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Abstract

Background Neuromyelitis optica spectrum disorder (NMOSD) is an autoantibody-triggered central nervous
system (CNS) demyelinating disease that primarily affects the spinal cord, optic nerves and brainstem. Among the
first responders to CNS injury, microglia are prominent players that drive NMOSD lesion formation. However, the key
molecular switches controlling the detrimental activity of microglia in NMOSD are poorly understood. CD22 governs
the activity of innate and adaptive immunity. In this study, we investigated to what extent and by what mechanisms
CD22 may modulate microglial activity, neuroinflammation and CNS lesion formation.

Methods To determine the expression profile of CD22 in NMOSD, we performed single-cell sequencing and

flow cytometry analysis of immune cells from human peripheral blood. We investigated the potential effects and
mechanisms of CD22 blockade on microglial activity, leukocyte infiltration and CNS demyelination in a mouse model
of NMOSD induced by injection of NMOSD patient serum-derived AQP4-IgG and human complement.

Results Single-cell sequencing and flow cytometry analysis revealed that CD22 was expressed in B cells, neutrophils,
monocytes and microglia-derived exosomes in human peripheral blood from NMOSD patients and controls (n=5

per group). In a mouse model of NMOSD, CD22 was expressed in B cells, neutrophils, monocytes and microglia (n=8
per group). In NMOSD mice, CD22 blockade significantly increased the number of CNS lesions, astrocyte loss and
demyelination, accompanied by increased inflammatory activity and phagocytosis in microglia. Furthermore, the
detrimental effects of CD22 blockade were significantly alleviated in NMOSD mice subjected to depletion of microglia
or Gr-1* myeloid cells, suggesting the involvement of microglia and peripheral Gr-1* myeloid cells. Additionally, CD22
blockade also led to significantly reduced phosphorylation of SYK and GSK33 in NMOSD. Notably, the detrimental
effects of CD22 blockade were greatly diminished in NMOSD mice receiving the phosphorylated SYK inhibitor R406.

fWenjun Zhang, Yali Han, Huachen Huang and Yue Su contributed
equally to this work.

*Correspondence:

Qiang Liu
gliu@tmu.edu.cn

Ting Chang
changting1981@163.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-024-03305-2&domain=pdf&date_stamp=2024-11-28

Zhang et al. Journal of Neuroinflammation (2024) 21:313

Page 2 of 17

Conclusions Our findings revealed a previously unrecognized role of CD22 as a key molecular switch that governs
the detrimental effects of microglia and Gr-1" myeloid cells in NMOSD, which paves the way for the future design of

immune therapies for NMOSD.
Graphical abstract
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Introduction
Neuromyelitis optica spectrum disorder (NMOSD) is a
severe disabling autoimmune and inflammatory disease
of the central nervous system (CNS) that damages the
optic nerve and spinal cord [1-4]. NMOSD primarily
afflicts younger and middle-aged populations, resulting
in high disability and increased mortality [2, 5]. NMO-
IgG, i.e., antibodies against aquaporin 4 (AQP4), is a
unique feature in 75% of patients with NMOSD. AQP4
is expressed mainly on astrocyte endfeet. The binding
of NMO-IgG to AQP4 results in antibody-dependent
cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC), leading to astrocyte loss,
demyelination and axonal damage. The initiation of this
cascade activates microglia [6, 7]. As the first respond-
ers to signals derived from astrocyte activation, microglia
induce subsequent inflammatory responses [6, 8], which
expedite damage to astrocytes and neuronal structures.
However, the master switches that govern the detrimen-
tal activities of microglia in NMOSD remain unclear.
CD22, also known as Siglec-2, belongs to the sialic acid-
binding immunoglobulin-like lectin (Siglec) family and

is expressed mainly in B cells and myeloid cells, includ-
ing microglia [9-11]. Although CD22 is classified as an
“inhibitory receptor” in B cells that maintains a baseline
level of inhibition and maintains humoral immunity,
the role and function of CD22 in myeloid cells remain
obscure. The distribution and function of CD22 suggest
its involvement in the initiation and evolution of neu-
roinflammation. However, the role of CD22 in microg-
lial activity and neuroinflammation in NMOSD remains
poorly understood.

