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Abstract
The Cluster of differentiation 226(CD226)/T cell immunoglobulin and immune receptor tyrosine-based inhibitory motif domain
(TIGIT) axis plays an important role in the balance of the immune response. A previous study showed that CD226 is involved in
CD4+ T cell differentiation and that blocking CD226 may attenuate experimental autoimmune encephalomyelitis (EAE) devel-
opment. However, the molecular mechanisms underlying this process remain incompletely understood. In this study, it was found
that Cd226−/− mice were less susceptible to EAE and that there was less T helper 17(Th17) cell infiltration with higher levels of
regulatory cells (Tregs) infiltration in the Cd226−/− EAE mouse central nervous system (CNS) compared with that in the WT
EAE mouse CNS. Moreover, the suppressive function of Cd226−/− Tregs was upregulated compared with that of WT Tregs.
Furthermore, it was observed that the expression levels of CTLA-4 and TIGITonCd226−/− Tregs were higher than those onWT
Tregs during EAE in the spleen and CNS. Our results demonstrate a pivotal role for CD226 in attenuating Treg function in EAE
that was associated with downregulating the expression levels of CTLA-4 and TIGIT.
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Introduction

Cluster of differentiation 226 (CD226) is an adhesion and
costimulatory molecule that is mainly expressed on immune
cells [1]. A series of reports have suggested that CD226 is a
multifunctional molecule in autoimmune diseases and tu-
mours that competes with Tcell immunoglobulin and immune
receptor tyrosine-based inhibitory motif domain (TIGIT) to
bind to their common ligands CD155 and CD112 [2].
CD226 is involved in the pathogenesis of several autoimmune
diseases because of differential regulation of the pro-
inflammatory and anti-inflammatory balance in CD4+ T cell

subsets [3, 4]. Multiple sclerosis (MS) is a chronic autoim-
mune disease that is characterized by the over-activation of
pathogenic CD4+ T cells such as T helper 1 (Th1) and Th17
cells and widespread inflammatory processes in the central
nervous system (CNS) [5]. Previous studies have reported that
the TIGIT/CD226 axis is associated with susceptibility to
EAE, a typical mouse model for studying the pathogenesis
of MS, because TIGIT antagonizes CD226 and suppresses T
cell responses indirectly by the induction of tolerogenic
antigen-presenting cells [6].

It is generally known that Th17 cells and their effector, the
cytokine interleukin (IL)-17, are important mediators impli-
cated in the pathology of EAE [7]. In addition, decreased
expression of transcription factor forkhead box P3 (Foxp3)
and the dysregulation of Treg suppression capacity have been
linked to the pathogenesis of EAE [8]. Published results dem-
onstrated that mice treated with anti-CD226 pAb were mark-
edly resistant to the development and progression of EAE [9].
In addition, CD226+ TIGIT− Tregs exhibited decreased sup-
pressive function following expansion in vitro [10]. However,
the molecular mechanisms by which CD226 modulates Treg
functions to mediate EAE pathogenesis remain unknown.
Tregs express multiple checkpoint molecules, including cyto-
toxic T lymphocyte antigen 4 (CTLA-4), TIGIT and
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programmed cell death 1 (PD-1), which promote their devel-
opment, stability and suppressive capacity [11–13]. To better
elucidate the molecular mechanisms of CD226 in Treg func-
tions during EAE, Cd226−/− mice were generated, and the
expression levels of CTLA-4, TIGIT and PD-1 on Tregs were
assessed.

In this study, we observed that CD226 knockout attenuated
Th17-mediated EAE pathogenesis and that there were in-
creased infiltration of Tregs and enhanced production of IL-
10 in the mouse CNS. We next confirmed that CD226 defi-
ciency promoted EAE-associated Treg suppressive capacity
in vitro. Furthermore, the expression levels of CTLA-4 and
TIGIT on Cd226−/− Tregs were upregulated. Thus, this study
provides support for the application of therapeutic CD226
blocking in inflammatory autoimmune diseases in which
Treg suppression is maintained via the upregulation of
CTLA-4 and TIGIT expression.

