Immunology

The Journal of cells,

les, systems and

« British Society for
immunologq}

Ao OIeA @ ORIGINAL ARTICLE

TIGIT signalling pathway negatively regulates CD4™ T-cell
responses in systemic lupus erythematosus

Lie Mao, Hongyan Hou, Shiji Wu,
Yu Zhou, Juan Wang, Jing Yu,
Xiaohui Wu, Yanfang Lu,

Liyan Mao, Munyemana Jean
Bosco, Feng Wang and Ziyong
Sun

Department of Clinical Laboratory, Tongji
Hospital, Tongji Medical College, Huazhong

University of Science and Technology, Wuhan,
China

doi:10.1111/imm.12715

Received 27 September 2016; revised 9
December 2016; accepted 15 January 2017.
Correspondence: Feng Wang and Ziyong
Sun, Department of Clinical Laboratory,
Tongji Hospital, Tongji Medical College,
Huazhong University of Science and
Technology, Wuhan 430030, China.
Emails: fengwang@tjh.tjmu.edu.cn

(F. Wang), zysun@tjh.tjmu.edu.cn

(Z.Y. Sun).

Senior author: Feng Wang and Ziyong Sun

Introduction

Summary

B-lymphocyte hyperactivity in systemic lupus erythematosus (SLE) is
T-cell-dependent, and CD4" T-cell activation is essential to SLE pathogen-
esis. However, the mechanism of the deregulation of CD4" T cells in SLE
is largely unknown. T-cell immunoglobulin and ITIM domain (TIGIT) is
a new inhibitory receptor preferentially expressed on activated CD4" T
cells. Here, we address the role of TIGIT in the pathogenesis of SLE. Our
results showed that TIGIT expression on CD4" T cells was significantly
elevated in patients with SLE and highly correlated with the activity of the
disease. TIGIT" CD4" T cells from both healthy individuals and patients
with SLE had a more activated phenotype than TIGIT CD4" T cells. In
contrast, the activation, proliferation and cytokine production potential of
TIGIT" CD4" T cells were significantly lower than those of TIGIT~ CD4"
T cells. Furthermore, activation of the TIGIT pathway by using CD155
could substantially down-regulate the activities of CD4"™ T cells from SLE
patients in vitro, and in vivo administration of CD155 resulted in a
delayed development of SLE in MRL/Ipr mice. TIGIT is a powerful nega-
tive regulator of CD4" T cells in SLE, which suggests that the TIGIT sig-
nalling pathway may be used as a potential therapeutic target for treating
this disease.

Keywords: CD4" T cells; systemic lupus erythematosus; therapeutic target;
TIGIT.

(TIGIT), is expressed mainly on activated T cells and nat-
ural killer (NK) cells. CD155 is identified as the physical

Systemic lupus erythematosus (SLE) is characterized by the
overproduction of autoantibodies, which potentially cause
immune-complex-related inflammation in various tissues
and organs." Therefore, this condition was traditionally
thought to be a B-cell driven disease. However, B lympho-
cyte hyperactivity in SLE is T-cell-dependent.” It is indeed
impossible for the B cells to trigger SLE-related inflamma-
tion without the activation of CD4" T cells.” > Although we
know that CD4" T-cell deregulation contributes to SLE
pathogenesis, but the mechanism is still largely unknown.
It was recently shown that a new inhibitory receptor,
named T-cell immunoglobulin and ITIM domain

ligand of TIGIT. TIGIT/CD155 engagement can inhibit
T-cell responses in a cell-intrinsic manner by directly tar-
geting the T-cell receptor signalling cascade as well as via
the induction of tolerogenic dendritic cells.”” Regulatory
T (Treg) cells, also through expression of the co-inhibi-
tory molecule TIGIT, selectively inhibit pro-inflammatory
T helper type 1 and type 17 cell responses.'®'! Further-
more, TIGIT-expressing T follicular helper (Tth) cells
exhibit strong B-cell help functions.'”> Previous studies
have shown that genetic ablation or antibody blockade of
TIGIT enhances CD4" T-cell priming and exacerbates the
severity of experimental autoimmune encephalitis and

