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Figure 4. Changes in cytokines mRNA expression levels in the ears of AD mice by vaccination of rhPIV2/Ag85B. Cytokines: IL-4 (panel
A), IFN-y (panel B), IL-10 (panel C), TGF- (panel D), TNF-a (panel E), MIP2-0 (panel F), IL-2 (panel G), IL-17 (panel H), mRNA expression in the ear lesions
measured with Quantitative RT-PCR. Expressions of IL-4, TNF-o. and MIP2-o. mRNA were significantly decreased in the ear skin: treated with intra-
nasally rhPIV2/Ag85B treated group compared to those of control groups: Meanwhile, the expression levels of mRNA of IFN-y, IL-10, TGF-B and IL-2
were significantly elevated in rhPIV2/Ag85B intra- nasally treated group compared to those of control groups. *P<0.05, **P<0. 01 ***P<0 001.
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ACt method was used to ;standardlze the transcripts to GAPDH,
and the ratio to that of control mice was calculated.

Immunohlstochemxstry

The ear skins sampled on day 21 were snap-frozen, and the

frozen sections prepared at 7 um thickness were subjected to a
blocking procedure with 5% normal goat serum (Vector Labora-
tories, Burlingame, CA). Sections were then incubated with FITC-
conjugated rat anti-mouse CD4 antibody (Beckman Coulter) and
PE conjugated anti-mouse FoxP3 antibody (BioLegend), and
examined under Fluoview FVI000 laser scanning confocal
" microscopy (Olympus, Tokyo, Japan). Skin infiltrating’ CD4" T
cells and FoxP3*CD4* T cells were counted at x100 field, and the

numbers in 10 randomly chosen fields of ﬁve samples were

evaluated.

Measurement of Serum IgE

Serum IgE level was determined by a sandwich enzyme—hnked
immunosorbent assay (Yamasa, Tokyo, Japan) according to the
manufacturer’s instructions. Optical density of each well was
determined by using a microplate reader (Multiscan JX, Thermo
Electron, Yokohama, Japan). :

Statistical Analy5|5 .
Statistical analysis was perfonned using Mann—Wh1tney U test.
P<0.05 was considered as significant.

Results

rhPIV2/EGFP Infection in vitro and in vivo

To investigate expression levels of the inserted gene in thPIV2
in vitro, HaCat cells were infected with thPIV2/EGFP at an MOI
of 0.5 and were examined directly using a fluorescence micros-
copy. The EGFP from rhPIV2/EGFP was highly expressed in
HaCat cells, and remarkable fluorescence extended to nearly all
the cells in spite of low MOI (Fig. 2A). Then, to evaluate the gene
expression in vivo, mice were ‘intra-nasally inoculated with
rhPIV2/EGFP (5 x 108 TCIDsyg), and the intense EGFP expression
was revealed in the lung epithelium of the mice (Fig. 2B).

Cutaneous Manifestations :

To evaluate the clinically relevant therapies, mice were treated
following the strategy shown in Fig. 1B. Ear lobes of the thPIV2
(vector alone) or PBS-treated mice developed severe edematous
erythema with exudation and erosion at 6 hours after. OX
challenge on day 21. However, thPIV2/Ag85B-treatment reduced
dermatitis in both of the intra-nasal and subcutaneous application
groups (Fig. 3A). Ear swelling was dramatically suppressed in both
of the thPIV2/Ag85B-treated mice compared to PBS or thPIV2
treated mice (Fig. 3B)

Histopathological Flndlngs :

PBS ‘or rhPIV2-treated ‘mice showed marked mﬂammatory
reactions with acanthosis and ulceration in epidermis, and marked
edema with cellular infiltration including mononuclear cells and
neutrophils in the dermis. Both of the intra-nasal and subcutane-
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ous thPIV2/. Ag85B apphcatlon successfully reduced inflammatory
cell infiltration and -epidermal thickness (Flg 3C).

.Serum IgE Levels

High levels of IgE were detected in sera from PBS or thIVQ-
treated mice. On the other hand, the IgE levels in the sera from
Ag85B-treated mice by two ways were suppressed mgmﬁcantly
(Fig. 3D).

Cytokines mRNA Expression in the Ear Skins

Expression of IL-4 mRNA was significantly decreased in the ear
skin of intra-nasally rhPIV2/Ag85B treatment group compared to
that of PBS treated mice (Fig. 4A). In clear contrast, IFN-y mRNA
expression was significantly increased in rhPIV2/Ag85B intra-
nasally treated group (Fig. 4B).. As expected, IL-10 levels were
significantly increased in intra-nasally treated with thPIV2/Ag85B
and thPIV2-vector groups (Fig. 4C). Surprisingly, TGF-B expres-
sion is remarkably elevated in the intra-nasal rhPIV2/Ag85B
group (Fig. 4D). mRNA expressions of TNF-o and MIP-2 were
significantly decreased in both of intra-nasally and subcutaneously
thPIV2/Ag85B treated groups compared with PBS or vector
treated group (Fig. 4E, F). The expression of IL-2 mRINA was also
significantly elevated in both of the rhPIV2/Ag85B intra-nasally
and subcutaneously treated -.groups (Fig 4G). No obvious
suppression in IL-17 mRNA expression was detected in

thPIV2/ Ag85B group (Fig. 4H).

Immunostaining for Tregs in the lnﬂamed Ear Skin
Lesions

As shown in Fig. 5A;, CD4* T cells are dlsplayed with green
fluorescence, and Foxp3™ T cells are with red. Merged vellow
color means Foxp3"CD4" T cells. The skin infiltrating CD4* T
cells are significantly decreased in Ag nasal group and Ag ear
group compared to that of PBS-treated group. Although it does
not reach the significance, the CD4" T cells number is less in Ag
nasal group compared to Ag ear  group (Fig 5B). The
Foxp3"CD4" T cells are significantly increased in both of Ag
nasal and Ag ear groups (Flg 5Q).

Discussio'n

Immune system is finely controlled on the balance of four main
subsets of Th1, Th2, Th17, and Treg [5] cells. AD, especially in its
acute phase, is a disease that Th2 cells are dominantly involved in
the pathogenesis. In fact PBMCs from patients with AD have

“increased production of IL-4, IL-5, and IL-13 with limited

capacity in production of IFN-y [23-25]. Repeated elicitation of
OX on mice ear shifts the cutaneous Thl cytokine milieu to Th2,
which represents the characteristic immunological features of AD.
Tmmunotherapy for AD has some different options to correct the
imbalance of the shifted cytokine profile. In the present study, we

- investigated - effects ~of . vaccination' using - replication-deficient

rhPIV2 -vector  expressing Ag85B gene to mouse AD model.
BCG is known as a strong Th1 response modifier; however, ‘it has

~a risk for granuloma formation. To avoid granuloma formation,

non-wax protein anugen is required. Ag85B is a conserved proteln
in mycobacterial species and can elicit a strong Thl-type immune
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Figuré 5. Immunostaining for Tregs in the fnflamed ear skin Iesnons. A. CD4" T cells are displayed with green fluorescence (1), and Foxp3* T
cells are with red (2). Merged yellow color means Foxp3"CD4" T cells (3) (x100). B. The number of skin infiltrating CD4" T cells is less in Ag nasal group
and'Ag ear group compared to that of PBS-treated group. Although it does not reach statistical significance; CD4* T cell number-is less in'Ag nasal
group compared to that of Ag ear group. C. The number of Foxp3'CD4" T cells in the inflamed ear skin i is 5|gn|ﬁcantly increased in both of the intra-

_nasal and ear-subcutaneous rhPIV2/Ag85B application groups.
d0| 10.1371/journal.pone. 0066614 9005
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response [8]. Therefore, Ag85B has been used as immune-
modulator to control acute AD lesions or asthma. Ag85B DNA
* vaccine suppressed airway inflammation in a murine model of
asthma [26]. Furthermore, resent studies suggested that’ Ag85B
vaccination promotes Thl-type immune responses as well as Treg
responses. Administration of Ag85B showed therapeutic effects to
Th2-type cytokine mediated acute phase AD models by inducing
regulatory T cells [10].

