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Purpose: This study aims to clarify the specific mechanism by which GARP affects the
atherosclerotic plaques in ApoE ™" mice and the effect of GARP-tDC on atherosclerosis.
Methods: The mice were randomly divided into three groups: the control group, the GARP-
overexpressed group and the GARP-inhibited group. After 12 weeks, all the mice were
euthanized, and the specimens were collected. In vitro, experiments were conducted to
observe the effect of GARP on DC phenotype and the changes of the proportion of
CD4"CD25 Foxp3" Treg cells when GARP-tDCs were co-cultured with CD4" T cells.
Furthermore, adoptive transmission of GARP-tDCs was used to observe the effect on
atherosclerotic plaque in mice.

Results: The GARP-overexpressed group enhanced the biological activity of Foxp3™*
CD4"CD25" Tregs and resulted in increased expression of LAP in T cells. In addition, the
GARP-overexpressed group significantly suppressed the function of Thl and Thl17, and
decreased the secretion of INF-y and IL-17A. Thus, GARP had a protective effect on
atherosclerosis. In vitro, we found that GARP-tDC had a tolerance-inducing phenotype,
and GARP-tDC also had the ability to induce tolerance when co-cultured with CD4"
T cells. More importantly, adoptive transmission of GARP-tDCs reduced the size of athero-
sclerotic plaques.

Conclusion: GARP and the GARP-tDC play protective roles in atherosclerosis. The
protective effect of GARP on atherosclerosis is achieved by increasing CD4"CD25 Foxp3*
Treg cells and inhibiting the production of IFN-y and IL-17A.
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Introduction

Atherosclerosis (AS) and its clinical complications can be considered the leading
cause of death worldwide.' Nowadays, more and more evidences supported that AS
was a chronic inflammatory disease of large and medium-sized arteries involving
innate and adaptive immune responses, and with that came a lot of antibody-based
immunotherapy.”® Therefore, in-depth study of the mechanisms of immune and
inflammatory response of AS and exploration of new targets for intervention has
a profound medical and social values.

Natural CD4'CD25" regulatory T lymphocytes (nTregs) repertoire is a group of
unique regulatory T cell subsets with suppressive function, which plays an impor-
tant role in inhibiting the excessive immune response and maintaining immunologic
self-tolerance.” Many researches had documented that nTregs showed a powerfully
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protective role in the progression of atherosclerosis by
adoptive transfer through the interaction between CD40
and CD40L.”> Our previous study also found that nasal
administration of oxLDL could reduce the size of athero-
sclerotic plaques in ApoE " mice by inducing the produc-
tion of CD4'LAP'and CD4'CD25'Foxp3” regulatory
T cells.®

Recently, a research found that a new transmembrane
protein-glycoprotein A repetitions predominant (GARP)
existed in the surface of active nTregs. GARP is composed
of 662 amino acid residues, including two exons.”®
Unutmaz et al indicated that GARP is uniquely expressed
on the surface of human activated nTregs and could not be
detected in the fresh CD4" T cells. In addition, GARP
could not be induced in Tresp by CD3 and CD28
stimulation.” As a result, GARP has been identified as
a new specific marker of activated human Treg cells.'
So, whether GARP can affect the function of nTregs?
Wang and his co-workers found that the ectopic expression
of GARP in naive CD4" T cells effectively inhibited the
proliferation of CD4" T cells and secretion of cytokines;

furthermore, overexpression of GARP in naive CD4"

T cells promoted the expression of Foxp3 and CD4"
T cells were endowed the inhibitory function. In contrast,
GARP was not affected when Foxp3 was downregulated
in GARP-overexpressing cells, while silencing GARP in
Foxp3-overexpressing cells reduced their suppressive
activities.'! Therefore, we hypothesized that GARP could
affect atherosclerosis. Our study has found that atorvasta-
tin improves the atherosclerotic inflammatory response by
up-regulating the expression of GARP,'? but no studies
have demonstrated the direct effect of GARP on athero-
sclerosis at the gene level.

Tolerogenic DCs may induce peripheral tolerance
by either directly down-regulating effector T cells or
indirectly inducing the production of regulatory T cells
(iTregs)."* Our previous studies found that DCs treated
with IL-37 plus Tnl in vitro can induce tDCs, and tDCs
has the ability to induce tolerance, thus reducing ven-
tricular remodeling after myocardial infarction.
Moreover, DCs treated with IL-37 plus Tnl are more
“tolerant” than DCs treated with IL-37 alone or Tnl
alone.'* What’s more, it has also been shown that by
inducing regulatory T cells and immature dendritic
cells with tolerability, atherosclerosis in mice can be
reduced using oral administration of vitamin Dj."’
However, there have been no studies using GARP to
treat DCs, GARP treatment can

whether induce

tolerogenic DCs and whether their adoptive transfer
can have a possible effect on atherosclerosis is
unknown.

Therefore, our study will attempt to investigate the
effects of overexpressing GARP and GARP-tDCs on
atherosclerotic plaque formation in ApoE " mice, and to
search for possible mechanisms.

