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Increased Th9 cells and IL-9 levels accelerate disease
progression in experimental atherosclerosis
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Abstract: Atherosclerosis (AS) is the number one killer in developed countries, and currently considered a chron-
ic inflammatory disease. The central role of T cells in the pathogenesis of atherosclerosis is well documented.
However, little is known about the newly described T cell subset-Th9 cells and their role in AS pathogenesis. Here,
the amounts of Th9 cells as well as their key transcription factors and relevant cytokines during atherosclerosis were
assessed in ApoE”" mice and age-matched C57BL/6J mice. Significantly increased Th9 cell number, Th9 related
cytokine (IL-9), and key transcription factor (PU.1) were found in ApoE” mice compared with age-matched C57BL/6J
mice. Additionally, treatment with rIL-9 accelerated atherosclerotic development, which was attenuated by anti-IL-9
antibodies. These data suggested that both Th9 cells and related IL-9 play key roles in the pathogenesis of athero-
sclerosis, and antibodies against these antigens offer a novel therapeutic approach in AS treatment.
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Introduction

Atherosclerosis (AS) is a chronic inflammatory
disease, whose pathogenesis is greatly influ-
enced by immune mechanisms. Specifically,
various immune cells, including T lymphocytes
such as CD4" T-helper cells, play important
roles in atherosclerosis [1, 2]. CD4* T cells can
be classified into Thl, Th2 and Th17 subsets
based on surface markers, functional charac-
teristics, and specific cytokines, which are used
to modulate different immune responses.

AS is a specific state of inflammation, and
Th-cell subsets play crucial roles in this pro-
cess. Thl cells that promote inflammatory pro-
cesses have important functions in atheroscle-
rosis and subsequent plaque rupture, while
Th2 cells that inhibit immune responses at the
tissue level may have anti-atherosclerotic
effects [3]. However, the identification of the
Th17 T helper cell subset at the beginning of
the century challenged this Th1/Th2 paradigm,
opening new avenues for dissecting molecular

patterns in cellular immunology. Consequently,
it was soon demonstrated that Th17 cells and
related cytokines, such as IL-17A and IL-6, are
also critical in AS pathogenesis [4, 5].

IL-9 was initially considered a growth factor for
T cells and mast cells, with pleiotropic functions
in the immune system. Multiple cell types,
including T cells, natural killer T cells (NKTs) and
mast cells, produce IL-9 [6]. Notably, Th9 cells,
characterized by high secretion levels of IL-9,
are involved in a broad range of autoimmune
disorders and allergic inflammation [7, 8].
Dardalhon et al. used IL-4 and TGF-B in combi-
nation to polarize CD4* lymphocytes towards a
Th9 phenotype [9].

It has also been reported that Th9 cells and IL-9
are related to the pathogenesis of infectious
diseases, cancer immunity, and autoimmune
inflammatory disorders [10-12]. Recently, Th9
cells and IL-9 levels were found to be increased
in plasma and carotid plaques of patients with
carotid and coronary atherosclerosis [13].
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However, the mechanism by which Th9 cells
influence atherosclerosis pathogenesis re-
mains unclear. The present study assessed
whether Th9 cells and IL-9 are involved in ath-
erosclerosis progression in ApoE”- mice, which
exhibit similar atherosclerotic lesion formation
as in humans.

Materials and methods
Animal models

To model atherosclerosis in vivo, ApoE7” mice
on a C57BL/6J background and C57BL/6 mice
were purchased from the Animal Center of
Beijing University (Beijing, China). The animals
were 8 weeks of age, weighed 20-22 g, and
were housed at 24°C in a 12-h/12-h light-dark
cycle room in the Anhui Medical University
Animal Care Facility, according to institutional
guidelines. This study followed the Guide for
the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health.
All animal experiments were approved by the
Animal Care and Utilization Committee of Anhui
Medical University. Male ApoE”" mice were fed
high-cholesterol diet (1.3% cholesterol, 0.2%
thimecil and 16.2% lard) for 4-24 weeks, start-
ing from 8 weeks of age, to induce atheroscle-
rotic plaque formation, consistent with stan-
dard atherosclerotic mouse models. Age-
matched C57BL/6J littermates were fed a regu-
lar diet as a control group. Mice were fed for O,
4, 12 and 24 weeks (n=12 per group) before
euthanasia and analysis.

