
Title Pathogenic role of CD169+ macrophages in
neuronal loss and motor decline in NMO mice

Author(s) Morita, Yuko; Fatoba, Oluwaseun; Itokazu,
Takahide et al.

Citation Experimental Neurology. 2025, 392, p. 115355

Version Type VoR

URL https://hdl.handle.net/11094/102625

rights This article is licensed under a Creative
Commons Attribution 4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Research paper

Pathogenic role of CD169+ macrophages in neuronal loss and motor 
decline in NMO mice

Yuko Morita a, Oluwaseun Fatoba a,c, Takahide Itokazu a,b,*, Toshihide Yamashita a,b,c,d,*

a Department of Molecular Neuroscience, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan
b Department of Neuro-Medical Science, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan
c WPI Immunology Frontier Research Center, Osaka, Japan
d Graduate School of Frontier Biosciences, Osaka University, Osaka, Japan

A R T I C L E  I N F O

Keywords:
Neuromyelitis optica
CD169+ macrophages
Neuronal loss
Neuroinflammation
Functional deficit
Phagocytosis

A B S T R A C T

Neuromyelitis optica (NMO) is a severe autoimmune inflammatory disease characterized by debilitating symp
toms, such as blindness or paralysis, often following a single acute attack. However, effective acute treatments to 
prevent long-term sequelae are currently limited. This study aimed to investigate the role of CD169-expressing 
macrophages during the acute phase of NMO. We developed an NMO mouse model by injecting high-affinity 
AQP4-IgG with human complement into the striatum, inducing NMO-like lesions marked by astrocyte loss 
and infiltration of microglia/macrophages and neutrophils. Immunohistochemical analyses revealed that CD169- 
expressing macrophages were the predominant infiltrating cells within the lesion core. Based on this finding, we 
explored the therapeutic potential of blocking CD169 function to mitigate NMO. CD169+ macrophages were 
activated by astrocytopathy, partially through SYK signaling, leading to significant neuronal loss and motor 
deficits. Treatment with an anti-CD169 antibody significantly reduced neuronal loss, improved motor function, 
and inhibited the phagocytic activity of CD169+ macrophages. Our findings demonstrate that CD169-expressing 
macrophages play a critical role in exacerbating tissue damage and functional decline during the acute phase of 
NMO. Targeting CD169 signaling may represent a promising therapeutic strategy to reduce pathological 
phagocytosis and prevent secondary injury in NMO.

1. Introduction

Neuromyelitis optica (NMO) is a rare autoimmune inflammatory 
disorder primarily affecting the optic nerves, spinal cord, and brain (Kim 
et al., 2012; Nagaishi et al., 2011; Wingerchuk et al., 2006, 2007). The 
majority of patients with NMO are seropositive for aquaporin-4 (AQP4) 
antibodies, which mediate pathological effects in these regions (Lennon 
et al., 2004, 2005). Anti-AQP4 autoantibodies target AQP4 channels on 
the astrocyte foot processes, triggering astrocytopathy, loss of AQP4 
expression, and local inflammation. This pathological process culmi
nates in secondary demyelination and subsequent neuronal injury (Wu 
et al., 2019).

Several animal models of NMO have been developed to elucidate the 

molecular mechanisms of disease progression and aid in the identifica
tion of potential therapeutic targets. Monoclonal antibody therapies, 
including humanized anti-IL-6 and anti-CD20 antibodies, have shown 
efficacy in preclinical models of both multiple sclerosis (MS) and NMO 
and have been successfully translated into clinical application (Brod, 
2020; Kim and Kim, 2020; Takeshita et al., 2021). Despite these ad
vances, the mainstay of acute-phase intervention remains corticosteroid 
pulse therapy and plasma exchange, which are limited in their capacity 
to prevent severe sequelae (Kowarik et al., 2014). Thus, there is a 
pressing need for further research into the underlying pathophysiology 
of NMO and the development of targeted disease-specific treatments.

Recent studies have highlighted the critical role of microglia and 
macrophages in the pathogenesis of NMO (Asavapanumas et al., 2014; 
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Chen et al., 2020; Ratelade and Verkman, 2012). Generally, microglia 
and macrophages are key players in central nervous system (CNS) ho
meostasis, performing phagocytic functions that clear cellular debris 
and damaged cells (Yu et al., 2022). However, in response to patho
logical stimuli, these cells become activated, releasing neurotoxic fac
tors, including pro-inflammatory cytokines and reactive oxygen species 
(ROS), thereby amplifying neuroinflammation (Li et al., 2021). 
Microglia/macrophage-induced inflammatory responses have been 
observed in NMO lesions from autopsy studies (Lucchinetti et al., 2014), 
and experimental depletion of these cells has been shown to mitigate 
NMO pathogenesis (Asavapanumas et al., 2014; Chen et al., 2020). Our 
previous research demonstrated that inhibiting microglia/macrophage 
activation with minocycline attenuates axonal degeneration and im
proves functional outcomes in an NMO animal model (Morita et al., 
2022). Taken together, these findings suggest that targeting microglia 
and macrophage activation could represent a promising therapeutic 
approach for NMO. However, the mechanisms through which astrocyt
opathy influences microglia/macrophage polarization toward disease- 
associated phenotypes and the precise contribution of these macro
phage subtypes to neurodegeneration, remain unclear.

