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Introduction can be induced by IL-4 and 1L-13. [2,5] M1 macrophages are
generally characterized by high production of proinflammatory
Monocytic lineage cells, such as monocytes, macrophages and cytokines, while M2 are characterized by high production of anti-
dendritic cells (DCs), are central to immune responses and play key inflammatory cytokines. DCs are the most powerful antigen-
roles in various pathological conditions. [1-2] Monocytes are the  presenting cells and have an indispensable role for the activation of
myeloid progeny of hematopoietic stem/progenitor cells [3]; they T lymphocytes. Because of their ability to mediate communication
are a type of mononuclear cell circulating in the bloodstream and between innate and acquired immunity, ex vivo expansion of DCs
act as gatekeepers in innate immunity. While they replenish s expected to be a useful source of material for cancer
macrophages and DCs, monocytes themselves respond to various immunotherapies, such as DC-based vaccines. [6-7] Moreover,
inflammatory stimuli by migrating into inflamed tissues, phago- recent reports of monocyte and/or DC deficiencies highlight the
cytosing pathological small particles and producing proinflamma- importance of understanding their development in humans. [8]
tory cytokines and chemokines. Therefore, monocytes not only However, there have been technical limitations for tracing the
contribute to host defense against pathogenic microorganisms, but development of human monocytic cells, or for propagating them
are closely associated with the pathogenesis of chronic sterile ex vivo.
inflammation. [4] Macrophages reside in tissues and robustly - Human embryonic stem cells (SCs) and induced pluripotent
phagocytose microorganisms and cellular debris. One of the  stem cells (iPSCs) are undifferentiated pluripotent cells that can be
important hallmarks of monocytic lineage cells is their functional propagated indefinitely. [9-11] The development of monocytic
plasticity. In response to cytokines and microbial products, cells from these pluripotent cells is of particular interest because it
macrophages polarize into functionally distinct M1 and M2 cells. would provide an unlimited source of these cells for clinical
[5] Classically activated M1 macrophages are induced by in- applications and the examination of disease pathologies. Although
terferon-y (IFNy), while alternatively activated M2 macrophages the methods for hematopoietic differentiation from ESCs/iPSCs
PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | 59243
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using embryonic body or feeder co-culture systems have already
been established, [12] these methods usually depend on xenoge-
neic feeder cells and/or animal- or human-derived serum, and
therefore have a relatively poor-reproducibility. For instance,
batch-to-batch variability of serum or feeder cells can influence the
characteristics of  vitro differentiated DCs. [13] Here, we describe
a novel serum- and feeder cell-frec method that robustly and
repetitively produces monocytic lineage cells from human ESCs/
iPSCs.

Materials and Methods

Cell Culture

This study used human ESCs {cell line: KhEIS1) and iPSCs (cell
lines: 201B7, 253G4, CIRA188AI-W2, and CB-Al11). [10,14-15]
201B7, 253G4 [10] and CIRAIS8AI-W2 {15} were previously
described. A human ES cell line KhES] was kindly provided by
Dr. Norio Nakatsuji. Human iPS cell lines 201B7 and 253G4 were
kindly provided by Dr. Shinya Yamanaka. CB-All was
established from cord-blood mononuclear cells by using episomal
vectors. [16] These ESCs/iPSCs were maintained on tissue culture
dishes coated with growth factor-reduced Matrigel (Becton-
Dickinson) in mTeSR1 serum-free medium (STEMCELL Tech-
- nologies). .

Monocytic Lineage Cell Differentiation Method

The monocytic lineage differentiation protocol was modified
from a previously established hematopoietic differentiation pro-
tocol (Figure 1). [17] The protocol consists of 5 sequential steps by
which mature MPs and DCs are differentiated from human

Human ES/iPSC-Derived Functional Monocytkic Cells

pluripotent cells in a stepwise manner. In the first step, primitive
streak cells were induced from undifferentiated ESCs/1PSCs,
which were then differentiated into hemangioblast-like hemato-
poietic ' progenitors in the second step. In step 3, expanded
hematopoietic progenitors were committed towards initial myeloid
differentiation, and then differentiated into the monocytic lineage
in step 4. Finally, GD 14" monocytes were differentiated into either
MPs or DCs in step 5. The cytokines used in this study were
purchased from R&D systems.

Step 1: induction of primitive streak-like cells from
undifferentiated human ES/iPS cells with BMP4. BMP4
is an important molecule for the initial stage of mesodermal
commitment of pluripotent stem cells in vitro. [17] Undifferenti-
ated ESCs/iPSCs colonies were disseminated onto a 100 mm
culture dish coated with growth factor-reduced Matrigel in
mTeSR1 medium at a density of about 30 colonies per dish.
Individual colonies were grown to a diameter of approximately
1 mm (Day 0), and BMP4 (80 ng/mL) was added to the mTeSR1
medium. .

Step 2: generation of KDR'CD34" hemangioblast-like

' cells with VEGF, basic FGF and SCF. VEGF and SCF have

been reported to be important cytokines for development of
hemoangiogenic progenitors. [18-19] In this step, we also added
basic. FGF which enhances the development of mesodermal
hematopoietic progenitors. [18,20] The mTeSR1 medium was
replaced by StemPro-34 serum-free medium {Gibco) containing
2 mM glutamax (Invitrogen) on day 4, and then was supplemen-
ted with the step-2 cytokine cocktail composed of VEGF (80 ng/
mlL), basic FGF (25 ng/ml), and SCF (100 ng/mL).

Eytokine
Medium
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Figure 1. Protocol for monocytic lineage cell differentiation from human pluripotent stem cells. The protocol is composed of 5 steps.
CD14-positive cells that are sorted between step-4 are differentiated into dendritic cells by step 5-1 or into macrophages by step 5-2. FL-3: Flt-3

ligand, TPO: Thrombopoietin.
doi:10.1371/journal.pone.0059243.g001
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monocytes (right). (C) Esterase staining for CD14* monocyte-like cells derived from KhES1 on day 16. (D) The percentage of CD14" cells within the
total floating cells derived from KhES1/iPS-201B7 was evaluated from day 13 to day 28. (E) May-Giemsa staining (left) and phase contrast image (right)
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of mature DCs derived from pluripotent stem cells. (F) Flow cytometric analysis of immature/mature DCs derived from pluripotent stem cells. (G)
Phase contrast image and flow cytometric analysis of macrophages derived from pluripotent stem cells.(H) RT-PCR analysis of monocytic lineage cells
derived from KhES1/iPS-201B7 clones for expression of monocytic lineage marker genes (PU.1, ¢-MAF, TLR4, CCL17 and CCL18). Peripheral blood

monocytes and peripheral blood monocyte-derived mature DCs were used as positive controls.(A-C, E-G) The data from KhES1-derived cells are

shown as representative.
doi:10.1371/journal.pone.0059243.9g002

Step 3: generation of hematopoietic cells with
hematopoietic cytokines. 'The cytokines in StemPro-34 me-
dium were switched to the step-3 cytokine cocktail composed of
SCF (50 ng/mlL), IL-3 (50 ng/mlL), TPO (Thrombopoietin)
(5 ng/mL), M-CSF (50 ng/mL), and Flt-3 ligand (50 ng/mL),
on day 6. Thereafter, the medium was changed on day 10.

