducted in duplicate and CV was typically below
10%. CHIT1, CHI3L1 and CHI3L2 concentrations were calculated from interpolation in
four-parameter logistic (4PL) non-linear regression curves of log (concentration) versus
(absorbance 450-absorbance 540) curve (GraphPad Prism 9) (r2 above 0.998, 0.999 and
0.992, respectively). CSF dilution was adjusted to meet this criterion; typical dilutions
used were 1:15, 1:300 and 1:25 for CHIT1, CHI3L1 and CHI3L2, respectively. For 2 controls
and 2 patients, CHIT1 values were below the lower concentration of the calibration curve
and were considered as zero for the calculations. These patients could correspond to
homozygous CHIT1 duplication mutation carriers [28].

2.3. Statistical Analysis

Normality was checked by the D’ Agostino and Pearson omnibus normality test and
some sample distributions were not normal. Biomarker concentration was presented
as median and the interquartile range (IQR, 25-75% percentiles). Progression rate was
calculated as follows (40—ALSFRS)/disease duration). Statistical comparisons applied
nonparametric Mann—-Whitney test and Spearman’s non-parametric correlation analysis.
Receptor operator characteristic (ROC) curve analysis was performed, and area under the
curve was (AUC) calculated. Values of p < 0.05 were considered significant. Kaplan—-Meier
survival curves and the log-rank (Mantel-Cox) test were used to compare survival in
patients with CSF levels of pNFH and each chitinase marker above and below medium
value. Onset age and disease duration at sampling were entered as covariables in the Cox
model. Statistical analysis was conducted with GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA) and MedCalc software (Ostend, Belgium).
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2.4. UHPLC-MS Analysis of CSF

Two CSF pools of 280 and 550 pL from distinct ALS patients tested in this work were
used for oligosaccharide isolation. CHIT1 activities of the pools were 14911-97,420 and
28,195 pg/mL, respectively. CSF was centrifuged at 10,000x g for 10 min and applied
onto reverse—phase C18 cartridges (50 mg; Waters; Milford, MA, USA) pre-conditioned
with 60% acetonitrile (ACN), 0.5% trifluoroacetic acid (TFA), followed by 60% ACN, 0.5%
TFA (two-fold 0.75 mL each) and water (three-fold 1 mL). Flow-through was re-applied
once. Cartridges were washed with 0.1% TFA (two-fold 0.5 mL). The flow-through and
the two washes, which contained the oligosaccharides, were pooled, neutralized with 2.5%
ammonia and dried in the Speed-Vac concentrator. This fraction was solubilized in 0.8 mL
water and applied onto Hypercarb cartridges (25 mg; ThermoFisher Scientific; Waltham,
MA USA) pre-conditioned with 0.8 mL ACN and 0.1% TFA and water (three-fold 0.8 mL),
as previously described [34]. The cartridges were washed with water (three-fold 0.8 mL)
and the bound oligosaccharides were eluted with 0.8 mL 25% can, followed by 0.8 mL
40% ACN, 0.1% TFA and finally 0.8 mL 80% can and 0.1% TFA. The Hypercarb cartridges
bound disaccharides and larger oligosaccharides but not monosaccharides. The eluates
were neutralized with 2.5% ammonia and dried in the Speed-Vac concentrator.

Chromatographic analysis of CSF oligosaccharides was performed on an UltiMate 3000
UHPLC (Thermo Scientific, ThermoFisher Scientific; Waltham, MA, USA). The separation
was performed using a Thermo column Hypercarb (2.1 x 100 mm, 3 um particle size, P/N
36003-102130). The mobile phase A was water with 0.1% formic acid (v/v), and mobile
phase B was acetonitrile with 0.1% formic acid (v/v) (Optima™ LC/MS Grade, Fisher
Scientific, ThermoFisher Scientific; Waltham, MA USA). The gradient was as follows: 0 to 1
min 99% A and 1% B; 1 to 13 min decrease to 1% A, which was maintained until 15 min; 15
to 16 min gradient to 99% A, which was maintained until 20 min. The column temperature
was 30 °C, and a flow rate of 400 pnL./min was used.