This study aimed to investigate the role of microglia/macrophages in 
NMO pathology following astrocytopathy. Using a mouse model, we 
simulated NMO-associated tissue damage and motor deficits by 
administering AQP4-IgG and human complement (hc) into the striatum. 
Histological analyses revealed that approximately 90 % of Iba1+ cells 
within the lesion core were TMEM119-negative. Moreover, CD169+
macrophages were identified as the predominant macrophage subtype 
during the acute phase of NMO. Treatment with anti-CD169 antibodies 
significantly attenuated neuronal loss and motor deficits in this model. 
These findings indicate that CD169+ macrophages play a crucial role in 
the pathogenesis of NMO.

2. Materials and methods

2.1. Animals

Female wild-type C57BL/6 J mice (8–10 weeks old), sourced from 
Japan SLC, were used for all experiments. The animals were housed 
under a 12-h light/dark cycle in specific pathogen-free (SPF) conditions. 
All experimental protocols were reviewed and approved by the Institu
tional Ethics Committee of Osaka University and adhered to the Osaka 
University Medical School Guidelines for the Care and Use of Laboratory 
Animals.

2.2. NMO mouse model

An NMO mouse model was generated by intrastriatal injection of 1 μl 
(5 mg/ml) AQP4-IgG (E5415A) (Huang et al., 2016) or 1 μl (5 mg/ml) 
control IgG (Mouse IgG2A isotype control; MAB003; R&D Systems) with 
0.5 μl hc (Innovative Research), as previously described (Saadoun et al., 
2010), with certain modifications.

For immunohistochemistry and quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR), AQP4-IgG or control IgG with hc 
was injected unilaterally, whereas, for behavioral assessments, bilateral 
injections were performed.

Surgical procedures were adapted from established protocols with 
minor modifications (Saadoun et al., 2010). Briefly, animals were 
anesthetized with a mixture of butorphanol (Vetorphale®, 10 mg/kg, 
Meiji Seika Pharma), midazolam (Dormicum®, 8 mg/kg, Roche), and 
medetomidine (Domitor®, 0.6 mg/kg, Orion Pharma) and fixed in a 
stereotaxic apparatus (Stoelting Co.). A total volume of 1.5 μl containing 
AQP4-IgG and complement was slowly infused into the brain at ste
reotaxic coordinates: mediolateral (ML), +1.8mm; anteroposterior 
(AP), +0.5mm; and dorsoventral (DV), +3.0mm from bregma. To 
reduce reflux, the glass micropipette was left in place for 5 min after 
injection.

2.3. Antibody treatment

Mice were randomly assigned to four experimental groups: (1) NMO 
mice treated with anti-CD169 antibody (0.5 mg/ml, 142402, Bio
Legend), (2) control mice treated with anti-CD169 antibody, (3) NMO 
mice treated with isotype control antibody (Rat IgG2A, 0.5 mg/ml; 
400502; R&D Systems), and (4) control mice treated with isotype con
trol antibody. A 10 μl dose of anti-CD169 or isotype control antibody 
was administered intracerebroventricularly (ICV) 2 days after model 
induction using stereotaxic coordinates: ML, +0.85mm; AP, − 0.15mm; 
and DV, +2.4mm from bregma.

2.4. Immunohistochemistry (IHC)

On days 2, 4, and 7 post-injection, mice were deeply anesthetized 
and perfused with 4 % paraformaldehyde (PFA) in 0.1M phosphate 
buffer. The brains were harvested and post-fixed in 4 % PFA at 4 ◦C, 
followed by PBS rinsing and immersion in a 30 % sucrose solution. 
Brains were then embedded in Tissue-Tek O.C.T. Compound (Sakura) 
and stored at − 80 ◦C. Coronal brain sections (30 μm thickness) were 
obtained using a cryostat (Leica Microsystems) and mounted on MAS- 
coated slides (Matsunami).

For IHC, sections were blocked with 3 % donkey or goat serum in PBS 
containing 0.1 % Triton-X (PBST) for 1h at room temperature, followed 
by overnight incubation at 4 ◦C with primary antibodies: anti-AQP4 
rabbit antibody (1:500; 59678S; Cell Signaling), anti-GFAP chicken 
antibody (1:1000; ab4674; Abcam), anti-Iba1 guinea pig antibody 
(1:500; 234–308; Synaptic Systems), anti-myeloperoxidase (MPO) rab
bit antibody (1:100; PA5–16672; Thermo Fisher Scientific), anti- 
TMEM119 rabbit antibody (1:100; ab209064; Abcam), anti-NeuN 
chicken antibody (1:500; ABN91; Millipore), anti-CD206 goat anti
body (1:500; AF2535; RSD), anti-CD86 rabbit antibody (1:100; 
ab269587; Abcam), anti-CD169 rat antibody (1:100; MCA884GA; Bio- 
Rad), anti-Phospho-Syk rabbit antibody (1:50; 2710S; Cell Signaling), 
anti-cleaved caspase-3 rabbit antibody (1:300; 9661 L; Cell Signaling), 
anti-DARPP32 guinea pig antibody (1:200; 382,004; Abcam), and anti- 
Siglec-F rat antibody (1:50; 552,125; BioLegend). Alexa Fluor secondary 
antibodies (1:500; Invitrogen) were applied for 1 h at room temperature, 
and myelin was stained with FluoroMyelin™ Green (1:300; F34651; 
Invitrogen) for 30 min. Nuclei were counterstained with 4′,6-diamidino- 
2-phenylindole, DAPI (1:1000; Dojindo).