Abbreviations: CFSE, carboxyfluorescein diacetate succinimidyl ester; IFN-y, interferon-y; NK, natural killer; PBMCs, peripheral
blood mononuclear cells; PD-1, programmed death-1; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; PHA, phyto-
haemagglutinin; PMA, phorbol 12-myristate 13-acetate; SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity Index;
Tth, follicular helper T; TIGIT, T-cell immunoglobulin and ITIM domain; Treg, regulatory T
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rheumatoid arthritis."> ' Besides, the TIGIT pathway has
also been shown to play an important role in the regula-
tion of other disease models, such as cancer and chronic
viral infection.'” In addition, our previous study has
shown that TIGIT expression levels on human NK cells
correlate with functional heterogeneity among healthy
individuals.'®

Although previous evidence has indicated that the
TIGIT pathway inhibits T-cell responses in several disease
models, whether TIGIT can regulate the function of
CD4" T cells in SLE is unknown. In the present study, we
have demonstrated that TIGIT is a powerful negative reg-
ulator of CD4" T cells in patients with SLE or in MRL/
Ipr mice, which suggests that the TIGIT signalling path-
way may be used as a potential therapeutic target for
treating this disease.

Material and methods

Patients

Ninety-four patients with SLE and 64 healthy individuals
were recruited from Tongji Hospital, the largest hospital
in the central region of China. All of the patients fulfilled
the revised criteria for SLE of the American College of
Rheumatology.'® Disease activity of SLE was assessed by
the SLE Disease Activity Index (SLEDAI).*® Patient
demographics, clinical data, as well as laboratory test
results were retrieved from the patients’ medical records.
The demographic characteristics and clinical presentations
of the SLE patients are shown in the Supplementary
material (Table S1). The study was approved by the
Ethics Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology,
Wuhan, China. All participants provided written
informed consent.

Mice

Six-week-old female MRL/Ipr mice were purchased from
The Jackson Laboratory (Bar Harbor, ME), housed under
specific pathogen-free conditions at the animal facilities
of Tongji Medical College animal facility, Huazhong
University of Science and Technology, Wuhan, China. All
of the mice involved in the current study were approved
by the Huazhong University of Science and Technology
Animal Care and Use Committee. After 3 days of adap-
tive feeding, the mice were injected intraperitoneally with
50 pg of recombinant mouse CD155 protein (6909-CD-
050, R&D Systems, Minneapolis, MN) once a week for
4 weeks. Administration of the same amount of mouse
IgG (Sigma-Aldrich, St Louis, MO) diluted in PBS was
served as control. The mice were examined daily, and the
date was recorded when remarkably enlarged lymph
nodes were observed and touched. In some experiments,
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mice were killed after 1 month of treatment, and spleen
and kidney were harvested as needed.

Cell preparation and activation

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized blood of patients with SLE and healthy
individuals by using Ficoll-Hypaque density gradients
(Sigma-Aldrich). All cells were cultured in RPMI-1640
medium (GIBCO, Grand Island, NY) supplemented with
10% fetal bovine serum and maintained at 37° in a 5%
CO, humidified atmosphere. Splenic lymphocytes were iso-
lated from MRL/Ipr mice by density gradient centrifugation
of splenocytes on lymphocyte separation medium (Dakewe
Biotech Company Ltd, Shenzhen, China). For cell stimula-
tion studies, PBMCs or splenic lymphocytes were cultured
with phytohaemagglutinin (PHA) (5 pg/ml, Sigma-
Aldrich) for 24 hr in the presence of recombinant human
CellExp™ CD155 protein (0-5 pg/ml; Biovision, Milpitas,
CA), recombinant mouse CD155 protein (0-5 pg/ml; R&D
Systems), or IgG control, respectively. To detect the intra-
cellular interferon-y (IFN-y) production, PMA (50 ng/ml;
Sigma-Aldrich) was also used for stimulation, and monen-
sin (1 pm; eBioscience, San Diego, CA) was added to cul-
tures for the last 6 hr of incubation. After culture, the cells
were collected and analysed by flow cytometry.