Selection . of the vector and its: apphcatlon pathway has
importance in successful DNA vaccination therapy. We selected
hPIV2 ‘as a potential vector for Ag85B vaccination. hPIVs are
human respiratory pathogens, and the most distinctive clinical
feature of infection of hPIVs is ‘croup (i.e., laryngotracheobron-
chitis or swelling around the vocal chords and other parts of the
upper and middle airway). Arnong hPIVs, hPIV] and hPIV3 are
the major cause of croup in children, whereas hPIV? is rarely
identified as a clinical pathogen. Therefore, hPIV2 has been
suspected as less virulent and cytotoxic virus. hPIV2 enters the cell
by cell fusion at the plasma membrane, and replicates exclusively
in the cytoplasm, and buds at the plasma membrane. Therefore,
hPIV2 has no risk for integration in the host genome, not like
retrovirus. In addition, since hPIV2 has a non-segmented and
negative-stranded RNA genome, there is no antigenic shift among
RNA segments, not like influenza viruses. Using technology of
advanced reverse .genetics [20], we constituted . replication-
deﬁaent hPIV2 vector with additional advantage as a highly safe
virus vector. To confirm the target and effective infection of
rhPIV? vector, we inoculated rhPIV2/EGFP to HaCat cells.
HaCat cells successfully expressed EGFP up to 7 days post-
infection (pi). Also, BALB/c mice intranasally single-administrated
with rhPIV2/EGFP showed intense EGFP expression in the
airway epithelial cells. These results strongly support activities of
long-term high-level expressmn of the exogenous gene and
efficiency of rhPIV2 in vivo.

In the present study, AD symptoms including ear swelling at late
phase reaction were significantly suppressed in rhPIV2/Ag85B
treated groups in both of intra-nasal and subcutaneous adminis-
tration. Inflammatory cell infiltration including mast cells and

eosinophils in the lesional skin was also suppressed. In the cytokine

profile, mRINA expression of IFN-y and IL-2 in the ear skins was
significantly increased. Interestingly, IL-4 mRINA was significantly

reduced in intranasal rhPIV2/Ag85B treated groups. In IL-4
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suppression and IFN-y induction, intra-nasal application showed
stronger effects compared with subcutaneous application. hPIV2 is
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more effective capture of rhPIV2/Ag85B by respiratory epitheli-
um compared with that of skin resident cells is reasonable. In
addition; the skin derived anti-infectious molecule, horny layer
proteases and epithelial skin barrier might decrease efficiency of
rhPIV2.
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“importance. Present study unveiled augmentation of TGF-f and

IL-10 expression by intranasal rhPIV2/Ag85B. TGF- and IL-10
have been described as critical regulatory cytokines produced by
Treg. In fact in the current experiment, the numbers of skin
infiltrating CD4* T cells are decreased in the nasal application and
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" and TGF-PB, which confer the protection against airway inflam-

mation [27]. Recently TGF-B was proved to suppress GATA-3
function through Sox4 signal, and TGF-B controls Th2 cell-
mediated inflammation [28]. In addition, it is crucial that PIV2
itself has some effects in induction of Treg without 0bv10us effects
in clinical manifestation and Th1/Th2 balance.

In conclusion, the respiratory tract epithelium captured rhPIV2
effectively without remarkable. cytotoxic effects. The treatment
with thPIV2/Ag85B especially by trans-nasal mucosa approach
ameliorates OX-induced AD model by altering Th2/Th1 cytokine
balance ‘with induction of regulatory cytokines induction. Thus,
nasal rhPIV2/Ag85B vaccination is a novel, less invasive and
useful therapeutic approach for AD and related allergic disorder.
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1. ‘Introduaio'n

ABSTRACT

" Induced plunpotent stem (iPS) cells establlshed by mtroductlon of the transgenes POUSF1 (also known

as 0ct3/4) SOX2, KLF4 and ¢-MYC have competence similar to embryonic stem (ES) cells. iPS cells
generated from cynomolgus monkey somatic cells by using genes taken from the same species would be

-a particularly 1mporcant resource, since various: bnomedlcal investigations, including studies on the safety
‘and efﬁcacy of drugs; medical technology development, and research resource development, have been

- performed ‘using cynomolgus monkeys. In addition, the use of xenogeneic genes would cause

. complicating matters such as immune responses when they are expressed. In this study, therefore, we
: establlshed iPS cells by mfectmg cells from the fetal liver and newborn skin with amphotropic retroviral
" vectors containing cDNAs for the cynomolgus monkey genes of POU5F1, SOX2, KLF4 and c-MYC. Flat
colonies consisting of cells with large nuclei, similar to those in other primate ES cell lines, appeared and

were stably mamtamed These cell lines had normal chromosome numbers, expressed pluripotency
markers and formed teratomas. We thus generated cynomolgus monkey iPS cell lines without the
introduction of ecotropic retroviral receptors or other additional transgenes by using the four allogeneic -
transgenes. This may enable detailed analysis of the mechanisms underlying the reprogramming. In

- conclusion, we showed that iPS cells could be derived from cynomolgus monkey somatic cells. To the

best of our knowledge this is the first report on iPS cell lines estabhshed from cynomolgus monkey
somatic cells by using genes from the same species. .
© 2013 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

 also confirmed that mouse iPS cells differentiated into functional
germ cells in the chimera gonads (Okita et al., 2007). Furthermore,

‘Pluripotent stem cells that have competence 51m11ar to embryo—
nic stem (ES) cells have been artificially generated from mouse
somatic cells in vitro (Takahashl and Yamanaka, 2006). Establish-

ment of this cell population, named induced plurlpotent stem (iPS)

cells, was achieved by introduction of the exogenous transgenes
POUSF1 (also known as Oct3/4), SOX2, KLF4 and ¢-MYC ‘using
retroviral vectors. The iPS cell lines showed the characteristic
morphologies and protein and gene expressions, as well as the
karyotype stability and differentiation ability, of ES cells. It was

* Corresponding author. Tel.: +81 29 837 2121; fax: +81 29 837 0218,
E-mail address shlmo@mblo go _]p (N. Shimozawa).

iPS cells were successfully established from human somatic cells

(Takahashi et al,, 2007).
Cynomolgus monkeys (Macaca fasczcularzs) are one of the most

~ important species of non-human primates, and are essential to
i"blomedlcal research due to their close relationship to humans.
~In addition, cynomolgus monkeys are annual breeders; and in this

respect are more similar to humans than rhesus monkeys, which
are seasonal breeders. In non-human primates, the establishment

- of ES cell lines has been reported in the rhesus monkey (Macaca

mulatta).(Thomson et al. 1995), the common marmoset (Callithrix
Jjacchus) (Thomson et al. 1996), the cynomolgus monkey (Suemori
et al., 2001) and the African green monkey (Cercopithecus aethiops)
(Shlmozawa et al,, 2010). Before ES cells can be used for clinical

0301-4681/$ - see front matter © 2013 International Society of Differentiation. Published by Elsevier B. V All rights reserved.
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applications in humans, research using non-human primates,
especially cynomolgus monkeys will be needed to examine their
safety and efficacy.