Materials and methods

Mice

Wild-type C57BL/6 mice were purchased from Nanjing
Biomedical Research Institute of Nanjing University
(Nanjing, China). The CD226 knockout (Cd226−/−) mice with
a C57BL/6 background were gifted by Professor Marco
Colonna. To generate homozygous Cd226−/− mice, the
Cd226−/− mice were back-crossed with C57BL/6 mice and
then propagated by Cd226+/− × Cd226+/− mating. The WT
(Cd226+/+) mice that were used as controls were littermates
of the Cd226−/− mice. All mice were bred in specific
pathogen-free (SPF) conditions at the experimental animal
centre of the Fourth Military Medical University and were
treated according to the Guide for the Care and Use of
Laboratory Animals and Welfare Institute (NIH, Bethesda,
MD).

EAE model

To induce EAE, mice (6–8 weeks old, female) were subcuta-
neously immunized in their flanks with 200 μg myelin oligo-
dendrocyte glycoprotein peptide 35–55 (MOG35–55)
(Bankpeptide Biotec, China) in complete Freund’s adjuvant
(Sigma, USA) containing 4 mg of a thermally inactivated
tuberculosis strain (Difco, USA). On day 0 and day 2, the
immunized mice were intraperitoneally injected with 200 ng
Bordetella pertussis toxin (Sigma, USA) [14]. The immunized
mice were monitored daily and assigned, in a double-blinded
manner, a score using the following standard clinical scoring
system: 0, no disease; 1, tail paralysis; 2, wobbly gait or partial
hind limb paralysis; 3, complete hind limb paralysis; 4, fore-
limb and hind limb paralysis; and 5, moribund or dead [15].

Cell isolation and stimulation

Splenic Tregs were isolated at 15 to 18 days after immuniza-
tion using a regulatory T cell isolation kit (MACS Miltenyi
Biotec, Germany) following the manufacturer’s instructions.
Purified CD4+ T cells (cell purity ≥ 95%) from erythrocyte-
depleted splenocyte suspensions from Cd226−/− or WT mice
were negatively selected by using the MojoSort Mouse CD4+

T Cell Isolation Kit (Biolegend, USA) and cultured in RPMI
complete medium with 10% foetal bovine serum (FBS)
(Gibco, USA). The purified cells were then stimulated with
plate-bound anti-CD3 (3 μg/ml, LEAF purified anti-mouse
CD3ε, BioLegend, USA) and soluble anti-CD28 (5 μg/ml,
LEAF purified anti-mouse CD28, BioLegend, USA)
antibodies.

Immunohistochemical staining

Mouse brains were removed at the peak of EAE after cardiac
perfusion and were fixed in 4% paraformaldehyde (PFA)
(Sigma-Aldrich, USA). Fixed tissues were embedded in par-
affin. Brain sections were blocked with H2O2 and then stained
with anti-IL-17 antibody (Bioss, China) at 4 °C overnight. On
the second day, a biotin-streptavidin HRP detection system
(ZSGB-BIO, China) was used according to the manufac-
turer’s instructions.

Isolation of mononuclear cells in the spinal cord
and brain

The spinal cord and brain were removed and washed twice
with precooled PBS after cardiac perfusion with PBS. The
tissues were collected and homogenized, and the mononuclear
cells were harvested by centrifugation with a 70–30% Percoll
gradient (GE Healthcare, Sweden) according to the manufac-
turer’s protocol. The viability of the cells was detected using
trypan blue staining [16].

Flow cytometry analysis

Single cells from the spleen, inguinal lymph nodes, and CNS
and induced Tregs were harvested and washed with PBS sup-
plemented with 2% foetal calf serum and then stained with
mAbs specific for CD4 (PerCP anti-mouse CD4, BioLegend,
USA), CD25 (PE anti-mouse CD25, BioLegend, USA),
TIGIT (APC anti-mouse CD155, BioLegend, USA), CTLA-
4 (APC anti-mouse CTLA-4, BioLegend, USA) and PD-1
(APC anti-mouse PD-1, BioLegend, USA).