Materials and Methods

Atherosclerosis Mice Model

Male ApoE™" mice (C57BL/6 background), 8 weeks
old, were continuously fed a high-fat western diet
(0.25% cholesterol and 15% cocoa butter) and housed
under standard conditions (12-h light/12-h dark cycle,
22~25 °C room temperature). The mice were randomly
divided into three groups: the control group (5x10’
lentivirus-scrambled sequence intravenous injected per
week); the GARP-overexpressed group [GARP (+),
5x107 lentivirus-GARP-overexpressed sequence intrave-
nous injected per week]; and the GARP-inhibited group
[GARP (-), 5x10" lentivirus-GARP-siRNA sequence
intravenous injected per week], while each group had
(n=6). The
sequence and lentivirus-GARP-siRNA sequence were
designed and synthesized by GENECHEM CO., LTD.
Shanghai, China. After 12 weeks, all the mice were

6 mice lentivirus-GARP-overexpressed

euthanized, and the specimens, including the peripheral
blood, spleen, heart and aorta, were collected for further
studies. The Ethical Committee of Huazhong University
of Science and Technology granted ethical approval, and
all experiments were conducted in accordance with the
NIH Guidelines for the Care and Use of Laboratory
Animals (Science and Technology Department of
Hubei Province, China).

The body weights of the three groups at 8 and 24
weeks were shown in Table 1, and the level of the total
cholesterol, triglyceride, LDL cholesterol and HDL
cholesterol of the mice at 24 weeks was shown in
Table 2.

Table |1 Body Weight in Each Group (g, n=6)

Body Weight

Lenti-Control Lenti-GARP GARP-siRNA
8 weeks 19.9£1.13 21.2+0.65 20.710.81
24 weeks 30.7+1.98 28.8+4.14 29.8+3.08

Note: Values are expressed as the mean +SD.
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Table 2 Lipid Profile of Plasma in 24 Weeks ApoE = (Mmol/L,
n=6)

Lenti- Lenti- GARP-

Control GARP siRNA
Total cholesterol 19.71+2.04 18.96+2.73 20.63+1.55
Triglycerides 1.16+0.43 1.1+0.88 1.27+0.26
LDL cholesterol 13.86+1.87 12.9412.26 14.03+1.25
HDL cholesterol 2.93+0.73 2.37+1.58 3.07+0.84

Note: Values are expressed as the mean +SD.
Abbreviations: LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Atherosclerotic Lesion Analysis

The heart and aorta were flushed with PBS and then
stained by 4% paraformaldehyde for 2 hours. The heart
was transected and the end part was embedded in OCT
compound, sliced in 8-um thickness, mounted on slides,
and stained with Oil red O. The middle part of the three
aortic valves was used for analysis of atherosclerotic lipid
plaques. Masson trichrome staining was achieved by
Stain Kit (Sigma-Aldrich Inc.,
St. Louis, MO, USA). Lesion areas were measured by

Masson Trichrome

Image-pro plus 6.0.

Lipid plaques on the surface of aorta were also ana-
lyzed. The whole aorta was dissected out from ascending
aorta, nailed on a black wax pan, and then stained with Oil
red O. The total areas and the atherosclerotic lesions of
each aorta were also measured by Image-pro plus 6.0.

Cell Isolation and in vitro Culture

Spleen was isolated from ApoE "~ mice. The splenic cells
were obtained by milling the spleen and filtering the cells
through a 40 mm filter. Lymphocytes were isolated from
total splenic cells by density-gradient centrifugation using
solution (MP
Biomedicals Co., Ltd., USA). Splenic lymphocytes were

1.083 g/mL Lymphocyte separation
cultured in 24-well plates at 37°C in an atmosphere of 5%
CO, in RPMI 1640 medium (HYCLONE, Co., Ltd., USA),
supplemented with 10% fetal bovine serum (Gibco-BRL,
Grand Island, NY, USA), 1% penicillin-streptomycin and
1% glutamine. CD4" T cells were isolated from spleens by
immunomagnetic beads.

In order to isolate the DC, the 6-week-old male
C57BL/6J mice were sacrificed and immersed in 75%
alcohol for 5 minutes. The tibia and femur were separated
in the ultra-clean table. Then the medullary cavity was
exposed with scissors, and repeatedly washed with PBS.
The rinse was centrifuged at 1500rpm for 7 minutes after

being transferred into the 10mLEP tube. After discarding
supernatant, 3mL RBC lysis solution was added. After 2
min, the reaction was terminated by addition of 6 mL of
PBS, centrifuged at 1500rpm for 7 minutes again, and then
washed twice with PBS. Cells were resuspended in RPMI
1640 medium containing 10% fetal bovine serum, 100 U/
mL streptomycin, and 100 U/mL penicillin, and cultured
in an incubator at 37° C with 5.0% CO, after induction
with GM-CSF and IL-4. On day 3, non-adherent cells
were removed and added with GM-CSF and IL-4 at the
same concentration. On the 6th day, half volume of culture
medium was changed under the same culture conditions.
After 8 days of culture, immature DCs (imDCs) were
obtained.