ApoE7 mice were randomly divided at 8 weeks
of age into control and intervention groups.
Mice were treated with the phosphate buffered
saline (PBS), recombinant IL-9 (rIL-9) and anti-
mouse IL-9 mAb (IL-9 Ab) respectively via tail
vein injection (n=5 each group). Treatments
included 100 pg anti-mouse IL-9 mAb (R&D
Systems, USA) dissolved in 0.2 ml PBS contain-
ing 1% BSA, and 0.2 ml PBS containing 1% BSA
or 200 ng rIL-9 (eBioscience, USA) for 12
weeks, respectively.

Serum lipid and lipoprotein profiling

Total serum cholesterol, triglyceride (TG), and
high-density lipoprotein (HDL) levels were
determined by enzymatic methods. The assays
were conducted on an Olympus AU2700 bio-
chemical auto-analyzer (Olympus, Japan).
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Histological analysis and evaluation of athero-
sclerotic lesions

Mice aorta specimens were fixed in 10% neu-
tral-buffered formalin and subsequently em-
bedded in paraffin. Then, 4 um sections of the
paraffin block were stained with periodic acid-
Schiff reagent, counterstained with hematoxy-
lin using a standard protocol, and analyzed by
light microscopy. The average plaque area (per-
centage of total area) was determined with
Image-Pro Plus 6.0 (Media Cybernetics). Quan-
tification of lesion areas was performed by a
single observer blinded to the experimental
protocol. Images were acquired and analyzed
with a computer image analysis software.

Cell preparation and flow cytometry

Fresh spleens removed from mice were gently
squeezed with sterile needles in cold PBS, and
passed through stainless steel mesh screens,
to yield single-cell suspensions. Splenic lym-
phocytes were isolated by Ficoll-Hypaque and
resuspended in RPMI 1640 (Gibco, USA); cell
viability detected by trypan blue staining was
>95%.

To assess Th9 cells, splenocytes were resus-
pended at a density of 2x10° cells/ml in com-
plete culture medium (RPMI 1640 supplement-
ed with 100 U/ml penicillin, 200 pg/ml strepto-
mycin, 2 mM glutamine and 10% heat-inacti-
vated fetal calf serum, Gibco BRL). The cell
suspension was transferred into 24-well plates,
and stimulated with phorbol myristate acetate
(PMA, 25 ng/ml) plus ionomycin (1 pg/ml) for 5
h, in the presence of monensin (1.7 pg/ml,
Alexis Biochemicals, San Diego, CA). The cells
were incubated at 37°C in a 5% CO, environ-
ment, and collected by centrifugation at 1200
rom for 5 min.

Next, cells were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD4 (RM4-
5 clone, eBioscience, USA) for 20 minutes at
room temperature in the dark, followed by a
PBS wash. Cells were then fixed and permeabi-
lized with the Fix/Perm reagent (Beckman
Coulter-Immunotech) according to the manu-
facturer’s instructions, incubated with phyco-
erythrin  (PE)-conjugated anti-IL-9 (RM9A4
clone, eBioscience) or its isotype control anti-
body. After washing with PBS, the cells were
analyzed by FCM on a FACS Aria Il flow cytome-
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Table 1. Body weights and plasma lipid levels

Feeding time (weeks) Mice Weight (g) TC (mmol/L) TG (mmol/L) HDL-C (mmol/L)
ow C57BL/6) 22.37+0.58 2.89+0.43 0.78+0.21 1.42+0.21
ApoE”- 23.71+0.94 9.95+1.45* 1.05+0.18 1.03+0.11"
4W C57BL/6)J 23.19+1.25 2.92+0.84 1.12+0.24 1.28+0.19
ApoE” 25.96+1.47 15.51+2.03* 1.34+0.27 0.89+0.15"
12W C57BL/6)J 26.43+2.58 3.01+0.79 0.98+0.23 1.53+0.24
ApoE” 28.94+3.69 26.31+2.48* 1.62+0.31" 0.73+0.12*
24W C57BL/6)J 29.08+2.87 2.86+0.75 1.09+0.27 1.37+0.28
ApoE” 31.17+3.32 30.29+3.15* 2.33+0.36" 0.58+0.17*

Values are expressed as mean + SD. TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol. “P<0.05
vs. age-matched C57BL/6) littermates; ®*P<0.01 vs. age-matched C57BL/6J littermates.

ter with the BD FACSDiva software (Becton
Dickinson, San Jose, CA, USA). The rates of Th9
(CD4*1L-9*) cells were expressed as percentage
of CD4* T cells by sequential gating of lympho-
cytes and CD4* T cells.