2.5. Image analysis and IHC quantification

Images were acquired at 20 × or 40 × magnification using a SLI
DEVIEW VS200 slide scanner (Evident) or FV3000 confocal microscope 
(Evident). Tissue damage in the NMO model, including areas of AQP4, 
GFAP, NeuN, and FluoroMyelin loss, was quantified using 20 × images. 
Double-positive TMEM119 and Iba1 cells within the lesion core (250 μm 
from the injection site) and periphery were quantified using 40 × im
ages. CD169+, CD206+, and CD86+ cells were counted across the 
striatum at 20 × magnification. Phospho-Syk intensity and the per
centage of Phospho-Syk + CD169+ cells were evaluated at 40 ×
magnification. Cleaved caspase-3+ cells and NeuN+ cells, as well as 
DARPP32 fluorescence intensity, were quantified using 20 × whole- 
striatum images. Three coronal sections per mouse were analyzed using 
ImageJ software.

2.6. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the striatal tissue using the RNeasy 
Mini Kit (QIAGEN). cDNA was synthesized using the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems), and qRT-PCR 
was performed on a QuantStudio 7 Flex Real-Time PCR System 
(Applied Biosystems). Gene expression was quantified using the 
following primers: GAPDH forward: 5’-TCTCCCTCACAATTTCCATCC- 
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3′, reverse: 5’-GGGTGCAGCGAACTTTATTG-3′, CD169 forward: 5′- 
GGAGATCCAGAAGCCTGTATTAG-3′, reverse: 5′- GTA
CAGTGGCCTTAGCATTGA-3′, CD86 forward: 5′- TGCTGATCTCA
GATGCTGTTT-3′, reverse: 5′- CAGCTCACTCAGGCTTATGTT-3,’ CD206 
forward: 5′- CAGCTGGACAAGGAGTTCATTA-3′, reverse: 5′- ACAACTA
CACAGTCAGCATCTT-3′. Relative gene expression was calculated using 
the 2-△△Ct method, normalized to GAPDH expression.

2.7. Behavioral test

2.7.1. Grip strength test
Neuromuscular function was evaluated by measuring forelimb and 

hindlimb grip strength using a digital grip strength meter (Bioseb). Mice 
were positioned on the device, gently pulled by the tail, and the force at 
grip release was recorded. The average of three trials was divided by 
body weight to obtain normalized grip strength (N/g). Baseline readings 
were recorded one day prior to NMO induction, with follow-up mea
surements taken on days 2, 4, 7, 14, and 28 post-induction.

2.7.2. Grid walk test
Motor coordination was assessed using a grid walk test (Chao et al., 

2012). Mice were placed on a metal grid (27 × 27 cm, 1.2 cm squares) 
and video-recorded for 2 min, during which forefoot and hindfoot 
placement errors were counted. Baseline testing was performed one day 
prior to NMO induction, with subsequent assessments on days 2, 4, 7, 
14, and 28 post-induction.

2.8. Statistical analysis

All statistical analyses were performed using GraphPad Prism 10 
(GraphPad Software). A two-tailed Student’s t-test, one-way analysis of 
variance (ANOVA), or two-way ANOVA with Bonferroni post-hoc cor
rections were applied as appropriate. Statistical significance was defined 
as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results

3.1. Injection of AQP4-IgG + hc induces NMO-like lesions and motor 
deficits

We established an NMO mouse model by injecting 1 μl of high- 
affinity AQP4-IgG with 0.5 μl of complement (hc) into the striatum 
(Saadoun et al., 2010). We performed a histological assessment to 
determine whether NMO-like lesions were reproduced, as observed in a 
previous model(Gong et al., 2020; Saadoun et al., 2010).

To evaluate pathological changes in this model, we performed im
munostaining for AQP4, FluoroMyelin, and Iba1 on days 2, 4, 7, and 28 
after injection (Fig. 1A and B).

The long-term time-course analysis revealed a progressive loss of 
AQP4-positive areas and an increase in Iba1-positive cells from day 2, 
peaking at day 4, and declining by day 7. In contrast, FluoroMyelin 
staining revealed a gradual reduction, peaking on day 7. By day 28, 
AQP4 and Iba1 signals had returned to levels comparable to those of the 
control group, while partial FluoroMyelin loss remained (Supplemental 
Figs. 1B, 1D, and 1E). Based on these findings, we selected day 4 to 
evaluate the peak phase of AQP4 reduction (as an indicator of disease 
progression and immune cell infiltration) and day 7 to assess secondary 
tissue damage. Immunohistochemical analyses on day 4 confirmed peak 
pathological changes, including extensive loss of AQP4 and GFAP, 
increased microgliosis, and infiltration of peripheral immune cells 
around the antibody injection site (Figs. 1C-F). A similar tendency was 
observed in GFAP staining (Supplemental Fig. 1C). Notably, MPO 
immunoreactivity peaked earlier (on day 2) and subsequently declined, 
in contrast to the other markers, which exhibited maximal expression on 
day 4. This transient early-phase response is consistent with acute 
neutrophilic inflammation and is detailed in Supplemental Fig. 1F. 

