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MyD88-Dependent Signaling for IL-15 Production Plays an
Important Role in Maintenance of CD8aa TCRaf3 and
TCRvy6 Intestinal Intraepithelial Lymphocytes’

Qingsheng Yu,* Ce Tang,* Sun Xun,* Toshiki Yajima,* Kiyoshi Takeda,” and
Yasunobu Yoshikai**

Interaction between commensal bacteria and intestinal epithelial cells (i-ECs) via TLRs is important for intestinal homeostasis. In
this study, we found that the numbers of CD8aa TCRaf and TCRy®d intestinal intraepithelial lymphocytes (i-IELs) were sig-
nificantly decreased in MyD88-deficient (—/—) mice. The expression of IL-15 by i-ECs was severely reduced in MyD88 ™™ mice.
Introduction of IL-15 transgene into MyD88 '~ mice (MyD88 ™~ IL-15 transgenic mice) partly restored the numbers of CD8aw
TCRap and TCRvyS i-IELs. The i-IEL in irradiated wild-type (WT) mice transferred with MyD88 '~ bone marrow (BM) cells
had the same proportions of i-IEL as WT mice, whereas those in irradiated MyD88 ™'~ mice transferred with WT BM cells showed
significantly reduced proportions of CD8aa TCRaf and TCRy®d i-IELs, as was similar to the proportions found in MyD8§ ™'~
mice. However, irradiated MyD88 ™/~ IL-15 transgenic mice transferred with WT BM cells had increased numbers of CD8a«
TCRaf and TCRy& subsets in the i-IEL. These results suggest that parenchymal cells such as i-ECs contribute to the maintenance
of CDS8aa TCRa B and 8 i-IELs at least partly via MyD88-dependent IL-15 production. The Journal of Immunology, 2006, 176:

6180-6185.

cated at the basolateral surfaces of intestinal epithelial cells
(i-ECs), comprise unique T cell populations that include
CD4~/CD8xa™ T cells expressing TCRa8 or TCRyS and exhibit
non-MHC-restricted cytotoxicity (1-3). The interaction of i-ECs
and i-IELs through E-cadherin/integrin «zf3; is important for the
homing and maintenance of i-IELs (4). We previously showed that
i-IELs recognized and eliminated effete i-ECs for homeostatic
regulation of intestinal epithelia (5, 6). It has been reported that
i-IELs, especially TCRy$ i-IELs, play an important role in the
regulation of generation and differentiation of i-ECs at crypts
(7, 8). Taken together, results of previous studies suggest that
mutual interaction of i-IELs and i-ECs is important for homeosta-
sis of intestinal epithelia.
1L-15 is a cytokine that resembles IL-2 in its biological activity,
stimulating macrophages (M¢), NK celis, TCRy3 T cells, and B
cells to proliferate, secrete cytokines, exhibit increased cytotoxic-
ities, and produce Ab (9-12). IL-15 was found to be produced only
by limited populations of cells, such as activated monocyte/M¢

I ntestinal intraepithelial lymphocytes (i-IELs),? which are lo-
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and epithelial cells, but not by activated T cells (13, 14). We pre-
viously reported that CD8«« i-IELs proliferate preferentially in
response to exogenous IL-15 (15). It has been shown that mice
deficient in the IL-15 or IL-15Ra gene had reduced numbers of
CD8aa and/or TCRvyS i-IELs (16, 17). Taken together, results of
these studies suggest that IL-15 is involved in the development and
proliferation of CD8aa™ T cells in i-IELs.

It is widely accepted that intestinal microfiorae play an impor-
tant role in the maintenance of homeostasis of the intestinal mi-
croenvironment by inhibiting colonization by many pathogens and
stimulating the growth of beneficial microorganisms. It has been
reported recently that intestinal microflorae play an important role
in maintaining i-ECs via TLRs (18). TLRs are a group of pattern
recognition receptors that cooperate in recognizing a series of
pathogens by binding to the pathogen-associated molecular pat-
terns (19). After binding to their ligands, most of TLRs induce a
series of intracellular signal transductions through MyD88, an
adaptor protein for transcriptional activation of cytokine genes (20,
21). We and others previously reported that TLR signaling played
important roles in activation of IL-15 transcription in LPS-stimu-
lated Mo and virus-infected cell lines (22, 23). Thus, it is hypoth-
esized that TLR signaling for IL-15 production via microflorae is
involved in interaction of i-EC and i-IEL for maintaining ho-
meostasis of the intestinal microenvironment.

In the present study, we found that the CD8aa TCRaf3 and
TCRv$8 i-IELs were selectively decreased in MyD88-deficient
(—/-) mice, accompanied with impaired IL-15 expression by
i-ECs. Introduction of IL-15 transgene into MyD88 ™/~ mice was
able to restore the numbers of CD8aa TCR a3 and TCRy3 i-IELs,
albeit partly. The experiments with bone marrow (BM) chimeras
revealed that radioresistant parenchymal cells played an important
role in MyD88-dependent maintenance of the i-IELs. We con-
cluded that MyD88-dependent signaling was involved in interac-
tion of i-EC and i-1EL for maintaining homeostasis of the intestinal
microenvironment at least partly via IL-15 production.
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Materials and Methods

Animals

MyD887/~ and IL-15 transgenic (Tg) mice with C57BL/6 background
were prepared as described previously (24, 25). MyD88 ™ ~/IL-15Tg mice
were prepared by mating MyD88 ™/~ and IL-15Tg mice and backcrossing
them for three generations. Typing of MyD88 ™'~ mice was performed by
PCR with the primers described previously. C57BL/6NCrj mice used as
wild-type (WT) controls were purchased from Charles River Laboratories.
C57BL/6 Ly-5.1-congenic WT mice were obtained from The Jackson Lab-
oratory. All of the mice were fed in a sterile, isolated room and used in
experiments at ~8-10 wk of age. The animal experiments were approved
by our institutional review committee according to a notice of the Prime
Minister's Office of Japan (no. 6 of March 27, 1980) for the care and use
of laboratory animals.

Preparation of i-IELs and i-ECs

Mice were sacrificed according to the relevant rules for animal usage.
Peyer’s patches and contents were removed from the small intestines of the
mice, and small intestines were cut into pieces of <5 mm in length and
stirred at 37°C for 30 min in medium 199 (Invitrogen Life Technologies)
containing 10% FBS (Sigma-Aldrich). After stirring, the cells were passed
through gauze to remove debris and coarse pieces and were centrifuged
through a 25-40~75% discontinuous Percoll (Pharmacia) gradient that had
been adjusted by 10X PBS at 940 X g for 20 min at 20°C in Multipurpose
Refrigerated Centrifuge (Tomy). I-ECs and i-IELs are obtained at the in-
terfaces of 25-40 and 40-75%, respectively. Cells were suspended in
HBSS. A total of 10 pul of cell suspension was mixed with 90 ul of Turk’s
dye. A total of 10 ul of cell-Turks dye mixture was loaded onto a set of
cell-counting plates, and the living cells were counted under a common
optical microscope. The cells in each square were counted, and the total
number of living cells was calculated by adjusting the number of cells in
cach square to the volume defined by the square and the whole volume of
the cell suspension.

FACS analysis

Cells intended for FACS analysis were washed twice with FACS flow and
suspended in 100 ul of FACS flow. Equal volumes of 2.4G2 (specific
inhibitor for FcyR) were added to each sample and incubated on ice for 15
min. Cells of each sample were washed twice with FACS flow and sus-
pended in 100 ul of FACS flow. Celis of each sample were stained with
fluorescent dye- or biotin-conjugated Abs (PE-, FITC-, CyChrome (PE-
Cy5)-, and biotin-conjugated anti-CD3, -CD4, -CD8«, -CD8g, -TCRS,
-TCR7Y8, -CD45.1, -CD45.2 Abs (eBioscience)), which were finally diluted
200 times. To detect the cells specifically bound by biotin-conjugated Abs,
the cells were incubated with allophycocyanin-conjugated streptavidin
(eBioscience) after incubating the cells with biotin-conjugated Abs. All
incubations were performed at 4°C for 30 min. The cells for each sample
were washed by FACS flow twice after the incubation and suspended in
~500 ul of FACS flow. The samples were analyzed by FACSCalibur and
interpreted by CellQuest software (BD Biosciences). Living lymphocytes
were selected by gating on forward and side scattering. CD3%, CD45.1 *,
CD45.2%, TCRaB, and TCRyS cells were selected by gating on
histograms.

ELISA

Anti-CD3 mAb (clone number 145-2C11) was immobilized onto the bot-
tom of each well of 96-well tissue culture plates (Falcon; BD Discovery
Labware) overnight at 4°C at concentration of 50 pg/ml. MyD88™~ and
WT i-IELs were cultured at concentration of 5 X 10° cells/well for 48 h at
37°C with 5% CO,. Sandwich enzyme immunoassay was performed with
the ELISA kits for IL-4, IL-10, and IFN-y (R&D Systems). Recombinant
mouse IL-4, IL-10, and IFN-y were used as standard. The OD of each well
was immediately read by Multiskan JX (ThermoLabsystems). The standard
curve was drawn, and the concentration of each kind of cytokine was
calculated according to the standard curve.

