Flow cytometry

Spleen and LN cells were stained with fluorescein isothiocya-
nate (FITC)-conjugated anti-CD8, phycoerythrin (PE)-conjugated
anti-CD4, PE-Cy5.5-conjugated anti-CD44, APC-conjugated
anti-CD62L, FITC-conjugated anti-CD5, APC-conjugated anti-
CD27, PE-conjugated anti-B220, PE-Cy7-conjugated anti-CD19-
C, PE-conjugated anti-TRAIL mAb (eBiosciences, San Diego,
CA, USA). Cells were analyzed by a FAGScan (BD Biosciences,
Franklin Lakes, NJ, USA).

Proliferation assay

T cells (>90%) were enriched from single-cell suspensions of
spleen and ILN cells from recipient MRL/#r mice with nylon
wool (Wako Pure Chemical, Tokyo, Japan), and CD4" T cells
were purified by Phycoerythrin (PE)-conjugated ant-CD4 mAb,
PE-conjugated CD8 mAb, and anti-PE Microbeads (Miltenyi
Biotec). Cells were cultured in 96-well flat-bottom microtiter plates
(5x10* cells/well) in RPMI1640 containing 10% FCS, penicillin/
streptomycin, and 2-mercaptoethanol (ME), and were stimulated
with plate-coated anti-CD3 (500A2) (BD Biosciences) and anti-
CD28 mAb (37.51) (BD Biosciences). [*H] Thymidine incorpora-
tion during the last 12 hours of the culture for 72 hours was
evaluated using an automated P liquid scintillation counter. In
addition, cells were labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE), and dilution of CFSE was evaluated as
cell proliferation after stimulation by flow cytometric analysis.

ELISA

The amounts of mouse IL-2, IFN-y, IL-4, IL-10, and IL-17 in
culture supernatants, rheumatoid factor (RF) IgM and IgG), anti-
double strand (ds)DNA, anti-CII, and anti-nuclear Ab (ANA)
(ALPHA DIAGNOSTIC INTERNATIONAL) of sera from the
recipient MRL/lfr mice were detected by ELISA as previously
described [14].

Detection of apoptotic cells

To determine the apoptosis of T and B cells by repeated
interactions with DCs, T and B cells were co-cultured for 8 hours
three times with RANKL-stimulated MRL/lpr or MRL+/+
BMDCs. Briefly, we transferred T cells into the other well, in
which DCs had been stimulated, without interval three times for
each 8 hours. After the third co-culture with DCs, apoptotic cells
of CD4*, CD8" T, DNT, and B cells were detected with flow
cytometer using an Annexin V-FITC apoptosis detection kit (Bio
Vision, Mountain View, CA). Purified anti-mouse TRAIL mAb
(BioLegend, San Diego, CA, clone:N2B2) was used for inhibition
of T cell apoptosis.

Gene expression analysis

Apoptosis pathway-focused gene expression profiling analysis
using real-time polymerase chain reaction (PCR) was tested with a
PCR Primer array kit (SABiosciences Corporation, Frederick,
MD, USA). In brief, total RNA was extracted with RINeasy kits
(Qiagen Inc., Valencia, CA), and reverse transcribed. The
synthesized ¢<cDNA was then applied to PCR-based SuperArray
(SABiosciences) plates to detect expression of genes related to
apoptosis using a PTC-200 DNA Engine Cycler (BioRad
Kaboratories, Hercules, CA) with SYBR Premix Ex Taq (Takara,
Kyoto, Japan).
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Real-time quantitative reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted from the cultured CD4* T cells of
MRL/lpr mice using RNeasy kits (Qiagen), and reverse-tran-
scribed. Transcript levels of TRAF3, caspase 8, Tnfrsfl0b
(TRAIL-R2), Bcl-2, and B-actin were observed using PTC-200
DNA Engine Cycler (BioRad) with SYBR Premix Ex Taq
(Takara, Kyoto, Japan). The following primer sequences were
used: for TRAF3, 5'-AGCAGCTGACTCTGGGACAT-3' (for-
ward) and 5’-CACCACACAGGGACAATCTG-3' (reverse); for
Tnfrsf10b (TRAIL-R2), 5'-ACTTGCTGAGAGCT-
GACTCTGTGG-3' (forward) and 3'-AGCAGTGGCTGTGTT-
CACAAGG-3" (reverse); for caspase 8, 5-GAGATCCTGT-

GAATGGAACCTGGTA-3' (forward) and 5'-
CACGCCAGTCAGGATGCTAAGA-3’ (reverse); for Bcl-2, 5~
TTCGCAGCGATGTCCAGTCAGG-3'  (forward) and 5'-

TGAAGAGTTCTTCCACCACCGT-3" (reverse); and for f-
actin, 5'-GTGGGCCGCTCTAGGCACCA-3" (forward) and
5-CGGTTGGCCTTAGGGTTCAGGGGGG-3’ (reverse). Rel-
ative mRINA abundance of each transcript was normalized against
B-actin.

In vitro knockdown of TRAIL gene in BMDCs

Small interfering RNA (siRNA) of TRAIL (Tnfsl10) and a
negative control (Stealth™ Select RNAi, Cat No:10620319,
Invitrogen, Carlsbad, CA, USA), including three sequences as off-
targets were used for analysis of i vifro knockdown of TRAIL gene
in RANKL-stimulated DCs. Transfection of siRNA into DCs was
performed with Lipc»fr:ctamnineT‘M RINAIMAX Reagent (Invitro-

gen).

Statistical Analysis

Results are given as mean * standard deviation (SD).
Comparison was done using Student’s ¢ test. Differences were
considered statistically significant for P values of <0.05.

Supporting Information

Figure 81 The effect of multiple transfers of activated
lpr DCs on RA lesion and autoantibody production in
MRL/ Ipr mice, (A) RA lesions of recipient female mice treated
with multiple transfers of DCs that were stimulated by different
condition in vitro were compared. The histological score of the
recipient mice {16 weeks of age) was evaluated at 12 weeks after
repeated transfers. Data are shown as means = SD (n=35 per
group respectively). (B) Autoantibody production of anti-dsDNA,
anti-CII, and anti-nuclear Ab (ANA) of the sera from non-treated,
stimulated +/+ DC-transferred, and stimulated {r DC-transferred
mice (16 weeks of age) was measured by ELISA. Data are shown
as means = SD (n=>5 per group respectively). (C) Autoantibody
production of anti-dsDNA and anti-CII Abs of the sera from mice
(16 weeks of age) transferred with RANKL, or RANKL and CII-
stimulated #r DCs was measured by ELISA. Data are shown as
means £ SD (n=23 per group respectively). *p<<0.05.

(TTF)

Figure S2 Apoptosis of T and B cells by multiple
transfers of Ipr DCs. Apoptosis (annexin V*) of CD4™ (A),
CD8* (B) T, DNT (C), and B (CD19%) (D) cells of spleen and TLNs
in the recipient mice was detected by flow cytometric analysis at 2
weeks after the multiple transters. Data are shown as means &= SD
(n=3 per group respectively). *p<<0.03, *p<0.005.

(TIF)
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Figure S3 Activation or maturation markers on T and B
cells. (A) T cell markers (CD44 and CD62L) of CD4™-gated cells
of spleen and ILNs in the recipients (16 weeks of age) were
analyzed by flow cytometry at 12 weeks after the multiple
transfers. Results were representative of 5 mice per group. (B) B
cell markers (CD27 and GD5) of CD19™-gated cells of spleen and
ILNs in the recipients were analyzed by flow cytometry at 12
weeks after the multiple transfers. Results were representative of 5
mice per group.

(TIF)

Figure S4 Survival of DCs in MRL/Ipr mice. BMDGs
from MRIA/+ or MRL/lpr mice were stimulated with or without
RANKL. and CII, and then were labeled with CFSE. Those DCs
were subcutaneously injected into MRL/ jpr mice. At 2 weeks after
the transfer, CFSE'CD11CT DCs of ILNs (A) and spleen (B) were
detected by flow cytometric analysis. Data are shown as means *
SD (n=>5 per group respectively). *p<<0.05.

