Mol. Nutr. Food Res. 2013, 00, 1-11 DOI 10.1002/mnfr.201300194

RESEARCH ARTICLE

Effects of n-3 PUFA on the CD41 type 2 helper

T-cell-mediated immune responses in Fat-1 mice

Hyun-Young Jang', Kyu Lim?, Sang-Myeong Lee®** and Byung-Hyun Park’

"Department of Biochemistry and Research Institute for Endocrine Sciences, Chonbuk National University Medical

School, Jeonju, Jeonbuk, Republic of Korea

2Department of Biochemistry and Cancer Research Institute, College of Medicine, Chungnam National University,

Daejeon, Republic of Korea

3Division of Biotechnology, College of Environmental and Bioresource Sciences, Chonbuk National University,

Iksan, Jeonbuk, Republic of Korea

Scope: It has been suggested that n-3 PUFA can be used as a preventive or therapeutic strategy
to control allergic asthma. But little is known about the exact mechanisms by which »-3 PUFA
modulates it. Here, the effects of elevated n-3 PUFA on ovalbumin (OVA) induced airway
inflammation were investigated using Fat-1 transgenic mice that can convert n-6 PUFA to n-3
PUFA endogenously.

Methods and results: First, we tested whether Fat-1 expression modulates CD4" T-cell activa-
tion, proliferation, and differentiation in vitro and found that the Fat-1 expression attenuated
all of these CD4*" T-cell responses by suppression of T-cell receptor mediated signaling and
cytokine-mediated phosphorylation of STATs. When the Fat-1 mice were sensitized and chal-
lenged with the OVA, they showed a significant decrease in the recruitment of inflammatory
cells into airway, the production of Th2 cytokines, eotaxin, and mucin in the lung, and the
concentration of OVA-specific IgE in the serum. Furthermore, the differentiation of CD4+ T
cells into Th2 was also decreased in the spleen of Fat-1 mice.

Conclusion: Our results showed that an elevated level of n-3 PUFA was effective in preventing
allergic airway inflammation by modulating the activation and differentiation of CD4*" T cells
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in Fat-1 mice.
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1 Introduction

Allergic asthma is associated with a variety of immune cells
and mediators such as cytokines and chemokines. Studies
on allergic asthma have been conducted using human pa-
tients and animal experimental models, and these studies
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have shown that CD4" type 2 helper T cells (Th2 cells) pro-
duce inflammatory cytokines such as interleukin (IL)-4, IL-5,
and IL-13 [1-3]. These inflammatory cytokines are involved in
the activation of eosinophils and mast cells and the produc-
tion of immunoglobulin (Ig) E, thus inducing the immuno-
logical mediators that are required to develop the airway hy-
perreactivity and remodeling. Th2 cytokines play a key role
in the pathophysiology of allergic asthma; IL-4 promotes the
production of IgE by B cells, IL-5 derives eosinophil differ-
entiation/survival and recruitment to the lung, while IL-13
is thought to mediate the mucus secretion, airway remodel-
ing, and hyperresponsiveness [4]. In addition, according to
recent studies, IL-17-secreting Th17 cells enhance neutrophil
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infiltration and promote eosinophilic airway inflammation
mediated by Th2 cells [5]. It can, therefore, be inferred that
the modulation of Th2 and Th17 cells and their responses may
offer a novel therapeutic approach to control allergic asthma.

Extensive studies demonstrated that dietary n-3 polyun-
saturated fatty acids (PUFAs), including eicosapentaenoic
acid and docosahexaenoic acid in particular, can have various
effects on the immune and inflammatory responses [6].
Dietary consumption of n-3 PUFA is associated with a lower
incidence of asthma and a preventive or therapeutic effect on
asthma [7-9]. n-3 PUFA affects the inflammatory immune
reactions by modulating CD4" T-cell-mediated immune re-
sponses. Of note, n-3 PUFA suppresses the activation and pro-
liferation of T cells and the differentiation of Th1 cells through
an inhibition of the clonal expansion, IL-2 expression, and
IL-2 receptor-a (IL-2Ra;, CD25) mRNA transcription [10]. It
has been also demonstrated that n-3 PUFA modulates lipid
rafts and the localization and activation of signaling proteins
at the immunological synapse in mouse T cells [10-13]. A
recent study has revealed that n-3 PUFA modulates the early
Ca’?*-mediated events following the interaction of T cells
with antigen-presenting cells [14]. But it remains unclear
whether n-3 PUFA modulates CD4" T-cell differentiation
and molecular mechanisms by which n-3 PUFA suppress
CD4" T-cell differentiation.

Mammals cannot produce n-3 PUFA from the major
n-6 PUFA that is present in the diet due to a lack of de-
saturase. The eicosapentaenoic acid and/or docosahexaenoic
acid should, therefore, be included in the diet to examine
their physiological effects in an animal experimental model.
The conversion from n-6 PUFA to n-3 PUFA can be medi-
ated by n-3 fatty acid desaturase encoded by the Fat-1 gene in
Caenorhabditis elegans [15]. In transgenic mice expressing the
Fat-1 gene, there are constitutively higher levels of n-3 PUFA
in the organs and tissues despite a lack of dietary n-3 PUFA.
The Fat-1 mouse model would be valuable in examining the
physiological role and molecular mechanisms of n-3 PUFA
in vivo without dietary supplements.

