
Thymic Stromal Lymphopoietin Attenuates the Development
of Atherosclerosis in ApoE�/� Mice
Kunwu Yu, MD, PhD;* Pengfei Zhu, MS;* Qian Dong, MD, PhD;* Yucheng Zhong, MD, PhD;* Zhengfeng Zhu, MD, PhD;
Yingzhong Lin, MD, PhD; Ying Huang, BS; Kai Meng, MD, PhD; Qingwei Ji, MD, PhD; Guiwen Yi, MD, PhD; Wei Zhang, MD, PhD;
Bangwei Wu, MS; Yi Mao, BS; Peng Cheng, BS; Xiaoqi Zhao, MD, PhD; Xiaobo Mao, MD, PhD;† Qiutang Zeng, MD, PhD†

Background-—Thymic stromal lymphopoietin (TSLP) is a cytokine with multiple effects on the body. For one thing, TSLP induces
Th2 immunoreaction and facilitates allergic reaction; for another, it promotes the differentiation of naturally occurring
CD4+CD25+Foxp3+ regulatory T cells (nTregs) and maintains immune tolerance. However, the exact role of TSLP in atherosclerosis
remains unknown.

Methods and Results-—In vitro, we examined the phenotype of TSLP-conditioned bone marrow dendritic cells (TSLP-DCs) of
apolipoprotein E–deficient (ApoE�/�) mice and their capacity to induce the differentiation of Tregs. Our results indicated that
TSLP-DCs obtained the characteristics of tolerogenic dendritic cells and increased a generation of CD4+ latency-associated peptide
(LAP)+ Tregs and nTregs when cocultured with naive T cells. In addition, the functional relevance of TSLP and TSLP-DCs in the
development of atherosclerosis was also determined. Interestingly, we found that TSLP was almost absent in cardiovascular tissue
of ApoE�/� mice, and TSLP administration increased the levels of antioxidized low-density lipoprotein IgM and IgG1, but decreased
the levels of IgG2a in plasma. Furthermore, mice treated with TSLP and TSLP-DCs developed significantly fewer (32.6% and 28.2%,
respectively) atherosclerotic plaques in the aortic root compared with controls, along with increased numbers of CD4+LAP+ Tregs
and nTregs in the spleen and decreased inflammation in the aorta, which could be abrogated by anti-TGF-b antibody.

Conclusions-—Our results revealed a protective role for TSLP in atherosclerosis that is possibly mediated by reestablishing a
tolerogenic immune response, which may represent a novel possibility for treatment or prevention of atherosclerosis. ( J Am Heart
Assoc. 2013;2:e000391 doi: 10.1161/JAHA.113.000391)
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A therosclerosis is an inflammatory condition of the
arterial wall involving the cells of the innate and

adaptive immune system. It is now widely recognized that
chronic inflammation caused by T-cell–mediated pathogenic

responses plays an important role in atherogenesis.1

Recently, the pathogenic function of Th1 cells in atheroscle-
rosis has been convincingly demonstrated in murine
systems.2,3 Additional evidence supports that Th17 cells
and interleukin (IL)–17, which are related to autoimmunity
diseases, may play an important role in atherogenesis.4 In
contrast, other studies have demonstrated an atheroprotec-
tive effect for Th2 cells, CD4+CD25+Foxp3+ Tregs, and CD4+

latency-associated peptide (LAP)+ Tregs.5–7

Dendritic cells that are professional antigen-presenting
cells present different capacities based on different subtypes:
mature dendritic cells promote the differentiation of effector
T cells, whereas the function of immature or semimature
dendritic cells (tolerogenic DCs) is to maintain peripheral
T-cell tolerance.8 Tolerogenic dendritic cells (tDCs) excrete
large amounts of IL-10 and transforming growth factor–b
(TGF-b) and have an impaired ability to produce IL-12p70.9 It
has been demonstrated that conditioning dendritic cells with
TGF-b10 or IL-1011 promotes tDCs that induce Th2 cell
responses or the differentiation of CD4+CD25+ Foxp3+

regulatory T cells (nTregs). Moreover, tDCs are able to
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prevent acute graft-versus-host disease12 and autoimmune
diabetes.13 Recently, Hermansson et al found that the
injection of tolerogenic antigen-loaded dendritic cells atten-
uates atherosclerosis.14 Thus, tDCs may provide a new
treatment to prevent atherosclerosis.

As a member of the IL-7 cytokine family, thymic stromal
lymphopoietin (TSLP) is principally expressed by epithelial
cells mainly in the lung, skin, and gut.15,16 TSLP signals via a
TSLP receptor, which consists of a heterodimer of the IL-7
receptor a chain and the TSLP receptor chain and is widely
distributed on many immune cells, including DCs, T cells, B
cells, and mast cells as well as in tissues from the heart. In
the thymus, TSLP is selectively produced by epithelial cells of
Hassall’s corpuscles, and TSLP-activated dendritic cells
(TSLP-DCs) induced differentiation of CD4+Foxp3� thymo-
cytes into CD4+Foxp3+ Tregs.17 Recently, Taylor et al16

demonstrated that TSLP could maintain mucosa tolerance
through inhibiting Th1 and Th17 cells. In addition, Besin
et al18 found that TSLP and TSLP-conditioned DCs could
protect NOD mice against diabetes by inducing nTreg and
Th2-cell differentiation in the thymus and, subsequently, in
peripheral organs (spleen and lymph nodes). These studies
indicated that TSLP could affect the function of DCs and the
differentiation of naive T cells directly or indirectly.

Given these findings, we investigated whether murine TSLP
and TSLP-DCs alleviate atherosclerosis via rectifying the
imbalance between regulatory T cells and Th1 cells. We found
that TSLP treatment induced Tregs (nTregs and CD4+LAP+

Tregs) and Th2 cells. In addition, the treatment prevented
atherosclerosis through a TGF-b–dependent mechanism in
apolipoprotein E–deficient (ApoE�/�) mice. Our study is the
first to find that TSLP inhibits atherosclerotic plaque formation
by inducing a tolerogenic immune response in ApoE�/� mice.

Methods

Reagents and Antibodies
The cell culture medium for DCs and splenocytes was RPMI
1640 (Gibco) supplemented with 10% FCS (Gibco) and
100 U/mL streptomycin/penicillin. Human copper-oxidized
low-density lipoprotein (oxLDL) was obtained from Yuanyuan
Biotechnology of Zhongshan University (Guanzhou, China). In
brief, LDL was collected from the plasma of a healthy
volunteer,19 and then isolated LDL was oxidized by 10 lmol/
L copper sulfate for 24 hours at 37°C.20 GM-CSF (lot no.
050755-1), IL-4 (lot no. 1106CY49), and IL-2 (lot no.
0608108) were obtained from Peprotech (Rocky Hill, NJ).
Recombinant mouse TSLP (lot no. ELR0511061), anti-TSLP-
biotin antibody (cat no. BAF555), and anti-LAP-PE antibody
(lot no. AACP0809111) were from R&D Systems. Purified
anti-CD4 antibody (clone RM4-5) was from BD Systems

(Franklin). Anti-CD11c-FITC antibody (clone N418), anti-C-
D86-PE antibody (clone PO3.1), anti–programmed death ligand
1 (PD-L1)-PE antibody (clone MIH5), anti-CD4-FITC antibody
(clone GK1.5), anti-CD3 antibody (clone 17A2), anti-CD25-anti-
gen-presenting cell antibody (clone PC61.5), anti-Foxp3-PE
antibody (clone FJK-165), anti-interferon (IFN)-c-PE antibody
(clone XMG1.2), anti-IL-4-PE antibody (clone 11B11), anti--
IL-17A-PE antibody (clone eBio17B7), anti-Foxp3-biotin anti-
body (clone FJK-16s), and anti-CD11c-biotin antibody (clone
N418) were from eBioscience (San Diego, CA). Anti-MOMA-2
antibody (lot no. NG1904267) was fromMillipore, anti-SMA (lot
no. BM0002) was from Boster (China). Anti-TGF-b antibody
(clone 1D11) and control rat IgG were obtained from Thermo-
Fisher Scientific Inc.