(TIF)

Figure S5 Effect of multiple DC transfer on T cell
proliferation in MRIA/+ mice. At 12 weeks after multiple
DC transfers into MRL+/+ mice, CFSE-labeled CD4" T cells
were stimulated with ant-CD3 (0.5 pg/ml) and anti-CD28
(10 pg/ml) mAbs for 72 hours. Dilution of CFSE in CD4* T
cells was evaluated as proliferative cells by flow cytometric
analysis. Data are shown as means £ SD (n=35 per group
respectively).

(TIF)

Figure 86 Effects of multiple DC transfer on thymic
differentiation of T cell and T, differentiation. (A) T cell
phenotype (CD4 and CD8) in the thymus of the recipient mice was
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by flow cytometric analysis. Results were representative of 5 mice
per group.
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Figure 87 Efficiency of siRNA on TRAJL expression. (A)
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ments. (B) Relative expression of TRAIL to that of untreated DCs
was shown.

(TIF)
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detected by ELISA. Data are shown as means = 8D (n=5 per
group respectively). *p<<0.05.
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Induction of Rapid T Cell Death and Phagocytic Activity by

Fas-Deficient Ipr Macrophages

Ritsuko Oura,*’ Rieko Arakaki,* Akiko Yamada,* Yasusei Kudo,* Eiji Tanaka,’

Yoshio Hayashi,* and Naozumi Ishimaru*

Peripheral T cells are maintained by the apoptosis of activated T cells through the Fas-Fas ligand system. Although it is well known
that normal T cells fail to survive in the Fas-deficient immune condition, the molecular mechanism for the phenomenon has yet to
be elucidated. In this study, we demonstrate that rapid cell death and clearance of normal T cells were induced by Fas-deficient Ipr
macrophages. Transfer of normal T cells into /pr mice revealed that Fas expression on donor T cells was promptly enhanced
through the IFN-y/IFN-yR. In addition, Fas ligand expression and phagocytic activity of [pr macrophages were promoted through
increased NF-«B activation. Controlling Fas expression on macrophages plays an essential role in maintaining T cell homeostasis
in the peripheral immune system. Our data suggest a critical implication to the therapeutic strategies such as transplantation and
immunotherapy for immune disorder or autoimmunity related to abnormal Fas expression. The Journal of Immunology, 2013,

190: 578-585.

important role in regulating the normal function of many
different organs. Fas signaling can regulate T cell and
B cell differentiation, maturation, activation, and deletion in the
peripheral immune system (1-3). Activation-induced cell death
(AICD) is involved in the removal of activated T cells in vivo and
depends on Fas and Fas ligand (FasL) (4, 5). Among apoptotic
mechanisms, AICD plays a central role in the removal of auto-
reactive T cells and in prevention of autoimmune responses (6).
MRL/Mp mice bearing a Fas deletion mutant gene, [pr (MRL/
Ipr), spontaneously develop autoimmune lesions resembling hu-
man glomerulonephritis, arthritis, vasculitis, and Sjogren’s syn-
drome (7-10). In addition, gld mice defective in the FasL gene
exhibit autoimmune lesions (11). Both strains lack the cell death
mechanism mediated through the Fas—FasL. interaction in the
immune system. Ligation of Fas by the homotrimeric FasL results
in the clustering of Fas and recruitment of the adaptor protein
Fas-associated death domain to clustered Fas intracellular death
domains (5, 12-14). In addition, Fas and only the Bcl2 homology

rj I'1 he Fas receptor is expressed on most tissues and plays an
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domain 3 (BH3-only protein) such as Bim play overlapping roles
in peripheral T cell death in immune response shutdown and
prevention of immune disorders (15). In contrast, the regulation of
T cell susceptibility to AICD is controlled by T cell maturity and
activation and the presence or absence of APCs such as macro-
phages or dendritic cells (5, 16).

Normal hematopoietic cells including spleen and bone marrow
cells do not survive in Ipr mice (17, 18). In addition, it was re-
ported that in vitro coculture of normal and Ipr-derived T cell lines
resulted in the loss of the normal T cells (17, 19). These in vivo
and in vitro findings could be explained by the clevated FasL
expression on [pr immune cells (20, 21). However, the precise
mechanism underlying the FasL. overexpression in Ipr immune
cells or the association of normal T cell deletion with APCs in
Fas-deficient Ipr mice remains unclear.

In this study, we focused on T cell apoptosis in Fas-deficient
recipients using C57BL/6/lpr mice to define the cellular and
molecular mechanisms of AICD in T cells and the regulation
of FasL expression. Furthermore, we investigated whether mac-
rophages in Fas-deficient [pr mice contribute to the clearance of
apoptotic T cells in the peripheral immune system.

Materials and Methods
Mice

C57BL/6 (B6), BG-Ipr/Ipr (B6/ipr), and B6-gld/gld (B6/gld) mice were
purchased from Japan SLC Laboratory (Shizuoka, Japan). OT-II mice
(C57BL/6-Tg (TeraTcerb) 425Cbn/J) and IFN-yR gene knockout ([FNyR-/ i)
mice were obtained from Dr. J. Sprent. NF-«B,™'™ mice were obtained
from The Jackson Laboratory. GFP-transgenic (TG) mice were obtained
from RIKEN BioResource Center (Tsukuba, Japan). All mice were bred at
the animal facility of the University of Tokushima under specific pathogen-
free conditions. The experiments were approved by an animal ethics board
of the University of Tokushima.

Adoptive cell transfer

T cells were purified from the spleen of B6, GFP-TG, OT-II, B6/lpr,
or IFNyR™" mice using Abs including anti-MHC class II, anti-B220
(eBioscience, San Diego, CA), and immunomagnetic beads (Dynal,
Oslo, Norway). T cells from all mice, except GFP-TG mice, were labeled
with CFSE (Invitrogen, Carlsbad, CA). A total of 1, 2, or 5 X 10° T cells
were i.v. or i.p. transferred into B6, B6/Ipr, B6/gld, or NF-xB,™ " /lpr
mice. For homeostatic expansion, the recipient mice were irradiated at 8.3
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Gy before T cell transfer. For the analysis of donor T cells, spleen cells,
lymph node (LN) cells, PBMCs, or peritoneal exudate cells (PECs) were
analyzed by flow cytometry. To inhibit in vivo deletion of T cells, anti-
FasL. mAb (clone MFL3; BioLegend, San Diego, CA) was i.p. injected
into recipient mice together with transfer of T cells.

Flow cytometry

FITC, PE, allophycocyanin—peridin chlorophyll protein, PE-Cy5.5, PE-
Cy7, or allophycocyanin-Cy7-conjugated Abs including anti-CD4, CDS,
CD11b, Fas, and FasL. Abs, were used. A FACScan flow cytometer (BD
Biosciences, Franklin Lakes, NJ) was used, and data were analyzed using
the FlowJo FACS Analysis software (Tree Star, Ashland, OR).

In vivo imaging

The mice were s.c. injected with isoflurane (Abbott Laboratories, Abbot
Park, IL) as an anesthetic. Purified T cells were incubated with XenoLight
DiR (Caliper Life Sciences, Hopkinton, MA) for 30 min. A total of 5 X 108
T cells were i.v. transferred into recipient mice, and donor T cells were
monitored at 30 min, 2 h, and 6 h using in vivo imaging analyzer (Caliper
Life Sciences).

ELISA

The concentration of IFN-y in sera was measured by ELISA. Ninety-six-
well flat-bottom plates were precoated with capture Abs, and diluted
samples or standard recombinant cytokines were added to each well. After
the plates were washed, biotinylated Abs were added, and the wells were
incubated with HRP-labeled, affinity-purified anti-rat IgG. A solution of
o-phenylenediamine (Sigma-Aldrich, St. Louis, MO) was added to each
well as the substrate. The optimal density at 490 nm was measured using
a microplate reader (Model 680; Bio-Rad Laboratories, Richmond, CA).