The data were acquired on a Q Exactive Focus (Thermo Scientific) coupled to UHPLC,
using Xcalibur software v.4.0.27.19 (Thermo Scientific). The method consisted the Full MS
scan (R = 70,000) and ddMS2 (data-dependent MS2) in negative mode. External calibration
was performed using LTQ ESI Negative Ion Calibration Solution (Thermo Scientific) and
the lock mass enabled internal calibration. The raw HRAM (high-resolution accurate-
mass) data were analyzed using Compound Discoverer software v3.2 (Thermo Scientific).
The data analysis workflow employed the mass list and mzVault nodes populated with
databases containing the compounds of interest. The compound database search was
performed with a 5 ppm mass tolerance. The mark background node was also employed
to filter out background compounds identified in the blank samples.

Hypercarb bound fractions were screened for the presence of: Galp31-4GlcNAc (Lac-
NAc) and GalNAc[31-4GlcNAc (LacdiNAc) potentially resulting from endogenous glycol-
ipids or glycoproteins [35]; chitooligosaccharides (di- to hexasaccharides) that would result
from the hydrolysis of chitin, which is a homopolymer of GlcNAcB1-4GlcNAc [36]; di- to
hexasaccharides that would result from the hydrolysis of hyaluronan, which is a polymer
of disaccharide repeating units GIcNAcf31-4GlcA31-3. As external standard to validate
the analysis, we used monosaccharide N-glycolylneuraminic acid, which is absent from
human samples [34].

3. Results
3.1. Chitinases and pNFH Analysis from the CSF

Chitinases and pNFH were quantified by ELISA in ALS patients and in disease control
patients. Demographic data are presented in Table 1. Age was similar between groups
(p > 0.05).

The median level of CHIT1 was 6.7-fold higher in ALS patients (4254 pg/mL) than
in disease controls (638.9 pg/mL) (p < 0.0001) (Table 1; Figure 1A). ROC curve analysis
showed that CHIT1 diagnostic performance was good (AUC 0.80, p = 0.0001) (Figure 1B).
CHI3L1 and CHI3L2 levels were also higher in the ALS group but the difference did not
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reach statistical significance. Concerning the benchmark marker, pNFH, the median level
was 5.2-fold higher in ALS patients (1751 pg/mL) than in controls (338.7 pg/mL), and its
diagnostic performance was good (AUC = 0.84, p < 0.0001) (Figure 1A,B).

One control patient with multiple sclerosis displayed the highest level of CHIT1

(16,456 pg/mL), CHI3L1 (357 ng/mL) and CHI3L2 (36 ng/mL), but not pNFH (355 pg/mL)
(Figure 1A).
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Figure 1. Levels of pNFH and CHIT1 from the CSF of ALS patients: (A) Comparison between
patients with ALS and controls with other diseases. (B) ROC curve analysis of pNFH and CHIT1.
AUC represents area under the curve. ***, p < 0.001.

CHIT1 had a reasonable correlation with progression rate (r = 0.56, p = 0.0007), as did
CHIBL2 (r = 0.54, p = 0.002) and CHI3L1 (r = 0.43, p = 0.015) (Figure 2A). As expected, pNFH
had a high correlation with disease progression rate (r = 0.72, p < 0.0001). Furthermore,
CHIT1 and CHI3L1 showed moderate but significant correlations with ALSFRS at baseline
(r=-0.37,p=0.036 and r = —0.38, p = 0.034, respectively). Concerning limb onset, no
significant difference was found among left/right/lower/upper limbs. Among all markers,
CHIBL2 presented a significant correlation with disease duration (r = —0.47, p = 0.0095), as
did pNFH (r = —0.63, p < 0.0001) (Figure 2A).

Interestingly, we found a negative correlation between FVC and CHIT1 (r = —0.45,
p = 0.020), which was not observed for other markers (Figure 2A). This is in line with a
negative correlation between FVC and progression rate (r = —0.47, p = 0.008).

