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Constitutive neuronal expression and 
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Chitinases are hydrolytic enzymes responsible for degrading chitin and have been evolutionarily conserved across 
various species. Although their signalling pathways are not fully understood, the chitinases are considered active im
munomodulators across several cell types. Specific isoforms, including chitotriosidase-1 (CHIT1), chitinase-3-like 
protein 1 (CHI3L1), and human-specific chitinase-3-like protein 2 (CHI3L2), have emerged as markers of inflammation 
across the neurodegenerative spectrum, including amyotrophic lateral sclerosis (ALS).
ALS is a fatal neuromuscular condition, and therapeutic development has been severely hindered by phenotypic het
erogeneity and an incomplete understanding of aetiology. Although several overlapping disease mechanisms can 
contribute to neuronal death, inflammation can exacerbate pathology. Prior studies have reported that CHIT1, 
CHI3L1 and CHI3L2 levels are elevated in the CSF of ALS patients and associated with disease aggressiveness. 
Nevertheless, several open questions critical to our understanding of the role of chitinases in ALS disease burden re
main: namely, (i) which cell types in the CNS are chitinase sources under physiological conditions; (ii) which of these 
display chitinase upregulation in ALS; and (iii) what is the diagnostic utility of the chitinases relative to established 
biomarkers. Here, we utilize preclinical models and post-mortem human tissue to demonstrate at both the transcrip
tomic and protein level that neurons are a primary source of chitinases; furthermore, neuronal chitinase expression 
is conserved across species. Under physiological conditions, CHI3L1 is more abundant and widely expressed across 
various cell types, whereas CHIT1 is predominantly expressed in neurons. Additionally, utilizing symptomatic mice 
from three familial ALS models, we demonstrate isoform-specific expression profiles, with astroglial and microglial 
upregulation of CHI3L1, and neuronal and microglial upregulation of CHIT1. Differing expression dynamics and diag
nostic utility were also noted in our clinical cohort: CSF CHIT1 and CHI3L2 levels had more discriminatory power 
when distinguishing between ALS versus non-ALS controls, while CHI3L1 was more closely associated with inflam
mation and ageing across the neurodegenerative spectrum. Although the chitinases did not diagnostically outper
form the neurofilament proteins, we posit that their expression profiles can inform the optimization of biomarker- 
guided trial design.
Taken together, we demonstrate that chitinase upregulation in ALS is evident in various CNS cell types and that its 
neuronal expression may provide new insights into its role in disease activity.
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Introduction
The chitinases belong to glycosyl hydrolase family 18 and cleave 
chitin, a natural polysaccharide found in the coating of various 
pathogens.1 Mammals possess both ‘true’ chitinases with enzym
atic activity and chitinase-like proteins (CLPs), which bind chitin 
with high affinity but are inactive. Humans have three active chit
inases: chitotriosidase (CHIT1), acidic mammalian chitinase 
(AMCase), and di-N-acetylchitobiase; and several CLPs, including 
chitinase 3-like-1 (CHI3L1) and chitinase 3-like-2 (CHI3L2). The ma
jority of these genes are located on chromosome 1, adjacent to the 
major histocompatibility complex (MHC), with this synteny likely 
indicating an organizational relationship between the chitinases 
and the immune system.2 Indeed, the chitinases participate in vari
ous processes, including tissue remodelling, T-helper 2 inflamma
tory responses and chemotactic signalling,1,3 suggesting that their 
role extends beyond innate immunity against chitin to active im
munomodulation. Chitinase expression is differentially regulated 
by various immunogenic stimulants and cytokines, including 
TNF-α, IFN-γ and members of the interleukin family 4–6; in turn, 
the chitinases themselves can regulate cytokine production via 
autocrine and/or paracrine signalling.4,5

Unsurprisingly, they are dysregulated in both systemic and neuro
degenerative conditions characterized by chronic inflammation (e.g. 
diabetes, frontotemporal dementia, Alzheimer’s disease and 
Parkinson’s disease).6-9 The chitinases have also been reported as sur
rogate markers of neuroinflammation in amyotrophic lateral 

sclerosis (ALS), a rapidly progressive neurodegenerative disease 
with a median survival of 2–4 years from symptom onset.10-12

Although over 30 ALS-linked genes have been identified, no 
disease-associated variant can be identified for close to 70% of cases, 
and available animal models do not fully recapitulate the phenotypic 
variability observed in patients.13,14 While several therapeutic agents 
targeting different pathological processes are being investigated, 
trials are significantly hampered because ALS is a multisystemic 
and heterogeneous condition.11 Several pathogenic mechanisms, in
cluding oxidative stress, excitotoxicity, axonal transport defects, pro
tein metabolism and neuroinflammation, converge on the final 
irreversible outcome of motor neuron degeneration.15-17

Independent studies have shown that CSF levels of CHIT1, CHI3L1 
and CHI3L2 are elevated in ALS patients18-20 and correlative with a de
cline in the Revised Amyotrophic Lateral Sclerosis Functional Rating 
Scale (ALSFRS-R) score, disease aggressiveness and overall 
survival.19-22 Nevertheless, the cellular origins of elevated chitinase 
levels remain to be fully characterized; this is crucial to understand
ing how chitinase upregulation is triggered and how it influences dis
ease burden and progression. The existing literature suggests that 
multiple sources, including peripheral immune cells, contribute to 
the baseline secretion of CHIT1 and CHI3L1, as monocyte-derived 
macrophages from ALS patients exhibit higher levels of CHIT1 and 
CHI3L1 secretion than those from healthy donors.23 Within the 
CNS, both microglial and astroglial expression of chitinases have 
been reported; however, analyses have been limited to post-mortem 
tissue at presumably advanced disease stages.18,24
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Here, we show that CSF CHIT1, CHI3L1 and CHI3L2 levels are 
elevated in a cohort of ALS patients and that, unexpectedly, neu
rons express these very isoforms. We use three ALS mouse mod
els and post-mortem patient tissue to show that neuronal 
expression is evident at both the transcriptomic and protein le
vels. By further characterizing chitinase levels in the spinal 
cord and cortex, we show that all major CNS populations, includ
ing neurons, are chitinase sources that are vulnerable to dysregu
lation in ALS.

Materials and methods
Participant recruitment and case classification for 
biomarker analyses

This study was performed in accordance with regulations stipu
lated by the local ethics committee (3633-11/12) and the 
Declaration of Helsinki. All participants were recruited from the re
gional registry at the Department of Neurology, University Hospital 
Jena, between 2015 and 2019, and biofluids were collected during 
routine clinical workups. The final cross-sectional study cohort 
comprised 39 patients with either definite, probable or laboratory- 
supported probable ALS (as per the revised El Escorial Criteria),25

13 individuals with other neurodegenerative diseases (neurodegen
erative disease controls, NDEGs) and 11 individuals with non- 
neurodegenerative conditions (non-neurodegenerative disease 
controls, NNDs). Participants formed a convenience series to en
sure biofluid availability, confirm diagnoses and capture high- 
and low-disease aggressiveness phenotypes (as determined by on- 
site D50 modelling22). Diagnoses for NDEG and NND cohorts are 
provided in Supplementary Table 1. Primary exclusion criteria con
stituted current intake of any immunomodulatory therapy, recent 
surgical interventions and the presence of comorbid frontotempor
al dementia (FTD) within the ALS cohort (as assessed according to 
the revised Strong criteria26).

Biofluid collection and laboratory marker analyses

CSF was obtained by lumbar puncture, and venous blood was 
drawn in EDTA Monovettes immediately after. All CSF samples 
were visually inspected for evidence of a traumatic puncture. 
CSF and plasma samples were centrifuged (5000g, 10 min, 4°C) 
within a maximum of 1 h of collection and stored at −80°C until 
further use. Commercially validated sandwich ELISA kits were 
used to assay all analytes: CHIT1 (CY-8074, MBL Life Science), 
CHI3L1 (DY2599, R and D Systems), CHI3L2 (CY-8087, MBL Life 
Science), pNfH (EQ 6561-9601, EuroImmun Diagnostics) and NfL 
(UD5100, IBL International). All samples and standards were as
sayed in duplicate per manufacturer instructions, and mean 
intra- and inter-assay coefficients of variation for all assays 
were <10% and <20%, respectively. Absorbance was measured 
at 450 nm (wavelength correction at 540 nm, or 635 nm for 
pNfH) using a TECAN multi-mode plate reader. Sample concen
trations were extrapolated using four-parameter logistic regres
sion analysis.

