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CELLULAR NEUROSCIENCE

CHI3L1 signaling impairs hippocampal neurogenesis
and cognitive function in autoimmune-mediated
neuroinflammation
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Chitinase-3-like protein 1 (CHI3L1) is primarily secreted by activated astrocytes in the brain and is known as a
reliable biomarker for inflammatory central nervous system (CNS) conditions such as neurodegeneration and
autoimmune disorders like neuromyelitis optica (NMO). NMO is an astrocyte disease caused by autoantibodies
targeting the astroglial protein aquaporin 4 (AQP4) and leads to vision loss, motor deficits, and cognitive
decline. In this study examining CHI3L1’s biological function in neuroinflammation, we found that CHI3L1 ex-
pression correlates with cognitive impairment in our NMO patient cohort. Activated astrocytes secrete CHI3L1 in
response to AQP4 autoantibodies, and this inhibits the proliferation and neuronal differentiation of neural stem
cells. Mouse models showed decreased hippocampal neurogenesis and impaired learning behaviors, which
could be rescued by depleting CHI3L1 in astrocytes. The molecular mechanism involves CHI3L1 engaging the
CRTH2 receptor and dampening B-catenin signaling for neurogenesis. Blocking this CHI3L1/CRTH2/B-catenin
cascade restores neurogenesis and improves cognitive deficits, suggesting the potential for therapeutic devel-

opment in neuroinflammatory disorders.

INTRODUCTION

Chitinase-3-like protein 1 (CHI3L1; also known as YKL-40 in
humans and BMP-39 in mice) is a secreted glycoprotein that
belongs to the diverse glycoside hydrolase family 18 (1-3). In circu-
lation and peripheral tissues, our collaborative group and others
have documented that CHI3L1 functions as a signaling molecule
to mediate a wide range of immune and inflammatory responses
by engaging a defined set of surface receptors and downstream sig-
naling cascades (4—10). In the brain, the limited yet emerging liter-
ature demonstrates that CHI3L1 is primarily secreted by activated
astrocytes and indicates a neurotoxic inflammatory state of neuro-
inflammation (2, 11-13). CHI3L1 is a high-profile biomarker for an
array of neurological disorders hallmarked by neuroinflammation,
including the neurodegenerative condition of Alzheimer's disease
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(14, 15), the malignancy of glioblastoma (13, 16), and autoimmune
disorders such as multiple sclerosis (17) and neuromyelitis optica
(NMO) spectrum disorder (18-20). To date, little is known about
the biological role of this astroglial factor CHI3L1 in neuroinflam-
mation and CNS disease manifestations.

Being a well-characterized astrocyte disease, NMO is an uncom-
mon disabling autoimmune central nervous system (CNS) disorder
resulting from the primary astrocytopathy caused by autoantibodies
targeting the astroglial surface protein aquaporin 4 (AQP4), which
serves as the major diagnostic criterion (21). Secondary to the AQP4
immunoglobulin G (IgG)-induced astroglial activation, the demye-
lination and neuronal damage manifest as relentless loss of spinal
cord and optic nerve functions, as well as salient cognitive impair-
ment that greatly aggravates the disease burden (22, 23). Of note,
anatomical and functional abnormalities of the hippocampus
have been reported in clinical studies of NMO by us and others, cor-
roborating the structural basis of hippocampal dysfunction in astro-
glial activation (24-28). Given the strong correlation between the
CHI3L1 level and clinical severity in NMO (18-20), it is thus of
our high interest to investigate the involvement of CHI3LI in the
development of hippocampal dysfunction and cognitive impair-
ment in neuroinflammation.

Within the hippocampus, one well-defined cell type has been in-
dependently validated to be affected by neuroinflammatory re-
sponses—the neural stem cells (NSCs). Scores of studies solidly
described the noxious effects of neuroinflammation on the prolifer-
ation and neuronal differentiation of NSCs—the process of neuro-
genesis—in the hippocampus subgranular zone (SGZ) from adult
mouse brains (29-31). The inflammatory cytokines and other
factors secreted by activated glia in the microenvironment have
been shown to account for such inhibitory effects (29-32).
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Prompted by our prior studies on NSC differentiation and inflam-
matory signaling mechanism (33-35), we decided to focus on NSCs
and aimed at illustrating a distinct cellular signaling mechanism of
CHI3L1 as the proof of concept for a fundamental CHI3L1 function
in the brain.

In this study, we first confirmed the induction of CHI3L1 and
neuroinflammatory features in cultured astrocytes activated by
well-characterized proinflammatory stimuli, including the cytokine
interleukin-1p (IL-1B) and AQP4 autoantibodies. CHI3L1I secreted
from the activated astrocytes drastically inhibited NSC proliferation
and neuronal differentiation in vitro. In vivo, we analyzed hippo-
campal tissues from young adult mice overexpressing CHI3L1 or
receiving the passive transfer of anti-AQP4 IgG (36-39) that activat-
ed astrocytes to induce CHI3L1 secretion and triggered neuroin-
flammation. We noted a significant reduction in adult
hippocampal neurogenesis and defective learning behaviors.
Notably, such in vivo defects can be rescued by CHI3L1 depletion
in astrocytes. We sought to define the signaling mechanism
whereby CHI3L1 governs the detrimental effect on neurogenesis
by identifying the receptor and downstream pathway in NSCs.
Mechanistically, CHI3L1 engages the CRTH2 receptor and
dampens B-catenin signaling, which is critical for neurogenesis.
Last, we showed that this CHI3L1/CRTH2/p-catenin cascade can
be targeted to restore neurogenesis and ameliorate cognitive deficits
resulting from neuroinflammation. Our findings provide pioneer-
ing evidence for the biological role of CHI3L1 in the brain, depart-
ing from its long-regarded role as merely a biomarker. The
discoveries we made here would be highly advantageous for the de-
velopment of much-needed therapeutics to prevent neuroinflam-
matory toxicity going beyond NMO and relevant autoimmune
brain diseases.

RESULTS

CHI3L1 is induced in astrocytes activated by
proinflammatory stimuli of cytokines and antibody-
mediated immune response

We first confirmed the induction of CHI3L1 in activated astrocytes
by analyzing two independent transcriptome datasets of mouse as-
trocytes undergoing neurotoxic activation after inflammatory stim-
ulation in vivo (40) and in vitro (41). In astrocytes acutely purified
from young adult mice subject to intraperitoneal injection of lipo-
polysaccharide (LPS), the CHI3L1 level was dramatically increased
[fig. S1A in vivo; Hasel et al. (40)]; the increase was even more
obvious in the cultures of primary astrocytes treated with proin-
flammatory cytokines of IL-1, tumor necrosis factor (TNF), and
Clq [ ITG; fig. S1A in vitro; Guttenplan et al. (41)]. To further in-
vestigate the role of CHI3L1 in immune-mediated neuroinflamma-
tion, we prepared primary astrocyte cultures with high purity (fig.
S1B) and functional maturity (fig. S1C) and treated them with IL-
13, monoclonal mouse antibodies against AQP4 (msAQP4-IgG)
(39), and human anti-AQP4 autoantibodies purified from NMO
patients’ plasma (hsAQP4-1gG) (37, 38), with control conditions
of vehicle [phosphate-buffered saline (PBS)], mouse control IgG
(msCtrl-IgG), and human control IgG (hsCtrl-IgG, pooled from
healthy subjects’ plasma), respectively (Fig. 1A). The binding of
anti-AQP4 IgG to the surface AQP4 protein on astrocytes in vitro
was repeatedly shown to provoke inflammatory features (36-38)
and, more importantly, to internalize and degrade AQP4 in
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astrocytes—a distinctive pathology hallmark that distinguishes
NMO from the relevant autoimmune disease multiple sclerosis
(21). We observed marked induction of CHI3L1 mRNA level in
all three treatment conditions by quantitative real-time polymerase
chain reaction (qQPCR) assays, with the hsAQP4-IgG being the most
robust one (Fig. 1B). All three treatments also caused a surge in
protein levels of CHI3L1 and glial fibrillary acidic protein
(GFAP), signifying the activation of astrocytes (Fig. 1, C and D).
Only the treatments with anti-AQP4 antibodies (Fig. 1D), but not
IL-1p (Fig. 1C), led to the loss of AQP4 expression. To systemically
probe the cellular consequences of immune-mediated astroglial ac-
tivation, we referred to prior studies based on the use of human IgG
derived from NMO patients (37, 38) and RNA-sequenced mouse
astrocytes nontreated or treated with three independent replicate
batches of our hsAQP4-IgG or hsCtrl-IgG. Overall, we noticed a
considerable change in gene profile that distinctly separated the
clusters of hsAQP4 and control IgG treatment samples (fig. S1D).
We identified a total of 152 differentially expressed genes (DEGs)
that met our statistical criteria, with 110 up-regulated and 42
down-regulated ones (fig. S1E and Fig. 1, E and F). The gene ontol-
ogy (GO) enrichment analysis showed a clear picture of inflamma-
tory and immunological responses (fig. S1F). The induction of a
reactive program was further corroborated after we contrasted our
data with a similar astroglial transcriptome dataset from Walker-
Caulfield et al. (37) based on array-based gene expression analysis.
The overlap of 91 genes out of our 152 DEGs was considerable
(Fig. 1, E and F), and the hierarchical clustering of the heatmap
based on these 91 overlapped DEGs clearly discerned the hsCtrl-
IgG and hsAQP4-IgG samples and depicted the transcriptional sig-
nature of immune-mediated astroglial activation (Fig. 1E). The
most significantly enriched GO pathways for these overlapped
genes (Fig. 1G) were akin to the analysis of our own DEGs (fig.
S1F) and included cellular responses to proinflammatory cytokines
and viral infections. The 21 secreted proteins that overlapped
between the two studies outlined the core response of immune-ac-
tivated astrocytes, with CHI3L1 as a key responder (Fig. 1H). We
integrated the data from our untreated samples to discriminate
the effect from hsCtrl-IgG treatment and pinpointed the GO
pathway of neuroinflammation. We recognized a group of C—C
and C—X—C motif chemokine genes, including CCL2, CCL5,
CCL6, CCL7, CCL17, CXCL1, and CXCL10, together with IL-1a
and IL-B that denoted the hsAQP4-IgG—induced neuroinflamma-
tory feature (Fig. 1I). The analysis of the overlap by a published
gene change pattern of astrocyte activation (42) revealed CHI3L1
as a top gene that distinguished the hsCtrl-IgG- and hsAQP4-
IgG—treated astrocytes (Fig. 1]). In addition, we inquired into the
analyses of the 91 overlapped DEGs for the involved cellular path-
ways by using two distinct computational tools: the Pathview (43)
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(44) and the Gene Set Enrichment Analysis (GSEA) (45). The
nuclear factor kB (NFkB) canonical pathway—which has been doc-
umented to be critical for neurotoxic inflammation of astrocytes
(46) and can be activated by CHI3L1 (47)—was the most prominent
one in hsAQP4-IgG—induced astroglial activation (fig. S1, G and H).
These findings jointly supported the notion that CHI3L1 is induced
in astrocytes activated by immune-mediated inflammatory stimuli
and is an important secreted protein in neuroinflammation associ-
ated with the astroglial autoimmune response of hsAQP4-IgG
expression.
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Fig. 1. Characterization of CHI3L1 induction and inflammatory features of primary astrocytes activated by the proinflammatory stimuli. (A) Schematic diagram
showing the treatment of primary mouse astrocyte cultures with IL-13 (100 ng/ml) or PBS, the monoclonal mouse antibodies against AQP4 (msAQP4-IgG, 100 ng/ml) or
the control mouse IgG (msCtrl-IgG, 100 ng/ml), and human anti-AQP4 autoantibodies purified from NMO patients (hsAQP4-IgG, 100 ng/ml) or control human IgG (hsCtrl-
19G, 100 ng/ml). (B) Relative levels of CHI3L1T mRNA in primary astrocytes treated with IL-18, msAQP4-IgG, or hsAQP4-IgG. n = 3. (C) Representative images and quantifi-
cation of astroglial marker expression in astrocyte cultures treated with PBS or IL-1 after 24 hours. n = 4. (D) Representative images and quantification of astroglial marker
expression in astrocyte cultures treated with msAQP4-1gG or hsAQP4-IgG, alongside msCtrl-IgG or hsCtrl-IgG for 24 hours. n = 4. (E) RNA-seq of hsCtrl-lgG— and hsAQP4-
lgG-treated astrocytes, with 91 DEGs being overlapped with the dataset of Walker-Caulfield et al. (37), shown in hierarchical clustering heatmap of gene fold changes
(normalized to the untreated astrocytes). (F) Venn diagram of the overlapped DEGs in comparison to the genome-wide dataset of all secreted proteins. (G) GO enrichment
analysis of the 91 overlapped DEGs. (H) Hierarchical clustering of 21 overlapped DEGs that were secreted proteins. (1) Analysis of the gene fold changes in the overlapped
DEGs with the GO of neuroinflammation. (J) Analysis of the gene fold changes in the overlapped DEGs by the gene set of astrocyte activation [Zamanian et al. (42);
“"reactive”]. Scale bar, 100 um. The bar graphs were presented as means + SEM; the statistical evaluation of (C) and (D) was performed with Student’s t test for two
conditions; for (B), with one-way analysis of variance (ANOVA) and Tukey's post hoc multiple comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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CHI3L1 secretion correlates with neurocognitive
impairment and hippocampal dysfunction in human brains
affected by autoimmune-mediated astrocyte activation