To examine the intracellular expression of the cytokines IL-
10 and IL-17A, the cells were stimulated with a cell activation
cocktail (with brefeldin A) (BioLegend, USA) for 6 h accord-
ing to the manufacturer’s protocols. ThemAbs used were anti-
IL-10 (PE anti-mouse IL-10, BioLegend, USA) and anti-IL-
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17A (PE anti-mouse IL-17A, BioLegend, USA). To deter-
mine the number of Foxp3+ cells in the population, the cells
were sequentially fixed, permeabilized (Fixation/
Permeabilization Diluent, eBioscience, USA) and stained for
Foxp3 (Alexa Fluor 488 anti-mouse FOXP3, BioLegend,
USA). Each antibody was diluted according to the manufac-
turer’s instructions. All stained cells were analysed by using a
BD flow cytometer (BD Biosciences, San Jose, CA, USA).

ELISA analysis

CD4+ T cells were sorted from splenocytes (MojoSort
Mouse CD4+ T Cell Isolation Kit, Biolegend, USA) from
WT or Cd226−/− mice at the peak of EAE and cultured in
RPMI 1640 complete medium with 10% FBS in the pres-
ence of irradiated (3000 rad) syngeneic splenocytes as
antigen-presenting cells (APCs). The cell supernatant
was collected at the appropriate time points after stimula-
tion with MOG35–55 peptide [17, 18]. The concentrations
of IL-10 (eBioscience, USA) and transforming growth
factor (TGF)-β (eBioscience, USA) in the cell culture
supernatant were determined using ELISA kits according
to the manufacturer’s instructions.

Treg suppression assay

To determine the suppressive function of Tregs, negatively
selected CD4+ T cells labelled with carboxyfluorescein
succinimidyl ester (CFSE, Biolegend, USA) were used as
CD4+ effector T (Teff) cells. The magnetically sorted Tregs
were cultured together with different ratios of Teff cells in
RPMI 1640 complete medium containing 10% FBS with
plate-bound anti-CD3 (3 μg/ml, LEAF purified anti-mouse
CD3ε, BioLegend, USA) and soluble anti-CD28 (5 μg/ml,
LEAF purified anti-mouse CD28, BioLegend, USA) antibod-
ies for 5 days.

In vitro induced regulatory T cell induction

Purified naïve CD4+ T cells (cell purity ≥ 95%) that were
negatively selected from splenocyte suspensions by using
the MojoSort Mouse CD4+ Naïve T Cell Isolation Kit
(BioLegend, USA) were added into 96-well plates coated
with 3 μg/ml anti-CD3 antibody at 4 °C overnight.
Afterwards, soluble anti-CD28 (5 μg/ml) antibody, IL-2
(2 ng/ml, PeproTech, USA) and recombinant TGF-β1
(5 ng/ml, PeproTech, USA) were added, and the cells
were cultured in RPMI 1640 complete medium with
10% FBS for 3 days to polarize the induced regulatory
T cells (iTregs) [15].

Quantitative reverse transcription-polymerase chain
reaction

RNAwas isolated with RNAiso Plus (Takara, Japan) accord-
ing to the manufacturer’s protocol. cDNA was synthesized
with PrimeScriptTM RT Master Mix (Takara, Japan), and
PCR was performed using SYBR PremixEx Taq II (Takara,
Japan). The primer sequences were as follows: 5′-GCTT
CCTAGATTACCCCTTCTGC-3 ′ and 5 ′ -CGGG
CATGGTTCTGGATCA-3 ′ for Ctla-4 ; 5 ′ -AGAA
AGCTCAGTGGCTCAGT-3 ′ and 5 ′- GAGACTCC
TCAGGTTCCATTCC -3 - ′ f o r Ti g i t ; 5 ′ -GCCT
GGCTCACAGTGTCAG-3′ and 5′-TCCAGGGCTCTCCT
CGATT-3 ′ for Pd-1; and 5 ′-AGGTCGGTGTGAAC
GGATTTG-3′ and 5′ TGTAGACCATGTAGTTGAGGTCA
3′ for Gapdh. The primers were purchased from Applied
Biosystems (Augct, China). The samples were amplified for
40 cycles according to the following protocol: 15 s at 95 °C
and 1 min at 60 °C. The gene Gapdh was used as an endog-
enous reference. The samples were normalized to Gapdh
using a ΔΔ cycle threshold-based algorithm [15].

