
ORIGINAL RESEARCH
published: 21 August 2020

doi: 10.3389/fimmu.2020.01883

Frontiers in Immunology | www.frontiersin.org 1 August 2020 | Volume 11 | Article 1883

Edited by:

Bruno Stankoff,

Sorbonne Universités, France

Reviewed by:

Chiara Cordiglieri,

National Institute of Molecular

Genetics (INGM), Italy

Cai Zhang,

Shandong University, China

Qing Ge,

Peking University, China

*Correspondence:

Lihua Chen

chenlh@fmmu.edu.cn

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Immunology

Received: 10 November 2019

Accepted: 13 July 2020

Published: 21 August 2020

Citation:

Wang N, Yi H, Fang L, Jin J, Ma Q,

Shen Y, Li J, Liang S, Xiong J, Li Z,

Zeng H, Jiang F, Jin B and Chen L

(2020) CD226 Attenuates Treg

Proliferation via Akt and Erk Signaling

in an EAE Model.

Front. Immunol. 11:1883.

doi: 10.3389/fimmu.2020.01883

CD226 Attenuates Treg Proliferation
via Akt and Erk Signaling in an EAE
Model
Ning Wang 1,2, Hongyu Yi 1, Liang Fang 1, Jingyi Jin 1, Qianli Ma 1, Yuting Shen 1, Juan Li 1,

Shuang Liang 1, Jie Xiong 1, Zhuo Li 1, Hanyu Zeng 1, Fengliang Jiang 2, Boquan Jin 1 and

Lihua Chen 1*

1Department of Immunology, The Fourth Military Medical University, Xi’an, China, 2Department of Immunology, Xi’an Medical

University, Xi’an, China

Cluster of differentiation 226 (CD226) molecules play a crucial role in the activation of

effector CD4+ T cells during the immune response process, but a cell-intrinsic function of

CD226 in CD4+ T subsets is not clear. In this study, we showed thatCd226−/− micewere

resistant to myelin oligodendrocyte glycoprotein peptide 35-55 (MOG35−55)-induced

experimental autoimmune encephalomyelitis (EAE) with highly expressed IL-10+CD4+

T cells and downregulated IL-17A+CD4+ T cells when compared with wild-type (WT)

mice. Th17 cell infiltration into the central nervous system (CNS) was largely decreased

in the absence of CD226 during EAE. CD226 deficiency facilitated the proliferation of

regulatory T cells (Tregs), with increased numbers of Tregs observed in EAE mice, and

supported the elevated induced regulatory T cell (iTregs) proliferation in vitro. The Akt

and Erk signaling pathways were shown to be involved in Cd226−/− Treg proliferation

and function in vivo and in vitro. These findings collectively indicate that CD226 is a

key molecule regulating the Treg-mediated suppression of autoimmune responses by

inhibiting Treg proliferation. Thus, the results of this study identify additional mechanisms

by which CD226 regulates Treg functions in EAE and supports the potential therapeutic

effects of anti-CD226 molecules on autoimmune diseases.
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INTRODUCTION

Cluster of differentiation 226 (CD226) is an adhesion molecule belonging to the immunoglobulin
superfamily (1) that is ubiquitously and constitutively expressed on the majority of natural killer
(NK) cells, T cells, and other immune cells and competes with the immunoreceptor tyrosine
inhibition motif domain (TIGIT) for binding to the ligands CD155 and CD112 (2). Previous
studies have reported that CD226 triggers the effector function of NK cells and contributes to
Lymphocyte Function-associated Antigen (LFA)-1 signaling that promotes T cell activation (3). As
an adhesion molecule, CD226 mediates cellular adhesion during pathological inflammation, and
accumulating reports have shown that CD226 is associated with several autoimmune diseases (4, 5).
Moreover, CD226 has been identified as an autoimmune susceptibility gene, and its allelic variants
are linked to the development of multiple sclerosis (MS), systemic lupus erythaematosus (SLE),
rheumatoid arthritis (RA), and juvenile idiopathic arthritis (JIA) (6, 7). Additionally, CD226 has
also been demonstrated to be involved in the pathogenesis of autoimmune diseases by promoting
self-reactive CD4+ T cell activation (8, 9) and triggering naïve CD4+ T cell differentiation and
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proliferation (3). Although the role of CD226 in autoimmune
diseases has been well-documented, the molecular mechanisms
associated with CD226 activity in these diseases are not clear.

MS is a chronic demyelinating autoimmune disease of the
central nervous system (CNS) that is primarily mediated by T
lymphocytes and is characterized by widespread inflammatory
processes in the CNS, immune dysregulation, and immune
over-activity. However, there are limited effective treatment
solutions for this disease (10). The experimental autoimmune
encephalomyelitis (EAE) model is one of the most suitable
models for studying the pathogenesis of MS (11). Studies
have shown that CD4+ T cells from T cell receptor (TCR)
transgenic mice engineered to express TCR-specific myelin
oligodendrocyte glycoprotein peptide 35-55 (MOG35−55)
develop CNS inflammation, suggesting that CD4+ T cells play
a central role in EAE (12). Previous studies have shown that
excessive activation of auto-reactive CD4+ T cells, especially
helper T (Th) 17 cells and the weakened function of regulatory
T cells (Tregs) facilitates the development and advancement of
MS (13). Although some studies have preliminarily confirmed
that the reduction of the suppressive capabilities and the altered
molecular expression of Tregs is linked to the pathogenesis
of MS, the exact mechanism of auto-reactive CD4+ T cell
dysregulation remains unclear (14, 15).

Tregs are characterized by the expression of transcription
factor Foxp3 and play a crucial role in maintaining peripheral
immune tolerance during autoimmune disease (16). Many
investigations have reported that Tregs inhibit autoimmune
responses by suppressing the effector CD4+ T cell (Teff) subsets
(17). Under the appropriate conditions, such as a specific
cytokine environment, Tregs inhibit Th17 cell differentiation
via repression of the transcription factor RORγt (18). However,
under inflammatory conditions, some Tregs may lose Foxp3
expression and lineage stability, which may contribute to
uncontrolled inflammation (19). It has been reported that CD226
opposes TIGIT to disrupt Tregs in melanoma (20). However,
the role of CD226 in modulating the functions of Tregs in EAE
remains unclear.

To better elucidate the role of CD226 in CD4+ T subsets,
especially in Tregs, we generated CD226 knockout (Cd226−/−)
mice and assessed the role of this protein in CD4+ Foxp3−

traditional T (Tconv) cells and CD4+ CD25+ Foxp3+ Tregs
during EAE pathogenesis. We observed that Tconv cells and
Tregs from EAE mouse model spleens showed differential
expression of CD226 and that Cd226−/− mice were more
resistant to EAE than wild-type (WT) mice. Thus, we speculated
that the CD226 deletion inhibits the pathological immune
response in the EAE model. After comparing the number of
Tregs and Th17 cells in the CNS and spleens of mice, we
observed the presence of more Tregs but fewer Th17 cells in the
spleens, and Th17 cell infiltration into the CNS was decreased
in the absence of CD226 during EAE. To further assess whether
CD226 is associated with Treg functions, we sorted Tregs from
splenocytes and collected in vitro-derived induced regulatory
T cells (iTregs) to assess their proliferation and suppressive
capacity. We demonstrated that CD226 deficiency facilitates the
Treg cell-mediated suppression of autoimmune responses in EAE

mice. Then, we sorted Tregs from splenocytes, generated iTregs
in vitro and observed that the Akt and Erk signaling pathways
are involved in Cd226−/− Treg proliferation and function. These
findings collectively indicate that CD226 is a key molecule in the
Treg-mediated suppression of autoimmune responses because it
inhibits Treg proliferation. Thus, we provide further mechanisms
by which CD226 molecules are involved in Treg functions in
EAE and evidence for the potential therapeutic effect of targeting
CD226 in autoimmune diseases.