Step 4: monocytic lineage-directed differentiation with
Flt-3 ligand, GM-CSF and M-CSF. The cytokines in StemPro-
34 medium were switched to the step-4 cytokine cocktail
composed of Flt-3 ligand (50 ng/mL), GM-CSF (25 ng/mL),
and M-CSF (50 ng/mL) on day 13-15. The medium was changed
every 3-4 days. The CD14" monocytic lineage-directed cell
fraction in supernatant was positively sorted by autoMACS pro

(Miltenyi Biotec) with CD14 MicroBeads (Miltenyi Biotec) on days
15-28.

Step 5: differentiation into DCs (step 5-1) and MPs (step
5-2) from CD14" monocytic lineage-cells. CD14" cells sorted
by autoMACS pro (1.5x10° cells per well in a 6-well plate with
Ultra-Low Attachment Surface (CORNING)} were cultured in
StemPro-34 medium supplemented with GM-CSF (25 ng/mL)
and IL-4 (40 ng/mlL), with a medium change 4 days later, for
differentiation into DCs (step 5-1). LPS (100 ng/mL, InvivoGen)
and TNFo (0.2 ng/ml) were added for the last 2 days of the 7 day
DC differentiation culture to promote maturation of DCs. CD14"
cells (1.5x10° cells per well in a 6-well tissue culture plate) were
cultured in RPMI-1640 medium (Sigma) supplemented with 10%
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Figure 3. Functional assays for monocytes derived from pluripotent stem cells. (A) The levels of IL-6 and TNFa in supernatants of PS-Mo
culture medium 4 hours after LPS stimulation. The levels of IL-13 were measured 4 hours after LPS stimulation with/without an additional 30-minute
ATP stimulation. (B) Flow cytometric analysis of CX3CR1 on PS-Mo. (C) Chemotaxis assay of PS-Mo for CX3CL1 (fractalkine) using a trans-well
migration assay. After the addition of CX3CL1 into either the bottom or top of the trans-well chamber, PS-Mo were applied and incubated for 5 hours
at 37°C. (D) Antigen uptake was evaluated in monocytes, immature DCs and mature DCs derived from pluripotent stem cells by examining the
fluorescence intensity of Alexa fluor 488-conjugated ovalbumin 45 minute after incubation at 37°C (black). Control samples (white) were kept on ice.
(B-D) The data of KhES1-derived cells are shown as representative. PS-Mo: monocyte derived from pluripotent stem cells.
doi:10.1371/journal.pone.0059243.g003 )
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fetal bovine serum (FBS) and M-CSF (100 ng/mL) for 7 days with
a medium change at day 4, for differentiation into macrophages
(step 5-2). IFNy (20 ng/mal) or 1L-4 (20 ng/ml) was added for
another day to promote differentiation into M1 or M2 macro-
phages, respectively.

Flow Cytometric Analysis

Flow cytometric analysis data were collected using the MACS
Quant™ Analyzer {(Miltenyi Biotec) and then analyzed utilizing
the Flow]Jo software package (Treestar). The following antibodies
~ were purchased from BD Biosciences: CD11b-FITC, CDIllc-
APC, CD34-PE, CD40-PE, CD43-I'TT'C, CD80-PL, CD83-PL,
CD86-FITC, CD205-Alexa fluor 647, CD206-FITC, CD209-PL,
HLA-ABC-FITC and HLA-DR-FITC. CD14-APC and CD45-
APC antibodies were purchased from Beckman Coulter. CD163-
APC antibody was purchased from R&D systems. KDR (CD309)-
Alexa fluor 647 and CX3CR1-PE antibodies were purchased from
Biolegend.

May-Giemsa Staining and Esterase Staining

Cells were seeded onto glass slides by CYTOSPIN 4 (Thermo
Scientific) and stained with May-Grunwald and Giemsa staining

PLOS ONE | www.plosone.org
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solution (MERCK) and Esterase staining solution (Muto pure
chemicals) following the manufacturer’s instructions.
RNA Extraction and RT-PCR Analysis

RNA samples were prepared using the RNeasy mini kit
(Qiagen) following the manufacturer’s instructions. Typically,
500 ng of total RNA were subjected to reverse transcription
(RT) with a Sensiscript-R'T kit (Qlagen). RT-PCR was performed
for the evaluation of the expression of monocytic lineage marker
genes such as PU.I, MAF, TLR4, CCLI7 and CCLI8 using the
primers in Table 81. [21--22] Peripheral blood monocyte-derived
mature DCs/macrophages were generated from peripheral
CD14* monocytes using the step 5-1/5-2 cytokine cocktails in
10% FBS-supplemented RPMI-1640 for use as positive controls.

Cytokine Assay

Concentrations of cytokines (IL—IB, IL-6, IL-10, IL-12p70 and
TNFa) in supernatants were analyzed with FlowCytomix kits
(Bender MedSystems) following the manufacturer’s instructions.
The I1L-1B, IL-6 and TNFu levels in the culture supernatants of
pluripotent cell-derived monocytes (PS-Mo) were analyzed in three
settings, (1) culture in RPMI-1640 medium supplemented with
10% FBS and LPS (100 ng/ml) for 4.5 hours, (2) as in (1) but with

April 2013 | Volume 8 | Issue 4 | 59243
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derived from pluripotent stem cells 24 hours after LPS stimulation. The data of KhES1-derived cells are shown as representative.
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the addition of ATP (I mM) for the last 30 min, (3) without LPS or
ATP for 4.5 hours, to evaluate the production pattern of IL-1B in
response to LPS plus ATP. [23].

The levels of IL-6, IL-10, IL-12p70 and TNFo in the
supernatants of M1 or M2 macrophage culture were measured
24 hours after LPS (100 ng/ml) stimulation.

Chemotaxis Assay

PS-Mo chemotaxis was evaluated using a trans-well migration
assay with 8-lm pore size inserts (BD Biosciences). After CX3CL1
(fractalkine; R&D systems) was added to either the bottom or top
of the chamber, serum-starved PS-Mo were loaded onto the inserts
which were placed into 24-well plates containing RPMI-1640 and
then incubated at 37°C for 5 hours. [24] Cell migration was
measured by flow cytometry as previously reportec: equivalent
~amounts of counting beads were added to each sample and the
ratios of PS-Mo to the counting beads were calculated. [25].

Antigen Uptake Assay
The antigen uptake capacity of monocytic lineage cells was
evaluated as previously described. [26] Briefly, the cells were

collected and stored on ice for 10 min. PS-Mo, pluripotent cell--

derived immature DCs (PS-imDCs) and pluripotent cell-derived
mature. DGs (PS-mDGs) (5x10% cells) were incubated with
Ovalbumin Alexa fluor 488 Conjugate (Molecular Probes) at
0.1 mg/ml at 37°C or on ice for 45 min. Ice-cold FACS buffer
was added in order to stop the reaction, samples washed twice, and
the fluorescence intensity analyzed by flow cytometry.

Mixed Leukocyte Reactions

Allogeneic naive T cells (1x10° cells per well) were purified
from umbilical cord blood mononuclear cells using naive CD4" T
cell isolation kits (Miltenyl Biotec) and then co-cultured with
40 Gy-irradiated stimulator cells (PS-Mo, PS-imDC, and PS-
mDQC) in 96-well round bottomed culture plates for 3-5 days. *H-
methylthymidine (25 uCi/ml, Moravek Biochemicals and Radio-
chemicals) was added to the culture medium of 10% FBS-
supplemented RPMI-1640 for the last 16 hours. The cells were
harvested onto a filler mat (Perkin Elmer) and the “H
methylthymidine uptake determined using a scintillation counter
(MicroBeta TriLux, Perkin Elmer).