CD4" T Cells Were Co-Cultured with
Different Types of DCs Respectively

in vitro

CDI11c" imDCs were obtained by immunomagnetic beads.
CDl11c" imDCs were divided into four groups: (1) no DC:
Added with an equal volume of PBS;(2) imDCs: only
DCs, without any additional treatment; (3) GARP-tDCs:
treated with GARP and LPS for 4 hours; (4) mature
DCs(mDCs): treated with LPS for 24 hours. Then the
isolated CD4" T cells were co-cultured with DCs in each

group.

Flow Cytometry

Splenic lymphocytes were collected for flow cytometry.
Prepared lymphocytes were incubated for 30 mins at 4°C
in the dark for surface staining, with FITC-labeled anti-CD4
antibodies (eBioscience), PerCP-Cy5-5-labeled anti-LAP
antibodies (eBioscience) or antigen presenting cell(APC)-
labeled anti-GARP antibodies (eBioscience). For intracel-
lular staining of Foxp3, lymphocytes were fixed with 4%
paraformaldehyde after surface staining for CD4 and GARP
and then permeabilized. Permeabilized lymphocytes were
incubated with  PE-labeled
(eBioscience) for 1 hours at 4°C in the dark.

For the detection of Thl, Th2 and Thl17, splenic lym-
phocytes were stimulated by PMA (100ng/mL)/lonomycin
(750ng/mL) for 4 hours in vitro. After stained with FITC-
CD4, these lymphocytes were fixed and then permeabi-

anti-Foxp3  antibodies

lized. The permeabilized lymphocytes were incubated with
PE-labeled anti-INF-y, IL-4 or IL-17
(eBioscience) for 30 mins at 4°C in the dark. Then, cells

antibodies
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were washed 2~3 times and analyzed by a BD FACScan.
All the results were analyzed by Flowjo 7.6.3.

Tregs Functional Suppression Assays
CD4"CD25" regulatory T cells (2x10°) sorted from each
group were co-cultured with syngeneic CD4 'CD25 " effec-
tor T cells at different suppressor-responder ratios (1:4, 1:2
and 1:1). All groups were in triplicate. After 72 hours, the
inhibited percentage of proliferation was determined by
the following formula: 1-(median [*H] thymidine uptake
of Tregs: median [*H] thymidine uptake of CD4"CD25~
co-culture/ CD4"CD25™ cells).

RT-PCR

The total RNAs were isolated from splenic lymphocytes
using RNAiso Plus (TakaRa, Japan). Equal mRNAs were
synthesized into cDNA by using PrimeScript® RT reagent
kit (TakaRa, Japan). The specific primers for RT-PCR
were synthesized by Newtsingke (Peking, China). The
cycling program included 2 mins initial pre-incubation at
95°C followed by 40 cycles of 95°C for 10 seconds, 60°C
for 20 seconds and 70°C for 1 second. The mRNA expres-
sion was quantified by an ABI PRISM 7900 Sequence
Detector system (AB Applied Biosystems). Primers used
for RT-PCR were listed in Table 1 of Supplement 1.

Western Blot

The protein was collected from splenic lymphocytes from
each group by using lysing buffer for 30 mins on ice. The
lymphocytes were then centrifuged at 12,000 g for 15 min at
4°C. Protein concentration in the supernatants was measured
by BCA Protein Assay Kit (Beyotime Institute of
Biotechnology). Then, 20ug protein was separated by SDS-
PAGE and transferred into polyvinylidene fluoride micro-
porous membranes. The membrane was blocked for 1 hour
in room temperature, then incubated with primary antibodies
for Smad3 (Santa Cruz’s) or B-actin (EPITOMICS) over-
night at 4 °C, finally incubated with HRP conjugated sec-
ondary antibody (KPL Co., Ltd.) at room temperature for 30
mins. The blots were quantified by ECL Western Blotting
Detection Reagents (Bio-Rad Laboratories, Hercules, CA).

Enzyme-Linked Immunosorbent Assay
(ELISA)

After washing with PBS containing 2% fetal bovine
serum, the isolated spleen cells were -cultured in
RPMI1640 medium for 2h at 37°C. Non-adherent cells

were collected and added with 2ul. /mL ConA, cultured
on a 24-well plate with 1x10° cells per well. The super-
natant was collected three days later and the levels of
TGF-B, interleukin-10 (IL-10), interferon-y, interleukin-4,
and interleukin-17 were quantitatively detected using an
ELISA kit (eBioscience, CA, USA) according to the man-
ufacturer’s instructions. All samples were assayed at least
in triplicate.

Immunohistochemistry

The Sum-thick aortic valves in each group were collected
for immunohistochemical assay, including CD3 (1:200;
Abcam). The analysis was performed by using Image Pro
Plus 6.0.