Real-time PCR

Spleens and aortas were removed quickly after
perfusion with PBS. Thoracic and abdominal
aortas were snap-frozen in liquid nitrogen for
later RNA extraction. Total RNA was extracted
from the spleens and aortic arches using TRIzol
Reagent (Invitrogen, USA) according to the
manufacturer’s instructions, and reverse tran-
scription was performed with RNA PCR Kit
(Invitrogen, USA). RNA amounts and purity were
determined by optical density (OD) measure-
ments at 260 and 280 nm. First strand cDNA
for gPCR analysis was then synthesized using
random hexamer primers and RNase H-reverse
transcriptase (Invitrogen). Gene expression lev-
els of PU.1 were determined with SYBR Green
Master Mix (Takara, Japan) on an ABI Prism
7500 sequence Detection System (Applied
Biosystems, USA). Each sample was analyzed
in duplicate and normalized to the house keep-
ing gene GAPDH.

The primers used were: PU.1, F 5-GCATCTGG-
TGGGTGGACAA-3’ and R 5-TCTTGCCGTAGTTG-
CGCAG-3’; GAPDH, F, 5-TAAGAGACAGCCGCAT-
CT-3’and R5-CGACCTTCACCATTTTGTCTACA-3".

Levels of cytokines and ox-LDL in serum
Serum IL-9 and ox-LDL levels were assessed by
ELISA, measured at 450 nm on a Biocell HT1

ELISA microplate reader (TSZ Company,
Minneapolis, USA). Minimal detectable concen-
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trations were 15 pg/ml for IL-9 and 10 pg/L for
ox-LDL. Intra- and inter-assay coefficients of
variation for all ELISAs were <5%. Samples
were measured in duplicate.

Statistical analyses

Values are mean * standard deviation (SD),
and were analysed by the SPSS software
(Version 13.0; SPSS, Chicago, IL, USA). Groups
were compared by 2-tailed Student t-test or
one-way analysis of variance (ANOVA). Bon-
ferroni’s test was performed for post-hoc analy-
sis to detect differences among groups with
assumed equal variance; Dunnett’s C test was
carried out when equal variance was not
assumed. Spearman’s correlation was used to
determine correlations between two continu-
ous variables. P<0.05 was considered statisti-
cally significant.

Results

Body weights and plasma lipid levels are in-
creased in ApoE”" mice

Body weights and serum cholesterol levels are
shown in Table 1 for ApoE” mice fed a high-
cholesterol diet and C57BL/6J mice fed a regu-
lar diet over a 24-week period.

Atherosclerotic lesion size is significantly in-
creased in ApoE” mice

ApoE” mice showed overt atherosclerotic
lesions with progressive development, whereas
only few C57BL/6J mice had such lesions
(Figure 1). Increased thickness of arterial inter-
nal membrane was detectable after 4 weeks of
feeding. Atherosclerotic lesion sizes steadily
increased significantly from weeks 12 to 24 of
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feeding, compared with earlier time points
(P<0.05).

Rates of Th9 cells are increased in spleens
from ApoE”- mice fed a high-fat diet

Flow cytometry was used to assess Th9 cells in
C57BL/6J and ApoE” mice. Spleen cells from
12 mice per group were obtained at each time
point. Interestingly, the Th9 cell rate was posi-
tively correlated with feeding duration, and
peaked at feeding week 24 in ApoE”" mice fed a
high-fat diet (Figure 2A). However, significant
differences in Th9 cell amounts were observed
in ApoE”- mice between feeding weeks 12 and
24 (P<0.01). Additionally, Th9 cell amounts in
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Figure 1. H&E staining for assessing ath-
erosclerotic lesion areas. A. Atherosclerotic
lesions in ApoE”" mice and age-matched
C57BL/6J mice using H&E staining (Mag-
nification 100x%). a-d, C57BL/6J mice; e-h,
ApoE”" mice. B. Percentages of athero-
sclerotic lesion areas in the aortic root.
*P<0.01 vs. age-matched C57BL/6J mice.
#P<0.05 vs. ApoE” mice fed a high fat diet
for 12 weeks; 4P<0.05 vs. ApoE” mice at
0 and 4 weeks of feeding.