To investigate the clinical relevance of an elevated CHI3L1 level in
neuroinflammation, we examined our multicenter, longitudinal
NMO patient cohort with complete disease records, which is
larger than all prior studies to date (18, 19, 20) and comprises 73
patients and 46 age-matched healthy controls (table S1). The auto-
antibodies against AQP4 were detected in all patients, and in agree-
ment with all prior studies (18, 19, 20, 48), the demographic data
well reflected the dominance of young women (mean age: 42.8 +
12.1 years; male/female = 7/66) and the high prevalence of brain
demyelinating lesions, myelitis, and optic neuritis (table S2 and
fig. S2A). We measured serum CHI3LI levels in a subset of
healthy controls and NMO patients, and noticed significantly
higher values in the patient group (Fig. 2A and table S2; healthy
controls: 25.2 + 9.4 ng/ml, NMO: 47.7 + 28.0 ng/ml). The measure-
ments of cerebrospinal fluid (CSF) CHI3L1 levels also showed a sig-
nificant increase in NMO patients, based on samples collected from
another subset of this cohort (Fig. 2A and table S2; healthy controls:
95.5 + 43.4 ng/ml, NMO: 143.8 + 54.2 ng/ml). In addition, as we
described earlier, we performed immunohistochemical examina-
tions on biopsied live brain tissues from our prior study (33, 49)
including one NMO patient and one non-NMO control of head
trauma patient (table S3). In addition to the characteristic reduction
of AQP4 expression within the end-feet of astrocytes (along the vas-
culature labeled by endothelial marker CD31), we found that nearly
all astrocytes (labeled with GFAP) were positive for CHI3L1
(Fig. 2B). Unique to our cohort is the comprehensive neuropsycho-
logical assessments, including the batteries of Hamilton Anxiety
Rating Scale (HARS) and Hamilton Depression Rating Scale
(HDRS) for general anxiety and depression-like symptoms, as
well as the standard tests of Mini-Mental State Examination
(MMSE), Symbol Digit Modalities Test (SDMT), Brief Visuospatial
Memory Test Revised (BVMT-R), and five formats of California
Verbal Learning Test (CVLT-LDFR, CVLT-SDCR, CVLT-SDEFR,
CVLT-LDCR, and CVLT-T1-5) for learning and memory-related
performance. The difference between healthy controls and NMO
patients was significant in all the assessments, substantiating the
cognitive impairment that could be overshadowed by the neurolog-
ical focal signs of motor and visual function losses (Fig. 2C and fig.
S2, B and C). The neuropsychological disabilities documented here
greatly correlated with the CHI3L1 serum levels in individual NMO
patients. HARS and HDRS assessments corresponded positively
with CHI3L1 levels and indicated the heightened mental stress re-
actions in response to the disease burden (Fig. 2C and fig. S2, B and
C). We were much impressed by the potent negative correlation
between the CHI3L1 level and the severity of learning and
memory defects measured by MMSE, SDMT, BVMT-R, and all
five subforms of CVLT (Fig. 2C). To emphasize the brain structural
basis of the cognitive impairment associated with CHI3L1 expres-
sion in NMO, we carried out detailed analyses of the hippocampal
regions based on the magnetic resonance imaging (MRI) scans
(Fig. 2D). Consistent with case reports in the literature, our NMO
patients had apparent volume atrophy of the hippocampus (Fig. 2, E
and F), which was assigned as a biomarker for poor cognitive per-
formance (24, 26). Our additional analyses of hippocampal subre-
gions (Fig. 2D) markedly expanded the imaging studies of NMO
(fig. S2, D and E) and further highlight the hippocampal
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dysfunction in cognitive impairment potentially modulated by
CHI3LI in neuroinflammation.

Astrocyte-secreted CHI3L1 reduces proliferation and
differentiation of NSCs in immune-mediated
neuroinflammation

To test our hypothesis that CHI3L1 secreted by activated astrocytes
contributes to the hippocampal dysfunction underlying the neuro-
inflammation-related cognitive impairment, we decided to focus on
a specialized hippocampal cell type, the NSC, which is vital in main-
taining proper size and function of the mammalian hippocampi
and highly sensitive to inflammatory microenvironment (29-31).
We thus purified and cultured primary mouse NSCs from the dis-
sected dentate gyri of young adult wild-type mice (50) and differen-
tiated these cells into neurons in vitro, with or without the treatment
of recombinant CHI3L1 proteins (Fig. 2G), a method that our col-
laborative group and others have shown to well mimic the secretion
of CHI3L1 by immune cells (7, 5I). Given that we showed earlier
that multiple secretary proteins could be induced by hsAQP4-IgG
(Fig. 1, F, 1, and J), we also included the recombinant proteins of
eight other identified astroglial factors to test their effects on NSC
proliferation and neuronal differentiation. CHI3L1 was the only one
that constantly exhibited inhibition on the process of neurogenesis
in vitro (fig. S2, F and G). Specifically, the CHI3L1 treatment
lowered the proliferation of NSCs by ~50% (Fig. 2H) and reduced
the number of newborn neurons (Fig. 2I). To directly examine the
effect of CHI3LI secreted by immune-activated astrocytes on NSCs,
we treated primary mouse astrocytes with hsCtrl-IgG or NMO
patient—derived hsAQP4-IgG (Fig. 1D) and then harvested the as-
trocyte-conditioned media (ACM; Fig. 2J). The ACM from
hsAQP4-IgG—treated astrocytes contained a higher level of secreted
CHI3L1 (Fig. 2K). We sought to isolate CHI3L1 and determine its
necessity by removing CHI3L1 with a monoclonal neutralizing an-
tibody targeting against CHI3L1—an approach verified by our
group and others to efficiently block the function of the secreted
CHI3L1 7 (52). As expected, ACM from hsAQP4-IgG-treated as-
trocytes diminished the NSC proliferation (Fig. 2, L and M) and dif-
ferentiation into neurons (Fig. 2, N and O). The administration of
the CHI3L1 neutralizing antibody abolished the inhibitory effect of
the hsAQP4-1gG ACM on NSC proliferation and neuronal differen-
tiation. These findings collectively suggested that CHI3L1 secreted
by activated astrocytes impairs NSC proliferation and neurogenesis
and precipitates hippocampal dysfunction and cognitive
impairment.

