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Abstract

Background:Neuromyelitis optica spectrum disorder (NMOSD) is a central and acute

demyelinating disease of the central nervous system with unusual clinical course. The

development of novel biomarkers for NMOSD is critical for implementing effective

clinical treatment. CD226 is known to be expressed on many types of peripheral lym-

phoid cells. However, the expression level and function of CD226 on type 1 T regula-

tory (Tr1) cells during NMOSD is unknown.

Methods: Eighteen patients with NMOSD and 10 healthy volunteers were enrolled in

the test group to probe the difference of CD226 expression on Tr1 cells using flow

cytometric analysis.

Results: The expression of CD226 on Tr1 cells exhibited significantly increased ten-

dency in NMOSD patients. Additionally, methylprednisolone and rituximab treatment

decreased the expression of CD226 on Tr1 cells. Furthermore, the expression of

CD226 on Tr1 cells was correlated with disease severity.

Conclusion: This study provides a new basic insight into CD226 expression pattern on

Tr1 cells, which have great potential to be biomarkers for monitoring the development

and treatment of NMOSD.
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1 INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) includes the entity

previously knownas neuromyelitis optica (NMO) andpatientswith lim-

ited forms (e.g., only myelitis or optic neuritis) and comprises a pheno-
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typic continuumof primarily immune-mediated astrocyte injury, rather

than a primary demyelinating disease, with preferential involvement

of the optic nerves, brainstem, and the spinal cord (de Seze et al.,

2016; Franciotta et al., 2017). A considerable advancement in the

understanding of those disorders was the identification of pathogenic
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autoantibodies against aquaporin-4 (anti-AQP4-IgG) in patients with

NMO, which allowed for the establishment of NMO as a distinct noso-

logical entity (Fujihara&Misu, 2015; Jurynczyk et al., 2017; Prain et al.,

2019). Despite the fact that the majority of patients with NMOSD are

seropositive for autoantibodies againstAQP4, thereareadaptiveT-cell

autoimmune responses in NMOSD, but further in-depth mechanism is

unclear.

Regulatory T cells are subsets of cells involved in the immune

response and autoimmune responses in vivo. They have immunomod-

ulatory or immunosuppressive functions and have an important role

in maintaining peripheral immune tolerance. The number and function

of such T cells are associated with the development of autoimmune

diseases. Regulatory T cells are mainly Foxp3+ Treg cells and Foxp3–

Tr1 cells (Sakaguchi et al., 2010; Zeng et al., 2015). Foxp3+ Treg cells

are characterized by constitutive expression of CD4, CD25, and Foxp3.

Coexpression of CD49b and LAG-3 (CD223) selectively identifies both

human and murine Tr1 cells. Both of the cells can dampen autoim-

munity and tissue inflammation partly through their secretion of the

immunosuppressive cytokine IL-10 (Neumann et al., 2019). CD226,

an important costimulatory molecule for T cells, is widely involved in

the regulation of immune cells, such as the differentiation and effec-

tor function of initial T cells and the polarization and effector func-

tions of Th1 cells (Dardalhon et al., 2005; Sherrington et al., 1997).

However, there are few studies on how CD226 affects the occurrence

and development of human NMOSD. It is reported that the expression

levels of inducible costimulatory molecule (ICOS) and programmed

death-1 (PD-1) in the peripheral CD4+ T cells of patients withNMOSD

were significantly higher than those of the normal control group, show-

ing that costimulatory molecules may play important roles in NMOSD

pathogenesis (Xue et al., 2019).

Our laboratory has previously shown that CD226 polyclonal anti-

body treatment of EAE mice has reduced symptoms and susceptibility

by promoted IL-10 production (Zhang et al., 2016). Therefore, we spec-

ulate that CD226 may affect the occurrence and development of EAE

by participating in the regulation of regulatory T cells. In this study, we

aimed to identify the specific expression of CD226 in regulatory T cells

of NMOSD patients. These may provide useful information to help us

understand the pathogenesis and outcome of NMOSD.