Mouse lines and husbandry

All animal experiments conform to the regulations of the local au
thorities (e.g. the Government of Upper Bavaria). Experimental an
imals were kept with littermates, and all animals were housed in 
individually ventilated cages with ad libitum access to food and 
water. Mice of both sexes were included in all experiments. 

Immunostaining experiments included the following models: 
Thy1-(GA)149-CFP27 (abbreviated to C9 GA-CFP), rNLS8-hTDP-4328

(abbreviated to hTDP-43) and SOD1-G93A29 [Tg(SOD1)2Gur/J, abbre
viated to SOD1]. Heterozygous transgenic SOD1 mice (Jackson, 
Stock No. 002726) and heterozygous C9 GA-CFP mice were crossbred 
to C57BL6J mice to generate negative littermate controls and trans
genic experimental animals. Transgenic C9 GA-CFP mice express 
codon-modified GA(149) [fused to cyan fluorescent protein (CFP)] at le
vels comparable to those observed in patients.27 Intercrossing of the 
two monogenic lines B6;C3-Tg(NEFH-tTA)8Vle/J (NEFH-tTA 
line 8, Stock No. 025397) and B6;C3-Tg(tetO-TARDBP*)4Vle/J 
(tetO-hTDP-43ΔNLS, line 4, Stock No. 014650; both lines obtained 
from Jackson), yielded bigenic (NEFH-tTA +/−; tetO-hTDP-43ΔNLS 
+/−) animals that were kept on doxycycline-containing (DOX) chow 
to suppress transgene expression; the disease phenotype was in
duced by switching to DOX-free chow. Expression can be reversibly 
induced in neurons by withdrawing doxycycline from the diet, 
with widespread hTDP-43 expression and motor symptom onset evi
dent at 1 and 2 weeks, respectively, after doxycycline withdrawal.28

Monogenic (NEFH-tTA −/−; tetO-hTDP-43ΔNLS +/−) mice, which do 
not develop TDP-43 pathology upon DOX removal, were used as con
trols. Ten-month-old adult Cx3cr1-GFP (Jackson, Stock No. 005582) 
and Aldh1l1-EGFP (MMRRC, Stock No. 011015-UCD) were used to as
sess chitinase expression in neurons, as well as GFP-expressing 
microglial and astroglial cells, respectively.

Transcriptomic experiments included 2- to 12-month-old male 
and female Aldh1l1-EGFP mice (n = 15); these animals were previ
ously used for a second unrelated study and were either untreated 
(n = 3) or sham-treated (recombinant control IgG ICOS-5-2, 6 µg/ml, 
with 20% healthy donor serum, diluted in artificial CSF). These ani
mals also had a 4 mm cranial window above the right somatosen
sory cortex for in vivo imaging.

Genotyping was performed according to standard protocols as 
previously described.30,31 Primers and expected products are avail
able upon request. No specific inclusion/exclusion criteria were set, 
and no data were excluded from analysis. All analyses were per
formed with the experimenter blinded to genotypes during experi
mental workflows.

Transcriptomic and RNA sequencing analyses

Mouse tissue

Superficial cortical tissue from the right main somatosensory area 
of Aldh1l1-EGFP mice was harvested and fresh-frozen (n = 15, disk 
width 4 mm, depth 250–500 µm). Total nuclear RNA was extracted 
on ice as described in the ‘Frankenstein protocol for nuclei isolation 
from fresh and frozen tissue’.32 Briefly, tissue was homogenized in 
1 ml of Nuclei EZ Prep Lysis Buffer (Sigma-Aldrich) using pestle 
homogenizers for 1.5/2 ml Eppendorf microtubes (Eppendorf) for 
5 min, filtered using a 70 µm strainer mesh (Miltenyi Biotech) and 
then centrifuged (4°C, 500g, 5 min). The resulting pellet was resus
pended in 1.5 ml of EZ Lysis buffer supplemented with Protector 
RNAse-Inhibitor (Roche) and subjected to two additional centrifu
gation–resuspension cycles. Finally, the pellet was resuspended 
in 500 µl of buffer and filtered using 30 µm cell strainers (Miltenyi 
Biotech). The isolated nuclei were stained using NeuN (Abcam, 
Cat. No. EPR12763, 1:500). Subsequently, fluorescence-activated 
cell sorting, employing forward- and side-scatter-gating, was 
used to isolate cellular nuclei from both neuronal and non- 
neuronal populations. A stringent isolation step was applied, ex
cluding 90% of neurons (as indicated by the NeuN+ signal), ensuring 
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a robust statistical analysis of both neuronal and non-neuronal 
cells. Following cell sorting, samples were loaded onto 10x chips 
(10x Genomics) for cDNA library preparation, conducted according 
to the manufacturer’s protocol. Single-nucleus RNA sequencing 
(snRNA-seq) libraries were generated using the 10x Genomics 
Single Cell 3′ (v3) RNA-seq technology combined with nucleus 
hashing. Single-index library preparation was performed accord
ing to the manufacturer’s guidelines. The libraries were se
quenced by Novogene using Illumina NovaSeq. Bioinformatics 
analyses were performed using R version 4.2.2 within RStudio 
2023.06.0. For downstream analysis, the following packages were 
used: Seurat (version 4.3.0), ggplot2 (version 3.4.1) and UMAP (ver
sion 0.2.10.0).

Human tissue

Post-mortem brain tissue samples were provided by the 
Neurobiobank Munich in accordance with the Ethics Committee 
guidelines of Ludwig-Maximilians University Munich. All cases 
were collected with informed consent, and the cohort included 
ALS patients (n = 9) and neurologically healthy controls (n = 5). For 
nuclei isolation from post-mortem snap-frozen human cortical tis
sue, we utilized an optimized version of the ‘Frankenstein protocol 
for nuclei isolation from fresh and frozen tissue’.32 Snap-frozen 
cortical tissue samples were collected and homogenized in 
Nuclei EZ Lysis Buffer (Sigma-Aldrich) with the help of pestles. 
To remove impurities, nuclei were filtered sequentially with 
70 µm and 30 µm strainers (Miltenyi Biotech). To further 
purify the homogenate, nuclei were stained with DAPI and 
fluorescence-activated nuclei sorting was performed on DAPI+ nu
clei. Sorted nuclei were used to generate cDNA libraries using the 
10x Chromium 3′ platform (v3.1, single index) according to the 
manufacturer’s instructions (10x Genomics). cDNA libraries were 
sequenced at the Institute of Clinical Molecular Biology (IKMB) at 
the University of Kiel, Germany (NovaSeq6000, S4 500M reads/sam
ple, 2 × 150 bp). The Cell Ranger Single Cell Software Suite (version 
5.0.1, 10x Genomics, Pleasanton, CA) was employed to obtain a un
ique molecular identifier (UMI) count matrix. The resulting gene 
expression count matrix was analysed by the ‘R’ package ‘Seurat’ 
(v4.0.2) for single-cell RNA sequencing, using the default ‘RNA’ 
assay.33

Motor neuron cultures

Primary mouse motor neuron cultures were derived from embryon
ic Day (E) 12.5 embryos and cultured for 7 days in vitro as previously 
described.34 Induced pluripotent stem cell (iPSC)-derived motor 
neuron cultures were established from a patient with familial ALS 
(harbouring pathogenic mutation S393L in TDP43, female, 83 years 
of age, positive family history of ALS) and a neurologically healthy 
control (female, 48 years of age, negative for most common 
ALS-causing mutations, including C9, SOD1, FUS and TDP43) as pre
viously described.35 iPSC differentiation was performed as previ
ously described36 and based on established protocols.37,38 Briefly, 
iPSCs were differentiated into expandable neural progenitor cells 
(NPCs), followed by differentiation into motor neurons. For motor 
neuron maturation and subsequent RNA isolation, NPCs were fur
ther differentiated for 9 days before dissociation, and 500 000 cells 
were plated into polyornithine/laminin-coated Xona microfluidic 
chambers. Motor neurons were processed for RNA isolation 3 
weeks after plating; analytical details are provided in the 
Supplementary material.