~Among non-human primates, 1PS cells have been established in
rhesus monkeys (Liu et al., 2008) and.common marmosets (Tomioka
et al,, 2010) and cynomolgus monkeys (Okahara-Narita et al., 2012).
Research into regenerative medicine using rhesus monkeys, common
marmosets and cynomolgus monkeys is particularly active, and the
differentiation of ES cells into various somatic cells is also being
widely studied. Similar studies have also been performed on iPS cells.
However, some abnormal characteristics of iPS cells ‘have been
reported (Kim et al., 2010; Lister et al,-2011; Nishino et al,, 2011),
and ‘there is uncertainty with regard to their safety and efficacy.
Therefore, the ideal induction methods for achieving fully repro-
grammed pluripotent stem cells ‘are currently under investigation
(Maekawa et al,, 2011).

The Tsukuba Primate Research Center (TPRC) in Japan has a
specific pathogen-free (SPF) colony of cynomolgus monkeys that
have been maintained by indoor breeding as a closed colony with an

absence of microorgénism infections (Honjo, 1985; Yasutormni, 2010).

Using such monkeys, the ‘safety and efficacy of drugs, medical
technology development and research resource development can
~ be researched. Because cynomolgus monkeys are used for various
types of medical research, unexpected disadvantageous effects due to
the use of genes from different species need to be excluded. There-
fore, to establish iPS cells, we introduced four genes (POU5F1, SOX2,
KLF4 and ¢-MYC) cloned from cynomolgus monkeys ‘using the
amphotropic retroviral vectors produced from Plat-A cells into the
somatic ‘cells of the ‘cynomolgus monkeys. To the best of ‘our
. knowledge, this is the first report on the establishment of cynomol-
gus monkey iPS cell lines using genes from the monkeys themselves.

2. Materials and methods
21. Ammals

The cynomolgus monkeys (Macaca fasczculans) used in this
'study were bred and maintained in an air-conditioned room at the
TPRC with controlled illumination (12 h light/12 h dark), tempera-

- ture (25+2 °C), humidity (60+5%), and ventilation (10 cycles/h),
and were given 70 g of commercial food (Type AS; Oriental Yeast
Co., Ltd., Tokyo, Japan) and 100 g of apples daily, and unlimited

access to tap water (Tsuchida et al, 2008). Every morning their

health status (e.g., viability, appetite, fur-coat appearance) was
monitored. The maintenance of animals was conducted according
to the rules for animal care of the TPRC at the National Institutes of
Biomedical Innovation (NIBIO) for the care, use, and biohazard

“countermeasures of laboratory animals. All animal experiments
were conducted in accordance with the guidelines for animal
experiments of the NIBIO.

2.2. Cell culture

The newborn skin and fetal liver tissues_utilized in this study
were collected from the fetus and newborn delivered by Cesarean
section for other studies. The tissues were thoroughly minced with
scissors. The minced - tissue pieces. were cultured in:Dulbecco's
modified Eagles medium (DMEM; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) with 10% fetal -bovine serum (FBS; Wako Pure
Chemical Industries) and 1% penicillin-streptomycin solution (Sigma,
St. Louis, MO, USA). Primary cultures.grown to confluence were
digested with trypsin-EDTA solution (Sigma) and subcultured. Until
culturing for the generation of iPS cells, the cells were kept in a Cell
Banker (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) in liquid
nitrogen. Plat-A cells were maintained in DMEM with 10% FBS, 1%

.penicillin-streptomycin solution, 1 pg/mL puromycin (Sigma)- and

10 pg/mL blasticidin S (Sigma). For 24 h before transfection, Plat-A
cells were cultured in DMEM with 10% FBS and 1% penicillin-
streptomycin solution. Cynomolgus monkey iPS cells were cultured
on -a' mitomycin C-treated mouse embryonic fibroblast (MEF) cell
monolayer derived from ICR mice (Charles River Japan, Kanagawa,
Japan) on gelatin-coated 10 cm dishes in ES cell culture medium
(ESM) consisting of DMEM/F12 (1:1) (Sigma) supplemented with 20%
knockout serum replacement (KSR; Invitrogen), 1% GlutaMax (Invi-
trogen), 0.1 mM :B-mercaptethanol (Sigma), 1% non-essential amino
acids (Invitrogen), 10 ng/mL human recombinant leukemia inhibitory
factor (hLIF; Millipore, Billerica, MA), 4 ng/mL human recombinant
basic fibroblast growth factor (hbFGF; Wako Pure Chemical Indus-
tries) and 1% penicillin-streptomycin solution. For passaging, iPS cell
colonies were treated with 0.1% collagenase (Wako Pure Chemical
Industries) in DMEM and divided into small clusters with plpettmg,
then subcultured onto a new MEF layer. -

23 Generation of ,z'PS cells

We used KLF4, SOX2, POU5F1 and c-MYC genes from cynomol-
gus monkeys to establish the iPS cell lines. KLF4 and SOX2 were
obtained from the JCRB Gene Bank (http://genebank.nibio.go.jp/).
POU5F1 was derived from the cynomolgus monkey ES cell line,
CMK6 (AGC Techno Glass Co., Ltd., Chiba, Japan). c-MYC was
isolated from cynomolgus monkey skin ﬁbroblast cells activated
by bFGE.

Cynomolgus monkey iPS cells were generated as described by
Takahashi and Yamanaka (2006) and Takahashi et al. (2007). Briefly,
for retrovirus productlon pMXs (Kitamura et al, 2003) containing
cDNA of cynomolgus monkey POUS5FI, -SOX2, KLF4 and c-MYC,
respectlvely, were transfected into Plat-A cells (Kltamuxa et al,
2003) after 24 h-of culture using FUGENE6 Transfection Reagent
(Roche, Basel, Switzerland). For confirmation of infection to the
somatic cells, pMX containing cDNA of GFP was also prepared. After
24 h, the medium was exchanged for 2 mL of fresh medium.