MATERIALS AND METHODS

Mice
WT C57BL/6 mice were purchased from the Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China).
CD226 knockout (Cd226−/−) mice in a C57BL/6 background
were a kind gift from Professor Marco Colonna. To generate
homozygous Cd226−/− mice, the Cd226−/− mice were back-
crossed to C57BL/6 mice (8 weeks) and then propagated by
Cd226+/− × Cd226+/− mating. The WT (Cd226+/+) mice
used as controls in our experiments were the littermates of the
Cd226−/− mice. All the mice were bred under specific pathogen-
free (SPF) conditions at the Experimental Animals Center of
the Fourth Military Medical University. All experiments were
approved by the Scientific Investigation Board of the Fourth
Military Medical University, Xi’an (permit number XJYYLL-
2014433). All animals were treated according to the Guide for the
Care and Use of Laboratory Animals (NIH, Bethesda, USA).

Induction and Assessment of the EAE
Model
To induce EAE, mice were subcutaneously immunized in their
flanks with 200 µg of MOG35−55 (purity >98%, GT10451-
0614, Bankpeptide Biotec, China) in complete Freund’s adjuvant
(CFA; F-5881, Sigma, St. Louis, MO, USA) containing 4mg
of a thermally inactivated tuberculosis strain (2240273, Difco,
Lawrence, USA). On days 0 and 2, the immunized mice were
intraperitoneally injected with 200 ng of Bordetella pertussis
toxin (P2980, Sigma, St. Louis, MO, USA) (21). The mice were
monitored and weighed daily. The clinical score of mouse EAE
was determined according to the following judging criteria: 0,
no symptom and disease; 1, limp tail; 2, hind-limb weakness; 3,
partial hind-limb paralysis; 4, complete paralysis of one or more
limbs; and 5, moribund state or dead (21).

Cell Isolation and Culture
Fifteen to eighteen days after immunization, the spleens
were removed, and Tregs were isolated using a CD4+CD25+

regulatory T cell isolation kit (130-091-041, MACS Miltenyi
Biotec, Germany) following the manufacturer’s instructions. To
sort purified CD4+ T cells using magnetic beads, erythrocyte-
depleted splenocyte suspensions from Cd226−/− or WT mice
were negatively selected using the MojosortTM Mouse CD4T
Cell Isolation kit (480006, Biolegend, San Diego, CA, USA).
The purified CD4+ T cells (cell purity >95%) were cultured in
RPMI 1640 medium and stimulated with plate-bound anti-CD3
(3µg/ml, LEAFTM Purified anti-mouse CD3ε, 100313, Biolegend,
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San Diego, CA, USA) and soluble anti-CD28 (5µg/ml, LEAFTM

Purified anti-mouse CD28, 102111, Biolegend, San Diego, CA,
USA) in the presence of recombinant murine IL-2 (2 ng/ml,
212-12, Peprotech, Cranbury, NJ, USA).

To prepare the purified naïve CD4+ T cells, erythrocyte-
depleted splenocyte suspensions from Cd226−/− or WT mice
were negatively selected using a MojosortTM Mouse CD4 Naïve
T Cell Isolation kit (480039, Biolegend, San Diego, CA, USA).
The purity of naïve CD4+ T cells was >95%. A 96-well plate was
coated with 3µg/ml of anti-CD3 antibody (100313, Biolegend,
San Diego, CA, USA) in PBS at 4◦C overnight. Subsequently,
soluble anti-CD28 (5µg/ml, 102111, Biolegend, San Diego, CA,
USA) and recombinant TGF-β1 (5 ng/ml, 100-21, Peprotech,
Cranbury, NJ, USA) were added, and the cells were incubated for
3 days to polarize the iTregs (21).

CFSE Labeling and iTreg Inhibition Assay
To determine the iTreg proliferation ability, iTregs were labeled
for 8min at 37◦C with 2.5µM carboxyfluorescein diacetate
succinimidyl ester (CFSE) according to the manufacturer’s
protocol (423801, Biolegend, San Diego, CA, USA). Then, the
iTregs were washed three times with RPMI 1640 medium
and cultured with plated-bound anti-CD3 (5µg/ml, 100302,
Biolegend, San Diego, CA, USA) and soluble anti-CD28
(5µg/ml, 102111, Biolegend, San Diego, CA, USA) in RPMI
1640 complete medium with 10% FBS for 3 days. To determine
the inhibitory activity of the iTregs, immunogenic bead-sorted
CD4+ T cells labeled with CFSE were used as responders. The
CD4+ T cells were cultured in 96-well plates with FACS-sorted
CD4+CD25+ iTregs for 5 days at various ratios in medium
supplemented with soluble anti-CD3 (5µg/ml) and anti-CD28
(5 µg/ml).

CNS Tissue Isolation and Histology Assay
Mouse lumbar spinal cords and brains tissue were removed
at the peak of EAE after cardiac perfusion with PBS and fixed
in 4% paraformaldehyde (PFA; P-6148, Sigma, St. Louis, MO,
USA). Fixed tissues were washed with ethanol, embedded in
paraffin, and used to prepare 20-µm cross-sections that were
stained with Luxol fast blue (LFB) to visualize demyelination
and H&E to assess cellular infiltration. Spinal cords were
used to prepare 20-µm longitudinal sections or cross-sections
for immunohistochemical staining for histopathological
assessments. All images were captured using an Olympus
microscope (Olympus Corporation, Tokyo, Japan), and
quantification was performed using ImageJ Pro (Rawak Software
Inc., Stuttgart, Germany). For immunofluorescence assays, CNS
tissues were fixed in 4% PFA for 10 h, rehydrated in a 30%
sucrose solution for 24 h and frozen in OCT for cross-sectioning.
Brain tissues were blocked with H2O2 and then stained with anti-
Foxp3 (bsm-52079R, Bioss, China) or anti-RORγt (bs-23110R,
Bioss, China) antibodies at 4◦C overnight. On the second day,
The Alexa Fluor 488 conjugated Goat anti-Rabbit (ab150081,
abcam, USA) as secondary antibodies were used following the
manufacturer’s instructions. All images were captured using a
Zeiss 710 LSM confocal microscope (Carl Zeiss Inc., Germany).
RORγt+ or Foxp3+ cells were quantified as the percentage of

the total cells stained with DAPI in each section. All slides were
blinded during the assessment, and at least four non-consecutive
sections of the lumbar spinal cord or brain of each animal were
evaluated by two individuals. The number of animals analyzed
and used in the experiment are indicated in the figure legends.

Isolation of Mononuclear Cells in the
Spinal Cord and Brain
The spinal cords and brains of mice were removed at the peak
of EAE after cardiac perfusion and washed twice with fresh pre-
cooled PBS. After homogenization and collection of these tissues,
the CNSmononuclear cells were harvested by centrifugation with
70–30% Percoll gradients (28-9038-34, GE Healthcare, Sweden),
passed through a 70-µm filter and then washed with RPMI 1640
medium according to the manufacturer’s protocol. The viability
of the cells was detected using trypan blue staining (22).