Flow cytometric analysis

Cell surface staining was performed on PBMCs or splenic
lymphocytes using the following anti-human or anti-
mouse monoclonal antibodies:  anti-CD3-peridinin
chlorophyll protein (PerCP) Cy5.5 (HIT3a), anti-CD4-
FITC (RM4-5), anti-CD4-PerCP Cy5.5 (Al61Al), anti-
CD25-FITC (M-A251) and anti-CD69-FITC (EN50)
(Biolegend, San Diego, CA); anti-CD8-phycoerythrin
(PE) (RPA-T8), anti-CD56-PE (B159), anti-CD69-PerCP
Cy5.5 (FN50), anti-Ki-67-FITC (B56), anti-HLA-DR-FI
TC (G46-6), anti-CD45RA-FITC (5H9), anti-CXCR5-PE
(RF8B2), anti-CD127-PE (HIL-7R-M21), anti-CD154-PE
(TRAP1) and anti-CD226-PE (11A8) (BD Biosciences,
San Jose, CA); anti-PD-1-FITC (J116), anti-TIGIT-allo-
phycocyanin  (MBSA43), and anti-CD25-PE (PC61.5)
(eBioscience). Isotype controls with irrelevant specificities
were included as negative controls. All of these cell sus-
pensions were incubated for 30 min on ice. For intracel-
lular staining, the cells were fixed and permeabilized with
Fixation and Permeabilization Buffer (BD Biosciences)
and stained with anti-IFN-y-allophycocyanin (4S.B3) (BD
Biosciences) and anti-IFN-y-PE (XMG1.2) (eBioscience)
for 30 min in the dark. After washing, the pellets were
resuspended in 500 pl cold staining buffer and analysed
with FACSCalibur or FACSCanto II flow cytometers (BD
Biosciences). Data analysis was performed using FLOWJO
version 7.6.1 software (TreeStar, Ashland, OR).
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Proliferation assay

CD4" T cells were purified from human PBMCs or mouse
splenic lymphocytes by immunomagnetic negative selec-
tion using the human or mouse CD4" T-cell isolation Kit
(Miltenyi Biotec, Auburn, CA), respectively. Purified CD4*
T cells were labelled with 2-5 pum carboxyfluorescein diac-
etate succinimidyl ester (CFSE) (Sigma-Aldrich) at 37° for
15 min. The unconjugated CFSE was eliminated by wash-
ing the cells with RPMI-1640 containing 10% fetal bovine
serum. The labelled cells were resuspended in culture med-
ium and co-cultured with human or mouse anti-CD3 and
anti-CD28 antibodies in 96-well flat-bottom plates, respec-
tively. In some experiments, recombinant CD155 protein
or IgG control was added to the medium. After 4 days of
culture, cells from 96-well plates were harvested and anal-
ysed for CFSE intensities.

Apoptosis analysis

The PBMCs or splenic lymphocytes were cultured with
CD155 or IgG control for 24 hrs. After culture, cells were
harvested and apoptosis rates were measured using an
FITC Annexin V Apoptosis Detection Kit (BD Bio-
sciences) according to the manufacturer’s instructions.

Histological analysis

Samples of kidney from MRL/lpr mice were collected
after 1 month of recombinant mouse CD155 protein
treatment. The samples were fixed in 10% paraformalde-
hyde and embedded in paraffin, and 4-pm-thick sections
were prepared. Sections were stained with haematoxylin
& eosin and examined by light microscopy.

Statistical analysis

Data are expressed as the mean + standard deviation (SD).
Statistical analysis differences between groups were analysed
using the Mann—Whitney U-test. Spearman’s rank correla-
tion test for non-parametric data was employed to analyse
the relationship between two factors. Rates of mice with no
enlarged lymph nodes were studied with Kaplan—-Meier
analysis. Comparison between curves was performed by the
log-rank method. GrRaPHPAD PRISM (version 5.01, GraphPad,
La Jolla, CA) software was used for statistical analysis. Sta-
tistical significance was determined as P < 0-05.

Results

TIGIT expression on CD4" T cells is significantly
elevated in patients with SLE

To determine whether TIGIT is involved in the pathogen-
esis of SLE, we used flow cytometry to assess the
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expression of TIGIT on peripheral blood cells. Given that
our previous study has shown that TIGIT is not expressed
on B cells, monocytes, dendritic cells and neutrophils,18
the present study only focused on the expression of
TIGIT on CD4" and CD8" T cells and NK cells. We
observed that TIGIT was indeed expressed on CD4" and
CD8" T cells and NK cells in both healthy individuals
and patients with SLE. However, the expression of TIGIT
was significantly elevated on CD4" T cells but decreased
on CD8" T cells and NK cells in patients with SLE com-
pared with in healthy individuals (Fig. la, b). It suggests
that TIGIT expression on CD4" T cells may play a more
important role in the pathogenesis of SLE.