Quantitative RT-PCR

Total RNA was extracted from spleen cells or PECs using Isogen (Wako
Pure Chemical Industries, Osaka, Japan); it was then reverse transcribed.
The transcript levels of FasL, TNF-a, IL-6, IL-1f, and B-actin were per-
formed using a PTC-200 DNA Engine Cycler (Bio-Rad Laboratories) with
SYBR Premix Ex Taq (Takara Bio, Shiga, Japan). The primer sequences
used were as follows: FasL., forward, 5'-GTGGGCCGCTCTAGGCACCA-
3’, and reverse, 5'-CGGTTGGCCTTAGGGTTCAGGGGG-3'; TNF-a,
forward, 5'-ATGAGCACAGAAAGCATGATC-3’, and reverse, 3'-AGA-
TGATCTGAGTGTGAGGG-3'; IL-6, forward, 5'-CTCTGCAAGAGA-
GACTTCCAT-3', and reverse, 5'-ATAGGCAAATTTCCTGATTATA-3';
IL-18, forward, 5'-TGATGAGAATGACCTGTTCT-3’, and reverse, 5'-
CTTCTTCAAAGATGAAGGAAA-3'; B-actin, forward, 5'-GTGGGCC-
GCTCTAGGCACCA-3’, and reverse, 5'-CGGTTGGCCTTAGGGTTCA-
GGGGG-3'.

Preparation of peritoneal macrophages

Mice were i.p. injected with 1 ml 3% thioglycollate broth (Sigma-Aldrich),
and after 3 or 4 4, elicited macrophages were collected by peritoneal lavage
with 5 ml ice-cold PBS.

Phagocytosis assay

Phagocytosis was assessed using Fluoresbrite Yellow Green Caboxylate
Microspheres (Polysciences, Warrington, PA). Briefly, the CD11b* cells
purified from PECs were incubated with opsonized beads for 30 min at
37°C and washed with PBS. The phagocytic activity of CD11b" cells was
evaluated by flow cytometric analysis.

Apoptosis detection assay

Apoptosis was detected using the Annexin V-FITC apoptosis detection kit
(Bio Vision, Mountain View, CA). Briefly, the cells were washed with PBS
and incubated with FITC-conjugated annexin V and propidium iodide for 15
min at room temperature in the dark. Binding buffer was added, and ap-
optotic cells were detected by flow cytometoric analysis. To inhibit in vitro
T cell apoptosis cocultured with PECs, PECs were treated with a Fas-Fc
fusion protein (R&D Systems, Minneapolis, MN).

Confocal microscopic analysis

PECs including GFP™ T cells were stained with PE-conjugated anti-CD11b
mAb (eBioscience) on a glass slide. Coverslips were applied with
Fluoromount-G (Molecular Probe). Cells were visualized using a Confocal
Laser Microscan (LLSM 5 Pascal; Carl Zeiss, Oberkochen, Germany).

579

Western blot analysis

Cell extracts from the nucleus and cytoplasm of CD11b" PECs were
prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Rockford, IL). A total of 10 g of each sample
per well was used for SDS-PAGE. After blocking with 5% nonfat milk, the
membrane was incubated with primary Abs against phospho-IkBa and p50
(NF-kB1), RelA (p65), and histones (Santa Cruz Biotechnology, Santa
Cruz, CA). Ag-Ab complexes were detected using HRP-conjugated sec-
ondary Abs. Protein binding was visualized using the Phototope-HRP
Western blot Detection System (Cell Signaling Technology, Danvers, MA).

NF-kB transcription activity assay

The transcription activity of NF-kB in the nuclear extracts from PECs was
analyzed with a NF-«B transcription factor colorimetric assay kit (Milli-
pore, Billerica, MA). Briefly, nuclear extracts were incubated with a bio-
tinylated double-stranded oligonucleotide probe containing the consensus
sequence for NF-kB on a streptavidin-coated plate. Captured complexes,
including active NF-xB protein, were incubated with the primary Abs for
p50 and RelA, HRP-conjugated secondary Ab, and tetramethylbenzidine
substrate. The absorbance of the samples was measured using a microplate
reader at 450 nm.

Statistical analysis

Statistical significance was determined with an unpaired the Student ¢ test.

Results
Normal T cell dynamics in Fas-deficient mice

To understand the dynamics of normal T cells in Fas-deficient
mice, the T cells from GFP-TG mice were i.v. transferred into
B6 and B6/lpr mice. On 7 d after the transfer, GFP* cells in the spleen
and LNs of the recipient mice were analyzed. Although GFP* T cells
were found in the spleen and LNs of B6 mice, these cells were
barely detectable in B6/lpr mice (Fig. 1A). To evaluate the in vivo
expansion of normal T cells in Fas-deficient mice using a ho-
meostatic proliferation system, CFSE-labeled normal T cells from
B6 mice were i.v. transferred into irradiated B6 and B6/Ipr mice.
On 7 d after the transfer, expanded T cells were found in B6 mice
(Fig. 1B). However, the transferred CFSE™ T cells in the spleen
and LNs of B6/Ipr mice were almost undetectable (Fig. 1B). In
addition, to examine the in vivo Ag-specific T cell response in
B6/Ipr mice, CD4* T cells were purified from the spleen of
OVA-specific TCR-TG (OT-II) mice and were transferred into B6
and B6/Ipr mice. OVA peptide (100 pg/mouse) was injected into
the recipient mice on the following day. On 7 d after the transfer,
OT-II-specific VB5.2*CD4™ T cells of the spleen and LNs were
analyzed. Although OT-II T cells were found in the spleen and
LNs of B6 recipients, these cells were almost undetectable in the
spleen and LNs of B6/lpr mice (Fig. 1C). These findings indicate
that normal T cells fail to migrate to lymphoid tissues or survive
under the Fas-deficient environment. In addition, we examined
whether transferred T cells migrate to any specific organ other
than lymphoid organs. On 7 d after the transfer of GFP-T cells,
T cell diminishment was observed in the spleen, LNs, and liver of
B6/Ipr recipient mice (Fig. 1D). The accumulation of the donor
T cells was not observed in any specific organs such as the lung,
pancreas, and kidney. Furthermore, the donor T cells did not ac-
cumulate in the thymus, bone marrow, and PBMCs of B6/Ipr re-
cipient mice (Fig. 1D). These findings demonstrate that transferred
normal T cells fail to survive in the lymphoid organs such as the
spleen and LNs of B6/Ipr recipients.

Migratory response of normal T cells in Fas-deficient
recipients

To examine the migration of normal T cells to lymphoid tissues,
in vivo imaging analysis of the dynamics of normal T cells in B6
and B6/Ipr mice was performed. At 30 min after the transfer of
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FIGURE 1. Dynamics of normal T cells in B6/lpr A
mice. (A) T cells (1 X 10%) from GFP-TG mice were

transferred into B6 and B6/Ipr mice. GFP™ T cells in B&
the spleen and LNs of recipient mice at day 7 after the :
transfer were detected by flow cytometry. (B) CFSE-

GFP T cell

OT-UT cell

labeled T cells from B6 mice were transferred into

irradiated (8.5 Gy) B6 and B6/lpr mice. CFSE*
T cells in the spleen and LNs of recipient mice at day
7 after the transfer were detected by flow cytometry.
(€©) T cells (1 X 10° from OT-II mice were trans-
ferred into B6 and B6/Ipr mice. Next day, OVA
peptide was i.v. injected into the recipient mice.
VB5.2'CD4" T cells in the spleen and LNs of recip-
ient mice at day 7 after the transfer were detected by B&

flow cytometry. Cell numbers were compared be-
tween B6 and B6/pr recipients (n = 6). (D) T cells
from GFP-TG mice were transferred into B6 and

B6/Ipr mice, GFP* T cells in the spleen and LNs of
recipient mice at day 7 after the transfer were detected
by flow cytometry. GFP™ cells (percentage) were shown
as mean * SD for five mice in each recipient group.
#p < 0.05, #¥p < 0.005.