Given the above background, we used the Fat-1 mice to ex-
amine the effects of abundant n-3 PUFA on Th2-cell-mediated
immune responses in ovalbumin (OVA) induced allergic air-
way inflammation.

2 Materials and methods
2.1 Animals

The Fat-1 transgenic mice were housed in a laminar flow
cabinet and maintained on AIN-93M diets containing 10%
corn oil ad libitum (Supporting Information Table S1). Mice
were aged 7-8 wk old at the start of each experiment. All
experimental animals used in this study were maintained
under the protocol approved by the Institutional Animal Care
and Use Committee at Chonbuk National University (CBU
2011-0022).
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2.2 CD4* T-cell preparation

Single-cell suspensions were prepared from lymph nodes and
spleens from two to three mice and CD4" T cells were iso-
lated by using Dynabeads FlowComp mouse CD4% T-cell
isolation kit (Invitrogen, Carlsbad, CA, USA), in accordance
with the manufacturer’s instructions. Purity of CD4* T-cell
populations was approximately 95%, as assessed by flow
cytometry performed on Accuri (BD Biosciences, San Jose,
CA, USA).

2.3 CD4* T-cell proliferation assay

Anti-mouse CD3 monoclonal antibody (eBioscience, San
Diego, CA, USA) at 1 pg/mL was allowed to adhere in 96-well
flat bottom plates at 4°C in 100 wL DPBS. CD4" T cells were
stained with carboxyfluorescein diacetate succinimidyl ester
(CFSE) according to the manufacturer’s instructions (eBio-
science). CFSE-labeled cells were cultured in uncoated or
anti-CD3 antibody-coated 96-well plates with or without anti-
mouse CD28 antibody (eBioscience). Plates were incubated
for 72 h at 37°C in 5% CO, incubator and cell proliferation
was evaluated by flow cytometry analysis performed on Accuri
(BD Biosciences).

2.4 Western blot analysis for CD4* T cells

To detect tyrosine phosphorylation, LCK, ZAP70, and
NF-kB activation upon T-cell stimulation, CD4" T cells were
stimulated with anti-CD3/CD28 antibodies for 2 or 15 min.
To measure activation of STAT-1 or STAT-6 upon cytokine
treatment, CD4" T cells were stimulated with recombinant
IL-12 (10ng/mL) or IL-4 (10 ng/mL) for 2 or 15 min. Then, cell
lysates were prepared and analyzed by Western blotting using
anti-pTyr (4G10), anti-pp65, p65, IkB-, anti-LCK, anti-pLCK,
anti-Zap70, anti-pZAp70, STAT-1, pSTAT-1, STAT-6, pSTAT-
6, and B-actin antibodies. All antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA), except anti-
pTyr antibody (Millipore, Billerica, MA, USA). Recombinant
mouse IL-12 and IL-4 were obtained from eBioscience.

2.5 CD4* T-cell differentiation

CD4* T cells were activated with plate-bound anti-CD3 anti-
body (1 pg/mL) and soluble anti-CD28 antibody (2 pwg/mL).
The cells were cultured under Thl (5 ng/mL IL-12 and
10 pg/mL anti-IL-4 antibody) or Th2 (10 ng/mLIL-4, 1 pg/mL
anti-IL-12, and 5 wg/mL anti-IFN-y antibody) polarization
conditions in 2 mL RPMI complete media. Four days later,
cells were stimulated with PMA and ionomycin in the pres-
ence of brefeldin A (eBioscience) for 4 h and subsequently
stained for intracellular cytokines as described in Supporting
Information data. All cytokines and recombinant proteins
used are purchased from eBioscience.
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2.6 Cell surface staining and intracellular cytokine
staining for flow cytometry

Single-cell suspensions were stained with CD4-PECyS5.5,
CD25-PE, and CDG9-FITC antibodies (eBioscience) for
30 min on ice and washed with an FACS buffer (2% FBS
in PBS) three times. Then, cells were analyzed on Accuri
(BD Biosciences). For intracellular cytokine detection, CD4*
T cells were cultured in triplicate at 1 x 10° cells per well in a
48-well plate and stimulated with plate-bound anti-CD3
and soluble anti-CD28 antibodies. After 48 h, cells were
stimulated with 50 ng/mL phorbol 12-myristate 13-acetate
(PMA) and 1 pM ionomycin in the presence of brefeldin
A (eBioscience). After 4 h, cells were fixed using 4%
paraformaldehyde solution. Cells were permeabilized with
1x permeabilization solution (eBioscience) and then stained
with fluorochrome-conjugated antibodies against cytokines.
Stained cells were evaluated by flow cytometry analysis per-
formed on Accuri (BD Biosciences). All antibodies and re-
combinant cytokines were purchased from eBioscience or
Biolegend (San Diego, CA, USA).

2.7 Immunization and challenge in lung tissue

Mice were immunized i.p. with 20 pg of OVA (grade V;
Sigma-Aldrich, St Louis, MO, USA) plus 2.25 mg aluminum
hydroxide adjuvant on day 0 and OVA alone without alum
on day 14. The immunized mice were exposed to aerosolized
OVA on days 28, 29, and 30. Aerosolization of OVA was per-
formed using a chamber that was adapted for mice. Animals
were exposed to OVA (3%) using an ultrasonic nebulizer
(NE-U12, Omron; output 0.8 mL/min) for 30 min in a Plex-
iglas exposure chamber (24.5 x 40.5 x 15.0 cm). Control
animals were neither immunized nor challenged with OVA.