Statistical analysis

All statistical analyses were performed using Prism 7.0 soft-
ware (GraphPad software, La Jolla, CA). Student’s t test and
one-way analysis of variance (ANOVA) were used depending
on the type of the experiment. Differences with P < 0.05 were
considered statistically significant. P > 0.05 indicated non-
significant (ns) differences. The histology assays were analysed
using Image-Pro software. Flow cytometry (FCM) data were
analysed by FlowJo V10 software (Tree Star, Ashland, USA).

Results

Tregs failed to upregulate CD226 during EAE

CD226 is expressed on NK cells, T cells and monocytes, as
well as on a small subset of B cells, and plays a critical role in
the adaptive immune response [4, 19], but its role in CD4+ T
cells and whether it is involved in the function of CD4+ T cell
subsets during pathological conditions is still not fully under-
stood. To address this issue, we evaluated the expression level
of CD226 in the CD4+ T cell subsets in peripheral immune
organs during healthy and EAE conditions. CD226 expression
was assessed in total CD4+ T cells, CD4+ Foxp3− traditional T
(Tconv) cells and CD4+CD25+Foxp3+ Tregs from the spleens
(Fig. 1a) and inguinal lymph nodes (Fig. 1b) of WT mice.
Under healthy conditions, the expression levels of CD226 in
both total CD4+ T cells and their subset cells from the spleens
and inguinal lymph nodes were comparable. Notably, the ex-
pression of CD226 was markedly upregulated in total CD4+ T
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cells and in Tconv cells under EAE conditions compared with
that in healthy conditions, which was consistent with previous
reports that CD226 is an active receptor on Tcells [4] and plays
an important role in promoting CD4+ T cell activation in re-
sponse to inflammatory autoimmune diseases [3, 20]. However,
compared with the expression levels in the healthy condition,
CD226 expression in Tregs from spleens or inguinal lymph
nodes failed to increase and was slightly downregulated under
EAE conditions. Based on these observations, we hypothesized
that CD226 has differential effects in regulating the functions of
CD4+ T cell subsets during healthy and EAE conditions.

CD226 knockout attenuated Th17-mediated EAE
pathogenesis

To further investigate the function of CD226, we generated ho-
mozygous Cd226 −/− mice on a C57BL/6 genetic background.

We detected that CD226 was greatly downregulated in both
CD4+ T cells and Tregs from Cd226−/− mice, indicating that
CD226 was efficiently knocked out in the Cd226−/− mice
(Supplementary Fig. 1). To explore the role of CD226 in the
development and pathogenesis of CD4+ T cell-mediated inflam-
matory disease,Cd226−/− andWTcontrol mice were immunized
with MOG35–55 peptide to induce EAE and monitored closely.
We compared EAE progression betweenCd226−/− andWTmice
and observed that the CD226 knockout mice were markedly
protected from EAE pathogenesis, as shown by delayed onset
and reduced clinical scores (Fig. 2a). Furthermore, the mice were
assessed at 16–18 days after MOG35–55 immunization (at the
peak of EAE) to examine the effects on the immune system.
Prior studies have shown that IL-17A is a key cytokine that
mediates EAE pathogenesis because it attracts various immune
cells into the CNS and initiates the inflammatory cascade [21]. In
our study, immunohistochemical analysis revealed that the

Fig. 1 The expression level of
CD226 was increased in total
CD4+ T cells and Tconv cells but
not Tregs during EAE. Mean
fluorescence intensity (MFI) of
CD226 in total CD4+ T cells,
CD4+ Foxp3− Tconv cells and
CD4+ CD25+ Foxp3+ Tregs from
splenocytes (a) or inguinal lymph
node cells (b) of 6~8-week-old
WT mice under healthy
conditions or during EAE was
detected by FCM analysis (gated
on total CD4+ Tcells, as shown in
a and b). MFI was quantified
below each histogram. All data
are representative of six
independent experiments.
*P < 0.05, nsP > 0.05
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infiltration of IL-17+ cells in the brain was decreased inCd226−/−

mice compared with that in WTmice during EAE (Fig. 2b). We
also observed a significant reduction in IL-17A-producing CD4+

T cells in the CNS in Cd226−/− mice compared with that of WT
EAE mice (Fig. 2c). These results suggest that the knockout of
CD226 controls pathogenic Th17 cell responses and alleviates
the severity of EAE.