T cells, XenoLight DiR-labeled T cells were detected using an
in vivo imaging analyzer. Although transferred T cells were de-
tectable in the spleen of B6 and B6/Ipr recipients, the fluorescence
intensity in the spleen of B6/Ipr recipients was considerably lower
than that in the spleen of B6 recipients (Fig. 2A). This finding
suggests that the transferred normal T cells were rapidly dimin-
ished in PBMCs before accumulating in lymphoid organs such as
the spleen and LNs. In contrast, we have analyzed cell localization
to the lung and liver after i.v. injection of T cells. Normal T cells
were detectable in both Ipr and control recipients, and there was
no difference in T cell migration between Ipr and control recipi-
ents (Supplemental Fig.1). Moreover, when the transferred T cells
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FIGURE 2. Rapid diminishment and Fas expression on the donor T cells
in Ipr recipients. (R) T cells (5 X 10%) from B6 mice were labeled with
XenoLight DiR and transferred into B6 and B6/lpr mice. The donor T cells
in the spleen of the recipients 30 min after the transfer were detected using
an in vivo imaging analyzer. Photos are representative of four mice in each
recipient group. (B) T cells from B6 Thy1.1 mice were transferred into B6
and B6/Ipr mice, and the donor T cells in PBMCs of the recipients 30 min
after the transfer were detected by flow cytometry. Data are representative
of five mice in each recipient group. (C) Cell surface Fas expression on the
donor T cells in recipients was analyzed 30 min after the transfer by flow
cytometry. Mean fluorescence intensity of Fas expression on donor T cells
is shown as mean * SD for five mice in each recipient group. *p < 0.05.
(D) CFSE-labeled T cells from B6//pr mice were transferred into B6 and
B6/Ipr mice and detected at day 7 after transfer by flow cytometry. Data
are representative of five mice in each recipient group.
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(Thy1.1") were analyzed 30 min after the transfer, the rapid di-
minishment of T cells in B6/Ipr recipients had already been ob-
served (Fig. 2B). This suggests that rapid death and clearance of
normal T cells may have occurred in the B6/lpr recipients im-
mediately after the transfer. Moreover, when the Fas expression
on the transferred normal T cells in B6 or B6/lpr recipients was
analyzed 30 min after the transfer, significantly increased Fas ex-
pression was observed on the T cells in B6/lpr recipients com-
pared with those in B6 recipients (Fig. 2C). Furthermore, when
CESE-labeled T cells from B6/lpr mice were i.v. injected into B6
and B6/lpr mice, the T cell diminishment was not detectable in
both recipient mice (Fig. 2D). These results suggest that Fas ex-
pression on normal T cells plays a crucial role in the induction
of rapid T cells diminishment in Fas-deficient recipients. These
results imply that Fas-mediated cell death of normal T cells is
enhanced in a Fas-deficient immune environment.

FasL expression on immune cells in B6/lpr mice

Next, we analyzed FasL expression on peripheral immune cells in
B6/ipr mice. When mRNA expression of FasL in the spleen of
B6 and B6/lpr mice was analyzed by quantitative reverse
transcription-PCR (RT-PCR), higher levels of FasL mRNA of all
subsets including CD4" T cells, CD8" T cells, B220" B cells,
CD11c* dendritic cells, and CD11b* macrophages were observed
in B6/lpr mice compared with B6 mice (Fig. 3A). In addition,
significantly increased Fasl. mRNA expression of subsets in-
cluding CD4™ T cells, CDS" T cells, and CD11b"™ macrophages
was observed in PBMCs from B6/Ipr mice compared with those
of B6 mice (Fig. 3B). Therefore, we speculated that FasL—Fas-
mediated apoptosis of normal T cells may be induced by the in-
teraction with the peripheral immune cells in B6/lpr mice. In
particular, because FasL. mRNA expression on the CD11b* mac-
rophages in the spleen and PBMCs of B6/Ipr mice was much
higher than that of B6 mice, macrophages may play a crucial role
in T cell apoptosis and clearance in the immune system of B6/ipr
mice. Thus, we focused on analyzing the macrophages in B6/Ipr
mice. When the surface expression of FasL on macrophages was
analyzed by flow cytometry, the expression on the CD11b* mac-
rophages of the PBMCs of B6/Ipr mice was increased compared
with that of B6 mice (Fig. 3C). These results suggest that in-
creased FasL expressions on immune cells, including macro-
phages in a Fas-deficient immune condition, play an important
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FIGURE 3. Enhanced expression of FasL on the
immune cells in B6/lpr mice. (R) FasL mRNA ex-
pressions in spleen cells of B6 and B6/lpr mice were
analyzed by quantitative RT-PCR. Data are shown as
mean * SD for five mice in each recipient group. *p <
0.05; **p < 0.005. (B) FasL. mRNA expressions in
PBMCs of B6 and B6/lpr mice were analyzed by 0
quantitative RT-PCR. Data are shown as mean = SD

for five mice in each recipient group. *p < 0.05. (C)

FasL expression on the CD11b* macrophages in C
PBMCs was detected by flow cytometry. Results are
representative of three independent experiments.

mRNA expression
relative to B-actin
£

role in the Fas-mediated rapid death of normal T cells in B6/lpr
mice.

Functions of macrophages in B6/lpr mice

To understand the functions of the peripheral macrophages in
B6/lpr mice, macrophages from thioglycolate-elicited PECs
were used for analyzing their interaction with normal T cells. When
the expression level of FasL on PECs was analyzed, significantly
increased expression of FasL on PECs from B6/Ipr mice was
detected compared with B6 mice (Fig. 4A). Next, we examined
whether in vitro T cell death was induced by coculture with PECs
from B6/Ipr mice. The proportion of apoptotic T cells cocultured
with B6/lpr PECs was significantly enhanced compared with that
of normal T cells cocultured with B6 PECs (Fig. 4B). To deter-
mine whether B6/lpr PECs engulf dead T cells rapidly, CFSE-
labeled normal T cells were cocultured with CD11b* PECs for
3 h, and CD11b*CFSE" macrophages engulfing apoptotic T cells
were analyzed. We detected a significant increase of CFSE*
CD11b™ macrophages in B6/lpr mice compared with B6 mice
(Fig. 4C). In addition, we investigated the phagocytic activity of
B6/Ipr macrophages with FITC-labeled latex beads. The phago-
cytic activity of CD11b* PECs in B6/lpr mice was significantly
increased compared with that in B6 mice (Fig. 4D). To rule out
that the apoptotic cells attached to macrophages, we fixed the
macrophages after phagocytosis assay and then treated them with
0.01% Triton X-100. Because there was no change in the pro-
portion of CD11b*FITC* macrophages between before and after
Triton X treatment, the macrophages engulfed, but not bound to,
the beads in this assay (Supplemental Fig. 2). These results sug-
gest that enhanced FasL expression on the macrophages in B6/Ipr
mice triggers the rapid cell death of normal T cells in a Fas-
deficient immune environment, and increased phagocytic activity
of B6/Ipr macrophages plays a key role in the clearance of dead
T cells.

In vivo functions of Fas-deficient macrophages

To determine the in vivo functions of macrophages in B6/lpr mice,
normal T cells from GFP-TG mice were i.p. injected into the re-
cipient mice that had been injected with thioglycolate. At 6 h after
T cell injection, PECs including injected T cells were analyzed.
Consistent with the results obtained from the i.v. injection of
normal T cells into B6/Ipr mice, the T cells injected (i.p.) into
B6/Ipr mice were significantly decreased compared with those
injected into B6 mice (Fig. 5A). The number of apoptotic cells
showing Annexin V* of injected T cells in B6/Ipr mice was sig-
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nificantly higher compared with that in B6 mice (Fig. 5B). The
depletion of T cells in B6/Ipr recipients was inhibited by i.p. in-
jection of anti-FasL. mAb (Fig. 5C). Furthermore, when normal
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FIGURE 4. Enhanced FasL expression and phagocytotic activity of Ipr
macrophages in vitro. B6 and B6//pr mice were 1.p. injected with thioglycolate
to obtain PECs. On day 4 after the injection, PECs were collected from
peritoneal cavity. (A) FasL expression on CD11b* macrophages in PECs of B6
and B6/lpr mice was analyzed by flow cytometry. Data are representative of
four independent experiments. (B) CFSE-labeled T cells from Thy1.1 B6 mice
were cocultured with the CD11b" macrophages from PECs of B6 and B&/lpr
mice. Annexin V* apoptotic T cells (percentage) are shown as mean = SD for
five mice in each group. *p < 0.05. (C) CFSE-labeled T cells from B6 mice
were cocultured with the CD11b"™ macrophages from PECs of B6 and B6/ipr
mice. Phagocytosis of CFSE™ T cells by the CD11b™ cells in PECs was
evaluated by flow cytometry. Results are shown as mean £ SD for five mice in
each group. *¥p < 0.005. (D) Phagocytic activity of CD11b" macrophages in
PECs was evaluated by uptake of FITC-conjugated beads in vitro. Results are
shown as mean * SD for five mice in each group. **p < 0.005.
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FIGURE 5. Invivorapid death and phagocytosis of T cells by macrophages.
(A) T cells (1 X 10% from GFP-TG mice were 1.p. injected into the recipient
mice treated with thioglycolate. GFP™ T cells in PECs were detected by flow
cytometry. Data are representative of four mice in each recipient group. (B)
Annexin V* apoptotic cells (percentage) of GFP* T cells in PECs were detected
by flow cytometry. Data are representative of four mice in each recipient group.
{€) GFP T cells (1 X 10% were i.p. injected into thioglycolate-treated B6/ipr
recipients together with anti-Fas mAb or isotype control Ig. (D) GFP T cells
(5 X 10% were cocultured with B6/lpr PECs (2 X 10°) fro 24 h in vitro in the
presence of Fas-Fc fusion protein (0, 0.1, and 5 pg/ml). GFP* survival cells are
shown as mean =+ SD for triplicates. (E) Phagocytosis of GFP™ T cells by the
CD11b* macrophages in PECs was evaluated by flow cytometry. Data are
representative of four mice in each recipient group. (F) GFP* T cells (green) and
CD11b"™ macrophages (red) in PECs were detected by confocal microscopy.
Original magnification X630. Data are representative of four three independent
experiments. (G) T cells from GFP-TG miice were i.p. injected into B6 and
B6/gld mice treated with thioglycolate. GFP* T cells in PECs were detected by
flow cytometry. Data are representative of four mice in each recipient group.