2.8 Bronchoalveolar lavage (BAL)

BAL was performed at the time indicated after the last airway
challenge. Mice were anesthetized and the trachea was cannu-
lated while gently massaging the thorax. Lungs were lavaged
with 0.8 mL of PBS. The BAL fluid (BALF) was collected and
the number of cells in a 100 pL aliquot was determined using
a hemocytometer. The remaining sample was centrifuged,
and the supernatant was stored at —70°C until cytokine as-
says. The pellet was resuspended in PBS and a cytospin prepa-
ration of BAL cells was stained with Diff-Quik (International
Reagents, Kobe, Japan). The different cell types were enu-
merated based on their morphology and staining profile.

2.9 Cytokine assays

IL-13 (Invitrogen), IL-5, eotaxin (R&D Systems, Minneapolis,
MN, USA), IL-2, IL-4, IL-17, IL-33, and IFN-y (eBioscience)
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in BALF or cell culture media and OVA-specific IgE (eBio-
science) in serum were determined by ELISA.

2.10 Real-time RT-PCR analysis

The RNA was isolated from lungs or CD4" T cells and real-
time RT-PCR analysis was performed as described in Sup-
porting Information Materials and methods Table 1.

2.11 Histological studies

Lungs were fixed with 10% formalin, and the tissues were
embedded in paraffin. Fixed tissues were cut at a thickness
of 4 pm, placed on glass slides, which was followed by the
deparaffinization. Sections were stained with H&E dye for
a light microscopy. For the detection of mucin, tissues were
stained with Periodic Acid-Schiff dye and counterstained with
hemotoxylin.

2.12 Western blot analysis of lung tissues

Lung tissues were homogenized in T-PER mammalian pro-
tein extraction reagent containing protease and phosphatase
inhibitors (Pierce, Rockford, IL, USA). The homogenates,
containing 30 pg of protein, were used for Western blot
analysis as described in Western blot analysis for CD4"
T cells. Anti-GATA3 was purchased from Thermo Fisher Sci-
ence (Rockford, IL, USA).

2.13 Ex vivo stimulation of splenocytes for
cytokine assay

Spleens were collected from euthanized mice on the final
day of asthma according to the experimental protocol. Single-
cell suspensions were prepared and then cultured in RPMI
1640 medium containing 10% FCS and antibiotics, in the
presence of 50 pg/mL OVA. Cytokines in the supernatant
were determined after 48 h by ELISA.

2.14 Ex vivo restimulation and intracellular
cytokine detection

For intracellular cytokine detection, single-cell suspensions
from spleen were cultured in triplicate at 1 x 10° cells/well
in a 96-well U-bottom plate and stimulated with 50 ng/mL
phorbol 12-myristate 13-acetate (PMA) and 1 pM ionomycin
in the presence of brefeldin A (eBioscience). After 4 h, cells
were stained with CD4-PECyS5.5 antibody, washed twice with
PBS, and then fixed using 1% paraformaldehyde solution.
Cells were permeabilized with 1x permeabilization solution
(eBioscience) and then stained with fluorochrome conjugated
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Table 1. Sequences and accession numbers for primers (forward, FOR; reverse, REV) used in real-time RT-PCR

Gene Sequences for primers Accession
number

IL-4 FOR: TCGGCATTTTGAACGAGGTC NM_021283
REV: GAAAAGCCCGAAAGAGTCTC

IL-5 FOR: TCACCGAGCTCTGTTGACAA NM_010558
REV: CCACACTTCTCTTTTTGGCG

IL-13 FOR: CGCAAGGCCCCCACTAC NM_008355
REV: AAAGTGGGCTACTTCGATTTTGG

IL-33 FOR: CAAAGAAGTTTGCCCCATGT NM_133775
REV: AAGGCAAAGCACTCCACAGT

Eotaxin FOR: AGAGGCTGAGATCCAAGCAG NM_011330
REV: CAGATCTCTTTGCCCAACCT

IFN-vy FOR: TTGGCTTTGCAGCTCTTCCT NM_008337
REV: TGACTGTGCCGTGGCAGTA

FOXP3 FOR: GAAACAGCACATTCCCAGAGTTC NM_054039
REV: ATGGCCCAGCGGATGAG

GATA-3 FOR: GGAAACTCCGTCAGGGCTA NM_008091
REV: AGAGATCCGTGCAGCAGAG

T-bet FOR: TTCCCATTCCTGTCCTTCAC AF_241242
REV: CCACATCCACAAACATCCTG

GAPDH FOR: CGTCCCGTAGACAAAATGGT NM_008084

REV: TTGATGGCAACAATCTCCAC

antibodies against cytokines in the presence of FcellI/II re-
ceptor. Stained cells were evaluated by flow cytometry analy-
sis performed on Accuri (BD Biosciences). All antibodies and
recombinant cytokines were purchased from eBioscience or
Biolegend.

2.15 Statistical analysis

Data are expressed as mean + SEM. Statistical compar-
isons were performed using one-way ANOVA followed by
the Fisher test. The significance of differences between the

groups was determined using Student’s unpaired t-test. A
value of p < 0.05 was considered statistically significant.

2.16 Additional methods

Detailed methods are provided in the Supporting Information
Materials and methods.