Animals
Male C57BL/6 mice and ApoE�/� mice from a C57BL/6
background (Jackson Laboratory) were bred and maintained in
the Animal Center of Beijing University. The mice were kept
in-house in a specific pathogen-free facility (Tongji Medical
College) and were fed a normal chow diet or a Western-type
diet containing 0.15% cholesterol and 21% fat. The mice were
6 weeks old at the start of the experiment. Diet and water
were administered ad libitum. All experiments were carried
out in compliance with the guidelines of the Care and Use of
Laboratory Animals (Science and Technology Department of
Hubei Province, China).

Generation of Bone Marrow–Derived DCs
Bone marrow–derived DCs were generated with GM-CSF and
IL-4 as previously described.21 In brief, bone marrow was
isolated from ApoE�/� mice. Bone marrow cells were
depleted of red blood cells and were cultured with RPMI
1640 for 6 days in tissue culture plates at 37°C and 5.0%
CO2; 1640 culture medium was supplemented with 10% FCS,
100 U/mL penicillin, 100 U/mL streptomycin, 10 ng/mL
granulocyte-macrophage colony-stimulating factor, and
10 ng/mL IL-4. Purification of DCs from the differentiated
bone marrow cells was performed with a CD11c magnetic
cell-sorting kit (Miltenyi Biotec) according to the manufac-
turer’s instructions. After purification, dendritic cells were left
unstimulated (immature DCs [iDCs]) or exposed (48 hours) to
100 lg/mL oxLDL (oxLDL-DCs) or 20 ng/mL TSLP
(TSLP-DCs) in RPMI 1640. After 48 hours, the supernatants
were collected for ELISA analysis.

T-Cell and Bone Marrow–Derived DCs Cocultured
in Vitro
CD4+ T cells were purified from splenocytes of ApoE�/� mice
through a CD4+ T-cell-positive isolation Kit II (Miltenyi Biotec)
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according to the manufacturer’s instructions. CD4+CD25+

Tregs and CD4+CD25� T cells were isolated from total CD4+ T
cells by a CD4+CD25+ Regulatory T-Cell Isolation Kit (Miltenyi
Biotec). The purity of each population was >93% by fluores-
cence-activated cell sorter analysis. When cultured in RPMI
1640 in 24-well plates, 89105 CD4+ or CD4+CD25� T cells
were cocultured with 29105 iDCs, TSLP-DCs, or oxLDL-DCs in
each well for 7 days in the presence of 2 lg/mL anti-CD3
antibody and 4 ng/mL IL-2. The percentages of
CD4+CD25+Foxp3+ Tregs and CD4+LAP+ T cells were
detected by a fluorescence-activated cell sorter. The super-
natants were collected 48 hours later for cytokine quantifi-
cation using an ELISA kit (eBioscience).

Proliferation Assays
CD4+ or CD4+CD25+ T cells (29104 cells/well) were
incubated in RPMI 1640 with a combination of 2 lg/mL
anti-CD3 antibody and 4 ng/mL IL-2 in the absence of
bone marrow–derived DCs or in the presence of iDCs,
TSLP-DCs, or oxLDL-DCs (59103 cells/well) in 96-well
plates for 48 hours. The cells were pulsed with 1 lCi
[3H]thymidine/well during the last 18 hours, and their
radioactivity was assayed.

Animal Groupings
For analysis of TSLP expression, 6-week-old male C57BL/6
mice were given normal chow diet or a Western-type diet for
10 weeks, and ApoE�/� mice were given a Western-type diet.
Six-week-old male ApoE�/� mice were injected subcutane-
ously in the nuchal area with recombinant mouse TSLP
(600 ng�250 lL�1�mouse�1�day�1) or PBS for 6 consecutive
days. For the dendritic cell transfer experiments, 6-week-old
male ApoE�/� mice received 1 intravenous injection of iDCs,
TSLP-DCs, oxLDL-DCs (29106 cells/mouse), or PBS alone
(the no-DC group). For the neutralization experiment, the mice
were subcutaneously given 600 ng of TSLP daily for 6 days
and then were injected with 100 lg of neutralizing anti-TGF-b
antibody or control rat IgG once a week from the age of 7 to
16 weeks. Five days after treatment with TSLP or DCs, a
Western-type diet was administered for 10 weeks. There were
6 to 9 mice in each group.

Real-Time Polymerase Chain Reaction
Total RNA from dendritic cells, splenocytes, the heart, or the
abdominal aorta of each mouse was prepared using Trizol
Plus (Takara). cDNA was transcribed from purified RNA using
an RNA PCR Kit (Takara). Real-time polymerase chain
reaction (PCR) was performed using One Step SYBR Green
Mix (Takara) and ABI Prism 7900 Sequence Detection

System (Applied Biosystems) according to the manufactur-
ers’ instructions. Melting curves established the purity of the
amplified band after 40 cycles of 30 seconds at 94°C,
30 seconds at 57°C, and 30 seconds at 72°C. Amplification
reactions were performed in duplicate, and all mRNA
expression was calculated using the comparative CT method
formula 2�ΔΔct. The data were presented and normalized to
GAPDH. All primers used are shown in Table 1.

Western Blot
Total protein of heart tissue and thoracic aorta was extracted
with a Total Protein Extraction Kit (Pierce/Thermo Scientific).
Protein concentration was determined by a BCA Protein
Assay Kit (Pierce). Samples containing 50 g of protein were
separated on a 10% SDS-PAGE and electrotransferred onto
nitrocellulose membranes. Membranes were sequentially
blocked in TBST containing 5% skim milk and then incubated
with anti-TSLP-biotin antibody (1:1000; R&D Systems) and
anti-b-actin (1:1000; Abcam) at 4°C overnight. After washing,
the membranes were then further incubated with HRP-
conjugated secondary antibody (1:5000, 37°C, 2 hours).
The target bands were finally washed and developed with
super ECL reagent (Thermo Scientific) and semiquantitatively
analyzed using densitometric methods.