GFP-T cells were i.p. transferred into B6/Ipr mice together with
Fas-Fc fusion protein (0.1 and 5 pg/ml), survival T cells were
significantly increased in comparison with those of the recipients

without Fas-Fc (Fig. 5D). In addition, the phagocytic activity of
CD11b* PECs in B6/Ipr was significantly enhanced compared
with that in B6/mice (Fig. 5E). Furthermore, microscopic analysis
showed fewer normal T cells (GFP") in B6/lpr mice compared
with B6 mice: moreover, it revealed phagocytic fragments of
GFP* T cells within the macrophages in B6/Ipr mice, although the
fragments within the macrophages in B6 mice were undetectable
(Fig. 5F). In contrast, when normal T cells from GFP-TG mice
were i.p. injected into B6 and B6/gld mice, which are deficient in
FasL expression, T cell diminishment was not observed (Fig. 5G).
In contrast, we have performed the experiment using purified
B cells. Because deletion of normal B cells in Ipr recipients was
not observed (Supplemental Fig. 3), T cell apoptosis may be
closely associated with phagocytosis of Ipr macrophages. Our
findings reveal that Fas-deficient macrophages can induce rapid
apoptosis through upregulated FasL. and that Fas-deficient mac-
rophages rapidly engulf apoptotic T cells.

Enhanced activation of Fas-deficient macrophages through
NF-kB

NF-«kB signaling plays a crucial role in the activation of macro-
phages (22, 23). Phosphorylation of IkBa, an endogenous inhib-
itory molecule of NF-«B activation by the interaction with NF-kB
subunits, in CD11b"PECs from B6/Ipr mice was much higher than
that in CD11b™ PECs from B6 mice (Fig. 6A). Moreover, nuclear
transport of NF-«kB subunits such as p50 and p65 in CD11b* PECs
from B6/lpr mice was significantly enhanced compared with that
in CD11b* PECs from B6 mice (Fig. 6A). In addition, the tran-
scriptional activity of NF-«B in the nuclear protein of the CD11b*
PECs from B6/Ipr mice was significantly increased compared with
that from B6 mice (Fig. 6B). In immune cells, including macro-
phages, there are several genes regulated by NF-«kB such as TNF-
«, IL-6, IL-1B, and FasL in immune cells including macrophage
(24-27). The mRNA expression of TNF-a, IL-6, and IL-1B in
CD11b" PECs from B6/Ipr mice was not increased compared with
that from B6 mice (Fig. 6C). In contrast, the FasL. mRNA level in
the CD11b" PECs from B6/Ipr mice was significantly higher than
that from B6 mice (Fig. 6D). When FasL mRNA of the CD11b*
PECs from NF-«kB; gene knockout mice bearing a fas gene mutant
(NF-kB;™" fipr) was analyzed, the expression level was similar to
that of B6 mice (Fig. 6D). Furthermore, the diminishment of
normal T cells in NF-«B f’ “/lpr mice was not observed (Fig. 6E,
6F). These results suggest that FasL overexpression through NF-
kB activation of macrophages is important for rapid T cell death in
a Fas-deficient immune system.

Alteration of Fas expression on normal T cells in
a Fas-deficient immune system

Fas expression is regulated by several factors or signaling pathways
(28-31). One potent factor that induces Fas expression is IFN-y
(28). When the serum level of IFN-y was analyzed by ELISA, we
found that the concentration of the sera in B6/Ipr mice was sig-
nificantly higher compared with that in B6 mice (Fig. 7A). To
determine the source of the high level of IFN-v, subsets of pe-
ripheral immune cells including CD4™ T cells, CD8* T cells,
CD11b* macrophages, CD11c" dendritic cells, and B220* B cells
in PBMCs were purified, and IFN-y mRNA was analyzed by
quantitative RT-PCR. The mRNA levels in CD4*, CD8* T, and
B220* B cells from B6/Ipr mice increased significantly compared
with those in B6 mice (Fig. 7B). When the T cells from normal
mice or IFNyR™'™ mice were labeled with CFSE and were i.v.
injected into B6/Ipr mice, Fas expression on T cells in JFNyR™~
mice was not enhanced, although the expression on T cells from
B6 mice was considerably increased in Fas-deficient recipients
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FIGURE 6. Control of FasL expression on Ipr
macrophages by NF-kB activation. (A) Phosphoryla-
tion of IkBa and nuclear translocation of the NF-xB
subunits of CD11b™ macrophages from thioglycolate-
induced PECs were analyzed by Western blotting.
GAPDH and histones were used as housekeeping
proteins. Data are representative of three independent
experiments. (B) Transcriptional activity of NF-kB in
B6 and B6/Ipr macrophages was detected. Results are
shown as mean = SD for five mice in each group.
#¥p < 0.005. (€) The mRNA expression of NF-kB—
target genes was analyzed by gquantitative RT-PCR.
Data are shown as mean * SD for five mice in each
group. (D) FasL mRNA expression in the CD11b*
macrophages from thioglycolate-induced PECs in B6,
B&/ipr, and NF-xB,”'"/ipr mice was analyzed by
quantitative RT-PCR. Data are shown as mean = SD
for five mice in each group. **p < 0.005. (E) T cells
from GFP-TG mice were i.p. injected into B6, B6/Ipr,
and NF-xB; ™" /lpr mice pretreated with thioglycolate.
GFP" T cells in PECs were detected by flow cytom-
etry. Data are representative of five mice in each
group. (F) GFP* T cells (green) and CD11b* macro-
phages (red) in PECs were detected by confocal mi-
croscopy. Original magnification X630. Photos are
representative of four independent experiments.