3 Results

3.1 Fat-1 expression suppresses T-cell activation
and proliferation in vitro

Previous studies have shown that dietary n-3 PUFA has
inhibitory effects on T-cell activation and proliferation in

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vitro [11, 12, 16, 17]. We, therefore, examined the effects
of increased n-3 PUFA contents in CD4" T cells via Fat-1
transgene expression on T-cell activation by analyzing CD69
and CD25 expression. CD4" T cells were unstimulated or
stimulated with anti-CD3 antibody alone or anti-CD3/CD28
antibodies together. As shown in Fig. 1 and Supporting
Information Fig. 1, Fat-1 transgene expression significantly
attenuated T-cell activation and inhibited the production
of cytokines such as IL-2, IL-4, IL-13, IL-33, and IFN-y
as compared with the wild-type (WT) mice. Then, we
evaluated T-cell proliferation by CFSE dilution assay and
found that Fat-1 expression suppressed cell proliferation
trigged by T-cell receptor (TCR) engagement and CD28
costimulation (Fig. 2). These results are in agreement with
reduced T-cell growth factor (IL-2) production and its high
affinity receptor (CD25) expression on the T-cell surface

(Fig. 1).

3.2 Fat-1 expression attenuates T-cell activation
pathway in CD4* T cell

To examine the molecular mechanisms by which the T-cell
activation and proliferation are attenuated, we compared the
TCR-mediated tyrosine phosphorylation between the WT and
Fat-1 transgenic CD4* T cells. As shown in Fig. 3A, the overall
degree of tyrosine phosphorylation triggered by anti-CD3/28
antibodies was lower in CD4" T cells derived from Fat-1
mice and reduced phosphorylation of LCK and Zap70, TCR

www.mnf-journal.com
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Figure 1. CD4" T-cell activation and cytokine production in vitro. CD4™ T cells were activated with plate-bound anti-CD3 antibody with
or without soluble anti-CD28 antibody for 24 h. T-cell activation was determined by flow cytometry analysis with anti-CD69 antibody
(A) and anti-CD25 antibody (B) and percentage of the cells expressing each molecule was calculated. (C) IL-2, IL-4, and IFN-y in the cell
culture media were measured with ELISA. (D) After 2 days of culture, cells were stimulated with PMA and ionomycin plus brefeldin A for
additional 4 h, and then intracellular cytokine content was evaluated. The percentages of cytokine-expressing cells are shown. Results of
three independent experiments are expressed as mean + SEM. #p < 0.05, #p < 0.01 versus WT.
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Figure 2. CD4" T-cell proliferation. The level of CD4* T-cell proliferation was determined by flow cytomety analysis with CFSE labeling.
CFSE-labeled CD4™ T cells were stimulated by plate-bound anti-CD3 antibody with or without soluble anti-CD28 antibody for 4 days and
percentage of divided cells were analyzed by flow cytometry. Results of three independent experiments are expressed as mean + SEM.
##p < 0.01 versus WT.

proximal signaling molecules, were detected in cells from degradation in CD4" T cells from Fat-1 mice (Fig. 3C). Since
Fat-1 mice (Fig. 3B). In addition, we specifically analyzed NF-kB plays a central role in Th-cell activation, cytokine pro-
the NF-kB pathway, one of key signal transduction pathways duction and survival [18,19], the defect in Fat-1 transgenic
downstream of TCR. There was a complete inhibition of CD4" T cells’ response to TCR stimulation is related to the
TCR-triggered phosphorylation of p65 subunit and IkB-a attenuated TCR signaling transduction.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Figure 3. TCR-mediated signal transduction. CD4" T cells isolated from WT or Fat-1 mice were stimulated with plate-bound anti-CD3 and
soluble anti-CD28 for indicated periods. Cells lysates were immunoblotted with antibodies against pTyr (A), p-LCK, LCK, p-Zap70, and
Zap70 (B) or p-p65, p65, and IkBa (C). Similar results were obtained from three independent experiments.

3.3 Fat-1 expression suppresses T-cell
differentiation in vitro

To address whether Fat-1 expression affects CD4% T-cell
differentiation into Th1l or Th2, we cultured CD4" T cells
from WT and Fat-1 mice under Thl or Th2 polarization
condition for 4 days. I[FN-y and IL-4, hallmark cytokines of
Th1 and Th2 differentiation, respectively, were measured by
intracellular cytokine staining. CD4% T-cell differentiation
into either Th1 or Th2 cells were partially suppressed in CD4*
T cells from Fat-1 mice as compared with those of WT CD4"
T cells (Fig. 4A). Real-time RT-PCR analysis of Th1/Th2 cy-
tokines also revealed that elevated n-3 PUFA in Fat-1 mice
inhibited Th-cell differentiation (Supporting Information
Fig. 2). Since STAT-1 and STAT-6 play an important role
in Th-cell differentiation into Th1 and Th2, respectively, we
evaluated the effect of Fat-1 expression on the activation of
these signaling molecules. As shown in Fig. 4B, tyrosine
phosphorylation of STAT-1 by IL-12 was slightly reduced,
but STAT-6 activation triggered by IL-4 was markedly atten-
uated by elevated n-3 PUFA in Fat-1 mice. These results in-
dicate that Fat-1 expression not only suppresses CD4" T-cell
activation/proliferation but also modulates CD4" T-cell dif-
ferentiation into Th1 and Th2.