We also measured the expression of CD226 on T cells
and NK cells because TIGIT exerts its function by com-
peting with CD226 for the same ligand, CD155.>' We
observed that not only CD4", CD8" T cells but also NK
cells had a high level of CD226 expression in both healthy
individuals and patients with SLE (Fig. 1c). Moreover,
both Treg and Tfh cells had a relatively high level of
TIGIT expression in SLE patients (Fig. 1d, e). The per-
centage of TIGIT" cells in Treg cells was significantly
decreased in SLE patients compared with healthy individ-
uals (Fig. le).

TIGIT expression on CD4" T cells is highly correlated
with the SLEDAI

We further observed that the expression of TIGIT on
CD4" T cells in patients with SLEDAI > 10 was signifi-
cantly higher than that in those with SLEDAI < 10
(Fig. 2a, b). Further correlation analysis showed that
TIGIT expression on CD4" T cells was highly correlated
with the SLEDAI (Fig. 2c). In addition, our results
showed that a significantly higher TIGIT expression on
CD4" T cells was found in patients with SLE with a posi-
tive high titre of anti-dsDNA antibodies or proteinuria
compared with those patients without these conditions
(Fig. 2d—f). The expression of TIGIT on CD4" T cells was
also significantly correlated with erythrocyte sedimenta-
tion rate and C-reaction protein levels in patients with
SLE (Fig. 2g, h). These data demonstrate that the expres-
sion of TIGIT on CD4" T cells is associated with the SLE-
DAL indicating that TIGIT may be a biomarker for
monitoring disease activity in patients with SLE.

TIGIT is expressed on activated CD4" T cells in
patients with SLE

Next, we tried to characterize the phenotype of
TIGIT" CD4" T cells in patients with SLE. We found that
the expression of immune activation markers CD25 and
HLA-DR as well as intracellular proliferation marker Ki-
67 on CD4" T cells was significantly increased in patients
with SLE compared with healthy individuals (Fig. 3a—c).
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Figure 1. TIGIT expression on CD4" T cells is elevated in patients with systemic lupus erythematosus (SLE). (a) Representative FACS plots or
(b) representative histograms showing the expression of TIGIT on peripheral blood CD4" T cells, CD8" T cells, and natural killer (NK) cells in
patients with SLE (n = 54) and healthy individuals (n = 45). The percentages of TIGIT" cells or the MFI of TIGIT in different groups are shown
as the mean + SD and are pooled from three to five independent experiments. (c) Representative FACS plots showing the expression of CD226
on peripheral blood CD4" T cells, CD8" T cells, and NK cells in patients with SLE (n = 16) and healthy individuals (n = 8). The percentages of
CD226" cells in different groups are shown as the mean & SD and are pooled from two independent experiments. (d) Regulatory T (Treg) cells
(CD4" CD25" CD1277) and follicular helper T (Tfh) cells (CD4" CD45RA™ CXCR5") were gated for analysis of TIGIT expression. (e) The per-
centages of Treg cells and Tfh cells in CD4" T cells and the expression of TIGIT" cells are shown as the mean & SD, n = 11 to n = 16 subjects
per group. Data are pooled from two or three independent experiments. *P < 0-05, **P < 0-01, ***P < 0-001 (Mann—Whitney U-test). [Colour
figure can be viewed at wileyonlinelibrary.com]
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Figure 2. TIGIT expression on CD4" T cells is correlated with the systemic lupus erythematosus activity index (SLEDAI). (a) Representative
FACS plots or (b) representative histograms showing the expression of TIGIT on peripheral blood CD4" T cells in patients with SLE with differ-
ent groups of SLEDAL The percentages of TIGIT" cells or the MFI of TIGIT in CD4" T cells from healthy individuals (n = 45), patients with
SLE with SLEDAI < 10 (n = 19), and patients with SLE with SLEDAI > 10 (n = 36) are shown. (c) Correlation between TIGIT expression on
CD4" T cells and SLEDALI is shown (Spearman’s rank correlation test). (d) The percentages of TIGIT" cells in CD4" T cells from healthy individ-
uals (n = 30) and SLE patients with negative (n = 23) or positive (n = 29) anti-dsDNA antibody are shown. (e) The percentages of TIGIT" cells
in CD4" T cells in patients with SLE with different titres of anti-dsDNA antibodies (1 : 10, n = 7; 1 : 100, n = 7; 1 : 1000, n = 15) are shown as
the mean & SD and are pooled from two independent experiments. (f) The percentages of TIGIT" cells in CD4" T cells in healthy individuals
(n = 45) and patients with SLE with (n = 38) or without (n = 11) proteinuria are shown. (g) Correlation between TIGIT expression on CD4" T
cells and erythrocyte sedimentation rate (ESR) or (h) between TIGIT expression on CD4" T cells and C-reactive protein (CRP) is shown
(Spearman’s rank correlation test). Each symbol represents an individual donor, and horizontal bars indicate the median. *P < 0-05, **P < 0.-01,
*¥**P < 0-001 (Mann—Whitney U-test). [Colour figure can be viewed at wileyonlinelibrary.com]