In this study, we examined the expression profile of
CD22 in immune cell subsets from human peripheral
blood samples collected from patients with NMOSD and
control subjects. Using a mouse model of NMOSD, we
assessed the expression of CD22 in immune cell subsets
and determined the role of CD22 in CNS demyelination,
astrocyte loss and the underlying mechanisms.
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Results

Expression profile of CD22 in immune cell subsets from
NMOSD patients

To determine the expression profile of CD22 in NMOSD,
we performed single-cell sequencing and flow cytom-
etry analysis of immune cells from the peripheral blood
of NMOSD patients. Single-cell sequencing revealed
that CD22 is expressed mainly in B cells from periph-
eral blood (Fig. 1A, B). Among the B-cell subsets, naive
B cells highly expressed CD22 (Fig. 1C). A decrease in
CD22 expression was observed in patients with NMOSD,
although the difference was not statistically significant
(Fig. 1D). Flow cytometry analysis revealed that CD22
was expressed mainly in B cells, neutrophils and mono-
cytes from peripheral blood (Fig. 1E, F). In patients with
NMOSD, a significant decrease in CD22 was detected in
B cells (p=0.0022) and monocytes (p=0.0012) (Fig. 1F).
To assess the expression of CD22 in microglia, we iso-
lated circulating exosomes from patients with NMOSD
to assess CD22-expressing exosomes derived from
microglia (TMEM1197CD22*). We observed a decrease
in the number of microglia-derived CD22" exosomes in
the peripheral blood of NMOSD patients compared with
controls (p=0.0012) (Fig. 1G, H).

Expression profile of CD22 in immune cell subsets from an
NMOSD mouse model

Next, we sought to assess the expression of CD22 across
various immune cell types in the central nervous system
(CNS) and periphery via a mouse model of NMOSD
induced by intracerebral injection of human comple-
ment and AQP4-IgG, which was purified from AQP4-
IgG-seropositive  NMOSD patients. Flow cytometry
analysis revealed that CD22 was expressed mainly by B
cells, neutrophils, monocytes and microglia (Fig. 2A, B).
In NMOSD mice, a decrease in CD22 expression was
observed in microglia (p=0.0064) and CNS-infiltrating B
cells (»p=0.023) (Fig. 2C).

Overall, these findings demonstrate that CD22 is
expressed mainly in B cells and myeloid cells (i.e., microg-
lia, neutrophils and monocytes) in patients with NMOSD
and in a mouse model.

CD22 blockade exacerbates NMOSD pathology in mice

To determine the potential impact of CD22 on NMOSD
pathology, we utilized an anti-CD22 monoclonal anti-
body (anti-CD22 mAb) to block CD22 by coinjection
of AQP4-IgG and human complement with anti-CD22
mAb in NMOSD mice. Demyelinating lesions were
measured with T2-weighted MRI images on day 3 after
NMOSD induction (Fig. 3A). We found a remarkable
increase in the lesion volume of NMOSD mice receiv-
ing the anti-CD22 mAb compared with the IgG con-
trol (p=0.0017) (Fig. 3B). Additionally, anti-CD22 mAb
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treatment augmented the loss of GFAP, AQP4, and MBP
expression in NMOSD mice (MBP: p=0.0016, GFAP:
p=0.0026, AQP4: p=0.0022) (Fig. 3C, D), suggesting that
CD22 blockade led to increased astrocyte loss and demy-
elination in NMOSD patients. Collectively, our results
demonstrate that CD22 blockade exacerbates NMOSD
pathology in mice.

CD22 blockade augments the inflammatory activity of
microglia in NMOSD mice

To determine the effects of CD22 blockade on
neuroinflammation  after NMOSD, we  mea-
sured microglia and CNS-infiltrating immune
cells in NMOSD mouse brains via flow cytom-
etry assessment of microglia (CD45*CD11b™),
monocytes  (CD45M"CD11b* Ly6C*), neutrophils
(CD45Me"CD11b*"Ly6G"*), B cells (CD45"8"CD3"CD19%),
CD4* T cells (CD45"¢"CD3'CD4%), CD8* T cells
(CD45"8hCD3*CD8*), and natural killer (NK) cells
(CD45"8"CD3"NK1.1*) (Fig. 4A). We found that CD22
blockade led to an increase in the counts of microglia,
brain-infiltrating monocytes, neutrophils and B cells
in NMOSD mice (microglia: p=0.0028, monocytes:
p=0.0061, neutrophils: p=0.0011, B cells: p=0.048)
(Fig. 4B). To assess microglial activity, we measured the
expression of CD86, CD206, IL-1B, IL-10, TGF-f and
TNF-« in microglia from NMOSD mice. Flow cytometry
analysis revealed that CD22 blockade led to an increase
in the expression of markers of inflammatory activity
(CD86, IL-1p and TNF-«) in microglia (Fig. 4C). In con-
trast, CD22 blockade led to a decrease in immune regu-
latory markers (CD206, IL-10 and TGF-f) in microglia
(CD86: p=0.012, CD206: p=0.044, IL-1B: p=0.062, IL-10:
p=0.041, TNF-a: p=0.0094, TGF-B: p=0.013) (Fig. 4C).