2 MATERIALS AND METHODS

2.1 Study population

Eighteen patients with NMOSD and ten healthy volunteers were ret-

rospectively analyzed from January 1, 2015 to December 31, 2018 in

Xijing Hospital. Our study was approved by the Human Ethics Com-

mittee of Xijing Hospital, FourthMilitaryMedical University. Informed

consent was obtained from each participant. The diagnosis criteria are

as follows: (1) AQP4-IgG positive; (2) at least one core symptom, such

as optic neuritis, long-segment acute myelitis, extreme posterior syn-

drome, acute brain stem syndrome, and acute encephalic clinical syn-

drome. People with optic neuropathy, subacute necrotic myelopathy,

F IGURE 1 Flow diagram of patient selection

subacute combined degeneration, syphilitic optic neuropathy, spinal

vascular disease, and connective tissue disease were not included in

the study (Figure 1). The details of the clinical presentation, signs and

symptoms, and relevant laboratory findings are summarized in Table

S1.

2.2 Medication

Six patients were treated with 1 g of methylprednisolone (halved

every 3 days, ending in 27 days) and low-dose Rituxi mAb at 100 mg

and immunosuppressant, such as azathioprine or mycophenolate

(50 mg, multiplied every 3 days, until 200 mg, bid.po) and/or not IVIG

0.4g/kg.

2.3 Flow cytometric analysis

Peripheral bloodmononuclear cells (PBMCs) were isolated from EDTA

anticoagulation peripheral blood by Ficoll density gradient centrifu-

gation and washed twice with PBS. Tr1 cells were stained for surface

markers using anti-CD3 APC-cy7, anti-CD4 Percp-cy5.5, anti-CD226

APC, anti-CD49b FITC, anti-CD223 PE for 30 min. Treg cells were

intracellular stained by anti-CD3APC-cy7, anti-CD4Percp-cy5.5, anti-

CD226APC, anti-CD25PE, and anti-Foxp3 FITC according to theman-

ufacturer’s instruction (all from BD Biosciences, San Jose, CA, USA).

Samples were washed twice with staining buffer, and then analyzed by

flow cytometry using a FACSAria flow cytometer.

2.4 Statistical analysis

Data representing the means ± standard deviation (SD) were com-

pared by nonparametric Mann–Whitney U tests to determine

significance. Pearson correlation coefficients were calculated for

CD226+Tr1 cells to Barthel index score and spinal cord affected

segments. All analyses were performed using GraphPad Prism version

6.0 (GraphPad Software, San Diego, CA).
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F IGURE 2 Tr1 and Treg cells decreased in peripheral blood of patients with NMOSD. (a) Peripheral bloodmononuclear cells (PBMCs) from
NMOSD patients and healthy volunteers were analyzed by staining with CD3, CD4, CD223, and CD49b. Numbers indicate the percentage of Tr1
cells. (b) The percentage and absolute number of Tr1 cells were significantly decreased in NMOSD patients. (c) Peripheral bloodmononuclear cells
(PBMCs) fromNMOSD patients and healthy volunteers were analyzed by staining with CD3, CD4, Foxp3, and CD25. Numbers indicate the
percentage of Foxp3+ Tregs. (d) The percentage and absolute number of Foxp3+ Tregs were significantly decreased in NMOSD patients (*p< .05)

3 RESULTS

3.1 Tr1 and Treg cells decreased in NMOSD
patients

It is reported that Treg cells are involved in the development of

autoimmune diseases, and there are few reports on the changes in

the number of Tr1 and Foxp3+Treg cells in NMOSD diseases. In this

study, we first examined the changes of Tr1 cells in the peripheral

blood of NMOSD patients. Eighteen patients and ten healthy volun-

teers were enrolled. NMOSD patients had lower number of Tr1 cells

(CD4+CD49b+CD223+) (Gagliani et al., 2013), and Tr1 cells/CD4+

T cells ratio was also reduced (Figure 2a,b). We further compared

Foxp3+Treg cell numbers in 10 patients and 5 healthy volunteers.

Foxp3+Treg cells in the peripheral blood of NMOSD patients were

markedly reduced, and Foxp3+Treg cells/CD4+ T cells ratio was also

lower compared with healthy volunteers (Figure 2c,d). These results

indicate that both Tr1 and Foxp3+Treg cells might be involved in the

pathogenesis of NMOSD.