There was a high correlation between CHI3L2 and pNFH (r = 0.79, p < 0.0001), as
well as for CHIT1 (r = 0.71, p < 0.0001). CHI3L1 had a reasonable correlation with pNFH
(r=0.52, p =0.006). On the other hand, CHI3L2 correlated with CHIT1 (r = 0.59, p = 0.0012)
and CHI3L1 (r = 0.55, p = 0.003) (Figure 2B), in contrast to CHIT1 versus CHI3L1.
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Table 1. Demographic information and levels of pNFH and chitinases from the CSF of the patients included. Median and interquartile range are shown. Abbreviations are: C, controls; CC,
concentration; M/F, male/female. Age is presented in years. ***, p < 0.001.

pNFH CHIT1 CHI3L1 CHI3L2
M/F Age CC (pg/mL) M/F Age CC (pg/mL) M/F Age CC (ng/mL) M/F Age CC (ng/mL)
C 11/8 62.3 (52.3-67.0) 338.7 (114.9-605.7)  12/12 55.9 (43.1-65.5) 638.9 (273.7-1678) 9/9 56.0 (45.8-67.0) 111.7 (84.3-147.7) 8/9 57.2 (47.7-67.0) 8.66 (6.47-12.13)
ALS  26/10  56.0 (48.0-66.4) 1751 (604.1-3285)  25/9  56.7 (47.4-66.3) 4254 (1293-17074) 24/8  58.0 (49.7-66.4) 128 (91.4-173.3) 22/8 594 (49.8-66.6)  12.10 (8.17-22.27)

p - 0.420 <0.0001 *** - 0.826 <0.0001 *** - 0.909 0.515 - 0.991 0.099
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Figure 2. Correlation of pNFH, CHIT1, CHI3L1 and CHI3L2 from the CSF of ALS patients with clinical parameters (A) and
with each other (B). Spearman’s r is presented. In (A), all values were considered for the calculations, whereas in (B), only
values from ALS patients for which pNFH, CHIT1, CHI3L1 and CHI3L2 were all concomitantly available (1 = 27) were
considered. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Survival of patients stratified by different levels of pNFH or CHI3L2 was signifi-
cantly different (log-rank test: x> = 9.0999, p = 0.003; log-rank test: x> = 8.4278, p = 0.004,
respectively), but not for CHIT1 or CHI3L1 (Figure 3).
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Figure 3. Kaplan—Meier survival curves stratified by low and high chitinase protein level (above or
below or equal to the median level). Time in months since first symptoms were considered.

Cox model showed that low CHI3L2 level was an independent predictor for survival,
in addition to age and disease duration (CHI3L2; HR = 0.201, 95% CI = 0.0525 to 0.7705,
p = 0.019) (Table 2).

Table 2. Cox proportional hazards modelling of factors known to be associated with survival and individual chitinase
proteins separately. b—regression coefficient; SE—standard error, Wald statistic; HR—hazard ratio; CI—confidence interval.

Covariate b SE Wald P HR 95% CI of HR
Age at onset 0.076 0.033 5.206 0.023 1.079 1.011 to 1.153
Disease duration at sampling —0.099 0.043 5.428 0.020 0.906 0.833 to0 0.984
CHIT1 -0.777 0.541 2.060 0.151 0.460 0.159 t0 1.328
Age at onset 0.049 0.032 2.291 0.130 1.050 0.986 to 1.119
Disease duration at sampling —0.096 0.042 5.301 0.021 0.908 0.837 to 0.986
CHI3L1 —0.398 0.531 0.562 0.453 0.672 0.237 t0 1.902
Age at onset 0.115 0.055 4.454 0.035 1.122 1.008 to 1.249
Disease duration at sampling —0.116 0.045 6.666 0.010 0.890 0.815 t0 0.972
CHI3L2 —1.604 0.685 5.478 0.019 0.201 0.053 t0 0.771
Age at onset 0.065 0.032 4.078 0.043 1.068 1.002 to 1.137
Disease duration at sampling —0.059 0.033 3.264 0.071 0.942 0.884 to 1.005
pNFH —0.890 0.537 2.741 0.098 0.411 0.143 t0 1.178