- Cynomolgus monkey somatic cells from skin and liver were seeded

at 1.5-5 x 10° cells in 10 cm dishes (BD Falcon, Franklin Lakes, NJ,
USA): The next day, the supernatants with viruses produced from
Plat-A cells were filtered by a cellulose acetate filter, respectively,
and mixed. The somatic cells from skin and liver were infected with
2mL of the v1rus-supernatants containing 4 pg/mL polybrene
(Slgma) per 6cm dish, respectively. After 24 h, the supernatants
were exchanged with fresh ‘medium. Seven days after inifection, the
cynomolgus monkey cells were recovered by trypsinization and
seeded onto a mltomycm C-treated MEF cell monolayer on gelatin-
coated 10 cm dishes in DMEM with 10% FBS and 1% penicillin-
streptomycin solution. The next day, the medium was exchanged
for ESM. The ES cell-like colonies were divided into small clusters
with pipetting and passaged onto new feeder layers.

24. In vivo and in vitro differentiation

- For pluripotency analysis, teratomas and embryoid bodies (EBs)
were derived from iPS cells. Teratoma formation was accomplished as
follows. The iPS cells suspended in ESM without p-mercaptethanol,
hLIF and hbFGF were injected into the hind leg muscle of immuno-
deficient mice (NOD/SCID, Charles River, Japan). After about 8-12
weeks, the tumors were extracted from the hind legs and fixed with
4% paraformaldehyde (Sigma) in phosphate buffered solution (PBS),
then embedded in paraffin and sectioned for histological analysis by
hematoxylin and eosin staining. EBs were grown by floating culture of
unattached iPS cell colonies in ESM without p-mercaptethanol, hLIF
and hbFGF. After 2 weeks, EBs were cultured in DMEM with 10% FBS
for attachment culture. The cells that had spontaneously differentiated
from EBs were observed and analyzed by immunofluorescence. To
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Table 1

Primer sets used in this study.
Gene o Forward =~ Reverse ‘ : " bp
Endogenous POU5F1 GAGAACAATGAGAACCTTCAGGAGA TTCTGGCGCCGGTTACAGAACCA : 60
Endogenous SOX2 CCCCCGGCGGCAACGCA o TCGGCGCCGGGGAGATACAT - : 51 )
Endogenous KLF4 GAGCTCTCCCACATGAAGCGA CGGAATGTACACCGGGTCCAA : 51
Endogenous ¢-MYC GAGGAGACATGGTGAACCAG TCGAGGAGAGCAGAGAATCC 49
NANOG S CAGAAGGCCTCAGCACCT GACTGTTCCAGGCCTGATTGIT : i 49
REX1 it . CGAAAACAGCTCGCAGAA CAGCCTTCAAAGGGACAC 42
GAPDH = TGGACCTGACCTGCCGTCT: GGAAGAGTGGGTGTCGCTGT : - 49
Exogenous POUS5F1 - GACGGCATCGCAGCTTGGATACAC ' TGAGAGGTCTCCAAGCCACCTT 50
Exogenous SOX2 GACGGCATCGCAGCTTGGATACAC ATAATCCGGGTGCTCCTTCAT 47
Exogenous KLF4 GACGGCATCGCAGCTTGGATACAC - AATTGGAGAGGATAAAGTCCA 43
Exogenous ¢-MYC ~+* GACGGCATCGCAGCTTGGATACAC AGCTCGGTCACCATCTCCAGCT - e i 50
AFP e ) TGCCAACTCAGTGAGGACAA TCCAACAGGCCTGAGAAATC - . ) 356
Brachyury ACCCAGTTCATAGCGGTGAC CAATTGTCATGGGATIGCAG i 392
GATA4 ; GCCTCTACATGAAGCTCCA . GGCTGTTCCAAGAGTCCTGC : 401
Pax6 ) ~ . ACAGACACAGCCCTCACAAAC ATCATAACTCCGCCCATTCACC ’ 159
Cdx2 o . TCAGCCAGGTCCTCTGAGAA GCCTGGAATTGCTCTGCC i : : 169
VASA CCAGAGGGCTGGATATTGAA TGCAGGAACATCCTGTTGAG RS 206
p-Actin CTCTTCTCCAGGGAGGAGCT - : 148 -

TGAAGATCCTCACT! GAGCGC

examine the differentiation ability of the cells by reverse transcription

polymerase chain reaction (RT-PCR), EBs at weeks 1, 2, 3 and 4 of

floating culture were collected; respectively.

2 5. Gene expresszon analysw

Undlfferentlated iPS cells and EBs at days 7,14, 21 and 28 of

culture were treated with RNA later (Ambion, Austin, TX, USA).

RNA was isolated using an RNAqueous Kit (Ambion) according to
the manufacturer's protocol. First-strand cDNA was primed via
random hexamers and RT-PCR was performed with TaKara Ex Tagq,
TaKaRa PCR Thermal Cycler Dice Mini and a Thermal Cycler Dice

"Real Tlme System (TAKARA BIO INC , Shiga, Japan) The prxmer sets

are shown in Table 1.

2.6. Immunocytochemistry

_For immunofluorescence analysis, undifferentiated ‘and‘ differ-
entiated cells were fixed with 4% paraformaldehyde in PBS for
20 min. Following permeablllzatlon with 0.2% Triton X-100 (ngma)
in PBS for 10 min and blocking with 5% FBS in PBS for 30 min, cells

“were_incubated with primary antlbodles overnight at 4°C and -

visualized by IgG or IgM conjugated with Alexa 488 (A11001,

A21042, A11008, A1106, A21212) or 555 (A21428, A21422) (All -

1:1000, Invitrogen). The primary antlbodles used were as follows:
Oct-3 (1:50, Becton Dxckmson 611203) Nanog (1:50, Repro
CELL Inc., Tokyo, japan RCABOOO3P) SSEA1 (sc-21702) SSEA3
(sc-21703), SSEA4 (sc-21704), TRA-1-60 (5c021705), TRA-1-81
(sc-21706), and TRA-2-54 (sc-21707) (all 1:80, Santa Cruz Biotech-
nology, Inc. CA, USA) for undifferentiated cells, and Brachyury(l 50,
Abcam, Cambndge UK; ab20680) a—smooth muscle actin (1: 100,
R&D Systems, aneapohs MN, USA, MAB1420) B-tubulin I (1: 50,
Sigma, T8660) and FOXA2 (1:100, ‘Millipore, AB4125) for differen-

tiated cells. The nuclei were stained with 10 pg/mL Hoechst 33342_,

' (Calblochem Darmstadt Germany) in PBS

. 27 Karyotypmg

Karyotype analyses were performed at the lnternatlonal Coun—

cil for Laboratory Animal Science Momtonng Center (Kanagawa

Japan).