ApoE” mice were prominently increased com-
pared with those of C57BL/6J mice at feeding
week 4. Furthermore, ThO cell rates were mark-
edly elevated in ApoE”" mice fed a high-fat diet
compared with the values of age-matched
C57BL/6J counterparts starting from feeding
week 4 (Figure 2B, P<0.01).

Increased levels of Th9-related-transcription
factors in spleens and aortas of ApoE”- mice

As shown in Figure 3A, PU.1 expression levels
in the spleen were significantly higher in ApoE”
mice fed a high-fat diet than their age-matched
C57BL/6J littermates at the 4-24 week feeding
time points (all P<0.01). Furthermore, ApoE”
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Figure 3. Increased levels of Th9-related-transcription factors in the spleen and aorta of ApoE”- mice. Gene expres-
sion levels of Th9 in the spleen (A) and aorta (B). ®*P<0.01 vs. age-matched C57BL/6J littermates; *P<0.01 vs.
ApoE” mice at 0-4 weeks of high fat diet; #P<0.01 vs. 12 weeks of feeding time.

Table 2. Serum IL-9 and ox-LDL levels

2). Furthermore, IL-9 amounts peaked

at later age in these mice (24 weeks of

feeding). IL-9 levels were significantly
different at the different time points in
ApoE” mice (P<0.05, P<0.01).

Similarly, ox-LDL levels in ApoE” mice
were higher than those of age-matched
C57BL/6) mice at all time points.
Ox-LDL levels were positively correlat-
ed with prolonged feeding in ApoE”

Feeding week Mice IL-9 (pg/ml) Ox-LDL (ug/L)
0 C57BL/6) 121.76425.23  246.75+26.25
ApoE” 130.92+28.25  278.89+38.73
4 C57BL/6) 123.57+27.34 247.48+29.12
ApoE” 161.27+32.54* 364.75+57.70*
12 C57BL/6) 118.43+30.12 249.23+35.34
ApoE”- 191.41+34.40*% 413.66+79.94¢
24 C57BL/6) 124.64+38.43 251.09+32.51
ApoE”"  221.67+45.73%* 439.79+87.86*

Values are expressed as mean + SD. *P<0.05 vs. age-matched

mice.

C57BL/6J littermates; *P<0.01 vs. age-matched C57BL/6)J littermates;

*P<0.05 vs. ApoE”" mice fed a high fat diet for 12 weeks.

mice achieved maximal PU.1 expression at the
latesttime point (feeding week 24). Interestingly,
significant differences in PU.1 levels were found
in ApoE” mice between feeding weeks 12 and
24 (P<0.01).

Next, to examine the involvement of Th9-
related-transcription factors in atherosclerosis,
we assessed PU.1 levels in aortic arches. As
shown in Figure 3B, PU.1 levels in aortic arches
from ApoE”- mice were higher than those of
age-matched C57BL/6J mice (P<0.01). RT-PCR
demonstrated distinct levels of PU.1 expres-
sion in early and advanced plaques (Figure 3B).

Serum IL-9 and ox-LDL levels are significantly
higher in ApoE”- mice

IL-9 concentrations in ApoE” mice fed a high-
fat diet were significantly higher compared with
those of age-matched C57BL/6J mice (Table

1340

Serum ox-LDL level is positively corre-
lated with Th9 cell rate

Our results showed that serum ox-LDL concen-
trations were positively correlated with the rate
of Th9 cells (P<0.01 and r=0.817). Furthermore,
a positive correlation was also found between
serum ox-LDL and IL-9 amounts (P<0.01 and
r=0.847, Figure 4).

Effects of rI-9 and anti-IL-9 in atherosclerosis

To further explore the role of IL-9 in the develop-
ment of atherosclerosis, ApoE”" mice fed a
high-fat diet were treated with recombinant IL-9
or monoclonal antibody targeting IL-9 (IL-9
mADb) for 12 weeks. Interestingly, rIL.-9 adminis-
tration led to significantly elevated serum IL-9
levels (424.50+85.67 pg/mLvs. 191.41+38.90
pg/mL, P<0.01) while treatment with IL-9 mAb
reduced serum IL-9 levels (56.30+10.67 pg/
mL vs. 191.41+38.90 pg/mL, P<0.01), com-
pared with the PBS group.