To examine the impact of CD22 blockade on microg-
lial activity after NMOSD, we assessed the number
of microglia and found that CD22 blockade led to an
increase in Ibal* cells around lesions (p=0.022) (Fig. 4D,
E). We also performed quantitative morphometric
analysis of microglia on day 3 after NMOSD induction.
Microglial morphology was assessed via immunofluo-
rescence staining. Skeleton analysis revealed that follow-
ing the injection of the anti-CD22 mAb, the microglial
morphology changed from a ramified phenotype to a
bushy phenotype (Fig. 4F). The branch lengths of microg-
lial processes were reduced on day 3 post-NMOSD in
the mice treated with the anti-CD22 mAb (p=0.045)
(Fig. 4@G). Sholl analysis further demonstrated a decrease
in the complexity of microglial processes in NMOSD
mice receiving the anti-CD22 mAb (Fig. 4H).

Together, these results indicate that CD22 block-
ade aggravates neuroinflammation in NMOSD mouse
brains, suggesting a beneficial role of CD22 in controlling
neuroinflammation.
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Fig. 1 Expression profile of CD22 in circulating immune cell subsets from patients with NMOSD and controls. A Single-cell sequencing analysis of im-
mune cells from human peripheral blood samples from patients with NMOSD and healthy controls (total: 90,381 cells from 5 NMOSD patients and 5
controls; control: 43,985 cells; NMOSD: 46,396 cells). B, C CD22 expression profiles of B cells B and B-cell subsets C from patients with NMOSD and healthy
controls; n=5 per group. D CD22 expression profiles across various immune cell subsets in patients with NMOSD and healthy controls at the indi-
vidual patient level; n=5 per group. E Gating strategy for human circulating immune cell subsets, including neutrophils (CD45*CD3-CD16%), monocytes
(CD45*CD167CD14%), B cells (CD45*CD37CD19*), CD4™ T cells (CD457CD37CD4"), CD8™ T cells (CD45*CD37CD8") and NK cells (CD45*CD37CD56"). F
Summarized bar graph showing CD22 expression in monocytes, neutrophils, B cells, CD4* T cells, CD8* T cells and NK cells; n=6 per group. G Visualization
of circulating exosomes from patients with NMOSD and controls. H Flow cytometry gating strategy and bar graph showing microglia-derived exosomes
(CD22*TMEM119%); n=8 per group. The data are presented as the mean + SEM. **p < 0.01
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Fig. 2 CD22 expression profile in microglia and leukocytes from NMOSD mice. A Flow cytometry gating strategy for microglia (CD45*CD11b™),
monocytes (CD45M"CD11b*Ly6C*), neutrophils (CD45MNCD11b*Ly6G*), B cells (CD45MNCD3"CD19%), CD4* T cells (CD45MI"CD3*CD4™), CD8* T cells
(CD45MINCD3*CD8™) and NK cells (CD45M"CD3™NK1.1%). B Histograms showing CD22-expressing cell subsets in sham and NMOSD mice. C, D Bar graphs
showing the percentage of each cell type expressing CD22 in brain and spleen tissues from NMOSD mice; n=8 per group. The data are presented as the
mean +SEM. *p < 0.05, *p < 0.01
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Fig.3 CD22 blockade exacerbates NMOSD pathology in mice. AT2WI scans revealed demyelinating lesions in the indicated groups of NMOSD mice. The
lesion areas are marked with red lines. Scale bar: 2 mm. B Bar graphs depicting the volume of demyelinating lesions in the indicated groups of NMOSD
mice; n=10 per group. C Immunostaining of the indicated markers (GFAP, AQP4, or MBP) in brain tissue sections from NMOSD mice receiving the anti-
CD22 mAb or IgG control on day 3 after NMOSD induction. The white lines indicate areas with loss of AQP4, GFAP or MBP. Scale bar: 3,000 um (left), 100 pm
(right). D Bar graphs illustrating demyelination in NMOSD mice receiving anti-CD22 mAb or IgG control; =10 per group. The data are expressed as the
mean +SEM. ** p<0.01
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Fig. 4 CD22 blockade augments the inflammatory activity of microglia in NMOSD mice. A Flow cytometry gating strategy for inflammatory markers
(CD86, IL-1 and TNF-a) and immune regulatory markers (CD206, IL-10 and TGF-B) in microglia. B Bar graph showing the effects of CD22 blockade on the
counts of microglia, brain-infiltrating monocytes, neutrophils, B cells, CD4™ T cells and CD8* T cells in NMOSD mice; n=10 per group. C Flow cytometry
results showing the effects of CD22 blockade on the expression of inflammatory markers (CD86, IL-13 and TNF-a) and immunoregulatory markers (CD206,
IL-10 and TGF-B) in microglia from NMOSD mice; n=6 per group. D Immunostaining showing Iba1* cells in the indicated groups. The white lines delineate
the areas with an accumulation of Iba1* cells. Scale bar: 100 um. E Bar graph showing that CD22 blockade enhanced the accumulation of Iba1* cells.
n=10 per group. F, G Skeletal analysis showing that the lengths of microglial processes were reduced on day 3 in mice treated with the anti-CD22 mAb;
n=6 per group. H Sholl analysis summarizing the results of microglial processes in NMOSD mice receiving the anti-CD22 mAb or IgG control. The data are