- 3. Results

3.1. Generation of iPS cells

To investigate the viability of introducing transgenes. into cells
from newborn skin and fetal liver (Fig. 1A and B) using retroviral
vectors produced from Plat-A cells, we first examined the effi-
ciency of introduction of the GFP gene. The results showed that the
percentages of cells expressing GFP.among the total cells from the
newborn skin and fetal liver samples were 77% and 68%, respec-
tively, as determined by flow cytometry analysis (Fig. 1C and D),
demonstrating the effectiveness of infection with retrovirus from
Plat-A cells. Indeed, after about four weeks; ES cell-like colonies
began to appear among cells from the fetal liver samples into
which the four transgenes, POU5F1, SOX2, KLFf4 and c-MYC, had
been introduced by retroviral vectors. We obtained 1 and 74
colonies from newborn skin arid: fetal liver, respectively (Fig. 1E
and F). To clarify the characteristics of these colonies, we exam-
ined one line from newborn skin'(S-1) and five lines from fetal

liver (H-1 to H-5). The examined cell lines could be maintained by

using the same methods as used for the primate ES cell lines and
exhibited a flat colony morphology rnade up of cells w1th Iarge
nucle1 (Fig. 1G and H)

) '32 Charactenzanon of undszerentlated iPS cells

We exammed the expressmn of undlfferentlated markers and
transgenes, as well as karyotypes, in the iPS cell lines. Immuno-
fluorescence analysis revealed that these cell lines expressed Oct=
3, SSEA4, TRA-2-54, TRA-1-60, TRA-1-81 and Nanog, but not
SSEA1 and SSEA3 (Fig. 2), which was identical to the expression
profile for the cynomolgus monkey ES cell lines. RT-PCR analysis
revealed that these cell lines expressed endogenous POUS5FI,

-S0X2, ¢-MYC, KLF4, Nanog and REX1, but not exogenous POUSFl

SOX2, c-MYC and KLF4, with the exceptlon that exogenous c- MYC
was expressed in the H-2 line (Fig. 3). In short, the expressions of
the four transgenes introduced by retroviral vectors were almost
silenced. Karyotyping analysis revealed that 82% (41/50), 86%
(43/50), 78% (39/50) and 82% (41/50) of the S-1 (passage 23),

" H-1 (passage 28), H-4 (passage 23) and H-5 (passage 26) cell ’lin'e‘s

examined had a normal chromosome number of 40 and sex -
chromosomes XX (Flg 4). i

— 86 —
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Fig. 1. Generation of iPS cell lmes The cells from Tnewborn skin (A) and fetal liver (B) in cynomolgus monkey were cultured i vitro. FACS analy51s revealed that, by using
retroviral vectors produced from Plat-A cells, the rate of introduction of the GFP gene into both types of somatic cells was relatlvely high (77% and 68%, respectively) (C,D). By
infection of retroviral vectors with POU5F1, SOX2, KLF4 and ¢-MYC into both types of somatic cells, iPS cell colonies were generated (EF). The colonies could be mamtamed
using the same method as for primate ES cell lines and showed flat colonies con51st1ng of cells with large nucleoli (G,H). The bar represents 500 um,

3.3. Characterization of differentiated iPS cells

We examined teratoma formation as in vivo differentiation, and
EB formation and the -expression of differentiated -markers as
in vitro differentiation. We transferred the iPS cell line into two
immunodeficient mice. Four of the five transferred iPS cell lines
formed, tumors, but not the H-1 line. Histological analysis revealed
that the formed tumors were teratomas consisting of ectoderm,

endoderm and mesoderm tissues (Fig. 5). After two weeks of the
floating culture, most EBs formed solid-type clusters (Fig. 6A). EBs
at 2 weeks were transferred to tissue culture dishes and outgrew.
EBs 'spontaneously differentiated into various cell types, such as
neuron-like cells, beating myocardial-like cells and pigment cells -
(Fig. 6B-D). Immunofluorescence analysis revealed the expression -
of g-tubulin III (ectoderm marker), Foxa2 (endoderm marker), and
a-smooth muscle actin and Brachyury (mesoderm markers) in the
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POi}ﬁFl
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endogenous

| exogenous

Flg 3. Gene expression analysxs by RT-PCR in 1PS,cell lines. All cell lines expressed :
. endogenous POU5F1, SOX2, c-MYC, KLF4, Nanog and REX1, but not exogenous

" POUSF1, SOX2, c-MYC and KLF4, with the exceptlon that exogenous c-MYC was
expressed in'the H-2 line. :

spontaneously d1fferent1ated cells from EBs (Flg 6E- H) In addl—
tion, in EBs at days 7,14, 21 and 28 of culture, we examined the
expression of the differentiated markers by RT-PCR. The expres-
sion of Brachyury, Pax6 and VASA was detected continuously, and
the expression of AFP, GATA4 and CDX2 was detected partially

2010), rabbits (Honda et al.

g SEA4 TRA 2- 54 TRA—] 60 and TRA-1-81, but not SSEA3

lmes Nuclel were counterstained wnth Hoechst 33342

(Fxg 7). 1n pamcular expressmn of VASA was up- regulated as the
in vitro culture progressed and for AFP and CDX2, strong expres- -
sion was 1dent1ﬁed in the later. stages of the in vitro culture

4. Dlscussmn

We succeeded in establlshmg iPS cells from cynomolgus :
monkey somatlc cells by using genes taken from the monkeys

. themselves “The examined iPS cell lines had characteristics similar

to other primate ES cell lines. Our stucly WIH thus contribute to the
development of research resources for a wide range of medical
investigations usmg cynomolgus monkeys To the best of our
knowledge, this is the first report to describe the establishment

yof iPS cell lines by using cynomolgus monkey genes.

Although ES cells have the potential to make a major contribu-
tion to regeneratwe medlcme until recently, public concerns over

 the ethics of destroying early human _embryos had limited their

use. Takahashi and Yamanaka (2006) performed a landmark study
to address this problem They succeeded in- directly inducing
pluripotent stem cells from somatic cells in mice. By applying this
technique, iPS cell lines have been established in humans
(Takahashi- et al, 2007; Yu et al, 2007), rats (Liao et al, 2009;

- Li et al., 2009), pigs (Esteban et al., 2009; Wu et al., 2009), rhesus

monkeys. (Liu et al;, 2008), common marmosets (Tomioka et al.,
.. 2010) and cynomolgus monkeys
(Okahara-Narita et al,, 2012).- However, the establishment of iPS
cell lines using a species' own genes has been achieved only in

" mice, humans ‘and rhesus monkeys, while in the other species,

genes taken from humans or mice were used (Liao et al,;.2009;
Li et al; 2009: Esteban et al;; 2009: Wu et al., 2009; Tomioka et al.,
2010; Honda et al,; 2010; Okahara-Narita et al, 2012). We here
reported on the establishment of iPS cells generated from somatic
cells by using genes taken from cynomolgus monkeys.

~ 88—
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Fig. 4. Karyotyping analysis revealed tha 82% (41/50), 86% (43/ 78% (39/5 yand 82% (41 /50) of the ; k ), H- paésage 8), H-4 (passage 23) and H-5 (passage
26) lines examined had a normal chromosome number of 40 and sex chromosomes XX . -

Fig. 5. Histological analysis of teratomas formed from iPS cells. Four of the five iPS cell lines transferred into immunodeﬁcient mice formed tumors, but not the H-1 line.
Histological analysis revealed that the formed tumors were teratomas consisting of ectoderm (skin), endoderm (gut) and mesoderm {cartilage and bone) tissues.
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Fig. 6. Analysis of in v:tro dlfferen and spontaneously differentiated into
_various cells such as neuron-like cells (B); beating myocardxal (1 scence arn nfirmed the expression of p-tubulin Il (E)
(ectoderm), Foxa2 (F) (endoderm) and a—smooth muscle (G) and Brachyury (H)'(mesoderm) in the cells spontaneously dxfferentlatecl from EBs. Nuclei were counterstamed
w1th Hoechst 33342 (E H). The bar represents 100 pm ; , :

cynomolgus monkey ES cell lmes {(Suemori et al 2001), while the
| ES cell lines of other prlmates including humans, rhesus monkeys
“and commo! - marm sets eexpress SSEA3 (Thomson et al, 1995,
1996, 1998; Sasakl _al, 2005). The results showed that, like
primate ES cells the 1PS cell lines estabhshed in this study were
plur]potent stem cell lines.