Next, we investigated whether Treg infiltration in the CNS
was affected in Cd226−/− mice during EAE. We found an in-
crease in the percentage of IL-10+ CD4+ T cells in the CNS of
Cd226−/−mice comparedwith that inWTmice during EAE (Fig.
2d). Moreover, the percentage of Tregs in the CNS of Cd226−/−

EAE mice was increased compared with that in WT EAE mice
(Fig. 2e). These results indicated that the CD226 knockout mice
were more resistant to EAE, possibly due to downregulation of
Th17 cells as well as enhanced infiltration of Tregs.

CD226 knockout upregulated Treg suppressive
capacity

The inhibitory cytokines IL-10 and TGF-β are believed to me-
diate Treg function [22]. To investigate whether the attenuated
EAE pathogenesis observed in Cd226−/− mice was dependent
on Tregs, we measured the production of IL-10 and TGF-β in
CD4+ T cells. The results showed an increase in IL-10 expres-
sion in the CD4+ T cell culture supernatants from Cd226−/−

EAE mice after stimulation with 10 μg/ml MOG35–55 for 2, 3
or 4 days (Fig. 3a) or stimulation with 5, 10 or 20 μg/ml
MOG35–55 for 3 days (Fig. 3b). Next, we evaluated the expres-
sion of TGF-β in the culture supernatants. There was no sig-
nificant change in TGF-β secretion by CD4+ T cells treated
with MOG35–55 at different times (2, 3 and 4 days)
(Supplementary Fig. 2a) or then treated for 3 days with 5, 10

Fig. 2 Deletion of CD226 inmice
attenuated the pathogenesis of
EAE. a Cd226−/− and WT mice
were immunized to induce EAE.
The clinical score (mean ± SD)
was monitored on the indicated
days after immunization with
MOG35–55 in CFA. b IL-17+ cell
infiltration in brain tissues was
analysed by
immunohistochemistry at the
peak of EAE. The percentage of
IL-17A+ cells (c), IL-10+ cells (d)
and Tregs (e) in CD4+ T cells
isolated from the CNS of WT and
Cd226−/− mice was assessed by
FCM at the peak of EAE (gated
on total CD4+ Tcells, as shown in
c, d and e). Representative flow
cytometry analysis of IL-17A+

cells, IL-10+ cells and Tregs is
plotted in c, d and e, respectively.
The frequencies are shown on the
right. All data are representative
of at least three independent
experiments. *P < 0.05,
**P < 0.01
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or 20μg/mlMOG35–55 (Supplementary Fig. 2b) comparedwith
those of WT EAE or Cd226−/− EAE mice, suggesting that the
attenuated EAE pathogenesis in Cd226−/−mice was not depen-
dent on TGF-β. Based on these results, we next analysed the
production of IL-10 in splenic Tregs from Cd226−/− and WT
mice during EAE. The results showed that Tregs from Cd226−/
− mice generated increased amounts of IL-10 at the peak of
EAE (Fig. 3c). To directly assess the capacity of CD226 in
the inhibition of Tregs, we sorted Tregs from spleens at the

peak of EAE and cultured them with different ratios of CFSE-
labelled Teff cells from healthyWTmice for 5 days according to
the standard protocol [23]. CFSE dilution assays that measured
the percentage of proliferated Teff cells showed that Teff cells
cultured with Cd226−/− Tregs exhibited decreased proliferation
compared to that of Teff cells cultured with control cells (Fig.
3d).These findings are consistent with the high level of IL-10
secreted by CD226-deficient Tregs and suggest that knockout
of CD226 enhances the suppressive function of Tregs.

