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Figure 4. Detail of E2-suppressible genes In groups separated by clustering analysis. Aj Set 7 Inverted U-curve. Both raw p values and
Benjamini-Hochberg corrected p values are given. B) Genes identified as part of the glucose metabolic pathway in panel A depicted as relative values

1o illustrate the high association between dose and gene expression.
doi:10.1371/journal.pone.0048311.g004

maternal-placental-fetal tissues to deconjugate sulfated estrogens
[32]. Total serum E2 during this period is in the range of 300 pM
[33], and thus the low doses of E2 used in this study are
physiologically relevant,

These microarray experiments were performed as a hypothesis
generation step for a study of effects of estrogens on prostate
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development and differentiation, and. the sample size is small.
Because of this, the data must be seen as preliminary, but the
results do indicate activation of different patterns of gene
expression and dominance of different pathways at low, physio-
logically relevant, compared to high, pharmacological, doses of
E2. Results from the lowest (10 pM and 100 pM) doses of E2
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Figure 5. Glucose metabolism pathway. Highltghted genes {outlined in red) were influenced by lower dose éstradiol treatment (10 pM and
100 pM) in an inverted U manner, suggesting enhancement of glycolysis by 10 pM E2 but suppression by 100 pM E2.
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Table 1. Functional characterization by gene ontology (GO} terms of gene expression profiles in cells treated with 100 nM E2.

Number of genes
Biological process metabolic process ~2,08* ~143
iy [ ¥/ ~059
5.1 ~0.03
Casa 202
042 242
Molecular function —23 082
: B 142

dok10.1371/journal.pone.0048311.1001

treatments indicate EZ-inducible genes within pathways related to
cell adhesion, actin cytoskeleton reorganization, EGF-like calcium
binding, sterol biosynthesis and lipoprotein metabolism, and E2-
suppressible genes ‘within pathways related to growth factor
signaling, tube development and additional effects on cell
“adhesion. At the high (100 nM) concentration, E2 induced genes
enriched for steroid hormone signaling and metabolism, cytokines
and their receptors, cell-to-cell communication, and TGF-
§ signaling (Table 2}. Results from the 100 nM E2 treatment
thus indicated effects on cell adhesion pathways, but also
emphasized a stimulation of a positive feedback loop involving
steroid hormone receptors and genes refated to growth and
metabolism that promote rather than inhibit cell growth. Taken
together; these results suggest that fetal prostate mesenchymal eells
may regulate epithelial cells through direct cell contacts when
estrogen levels in mesenchyme are in the pM range, whereas
growth factors might play significant mies when estrogen levels are
higher in the nM range.

Importantly, an inverted U {(non-monotonic) response was seen
within the low-dose results, with enhancement of glycolysis
observed at 10 pM E2 but significant suppression at 100 pM E2
{(Figure 53). The expression of these specific -genes was not
‘influenced by 100 M E2, indicating that the stimulation of
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Figure 6. Comparison of expression of selected genes mea-
sured by microarray and by Q-PCR. Gene expression in cells
treated with 100 nM 17B-estradiol (grey bars) is compared to that in
untreated control cells {black bars). * Control vs, treated cells statistically
different, p<0.05. The qPCR data were previously published elsewhere
{19].

doi:10.1371/journal.pone.0048311.9006
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glycolysis is highly dependent on dose and only seen at low pM E2
conicentrations. This is of particular interést given the Warburg
effect, the observation that. most cancer cells rely on glycolysis to
generate the energy needed for cellular processes, in contrast to
normal differentiated cells. that use mitochondrial oxidative
phosphorylation [34-35]. The e¢nhancement of glycolysis seen in
our culture was only at the lowest dose tested here, 10 pM
(2.72 pg/ml}, and as suchis intriguing because mice exposed
prenatally to a very similar concentration of estradiol have
enlarged prostates in adulthood [11] relative to mice exposed to
higher doses. Tt is interesting to speculate on whether there is
a relationship between the enhancement of cell proliferation rate
and glycolysis seen in cancer cells, and the enhancement of
glycolysis in fetal prostate mesenchymal cells and increased
prostate size due to hyperplasia seen in mice.

Only 29 genes out of those screened were influenced by all doses
of estradiol examined (Table 3). For approximately half of these
genes the dose-response relationship was monotonic, although
some of these were maximally up- or down-regulated at the
100 pM dose. For the rest, the direction of the effect (stimulation
or suppression of gene expression) was either strongly reversed at
the highest (100 nM)} E2 concenwation {a non-monotanic
response), or simply showed a suggestion of reversal at the highest
dose. Of the monoatonic profiles, two genes showed particularly
strong linearity with dose: Angpt2 {angiopoetin 2} and Sprrla
(small proline-rich protein 1a). Angpt2 expressxon is strongly
correlated with prostate cancer progression [36] and is stimulated
by growth factors, especially VEGF [37-38]; Vegf expression is
stimulated by androgen treatment in fetal prostate fibroblasts [39],
but we did not observe an effect of estrogen on Vegf expression
here. Expression of Sprr genes is typically resuicted to cells
committed to terminal differentiation [40]. Although strong up-
regulation of Sprria has been associated with abnormal cell
differentiation in uterine tissue from neonatal CD-1 mice treated
with diethylstilbestrot 4 1} effects in the developing prostate have
not previously been reported.

Also of interest in this 29-gene subset are the clear inverse U
effects on Perp and Gjal expression. Perp is typically upregulated
during apoptosis [42] but is alo important for promioting
desmosomal cell-cell adhesion [43], and loss of Perp is associated
with. dysregulation of cell adhesion and promotion of tumor
development and progression {44]. Decreased expression of Gjal
{Cx43) is similarly consistent with loss or reduction of cell-cell
communication. Only one gené in this 29-gene subser, Enpp2,
showed a U-shaped response to increasing E2' concentrations;
Enpp2? codes for autoaxin, an ecto-enzyme responsible for
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Table 2. Effects of 100 nM estradiol treatment on gene expression within specific regulatory pathways identified as being of
interest.

Pathway/Category Direction Ratio Gene Identifier Gene Name

Z:score (up) =332 BE197934

z-score {up)=24

TGF-beta signaling pathway

Cytokine-cytokine Receptor interaction , 019583 17

Apoptosis BF137345
Down 22 AI7a7I33

Up 221 AJ252157 Foxol

Basal cell carcinoma

up 372 NM_009526 W

Alt genes listed are slgnﬁcam.ly aitered at P<0.05. Where the z-score for the entire pathway was significant, the score is given below the ;)athway name, Where multiple
probes for the same gene are represented in these fists (mélcated by itahcs}, agreement was good between the probes,
dot10.1371/jourmal pone.0048311.1002°
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Table 3. Genes whose expression was significantly (P=0.05) influenced by estradiol (E2} treatment at all doses tested.

Log2 fold expression relative to control

Sprria

{nducible_moderate

Fabp?

Suppressible_low Zfp161

Suppressible_low

U-curve

098

075

—ZzzEzzem~ e <k < <ZEZE~ k<= w*g
g

doi:ﬂ') 137 1/journal.pone.0048311.1003

producing lysophophatidic acid (LPA), known to be a mitogen for
both ovarian and prostate: cancer cells, which stimulates cell
proliferation, survival and migration (reviewed in [45]). These
non—monetonicaﬁy expressed genes reinforce the general conclu-
sion that pathways related to cell adhesion are influenced by
estrogen treatment, but also suggest a different effect of the highest
dose relative to the lower doses, with a progression toward
increased cell proliferation and migration at increasing dose.

The Wnt signaling pathway was influenced at all E2 doses
examined, but with an emphasis toward up-regulation of canonical
Wht/B-catenin stabilization signaling at the high dose, and non-
canonical (PCP) signaling at lower doses. The high-dose effect may
be mediated through the known association of B-catenin with AR
and ER. Truica ¢ ol have shown that B-catenin significantly
enhances androgen-stimulated transcriptional activation by the
AR, and that P-catenin also increases AR transcriptional
activation by E2 [46]. Although many Wnt genes are differentially
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For each gene the log2 value of the fold change is given, and thus up-regulated and down-regulated genes are reflected in positive and negative numbers respectively.