We succeeded in establishing iPS cells by using the amphotroplc— '
type retrovlral vectors produced from Plat-A cells (Kitamura et al,,
2003) for introduction ..of - transgenes . into . cynomolgus  monkey

The cynomolgus monkey 1PS cell lines that we establlshed were
~ found to be similar to other prlmate ES cell lines, ncludmg that
of cynomolgus monkeys with respect to characterlstlcs such as
morphology, the expression of undifferentiated markers plurlpo—_
tency and karyotypic stability: However, the expression of SSEA3,
which is one of the ES cell-specific markers, could not be confirmed
in the cynomolgus monkey iPS cell lines, although these cell lines
could form teratomas consisting of three embryonic germ cells. This
feature, the ambiguous expression. of SSEA3, was also seen in the
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'Flg 7. Gene expression analysis of dxfferennatlon markers by RT PCR in EBs from iPS cells. EXpressnon of dlfferentlatlon markers was detected by RT-PCR in EBs at days 7, 14,

analyzed

somatic cells. Initially, when we examined the introduction of the
GFP gene into cells derived from newborn skin and fetal liver, we
confirmed the positivity for GFP expression in 77% and. 68% of cells,

respectively. Because of this highly efficient introduction, we applied

the amphotropic retroviral vectors to direct introduction of four

‘transgenes without the introduction of the ecotropic-type retrovirus

receptor gene in accordance with the methods of Takahashi et al.
(2007) and Okahara-Narita et al. (2012). As a result, we established
the iPS cell lines from two kinds of somatic cells. These results

showed that the amphotropic-type retroviral vectors could be used

to derive pluripotent stem cells, such as mouse -and human somatic
cells, from cynomolgus monkey somatic cells by introducing the
monkey POU5F1, SOX2, KLF4 and c-MYC genes.

The iPS cell lines established in. this' study expressed the
endogenous undifferentiated marker genes POU5F1, NANOG,
REX1, SOX2, KLF4 and c-MYC. In contrast, no expression of the

transgenes POU5F1, SOX2 and KLF4 was observed in any of the cell

lines, while c-MYC expression was observed in a single line. No
expression of the four transgenes was observed in five of six
cell lines. '
In the common marmoset iPS cell lines have been successfully
established by the introduction of five or six genes, but not by the
introduction of four genes (Tomioka et al, 2010). However, an
important difference between this previously reported study and
our present work is that the former used human genes. We and Liu
et al. (2008) showed that iPS cell lines could be established using
four transgenes from the same species without the introduction
of the ecotropic-type retrovirus receptor gene in cynomolgus and
rhesus monkeys. The results using two macaque monkeys demon-
strate that, by using genes taken from the same species, it may be
possible to achieve reprogramming of monkey somatic - cells
~-simply and to establish iPS cells suitable for medical research in

primates. Furthermore, this may enable detailed analysis of the

mechanisms underlying the reprogramming. Elucidating the nat-
ure of these mechanisms may in turn contribute to the establish-
ment of an effective method for deriving iPS cells in a completely
undifferentiated state without the need to integrate the trans-
genes into the genome.

We confirmed that, in the establlshed iPS cell hnes expression
of VASA, one of the germ cell marker genes (Castrillon et al,, 2000;
Toyooka et al, i !
progressed. This suggested that the iPS cells have the potential to
differentiate into germ cells. The differentiation from pluripotent
stem cells into germ cells is being studied actively (Clark et al.,

2004; Park et al., 2009; Aflatoonian et al., 2009), and the applica-

tion of this technology to humans is anticipated. The cynomolgus
monkeys may predominate in the study of human reproductive

2000), was up-regulated as the in vitro culture

21 and 28 of culture using four iPS cell lines. Endoderm (AFP, GATA4) mesoderm (Brachyury) ectoderm (PaxG) trophectoderm (CDX2) and gerrn “cell (VASA) markers were

medicine because they are annual breeders unlike rhesus mon-

~keys, which are seasonal breeders.

We succeeded in the establishment of iPS cell lines using four
genes ‘taken from the cynomolgus monkeys themselves. When
cells differentiated from the iPS cells established with genes from
different species are transplanted into monkeys, reactivation of the
genes may induce immune responses. Thus an appropriate eva-
luation ‘based on immune tesponses may not be possible due to
the reactivation of genes from different species. The iPS cell lines
that we established will exclude this possibility. In addition, the
genes from different species might have unexpected disadvanta-
geous effects. Fortunately, unlike in mice, it is possible to conduct a
long-term investigation in monkeys. Therefore, to evaluate the iPS

“cells established by genes from the same or different species, we
-plan a long-term investigation of post- transplantatlon into mon-

keys in the future.
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Abstract : :

Purpose Experimental autoimmune myocarditis (EAM) is a
mouse model of 1nﬂammatory cardiomyopathy, and the in-
volvement of T helper (Th) 1 and Th17 cytokines has been
demonstrated. Accumulated evidence has shown that statins
have anti-inflammatory and immunomodulatory effects; how-
ever, the mechanism has not been fully elucidated. This study
was designed to test the hypothesis that pitavastatin affects T
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cell-mediated autoimmunity through inhibiting Th1 and Th17
responses and reduces the severity of EAM in mice.

Methods The EAM model was established in BALB/c mice
by immunization with murine -myosin heavy chain. Mice
were fed pitavastatin (5 mg/kg) or vehicle once daily for
3 weeks from day 0 to day 21 after immunization.

Results Pitavastatin reduced the pathophysiological severity
of the myocarditis. Pitavastatin treatment inhibited the phos-
phorylation of signal transducer and activator of transcrip-
tion (STAT)3 and STAT4, which have key roles in the Thl

and Thl17 lineage commitment, respectively, iin"the heart,
and suppressed production of Thl cytokine interferon-y
and Th17 cytokine interleukin-17 from autoreactive CD4"
T cells. In in vitro T-cell differentiation experiments,
pitavastatin-treated T cells failed to differentiate into Th1l
and Th17 cells through inhibiting the transcription of T-box
expressed in T-cells (T-bet) and RAR-related orphan recep-
tor vyt (RORyT) which have critical roles in the develop-
ment of Thl and Th17 cells, respectively, and this failure
was rescued by adding mevalonate. .

Conclusions Pitavastatin inhibits Thl and Th17 responses
and ameliorates EAM. These results suggest that statins may
be a promising novel therapeutic strategy for the clinical
treatment of myocarditis and inflammatory cardiomyopathy.