3.2 The expression of CD226 on Tr1 cells was
higher in NMOSD patients

It was shown that human Tr1 cells express high level of CD226, but its

function has not been confirmed in Tr1 cells. In this study, we assessed

the expression of CD226 on Tr1 cells from six NMOSD patients and

five healthy volunteers. The percentage and mean fluorescence inten-

sity (MFI) of CD226 on Tr1 cells of NMOSD patients was significantly

higher than that in healthy control group (Figure 3a,b). In contrast,

we did not observe a statistically significant difference in the levels

of CD226 on Foxp3+Treg cells of NMOSD patients compared with

healthy volunteers (Figure 3c,d).

3.3 Tr1 and Treg cells increased in NMOSD
patients after treatment

Next, we examined Tr1 and Foxp3+Treg cell numbers in six NMOSD

patients before and after treatment. NMOSD patients were treated

with 1 g of methylprednisolone and 100 mg of rituximab for 1 month.

We found that NMOSD patients showed increased cell number of Tr1

cells after treatment, and Tr1 cells/CD4+ T cells ratiowas also elevated

(Figure 4a,b). Moreover, NMOSD patients with treatment showed a

higher number of Foxp3+Treg cells and Foxp3+Treg cells/CD4+ T cells

ratio in the peripheral blood (Figure 4c,d).

3.4 The expression of CD226 on Tr1 cells
decreased in NMOSD patients after treatment

Assuming thatCD226was involved in the pathogenesis ofNMOSD,we

compared the expression of CD226 on Tr1 and Foxp3+Treg cells after

methylprednisolone and rituximab treatment. We found the percent-

age and MFI of CD226 on Tr1 cells was significantly decreased after
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F IGURE 3 The expression of CD226 on Tr1 cells was increased in NMOSD patients. (a) Expression level of CD226 in gated Tr1 cells in
peripheral bloodwere evaluated by FACS analysis. Numbers indicate the percentage of CD226+ Tr1 cells. (b) The percentage of CD226+Tr1 cells
was significantly increased in NMOSD patients. CD226mean fluorescence intensity (MFI) was quantified on the right. (c) Expression level of
CD226 in gated Treg cells in peripheral bloodwere evaluated by FACS analysis. Numbers indicate the percentage of CD226+ Treg cells. (d) The
percentage of CD226+Treg cells in NMOSD patients and healthy volunteers. CD226MFI was quantified on the right (*p< 0.05)

F IGURE 4 Foxp3+Tregs and Tr1 cells were significantly recovered after the treatment. (a) Peripheral bloodmononuclear cells (PBMCs) from
NMOSD patients and healthy volunteers were analyzed by staining with CD3, CD4, CD223, and CD49b. Numbers indicate the percentage of Tr1
cells. (b) The percentage and absolute number of Tr1 cells were significantly increased in NMOSD patients after the treatment. (c) Peripheral blood
mononuclear cells (PBMCs) fromNMOSD patients and healthy volunteers were analyzed by staining with CD3, CD4, Foxp3, and CD25. Numbers
indicate the percentages of Foxp3+ Tregs. (d) The percentage and absolute number of Foxp3+ Tregs were significantly increased in NMOSD
patients after the treatment (*p< 0.05)
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F IGURE 5 The expression of CD226 on Tr1 cells was decreased in NMOSD patients after the treatment. (a) Expression level of CD226 in
gated Tr1 cells in peripheral bloodwas evaluated by FACS analysis. Numbers indicate the percentage of CD226+ Tr1 cells. (b) The percentage of
CD226+Tr1 cells was significantly decreased in NMOSD patients after the treatment. CD226MFI was quantified on the right (*p< 0.05)

F IGURE 6 Correlation analyses between the expression of CD226 on Tr1 cells and disease severity. (a) MRI show abnormal signals in the
spinal cord in NMOSD patients. (b) The correlation analyses between the expression of CD226 on Tr1 cells and Barthel index scores. (c) The
correlation analyses between the expression of CD226 on Tr1 cells and spinal cord affected segments (*p< 0.05)

treatment (Figure 5a,b), while therewas no significant difference in the

expression of CD226 on Treg cells (data not shown). These data indi-

cated that CD226might be important for Tr1 cell function in NMOSD.