RT-PCR

Total RNA was extracted from i-ECs using TRIzol (Invitrogen Life Tech-
nologies). The first-strand cDNA was synthesized from 4 pg of RNA using
5X first-strand buffer, DTT, random primer, and SuperScript II RNase
H-Reverse Transcriptase from Invitrogen Life Technologies and dNTP and
RNase inhibitor from Toyobo Biochemicals for Life Science in a 20-ul
system. The synthesized cDNA (2 ul) was amplified using PCR kit (Takara
Bio) in a 50-ul system with primers described previously. The specific
primers were as follows: B-actin sense, 5'-TTCTGCATCCTGTCAG
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CAAT-3’, and antisense, 5'-TAAAACGCAGCTCAGTAACAGTCCG-3';
primers for IL-15: sense from exon 1, 5'-GGAAGGCTGAGTTCCAC
ATC-3', and antisense from exon 5, 5'-AGGGAGACCTACACTGACAC-
3’; sense from exon 3, 5'-GTTCTGGATGGATGGATGGCAGCT-3’, and
antisense from exon 7, 5'-CTGTTTGCAAGGTAGAGCACG-3’ (26).

Generation of BM chimeras

BM hemopoietic cells were harvested from femurs and tibias of Ly-
5.2*MyD88 7/~ and Ly-5.1*WT mice by lavaging the cavity of the bones
with HBSS. The BM cells from Ly-5.2*"MyD88 ™~ mice were transferred
to Ly-5.1*WT mice. BM cells from Ly-5.1 "WT mice were transferred to
Ly-5.2"MyD887/~ mice or Ly-5.2*MyD88~/~ IL-15Tg mice. Recipients
were irradiated with 1100 rad (11 Gy) of y-ray in a single dose 3 h before
the transfer with 5 X 10% BM celis through the tail vein. i-IELs derived
from the donor in the BM chimeras were analyzed 8 wk after the BM
transfer. i-IELs were gated by CD45.1 (Ly-5.1) or CD45.2 (Ly-5.2) ac-
cording to their expression on the donor of the BM transfer by histogram
to distinguish the donor-derived i-IELs from the host-derived i-IELs.

Staristical analysis

Student’s ¢ test was used to determine the statistically significant differ-
ences for cell counts between experimental groups. A value of p < 0.05
was taken as existence of statistically significant difference between ex-
perimental groups.

Results

CD8wa/TCRuf and TCRvy8 i-IELs were decreased in naive
MyD88™"" mice

Differences between i-IEL subpopulations in naive MyD88 ™/~
mice and WT mice were analyzed by FACS. Typical results are
presented in Fig. 1A, and the mean number of each i-IEL subpopu-
lation from five mice is summarized in Fig. 1B. Proportions of
CD8@a/CD3™ and TCRy&/CD3" i-IELs were markedly de-
creased in MyD88 ™'~ mice (Fig. 14). MyD88 ™/~ mice had sig-
nificantly decreased numbers of CD8ao/CD3™* and TCRy8/CD3*
i-IELs (p < 0.01; Fig. 1B). There were no significant differences
in the numbers of CD8«B/CD3 ™ or TCRe3/CD3™ i-IELs between
MyD88 '~ and WT mice, although their proportions relatively
were increased in MyD88 ™/~ mice (Fig. 1, A and B). Nearly half
of the TCRaB™ i-IELs expressed CD8aa in WT mice, while the
proportion of CD8a« subpopulation in TCRaB™" i-IELs was de-
creased in MyD88™'~ mice (Fig. 1C). In contrast, most of
TCRvy8" i-IELs expressed CD8aa WT mice, and the proportion
of CD8aa subpopulation was only slightly decreased in TCRy8™
i-IELs (Fig. 1C). Thus, CD8axa™ subpopulation was selectively
reduced in TCRaB* i-IELs in MyD88 ™/~ mice (p < 0.05; Fig.
1D), while TCRy8™ i-IELs were decreased in MyD88 ™/~ mice
regardless of CD8af (p < 0.05) or e (p < 0.01; Fig. 1D).

Cytokine production by i-IEL in MyD88™'~ mice

To investigate the qualitative difference of i-IEL in MyD88 ™/~
mice from those in WT mice, we next examined IFN-v, IL-4, and
IL-10 production in the supernatant of i-IEL cultured with immo-
bilized anti-CD3e mAb by ELISA (Fig. 2). The concentrations of
IL-10, IFN-v, and IL-4 in the supernatant of cultured i-IEL of
MyD88 '~ mice were significantly increased as compared with
WT mice (p < 0.05). Thus, these results suggest that i-IELs in
MyD88 ™'~ mice are comprised of larger numbers of i-IELs capa-
bie of producing higher levels of cytokines.

Introduction of IL-15 transgene can recover the number of
CD8aa TCRaf and TCRvS i-IEL subpopulations in MyD8S™/~
mice

We and others have previously reported that IL-15 plays an im-
portant role in the development of CD8«a i-IEL and TCRy8 i-IEL
(15-17). Furthermore, TLR signaling is important for transcrip-
tional activation of /L-15 gene (22, 23). These findings raise the
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FIGURE 1. Analysis of i-IEL phenotypes of WT and MyD88 ™/~ mice. A, Expression of CD8c and CD8 chains or TCRa8 and TCRy8 on CD3* i-IEL.
Cells were stained with anti-CD3e, anti-CD8q, and CD8S or TCR«f8 and TCRyd mAbs and positively gated by CD3e¢. B, Absolute numbers of i-IEL
subsets obtained from MyD88 ™~ mice. The absolute number of each subset was calculated by multiplying total number of i-IEL by the percentage of each
subset. The data are shown as the mean of four mice * SD. Significant differences compared with the value for WT mice are shown: x%, p < 0.01. C,
Expression of CD8« and CD8f chains on TCRaB or TCRy&i-IEL. Cells were stained with anti-TCR«f and anti-TCRyd, anti-CD8« and anti-CD8 mAbs,
and positively gated on TCRaB or TCRvS. D, Absolute numbers of i-IEL subsets obtained from MyD88 ™™ mice. The absolute number of each subset
was calculated by multiplying total number of i-IEL by the percentage of each subset. The data are shown as the mean of four mice * SD. Significant
differences compared with the value for WT mice are shown: %, p < 0.05; *, p < 0.01.

possibility that impairment of IL-15 production by radioresistant primers for IL-15: one specific for exons 3 and 7 and another specific
parenchymal cells such as i-EC may be responsible for decreased for exons 1 and 5 (Fig. 3). The expression of IL-15 gene by i-ECs of
number of CD8axa TCRaB and TCRy8 i-IEL in MyD88 ™/~ mice. MyD88 ™/~ mice was severely reduced in both experiments using two
To address this issue, we examined the expression of IL-15 mRNA kinds of primers (Fig. 3). These results strongly suggest that MyD88-
by i-ECs of MyD88 ™/~ mice using RT-PCR. We used two pairs of dependent signaling is important for transcriptional activation of
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FIGURE 3. Expression of IL-15 mRNA by i-ECs from MyD88 ™'~ and
MyD88~/" IL-15Tg mice. IL-15 mRNA was reversely transcribed into
first-strand cDNA. The first-strand ¢cDNA was amplified using primers
from exons 3 and 7 of IL-15 or using primers from exons 1 and 5 of IL-15.
Two kinds of mRNA were shown. One was normal transcript comprising
all exons. The other was alternatively spliced transcript that lacked exon 2,
thereby 120 bp smaller than the normal transcript.

IL-15 gene in i-EC and consequently for development and/or main-
tenance of CD8aa TCRa and TCRy8d i-IEL.

To address this possibility more directly, we introduced IL-15
transgene into MyD88 ™/~ mice by crossing MyD88 ™/~ mice with
IL-15Tg mice carrying alternative spliced IL-15 cDNA lacking
exon 2 under control of the H-2K promoter and Ig enhancer (24).
As shown in Fig. 3, the expression level of IL-15 mRNA, as as-
sessed with primers specific for exons 3 and 7, was increased in
MyD88 '~ IL-15Tg mice compared with MyD88~'" mice. To
distinguish between IL-15 mRNA-derived endogenous gene and
that from the transgene, we purposely used primers specific for
exons 1 and 5 for RT-PCR. As shown in Fig. 3, IL-15 mRNA
expressed by MyD88 '~ IL-15Tg i-ECs was 120 bp smaller in
size than those expressed by iEC of WT mice using primers for
exons 1 and 5, indicating that the IL-15mRNA mainly derived
from IL-15 transgene lacking exon 2.