3.4 Fat-1 mice are protected from OVA-induced
allergic airway inflammation

Our in vitro experiments revealed that Fat-1 expression
on CD4" T cells introduced T-cell intrinsic defects in
activation, proliferation, and differentiation. We, therefore,
examined whether Fat-1 mice are less susceptible to CD4"
T-cell-mediated asthmatic injury. We used OVA-induced al-
lergic airway inflammation as a murine model of human
asthma (Supporting Information Fig. 3). Following OVA
immunization and aerosol challenge, we assessed the lungs
for inflammatory cell infiltration by analyzing cells in BALF.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

While OVA inhalation significantly increased inflammatory
cells in BALF from WT mice, there was a significant reduc-
tion in the total number of inflammatory cells in Fat-1 mice
(Fig. 5A). We further analyzed the types of immune cells
infiltrated into the lung by differential counts of BALF cy-
tospin preparations. The reduction in the total number of
the inflammatory cells infiltrated in the lung was largely
attributed to a remarkably lower number of eosinophils in
Fat-1 mice. Cells in BALF from control mice were mostly
macrophages, whereas over 95% cells in BALF from WT mice
with OVA immunization and challenge were eosinophils
and lymphocytes. BALF from Fat-1 mice contained a much
lower percentage of eosinophils and lymphcoytes but a higher
percentage of macrophages as compared with that of WT
mice. Consistently, histological examination of lung tissues
revealed intense eosinophilic inflammation surrounding the
bronchi and vessels in the lungs of WT mice while Fat-1 mice
had almost no inflammation (Fig. 5B).

Since bronchiolar mucin accumulation is one of the im-
portant features of chronic asthmatic response in patients
[20], we evaluated the amount of mucin produced from
bronchial goblet cells. Hyperproliferation of mucus-secreting
goblet cells was detected in asthmatic WT mice by Periodic
Acid-Schiff staining (Supporting Information Fig. 4). How-
ever, airway epithelial mucin levels were significantly reduced
in Fat-1 mice. Additionally, measurements of serum IgE
revealed a markedly less OVA-specific IgE in Fat-1 mice as
compared with WT mice (Fig. 5C). These results indicate that
Fat-1 mice are protected from allergen-induced airway in-
flammation by suppressing eosinophil recruitment and IgE
production.

3.5 Fat-1 expression reduces inflammatory
cytokines and eotaxin in BALF and lung tissues

Since Fat-1 expression suppressed allergen-induced airway
inflammation and mucin production in the airway, we next

www.mnf-journal.com
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Figure 4. Differentiation of CD4* T cells from Fat-1 transgenic mice under Th0-, Th1-, or Th2 polarization conditions. (A) CD4* T cells from
WT or Fat-1 mice were stimulated with plate-bound anti-CD3 antibody and soluble anti-CD28 antibody under Th0-, Th1-, or Th2 polarization
condition for 4 days. The differentiated cells were stimulated with PMA and ionomycin in the presence of brefeldin A for 4 h. Then, cells
were stained for IL-4 and IFN-y and analyzed by flow cytometry and the percentages of CD4* cells expressing IFN-y (Th1) and IL-4 (Th2)
were expressed as mean + SEM from three independent experiments. #*p < 0.05, #p < 0.01 versus WT. (B) CD4" T cells isolated from WT
or Fat-1 mice were stimulated with IL-12 (for STAT-1, 10 ng/mL) or IL-4 (for STAT-6, 10 ng/mL) for indicated periods. Cells lysates were
immunoblotted with antibodies against p-STAT-1, STAT-1, p-STAT-6, or STAT-6. Similar results were obtained from three independent

experiments.

examined the cytokines and eotaxin production in the BALF.
Th2 cytokines such as IL-4, IL-5, IL-13, and IL-33 and IL-17
which is mainly produced by Th17 cells were significantly
lower in BALF from Fat-1 mice as compared with WT mice
(Fig. 6). Reduced Th2 response in Fat-1 mice was also con-
firmed by a remarkably lower expression of GATA3 in the
lung tissues (Supporting Information Fig. 5). In addition,
IFN-y level was reduced in Fat-1 mice (Fig. 6). Real-time
RT-PCR analysis proved similar results. That is, there was
a significant decrease in the level of all the inflammatory
cytokines in Fat-1 transgenic mice (Supporting Information
Fig. 6). Moreover, the eosinophil-recruiting chemokine, eo-
taxin was downregulated at the protein level in the BALF and
mRNA level in the lung tissues from Fat-1 mice (Fig. 6 and
Supporting Information Fig. 6). Downregulation of eotaxin
was correlated with reduced eosinophil numbers in BALF and
eosinophil infiltration into lungs (Fig. 5). Collectively, these
results indicate that enriched n-3 PUFA efficiently suppressed
Th2 cytokines and eotaxin, leading to protection against OVA-
induced airway inflammation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.6 Fat-1 expression suppresses CD4* T-cell
activation and differentiation in spleen

To evaluate the OVA-induced CD4" T-cell response in WT
and Fat-1 mice, we assessed CD4" T-cell activation and
cytokine production ex vivo. Splenic CD4" T cells from Fat-1
mice were less activated and had a lower percentage of IL-2-
producing cells as compared with CD4" T cells from WT mice
(Fig. 7A and B and Supporting Information Fig. 7A and B),
indicating Fat-1 expression suppressed OVA-induced CD4*
T-cell activation in spleen. Moreover, CD4*+ T-cell differenti-
ation into Th1, Th2, or Th17 was also impaired in Fat-1 mice
(Fig. 7C and Supporting Information Fig. 7C and D). Con-
sistently, IL-4 production was significantly reduced in Fat-1
mice when splenocytes were restimulated with OVA ex vivo
(Fig. 7D).