Statistics

All statistical analyses were performed with SPSS 19.0.
One-way analysis of variance(ANOVA) was used to com-
pare the mean of measurement data between different
groups, and chi-square test was used to compare the enu-
meration data between different groups. Spearman analysis
was used to investigate the association between the num-
ber of LAP", Foxp3" and GARP" cells in all groups. All
values are expressed as mean + SEM, and p <0.05 were
regarded as significant.

Results

The Overexpression of GARP Up-
Regulated the Proportion of
CD4"Foxp3* Tregs in ApoE ™ Splenic
Lymphocytes and Enhanced
Immunosuppressive Function of Tregs

in vivo

We detected the proportion of CD4"CD25 Foxp3™ regula-
tory T cells in splenic lymphocytes by flow cytometry, and
observed a significant elevation of the proportion of
CD4*CD25"Foxp3* in GARP-
overexpressed group compared with GARP-inhibited

regulatory T cells
group and control group (p<0.05, as Figure 1A), the
mRNA expression of Foxp3 in GARP-overexpressed
group also increased significantly (p<0.05, as Figure 1B).

We also found that in the same Tregs/CD4 CD25"
T cells ratio, the suppressor function of regulatory T cells
on the proliferation of CD4'CD25 T cells were signifi-
cantly enhanced in GARP-overexpressed group compared
with the control group (p<0.05, as Figure 1C). However,
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Figure | The overexpression of GARP up-regulated the proportion of CD4"Foxp3™ Tregs in splenic lymphocytes and enhanced immunosuppressive function of Tregs
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each group. (D) The TGF-B concentrations were compared among the three groups. (E) Comparison of the mRNA levels of TGF-p in each group. *P <0.05.

the suppressor function of regulatory T cells was decreased
in GARP-inhibited group compared with the control group
the (p<0.05, as
Figure 1C). All three groups showed that with the increase

and GARP-overexpressed — group
of the proportion of effector T cells, the inhibitory function
of regulatory T cells on the proliferation of CD4"CD25~
T cells gradually decreased.

Because transforming growth factor -B(TGF-f) plays an
important role in the suppressive properties of Tregs, we used
ELISA to measure the plasma levels of TGF-f in each group.
The levels of TGF-f1 gene expression were analysed by real-
time polymerase chain reaction. The mRNA expression and
secretion of mature TGF-B1 increased significantly in GARP-
overexpressed group compared with the control group and the
GARP-inhibited group (p<0.05, as Figure 1D and E).

The Overexpression of GARP Inhibits the
Frequency of Thl, Th17 in ApoE ™"
Splenic Lymphocytes and Increases the
Frequency of Th2

In order to assess the effect of overexpression of GARP on
the frequency of Th cells, we detected the proportion of Th1,
Th17 and Th2 cells in splenic lymphocytes by flow cytome-
try, and observed a significant decrease of Th1 and Th17 and
an increase of Th2 in GARP-overexpressed group compared
with the control group and the GARP-inhibited group
(p<0.05, as Figure 2A). Similar results were observed on
the level of IFN-y, IL-4 and IL-17 (p<0.05, as Figure 2B).

The relative mRNA expression levels of Thl-related
T-bet, Th2-related GATA3, and Thl7-related RORyt were
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cells were measured and compared among the three groups. (B) The relative mRNA expression levels of IFN-y, IL-4 and IL-17 were detected and compared. *P <0.05.

also detected and compared. It was found that compared
with the control group, the mRNA expression levels of
T-bet and RORyt in the GARP-overexpressed group were
significantly decreased, while the mRNA expression level of
GATA3 was significantly increased. On the contrary,

compared with the control group, the mRNA expression
levels of T-bet and RORyt was significantly increased
while the mRNA expression of GATA3 was significantly
decreased in the GARP-inhibited group (P <0.05, as
Figure 3A).

3470

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Cai et al

Dove
* * *
25 '— T 1
A 43 * * 5 * c 207 * *
g i - 20 — S i
- 0 2.04 0
n o 0
B 15 X 0 1.5
s 9 15 -3
X I )
o o T
I 1.04 o 35 101
E g 1.0 o
<
< - o
)

9 o5 < 05 B 05
] = [
2 5 o
'—

0.0 0.0- o 0.0

Lenti-control Lenti-GARP GARP-siRNA

Lenti-control Lenti-GARP GARP-siRNA

p-Smad= e S o

B-aCtin e —————

Con GARP siRNA

Lenti-control Lenti-GARP GARP-siRNA

525
[
2 2.0/
S 1.5;
1]
Q
3 0.5
Q. 0.0!

Figure 3 The overexpression of GARP inhibited the mRNA expression of T-bet, RORyt in splenic lymphocytes, increased the mRNA expression of GATA3, and stimulated
the phosphorylation of Smad3. (A) The relative mRNA expression levels of T-bet, RORyt, GATA3 were detected and compared in ApoE "~ mice. (B) The relative protein

expression of phosphorylated Smad3 in splenic lymphocytes. *P <0.05.