Flow Cytometry
The expression of cell surface molecules was detected by staining
with antibodies against CD4 (Percp anti-mouse CD4, 100538,
Biolegend, San Diego, CA, USA), CD69 (FITC anti-mouse CD69,
104505, Biolegend, San Diego, CA, USA), CD25 (PE anti-
mouse CD25, 102007, Biolegend, San Diego, CA, USA), CD226
(APC anti-mouse CD226, 125509, Biolegend, San Diego, CA,
USA), and TIGIT (APC anti-mouse TIGIT, 131510, Biolegend,
San Diego, CA, USA), diluting each antibody according to the
manufacturer’s instructions. The in vitro apoptosis of iTregs after
polarization from naïve CD4+ T cells was determined using a
FITC Annexin V Apoptosis Detection kit with propidium iodide
(PI; 640914 Biolegend, San Diego, CA, USA).

To examine the intracellular expression of the cytokines
IFN-γ (PE anti-mouse IFN-γ, 505807, Biolegend, San Diego, CA,
USA), IL-4 (PE anti-mouse IL-4, 504104, Biolegend, San Diego,
CA, USA), IL-10 (PE anti-mouse IL-10, 505008, Biolegend, San
Diego, CA, USA), and IL-17A (PE anti-mouse IL-17A, 506904,
Biolegend, San Diego, CA, USA), the cells were stimulated with
Cell Activation Cocktail (with Brefeldin A) (423303, Biolegend,
San Diego, CA, USA) for 6 h according to the manufacturer’s
protocols. To determine the amount of Foxp3+ and Ki67+ cells
in the population, the cells were sequentially fixed, permeabilized
(Fixation/permeabilization Diluent, 00-5223, eBioscience, San
Diego, CA, USA) and stained with Foxp3 (Alexa Fluor 488 anti-
mouse FOXP3, 320011, Biolegend, San Diego, CA, USA) or Ki67
(PE anti-mouse Ki67, 652403, Biolegend, San Diego, CA, USA).

Quantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT-qPCR)
RNA was isolated with RNAiso Plus (9109, TaKaRa, Japan)
according to the manufacturer’s protocol. The cDNA was
synthesized with PrimeScript RTMaster Mix (RRO36A, TaKaRa,
Japan), and PCR was performed using SYBR PremixEx
TaqTM II (RR820A, TaKaRa, Japan). The sequences of primers
used for Tregs and Th17 cell-related molecules are listed
in Supplemental Table 1. The primers were purchased from
Applied Biosystems (AUGCT, China). The samples were
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amplified over 40 cycles using the following thermocycling
program: 15 s at 95◦C and 1min at 60◦C. GAPDH gene
expression was used as an endogenous reference to calculate
relative mRNA expression.

Western Blotting
A total of 5 × 106 isolated cells or induced iTregs were
stimulated with anti-CD3 (5µg/ml)/anti-CD28 (5µg/ml) plus
IL-2 (2 ng/ml) in the presence or absence of TGF-β1 (5 ng/ml)
for the indicated times. The cells were harvested and then lysed
using RIPA (70166, Sigma, St. Louis, MO, USA) to obtain protein.
The protein concentration was determined using a Pierce BCA
Protein Assay kit (#23225, Thermo, USA), 15 µl of protein lysate
was loaded onto 8% SDS-PAGE gels, and the proteins were
blotted onto nitrocellulose membranes. The membranes were
blocked with 5% skim milk (70166, Sigma-Aldrich, St. Louis,
MO, USA) and incubated at 4◦C for 12 h, which was followed by
an incubation with horseradish peroxidase-conjugated secondary
antibodies. The expression of the indicated proteins was detected
with antibodies against the following: Akt (#207, Cell Signaling,
USA), phospho-Akt (Ser473) (#207, Cell Signaling, USA), p44/42
MAPK (Erk1/2) (137F5) (#5594, Cell Signaling, USA), phospho-
p44/42 (Erk1/2) (#5595, Cell Signaling, USA) and β-actin (#4970,
Cell Signaling, USA). The antibodies were diluted 1:2,000
(phospho-antibodies and β-actin antibodies) or 1:1,000 (Akt
and Erk1/2 antibodies). Mouse anti-rabbit IgG mAb (HRP
conjugate) (#93702, Cell Signaling, USA) was used as a secondary
antibody at a 1:2,000 dilution. The protein bands were detected

using an ECL detection system and visualized with a TanonTM

High-sig ECL Western Blotting Substrate kit according to the
manufacturer’s instructions (180-500, Tanon, China).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6
(Prism Software, Lake Forest, CA). For parametric analysis,
Student’s t-test was used. Statistical comparison of EAE severity
and body weight between experimental groups was performed
using a non-parametric Mann-Whitney U-test (two-tailed). The
data are presented as the mean ± standard error of the mean
(SEM). Differences achieving values of P < 0.05 were considered
significant, while P > 0.05 was considered non-significant (ns).
FlowJo V10 (Tree Star, CA, USA) was used to analyse flow
cytometry data. The histology assays were performedwith Image-
Pro software.

RESULTS

Tregs Fail to Upregulate CD226 Expression
Levels During EAE Conditions
CD226 is crucial for the activation of CD4+ T cells (23), which
contributes to the LFA-1 costimulatory signaling that promotes
Th1 cell differentiation (3). To determine whether CD226 is
involved in the function of CD4+ T cell subsets, we first evaluated
the level of CD226 expression of total spleen CD4+ T cells, CD4+

Foxp3− Tconv cells and CD4+CD25+Foxp3+ Tregs ofWTmice.
Under healthy conditions, the expression levels of CD226 in total

FIGURE 1 | Tregs fail to upregulate CD226 at the peak of EAE. (A) The percentage of CD226+ cells of the total CD4+ T cells, CD4+CD25+ Foxp3+ Tregs or

CD4+Foxp3− CD4+ Tconv cells derived from the spleens of WT and WT EAE mice at the peak of EAE (days 15–18 after MOG35−55 immunization) was assessed by

flow cytometry (FCM) (n = 10). (B) The percentage of TIGIT+ cells pf the total CD4+ T cells, CD4+CD25+Foxp3+ Tregs or CD4+Foxp3− T cells derived from the

spleens of WT and WT EAE mice (at the peak of EAE) were assessed by FCM (n = 10). The results represent five independent experiments (A,B). The data are

presented as the mean ± SEM. Frequencies are displayed below the histograms. nsP > 0.05, *P < 0.05, **P < 0.01.
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CD4+ T cells and their subset cells were comparable. Notably,
the level of CD226 expression was upregulated in total CD4+ T
cells and in Tconv cells under EAE conditions compared with that
observed under healthy conditions, in agreement with previous
reports that CD226 plays an important role in promoting CD4+

T cell activation in response to autoimmune diseases (24, 25).
However, mouse spleen Tregs failed to upregulate CD226 under
EAE conditions compared with that observed under healthy
conditions (Figure 1A). These observations suggest a potential
differential role of CD226 in regulating the function of CD4+

T cell subsets during healthy and EAE conditions. Because
TIGIT and CD226 both bind the ligands CD155 and CD112,
we next asked whether TIGIT is also differentially expressed
in CD4+ T subsets in mice during EAE conditions. The
results revealed that CD4+ T subsets expressed higher levels
of TIGIT during EAE pathogenesis than that observed during
healthy conditions. Notably, no differential TIGIT expression
was observed among CD4+ T cell subsets under healthy or
EAE conditions (Figure 1B). Fourcade et al. reported a low
CD226/TIGIT ratio in Tregs that was correlated with enhanced
Treg stability and function in melanoma (20). Therefore, we
speculate that the differential expression of CD226 in CD4+ T
subsets during EAE can affect the function of Tregs.