Immunostaining analyses

Mouse tissue

Animals were lethally anaesthetized with isoflurane (CP Pharma) 
and transcardially perfused with a pre-flush of PBS followed by 
4% paraformaldehyde (PFA) in PBS. Brains and spinal cords were 
post-fixed in 4% PFA at 4°C for 24–48 h. Free-floating vibratome sec
tions were cut at a thickness of 50 μm (VT1200S, Leica). Antigen re
trieval was performed before immunostaining for 15 min at 90°C in 
sodium citrate buffer (10 mM, pH 6.0). Sections were incubated for a 
maximum of two nights at 4°C with primary antibodies diluted in 
blocking solution [0.5% Triton, 5% donkey serum and 5% bovine ser
um albumin (BSA, Sigma-Aldrich in PBS)] and washed in PBS-T (PBS 
with 0.05% Tween-20).

Primary antibodies included anti-CHIT1 (Invitrogen, Cat. No. 
PA5-76778, 1:400), anti-CHI3L1 (Invitrogen, Cat. No. PA5-95897, 
1:400), anti-NeuN (Millipore, Cat. No. MAB377, 1:500), anti-NeuN 
conjugated to Alexa Fluor 488 (Abcam, Cat. No. ab190195), 
anti-Iba-1 conjugated to SPICA Dye568 (Wako, Cat. No. 015-28011, 
1:500), anti-GFAP (Invitrogen, Cat. No. A-21282, 1:500), anti-GFAP 
(Sigma-Aldrich, Cat. No. G3893), anti-GFP (Abcam, Cat. No. 
ab13970, 1:1000; Invitrogen, Cat. No. A10262) and ChAT antibody 
(Sigma-Aldrich, Cat. No. AB144P, 1:60). Sections were incubated 
with suitable secondary antibodies coupled to Alexa Fluor 488, 
Alexa Fluor 568, Alexa Fluor 594 or Alexa Fluor 647 (Invitrogen: anti- 
rabbit: Cat. No. A-21246, Cat. No. A32795; anti-mouse: Cat. No. 
A-11005, Cat. No. A21203; anti-chicken: Cat. No. A-11042; anti-goat: 
Cat. No. A11057 and Jackson Immuno: anti-chicken Cat. No. 
703-545-155) for 1.5 h at room temperature, counterstained with 
DAPI (ThermoFisher, Cat. No. 62248) and mounted using 
Fluoromount-G (Southern Biotech) or Vectashield Antifade 
Mounting Medium (H-1000-10, Vector Laboratories). Notably, initial 
optimization experiments revealed that the simultaneous applica
tion of primary antibodies anti-CHI3L1 (Abcam, Cat. No. ab180569) 
and anti-GFAP (Encor Biotech, Cat. No. CPCA-GFAP) resulted in 
cross-reaction and complete co-localization of these antigens. We 
therefore used an anti-CHI3L1 antibody from Invitrogen. Negative 
controls omitting the primary antibodies were also performed.

Human tissue

Immunostaining was performed on fresh-frozen, formalin-fixed, 
paraffin-embedded motor cortex samples from the snRNA sequen
cing cohort described above. The immunostaining cohort included 
6/9 ALS patients and 3/5 neurologically healthy controls (indivi
duals highlighted in Supplementary Table 1). Paraffin-embedded 
sections of 4 µm thickness were first deparaffinized using 100% 
RotiHistol (2×, 5 min) and then rehydrated along an ethanol gradi
ent (100% twice, 96%, 80%, 70%; 1 min each). Antigen retrieval was 
performed by boiling for 10 min in preheated antigen unmasking 
solution (Vector Laboratories, H-3300, 1:100). Sections were briefly 
washed in distilled water, and autofluorescence was quenched 
(EMD Millipore, 2160, 1 min); following this, sections were incu
bated in freshly prepared 3% H2O2 for 10 min. Sections were then 
washed in TBS-T (TBS pH 7.6; 0.001% Triton X-100) and blocked 
for 1 h in blocking solution (PBS, 0.5% Triton X-100, 10% 
heat-inactivated horse serum). Primary antibodies were diluted in 
blocking solution and incubated overnight at 4°C. Antibodies in
cluded anti-NeuN (chicken, ABN91, Sigma-Aldrich, 1:500); 
anti-CHIT1 (rabbit, PA5-76778, Invitrogen, 1:100); anti-CHI3L1 (rab
bit, PA5-95897, Invitrogen, 1:200) and anti-CHI3L2 (rabbit, 
PA5-112921, Invitrogen, 1:100). After TBS-T washes, sections were 
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incubated with corresponding peroxidase-conjugated secondary 
antibodies for 2 h at room temperature: horse anti-rabbit (MP-7401) 
ImmPRESS IgG Polymer Kit, Peroxidase, Vector Laboratories; goat 
anti-chicken IgY (H + L) Secondary Antibody, horseradish peroxidase 
(A16054, Thermo Fisher Scientific, 1:500). After TBS-T washes, sec
tions were incubated with fluorophore diluted 1:500 in freshly pre
pared borate buffer (100 mM borate buffer, 0.003% H2O2) for 10 min. 
The fluorophores used were TSA Vivid Fluorophore 520 and 570 
(7523/1, 7526/1, Bio-Techne). Multiplexed staining was performed se
quentially: primary antibody incubations were performed separately 
overnight, following repetition of antigen retrieval (boiling for 3 min 
and then keeping in hot buffer for 20 min). Nuclei were counter
stained with DAPI (1:1000, in PBS, 3 min), and slides were mounted 
with Fluoromount-G (0100-01, Southern Biotech).

Image acquisition, analyses and representation

Z-stack images were acquired using a confocal microscope (LSM 710, 
Zeiss, or FV3000, Olympus) with 20×/N.A. 0.8; 40×/N.A. 1.3 and 63×/ 
N.A. 1.4 oil objectives. Acquisition parameters were held constant 
for each specimen, allowing comparisons of immunostaining inten
sities between experimental and control mice; intensities were quan
tified using the ‘mean gray value’ parameter in ImageJ.39 CHIT1 and 
CHI3L1 immunoreactivity was measured inside marker-positive 
(NeuN, Iba-1, GFAP) cells. Custom in-house macros defined marker- 
positive (NeuN+, Iba-1+, GFAP+) cells. Images were pre-processed to 
develop an automated mask that could be applied to the original im
age for accurate segmentation. Macro accuracy was visually inspected 
and verified on several stainings. For NeuN, preprocessing included 
the application of a pseudo-flat field correction, rolling ball back
ground subtraction (200 pixels), the ‘Median’ filter and finally the 
‘Huang 2’ auto-threshold. For Iba-1, preprocessing included the appli
cation of a rolling ball background subtraction (200 pixels), the 
‘Maximum’ and ‘Minimum’ filters sequentially, the ‘Li’ auto-threshold 
and exclusion of all objects <500 pixels using the ‘Analyse Particles’ 
function. For GFAP, preprocessing included the application of a rolling 
ball background subtraction (50 pixels), sequential use of the 
‘Minimum’ and ‘Maximum’ filters, an ‘Unsharp’ mask and finally 
the ‘Huang 2’ auto-threshold. These objects were then superimposed 
on the corresponding chitinase channel, allowing for the measure
ment of mean grey values within specific cell populations. Chitinase 
quantification within neuronal and glial populations was performed 
on single optical sections and sum projections (10 slices), respectively.