presented as the mean + SEM. *p <0.05, **p < 0.01
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Microglia and Gr-1+ myeloid cells contribute to
exacerbated NMOSD pathology in mice receiving
anti-CD22 mAb

As CD22 is expressed mainly in microglia, neutrophils,
monocytes and B cells, we next examined the potential
contribution of these cell types to exacerbated NMOSD
pathology in mice receiving anti-CD22 mAb. For this
purpose, we depleted microglia with the CSFIR inhibi-
tor PLX5622 until the end of the experiment (Fig. 5A).
In NMOSD mice receiving PLX5622, > 90% of microg-
lia were depleted (Fig. 5B). In NMOSD mice receiving
PLX5622, anti-CD22 mAb treatment did not affect the
brain lesion volume (Fig. 5C, D), suggesting the involve-
ment of microglia in the observed exacerbation of
NMOSD pathology in these mice.

To test the potential involvement of peripheral myeloid
cells such as monocytes and neutrophils in the detrimen-
tal impact of CD22 blockade, we used an anti-Gr-1 mAb
to deplete Gr-1* myeloid cells (Fig. 6A). Flow cytometry
analysis revealed that >90% of Gr-1" myeloid cells were
eliminated in NMOSD mice that received the anti-Gr-1
mAb (Fig. 6B). Notably, in NMOSD mice receiving anti-
Gr-1 mAb, anti-CD22 mAb treatment did not alter the
brain lesion volume (Fig. 6C, D), suggesting the involve-
ment of Gr-1" myeloid cells in the observed exacerbation
of NMOSD pathology in mice receiving anti-CD22 mAb.

To investigate whether B cells contribute to the effects
of CD22 blockade in NMOSD, we depleted B cells with
an anti-CD20 mAb (Fig. 7A). We found that >90% of B
cells were depleted in NMOSD mice receiving anti-CD20
mAb (Fig. 7B). The detrimental effects of CD22 block-
ade were observed in NMOSD mice receiving anti-CD20
mAb (p=0.0082) (Fig. 7C-D, Supplemental Fig. 1), sug-
gesting that the CD22 blockade-induced exacerbation of
NMOSD pathology does not involve B cells.

Collectively, these results suggest that the detrimental
effects of CD22 blockade on NMOSD pathology involve
microglia and Gr-1" myeloid cells.

The detrimental effects of CD22 blockade on NMOSD
pathology involve SYK-GSK3 signaling

As a pivotal downstream kinase of CD22, the spleen tyro-
sine kinase (SYK) can switch on glycogen synthase kinase
3B (GSK3p) to modulate microglial activity [12-14]. To
test whether SYK-GSK3p signaling contributes to CD22
blockade-induced exacerbation of NMOSD pathology,
we used the SYK inhibitor R406 to block SYK-GSK3p
signaling [15]. Consistent with previous research, we
found that CD22 blockade led to reduced phosphoryla-
tion of SYK (p=0.019) and GSK3p (p=0.042) in NMOSD
mice (Fig. 8B, C). T2-weighted MRI revealed that CD22
blockade no longer increased the brain lesion vol-
ume in NMOSD mice receiving R406 (Fig. 8D). Simi-
larly, the detrimental effects of CD22 blockade on brain

Page 8 of 17

inflammation were diminished in NMOSD mice receiv-
ing R406 (Supplemental Fig. 2). These findings suggest
that SYK-GSK3p signaling contributes to CD22 block-
ade-induced exacerbation of NMOSD pathology.

Discussion

This study revealed that CD22 is a master switch that
governs the beneficial effects of microglia and Gr-1*
myeloid cells in NMOSD pathology. As documented
here, CD22 was expressed mainly in microglia, neutro-
phils, monocytes and B cells in patients with NMOSD
and in a mouse model of NMOSD. CD22 blockade
exacerbated NMOSD lesions, astrocyte loss and CNS
demyelination, which was accompanied by increased
inflammatory activity of microglia and CNS infiltration
of peripheral myeloid cells. Notably, the detrimental
effects of CD22 blockade in NMOSD pathology involve
mainly microglia and Gr-1" myeloid cells but not B cells
in a process involving SYK-GSK3p signaling. Collectively,
these findings revealed a previously unrecognized role of
CD22 in CNS inflammation and NMOSD pathology.