Cd226–/– Mice Are Less Susceptible to EAE
and Lower Levels of Infiltrated Th17 Cells
in the CNS of Cd226–/– Mice
To evaluate the function of CD226 in CD4+ T subset cells,
we constructed Cd226−/− mice with knocked out CD226
(Supplemental Figure 1). We investigated the difference
between Cd226−/− and WT mice under inflammatory
conditions and used the MOG35−55-induced EAE model to
monitor the pathological effect of CD226. We noticed that EAE
could be induced in both Cd226−/− and WT mice with 100%
incidence, and nomice died in either group during EAE.We then
tested the outcome of these two groups during the development
of EAE. Our results showed that WT mice progressively
developed EAE based on clinical scoring (Figure 2A), with a
maximum mean score of 4.1 ± 0.23, while Cd226−/− mice
showed a delayed onset of EAE (maximum mean score of 3.1
± 0.1). We also observed that CD226 knockout mice showed
suppressed disease progression and attenuated clinical scores
induced by MOG35−55 (Figure 2A). Moreover, Cd226−/−

mice tended to show reduced weight loss (days 4–6 and 20–28
after MOG35−55 immunization), a feature associated with
EAE progression (26), although this effect was not significant
(Supplemental Figure 2A). These data collectively indicated
that CD226 deficiency in EAE mice may alleviate the severity of
inflammation, which is consistent with previous studies showing
that mice treated with an anti-CD226 polyclonal antibody (pAb)
in vivo were resistant to EAE development and progression (27).

Next, we observed fewer mononuclear cell infiltrates in
the spinal cords and brains of Cd226−/− mice than in WT
mice at the peak of EAE (Figure 2B). LFB staining results
revealed that demyelination in the lumbar region of the spinal
cord was lower in Cd226−/− mice than that observed in

WT mice (Figure 2C), and the haematoxylin-eosin (H&E)
staining results showed a reduction in lymphocyte infiltration
in the lumbar region of the spinal cord of Cd226−/− mice
during the peak of EAE (Figure 2D). EAE is a myelin-
specific autoreactive Th17 and Th1 cell-mediated inflammatory
disease (28), and Th17 cells have been reported to have a
greater pathogenic impact on the development of EAE than
Th1 cells (29). Immunohistochemical analysis showed that
infiltration of IFN-γ+ cells in the brains of Cd226−/− mice
was comparable to that observed in WT mice at the peak
of EAE (Supplemental Figure 2B). We then examined IL-17A
expression by immunohistochemical staining and detected fewer
IL-17A+ cells in the lumbar spinal cord (cross-sections) of
Cd226−/− EAE mice compared to that observed in WT EAE
mice (Figure 2E). Because the longitudinal sections clearly
highlight the increased extravasation from the spinal cord fluid
compared with that observed in the transversal sections at the
level of the ependymal channel, we also used the transversal
sections of lumbar spinal cords to identify inflammatory
infiltrates. Notably, we also observed decreased IL-17A+ cell
infiltration in the lumbar spinal cords of Cd226−/− mice during
EAE (Supplemental Figure 3A), indicating that CD226-deficient
mice during EAE had reduced immune activation compared
with WT mice during EAE. From these results, we presumed
that the CD226 deficiency in mice led to decreased EAE
susceptibility, in part because of decreased inflammatory Th17
cell infiltration into the CNS. Because the results of our previous
study showed that CD226 is robustly expressed in the brain
(30), we next investigated whether deletion of CD226 in mice
reduces the number of cells infiltrating the brain and damage.
We observed that both infiltrating cells and demyelination were
reduced in the brain tissue of Cd226−/− compared with that
observed in WT mice (Supplemental Figures 3B,C). RORγt
is a transcription factor that is unique to Th17 cells and
directs the polarization of naïve CD4+ T cells to Th17 cells
(31). The transcription factor Foxp3 is a key factor in the
regulation of Treg-mediated immunosuppressive responses (32).
Immunofluorescence staining results showed that the amount
of RORγt protein was reduced (Figure 2F) and that Foxp3
protein was increased in the brains of Cd226−/− mice compared
with that observed in their WT counterparts during the peak
inflammation period of EAE (Figure 2G). These data collectively
suggest that the deletion of CD226 may lead to a reduced
inflammatory response in mice that is associated with high
numbers of Tregs and reduced infiltration of Th17 cells in
the CNS.

Decreased Numbers of Th17 Cells and
Increased Numbers of Tregs in the Spleens
of Cd226–/– EAE Mice
IFN-γ is a pro-inflammatory cytokine that can enhance the
degree of inflammation in EAE (33). To investigate whether
CD226 deficiency could inhibit IFN-γ production, the plasma
level of IFN-γ in Cd226−/− mice was examined in the
EAE model. The level of IFN-γ in Cd226−/− mice was
apparently lower than that observed in WT mice during EAE

Frontiers in Immunology | www.frontiersin.org 5 August 2020 | Volume 11 | Article 1883

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. CD226 Attenuates Tregs Proliferation

FIGURE 2 | Cd226−/− mice are less susceptible to EAE, and lower levels of Th17 cells were infiltrated into the CNS of Cd226−/− mice during EAE. (A) Cd226−/− and

WT mice were immunized to induce EAE. The clinical score was monitored at the indicated days after immunization with MOG35−55 in CFA (n = 16). EAE scores were

(Continued)
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FIGURE 2 | analyzed by a non-parametric Mann-Whiney U-test (two-tailed). The results represent eight independent experiments. (B) Mice were killed at the peak of

EAE. Total mononuclear cells infiltrated in the CNS of WT and Cd226−/− mice were calculated (n = 6). (C) LFB staining of the lumbar region of the spinal cord

(cross-sections) from WT and Cd226−/− mice at the peak of EAE (n = 6). Demyelination of representative spinal cord sections is indicated by loss of blue staining

(scale bars indicate 200 and 50µm for lower and higher magnification, respectively), and the total demyelinated area was measured with ImageJ. (D) Histological

analysis of lymphocyte infiltration in the lumbar region of the spinal cord (cross-sections) of the indicated mice by H&E staining (scale bars indicate 200 and 50µm for

lower and higher magnification, respectively) (n = 6). (E) IL-17A expression in the lumbar region of the spinal cord (cross-sections) at days 15–18 post-immunization

was detected by immunohistochemical staining (scale bars indicate 200 and 50µm for lower and higher magnification, respectively) (n = 6). RORγt (F) and Foxp3 (G)

expression in the brains of Cd226−/− mice and WT littermates at the peak of EAE were detected by immunofluorescence staining using RORγt (green) or Foxp3

(green) antibodies, respectively. Nuclei are shown in blue (DAPI) (3 cross-sections of brain per mouse, n = 6). The white arrowhead indicates Th17 cells or Tregs. Scale

bar, 100µm. The results represent three independent experiments (B–G). The data are presented as the mean ± SEM. nsP > 0.05, *P < 0.05, **P < 0.005.

pathogenesis (Figure 3A). Moreover, mice deficient in CD226
showed increased levels of the inhibitory cytokine IL-10 in
plasma (Figure 3A). To investigate whether CD226-deficient
mice were prone toward a loss of homeostasis of CD4+

T cell subsets in the periphery, we compared representative
cytokines produced by CD4+ T cell subsets between Cd226−/−

and WT mice under healthy conditions (Figure 3B). IFN-γ
and IL-17A are the primary effector cytokines of Th1 and
Th17 subsets, respectively. The results showed that the IFN-
γ+ CD4+ T cell compartment was slightly decreased, while
that of the IL-17A+ CD4+ T cell subset was normal in
Cd226−/− mice. In contrast, the levels of IL-10 and IL-4, the
signature chemokines for Tregs and Th2 cells, respectively,
were clearly increased in the CD4+ T cells of Cd226−/− mice
(Figure 3B). These results collectively indicated an intrinsic
role of CD226 in regulating cytokine production in CD4+ T
cell subsets.