Table 1. Real-Time RT-PCR Primer Sequences

Molecule Sequence (5′-3′)

TGF-b1 sense CAGTGGCTGAACCAAGGAGAC

TGF-b1 antisense ATCCCGTTGATTTCCACGTG

IL-12p40 sense ATCGTTTTGCTGGTGTCTCC

IL-12p40 antisense CTTTGTGGCAGGTGTACTGG

Foxp3 sense CACCTATGCCACCCTTATCC

Foxp3 antisense CGAACATGCGAGTAAACCAA

IL-4 sense ACGAGGTCACAGGAGAAGGGA

IL-4 antisense AGCCCTACAGACGAGCTCACTC

IL-10 sense ATGCTGCCTGCTCTTACTGACTG

IL-10 antisense CCCAAGTAACCCTTAAAGTCCTGC

IFN-c sense AGAGCCAGATTATCTCTTTCTACCTCAG

IFN-c antisense CCTTTTTCGCCTTGCTGTTG

GAPDH sense TGCAGTGGCAAAGTGGAGATT

GAPDH antisense TTGAATTTGCCGTGAGTGGA

TSLP sense TGCAAGTACTAGTACGGATGGGGC

TSLP antisense GGACTTCTTGTGCCATTTCCTGAG

All these primers were synthesized by Invitrogen in Shanghai. IFN indicates interferon;
IL, interleukin; RT-PCR, real-time polymerase chain reaction; TGF-b, transforming growth
factor–b; TSLP, thymic stromal lymphopoietin.
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Cytokine and Antibody ELISA
The supernatants of the cultured DCs, splenocytes, and mouse
plasma were collected for ELISA analysis (eBioscience).
Cytokines for ELISA contained IL-4, IFN-c, IL-12p70, and
TGF-b1. All procedures followed the instructions of the
product manual. To quantify oxLDL-specific antibodies, plates
were coated with 100 lg/mL native acetyl- or oxLDL, washed,
and blocked. And then plasma harvested from mice was added
at an optimized 1:50 dilution, and specific detection antibodies
for IgG1, IgG2a, and IgM (BD Biosciences) were added. The OD
value was read at 630 nm.

Flow Cytometry
Two weeks after the administration of DCs or TSLP, the
monocytes from the spleen were isolated with Ficoll-Paque
Plus, and RCLB was used to remove the erythrocytes. For
detection of CD4+LAP+ Tregs, the cells were first stained with
anti-LAP and anti-CD4 as described previously.22 For detection
of CD4+CD25+Foxp3+ Tregs, the cells were stained with anti-
CD4-FITC and anti-CD25-PE and then stained with anti-Foxp3-
antigen-presenting cells after fixation and permeabilization
according to the manufacturer’s instructions. For analysis of
Th1 (CD4+IFN-c+), Th2 (CD4+IL-4+), and Th17 (CD4+IL-17+), the
monocytes were suspended at a density of 29106 cells/mL in
complete culture medium. The cell suspension in 1 mL of
mediumwas transferred to each well of 24-well plates. Cultures
were stimulated with phorbol myristate acetate (20 ng/mL)
plus ionomycin (1 lg/mL) from Alexis Biochemicals for
4 hours in the presence of 2 lmol/mL monensin (Alexis
Biochemicals). The incubator was set at 37°C under a 5% CO2

environment. After 4 hours of culture, the monocytes were
collected for staining according to the instructions. Fixation and
permeabilization were necessary before staining with IFN-c,
IL-4, or IL-17 antibody. Isotype controls were given to enable
correct compensation and confirm antibody specificity. For
analysis of the characterization for cultured DCs, the purified
CD11c cells were stained with CD86-PE or PD-L1-PE for
30 minutes. Flow cytometric acquisitionwas performed using a
FACSCalibur (BD Immunocytometry Systems), and all analyses
were performed using Flowjo software (Treestar Inc).

Weight and Lipids
The weight of each mouse was recorded 2, 4, 6, 8, 10 weeks
following the start of the Western-type diet. The plasma was
isolated from the blood of mice by centrifugation at 1200g for
10 minutes after clotting at room temperature. Total choles-
terol, high-density lipoprotein cholesterol, and triglyceride
plasma levels were measured by enzymatic assay and
determined with an autoanalyzer (Hitachi 917).

Atherosclerotic Lesion and Heart Tissue Analysis
Atherosclerosis lesions were quantified in the aortic sinus and
descending thoracic aorta, as previously described.23 In brief,
the hearts including the aortic roots, which were parallel to
the atria, were prepared, and sections were fixed in 4%
formaldehyde, processed, and embedded in optimum cutting
temperature (OCT) compound. Five- to seven-micrometer
sections of the aortic sinus were cut at 35-lm intervals
starting from the 3-valve cusps. In addition, the descending
thoracic aorta were dissected and fixed, opened longitudi-
nally, and pinned onto black wax plates. All the above
specimens were stained with Oil Red O and hematoxylin. For
plaque area measurement in each mouse, Image-Pro Plus 6.0
(Media Cybernetics) was used. Furthermore, the fibrous area
was stained by Masson trichrome.

For immunohistochemical analysis, 5- to 7-lm serial
cryostat sections of aortic sinus adjacent to the Oil Red
O–stained sections and the aorta tissue were prepared. The
staining was performed with the following molecule-specific
antibodies: purified anti-monocyte/macrophage (MOMA)-2
antibody (1:200) for monocyte and macrophages, purified
anti–smooth muscle actin antibody (1:200) for smooth
muscle cells, purified anti-CD4 antibody (1:50) for T cells,
anti-TSLP-biotin antibody (1:100) for TSLP+ cells, anti-
Foxp3-biotin antibody (1:100) for Tregs, and anti-CD11c-biotin
antibody (1:100) for DCs. For purified antibodies, staining was
visualized using biotinylated secondary antibodies. For bioti-
nylated antibodies, staining was visualized using streptavidiny-
lated secondary antibodies and detected with the ABC/DAB
system. Macrophages, smooth muscle cells, TSLP+ cells, and
DCs were quantified by assessing the percent positive area of
total plague for each marker. CD4+ T cells and Tregs were
assessed by counting the number of cells stained positive per
meter squared in plaque area.

Statistical Analysis
Results are expressed as the mean�SD unless indicated
otherwise. Comparisons between 2 groups were performed
by the Student t test when data were normally distributed
and group variances were equal. The Mann–Whitney rank
sum test was used when data were not normally distributed
or if group variances were unequal. One-way ANOVA was
used for multiple comparisons between ≥3 groups followed
by the Holm–Sidak test when data were normally distrib-
uted and group variances were equal. The Kruskal–Wallis
test followed by the Dunn test was used when group data
were not normally distributed or if group variances were
unequal. The software used for statistical analysis was
GraphPad Prism 6.0. The significance level was set at
P<0.05.
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Results

TSLP Is Almost Absent in Cardiovascular Tissue
of ApoE�/� Mice
TSLP is expressed predominantly by epithelial cells in the
thymus, lung, skin, and intestine as well as stromal cells.24

However, the expression of TSLP in atherosclerotic tissue has
not been previously investigated.

We examined the expression of TSLP in murine by PCR,
Western blot, and immunohistochemistry. Immunostaining
and quantitative PCR demonstrated significantly lower expres-
sion of TSLP in hearts from ApoE�/� mice fed a Western-type
diet versus C57BL/6 control mice or C57BL/6 mice with a
Western-type diet (Figure 1A and 1B). In addition, the results
of the Western blot were similar to the immunostaining
(Figure 1C). Meanwhile, expression of TSLP was detected in
the aorta. Surprisingly, very few TSLP+ cells were detected
in the aortic roots of ApoE�/� mice, whereas abundant
expression was found in the hearts of C57BL/6 mice
irrespective of Western-type diet (Figure 1D), and TSLP mRNA
was also inhibited in the aortas of ApoE�/� mice (Figure 1E).
Furthermore, the results of the Western blot were similar to
the immunostaining (Figure 1F).