We then analyzed the phenotype of i-IEL subpopulations in
MyD88 ™/~ IL-15Tg mice. As shown in Fig. 4, the proportions of
CD8aa TCRaf and TCRy8 i-IELs were significantly increased in
MyD88 ™/~ IL-15Tg mice compared with MyD88™'~ mice (p <
0.05 for TCRyS and p < 0.01 for CD8aq; Fig. 4, A and B). Thus,
introduction of exogenous IL-15 by Tg manipulation was able to re-
store the CD8aa TCRaf and TCRS i-IELs in MyD88 ™'~ mice.

Radioresistant host parenchymal cells are responsible for the
change in i-IELs of MyD88™~ mice

TLRs are expressed not only by radio-susceptible hemopoietic
cells such as Md/dendritic cells, but also by radioresistant paren-
chymal cells such as epithelial cells (27). To determine whether
hemopoietic or parenchymal cells are responsible for the develop-
ment, differentiation, and maintenance of CD8wxa/TCRafB and
TCRvS i-IELs in MyD88 ™~ mice, we transferred BM cells for
Ly-5.1"WT mice and Ly-5.2"MyD88 ™/~ mice into lethally irra-
diated Ly-5.2"MyD88 ™/~ mice or Ly-5.2"MyD88 ™/~ IL-15Tg
mice and Ly-5.1* WT mice, respectively. As a result, we generated
three types of BM chimera mice: the first type had parenchymal
cells with functional MyD88 and hemopoietic cells deficient in
MyD88 (Ly-5.2*MyD88 ™'~ mice as donors and Ly-5.1"WT
mice as recipients); the second type had parenchymal cells defi-
cient in MyD88 and hemopoietic cells with functional MyD38
(Ly-5.1"WT mice as BM donor and Ly-5.2"MyD88 ™'~ mice as
recipients); and the third type had parenchymal cells deficient in
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MyD88, but carrying IL-15 transgene and hemopoietic cells with
functional MyD88 (Ly-5.1"WT mice as BM donor and Ly-
5.2*MyD88 ™/~ IL-15Tg mice as recipients). Consistent with re-
sults obtained in our previous studies (28), hemopoietic cells were
almost completely replaced by donor-derived hemopoietic cells in
i-IELs by 8 wk after BM cell transfer in both types of BM chimera
mice (data not shown). We analyzed the phenotypes of donor-
derived CDSaa/CD3™, CD8af/CD3*, TCRaf/CD3™*, and
TCRy8/CD3" i-IELs of BM chimera mice at 8 wk after BM trans-
fer (Fig. 5). The Ly-5.2*"MyD88 '~ donor-derived i-IELs in BM
chimera mice with Ly-5.1"WT parenchymal cells had the same
proportions of CD8aa/CD3* and TCRyS/CD3* i-IELs as WT
mice (Fig. 5). The Ly-5.1"WT donor-derived i-IELs in BM chi-
mera mice with Ly-5.2*MyD88 ™~ parenchymal cells showed
significantly reduced proportions of CD8aa/CD3™ i-IEL (p <
0.05) and TCRy8/CD3™ i-IELs (p < 0.01), as was similar to the
proportions found in MyD88 ™/~ mice, whereas the Ly-5.1"WT
donor-derived i-IELs in BM chimera mice with Ly-
5.2%MyD88 '~ IL-15Tg parenchymal cells showed significantly
increased numbers of CD8aa/CD3™ i-IEL (p < 0.05) and
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FIGURE 4. Analysis of i-IEL phenotypes of MyD88™/~ mice and
MyD88 /= IL-15Tg mice. A, Expression of CD8a and CD8f chains on
CD3* i-IEL. Cells were stained with anti-CD3e, anti-CD8«, and anti-
CD8B mAbs and positively gated by CD3e. Expression of TCRaf3 or
TCRv8 i-IEL on CD3% i-IEL. Cells were stained with anti-CD3g, anti-
TCRaf, and anti-TCRyS mAbs, and positively gated by CD3e. B, Abso-
lute numbers of i-IEL subsets obtained from MyD88™/~ mice and
MyD88~/~ IL-15Tg mice. The absolute number of each subset was cal-
culated by multiplying total number of i-IEL by the percentage of each
subset. The data are shown as the mean of four mice * SD. Significant
differences compared with the value for WT mice are shown: #*, p < 0.01.
Significant differences compared with the value for MyD88~/~ mice are
shown: &%, p < 0.05; ##:#%, p < 0.01.
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mice and Ly-5.2*MyD88 ™'~ or Ly-5.2*MyD88 ™/~ IL-
15Tg mice transferred with Ly-5.2"MyD88™/~ BM
cells and Ly-5.1*WT BM cells after 1100 rad of gamma
ray irradiation, respectively. i-IELs derived from the do-
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nor in the BM chimeras were analyzed 8 wk after the
BM transfer. i-IEL were stained with anti-CD3e, anti-
CD8a, or anti-TCRaf, anti-CD8, or anti-TCRy8, and
anti-Ly-5.1 or anti-Ly-5.2 mAbs and gated on CD3 and

Ly-5.1- or Ly-5.2-positive cells. The data are shown as
the mean of four mice £ SD. Significant differences
compared with the value for irradiated MyD88 ™/~ mice
transferred with WT BM cells are shown: *, p < 0.05.

TCR+y8/CD3™ i-IELs (p < 0.05). These resulis suggest that the
changes in the proportions of CD8aa TCRaf and TCR-y8 i-IELs
in MyD887/~ mice essentially depend on the deficiency of
MyD88 in radioresistant parenchymal cells rather than on hemo-
poietic cells, and that introduction of exogenous IL-15 in the pa-
renchymal cells by Tg manipulation was able to restore the
CD8aa TCRaB and TCRyS i-1ELs.

Discussion
Several cytokines and hormones, such as c-kit, thymotrophin-re-
leasing hormones, IL-7, and IL-15, are known to be involved in
development and maintenance of CD8«a i-IEL (15-17, 29, 30).
Schluns et al. (31) proved that the development of CD8aa« i-IEL
subset completely depended on the expression of IL-15 and IL-
15Ra of parenchymal cells. We found that MyD88-dependent sig-
naling in radioresistant host parenchymal cells played an important
role in development of CD8aa TCRaf and TCRv$ i-IELs, and
the signaling was essential in transcriptional activation of IL-15 in
i-EC. It is most likely that i-EC contribute to development and
maintenance of CD8aa TCRaB and TCRvy$§ i-IEL via IL-15 pro-
duction, although the possibility is not excluded that other paren-
chymal cells might be involved in IL-15 production. We and others
previously reported that transcriptional factors, including NF-«B,
played important roles in transcriptional activation of IL-15 in
LPS-stimulated M ¢ and virus-infected cell lines (22, 23). MyD88
is a very important adaptor in the pathway of the signal transduc-
tion of most TLRs, which activate NF-«B (19, 21, 24). Thus,
MyD88-dependent signaling for IL-15 production from interaction
between commensal bacteria and i-ECs via TLRs may play an
important role in development and maintenance of CD8ao/
TCRapB and TCRvy8 i-IELs. Our data showed that the proportions
of CD8aa TCRaB and TCR+y& i-IELs were not completely re-
stored to the normal level of WT mice after introduction of 1L-15
transgene into MyD88 ™/~ mice. This may be because the expres-
sion of 1L-15 in MyD88 ™'~ IL-15Tg mice did not reach the nor-
mal level. Alternatively, some subpopulations in CD8a« TCRaf8
and TCRvé i-1ELs may depend for their development and main-
tenance on factors other than IL-15, which are also induced by
MyD88-dependent signaling. The factors may remain at low level,
resulting in incomplete restoration of the i-IEL in MyD88 ™/~ IL-
15Tg mice. Additional experiments for V repertoire and surface
markers are needed to clarify this possibility.

Murine i-IELs consist of approximately equal amounts of
TCRe«f and TCRv6 i-IELs and unique populations bearing CD8

TCR yd

homodimeric a-chains as well as those bearing CD8 heterodimeric
a- and B-chains (32, 33). i-IELs produce a variety of cytokines,
including Thl-type cytokines, Th2-type cytokines (34), and im-
munosuppressive cytokines such as TGF-g8 and IL-10 (35). i-IELs
are thought to play important roles in the helper function for local
IgA response and homeostasis of i-ECs through production of cy-
tokines such as TGF-8 (36). i-IELs also exhibit non-MHC-re-
stricted cytotoxicity via serine esterase-dependent and Fas/Fas li-
gand-dependent mechanisms that provide surveillance against
infected cells, premalignant cells, and effete cells (5-6).
TCRy8™'~ mice showed impaired development of villi (7, 37),
suggesting that TCR+y8 i-IELs play an important role in homeosta-
sis of i-EC differentiation. It has been reported that a significant
fraction of i-IELs such as TCR+yd i-IELs and CD8«a« i-1ELs is
thought to down-regulate excessive inflammation caused by infec-
tion and autoimmunity (8, 38, 39). In the present study, we found
that whole i-IEL in MyD88 ™/~ mice produced the larger amounts
of IFN-y upon TCR triggering than those in WT mice. It is most
likely that the increased cytokine production simply reflects the
relatively increased number of CD8aBf TCR«f i-IEL in
MyD88 ™'~ mice. However, it is also possible that MyD88-depen-
dent i-IEL populations may suppress the function of CD8«f
TCRap i-IEL upon TCR triggering via their suppressive activities.