The reduction of EAE severity in Cd226−/− mice prompted
us to examine whether CD226 is involved in regulating
commitment to the CD4+ T cell lineage. Therefore, we
investigated how these CD4+ T sub-populations were affected
by CD226 deletion under EAE conditions. At days 15–18 after
MOG35−55 immunization, the expression levels of IFN-γ, IL-4,
IL-17, and IL-10 in CD4+ T cells sorted from the splenocytes
of Cd226−/− or WT mice were evaluated by flow cytometry
(Figure 3C). During the peak stage of EAE progression, although
the production of IFN-γ in CD4+ T cells was greatly enhanced
in both Cd226−/− and WT mice compared with that observed
in healthy mice, we did not observe a significant difference in
the level of this cytokine between Cd226−/− and WT mice.
We further evaluated whether CD226 deficiency could affect
cytokine production by Th2 cells and observed that CD4+ T
cells from Cd226−/− mice had an IL-4 response to MOG35−55

that was comparable to that of the WT littermate controls. Th17
cells have been reported to be major factors involved in the
development and progression of EAE (34). Notably, we observed
that number of CD4+ IL-17A+ T cells was not increased in
Cd226−/− mice but was sharply increased in WT mice. The
increased production of IFN-γ and IL-17A in the WT mice
during EAE largely accounted for the exacerbated Th1 cells
and Th17 autoimmune response cells, highlighting the crucial
role of CD226 in CD4+ T cell participation in Th1 and Th17
reactions. In contrast to the role of Th17 cell-related IL-17A
in exacerbating EAE pathogenesis, IL-10 is a defining anti-
inflammatory cytokine for Tregs, playing an essential role in

negatively regulating autoimmune responses (33). Our results
showed an increase in IL-10 production from CD4+ T cells
of Cd226−/− mice compared with that observed in WT mice
during EAE. Thus, we speculated that the Tregs of Cd226−/−

mice are activated under EAE conditions (Figure 3C). Taken
together, the alleviation of EAE by the deletion of CD226 in
mice likely occurred by restoring the balance of Tregs/Th17 cells.
To further verify these results at the mRNA level, we sorted
CD4+ T cells from the spleens of Cd226−/− and WT mice at
the peak of EAE and detected the mRNA expression levels of the
cytokines IFN-γ, IL-4, IL-17A, and IL-10 and the transcription
factors RORγt and Foxp3 by RT-qPCR. Consistent with the flow
cytometry (FCM) results, we observed a decrease in IL-17 but
a marked increase in IL-10 levels, with no significant changes
observed in IFN-γ and IL-4 in Cd226−/− EAEmice (Figure 3D).
We also observed that the level of Foxp3 mRNA was clearly
increased and that of RORγt mRNA was decreased in splenic
CD4+ T cells from Cd226−/− EAEmice (Figure 3E). From these
results, we concluded that deletion of CD226 decreased the level
of Th17 cells but facilitated Tregs in the spleens of Cd226−/−

mice during EAE.

Cd226–/– Tregs Are Highly Proliferative and
Suppressive in vivo
At the peak of EAE, we observed that the percentage of Tregs
in splenic CD4+ T cells was increased upon CD226 deletion
(Figure 4A). To elucidate the mechanism responsible for the
higher percentage of Tregs in CD4+ T cells from Cd226−/− EAE
mice, we further examined Treg proliferation and suppression
in vivo. Freshly isolated Tregs from Cd226−/− healthy mice
expressed slightly higher percentages of the proliferation marker
Ki67 than WT mice. At 15–18 days after immunization with
MOG35−55, the expression of Ki67 in the freshly isolated Tregs
from WT mice was clearly decreased, while that of the Tregs
from Cd226−/− mice was not. Notably, under EAE conditions,
the expression of Ki67 in Cd226−/− Tregs was higher than that
observed in WT Tregs, indicating an elevated level of Cd226−/−

Treg proliferation (Figure 4B). We next wanted to determine
whether the deletion of CD226 affected the proliferation of
Tregs after TCR stimulation. To this end, we assessed Ki67
expression in Tregs with anti-CD3/anti-CD28 antibodies after
3 h of culturing. Compared with their WT EAE counterparts, the
Tregs from Cd226−/− EAE mice showed higher expression of
Ki67 (Figure 4B). In contrast, freshly isolated Tconv cells from
Cd226−/− EAE mice expressed lower levels of Ki67 than their
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FIGURE 3 | Lower levels of Th17 cells and higher levels of Tregs were observed in the spleen of Cd226−/− EAE mice. (A) The plasma levels of IFN-γ and IL-10 in

Cd226−/− and WT mice during EAE pathogenesis were assessed by ELISA (n = 8). (B) Protein expression of IFN-γ, IL-4, IL-17A and IL-10 in sorted CD4+ T cells

from splenocytes in Cd226−/− mice and WT littermates was assessed by intracellular staining. The numbers in each quadrant show the percentage of the relevant cell

population (n = 8). (C) Splenocytes were stimulated in vitro with PMA (phorbol myristate acetate), ionomycin and brefeldin A in 10% FBS/RPMI 1,640 for 6 h. FCM

data analysis of CD4+ T cell subsets for cytokines released from the spleens of Cd226−/− or WT mice was conducted on days 15–18 after immunization with

MOG35−55 (gated on total CD4+ T cells, with frequencies on the left). The proportions of Th1, Th2, Th17 cells and Tregs were determined by intracellular cytokine

staining (n = 6). (D) The relative mRNA levels of IFN-γ, IL-4, IL-17A, and IL-10 in CD4+ T cells isolated from the spleens of Cd226−/− or WT mice at days 15–18 after

immunization with MOG35−55 were determined by RT-qPCR (n = 6). (E) The relative mRNA levels of Foxp3 and RORγt in CD4+ T cells isolated from the splenocytes

of WT or Cd226−/− mice on days 15–18 after immunization with MOG35−55 were determined by RT-qPCR (n = 6). The results represent at least three independent

experiments (A–E). The data are presented as the mean ± SEM. nsP > 0.05, *P < 0.05, **P < 0.005, ***P < 0.001.

WT counterparts during EAE pathogenesis. This pattern was
particularly notable after anti-CD3/anti-CD28 stimulation for
3 h. These results demonstrated that CD226 depletion led to high
proliferation of Tregs under EAE conditions, whereas Tconv cells
were less activated than the WT mice (Figure 4C).