Ethical Considerations

This study was approved by the Ethics Committee of Kyoto
University and written informed consent was obtained from each
healthy volunteer.

Statistics

Data are presented as the mean = S.D. and the statistical
significance of the differences between cultures were evaluated by
Student’s test.

Results

Differentiation of ESCs/iPSCs into Dendritic Cells and
Macrophages via Monocyte-like Cells

A KDR*CD34" hemangioblast-like population was detected
in adherent cell clusters on day 6 (steps 1,2), and around 95%
of supernatant cells were CD43*CD45" hematopoietic cells on
days 13-15 (step 3; Figure 2A). [17] Floating cells were
recovered every 3-4 days in step 4 (Figure 81); the majority of
these cells were CD14% monocyte-like cells (Figure 24). These
pluripotent cell-derived monocytes (PS-Mo) were similar to

PLOS ONE | www.plosone.org
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peripheral blood monocytes in morphology (Figure 2B). PS-
Mo are positive for Esterase staining which was inhibited by
NaF (Figure 2C). The percentages of PS-Mo in floating cells
were constantly about 50-90% between day 18-28 (Figure 2D
and Figure S2A). The yield of PS-Mo per 100 mm culture
dish starting with about 30 colonies was 1.3x10°+0.8x10° at
each step-4 medium exchange.

To derive DCs, PS-Mo were purified by magnetic sorting, and

* differentiated into CD147CD83” mmature DCs (PS-imDCs)

with the step 5-1 cytokine cocktail in 5. days (Figure 2E). PS-
imDCs were stimulated with LPS and TNFu for an additional 2
days, which further differentiated them into CDI147CD83*
mature DCs (PS-mDCs) (Figure 2F). The differentiation
efficiency of mature DCs from PS-Mo was comparable to that
from primary monocytes (7.7% +0.9% vs. 16.5%*1.0%, p=0.20,
unpaired Student’s #test). PS-Mo also had the potential to
differentiate into macrophages (PS-MPs) with the step 5-2 cytokine
cocktail. PS-MPs are morphologically comparable to primary
monocyte-derived macrophages and they express typical surface
markers such as CDI14 and CD68 (Figure 2G and Figure
S3A,B).

We confirmed that PS-Mo, pluripotent cell-derived DCs (PS-
DQCs), and PS-MPs expressed monocytic lineage-specific genes
(Figure 2H and Figure S2B). [22,27] Collectively, by using this
protocol, sufficient numbers of monocytic cell lineage cells can be
obtained from a small number of human ESCs/iPSCs.

Functional Assays for Monocytes Derived from ESCs/

124

iPSCs

Next, we evaluated the functional activity of pluripotent cell-
derived monocytic lineage cells. PS-Mo robustly produced the pro-
inflammatory cytokines 1L-6 and TNFo after LPS stimulation
(Figure 3A, Figure $3C). Secretion pattern of IL-1f from PS-
Mo with two stepwise signals LPS and ATP were similar to
primary monocytes (Figure 3A, Figure S3D). [23,28].

PS-Mo expressed CX3CRI, implying chemotactic responses
to CX3CL1 (fractalkine) (Figure 3B). PS-Mo migration in
trans-well assays increased with increasing doses of CX3CLI in
the lower compartment of the chamber (Figure 3C). This
phenomenon was not due to chemokinesis, but chemotaxis,
because CX3CL1 in the top compartment could not induce PS-
Mo migration into the lower compartment of the chamber. [24]
We next compared the antigen uptake ability of PS-Mo, PS-
imDQCs, and PS-mDCs by incubating them with Ovalbumin
Alexa fluor 488 Conjugate. [26] PS-Mo had the highest ability
to take up antigen and as DCs matured they lost their ability to
endocytose antigens (Figure 3D). i '

Functional Assays for DCs Derived from ESCs/iPSCs

For evaluating functions of PS-DCs, we first confirmed that
patterns of expression of cell surface markers on PS-imDCs/
mDCs were comparable to those on primary dendritic cells
(Figure 4A, Figure S4A). When stimulated with LPS and TNFa,
PS-DCs also produced almost comparable amounts of pro-
inflammatory and anti-inflammatory cytokines (Figure 4B,
Figure S4B).

To test the ability of PS-DCs to activate naive T cells, we next
co-cultured allogeneic naive ‘I' cells with PS-DCs and PS-Mo. As
shown in Figure 4C, PS-mDCs had the most potent capacity to
stimulate allogeneic T cell proliferation and this dose-response
relationship was comparable to that observed with PB-DCs (Figure

S4C).
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Functional Assays for Macrophages Derived from ESCs/
iPSCs

Using this technique, we obtained morphologically typical
macrophage-like cells that adhered firmly to the culture dish. To
test whether these PS-MPs possessed functional plasticity like
primary macrophages, we tried to polarize them into M1 or M2
state by treating them with IFNy or IL-4, respectively. PS-MPs
exhibited typical surface markers that were characteristic of
primary M1 or M2 macrophages (Figure 5A, Figure S5A). The
M1 cytokine pattern is typically IL-12"¥" and IL-10"", whereas
the M2 pattern is 1L-12"" and IL-10"8% [5] Pluripotent cell-
derived M1 and M2 macrophages (PS-M1/M2) also exhibited
cytokine profiles that were comparable to those generated from
primary monocytes (Figure 5B, Figure S5B).

Discussion

We have established a novel differentiation system for mono-
cytic cells from human ES and iPS cells. Since macrophages and
dendritic cells are usually obtained in vifro from monocytes, the
most important point of the evaluation is to establish whether
monocytes differentiated from ESCs/iPSCs are functionally
comparable to primary monocytes. In several functional assays,
PS-Mo indeed proved to be comparable to primary monocytes,
and importantly, PS-DCs and PC-MPs from PS-Mo were also
functionally comparable to their primary counterparts.

Although complete M1/M2 macrophage polarization still re-
quires aserum-containing mediuim, the present results prove that the
current method can precisely manipulate macrophages that have the
potential to differentiate into M1/M2 macrophages. The cytokine
profiles of PS-M1/M2 were also comparable to those of primary M1/
M2 macrophages. "The expression patterns of surface markers in PS-
DCsafter LPS stimulation and of PS-MPs after M 1/M2 polarization
were almost identical to those of DCs/MP derived from primary
monocytes. However, the level of IL-10 in PS-DCs after stimulation
was higher than that in primary DCs and the expression levels of
HLA-DR in PS-DCs/MP were low in comparison with those in
DCs/MP derived from primary monocytes. Therefore, further
improvement of culture conditions such as the use of a modified
medium and cytokine cocktail will be needed.