Genes are sorted first according to the cluster groups identified for the low-dose treatments {see Methods), and then by whether the trend at the high dose {100 nM} is

consistent with the results seen at lower doses. Yzmom:onfc trend; gene expression at 100 nM £2 continues the trend at lower doses ar has reached a plateau at that

point. N=trend Is clearly not monotonic; gene expression at 100 nM £2 is in the revarse direction of the trend at lower doses. i:.wggestion of non-monotonic trend;
gene expression at 100 nM shows slight reversal of trend at lower doses. *Value is average value for all probes for this gene (n=5).

expressed in the prostate according to age [47], their role in
prostate development, and particularly their interactive and
temporal roles, is only starting to be described.

At the high dose of E2 we observed changes in genes related to
steroid hormone metabolism, and alterations in ‘steroid hormone
signaling that would lead in turn to disruption of the normal
expression of other devélopmentally important genes. Of partic-
ular interest was the observed up-regulation  of Cyp7bl, which
catalyzes the metabolism of the DHT metabolites 3a-Adiol and
3p-Adiol; and is thought to control cellular levels of bath
androgens and estrogens [48]. We verified by quantitative PCR
{qPCR) that the up-regulation of Esrl observed in these estragen-
treated cells was dose-dependent and consistent with cur prior
data ([14], data not shown); up-regulation of Ar was seen ‘by gPCR
but did not reach statistical significance by microarray. Esrl was
stimulated across the entire E2 dose range in this study, and thus is
a potential common mechanism for the initiation of consequent
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signaling events. Stimulation of Esrl and Ar serve to amplify
estrogen and androgen signaling respectively, and in the intact
gland there would be further potential for sxgnal amplification,
with local conversion of testosterone not only via Srd5al to the
more potent androgen DHT, but also via aromatization to E2.

It is important to note that the intracellular concentration of E2
within the umgcmml sinus: during development is still unknown.
The dose of E2 that réaches ER in male mouse UGS mesenchyme
cells would depend not only on E2 uptake from the bload but also
on local aromatization of testosterone to E2. Because of this issue,
we administered E2 over a wide dose range, but also ensured that
the opportunity for aromatization was controlled by the use of
DHT rather than testosterone in the culture medium. Total
testosterone circulates in the range of 5-8 nM in the male rat and
mouse fetus dunng prostate differentiation {11 32} Because there
is no high-affinity testosterone binding protein in the blood at this
tune, and testosterone is only weakly bound 1o albumin, the result
is that the percentage of total testosterone in blood that is bioactive
is high, particularly compared to E2, which binds to the h:gh—
affinity plasma protein alphafetoprotein: Serum testasterone ‘thus
provides a substantial pool from which intracellular E2 can be
formed by aromatization in fetal prostate mesenchyme cells
32 49] Arase and ¢olleagues [50] have measured E2 concentra-
tions in fetal male mouse UGS tissue at GD17 and postnatal day
(PD) 1, which approximated 10 and 25 pg/g, respectively. These
concentrations are consistent with. the low doses of E2 that we
administered in this study, although again we do not know how
much of this E2 reaches ER (the actual dose at target). Future
work should address the t}yna.tmcs of « estrcgen concentration and
receptor activation both in vilre and in viw,

The up-regulation of Pgr by all doses of E2 administered here to
UGS mesenchyme cells is in general agreement with Risbridger et
al., who reported up-tegulamn of progesterone receptors (PR} in
thc adult mouse prostate after estrogen treatment [51}, and with
data from Nishino et al. that showed enhancement of progester-
one’s proliferative effects on the adult rat prostate after co-
treatment with E2 or DHT [52]. The presence of PR may be more
relevant during fetal life, when progesterone levels are higher, than
in adulthood when progesterone levels are low. The issue of fetal
responsiveness to progestins is complex in that there is evidence
that progestins - can have antx-andmgtmc ‘influences on sexnal
differentiation, through inhibition of 5%-reductase 58,34} Up-
regulation of Pgr is thus a potenna.l mechanism for disruptive
effects of estrogens on male accessary rcpmducme organ
development, but its impact will require further study.

Neonatal estrogen treatment is known to affect the expression of
several genes critical to prostate development. Notable examples
are Hoxb13, Nkx3.1, Shh, Fgfl0 and Bmp4 [55]. Some of the
genes that responded to E2 treatment in our cells agree with the
findings of others (Hoxb13, Bmp4), but several of the “candxdate”
genes were not affected at the doses we examined, There may be
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several reasons for this, but two are critical. First, we deiibcrately
cultured only the mesenchymc cells, to specifically examine effects
of E2 on gene expression in the cells that initiate early prostate
differentiation. Without the two-way communication that occurs
between epithelial and mesenchymal cells -in the. developing
prostate the full range of gene expression will not be seen
[1,56,57]. For example, Nkx3.1 is expressed only in cpithchiai cells
in regions of ductal growth, althougb its expression is dependent
on the presence of UGS mesenchyme [58]. Similarly, Ptc and Gli,

components of the Shh signaling pathway that are important for
directing ductal gmwth are expressed in the mesenchyme but are
regulated by Shh signaling from the epithelium [59]. Addmanally,
in studies performed in vizo, other factors pmwdcd via blood
czrcuiauon {(known or unknown), as well as shifts in hormone levels
that occur during late fetal life, parturition and early postnatal life
[32,59], will influence gene expression.. Consequently, studies
performed. in- whole -tissues of intact animals are bound to yield
different and more complex results.

Developmental ‘estrogen exposure has the potential to acutely
stimulate abnormal growth and induction ‘of hyperplasia in the
developing prostate: {12] and this clearly establishes the potential
for abnormal function in later life and a predisposition toward
adult prostate disease [28]. “The growth of fetal prostate epithelial
cells and duct formation ar¢ driven by signals from the UGS
mesenchyme {9}, ‘and our results suggest that the developmental
effects of estrogens or xenoestrogens on UGS differentiation may
be mediated initially by enhanced mesenchymal cell responsive-
ness to sex steroid hormones ‘through up-regulation ‘of steroid
hormone receptor concentrations, with subsequent effects on other
genes that differed based on the dose of E2. The dxﬁ“:rmg patterns
of gene expression at low and high E2.concentrations and ‘the
presence of non-monotonic responses: of some ‘genes to the wide
{10,000-fold) range of E2 concentrations studied are consistent
with ‘non-monotenic dose. effects on prostate developient in vivo
[11,12,13].
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Induction of Rapid T Cell Death and Phagocytic Activity by

Fas-Deficient I[pr Macrophages

23e

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 survivé 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 mduced by Fas-deficient Ipr
macmp»hagas. Transfer of normal T cells into Ipr mice revealed that Fas expression ‘on donor T celis was pmmpﬂy enhance(i
through the IFN—wﬂFN-'yR Tn addlﬁon, Fas ligand expression and phagocytm activity of [pr macrophages were promoted ﬁmmgb
increased NF-xB 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, Ipr (MRL/
Ipry, spontancously develop autoimmune lesions resembling hu-
man glomerulonephritis, arthritis. vasculitis, and §jogren’s syn-
drome (7-10}. In addition, gld mice defective in the FasL gene
exhibit autoimmune fesions (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 Bel2 homology

T 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 susaepnbﬂny 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 wus 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 n vive
and in vitro ﬁndmg\ could be explained by the elevated FasL
expression on Ipr i immune cells (20, 21). However, the precise
mechanism underlying the FasL overexpression in Ipr. immune
cells or the association of normal T ¢ell deletion with APCs in
Fas-deficient [pr mice remains unclear. ,

In this study, we focused on T cell apoptosis in Fas-deficient
recipients using C57BL/6/Ipr mice to define the celluldr and
molecular mechanisms of AICD in T cells and the regulation
of FasL expression. Furthermore, we mvest;gated whether mac-
rophages in Fas-deficient {pr mice conwribuie to the clearance of
apoptotic T cells in the peripheral immune system.