Immune-mediated astrocytopathy impairs hippocampal
neurogenesis and hippocampus-dependent learning
behaviors in young adult mouse brains

Having shown that CHI3L1 secreted by immune-activated astro-
cytes reduced NSC proliferation and differentiation in vitro, we
next pursued to determine whether the same effect could be ob-
served in vivo. We followed and optimized the passive transfer
method (53, 54) to construct the mouse model of immune-mediat-
ed astrocytopathy as in NMO, via passive transfer of the control
(msCtrl-IgG) or anti-AQP4 antibodies (msAQP4-1gG) (Fig. 1, B
and D). We first stereotaxically injected the antibodies into the
dentate gyri of 8-week-old wild-type mice on both sides (Fig. 3A,
left). To assess the adult hippocampal neurogenesis, these injected
mice then received pulse labeling of bromodeoxyuridine (BrdU) or
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Fig. 2. The effects of astrocyte-se-
creted CHI3L1 on hippocampal
function and neurogenesis. (A)
Measurements of serum and CSF
CHI3L1 levels in healthy controls
(HCs) and NMO patients. HC-serum,
n = 20; NMO-serum, n = 44; HC-CSF,
n = 26; NMO-CSF, n = 29. (B) Repre-
sentative images of biopsied human
brain tissues from a non-NMO and
an NMO patient. Scale bar, 50 um. (C)
Correlation between serum CHI3L1
levels and neuropsychological as-
sessments in NMO. (D) Hippocam-
pus segmentation on representative
MRI head images. (E) Assessments of
the hippocampus volume. HC, n =
15; NMO, n = 23. (F) Correlation
between hippocampus volume and
serum CHI3L1 levels in NMO. n = 38.
(G) Schematic diagram for analyses
of proliferation and neuronal differ-
entiation of NSCs, with or without
CHI3L1 treatment. (H) Representa-
tive images and quantification of
NSC proliferation (EdU), with or
without CHI3L1 treatment. Scale
bars, 100 um. n = 4. (I) Representa-
tive images and quantification of
NSC differentiation by the neuronal
(Tuj1) and glial (GFAP) markers, with
or without CHI3L1 treatment. Scale
bars, 100 pm. n = 4. (J) Schematic
diagram for analyses of NSC prolif-
eration and neuronal differentiation,
with or without astrocyte-secreted
CHI3L1. (K) ELISA measurements of
secreted CHI3L1 levels in the ACM
harvested from hsCtrl-lgG— or
hsAQP4-IgG-treated astrocytes. (L)
Representative images of proliferat-
ing NSCs (EdU™) grown in hsCtrl-
1gG- or hsAQP4-IgG-treated ACM,
without or with the clearance of
CHI3L1 (by anti-CHI3L1 neutralizing
antibodies). Scale bars, 100 pm. (M)
Quantification of NSC proliferation. n
= 4. (N) Representative images of
newly differentiated neurons from
ACM-treated NSCs, without or with
CHI3L1 clearance. Scale bars, 100
um. (0) Quantification of neuronal
differentiation of NSCs. n = 4. Bar
graphs presented in means + SEM;
(A), (E), (H), (1), and (K), by Student's t
test; [(M) to (O)], by one-way ANOVA
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5-ethynyl-2’-deoxyuridine (EdU) by intraperitoneal injections and
were sacrificed at two different time points: 1 week for the EAU
groups (2 hours after the labeling) and 4 to 5 weeks for the BrdU
groups after behavioral tests (Fig. 3A, green and red arrows, respec-
tively). One week after the stereotaxic IgG delivery, we first found
that msAQP4-IgG injection successfully led to the loss of AQP4 ex-
pression in the vicinity of the injection site (fig. S3A). We also

Jiang et al., Sci. Adv. 9, eadg8148 (2023) 27 September 2023

observed that, while brain vasculature remained unperturbed
(labeled by the endothelial marker CD31), the msAQP4-IgG
group exhibited the NMO diagnostic feature of reduced coverage
of AQP4" astrocyte end-feet (along the microvessels), as compared
to controls of msCtrl-IgG group (Fig. 3B). Consistent with our find-
ings on primary astrocytes (Fig. 1D) and biopsied human brain
tissues (Fig. 2B), the msAQP4-I1gG instigated a marked induction
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of GFAP (Fig. 3C) and CHI3L1 (Fig. 3D) in astrocytes. Such
msAQP4-IgG effect was long-lasting and detected 5 weeks after
the stereotaxic injection (fig. S3B). We also dissected out the inject-
ed hippocampal tissues without fixation and lysed them for further
analyses. The CHI3L1 level was noticeably higher in the lysates from
the msAQP4-IgG group after the enzyme-linked immunosorbent
assay (ELISA) measurements (fig. S3C). We further confirmed the
proinflammatory features we characterized in vitro (fig. S3D) with
qPCR assays, showing an induction in almost all tested neuroin-
flammation and astrocyte activation genes identified from our tran-
scriptomic meta-analyses (Fig. 1, H to J).

We continued to characterize the cognitive effects from
immune-mediated astrocyte activation by performing behavioral
assays that correspond to the cognitive impairment and hippocam-
pal dysfunction observed in NMO patients (Fig. 2C and fig. S2C).
Four to 5 weeks after the stereotaxic transfer of IgGs (Fig. 3A, red
arrows), the injected mice underwent standardized behavioral
assays of the open field test (OFT) and the Morris water maze
(MWM), as described previously (35). Compared with the control
msCtrl-IgG group (fig. S3E), the msAQP4-IgG group of mice
overall traveled shorter total distances (fig. S3F) and spent less
time in the center area (fig. S3G) in the OFT. Such defects indicated
a decrease in locomotor activity and an increase in anxiety-like be-
havior owing to the brain inflammation. The MWM task, a widely
used assay to assess the hippocampus-dependent spatial learning
and memory (Fig. 3E), revealed in the msAQP4-IgG group the
faulty behaviors with decreased numbers of the platform crossing
(Fig. 3F) and extended escape latencies (Fig. 3G). These behavioral
findings, together with the histopathological data above (Fig. 3, B to
D), demonstrated that our AQP4 antibody-induced astrocytopathy
mouse model recapitulated key aspects of NMO disease manifesta-
tions (Fig. 2, A to D).

To investigate whether the cognitive dysfunction stemming from
immune-mediated neuroinflammation would be associated with a
change in neurogenesis, we checked the proliferation and neuronal
differentiation of NSCs within the SGZ by standardized methodol-
ogy for quantification of neurogenesis (55). One week after the in-
jections of antibodies, the EdU-labeled mice from msCtrl-IgG and
msAQP4-IgG groups had comparable sizes of dentate gyrus (DG)
after the acute experiment period (Fig. 3A, green arrows), but the
msAQP4-IgG group showed much fewer EdU" cells (Fig. 3H).
Further analyses showed that the populations of the radial glia—
like NSC cells (triple-labeled by EdU"GFAP*Sox2") and the tran-
siently amplifying progenitor cells (EdU'GFAP~Sox2") were both
reduced (Fig. 3I), suggesting an inhibition of NSC proliferation.
Moreover, to determine the effect on neuronal differentiation of
NSC after our single-dose AQP4-IgG administration, we analyzed
the BrdU-labeled mice, labeling 4 to 5 weeks after the intrahippo-
campal delivery of msCtrl-IgG or msAQP4-IgG (Fig. 3A, red
arrows). The numbers of newly differentiated immature neurons
(BrdU'DCX") and mature neurons (BrdU"NeuN") were apprecia-
bly lower (Fig. 3, ] and K). Consistent with our in vitro results
(Fig. 2, G to O), our findings here demonstrated a defective
process of neurogenesis in the neuroinflammation triggered by
the immune response.

In parallel to the mouse model based on stereotaxic injections of
antibodies, we also leveraged our established technique of mini-
osmotic pump implantation (34, 56) to develop the other passive
transfer mouse model. msCtrl-IgG or msAQP4-1gG was chronically
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infused into the hippocampal regions of young adult wild-type mice
on both sides at the age of 8 weeks (Fig. 3L). The BrdU labeling was
administered soon after the start of IgG perfusion for us to evaluate
the neuronal differentiation of NSCs (Fig. 3L, red arrows); EdU was
given at the end of the 2-week perfusion and followed by sacrifice
and fixation of the brain to examine NSC proliferation (Fig. 3L,
green arrows). In the EdU-labeled hippocampal slices, the perfusion
of msAQP4-IgG, as compared to the msCtrl-IgG control condition,
resulted in a decline in the numbers of total proliferating cells (fig.
S3H and Fig. 3M), radial glia-like cells (Fig. 3N,) and transiently
amplifying progenitor cells (Fig. 30) in the SGZ. Furthermore, at
the end of the fourth week of experimentation, our quantification
of BrdU labeling and neuronal marker expression showed that the
msAQP4-1gG perfusion contracted the cell populations of newly
differentiated immature neurons (fig. S3I and Fig. 3P) and mature
neurons (fig. S3] and Fig. 3Q). Together, two different approaches
—stereotaxic injection and chronic perfusion—of msAQP4-IgG
delivery generated results that mirrored each other and jointly sug-
gested the inhibition of adult hippocampal neurogenesis in
immune-mediated astrocyte activation, potentially mediated by
the secreted CHI3L1 in a paracrine manner.