Fig. 3 Deletion of CD226 upregulated the suppressive capability of
Tregs. IL-10 levels in the culture supernatant of CD4+ T cells (isolated
from the spleens of WT EAE or Cd226−/− EAE mice) stimulated for 2, 3
and 4 days with MOG35–55 peptide (10 μg/ml) (a) or stimulated with
increasing doses (5, 10, or 20μg/ml) ofMOG35–55 peptide in the presence
of irradiated syngeneic splenocytes as APCs for 3 days (b) were detected
by ELISA. c Expression of IL-10 in splenic CD4+ CD25+ Foxp3+ Tregs
from Cd226−/− and WT mice during EAE pathogenesis was detected by
FCM. Representative flow cytometry of IL-10+ Tregs was plotted (gated

on CD4+ CD25+ Foxp3+ Tregs), and the frequencies are shown on the
right. d Suppression of proliferation of CFSE-labelled Teff cells by differ-
ent ratios of Tregs fromWTandCd226−/−mice. The divisions of Teff cells
in vitro were detected by measuring CFSE dilution at the indicated ratios
of cell numbers between Tregs and Teff cells after 5 days. The percentage
of the proliferated Teff cells was assessed by FlowJo software V10.
Student’s t test and ANOVAwere used for statistical analysis. The exper-
iment was repeated three times. nsP > 0.05, *P < 0.05, **P < 0.01
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The expression levels of CTLA-4 and TIGIT in splenic
Tregs were increased in Cd226−/− EAE mice

To understand the mechanisms of the enhanced suppressive
capacity of Cd226−/− Tregs, the expression levels of CTLA-4,
TIGIT and PD-1 were detected since they are essential for the
suppressive ability of Tregs. Therefore, we assessed the expres-
sion of these molecules at the protein and gene levels to under-
stand whether the enhanced suppressive capabilities of CD226-
deficient Tregs were attributed to the altered expression of these
molecules. In healthy conditions, the expression level of
CTLA-4 in CD226-deficient Tregs was comparable to that of
CD226-expressing Tregs (Supplementary Fig. 3). Strikingly,
Tregs isolated from the spleens of Cd226−/− EAE mice exhib-
ited higher expression levels of CTLA-4 compared to those
fromWT EAE control mice (Fig. 4a). Furthermore, the expres-
sion of TIGIT in Tregs was monitored by flow cytometry, and
we observed that the deletion of CD226 was also associated
with elevated expression of TIGIT compared to that of control

cells not only in healthy conditions but also during EAE (Fig.
4a and Supplementary Fig. 3). However, there were no differ-
ences in PD-1 expression among the WT and Cd226−/− mice
under healthy conditions or at the peak of EAE (Fig. 4a and
Supplementary Fig. 3). Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) analyses revealed that
the expression levels of Ctla-4 and Tigit mRNA in Cd226−/−

Tregs were increased compared to those in Tregs from WT
mice during EAE (Fig. 4b, c). However, there was no difference
in the Pd-1 mRNA expression level between these two groups
(Fig. 4d). Taken together, these findings demonstrated that
CD226 knockout increases the CTLA-4 and TIGIT expression
levels in Tregs at the protein and mRNA levels during EAE.

Enhanced CTLA-4 and TIGIT expression in iTregs
and Tregs sorted from the CNS of Cd226−/− EAE mice

Accumulating evidence shows that in vitro-derived iTregs
play important roles in the control of inflammation and that

Fig. 4 The expression levels of
CTLA-4 and TIGIT in splenic
Tregs were increased in Cd226−/−

EAE mice. a MFI of CTLA-4,
TIGIT and PD-1 in splenic Tregs
from Cd226−/− mice and WT
mice were analysed by FCM at
the peak of EAE (gated on CD4+

CD25+ Foxp3+ Tregs) and
quantified below. The relative
mRNA expression levels of Ctla-
4 (b), Tigit (c) and Pd-1 (d) in
splenic Tregs from WT or
Cd226−/− mice during EAE were
assessed by qRT-PCR. All data
are representative of at least three
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they contribute to tolerance in the autoimmune response [24,
25]. Although we demonstrated that CD226 deletion facilitat-
ed CTLA-4 and TIGIT expression in Tregs, how the function
of CD226 is regulated in iTregs in vitro is poorly understood.
We sorted naïve CD4+ T cells from Cd226−/− or WT mice at
the peak of EAE and differentiated them under iTreg-
polarizing conditions for 3 days, followed by detection of
TIGIT and CTLA-4 to assess expression levels in Tregs.
Compared with the expression levels in the WT EAE group,
iTregs from Cd226−/− EAE mice exhibited increased expres-
sion levels of CTLA-4 and TIGIT (Fig. 5a). Moreover, the
qRT-PCR results also showed increased expression levels of
Ctla-4mRNA (Fig. 5b) and TigitmRNA(Fig. 5c) inCd226−/−