Then, we examined whether Fat-1 expression promotes
CD4" T cells differentiation into regulatory T cells (Tregs)
in OVA-induced allergic airway inflammation condition.
Splenocytes from WT and Fat-1 mice showed no difference in

www.mnf-journal.com
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Figure 5. Differential cell counts in BALF, histological evaluation of lung inflammation, and OVA-specific IgE in serum following OVA
challenge. (A) Differential cell counts in BALF were analyzed 48 h after the last OVA challenge. The absolute cell numbers of each cell type
were counted. The proportions of macrophages, eosinophils, and lymphocytes in BALF were calculated based on differential cell counts.
(B) Paraffin-embedded lung sections were prepared 48 h after the last OVA challenge and stained with H&E (100x) and representative
photomicrographs of lung sections are shown. Data are representative of three independent experiments. (C) OVA-specific IgE levels in
sera were determined using ELISA. Results from three independent experiments with four mice per group are given as mean + SEM
(n=12). **p < 0.01 versus untreated control; #p < 0.01 versus WT.

the percentage of Tregs after OVA immunization and chal-
lenge, and there was also no significant difference in the
Foxp3 mRNA level in the lung between the two groups (Sup-
porting Information Fig. 6 and 8), suggesting that Fat-1 ex-
pression may not alter Tregs development and differentiation
in Th2-mediated inflammation condition.

4 Discussion

It is well known that n-3 PUFA-rich fish oil has a protec-
tive effect on inflammation-mediated diseases. In the current
study, we examined whether enriched n-3 PUFA affects T-cell
response and Th2-induced allergic airway inflammation us-
ing Fat-1 transgenic mice. Bilal et al. [8] have recently shown
that Fat-1 transgenic mice are protected from allergic air-
way responses through an increased synthesis of protectin
D1 and resolvin E1 in the lung. Our results provided further
immunological mechanisms by which OVA-induced allergic
airway inflammation is prevented by the suppression of the
activation, proliferation, and differentiation of T cells and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

their cytokine production because of an increase in the level
of endogenous n-3 PUFA in mice.

In normal conditions, the immune system is not respon-
sive to the nonharmful environmental factors such as pollens
and dusts by immune tolerance, the functional unresponsive-
ness of T cells. Allergic asthma occurs with impairment of
immune tolerance and the initiation of T-cell response to
the nonharmful environmental factors and the production
of cytokines [21]. Cytokines secreted by Th2 cells promote
B cells to differentiate into plasma cells producing an enor-
mous amount of the allergen-specific IgE. Then, IgE binds
to the receptor on the surface of mast cells and thereby in-
duces degranulation of mast cells by cross-linking with aller-
gen. This leads to the release of a variety of molecules such
as heparin, histamine, inflammatory cytokines (TNF-a, IL-
1, and leukotriens), and chemokines, contributing to further
recruiting the immune cells and thereby triggering the occur-
rence of allergic responses. It can, therefore, be inferred that
it is one of the early interventional strategies to prevent or
treat allergic asthma by suppressing the activation of CD4*
T cells. Recent research trends have focused on the Th2 cells

www.mnf-journal.com
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challenge and various cytokines in BALF were measured by specific ELISA. Results of three independent experiments with four mice per
group are expressed as mean & SEM (n = 12). **p < 0.01 versus untreated control; #p < 0.01 versus WT.

and their products such as IL-4, IL-5, and IL-13 as a novel
therapeutic target for asthma [3,22].

Our results showed that CD4" T cells from Fat-1 mice
were not activated as effectively as those from WT mice. It
was also shown that the degree of the expression of IL-2
and its receptor, CD25, was relatively lower in CD4" T cells
from Fat-1 mice. Presumably, a lower degree of the expres-
sion of IL-2 and CD25 might cause a decrease in the de-
gree of the proliferation of CD4" T cells from Fat-1 mice,
which might be due to reduced TCR signal transduction as
evidenced by lower levels of tyrosine phosphorylation of sig-
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naling molecules (LCK and Zap70) and NF-kB activation. Itis
also known that dietary n-3 PUFA alters the T-cell activation
signaling pathways at multiple points as demonstrated by pre-
vious studies: lipid raft formation, immunological synapses
formation, PTKs, PKC, NF-kB, NFAT, MAPK, and calcium
signaling [10,11,16]. These findings indicate that the Fat-1 ex-
pression may also target multiple signaling molecules during
T-cell activation in addition to NF-kB.