CHI3L1 is sufficient to reduce neurogenesis and impair
hippocampal-dependent learning behaviors in young

adult mice

We showed that, among the plethora of proinflammatory secretory
proteins released by activated astrocytes (Fig. 1H), CHI3L1 is im-
portant for the inhibition of NSC proliferation and differentiation
following inflammatory responses in vitro (Fig. 2, Gto I and ] to O,
and fig. S2, Fand G). To directly test our hypothesis that CHI3L1 is
the major player for the hippocampal dysfunction and impaired
neurogenesis caused by neuroinflammation in vivo, we overex-
pressed CHI3LI in the mouse hippocampus and assayed the cogni-
tive performance and NSC proliferation and differentiation. We
constructed lentiviral vectors expressing CHI3L1 plus enhanced
green fluorescent protein (eGFP) (Lenti-CHI3L1, eGFP-2A-
CHI3L1 with cytomegalovirus promoter) or eGFP alone as a
control (Lenti-Ctrl), and stereotaxically injected the prepared lenti-
viruses into the DG of 8-week-old wild-type mice (Fig. 4A). Follow-
ing the lentiviral injections, the labeling of BrdU or EdU was carried
out at the specific time points to allow our measurements of NSC
proliferation and neuronal differentiation (Fig. 4B). Two weeks after
the injections, we sacrificed a subset of mice, dissected out the in-
jected hippocampal tissues without fixation, and confirmed the
overexpression of CHI3L1 by immunoblotting on the hippocampal
lysates (Fig. 4C). We then probed the effect of CHI3L1 overexpres-
sion on cognitive function and performed the behavioral assays 4 to
6 weeks after the lentiviral injections (Fig. 4B, red arrows). In the
OFT (fig. S4A), mice overexpressing CHI3L1 traveled for a total dis-
tance significantly shorter than what controls (expressing eGFP
alone) did, indicating a reduced level of locomotor activity (fig.
$4B). Tracing the movements of crossing the central area showed
that CHI3L1 overexpression led to a strong preference for the
edge and corner locations, which suggested an elevated level of
anxiety-like behavior (fig. S4C). Meanwhile, MWM (Fig. 4D) re-
vealed that CHI3L1-overexpressing mice made less platform cross-
overs (Fig. 4E) and took significantly more time to escape (Fig. 4F),
as compared to the control group. These behavioral changes
induced by CHI3L1 highly resemble our findings on the
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msAQP4-IgG-treated mice (Fig. 3, E to G, and fig. S3, E to G). We
next sought to investigate the effect of CHI3L1 overexpression on
neurogenesis and analyzed the fixed and immunostained hippo-
campal slices by confocal imaging. In the EdU-labeled mice
(Fig. 4B, green arrows), we detected abundant eGFP expression in
the dentate gyri from both control (eGFP alone) and CHI3L1 over-
expression (CHI3L1 plus eGFP) groups and validated the successful
lentiviral transduction 2 weeks after the lentiviral injections
(Fig. 4G). To assess the proliferation, we quantified the EdU
signals and noted a decrease in the number of EAU™ cells in the
SGZ (Fig. 4, G and H). We classified these proliferating cells by cos-
taining of GFAP and by the typical NSC morphology, and we found
that CHI3L1 overexpression lessened the radial glia-like cells
(Fig. 4I) as well as the transiently amplifying progenitor-like cells
(Fig. 4]) in the examined hippocampal tissues. We again used the
fluorescence signals from BrdU and markers for immature and
mature neurons to evaluate the neuronal differentiation from
NSCs (Fig. 4B, red arrows). Overexpression of CHI3L1 reduced
both the pools of newly differentiated immature neurons
(Fig. 4K) and mature neurons (Fig. 4L), yielding one more line of
evidence for the inhibitory role of CHI3L1 for adult hippocampal
neurogenesis. The virtual reproduction of the msAQP4-IgG effects
(Fig. 3) by CHI3L1 overexpression here (Fig. 4) corroborates the
notion that CHI3L1 is sufficient to convey the detrimental effects
of neuroinflammation on hippocampal function and cognitive
performance.

CHI3L1 cooperated with CRTH2 receptor to inhibit adult
hippocampal neurogenesis by reducing 3-catenin signaling
To delineate the CHI3L1 signaling mechanism for the impaired
neurogenesis in neuroinflammation, we pursued identifying the re-
sponsible receptor and downstream pathway in NSCs. Uncovered
by our collaborative group and others, CHI3L1 functions through
a set of defined transmembrane receptors, such as IL-13 receptor
a2 (IL-13Ra2), transmembrane protein 219 (TMEM219) (7), and
chemoattractant receptor homologous with T helper 2 (Ty2) cell
(CRTH2) (57), by activating several signaling cascades (Fig. 5A).
To uncover potential CHI3L1 receptors on NSCs, we first per-
formed immunostaining to analyze the expression patterns of the
individual candidate receptors in the DG in wild-type young
adult mouse brains. Unexpectedly, the best characterized CHI3L1
receptor IL-13Ra2 (12, 51) was minimally expressed in NSCs (fig.
S5A), and the TMEM219 expression was similarly low (fig. S5B).
CRTH2 instead was abundantly expressed in NSCs and to a lesser
extent in the immature neurons but not in mature neurons
(Fig. 5B). For better visualization, we turned to the cultured NSCs
and confirmed the expression of CRTH2 (Fig. 5C). After the recog-
nition of CRTH2 as a potential CHI3L1 receptor on NSCs, we
focused on the specific downstream pathway that is mediated by
glycogen synthase kinase-33 (GSK-3P) and B-catenin (Fig. 5A). B-
Catenin is a critical transcription factor in Wnt signaling and
governs the process of adult hippocampal neurogenesis (58).
GSK-3B, a serine/threonine protein kinase stimulated by CRTH2
activation (59), phosphorylates and targets -catenin for proteaso-
mal degradation unless the kinase function is inactivated by phos-
phorylation at Ser” (60). We analyzed the perturbation of GSK-3p
and B-catenin expression in purified mouse NSCs treated with re-
combinant CHI3L1. CHI3LI treatment rapidly accumulated active
GSK-3B with a concomitant reduction in the inhibitory Ser’

Jiang et al., Sci. Adv. 9, eadg8148 (2023) 27 September 2023

phosphorylation within 30 min (Fig. 5D). CHI3L1 simultaneously
caused a prolonged decrease in the B-catenin protein level that per-
sisted more than 2 hours (Fig. 5D), indicating destabilization and
degradation triggered by the increased GSK-3p kinase activity,
which would be directly downstream to CRTH2 activation by
CHI3LI binding.

To confirm the participation of CRTH2 receptor in the identi-
fied CHI3LI signaling pathway, we designed short hairpin RNAs
(shRNAs) targeting all three tested receptors, CRTH2, IL-13Ra2,
and TMEM219, and lentivirally transduced them (shCRTH2,
shIL-13Ra2, and shTMEM219) and a scrambled nontargeting
control shRNA (shCtrl) individually in cultured mouse NSCs
(Fig. 5E, with coexpression of eGFP to ensure adequate transduc-
tion efficiency, >99%). The knockdown efficiency was satisfactory
at a level of 75 to 90% across all designed shRNAs (Fig. 5F and
tig. S5, C and D). Upon CHI3L1 treatment for 2 hours, the
shRNA-mediated knockdown of CRTH2 in NSCs maintained the
Ser’ inhibitory phosphorylation of GSK-3f and stabilized pB-
catenin from degradation (Fig. 5G), suggesting that CRTH2 deple-
tion blocked the CHI3L1 effects on GSK-3f activation and f-
catenin inhibition. We continued to investigate whether the
CRTH2-dependent signaling pathway would be necessary for the
CHI3L1-induced inhibition of NSC proliferation and neuronal dif-
ferentiation. In NSC cultures expressing control shRNA, CHI3L1
treatment reduced the numbers of proliferating cells (Fig. 5H) as
well as the newborn neurons (Fig. 5I). The cultured NSCs made de-
ficient of CRTH2 by shRNA, however, displayed unchanged levels
of proliferation (Fig. 5H) and neuronal differentiation (Fig. 5I).
Conversely, the knockdown of the receptors IL-13Ra2 and
TMEM219 did not render NSCs insensitive to CHI3L1 treatment
and still showed the suppressed proliferation (fig. S5E) and neuro-
nal differentiation (fig. S5F). Together, we demonstrated that
CHI3LI1 engages CRTH2 receptor and activates GSK-3f, which in
turn destabilizes B-catenin and thus perturbs the transcriptional
network for neurogenesis driven by p-catenin (Fig. 5]).

To substantiate the involvement of GSK-3p in the CHI3L1 sig-
naling pathway, we used a selective, potent inhibitor of GSK-3p,
TWS119 (61), and study its effect on hippocampal neurogenesis
in neuroinflammation. We administered TWS119 intraperitoneally
in wild-type young adult mice immediately after the stereotaxic in-
jections of msCtrl-IgG or msAQP4-IgG and used EdU and BrdU
labeling to measure the NSC proliferation and neuronal differenti-
ation (Fig. 5K). We noticed that TWS119 treatment, as compared to
vehicle control, increased the numbers of proliferating cells (Fig. 5L,
EdU") including the radial glia-like NSC cells (fig. S5G and
Fig. 5M) and the transiently amplifying progenitor cells (fig. S5G
and Fig. 5N). TWS119 also enhanced neuronal differentiation of
NSCs inhibited by msAQP4-IgG, according to our quantifications
of BrdU-labeled NSCs, giving rise to immature and mature neurons
(fig. S5, H and [, and Fig. 5, O to Q). Collectively, our findings de-
picted an original CHI3L1 signaling mechanism and also suggested
that blocking the CHI3L1 receptor or downstream signaling medi-
ators would reinstate neurogenesis under the circumstance of astro-
cyte activation in neuroinflammation.
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Depletion of CHI3L1 secreted by astrocytes improves adult
hippocampal neurogenesis and function in immune-
mediated neuroinflammation