Phosphorylation of Smad2/3 is significantly associated
with Th17 /Treg balance, so the expression of the phos-
phorylation of Smad3 in splenic CD4" T cells stimulated
by anti-CD3/CD28 was detected by Western blot, and it
was found that the overexpression of GARP stimulated the
phosphorylation of Smad3 (P <0.05, as Figure 3B).

The Overexpression of GARP Inhibits
Development of Atherosclerotic Plaques in
ApoE ™ Mice

The aorta was stained with Oil red O to compare the athero-
sclerotic lesion sizes between these groups. The percentage
of atherosclerotic lesion sizes in the entire aorta were sig-
nificantly smaller in the GARP-overexpressed group than
the control group (p<0.05, as Figure 4A), while GARP-
siRNA significantly increased the size of atherosclerotic

lesion compared with the control and the GARP-
overexpressed group (p<0.05, as Figure 4A).

Proximal aortic sections were also examined. The
atherosclerotic lesions were significantly reduced in the
GARP-overexpressed group compared with the control
group (p<0.05, as Figure 4B), while GARP-siRNA
obviously elevated the size of atherosclerotic lesion
and the GARP-

overexpressed group (p<0.05, as Figure 4B).

compared with the control

The stability of atherosclerotic plaques as well as
infiltration of T lymphocytes in atherosclerotic plaques
were analyzed by immunohistochemistry of CD3.
Infiltration of T
decreased in the GARP-overexpressed group than in
the control group (p<0.05, as Figure 4C), while
GARP-siRNA obviously elevated the infiltration of

lymphocytes was significantly
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Figure 4 The overexpression of GARP inhibit development of atherosclerotic plaques in ApoE "~ mice. (A) Oil red staining and quantitative analysis of atherosclerotic lesion
size in aortic sinus. (B) The area of atherosclerotic plaque in thoracic aortas in ApoE "~ mice. (C) CD3 staining and quantitative analysis of infiltration of T lymphocytes in
atherosclerotic lesion of aortic sinus in ApoE "~ mice. The black bar represents 200um. Horizontal bars represent means. *P <0.05.

T lymphocytes compared with the control and GARP-
overexpressed group (p<0.05, as Figure 4C).

The Overexpression of GARP Up-
Regulated the Proportion of
CD4*CD25"LAP" in ApoE ' Splenic
Lymphocytes, and the Numbers of LAP*
Cells and Foxp3™ Cells Have a Positive
Correlation with the Number of GARP*

Cells

We detected the proportion of CD4'CD25 LAP" T cells in
splenic lymphocytes after just modeling and 24 hours of
modeling, and found that the expression of LAP in
CD4'CD25" T cells in GARP-overexpressed T cells was
significantly higher than that in the control group and the

GARP inhibited group, and the expression of LAP in
CD4°CD25" T cells in GARP-inhibited group was lower
than that in the control group (P <0.05; Figure 5A).

Next, GARP', LAP * and Foxp3 * cells in ApoE "
splenic lymphocytes of the three groups were counted
respectively. It was found that the number of GARP",
LAP © and Foxp3" cells in the GARP-overexpression
group was significantly higher than that of the other two
groups. On the contrary, the number of GARP-inhibited
group was lower than that of the control group (P <0.05,
Figure 5B-D). Therefore, we attempted to conduct
a Spearman analysis to find the association between
LAP", Foxp3" and GARP" cells in all groups, and found
that the numbers of LAP" cells and Foxp3" cells have
a positive correlation with the number of GARP" cells,
respectively (r=0.88,P < 0.001, Figure 5E; r =0.93,
P < 0.001, Figure 5F).

https:

3472

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Cai et al

CD4-FITC -

—

|

|

3

|
)

GARP +cells

20

40 60
GARP +cells

~ 3
a
w 8
Fresh o 3
o 5
< 3
J v Lenti-control Lenti-GARP GARP-siRNA
A
‘3 8
L
24h 8
3 4
o
3 2
Lenti-control Lenti-GARP GAPR-siRNA
» CD25-APC
B D
g 80 *kdk l+ g 80 *kk
3 NE I %N 60 * A 3 NE [,
2 gh0 : o E —x=- g 60 e
=% = $ Ea0 = . < : .
& 2401 _- 2 T = B ©a0 ==
8 £ = 59 . o 0401 ==
[ v [} == o g iyt
& 220 . 8 €20 . @ 350 ==
< == o = gz
(O] 0 5 [
. 0
S D : > D A
> & & S Q &° PN
¢ ¥ & & & & & &£ &
E F
80 r=0.88 60 r=0.93
p<0.001 p<0.001 o °
% %”d 40+
.
Q +
53 %zm o
s
0+