Rakoff-Nahoum et al. (18) have reported recently that
MyD88 ™/~ mice showed a defect in steady state intestinal epithe-
lial homeostasis, resulting in high susceptibility to intestinal injury
induced by dextran disulfide sodium. These results suggest that
MyD88-dependent TLR signaling in i-ECs plays an important role
in the homeostasis of i-ECs. They also reported increase in count
of proliferating i-ECs in MyD88 ™'~ mice and reduced levels of
cytoprotective cytokines such as IL-6 and KC/CXCL1 and cyto-
protective protein, heat shock protein, produced by i-ECs in
MyD88 '~ mice. They speculated that the direct stimulation of
i-ECs by intestinal microflorae via MyD88-dependnet TLR signal-
ing induces cytoprotective cytokines and proteins, including IL-6
and heat shock protein, which result in steady state intestinal ep-
ithelial homeostasis. We previously reported that CD8a ™'~ mice
showed high susceptibility to 5-fluorouracil-induced intestinal in-
jury (40), suggesting that CD8a« i-1IELs are important for intes-
tinal homeostasis. Therefore, we suggest that impairment of de-
velopment, differentiation, and maintenance of CD8aa and
TCR 8 i-IELs in MyD88 ™/~ mice accounts at least partially for
the defect in steady state intestinal epithelial homeostasis and sus-
ceptibility to intestinal injury.
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In summary, we found that MyD88-dependent signaling is im-
portant for the development and maintenance of CD8aa TCRaf
and TCRvyd i-IELs in mice. Experiments with BM chimera mice
demonstrated that MyD88-dependent signaling in radioresistant
host parenchymal cells is important in keeping the number of the
i-IEL populations. The expression level of IL-15 was greatly re-
duced in i-ECs of MyD88 ™" mice, and introduction of IL-15
transgene in MyD88™'~ mice restored the numbers of CD8wa
TCRoB and TCR¥8 i-IELs in MyD88 ™'~ mice. These results sug-
gest that MyD88-dependent signaling for IL-15 production from
interaction between commensal bacteria and i-ECs via TLRs plays
an important role in maintenance of the number of CD8waa/

TCRap and TCRyd i-1ELs.
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Essential Role of IkB Kinase « in Thymic Organogenesis
Required for the Establishment of Self-Tolerance®

Dan Kinoshita,* Fumiko Hirota,” Tsuneyasu Kaisho,® Michiyuki Kasai," Keisuke Izumi,"
Yoshimi Bando,” Yasuhiro Mouri,* Akemi Matsushima,* Shino Niki,* Hongwei Han,*
Kiyotaka Oshikawa,” Noriyuki Kuroda,* Masahiko Maegawa,* Minoru Irahara,*
Kiyoshi Takeda,! Shizuo Akira,” and Mitsuru Matsumoto?*

IxB kinase (IKK) « exhibits diverse biological activities through protein kinase-dependent and -independent functions, the former
mediated predominantly through a noncanonical NF-kB activation pathway. The in vivo function of IKK @, however, still remains
elusive. Because a natural strain of mice with mutant NF-«B-inducing kinase (NIK) manifests autoimmunity as a result of
disorganized thymic structure with abnormal expression of Rel proteins in the thymic stroma, we speculated that the NIK-IKK «
axis might constitute an essential step in the thymic organogenesis that is required for the establishment of self-tolerance. An
autoimmune disease phenotype was induced in athymic nude mice by grafting embryonic thymus from IKK a-deficient mice. The
thymic microenvironment that caused autoimmunity in an IKK «-dependent manner was associated with defective processing of
NF-kB2, resulting in the impaired development of thymic epithelial cells. Thus, our results demonstrate a novel function for IKX «
in thymic organogenesis for the establishment of central tolerance that depends on its protein kinase activity in cooperation with

NIK. The Journal of Immunology, 2006, 176: 3995-4002.

he transcription factor NF-«B plays an important role in

the regulation of innate immunity, stress responses, in-

flammation, and the inhibition of apoptosis (1, 2). The
activity of NF-«B is tightly regulated through the IxB kinase
(IKK)? complex, which consists of two catalytic subunits (IKKa
and IKKf) and a regulatory subunit IKKvy) (2). IKKa has been
shown to be phosphorylated by NF-kB-inducing kinase (NIK) (3),
which is structurally related to MEK kinase (4). Many aspects of
the in vivo function of these key players have been elucidated by
the use of both gene-targeted mice and natural mutant mice (2).
The alymphoplasia (aly) strain of mice carries a natural mutation
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of the NIK gene (5, 6) in which a G855R substitution in the C
terminus of the protein results in inability to bind to IKKa (7). We
have demonstrated previously that a defective NIK-IKK« axis
downstream of lymphotoxin (LT) BR, a receptor essential for sec-
ondary lymphoid organogenesis (8), is responsible for the abnor-
mal development of secondary lymphoid organs in aly mice (7, 9).

In addition to its essential role in secondary lymphoid organogen-
esis, we have demonstrated recently that NIK is required in the thymic
stroma for the organization of the thymic microenvironment (10).
Abnormal thymic organogenesis in the absence of normal NIK ac-
counts for the autoimmune disease phenotype seen in aly mice, which
is characterized by chronic inflammatory changes in several organs,
including the liver, pancreas, salivary gland, and lacrimal gland (5,
10). Because breakdown of self-tolerance is considered to be the key
event responsible for the autoimmune disease process, and establish-
ment of self-tolerance primarily depends on physical contact between
thymocytes and thymic stroma (11), characterization of the stromal
elements involved may contribute to the development of a therapeutic
approach to many autoimmune diseases.

Medullary thymic epithelial cells (mTECs) play pivotal roles in the
cross talk between developing thymocytes and thymic stroma (12).
Elimination of autoreactive T cells (negative selection) and/or pro-
duction of immunoregulatory T cells (Tregs) are most likely mediated
by a set of self Ags expressed on mTECs (13, 14). In fact, gene
expression studies have demonstrated that mTECs are a specialized
cell type in which promiscuous expression of a broad range of tissue-
specific Ag (TSA) genes is an autonomous property (15). Studies on
mice with autoimmune phenotypes resulting from an abnormal thy-
mic microenvironment have provided useful insights into this mech-
anism. Autoimmune regulator (Aire)-deficient mice have mTECs
with reduced expression of many, but not all, TSAs, but have appar-
ently normal thymic structure (16, 17). These results suggest that Aire
regulates transcription of TSAs within developed mTECs without in-
fluencing the development of these cells. In contrast, reduced expres-
sion of TSAs (and Aire) in the thymus from NIK mutant mice is
associated with impaired development of mTECs (10); NIK“»7
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mice lack Ulex europaeus (UEA)-1" mTECs and have reduced num-
bers of ER-TR5" mTECs. Although these results are consistent with
the idea that NIK affects TSA expression in the thymus through a
developmental effect on mTECs, it is not clear whether NIK has any
significant roles in the transcription of TSA genes within these cells,
as suggested for Aire.

Initial studies of mice deficient in IKKa have unveiled an un-
expected function of IKKa« for the development of limbs and skin
(18, 19). Subsequent studies have revealed a two-dimensional role
for IKK «, which possesses both protein kinase-dependent and protein
kinase-independent functions. It has been demonstrated that kinase
activity is required for lymphoid organogenesis (7, 20), B cell devel-
opment and function (21), and mammary gland development (22). In
contrast, kinase-independent activity is required for epidermal kera-
tinocyte differentiation and skeletal and craniofacial morphogenesis
(23, 24). Perinatal death of IKK ™"~ mice, however, has hampered a
detailed analysis of the in vivo immunological function of IKKa.
Given that NIK***® mice have disorganized thymic structure to-
gether with an organ-specific autoimmune disease, we hypothesized
that IKK« in the thymic stroma has similar roles to those of NIK. In
the present study, we have examined this hypothesis and demon-
strated that IKK« regulates thymic organogenesis and establishes
self-tolerance primarily through a noncanonical NF-kB activation
pathway with NIK, which requires the processing of NF-«B2 (i.e.,
production of p52 from its precursor p100) (25). With the use of
isolated thymic epithelial cells (TECs) together with mTEC lines
established from NIK?%”“" mice, we have also demonstrated that the
NIK-IKK« axis regulates thymic expression of TSAs predominantly
through the developmental process of mTECs, not through transcrip-
tional control of TSA genes within developed mTECs. Thus, our
results illustrate a novel function of IKKe in thymic stroma-
dependent self-tolerance that cannot be compensated for by the
related IKK 8 subunit.