3.5 The expression of CD226 on Tr1 cells was
correlated with disease severity

We analyzed the association between CD226 expression level on Tr1

cells from NMOSD patients and Barthel index scores or spinal cord

affected segment. MRI showed abnormal signals in the spinal cord of

NMOSDpatients (Figure 6a).We found that the frequencies of CD226

on Tr1 cells were positively correlated with Barthel index scores

(Figure 6b). Interestingly, they were also positively correlatedwith dis-

ease severity (Figure 6c). Enhanced spinal cord affected segment was

observed in NMOSD patients with higher expression of CD226 on Tr1

cells. These results indicate that the proportion of CD226 on Tr1 cells

of NMOSD patients may be associated with disease progression.

4 DISCUSSION

CD226 is an immunoglobulin-like molecule expressed in hematopoi-

etic cells such as T cells, NK cells, a subset of B cells, mono-

cytes/macrophages, and platelets in human (Castriconi et al., 2004; Li

et al., 2020; Nagayama-Hasegawa et al., 2019; Sherrington et al., 1997;

Vo et al., 2016). Previous studies examining the role of CD226 have

primarily focused on the function of intercellular adhesion, lympho-

cyte signaling, and cytotoxicity induced by T lymphocytes andNK cells.

It has recently become appreciated that CD226 might be involved in

functions of regulatory T cells (Fourcade et al., 2018; Fuhrman et al.,

2015; Mu et al., 2020; Wang et al., 2019). Our previous study showed

CD226 pAb administration in vivo reduced the onset of EAE in mice

by promoting IL-10 production and regulating T cell differentiation

(Zhang et al., 2016). Moreover, the CD226+TIGIT– T cell population

was associatedwith reducedTregpurity and suppressive capacity after

expansion (Fuhrman et al., 2015), and CD226 deficiency on Treg cells

can aggravate renal fibrosis (Mu et al., 2020).

NMOSD is an uncommon antibody-mediated disease of the central

nervous system. NMOSD was stratified by AQP4-antibody serostatus

(Franciotta et al., 2017; Fujihara & Misu, 2015; Prain et al., 2019).

There was no controversy over AQP4-antibody-seropositive NMOSD,

but alternative diagnoses were required with AQP4-antibody-

seronegative (Fujihara, 2019; Jurynczyk et al., 2017). There are

adaptive T-cell autoimmune responses in NMOSD. Tr1 cells and

Foxp3+ regulatory T cells are highly immune-suppressive subsets of

CD4+ T cells, and they exert important suppressive and homeostasis

effects on cancer, autoimmune disorders, and inflammatory responses
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(Jia et al., 2019; Josefowicz et al., 2012; Kleinewietfeld & Hafler,

2014; Roncarolo et al., 2014, 2018; Zeng et al., 2015). Considering

previous findings reporting the number of Tr1 cells was decreased, and

the activity of Tr1 cells for secreting IL-10 was also impaired in MS

patients, MS monkeys, and mouse EAE model by multiple mechanisms

(Astier & Hafler, 2007; Ma et al., 2009; Martinez-Forero et al., 2008),

we found both Tr1 and Treg cells decreased in NMOSD patients.

The abnormal regulatory T cells are also reported in other kinds of

autoimmune diseases (Jia et al., 2019; Kleinewietfeld & Hafler, 2014).

We previously demonstrated that CD226 impaired Treg suppressive

function via CTLA-4 and TIGIT during EAE (Wang et al., 2019). We

analyzed the expression of CD226 on Foxp3+Tregs and Tr1 cells in

NMOSD patients. Tr1 cells expressed higher levels of CD226 as com-

pared to Tregs in both healthy donors and patients. More importantly,

the expression of CD226 on Tr1 cells exhibited significantly increased

tendency in NMOSD patients. However, there was no notable differ-

ence in the levels of CD226 expression in Tregs. These findings showed

CD226 on Tr1 cells may be a good indicator of NMOSD.