Materials and Methods
Mice

C57BLI6 (B6). B6-lpr/ipr (B6lipr), and B6-gld/gld (Bﬁl‘z,ld) mice were
purchascd from Japan SLC Laboratory {Shizuoka, Japan). OT-II. mice
{Cﬁ'iBUéaTg {TeruTerh) 425Cbnl3 ) and fPNa'yR gz.nc knockcrul (IFNyR “y
mice were obtained from Dr: J. Sprent. NF«B, " mice were oblained
from The Jackson Laboratory, GFP-transgenic (TG) mice were obtained
from RIKEN BioResource Center (Tsukuba, Japan). All mice were bred at
the apimal 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.

Adh{m’ve cell transfer

T vells were ;)lmlmd from the spleen of B6, GFP-TG. OT-1I, B6/ipr,
or IFNyR™" mice using Abs including anti-MHC class 11, anti-B220
(eBioscience, San Diego, CA). and 1mmur;omagnenc 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 % m“r cells
were v, o Lp. transferred into B6, B6/ipr. Bélgld, or NE-x8; ' tpr
mice, For homeostatic expansion, the recipient mice were irradiated at 8.5
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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 (PECx) were
analyzed by flow cytometry. To inhibit in vivo deletion of T cells, anti-
FasL mAb (clone MFL3; BioLegend, San Diego. CA) was ip. injected
into recipient mice together with tansfer of T cells.

Flow cytometry

FITC. PE, allophycocyanin-peridin chlorophyll protein. PE-CyS.5, PE-
Cy1, or allophycocyanin-Cy7-conjugated Abs including anti-CD4. CDS.
CD11b, Fas, and FasL- Abs. were used. A FACScan flow cytometer {BD
Biosciences, Franklin Lakes, NI} wis used, and data were analyzed using
the FlowJo FACS Anulysis software (Tree Star. Ashland, OR).

In vivo imuging

The mice were s.c. injected with isoflirane (Abbott Laboratories, Abbot
Park. IL) as an anesthetic. Purified T cells were incubated with XarmL;ght
DiR (Caliper Life Sciences, Hopkinton, MA) for 30 min. A total of 5% 10°
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-purificd anti-rat 1gG. A solution of
o-phenylenediamine (Sigma-Aldrich. St. Louis, MO) was added to ¢ach
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, Japun): it ‘was then reverse transcribed.
The transcript levels of FasL, TNF-a, IL-6, IL- 1B, und B-actin werc 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, §'-CGGTTGGCCTTAGGGTTCAGGGGG-3'; TNF-a,
forward, 3'-ATGAGCACAGAAAGCATGATC-3', and reverse, 5'-AGA-
TGATCTGAGTGTGAGGG-3", IL-6, forward, 5"-CTCTGCAAGAGA-
GACTTCCAT-3', and reverse, 8-ATAGGCAAATTTCCTGATTATA-Y;

IL-1B, 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 m} 3% thioglycollate broth (Sigmu-Aldrich),
and after 3 or 4-d. 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 CDI K" cells
purified from PECs were incubated with f)momnd beads for 30 min a

37°C und washed with PBS. The phagocytic activity of CDLIB 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 unnexin Vand propidium iodide for {5
min al room temperature in the dark. Binding buffer was added, and up-
optotic cells were detected by flow cytometoric analysis. To inhibit in vitro
T cell apoptosis cocultured with PECs, PECs were treated with a Fas-Fe
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 (LSM 5 Pascal: Carl Zeiss, Oberkochen, Germany).
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Western blor analysis

Cell extracts from the nucleus and cytoplasm of CD1ID" PECs were
prepared using NE-PER Nuclear and Cytoplasmic. Extraction Reagenty
(Thermo Fisher Scientific, Rockford. 113, A total of 10 pg 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-TxBa and p50
(NF-xB1). 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-xB transcription activity assay

The transcription activity of NF-kB in the puclear extracts from PECs was
analyzed with a NF-xB transcription factor colorimetric assay. kit (Milli-
pore, Billerica, MA). Briefly, nuclear extracts were incubated with a bio-
tinylated double-stranded oligonucleotide probe contdining the consensus
sequence for NF-xB on a streptavidin-coated plate. Captured complexes.
including active NF-xB protein, were incubated with the primary Abs for
p30 and RelA, HRP-conjugated secondary Ab. and tetramcthylbenzidine
substrate, The absorbance of the sumples was measured using a microplate
reader at 450 nm.

Statistical analysis

Statistical significance was determined with an unpaired the Student 7 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 L.v. transferred into
B6 and B6/Ipr 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/Ipr 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/{pr 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/pr mice were almost undetectable (Fig. 1B). In
addition, to examine the in vivo Ag-specific T cell response in
B6/lpr mice, CD4* T cells were purified from the spleen of
OVA-specific TCR-TG (OT-) mice and were transferred into B6
and B6/lpr mice. OVA peptide (100 pg/mouse} was injected into
the recipient mice on the following day. On 7 d after the transfer,
OT-1l~specific VB5.27CD4™ T cells of the spleen and LNs were
analyzed. Although OT-IL T cells were found in the spleen and
LNs of B6 recipients, these cells were almost undetectable in the
spleen and LNs of B6//pr 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/pr recipient mice (Fig. 1D). The accumulation of the donor
T celfs 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/lpr 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/lpr mice was performed. At 30 min after the transfer of
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FIGURE 1. Dynamics of normal T cells in B6/ipr
mice. (A) T cells (1 X 10%) from GFP-TG mice were
transferred into Bé and B6é/lpr mice. GFP* T cells in
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the spleen and LNs of recipient mice at day 7 after the
wransfer were detected by flow cytometry. (B) CFSE-

(x10%)

labeled T cells from B6 mice were transferred into
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T cells. XenolLight DiR-labeled T cells were detected using an
in vivo imaging analyzer. Almoagh transferred T cells were de-
tectable in the spleen of B6 and B&/{pr recipients. the fluorescence
intensity in the spleen of B6/ipr recipients was considerably lower
than that in the spieen of B6 recipients (Fig. 2A). This finding
suggests that the transferred normal T cells were rapidly dimin-
ished in PBMCs before accumulating in tymphoid 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. Nom}ai T cells
were detectable in both /prand 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 Jpr recipients. (A) T cells {5 % 10°%) from B6 mice were labeled with
XenoLight DIiR 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 invivo lmagmg analyzer. Phatos are representative of four mice ineach
recipient group. (B) T cells from B6 Thy1.1 mice wese transferred into B6
and B6/lpr mice, and the donor T cells in PBMCs of the recipients 30 min
after the transfer were detected by flow cytometry. Data are tepresentative
of five mice in each recipient group. (€} Cell surface Fas éxpression on the
donor T cells in recipients was analyzed 30 min after the transfer by flow
Cytomen'y Mean fluorescence i 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/lpr mice were transferred into B6 and
Bﬁllpr 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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(Thyl.1") were analyzed 30 min after the transfer; the rapid di-
minishment of T ¢ells 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/ipr recipients im-
mediately after the transfer. Moreover, when the Fas expression.
on the transferred normal T cells in B6 or B6//pr recipients was
anaiyzed 30-min after the transfer, significantly increased Fas ex-
pression was observed on the T cells in Bﬁllpr recipients com-
pared with those in B6 recipients (Fig. 2C). Furthermore, when
CFSE-labeled T cells from B6/Ipr mice were i.v. injected into B6
and B6/lpr mice, the T cell dtmxmahmem 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.