To further confirm these results, we examined the activation
status of Tregs from Cd226−/− mice during EAE. The level
of CD4+Foxp3+ Tregs from Cd226−/− mice with an acute
activated CD69 phenotype was increased compared with that
observed in WT mice, especially during EAE pathogenesis

(Figure 4D). Based on these results, we explored whether this
enhanced proliferation in Tregs was associated with dysregulated
cytokine production. IL-10 has been demonstrated to play
an important role in the suppression of Th17 cell-mediated
inflammation (35). Therefore, we analyzed the production of
IL-10 from Tregs in Cd226−/− mice under healthy conditions
and during EAE inflammatory conditions. The results showed
that Tregs in Cd226−/− mice generated large amounts of IL-
10, and this expression was notably increased during EAE
inflammation (Figure 4E). TGF-β plays a pivotal role in
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FIGURE 4 | Cd226−/− Tregs are highly proliferative and suppressive in vivo. (A) The percentages of Tregs in spleen CD4+ T cells from CD226−/− and WT littermate

mice on days 15–18 after treatment with MOG35−55 (n = 6). (B) Percentage of Ki67+ cells in CD4+Foxp3+ Tregs freshly isolated or after 3 h of culturing with anti-CD3

(Continued)
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FIGURE 4 | (5µg/ml)/anti-CD28 (5µg/ml) from spleen cells of Cd226−/− and WT mice on days 15–18 after MOG35−55 immunization by FCM (n = 3). (C) Percentage

of Ki67+ cells in CD4+Foxp3− Tconv cells freshly isolated or after 3 h of culturing with anti-CD3 (5µg/ml)/anti-CD28 (5µg/ml) from splenocytes of Cd226−/− and WT

mice at the peak of EAE were detected by FCM (n = 3). Expression of CD69 (D) or IL-10 (E) in splenic CD4+ CD25+ Foxp3+ Tregs from Cd226−/− and WT mice

under healthy conditions or EAE pathogenesis were detected by FCM (n = 6). The data are presented as the mean ± SEM. nsP>0.05, *P < 0.05, **P < 0.005, ***P <

0.001.

regulation of the differentiation and function of Tregs (36).
So we next magnetically sorted Tregs (cell purity ≥94%)
(Supplemental Figure 4A) from the spleens of Cd226−/− and
WT mice at the peak of EAE and detected the mRNA expression
level of TGF-β. The results showed that TGF-βmRNAwas largely
normal in Cd226−/− EAE mice compared with WT EAE mice,
suggesting that the TGF-β may not involve in the enhanced
function of Tregs (Supplemental Figure 4B). Taken together,
these results indicated that the deletion of CD226 led to enhanced
Treg proliferation and increased IL-10 production.

Cd226−/− iTregs Are Highly Proliferative
and Suppressive in vitro
Although the deletion of CD226 facilitated Treg proliferation
and IL-10 production during inflammatory conditions in vivo,
the relationship between CD226 deletion and Treg in vitro
function remains unclear. To investigate whether the deletion of
CD226 could also influence the suppressive function of Tregs
in vitro during EAE, we decided to preliminarily investigate
the abilities of iTreg cells. We isolated naïve CD4+ T cells
(CD4+CD62L+) from WT EAE and Cd226−/− EAE mice and
cultured them for 3 days under Treg-polarizing conditions.
The iTreg proliferation was assessed by FCM after incubating
overnight with plate-bound anti-CD3 at 4◦C and soluble anti-
CD28 stimulation for 3 days in vitro. Our results showed that
CD226-deficient naïve CD4+ T cells had an enhanced ability
to induce iTregs comparable to that of WT mice (Figure 5A).
Moreover, the rate of CFSE-labeled iTreg proliferation was higher
than that observed in WT mice (Figure 5B), indicating that the
iTregs induced from Cd226−/− EAE mice remained energetic
in vitro, to an even higher extent than those from WT EAE
mice. To determine whether the loss of CD226 in iTregs is
linked to apoptosis, we stained iTregs with PI and annexin V
and observed a comparable percentage of apoptotic cells between
WT and Cd226−/− iTregs, indicating that CD226-deficient
iTregs did not display decreased apoptosis relative to their
CD226-sufficient counterparts (Supplemental Figure 4C). Next,
to directly evaluate whether the immunosuppressive activity
of CD226-deficient iTreg cells was affected in vitro, we used
an in vitro suppression assay. Responder CD4+ T cells were
magnetically sorted from healthy WT mice and labeled with
CFSE. The iTregs induced from naïve CD4+ T cells of Cd226−/−

EAE or WT EAE mice were then cultured with varying amounts
(as indicated) of labeled responder CD4+ T cells in the presence
of anti-CD3/CD28 for 5 days, after which the responder cell
proliferation was determined. The results confirmed that CD226-
deficient iTregs highly suppressed responder cell function in
vitro and showed an enhanced ability to suppress responder cell
proliferation under TCR-stimulated conditions compared with

the iTregs induced in WT EAE mice (Figure 5C). These results
further demonstrated that the deletion of CD226 facilitated the
suppressive capacity of Tregs.

Akt and Erk Signaling Pathways Are
Involved in Cd226–/– Treg Proliferation and
Function
Previous studies have shown that Akt and Erk signaling pathways
are involved in regulating T cell survival, proliferation, and
differentiation (37, 38). To address whether the loss of CD226
can affect the Akt and Erk signaling pathways, which are
associated with Treg proliferation and suppression, we observed
the biochemical mechanisms of CD226 in vivo in sorted
Tregs and in vitro-generated iTregs by assessing Akt and Erk
signaling. After stimulating freshly isolated Tregs with anti-
CD3/CD28 in the presence of IL-2 for 2 h, we observed that
Cd226−/− Tregs showed higher levels of phosphorylated-Akt
(ser473) and phosphorylated p44/42 (Erk1/2) than WT Tregs
(Figure 6A). In contrast, the Cd226−/− Tconv cells showed
decreased activation of Akt signaling and reduced activation
of Erk signaling compared with that observed for WT Tconv
cells (Figure 6B). Next, we evaluated whether the enhanced
proliferation of Cd226−/− iTregs in vitro was associated with
activation of the Akt and Erk signaling pathways by assessing
the phosphorylation levels of Akt (ser473) and p44/42 (Erk1/2)
in iTregs differentiated from naïve WT and Cd226−/− CD4+

T cells for 96 h. As expected, the Cd226−/− iTregs exhibited
higher levels of phosphorylation of both Akt and Erk than WT
iTregs (Figure 6C). These results confirmed that the enhanced
proliferation ofCd226−/− Tregs may be associated with activated
Akt and Erk signaling.

DISCUSSION

Several lines of evidence have demonstrated that CD226 plays
a crucial role in the formation of immune synapses, and it is
primarily considered to be an active receptor of NK and T cells
(3, 39). The results of our previous studies demonstrated that
mice treated with an anti-CD226 pAb in vivo have markedly
decreased EAE susceptibility (27), in agreement with recent
data showing that CD226 is involved in the pathogenesis of
autoimmune diseases (8, 9). EAE is caused by the breakdown
of self-tolerance and eventually leads to myelin-reactive CD4+

T cell infiltration of the CNS to mediate neuronal inflammation
(11, 29). Thus, we focused on the function of CD226 in
CD4+ T subset cells during EAE. Prior studies showed that
the murine CD226/Ig fusion protein can inhibit the production
of thymocytes and speculated that CD226 may be involved in
the early stage of T cell development (40). Studies in rodents
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FIGURE 5 | Cd226−/− iTregs are highly proliferative and suppressive in vitro. (A) Naïve CD4+ T cells from WT and Cd226−/− mouse spleens from days 15–18 after

MOG35−55 immunization were magnetically sorted. Then, the cells were cultured under iTreg polarizing conditions [plate-coated anti-CD3 (3µg/ml), soluble anti-CD28