For microglial count around NeuN-positive objects (‘Sholl ana
lysis’), chitinase intensity in NeuN-positive objects was measured 
to select the ‘highest’ and ‘lowest’ chitinase-expressing neurons 
(six regions of interest each). Preprocessing included the area selec
tion around each NeuN-positive object by drawing six concentric 
circles [macro including n(Circles) = 6 and radius(Step) = 50 pixels] 
around the selected region of interest. For total Iba-1-positive ob
jects, the preprocessing (on sum projection) included the 
‘Triangle White’ auto-threshold, a selection of objects with radius  
= 2.2, ‘Skeletonize’ filter and exclusion of all objects <20.5 pixels 
using the ‘Analyse Particles’ function. Single optical sections are 
presented for all figures; channels were merged in pseudocolour 
using the ‘screen’ function in Adobe Photoshop.

Statistical analyses

All analyses were performed using SPSS Statistics (v26.0), GraphPad 
Prism (V10.4) and MedCalc® (v20.023) software packages. Normality 
was assessed using the Shapiro–Wilk test, and all bioanalyte levels 

were log-transformed. Differences in age and gender between diag
nostic cohorts and ALS sub-cohorts were assessed using one-way 
ANOVA and Fisher’s exact test. Correlations were assessed using 
Pearson’s r. Between-group differences were assessed using a one- 
way analysis of covariance (ANCOVA), followed by the Bonferroni 
correction for post hoc tests. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the classifier’s perform
ance in distinguishing between ALS and non-ALS cases. Optimal 
cut-off values were determined using the Youden index, and all 
percentages are rounded to the nearest whole value. Between-group 
differences in immunostaining experiments were assessed using 
an unpaired t-test with (with Welch’s correction for unequal stand
ard deviations) following log-transformation; data are reported as 
the mean and the standard error for the mean difference. For re
porting immunostaining intensity, mean grey values from patients 
and experimental mice were normalized to the average of respective 
data set controls (set to 1), resulting in an x-fold expression index. 
Differential gene expression testing was performed using the 
non-parametric Wilcoxon rank sum test. Two-tailed statistical 
significance was set at P < 0.05, P < 0.01 and P < 0.001.

Results
CSF chitinase levels are substantially increased in 
ALS patients

We first assessed if chitinase upregulation is a specific feature of ALS 
by analysing chitinase levels in the plasma and CSF of the three fol
lowing cohorts: NND controls, n = 11; NDEG controls, n = 13 (see 
Supplementary Table 1 for all diagnoses); and ALS patients [n = 39, on
set type (bulbar:limb) 15:24]. C9orf72 mutations were confirmed in 
three ALS patients, and 37/39 patients were on Riluzole treatment 
at the time of sampling. Age was similar between NDEGs [median =  
69.8 (61.7–76.9) years] and ALS patients [median = 67.4 (61.3–75.4) 
years]; however, both these cohorts were significantly older than 
the NND cohort [median = 56.9 (44.5–70) years; P = 0.015]. The gender 
distribution did not significantly differ between diagnostic cohorts 
[female %, NND = 27%, sex ratio (male:female) 8:3; NDEG = 53%, sex ra
tio (male:female) 6:7; ALS = 48%, sex ratio (male:female) 20:19]. Given 
that peripheral immune cells, including macrophages and neutro
phils, are chitinase sources,9 we first quantified chitinase levels in 
plasma, where concentrations of CHI3L1 (Fig. 1A), CHIT1 (Fig. 1B) 
and CHI3L2 (Fig. 1C) were found to be similar across groups. In con
trast, in CSF, CHI3L1 (Fig. 1D), CHIT1 (Fig. 1E) and CHI3L2 (Fig. 1F) levels 
showed significant inter-group differences. All three chitinases were 
significantly elevated in the CSF of ALS patients relative to NND con
trols (Fig. 1D–F), while NND and NDEG controls exhibited similar chit
inase concentrations (Fig. 1D–F). Notably, CSF levels of CHIT1 and 
CHI3L2 (Fig. 1E and F), but not CHI3L1 (Fig. 1D), were also significantly 
higher in ALS patients compared with NDEG individuals. This sug
gests that upregulation of these two isoforms is reflective of an 
ALS-specific signature,9 while CHI3L1 upregulation appears to be a 
more general feature of neurodegenerative conditions. This is largely 
consistent with previous reports of age-related increases and their 
potential role as an indicator of the broader ‘inflammaging’ 
processes.40

Glial chitinase expression is upregulated in 
symptomatic ALS mice

Given that our CSF data confirmed elevated chitinase levels in the 
CNS and that glial chitinase expression has been previously 

Neurons as chitinase sources in ALS                                                                                      BRAIN 2026: 149; 3457–3474 | 3461

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awag083#supplementary-data


reported,18,24,41 we next sought to characterize both potential cellu
lar chitinase sources and disease-associated expression dynamics 
in the murine spinal cord. To this end, we employed the 
Thy1-(GA)149-CFP (abbreviated as C9 GA-CFP),27 SOD1-G93A (abbre
viated as SOD1) and rNLS8-hTDP-43 (abbreviated as hTDP-43) ALS 
mouse models. C9 GA-CFP+ mice develop aggregates of poly-GA di
peptide repeat proteins in neurons, which are implicated in 
C9orf72-mediated pathology, and exhibit microgliosis and moder
ate TDP-43 phosphorylation, but no overt neuronal loss.27

Transgenic SOD1 mice express large amounts of human SOD1 
with the disease-causing G93A mutation and rapidly display gliosis 
and motor neuron loss, leading to paralysis at approximately 3 
months of age.29 We also qualitatively inspected the hTDP-43 mod
el, which expresses a human TDP-43 protein lacking the nuclear lo
calization leading to rapid ALS pathology, including TDP-43 
pathology, motor neuron loss and reduced survival.28 Overall, the 
hTDP-43 and SOD1 models present with a more aggressive disease 
phenotype than the C9 GA-CFP model.

First, we assessed CHI3L1 and CHIT1 expression and protein le
vels within GFAP⁺ astrocytes in the ventral horn of the lumbar 
spinal cord, as this is a key site of ALS pathology. CHI3L2 was not as
sessed, as this isoform is only present in humans. Immunostaining 
was performed on sections from symptomatic C9 GA-CFP+ (n = 5), 
SOD1+ (n = 4) and hTDP-43 (n = 2) mice and their respective control 
littermates (n = 5, n = 3 and n = 2; Fig. 2 and Supplementary Fig. 1). 
Approximately half of all GFAP+ astrocytes in control mice were 
CHI3L1+, while this proportion was 20% higher in transgenic C9 
GA-CFP+ and SOD1+ mice (Fig. 2A–F). Moreover, astrocytic CHI3L1 
immunostaining intensity was 1.5-fold higher in transgenic mice 
(Fig. 2A–F), and a similar trend was observed in the hTDP-43 mouse 

model (Supplementary Fig. 1A–D). In contrast, both the proportion 
of CHIT1⁺ astrocytes and expression levels were similar between 
transgenic and control mice in the C9 GA-CFP and SOD1 models 
(Fig. 2G–L) and only appeared qualitatively increased in hTDP-43+ 

mice (Supplementary Fig. 1E–H).
Next, we analysed chitinase expression in Iba1⁺ microglia, as 

they have been described as chitinase sources and play a key role 
in neuroinflammation and disease progression.9 As observed with 
astrocytes, transgenic C9 GA-CFP⁺ and SOD1⁺ mice had a 20% higher 
proportion of CHI3L1⁺ microglia relative to their littermate controls 
(Fig. 2M–Q), with an approximately 1.5-fold increase in CHI3L1 im
munostaining intensity in transgenic C9 GA-CFP⁺ mice (Fig. 2O). 
Transgenic mice in both models also presented with an increased 
proportion of CHIT1+ microglia (∼15%) and approximately 1.3-fold 
higher microglial CHIT1 levels relative to control mice (Fig. 2S–X). 
This was also qualitatively confirmed in transgenic hTDP-43⁺ 
mice (Supplementary Fig. 1I–P).

Collectively, these findings demonstrate consistent CHIT1 and 
CHI3L1 upregulation in spinal cord glia across three ALS mouse 
models, underscoring the link between chitinases and neuroin
flammatory burden. Notably, CHIT1 upregulation was restricted 
to microglia, whereas CHI3L1 was upregulated in both astro- and 
microglia.