. oss
oM Bl

Positive celis (%) Positive cells (%)

FasL expression on_inmune cells in B6/lpr mice’

Next, we analyzed I-‘asL ‘expression on peripheral immune cells in
Bo6/Ipr mice. When mRNA expression of FasL in the spleen of
B6 and’ B6/lpr mice was analyzed by quantitative reverse
transcnptmn-PCR (RT-PCR), higher levels of FasL. mRNA of all
subsets including CD4* T cells, CDB‘ T cells, B220* B cells,
CD1ic¢* dendritic cells, and CD11b* macmphages ‘were observed
in B6/Ipr mice compared. with Bé. mice (Fxg 3A). In addm(}n,
significantly increased FasL mRNA expression of subsets in-
cluding CD4* T cells, CD8" T cells. and CD11b* macrophages
was observed in PBMCs from Bﬁllpr mice compared with those
of B6 mice (Fig. 3B). Therefore, we specxﬂated that FasL—Fas'
mediated apoptosis of normal T cells may be induced by the in-
teraction with ‘the peripheral immune cells: in Bél[pr 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 m‘. B6 mice; macrophages may play a crucial role
in'T cell: apopmsxs and clearance in the immune system of B6/lpr
mice. Thus, we focused-on analyzmg the- macmphagas in B&/lpr
mice. When the surface expression of FasL on macrophages was
analyzed by flow cytometry,-the expression on the CD11b* mac-
mphages ‘of the PBMCs of B6/lpr-mice was increased campared
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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role in the Fas-mediated rapid death of normal T cells in B6/ipr
mice.

Functions of macrophages in B6/ipr mice

To understand the functions of the peripheral mucrophages in
Bé/lpr mice, macrophages from thioglycolate-elicited PECs
‘were used for analyzing their interaction with nermal T cells. When
the expression level of FasL on PECs was analyzed, significantly
increased expression of FasL on PECs from B6/lpr 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 B&/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-
min¢ whether B6/lpr PECs engulf dead T cells rapidly, CFSE-
labeled normal T cells were cocultured with CDI1b* PECs for
3 b, and CD11b*CFSE" mucrophages 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-
eytic 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 attacheéd to macrophages, we fixed the
macrophages after phagocytosis assay and then weated 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 enguifed, 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//pr
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  key role in ithe clearance of dead
T cells.

In vive 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/lpr 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//pr mice was sig-

nificantly higher compared with that in B6 mice (Fig. 5B). The
‘depletion of T cells in B6/lpr recipients was inhibited by i.p. in-
jection of anti-Fask. mAb (Fig. 5C). Furthermore, when normal
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9755 B6llpr
D
B&/ipr
5| g
kX
FITC-beads
g4 . <% .
fu 30 5 30 ‘
@2 ]
O 20 2 2
a O
5 1] T 10
[}

FIGURE 4, Enhanced FasL expression and phagocytotic uctivity of Ipr
macrophages in vitro. B6 and B6//pr mice were i.p. injected with thioglycolate
to obtain PECs. On day 4 aftér the injection. PECs were collected from
peritoneal cavity. (A) Fast. expression on CD11b* macrophagesin PECs of B6
and B6/pr mice was analyzed by flow cytometry. Data are répresentative of
four independent experiments. (B) CFSE-labeled T cells from Thy1.1 B6 mice
were cocultured with the CDE B macrophages from PECs of B6-and B6/ipr
mice. Annexin V¢ apoptotic T cells (percentage) are shown as meun 8D for
five mice in each group. ®p < 0,05, (Cy CFSE-fabeled T cells from B6 mice
were cocultured with the CDIETb* macrophages from PECs of B6 and B6/ipr
mice. Phagocytosis of CFSE® T cells by the CDilb* cells in PECs was
evalualed by flow eytometry. Results are shown as mean = SD for five mice in
each group, **p.< 0,005, (D) Phagocytic activity of CD11b* mucrophages in
PECs was evaluated by uptake of FITC-conjugated beads in vitro. Resalts are
shown us mean = SD for five mice in euch group. **p < 0,005,
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FIGURE 5. Invivo rapid death and phagmyxmm of Teells by mucrophages,
(A) T cells (1 X 10%) from GFP-TG mice were i.p. injected into the recipient
mice treated with Ihtoglycamc ‘GFP* T cellsin PECS were detected by flow
cytometry. Dataare’ “representative of four mice in vach recipient. group. (B)
Annexin V* apoptotic cells (percentage) of GFP* T cells in PECy were detected
by flow cytometry. Data are representative of four mice in each recipient group.
(€) GFP T cells (1 X 10%) were ip. injected into thioglycolate-treated B6/ipr
recipients together wsm :mu-Fas ‘mAb or isotype control Tg. (D) GFP T cells
(5 X 10%) were cocultured with B6/ipr PECs (2 X 10°) fro 24 h in vitro in the
presence of Fas-Fe fusion protein (0,0.5, and 5 wg/mi). GFP* survival cells are
shown as mean = SD for wriplicates. (E) Pbagocymm of GFP* T cells by the
CDUIb* macrophages in PECs was evaluated by flow cytometry, Data are
representative of four mice jneach mxplem group. {F) GFP* T cells( greenjand
CD1b" macrophages (red) in PECs were detected by eonfocal microscopy.
Original magnification X630, Data are representative of four three independent
experiments. (G) T cells from GFP- TG mice were i.p. injected into B6 and
B6/gld ice reated with thioglycolate, GFP* T cells in PECs were detected by
flow cytoms:ny Data are representative of four mice in each recipient group.

GFP-T cells were i.p. transferred into B6/lpr 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
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without Fas-Fc (Fig, 5D). In-addition, the phagocytic activity of
CD1Ib* PECs in B6/ipr was significantly enhanced compared
with that in B6/mice (Fig. SE). Furthermore. microscopic analysis
showed fewer normal T cells (GFP*) in B6/pr mice compared
with B6 mice: moreover, it revealed phagocytic fragments of
GFP* T cells within the macmp)mgcs in B6/Ipr mice. although the
fragments within the macrophages in B6 mice were undetectable
(Fig. 5F). In contrast, when normal T celis 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 upregulate&i FasL and that Fas-deficient mac-
rophages rapidly engull apoptotic T cells.

Enhanced activation of Fas-deficient macrophages through
NF-xB

NF-kB signaling playsa crucial role 'in the activation of macro-
phages (22, 23). Phosphorylation of IxBa. an endogenous inhib-
itory molecule of NF-«B activation by the interaction with NF-«B
subunits, in CD1 ib*PECs from Bélipr mice was much higher than
that in CD11b* PECs from B6 mice (F;c, 6A), Moreover, nuclear
transport of NF-kB subunits such as p50 and p65 in CD11b* PECs
from BG/[pr mice was significantly enhanced compared with that
in CD1ib* PECs from B6 mice (Fig. 6A). In addition, the tran-
scriptional activity of NF-xB in the nuclear protein of the CD11b*
PECs from B6/Ipr mice was significantly increased compared with
that from B6 mice (th 68) In immune cells, including macro-
phages, there are several genes regulated by NF-xB such as TNF-
a, IL-6, IL-1B, and FasL in immune cells including macrophage
(24-27). The mRNA cexpression of TNF-a, IL-6, and IL-1B in
CD11b* PECs from B6/lpr 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-xB, gene knockout mice bearing a fas gene mutant
(NF-«B; " Ipr) was analyzed, the expression level was similar to
that of B6 wmice (Fig. 6D). Furthermore. the diminishment of
normal T cells in NF. «B; - ‘/lpr mice was not observed (Fig. 6E,
6F). These resulls suggest that FasL overexpression through NF-
&B activation of macmphages is important for rapui T cell death in
a Faw;irzﬁmem immune system,