Materials and Methods

Mice

BALB/cA Jcl-v mice (BALB/c™ mice) and NIK“** mice were purchased
from CLEA Japan, and Rag2-deficient mice on BALB/c background were
acquired from Taconic Farms. IKK& ™/~ mice were generated by gene target-
ing, as described previously (18). The mice were maintained under pathogen-
free conditions and were handled in accordance with the Guidelines for
Animal Experimentation of Tokushima University School of Medicine.

Thymus grafting

Thymus grafting was performed, as previously described (10). Briefly, thy-
mic lobes were isolated from embryos at 14.5 days postcoitus and were
cultured for 4 days on top of Nucleopore filters (Whatman) placed on
RPMI 1640 medium (Invitrogen Life Technologies) supplemented with
10% heat-inactivated FBS (Invitrogen Life Technologies), 2 mM L-glu-
tamine, 100 U/ml penicillin, 100 ug/ml streptomycin, 50 uM 2-ME, and
1.35 mM 2’-deoxyguanosine (2-DG; Sigma-Aldrich). Five pieces of thy-
mic lobes were grafted under the renal capsule of BALB/c™"™ mice. After
6—~8 wk, reconstitution of peripheral T cells was determined by flow cy-
tometric analysis (BD Biosciences) with anti-CD4 (clone GKI1.5; BD
Pharmingen) and anti-CD8 (clone 53-6.7, BD Pharmingen) mAbs, and
then thymic chimeras were used for the analyses.

Western blotting

Proteins extracted from embryonic thymic lobes, prepared as described
above, were analyzed with an ECL. Western blotting detection system (Am-
ersham Biosciences). Rabbit anti-peptide Abs directed against p52 (catalog
no. sc-298) and RelB (catalog no. sc-226), mouse anti-lck mAb (catalog no.
sc-433), and goat anti-actin Ab (catalog no. sc-1616) were all purchased
from Santa Cruz Biotechnology.

Pathology

Formalin-fixed tissue sections were subjected to H&E staining, and two
pathologists independently evaluated the histology without being informed
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of the detailed condition of the individual mouse. Histological changes
were scored as 0 (no change), 1 (mild lymphoid cell infiltration), or 2
(marked lymphoid cell infiltration).

Establishment of TEC lines from NIK“®™® mice

TEC lines were established from NIK“**% embryos at 14.5 days postcoi-
tus, as previously described (26). These cells were maintained with gamma
ray-irradiated (40 Gy) Swiss 3T3 cells as feeder cells in calcium-free MEM
(Invitrogen Life Technologies) supplemented with 10% heat-inactivated
FBS, 3 mM L-glutamine, 50 pg/ml gentamicin, 50 pM 2-ME, and 1 pg/ml
hydrocortisone (Sigma-Aldrich). NIK“**" mouse origin was confirmed by
sequencing of the aly-type NIK gene (6, 7).

Immunohistochemistry

Immunohistochemical analysis of the grafted thymus was performed, as
previously described (10). Briefly, frozen tissue sections were fixed in cold
acetone and stained by first incubating them with ER-TRS (27) and UEA-
1-biotin (Vector Laboratories). After being washed, the sections were fur-
ther incubated with Alexa 594-conjugated goat anti-rat lgG (Invitrogen
Life Technologies) and Alexa 488-conjugated streptavidin (Invitrogen Life
Technologies) for the immunofiuorescence. For the detection of autoanti-
bodies, serum from thymic chimeras was incubated with various organs
obtained from Rag2-deficient mice. FITC-conjugated anti-mouse 1gG Ab
(Southern Biotechnology Associates) was used for the detection. Poly-
clonal anti-Aire Ab was produced by immunizing rabbits with peptides
corresponding to the COOH-terminal portion of mouse Aire, and Alexa
488-conjugated donkey anti-rabbit IgG (Invitrogen Life Technologies) was
used as a secondary Ab for detection. TEC lines established from NIK <
embryos were seeded on coverslips and subjected to immunohistochemis-
try, as previously described (28). Anti-epithelial cell adhesion molecule
(Ep-CAM) mAb (BD Biosciences) and anti-keratin-5 polyclonal Ab (Co-
vance) were used for the staining. DNA staining was with 4’'6-diamidino-
2-phenylindole (Roche Applied Science).

NF-kB2 processing

TECs were stimulated with agonistic anti-LTBR mAb (clone AF.H6; pro-
vided by P. Rennert, Biogen Idec) (29) (5 pg/ml) or with agonistic anti-
CD40 mAb (clone 3/23; Serotec) (5 ng/ml) for 8 h. Cytoplasmic and nu-
clear extracts were prepared from the cells, as described previously (30),
and were subjected to Western blotting with rabbit anti-p52 Ab from Up-
state Biotechnology (catalogue 06-413).

Thymic stroma preparation

Thymic stroma was prepared, as described previously (17). Briefly, thymic
lobes were isolated from three to six mice for each group and cut into small
pieces. The fragments were gently rotated in RPMI 1640 medium (Invitro-
gen Life Technologies) supplemented with 10% heat-inactivated FCS (In-
vitrogen Life Technologies), 20 mM HEPES, 100 U/ml penicillin, 100
wng/ml streptomycin, and 50 uM 2-ME, hereafter referred to as R10, at 4°C
for 30 min, and dispersed further with pipetting to remove the majority of
thymocytes. The resulting thymic fragments were digested with 0.15
mg/ml collagenase IV (Sigma-Aldrich) and 10 U/m! DNase I (Roche Mo-
lecular Biochemicals) in RPMI 1640 at 37°C for 15 min. The supernatants
that contained dissociated TECs were saved, whereas the remaining thymic
fragments were further digested with collagenase IV and DNase 1. This
step was repeated twice, and the remaining thymic fragments were digested
with collagenase IV, DNase I, and 0.1 mg/ml dispase I (Roche Applied
Science) at 37°C for 30 min. The supernatants from this digest were com-
bined with the supernatants from the collagenase digests, and the mixture
was centrifuged for 5 min at 450 X g. The cells were suspended in PBS
containing 5 mM EDTA and 0.5% FCS and kept on ice for 10 min. CD45~
thymic stromal cells were then purified by depleting CD45™ cells with
MACS CD45 microbeads (Miltenyi Biotec), according to the manufactur-
er’s instructions. The resulting preparations contained ~60% Ep-CAM™
cells and <10% thymocytes (i.e., CD4/CDS8 single-positive and CD4/CD8
double-positive cells), as determined by flow cytometric analysis.

Real-time PCR and semiquantitative RT-PCR

Real-time PCR for quantification of TSA genes was conducted with cDNA
prepared from RNAs extracted from whole thymus or from isolated TECs.
The primers, the probes, and the reactions were those described previously
(10, 17). Cathepsin S primers were 5'-GCCATTCCTCCTTCTTCTTC
TACA-3" and 5'-CAAGAACACCATGATTCACATTGC-3’, and the ca-
thepsin S probe was 5'-FAM-AAGCGGTGTCTATGATGACCCCTCCT
GTA-3" (31). Semiquantitative RT-PCR of TSA genes was conducted, as
previously described (10, 17).
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Results

IKKa in the thymic stroma is required for self-tolerance

We have demonstrated recently that aly mice, a natural strain with
mutant NIK, manifest autoimmunity resulting from disorganized
thymic structure with abnormal expression of Rel proteins in the
thymic stroma (10). Although the identity of the upstream receptor(s)
controlling NIK-dependent thymic organogenesis has not been fully
determined (see Discussion), we speculated that IKK & might function
as a downstream kinase of NIK in this process. Because of the peri-
natal death of IKKa ™~ mice (18, 19), we assessed thymic organo-
genesis and T cell development in IKKa ™'~ mice by using embry-
onic thymus; thymic lobes were isolated from control and IKKe ™"~
embryos at 14.5 days postcoitus and cultured for 4 days in vitro. Such
thymic lobes supported maturation of thymocytes similarly in both
control and IKKa ™/~ mice (Fig. 1), indicating a dispensable role of
IKK « in both thymocytes and thymic stroma in their developmental
cross talk. The dispensability of IKKa in thymocyte development
assessed with this fetal thymus organ culture system is consistent with
the observation of normal T cell development in chimeras in which
IKKa ™~ fetal liver cells were transferred into irradiated Rag2-defi-
cient mice (21). Of importance, histological examination of those chi-
meras showed no signs of autoimmune disease (T. Kaisho, K. Tzumi,
and M. Matsumoto, unpublished observation), suggesting that IKK a-
deficient T cells do not promote the development of autoimmune dis-
ease in a cell-autonomous manner. In contrast, we speculated that
KK« in thymic stroma might be essential for the establishment of
self-tolerance, as demonstrated for NIK (10). To test this hypothesis,
we generated thymic chimeras. The 2-DG-treated embryonic thymic
Tobes, which did not contain any live thymocytes as determined by
flow cytometric analysis (see Fig. 1, left panels) and by Western blot-
ting with anti-lck Ab (see Fig. 2, top panel), were prepared and then
grafted under the renal capsule of BALB/c™"* mice. In this system,
mature T cells derived from IKKa-sufficient recipient BALB/c™™
mouse bone marrow are produced de novo through interaction with
the grafted thymic stroma. Grafting both control and IKKa™™ em-
bryonic thymus induced T cell maturation in the periphery of BALB/
& mice to a similar extent: CD4 " T cells plus CD8* T cells were