Additionally, Siglec-F-positive eosinophils were detected in the lesion 
core (Supplemental Fig. 4). NeuN and FluoroMyelin staining indicated 
significant neuronal loss and demyelination by day 7 post-injection 
(Figs. 1G and1H). By day 28, both myelin and neurons had markedly 
recovered compared with the peak phase (Supplemental Figs. 1D and 
1G).

Behavioral tests demonstrated a significant decline in motor per
formance following partial injection of AQP4-IgG/hc into the striatum, 
as evidenced by both grip strength and grid walk tests (Fig. 1I and J). 
Both motor function tests revealed acute impairment on day 2, and grid 
walk tests revealed a gradual decline up to day 7, followed by pro
gressive recovery toward day 14; however, complete functional recov
ery was not observed in this period. In conjunction with the histological 
results in the late phase, these results suggest that although inflamma
tory responses were resolved by day 28, tissue repair, particularly the 
process of remyelination, remained incomplete. The histological 
changes were consistent with the observed trend of behavioral 
improvement. These findings suggest that astrocyte damage in the NMO 
model contributes to microglia/macrophage activation, neutrophil 
infiltration, neuronal damage, and subsequent motor impairment.

3.2. TMEM119-negative, Iba1-positive cells dominate the core of the 
lesion

To examine the population of microglia and macrophages, we per
formed double immunostaining for Iba1 and TMEM119 on day 4 post- 
NMO induction. No significant differences were found in the percent
ages of TMEM119 + Iba1+ cells between control and NMO mice in 
peripheral regions. However, within the lesion core, there was a drastic 
reduction in TMEM119 + Iba1+ cells in NMO mice, with only about 10 
% of Iba1-positive cells being TMEM119+ (Figs. 2A-D).

We also performed staining for CD169, which is predominantly 
expressed by macrophages and is generally absent in microglia. This 
revealed that Iba1+, TMEM119-, CD169+ cells densely accumulated in 
the lesion core (Supplemental Fig. 2). TMEM119 and CD169 exhibited 
minimal colocalization but appeared to be in contact (Supplemental 
Fig. 2). This indicates that the majority of Iba1+ cells in the lesion core 
are likely macrophages rather than resident microglia.

3.3. CD169+ macrophages predominate in NMO lesions

We analyzed macrophage subtype distribution in the lesion core 
using immunohistochemistry for CD86 (M1-like macrophage marker), 
CD206 (M2-like macrophage marker), and CD169 (phagocytic macro
phage marker)(Bogie et al., 2018; Chávez-Galán et al., 2015; Kraus
gruber et al., 2011; Orecchioni et al., 2019) on days 2, 4, and 7 post- 
NMO induction (Fig. 3A).

CD86+ macrophages were primarily located at the needle insertion 
site on days 2 and 4 (Fig. 3B and D). In contrast, CD206+ macrophages 
were detected within the lesion core (Fig. 3B and D), while CD169+
macrophages accumulated at the lesion margins, displaying a large, 
rounded morphology by day 4 (Fig. 3D). Quantitative analysis revealed 
a significant enrichment of CD169+ macrophages within the lesion core 
in AQP4-IgG/hc-injected mice compared to IgG isotype control/hc- 
injected mice across all time points (days 2, 4, and 7) (Figs. 3B-G). 
Similarly, CD86+ and CD206+ macrophages were significantly elevated 
in AQP4-IgG/hc-injected mice at day 2 but declined from days 4 to 7 
(Figs. 3D-G). qRT-PCR corroborated these immunohistological findings, 
showing significantly higher mRNA expression levels of CD169 and 
CD86 on days 2 and 4 in AQP4-IgG/hc mice compared to controls at 
both days 2 and 4 (Supplemental Fig. 3A and 3B). CD206 mRNA 
expression was also significantly increased at day 2 (Supplemental 
Fig. 3A).