Neuronal expression of CHI3L1 and CHIT1 
and dysregulation in ALS mouse models

Given that our initial experiments indicated chitinase expression in 
structures reminiscent of neuronal somata, we also performed 
multiplex CHIT1 or CHI3L1 immunostaining on spinal cord sections 

Figure 1 Cross-sectional analyses of chitinase levels in plasma and CSF. Chitinase concentrations (ng/ml) in the plasma (A–C) and CSF (D–F) of NNDs 
(n = 11), NDEGs (n = 13) and ALS patients (n = 39). (A) Plasma, CHI3L1; (B) plasma, CHIT1; (C) plasma, CHI3L2; (D) CSF, CHI3L1; (E) CSF, CHIT1; (F) CSF, 
CHI3L2. Between-group differences were assessed using a one-way ANCOVA with age included as a covariate. Data are presented as box plots with 
whiskers demarcating 95% confidence intervals. Statistical significance, *P < 0.05 and **P < 0.01. All axes are displayed in log10 scale. ALS = amyotrophic 
lateral sclerosis; NDEGs = neurodegenerative disease controls; NNDs = non-neurodegenerative disease controls.
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Figure 2 Glial chitinase expression in the spinal cord of the C9 GA-CFP and SOD1 ALS mouse models. (A, D, G and J) Representative confocal images of 
quantitative immunostaining for (A and D) CHI3L1 or (G and J) CHIT1 (red), GFAP (green) and DAPI (nuclei, blue) in spinal cord ventral horn. Right: CHI3L1 
or CHIT1 (red), DAPI (blue) (A and G) C9 GA-CFP− littermate controls (top, Ctrl) and symptomatic C9 GA-CFP+ mice (bottom, Tg). (D and J) SOD1− littermate 
controls (top, Ctrl) and symptomatic SOD1+ mice (bottom, Tg). (B, E, H and K) Quantification of CHI3L1- (B and E) or CHIT1-expressing (H and K) GFAP+ 

astrocytes in Ctrl versus Tg mice in the C9 GA-CFP and SOD1 models (CHI3L1, C9 GA-CFP P = 0.007, SOD1 P = 0.02; CHIT1, C9 GA-CFP P = 0.001, SOD1 P = 
0.002). (C, F, I and L) Quantification of CHI3L1 (C and F) or CHIT1 (I and L) immunostaining intensity in GFAP+ astrocytes in Ctrl versus Tg mice the C9 GA- 
CFP and SOD1 models (CHI3L1, C9 GA-CFP P = 0.03, SOD1 P = 0.01; CHIT1, C9 GA-CFP and SOD1 P > 0.05). (M, P, S and V) Representative confocal images of 
quantitative immunostaining for (M and P) CHI3L1 or (S and V) CHIT1 (red), Iba-1 (green) and DAPI (nuclei, blue) in the spinal cord ventral horn. Right: 
CHI3L1 or CHIT1 (red) and DAPI (blue). (M and S) C9 GA-CFP− littermate controls (top, Ctrl) and symptomatic C9 GA-CFP+ mice (bottom, Tg). (P and V) 
SOD1− littermate controls (top, Ctrl) and symptomatic SOD1+ mice (bottom, Tg). (N, Q, T and W) Quantification of CHI3L1- (N and Q) or CHIT1-expressing 
(T and W) Iba-1+ microglia in Ctrl versus Tg mice in the C9 GA-CFP and SOD1 models (CHI3L1, C9 GA-CFP P = 0.005, SOD1 P = 0.01; CHIT1, C9 GA-CFP and 
SOD1 P > 0.05). (O, R, U and X) Quantification of CHI3L1 (O and R) or CHIT1 (U and X) immunostaining intensity in Iba-1+ microglia in Ctrl versus Tg mice 
in the C9 GA-CFP and SOD1 models (CHI3L1, C9 GA-CFP P = 0.01, SOD1 P = 0.60; CHIT1, C9 GA-CFP P = 0.03, SOD1 P = 0.02). Immunostaining intensity 
reported as x-fold index. Data are presented as mean ± standard error of the mean; statistical significance, *P < 0.05 and **P < 0.01, unpaired t-test. 
Scale bar = 10 µm in A, applies to all images. C9 GA-CFP model: five Ctrl, five Tg mice. SOD1 model: three Ctrl, four Tg mice. Cells quantified/animal: 
Iba1⁺ microglia n ≥ 50, GFAP⁺ astrocytes n ≥ 50. Ctrl = control; Tg = transgenic.
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with NeuN, a general neuronal marker. Both chitinases showed 
clear and robust cytoplasmic localization in NeuN⁺ neurons in the 
ventral horn of transgenic C9 GA-CFP+, SOD1+ and hTDP-43+ mice, 
as well as their littermate controls (Fig. 3 and Supplementary Fig. 

1Q–X). Neuronal chitinase immunostaining was also validated 
with a second CHI3L1 antibody (Supplementary Fig. 2). C9 
GA-CFP⁺ mice exhibited an approximately 10% increase in 
CHI3L1⁺ neurons (Fig. 3A–C) and a 1.4-fold elevation in CHIT1 

Figure 3 Neuronal chitinase expression in the spinal cord of the C9 GA-CFP and SOD1 ALS mouse models. (A, D, G and J) Representative confocal 
images of quantitative immunostaining for (A and G) CHI3L1 or (D and J) CHIT1 (red), the neuronal marker NeuN (green) and DAPI (nuclei, blue) in 
the spinal cord ventral horn. Right: CHI3L1 or CHIT1 (red) and DAPI (blue). (A and D) C9 GA-CFP− littermate controls (top, Ctrl) and symptomatic C9 
GA-CFP+ mice (bottom, Tg). (G and J) SOD− littermate controls (top, Ctrl) and symptomatic SOD1+ mice (bottom, Tg). (B, E, H and K) Quantification of (B 
and H) CHI3L1− or (E and K) CHIT-expressing NeuN+ cells in (B and E) C9 GA-CFP+ versus C9 GA-CFP− (CHI3L1 P = 0.01, CHIT1 P > 0.05) or (H and K) 
SOD1+ versus SOD1− mice (CHI3L1 and CHIT1 P > 0.05). (C, F, I and L) Quantification of (C and I) CHI3L1 or (F and L) CHIT1 immunostaining intensity 
in NeuN+ cells in (C and F) C9 GA-CFP+ versus C9 GA-CFP− (CHI3L1 P > 0.05, CHIT1 P = 0.03) or (I and L) SOD1+ versus SOD1− mice (CHI3L1 and CHIT1 
P > 0.05). (M) Representative confocal images of quantitative immunostaining for NeuN (green), CHI3L1 (red), Iba1 (white) and DAPI (nuclei, blue) in 
the spinal cord ventral horn. Right: CHI3L1 (red) and DAPI (blue). Yellow arrows indicate CHI3L1+ Iba1+ microglia surrounding a CHI3L1+ neuron. (N) 
Quantification of the number of CHI3L1+ microglia surrounding high (green) or low (grey) expressing CHI3L1+ neurons in SOD1+ versus SOD1− 

mice—at least n ≥ 50 cells/animal. Immunostaining intensity reported as x-fold index. Data are presented as mean ± standard error of the mean; stat
istical significance, *P < 0.05 and **P < 0.01, unpaired t-test. Scale bar = 10 µm in A, applies to all images. C9 GA-CFP model: five Ctrl, five Tg mice. SOD1 
model: five Ctrl, five Tg mice. Cells quantified/animal: NeuN+ neurons n ≥ 50. Ctrl = control; Tg = transgenic.
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intensity relative to controls (Fig. 3D–F), whereas neither CHIT1 nor 
CHI3L1 proportion or intensity were altered in the SOD1 ALS model 
(Fig. 3G–L). Although judged qualitatively, immunostainings re
vealed a similar disease-associated neuronal chitinase upregula
tion in the hTDP-43 mouse model (Supplementary Fig. 1Q–X). 
Together, these data show that neurons are a physiological chiti
nase source, and their role in disease-associated chitinase upregu
lation has been underappreciated. We further hypothesized that 
CHI3L1⁺ neurons may recruit microglia, given that CHI3L1 is a se
creted glycoprotein and our observation of several CHI3L1+ micro
glia adjacent to CHI3L1⁺ neurons in the SOD1 model (Fig. 3M). To 
this end, we employed Sholl analyses to quantify Iba1⁺ cells within 
a 50 µm radius of neurons with high versus low CHI3L1 levels in 
transgenic SOD1⁺ and control mice. Indeed, neurons with higher 
CHI3L1 levels were surrounded by significantly more CHI3L1+ 

microglia in both control and transgenic mice, suggesting chemo
tactic signalling (Fig. 3N).