14.1 = 5.3% in BALB/c™" mice grafted with control thymus (n =
6) compared with 15.1 = 7.6% in BALB/c™* mice grafted with
IKKo ™~ thymus (n = 7). Remarkably, histological examination of
IKK o™~ thymus-grafted mice, but not control thymus-grafted mice,
revealed many lymphoid cell infiltrations in the liver, mainly in the
portal area (Fig. 3, A and B), which is reminiscent of the autoimmune
disease phenotype observed in NIK***? mice. To see whether T cells
developed in a thymic microenvironment without IKK  in those mice
are autoreactive per se, we injected splenocytes obtained from BALB/
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FIGURE 2. IKKa regulates the processing of NF-xB2 in thymic
stroma. Thymic lobes isolated from control (second lane) and IKKa ™"~
embryos (third lane), and cultured for 4 days in the presence of 2-DG
contain no live thymocytes, as demonstrated by the lack of Ick expression
with Western blotting (top panel). The same blot was probed with anti-Rel
protein Abs (two middle panels) and anti-actin Ab (bortom panel). p52
processing from the precursor p100 was impaired in thymic stroma from
IKKa™'~ mice. RelB expression was also reduced in IKKa ™" thymus.
Total splenocytes (Spl) from wild-type mice were used as control (first
lane). Intensities of the bands of p100 and p52 in each lane were measured
with ImageJ software (National Institutes of Health), and the ratios be-
tween p52 and pl00 are shown above the NF-«B2 Western blot. One
representative result from a total of three repeats is shown.
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FIGURE 3. Requirement for IKKe in thymic stroma for the establishment of self-tolerance. A, BALB/c™™ mice grafted with IKKa ™'~ embryonic
thymus (right panel), but not with control embryonic thymus (left panel), developed an autoimmune disease phenotype in the liver. Arrows indicate the
lymphoid cell infiltrations. The scale bar corresponds to 100 wm in size. B, Many IKKa™" thymus-grafted BALB/c™™ mice exhibited lymphoid cell
infiltrations in the liver (®; left half panel). In contrast, these changes were scarcely observed in control thymus-grafted mice (O). Injection of splenocytes
obtained from BALB/c™* mice grafted with IKK a-deficient thymus into another group of BALB/c™" mice induced lymphoid cell infiltration in the liver

of the recipient mice (@; right half panel), whereas injection of splenocytes obtained from BALB/c™* mice grafted with control thymus induced no such
changes in the recipient mice (O). Histological changes in H&E-stained tissue sections were scored as 0 (no change), 1 (mild lymphoid cell infiltration),
or 2 (marked lymphoid cell infiliration). One mark corresponds to one mouse analyzed. C, Serum from BALB/c™™ mice grafted with IKKe™" thymus
(right panels), but not with control thymus (left panels), contained IgG class autoantibodies against liver (Li; top panels), stomach (St; middle panels), and
kidney (Ki; bottom panels) detected with immunofluorescence. Original magnification, X100.

¢ mice grafted with IKK a-deficient thymus into another group of
BALB/c™™"* mice. We observed similar lymphoid cell infiltration in
the liver of the recipient mice, whereas injection of splenocytes ob-
tained from BALB/c™/™ mice grafted with control thymus induced
no such changes in the recipients (Fig. 3B). These results clearly in-
dicate the significance of IKK« as a thymic stromal element required
for the establishment of self-tolerance. Five of seven IKKa ™'~ thy-
mus-grafted mice also showed lymphoid cell infiltrations in the pan-
creas (perivascular areas near islets), although these infiltrations were
less marked than in the liver (D. Kinoshita, K. Izumi, and M. Matsu-
moto, unpublished observation). .
Development of autoimmunity in athymic nude mice grafted
with IKKa ™/~ thymus was further demonstrated by the production
of autoantibodies against various organs. When the serum from
BALB/c™"* mice grafted with IKKe ™~ thymus was tested for
reactivity against liver, six of seven showed IgG class autoanti-
bodies as detected with immunofluorescence (Fig. 3C). In contrast,
such activity was observed in only one of six control thymus-
grafted mice, and this activity was only weak. Similarly, high in-
cidences of autoantibodies against stomach (five of seven) and
kidney (six of seven) were observed in IKKa ™'~ thymus-grafted
mice, although on histological examination these organs appeared
unaffected when assessed 6-8 wk after thymus graft (D. Ki-
noshita, K. Izumi, and M. Matsumoto, unpublished observation).

IKKa in the thymic stroma regulates Rel protein expression and
thymic organogenesis

Given that IKK« plays an essential role in the thymic microenvi-
ronment that is required for the establishment of self-tolerance, we
investigated the expression of Rel proteins from IKKa ™~ thymic

stroma by Western blotting. Thymic lobes used for this experiment
were isolated from control and IKKa™~ embryos at 14.5 days
postcoitus and treated with 2-DG to isolate only thymic stromal
elements, as described above. Expression of p52 was significantly
reduced in the thymic stroma from IKKe ™~ mice compared with
that from control mice, whereas p100, a precursor form of p52,
was more abundant in IKK« ™~ mice than in control mice (Fig. 2);
the amount of p52 in thymic stroma from control mice was double
that of p100, whereas the ratio of p52 to pl00 was reversed in
IKKa™" mice. Thus, IKKa~dependent generation of p52 from
p100 in thymic stroma might constitute a second NF-kB signaling
pathway, as we originally observed in hemopoietic cells (32) and
subsequently characterized for signals through LTBR (33), CD40
(34), and B cell activating factor of the TNF family receptor (35,
36). RelB expression in the thymic stroma was slightly reduced in
IKKa™™ mice compared with that in control mice (Fig. 2), as
observed in NIK**“® mice (10). These results suggest that the
disturbed thymic microenvironment in IKKe ™~ mice is associ-
ated with abnormal regulation of the NF-«B activation pathway in
the thymic stroma in the absence of IKKa.

The essential roles of IKKe« in thymic stroma were also con-
firmed by histological examination of the grafted thymus. Al-
though embryonic thymus from control mice that had been grafted
onto BALB/c™* mice contained mTECs that bound with UEA-1,
IKKa ™~ embryonic thymus grafted onto BALB/c™* mice did
not have UEA-1" cells (Fig. 44). ER-TR5" mTECs were sparse
in IKKa™~ embryonic thymus grafted onto BALB/c™"* mice
compared with control embryonic thymus grafted similarly (Fig.
4A). Abnormal development of mTECs in the absence of IKKa
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FIGURE 4. IKKa is required for thymic organization. A, Embryonic
thymus from IKKa ™~ mice contained no UEA-1" cells (botrom middle
panel) and fewer ER-TR5" medullary epithelial cells stained in red (bottom
left panel) after grafting onto BALB/¢™™ mice compared with that from
control mice (fop left panel). UEA-1" cells from control embryonic thymus
grafted onto BALB/c™™ mice were stained in green (top middle panel), and
were merged with ER-TRS staining (fop right panel). B, Embryonic thymus
from IKK ™'~ mice grafted onto BALB/c™"™ mice contained very few Aire™
cells (top right panel), as observed in adult untreated NIK“**¥ thymus (bottom
right panel). Aire™ cells were observed in embryonic thymus from control
mice grafted onto BALB/c™™ mice (top left panel) and adult untreated NI-
K“¥* thymus (bortom left panel). Original magnification, X200. One repre-
sentative result from a total of five repeats is shown.

was also exemplified by the loss of Aire™ cells in IKKa™'~ em-
bryonic thymus grafted onto BALB/c™™ mice (Fig. 4B). A dra-
matic decrease in the number of Aire™ cells was also observed in
adult untreated NIK*>2% thymus (Fig. 4B). Because T cells with

Table 1. Expression of tissue-specific genes in the thymus®
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normal IKKe (derived from BALB/c™/* mice) cannot restore
normal mTECs in the IKKa ™/~ thymus when the interaction be-
tween T cells and thymic stromal cells is initiated from the em-
bryonic stage, the contribution of IKKa to thymic organogenesis
seems to be stromal element autonomous. These results clearly
indicate indispensable roles for IKK« as a stromal element in the
thymic organogenesis that is required for the establishment of
self-tolerance.