We also analyzed the phenotype of CD169+ macrophages. The 
number of CD169 + CD206+ cells was not significantly altered by dis
ease induction (Fig. 3E). In the control/hc-injected group, most CD169+
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Fig. 1. Injection of AQP4-IgG + human complement induces NMO-like pathology and motor deficits. (A) Experimental timeline and procedures. Control-IgG +
human complement (hc) or AQP4-IgG (E5415A) + hc was injected into the striatum. (B) Representative images showing time course data of AQP4 (magenta), 
FluoroMyelin (green), and Iba1 (magenta). White arrows mark the regions of loss. Scale bars: 500 μm. (C) Representative images showing AQP4 (magenta), Co- 
immunostaining with DAPI (blue), and GFAP (red) on day 4. Scale bars: 200 μm (Low magnification) and 50 μm (High magnification). (D) Quantification of 
AQP4 and GFAP loss area (mm2) (n = 5). Data are shown as means ± SEM. ***p < 0.001, ****p < 0.0001, Student’s t-test. (E) Representative images of Iba1 
(magenta) and MPO (red) on day 4. Scale bars: 50 μm. (F) Quantification of Iba1+ and MPO+ cells (mm2) (n = 5). Data are shown as means ± SEM. **p < 0.01, 
****p < 0.0001, Student’s t-test. (G) Representative images of Fluoromyelin (green) and NeuN (red) on day 7. Scale bars: 200 μm (Fluoromyelin) and 50 μm (NeuN). 
(H) Quantification of Fluoromyelin loss area (mm2) and NeuN+ cells (n = 5). Data are shown as means ± SEM. **p < 0.01, ***p < 0.001, Student’s t-test. (I, J) 
Quantification of grip strength and grid walk tests (n = 5). Data are shown as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA followed by 
Bonferroni test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cells colocalized with CD206+ cells, but this proportion decreased to 
approximately 20 % in the AQP4-IgG/hc-injected group (Fig. 3E). 
CD86+ cells colocalized with CD169+ cells at a high frequency in the 
AQP4-IgG/hc-injected group; however, such colocalization occurred in 
only 5 % of the total CD169+ population (Fig. 3E). Collectively, these 
findings confirm the presence of CD86+, CD206+, and CD169+ mac
rophages within the lesion core, with CD169+ macrophages represent
ing the predominant subtype in NMO lesions.

3.4. Anti-CD169 antibody attenuates neuronal loss and motor 
dysfunction in AQP4-IgG-injected mice

Given the marked infiltration of CD169+ macrophages in AQP4-IgG/ 
hc-induced lesions, we hypothesized that these macrophages contribute 
to neuronal damage and motor deficits. First, we checked the immu
noreactivity of p-SYK, which is known to influence phagocytic activity 
and downstream signal of CD169 (Fig. 4A). AQP4-IgG-injected mice 
exhibited significantly elevated p-SYK levels compared to IgG isotype 
controls (Figs. 4B-D). To evaluate the effect of anti-CD169 antibody 
treatment, mice received an ICV injection of the antibody on day 2 post- 
NMO induction, and p-SYK immunostaining was performed 24 h later 
(Fig. 4E). Notably, anti-CD169 antibody-treated mice showed a 

statistically significant reduction in both p-SYK staining intensity and 
the number of p-SYK + CD169+ macrophages compared to isotype 
control-treated mice (Figs. 4F-H). However, the number of CD169+
macrophages did not significantly differ between isotype control-treated 
and anti-CD169 antibody-treated mice (Fig. 4I).

Macrophage-mediated neuronal damage and demyelination are 
hallmark pathological features of autoimmune inflammatory CNS dis
orders, including NMO and relapsing- remitting MS (RRMS). To assess 
macrophage-driven neuronal damage, we performed double immuno
staining for NeuN and CD169. CD169+ macrophages were found 
engulfing NeuN+ neurons within the lesion core of NMO mice. How
ever, anti-CD169 antibody treatment reduced macrophage-neuron in
teractions, thereby enhancing neuronal survival (Fig. 4J).

We further quantified neuronal loss through immunohistochemical 
staining for cleaved caspase-3, NeuN, and DARPP32 at 7 days post-NMO 
induction (Fig. 5A). NMO mice exhibited a significant increase in 
cleaved caspase-3 + NeuN+ cells relative to isotype controls (Figs. 5B- 
C). Treatment with the anti-CD169 antibody significantly reduced the 
proportion of these apoptotic neurons (Fig. 5E).

Similarly, a reduction in the total number of NeuN+ neurons and the 
fluorescence intensity of DARPP32+ medium spiny neurons was 
observed in NMO mice compared to controls, reflecting extensive neu
rodegeneration (Fig. 5D and F). Anti-CD169 antibody treatment signif
icantly ameliorated neuronal loss in these mice (Fig. 5D and F).

To assess motor function, we conducted grip strength and grid- 
walking tests. CD169 blockade significantly improved motor deficits 
in NMO mice, as evidenced by enhanced grip strength and better motor 
coordination compared to isotype control-treated mice (Fig. 5G and H). 
Collectively, these findings demonstrate that CD169 inhibition not only 
mitigates neuronal loss but also improves motor outcomes in the NMO 
mouse model, highlighting the therapeutic potential of targeting 
CD169+ macrophages in NMO.

4. Discussion

In this study, we developed an AQP4-antibody-based NMO mouse 
model that replicates hallmark features of NMO, including astrocytop
athy, microgliosis, and functional impairment. A key finding was the 
accumulation of CD169+ macrophages in lesion cores, where they 
actively phagocytosed both apoptotic and viable neurons, partly via the 
SYK signaling pathway. Our results suggest that CD169-mediated 
phagocytosis exacerbates neuronal damage and functional decline, 
making these macrophages critical contributors to NMO pathology. 
Notably, blocking CD169 with an anti-CD169 antibody reduced 
neuronal loss and improved motor coordination, highlighting the ther
apeutic potential of targeting this pathway in mitigating acute NMO 
symptoms.