It has been suggested that n-3 PUFA exerts therapeutic
and preventive effects on asthma although there is a contro-
versy between the studies [7-9, 23]. A recent study has been

Figure 7. CD4" T-cell activation and differentiation
in spleen after OVA immunization and challenge. (A)
Splenocytes taken from the mice were analyzed for CD69
expression on CD4" T cells. Splenocytes were stained
with anti-CD4 PECy5.5 and anti-CD69-FITC antibodies
and analyzed by flow cytometry. Percentage of the cells
expressing each molecule was calculated. Splenocytes
were restimulated for 4 h with PMA and ionomycin and
brefeldin A and analyzed by flow cytometry for intracellular
IL-2 (B) or IL-4, IL-17, and IFN-y (C). The percentages
of CD4" cells expressing each cytokine are shown. (D)
Splenocytes were restimulated for 48 h with 50 wg/mL
OVA and IL-4 levels in the culture media were determined
by ELISA. Results of three independent experiments with
four mice per group (n = 12) are expressed as mean =+
SEM. **p < 0.01 versus untreated control; *p < 0.05,
#*#p < 0.01 versus WT.

www.mnf-journal.com
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conducted in Fat-1 mice, thus demonstrating that the airway
inflammation and hyperresponsiveness are reduced with an
elevated level of n-3 PUFA in the lung tissue in an OVA-
induced asthma model [8]. Our results also showed that al-
lergic airway inflammation was suppressed in the Fat-1 mice
and suggests that Fat-1 expression affected the activation and
differentiation of CD4" T cells, which has previously not
been examined in an animal experimental model of asthma
using Fat-1 mice. Cytokine assay was performed in the BALF
and lung tissue, which showed that the increased level of n-
3 PUFA in Fat-1 mice might suppress Th1l, Th2, and Th17
differentiation. The defect in Th-cell differentiation in Fat-1
mice was also demonstrated by in vitro polarization experi-
ments. This result can be related with lower levels of T-cell
activation, CD25 expression, and IL-2 production in CD4* T
cells with Fat-1 expression. In addition, decreased tyrosine
phosphorylation of STAT-1 and STAT-6 upon IL-12 and IL-4
treatment, respectively provide evidence that Fat-1 expression
in CD4" T cells may interfere with Th1-/Th2-cell differentia-
tion through downregulating IL-12- and IL-4-mediated signal-
ing pathways [24]. Th2 cytokines play a key role in the devel-
opment of allergic asthma. Its lower level in the lung as well
as alower fraction of Th2 cells in the spleen of Fat-1 mice after
OVA immunization and challenge can explain the protective
effect of Fat-1 expression on airway inflammation. The effect
of n-3 PUFA on T-cell differentiation is contradictory between
the studies. It has shown that dietary n-3 PUFA shifts Th1
phenotype to Th2 phenotype by suppression of Th1 develop-
ment [12,17,25]. It is well known that Th1 response is one of
the pathogenic factors that are responsible for the occurrence
of autoimmune and inflammatory diseases. It is, therefore,
presumed that there would be a protective effect of n-3 PUFA
on the autoimmune and inflammatory diseases when it en-
hances the Th2 response. Inconsistent with previous reports
about dietary n-3 PUFA, we and Bilal et al. [8] demonstrated
that the Th2 response was not enhanced but suppressed with
an elevated level of endogenous n-3 PUFA. Presumably, this
might be due to not only the difference in an experimental
model of the disease regarding whether it is designed based
on the Th1 response mediated inflammation or Th2 one but
also that in the source of PUFA regarding whether it is di-
etary or endogenously converted from Fat-1 transgene. The
Fat-1 mice have a higher ratio of n-3 to n-6 PUFA, being ap-
proximately 1, although it is almost impossible to achieve this
ideal ratio from the dietary n-3 PUFA [15]. It is also known
that IL-17-producing Th17 cells, as well as Th2 cells, play a
role in the pathogenesis of asthma [5,26]. Our results showed
that the degree of Th17-cell response was decreased with the
expression of Fat-1, which may also contribute to reduced air-
way inflammation in the lung. Other studies have also shown
that the Fat-1 expression has an inhibitory effect on the dif-
ferentiation of Th17 cells [27, 28]. Taken together, our results
indicate that the allergic immune response might be attenu-
ated by an elevated level of endogenous n-3 PUFA through a
modulation of the T-cell differentiation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tregs are characterized by the expression of lineage-
specific transcription factor, Foxp3, and they perform an
immunosuppressive function and play a pivotal role in the
occurrence of immune-mediated disorders such as type 1 di-
abetes, multiple sclerosis, rheumatoid arthritis, and asthma
[29, 30]. Recent studies have shown that n-3 PUFA promotes
the development of Tregs in mice, leading to the suppression
of inflammatory disorders [31, 32]. We, therefore, examined
whether the fraction of Tregs is increased after the induc-
tion of allergic airway inflammation in the Fat-1 mice. This
showed, however, that an increased level of n-3 PUFA in the
Fat-1 mice did not affect the expression of Foxp3 mRNA in
the lung tissue and the development of CD4*Foxp3™ T cells
in the spleen. These findings indicate not only that the Fat-
1 expression is not effective in inducing the production of
Tregs but also that Tregs may not be associated with the ef-
fects of the Fat-1 expression in preventing the occurrence of
OVA-induced allergic inflammation in the lung.