Am J Transl Res 2017;9(3):1335-1343
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Figure 5. Atherosclerotic lesion areas are significantly increased in mice treated with rIL-9. A. Representative micro-
graphs of H&E staining of aorta samples (Magnification 100x). B. Quantification of aortic lesion areas as percent-
age of total aortic areas in various groups. C. Serum IL-9 levels in various groups. *P<0.05 vs. PBS-treatment group;
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Atherosclerotic lesion areas were also signifi-
cantly increased in mice treated with rIL-9 com-
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pared with the PBS and IL-9 mAb treatment
groups, respectively (3.89+1.34% vs. 8.94+
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3.27%, P<0.05). In contrast, atherosclerotic
lesions were significantly decreased in size in
mice treated with rIL-9 compared with the PBS
group (32.18+12.93% vs. 8.94+3.27%, P<0.01,
Figure 5).

Discussion

Th9 cells appeared to have a distinct influence
upon the inflammatory processes, playing an
important role in the pathogenesis of athero-
sclerosis. We compared Th9 cell amounts and
function between ApoE” mice fed a high-fat
diet and age-matched C57BL/6J littermates.
Significantly increased Th9 rates were found in
ApoE”- mice fed a high-fat diet, as well as higher
amounts of the related cytokine IL-9 and key
transcription factor (PU.1), compared with age-
matched C57BL/6J wild type counterparts.
These findings suggested that increased Th9
cell count could play a pathogenic role in the
formation and progression of atherosclerosis.

Atherosclerosis is the leading cause of cardio-
vascular diseases worldwide. It is currently con-
sidered a chronic inflammatory disease with
progression from fatty streaks to more complex
lesions and plaque rupture, which involves a
complicated interplay between many immune
cell types and cytokine networks. Both innate
and adaptive immune responses have been
shown to regulate local and systemic inflamma-
tion in atherosclerosis [10, 11]. Recently, T cells
in AS were shown to be skewed toward a pro-
inflammatory phenotype that promotes chronic
inflammation through increased pro-inflamma-
tory cytokine production [14].

Th9 cells activate macrophages through IL-9
secretion, leading to the formation and devel-
opment of atherosclerotic lesions. A genetic
deficiency of the transcription factor PU.1,
which is critical for Th9 differentiation and IL-9
secretion, leads to reduced prevalence of ath-
erosclerotic lesions in patients with acute coro-
nary syndrome [15]. It was also reported that
IL-9 exerts pro-atherosclerotic effects in ApoE
/- mice [16]. Consistently, both systemic and
local IL-9 levels are elevated in patients with
carotid and coronary atherosclerosis [13, 17].
However, IL-9 can be produced by a variety of
other cell types besides Th9 cells.

As shown above, Th9 cell amounts were elevat-
ed in early stages, peaking at later stages. This
indicated that Th9 cell alteration occurred
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throughout the whole development of athero-
sclerotic lesions, potentially contributing to
immune activation and inflammation. Increased
levels of Th9 cells were definitively correlated
with increased number of atherosclerotic
lesions in ApoE” mice fed a high-fat diet.
However, whether Th9 cell alteration is just a
consequence of AS or contributes to its initial
development remains uncertain, and requires
further clarification.

Another important finding of this study is that
serum ox-LDL concentrations were positively
correlated with Th9 cell and IL-9 levels. Ox-LDL
plays an important role in promoting athero-
sclerosis initiation and progression, along with
plaque destabilization [18]. Indeed, circulating
ox-LDL amounts reflect the level of oxidative-
induced endothelial damage and foam cell
formation rate [19]. This further suggests that
Th9 cells could play a key role in the pathogen-
esis of atherosclerosis.

Studies have shown that levels of pro-inflam-
matory cytokines, including IFN-y, IL-12, IL-15,
IL-18 and TNF, are elevated in AS [20]. In this
study, we assessed IL-9 expression, and found
that rILl-9 administration markedly increased
plaque size, indicating a pathogenic role for IL-9
in atherosclerotic plaque formation. This is con-
sistent with findings by Zhang et al [16] that IL-9
aggravates the development of atherosclerosis
in ApoE”- mice. As shown above, blocking IL-9
with specific antibodies resulted in a dramatic
reduction of plaque size, further confirming the
pathogenic role of IL-9.

In conclusion, Th9 cell amounts, along with IL-9
and PU.1 levels were significantly elevated in
AS. Administration of rIL.-9 markedly increased
plaque size, which was dramatically reduced by
treatment with IL-9 mAb, indicating that Th9
cells and IL-9 play a pathogenic role in athero-
sclerosis. Consequently, antibodies targeting
Th9 cells and/or IL-9 may provide a novel
approach for AS treatment.
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