As the first responders to CNS injury and neuroin-
flammation, microglia are critical players in the control
of NMOSD pathology. In NMOSD, microglia can exert
either neurotoxic effects or neuroprotective effects via
phagocytosis, antigen presentation and the production
of various immune factors. These findings revealed that
CD22 is a key molecular switch that governs microglial
activity in NMOSD. The finding that microglial depletion
diminishes the detrimental effects of CD22 blockade on
NMOSD pathology suggests that microglia contribute to
the beneficial role of CD22 in NMOSD. The activation of
microglia is characterized by an amoeboid morphology,
enlarged cell bodies and reduced number of branches.
Indeed, we found that CD22 blockade led to an increase
in the number of amoeboid microglia in NMOSD mice,
which was accompanied by an increase in the expres-
sion of inflammatory markers (CD86, IL-1$ and TNF-a)
and reduced expression of immune regulatory markers
(CD206, IL-10 and TGE-P). These findings suggest that
CD22 is a key switch for the beneficial effects of microg-
lia in NMOSD.

The expression of CD22 in Grl* myeloid cells such as
monocytes and neutrophils, along with their contribution
to the detrimental effects of CD22 blockade on NMOSD
pathology, suggest that CD22-expressing Grl* myeloid
cells could exert beneficial effects in NMOSD. This view
is supported by previous studies showing immune regu-
latory effects of monocytes and neutrophils in other CNS
inflammatory diseases [16-18], although the precise
mechanisms underlying the benefit of CD22-expressing
Grl" myeloid cells in NMOSD remain unclear. In addi-
tion to microglia and Grl* myeloid cells, B cells highly
express CD22 in NMOSD. Although B-cell depletion did
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Fig. 5 Microglia contribute to exacerbated NMOSD pathology in mice receiving anti-CD22 mAb. A Flow chart depicting drug administration and the
indicated assessment. On day 14 after microglial depletion via PLX5622, wild-type mice received intrastriatal injections of anti-CD22 mAb after NMOSD
induction. B Assessment of microglia following PLX5622 administration; n=7 per group. C T2WI scans showing brain lesions in the indicated groups of
NMOSD mice. Red lines outline lesion areas. Scale bar: 2 mm. D Bar graph showing lesion volume in the indicated groups of NMOSD mice; n=6 per group.
The data are presented as the mean + SEM. **p < 0.01
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groups of NMOSD mice; n=6 per group. The data are presented as the mean +SEM. **p <0.01
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Fig. 8 The detrimental effects of CD22 blockade on NMOSD pathology involve SYK-GSK3p signaling. A Flow chart depicting the experimental pro-
cedures. The mice received R406 starting from the onset of modeling until they were sacrificed. B, C Assessment of the phosphorylation levels of SYK
and GSK3 in the indicated groups of NMOSD mice; n=4 per group. D T2WI scans showing brain lesions in the indicated groups of NMOSD mice. Bar
graph showing lesion volume in the indicated groups of NMOSD mice. Red lines mark the lesion areas; n=6 per group. The data are presented as the

mean + SEM. *p < 0.05

not alter NMOSD pathology in mice receiving anti-CD22
mADb, the potential effects of CD22 blockade on B-cell
activity in patients with NMOSD are inadequately under-
stood and deserve further investigation given the central
role of B cells in human NMOSD.

The finding that SYK-GSK3p signaling contributes to
the detrimental effects of CD22 blockade in NMOSD
suggests a beneficial role of SYK-GSK3p signaling in
NMOSD. Reportedly, SYK-GSK3p signaling can coor-
dinate microglial activity and exert protective effects
in neurodegenerative diseases [19-21, 22, 23]. In sup-
port of this view, we found that SYK-GSK3p signaling

contributes to the benefit of CD22 in NMOSD. These
findings provide a new understanding of SYK-GSK3p
signaling in CNS inflammation and deserve future inves-
tigations in NMOSD and perhaps other CNS inflamma-
tory disorders.