Additionally, all NMOSD patients should be treated with immuno-

suppressive drugs to prevent further attacks. In this study, NMOSD

patients were treated with methylprednisolone and rituximab. The

treatment reduced the general symptoms, accompanied by the

increased Tr1 and Treg cells. In particular, a pronounced decrease of

CD226onTr1 cellswas found, showing thatCD226maybe a good indi-

cator of effectiveness of pharmacotherapies. A more comprehensive

correlation analysis between CD226 expression and disease severity

showed CD226 on Tr1 cells were positively correlated with Barthel

index scores. Meanwhile, they were also positively correlated with

spinal cord affected segments.While this study has shownnew insights

intoCD226onTr1andTreg cells inNMOSD, the causes that initiate the

alteration of CD226 need further investigation.

In summary, our current study detected CD226 expression on Tr1

and Treg cells in NMOSD patients for the first time. Besides, we also

found the correlations between CD226 expression on Tr1 cells and

NMOSD severity. This study provides pivotal information to under-

stand themechanisms implicated inNMOSDand inspires new ideas for

diagnosis and treatment of the diseases by considering the individual

conditions based primarily on the CD226 expression analysis.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation

of China (82071848, 81872315).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/brb3.2623

ORCID

Liang Fang https://orcid.org/0000-0002-8718-6113

REFERENCES

Astier, A. L., & Hafler, D. A. (2007). Abnormal Tr1 differentiation in multiple

sclerosis. Journal of Neuroimmunology, 191(1–2), 70–78. https://doi.org/
10.1016/j.jneuroim.2007.09.018

Castriconi, R., Dondero, A., Corrias, M. V., Lanino, E., Pende, D., Moretta,

L., Bottino, C., & Moretta, A. (2004). Natural killer cell-mediated killing

of freshly isolated neuroblastoma cells: Critical role of DNAX acces-

sorymolecule-1-poliovirus receptor interaction.Cancer Research,64(24),
9180–9184. https://doi.org/10.1158/0008-5472.CAN-04-2682

Dardalhon, V., Schubart, A. S., Reddy, J., Meyers, J. H., Monney, L., Sabatos,

C. A., Ahuja, R., Nguyen, K., Freeman, G. J., Greenfield, E. A., Sobel, R. A.,

& Kuchroo, V. K. (2005). CD226 is specifically expressed on the surface

of Th1 cells and regulates their expansion and effector functions. Journal
of Immunology, 175(3), 1558–1565. https://doi.org/10.4049/jimmunol.

175.3.1558

de Seze, J., Kremer, L., & Collongues, N. (2016). Neuromyelitis optica spec-

trum disorder (NMOSD): A new concept. Revue Neurologique, 172(4–5),
256–262. https://doi.org/10.1016/j.neurol.2016.03.003

Fourcade, J., Sun, Z., Chauvin, J.-M., Ka, M., Davar, D., Pagliano, O., Wang,

H., Saada, S., Menna, C., Amin, R., Sander, C., Kirkwood, J. M., Korman,

A. J., & Zarour, H. M. (2018). CD226 opposes TIGIT to disrupt Tregs

in melanoma. JCI Insight, 3(14), e121157. https://doi.org/10.1172/jci.
insight.121157

Franciotta, D., Gastaldi, M., Sala, A., Andreetta, F., Rinaldi, E., Ruggieri, M.,

Leante, R., Costa, G., Biagioli, T., Massacesi, L., Bazzigaluppi, E., Fazio,

R., Mariotto, S., Ferrari, S., Galloni, E., Perini, F., Zardini, E., Zuliani, L.,

Zoccarato, M., . . . Bertolotto, A. (2017). Diagnostics of the neuromyeli-

tis optica spectrum disorders (NMOSD). Neurological Sciences, 38(Suppl
2), 231–236. https://doi.org/10.1007/s10072-017-3027-1

Fuhrman, C. A., Yeh, W.-I., Seay, H. R., Saikumar Lakshmi, P., Chopra, G.,

Zhang, L., Perry, D. J., Mcclymont, S. A., Yadav,M., Lopez,M.-C., Baker, H.