To summarize, our results showed that the Fat-1 trans-
gene expression was effective in inhibiting the occurrence of
OVA-induced airway inflammation by suppressing the CD4*
T-cell-mediated immune responses at an elevated level of
n-3 PUFA in mice. In conclusion, our results indicate that
the dietary supplementation of n-3 PUFA may modulate un-
controlled Th2-driven allergic inflammatory response, having
beneficial effects on the prevention and treatment of allergic
asthma.
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gram (Number 2012-0009319) of the National Research Founda-
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Supporting Information Materials and M ethods

Real-time RT-PCR analysis

The RNA wasisolated from lungs or CD4" T cellsusing Trizol (Invitrogen) and was
precipitated with isopropanol and dissolved in DEPC-treated distilled water. Total RNA (2 pg)
was treated with RNase-free DNase (Invitrogen), and first-strand cDNA was generated using
arandom hexamer primer with afirst-strand cDNA synthesis kit (Applied Biosystems, Foster
City, CA USA). Specific primers for each gene were designed using primer express software
(Applied Biosynthesis). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an invariant control. Specific primers for each gene (Table 1) were designed using primer
express software (Applied Biosystems). Real-time RT-PCR mixtures consisted of 10 ng
reverse transcribed total RNA, 167 nmol/l forward and 2x PCR master mixturein afina
volume of 10 pl. Reactions were carried out in 384-well plates using the ABI Prism 7900HT

Sequence Detection System (Applied Biosystems).



Treg cellsanalysisin spleen

Single cell suspensions were prepared from the spleen and analyzed for CD4" Foxp3®
expression using PerCPcy5.5-abeled anti-CD4and FITC-labeled anti-Foxp3 (eBioscience)
according to the manufacturer's instructions. Briefly, splenocytes (1x10°) were stained for

CD4 expression and then incubated with 1 mL of fixation/permeabilization solution at 4C for

30 min. The cells were washed with 2 mL of permeabilization buffer and stained with anti-
Foxp3 antibodies for 30 min on ice. Finaly, the cells were washed with permeabilization
buffer, resuspended in flow cytometry buffer (PBS with 2% FBS), and analyzed by flow

cytometry.

Supporting Information Figure L egends

Figure S1. CD4" T cell activation and cytokine production. CD4" T cells were purified and
stimulated with anti-CD3 antibody alone or with anti-CD3/CD28 antibodies. Cells were
culture for 24 h and stained with anti-CD69 antibody (A) or anti-CD25 antibody (B), and
anayzed by flow cytometry. (C) Cells were culture for 48 h and stained with anti-I1L-2, I1L-4,
IL-13, IL-33 and IFN-y antibodies and analyzed by flow cytometry. The representative flow

cytometry plots are shown.

Figure S2. Real-time RT-PCR analysis of Thl or Th2 cytokines and transcription factorsin
CD4" T cdlls differentiated under Th1 or Th2 polarization condition. Total RNA was extracted
from CD4" T cells cultured for 3 days under ThO-, Thl- or Th2-differentiation condition. Then
MRNA levels of indicated cytokines and transcription factors were analyzed by real-time RT-
PCR. Results of three independent experiments are expressed as mean+SEM. “p<0.05,

#p<0.01 vs. WT.



Figure S3. Schematic diagram of the experimental protocol. Mice were immunized
intraperitoneally with 20 ug of OVA plus 2.25 mg aluminum hydroxide adjuvant on day 0
and OV A aone without alum on day 14. The immunized mice were exposed to aerosolized
OVA on days 28, 29 and 30. Mice were euthanized and periphera blood, BALF, lung tissues

and spleen were prepared for analysis.

Figure $4. Histological assessment of mucin production. Periodic Acid Schiff (PAS) staining
was performed on sectioned lung tissues to visualize mucin production and mucin is stained
as apink to red-stained materia within the airway. Representative slides are shown of

sections from 5 mice per se.

Figure S5. Protein expression of GATA3 in lung tissues. Lung tissues from mice were
homogenized in lysis buffer and subjected to Western blot analysis. Similar results were

obtained from at |east three independent experiments.

Figure S6. Inflammatory gene expression in OVA-induced alergic airway inflammation.
Lung tissues were collected 48 h after the last OVA challenge and homogenized. The mRNA
levelsin lung extracts were measured by real -time RT-PCR. Results of three independent
experiments with 4 mice/group are expressed as mean+SEM (n=12). " p<0.01 vs. untreated

control; #p<0.01 vs. saline.

Figure S7. Representative data of flow cytometry analysis for CD4°CD69" T cells (A), IL-2
producing CD4" T cells (B), IL-4 or IL-17 producing CD4" T cells (C), and IFN-y producing
CD4" T cells (D) in spleen. Representative data of at |east three experiments with similar

results is shown.



Figure S8. Tregsin splenocytes. Splenocytes from OVA immunized and challenged mice
were stained with anti-CD4 and anti-Foxp3 antibodies and analyzed by flow cytometry. (A)
Representative flow cytometry data from three independent experiments with 5 mice/group is
shown. (B) Average percentage of Tregs in spleen. Results of three independent experiments

with 4 mice/group are expressed as mean+SEM (n=12).

Table S1. Composition of the diet

Ingredients gm kcal
Casain 14 56
Corn starch 43.56 174
Maltodextrin 125 50
Sucrose 10 40
Cellulose 5 0
AIN-93 mineral mix 35 0
AIN-93 vitamin mix 1 40
L-Cystine 0.18 0.72
Choline bitartrate 0.25 0
tert-Butylhydroquinone 0.01 0
Corn oil 10 90

Total 100 451




All diet ingredients were purchased from Research Diet (New Brunswick, NJ, USA). Diets

were prepared and stored in aiquots at -20°C.
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