We continued to test whether this CHI3L1-CRTH2-GSK-3p/p-
catenin signaling cascade could be modulated to modify the inhib-
itory effect of CHI3L1 on hippocampal function and neurogenesis
in vivo. As CHI3L1 is primarily secreted by activated astrocytes, we
first targeted the astroglial expression of CHI3L1 in the immune-
mediated neuroinflammation. We used our validated Chi3lI-
floxed (Chil1"f) mouse strain (11, 62) and achieved astrocyte-spe-
cific conditional knockout by adeno-associated virus (AAV) injec-
tions transducing Cre recombinase under the control of GFAP
promoter (Fig. 6A, with coexpression of eGFP for our evaluation
of lentiviral transduction efficiency). Specifically, these AAV's were
stereotaxically injected into the hippocampal regions of the homo-
zygous mutant mice (Chill™, exon 5 flanked by loxP sites) or het-
erozygous littermates (Chill +) at the age of 8 weeks (Fig. 6A). We
first checked the specificity and efficiency of the intended condi-
tional knockout in astrocytes. Two weeks after the AAV injections
(Fig. 6A, first sacrifice), we made the observation that most GFP*
cells were colabeled with GFAP signals, indicating that nearly all
AAV-transduced cells were astrocytes (Fig. 6B). The brains of a
subset of the AAV-injected Chill”* and Chill”" mice were harvested
without fixation, and then their hippocampi were dissected and
lysed to measure the mRNA and protein levels of CHI3L1. The
knockout efficiency was more than 80% in comparing the Chil1”*
samples to the Chill”* ones (Fig. 6C and fig. S6A). Having validated
the astrocyte-specific depletion of CHI3L1 in the hippocampus, we
carried out the experiments to assess the hippocampal function by
using the model of stereotaxic IgG injection, as we described above
(Fig. 3, A to K). We stereotaxically delivered msCtrl-IgG or
msAQP4-IgG into the hippocampal region after a 4-week recovery
from the AAV-mediated CHI3L1 depletion and performed the be-
havioral tests at week 8 (Fig. 6A). In the CHI3L1-expressing Chil1”*
mice, we noticed that msAQP4-IgG provoked the abnormalities of
lower locomotor activity, anxiety-like behaviors, and impaired
memory operation, as in the wild-type mice receiving intrahippo-
campal injection of msAQP4-IgG (fig. S3, E to G, and Fig. 3, E to
G): OFT (fig. S6B) showed a shorter total travel distance (fig. S6C)
and the reluctance to explore and cross the central area (fig. S6D),
while MWM (Fig. 6D) revealed a decreased number of the platform
crossing (Fig. 6E) and extended escape latencies (Fig. 6F). In the
Chil1"* mice undergoing the diminution of CHI3L1 by AAV-Cre,
the aforementioned behavioral abnormalities induced by msAQP4-
IgG were much alleviated, according to our analyses of OFT (fig. S6,
B to D) and MWM (Fig. 6, D to F). These results of CHI3L1 dele-
tion, in conjunction with our findings on CHI3LI overexpression
(Fig. 4, A to F), firmly argued for the inhibitory role of astrocyte-
secreted CHI3L1 on the hippocampal function in an inflammatory
condition with astroglial activation.

We next sought to decipher the effect of astrocyte-secreted
CHI3L1 on hippocampal neurogenesis in immune-mediated neu-
roinflammation by labeling the Chil1”* and Chil1"" mice with
BrdU and EdU after the astroglial activation by mini-pump perfu-
sion of msAQP4-IgG (Fig. 6G). BrdU was administrated right after
the AAV injections in one group of Chil1”* and Chil1”" mice, and
EdU was given 4 weeks later in the other group to facilitate our mea-
surements of NSC proliferation (by EdU labeling) and differentia-
tion in neurons (by BrdU). msCtrl-IgG or msAQP4-IgG was
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chronically perfused into the DG for a period of 2 weeks by a
mini-pump to elicit astrocyte activation and immune-mediated
neuroinflammation. The treated mice were then sacrificed at the in-
dicated times to prepare the hippocampal slices for our confocal mi-
croscopy (Fig. 6G). At the completion of IgG perfusion, we found
that msAQP4-IgG significantly decreased the number of total pro-
liferating cells in the SGZ from the Chil1”* groups but did not alter
that from the Chil1”* groups (Fig. 6H). The similar msAQP4-IgG
effect was observed on the number of proliferating radial glia—like
NSCs (Fig. 6I). We next analyzed the BrdU-labeled NSC lineage
cells for their expression of immature and mature neuronal
markers and NeuN. As expected, msAQP4-IgG perfusion dimin-
ished both the newly differentiated immature and mature neurons
in the CHI3L1-expressing hippocampal tissues from the Chil1”*
groups (Fig. 6, ] and K). Of note, the CHI3L1 depletion in astrocytes
counteracted the inhibitory effect from msAQP4-IgG and made no
obvious alternation in the pools of immature and mature neurons as
compared to the control msCtrl-IgG group (Fig. 6, ] and K).

Moreover, we used the anti-CHI3L1 antibodies (Fig. 2, L to O) to
neutralize the secreted CHI3L1 to substantiate the neuroprotective
effect from blocking the CHI3L1 signaling function. We coinjected
msCtrl-IgG or msAQP4-IgG plus vehicle control PBS or anti-
CHI3L1 IgG into the hippocampi of wild-type young adult mice
and evaluated the situation of neurogenesis (Fig. 6L). We noted
that the neutralization of CHI3L1 relieved the msAQP4-induced
suppression on NSC proliferation (fig. S6E and Fig. 6, M to O)
and neuronal differentiation (fig. S6, F and G, and Fig. 6, P and
Q). These data firmly supported our hypothesis that the astrocyte-
secreted CHI3L1 negatively affects hippocampal neurogenesis and
function in immune-mediated neuroinflammation and that the de-
letion of CHI3LI in astrocytes could reverse such inflammatory
sequelae.

Inhibition of CHI3L1 receptor pathway rescues the
neurogenic and cognitive deficits in immune-mediated
neuroinflammation

We further investigated whether blocking the CHI3L1 signaling
pathway would be able to rescue the impaired neurogenesis result-
ing from astroglial activation in neuroinflammation. To disrupt ac-
tivation of CRTH2 receptor by CHI3L1 binding, we injected the
lentiviruses expressing the control shRNA or the validated
shRNA against CRTH2 (Fig. 5, E to I) into the DG of the hippocam-
pus to knock CRTH2 down in 8-week-old wild-type young adult
mice (Fig. 7A). We then implanted the mini-pump for a 2-week per-
fusion of msCtrl-IgG or msAQP4-IgG and administered EAU and
BrdU to evaluate NSC proliferation and neuronal differentiation. As
expected, msAQP4-IgG induced astrocyte activation and CHI3L1
expression with or without CRTH2 knockdown (fig. S7, A and
B). In the control groups (shCtrl), msAQP4-IgG markedly attenu-
ated NSC proliferation, as the numbers of total proliferating cells
and proliferating radial glia-like cells were both lowered (Fig. 7B).
In contrast, CRTH2 knockdown abolished such repressive influence
from msAQP4-IgG and led to little or no apparent change in NSC
proliferation (Fig. 7B). In neuronal differentiation assays, CRTH2
knockdown also preserved the numbers of immature and mature
newborn neurons, which were both reduced in the presence of
CRTH2 to convey CHI3LI signaling in neuroinflammation
(Fig. 7, C and D). Together, these findings corroborated the role
of CRTH2 as a receptor for CHI3LI signaling in NSCs and
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Fig. 6. The effects of astrocyte-
specific CHI3L1 knockout on hippo-
campal neurogenesis and cognitive
performance. (A) Schematic diagram
of the astrocyte-specific CHI3L1
knockout by intra-hippocampus injec-
tions of AAVs expressing Cre recombi-
nase plus eGFP by GFAP promoter in
heterozygous (Chil17*) or homozy-
gous (Chi/lm) CHI3L1-floxed mice. The
injected mice were sacrificed 2 weeks
later for knockout efficiency or re-
ceived the intra-hippocampal injec-
tions of msCtrl-IlgG or msAQP4-IgG 4
weeks later. (B) Representative images
of Chil1"f hippocampal section ex-
pressing Cre. Scale bars, 100 pm. (C)
Evaluation of CHI3L1 knockout
efficiency by qPCR on hippocampal
lysates from AAV-injected Chil1”* and
Chil1”" mice. n = 3 animals. (D) Repre-
sentative MWM movement paths of
CHI3L1-expressing (Chil17*) and
CHI3L1-deficient (Chil17) mice receiv-
ing stereotaxic injections of msCtrl-lgG
or msAQP4-IgG. (E) Quantification of
MWM crossing numbers. n = 9. (F)
Quantification of MWM escape laten-
cies to find the platform. n = 9. (G)
Schematic diagram of assays for astro-
cyte-specific CHI3L1 knockout effect
on adult hippocampal neurogenesis
affected by mini-pump infusion of
msCtrl-lgG or msAQP4-IgG. (H and I)
Quantification of NSC proliferation
plotted by total proliferating cells
(EdU™) and radial glia—like NSCs
(EAU*GFAP™). n = 4. (J and K) Quan-
tification of NSC proliferation into im-
mature (BrdU"DCX") and mature
(BrdU*NeuN") neurons. n = 4. (L)
Timeline of assays for NSC proliferation
and neuronal differentiation in the
msCtrl-lgG— or msAQP4-lgG-treated
mice, receiving the coinjections of
neutralizing antibody anti-CHI3L1 or
PBS. (M to O) Quantification of total
proliferating cells (EdU"), radial glia—
like NSCs (EdU*GFAP*), and transiently
amplifying progenitor-like cells (EdU™
GFAP7). n = 4. (P and Q) Quantification
of proliferating (BrdU™) cells at the time
of IgG injection, newborn immature
neurons (BrdU"DCX"), and mature
neurons (BrdU*NeuN™). n = 4. All
quantitative data presented in means
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Fig. 7. The CRTH2 blockade effect on hippocampal neurogenesis and cognitive performance affected by CHI3L1. (A) Schematic diagram of assays for shRNA-
mediated CRTH2 knockdown effect on NSC proliferation and differentiation affected by msAQP4-IgG. The lentiviruses expressing GFP together with a scrambled non-
targeting control shRNA (Lenti-shNC) or an shRNA targeting CRTH2 (Lenti-shCRTH2_1). Scale bars, 100 um. (B) CRTH2 knockdown effect on NSC proliferation in DG,
quantified by the numbers of proliferating cells expressing an shRNA (GFP"EdU") and radial glia-like NSCs (GFP*EdU*GFAP). n = 4 animals. Scale bars, 20 um. (C) Quan-
tification of shRNA-expressing (GFP™) NSC (BrdU*) differentiation into immature neurons (DCX") in DG. n = 4. Scale bars, 20 um. (D) Quantification of NSC differentiation
into mature neurons (GFP*BrdU"NeuN™) in DG. n = 4. Scale bars, 20 pm. (E) Schematic diagram of in vitro assays for the effect of AZD1981, a selective CRTH2 antagonist,
on neurogenesis suppressed by CHI3L1 signaling secondary to mini-pump infusion of msCtrl-lgG or msAQP4-IgG. (F) Quantification of NSC proliferation in DG, in the
presence of CHI3L1 or PBS and with AZD1981 or DMSO. n = 4. Scale bars, 100 um. (G) Quantification of NSC neuronal differentiation. n = 4. Scale bars, 100 pm. (H)
Schematic diagram of in vivo assays for AZD1981 efficacy to rescue neurogenesis affected by msAQP4-IgG-induced CHI3L1 signaling. (I and J) Quantification of NSC
proliferation by computing total proliferating cells (EdU*) and radial glia—like NSCs (EdU*GFAP*Sox2*) in DG. n = 4. (K and L) Quantification of NSC proliferation into
immature (BrdU*DCX*) and mature (BrdU*NeuN*) neurons. n = 4 animals. All quantitative data presented as bar graphs in means + SEM and evaluated by one-way
ANOVA and Tukey's post hoc multiple comparisons. Nonsignificant comparisons are not identified. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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suggested that the CHI3L1-CRTH2-GSK-3p/p-catenin pathway
can be targeted to rescue the impaired neurogenesis in the
context of neuroinflammation.