NMO often results in severe disability, such as vision loss or paral
ysis, from a single attack, with significant implications for patient out
comes (Ma et al., 2020). Since these injuries are challenging to reverse, 
timely intervention during the acute phase is crucial. Recent studies 
have focused on developing animal models that closely mimic the 
clinical features of NMO to explore the role of immune cells in its 
pathogenesis. NMO lesions are typically characterized by the infiltration 
of macrophages, eosinophils, and neutrophils, with relatively few T cells 
(Lucchinetti et al., 2002; Saadoun et al., 2012). Prior studies have shown 
that reactive microglia and macrophages are more prevalent in NMO 
lesions compared to other inflammatory demyelinating diseases, sug
gesting a key role in disease progression(Iwamoto et al., 2022; Kurosawa 
et al., 2015; Lucchinetti et al., 2014; Misu et al., 2007). However, the 
precise mechanisms by which these cells contribute to neuronal injury 
remain unclear. Our study sought to examine the population of resident 
microglia and macrophages to clarify their distinct roles in NMO 
pathology.

We established a murine model that mimics NMO-like lesions in the 
striatum, characterized by significant AQP4 loss. This model was 

Fig. 2. TMEM119-negative Iba1-positive cells dominate the lesion core in NMO 
mice. (A) Experimental timeline. (B) Representative images of Iba1 (magenta) 
and TMEM119 (green) on day 4. Scale bars: 100 μm (Low magnification) and 
50 μm (High magnification). (C, D) Quantification of the percentage of 
TMEM119+ Iba1+ cells (mm2) (n = 5). Data are shown as means ± SEM. ***p 
< 0.001, Student’s t-test. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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generated using a well-established local injection approach, which en
ables consistent induction of NMO and facilitates pathological analysis 
and quantitative evaluation in mice (Asgari et al., 2013; Kim et al., 2024; 
Saadoun et al., 2010; Zhang and Verkman, 2013). Compared with sys
temic administration models, which induce widespread lesions resem
bling human pathology but lack regional specificity, the striatum- 
targeted local injection model enables the localized induction of an 
NMO-like lesion, thereby allowing for more detailed analysis of the 
pathophysiology (Huang et al., 2024), especially in terms of the tem
poral dynamics of inflammation, demyelination, and cell death. 
Regarding the location of direct injection, the optic nerve or spinal cord 

may be targets that result in NMO-like pathology; however, injection 
into such small and densely myelinated regions in mice may result in 
inadvertent tissue damage, and the observed pathology may actually be 
related to that damage (Duan and Verkman, 2020). In this regard, the 
striatum offers technical advantages as a target owing to well-defined 
anatomical landmarks and accessibility for stereotaxic surgery, allow
ing accurate and reproducible injections with minimal variability in 
location and depth. Based on these reasons, in the present study, we 
selected the striatum as the injection site. In addition, although NMO has 
traditionally been considered a disorder that primarily affects the optic 
nerves and spinal cord, accumulating clinical evidence has indicated the 

Fig. 3. CD169+ macrophages predominate around the lesion core during the acute phase of NMO. (A) Experimental timeline. Immunohistological analysis was 
performed on days 2, 4, and 7. (B, C) Representative images showing CD206 (magenta), CD86 (red), and CD169 (green) on day 2. Scale bars: 100 μm (Low 
magnification) and 50 μm (High magnification). (D, H, I) Quantification of CD206+, CD86+, and CD169+ cells on days 2, 4, and 7 (mm2) (n = 5). Data are shown as 
means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t-test. (E) Percentage of co-staining in each cell type (CD206+, CD86+, and CD169+
cells) on day 2 (n = 4). Data are shown as means ± SEM. **p < 0.01, Student’s t-test. (F) Representative images of CD206 (magenta), CD86 (red), and CD169 (green) 
on day 4. Scale bars: 100 μm (Low magnification) and 50 μm (High magnification). (G) Representative images of CD206 (magenta), CD86 (red), and CD169 (green) 
on day 7. Scale bars: 100 μm (Low magnification) and 50 μm (High magnification). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Fig. 4. Anti-CD169 antibody treatment reduces p-SYK expression and interaction between CD169+ macrophages and neurons. A) Experimental timeline. Immu
nohistological analysis was performed on day 4. (B) Representative images of CD169 (green), p-SYK (magenta), and Iba1 (red) on day 4. Scale bars: 50 μm. (C, D) 
Quantification of p-SYK fluorescence intensity and the percentage of p-SYK+ CD169+ cells on day 4 (n = 4). Data are shown as means ± SEM. ***p < 0.001, ****p <
0.0001, Student’s t-test. (E) Experimental timeline for antibody treatment. Anti-CD169 or isotype control antibody was administered 2 days after NMO model in
duction via intracerebroventricular (ICV) injection. (F) Representative images of CD169 (green) and p-SYK (magenta) on day 4. Scale bars: 50 μm. (G, H) Quan
tification of p-SYK fluorescence intensity and the percentage of p-SYK+ CD169+ cells on day 4 (n = 7). (I) Quantification of CD169+ cells (mm2) after the treatment 
(n = 7). Data are shown as means ± SEM. **p < 0.01, ***p < 0.001, Student’s t-test. (J) Representative images showing CD169 (green) and NeuN (red) on day 4. 
White arrows indicate interactions between CD169+ cells and NeuN. Scale bars: 100 μm (Low magnification) and 50 μm (High magnification). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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potential significance of other lesions to other regions including the 
hypothalamus, brainstem, and striatum (Kim et al., 2010, 2012; 
Nagaishi et al., 2011). These brain lesions are not only frequent but may 
also be related to disease severity and neurological symptoms, under
scoring the need for experimental models that enable detailed investi
gation of brain-specific NMO pathology (Kim et al., 2012).