(Fig. 7C). Fas expression on T cells was enhanced by recombinant
IFN-v in a dose-dependent manner (Supplemental Fig. 4). In ad-
dition, when T cells from /FNyR™™ mice were i.v. injected into
B6/Ipr mice, T cell diminishment, which had been observed in the
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Fas-deficient recipients, was not detectable (Fig. 7D). Moreover,
when T cells from [FNyR™™ mice were cocultured with ipr
PECs, survival T cells of JFNyR™'™ mice were significantly in-
creased compared with those of wild-type mice (Fig. 7E). By the

FIGURE 7. Regulation of Fas expression on donor
T cells by IFN-y in [pr mice. (A) Concentration of
TEN-v in the sera of B6 and B6/Ipr mice was measured
by ELISA. Results are shown as mean = SD for six
mice in each group. **p < 0.005. (B) IFN-y mRNA
expressions in the subsets of spleen cells from B6 and
B6/Ipr mice were analyzed by quantitative RT-PCR.
Results are shown as mean * SD for five mice in each
group. *p < 0.05. (C) CFSE-labeled T cells from B6
and JFNyR™™ mice were i.v. injected into B6/lpr
mice. Fas expression on the donor T cells in PBMCs of
recipients was analyzed by flow cytometry. Data are
representative of five mice in each group. Gray shadow
shows isotype negative control. (D) CFSE-labeled
T cells from B6 and JFNyR™'™ mice were i.v. injected
into B6 or B6/lpr mice and were detected by flow
cytometry. Data are representative of four mice in each
group. (E) CFSE-labeled T cells from B6 and JENyR™'~
mice were i.p. injected into thioglicolate-treated B6 or
B6/Ipr mice. CFSE™ T cells in PECs were analyzed by
flow cytometry. Results are shown as mean = SD for
four mice in each group. (F) T cells (2 X 10%) from B6
mice were cocultured for 8 h with B6 or B6/lpr PECs
(1 X 10°) in the presence of anti-IFN-y mAb (0, 2, 5,
and 10 pg/ml). Apoptotic T cells were evaluated by
flow cytometric analysis of expression of Annexin V.
Results are shown as mean = SD for triplicates in
each group.
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584 RAPID T CELL APOPTOSIS BY Fas-DEFICIENT MACROPHAGES

pretreatment of anti—-IFN-y mAb, apoptosis of normal activated
T cell interacted with [pr PECs was inhibited in the dose-
dependent manner (Fig. 7F). These findings suggest that the high
level of IFN-y in B6/Ipr mice enhances Fas expression on injected
normal T cells and that immune cells in B6/Ipr mice highly
expressing Fasl induce Fas-mediated and rapid apoptosis of
T cells.

Discussion

In this study, we confirmed that normal T cells failed to survive in
a Fas-deficient immune condition using the transfer experiments. In
addition, the homeostatic proliferation of T cells in lymphopenic
recipients of [pr mice and Ag-specific T cell response in {pr mice
were not observed. These findings are consistent with the results in
the previous reports regarding the failure of normal lymphocyte
survival in [pr hosts (17, 18). The phenomenon was thought to
occur because of the induction of T cell apoptosis in [pr recipients
because the transferred T cells did not migrate in any specific
organs other than lymphoid tissues and the liver.

Because the diminishment of normal T cells was observed in
PBMCs in 30 min immediately after the transfer, rapid death of
transferred T cells may have occurred in [pr recipients. However,
T cell diminishment in Ipr donor mice was undetectable. Thus, the
rapid T cell death occurred by the presence or absence of the Fas
molecule on these cells.

Although enhanced FasL expression on immune cells in Ipr mice
has been described previously (18, 20), it was unclear as to which
subset of immune cells in Ipr mice overexpressed FasL molecule.
In this study, mRNA expression of FasL of all subsets in the
spleen and PBMCs of Ipr mice was significantly higher than that
of control mice. In particular, FasL mRNA expression in CD11b™
macrophages in Ipr mice was significantly increased compared
with that in control mice. In addition, when thioglycolate-elicited
PECs, intluding a number of macrophages, were used to analyze
the interaction with T cell in vivo and in vitro, enhanced rapid
death and clearance of T cells by [pr macrophages was observed.
Furthermore, phagocytic activity of /p» macrophages was con-
siderably enhanced compared with control macrophages. These
results suggest that /pr macrophages can phagocyte apoptotic
T cells promptly as well as induce the rapid T cell death in the
periphery. The Ipr macrophages with enhanced expression of FasL
may induce rapid death of T cells and promptly engulf the apo-
ptotic cells by FasL-independent phagocytosis. There may be
unknown cellular mechanism like “Eat me signal.”

FasL, a type II transmembrane protein belonging to the TNF
superfamily, is a well-characterized apoptosis initiating protein
(32-34). Some transcription factors have been shown to regulate
FasL gene expression, inclading specificity protein-1, TFN regu-
latory factor-1, NF in activated T cells and NF-kB (35-37). NF-
kB plays key roles in differentiation and activation of macro-
phages (22, 38). Our results suggest that the direct contribution
of macrophages to the induction of rapid death of T cells is very
important for effective phagocytosis of apoptotic T cells. Fur-
thermore, our results imply that the induction of expression of
FasL in macrophages by NF-«kB is negatively controlled by Fas
signaling. This is related to our previous report that Fas signaling
controls RANKL signaling following NF-«kB activation in den-
dritic cells (39). Fas signaling may play important roles in NF-kB
activation in relation to cell activation, survival, and growth in
addition to apoptosis.

As to the relationship between FasL expression and phagocy-
tosis in macrophages, it was reported that enhanced expression of
FasL on Kupffer cells is associated with phagocytosis of apoptotic
T cells in human liver allografts (40). Although further experi-

ments will be needed to confirm the cellular mechanism, FasL-
enhanced macrophages may engulf apoptotic cells effectively.

It is widely established that Fas expression on peripheral T cells
plays a key role in AICD to maintain peripheral immune system (2,
3, 5). Fas expression on T cells increases by TCR signaling (41).
In addition, some cytokines such as IL-2 and/or IFN-y trigger the
enhancement of Fas expression on T cells (42). Our results imply
that an extremely high concentration of IFN-v in the serum of /pr
mice acts on the induction of Fas expression on the transferred
T cells directly. When T cells from IFN-yR knockout mice were
transferred into pr mice, the rapid death and diminishment of
T cells was not observed. These results strongly suggest that Fas
expression on peripheral T cells is controlled through the TFN-
y/IFN-yR.

With regard to the control of the Fas expression of cells other
than the T cell, it was reported that TNF-a can control the ex-
pression of fibroblasts in addition to IFN-y (30). Although we
found a high concentration of IFN-y in the serum from /pr mice,
the level of TNF-a concentration in the serum from /pr mice was
similar to that from control mice (data not shown). In this study,
when naive T cells from normal mice were transferred, they were
not activated and slightly expressed the Fas molecule on the cell
surface. Because of the exposure to the high concentration of
IFN-v in Ipr mice, Fas expression on T cells rapidly increased.
The immune cells highly expressing FasL including macrophages
of Ipr mice may induce the rapid apoptosis of T cells, and the
macrophages in the peripheral immune system may rapidly phago-
cytize the apoptotic T cells.

In contrast, many reports indicate that B cells are maintained
by Fas and Bim-dependent apoptosis to protect autoimmunity
{43-45). In our experiment, CD19" B cells failed to undergo ap-
optosis in Fas-deficient host, although Fasl. expression on im-
mune cells was enhanced. This finding implies that rapid T cell
death may be triggered by cell-cell contact between normal
T cells and Fas-deficient macrophages through the interaction with
cell surface molecules such as MHC class II, costimulatory mol-
ecules, or TCR, although its precise mechanism has been still
clarified.

Our results suggest that Fas signaling contributes to nonapo-
ptotic functions such as the phagocytic activity of macrophages.
Fas promotes the differentiation, proliferation, and maturation in
several cells (1, 2, 46). Fas-associated death domain—mediated
activation of caspase 8 is essential for the process of apoptosis of
various cells (12, 47). In addition, it was reported that Rho GTPase
Racl sensitizes T cells to Fas-induced apoptosis correlated with
Rac-mediated cytoskeletal reorganization, dephosphorylation
of the ezrin/radixin/moesin family of cytoskeletal linker proteins,
and the translocation of Fas to lipid raft microdomain (48).
However, the molecular mechanism for controlling the phagocytic
activity of macrophages through Fas signaling has yet to be elu-
cidated.

Although it has been reported that normal immune cells failed to
survive in lpr recipients, the precise mechanism for its phenom-
enon remained unclear. In this study, we found that abnormal
macrophages in Ipr mice play critical roles in the disorder of the
peripheral immune system. Our findings are thought to be im-
portant for therapeutic strategies for immune disorders such as
ALPS or the other autoimmune diseases related to the abnormal
expression of Fas on immune cells. In addition, this study suggests
that Fas expression on macrophages contributes to the survival
of T cells in the peripheral immune system. Taken together, this
study strongly suggests that Fas-expressing macrophages play a
pivotal role in maintaining T cell homeostasis in addition to AICD
in the periphery.
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18.1 Iniroduction

Chemicals released into the environment potentially disrupt the endocrine system in wild animals and
humags. Por years, possible endocrine disruption in animals exposed to such chemicals (endocrine disrupt-
ing chemicals; EDCs), and the implication for wildiife has been investigated. The embryonic developmental
period, in particular, has been extensively discussed among scholars, dee 10 s marked higher fragility
and sensitivity to foreign influences. Considering both the immediate and fatent disruption of internal
‘physiology from embryonic contamination, as well as the enormous amoust of health d damage associated
with it, the clarification of the molecular basis of functional effects of EDCs and endogennus esEOZEns on
‘developing organiams is essential and should be prioritized.

wrzrof)gv and Epigenerics, First Edition. Edited by Saurs €. Sahu,
@) 2012 John Wiley & Sens, 144 Published 2012 by Jubn Wiley & Sons, Lid.
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The subdiscipline of toxicogenomics, combining the fields of genomics and wxicology, has been wiilized

w0 evaluate the risks of chemical eaposures to humans and animals, using & wide assortment of chniques.