In contrast to NMOSD, we previously reported that
CD22 blockade led to reduced neuroinflammation and
brain injury in patients with intracerebral hemorrhage
(ICH) [24]. This discrepancy highly likely resulted from
the different causes of brain pathology in patients with
ICH versus those with NMOSD. The major cause of brain
injury in patients with ICH is hematoma formation along
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with its mass effects. In the context of ICH, CD22 block-
ade augmented the phagocytosis of microglia, which is
critical for hematoma clearance and the restriction of
mass effects, leading to reduced neuroinflammation. In
contrast, CNS autoimmunity and inflammation are the
major causes of astrocyte loss and CNS demyelination in
NMOSD. CD22 blockade led to increased inflammatory
activity in microglia, which in turn could amplify CNS
autoimmunity and inflammation, leading to increased
infiltration of immune cells and exacerbating lesion vol-
ume and demyelination. Therefore, the disease-specific
effects of CD22 blockade on microglial activity and
CNS injury are context dependent and involve specific
immune mechanisms, which should be interpreted with
caution.

To restrict neuroinflammation by targeting CD22 in
various brain diseases, CD22 agonists and antagonists
can be used to modulate the inflammatory activity of
microglia and other myeloid cell types. For example, a
CD22 antagonist may benefit patients with Alzheim-
er’s disease and ICH by increasing the phagocytosis of
microglia and perhaps other myeloid cells. On the other
hand, in the context of CNS autoimmune diseases such
as NMOSD, CD22 agonists may reduce the activity of
overactive microglia and other myeloid cells to restrict
harmful neuroinflammation. Additionally, CD22 modu-
lation may serve as a combined therapy with current
treatments for various brain diseases and deserves fur-
ther investigation.

Conclusion

In summary, our results demonstrate that CD22 is a
protective modulator that restricts neuroinflammation
and NMOSD pathology. The benefit of CD22 may result
from its action on microglia and Grl* myeloid cells in
NMOSD, a process involving SYK-GSK3p signaling.
These findings revealed a previously unrecognized role of
CD22 in NMOSD pathology and deserve future investi-
gations of its potential clinical implications.

Methods

Human blood samples

Patients with NMOSD (#=15) and healthy controls
(n=15) were recruited from Tianjin Medical University
General Hospital (Tianjin, China). Patients with NMOSD
were diagnosed on the basis of the 2015 International
Panel for Neuromyelitis Optica Diagnosis criteria [25].
Blood samples for flow cytometry were collected from
patients during the acute phase of NMOSD. The partici-
pants in this study were matched for age and sex. Patient
studies were approved by the Ethics Committees of Tian-
jin Medical University General Hospital.
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Isolation of exosomes from human plasma

Exosomes in plasma were extracted following established
protocols [26—28]. Peripheral blood from patients in the
acute stage of NMOSD was collected and centrifuged at
2000 x g for 20 min, followed by additional centrifuga-
tion at 10,000 x g for 20 min to remove cell debris. The
supernatant was carefully aspirated. Subsequently, the
plasma was diluted with PBS, and an exosome extrac-
tion solution (Invitrogen, total exosome precipitation
reagent from plasma) was added prior to 10 min of incu-
bation at room temperature. The plasma was centrifuged
again at 10,000 x g for 5 min. Thereafter, the supernatant
was discarded, and the mixture was then centrifuged
at 10,000 x g for 1 min. The supernatant was aspirated,
leaving the precipitated exosomes at the bottom. Exo-
somes were resuspended in PBS and prepared for fluo-
rescence staining for 1 h. The following antibodies were
used: TMEM119 (Abcam, AF647) and CD22 (BioLegend,
AF488). Exosomes were detected via an ImageStream®X
MKII imaging flow cytometer (ISx, EMD Millipore, Seat-
tle, WA, USA). Data analyses were performed via Image
Data Exploration and Analysis Software (IDEAS®, Ver-
sion 6.2, 2015).

Single-cell RNA sequencing

Peripheral blood samples were collected from 5 NMOSD
patients and 5 healthy controls. Peripheral blood mono-
nuclear cells were extracted and subjected to single-
nucleus sequencing via the 10x Genomics platform. The
following procedures were used: (1) Quantification of
each gene for cells was performed via the default param-
eters in the Cell Ranger pipeline. The filtered gene-bar-
code matrix was processed via the Seurat package in R,
and cells whose expression of genes was greater than
200 and whose percentage of mitochondria was less
than 5% were selected for downstream analysis. (2)
Data normalization (NormalizeData), identification of
highly variable genes (FindVariableFeatures), standard-
ization (ScaleData), and principal component analysis
(RunPCA) were conducted via relevant functions in the
Seurat package. A two-dimensional representation of
overall cell populations was subsequently obtained via
the t-distributed stochastic neighbor embedding (tSNE)
method (RunTSNE). Further clustering (FindNeighbors,
FindClusters) grouped cells with similar gene expression
profiles, where the distance between cells represented the
similarity between cell subgroups. (3) Cell identities were
determined on the basis of the expression of subtype-
specific genes for T cells (CD3D and TRAC), NK cells
(KLRF1, NKG7, and KLRD1), B cells (CD19, CD79A, and
CD79B), plasma cells (CD19, CD79A, TNFRSF17, and
CD38), monocytes (CD14), and neutrophils (FCGR3B
and NAMPT). The expression of CD22 was visualized
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via the FeaturePlot and Dotplot functions in the Seurat
R package.