To induce the NMO pathology, we used a high-affinity anti-AQP4 
antibody (E5415A), selectively binds both human and rodent AQP4 
(Huang et al., 2016; Iwamoto et al., 2022; Kurosawa et al., 2015). We 

used human complement in combination with the anti-AQP4 antibody 
because the classical complement pathway in mice exhibits lower 
cytotoxicity than that in humans and rats (Ratelade and Verkman, 
2014). The pathogenesis of NMO involves complement activation pro
duced by the binding of anti-AQP4 antibody to AQP4 water channels on 
astrocytes, which leads to a marked inflammatory response 
(Asavapanumas et al., 2021). Additionally, mouse serum contains an 
inhibitor of the human classical complement pathway(Ratelade and 
Verkman, 2014). Thus, injection of a mixture of AQP4-IgG and human 

Fig. 5. Anti-CD169 antibody ameliorates neuronal loss and motor deficits in AQP4-IgG-injected mice. (A) Experimental timeline. Anti-CD169 or isotype control 
antibody was administered 2 days after model induction via ICV injection. Behavioral tests were conducted before NMO induction and on days 2, 4, and 7 post- 
induction. (B) Representative images showing cleaved caspase-3 (green), NeuN (red), and DARPP32 (magenta) on day 7. Scale bars: 50 μm. (C, D, E, F) Quantifi
cation of cleaved caspase-3+ NeuN+ cells (mm2), number of NeuN+ cells (mm2), percentage of cleaved caspase-3+ NeuN+ cells (mm2), and DARPP32 fluorescence 
intensity on day 7 (n = 4–5). Data are shown as means ± SEM. **p < 0.01, ***p < 0.001, one-way ANOVA followed by Bonferroni test. (G, H) Quantification of grip 
strength and grid walk tests (n = 6–8). Data are shown as means ± SEM. **p < 0.01, ***p < 0.001, two-way ANOVA followed by Bonferroni test. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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complement is necessary to produce the major pathological features 
found in human NMO, including the loss of AQP4 (Asgari et al., 2013; 
Kim et al., 2024; Ratelade and Verkman, 2014; Saadoun et al., 2010; 
Zhang and Verkman, 2013). Histological analyses revealed reductions in 
AQP4, GFAP, FluoroMyelin, and NeuN, along with increased infiltration 
of Iba1+ microglia/macrophages and sporadic MPO+ neutrophils in 
AQP4-IgG/hc-injected mice. These pathological features closely resem
bled those observed in patients with NMO (Misu et al., 2007; Roemer 
et al., 2007). Additionally, functional impairments were confirmed via 
grip strength and grid walk tests.

Next, to examine the population of microglia and macrophages in 
our NMO model, we used TMEM119, a microglia-specific surface marker 
(Bennett et al., 2016; Satoh et al., 2016). Our findings showed that 
approximately 90 % of Iba1+ cells within the lesion core lacked 
TMEM119 expression, indicating that these cells are likely macrophages 
rather than homeostatic microglia, and predominantly driving the 
acute-phase pathology. This observation aligns with prior studies 
reporting the absence of TMEM119 expression in lesion cores during the 
first week after injury (Kim et al., 2024). Previous research has sug
gested that macrophages play a role in NMO pathogenesis, contributing 
to astrocyte injury (Asavapanumas et al., 2014) and secondary demye
lination (Kim et al., 2024). However, the involvement of specific sub
types and their role in secondary neuronal damage had not been fully 
elucidated.

To address this gap, we performed immunostaining for CD86, 
CD206, and CD169. In our study, CD86 and CD206 transiently increased 
two days after model creation but subsequently declined. In contrast, 
CD169 was the predominant macrophage subtype during the acute 
phase of NMO. CD169 is a type I transmembrane glycoprotein belonging 
to the sialic acid-binding immunoglobulin-like lectin (Siglec) family 
(Munday et al., 1999). While CD169 expression is typically restricted to 
tissue-resident macrophages in the bone marrow, spleen, and lymph 
nodes (Herzog et al., 2022; Liu et al., 2020), it is also present in the 
perivascular space, choroid plexus, and meninges, where it identifies 
specialized macrophage populations distinct from microglia (Perry 
et al., 1992). Recent studies have highlighted the diverse roles of 
CD169+ macrophages, including phagocytosis, antigen presentation, 
antiviral responses, and antitumor activity. Moreover, CD169+ macro
phages have been implicated in autoimmune diseases, such as inflam
matory bowel disease, MS, and rheumatoid arthritis (Bogie et al., 2018; 
Li et al., 2017; Liu et al., 2020; Xiong et al., 2014). Elevated CD169 
expression on CD14+ monocytes has also been observed in both patients 
with MS and NMO (Ostendorf et al., 2021). Bogie et al. revealed that in 
an EAE model, CD169+ macrophages constituted approximately 50 % 
of Iba1+ cells in lesion cores, and their depletion alleviated disease 
severity (Bogie et al., 2018). However, the presence and role of CD169+
macrophages in NMO pathogenesis remain unexplored.