Last, we examined the translational potential in targeting this
identified CHI3L1 signaling mechanism by exploring the growing
list of CRTH2 antagonists, a promising class of anti-inflammatory
drugs in multiple clinical trials already (63). To test the feasibility,
we chose the compound AZD1981 (AstraZeneca, Gothenburg,
Sweden) (64), a potent, selective, and noncompetitive CRTH2 an-
tagonist that went through a phase 2b study as an adjuvant for
asthma therapy (65). For the in vitro neurogenesis assay, we stimu-
lated cultured NSCs with vehicle control PBS or CHI3L1, with or
without coincubation of AZD1981 (Fig. 7E). The AZD1981 treat-
ment alone did not alter the basal level of NSC proliferation; it nev-
ertheless offset the suppression of proliferation by CHI3L1 and
sustained the number of proliferating cells as in the control PBS
conditions (Fig. 7F). Along the in vitro neuronal differentiation
process, cultured NSCs treated with AZD1981 were insensitive to
the CHI3L1 stimulation and still able to differentiate into neurons
to the extent of their control counterparts (Fig. 7G). Next, we turned
to our established settings of chronic msAQP4-IgG perfusion and
labeling with BrdU and EdU to evaluate the functional output of
AZD1981 in vivo. Given the great tolerance (65), the mice were
dosed with AZD1981 at the higher range of 1 mg/kg or with just
vehicle dimethyl sulfoxide (DMSO) as the control by daily intraper-
itoneal injection for 4 weeks (Fig. 7H). We found that AZD1981 re-
lieved the repression of neurogenesis in the neuroinflammatory
condition initiated by msAQP4-IgG perfusion: In msAQP4-IgG
groups (msAQP4-IgG alone and msAQP4-IgG + AZD1981),
AZD1981-treated mice had significantly more proliferating cells
(Fig. 71) that were radial glia—like NSCs (Fig. 7]) and had also
more newborn neurons that were either immature (Fig. 7K) or
mature (Fig. 7L). The rescue of neuronal differentiation was
indeed partial (Fig. 7, K and L), which was anticipated considering
that the pharmacological blockade of CRTH2 would not be com-
plete due to the suboptimal efficiency of AZD1981 in crossing the
blood-brain barrier (64). In summary, these results of genetic
knockdown or pharmacological blockade demonstrated that the
CRTH2 receptor could be targeted to shut down the CHI3LI signal-
ing that adversely affects hippocampal neurogenesis and function
after astroglial activation in neuroinflammation.

DISCUSSION

Neuroinflammation, a process executed by activation of astrocytes
(46), is now the major therapeutic target for an array of brain dis-
eases ranging from cancers (e.g., glioblastoma) (66), neurodegener-
ation (2), and autoimmune disorders such as multiple sclerosis (67)
and NMO (48). Uncovering the molecular determinant for the in-
flammatory neurotoxicity after astroglial activation is thus of tre-
mendous translational potential for the development of next-
generation anti-neuroinflammatory treatments. In this study, we
demonstrated that astrocyte-secreted CHI3L1 is the main effector
of the astroglial activation for the compromised hippocampal func-
tion in neuroinflammation. By using multiple model systems with
activated astrocytes and CHI3L1 induction, we showed that CHI3L1
drives the neurogenic and cognitive defects in neuroinflammation.
Specifically, CHI3L1 interacts with the receptor CRTH2 on NSCs
and triggers a downstream signaling pathway mediated by GSK-
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3p and B-catenin to inhibit the process of adult hippocampal neuro-
genesis. Blocking this CHI3L1-CRTH2-GSK-3[/p-catenin cascade
with genetic knockout and knockdown or pharmacological block-
ade could restore the hippocampal neurogenesis and cognitive
function. In summary, our findings provided a fresh insight into
CHI3L1's role in the brain, substantially expanding the functional-
ity repertoire from being a neuroinflammatory disease marker to a
maker and also to an alternative therapeutic target for a much-
needed therapy.

As the cognitive decline arising from inflammatory immune re-
sponses constitutes a fair share of disease burden in brain disorders
like the NMO, its underlying mechanism is still inadequately under-
stood but has been heavily linked to the adult hippocampal neuro-
genesis. While the situation remains unsettled in human brains, the
adult-born neurons in rodents and nonhuman primates apparently
contribute to the structural and functional plasticity of the hippo-
campus (68-70) and to the performance of several cognitive tasks,
including spatial learning and memory and the pattern separation
that is associated to the DG function in humans (71). Neurogenesis
in the adult hippocampus is tightly controlled by the environmental
cues within the SGZ, and an inflammatory milieu prohibits NSC
proliferation and differentiation (29-31). Our findings thus
support that CHI3L1 acts in a paracrine fashion and disturbs the
neurogenic niche for NSCs in neuroinflammation. One caveat is
that while CHI3L1 is essential for the inhibitory effect from astro-
cyte activation, other glial factors, the proinflammatory cytokines
we showed earlier for example, would modulate the microenviron-
ment of SGZ by affecting other cell types but might be left undetect-
ed due to our concentration on the intrinsic responses of NSCs.
Regardless, the signaling mechanism delineated here still serves as
a pioneering piece of knowledge for the CHI3LI biology in
the brain.

Among the scarce relevant literature, CHI3L1 was recently re-
ported to be induced in astrocytes activated by genetic disruption
of circadian rhythm; in this form of astroglial activation, CHI3L1
knockout hampered the accumulation of amyloid pathology in a
transgenic mouse strain of Alzheimer's disease, likely through the
restoration of phagocytic clearance in the diseased brains (11). This
notable publication, in conjunction with our study, substantiated
the neurotoxic effect of CHI3L1 and highlighted the potential
benefit of targeting the CHI3L1 receptor pathway. Our discovery
of CRTH2 as the NSC CHI3L1 receptor was a surprise to us.
CRTH2 was initially identified as a G protein—coupled receptor ex-
pressed on human Ty2 cells (72), and its activation leads to leuko-
cyte chemotaxis in the development of allergic responses (73, 74).
To date, little is known about the expression and function of
CRTH2 in CNS. One group reported that CRTH2 knockout in
mice attenuated the LPS-induced decreases in social interaction
and novel exploratory behavior with a yet-to-be-elucidated mecha-
nism and proposed that central CRTH?2 signaling can mediate cog-
nitive function (75). The fact that CRTH2 is indeed the second
identified receptor for prostaglandin D2 (76), however, represents
a limitation in interpreting our in vivo results on blocking
CRTH2 activation. In vitro, we used the shRNA against CRTH2
and the selective CRTH2 antagonist AZD1981 to firmly establish
the ligand-receptor relationship for CHI3L1-CRTH2. In vivo,
both approaches intended to block CRTH2 activation by CHI3L1
binding also potentially obstructed the prostaglandin D2 signaling,
which is involved in a wide variety of neurophysiological functions
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(77), and, in the unusual context of neuronal differentiation, was
counterintuitively described to be able to promote outgrowth of
neuronal processes in immortalized neuronal cells via an unidenti-
fied receptor (78). While we could not verify such antagonizing
effect of prostaglandin D2 in our NSCs, our findings on CRTH2
blocking solidly suggested that, at least in an inflammatory condi-
tion, CRTH2 is predominantly activated by CHI3L1 to mediate the
inhibition of neurogenesis. Our identification of the specific signal-
ing mechanism therefore encourages the medical attempts for
amending or even reversing the hippocampal dysfunctions pro-
voked by CHI3L1 in neuroinflammation.

Last, the clinical translation of our discovery would be straight-
forward, given the abundance in the existing options for the repur-
posing. A class of selective CRTH2 antagonists including AZD1981
has been rigorously tested in multiple clinical trials mostly for
allergy (65) and is proven to have great tolerance, high bioavailabil-
ity, and decent anti-inflammatory efficacy. Moreover, a few of these
compounds were specifically designed for optimal CNS penetration
(79, 80) and therefore are well poised to treat neuroinflammation.
There has been an evolving interest in developing therapeutic strat-
egies aimed to enhance endogenous neurogenesis in some patho-
logical conditions of cognitive impairments such as aging and
Alzheimer's disease (81—83). This interest would be escalated after
this study and future works focusing on this topic, considering the
common CHI3LI induction observed in scores of neurological dis-
orders hallmarked by inflammatory pathology. Accordingly, the
impact of developing a therapy targeting the inhibitory CHI3L1 sig-
naling to improve neurogenesis and cognitive function is anticipat-
ed to be far-reaching.