Several embryonic body methods and feeder cell co-culture
methods for PS-DCs/MP differentiation have already been reported.
[7,27,29-30] These methods show relatively poor-reproducibility
because of the use of xenogeneic feeder cells and/or serum. In an
earlier report which describes a protocol that can derive macrophages
and dendritic cells from human iPSCs in feeder- and serum-free
manner, [7] the authors did not fully characterize the monocytes and
noted that PS-DCs/MP were generated only from two of the five
iPSC clones tested. 'The current culture system simply propagated
progenitor cells in 2-dimensional cultures without passage or sorting,
and floating PS-Mo and PS-DCs/MP could be obtained repetitively

from all five ESC/iPSC clones tested (Figure 82 and 86). These -

monocytic cells derived from disease- or patient- specific iPSC would
be useful tools for the examination of disease pathologies and for drug
discovery in immunological disorders such as autoimmune diseases,
immunodeficiencies and autoinflammatory syndromes. However,
even in our protocol, there are subtle clonal variations of timing of
differentiation such as the day of step 3 to 4 switching which is
determined by the emergence of CD43"CD45% cells (day 1315, data
notshown}. Fine adjustmentofthe protocolfor each ESC/iPSCi clone
seemed to further improve the yield of monocytes.

iPSC  technology is overcoming immunological and ethical
concerns in regenerative medicine using human pluripotent cells.
Furthermore, a number of disease-associated 1PSCs. generated
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from patients with immunological disorders have been reported.
[15,31-34] Because patient- or disease-specific iPS cells will be an
important resource for unraveling human immunological dis-
orders, a robust and simple hematopoietic differentiation system
that can reliably mimic in vivo hematopoiesis is necessary for this
purpose. Our simple and robust protocol to produce monocytic
cells is therefore expected to be useful for regenerative medicine
and studies of immunological disorders.

Supporting Information

Figure S1 Image of floating hematopoietic cells derived
from iPS cells Phase contrast image of floating hemato-
poietic cells derived from iPS-201B7 at day 21 (step 4).
(PDF)

Figure S2 Phenotype analysis and gene expression
pattern of monocytic lineage cells derived from 3
additional pluripotent stem cell lines. (A) The percentage
of CD14+ cells within the total floating cells derived from 3 iPSC
clones (253G4, CIRA188A1-W2, and CB-A11) was evaluated from
day 13 to day 28. (B) RT-PCR analysis of monocytic lineage cells
derived from 253G4, CIRAI88AI-W2, and CB-All clones for
expression of monocytic lineage marker genes (c-MAF, TLR4, and
CCL17). Peripheral blood monocytes and peripheral blood -
monocyte-derived mature DCs were used as positive controls.
(PDF)

Figure 83 Characteristics of primary monocytes and
macrophages. (A) Phase contrast image and (B) flow cytometric
analysis of macrophages derived from primary monocytes. (C) The
levels of IL-6 and TNF-o in supernatants of primary monocyte
culture medium 4 hours after LPS stimulation. (D) The levels of
1L-1B were measured 4 hours after LPS stimulation with/without
an additional 30-minute ATP stimulation.

(PDF)

Figure S84 Characteristics and functional assays of
dendritic cells derived from primary monocytes. (A)
Flow cytometric analysis of immature/mature DCs derived from
primary monocytes. (B) The levels of IL-10 and TNF-o in
supernatants of culture medium with primary-DCs 24 hours after
LPS stimulation. (C) The proliferation of allogeneic naive T cells
{1x105 cells per well) co-cultured with 40 Gy-irradiated stimulator
cells for 3 days was evaluated. The proliferation of naive T cells in
the last 16 hours was measured by 3H-thymidine uptake.

(PDF)

Figure 85 Characteristics and functional assays of M1/
M2 macrophages derived from primary monocytes. (A)
Flow cytometric analysis of M1/M2 macrophages derived from
primary monocytes. (B) The levels of IL-12p70 and IL-10 in
supernatants of culture medium with M1/M2 macrophages
derived from primary monocytes 24 hours after LPS stimulation.
(PDF)

Figure 86 Replication assays for 3 additional pluripo-
tent stem cell lines. (A) Phase contrast image (left) and May-
Giemsa staining (right) of mature DCs derived from iPSC clones.
(B) Phase contrast image of macrophages derived from iPSC
clones. (C) Flow cytometric analysis of immature/mature DCs and
macrophages derived from iPSC clones.

(PDF)

Table S1 Primers for RT-PCR.
(PDF)
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Introduction In an asthma model, IL-3-deficient mice did not display
. o . eosinophilia, airway hyperreactivity or pulmonary mjury, in

Asthma is a complex chronic inflammatory disease character-  contrast to that observed in control mice [7]. Treatment of mice
ized by airway inflammation and hyperresponsiveness obstruction with anti-IL-5 mAb also results in decreases in eosinophilic

that affects approximately 300 million individuals worldwide [1}. inflammation that are associated with recuced reactivity of

A large number of clinical studies and animal experimental models methacholine. Therefore, IL-5 is a therapeutic target for allergic
support a central role of antigen-specific Th2 cells in the  inflammation as well as hypereosinophilic syndrome.
pathological responses of atopic asthma [2,3]. In particular, Th2 cells produce IL-4, 1L-5 and IL-13, and have been shown
antigen-specific effector and memory Th2 cells appear to play an to play a crucial role in IgE production and eosinophil
important role in initiating allergic inflammatory status in the early recruitment. Th2 cells are involved in clearance of extracellular
stage of atopic asthma. Although eliminating Th2 cells and/or parasites and also promote pathogenic responses associated with
inhibiting Th2 cell functions at the early stage of atopic asthma  jllergic inflammation. In peripheral CD4 I’ cells, 1L-4-mediated
may lead to complete remission, strategies for modulating Th2 cell activation of the transcription factor STAT6 induces the
numbers and/or functions have not been established. expression of Gate3 mRNA, which drives Th?2 cell differentiation
IL-5 is a hematopoietic cytokine that exerts important effects on [8]. GATA-3 binds to various regulatory regions on the Th2
eosinophils and basophils. IL-5 induces differentiation and cytokine gene loci and induces chromatin remodeling [9,10,11]. In
maturation of eosinophils in bone marrow, migration to tissue addition, GATA-3 binds to the JI5 promoter and acts as a
sites and prevention of eosinophil apoptosis [4] [5]. IL-5 also plays transcriptional factor for 1L-5 [12].
a role in the development, metabolism, and function of basophils In addition to Th2 cells, a large number of cell types produce
[6]. Eosinophilic inflammation is a hallmark of asthma that 1L-3, including eosinophils [5] [4], natural killer (NK)T cells [13],
correlates with bronchial hyperresponsiveness and disease severity. nuocytes {14], natural helper (NH) cells [15] and 1L-5-producing
PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | 61785
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innate cells {16]. Recently, the IL-33-induced production of IL-5
from innate cells was reported. IL-33-mediated production of IL-5
plays critical roles in lung ecosinophil regulation [16], lung
inflammation [17] and protease allergen-induced airway inflam-
mation [18]. In addition, the IL-33/1L-5 signaling pathway plays a
crucial role in the disease pathogenesis of severe asthma that is
resistant to high doses of inhaled corticosteroids but responsive to
systemic corticosteroids and anti-IL-5 therapy [19].