Alteration of Fas expression-on normal T cells in
a Fas-deficient imnuuie 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/lpr mice was sig-
nificantly higher compared with that in B6 mice (Fig. 7A). To
determine: the source of the high level of !FN-y. 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 sxgmﬁcamly 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/fpr mice, Fas expression on T cells in IFNyR™'™
mice was not enhanced, although the expression on T cells from
B6 mice was considerably increased in Fas-deficient recipienits
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FIGURE 6. Control of FasL expression on /pr
macrophages by NF-xB activation. (A) Phosphoryla-
tion of IxBo and nuclear transfocation of the NF-«B
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-xB in
B6 and B6/Ipr macrophages was detected. Results are
shown as mean * 8D for five mice in each group.
*4p < ,005. (€) The mRNA expression of NF-kB-
target genes was analyzed by quantitative RT-PCR.
Data are shown as mean = SD for five mice in each
group. (D) FasL mRNA expression in the CDLIb™
macrophages from thioglycolate-induced PECs in B6,
B6/lpr, and NF-xB,”'lipr mice was analyzed by
quantitative RT-PCR. Data are shown as mean = 3D
for five mice in each group. **p < 0.005.(E) T cells
from GFP-TG mice were i.p. injécted into B6, Bé/ipr,
and NF-xB,™"" flpr 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. Qriginal magnification X630. Photos are
representative of four independent experiments.

(Fig. 7C). Fas expression on T cells was enhanced by recombinant
IFN-y in a dose-dependent manner {Supplemental Fig. 4). In ad-
dition. when T cells from JFNyR™™ 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,

from [FNyR™'" mice were cocultured with Ipr
T cells of ZFNyR™'™ mice were significantly in-

‘creased compared with those of wild-type mice (Fig. 7E). By the

FIGURE 7. Regulation of Fus expression on donor
T cells by IFN-y in Ipr mice. (A) Concentration of
{FN-y in the sera of B6 and B6/lpr 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
Bo/lpr mice were analyzed by guantitative RT-PCR,
Results are shown as meun = SD for five mice in'cach
group. *p < 0.05. (€) CFSE-labeled T cells from B6
and JFNyR ¢ mice were iv. injected into Béllpr
-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 shudow
shows isotype negative control. (D) CFSE-labeled
T cells from B6 und IFNYR ' mice were L.v. injected
into B6 or- B6/lpr mice dnd were detected by flow
cytometry. Data are representative of four mice in gach
group. (E) CFSE-labeled T cells from B6 and IFNyR™"
mice were i.p. injected into thioglicolate-treated B6 or
Bé/lpr mice. CFSE" T cells in PECs were analyzed by
fiow 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/ipr PECs
(1% 10%) in the presence of anti-IFN-y mAb (0, 2, 5.
and 10 pe/mi). Apoptotic T cells were evaluated by
flow cytometric analysis of expression of Annexin V.
Results are shown as mean * SD for triplicates in
euch group.
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pretreatment of anti-IFN-y mAb. apoptosis of normal activated
T ¢ell interacted with Ipr PECs was inhibited in the dose-
dependent manner (Fig. 7F). These findings suggest that the high
level of IFN-v in B6/lpr 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 stidy, we confirmed that normal T cells failed to survive in
a Fas-deficientimmune 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 resultsin
the previous reports regarding the failure of normai lymphocyte
survival in Ipr hosts (17, 18). The phemmenou was thought to
occur because of the induction of T cell apoptosis in fpr recipients
because the transferred T cells did not miigrate 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 imniediately after the transfer, rapid death of
transferred T cells may have occurred in Ipr recipients. However,
T cell diminishment in /pr doner 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 t"pr mice
has been described previously (18, 20, it-was unclear as to which
subset of immune cells in [pr mice. overexprewed 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 contro} mice. In particular, FasL. mRNA expression in CD11b*
macrophages in Ipr mice was significantly increased cmnpared
with that in control mice; In addition, when thmglycoldte*ehcxted
PECs, including 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 Ipr macrophages was observed.
Furthermore, phagncync activity -of /pr macrophages was con-
siderably enhanced compared with control macrophages. These
resuits suggest that Ipr macrophages can phdgocyte apoptotic
T cells promptly as well as-induce the rapid T cell death in the
periphery. The ipr macropbagek with enhanced expression of FasL
may induce ra;):é death of T cells and promiptly engulf the apo-
ptotic cells by FasL-mdependem phagocytosis. There may be
unknown cellular mechanism like “Eat me signal.™

FasL, a type Il transmembrane protein belonging to the TNF
superfamily, is a well-characterized apoptosis initiating protein
(32-34). Some transcription factors have been shown to repulate
FasL gene expression, including specificity protein-1, IFN regu-
latory factor-1. NF in activated T cells and NF-xB (35-37). NF-
kB plays key roles in" differentiation and activation of macro-
phages 2, 38) Our results suggest that the direct contribution
of macrophagew to the induction of rapid death of T cells is very
important for effective phagocymm 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-«B activation in den-
dritic cells (39). Fas signaling may play important roles in NF-xB
activation in relation to cell activation, survivil, and growth in
addition to apoptosis. k

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

ments will be needed to contirm the cellular mechanism, FasL-
enhanced macrophages may cagult 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 IEN-y in the serum of Ipr
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 sug ggest that Fas
expression on penphcral T cells is controlled through the IEN-
YIEN-yR.

‘With regard to the control of the Fas expression of cells other
than the T cell, it was reported that TNF-cx 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 Tevel of TNF-o concentration in the serum from /pr mice was
mmziar 1o that from control mice {data not shown). In'this study,
when naive T ceils from normal mice were transferred, they were
not dctivated and slightly expressed the Fas ‘molecule on the cell
surface. Because of ‘the exposure to the high concentration of
IFN-y in ipr mice, Fas expression on T cells rapidly increased.
The immune cells highly expressing FasL tnc!ucimg 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 apoptatic T cells.

In contrast; many reports indicate that B cells are maintained
by Fas and Bim-dependent apoptosis o protect autoimmunity
(43—45) In our experiment, CD19" B cells failed to undergo ap-
optosis:in Fas-deficient host, although FasL. expression on im-
miune 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, co:snmulatory mol-
ecules, or TCR, although its precise mechanism has been still
clarified.

Our results suggest that Fas s;gnd!mg cenmbutes to nonapo-
ptotic functions such as the phagncync activity of macrophages.
Fas promoles the differentiation, proliferation, and maturation in
several cells (I, 2, 46). Fas-associated death domain-mediated
activation of caspase 8 is essential for the process of apoptosis of
variouscells (12, 47). In addition, it was rcported thdt Rho GTPase
Rucl sensitizes T cells to Fas-indiced apoptosls correlated with
Rac mediated cytoskeletal remgamzauon, dephosphorylation
of the eznn/radxxm/maesm family of cytoskeletal linker proteins,
and the tmnslocmmn of Fas to lipid raft mxemdom;nn (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 [pr fecipients, the precise mechanism for its phenom-
enon mmamed unclear, In this: study, we found that abnormal
macrophages in Ipr mice play critical roles i in the cimorder of the
peripheral immuné system. Our findings ar¢ 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 Fason immune cells. In ::éd;tmn, thiy study suggests
that Fas expression on macrophages contributes to the survival
of T cells in the peripheral immune system. Taken together, this
sudy 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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CCR7 with S1P, Signaling through AP-1 for
Migration of Foxp3™ Regulatory T-Cells Controls

Autoimmune Exocrinopathy

Naozumi Ishimaru,* Akiko Yamada,*
Takeshi Nitta," Rieko Arakaki,* Martin Lipp,*
Yousuke Takahama,t and Yoshig Hayashi*

From the Department of Oral Molecular Pathology,® Institute of
Health Bioscierices, The University of Tokushima Graduate
School, Tokushima, Japan; the Department of Experimenial
Immunology," Institute for Genome Research, The University of
Tokushima, Tokusbima, Japan; and the Depariment of Molecular
Tumor Genetics.and Immunogenetics} Max-Delbruck Center for
Molecular Medicine, Berlin, Germany