MATERIALS AND METHODS

Study design

This study was designed to thoroughly investigate the neurobiolog-
ical role of CHI3L1/YKL-40, which is secreted by activated astro-
cytes, in the neurogenic and cognitive dysfunctions caused by
neuroinflammation. The study aimed to inspire an alternative trans-
lational approach for CNS disorders characterized by CHI3L1 in-
duction and immune responses. The study used in vitro cellular
models, in vivo mouse models, and clinical samples to find a
CHI3L1 signaling mechanism that activates the CRTH2 receptor
and downstream GSK-3p/B-catenin signaling cascade, thus govern-
ing hippocampal neurogenesis and function. The study also dem-
onstrated that this CHI3L1 signaling can be targeted to mitigate
the detrimental effects of neuroinflammation. The research involves
the characterization of CHI3L1 induction and inflammatory fea-
tures in mouse astrocyte cultures, the demonstration of CHI3L1's
inhibitory effects on the proliferation and neuronal differentiation
of NSCs, and the correlation between CHI3L1 secretion and neuro-
cognitive impairment and hippocampal dysfunction in patients
with NMO. Mouse models of CHI3L1 overexpression and
primary astrocytopathy were created to reveal the inhibitory
effects of CHI3L1 on adult hippocampal neurogenesis and learning
and memory behaviors. Furthermore, the study demonstrated that
astrocyte-specific CHI3L1 depletion and blockade of CRTH2 recep-
tor activation rescue the neurogenic and cognitive deficits caused by
the inflammatory microenvironment of the hippocampus. The
study followed rigorous experimental protocols including at least
three independent experiments as biological replicates, random
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assignment of experimental units to groups, blinded analysis, and
adherence to institutional guidelines for animal care. The Interna-
tional Committee of Medical Journal Editors (ICMJE) guidelines
were followed. The clinical study enrolled 73 patients and 46 age-
matched healthy control NMO patients who meet diagnostic crite-
ria (84), and data are collected from them during the recovery stage,
with no clinical deterioration, at least 3 months from the end of
attack or relapse. Written informed consent was obtained from all
participants.

Primary astrocyte culturing and treatments for the
collection of ACM

The isolation and primary culturing of mouse astrocytes were per-
formed as described by us previously (85, 86), with the procedures
being included in the Supplementary Materials. The cultures were
treated with controls or biological reagents at the indicated final
concentration for the described experimental durations: Dulbecco’s
PBS (as the vehicle), IL-1p (10 ng/ml; 200-01B, PeproTech), mono-
clonal mouse antibodies targeting AQP4 (msAQP4-IgG, 100 ng/
ml), control mouse IgG (100 ng/ml), purified human autoantibod-
ies against AQP4 (hsAQP4-IgG, 100 ng/ml), and control human
IgG (100 ng/ml). The acquisition of mouse and human antibodies
was detailed in the following section. The primary astrocyte cultures
were harvested by fixation with 4% paraformaldehyde (PFA) for im-
munostaining and by lysis buffers for RNA sequencing (RNA-seq)
and qPCR assays.

To collect the ACM (Fig. 2, ] to O), the primary mouse astrocyte
cultures were first treated with hsCtrl-IgG or hsAQP4-1gG at 100
ng/ml for 24 hours. The ACM were harvested and filtered with
0.22-pm nylon mesh (BS-QT-037, Biosharp). To remove the astro-
cyte-secreted CHI3L1, the filtered ACM were added with the anti-
CHI3L1 monoclonal antibodies (rabbit, Proteintech) or msCtrl-IgG
at 100 ng/ml plus protein A beads (71149800, GE Healthcare),
tumbled for 4 hours at 4°C, and centrifuged to clear the IgG con-
tents. The cleared ACM was then supplemented with factors to con-
stitute the culture media for the proliferation or neuronal
differentiation of cultured mouse NSCs. The purified mouse
NSCs were cultured in ACM-based proliferation medium for 3
days. On day 3, half of the cultures were subject to EAU labeling
for 2 hours before the fixation and immunostaining to evaluate
the proliferation. Half of the cultures were changed with the
ACM-based differentiation media to initiate the neuronal differen-
tiation and 3 days later were fixed and immunostained for confocal
analyses of neuronal differentiation.

Primary mouse NSC isolation, culturing, and in vitro
differentiation

The mouse NSCs used in this study were purified from living DG
tissues acutely dissected from 8-week young adult wild-type C57BL/
6 mice, largely based on the protocol published by Guo et al. (50).
The procedures of NSC in vitro differentiation were described in
detail in the Supplementary Materials. In brief, the NSC cultures
were cultured in the proliferation medium for 3 days for the
assays of proliferation (by EdU labeling) and then grown in the dif-
ferentiation medium for additional 3 days for the assessment of
neuronal differentiation (by the expression of neuronal and glial
markers). The following reagents were added to the proliferating
or differentiating NSC cultures: vehicle control PBS or recombinant
CHI3L1 protein (100 ng/ml; 2599-CH-050, R&D Systems), CCL7
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(100 ng/ml; P4424, Abnova), CXCLI (100 ng/ml; P04800, Solarbio),
GBP5 (100 ng/ml; P04632, Solarbio), ISG15 (100 ng/ml; P02878,
Solarbio), VCAM1 (100 ng/ml; P05662, Solarbio), C3 (100 ng/ml;
P02621, Solarbio), IL-1a (100 ng/ml; PRP1021, Abbkine), or IL-1f
(100 ng/ml; PRP1019, Abbkine). The treated cultures were harvest-
ed by fixation with 4% PFA and then subjected to immunostaining
for confocal imaging of the EAU or BrdU expression, in conjunction
with neural or nuclear markers.

Human and mouse IgG acquisition

The hybridoma cell line producing monoclonal mouse IgG specif-
ically recognizing the mouse AQP4 extracellular domain (clone
E5415B; hereafter referred to as msAQP4-IgG) was provided by
Y. Abe at the Keio University, Tokyo, Japan. These antibodies
were described in detail by Miyazaki-Komine et al. (39) and are
also commercially available (MABN2526-25UG, Sigma-Aldrich).
The control mouse IgG was the normal mouse IgG validated for
use in immunoprecipitation and immunoblotting (12-371,
Sigma-Aldrich). The human autoantibodies against AQP4
(hsAQP4-IgG) were purified from the pooled plasma samples of
anti-AQP4 seropositive NMO patients (hsAQP4-IgG) or healthy
volunteers (hsCtrl-IgG) undergoing plasma exchange using
protein A beads (71149800, GE Healthcare). The beads were
eluted with 100 mM glycine HCI (pH 2.5), and then the eluent
was concentrated using an Amicon Ultra 15 centrifugal filtration
unit (100 kDa, Millipore, Billerica, MA). The concentration of
IgG was 0.22 pM, and the working portion was kept at —80°C.
The purification of hsAQP4-1gG and hsCtrl-IgG was repeated for
three times from three independent batches of pooled sera.

Immunofluorescence staining of NSC proliferation and
differentiation

For in vitro experiments, primary cultures of mouse astrocytes or
NSCs were fixed with 4% PFA for 40 min, followed by washing in
PBS. Then, the cells were blocked with donkey serum (300 ul/10 ml)
and 10% Triton X-100 (250 pl/10 ml) for 1 hour at room tempera-
ture and sequentially incubated with primary antibodies overnight
at 4°C. The cells were washed with PBS three times, and then the
cells were incubated with the secondary antibody at room temper-
ature for 1 hour. The nuclei were then stained with 4,6-diamidino-
2-phenylindole (DAPI) and observed under a laser confocal micro-
scope. Each group of immunohistochemical experiments was re-
peated at least three times. The following primary antibodies were
used: chicken anti-GFAP (1:1000, Abcam), mouse anti-Tujl
(1:1000, Abcam), mouse anti-IL-13Ra2 [1:500, Cell Signaling Tech-
nology (CST)], rabbit anti-CHI3L1 (1:1000, Invitrogen), rabbit
anti-CRTH2 (1:500, Invitrogen), and rabbit anti-TMEM219
(1:500, CST). The following fluorescent secondary antibodies
were used: goat anti-mouse 488, goat anti-mouse 568, goat anti-
mouse 647, goat anti-rabbit 488, goat anti-rabbit 568, goat anti-
rabbit 647, and goat anti-chicken 647.

RNA isolation, qPCR, and genome-wide RNA-seq

mRNA from mouse hippocampal tissue or primary astrocytes was
extracted with a miRNeasy kit (Qiagen). Then, mRNA was quanti-
fied and checked for purity using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). The cDNA was converted from 1 ug of
mRNA using the SureScript First-Strand cDNA Synthesis Kit (Gen-
ecopoeia Company). Reverse transcription qPCR was performed
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using BlazeTaq SYBR Green qPCR Mix (Genecopoeia Company)
with Applied Biosystems (Thermo Fisher Scientific). Fold changes
were calculated as 27**“T with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) used as the endogenous control. The sequenc-
es of the primers for the individual genes of interest were included
in the Supplementary Materials. The RNA-seq was performed by
using the Illumina HiSeq 2500 system. The transcriptomic
changes induced by AQP4 autoantibodies were plotted by gene
fold changes on a log, scale and comparing between three biological
replicates of the hsCtrl-IgG and hsAQP4-IgG treatments after nor-
malization to the average of three replicates of the untreated astro-
cytes from the same batches of cultures (log,0 = 1.0; Fig. 1, E to J).
This approach of normalization was intended to unmask the general
effect of the hsCtrl-IgG treatment.

Immunoblotting and the densitometric analysis

The procedures are described in the Supplementary Materials. The
primary antibodies used were rabbit anti-CHI3L1 (1:1000, Abcam),
rabbit anti-CRTH2 (1:1000, Invitrogen), mouse anti-TMEM219
(1:1000, Abcam), rabbit anti-IL-13Ra2 (1:1000, Biorbyt), rabbit
anti-GSK-3f (1:1000, Bioss), rabbit anti-p-GSK-3p (1:1000,
CST), rabbit anti—p-catenin (1:1000, CST), and mouse anti—f-
actin (1:1000, Huabio). B-Actin was used as the loading control.
The intensity of the bands was quantified using Image] software.

The ELISA for CHI3L1 levels

The ELISA samples included human serum, human CSF, the ACM,
and the lysates of freshly dissected mouse hippocampal tissues.
Blood samples with the anticoagulant heparin added were first
spun for 15 min at 8000 rpm at 4°C, and the supernatant serum
was then collected. Levels of CHI3L1 in serum or CSF were mea-
sured with commercial ELISA kits (R&D Systems, MN, USA)
based on the provided instructions, including the generation of a
standard curve based on a series of dilution of CHI3L1 proteins.
Levels of CHI3L1 were measured with commercial ELISA kits
(MEIMIAN, MM-44752M2). The absorbance of each standard
and sample was measured at 450 nm.