Gfil is a DNA binding transcriptional repressor that plays
important roles in several hematopoietic cells [20]. Gfil exerts its
role as a transcriptional repressor by interacting with a number of
histone modification enzyme including L.SD-1/CoRest, G9a and
HDACGs [21,22,23]. It is well established that Gfil regulates the
development of Th cell subsets. Zu et al. demonstrated that Gfil
regulates 'Th2 cell expansion via enhancement of Statd activity
[24]. However, the forced expression of constitutively active Statd
fails to restore Th2 cell development in Gfi/-dificient CD4 T cells,
possibly because Gfil might also play additional roles in Th2 cell
development that are independent of Statd. We previously
reported that the expression level of Gata3 proteins and
generation of IL-5-producing Th2 cells are severely impaired in
Gfil-deficient CD4 T cells [25]. The transduction of Gata3 into
Gfil-deficient Th2 cells partially restores the development of 1L-5-
producing Th2 cells, thus indicating that Gfil controls IL-5-
producing Th2 cell generation in part through regulation of the
Gata3 protein expression.

SH-2251, a thioamide-related compound, was originally syn-
thesized as an inhibitor of IL-5 production. However, the
molecular mechanisms by which SH-2251 inhibits 1L-5 produc-
tion and the effects of SH-2251 on Th2 cell differentiation remain
to be elucidated. We herein investigated the effects of SH-2251 on
Th2 cell differentiation and demonstrated that SH-2251 nega-
tively regulates IL-3-producing Th2 cell differentiation and
chromatin remodeling at the f/5 gene locus. Furthermore, we
demonstrated that Th?2 cell-dependent allergic airway inflamma-
tion is suppressed by oral administration of SH-2251. A DNA
microarray analysis revealed that SH-2251 inhibits the differen-
tiation of IL-5-producing Th2 cells via repression of the Gfil
expression. Therefore, SH-2251 belongs to a unique class of
inhibitors of Th2-dependent immune responses that modulate
" chromatin remodeling at the /15 gene locus and the subsecuent the
differentiation of 1L-5 producing Th2 cells.

Results

SH-2251 selectively inhibits the generation of IL-5-
producing Th2 cells

SH-2251 (Fig. 1A), a novel thioamide-related compound, was
originally synthesized as an inhibitor of IL-5 production. However,
the effects of SH-2251 on Th2 cell differentiation were not
determined. To assess the effects of SH-2251 on Th2 cell
differentiation, naive CD4 T cells were purified and cultured
under Th2-conditions in the presence or absence of SH-2251 for
five days, and the ability to produce Th2 cytokines was determined
using intracellular staining. As shown in Fig. 1B, the generation of
1L-5-producing Th2 cells decreased in the SH-2251-treated
cultures, whereas the number of IL-4- and IL-13-producing cells
slightly increased. The selective reduction of 1L-5 production was
also confirmed on ELISA (Fig. 1C). The generation of IFN-y-
producing Thl cells and IL-17A-producing Thl7 cells was
moderately decreased, while development of IL-9-producing
Th9 cells was augmented by ftreatment with SH-2251 (Fig.
S1A-~C in File 81). To determine the optimal concentration for
inhibition of 1L-5-producing 'I'h2 cell differentiation, naive CD4 T’
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cells were cultured under Th2-conditions in the presence of the
indicated concentrations of SH-2251. Inhibitory effects were
observed at the 10 nM concentration of SH-2251 and peaked at
100 nM (Fig. 1D). Dose-dependent effects of SH-2251 on the
inhibition of 1L-5 induction were also confirmed using ELISA
(Fig. 1E). The production of IL-4 and IL-13 was not impaired
(Fig. 1E). These results indicate that SH-2251 inhibits IL-5-
producing Th?2 cell differentiation without inhibiting the genera-
tion of IL-4- or IL-13-producing Th2 cells.

SH-2251 selectively inhibits induction of active histone
modifications at the /5 gene locus during Th2 cell
differentiation

Changes in histone modification are a marker of chromatin -
remodeling [26,27]. During Th2 cell differentiation, active histone
modifications including histones H3K4me2/3, H3K9ac and
H3K27ac, are induced at 'T'h2 cytokine gene loci [9] [11]. We
examined the effect of SH-2251 on the induction of active histone
modifications during '1'h2 cell differentiation. As shown in Fig. 24,
the levels of active histone modifications such as those of
H3K4me3, H3K9c and H3K27ac at the [[5 promoter were
recuced by treatment with SH-2251 in a dose-dependent manner.
The levels of H3K9ac and H3K27ac, but not H3K4me3, at the
Rad50 promoter decreased (Fig. 2A). In sharp contrast, the active
histone modifications at the /4 and [[/3 promoters were
unaffected by -SH-2251 treatment (Fig. 2A). To confirm the
selective effects of SH-2251 on the levels of active histone
modifications around the f5 gene locus, we performed ChIP-
sequencing with anti-histone H3K4me3 pAb and H3K27ac pAb.
Decreased levels of H3K4me3 and H3K27ac were detected from
the 5" region of the Rad50 gene to the 15 gene, while reduced
levels were spread over the down stream region of the II5 gene
locus in the SH2251-treated Th2 cells (Fig. 2B and Fig. 82 in
File S1). Reduction in the levels of H3K4me3 and H3K27ac
around the J/5 gene locus in the SH-2251-treated Th2 cells were
confirmed using a manual ChIP analysis (Fig. 2C). Changes in
other histone modifications, including H3K4me2, H3K9me2,
H3K36me3 and H3K9ac, around the /5 gene locus were also
determined with a manual ChIP analysis. The levels of active
histone marks such as those of H3K4me?2, H3K36me3 and
H3K9ac around the /5 gene locus were decreased in the SH-
2251-treated Th2 cells (Fig. 2C). The level of H3K9me2 was not
affected by treatment with SH-2251 (Fig. 2C). No obvious signals
were detected with an anti-H3K27me3 pAb (data not shown).
Finally, we assessed the effects of SH-2251 treatment on the
recruitment of RNA polymerase II (Polll) and subsequent
intergenic transcription around the /5 gene locus. SH-2251
reduced the recruitment of polll (Fig. 2D upper panel) and the
level of transcription (Fig. 2D lower panel) in the Th2 cells.
These results suggest that SH-2251 blocks the generation of 1L-5-
producing Th2 cells, presumably by inhibiting chromatin remod-
eling at the JI5 gene locus.

Th2-dependent airway inflammation is attenuated by the
administration of SH-2251

We next investigated the effects of the oral administration of
SH-2251 (10 mg/kg) in mice model of airway inflammation.
BAILB/c¢ mice were immunized with OVA absorbed by alum, then
challenged with OVA intranasally. We observed decreases in the
infiltration of inflammatory cells, including eosinophils, in the
bronchoalveolar lavage (BAL) fluid of the OVA-immunized SH-
2251-treated mice in comparison to that observed in the vehicle-
administrated control group (Fig. 3A). The expressions of 1l4, 1[5
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Figure 1. SH-2251 inhibits the generation of IL-5-producing Th2 cells. (A), The chemical structure of SH-2251. (B), Naive CD4 T cells were
cultured under Th2-conditions in the presence or absence of SH-2251 {100 nM) for five days. The cells were restimulated with an immobilized anti-
TCR-B mAb for six hours, and the intracellular staining profiles of IL-4/IFN-y (upper panel) and IL-5/IL-13 (lower panel) were determined using
intracellular staining, respectively. The percentages of each quadrant are indicated. The average percentages of the generated cytokine-producing
cells of three independent experiments are also shown with the standard deviation (right). {C), Cytokine production induced by the SH-2251-treated
Th2 cells shown in panel (B) was determined with ELISA. (D), Naive CD4 T cells were cultured under Th2-conditions in the presence of the indicated
concentrations of SH-2251 for five days. The intracellular profiles were determined as described (B). The average percentage of three independent
experiments of the generated cytokine-producing cells are also shown with the standard deviation (E), Cytokine production by the SH-2251-treated
Th2 cells shown in panel (D) was determined with ELISA. *P<<0.05 and **P<0.01 (Student’s t-test). Three independent experiments (C and E) were