Developmental effect of NIK for promiscuous gene expression in
the thymus

Promiscuous gene expression of many TSAs in mTECs could play
an essential role in the establishment of central tolerance (12). The
autoimmunity developed in NIK®*”#% mice (10) and IKKa ™"~
mice, described above, might be associated with altered expression
of self Ags in the thymus. In fact, NIK***” thymus showed dra-
matically reduced transcription of many TSAs (10). We have ex-
amined whether thymic expression of TSAs is influenced by the
absence of IKK« using embryonic thymus grafted onto BALB/
™" mice; RNAs were extracted from the thymus 6 wk after
grafting when the thymus was colonized with developing thymo-
cytes derived from BALB/c™"* mouse bone marrow. By real-time
PCR, salivary protein 1 (SP1), fatty acid-binding protein (FABP),
C-reactive protein (CRP), and glutamic acid decarboxylase 67
(GADE7) were easily detected in grafted control thymus, whereas
expression of SP1, FABP, and GAD67 was below the limit of
detection in grafted IKKe™'~ thymus. Although CRP was de-
tected in grafted IKKa™~ thymus (N. Kuroda and M. Matsumoto,
unpublished observation), its expression was reduced; the value for
CRP/hypoxanthine phosphoribosyltransferase (HPRT) from con-
trol thymus was 1.61, and that for CRP/HPRT from IKKa ™"
thymus was 0.32.

Because we used RNAs extracted from total thymus instead of
isolated mTECs in both previous experiments with NIK**** mice
(10) and experiments with IKKa ™/~ thymic chimeras described
above, it is not clear whether reduced expression of TSAs was due
to the reduced number of mTECs expressing TSAs (15) or to the
lack of NIK-IKKa-dependent transcriptional control of TSA
genes. To test these possibilities, we harvested TECs (which
contain both cortical and medullary components) from adult NI-
K=Y mice and examined the expression of TSAs together with
cathepsin S (CAT-S), which is highly expressed by mTECs in the
thymic stroma (31). Consistent with immunohistochemical evalu-
ation demonstrating less abundant mTECs in NIK=>2D mice (10),
TECs purified from NIK“>#% thymus showed reduced expression
of CAT-S (Table I): the ratio between the values from NIKe»+
mice and NIK“?% mice was 0.12. When RNAs extracted from
purified TECs were tested for TSA expression by real-time PCR
using HPRT as an internal control, the difference between NI-
K+ and NIK#**» mice became subtle when compared with the
results obtained from total thymus, except for CRP (Table I). This

Genotype SP1 FABP CRP GAD67 CAT-S
aly/+ 7.97/6.28 6.10/7.62 1.30/3.04 7.18/3.80 N.A./12.2°
aly/aly 7.45 X 107%18.2 4.08 X 107%0.21 9.49 X 107%0.14 4.44 X 107%0.64 N.A./1.44
Relative abundance® (aly/aly vs aly/+) 0.93 X 107%2.90 0.67 % 107%/0.03 0.07/0.05 0.62 X 107%0.17 N.A./0.12

@ Real-time PCR for peripheral tissue-specific genes (i.e., SPI, FABP, CRP, GAD67, and CAT-S) was performed using RNAs extracted from total thymus (shown on the left)
or RNAs extracted from purified TECs (shown on the right) from NIK®* and NIK®2/%% mice. Hprt expression level was used as an internal control. Pools of TECs isolated
from three to six mice of each group were used for the analysis. One representative result from a total of two repeats is shown.

#N.A., Not applicable.

< The relative abundance of each gene was calculated from the ratio between the values from NIK®** mice and NIK“*" mice (e.g., the SP1/Hprt value from NI

mice was divided by the SPI/Hprr value from NIK** mice).

Kaly/aly
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finding is more obvious when taking into account that TECs
purified from NIK**¥ thymus contained reduced mTEC compo-
nents compared with those from NIK®?”* thymus, as revealed by
the reduced expression of CAT-S. These resulis suggest that NIK
regulates thymic expression of TSAs predominantly through the
developmental process of mTECs, and not through transcriptional
control of TSA genes within developed mTECs.

To further confirm this finding, we used mTEC lines established
from the thymus. Because we were not able to establish TEC lines
from IKKa ™~ embryos at 18.5 days postcoitus for unknown rea-
sons, we used mTEC lines established from NIK“?#¥ embryos for
this purpose; it is possible that the protein kinase-independent
function of IKKa may contribute to the growth disadvantage of
TECs lacking IKK« (23, 24). We established three cell lines from
NIK“»Y embryonic thymus (5-1, 4-1-3, and 6-5T), and these
cells were positive for Ep-CAM, an epithelial cell marker, and
staining with keratin-5 and ER-TRS (Fig. 54), but negative for
keratin-8 and Th-3 (Ref. 26 and Y. Mouri, M. Kasai, and M. Ma-
tsumoto, unpublished observation), consistent with a medullary
origin. The TEC origin of these lines was also verified by Foxnl
expression (Fig. 5C). In these NIK“*”*? mTECs, agonistic stimu-
lation of LTBR by mAb AF.H6 (29) did not induce NF-kB2 pro-
cessing, in contrast to the mTECs derived from wild-type C57BL/6
mice (26) (Fig. 5B); LTBR ligation on wild-type mTEC increased
amount of p52 in the nucleus (Nucl; bottom panel) with a con-
comitant reduction of p100 in the cytoplasm (Cyto; top panel),

FIGURE 5. Retained expression of
TSA genes in mTEC lines established
from NIK“*2" thymus. A, TEC lines es-
tablished from NIK®*¥ embryos (5-1,
4-1-3, and 6-5T) were positive for Ep-
CAM (top panels, stained in red), kera-
tin-5 (middle panels, stained in green),
and ER-TR5 (bottom panels, stained in
red). Mouse embryonic fibroblasts (MEF)
served as negative control. DNA staining
is with 4’6-diamidino-2-phenylindole
(stained in blue). Original magnification,
X200. B, In wild-type mTEC (1C6), but
not in NIK**¥ mTEC (6-5T), LTBR li-
gation with agonistic anti-LTBR mAb in-
creased amount of nuclear p52 (Nucl; bot-
tom panel) with a concomitant reduction
of pl00 in the cytoplasm (Cyto; top
panel). Such effect was observed in nei-
ther wild-type nor NIK“**® mTECs upon
CD40 stimulation. One representative re-
sult from a total of three repeats is shown.

EplAn
DAR

Keratind

DAPL

LR-Ts
DAPI

Witd-type
(1C8)

IKKe IN THYMIC STROMA-DEPENDENT SELF-TOLERANCE

whereas the same treatment induced no nuclear p52 in NIK®»%
mTEC. In contrast, CD40 ligation on both wild-type and NIK“»#%
mTECs had no such effect, which is consistent with the fact that
CD40 ™'~ mice showed undisturbed thymic architecture with nor-
mal distribution of mTECs containing UEA-1" cells, ER-TR5™
cells, and Aire™ cells (Y. Mouri and M. Matsumoto, unpublished
observation). Thus, these established cell lines show many of the
characteristics of mTECs while retaining the features of aly-type
NIK mutation.

mTEC lines established from NIK“*“% mice showed levels of
TSAs that were indistinguishable from those of control mTECs
(Fig. 5C): SP1 and FABP were expressed from all the lines from
both wild-type and NIK**”*» mTECs. Expression of CRP assessed
with real-time PCR was also indistinguishable between wild-type
and NIK“»*#% mTECs: CRP/HPRT values from wild-type mTECs
were 4.93 (line 2-3), 1.04 (line 1C6), and 2.21 (line 3-10), and
CRP/HPRT values from NIK®#® mTECs were 2.75 (line 5-1),
1.67 (line 4-1-3), and 3.01 (line 6-5T). Insulin/HPRT values from
wild-type mTECs were 0.47 (line 1C6) and 1.66 (line 3-10), and
insulin/HPRT values from NIK#» mTECs were 0.50 (line 5-1),
0.33 (line 4-1-3), and 0.65 (line 6-5T). Taken together, these re-
sults suggest that NIK is not required in individual mTECs for the
transcriptional control of TSA genes. Rather, reduced expression
of TSAs in NIK®®#Y thymus is most likely due to the develop-
mental effect of mutated NIK on mTECs, leading to reduced ab-
solute numbers of mTECs, each expressing normal levels of TSAs.

aly/aly

6-5T) atyfaly

Asterisks denote nonspecific bands. C,
Semiquantitative RT-PCR for peripheral

4-1-3

tissue-specific genes (SP1; FABP) was
performed using mTECs established from
control and NIK**#" thymus. The TEC
origin of these cell lines was verified by
Foxnl expression. B-actin was used to
verify equal amounts of RNAs in each
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sample. One representative result from a
total of three repeats is shown. Asterisks
denote nonspecific bands. —, Without
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Based on the similarity of autoimmune phenotypes between NI-
K thymus and IKKa™~ thymus, we speculate that IKKa
regulates TSA expression in the thymus through a developmental
effect similar to that of NIK.