Characterization of Cultured DCs
As oxLDL promotes dendritic cells to maturate and differen-
tiate strongly25 and plays an important role in the progression
of atherosclerosis, we chose oxLDL as a positive control. The
oxLDL-treated DCs displayed distinct upregulation in mean
fluorescence intensity of the costimulatory factor CD86
(192.0�22.3 versus 41.1�6.7, P=0.0002; Figure 2A and
2B), but almost did not affect the expression of the
coinhibitory molecule PD-L1 (Figure 2A and 2B). In contrast,
TSLP enhanced the expression of CD86 modestly and
improved the mean fluorescence intensity of PD-L1 markedly
on DCs (81.9�11.3 versus 41.1�6.7, P=0.0156, and
320.0�43.0 versus 159.0�24.0, P=0.0030, respectively;
Figure 2A and 2B). mRNA expression and secretion of
inflammation factor IL-12 from DCs were significantly
increased after uptake of oxLDL, but the levels were mostly
unaffected following treatment of TSLP (Figure 2C and 2D).
Furthermore, expression of the atheroprotective factor TGF-b
was increased dramatically for TSLP-DCs (Figure 2C and 2E).

TSLP-DCs Differentiate CD4+ T Cells Into
Protective CD4+CD25+Foxp3+ Tregs, CD4+LAP+

Tregs, and Noninflammatory Th2 Cells
To assess the functional activity of TSLP-DCs, we cocultured
TSLP-DCs with splenic CD4+ T cells. When compared with

iDCs, CD4+ T cells activated in the presence of TSLP-DCs
contained nearly double the number of CD4+CD25+Foxp3+

Treg cells (7.6�0.5% versus 3.3�0.4%, P<0.0001; Figure 3B)
and almost 7-fold more CD4+LAP+ Tregs (3.67�0.56% versus
0.52�0.20%, P<0.0001; Figure 3C). In addition, CD4+ T cells
cocultured with TSLP-DCs produced a 4-fold greater amount
of IL-4 and low amounts of IFN-c (Figure 3D). In addition, only
moderate proliferation of CD4+ T cells was induced by
anti-CD3 and IL-2, whereas a combination of anti-CD3 and
IL-2 with iDCs, TSLP-DCs, or oxLDL-DCs induced 3.3-, 3.5-,
and 3.7-fold increases in CD4+ T-cell proliferation, respec-
tively (Figure 3E).

We next tested whether the increased number of Tregs in
splenic CD4+ T cells cocultured with TSLP-DCs resulted from
an expansion of Tregs or differentiation of the Tregs. Purified
CD4+CD25+ T cells were cultured without DCs or with iDCs,
TSLP-DCs, or oxLDL-DCs. The results indicated that iDCs or
oxLDL-DCs weakly induced proliferation, whereas TSLP-DCs
promoted strong proliferation (Figure 3F), as previously
reported.17,18 We found that CD4+CD25� T cells could not
differentiate into CD4+CD25+Foxp3+ T cells without DCs after
7 days of culturing. Furthermore, compared with that in the
iDC-treated group, the percentage of CD4+CD25+Foxp3+ T
cells from CD4+CD25� T cells significantly increased in the
presence of TSLP-DCs (Figure 3G).

TSLP Treatment Inhibits Atherosclerosis in
ApoE�/� Mice
To investigate the capacity of TSLP to protect against
atherosclerosis, we evaluated the severity of atherosclerosis
by comparing morphological and histological changes
between TSLP-treated and PBS-treated mice. The mice
treated with TSLP developed a substantially smaller athero-
sclerotic lesion size in the aortic sinus compared with
PBS-treated control mice (3.20�0.489105 lm2 versus
4.75�0.859105 lm2, P=0.0004; Figure 4A and 4B). Simul-
taneously, the atherosclerotic lesions of TSLP-treated
mice showed a marked 25% reduction in the accumula-
tion macrophages (28.25�9.72% versus 53.13�12.29%,
P=0.0005; Figure 4A and 4C) and also a 3-fold increase in
Foxp3+ Treg cell infiltration (Figure 4A and 4D). Furthermore,
we performed a-smooth muscle actin, Masson, CD4, and
CD11c staining of the plaques and found no statistically
significant difference in staining between TSLP-treated mice
and PBS-treated mice (Figures 4A, 4E, 4F, and 5). In
addition, we also observed a lower plaque burden in thoracic
aorta when giving TSLP treatment (Figure 5). TSLP also
affected body weight growth (5.3�0.8 versus 7.3�1.3 g,
P=0.0053; Table 2), but did not affect total plasma choles-
terol, high-density lipoprotein cholesterol, and triglycerides
(Tables 3, 4, and 5).
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Figure 1. Expression of TSLP on cardiovascular tissue. A and D, Representative images of TSLP staining in the heart and the aorta. B and E,
Quantitative PCR analysis of TSLP gene expression in the heart and the aorta (median with 25th and 75th percentiles; Kruskal–Wallis test;
#P=0.0915, **P=0.0013). C and F, Representative images and intensity analysis of Western blot for the levels of cardiac (***P=0.0007) and aorta
TSLP protein (median with 25th and 75th percentiles; Kruskal–Wallis test; #P=0.9999; **P=0.0022) from each treatment. Data are shown as the
average�SD of 3 to 6 independent experiments. Black bar=100 lm. ****P<0.0001. ND indicates normal diet; PCR, polymerase chain reaction;
SD, standard deviation; TSLP, thymic stromal lymphopoietin; WTD, Western-type diet.
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TSLP-DCs Prevent Atherosclerosis in ApoE�/�

Mice
To evaluate whether the observed TSLP atheroprotection was
associated with the tolerogenic function of dendritic cells, we
treated mice intravenously without DCs or with different types
of DCs, including TSLP-DCs, oxLDL-DCs, and iDCs. There was
a 28.2% reduction in atherosclerotic lesion size for mice
administered TSLP-DCs compared with mice given no DC
treatment (3.23�0.809105 lm2 versus 4.67�0.629105

lm2, P=0.0047; Figure 6A and 6B). In contrast, treatment
with oxLDL-DCs increased the severity of atherosclerotic
lesion (5.9�1.09105 lm2 versus 4.67�0.629105 lm2,
P=0.0074; Figure 6A and 6B). Simultaneously, there was a
decreased percentage of MOMA-2+ macrophages and an
obvious increase in Treg infiltration in the atherosclerotic
lesions of mice that received TSLP-DCs compared with those
that received no DC treatment (30.38�14.22% versus
54.63�16.46%, P=0.0391; and 65 [25th and 75th percen-
tiles, 45 and 78] versus 12 [25th and 75th percentiles,
6 and 18], P=0.0158, respectively; Figure 6A, 6C, and 6D)

and an increased percentage of MOMA-2+ macrophages
observed in oxLDL-DC-treated mice though not significantly
(62.01�16.29% versus 54.63�16.46%, P=0.6304; Figure 6A
and 6C). There were no significant a-smooth muscle actin,
collagen, and CD11c changes in each group (Figures 6A, 6E,
6F, and 7). Similar to TSLP treatment, administration of
TSLP-DCs also led to a slight but not significant decrease in
CD4+ T cells (Figure 7). In thoracic aorta, TSLP-DCs also led to
a lower plaque burden compared with controls (Figure 7).
Interestingly, TSLP-DC treatments slightly decreased body
weight growth (5.2�1.1 versus 7.4�0.8 g; Table 2) and did
not affect total plasma cholesterol, high-density lipoprotein
cholesterol, and triglycerides (Tables 3, 4, and 5) in ApoE�/�

mice.