Among the total population of CD169+ cells, approximately 20 % co- 
expressed CD206, while 5 % co-expressed CD86. Perivascular macro
phages, which localize around cerebral blood vessels, are known to 
express both CD169 and CD206 (Rajan et al., 2020). The subset of 
CD169+ cells may be derived from these perivascular macrophages, and 
the proportion of CD169 + CD206+ cells did not significantly differ 
between the control and disease groups. The CD169+ cells co-expressing 
CD86 in this study likely have an inflammatory phenotype, as previously 
reported (Bogie et al., 2018). These findings indicate that CD169+ cells 
are abundant in the lesion core in acute NMO and may have a substantial 
effect on disease progression in addition to its classical pro- and anti- 
inflammatory roles.

To elucidate their function, we investigated the downstream 
signaling pathway involving p-SYK, a molecule that modulates phago
cytic activity in CD169 macrophages (Guo et al., 2015; Qian et al., 2022; 
Tohyama and Yamamura, 2009; Wu et al., 2016). Histological analysis 
revealed increased p-SYK levels within NMO lesions. Treatment with an 
anti-CD169 antibody significantly reduced both p-SYK expression and 
the percentage of p-SYK + CD169+ macrophages compared to controls 

treated with isotype IgG. Additionally, double immunostaining for NeuN 
and CD169 showed that CD169+ macrophages actively phagocytosed 
NeuN+ neurons. However, this interaction was markedly diminished 
following treatment with an anti-CD169 antibody, suggesting that 
blocking CD169 limits neuronal loss. Li et al. previously demonstrated 
that microglia and macrophage activation in cerebrospinal fluid corre
lates with disease severity in patients with NMO (Li et al., 2022). 
Accordingly, we investigated whether blocking CD169 could prevent 
neuronal loss in AQP4-IgG/hc-induced lesions. Anti-CD169-treated mice 
exhibited significant preservation of NeuN+ neurons and reduced 
DARPP32+ neuronal loss compared to IgG-treated controls. These 
findings suggest that CD169-mediated phagocytosis contributes to 
excessive neuronal loss during acute NMO. Phagocytosis by microglia 
and macrophages plays a critical role in neurodevelopment, homeosta
sis, and pathological conditions by clearing dead cells and debris from 
the CNS (Yu et al., 2022). However, in pathological states, this process 
can result in the aberrant clearance of healthy neurons, driven by dys
regulated ‘find-me,’ ‘eat-me,’ or ‘don’t-eat-me’ signals released by 
stressed neurons (Brown and Neher, 2014; Butler et al., 2021; Lepiarz- 
Raba et al., 2023). Specifically, the ‘find-me’ signals released by stressed 
or apoptotic neurons attract phagocytic cells to the site of pathology 
(Neher et al., 2011; Neniskyte et al., 2011; Shimizu et al., 2023). The 
chemoattractants C–C motif chemokine ligand 2 (CCL2) and ATP are 
elevated in the CSF of human patients, supporting their involvement in 
NMO pathology and the idea that macrophage recruitment exacerbates 
neuronal loss (Ishikura et al., 2021; Narikawa et al., 2004).

Consistent with this hypothesis, anti-CD169 antibody treatment 
preserved NeuN+ neurons and reduced DARPP32+ medium spiny 
neuronal loss, indicating that CD169-mediated phagocytosis plays a 
central role in acute neuronal injury.

To further investigate the impact of CD169 blockade on neuro
inflammation, we administered an anti-CD169 antibody and assessed 
functional outcomes. NMO mice treated with the anti-CD169 antibody 
showed improved motor performance compared to IgG-treated controls. 
Blocking CD169 during the acute phase selectively inhibited its phago
cytic activity, thereby attenuating disability accrual. However, addi
tional studies using genetic approaches are needed to better understand 
the pathological implications of CD169-mediated phagocytosis by 
depleting CD169+ macrophages within lesion cores.

Our immunostaining analysis also revealed an accumulation of 
CD169+ macrophages in the lesion core and TMEM119-negative areas. 
However, whether CD169+ macrophages are infiltrating macrophages 
or microglia remains unclear. As microglia possess high plasticity, their 
phenotype depends on their immediate environment (Luo and Chen, 
2012). Therefore, further studies in which fate-mapping and cell- 
profiling tools such as single-cell RNA sequencing are used may be 
warranted to determine the source and gene profile of the macrophages 
associated with the NMO lesion core.

In conclusion, our findings highlight the pathological role of 
CD169+ macrophages during the acute phase of NMO, demonstrating 
that their phagocytic activity contributes to excessive neuronal loss and 
motor deficits. Blocking CD169 reduced neuronal damage and improved 
motor outcomes in the NMO mouse model, underscoring the therapeutic 
potential of targeting CD169+ macrophages to mitigate secondary 
injury during the acute phase of NMO.
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