Forkhead box p3-positive (Foxp3™) regulatory T cells
(T, cells) participate in maintaining pmipheral im:
mune tolerance and suppressing autolmmunity. We
recently ' reported that in situ patromng by C-€C-
chemokine receptor 7 (CCR?)“’“ reg Cells in target
organs. is essential for controi]ing autoimmune le-
sions in Sjogren’s 'syndrome. In the present study, the
molecular mechanism underlying CCR7-mediated

Treg cell migration was invaﬁgased in a mouse. modcei,

The impaired migratory response of Cer7™~ Treg
cells-to sphingosine 1-phosphate (S1F) occ:n‘red be-
cause of defective association of S1P receptor 1{(81P)
with a G coupled-protein. In addition, T-cell receptor
(TCR)- and S1P,-mediated Ras-related C3 botulinum
toxin substrate 1 (Rac-1), extracellular signal-related
kinase (ERK), and c-Jun phosphorylation required for
activator protein 1 (AP-1) transcriptional activity
were significantly impaired in Cor7™™ T, cells. Sur-
prisingly, the abnormal nuclear localization of Foxp3
was detected after abrogation of the c- Jun and Foxp3
interaction in the nucleus of Ccr7™™ Ty, cells. These
results indicate that CCR7 essentially controls the mi-

gratory function of T, cells through S1P,-mediated

AP-1 signaling, whlch is regulated through its interac-
tion with Foxp3 in the nucleus. (4mJ Patbol 2012, 18C:
199-208; DOF: 10.1016/4ajpath.2011.09.027)

Regulatory T cells (T4 cells) are a unique subset of T
cells that play a critical role in 'maintaining -immune toler-
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ance.’® The expression of the transcription factor fork-
head box p3 (Foxp3) is the genetic halimark of Treg
cells.*~6 Foxp3-targeted genes in T,q, cells are up-reg-
ulated or down-regu!ated suggestmg that Foxp3 func-
tions as both a tfanscr;pnonal activator and a repressor.”
Previous evidence indicates that Foxp3 controls Treg
functions by interacting with multiple transcription fac-
tors.® The function or expression of Foxp3 is controlied
through complexes formed with other transcription fac-
tors, such as nuclear factor of activated T cells (NFAT),
RUNX1/acute myelogenous leukemia (AML) 1, and nu-
clear factor kappa-B (NF-xB).%'° In addition, Foxp3 can
maintain T ., cell unresponsiveness (anergy) by selec-
tively inhibiting the promoter DNA-binding activity of ac-
tivator protein 1 (AP-1)."* However, the molecular mech-
anism by which Foxp3 switches between transcriptional
activation and repression in T, cells has not been well
defined.

Previously, we reported autoimmune exocrinopathy in
salivary and lacrimal glands resembling Sjdgren's syn-
drome in C-C-chemokine ‘receptor 7 (CCR7)~defscnent
(Ccr?‘“"'“) mice.*2 Enhanced immunity in Ccr7 ™~ mice is
caused by defective lymph node (LN) posi tlcmmg of T,e
cells and consequent impairment of suppressor iunc—
tion."® In a recent report, we demcnstrated that CCR7
essentially governs the patrolling funct;ons of Tpq celis
by controlling their migration to target organs to.maintain
autoimmunity.'4 Furthermore, we found that the migratory
function of Ccr?"’ " Treg cells in response to sphingosine

1-phosphate (S1P) was impaired, suggesting that CCR7
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participates in the molecular mechanism underlying the
migratory function of peripheral T, cells through S1P
and one of its receptors, S1P,." In contrast, at the mo-
lecular level, T, cells in S1P,-deficient mice were found
to be defective in egress from the thymus; the number of
peripheral T, cells in S1P,-deficient mice was also in-
creased, compared with peripheral T, cells in control
mice.'® Furthermore, S1P, transgenic mice developed
autoimmune lesions because of a decrease in the num-
ber of T,oq cells in the thymus.'® The S1P-S1P, axis is
thus believed to play an important role in restraining the
development and function of Foxp3™ T4 cells.

Mitogen-activated protein kinase {MAPK) signaling
and AP-1 components are crucial in S1P, signaling in
peripheral T cells.™® in addition, the function of T, cells
can be regulated by Foxp3 binding to phosphoryiated
c-dun, thereby controlling AP-1 transcriptional activity."’
Although the relationship between CCR7 and S1P/S1P,
signaling in peripheral T o, cells has not been clarified, it
is possible that interactions among several molecules
,(mcrudmg CCR?7, S1P/S1P,, and Foxp3) play a critical
role in controlling the migratory response of peripheral
Treq cells.

In the present study, analysis of defective Toeg Cells in
Cer7~'~ mice revealed a novel regulation of Foxps nu-
clear localization that controls S1P,-mediated AP-1 sig-
naling after T o, cell migration.

Materials and Methods
Mice

Cor7=/—, Cer7*'* and C57BL/6 mice were reared in our
specific pathogen-free mouse colony. Mice were pro-
vided food and water ad fibitum. Experiments were hu-
manely conducted under the regulation and permission
of the Animal Care and Use Committee of the University
of Tokushima (Tokushima, Japan).

Histological Analysis

All organs were removed from mice, fixed with 10%
phosphate-buffered formaldehyde (pH 7.2), and pre-
pared for histological examination. Sections were
stained with H&E.

Cell Preparation

T,eg cells and CD257CD4™ cells were enriched from LNs.

In brief, CD4* cells were prepared using anti-B220; CD8,
MHC class Hl, and NK1.1 monoclonal antibodies (mAbs)
(eBioscience, San Diego, CA) and magnetic beads (Dy-
nal Biotech, Oslo, Norway). CD25*CD4* or CD25-CD4*
cells were enriched using biotin-conjugated anti-CD25
mAb, magnetic beads, and a CELLection biotin binder kit
(Dynal Biotech) or a regulatory T cell isolation kit (Miltenyi
Biotec, Auburn, CA). The enriched CD25*CD4* cells
were confirmed to be approximately 90% Foxp3™.

In Vitro Suppression Assay

For suppression assays, a total of 5 X 10* CD25-CD4*
T cells from C57BL/6 mice were stimulated with plate-
coated anti-CD3 mAb (0.5 pg/mL) for 72 hours to-
gether with 1.25, 2.5, and 5 X 10* CD25*CD4™* T cells
from the LNs of wild-type (WT) and Ccr7™/~ mice.
[®H]-Thymidine incorporation during the last 12 hours
of the culture for 72 hours was evaluated using an
automated liquid scintillation B counter (Hitachi Aloka
Medical, Ltd., Tokyo, Japan).

ELISA

For detection of IL-4, IL-10, and TGF-8, CD25*CD4* T
cells were stimulated with plate-coated anti-CD3 mAb for
24 hours. The supernatants were added to microtiter
plates precoated with an antibody specific for iL-4, IL-10,
and TGF-g. The biotinylated antibody was added, and
the plate was incubated for 2 hours at room temperature.
After a wash, streptavidin-horseradish peroxidase solu-
tion was added to each well and the plate was incubated
for 30 minutes. Finally, stabilized chromogen substrate
was added to each well, and the absorbance of each well
was read at 450 nm using an automated microplate
reader (Bio-Rad Laboratories, Hercules, CA}. Cytokine
concentrations were obtained according to standard
curves.