The expression of CD25 on TIGIT" CD4" T cells was sig-
nificantly higher than that on TIGIT™ CD4" T cells in
patients with SLE with low SLEDAI (Fig. 3a). Further-
more, the TIGIT" CD4" T cells from patients with SLE
with both low and high SLEDAI had a significantly higher
expression of HLA-DR and Ki-67 than TIGIT~ CD4" T
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cells from those patients (Fig. 3b, ¢). We also determined
the expression of programmed death 1 (PD-1), which
was discovered as a death receptor in programmed cell
death and is up-regulated on CD4" T cells upon activa-
tion.”> We observed that TIGIT' CD4" T cells also
showed a significantly higher expression of PD-1 than

© 2017 John Wiley & Sons Ltd, Immunology, 151, 280-290
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Figure 3. TIGIT expression on activated CD4" T cells in patients with systemic lupus erythematosus (SLE). Peripheral blood of healthy individu-

als and patients with SLE with different groups of SLE activity index (SLEDAI) was collected for analysis of the phenotypic characteristics of
TIGIT" or TIGIT  CD4" T cells. (a) Representative FACS plots showing the expression of CD25, (b) HLA-DR, (¢) Ki-67, and (d) PD-1 on
TIGIT" or TIGIT™ CD4" T cells in different groups. The percentages of CD25", HLA-DR", Ki-67" and PD-1" cells in TIGIT" or TIGIT™ CD4"
T cells from healthy individuals, patients with SLE with SLEDAI < 10, and patients with SLE with SLEDAI > 10 are shown as the mean + SD,
n =10 to n =17 subjects per group. Data are pooled from three or four independent experiments. *P < 0-05, **P < 0-01, ***P < 0-001
(Mann—Whitney U-test). [Colour figure can be viewed at wileyonlinelibrary.com]

TIGIT™ CD4" T cells (Fig. 3d). However, the apoptosis
of CD4" T cells had no difference between TIGIT™ and
TIGIT" subsets, in both SLE patients and healthy individ-
uals (see Supplementary material; Fig. Sla). These data
suggest that TIGIT is expressed on activated CD4" T cells
in patients with SLE.

TIGIT as a negative regulator of CD4" T-cell function
in patients with SLE

We further evaluated the relationship between TIGIT and
the function of CD4" T cells. After PHA stimulation,
there was a significantly decreased expression of activa-
tion markers CD25 and CD69 on CD4" T cells from
patients with SLE compared with healthy individuals
(Fig. 4a, b). In contrast, CD4" T cells from patients with
SLE showed a higher IFN-y production than those from
healthy individuals after the same stimulation (Fig. 4c).
More importantly, we observed that, for patients with
SLE, the expression of CD25, CD69 and intracellular
IFN-y in TIGIT™ CD4" T cells was all significantly higher
than that in TIGIT" CD4" T cells after stimulation
(Fig. 4a—). Cell proliferation analysis also showed that
the proliferation of CD4" T cells was significantly
decreased in patients with SLE compared with healthy
individuals. Similarly, the proliferation of TIGIT~ CD4"
T cells was significantly higher than that of TIGIT* CD4"
T cells from both patients with SLE and healthy individu-
als (Fig. 4d). These data suggest that TIGIT serves as a

© 2017 John Wiley & Sons Ltd, Immunology, 151, 280-290

negative regulator of CD4" T-cell function in patients
with SLE.