V., Zhang, Y., Li, Y.,Whitley,M., VonSchack,D., Atkinson,M.A., Bluestone,

J. A., & Brusko, T. M. (2015). Divergent phenotypes of human regulatory

T cells expressing the receptors TIGIT andCD226. Journal of Immunology,
195(1), 145–155. https://doi.org/10.4049/jimmunol.1402381

Fujihara, K. (2019). Neuromyelitis optica spectrum disorders: Still evolving

and broadening. Current Opinion in Neurology, 32(3), 385–394. https://
doi.org/10.1097/WCO.0000000000000694

Fujihara, K., & Misu, T. (2015). AQP4 in biopsied demyelinating lesions as a

diagnostic clue to NMOSD andMS: Final answer?Neurology, 84(2), 110–
111. https://doi.org/10.1212/WNL.0000000000001135

Gagliani, N.,Magnani, C. F., Huber, S., Gianolini,M. E., Pala,M., Licona-Limon,

P., Guo, B., De Herbert, R., Bulfone, A., Trentini, F., Di Serio, C., Bacchetta,

R., Andreani, M., Brockmann, L., Gregori, S., Flavell, R. A., & Roncarolo,

M.-G. (2013). Coexpression of CD49b and LAG-3 identifies human and

mouseT regulatory type1 cells.NatureMedicine,19(6), 739–746. https://
doi.org/10.1038/nm.3179

Jia, X., Zhai, T., Wang, B., Yao, Q., Li, Q., Mu, K., & Zhang, J. A. (2019).

Decreased number and impaired function of type 1 regulatory T cells

in autoimmune diseases. Journal of Cellular Physiology, 234(8), 12442–
12450. https://doi.org/10.1002/jcp.28092

Josefowicz, S. Z., Lu, L. F., & Rudensky, A. Y. (2012). Regulatory T

cells: Mechanisms of differentiation and function. Annual Review of
Immunology, 30, 531–564. https://doi.org/10.1146/annurev.immunol.

25.022106.141623

Juryńczyk,M., Tackley,G., Kong, Y., Geraldes, R.,Matthews, L.,Woodhall,M.,

Waters, P., Kuker,W., Craner,M.,Weir, A., Deluca, G. C., Kremer, S., Leite,

M. I., Vincent, A., Jacob, A., De Sèze, J., & Palace, J. (2017). Brain lesion

distribution criteria distinguish MS from AQP4-antibody NMOSD and

MOG-antibodydisease. Journal ofNeurology, Neurosurgery, andPsychiatry,
88(2), 132–136. https://doi.org/10.1136/jnnp-2016-314005

https://publons.com/publon/10.1002/brb3.2623
https://publons.com/publon/10.1002/brb3.2623
https://orcid.org/0000-0002-8718-6113
https://orcid.org/0000-0002-8718-6113
https://doi.org/10.1016/j.jneuroim.2007.09.018
https://doi.org/10.1016/j.jneuroim.2007.09.018
https://doi.org/10.1158/0008-5472.CAN-04-2682
https://doi.org/10.4049/jimmunol.175.3.1558
https://doi.org/10.4049/jimmunol.175.3.1558
https://doi.org/10.1016/j.neurol.2016.03.003
https://doi.org/10.1172/jci.insight.121157
https://doi.org/10.1172/jci.insight.121157
https://doi.org/10.1007/s10072-017-3027-1
https://doi.org/10.4049/jimmunol.1402381
https://doi.org/10.1097/WCO.0000000000000694
https://doi.org/10.1097/WCO.0000000000000694
https://doi.org/10.1212/WNL.0000000000001135
https://doi.org/10.1038/nm.3179
https://doi.org/10.1038/nm.3179
https://doi.org/10.1002/jcp.28092
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1136/jnnp-2016-314005


CHEN ET AL. 7 of 7

Kleinewietfeld, M., & Hafler, D. A. (2014). Regulatory T cells in autoimmune

neuroinflammation. Immunological Reviews,259(1), 231–244. https://doi.
org/10.1111/imr.12169

Li, J., Song, Y., Jin, J.-Y., Li, G.-H., Guo, Y.-Z., Yi, H.-Y., Zhang, J.-R., Lu, Y.-

J., Zhang, J.-L., Li, C.-Y., Gao, C., Yang, L., Fu, F., Chen, F.-L., Zhang, S.-

M., Jia, M., Zheng, G.-X., Pei, J.-M., & Chen, L.-H. (2020). CD226 dele-

tion improves post-infarction healing via modulating macrophage polar-

ization inmice. Theranostics,10(5), 2422–2435. https://doi.org/10.7150/
thno.37106