Given our observation of neuronal chitinase expression in the 
ventral horn and the selective vulnerability of motor neurons in 
ALS, we examined chitinase expression directly in motor neurons 
in vivo and in vitro. First, we performed multiplexed staining for 
CHIT1/CHI3L1 and choline acetyltransferase (ChAT), a marker 
specific to motor neurons in the ventral horn of the lumbar spinal 
cord. Both control and transgenic mice from the C9 GA-CFP 
and SOD1 models showed similar proportions (∼70%–80%) of 
chitinase-expressing ChAT⁺ motor neurons (Supplementary Fig. 
3). Intriguingly, RNA-seq analysis of primary murine motor neuron 
cultures indicated minimal chitinase expression (Supplementary 
Fig. 3). In line with this, compartmentalized RNA-seq analysis of 
iPSC-derived motor neurons differentiated from an ALS patient 
and a matched healthy control showed similarly low chitinase 
transcript abundance (Supplementary Fig. 3). In summary, adult 
motor neurons from both control and ALS transgenic mice exhibit 
robust chitinase expression in vivo, a phenomenon absent in cul
tured neurons.

As neuronal chitinase expression has not been previously re
ported, we examined another CNS region using 10x snRNA-seq of 
somatosensory cortical grey matter from Aldh1l1-EGFP mice (n =  
15). This generated 36 000 nuclear transcriptomes (Fig. 4A) and, 
after unbiased clustering, 30 cellular populations comprising neu
rons (30%), oligodendrocytes (34%), oligodendrocyte precursor cells 
(OPCs, 3.5%), astrocytes (15%), microglia (16%) and minor cell types 
(3.5%; Fig. 4B). CHI3L1 transcripts were detected mainly in glia but 
also in neurons (astrocytes 5.5%; microglia 2.8%; neurons 0.8%; oli
godendrocytes 0.4%; OPCs 1.25%; Fig. 4C–F). In contrast, CHIT1 ex
pression was lower overall and relatively enriched in neurons, 
with minimal detection in glial populations (astrocytes 0.03%; 
microglia 0%; neurons 0.16%; oligodendrocytes 0.02%; OPCs 0.08%; 
Fig. 4C–F). Neuronal cluster mapping revealed that chitinase- 
positive neurons aligned primarily with excitatory glutamatergic 
and pyramidal cell identities, with smaller contributions from bipo
lar neurons (Fig. 4G–I). To validate these transcriptomic findings, we 
performed immunostaining in adult wild-type mice (n = 4). Both 
CHI3L1 and CHIT1 showed robust expression in NeuN⁺ neurons in 
cortical layers V (Fig. 5A–D) and II/III (Supplementary Fig. 4). 
Quantification of immunostaining intensity demonstrated consid
erable intrinsic variation in CHI3L1 (Fig. 5E) and CHIT1 (Fig. 5F) ex
pression levels across the neuronal population, as predicted by 
the snRNA-seq dataset. Next, we assessed glial chitinase expres
sion by immunostaining cortical sections from Aldh1l1-EGFP and 
Cx3cr1-EGFP mice, which provide transgenic labelling of astrocytes 
and microglia, respectively. CHI3L1 protein co-localized with both 

Aldh1l1-EGFP⁺ astrocytes and Cx3cr1-EGFP⁺ microglia, whereas 
CHIT1 expression was low in both glial populations (Fig. 5G–N), 
which aligns with our data from the spinal cord. Overall, transcrip
tomic expression patterns in the cortex were broadly similar to 
those observed at the protein level by immunostaining. In the ab
sence of neurodegenerative stimuli, CHIT1 expression is lower 
and predominantly neuronal, while CHI3L1 is both more abundant
ly and broadly expressed across all major CNS populations.

Neuronal chitinase expression in post-mortem 
human motor cortex

To determine whether neuronal chitinase expression is conserved 
in humans, we performed snRNA-seq on cortical nuclei isolated 
from the motor cortex of five neurologically healthy controls 
(HCs) and nine ALS patients, including cases with familial C9orf72 
(n = 5) and sporadic cases (n = 4; Supplementary Table 2). All ALS 
cases were neuropathologically confirmed by the presence of intra
cytoplasmic phospho-TDP43 inclusions in the motor cortex and 
spinal cord, corticospinal tract degeneration with myelin loss and 
microglial activation. We assessed transcript abundance of 
CHI3L1, CHIT1 and the human-specific isoform CHI3L2 across major 
CNS cell types, including excitatory and inhibitory neurons, astro
cytes, oligodendrocytes and microglia (Fig. 6A–C). Of all the cellular 
clusters defined by Uniform Manifold Approximation and 
Projection (UMAP) plots of the cortex of healthy individuals (n =  
98, 522 cells), CHI3L1 expression was most abundant in astrocytes, 
but also observed in excitatory neurons. In ALS patients, both the 
proportion of CHI3L1⁺ astrocytes and CHI3L1 transcript levels were 
significantly elevated (Fig. 6D and E), mirroring observations in 
ALS mouse models. Similarly, CHIT1⁺ and CHI3L1⁺ microglia were 
more abundant in ALS patients, accompanied by higher microglial 
CHI3L1 transcript levels (Fig. 6D and E). Oligodendrocytes expressed 
all three chitinases in healthy individuals, with a modest expansion 
of the CHI3L1⁺ fraction in ALS in comparison to healthy individuals, 
but no significant change in overall transcript levels (Fig. 6D and E). 
Taken together, these data identify astrocytes as the primary glial 
source of CHI3L1 and indicate an ALS-associated upregulation of 
CHI3L1 in both astrocytes and microglia. We next analysed neurons 
by excitatory and inhibitory cluster identity (Fig. 6A); CHI3L1 and 
CHIT1 neuronal transcripts were observed in both control and ALS 
patient samples, whereas CHI3L2 was barely detectable (Fig. 6F 
and G). Consistent with our transcriptomic mouse data, chitinase 
expression was predominantly observed in excitatory neurons, 
particularly cluster 7 (Fig. 6G and Supplementary Fig. 5A–E). This 
subcluster was further characterized by positive expression of a 
combination of markers, including ARSJ (arylsulfatase family mem
ber J), TLL1 (tolloid-like 1) and TRABD2A (TraB domain containing 
2A) (Supplementary Fig. 5F and G). Furthermore, cluster 7 neurons 
express upper cortical layer markers like CUX2 (cut like homeobox 
2) and RORB (RAR related orphan receptor B), pointing to a potential 
localized reduction of chitinase expression in layers II/III of the mo
tor cortex in ALS (Supplementary Fig. 6F). Additionally, CHI3L1 ex
pression was significantly elevated in a subset of interneurons in 
ALS (P < 0.05; Fig. 6F–H), whereas CHIT1 levels were unchanged. 
Finally, comparative analysis revealed no significant differences 
in chitinase expression across CNS populations in sporadic versus 
familial ALS. These findings expand our understanding of neuronal 
chitinase biology, revealing isoform- and cell-type-specific regula
tion in the human cortex.