Confocal Microscopic Analysis

Cells were deposited onto poly-t-lysine-coated glass

slides, and spun in a cytospin centrifuge. Sections
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were stained with 1 ug/mlL of primary antibodies
against phosphorylated ERK 1/2, phosphorylated c-Jun
(BD Biosciences, San Jose, CA), phosphorylated
Rac-1 {Cell Signaling Technology, Danvers, MA), and
Foxp3 (eBioscience, San Diego, CA) for 1 hour. After
three washes in PBS, sections were stained with Alexa
Fluor 568 donkey anti-rat IgG (H+L) (Molecular Probes;
Invitrogen, Carlsbad, CA) or Alexa Fluor 488 horse anti-
rabbit IgG (H+L) secondary ‘antibodies for 30 minutes
and washed with PBS. The nuclei were stained with DAP!.
Sections were visualized with a laser scanning confocal
microscope (Carl Zeiss Microlimaging, Géttingen, Ger-
many). A 63x/1.4 oil differential interference contrast
{DIC) objective lens was used. Quick Operation software,
version 3.2 (Carl Zeiss), was used for image acquisition
and Adobe Photoshop CS2 software (Adobe System; San
Jose, CAj} was used for image processing. Nuclear local-
ization of Foxp3 and DAP| was evaluated within the im-
aging system.

Real-Time Quantitative RT-PCR

Total RNA was extracted from the T cells of WT and
Cer7™’~ mice with ISOGEN (Wako Pure Chemical,
Osaka, Japan) and was then reverse-transcribed. Tran-
script levels of Gi, Rac-1, Foxp3, and g-actin were ana-
lyzed using the DNA engine OPTICOM system (Bio-Rad
Laboratories) with SYBR Premix Ex Tag (Takara, Kyoto,



Japan). Primer sequences were as follows: Gi forward,
5-TTTCTCTGGATGGGATGAGG-3' and reverse, 5'-
CCGAACCTCATGTTGTGTTG-3"; Rac-1 forward, 5'-GC-
CACTCAACGAGAGCCTAC-3' and reverse, 5-TCGGT-
TCTCCAGCTTGACTT-3'; Foxp3 forward, 5-CCCAGGA-
AAGACAGCAACCTT-3' and reverse, E'JTCTCACAAC-
CAGGCCACTTG-3"; and B-actin forward, 57 AAATCTG;-
GCACCACACCTTC-3' and reverse, 5-GAGGCGTA-
CAGGGATAGCA-3'.

Cell Culture and Migration Assay

For cell culturing with S1P or chemokines, cells were
incubated in BPMI 1640 medium without fetal calf serum
in the presence of S1P (0-to 100 nmol/L), CCL19 (100
ng/mL), or CCL21 (100 ng/mL) with plate-coated anti-
CD3 mAb (0.5 pg/mL) for 3 to 12 hours. To evaluate
chemotaxis by S1P, CCL19, or CCL21 inthe Teeg cells of
WT and Ccr7~/~ mice, a Cultrex 96-well cell migration
assay kit (Trewgen Gaithersburg, MD) was used accord-
ing to the manufacturer’s instructions. Before the assay,
the cells were starved for 24 hours in ssrum—free medium
and incubated in BPMI 1640 without fetal calf serum. In
addition, the cells were pretreated with inhibitors, includ-
ing FTY720 (on\llsmn San Francisco, CA), PTX, rapa-
mycin, SB203580, and PDQ&OSQ (Sigma-Aldrich, St
Louis, MO) for 6 to 12 hours, and then the migration assay
was performed.

Western Blotting and Immunoprecipitation

Whole-cell extracts of T, cells were prepared using a
Pierce M-PER mammalian protein extraction kit (Thermo
Fisher Scientific, Rockford, IL) or nuclear/cytosol fraction
kit (Bsths&on) A total of 10 pg of each sample per well
was applied to each well and was: electrophoresed on
10% SDS»PAGE Thereafter, the protein was electropho-
rencaliy transferred onto polyvmy idene difluoride mem-
branes. Blocked membfanes were incubated with anti-
bcd;es SpECiftC for ‘1P (Cayman Chemical, Ann Arbor,
M), Rac-1, phosphoryiated Rac-1 (Cell Signaling Tech-
noiogy) Gi (Mill ;por&Chemxcon International, Temecula,
CA). phospho—cdun (BD Biosciences), total c-Jun (BD
onsczences) or gyceratdehyde-a-phosphate dehydro-
genase (GAPDH; Santa Cruz Biotechnology, Santa Cruz,
CA). Horseradish peroxidase-conjugated rabbit or
mouse IgG was used as the secondary antibody. Protem
binding was visualized using Amersham ECL Western
blotting detection reagents (GE Heal thcare P%scataway,
NJ). To quantsfy protein expression, the chemilumines-
cence image was analyzed using a Chemii)oc XRS Sys-
tem (Bio-Rad Laboratories). For immuncprempxtatuen pu-
rified proteins captured. with ant;—FoxpS mAb ‘were
incubated with Dynabeads protein G (Invitrogen). To re-
move genomic DNA, protems were treated with DNase |
Precipitated protems were analyzed by immunoblotting
with anti-c-Jun or anti-Foxp3 (e-Bioscience) antibody.
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c-Jun Transcriptional Activity

The transcriptional activity of ¢-Jun in the nuclear ex-
tracts from T, of WT and Cer7 ™~ mice was analyzed
using an Upstate c-Jun tzanscnptson factor assay kit
(M:lhpere Billerica, MA). In brief, nuclear extracts were
incubated with a biotinylated double-stranded oligonu-

cleotide probe containing the consensus sequence for
¢-Jun on a streptavidin-coated plate. Captured com-
plexes were incubated with ¢c-Jun antibody, horserad-
ish peroxtdase~con1ugated secondary antibody, and
tetramethy benzidine substrate. The absorbance of
samples was measured using an automated micro-
plate reader at 450 nm.

Statistical Analysis

Student's t-test was used for statistical analysis. AP value
of <0.05 was considered statistically significant.

Results

Relationship between Autoimmune Lesions and
T,eg Cells in Ccr7 ™/~ Mice

We fcund a significantly reduced proportion of Foxp3*
T.eg Cells in target organs, including the salivary and
lacrimal glands, of Cer7 ™/~ mice, compared with Cer7*/*
mice, at approximately 3 months of age. This led to sig-
nificantly increased retention of Tres cells in the LNs of
Cer7~'~ mice until mice were 6 months of age." How-
ever, it is ‘unclear whether the proportion of T,eg cells in
target organs and LNs changed with aging during these
6 months. More severe autoimmune lesions in lacrimal
glands of Cer7™/~ mice were observed at 9 and 18
months of age (Figure- 1A). At 18 months of age, exten-
sive infiltration of lymphocytes with destruction of exo-
crine gland cells was detected in Cer7™/~ mice (Figure
1A). The proportion of Foxp3* CD4™ T, reg Cells in the
cervical LNs of Cor7™"~ mice was s*gmfzcam y increased,
compared with WT mice, until 18 months of age (anufe
1B). The retention of T,eg cells in the LNs of Ccr7~/~ mice
increased with aging. In contrast, the proportton of Tyeg
cells in lacrimal glands of Cor7~/~ mice was sxgmﬁcaﬂtly
reduced, compared with Cer7*'™ mice (Figure 1C). |

addition, although the absolute number of T . cells in the
cervical LNs of normal mice decreased with aging, the
number of LN T,,q cells in Ccr?" ~ mice increased (Fig-
ure 1D). ‘At 8 and 9 months of age, the cell il number in Treg

cells in Cer7™/~ mice was significantly reduced, com-

pared with control mice (Figure 1D). At 18 months of age,
the number of cells of Ccr7 ~/~ mice was similar to that of
control mice (Figure 1D). Given that the total cell number
in the LNs of Ccr?” ~ mice significantly decreased, com-
pared with control mice, the proportion of T4 cells from
Ccr7~/~ mice was higher than that from control mice
(Figure 1B). In contrast, the number of T,Eg cells in lacri-
mal glands of Cer7™"~ mice were sxgmﬁcanﬂy reduced,
compared with control mice (F:gure 1E). These findings
are consistent with our previous report that Foxp3™ CD4™*
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Figure 1. Autoimmune exocrinopathy and T, <ell in. Cor7™"™ mice. A
Histology of lacrimal glands of Cer7*/* and Cer7™" mice at 3, 9, and 18
months of age. H&E staining was performed on paraffin-embedded sections.
tmages are representative of 510 7 mice per group. Scale bars = 500 pm. B:
The proportions of Foxp3* CD4™ Ty, cells in cervical LNs in Cor7*™* and
Cer7™/" mice at’3,9, and 18 months 0?38& were detected by flow cytometric
analysis. C: The proportions of Foxp3* CD4™ T, cells in lacrimal glands of
Cer7** and Cor7™" mice at 3, 9, and 18 months of age were detected by
flow cytometric analysis. D: Quantification of Foxp3™ CD4™ T, cells in
cervical LNs of Ger7** and Cer7™" mice at 3, 9,-and 18 months of age.
Quarnification of Foxp3™ CD4™ Ty cells in lacrimal glands of Cer7”/* and
Cer7 4 mice at 3,9, and 18 months of age. Results are presented as means =
SD for five mice in each group. *P << 0.05; **P < 0.005 versus WT.