DNA microarrays, for instance, are commonly used to evaluate such risks by providing a high throughput

diagnostic of genetic conditions, and have been successfully applied for genome-wide analysis of gene:

expression stimulated by hormones andfor EDCs. To briefly illustrate this fleld and its focus, we present
our past murine research as an example, ‘

Using ¢DNA microarrays, we have bean able to identify estrogen/BDUsvesponsive genes i the femuale
mouse reproductive tacts (Watanabe er ., 2003a.b, 2002). Our results indicated 2 large mumber of genes

affected by estrogens, and expressions of most of the genes were induced in a dose-dependent maaner,

Moreover, their expression was not altered in ERe knockout mice (ER. estrogen receptor), thus confirming
the dependency of these genes on ERw in female mouse reproductive tracs, On the aihé’r hand, character-
istic gene expression patterns were also observed for each expevimental EDC g\@awnm and these patterns
were distincet from that of 17g-estadiol (E2), suggesting separate and specific mechanisms of action for
EDCs. Thus, knowledge of the patterns in the expression of estroges/EDCs-responsive genes is essential
for understanding the action mechaaism of extmg,emc chemicals. and the m{}mma of transonipts can prove
fielpful in understanding modes of action of EDCs and toxicants, :

To summarize, BEDCY can deleteriously modify gene expression and disrupt normal development on
developing antmals. and the subseguent malformation of pheiiotypic characteristic does not become appar-
ent uatil pyach later in life. EDCs thus differ from classical teratogens and therefore, the molecular approach
is particularly important for evaluating such long-tepm effects of EDCs on developing animals, in this

chapter, an irreversible effect of diethylstilbestrol (DES) on reproductive organs and the current approuch
for investigating epigenetic effects of EDCs are &mas%é

18.2 Adverse effecis of peri;xataﬁ}géx;msé{i;E}ES sn the mouse vagina

To understand the molecular basis of EDCs and endogenous estrogen on developing organisms, we need 1o
first explore the linkages between the senes responsive to BEDCs and the adverse effects induced by these
chemicals. Only by first establishing the basic elements that govern the internal endocrine system and the
correspondiag genetic pathways during development. can one accurstely deduce the specifics of molecular
interaction with EDCs, and to a greater extent. provide a genetic explanation for the abnormual shenotypic
onicome. To addvess such a friterion. the perinatal mouse model has often been wsed to demonstae the
iong-term effects of estrogens and EDCs in female veproductive otoans.

One of the ize»{«aﬁf(heé cases using the said model is DES, a syathetic estrogen. From the 1940s, DES
was routinely ps{:um%}eé o pregaant women for the prevention of miscasriages. To date, it is well-kaown
that in uterc expesure fo DES induces vaginal clear-cell adenocarcinoma and varions malformations in the
reproguctive organs in young women {Herbst, Ulfelder, and Poskanzer, 1971). More than 93% of femaley
exposed to DES in utero had some abnormalities, and the risk of cancer after the age of 50 increased three-
fold in their reproductive organs {Newbold, 2004; Palmer ef al.. 2006). Like humans, perinatal female mice
e&pmed tw DES develop estrogen-independent persistent cell proliferation, stratification. and cornification
of the vaginal epithelium, resulting in hyperplastic lesions and vaginal cancer later in life (McLachlan,
Newbold, and Bullock, 1980; Takasngl, Bers, and Deome, 1962). Based on the gene exprassion analysis,

- we found an estrogen-independent expression of BGRElike-tepidermalgrovwth-fastpry growth factors and

gerivasion of the following phosphorylation cascades involving exbBs receptors, MAPK (mitogen-activated
protein kinase) and Akt signalings in neonstally DES-exposed mouse vaginag (Miyagawa er ol 200dab).
Such growth factor signaling is tightly regulated by endogenous estrogen in the normal mice. The activation
of growth factor puthway in turn induces phosphoryiation of the Af-I-{eetivation-funedon] domain of ERe«
gven in the absence of ﬁﬁ{iowmas estrogen by removing the ovary. I has been shown that p ;mphm*; lation
of ERer induces transcription scvity in a ligand-independent manner through AF-1 (Kato er o, 19955,
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Thus, persistent growth facior expression could be the most likely mechanism for formation of cancerous
lesions later in life.

How can experience of DES exposure exclusively during the neonaial period result in persistent gene
misexpression in adalthood? Although the precise mechanisms have not been esinblished explaining how
such an activation loop with persistent gene misexpression iz elicited, accumulating evidence suagests that
DNA methyviation might bave an important role in this process. DNA methvlation is a key egaggﬁzaa%;e
modification, a process that influences the phenotypic outcome of a gese without genstic c‘}aﬁﬁeﬁs ﬁf the
nnderiving DMNA sequence.

Modification of methylation at promoter regicn of the gene is now consideredto be a c@mmcn mechanism
for epigenetic inheritance, as evidenced from epigenetic cancer studies (Jones and Baylin, | 2002}, Prenaral
DES exposure alters methylation patterns in the promoter of some estrogen-responsive sﬁﬁa@ “including
the demethyiation of the c-fos and lactoferrin genes in the Millerian duct (L er ol 1997, 2003). C-fos
is a growth promoter that can predispose cells to becoming tumors. Hypomethylation' i the nucieosomal
binding protein 1 {Nsbpl) gene and its subsequent elevated expression is alse reported after neonatal
exposure o either DES or genistein (Tang ef ol 2008). Neonatal estroges- or bisphenol A-exposure
in rats induces hypomethylation of phosphodiesterase a type 4 variant 4 (PDEAD4) gene, resulting in
elevated expression of this gene in the prostate (Ho ¢ #L, 20063, ?9?:‘43}4 is & crucial regulator for cAMP
degradation and suggests a correlation between its expression and deveﬁagmmt of prostatic intraepithelial
neoplasia. Thus, epigenstic changes could lead to altered gene ax;}rexsu,n and result in alteration of tissue
differentiation and formuation, which could then lead to an mcraaseé wsc&gﬁbﬁﬁy o disease and dysfunctdon
iater in life. ;

DES can also act as a teratogen in the developing fems;,, and neonates, For example, misregulation of
Wat and Hox genes in the Milllerian duct by DES causes the fezmatm} of abnormal boundary between the
oviduct, uterus, and vagina (Block ez #i., 2000; Ma o al., 1998; Miller, Degenbardt, and Sassoon, 19981 1t
has been shown that the frequency of DNA methylation in the Hoxal0 intron is higher in prenatally DES-
exposed mice when compared with controls {Bromer ez ¢, 2000). Hoxal0 is associated with a variety
of aspects of cellular physiclogy and women's health. Although altered methylation by DES exposure
in humans has not been reported, ém@nregu}aimﬁ of Hoxalll expression and aberrant m:fhyiaaaz; of the
Hoxall gene is associated with eﬁd’@memz&% carcinoma and endometriosis in humans (Tavior er &f, 1998,
Wu et al., 2005 Yoshida et gl 2006). ‘

Environmental agents can thus significastly alter gene expression, and therefore result in an unexpected
phenotype by changing the DNA methylation pattern. However, the cellular process underlying this very
phenomenon remains. unknown. Unraveling the epigenetic status would, therefore, be critical for under-
standing the rr*aipca}ar ham of action of EDCs and toxicological effects of estrogens in developing animals.
We thus provide ,,nz;m'ewgew of our current approach for understanding molecular effects of EDCs using
toxicogenomic approaches.