To corroborate the human neuronal transcriptomic data, we 
performed immunostainings for the three chitinase isoforms in 
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Figure 4 Single-nuclei RNA sequencing of murine cortex confirms neuronal CHIT1 and CHI3L1 expression. (A and B) Uniform Manifold Approximation 
and Projection (UMAP) of six cell types and 30 cell-type specific subclusters from n = 36 000 cells from the somatosensory cortex (Aldh1l1-EGFP reporter 
mice, n = 15), mapping on main broad cortical cell types. (C and D) UMAP plots highlight the distribution of (C) CHI3L1 and (D) CHIT1 expression across 
cortical cell clusters. (E and F) Violin plots comparing (E) CHI3L1 and (F) CHIT1 expression levels between clusters. (G) Dot plot of average gene expression 
(DEG) of CHI3L1 and CHIT1 across all neuronal cell clusters; cluster identifiers match those in B. (H and I) Mapping of neuronal clusters from G onto 
canonical neurotransmitter H and morphology I markers. Differences in gene expression levels calculated using the Wilcoxon rank sum test; statistical 
significance, *P < 0.05, **P < 0.01 and ***P < 0.001. Axes for E and F are displayed in log10 scale. OPC = oligodendrocyte precursor cells.
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Figure 5 CHIT1 and CHI3L1 protein expression in the mouse motor cortex. (A–D) Representative confocal images of cortical layer V in a healthy adult 
mouse immunostained for (A and B) CHI3L1 (red) or (C and D) CHIT1 (red), NeuN (green) and DAPI (nuclei, blue). (B and D) Enlarged boxed insets in 
merged pseudocolour for (B) CHI3L1 and (D) CHIT1 and DAPI (nuclei, blue) and corresponding chitinase-only panels to the right. (E and F) Violin plots 
depicting intrinsic variation in (E) CHI3L1 and (F) CHIT1 intensity in NeuN+ neurons after normalization to group mean intensity (n = 4 Aldh1l1-EGFP 
mice, ≥250 NeuN+ cells/animal); dashed line = median, black lines = quartile positions. (G–J) Representative confocal images of cortical layers II/III in 
an adult Aldh1l1-EGFP mouse immunostained for (G and H) CHI3L1 (red) or (I and J) CHIT1 (red), astrocytes (green) and DAPI (nuclei, blue). (H and J) 
Enlarged boxed insets for (H) CHI3L1 and (J) CHIT1 and DAPI (nuclei, blue) in merged pseudocolour and corresponding chitinase only panels to the right. 
(K–N) Representative confocal images of cortical layers II/III in an adult Cx3cr1-GFP mouse immunostained for (K and L) CHI3L1 (red) or (M and N) CHIT1 
(red), microglia (green) and DAPI (nuclei, blue). (L and N) Enlarged boxed insets for (L) CHI3L1 and (N) CHIT1 and DAPI (nuclei, blue) in merged pseudo
colour corresponding to chitinase-only panels to the right. Scale bar = 10 µm in A applies to A–D. Scale bar = 10 µm in G applies to G–N.
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Figure 6 Chitinase expression in healthy controls and ALS patients based on single-nuclei RNA sequencing of human primary motor cortex. 
Single-nuclei RNA sequencing in the primary motor cortex in a cohort of healthy controls (HCs, n = 5) and patients with sporadic (n = 4) or familial 
(C9orf72, n = 5) ALS. (A) Uniform Manifold Approximation and Projection (UMAP) of main glial and neuronal clusters displaying six main cell types: oli
godendrocytes (violet, n = 41 910), astrocytes (light red, n = 13 979), microglia (ochre, n = 7234), OPC (pink, n = 6138), excitatory neurons (orange, n = 14 705) 
and interneurons (green, n = 14 556). (B and C) UMAP plots highlight the distribution of log-normalized gene expression (log2-fold change, log2FC) levels 
of CHI3L1, CHIT1 and CHI3L2 in (B) HCs and (C) ALS patients. (D) Fraction of astrocytes (left), microglia (middle) and oligodendrocytes (right) expressing 
CHIT1, CHI3L1 and CHI3L2. (E) Expression levels of CHIT1, CHI3L1 or CHI3L2 in astrocytes, microglia and oligodendrocytes in HCs and ALS. (F) Fraction of 
excitatory and inhibitory interneurons expressing CHIT1 or CHI3L1 in HCs and ALS. (G) Dot plot of z-scored gene expression of CHIT1, CHI3L1 and CHI3L2, 
and the fraction of cells expressing them per cluster in HCs and ALS patients. (H) Expression levels of CHIT1, CHI3L1 or CHI3L2 in excitatory neurons and 
interneurons in HCs and ALS patients. Data in (D and F) correspond to the median plus individual data (open circles, sporadic ALS; closed circles, 
C9orf72 familial ALS); groups were compared using two-tailed, unpaired t-tests. *P < 0.05. In E and H, significance was determined by a two-tailed 
Wilcoxon rank sum test. **P < 0.01. ALS = amyotrophic lateral sclerosis; OPC = oligodendrocyte precursor cells.
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motor cortex sections from the same individuals. Neuronal expres
sion was evident for CHI3L1 (Fig. 7A–C), CHIT1 (Fig. 7D–F) and 
CHI3L2 (Fig. 7G–I) in cortical layers V and II/III (Supplementary 
Fig. 6) for both controls and patients with ALS. Quantitative analysis 
of neuronal chitinase immunoreactivity revealed no significant 
between-group differences, although substantial inter-individual 
variability was noted (Fig. 7C, F and I and Supplementary Fig. 6). 
Finally, chitinase expression levels were similar between patients 
with sporadic versus familial ALS, as observed in the snRNA-seq 
experiment.

In summary, we show that neurons are a major physiological 
source of chitinases in both the mouse and human cortex and, 
like glia, show isoform-specific dysregulation of chitinases in ALS.

Chitinases in CSF are correlated with but do not 
diagnostically outperform the neurofilament 
proteins

Given the neuronal origin of the chitinases, we wanted to examine 
how they relate to the neurofilament polypeptides, as the latter are 
well-established biomarkers for ALS.16,42,43 The neurofilaments are 
heteropolymers that are essential components of the neuronal 
cytoskeleton and comprise several subunits, including neurofila
ment light (NfL), medium and heavy (NfH) chains.44 Elevated NfL 
and phosphorylated NfH (pNfH) levels in the CSF and plasma of 
ALS patients have been consistently reported and are believed to 
reflect neuro-axonal injury.45,46 As expected, both CSF NfL and 
pNfH levels were significantly higher in the ALS cohort relative to 
both the NDEG and NND cohorts, where baseline levels were very 
low (Fig. 8A and B). Notably, CSF neurofilament levels also signifi
cantly correlated with levels of three chitinases (Fig. 8C and D), 
underscoring the link between neuronal damage and increased 
CSF chitinase levels. Discriminatory power was assessed by com
bining the NDEG and NND groups and using ROC curve analysis 
to distinguish between ‘ALS’ versus ‘non-ALS’ (Fig. 8E and 
Supplementary Table 3). The strongest classifier performance was 
noted for pNfH, which had the largest area under the curve (AUC). 
CHI3L1 showed no significant discriminatory power, in line with 
the lack of significant difference observed between the ALS and 
NDEG cohorts, whereas CHIT1 and CHI3L2 were able to discrimin
ate well between groups (Fig. 1E).

Discussion
Here, we show that key chitinase family members, previously con
sidered exclusively glial in origin, are constitutively expressed by 
cortical and spinal neurons in both preclinical disease models 
and human tissue. Neurons, in addition to astrocytes and micro
glia, present with chitinase upregulation in ALS. These data, com
bined with the strong association with neurofilament levels, 
suggest that elevated CSF chitinase levels could be recruited as a 
metric of neural injury rather than inflammation alone. 
Consequently, our work adds chitinases to the biomarker reper
toire and provides a new lens through which to interpret the role 
of the chitinases in ALS and exploit them to expedite therapeutic 
development.