Figure 5 Overexpression of GARP increased the proportion of CD4"CD25"LAP* T cells in splenic lymphocytes, and the number of LAP" cells and Foxp3™ cells was
positively correlated with GARP” cells. (A) The proportion of CD4"CD25*LAP" T cells in splenic lymphocytes was measured and compared among the three groups after
modeling and 24 hours after. (B-D) GARP", LAP* and Foxp3* cells in splenic lymphocytes were counted in the three groups. (E and F) Spearman analysis of the association
between LAP" or Foxp3" with GARP+ cells respectively in all groups. *P<0.05, **P<0.01 and **P<0.001.
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GARP-tDCs Had the Ability to Induce
Tolerance When Co-Cultured with CD4"

T Cells

In order to study the effect of GARP-tDCs on Treg
cells, CD4" T cells were co-cultured with different
types of DCs respectively in vitro. Compared with
noDC, imDC and mDC, GARP-tDC
increased the percentage of CD4'CD25 Foxp3" Treg
cells in the CD4" cells (P <0.05, Figure 6A and B),
and the mRNA level of Foxp3 in the GARP-tDC group
was significantly higher than that in the other three

significantly

groups.

In addition, GARP-tDC significantly inhibited IFN-
vy and IL-17A mRNA levels compared with the mDC
group, with no significant difference compared with the
no DC and the imDC group. However, compared with
the other three groups, mRNA levels of IL-10 and
TGF-p were significantly enhanced in the GARP-tDC
group (P <0.05, Figure 6C). These results all indicated
that GARP-tDC had the ability to induce tolerance
when co-cultured with CD4" T cells.

A

no DCs im DCs

GARP-tDCs Had the Tolerogenic
Phenotype

DC maturation is characterized by upregulation of anti-
gen-presenting molecules such as MHC II and CD80/
CD86. The DC was stained with isotype control anti-
body, anti-MHC-II antibody, CD40 and CD86 antibo-
dies, and analyzed by FACS (P <0.05, Figure 7A), and
then the mean fluorescence intensity (MFI) was quanti-
fied. Compared with the mDC and the GARP-tDC
group, MHC-II, CD40 and CD86 of the imDC group
showed low MFI. MFI of CD40, MHC-II and CD86 was
significantly reduced in the GARP-tDC group compared
with the mDC group (P <0.05, Figure 7B).

RT-PCR showed that the mRNA levels of IL-10, TGF-
B and indoleamine 2, 3-dioxidase (IDO) were significantly
higher in the GARP-tDC group than in the imDC and the
mDC group, and the mRNA levels of IL-12 and IFN-y
were significantly lower in the GARP-tDC group than in
the mDC group, with no significant difference with the
imDC group (P <0.05, Figure 7C). In summary, GARP-
tDCs had the tolerogenic phenotype.
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Figure 6 GARP-tDCs coculture with CD4" T cells had the ability to induce tolerance. (A) Splenic CD4" cells (1% 10° cells/mL) were cultured alone or mixed with immature
DCs (imDCs), mature DCs (mDCs) or tolerogenic DCs (GARP-tDCs) for 3 days.2x 10° cells/mL). After 72 hours, the cells were labeled with anti-CD4, anti-CD25, and anti-
Foxp3, and analyzed by fluorescence-activated cell sorting (FACS). Flow cytometry data represented one of six to eight independent trials. (B) The average percentage of
CD4"CD25" Foxp3™ Tregs in the CD4" cell population in different groups. (C) mRNA levels of IFN-y, IL-17A, Foxp3, IL-10, and TGF-B in different groups. n=6 per group.

**P<0.01.
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Figure 7 The GARP-tDCs showed the tolerogenic phenotype. (A) Marrow derived DC (2x10° cells/well) in culture without stimulation (immature DCs [imDCs]) or in the
presence of lipopolysaccharide (LPS) (mature DC [mDCs]) or 10 ng/mL LPS, 30 ng/mL GARP (GARP-treated tolerogenic DCs[GARP-tDCs]). The DCs were stained with isotypic
antibodies or specific antibodies against major histocompatibility complex Il (MHC-II), CD40 and CD86 and analyzed by fluorescence activated cell sorting (FACS). (B) The average
fluorescence intensity (MFl) of MHC- Il, CD40 and CD86 were measured quantitatively. (C) The mRNA level of IL-10, transforming growth factor-B (TGF-), indoleamine 2, 3-
dioxygenase (IDO), IL-12 and interferon -y(IFN-y). n=6 per group. **P<0.01.
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tDCs Ameliorate Atherosclerosis in
ApoE™ Mice

To evaluate the effect of GARP-tDCs on atherosclerosis,
6-week-old mice were given a high-fat diet for 10 weeks to
induce plaque formation in aortic root, and then mDCs
(Figure 8A), GARP-tDCs (Figure 8B) and imDCs
(Figure 8C) were administered to atherosclerotic mice by
adoptive transmission. Sections from the aortic root were
stained with oil red O and hematoxylin to observe the plaques.
Adoptive transfer of GARP-tDCs significantly reduced ather-
osclerotic plaque size compared with mDCs (Figure 8D).
Compared with the imDC and the GARP-tDC group, the
plaque size of the mDC group was significantly increased.
These results suggest that adoptive transfer of GARP-tDCs
can significantly improve atherosclerosis, while adoptive
transfer of mDCs can aggravate atherosclerosis. Image Pro
was used to quantify the size of atherosclerotic plaque.