performed with similar results.
doi:10.1371/journal.pone.0061785.g001

and /173 mRNA in the BAL fluid cells were also very low, whereas
the reduction of Ifiy was marginal in the SH-2251-administered
group (Fig. 3B). A reduced expression of eosinophil peroxidase (Epo)
mRNA in the BAL fluid cells of the SH-2251-administered mice
supported decreased infiltration of eosinophils (Fig. S3A in File
§1). We prepared CD4 T cells from the lungs of OVA-challenged
mice to confirm the effects of SH-2251 administration. The
expressions of mRINA for Th2 cytokines in the CD4 T cells
purified from the lung tissue were reduced in the SH-2251-treated
mice (Fig. 3C). The purified CD4 I cells were further stimulated
with immobilized anti-TCR-B mAb for 48 hours i zitro, and the
production of cytokines was determined using ELISA. The level of
IL-5 production was low in the CD4 I cells obtained from the SH-
2251 -administered mice in comparison to that observed in the
CD4 T cells obtained from the vehicle-treated mice (Fig. 3D). In
* addition, the productions of IL-4 and 1L-13 were also significantly
decreased in the lung CD4 T cells obtained from the SH-2251-
treated mice, whereas the IFN-y production was increased
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(Fig. 3D). The number of mononuclear cells infiltrating the
peribronchiolar regions of the lungs was reduced by SH-2251
administration (Fig. 3E). Both mucus hyper-production and
goblet cell metaplasia, as assessed with PAS staining, were lower in
the bronchioles of the SH-2251-administrered mice compared to
that observed in bronchioles of the vehicle-treated control mice
(Fig. 3F). The serum levels of anti-OVA immunoglobulin were
unaffected by the administration of SH-2251 (Fig. S3B in File
$1). These results indicate that the oral administration of SH-2251
can suppress Th2 cell-mediated allergic airway inflammation.

The expression and functions of Gata3 are not influenced
by SH-2251 treatment

Gata3 plays an essential role in the induction of chromatin
remodeling at the Th?2 cytokine gene locus following Th2 cell
differentiation [9] [10] [11]. In addition, Gata3 induces the
transcriptional activation of the fI5 gene [12]. In this study,
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Figure 2. The induction of active histone marks at the //5 gene locus is inhibited by SH-2251. (A}, Naive CD4 T cells were cultured under
Th2-conditions for five days in the presence of the indicated concentration of SH-2251, and a ChIP assay was performed with the indicated
antibodies. The relative intensity (/Input) is shown with the standard deviation. (B), The global patterns of histones H3K4me3 and H3K27ac at the Th2
cytokine gene loci were determined using ChiP-sequencing. (C), The indicated histone modification status around the //5 gene locus in the SH-2251-
treated Th2 cells was determined using a manual ChiP assay. The relative intensity {/Input) is shown with the standard deviation. (D}, Recruitment of
RNA polymerase Ii around the Ii5 gene locus (upper panel) was determined using a manual ChIP assay. The relative intensity (/Input) is shown with
the standard deviation. The transcripts around the //5 gene in the SH-2251-treated Th2 cells (lower panel) were determined using.quantitative RT-PCR.
The relative intensity (/Hprt) is shown with the standard deviation. Four independent experiments (A, C and D) were performed with similar results.
doi:10.1371/journal.pone.0061785.g002

treatment with SH-2251 showed no effects on the Gata3 mRINA of SH-2251 in the inhibition of IL-3-producing Th2 cell
(Fig. 4A) or protein (Fig. 4B) expressions in the Th2 cells. Next, development.

we wanted to determine the effects of SH-2251 on binding of

Gata3 at the Th2 cytokine gene locus. The binding of Gata3 A decreased expression of Gfit is involved in the SH-
throughout the Th2 cytokine gene locus was determined 2251-mediated inhibition of IL-5-producing Th2 cell
comprehensively using ChlP-sequencing with an anti-Gata3 generation

p/\b Gata3 has be(:n r‘eportefi‘to bil}d t(? the V enhancer [28], We conducted a DNA microarray analysis to identify the target
1H ! ntror}Q [291‘0‘(’RL [301’ lh? L,UR [31{3’2] and 25 promoter g?ne(x) that are involved in the SH-2251-mediated inhibition&of
regions [33] in Th2 (‘:ells. The bn?dmg ?f Gata3 at these regions 1L-5-producing Th2 cell generation. We found that the expression
wavs.c'onhrmed with CbIP—s.eqllenc1ng (Flg' 4C upper panel). I'n of Gfil mRNA was dramatically decreased in the SH-2251-treated
adc%mon, we newly 1de_nt1ﬁed several G:ata?; binding genomic Th2 cells (Fig. 5A). A reduction in the Gfil protein expression was
regions _around .the 1i5 gene locus (Fig _4C Alower‘panel: also induced by SH-2251-trecatment (Fig. 5B). To assess the
#1~#7)j lhe hinding of Gata3 at these regions in the .ThQ cells molecular mechanisms by which SH-2251 inhibits the Gfil
was got inhibited by SH~22—51 treatn‘len.t .(Fig. 4D). Fm.aﬂy, we expression, the histone n{odiﬁcations present at the Gfif géne
examined whether SH-2251 can inhibit the Gata3-induced locus were determined using ChIP-sequencing with an anti-
transcriptional activation of the [l5 promoter using a reporter = picone H3K27ac pAb or an H3K4me3 pAb, respectively. As

gene analysis. As indicated in Fig. 4E, SH-2251 showed only  ghoun in Fig. 5C lower panel, a striking reduction in the
marginal effects on the Gata3-dependent activation of the 5 histone HI3K27ac level at the Gfil gene locus in the SH-2251-
promoter. These data suggest that Gata3 is unlikely to be a target treated Th2 cells was detected. The level of H3K4me3 at the Gfi/

gene locus was moderately decreased (Fig. 5C upper panel). A
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Figure 3. OVA-induced airway inflammation is attenuated by oral administration of SH-2251. (A), Decreased infiltration of eosinophils in
the BAL fluid of asthmatic SH-2257-administered mice. The absolute numbers of eosinophils (Eos.), neutrophils (Neu.), lymphocytes (Lym.) and
macrophages {Mac.) in the BAL fluid are shown with standard deviations (n=5 per group). *P<<0.01 and **P<0.001 by ANOVA and the Bonferroni-
test. (B), Quantitative RT-PCR of //4, /I5 and //73 mRNA in the BAL fluid cells of vehicle and SH-2251-administered mice. (C), Quantitative RT-PCR of /i4,
115, 1113 and Ifry mRNA in the lung CD4 T cells of vehicle and SH-2251-administered mice. (n=5 per group). (D), Cytokine production from lung CD4 T
cells of vehicle and SH-2251-administered mice stimulated in vitro. The lung CD4 T cells were stimulated with immobilized anti-TCR-§ mAb for
48 hours and the concentrations of cytokines in the culture supernatants were determined using ELISA. The lungs were fixed and stained with -
hematoxylin and eosin (E, left) or periodic acid-Schiff reagent (F). The scale bars represent 500 um. The numbers of infiltrated leukocytes in the
peribronchiolar regions are shown (mean cell numbers/mm? (E, right). Three independent experiments were performed with similar results.
Student’s t-test was used for the statistical analyses. *P<<0.05 and **P<<0.01 (B, C, D and E)