We observed that CHIT1 and CHI3L2 were significantly elevated 
in ALS CSF compared with both NDEG and NND groups.19,24,47

CHI3L1 was increased only relative to NNDs and failed to distin
guish ALS from non-ALS controls, which fits with its broad CNS ex
pression and upregulation in other neurodegenerative disorders, 
including Alzheimer’s48 and Parkinson’s disease.49 Among the 

chitinases, CHI3L2 showed the highest AUC and strongest correl
ation with pNfH—the most robust diagnostic marker overall.46,50

The differing diagnostic potential of chitinases supports the idea 
that varying expression reflects subtle differences in the underlying 
pathology, as seen in ALS and FTD, which exhibit overlapping but 
divergent chitinase profiles. CHIT1 levels predict ALS progression51

and motor impairment,19,52,53 and CHIT1/CHI3L2 can differentiate 
C9orf72-ALS from C9orf72-FTD.54 Conversely, CHI3L1 CSF levels 
are higher in FTD compared to ALS52 and associated with increased 
cognitive deficits.19,52,55 Our results underscore that despite being 
strongly intercorrelated, individual chitinases display distinct ex
pression profiles and cannot be used interchangeably. pNfH, 
CHIT1 and CHI3L2 are more reflective of ALS pathology and there
fore better suited for diagnostic refinement, while NfL and CHI3L1 
are highly sensitive to disease aggressiveness and more appropri
ate for prognostic assessment.22 We did not detect between-group 
differences for CHIT1, CHI3L1 or CHI3L2 in plasma, confirming that 
chitinase upregulation is predominantly a feature of the CNS.18,24

Our study uses preclinical models to quantitatively recapitulate 
chitinase upregulation in the CSF of ALS patients at the cellular le
vel. We observed CHIT1 upregulation in microglia, thus corroborat
ing previous findings,18,56 and CHI3L1 expression in both astrocytes 
and microglia,18,41,57 contrary to prior reports of it being exclusively 
astroglial in ALS.24 A recent study of human iPSC-derived microglia 
confirmed enriched CHI3L1 expression and secretion,41 while 
RNA-seq of motor cortex tissue from ALS patients revealed that 
CHI3L1 and CHI3L2 upregulation was likely driven by an over
representation of microglia.58 Similarly, in brain autopsies from pa
tients with multiple sclerosis, CHI3L1 expression predominated in 
CD68+ macrophages/microglia in the early disease stages but sub
sequently spread to astrocytes in later stages.56 Interestingly, 
neurotoxic astrocytes in ALS are induced by classically activated 
microglia via the secretion of inflammatory factors,59 and exposure 
to conditioned macrophage media induced CHI3L1 expression in 
astrocytes.60 Increased glial CHI3L1 expression in ALS may there
fore follow as a sequela of neuronal damage.

Using two independent methods, we identify neurons as a pre
viously unrecognized chitinase source, a finding that supports the 
idea of a pro-inflammatory cascade in ALS pathology. Progressive 
neuronal loss might be accompanied by elevated intraneuronal 
chitinase levels and increased extracellular secretion, possibly as 
an acute response to cell death and aggregate formation. Secreted 
chitinases can act on glia, which are themselves chitinase sources, 
by triggering the production of pro-inflammatory cytokines and in
creasing their migratory capacity.18,57,60,61 Degenerating neurons 
may create a damage-associated chemotactic axis, thus recruiting 
neighbouring glia, as we observed in the SOD1 model, where 
CHI3L1+ neurons were surrounded by CHI3L1+ microglia. An analo
gous ‘neuronal-glial’ inflammatory ‘shift’ has been reported in 
Alzheimer’s disease, wherein pro-inflammatory cytokines were 
first evident in neurons and subsequently triggered the activation 
of neighbouring microglia.62

Moreover, high chitinase concentrations are neurotoxic in vitro 
and in vivo following intrathecal injections.61,63 This, combined 
with the autocrine and paracrine effects of the chitinases, can set 
up a feed-forward pathological cascade, ultimately contributing 
to the chronic neuroinflammatory milieu characteristic of ALS. 
This hypothetical cascade also aligns with observations from longi
tudinal studies showing that chitinase elevation is a feature of late 
presymptomatic disease: levels rise sharply in mutation carriers at 
the time of phenoconversion, possibly in response to neuronal loss, 
and then stay relatively stable over time.22,24,64 Although 
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Figure 7 Immunostaining of human motor cortex confirms neuronal chitinase expression in healthy controls and ALS patients. Chitinase immunos
taining in cortical layer V of the primary motor cortex (M1) in a cohort of healthy controls (HCs, n = 3), patients with sporadic ALS (sALS, n = 3) and pa
tients with familial ALS (C9orf72, n = 3). (A–C) Representative confocal images immunostained for CHI3L1 (red), NeuN (green) and DAPI (nuclei, blue) 
from a HC and an ALS patient. (B) Insets on the right depict CHI3L1 (red) and DAPI (blue). (C) Quantification of CHI3L1 intensity in NeuN+ regions of inter
est normalized to the mean intensity of HCs. (D–F) Representative confocal images immunostained for CHIT1 (red), NeuN (green) and DAPI (nuclei, 
blue) from a HC and an ALS patient. (E) Insets on the right depict CHIT1 (red) and DAPI (blue). (F) Quantification of CHIT1 intensity in NeuN+ regions 
of interest normalized to the mean intensity of HCs. (G–I) Representative confocal images immunostained for CHI3L2 (red), NeuN (green) and DAPI (nu
clei, blue) from a HC and an ALS patient. (H) Insets on the right depict CHI3L2 (red) and DAPI (blue). (I) Quantification of CHI3L2 intensity in NeuN+ areas 
normalized to the mean intensity of HCs. Data in graphs C, F and I are presented as fold changes relative to the HC mean, lines indicate the mean, and 
data points indicate individual patients (triangles, HC; squares, C9orf72; circles, sALS). Scale bar = 10 µm in A, applies to all images. Cells quantified/ 
individual n ≥ 50 NeuN+ neurons. ALS = amyotrophic lateral sclerosis.
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qualitative, our observation of more pronounced chitinase upregu
lation in the phenotypically severe hTDP-43 mouse model suggests 
a link to overall disease aggressiveness in ALS. This is supported by 
the recent finding that chitinase upregulation in spinal cord sam
ples from ALS patients positively correlated with increased expres
sion and activity of RIPK1, a key regulator of the necrotic cell death 
pathway.65 We have also previously used the D50 model to show 
that CSF CHIT1 and CHI3L1 levels are significantly higher in 

patients with increased disease aggressiveness, independent of 
disease phase.22

Transcriptomic analyses revealed that neuronal chitinase 
expression was predominantly associated with glutamatergic neu
rons—a notable finding, given the established role of glutamatergic 
excitotoxicity in ALS and that Riluzole, one of the few approved 
treatments, is thought to act partly by modulating glutamatergic 
transmission. While the therapeutic targeting of chitinases 

Figure 8 Cross-sectional analyses of neurofilament levels in CSF. (A) pNfH and (B) NfL concentrations (ng/ml) in the CSF of NNDs (n = 11), NDEGs (n = 13) 
and ALS patients (n = 39), i.e. the same cohort as in Fig. 1. (C and D) Correlation analyses for chitinases CHI3L1 (stars), CHIT1 (diamonds) and CHI3L2 
(inverted triangles) with (C) pNfH and (D) NfL. Data are displayed as combined scatter plots. Individual rho values for correlations with pNfH: 
CHI3L2 r = 0.75; CHIT1 r = 0.74; CHI3L1 r = 0.47 and NfL: CHI3L2 r = 0.75; CHIT1 r = 0.71; CHI3L1 r = 0.56. (E) ROC curve analysis with sensitivity and spe
cificity. NDEG and NND cohorts were combined to create a ‘non-ALS’ cohort to assess if analytes can distinguish between ALS versus non-ALS. 
Values are displayed in Supplementary Table 3. Axes for A–D are displayed in log10 scale; statistical significance *P < 0.05 and **P < 0.01. ALS = amyo
trophic lateral sclerosis; NDEG = neurodegenerative disease controls; NND = non-neurodegenerative disease controls; ROC = receiver operating 
characteristic.
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remains unexplored, their biomarker potential is clear: they predict 
disease aggressiveness,22 improve the prognostic utility of the neu
rofilament proteins22 and reflect the primary degenerative process 
in ALS. The recent approval of Tofersen was based on its ability to 
reduce plasma NfL levels rather than meeting the primary clinical 
end point of slowing ALSFRS-R decline,66 underscoring the critical 
need for validated biomarkers to demonstrate therapeutic effect 
and target engagement.

Data availability
The data supporting the conclusions of this article will be made 
available by the authors upon reasonable request.
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