Mice

Six- to eight-week-old C57BL/6 mice were purchased
from Spafford Laboratories (Beijing, China). All the
mice were housed in a pathogen-free environment with
ad libitum access to food and water under a standard-
ized light-dark cycle. All the mice were maintained at a
standardized temperature (211 °C) and humidity (50-
60%). The mice were randomly assigned to experimen-
tal or control groups. All experimental procedures were
approved by the Animal Care and Use Committees of
Tianjin Neurological Institute.

Isolation of AQP4-IgG from patient serum

Serum samples were collected from AQP4-IgG sero-
positive NMOSD patients at Tianjin Medical University
General Hospital (Tianjin, China). The serum IgG was
purified according to a previously described protocol
[29, 30] and diluted with Tris-buffered saline (pH=7.0).
Patient serum IgG was purified with agarose protein-A
(Beyotime Biotechnology). The IgG on agarose protein-
A was eluted with glycolic acid (pH=2.5), and then, the
acidic eluate was dialyzed to neutrality (pH=7.0) in Tris-
buffered saline for 8 h. The samples were concentrated in
Amicon ultracentrifugal filter units (30 kDa, Merck Mil-
lipore) to a concentration of 8 mg/ml. Control IgGs were
collected in the same way from healthy volunteers at a
concentration of 8 mg/ml.

NMOSD model

Mice were injected with AQP4-IgG and human comple-
ment in the intraparenchyma as previously described [30,
31]. The mice were anesthetized via inhalation of 3% iso-
flurane and continuously inhaled 1% isoflurane to main-
tain anesthesia during surgery. Satisfactorily anesthetized
mice were fixed on a stereotactic frame (RWD Life Sci-
ence), then the scalps of the mice were sterilized, and an
incision was made along the median line to fully expose
the fontanel. A burr hole was made in the skull 2.5 mm to
the right of the bregma. A 50-pL gas-tight glass syringe
(Hamilton) attached to a 34-gauge needle was inserted
into the brain parenchyma to a depth of 3 mm, and 6
uL of AQP4-IgG and 4 pL of HC were injected into the
parenchymal tissue at a rate of 0.8 pL/min. After the
injection was completed, surgical sutures were applied to
the scalps of the mice. A small animal heating pad was
used to maintain the rectal temperature at a body tem-
perature of 37 °C during surgery. Mice that bled during
surgery were excluded from the analysis. After injection,
the mice were provided adequate water and food.
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Drug administration in NMOSD mice
AQP4-IgG and human complement were used to induce
NMOSD in mice. Sham mice received the same volume
of injected IgG. Three days after surgery, the mice were
sacrificed, and single brain cells were collected for flow
cytometry analysis. An anti-CD22 monoclonal antibody
(clone ID: CY34.1; BioXcell, West Lebanon, NH) was
given to NMOSD mice via intrastriatal injection at a dose
of 100 pg/mouse to deplete CD22-expressing cells [24].
To deplete microglia, the mice were fed a diet contain-
ing a CSF-1R inhibitor (PLX5622, Selleckchem, Houston,
TX) [32]. Six-week-old mice were fed a diet containing
PLX5622 or a control diet for two weeks before NMOSD
induction. To deplete Gr-1* myeloid cells, the mice were
intraperitoneally (I.P.) injected with 250 pg of anti-Ly6G/
Ly6C (Gr-1) mAb (Clone ID: RB6-8C5; BioLegend, San
Diego, CA) one day before and one day after NMOSD
induction. To deplete B cells, an anti-CD20 mAb was
administered by intravenous (I.V.) injection at a dose of
10 mg/kg three days prior to NMOSD induction. The
mouse spleen tyrosine kinase (SYK) inhibitor R406 (Sell-
eckchem, Houston, TX) was administered by intraperito-
neal injection at a dose of 10 mg/kg after anti-CD22 mAb
(anti-CD22 mAb) injection [33].

Magnetic resonance imaging

As previously described [34], lesion volume was quanti-
fied on day 3 after NMOSD induction using 9.4T MRL
The mice were anesthetized with 3% isoflurane and
maintained at 1-2% isoflurane. A T2-weighted image
scan was used to measure lesion volume. The scanning
parameters were set as follows: TR=5100 ms, effective
TE=31.71 ms, inversion time=2506.097 ms, and slice
thickness=0.50 mm. Areas of lesions were manually out-
lined on each slice. Medical image processing was used to
sum the lesion volumes on each slice and multiply them
by the thickness of the slice to obtain the final lesion vol-
ume. The lesion volumes were calculated by two blinded
investigators.