Teeg Cell numbers are significantly reduced in target or-
gans, such as salivary or lacrimal glands, in Cer7='~
mice and in patients with Sjdgren's syndrome.™*

Chemotactic Response to S1P and

Suppressive Function of Ccr7™/~ Ty,

Cells

We examined in vitro chemotactic responses of CD4™ T
cells from WT and Ccr7 ™/~ mice in response to S1P. In
both WT and Ccr7~/~ mice, no migratory responses of
CD25%CD4™ T, cells were observed with the addition
of S1P (Figure 2A). Although there was a small increase
in the chemotactic response of WT and Ccr7™/~
CD25~CD4™ T celis to S1P, there were no differences in
the response between WT and Ccr7 ™"~ mice (Figure 2B).
Next, we examined the chemotactic response of anti-
CD3 mAb-engaged Ccr7™/~ CD4™ cells to S1P, and
found that the migratory response of Cor7 ™™ Treg Cells tO
S1P was significantly impaired, compared with WT T4
cells (Figure 2C). In contrast, the response of
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CD25-CD4* cells of Cer7™~ mice was not impaired
(Figure 2D). These findings suggest that the chemotactic
response of T cells to S1P is dependent on T-cell recep-
tor/CD3 signaling.

To determine whether there were migratory responses {o
chemoattractants other than S1P, we performed migration
assays using IL-6 and MIP-2, and found no difference inthe
migration activity between WT and CCR7~/~ Tieg Cells. The
results for anti-CD3 mAb-engaged T4 cells are shown in
Figure 2, £ and F. Moreover, there were also no differ-
ences in migration activity in response to IL-6 and MIP-2
between unstimulated WT and CCR7 ™/~ T, cells (data
not shown). In conirast, when we examined the in vitro
suppressive function of Cor7 "~ Treg cells, we found that
the suppression of Cer7~/~ T, celis on the proliferative
response elicited by the anti-CD3 mAb in normal
CD25-CD4* cells from C57BL/6 mice was similar to that
of WT T, cells (Figure 2G). In addition, there were no
differences in the production of suppressive cytokines
such as IL-4, IL-10, or TGF-B in Cer7 ™~ or WT T cells
(Figure 2H). These findings suggest that CCR7 signaling
controls the migration of T4 cells, but does not control
the suppressive function of T, cells. This is consistent
with the failure of in vivo migration to target organs in
Cer7™™ Tieq celis.™

Activation of Signaling Molecules Downstream
of S1P, in Ccr7 ™' Ty, Cells

S$1P,, one of receptors for S1P, is expressed on the cell
surface and is known to be internalized when the S1P
ligand binds to S1P, after activation of the signaling mol-
ecules required for the migratory response.’”” We de-
tected expression of S1P, in WT and Cor7 ™/~ T, cells
by Western blotting with anti-S1P, polyclonal antibodies.
There was no difference in S1P, expression between WT
and Cor7 ™ T e cells (Figure 3, Aand B). S1P, has been
shown to signal exclusively through the heterotrimeric G
protein Gi.'® We therefore used Western blotting to eval-
uate Gi expression in WT and Ccr7 ™~ T, cells after
anti-CD3 mAb and S1P treatment (see Supplemental Fig-
ure S1A at http.//ajp.amjpathol.org). There were no differ-
ences in expression between WT and Ccr7 ™™ T,eq célls,
and this was unchanged by stimulus {see Supplemental
Figure S1A at http://ajp.amjpathol.org).

The phosphorylation of Rac-1,'® a key molecule down-
stream of G-protein signaling, was observed in WT T,eg
cells but not in Cor7 ™™ T,eq cells stimulated with the
anti-CD3 mAb and S1P (Figure 3C). Phosphorylation of
Rac-1 was evaluated by Western biotting. The phosphor-
ylation of Rac-1in WT T, cells was detectable after CD3
engagement, and the addition of S1P enhanced Rac-1
phosphorylation in anti-CD3 mAb-stimulated T.q cells
(Figure 3D). In contrast, the phosphorylation of Rac-1 in
Cer7 ™'~ T,qq cells was low, compared with that in WT T,
cells (Figure 3D). In contrast, there was no difference in
Rac-1 phosphorylation between WT and Cor7™/~
CcD25-CD4* T cells (see Supplemental Figure S2 at
http://ajp.amjpathol.org). These findings demonstrate the
impairment of the signaling pathway in C«;r?" " Treg Cells.
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Next, we focused on examining migratory function and
CCR? signaling using a Gi protein inhibitor, pertussis
toxin (PTX), and an S1P receptor agonist, FTY720 (Figure
3E). The increased m;gratory response of WT Treg cells
on stimulation with anti-CD3 mAb and S1P was reduced
by pretreatment with FTY720 or PTX (Figure 3E). More-
over, when WT T, cells were incubated with a CCR7
ligand (either CCUQ or CCL21) in addition to anti-CD3
mAb and S1P, m;gratory responses were significantly
enhanced in contrast to the response to anti-CD3 mAb
and S1P (Figure 3E). These enhanced responses were
reduced with pretreatment of FTY720 and PTX to the
levels of Cor7 ™"~ T,eq cells (Figure 3E). This result sug-
gests that CCR7 signaling in Teq cells is. dependent on
cooperation with S1P/S1P, and G: in addition to CD3
signaling.

MAPK Signaling in Ccr7 ™'~ T,og Cells

To further elucidate the importance of S1P, signaling for
Treg cell egress, we analyzed MAPK signaling and the
AP-1 components that play crucial roles in S1P, signaling

in T cells.® Phosphorylation of ERK after stimulation with
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anti-CD3 mAb and S1P was observed in WT T, cells,
but not in Cer7 ™"~ T, cells (Figure 4A), and this phos-
phorylation was enhanced with addition of S1P (Figure
4B). To determine whether this signaling was thmugh
MAPK.or Akt-mTOR, we. performed migration assays us-
ing the mTOR inhibitor rapamycin and two MAPK inhibi-
tors. The migratory activity of WT Treg Cellsincreased with
treatment of anti-CD3 mAb and 81P, and was not fully
inhibited by pretreatment ‘with rapamycin (Figure 4C).
The increased migratory response of WT T, cells was
sxgmﬁcantiy inhibited by the addition of the ERK MAPK
inhibitor PDYB05Y, but not by the addition of the p38
MAPK inhibitor 58203580 (F:gure 4C). These findings
suggest that CCR7-mediated ERK activation plays a cru-
cial role in the migratory function of T, cells.

Association of c-Jun Activity with CCR7/S1P,
Signaling

When T, cells of WT mice were stimulated with anti-CD3
mAb and S1P, phosphory!ated c-Jun protein colocalized

with Foxp3 in the nucleus. In contrast, phcsphory!augn of
c-Jun was undetectable in Cor7™/~ Treg Cells stimulated