(5µg/ml), IL-2 (2 ng/ml)] and recombinant TGF-β (5 ng/ml), and Foxp3 expression was measured by FCM after 3 days of culture (n = 6). (B) The proliferation of iTregs

was assessed by FCM. iTregs were labeled with CFSE and cultured in the presence of anti-CD3 (5µg/ml) and anti-CD28 (5µg/ml) for 3 days, and the proliferative

capacity was detected 3 days later (n = 6). (C) The suppressive capacity of iTregs was detected by FCM. CD4+CD25+ iTregs induced from naïve CD4+ T cells of WT

or Cd226−/− mice were sorted and co-cultured with the indicated ratios of CFSE-labeled responder CD4+ T cells from WT mice for 5 days in the presence of

anti-CD3 (5µg/ml) and anti-CD28 (5µg/ml) (n = 3). The results represent three independent experiments (A–C). The data are presented as the mean ± SEM. nsP >

0.05, *P < 0.05.

have shown that knockdown of CD226 in naïve CD4+ T cells
results in decreased T-bet expression and increased GATA3
expression, as well as demonstrating that CD226 blockade with
a neutralizing Ab in vitro can efficiently downregulate IL-17
secretion (41). Because CD4+ T cells play a central role in
autoimmunity, and CD226 promotes self-reactive CD4+ T cell
activation in the autoimmune response (8, 42), we considered
whether CD226 functions by altering the balance of CD4+ T
cell subsets involved in the pathogenesis of EAE. Therefore, we
developed an EAE mouse model to better understand the unique
functions and mechanisms of CD226 in CD4+ T cell lineages
under pathological conditions. Tregs are known to suppress
the response of myelin-reactive CD4+ Teff and are pivotal in
regulating CNS inflammation during EAE (43). Several studies
have reported disruptions in the numbers or function of Tregs
involved in the pathogenesis of EAE (16), but the factors affecting
the stability and function of Tregs are poorly understood. In our
study, we observed an increased level of CD226 expression in

spleen CD4+ T cells and CD4+ Foxp3− Tconv cells; however,
CD226 expression was not upregulated in Tregs under EAE
conditions. These observations suggest a potentially distinct role
for CD226 in controlling CD4+ T cell lineages, especially in
Tregs. Despite evidence of the genetic associations of CD226
with autoimmune diseases and dysfunctional Tregs (7, 44,
45), as well as studies noting that CD226+TIGIT− Tregs are
associated with reduced suppressive capacity (46), the exact
molecular mechanism and function role of CD226 in Tregs is
poorly understood.

To examine whether CD226 mediates the auto-reactive
CD4+ T cell response and the immunosuppressive function
of Tregs during EAE, we compared the disease development,
demyelinating conditions, inflammatory process and distribution
of CD4+ T subsets in CNS tissue in Cd226−/− EAE and WT
EAE mice. We observed that CD226 deletion delayed the onset
and alleviated the development of EAE. Cd226−/− mice tended
to show reduced body weight loss at days 4–6 and 20–28
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FIGURE 6 | Higher levels of Akt and Erk signaling occur in Cd226−/− Tregs. Splenic Tregs (A) and Tconv cells (B) magnetically isolated from WT or Cd226−/− mice

were stimulated with anti-CD3 (5µg/ml), anti-CD28 (5µg/ml) and IL-2 (2 ng/ml) for 2 h, after which p44/42 (Erk1/2), phospho-p44/42 MAPK (Erk1/2), Akt and

(Continued)
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FIGURE 6 | phosphorylated-Akt (Ser473) were detected by Western blotting (n = 6). (C) Naïve CD4+ T cells magnetically sorted from WT and Cd226−/− mouse

spleen were cultured under iTreg cell polarizing conditions for 96 h [plate-bound anti-CD3 (3µg/ml) plus soluble anti-CD28 (5µg/ml), IL-2 (2 ng/ml) and recombinant

TGF-β (5 ng/ml)]. The levels of Erk1/2, phosphorylated-Erk (p-Erk1/2), Akt and phosphorylated-Akt (p-Akt) (Ser473) in iTregs was detected by Western blotting (n = 6).

The Western blot results were quantified by ImageJ analysis and are shown as the p-Erk/Erk or p-Akt/Akt ratios. The results represent three independent experiments

(A–C). The data are presented as the mean ± SEM. *P < 0.05, **P < 0.005.

after MOG35−55 immunization, but unfortunately, we did not
observe significant differences between the two groups during
EAE. We speculate that this result may have been due to the
short peak period of EAE and the gradual dampening of disease
development after the acute phase. Additionally, the infiltration
of inflammatory cells into the CNS was decreased. We also
observed a decreased number of RORγt+ cells and an increasing
number of Foxp3+ cells that infiltrated into the CNS tissue in
Cd226−/− EAE mice. These results collectively suggest that the
deletion of CD226 may lead to a reduced inflammatory response
in mice, which is most likely associated with maintaining the
Treg/Th17 immune balance in the CNS. Recently, the imbalance
between Th17 cells and Tregs has been considered to be an
important paradigm in the development and pathogenesis of
EAE (47). Several studies have demonstrated that the migration
of Th17 cells into the CNS is the key pathogenic process in EAE
mice (34, 48) and that Foxp3 deficiency is closely associated with
spontaneous autoimmunity development (13, 49, 50). CD226 is
a co-stimulatory molecule that plays an important role in the
activation, expansion and function of Th1 cells (51). Moreover,
CD226/CD155 interaction has been demonstrated to regulate
the pro-inflammatory (Th1 and Th17) and anti-inflammatory
(Th2) balance (41). Based on these findings and our results,
we speculated that CD226 is a crucial molecule that regulates
auto-reactive Th17 cells and Treg immune responses in EAE.
However, additional studies are needed to elucidate the effects of
CD226 blockade Ab treatment on the CNS tissue inflammatory
responses during EAE pathogenesis.

Based on their distinct cytokine profiles, CD4+ T subsets
have different functional properties (52). IL-17 secreted by
Th17 cells has been shown to have a pathogenic role in
promoting and enhancing autoimmune tissue injuries (53). IL-
10, an important mediator with anti-inflammatory properties,
is primarily produced by Tregs and can inhibit Th17 cell
differentiation in the CD4+ T cell population. We next assessed
the frequency and numbers of the CD4+ T subsets of spleen
cells at the peak of EAE to understand whether similar changes
occur in the peripheral immune organs. In our study, we
observed that deletion of CD226 increased the expression of IL-
10 and decreased that of IL-17A, whereas it did not notably
alter IFN-γ and IL-4 expression in CD4+ T cells during EAE.
The administration of IL-10 has been demonstrated to suppress
EAE progression (54), and the induction of EAE in IL-17−/−

mice was shown to reduce disease severity and promote early
recovery (55). Based on our results, we speculate that deletion of
CD226 does not greatly affect the Th1 and Th2 cellular immune
response but rather alters the balance of Treg/Th17 cells in the
EAE model. These results are consistent with a report showing
that CD226 costimulatory signaling is associated with LFA-1 to

amplify TCR signaling through VAV1, further promoting IL-17
production by CD4+ T cells (56). Additionally, our observation
further confirmed that CD226 may play an important role in
the activation and effector functions of Th17 cells under EAE
inflammatory conditions.