doi:10.1371/journal.pone.0061785.g003

dose-dependent inhibition of the H3K4me3 and H3K27ac levels vectors and measured the 1L-5 production ability. As shown in
at the Gfil gene locus induced by SH-2251 was confirmed using a Fig. 6A, the transduction of Gfi/ into the SH-2251-treated 'Th2
manual ChIP assay (Fig. 5D). The level of H3K9ac at the Gfif cells partially restored the generation of IL-5 producing Th2 cells.
gene locus was also inhibited by SH-2251 treatment (Fig. 5D). As The production levels of IL-5 in the SH-2251-treated Th2 cells
indicated in Fig. 84 in File 81, the levels of histone H3K27ac were completely restored by the transduction of Gfil (Fig. 6B).
and H3K4me3 at the Gfi/ gene locus were higher in the Th2 cells The production of IL-4 and IL-13 in the Gfi/-transduced Th2 cells
than that in the naive CD4 T cells. The levels of histone H3K27ac was not altered in COHlpal‘iSOl’l to that observed in the Aock-
and H3K4me3 modifications in the SH-2251-treated Th2 cells  transduced SH-2251-treated Th2 cells (Fig. 6B). The levels of
were almost comparable to those in the naive CD4 T cells (Fig. S4 histone H3K4me3 and H3K27ac around the /5 gene locus were
in File $1), thus indicating that SH-2251 inhibits the induction of  also ameliorated in the Gfi/-transduced SH-2251-treated Th2 cells

the histone H3K27ac at the Gfil locus during Th2 cell (Fig. 6C). Histones H3K4me3, H3K9%ac and H3K27ac at the J/4

differentiation. and /13 promoters were not influenced by the transduction of

Gfil (Fig. 85 in File S1). To examine the molecular mechanisms

Transduction of Gfil into SH-2251-treated Th2 cells by which Gfil controls the histone modification status at the /{5

restores IL-5 production gene locus, the binding of Gfil around the /I5 gene locus was

To elucidate the role of Gfil reduction in the SH-2251- determined using a ChIP-sequence analysis with an anti-Gfil pAb.
mediated inhibition of IL-5-producing Th2 cell differentiation, we Low, but reproducible binding of Gfil was detected around the fI5 -

transduced Gfil into SH-2251-treated Th2 cells using retrovirus gene locus in the Th2 cells (Fig. 6D). The binding of Gfil around
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Figure 4. The expression and functions of Gata3 are not impaired by treatment with SH-2251. (A), The mRNA expression of Gata3 in the
SH-2251-trearted Th2 cells was determined using quantitative RT-PCR. The relative intensity (/Hprt) is shown with the standard deviation. (B), The
protein expression level of Gata3 was determined with immunoblotting. The nuclear (Gata3) and cytoplasmic (x-Tubulin) lysates with a three fold
serial dilution were used. Three independent experiments (A and B) were performed with similar results. (C), The global patterns of Gata3 binding at
the Th2 cytokine gene loci (upper panel) and the /I5 gene locus (lower panel) were determined using ChiP-sequencing with an anti-Gata3 pAb. The
locations of PCR primer pairs (triangle) used in a manual ChiP assay are also listed. {D), The binding of Gata3 around the /5 gene locus (left) panel and
the Va enhancer (V, E) and intronic enhancer (IE) regions of the //4 gene locus (right panel) in the SH-2251-treated Th2 cells was determined using a
manual ChlP assay. The relative intensity (/Input) is shown with the standard deviation. Three independent experiments were performed with similar
results. (E), The effects of SH-2251 on the Gata3-dependent transcriptional activation of the /I5 promoter were determined using a Dual luciferase
assay. The mean and standard deviation of the relative luciferase activity of three different experiments are shown. Stim: PMA (30 ng/mi}+dbcAMP
(100 uM). Four independent experiments (A, B, D and E) were performed with similar results. )
doi:10.1371/journal.pone.0061785.g004

the £I5 gene locus in the Th2 cells decreased by the treatment with deficient CD4 T cells [25]. In addition, in this study, retrovirus
SH-2251 (Fig. 6E). These results suggest that SH-2251 inhibits vector-mediated transduction of Gfi/ into SH-2251-treated devel-

the chromatin remodeling at the /[ gene locus and subsequent 1L- oping Th2 cells restored the levels of active histone modifications
5-producing Th2 cell differentiation in part by attenuating the at the 45 gene locus, and subsequent generation of IL-5-producing
Gfil expression. Th2 cells. Therefore, the Gfil-II5 axis is a target for SH2251-
mediated inhibition of IL-3-producing Th2 cell differentiation.

Discussion Clinical trials of the anti-IL-5 mAb have demonstrated
i . ) . therapeutic benefits across a spectrum of eosinophil-related
We' herein demonstra:tec_l t*)at‘ a thloa{mdeﬂ'&:lat.ed small  gisorders [34]. Recently, a result of a clinical trial of a humanized
chemical compound, SH-2251, inhibits the ditferentiation of IL- anti-1IL-5 mAb (Mepolizumab) was reported [35]. Although no
;):produmng Th? cel'ls b‘i attenuating t‘he ‘G_ﬁl expression. changes in airway hyperresponsiveness were noted, reductions
"Treatment OF def'elopmg. th cells with SH-2251 r?clucc\djtlle blood/sputum eosinophilia and the number of asthma exacerba-
generatlon of IL-5-producing T'h?2 cells and the expression of Gfil. tions occurring during the year were reported. In addition,
SH-2251 also inhibited induction of active histone modifications at reductions in airway wall thickness were also observed. These
the 15 gene locus as well as the Gfi/ locus in developing Th? cells. results indicate that the neutralization of 1L-5 might have a
We found that. G'fl‘l binds to sc;veral genomic regions around t.he positive impact on airway remodeling. We demonstrated the
15 gene locus in 'Th2 cells, which was reduced by treatment with inhibitory effects of SH-2251 on the generation of IL-5-producing
SH-2251. We previously reported that the induction of histones Th2 cells and 1L-5 production. Furthermore, the oral administra-
P ‘e A.r - 5 o o s 3 - . ¥ . .