TSLP and TSLP-DCs Induce Th2, CD4+LAP+ Tregs,
and CD4+CD25+Foxp3+ Treg Cells, but Suppress
Th1 Cells In Vivo
We next investigated whether TSLP atheroprotection was
dependent on the induction of Tregs by tolerogenic dendritic

Figure 2. Characterization of TSLP-DCs. A, After being cultured for 2 days under different conditions, BM-DCs (29105 cells/well) were stained
with specific antibodies against CD86 and PD-L1 and analyzed by FACS. B, Mean fluorescence intensities (MFIs) for CD86 (*P=0.0156,
***P=0.0002) and PD-L1 (**P=0.0030 for both) were quantified. C, Quantitative PCR analysis of IL-12 (***P=0.0003) and TGF-b (*P=0.0135;
***P=0.0008) for the DCs in different groups. D, Quantification of IL-12 by ELISA in the supernatants of each group (#P=0.5435).
E, Quantification of TGF-b by ELISA (***P=0.0002). Data are shown as the average�SD of 3 to 5 independent experiments. ****P<0.0001. BM
indicates bone marrow; DCs, dendritic cells; ELISA, enzyme-linked immuno sorbent assay; FACS, fluorescence-activated cell sorting; IL,
interleukin; oxLDL, oxidized low-density lipoprotein; PCR, polymerase chain reaction; PD-L1, programmed death ligand 1; SD, standard deviation;
TGF-b, transforming growth factor-b; TSLP, thymic stromal lymphopoietin.
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Figure 3. Coculture of BM-DCs and T cells. A, Representative FACS analysis of the percentages of nTregs and CD4+LAP+ Tregs in CD4+ splenic
T cells after 7 days of culturing. B and C, Graphs represent the average percentages of nTregs and CD4+LAP+ Tregs in CD4+ splenic T cells. D,
Quantification of IFN-c (#P=0.0578 vs no DCs; #P=0.8652 vs iDCs) and IL-4 released by CD4+ T cells. E and F, Proliferative response of purified
CD4+ (#P=0.5676, *P=0.0163) or CD4+CD25+ T cells exposed to different stimulus. G, Conversion of naive CD4+CD25� T cells into
CD4+CD25+Foxp3+ T cells under different conditions (**P=0.0019; ***P=0.0003). Data are shown as the average�SD of 3 to 5 independent
experiments. ****P<0.0001. APC indicates allophycocyanin; BM, bone marrow; DCs, dendritic cells; iDCs, immature DCs; FITC, fluorecein
isothiocyanate; IFN, interferon; IL, interleukin; LAP, latency-associated peptide; oxLDL, oxidized low-density lipoprotein; PE, phycoerythrin; SD,
standard deviation; TSLP, thymic stromal lymphopoietin.
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cells in vivo. As TSLP-DC induction of the differentiation of
nTregs in the thymus has been proven in humans17 and
mice18 and central immunity ultimately affects the develop-
ment of autoimmunity diseases through peripheral immunity,
we examined CD4+ T-cell subtypes in the spleen 2 weeks
after the end of treatment administration. We found that TSLP
treatment significantly increased the percentage of Th2
(1.87�0.40% versus 0.69�0.22%, P<0.0001), CD4+LAP+

Tregs (3.92 [25th and 75th percentiles, 2.40 and 5.13]
versus 1.22% [25th and 75th percentiles, 0.41% and 1.48%],

P=0.0022), and CD4+CD25+Foxp3+ Tregs (11.23�3.01%
versus 6.32�1.40%, P=0.0046) in CD4+ T cells of ApoE�/�

mice compared with controls (Figure 8B and 8C), but
markedly inhibited the percentage of Th1 cells (13.3�1.9%
versus 26.8�3.4%, P<0.0001). Furthermore, TSLP did not
affect Th17 significantly (Figure 8C). Surprisingly, similar
results were discovered in the spleens of mice administered
TSLP-DC treatment (Figure 9). In contrast, oxLDL-DC injection
promoted proinflammatory Th1 cells (29.0�2.6% versus
23.8�2.4%, P=0.0058; Figure 9B) and did not affect the

Figure 4. TSLP inhibits the development of atherosclerosis (Ι). A, Representative sections of aortic sinus stained with the Oil Red O and
antibodies specific for MOMA-2 for macrophages, Foxp3 for Tregs, a-smooth muscle actin staining, and collagen staining in ApoE�/� mice in
different groups (PBS and TSLP) at 16 weeks. Black bar=200 or 100 lm (Foxp3); black arrows indicate examples of Foxp3-positive cells. B
through F, Quantitative analysis of lesion size (***P=0.0004), MOMA-2 (***P=0.0005), Foxp3 (**P=0.0066), a-SMA (#P=0.4424), and collagen
(#P=0.5900) staining in different groups (PBS and TSLP). Values are presented as mean�SD, n=7 to 9. MOMA indicates monocyte/macrophage;
SD, standard deviation; SMA, smooth muscle actin; TSLP, thymic stromal lymphopoietin.
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development of CD4+LAP+ Tregs (0.96�0.29% versus
1.04�0.52%, P=0.9760; Figure 9C), and CD4+CD25+Foxp3+

Tregs (7.02 [25th and 75th percentiles, 5.41 and 7.15] versus
6.16% [25th and 75th percentiles, 5.28% and 7.75%],
P=0.9580; Figure 9C).

The Atheroprotective Effect of TSLP Is Associated
With Downregulation of Systemic Inflammation
We tested changes in inflammatory cytokines in the spleen,
plasma, and descending aorta. In plasma, the levels of TGF-b1

Figure 5. TSLP inhibits the development of atherosclerosis (Π). A, Representative photographs of Oil Red O staining in the surface lesion area of
the thoracic aorta. B, Representative sections of aortic sinus stained with antibodies specific for CD4 for T cells and CD11c for dendritic cells in
ApoE�/� mice in different groups (PBS and TSLP) at 16 weeks. Black bar=100 lm; black arrows indicate examples of CD4-positive cells. C
through E, Quantitative analysis of the percent lesion area of total vessel area (*P=0.0104), number of CD4-positive cells (#P=0.0878), and
percent of CD11c staining area (#P=0.6022). Values are presented as the mean�SD, n=6. SD indicates standard deviation; TSLP, thymic stromal
lymphopoietin.

Table 2. Body Weight in All Groups

Body Weight, g

PBS TSLP No DCs iDCs oxLDL-DCs TSLP-DCs

6 Weeks 20.7�1.0 20.9�1.2 21.7�1.1 21.0�1.2 21.3�1.3 21.2�1.1

16 Weeks 28�1.4 26.2�1.1 29.1�1.5 28.5�1.3 27.4�1.4 26.4�1.5

Growth 7.3�1.3 5.3�0.8** 7.4�0.8 7.5�0.9# 6.1�1.4# 5.2�1.1*

Values are presented as the mean�SD, n=6. DCs indicates dendritic cells; iDCs, immature DCs; oxLDL, oxidized low-density lipoprotein; TSLP, thymic stromal lymphopoietin.
**P=0.0053 vs PBS *P=0.0104 vs no DCs; #P=0.1421 for oxLDL-DCs vs no DCs; #P=0.8740 for iDCs vs no DCs.