iTregs, which further confirmed that the deletion of CD226
maintained the suppressive phenotype of iTregs. EAE is char-
acterized by widespread inflammatory processes in the CNS
[26]. Thus, it will be necessary to determine the expression
level of CTLA-4 and TIGIT in infiltrated Tregs in the CNS at
the peak of EAE. The expression levels of CTLA-4 and TIGIT
on EAE CNS Tregs were increased in Cd226−/− mice com-
pared to those of Tregs from WT mice, but there were no
differences in PD-1 expression among these two groups
(Fig. 5d). Taken together, our findings demonstrated that the

enhanced suppressive capacity of Cd226−/− Tregs is associat-
ed with increased expression of CTLA-4 and TIGIT.

Discussion

EAE contributes to a breakdown of self-tolerance and eventu-
ally leads to auto-reactive CD4+ Tcells, especially Th17 cells,
infiltrating the CNS to mediate inflammation and neuronal
injury [21]. Published studies have demonstrated that the mi-
gration of Th17 cells into the CNS is the key pathogenic
process in EAE mice [27]. Tregs are known to suppress the
response of myelin-reactive CD4+ Teff cells and are pivotal in
regulating CNS inflammation [28]. Therefore, imbalance in
the Th17/Treg ratio is associated with the onset and progres-
sion of MS and EAE [29, 30]. Several lines of evidence sup-
port the role of CD226 in promoting T cell- and NK cell-
mediated immune responses [4, 31, 32].We previously report-
ed that EAE susceptibility in mice treated with anti-CD226
pAb was markedly decreased via balancing the Th17/Treg
ratio [9]. However, the molecular mechanisms by which
CD226 regulates the Th17/Treg balance involved in decreased
EAE susceptibility remain unclear. Here, we observed that

Fig. 5 CTLA-4 and TIGIT expression was increased in iTregs and Tregs
sorted from the CNS of Cd226−/− EAE mice. a Naïve CD4+ T cells were
sorted from splenocyte suspensions fromWTor Cd226−/− EAE mice and
then cultured under iTreg-polarizing conditions. Cells were harvested
3 days later to detect CTLA-4 and TIGIT expression (gated on CD4+

CD25+ Foxp3+ iTregs), andMFI was quantified and is shown to the right

of the histogram. Ctla-4 mRNA (b) or Tigit mRNA (c) in iTregs was
assessed by qRT-PCR. d The expression levels of CTLA-4, TIGIT and
PD-1 in Tregs isolated from the CNS ofWT EAE orCd226−/− EAEmice
were assessed by FCM (gated on CD4+ CD25+ Foxp3+ Tregs). MFI was
quantified and is shown to the right of the histogram. All data are repre-
sentative of at least three independent experiments. nsP > 0.05, *P < 0.05
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while both total CD4+ T cells and Tconv cells upregulate
CD226 during EAE, Tregs failed to upregulate CD226.
These results are consistent with the report that upon T cell
receptor (TCR) activation, Tregs exhibited lower CD226 ex-
pression than Teff cells [33]. These observations suggest a
potentially distinct role for CD226 in controlling CD4+ T cell
lineages, especially in Tregs.

To investigate the specific function of CD226 in the Th17/
Treg balance during EAE, Cd226−/− mice were raised, and an
EAE model was constructed. We observed that CD226 dele-
tion delayed the onset and alleviated the development of EAE.
The immunohistochemistry results showed that the infiltration
of IL-17+ cells in the Cd226−/− EAE mouse brain was re-
duced. Moreover, the expression level of IL-17A was de-
creased but IL-10 was increased in sorted Cd226−/− EAE
CNS CD4+ cells. It is clear that the stable expression of
Foxp3 is necessary to maintain Treg function [34], and in-
creasing MS severity is associated with impaired Tregs [35].
Consistent with this, the Treg percentage in CD4+ T cells was
measured, and the percentage of Foxp3+ Tregs in the CNS of
Cd226−/− EAE mice was increased compared with that in WT
EAE mice. Accumulating evidence has demonstrated that
Th17 cells play a pathogenic role in promoting and enhancing
autoimmune tissue injuries [36], and these cells are enriched
in lesions during the pathogenesis of EAE [37]. To the oppo-
site, IL-10 produced by Tregs inhibits Th17 cell pathogenicity
to negatively regulate autoimmune responses [38]. Therefore,
our results confirmed that the absence of CD226 in mice at-
tenuates EAE, which may be related to decreased Th17 and
increased Treg infiltration in the CNS during EAE.