Production of lentivirus and AAV particles

The lentivirus and AAV preparations were routinely produced as we
described previously (85, 86), with the procedures being included in
the Supplementary Materials. For the in vitro lentiviral transduc-
tions, we calculated the amount of virus preparations to deliver
the multiplicity of infection (MOI) of 5 to 10 in primary cultures
of mouse astrocytes and NSCs. For the stereotaxic injections in
vivo, the virus preparations were concentrated by ultracentrifuga-
tion to achieve the concentration of 10° to 10” as indicated in
figure legends. The sequences of the validated shRNAs against the
tested CHI3L1 receptors are included in the Supplementary
Materials.

EdU and BrdU administration for confocal analyses of NSC
proliferation and differentiation

For analysis of NSC proliferation and neuronal differentiation in the
adult mouse hippocampal DG, adult mice were intraperitoneally in-
jected EAU (100 mg/kg) and sacrificed 2 hours after injection, and
then the EAU Cell Proliferation Kit was used according to the man-
ufacturer’s protocol (C0078L, Beyotime). For analysis of cell differ-
entiation in the adult mouse hippocampal DG, adult mice were
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intraperitoneally injected BrdU (100 mg/kg) for 4 days and sacri-
ficed at the fourth week after injection. Immunofluorescence stain-
ing and quantification of BrdU" cells in the SGZ and granulosa cell
layers were performed largely as the standardized method described
by Zhao and van Praag (55), in which two-dimensional (2D) con-
focal images were reconstructed into a 3D rendition to calculate the
volume of DG for a more stable spatial reference for the quantifica-
tion. For quantification of cells expressing stage-specific markers, 1
in 12 serial sections starting at the beginning of the hippocampus
(relative to bregma, 1.5 mm) to the end of the hippocampus (relative
to bregma, 3.5 mm) was used. Quantification of EdU" or BrdU"
cells and phenotypic quantification of EdU" or BrdU" cells
(double labeling with Sox2, GFAP, DCX, and NeuN) in the
granule layer were performed using a Leica confocal microscope
in at least three sections containing the DG from at least three dif-
ferent animals. The value of n is described in the figure legends.

TWS119 and AZD1981 administration

TWS119 (HY-10590, MedChem Express) is a highly effective inhib-
itor of GSK-3p, belonging to the disubstituted pyrrolopyrimidine
class. It has a median inhibitory concentration (ICsy) value of 30
nM and a dissociation constant (K4) value of 126 nM (61).
AZD1981 (M04757, BJBALB Co. Ltd.) was administered by intra-
peritoneal injections at the dosage of 1 mg/kg every other day for 4
weeks. AZD1981 was documented to exhibit cross-species binding
activity to CRTH2 and block the activation of eosinophils in mice,
rats, guinea pigs, rabbits, and dogs. In clinical trials, it was well tol-
erated and no safety concerns were identified.

Stereotaxic injections of IgG, lentivirus, and AAV into the
hippocampus

The surgical procedures were regularly executed by the protocols
described previously by the investigators. Roughly 8-week-old
C57BL/6 or Chil "/ mice were anesthetized by the inhalation of iso-
flurane delivered by a mask (2% gas in air mixture) and fixed on a
stereotaxic frame (RWD Life Science, Shenzhen, China). One mi-
croliter of virus preparation with a titer greater than 5 x 10%/ml
was injected into the DG of the hippocampus. The infusion
needle was stereotaxically implanted into the DG using the follow-
ing coordinates relative to bregma: caudal side: —2.0 mm; transverse
direction: £1.7 mm; ventral: —1.9 mm. All mice were ambulating
normally after awakening from anesthesia.

Mini-osmotic pump (mini-pump) implementation and IgG
infusion

The procedures of implementing the mini-pump for intrahippo-
campal infusion were described in detail by the researchers. In
short, the components of the osmotic pumps were first assembled
according to the manufacturer's instructions (ALZET, model 1002).
The mini-osmotic pump was then filled with msCtrl-IgG or
msAQP4-IgG (1 ug/100 ul in PBS) and then positioned at the fol-
lowing coordinates relative to bregma: caudal side: —2.0 mm; trans-
verse direction: +1.7 mm; ventral: —1.9 mm. The infusion flow rate
was set at 0.25 pl/hour for 14 days.

Immunohistochemistry for confocal imaging of mouse
hippocampal slices

The procedures are described in the Supplementary Materials. The
primary antibodies used were mouse anti-GFAP (1:1000, CST),
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rabbit anti-GFAP (1:1000, CST), chicken anti-GFAP (1:1000,
Abcam), rabbit anti-NeuN (1:500, Abcam), mouse anti-DCX
(1:200, Santa Cruz Biotechnology), rabbit anti-Sox2 (1:500,
Abcam), mouse anti-Sox2 (1:500, Abcam), rat anti-BrdU (1:1000,
Abcam), mouse anti-Tujl (1:1000, Abcam), rabbit anti-IIL-13Ra2
(1:500, CST), rabbit anti-CHI3L1 (1:500, Abcam), goat anti-
CHI3L1 (1:500, R&D Systems), rabbit anti-CHI3L1 (1:500, Solar-
bio), rabbit anti-CRTH2 (1:500, Invitrogen), mouse anti-CRTH2
(1:500, Invitrogen), and mouse anti-TMEM?219 (1:500, CST). The
following fluorescent secondary antibodies were used: goat anti-
mouse 488, goat anti-mouse 568, goat anti-mouse 647, goat anti-
rabbit 488, goat anti-rabbit 568, goat anti-rabbit 647, goat anti-rat
568, and goat anti-chicken 647. Confocal single plane images and z
stacks were taken with a laser confocal microscope (Leica, TCS SP8)
equipped with four laser lines (405, 488, 568, and 647 nm) and 63x,
40x, and 20x objective lenses.

Animal care and behavioral assays

The routine animal care and behavioral paradigms of OFT and
MWM were performed largely as described by Wang et al. (35),
with the procedures being described in the Supplementary Materi-
als. All animal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and were approved by the Animal Care Committee
and the Ethics Committee of the Third Affiliated Hospital of Sun
Yat-sen University.

Clinical data collection

NMO patients were diagnosed based on the 2015 International
Panel for NMO Diagnosis (IPND) criteria (84) and received treat-
ments and follow-up cares at the Third Affiliated Hospital of Sun
Yat-sen University and the Second Affiliated Hospital of Guang-
zhou Medical University. Blood and CNS samples, MRI scans,
and neuropsychological assessments were acquired during a clini-
cally stable stage when the patients were recovering from the
attack or relapse for at least 3 months did not show symptomatic
deterioration. For all the individuals who participated in our clinical
study, the informed consent was obtained after the nature and pos-
sible consequences of the study were explained. This study was ap-
proved by the Ethics Committee of the Third Affiliated Hospital of
Sun Yat-sen University, in strict accordance with the Declaration of
Helsinki.

Human brain samples

Frozen sections of human brain were obtained from biopsy brain
tissues of one AQP4-IgG serum-positive NMO patient and one
control. The clinical characteristic data of the pathological specimen
providers are shown in table S3, and other details were reported in
our prior studies (33, 49).

MRI acquisition and hippocampal subfield volume analysis

All MRI data were obtained on a 3.0-T magnetic resonance system
(Philips Medical System Ingenia scanner) with dStream head coil.
Structural images of the whole brain were scanned using 3D fast
spoiled gradient-echo sequence. FLAIR data were scanned using a
repetition time of 7000 ms, a flip angle of 90°, an echo time of 125
ms, an acquisition matrix of 272 x 176, and a and slice thickness of 6
mm. First, the whole hippocampus was automatically segmented
and calculated using FreeSurfer version 7.1.1, and the hippocampal
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subfields were automatically segmented and measured using a
package available. Using this algorithm, the hippocampus was accu-
rately segmented into the following subfields: parasubiculum, pre-
subiculum, subiculum, CA1, CA2/3, CA4, granular cell layer of DG,
hippocampus-amygdala transition area, fimbria, molecular layer,
fissure, and hippocampal tail.

Clinical screening

We recorded the demographic and clinical information of all pa-
tients, which included age, sex, education, and disease duration.
MMSE, SDMT, and BVMT-R can comprehensively, accurately,
and quickly reflect the subjects’ mental state and the degree of cog-
nitive impairment. CVLT assessed the subjects’ learning and
memory abilities, including immediate recall (trials 1 to 5, T1-5),
short delayed free recall (SDFR), short delayed cue recall (SDCR),
long delayed cue recall (LDCR), and long delayed free recall
(LDFR). General anxiety and depression-relevant behaviors were
assessed using HARS and HDRS, respectively. Behavioral symp-
toms were assessed via interview with the informant and quantified
using the Frontal Behavioral Inventory.

Statistical analysis

The sample size was not predetermined by any statistical methods as
the effect sizes were unavailable before the experiments. The
samples sizes were all described in the figure legends. No exclusion
criteria were preestablished. The normality of the data distribution
was routinely determined by a Shapiro-Wilk normality test (P < 0.05
indicating a nonnormal distribution). For the data confirmed to be
normally distributed data, we used Student's ¢ test for pairwise com-
parisons and one-way or two-way analysis of variance (ANOVA)
followed by Tukey's post hoc test for three groups or more, as indi-
cated in the figure legends. For data that are not normally distribu-
ted, nonparametric alternatives, such as Mann-Whitney or Kruskal-
Wallis tests, were used. P < 0.05 is considered to be statistically sig-
nificant. All data in bar graphs and summary plots were shown as
means + SEM of at least three independent biological replicates in
all figures. Descriptive statistics were used to examine the demo-
graphic characteristics, information, and neuropsychological
testing of patients. In addition, the correlation between the neuro-
psychological testing and the CHI3L1 level was performed using the
Pearson correlation coefficient. Significance was reported as *P <
0.05,**P < 0.01, ***P < 0.001, and ****P < 0.0001. All statistical anal-
yses were performed in GraphPad Prism 9 (GraphPad Software).
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