Keywords Autoimmune myocarditis - Statin - Helper T
cells - Inflammation '
Introduction

Dilated cardiomyopathy (DCM) is a potentially lethal disorder

of various etiologies for which no treatment is currently satis-
factory [1]. Many patients show heart-specific autoantibodies

[2, 3], and immunosuppressive therapy can improve their car-

diac function [4]. These observations ‘suggest that
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autoimmunity plays an important role in myocarditis as

well as contributes to the progression to DCM and heart -

failure [5]. Animal models have greatly advanced our
knowledge of the pathogenesis of myocarditis and in-

flammatory cardiomyopathy. Expenmental autmmmune,

myocarditis (EAM) induced by cardiac myosin immuni-

zation is a model of postinfectious myocarditis and Z

DCM [6-8]. EAM represents a CD4" T cell-mediated
disease [6,-9, 10] and has been considered to be asso-
ciated with both interferon (IFN)-y producing T helper
(Th)1 cells and interleukin (IL)-17 producmg Th17 cells
[10].

Statins are orally administered compeutlve inhibitors of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) re-
ductase, an enzyme that catalyzes the conversion of HMG-
CoA to mevalonate. As effective cholesterol-lowering
agents, statins have been extensively used for prevention

of cardiovascular disease [11]. In the past few years, accu- -

mulated evidence from animal experiments and clinical
studies ‘has shown that statins have anti-inflammatory. and

immunomodulatory effects. The effects of statins on the.
- immune system are pleiotropic and include inhibition of T-

cell activation, proliferation, and migration [12-14]. Report-
edly, atorvastatin was able to promote shifting of the T-cell
response from a pro-inflammatory Thl to an anti-
inflammatory Th2 profile in experimental autoimmune en-
cephalomyelitis (EAE), an animal model of multiple sclero-
sis mediated by Th1 cells in the central nervous system [15,
16]. Furthermore, simvastatin was able to inhibit IL-17
secretion which plays a critical role in the development of
autoimmune diseases, in CD4" T cells derived from relaps-
ing remitting multiple sclerosis patients [17]. Although this
evidence suggests that statins can inhibit Thl and Th17
inflammatory responses in autoimmunefdiséayses, the mech—
anism has not been fully elucidated. Prehan

 Based on these effects of statins, this study was demgned

to test the hypothesis that pitavastatin. affects T cell-

mediated autoimmunity through inhibiting Thl and Th17
resp01lses and reduces the severity of EAM in mice.

Materials and Methods
Study Approval

All animal experiments were appfoved by the Institutional

“Animal Experiment Committee of the Un1vers1ty of

Tsukuba
‘Mice

" BALB/c mice and CB17.5CID mice were: pUrChaSed from
CLEA Japan. We used 5- to 7-week-o0ld male mice.

@_ Springer

Immunization Protocols

The mice were immunized with 100 pug of murine cardiac x-
myosin heavy chain (MyHC-o) peptide (MyHC-0t614_629
[Ac-RSLKLMATLFSTYASADR-OH]; Toray Research
Center) emulsified 1:1 in phosphate buffered saline

- (PBS)/complete Freund’s adjuvant (CFA) (1 mg/ml;

H37Ra; Sigma-Aldrich) on days 0 and 7 as descnbed pre- '

. viously [lO 18]

" In V1vo P1tavastatm Treatment

Pitavastatin was obtained from the Kowa Company and
diluted with distilled water before use. Mice were fed
pitavastatin (5 mg/kg) or vehicle once daily by gavage
feeding for 3 weeks from day 0 to day 21 after immuniza-
tion. In some experiments, EAM mice were treated with
0.05, 0.5 or 5 mg/kg of pitavastatin.

:Histopathologic Examination

Myocafditis severity was scored on hematoxylin and eosin
(H&E)-stained sections using grades from 0 to 4: 0, no
inflammation; 1, less than 25 % of the heart section in-
volved; 2, 25 to 50 %; 3, 50 to' 75 %; and 4, more than
75 % as described previously [10, 18]: Two independent
researbhérs scored the slides separately ina blinded manner.

Flow Cytometmc Analyses and Intracellular Cytokme

Staining

' Heart inﬂamﬁiatory cells. were iSblated and processed as. -
; previously described [19, 20]. For the flow cytometric anal-
ysis of the surface markers and cytoplasmic cytokines, the -

cells were stained with directly conjugated fluorescence
antibodies and analyzed With,a"FACSCa‘libur instrument
(BD Biosciences). For the analysis of the intracellular cyto-

- kine production, the cells were stimulated with 50 ng/ml of

phorbol 12-myristate 13-acetate (PMA), 750 ng/ml of
ionomycin (Sigma-Aldrich) and 10 pg/ml of brefeldin A
(eBioscience) for 5 h. Fluorochrome-conjugated, ~mouse-

_specific monoclonal antibodies purchased from
-~ eBioscience, included CD4, forkhead box P3 (Foxp3),

IFN-=y, IL-17A, T-box expressed in T-cells (T- bet) and

RAR-related orphan receptor yt (RORyT)

' Cytokme ELISA

For the analysis of the cytokines and. chemokines in the
heart, the hearts were homogenized in media containing

2.5 % fetal bovine serum. The supernatants were collected

after centrifugation and stored at —80 °C. The concentrations
of cytokines and chemokines in the heart homogenates and
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culture supernatants were measured with Quantikine ELISA
kits (R&D Systems).

CD4" T-Cell Isolation

We used magnetic-activated cell sorting kits for the cell
isolation (CD4"CD62L" T Cell Isolation Kit II for naive
CD4" T-cell isolation and CD4" T Cell Isolation Kit II for
CD4™" T cell isolation, Miltenyi Biotec).

Peripheral Blood Mononuclear Cell (PBMC) Isolation

PBMCs were isolated as previously described {21]. Briefly,
‘blood samples were diluted with PBS and the plasma was

removed by centrifugation. To remove the red blood cells,

the samples were incubated with ACK lysmg buffer
(Lonza).

Proliferative Respdnsés of T Cells

The MyHC-o-specific T-cell proliferatibn was assessed as

previously described [10, 22]. Briefly, the mice were immu-. -

nized as described above, and the CD4" T cells were col-
lected on day 14. The cells were cultured with 5 pg/ml of
MyHC-« in the presence of antigen-presenting cells
(APCs), and irradiated splenocytes, for 72 h and pulsed with
0.5 uCi of [*H]-thymidine for 8 h before being measured
with a beta counter. /

Western Blot Analysis

Total lysates from CD4" T cells were immunoblotted and
probed with primary Abs. The phosphorylated (p)-signal
transducer and activator of transcription (STAT)3 was pur-
chased from Cell Signaling. STAT3, STAT4, STAT6, p-
STAT4 and p-STAT6 were purchased from Santa Cruz Bio-
technologies. Horseradish peroxidase-conjugated secondary
antibodies (Abs) (Cell Signaling) were used to identify the
binding sites of the primary antibody.