Ma, A., Xiong, Z., Hu, Y., Qi, S., Song, L., Dun, H., Zhang, L., Lou, D., Yang, P.,

Zhao, Z., Wang, X., Zhang, D., Daloze, P., & Chen, H. (2009). Dysfunction

of IL-10-producing type 1 regulatory T cells andCD4(+)CD25(+) regula-

tory T cells in a mimic model of human multiple sclerosis in Cynomolgus

monkeys. International Immunopharmacology, 9(5), 599–608. https://doi.
org/10.1016/j.intimp.2009.01.034

Martinez-Forero, I., Garcia-Munoz, R., Martinez-Pasamar, S., Inoges, S.,

Lopez-Diaz De Cerio, A., Palacios, R., Sepulcre, J., Moreno, B., Gonzalez,

Z., Fernandez-Diez, B.,Melero, I., Bendandi,M., &Villoslada, P. (2008). IL-

10 suppressor activity and ex vivo Tr1 cell function are impaired in mul-

tiple sclerosis. European Journal of Immunology, 38(2), 576–586. https://
doi.org/10.1002/eji.200737271

Mu, Y., Zhang, J., Liu, Y., Ma, J., Jiang, D., Zhang, X., Yi, X., Cheng, K., Shen,

S., Yang, Y., Zhuang, R., & Zhang, Y. (2020). CD226 deficiency on regula-

tory T cells aggravates renal fibrosis via up-regulation of Th2 cytokines

through miR-340. Journal of Leukocyte Biology, 107(4), 573–587. https://
doi.org/10.1002/JLB.2MA1119-174RR

Nagayama-Hasegawa, Y., Honda, S. I., Shibuya, A., & Shibuya, K. (2019).

Expression and function of DNAM-1 on human B-lineage cells. Cytome-
try Part B, Clinical Cytometry, Advance online publication. https://doi.org/
10.1002/cyto.b.21859

Neumann, C., Scheffold, A., & Rutz, S. (2019). Functions and regulation of T

cell-derived interleukin-10. Seminars in Immunology, 44, 101344. https://
doi.org/10.1016/j.smim.2019.101344

Prain, K., Woodhall, M., Vincent, A., Ramanathan, S., Barnett, M. H., Bundell,

C. S., Parratt, J. D. E., Silvestrini, R. A., Bukhari, W., Brilot, F., Waters, P.,

& Broadley, S. A. (2019). AQP4 antibody assay sensitivity comparison in

the era of the 2015 diagnostic criteria forNMOSD. Frontiers in Neurology,
10, 1028. https://doi.org/10.3389/fneur.2019.01028

Roncarolo, M. G., Gregori, S., Bacchetta, R., & Battaglia, M. (2014). Tr1 cells

and the counter-regulation of immunity: Natural mechanisms and ther-

apeutic applications. Current Topics in Microbiology and Immunology, 380,
39–68. https://doi.org/10.1007/978-3-662-43492-5_3

Roncarolo, M. G., Gregori, S., Bacchetta, R., Battaglia, M., & Gagliani, N.

(2018). The biology of T regulatory type 1 cells and their therapeutic

application in immune-mediated diseases. Immunity, 49(6), 1004–1019.
https://doi.org/10.1016/j.immuni.2018.12.001

Sakaguchi, S., Miyara, M., Costantino, C. M., & Hafler, D. A. (2010). FOXP3+

regulatory T cells in the human immune system.Nature Reviews Immunol-
ogy, 10(7), 490–500. https://doi.org/10.1038/nri2785

Sherrington, P. D., Scott, J. L., Jin, B., Simmons, D., Dorahy, D. J., Lloyd, J.,

Brien, J. H., Aebersold, R. H., Adamson, J., Zuzel, M., & Burns, G. F. (1997).

TLiSA1 (PTA1) activation antigen implicated in T cell differentiation

and platelet activation is a member of the immunoglobulin superfamily

exhibiting distinctive regulation of expression. Journal of Biological Chem-
istry,272(35), 21735–21744. https://doi.org/10.1074/jbc.272.35.21735

Vo, A. V., Takenaka, E., Shibuya, A., & Shibuya, K. (2016). Expression of

DNAM-1 (CD226) on inflammatory monocytes. Molecular Immunology,
69, 70–76. https://doi.org/10.1016/j.molimm.2015.11.009

Wang, N., Liang, S., Jin, J., Fang, L., Ma, Q., Wang, X., Song, Y., & Chen, L.