3.2. UHPLC-MS Analysis of CSF

In an attempt to identify potential products of CHIT1 activity in the CSF, we frac-
tionated CSF using reverse-phase C18 (to remove proteins and hydrophobic molecules)
and graphite Hypercarb (that binds oligosaccharides) cartridges to obtain an oligosaccha-
ride enriched fraction. Pools of CSF available from patients tested for CHIT1 were used.
Hypercarb-bound fractions were analyzed by UHPLC-MS using a Hypercarb column.
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We screened for putative CHIT1 products, which included chito-oligosaccharides as hy-
drolysis products of chitin (linear polymer of 31-4 linked GlcNAc) [36], the disaccharides
GalB1-4GlcNAc and GalNAcP1-4GIcNAc (LacdiNAc) as potential products of mamalian
glycoproteins or glycolipids [35] and oligosaccharides resulting from the hydrolysis of
hyaluronan (linear polymer of the repeating disaccharide GIcNAcB1-4GlcA1-3) that is
present in the CSF [37] and has some structural resemblance to chitin. From these, only a
signal at m/z 469.166 [M+FA-H] compatible with HexNAc-HexNAc was detected (Supple-
mentary Figure S1). This could correspond to di-N-acetylchitobiose (GlcNAcp1-4GlcNAc)
or LacdiNAc (GalNAcB1-4GlcNAc). It was not possible to perform fragmentation to
confirm the structure due to the low intensity of the signal.

4. Discussion

In this study, we presented evidence supporting the relevance of chitinases as ALS
biomarkers. This comparative study highlighted the importance of different chitinases as
potentially useful markers for distinct disease characteristics.

CHIT1 levels were elevated in ALS compared to disease controls, in agreement with
reports by other groups [13,16,28-30,38]. Furthermore, a high diagnostic performance of
CHIT1 was detected but it did not outperform pNFH. Most interestingly, we disclosed a
significant negative correlation between CHIT1 and the respiratory function index of forced
vital capacity (FVC). FVC measures potential respiratory impairment in ALS. Evidence
from the literature has indicated that FVC value may constitute a predictor of survival and
disease progression [39], which is further corroborated by our findings here. In this context,
it will be necessary to validate these results in a larger and independent cohort of patients.
For CHI3L1, there was not a significant increase, which is in agreement with others [16].

For CHI3L2, increased levels have been reported in the literature [30,32] but, in our
study, although an increase was observed, it was not significant. On the other hand, we
found CHI3L2 to be a significant and independent predictor of survival using Kaplan-Meier
estimator and Cox proportional hazards modelling, which contrasted to CHIT1 and CHI3L1.
For CHIT1, existing reports favor a predictive value of survival [30,38]. Concerning CHI3L1,
there is discrepancy of results in the literature [29,30,38]. The significant relevance of
CHIBL2 to predict survival in ALS observed in our patients differed from results of another
group [29,30]. Since the number of independent studies investigating CHI3L?2 is low in
the literature, our results emphasize the need to further investigate this chitinase and its
biomarker potential in larger independent cohorts of patients.

Although concentration values for all proteins were within the range described else-
where [13,30], there were some differences between our study and others concerning the
potential of different chitinases as biomakers for ALS. This was probably due to the number
and subject characteristics of the control group with other diseases, since some of the con-
trols may also exhibit chitinases induction. For example, in multiple sclerosis, an increase
in CHIT1 has been reported in the literature [40], which is in agreement with our findings.
Therefore, besides testing larger independent cohorts of ALS and control patients, it would
also be relevant to analyze additional control groups (e.g., healthy controls).

The three tested chitinases correlated with disease progression rate in ALS patients,
and CHIT1 and CHI3L2 showed the strongest correlations. These results were in agreement
with other authors [13,16,29,30,38]. Therefore, these molecules constitute potentially useful
biomarkers for progression rate, which is particularly useful in the context of precision
medicine that has patient stratification for differentiated therapeutic trials in mind.

We found that all chitinases correlated with pNFH, with the correlation being highest
for CHIT1 and CHI3L2. Since pNFH is a marker of neuronal damage [41], most importantly,
these results supported a connection between neuronal damage and neuroinflammation.
In ALS, neuroinflammation is characterized predominantly by the activation of microglia
and astrocytes, and by the presence in the CNS of non-resident immune cells, including
T cells, monocyte-derived macrophages and natural killer cells [11]. Many studies have
shown a deregulation in the levels of cytokines in the CSF and blood of ALS patients,
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including interleukins, tumor necrosis factors and interferon gamma produced by different
immune cells [10]. Glial cells that are normally supportive of neuron homeostasis may
become neurotoxic during the initial stages of the disease; this process may be triggered,
for example, by dysfunction and misfolding of mutant proteins associated with ALS
(e.g., SOD1, TDP-43, dipeptide repeat proteins) and neuron damage. Activated glial cells
and peripheral immune cells release toxic molecules, including pro-inflammatory cytokines
(e.g., IL-1p), that affect motor neuron integrity [10]. Therefore, a complex interplay between
neuronal damage and immune cell activation occurs in ALS.