Discussion
GARP is a cell surface receptor on Treg cells, hepatic

stellate cells, platelets, and some cancer cells, and is

a potential type I cell-surface transmembrane receptor of
TGF-B."° It has been shown that knockdown of GARP or
treatment with blocking antibodies significantly reduces the
immunosuppressive capacity of regulatory T cells.!” Studies
on GARP on asthma, tumor, colitis and other diseases are
common,'® but studies on the effects of GARP on cardio-
vascular diseases are rare, especially the studies on the
relationship between GARP and atherosclerosis. Our study
is the first to propose that the overexpression of GARP could
inhibit the formation of atherosclerotic plaques, which
shows that the overexpression of GARP decreases inflam-
matory cells and inflammatory factors, and increases the
number of anti-inflammatory cells and enhances their func-
tions. Crucially, we first proposed the GARP-treated DCs,
and found that the treated DCs had the tolerogenic pheno-
type and the ability to induce tolerance when co-cultured
with CD4" T cells, and the atherosclerotic plaques of mice
after adoptive transfer of GARP-tDCs were significantly
reduced. In a conclusion, the data suggests that GARP and
GARP-tDCs therapy can alleviate atherosclerotic plaque
areas in mice, and GARP is a potential therapeutic target

for atherosclerosis.
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Figure 8 GARP-tDCs ameliorate atherosclerosis in ApoEfl' mice. (A) The atherosclerotic lesion size in the mDC group. (B) The atherosclerotic lesion size in the GARP-
tDC group. (C) The atherosclerotic lesion size in the imDC group. (D) The atherosclerotic lesion size in three groups was quantified by Image Pro. n=6 per group. The black

bar represents |00um. **P<0.001.
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Atherosclerosis is a pathological process involving
multiple factors and so far the precise mechanism of AS
is unclear. It has been known that activation of immune
cells and inflammatory cytokines has a key role in the
process, particularly T cell-mediated pathogenic immune
responses, such as CD4" T lymphocytes.'”” The CD4"
T lymphocytes in the atherosclerosis lesion are major
consisted of Thl and Th17 cells.’® Natural Tregs, as an
important subset of T lymphocytes, could regulate periph-
eral immune homeostasis by balancing the Th1, Th2 and
Th17. So considerable reports confirmed that the suppres-
sive function and frequency of nTregs had connection with
the development of atherosclerosis lesion.”! Such as our
previous studies suggested that immunologic tolerance
induced by nasal administration of HSP60 was achieved
by increasing TGF-p-dependent CD4'LAP"
CD4'CD25 Foxp3" which
atherosclerosis,”> while intranasal oxLDL administration

and

Tregs, can  reduce
also alleviates atherosclerosis by inducing the CD4 LAP"
and CD4"CD25 Foxp3" regulatory T cells, and inhibiting
the effector T cell response in ApoE ™ mice.® GARP is
critical for the expression of potential TGF-f on the sur-
face of activated FOXP3" regulatory T cells,” and TGF-p
is an important molecule for FOXP3" Treg cells to per-
form their inhibitory function, suggesting that GARP can
promote the inhibitory function of Treg cells. Therefore,
we speculated that GARP had an effect on AS.

In this study, it was found that the overexpression of
GARP up-regulated the proportion of CD4 Foxp3™ Tregs
and CD4"CD25"LAP" T cells in ApoE ™ splenic lympho-
cytes, and the number of LAP" cells and Foxp3" cells
were positively correlated with GARP" cells, indicating
that the effect of GARP on nTregs was realized by up-
regulating the expression of LAP on nTregs. This is con-
sistent with previous studies, which have shown that
GARP and LAP co-locate on the surface of activated
Tregs, and the expression of GARP is highly correlated
with the expression of LAP on T lymphocytes.”* It is well
known that after non-covalently binding with LAP, TGF-$3
is secreted or expressed on membranes in many cell types
as a non-bioactive form, and the potential TGF-B obtains
biological activity after release of LAP.>> Membrane pro-
tein GARP can act as a receptor for latent TGF-f and
produce active TGF-B by binding directly to the LAP of
latent TGF-B.%° The function of Treg cells is partly depen-
dent on TGF-f. In this study, it was found that the secre-
tion of mature TGF-B in the GARP-overexpression group
was increased, that the

significantly indicating

overexpression of GARP upregulated the immunosuppres-
sion effect of Treg in vivo, and we further demonstrated
this by co-culture of Tregs/CD4'CD25 T cells. Studies
have shown that active TGF-B1, released by the LAP-TGF
-B complex, can bind with TGF-B receptor with high
affinity, and it can phosphorylate Smad2 and Smad3 tran-
scription factors interacting with Smad4, thereby activat-
ing the Smad signaling pathway to increase Foxp3
expression and nTregs proliferation.”” Our findings further
confirmed that overexpression of GARP can stimulate the
phosphorylation of Smad3.