Activation of TIGIT pathway down-regulates the
function of CD4" T cells from patients with SLE

We next determined whether activation of the TIGIT path-
way by using recombinant human CD155 protein would
affect the function of CD4" T cells. Our results showed that
CD155 had no effect on CD25 expression but significantly
decreased the expression of CD69 on CD4" T cells (Fig. 5a,
b). Furthermore, CD155 could substantially decrease the
production of PMA- or PHA-stimulated IFN-y in CD4" T
cells from both patients with SLE and healthy individuals
compared with the IgG control (Fig. 5¢, d). We also
observed that the proliferation of CD4" T cells from both
patients with SLE and healthy individuals was substantially
decreased by using recombinant CD155 protein (Fig. 5e).
However, activation of the TIGIT pathway had no effect on
the apoptosis of CD4" T cells (see Supplementary material,
Fig. S1b). These data suggest that activation of the TIGIT
pathway can down-regulate the function of CD4" T cells
from patients with SLE.

Recombinant CD155 protein treatment delays the
development of SLE in MRL/Ipr mice

To further test the effect of activation of the TIGIT pathway
on the progression of SLE, we used recombinant mouse
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cells (PBMCs) isolated from healthy individuals and patients with SLE were stimulated with phytohaemagglutinin (PHA) for 24 hr. (a) Represen-
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The percentages of CD25%, CD69" and IFN-y" cells in TIGIT* or TIGIT™ CD4" T cells in different groups are shown as the mean + SD, n = 9
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***P < 0-001 (Mann—Whitney U test). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Activation of TIGIT pathway down-regulates the function of CD4" T cells from systemic lupus erythematosus (SLE) patients. Periph-
eral blood mononuclear cells (PBMCs) isolated from healthy individuals and patients with SLE were stimulated with PMA or PHA in the pres-
ence of recombinant human CD155 protein or IgG control for 24 hr. (a) The percentages of CD25" or (b) CD69" cells in CD4" T cells from
healthy individuals (n = 7) and patients with SLE (n = 8) are shown. Each symbol represents an individual donor, and horizontal bars indicate
the median. (c) Representative FACS plots showing the expression of interferon-y (IFN-y) in CD4" T cells after PMA or (d) phytohaemagglutinin
(PHA) stimulation. The percentages of IFN-y" cells in CD4" T cells from healthy individuals and SLE patients are shown as the mean + SD,
n =8 to n = 12 subjects per group, pooled from three independent experiments. (e) Representative FACS histograms showing the proliferation
of CD4" T cells from healthy individuals and SLE patients by using CD155 or IgG control. The percentages of CD4" T-cell proliferation in differ-
ent groups are shown as the mean £+ SD, n =8 to n = 10 subjects per group, pooled from three independent experiments. *P < 0-05,
*¥*P < 0-01, ***P < 0-001 (Mann—Whitney U-test). [Colour figure can be viewed at wileyonlinelibrary.com]

CD155 protein to treat the MRL/lpr mice. An enlarged cer- control treatment. We found that, after stimulation, the
vical lymph node was obviously observed in 9- to 10-week- expression of CD25, CD69 and intracellular IFN-y was
old MRL/Ipr mice after treatment with IgG control, but this significantly decreased in splenic CD4" T cells from mice
was not observed in most mice treated with recombinant treated with CD155 compared with those treated with
CD155 protein during that period (Fig. 6a). Statistical IgG control (Fig. 6¢—f). In addition, the proliferation of
analysis showed that administration of CD155 significantly splenic CD4" T cells from CD155-treated mice was mark-
delayed the time of appearance of lymph node enlargement edly inhibited compared with those from mice receiving
in MRL/lpr mice (Fig. 6a). Histopathological analysis con- IgG control treatment (Fig. 6g). The apoptosis of CD4" T
firmed that treatment of MRL/lpr mice with CD155 cells also had no difference between CD155-treated and
reduced the damage of kidney tissue (Fig. 6b). IgG-treated mice (see Supplementary material, Fig. S1).