DOI: 10.1161/JAHA.113.000391 Journal of the American Heart Association 10

TSLP Immunotherapy of Atherosclerosis Yu et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on N
ovem

ber 6, 2017
http://jaha.ahajournals.org/

D
ow

nloaded from
 

http://jaha.ahajournals.org/


and IL-4 were increased and detectable in mice that received
TSLP (Figure 10A and 10B) or TSLP-DCs (Figure 10C and 10D),
whereas levels of IFN-c and IL-12 were very low and nearly
undetectable. In contrast, oxLDL-DC injection increased IFN-c
and IL-12 levels, and they were detectable (Figure 10C). We
found that mRNA expression of TGF-b1 was slightly upreg-
ulated in the spleens and descending aortas of mice that
received oxLDL-DCs compared with controls. mRNA levels
were significantly upregulated in mice that received TSLP
injection (Figure 10E and 10F) and TSLP-DC treatment
(Figure 10G and 10H). Surprisingly, the expression of another
anti-inflammatory factor, IL-10, was similar to that of TGF-b1.
Furthermore, oxLDL-DC administration increased the expres-
sion of IFN-c in the spleen and aorta, but TSLP and TSLP-DC
treatments inhibited this effect (Figure 10E through 10H). The
expression of Foxp3 in aorta was very low in mice from other
groups except for the mice administered TSLP (Figure 10E).
The injection of oxLDL-DCs also promoted IL-12 expression in

the spleen and aorta, but TSLP-DCs did not (Figure 10G and
10H).

OxLDL-Specific Antibodies Are Induced in the
Plasma of ApoE�/� Mice by TSLP Treatment
Atherosclerosis is related to antibody formation of oxidatively
modified LDL, and the levels of this antibody can predict the
progression of atherosclerosis in humans.26 All the above
assayed effects involved TSLP modulating cellular immunity,
but we also investigated whether there was a humoral
immunity response to TSLP treatment by quantifying plasma
antibody titers. Th1 cells induced IgG2a production, whereas
Th2 cells facilitated IgG1 and IgE synthesis. Here we assessed
the levels of oxLDL-specific antibodies. Our results indicated
that more IgM and IgG1 but less IgG2a were produced in
TSLP-treated mice compared with the controls 2 weeks after
TSLP administration (Figure 10I).

Table 3. Total Cholesterol Levels in All Groups

Cholesterol, mg/dL

PBS TSLP No DCs iDCs oxLDL-DCs TSLP-DCs

6 Weeks 202.1�22.8 192.2�27.3 187.4�27.0 190.2�25.4 199.1�24.0 194.9�26.5

9 Weeks 354.5�65.2 345.6�55.6 325.4�58.8 363.3�63.0 359.4�56.2 330.9�68.1

13 Weeks 598.3�104.2 543.9�93.3 545.6�83.6 576.4�92.5 607.3�92.6 561.1�90.0

16 Weeks 645.6�145.6 732.2�113.3# 691.7�113.0 709.3�134.8 715.3�117.7# 723.0�127.4#

Values are presented as the mean�SD, n=6. DCs indicates dendritic cells; iDCs, immature DCs; oxLDL, oxidized low-density lipoprotein; TSLP, thymic stromal lymphopoietin.
#P= 0.2772 for TSLP vs PBS; #P=0.9989 for oxLDL-DCs vs no DCs; #P=0.9986 for TSLP-DCs vs no DCs.

Table 4. HDL Cholesterol Levels in All Groups

HDL Cholesterol, mg/dL

PBS TSLP No DCs iDCs oxLDL-DCs TSLP-DCs

6 Weeks 10.1�1.7 9.8�1.8 9.1�2.0 9.8�1.4 10.9�2.3 10.7�1.9

16 Weeks 46.4�8.4 49.8�8.6# 49.8�7.1 48.7�9.2 51.1�8.1# 52.5�10.0#

Values are presented as the mean�SD, n=6. DCs indicates dendritic cells; HDL, high-density lipoprotein; iDCs, immature DCs; oxLDL, oxidized low-density lipoprotein; TSLP, thymic
stromal lymphopoietin.
#P=0.5021 for TSLP vs PBS #P=0.9904 for oxLDL-DCs vs no DCs; #P=0.9892 for TSLP-DCs vs no DCs.

Table 5. Triglycerides Levels in All Groups

Triglycerides, mg/dL

PBS TSLP No DCs iDCs oxLDL-DCs TSLP-DCs

6 week 57.8�16.3 59.6�14.9 63.5�17.3 57.6�14.9 61.8�14.4 59.3�17.4

16 week 828.8�188.4 662.7�143.8# 801.8�219.8 814.5�150.8 802.4�175.1# 737.5�163.0#

Values are presented as the mean�SD, n=6. DCs indicates dendritic cells; iDCs, immature DCs; oxLDL, oxidized low-density lipoprotein; TSLP, thymic stromal lymphopoietin.
#P=0.1168 for TSLP vs PBS; #P=0.9991 for oxLDL-DCs vs no DCs; #P=0.9789 for TSLP-DCs vs no DCs.
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Neutralization of TGF-b In Vivo Abrogates the
Effect of TSLP on Atherosclerosis
Our PCR and ELISA data for cytokine production in vivo and in
vitro indicated that TGF-b is increased markedly by TSLP
treatment. In addition, previous studies indicated that TGF-b
plays a crucial role in the suppressive function of nTregs27 and
CD4+LAP+ Tregs.28 To determine whether TGF-b is directly

involved in inhibiting plaque formation after TSLP treatment,
we performed a TGF-b neutralization study. TSLP-treated mice
that received anti-TGF-b neutralizing antibody presented
significantly increased atherosclerotic lesion formation and
macrophages and CD4+ T-cell accumulations in the plaques,
compared with TSLP-treated mice receiving isotype-matched
antibodies (Figure 11).

Figure 6. TSLP-DCs attenuate the development of atherosclerosis (Ι). A, Representative sections of aortic sinus stained with Oil Red O and
antibodies specific for MOMA-2 for macrophages, Foxp3 for Tregs, a-smooth muscle actin staining, and collagen staining in ApoE�/� mice in
different groups (no DCs, iDCs, oxLDL-DCs, and TSLP-DCs) at 16 weeks. Black bar=200 or 100 lm (Foxp3); black arrows indicate examples
Foxp3-positive cells. B through F, Quantitative analysis of lesion size (**P=0.0074 vs oxLDL-DCs; **P=0.0047 vs TSLP-DCs), MOMA-2
(#P=0.6304; *P=0.0391), Foxp3 (median with 25th and 75th percentiles; Kruskal–Wallis test; *P=0.0158), a-SMA (#P=0.9994 vs TSLP-DCs;
#P=0.9647 vs oxLDL-DCs), and collagen (#P=0.9878 vs TSLP-DCs; #P=0.9878 vs oxLDL-DCs) staining in different groups. Values are presented as
the mean�SD, n=7 to 9. DCs indicates dendritic cells; iDCs, immature DCs; MOMA, monocyte/macrophage; oxLDL, oxidized low-density
lipoprotein; SD, standard deviation; SMA, smooth muscle actin; TSLP, thymic stromal lymphopoietin.
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Discussion
Recently, CD4+LAP+ Tregs were identified as a new subset
of Tregs that suppress atherosclerosis7,29 and colitis28 in
mice through the production of TGF-b. In addition, previous
data suggested that TGF-b plays a crucial role in the
suppressive function of nTregs27 and CD4+LAP+ Tregs.28

Furthermore, TSLP can induce differentiation of Tregs30

directly via TSLP receptors on CD4+ T cells and generate
Tregs indirectly via tolerogenic DCs, which produce large
amounts of TGF-b.18 These findings suggest that TSLP
receptors exist not only on DCs but also on CD4+ T cells. In
combination with our results, we will discuss the functional
relevance of TSLP, DCs, nTregs/CD4+LAP+ Tregs, and TGF-b
in atherosclerotic mice. In addition to the effects on cellular
immunity, we found that humoral immunity is also affected
by TSLP.