In our study, it was found that the overexpression of
GARP effectively restored the number and inhibitory
function of nTregs, and the restored Tregs significantly
inhibited the excessive proliferation of Thl and Thl7 in
ApoE™" mice, and the inhibition of inflammation may
explain the reduction of atherosclerotic plaque formation
in the GARP-overexpression group. We also found that
Th2 cells in the GARP overexpressed group were signifi-
cantly higher than those in the control group and the
GARP inhibited group. In fact, the role of Th2 cells in
atherosclerosis remains controversial. Based on intima-
media thickness of the common carotid artery, patients
with high Th2 cell count had lower thickness than those
with low Th2 cell count,?® and Th2 cells have been shown
to play a role in preventing the development of lipids at an
early stage in murine models of atherosclerosis. Cytokines
IL-5 and IL-13 are associated with the Th2 cells, which
effect of
However, in LDL receptor knockout

have been shown has a protective
atherosclerosis.?
mice, IL-4 deficiency does not affect the progression of
atherosclerotic lesions,’® but it has been reported that the
formation of atherosclerotic lesions is reduced in this
condition.”! The results of this study tend to favor the
protective effect of Th2 cells on atherosclerosis.

The role of dendritic cells in atherosclerosis is like
a “double-edged sword”. Mature DC can promote the differ-
entiation of naive T cells into effector T cells, thus promoting
inflammation and aggravating atherosclerosis. Immature DCs
can induce regulatory T cells by directly contacting with
immature T cells or by secreting anti-inflammatory cytokines,
thereby inhibiting differentiation of immature T cells and
causing incompetence of CD4" T cells and CD8" T cells.*
The DC was immature in the peripheral tissues, and after
draining to the lymph nodes, it matured after being stimulated
by various pathogens and inflammatory stimuli. DC matura-
tion process leads to the increase of the antigen presentation

process, making the costimulatory molecules such as CD80
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and CD86 up-regulated. MHC-II as an important molecular
presenting antigen to DC, mainly presented extracellular anti-
gen, will also be raised in the maturation process. Studies have
shown that apoB100 shock can induce tolerogenic dendritic
cells, thus weakening the response of T cells to apoB100, and
promoting Tregs induction, thereby delaying the progression
of atherosclerosis.>> Another study showed that the transfer of
LDL-induced dendritic cells to hypercholesterolemic mice
accelerated atherosclerosis,>* which suggests that we can mod-
ulate atherosclerosis by changing the phenotype of DC. In this
study, the MFI of CD40, MHC-II and CD86 was significantly
decreased in the GARP-tDC group, indicating that GARP
hindered the maturation process of DCs, and GARP could
also induce the generation of tolerogenic dendritic cells.
Further adoptive transmission of GARP-tDCs to ApoE -
mice showed that atherosclerotic plaques were reduced and
the condition was improved. This suggests that GARP can
protect atherosclerosis by inducing the production of tolero-
genic dendritic cells.

IL-10 and TGF-B are typical inhibitory cytokines,
while IDO produced by DC degrades tryptophan into
kynurenic acid, thus playing a key role in immune cell-
mediated suppression and tolerance.>> When APCs
express IDO, the immunosuppressive effect of IDO may
directly affect APCs or indirectly affect local T cells. In
this study, it was found that the mRNA levels of IL-10,
TGF-B and IDO in the GARP-tDC group were signifi-
cantly increased, which also proved that GARP-tDCs
showed a tolerogenic phenotype.

Our study found that when GARP-tDCs were co-
cultured with CD4" T cells, GARP-tDCs significantly
increased the percentage of CD4'CD25 Foxp3” Treg
cells in the CD4" cell population, and the mRNA level
of Foxp3 in the GARP-tDC group was significantly higher
than that in the other three groups. GARP-tDCs also sig-
nificantly inhibit the mRNA level of IFN-y and IL-17A.
IL-17A is also known as IL-17, and its deficiency has been
shown to reduce vascular inflammation and
atherosclerosis,’® while IFN-y has been found to contri-
bute to the instability of atherosclerosis by activating mul-
tiple pathways such as JAK/STAT.?” Thus we guessed that
the adoptive transmission of GARP-tDCs can improve
atherosclerosis by increasing CD4'CD25 Foxp3™ Treg
cells and inhibiting IFN-y and IL-17A.

Conclusion
Anti-inflammatory is an effective treatment for atherosclero-
sis, among which induction of atherosclerotic protective

dendritic cells may be a new treatment to prevent athero-
sclerosis. This study demonstrated for the first time that
overexpression of GARP can enhance the frequency and
immunosuppressive function of CD4"CD25" Foxp3" Tregs,
and adoptive transfer of GARP-tDCs can improve athero-
sclerosis in mice, but the specific mechanism remains to be
further studied. The application of GARP in cardiovascular
diseases also needs to be further explored, so to further
improve the inflammation theory of AS and provide a new
theoretical and experimental basis for targeted immunother-
apy of AS.
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