We further investigated the mechanism by which acti- These data suggest that in vivo administration of CD155
vation of the TIGIT pathway delays the development of can down-regulate the activities of CD4" T cells, which
SLE in mice. The activities of CD4" T cells were deter- may result in a delayed development of SLE in MRL/lpr
mined in MRL/lpr mice after 1 month of CD155 or IgG mice.
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Figure 6. Recombinant CD155 protein treatment delays the development of systemic lupus erythematosus (SLE) in MRL/Ipr mice. (a) The 6-
week-old MRL/lpr mice were injected intraperitoneally with recombinant mouse CD155 protein or IgG control once a week for 4 weeks. Repre-
sentative photographs were taken in MRL/Ipr mice after 1 month of the treatment. The date was recorded when an enlarged lymph node was
obviously observed and plotted as indicated (P < 0-001, log-rank test). There were eight mice in each group. (b) Samples of kidney from mice in
the experiment were harvested after 1 month of recombinant mouse CD155 protein or IgG control treatment. Pathological damage of the kidney
was detected by haematoxylin & eosin staining. Photographs are representative results of 6-week-old MRL/lpr mice after 1 month of treatment.
(c) The 6-week-old MRL/lpr mice were injected intraperitoneally with recombinant mouse CD155 protein or IgG control once a week for
4 weeks. After that, splenic lymphocytes were isolated and stimulated with phytohaemagglutinin (PHA) or PMA for 24 hr. After culture, the cells
were collected and analysed by flow cytometry. The percentages of CD25" cells, (d) CD69" cells, and (e, f) IFN-y" cells (PHA or PMA stimula-
tion) in CD4" T cells from CD155- or IgG control-treated mice are shown. (g) Purified mouse splenic CD4" T cells labelled with CFSE were
stimulated with anti-CD3 and anti-CD28 antibodies for 4 days. Representative FACS histograms showing the proliferation of CD4" T cells from
CD155- or IgG control-treated mice. The percentages of CD4" T-cell proliferation in different groups are shown. Each symbol represents an indi-
vidual mouse, and horizontal bars indicate the median. *P < 0-05, **P < 0-01, ***P < 0-001 (Mann—Whitney U-test). [Colour figure can be
viewed at wileyonlinelibrary.com]

aimed to deplete or inhibit the highly activated B cells,
such as by using CD20 monoclonal antibody.>® However,
B-lymphocyte hyperactivity in SLE is T-cell-dependent.” A

Discussion

Systemic lupus erythematosus is a multisystem autoim-

mune disorder and displays a broad spectrum of clinical
and immunological manifestations.”> Although previously
considered a rare disease, SLE now appears to be relatively
common in certain groups of the population.** Between
1955 and 1974, the incidence of SLE in the USA increased
from 1-0 to 7-6 cases per 100,000 population.®> The key
issue of the SLE pathogenesis is B-cell hyperactivity with
high titre production of autoantibodies. Hence, besides
using corticosteroids, new therapeutic strategies were
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highly specific role of T cells is involved in the activation
of B cells producing anti-native DNA antibodies. Although
patients with SLE have a reduced functional capacity of T
cells, it actually results from a post-activation/refractory
state.” Further elucidation of the mechanism of CD4" T-
cell deregulation in SLE will contribute to finding new
therapeutic targets for the disease. The present study has
revealed another mechanism by which TIGIT regulates
CD4" T-cell function in SLE. These data suggest that the
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TIGIT signalling pathway may be used as a new therapeu-
tic target for the treatment of SLE.

Although many researchers have focused mainly on
understanding the deregulation of CD4" T cells in SLE, it
is still largely unknown. Previous studies have shown that
abnormal DNA hypomethylation in T cells is generally
considered as an important player in the pathogenesis of
SLE.*”* The impaired DNA methylation contributes to
the activation of CD4" T cells, which might be regulated
by microRNAs.’*>* Besides, the increased expression of
co-stimulatory molecules, such as CD80, CD134 and
CD154, is associated with the activation of CD4" T cells
in SLE.>> However, on the other hand, to achieve an
appropriate immune response, our immune system has
some negative regulation mechanisms to avoid this over-
amplified inflammatory response. PD-1 and Tim-3,
known as important inhibitory receptors, are associated
with the programmed cell death or apoptosis of CD4" T
cells.”»* Recent studies have shown that the expression
of PD-1 or Tim-3 is elevated on T lymphocytes and asso-
ciated with SLE activity.”®*” The limitation of these stud-
ies, however, is that they did not analyse the role of these
receptors in the pathogenesis of SLE. In this study, we
first reported that TIGIT is an inhibitory receptor
involved in down-regulation of the function of CD4"
T cells in SLE. This finding provides a mechanism by
which our immune system regulates the over-amplified
CD4" T-cell responses in this disease.