H3{§4me3 and E}?’I\g/ L4ac at the 15 gene locus and subsequent o1 of SH-9251 was found to suppress OVA-induced allergic
IL-5-producing Th2 cell differentiation are impaired in Gfil- airway inflammation in a mice model. These data suggest that SH-
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Figure 5. Gfi1 is a downstream target of SH-2251. (A), A decreased GfiT mRNA expression in the SH-2251 treated Th2 cells. The expression of
Gfil was determined with quantitative RT-PCR. The relative intensity (/Hprt)'is shown with the standard deviation. (B), A decreased level of Gfi1
proteins was detected with immunoblotting. The nuclear (Gfi1) and cytoplasmic (a-Tubulin) lysates with a three fold serial dilution were used. {(C},
The global patterns of the histone H3K4me3 and H3K27ac levels at the Gfi7 gene locus were determined using ChiP-sequencing. The locations of PCR
primer pairs {triangle) used in a manual ChIP assay are also listed. (D), Manual ChIP assays were performed with anti-histone H3K4me3, H3K9%ac or
H3K27ac pAb. The relative intensity (/Input) is shown with the standard deviation. Four independent experiments (A, B and D) were performed with
similar results. .

doi:10.1371/journal.pone.0061785.g005

2251 is a novel therapeutic candidate for diseases involving allergic development and functions [20]. It is likely that Gfil is also
inflammation, including asthma. expressed in NKT cells, NH cells, neuocytes and 1L-5-producing
The generation of 1L-13-producing cells and 1L-13 production innate cells. ‘T'herefore, it Is interesting to examine whether the
were augmented by SH-2251 treatment i wiro. The IL-13 treatment of SH-2251 can inhibit both the IL-25- and IL-33-
production moderately increased in the Gfil-deficient CD4 T induced production from these cell populations.
cells (M.Y. unpublished observation), suggesting that Gfil may SH-2251 inhibits the generation of 1L-3-producing Th2 cells, in
inhibit IL-13 production in CD4 T cells. However, our i vivo part by repressing Gfil induction. Gfil is induced by the TCR-
experimental results demonstrated a reduction in 1L-13 produc- mediated - activation of the ERK MAPK cascade [25]. In this

tion induced by the administration of SH-2251. In addition, the study, although SH-2251 inhibited the Gfil expression, the
production of 1L-4 was also moderately decreased in vivo. A DNA inhibitory activity for ERK MAPK was very weak (IC50>1 pM;

microarray analysis indicated a reduced expression of Cer3 mRINA M.I and F.K. personal communication). The activation of the
in the SH-2251-treated Th2 cells. Therefore, it is likely that SH- Ras-ERK MAPK cascade also prevents the ubiquitin/protea-
2251 exerts some effects on the expressions of chemokine receptors some-dependent degradation of Gata3 [39]. The treatment of

in Th2 cells and that recruitment of Th2 cells to the inflamed sites. developing Th2 cells with SH-2251 failed to inhibit the Gata3
is inhibited. In addition, it is possible that SH-2251 also affects the protein expression. Therefore, it is unlikely that SH-2251 inhibits

function of antigen-presenting cells. Taken together, although an IL-53-producing Th?2 cell differentiation by suppressing Ras-ERK
SH-2251-mediated increase in IL-13 production was detected in MAPK cascade activation:
the in vitro experiments, the administration of SH-2251 provides Gfil is a DNA binding transcriptional repressor that interacts
beneficial effects in the treatment of asthmatic patients. - with a number of histone modification enzymes, including LSD-1/
Lung epithelial cells can produce multiple cytokines, including CoRest [22], GYa {23] and HDACs [21]. However, these histone
I1-25 and IL-33, in response to various stressors. The intranasal modification enzymes introduce repressive marks on the histones.
administration of IL-25 induces asthmatic symptoms [36], and We previously demonstrated that Gfil is required for induction of
anti-IL-25 antibody treatment suppresses OVA-induced allergic active histone marks on the J[5 gene locus [25]. In addition, the

mflammation [37]. It is thought that IL-25 acts on NK'T cells and transduction of Gfil into SH-2251-treated Th2 cells restored
promotes Th2 cytokine production. [38]. Recently, the IL-33- active histone modifications (H3K4me3, H3K9ac and H3K27ac)

mediated production of 11.-5 has been reported to play a critical at the I5 gene locus. Although precious molecular mechanisms
role in lung eosinophil regulation {16}, lung inflammation [17] and remain to be elucidated, our data indicate the possible role of Giil
protease allergen-induced airway inflammation [18]. Gfil, a in the formation of the active chromatin status.

downstream target of SH-2251, is broadly expressed in hemato- An increased activity of histone acetyltransferases (HA'Ts) and
poietic lineage cells, and Gfi/ knockout animals display many concomitant reductions in histone deacetylase (HDAG) activity
abnormalities, including neutropenia, T cell development defects, have been reported in asthmatic patients [40] [41]. Changes in
hematopoietic stem cell defects and defects in dendritic cell these histone modification enzymes result in hyperacetylations of
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Figure 6. Transduction of Gfi7 into SH-2251-treated Th2 cells restores the differentiation of IL-5-producing Th2 cells. (A), CD4 T cells
were cultured under Th2-conditions in the presence or absence of SH-2251 (100 nM) for two days, then the cells were transduced with Mock- or Gfil-
IRES-hNGFR-containing retrovirus vectors. Three days after transduction, the IL-5/IFN-y staining profiles of the transduced cells (RNGFR-positive cells)
were determined with intracellular staining. The percentages of cells in each quadrant are indicated. (B), The cytokine production from SH-2251-
treated Th2 cells transduced with Gfi7 was determined. {C), Histones H3K4me3, H3K9ac and H3K27ac at the //5 gene locus in hNGFR-positive Gfil-
transduced SH-2251-treated Th2 cells. The relative intensity (/Input) is shown with the standard deviation. Three (A, B and C) independent
experiments were performed with similar results. (D), The global pattern of Gfi1 binding around the //5 gene locus was determined using ChiP-
sequencing with an anti-Gfil mAb. The locations of the PCR primer pairs (triangle) used in a manual ChiP assay are also listed. (E), The binding of Gfi1
around the /I5 gene locus in SH-2251-treated Th2 cells was determined using a manual ChIP assay. The relative intensity (/Input) is shown with the
standard deviation. Two independent experiments were performed with similar results.

doi:10.1371/journal.pone.0061785.g006

OVA-induced airway allergic inflammation. Therefore, SH-2251
is a unique class of therapeutic candidate for allergic inflammation
acting through the selective inhibition of IL-5 production.

histone, opening up the chromatin structure and increasing
recruitment of RNA polymerase I [42]. Although the gene locus
specific inhibitor for histone acetylation is expected to appear, such
molecules have not yet been identified. We demonstrated that SH-
2251 selectively inhibits induction of active histone marks, in Materials and Methods

particular H3K27ac at the £I5 gene locus and the Gfil gene locus.

The transduction of Gfi/ into SH-2251 treated Th2 cells restores SH-2251

the IL-5 production and active histone modifications at the /5 SH-2251 (United States Patent No.: US 7632865 B2) was
gene locus. These results indicate that SH-2251 belongs to a novel ~ synthesized and provided by Ishihara Sangyo Kaisha, Ltd. The
class of inhibitors that modulate histone modification status in a  purity of the SH-2251 used in the experiments was 99.1%.
gene locus-specific manner.

In summary, SH-2251 selectively inhibits chromatin remodeling ~ Mice
at the fI5 gene locus and subsequent generation of IL-5-producing C57BL/6 and BALB/c mice were purchased from CLEA
Th2 cells via attenuation of the Gfil expression. In addition, the Japan. All mice were maintained under specific pathogen-free
oral administration of SH-2251 showed inhibitory effects on conditions and were used at 6-10 weeks of age. All experiments
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