The stable expression of Foxp3 and potent suppressive
capacity are two basic characteristics that are maintained in
the Treg lineage (57). Another major finding of our study
is that deletion of CD226 led to the upregulation of Treg
proliferation and enhanced the suppressive function of Tregs
during EAE. Recently, studies have demonstrated that CD226
is involved in the function and stability of Tregs (20) and
that CD226+TIGIT− Tregs exhibit enhanced methylation in
the Treg-specific demethylated region (TSDR) (46), indicating
that CD226 may regulate Treg function. In our study, the
Tregs in Cd226−/−EAE mice expressed high levels of the
proliferation marker Ki67 and the acute activation marker
CD69. Tregs are typically stable and able to retain lineage
characteristics in vivo. However, during inflammation or other
pathological conditions, Tregs may lose Foxp3 expression and
then exhibit a reduced suppressive capacity (58). Our results
showed that the CD226 deficiency maintained iTreg functions
during EAE pathogenesis. We observed that the proliferation
of responder CD4+ T cells was decreased after co-culturing
with iTregs, indicating that CD226 deletion promoted the
suppressor capacity of iTreg cells in vitro. Many studies have
demonstrated that decreased IL-10 production by Tregs is
linked to MS (16). Treg-secreted IL-10 plays an essential role
in the negative regulation of autoimmune responses. Notably,
we observed that a significant increase in the expression
of IL-10 in CD226-deficient Tregs at the peak of EAE,
indicating that the deletion of CD226 maintained the suppressive
capacity of Tregs, partially through the promotion of IL-
10 signaling.

The Akt and Erk signaling pathways function downstream of
TCR and CD28 signaling and are important in the regulation of
survival, growth, proliferation and differentiation processes in T
cells under varying levels of TCR signaling stimulation (59, 60).
Studies have reported a key role for the Akt pathway in the TCR-
independent phase of thymic Treg generation (61) and BMP-2, 4,
members of the TGF-β superfamily, promote Treg development
through the Erk pathway (62). Moreover, Previous studies
demonstrated that CD226 triggers signals involving activation
of Akt and Erk (63), and the engagement of human CD226
by anti-CD226 antibodies failed to trigger activation of Akt
and Erk (64). To determine whether the increased proliferation
of Cd226−/− and Cd226−/− iTregs was associated with these
pathways, we measured the expression of the Akt and Erk kinases
in vitro. Our results demonstrated that Cd226−/− and Cd226−/−
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iTregs stimulated with anti-CD3/CD28 plus IL-2 exhibited Akt
and Erk pathway activation, but Cd226−/− Tconv cells did not.
The mechanistic target of rapamycin (mTOR) is a nutrient
sensing kinase that functions downstream of Akt (65). mTOR
is now well recognized as an important regulator of CD4+ T
subsets (66) that influences the development of autoimmune
diseases such as MS and EAE (67, 68). mTOR has two distinct
signaling complexes, mTOR1 and mTOR2, which have pivotal
roles in regulating the differentiation of CD4+ T subsets (69).
Our results revealed a high proportion of inflammatory cell
infiltration into the CNS in WT but not Cd226−/− mice at
the peak of EAE, and Cd226−/− Tconv cells showed decreased
activation of Akt signaling. Based on these results, we speculated
that the deletion of CD226 in mice blocks the Akt pathway
in Tconv cells, which especially influences mTOR1 activation.
Rapamycin specifically blocks mTOR1 activation and effectively
inhibits T cell proliferation (70), and evidence from mouse
studies and clinical trials has demonstrated that blockade of
mTOR1 with rapamycin ameliorates the development of EAE
and exerts beneficial effects in relapsing/remitting MS (67, 68).
These observations correlate with our findings indicating that
the deletion of CD226 blocks mTOR1 activation to prevent
the differentiation of Th1 and Th17 cells. Keever Taylor and
colleagues reported that rapamycin-treated Treg cultures from
MS patients had enhanced suppressor functions and contained
high levels of CD4+Foxp3+ cells compared with healthy
controls, suggesting that blockade of mTOR1 promotes Treg
development and function (71). In our studies, we observed
the Cd226−/− Tregs had increased Akt activation. Considering
the distinct STAT activation functions of mTOR1 and mTOR2
(69, 72), it is possible that mTOR2 or another pathway
may be involved in boosting the proliferation and function
of Cd226−/− Tregs. Thus, our results indicate that CD226
deletion facilitates the proliferation of Tregs and downregulates
the activation of self-reactive CD4+ T cells, partially through
activation of the Akt and Erk kinases. These findings are partly
consistent with a report showing that blockade of the Erk
pathwaymarkedly attenuates Foxp3 expression in TGF-β-primed
CD4+ T cells (37).

Taken together, the results of our study have revealed that
CD226 acts as an essential molecule that influences the CD4+ T
subset-mediated immune response, particularly the autoimmune
reactions of differentially regulated Tconv and Tregs. Deletion
of CD226 could enforce Treg differentiation and proliferation
as well as Treg-mediated repression of Th17 responses. Multiple
mechanisms are involved in the maintenance of the suppressive
functions of Tregs in Cd226−/− mice during EAE, such as the
sustained expression of Foxp3, the production of high levels
of the anti-inflammatory cytokine IL-10 and the activation of
the Akt and Erk kinases. Nevertheless, an understanding of
the CD226-mediated regulation of Treg immune functions is
far from complete. Our future studies will utilize a CD226
blocking antibody and conditional CD226 knockout mice
to explore the crosstalk between CD226 and intracellular
molecule signaling in Tregs. This information will provide
support for the therapeutic applications of CD226 blockade in
inflammatory diseases.
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The Supplementary Material for this article can be found
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2020.01883/full#supplementary-material

Supplemental Figure 1 | Efficient CD226 deletion in Cd226−/− mice. Total CD4+

T cells, Tregs (CD4+ CD25+ Foxp3+) and Tconv cells (CD4+ Foxp3−) were gated

from the splenocytes of Cd226−/− mice, and the expression levels of CD226 were

detected by FCM (n = 8). The data are representative of four independent

experiments. The numbers in each quadrant show the percentage of the relevant

cell population.

Supplemental Figure 2 | Characterization of WT EAE and Cd226−/− EAE mice.

(A) The body weight of Cd226−/− and WT mice was monitored daily after

immunization with MOG35−55 (n = 16). The results represent eight independent

experiments. (B) IFN-γ expression in the brain on days 15–18 post-immunization

was detected by immunohistochemical staining (n = 6), and the integrated optical

density of IFN-γ was measured with ImageJ. The results represent three

independent experiments. nsP > 0.05.

Supplemental Figure 3 | Lower levels of infiltrated cells and demyelination in the

CNS of Cd226−/− Mice. (A) IL-17A expression in the lumbar region of the spinal

cord (longitudinal sections) at days 15–18 post-immunization was detected by

immunohistochemical staining (n = 6) (scale bars indicate 100 and 50µm for

lower and higher magnification, respectively). (B) Histological analysis of

lymphocyte infiltration in the brain tissue (cross-sections) of the indicated mice by

H&E staining (scale bars indicate 50µm for lower magnification, and 50µm for

higher magnification) (n = 6). (C) LFB staining of the brains (cross-sections) of WT
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and Cd226−/− mice at the peak of EAE (n = 6). Demyelination of representative

brain sections is indicated by loss of blue staining (scale bars indicate 1mm and

100µm for lower and higher magnification, respectively), and the total

demyelinated area was measured with ImageJ. The results represent at least two

independent experiments (A–C). ∗P < 0.05, ∗∗P < 0.005.

Supplemental Figure 4 | Cd226−/− iTregs do not display decreased apoptosis.

(A) The purity of Tregs before and after magnetic separation was determined by

FCM (n = 6). (B) The relative mRNA expression levels of TGF-β in splenic Tregs

from WT or Cd226−/− mice during EAE were assessed by qRT-PCR. (C) Annexin

V and PI staining of iTregs after polarization from WT and Cd226−/− naïve CD4+ T

cells for 3 days (n = 6). The results represent two or three independent

experiments (A–C). The numbers in each quadrant show the percentage of the

relevant cell population.

Supplemental Table 1 | The primers used for qRT-PCR in this study are listed.
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