First, we investigated the expression of TSLP in athero-
sclerotic mice with ApoE knockout and hypercholesterolemic
features. We found that TSLP was nearly absent in ApoE�/�

mice but was expressed normally in C57BL/6 mice. This led
to doubt about whether the disorder of lipid metabolism
contributes to the inhibition of TSLP in atherosclerotic mice
compared with C57BL/6 mice. Similarly, Turcot et al31

discovered lower TSLP expression in visceral adipose tissue
from obese men compared with those without metabolic
syndrome. Many studies have also implicated type 2
cytokines such as IL-33 as having beneficial effects on
obesity and metabolism through inducing the accumulation of
Th2 cells and alternatively activated macrophages (M2) in
adipose tissue.32 Although these findings are associated with
ours, including a slight but not significant triglyceride
decrease and obvious weight restriction by TSLP administra-
tion, further studies will be needed to validate the function of
TSLP in the inflammation in obesity.

In humans and mice, stimuli such as oxLDL25 or LPS18

induce the maturation of dendritic cells through upregulating
the expression of MHC II, CD80, CD86, and CD40 and
increasing the secretion of IL-12, IL-6, and TNF-a, which
induce Th1 differentiation. However, Besin et al18 and
Hanabuchi et al33 found that TSLP promotes a phenotype of
tolerogenic semimature dendritic cells at a concentration of
20 to 50 ng/mL. Consistent with its effect on DCs in a model
of diabetes or in the thymus in those experiments, TSLP
induced tDCs in ApoE�/�mice at a concentration of 20 ng/mL
but not at a concentration of 2 or 200 ng/mL. Unlike
oxLDL-DCs, the TSLP-DCs of ApoE�/� mice displayed
weaker CD86 expression and blunted their production of

Figure 7. TSLP-DCs attenuate the development of atherosclerosis (Π). A through C, Quantitative analysis of the percent lesion area of total
vessel area (*P=0.0270), number of CD4-positive cells (#P=0.7448), and percent of CD11c staining area (#P=0.9998) in different groups (no DCs,
iDCs, oxLDL-DCs, and TSLP-DCs) at 16 weeks. Values are presented as the mean�SD, n=5 to 6. DCs indicates dendritic cells; iDCs, immature
DCs; oxLDL, oxidized low-density lipoprotein; SD, standard deviation; TSLP, thymic stromal lymphopoietin.
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inflammatory cytokines (IL-12p70 and IFN-c). Consistent with
our results, other groups have found that TSLP switches off
the production of IL-12p70, TNF-a, and IFN-c by dendritic cells
in humans.8,34,35 Furthermore, TSLP significantly upregulates

the secretion of TGF-b for DCs and the mean fluorescence
intensity of coinhibitory molecule PD-L1, which plays an
important role in the induction of Tregs and in downregulating
the proatherogenic T-cell response and atherosclerosis by

Figure 8. Effects of TSLP administration on nTregs, CD4+LAP+ Tregs, and Th1, Th2, and Th17 cells in spleens in ApoE�/� mice on days 14. A,
CD4+ T-cell subsets were gated (a). Representative pictures of nTregs (b), CD4+LAP+ Tregs (c), Th1 (d), Th2 (e), and Th17 (f) are shown. Numbers
in upper right quadrants indicate percentages of these cells. B, Results of statistical analysis of average percentages of nTregs (**P=0.0046) and
Th1 cells in different groups (PBS and TSLP). C, Results of statistical analysis of average percentages of CD4+LAP+ Tregs (median with 25th
and 75th percentiles; Mann–Whitney rank sum test; **P=0.0022), and Th2 and Th17 cells (#P=0.5786) in different groups (PBS and TSLP).
Six mice were analyzed for each group. Values are presented as the mean�SD. ****P<0.0001. APC indicates allophycocyanin; IFN, interferon;
IL, interleukin; LAP, latency-associated peptide; SD, standard deviation; SSC, side scatter; TSLP, thymic stromal lymphopoietin.
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Figure 9. Effects of TSLP-DC administration on nTregs, CD4+LAP+ Tregs, and Th1, Th2, and Th17 cells in spleens in ApoE�/� mice on day 14. A,
CD4+ T-cell subsets were gated (a). Representative pictures of nTregs (b), CD4+LAP+ Tregs (c), Th1 (d), Th2 (e), and Th17 (f) are shown. Numbers
in upper right quadrants indicate percentages of these cells. B, Results of statistical analysis of average percentages of nTregs (median with 25th
and 75th percentiles; Kruskal–Wallis test; *P=0.0374 vs no DCs; #P=0.2596 vs iDCs; *P=0.0162 vs oxLDL-DCs) and Th1 cells (**P=0.0058;
***P=0.0007) in different groups. C, Results of statistical analysis of average percentages of CD4+LAP+ Tregs (**P=0.0010 vs no DCs;
**P=0.0012 vs iDCs; ***P=0.0008), Th2 (median with 25th and 75th percentiles; Kruskal–Wallis test; #P=0.9999; *P=0.0226; **P=0.0066), and
Th17 cells (#P=0.9726) in different groups. Six mice were analyzed for each group. Values are presented as the mean�SD. ****P<0.0001. APC
indicates allophycocyanin; DCs, dendritic cells; iDCs, immature DCs; IFN, interferon; IL, interleukin; LAP, latency-associated peptide; oxLDL,
oxidized low-density lipoprotein; SD, standard deviation; TSLP, thymic stromal lymphopoietin.
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Figure 10. Expression of mRNA and levels of cytokines and antibodies in vivo. A and B, Levels of plasma IFN-c (***P=0.0002), IL-4 (median with
25th and 75th percentiles; Mann–Whitney rank sum test; **P=0.0022), IL-12 (#P=0.3061), and TGF-b (median with 25th and 75th percentiles;
Mann–Whitney rank sum test; **P=0.0022) in PBS and TSLP groups. C and D, Levels of plasma IFN-c (*P=0.0231; **P=0.0035), IL-4 (median with
25th and 75th percentiles; Kruskal–Wallis test; #P=0.0506), IL-12 (#P=0.6422; *P=0.0217), and TGF-b (median with 25th and 75th percentiles;
Kruskal–Wallis test,;**P=0.0049) in the groups no DCs, iDC, oxLDL-DCs, and TSLP-DCs. E, Expression of IFN-c, Foxp3, TGF-b, IL-4 (median with
25th and 75th percentiles; Mann–Whitney rank sum test; **P=0.0022), IL-10 (***P=0.0001), and IL-12 (#P=0.0513) mRNA in aorta in PBS and
TSLP groups. F, Expression of IFN-c, Foxp3, TGF-b (***P=0.0002), IL-4, IL-10 (**P=0.0061), and IL-12 (#P=0.1682) mRNA in spleen in different
groups. G, Graphs represent expression of IFN-c (**P=0.0012), Foxp3 (median with 25th and 75th percentiles; Kruskal–Wallis test; *P=0.0301),
TGF-b (median with 25th and 75th percentiles; Kruskal–Wallis test; *P=0.0235), IL-4 (***P=0.0004), IL-10 (**P=0.0047), and IL-12 (#P=0.5352;
***P=0.0005) mRNA in spleens of different groups. H, Graphs represent expression of IFN-c (*P=0.0171), Foxp3, TGF-b (**P=0.0045), IL-4, IL-10
(***P=0.0003), and IL-12 (#P=0.0554) mRNA and in aorta. I, Levels of plasma IgM (median with 25th and 75th percentiles; Mann–Whitney rank
sum test; *P=0.0286), IgG1, and IgG2a (*P=0.0282). Six mice were analyzed for each group. Values are presented as the mean�SD.
****P<0.0001. DCs indicates dendritic cells; iDCs, immature DCs; IFN, interferon; IL, interleukin; LAP, latency-associated peptide; OD, optical
density; oxLDL, oxidized low-density lipoprotein; SD, standard deviation; TGF-b, transforming growth factor-b; TSLP, thymic stromal lymphopoietin.
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limiting APC-dependent T-cell activation.36 All these results
are signs of functional tDCs.9