Another question is why we focused on the association
between TIGIT pathway and CD4" T-cell function, while
TIGIT can be expressed on other cell types, including
CD8" T cells and NK cells. For one thing, SLE is a T-
cell-dependent autoimmune disease where CD4" T cells
have an important pathogenic role. Depletion of CD4"
cells blocks disease onset in mice,”® and in humans the
effects of HIV infection on CD4" lymphocytes can ame-
liorate the clinical activity of SLE.** Autoimmune T
helper cells have been cloned in mouse and human SLE
and consist of CD4" T cells, which provide the necessary
help for IgM-producing B cells to secrete pathogenic anti-
DNA antibodies.*” These data suggest that CD4" T cells
are the predominant helper subset in SLE. For another, in
patients with SLE, the expression of TIGIT was increased
on CD4" T cells, but not on CD8" T cells and NK cells.
It seems that the TIGIT pathway may play an important
role in the pathogenesis of SLE through regulation of
CD4" T-cell function. For the above reasons, we did not
further analyse the effect of TIGIT on the function of
CD8" T cells and NK cells in patients with SLE. Further-
more, our results also showed that TIGIT was highly
expressed on other CD4" T-cell subsets, including Treg
cells and Tth cells. Previous study has shown that ligation
of TIGIT on Treg cells promotes Treg-cell-mediated sup-
pression of T effector cell proliferation.'” Regarding the
effect of regulation of TIGIT pathway on Tth cell

© 2017 John Wiley & Sons Ltd, Immunology, 151, 280-290
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function, our results showed that recombinant CD155
protein had no significant effect on the activation of Tth
cells from both healthy individuals and patients with SLE
(see Supplementary material, Fig. S2). Hence, these data
suggest that the effect of regulation of the TIGIT pathway
on the delayed development of SLE may be not only
caused by down-regulation of CD4" IFN-y" T helper type
1 cells but also by promotion of Treg cell-mediated sup-
pression function.

Recently, more and more published data indicate that
TIGIT acts as a checkpoint inhibitor of the immune sys-
tem. For instance, the increased expression of TIGIT can
inhibit the function of CD4" T cells, which contributes to
ameliorate the immune-mediated bone marrow failure of
aplastic anaemia.*' Furthermore, TIGIT overexpression
down-regulates the function of CD4" T cells and reduces
the severity of rheumatoid arthritis in mice.'® These stud-
ies and our data suggest that activation of the TIGIT
pathway may offer a new therapeutic strategy for the
treatment of autoimmune diseases. On the contrary,
blockade of TIGIT specifically enhanced CD8" T-cell
effector function, resulting in significant viral clearance
and tumour rejection, respectively.'”** Further study
showed that blockade of TIGIT restored HIV- or SIV-
specific CD8" T-cell effector responses, which indicated
that TIGIT may be a novel therapeutic target to reverse
T-cell exhaustion.*’ These studies have suggested that reg-
ulation of the TIGIT pathway may be a potential thera-
peutic approach for autoimmune disease, malignancy and
infectious disease.

Conclusions

Taken together, we found that TIGIT expression was sig-
nificantly elevated on CD4" T cells in patients with SLE
and highly correlated with the activity of the disease.
TIGIT" CD4" T cells displayed a more activated pheno-
type than TIGIT™ CD4" T cells in patients with SLE. In
contrast, the functional potential of TIGIT" CD4" T cells
was significantly decreased compared with TIGIT~ CD4"
T cells. Intriguingly, activation of the TIGIT pathway by
using CD155 could down-regulate the activation, prolifer-
ation and cytokine production of CD4" T cells from
patients with SLE in vitro. In vivo administration of
CD155 resulted in a delayed development of SLE in
MRL/Ipr mice. This study reveals another role for TIGIT
in the self-regulation of CD4" T cells in SLE, which may
offer a new approach to the treatment of the disease.
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