(2019). CD226 attenuates Treg suppressive capacity via CTLA-4 and

TIGITduringEAE. Immunologic Research,67(6), 486–496. https://doi.org/
10.1007/s12026-019-09112-9

Xue, Q., Li, X., Gu, Y., Wang, X., Wang, M., Tian, J., Duan, X., Gao, H., Ji, X.,

Yan, X., Dong, W., Fang, Q., & Zhang, X. (2019). Unbalanced expression

of ICOS and PD-1 in patients with neuromyelitis optica spectrum disor-

der. Science Reports, 9(1), 14130. https://doi.org/10.1038/s41598-019-
50479-4

Zeng, H., Zhang, R., Jin, B., & Chen, L. (2015). Type 1 regulatory T cells:

A new mechanism of peripheral immune tolerance. Cellular & Molecular
Immunology, 12(5), 566–571. https://doi.org/10.1038/cmi.2015.44

Zhang, R., Zeng, H., Zhang, Y., Chen, K., Zhang, C., Song, C., Fang, L., Xu, Z.,

Yang, K., Jin, B., Wang, Q., & Chen, L. (2016). CD226 ligation protects

against EAE by promoting IL-10 expression via regulation of CD4+ T

cell differentiation.Oncotarget, 7(15), 19251–19264. https://doi.org/10.
18632/oncotarget.7834

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Chen, P.,Wu,M.,Wang, N., Xia, F., Du,

F., Liu, Z.,Wang, J., Jin, J., Jin, B., Zhao, G., Chen, L., Yi, J., & Fang,

L. (2022). Expression of CD226 is upregulated on Tr1 cells

from neuromyelitis optica spectrum disorder patients. Brain

and Behavior, 12, e2623. https://doi.org/10.1002/brb3.2623

https://doi.org/10.1111/imr.12169
https://doi.org/10.1111/imr.12169
https://doi.org/10.7150/thno.37106
https://doi.org/10.7150/thno.37106
https://doi.org/10.1016/j.intimp.2009.01.034
https://doi.org/10.1016/j.intimp.2009.01.034
https://doi.org/10.1002/eji.200737271
https://doi.org/10.1002/eji.200737271
https://doi.org/10.1002/JLB.2MA1119-174RR
https://doi.org/10.1002/JLB.2MA1119-174RR
https://doi.org/10.1002/cyto.b.21859
https://doi.org/10.1002/cyto.b.21859
https://doi.org/10.1016/j.smim.2019.101344
https://doi.org/10.1016/j.smim.2019.101344
https://doi.org/10.3389/fneur.2019.01028
https://doi.org/10.1007/978-3-662-43492-5_3
https://doi.org/10.1016/j.immuni.2018.12.001
https://doi.org/10.1038/nri2785
https://doi.org/10.1074/jbc.272.35.21735
https://doi.org/10.1016/j.molimm.2015.11.009
https://doi.org/10.1007/s12026-019-09112-9
https://doi.org/10.1007/s12026-019-09112-9
https://doi.org/10.1038/s41598-019-50479-4
https://doi.org/10.1038/s41598-019-50479-4
https://doi.org/10.1038/cmi.2015.44
https://doi.org/10.18632/oncotarget.7834
https://doi.org/10.18632/oncotarget.7834
https://doi.org/10.1002/brb3.2623

	Expression of CD226 is upregulated on Tr1 cells from neuromyelitis optica spectrum disorder patients
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study population
	2.2 | Medication
	2.3 | Flow cytometric analysis
	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Tr1 and Treg cells decreased in NMOSD patients
	3.2 | The expression of CD226 on Tr1 cells was higher in NMOSD patients
	3.3 | Tr1 and Treg cells increased in NMOSD patients after treatment
	3.4 | The expression of CD226 on Tr1 cells decreased in NMOSD patients after treatment
	3.5 | The expression of CD226 on Tr1 cells was correlated with disease severity

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