Recently, Lu et al37 found that TSLP marginally maintained
human naive CD4+ T-cell survival but did not promote its
proliferation. Furthermore, it has been reported that TSLP-DCs
induce the differentiation of naive CD4+ T cells toward Th2
cells that produced IL-4, IL-13, and TNF-a but not IFN-c.35 Our
results indicated that TSLP-DCs induced CD4+ T cells to
differentiate into Th2 but not to proliferate, compared with
oxLDL-DCs or iDCs. Similar to TSLP-DCs of secreting TGF-b,
CD4+ T cells cocultured with TSLP-DCs (4:1) also secreted
large amounts of TGF-b.18 When splenic CD4+CD25� T cells
were cocultured with TSLP-DCs, the percentage of Foxp3+

Tregs or CD4+LAP+ Tregs was significantly increased com-
pared with the cells primed with oxLDL-DCs or iDCs. Hence,
we have reason to believe that CD4+LAP+ Tregs are a major
source of TGF-b among several subtypes of CD4+ T cells. In
addition, TSLP-DC treatment induced stronger expansion of
CD4+CD25+ T cells compared with other cell-type treatments.
This means that the expansion and differentiation are both
indispensable in the induction of nTregs.

Previously, TSLP, which is involved in allergic disease
through Th2 modulation,34,35 was considered an “inflamma-
tory” factor. However, additional studies have indicated that
TSLP plays a key role in immune tolerance in several murine
sites, including the intestine, thymus, and colon.16,17,30 In our

study, TSLP or TSLP-DC treatment significantly alleviated the
extent of atherosclerotic plaque with increased nTregs and
CD4+LAP+ Tregs in the spleen. In vivo, we observed large
expression of TGF-b in the plasma, aortas, and spleens of
mice treated with TSLP or TSLP-DCs. It has been reported
that CD4+LAP+ Tregs secrete TGF-b and are also activated by
TGF-b produced by themselves.28 When injected into mice,
TSLP enters into tissues through the entire body, including
central and peripheral immune organs. Combining these
results with our in vitro findings, we infer that TSLP and TGF-b
collectively promoted the differentiation of naive CD4+ T cells
into CD4+LAP+ Tregs in the intestinal mucosa, thymus, and
lymph nodes before migration to the spleen. This is
consistent with the observed dramatic increase of CD4+LAP+

Tregs in the spleen. There are possible explanations for the
increased percentage of CD4+CD25+Foxp3+ Tregs and the
link between nTregs and CD4+LAP+ Tregs observed in our
study. From our above results, we discovered 3 mechanisms
involved in the function of TSLP to induce nTregs: (1) the
expansion of nTregs by TSLP-DCs, (2) the induction of the
differentiation of CD4+CD25� T cells into CD4+CD25+ Tregs
by TSLP-DCs, and (3) the fostering of nTreg development
directly by TSLP. Among these mechanisms, the TGF-b
produced by TSLP-DCs and CD4+LAP+ Tregs played an
important role in inducing expression of the transcription
factor Foxp3.27 Given previous findings,17,18,30 it is likely that

Figure 11. Neutralization of TGF-b in vivo abrogates the effect of TSLP on atherosclerosis. A, Representative sections of aortic sinus stained
with Oil Red O and antibodies specific for MOMA-2 for macrophages and a-smooth muscle actin staining in ApoE�/� mice at 16 weeks. Black
bar=200 lm. B through D, Quantitative analysis of lesion size (**P=0.0018), MOMA-2 (**P=0.0023), and a-SMA staining (#P=0.9962). Values are
presented as the mean�SD, n=7 to 9. MOMA indicates monocyte/macrophage; SD, standard deviation; SMA, smooth muscle actin; TGF-b,
transforming growth factor–b; TSLP, thymic stromal lymphopoietin.
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the increase in nTregs originated from not only the central
immune organ (thymus) but also from regions in the periphery
(intestinal mucosa, lymph nodes, spleen). Recently, TGF-b,
which is produced by many types of cells in atherosclerotic
plaques, has been drawing much attention as a potent
protective cytokine in atherosclerosis.38 In particular, the
deletion of TGF-b signaling in T cells accelerated plaque
formation and inflammatory cell infiltration. Furthermore,
other studies revealed that TGF-b also suppressed foam cell
formation and increased collagen biosynthesis.6,39 TGF-b in
association with an increase of Foxp3+ Tregs in plaques
found in our study could establish a noninflammatory
environment in atherosclerotic lesions. This led to decreased
CD4+ T-cell infiltration and macrophage-derived foam cell
formation and a slight increase in collagen content although
not statistically significant. Although TGF-b does not promote
smooth muscle proliferation, it encourages expression of type
I TGF-b receptors on smooth muscle cells but not type II
receptors, which induces collagen production and a stable
plaque phenotype.38 This was proven when atheroprotection
was abrogated and the percentage of macrophages and
CD4+ T-cell number in the plaques increased after neutral-
ization of TGF-b. Unlike in previous studies,7 our data did not
indicate inhibition of Th17 cells in the TGF-b environment in
atherosclerotic mice.

Furthermore, the increased percentage of Th2 cells in the
spleen and increased expression of non-inflammatory factors
IL-4 and IL-10 by TSLP or TSLP-DC treatment implied a
differentiation of Th2 cells, which would benefit the progres-
sion of atherosclerosis, as Th1 and Th2 cells reciprocally
inhibit each other.40 In the present study, Th2 cells or a switch
from Th1 to Th2 may have protected against atherosclerosis
by limiting the Th1 cell response.41,42 Given the inhibitory
effect of Tregs on Th1, it was not difficult to understand the
decreased Th1 cells observed in the spleen and the decreased
IFN-c in the aorta. In the TSLP treatment group, high levels of
plasma oxLDL-specific antibodies, especially Th2-type IgG1

and IgM, were detected. Recently, Miller et al43 found that
IL-33 reduced atherosclerosis by inducing IL-5-dependent
IgG1. In rabbit and murine models, it has been shown that
immunization with oxLDL induces antibody formation (both
IgG and IgM) and protects against the development of
atherosclerosis.44 Here, TSLP protected against the develop-
ment of atherosclerosis partly through the differentiation of
Th2 cells and, subsequently, the production of Th2-type
antibodies.

In summary, our study is the first to highlight that TSLP
atheroprotection in atherosclerosis is mediated through
tolerogenic dendritic cells that increase protective CD4+LAP+

Tregs and nTregs and promote inflammatory Th1 cell change
into noninflammatory Th2 cells. This modulation facilitates a
Th2 humoral immune response.
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