Immunostaining

Brain tissue was collected from the mice and incubated
overnight at 4 °C with the following primary antibodies:
anti-GFAP (1:500, Abcam), anti-AQP4 (1:200, Boster),
anti-MBP (1:500, CST), and anti-Ibal (1:500, Abcam).
The tissue was then incubated with the appropriate
fluorochrome-conjugated secondary antibodies: don-
key anti-goat 546 (1:1000, Invitrogen) and donkey anti-
rabbit 488 (1:1000, Invitrogen) at room temperature for
1.5 h. Finally, all slices were incubated with Fluoroshield
mounting medium with 4’6-diamidino-2-phenylindole
(DAPI) (Abcam). Images were captured via fluorescence
microscopy (Biotek Cytation 5, USA) and analyzed via
Image] software.
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Flow cytometry

Peripheral blood samples were collected from NMOSD
patients in the acute phase and healthy volunteers.
Mononuclear cells were isolated from whole blood sam-
ples. Human blood mononuclear cells were extracted and
stained with fluorescently labeled antibodies. The fol-
lowing antibodies were used to quantify the differential
expression of CD22 on mononuclear cells: CD45, CD11b,
CD3, CD4, CD14, CD8, CD16, CD56, and CD19. Mouse
brain tissue was prepared as single-cell suspensions for
flow-staining analysis as previously described [24]. On
day 3 after NMOSD induction, the mice were satisfacto-
rily anesthetized with 3% isoflurane and then sacrificed,
and the brains were removed after perfusion with cold
PBS. The brain was minced and incubated with papain
and DNase I at 37 °C for 30 min on a constant-temper-
ature shaker. Single-cell suspensions were resuspended
in 1% BSA after myelin debris was removed via centrifu-
gation in 30% Percoll (GE Healthcare Bio-Science AB,
Uppsala, Sweden), followed by staining. Single cells were
stimulated for 4 h in a 1x cell stimulation cocktail (BioLe-
gend) for intracellular cytokine staining. Then, the cells
were harvested and prepared for surface and intracellu-
lar staining according to the manufacturer’s instructions.
The following antibodies were used: CD45, CD11b, CD3,
CD4, CD19, Ly6C, Ly6G, CD86, CD206, IL-10, IL-14,
TGF-B, TNF-«, and NK1.1. Simultaneously, the fluores-
cence minus one (FMO) control was also stained. All the
antibodies were obtained from BioLegend or eBiosci-
ence. Flow cytometry data were collected on a FACS Aria
III flow cytometer (BD Bioscience) and analyzed by Flow
Jo version V10 (flowjo.com).

Western blots

The mice were sacrificed after anesthesia and perfused
with cold PBS, and the ipsilateral hemisphere was har-
vested for protein extraction. Unless otherwise noted,
20 ug of total protein was separated on 8-12% acryl-
amide gels via SDS-PAGE. Protein was transferred to
PVDF membranes (Merck KGaA, Darmstadt, Germany).
After being blocked, the membranes were incubated with
primary antibodies at 4 °C overnight. Primary antibodies
for western blotting were diluted as follows: Syk (1:1000,
Cell Signaling Technology, Danvers, MA), phospho-
Syk (1:1000, Cell Signaling Technology, Danvers, MA),
and P-actin (1:1000, Cell Signaling Technology, Dan-
vers, MA). After incubation at 4 °C overnight, the PVDF
membranes were incubated with species-appropriate
horseradish peroxidase (HRP)-labeled secondary anti-
bodies (1:500, Transgene Biotech, Beijing, China) for 1 h
at room temperature. The protein-specific signals were
detected via a Bio-Rad 721BR08844 Gel Doc Imager
(Bio-Rad, Hercules, CA). The gray values of the IB bands
were quantified via Image] software.
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Statistical analysis

All the data were analyzed via GraphPad Prism 8 soft-
ware (GraphPad, Inc., San Diego, CA). The experimen-
tal design was based on our previously published similar
mechanistic studies [30, 34]. All the animals were ran-
domly assigned to the treatment groups or the control
groups, and all the results were analyzed by investigators
who were blinded to the experimental conditions. Two-
tailed unpaired t tests were used to compare two groups,
and one-way analysis of variance (ANOVA) was used for
comparisons of data from multiple groups. The data are
expressed as the meantSEM. A p value<0.05 was con-
sidered statistically significant.
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