To assess whether CD226 influences Treg suppressive func-
tions, in vitro suppression assays were performed, it was found
that the suppressive capacity of Cd226−/− Tregs was enhanced.
Published studies have shown that the expression levels of Treg
signature molecules such as CTLA-4, TIGIT and PD-1 are
associated with the development and suppressive functions of
Tregs [39]. We examined the expression levels of CTLA-4,
TIGIT and PD-1 on splenic Tregs, iTregs and CNS Tregs.
Although the CTLA-4 expression level was comparable be-
tween WT and Cd226−/− splenic Tregs under healthy condi-
tions, the Tregs from Cd226−/− EAE mice exhibited increased
CTLA-4 and TIGIT expression levels compared to those from
WT EAE mice. It is well known that CTLA-4 is a target gene
that is regulated by Foxp3 [40] and promotes the suppressive
function of Tregs [41]. Moreover, genetic abnormalities in
CTLA-4 have been found in patients with MS, and patients
with rheumatoid arthritis exhibit unregulated CTLA-4 expres-
sion [42, 43]. On the other hand, TIGIT+ Tregs are an activated
Treg subset that specifically inhibits pro-inflammatory Th1 and
Th17 cells [12]. In the absence of CD226, TIGIT interacts with
CD155 or CD112 to enhance Treg proliferation and function
[20]. There is evidence that TIGIT+ Tregs are highly suppres-
sive and more so [33]. Furthermore, the expression level of

TIGIT on Tregs is enhanced in the absence of CD226 in
graft-versus-host disease, which may promote donor Treg ex-
pansion and function [20]. We observed that CTLA-4 was
expressed at higher levels in iTregs but not in splenic Tregs
during healthy conditions. The reason may be that naïve T cells
receive anti-CD3/CD28 stimulation during iTreg polarization
in vitro. Based on these findings, we hypothesize that the en-
hanced suppressive capacity of Cd226−/− Tregs during EAE
may be related to the increased expression levels of CTLA-4
and TIGIT. PD-1 is expressed on activated T cells and contrib-
utes to maintaining immune tolerance during inflammation.
However, the role of PD-1 in Tregs remains controversial.
Some studies showed the absence of PD-1 induced Treg insta-
bility and increased the number of ex-Tregs [44]. Another study
reported that high PD-1 expression on circulating human Tregs
identified a dysfunctional Treg population that secretes interfer-
on (IFN)-γ, and PD-1 deficient Tregs are highly immunosup-
pressive in mice [39, 45]. Our results showed that the PD-1
expression on Tregs was not obviously different between WT
and Cd226−/− mice under healthy or EAE conditions, suggest-
ing that PD-1 may not be involved in the enhanced suppressive
function ofCd226−/− Tregs. Taken together, our results indicat-
ed that the increased suppressive capacity of Cd226−/− Tregs
may be partially contact-dependent, which is associated with
high expression of CTLA-4 and TIGIT. Further work is needed
to determine which downstream factors of CTLA-4 and TIGIT
are involved in the regulation of Cd226−/− Treg during EAE
and whether IL-10 signalling plays a role in this regulation.

In summary, our current study has demonstrated that
CD226 plays a vital role in impeding the function of Tregs
in the pathogenesis of EAE. Additionally, the increased ex-
pression levels of the signature Treg molecules CTLA-4 and
TIGIT are associated with the enhanced suppressive capacity
of Cd226−/− Tregs in EAE. In the future, it would also be
interesting to determine the role of CD226 in Treg differenti-
ation, proliferation and stability during EAE.
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