Serum Troponin Determinations

Blood was collected from the mice at the time of sacrifice,

and the serum levels of cardiac troponin I (TnI) were mea-

sured with an ELISA kit (mouse cardiac Tn-I, ultra sensi-
tive; Life Diagnostics). S

Reagents and Inhibitors

For the in vitro assay, reagents and inhibitors were used in
the following concentrations: pitavastatin 1 M, mevalonate
1 mM (Sigma), farnesyltransferase inhibitor (FTI-277)
20 uM (Sigma-Aldrich), geranylgeranyltransferase inhibitor

(GGTI-298) 20 puM (Sigma-Aldrich), anti-CD3 1 pg/ml
(R&D Systems), anti-CD28 1 pg/ml (Acris Antimodies),
farnesylpyrophosphate (farnesyl-PP) 20 puM (Sigma-Al-
drich) and geranylgeranylpyrophosphate (geranylgeranyl-
PP) 20 uM (Sigma-Aldrich). ‘

In Vitro Th Differentiation

Purified naive CD4"CD62L" T cells were treated for 24 h
with pitavastatin, mevalonate, FT1-277, GGTI-298, or vehi-
cle; then they were stimulated with anti-CD3 and anti-CD28
under Thl- or Th17- polarizing conditions for 48 h. Thl

condition: IL-12 (10 ng/ml) and anti-IL-4 antibody
(10 pg/ml). Th17 condition: transfonnmg growth factor
(TGF)-f (10 ng/ml), 1L-6 (20 ng/ml), IL-23 (20 ng/ml),

anti~IL-4 (10 pg/ml), anti—IL-12 (10 pg/ml) and anti~IFN-y
(10 -pg/ml). The cytokines and antibodies were obtained
from R&D systems except for the TGF- [3 (BloLegend)

Adoptlve T-Cell Transfer

CD4 T cells were collected from EAM mice and cultured
with 5 pg/ml MyHC-« in the presence of irradiated

~splenocytes for 48 h. In some experiments, cells were cul-

tured in the presence or absence of 1 uM of pitavastatin. 5%
10° CD4" T cells were injected intraperitoneally into severe
combined immunodeficiency (SCID) mice. The mice were
killed 10 days after the transfer

Quant;tatwe Re’aI—Tlme Reverse Trahscrip’tion Polymerase

- Chain Reaction (QRT-PCR)

The total RNA was preparéd using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. The cDNA was
synﬂlésized from 1 pgof the total RNA by revers'eiranscriptase
(Takara). QRT-PCR analysis was performed with LightCycler
(Roche Diagnostics). The oligonucleotides used for the PCR
amplification of the cytokines and receptors were the follow-
ing: Thx21 forward, TCAACCAGCACCAGACAGAG;
Tbx21 reverse, AAACATCCTGTAATGGCTTGTG; Rorc
forward,- CCCTGGTTCTCATCAATGC; Rorc reverse,
TCCAAATTGTATTGCAGATGTTC; Socs3 forward,
ATTTCGCTTCGGGACTAGC; Socs3 reverse,
AACTTGC TGTGGGTGACCAT; Hprt forward,
TCCTCCTCAGACCGCTTTT; and Hprt reverse
CCTGGTTCATCATCGCTAATC. The data were normalized
by the level of the Hprt expression in each sample.

Statistical Analysis -
Statistical analyses were performed using the two-tailed ¢

test or Mann—Whitney U test, for experiments comparing
two groups. For muitiple comparisons, one-way analysis of
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variance with Dunnett post-hoc test was used. P values<
0.05 were considered statistically significant.

Results
Pitavéstatin Inhibits the Development of EAM

First, we sought to determine the in vivo effects of pitavastatin
on EAM. BALB/c mice were fed pitavastatin (5 mg/kg) or
vehicle (control) once daily by gavage feeding, starting from
the beginning of the MyHC-« immunization and lasting to the
end of the experiment. As shown in Fig. 1a, vehicle—treafed
mice (control) developed severe myocarditis with mﬂammato—
ry infiltrates. In contrast, pitavastatin treatment of mice resulted
in a significant reduction in the inflammatory infiltrates in the
heart. Pitavastatin-treated mice had a significantly lower myo-
carditis severity score than did the control mice (F ig. 1b). The
heart-to-body weight ratio in the pitavastatin-treated mice was
significantly decreased compared to that in' the control mice

MyHC-o immunization, the heart homogenates from
pitavastatin-treated mice had significantly decreased amounts
of proinflammatory cytokines, including IL-1§3 and IL-6, and
chemokines, including chemokine (C-C motif) ligand (CCL)2,
CCL3, CCL5, CCL17, CCL20 and chemokine (C-X-C motif)
ligand (CXCL)10 (Fig. le). Thus, pitavastatin ameliorated

EAM development, which corresponded to the abrogation of

the proinflammatory cytokines and chemokines in the heart.

Pltavastatm Induced SOCS3 Expression and Suppressed
STAT3 and STAT4 Phosphorylation

EAM isaCD4" T cell—medlated disease [6,20] and both Th1
and Th17 cells are linked to the promotion of EAM. Activated
STAT4 has a key role in Thl lineage commitment and STAT3
does so for Th17 [23-25]. Conversely, STAT6 is requlred for
Th2-dependent lineage commitment [23]. Therefore, we exam-
ined whether pitavastatin treatment suppressed the formation of

- activated STAT3 and STAT4 or yihduced activation of STAT6.

(Fig. 1c), as were the levels of the circulating cardiac Tnl, a

ined whether pitavastatin treatment had an effect on the cyto-

kine and chemokine milieu in the heart. On day 21 after the -
b

a - Control “Pitavastatin

ECEIR Y
o0

IL-6 (pg/mg)

1L-1B (pg/mg) -
CCL3 (pgimg)
>

o

i Flg 1 Pitavastatinfamelidratés the EAM development.: BALB/c

mice were immunized twice, on days 0 and 7, with 100 ug of
cardiac myosin epitope - peptide (MyHC-o) and treated with
- pitavastatin (5 mg/kg) or vehicle (control) for 3 weeks from day
0 to day 21 after immunization. a Representative H&E-stained
sections of the hearts. Scale bars, 500 or 100 um. b Myocarditis

severity - in- heart sections (n=8-9 per group). ¢ Heart-to-body

weight ratios of control and pitavastatin-treated mice (#=5 per
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clinical marker of myocyte damage (Fig. 1d). We also exam-

In vivo pitavastatin treatment inhibited STAT3 and STAT4
phosphorylation and promoted STAT6 phosphorylation in a

- dose-dependent manner (Fig. 2a). Accordingly, heart-

infiltrating and circulating IFN-y- and IL-17-producing

CD4" T cells were reduced in pitavastatin-treated mice

- C.
o 5 « [l Control k
o 4100000 2 [ Pitavastatin
g | 3 |
2 31 e 00O o
g ] s
821 ® 0 T
2 .
2 ;
I 17 000
—
i
&

Serum Tnl (pg/ir'nl) Qo

CCL20 j(pg/mg)
'CXCL10 (pg/mg)

o“...‘.

group).. d Circulating troponin ‘I (Tnl) concentration (n=5 per
group). e Production of cytokines and chemokines in the hearts. .
Myocardial tissues of vehicle- and pitavastatin-treated EAM mice
were homogenated and processed by ELISA to detect the cyto-
kines and chemokines on day 21. The bar graphs show the group
means = SEM of 8 mice per group. The results’ of one of two
representative experiments are shown. Data are expressed as the
mean £ SEM *P<0 05 vs. control — g .