183 ’:Mem:?gg:w

En mammals, DNA methylation primartly occurs st the fifth positon of the cyiosing residue in 0pG

' dinucleotides. The methylated DNA Immunoprecipitation (MeDIP) procedure is based on the ensichment

of me{hyiﬁteé DNA with a methylated cytosine-specific antibody {anti-3mC) or methylated cytosise binding

_protein, targeting the above-mentioned cytosine residues. The proceduwse is commonly combined with &

tiling micrparray or high throughput sequencing, allowing analysis of comprebensive methylation pattern
of DNA possible.

High-density tiling arrays provide a fast, relatively low-cost oppormaity, and minimal processing of the
resulting data in generating genome-wide methylation profiles compared to high-thronghput sequencing,
Additionally, this methodology has been refined and upgraded over time through years of experimental

P
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results, it has been commonly used and is widely accepted as a relinble technigue. Different arvay designs

are commercially available for several species and CpG-island or promoter arrays are most commonly

used. Yet, on the other hand, high throughput sequencing grants its user far more advanced and complex

data, allowing for careful assessment and ohservation of minute details that could be overlooked in assays,

though & Hkewise requires equally greater investment in both resources and time (faking ~10 davs 1o
complete). Clearly, both have thelr own merits and downfalls. Upon designing the ex;}mmem one 'zmsi
carsfolly consider the needs of the experiment and choose accordingly. i ,

in our case, we nsed Mouse Promoter LOR array provided by Affymetrix. This single a&*ay c&:mgmsea '

over 4.6 million tiled probes to inspect over 28 000 mouse promoter regions. Specifically, probes consisting
of 25-mer oligos are tiled, leaving 8 gap of ~10bp between probes {average x‘eseizm{m of 35 bpy. Bach
promoter reglon covers ~6kb upstream through 2.5kb downstream of § tf&n%%’li}ﬂﬁﬂ start sites and is
selected from NCBI mouse genome assembly,

MeDIP-Chip Involves several steps (Figure 18.1): DNA preparation and E&A sbem‘mﬁ via sonicate vsis
to lengths between 200 and 1000 bp. The purified genomic DNA, mndeﬂﬁy fraumeﬁtad by sonicazion, is
incubated with the anti-3mC antibody. (Methyl-CpG binding domain of the MBDZ is also available for
selective binding of methylated DNA) DNA that bas been sizgazjed., bug ziéi::,{zeawi with the antibody,

(xen{m}a B\?A sh&mng

Parification
Amplification
Labeling
Hybridization

Figure 18,1 Provedure for MeDIF.chip
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is used as the input sample. Afterwards, purified bound methyisted DNA is amplified using random
priming amplification. Amplified DNA is then frapmented and biotin-labeled based on the Affymetrix
chromatin Immunoprecipitation assay protecol, and probe DNA is hybridized to the tling away. Data

obtained from the array are then analyzed by Tiling Analysis Software (TAS: Affymetrix) and the Integrated

Genome Browser {IGB; Affymetrix). IGB is an open source, deskiop graphical display tool implemented
in Java and provides view image of peaks of probe intensites {vertical bais), arrayed by chromosomal

position {Nicol ¢f el., 2009}, The Image of the data obtained from chromosome 1 is shows in Figure 1' G

Each peak represents log-transformed intensities of the MeDIP sample versus the non-ChiP (chromatin
impmnchfecigitaﬁeﬁx iﬂ;}m commi vaiaes {“wlag {g;~va§ae}}, which i is caimiats{i éiﬁf{}g ihe Wilcoxon signed

grﬁ&g} shows threefold i’zzghﬁf than t%xaz of the ceﬁm}i méicawzg a ccaztrela ion between D?QA methv*at;@n
and mBNA expression. Therefore, combination of MeDIP-chip and ¢cDNA mzcmarm} takes advantage of
epigenetic starus and the following gene expression changes.

It was reported that DNA methylation changes could induce iraﬁ‘;gegﬁmﬁaazi effects, further exacer-
bating the potential role of EDCs that affect this pathway (Anway ef ol 20035). The pups of prenatally
DES-exposed mice have a higher risk of reproductive organ abaormalities including tumors (Newbold
er al., 1998, 2000}, Disregolation of DNA methylation zpaitefn by EDCs can explain such transgenerational
effects if aitered methylation takes place in the germ cells. This, mﬁwmat}{n on long-term effects on gene
memory in the DNA is needed. Using high-throughput mi arcays 1o interrogate DNA methylation on o

Ratio (Control / Neo DES)Neo D

Figare 18,2  Viewing of methylated DNA region on chromosome 1. Control: vagina from 10-wesk-old mouse
ovarfeciomized fwo weeks before sacrifice. neoDES: vagina froms [G-week-old neonatally DES-exposed mouse
ovariectomized two weeks before sacrifice

R%
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cBNA “ et
mitrosmay 3.0 {MeoDES>Control}

Figure 8.3 The representative data showing correlation between DNA miethylation and mRNA expression

genome-wide level is an excifing research area iilaa could y;@id important insighis into many biological
issues. On the other hand, the MeDIP-Chip sethod only allows the measurement of relative methylation
differences between samples. To oblain an. estimate on the general accutacy of the resuits from MeDIP-
Chip analysis, several reglons of interest should be validated with 2 second independent method. Variations
of bisulfite sequence analyses sffer 3’%%3 opportunity to examine a number of TpGs sinmltaneously.

184 Fauture z‘esear&:h ﬁeeds

EDCs interact with, szsmsém azyihyémcarbaas retinoids, and other nuclear recaptors to regulate gene
expression. Therefore, receptor-based functional assays are used as screening assays to detect bislogical
activity of »m;:{}ﬁmenta% chemicals. We need to understand the timing of gene expression {(critical devel-
opmental wmdaw}x the degree of gene expression {versus exposure dose of chemicals) in specific organs,
degradation of. &%}ammais, and pormal range of various biomarkers. On the other hand, potentially new
mechanisms of EDCs, action of genome-wide effects on DNA methylation states have also recently been
sostiiated, and must be taken into consideration.

An emerging paradigm, the developmental origins of health and disease (DOHaD) or fetal origins of
aduir disease (FOADY] is a concept for considering the effects of BDCs on human and animal bealth
{Giuci;myan‘zmd Hansen, 2005, 2006). The fundamental assumption of DOHaD is that the early developing
period is susceptible to exogenous factors and it becomes a part of the risk of disease in later stages.

o {}ge}éxam;ﬁ& of DOHaD is the DES syndrome and prenatally DES-exposed mouse model, as deseribed

previously. Remarkably, DES affects not only reproductive organ development and cancer formation, but
also adipogenesis and obesity (Newbold e ¢l., 2007). Many obesogens, defined a8 chemicals that promoze
chesity by increasing the number of fat cells or the storage of fat, have been identified. Estogens such
as DES and genistein, organoting such as tributyltn, and bisphenol A are also known 1o be obesogenic in
rodents when they are treated in developing petiods (Mewbold, Padille-Banks, and Jefferson, 2009; Grin
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et al., 2006; Rubin 1 ¢, 2001). Io uman epidemiological studies reveal that in utero fetal nutritional status
is a potential risk factor for obesity and related diseases {Barker #f of., 1990, 1993, Lucas, 1998). Plausible
mechanisms include imprinting of obesity-sensitive hormonal pathways or changes In cell tvpe and number,

for example, adipocyies, esiablished during development (Izuchi ef ¢, 2008). Search for the consequences

on the developing exposure must be stringent; in particular, focus on the epigenetic effects is needed,
The availability of genomnic information about non-model orgasisms is Hmited, and the foxicological

}ippreabh has been extended 1o the field of wildlife zoology. Various modes of action of chemicals and

nontraditional targets of EDCs have been recently summarized; however, understanding the iax;cax}ﬂv
and the molecular biclogy of the effects of EDCs on various species, from invertebrates mgma:mm}s is
still vitally important. The application of foxicogenomics 1 a varfety of organisms (ﬁmwxy X;*’e*}f;mmx}
conld be a powerful tool for evaluating the effects of chemicals on ecosystems. Thiough ¢ efforts
to generate mechanistic information, diagnostic and predictive assessments 9%' t%}e sk o ED‘C‘S a:zé toxic
chemicals can be established in model species Tor ecological risk asgessmang
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