Chitinases are secreted by activated glial cells, as well as by other cells of the immune
system [12,13,16]. CHIT1 was detected in microglia from the corticospinal tract [13] and
in macrophages [12]. CHI3L1 was found in a subset of activated astrocytes [16], mono-
cytes/macrophages [12]. CHI3L2 has been detected in macrophages [17]; curiously, it
has been reported in neuronal cells from the cerebral cortex (https://www.proteinatlas.
org/ENSG00000064886-CHI3L2 /tissue/ cerebral+cortex#img), but its expression in ALS
tissues has not been described so far. As such, the origin of CSF CHI3L2 is currently
unknown. Possible interplay between pro-inflammatory cytokines and chitinases has been
discussed [12], with implications for their functional activity. In this context, chitinases
recently appeared as promising therapeutic targets. For example, inhibition of CHI3L1 with
the compound K284-6111 prevented amyloid beta-induced neuroinflammation and impair-
ment of recognition memory via inhibition of the NF-kB pathway in an Alzheimer’s disease
mouse model [42]. In line with this, CHI3L1 was found to be neurotoxic towards cortical
neurons but not immune cells [43]. By contrast, human CHIT1 and CHI3L1 promoted
oligodendrogenesis from neural stem cells [44]. Additionally, CHIT1 had a protective role
in an Alzheimer’s disease rat model and N9 microglia cells [45]. More studies need to be
performed to evaluate whether chitinases are just bystanders resulting from immune cell
activation, or whether they have a physiological relevant role.

CHIT1 has chitinolytic activity towards chitin and artificial substrates [36], as well as
mammalian N-acetylglucosamine-containing glycoconjugates [35]. CHIT1 from human
CSF is active in vitro towards a synthetic substrate [30] but its endogenous target(s) is not
known. Our efforts aiming at identifying potential products of CHIT1 activity in the CSF
of patients tested here indicated an m/z signal compatible with the disaccharide HexNAc-
HexNAc, which could consist of di-N-acetylchitobiose (GIcNAc[31-4GlcNAc, a hydrolysis
product of chitin) or LacdiNAc (GalNAcf31-4GlcNAc, found in some human glycoproteins),
which are hydrolyzed by CHIT1 [35,36]. Humans do not produce chitin that is found in
fungi; however, there has been evidence of fungal infection in the CNS of ALS patients [46],
which could explain the origin of di-N-acetylchitobiose. On the other hand, evidence for
chitin-like polysaccharides has been reported in Alzheimer’s disease [47]. However, it
should also be considered that di-N-acetylchitobiose could originate from the degradation
of other glycoconjugates, such as N-linked glycans from endogenous human glycoproteins.
Since hyaluronan (polysaccharide of the repeating disaccharide of N-acetylglucosamine
and D-glucuronic acid) has some structural resemblance with chitin and is present in the
CSF [37], we also screened for potential hydrolysis products but found no signal compatible
with those oligosaccharides. This was in agreement with in vitro data indicating that CHIT1
did not cleave hyaluronan [48]. Limitations of this preliminary study include the following:
low volumes for testing; only a duplicate, but from two independent pools, was performed;
CSF pools were analyzed instead of individual samples; only ALS samples and not controls
for comparison were investigated. However, a methodology for the study of CSF-free
glycans has been presented. Moreover, a novel perspective has been presented to further
investigate whether the disaccharide HexNAc-HexNAc is found in independent ALS
and control samples, as well as in the positive scenario, to unequivocally elucidate the
corresponding structure by MS/MS and/or liquid chromatography techniques.

In conclusion, our results supported the importance of chitinases as biomarker targets
in ALS. Particularly, CHIT1 was a promising biomarker for diagnosis, progression rate
and respiratory function. These results provided novel perspectives to further explore the
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potential of chitinases as ALS biomarkers and their functional relevance, they and may
have implications in other neurological diseases.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/diagnostics11071210/s1, Figure S1: Full MS spectra with isotope pattern fit of HexNAc-
HexNAc identified using Compound Discoverer 3.2 (Thermo).
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