Discussion

We have demonstrated that IKK« plays an essential role in the
organization of the thymic microenvironment that is required for
the establishment of central tolerance. Grafting the thymic stroma
from 1IKKea ™/~ mice onto athymic nude mice led to the develop-
ment of autoimmune disease in the recipients; this also occurred in
another group of recipient mice when the splenocytes from the
IKKa ™" thymus-grafted mice were transferred. The thymic mi-
croenvironment that caused autoimmune disease in an IKKa-de-
pendent manner was associated with structural abnormality (lack
of UEBA-17 cells, and sparse ER-TR5" and Aire™ cells in the
medulla), defective NF-kB2 activation (impaired processing of
p100 into p52), and reduced expression of TSAs. Because those phe-
notypes were similarly observed in NIK**#¥ mice (10), it is reason-
able to speculate that the NIK-IKK & axis constitutes an essential step
in this action, as demonstrated for secondary lymphoid organo-
genesis through LTBR involving NF-kB2 processing (7, 20, 37).

We have suggested that impaired processing of pl100 into p52
caused by mutated NIK (10) or a lack of IKK«, as demonstrated
in the present study, is relevant to the developmental defect of the
thymic microenvironment. This reasoning is apparently inconsis-
tent with the fact that mice deficient for p52 show no major defect
in the thymus (38, 39). We interpret this discrepancy as a dominant
effect of p100 on NF-kB activation in thymic stroma; accumula-
tion of p100, rather than absence of p52, might be responsible for
the thymic phenotypes we observed. In fact, mice lacking the
COOQOH-terminal ankyrin domain of NF-«B2 (i.e., p100), but still
containing a functional p52 protein, show abnormal development
of the thymus (40), indicating the relevance of p100 to the control
of thymic organogenesis. Notably, the mice deficient for p52 de-
scribed above lack the whole NF-«B2 protein (including p100)
because of the targeted deletion of the NF-«B2 gene locus (38, 39).
We therefore consider that the ratio between pl100 and p52 is a
critical determinant for proper activation of the NF-«kB complex
that contains RelB as a heterodimeric partner (see below). Accu-
mulation of p100 could disturb the nuclear localization of activated
NF-«B complex within mTECs.

Although the exact mechanism by which IKKa regulates the
thymic microenvironment that is required for the establishment of
central tolerance is unknown, the existence of disorganized thymic
structure together with an autoimmune disease phenotype in mice
with a mutation disrupting the RelB gene merits attention. Because
of the phenotypic similarities between NIK mutant mice and
RelB ™/~ mice (41) (multi-inflammatory lesions together with the
absence of UEA-1" mTECs), together with the roles of IKK«
demonstrated in the present study, we speculate that NIK-IKKa
regulates the thymic microenvironment through activation of the
NF-kB complex containing RelB. A requirement for NIK for ac-
tivation of the NF-kB complex containing RelB is also seen in the
production of NK T cells (41, 42). Interestingly, TNFR-associated
factor 6 (TRAF6) in TECs is a critical component that regulates
RelB expression, thereby controlling the thymic microenviron-
ment for the establishment of central tolerance (43). Although both
NIK-IKK a-dependent and TRAF6-dependent signals merge at the
level of the NF-xB complex (i.e., p52/RelB), it is reasonable to
speculate that the upstream receptors of each signal are distinct,
because many NIK-IKK a-dependent signals are TRAF6 indepen-
dent, as exemplified for LTBR (43), and vice versa. These results
suggest the existence of a group of receptor-mediated signals that
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together control thymic organogenesis. The mechanisms that con-
trol the specificity of the heterodimeric complex of Rel family
members (e.g., p52/RelB or p50/RelA) according to cell type
and/or cellular signals also need to be clarified by future studies.

Signaling through LTBR has been demonstrated recently to control
thymic organogenesis (44). However, because NIK®"> mice show
more severe phenotypes of thymic structure than do LTBR-deficient
mice (44), it would be reasonable to speculate that the NIK-IKK « axis
is acting downstream of additional receptor(s) beyond LTSBR in
thymic organogenesis. Because CD40 is expressed on TECs (45, 46),
and NF-«xB2 processing takes place downstrearn of CD40, at least in
B cells (34), CD40 could be a good candidate for an additional
receptor that acts in NIK-IKK«-dependent thymic organogenesis.
However, CD40™"~ mice showed undisturbed thymic architecture
with normal distribution of mTECs containing UEA-17 cells, ER-
TR5™ cells, and Aire* cells (Y. Mouri and M. Matsumoto, unpub-
lished observation), suggesting that CD40 alone is not responsible for
this action. Consistent with this finding, CD40 ligation on wild-type
mTEC (and NIK“*> mTEC as well) induced no NF-«B2 processing
(Fig. 5B), although flow cytometric analysis clearly demonstrated
CD40 expression on both mTEC lines (S. Niki and M. Matsumoto,
unpublished observation). A complete description of the upstream
receptor(s) required for thymic organogenesis in a NIK-IKKoa-
dependent manner is essential for a better understanding of the roles
of NF-«B in the establishment of central tolerance.

The cellular mechanism controlling the establishment of self-
tolerance in an IKKa-dependent manner is of considerable inter-
est. Because of the perinatal death of IKKa™~ mice, we have
investigated most of the IKKa-dependent autoimmune disease
process with thymic chimeras. Because the autoimmune disease
phenotype in NIK**“% mice is a result of both impaired elimina-
tion of autoreactive T cells and impaired production of Tregs (10),
we suggest similar mechanisms for the breakdown of self-toler-
ance in the thymic microenvironment lacking IKKea. Consistent
with this hypothesis, when control thymus and IKKa ™" thymus
were grafted simultaneously onto BALB/c™™ mice, the develop-
ment of inflammatory lesions was not completely inhibited (D.
Kinoshita, K. Izumi, and M. Matsumoto, unpublished observa-
tion), suggesting that the grafted IKKa ™'~ thymus allows produc-
tion of more pathogenic autoreactive T cells in the recipient mice
than can be controlled by the Tregs that are produced by the
grafted control thymus. We speculate that thymic stroma that has
developed in the absence of IKKa may not be able to present TCR
ligands (most likely containing self peptides) efficiently enough,
resulting in insufficient avidity for the elimination of autoreactive
T cells and/or production of Tregs (13, 14).

The autoimmunity that developed in NIK“*#% mice (10) and
IKKa ™'~ mice, described in the present study, was associated with
altered expression of self Ags in the thymus, although the signif-
icance of this finding requires further study. We investigated
whether reduced expression of self Ags in a NIK-IKKa-dependent
manner was due to a reduction in the number of mTECs expressing
these Ags or a lack of TSA gene transcription in these cells. Be-
cause purified TECs from NIK“*»*¥ thymus largely restored TSA
expression, and the levels of TSAs expressed by mTEC lines iso-
lated from NIK“*”*% mice were indistinguishable from the levels
expressed by wild-type mTEC lines, the reduced TSA expression
by total NIK“>#¥ thymus is most likely due to the effect of the
NIK-IKK« axis on the development of mTECs. Consistent with
this finding, sorted TECs from LTBR-deficient mice (which have
thymic disorganization and absolute reduction of TEC number)
demonstrated unaltered expression of TSA genes (44). In contrast,
Aire affects TSA expression without any obvious structural abnor-
malities of the thymus (16, 17). Thus, TSA expression in mTECs
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is controlled by a group of genes through their unique actions.
Identification of particular cell types responsible for TSA expres-
sion, together with the nature of the TCR ligands (possibly TSA
gene products) required for the establishment of self-tolerance,
awaits further study. With the advent of thymic organogenesis us-
ing thymic precursor cells (47, 48), it may be feasible to manip-
ulate the thymic microenvironment through the modulation of
NF-«B activation pathways, thereby controlling the processes for
the establishment of self-tolerance.
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IL-27 Suppresses CD28-Medicated IL-2 Production through
Suppressor of Cytokine Signaling 3'

Toshiyuki Owaki,*" Masayuki Asakawa,** Sadahiro Kamiya,® Kiyoshi Takeda,” Fumio Fukai,’
Junichiro Mizuguchi,** and Takayuki Yoshimoto®*

IL-27 is a novel IL-6/IL-12 family cytokine that not only plays a role in the early regulation of Th1 differentiation, but also exerts
an iphibitory effect on immune responses, including the suppression of proinflammatory cytokine production. However, the
molecular mechanism by which IL-27 exerts the inhibitory effect remains unclear. In this study we demonstrate that IL-27 inhibits
CD28-mediated IL-2 production and that suppressor of cytokine signaling 3 (SOCS3) plays a critical role in the inhibitory effect.
Although IL-27 enhanced IFN-y productien from naive CD4™ T cells stimulated with plate-coated anti-CD3 and anti-CD28 in the
presence of IL-12, IL-27 simultaneously inhibited CD28-mediated IL-2 production. Correlated with the inhibition, I1L.-27 was
shown to augment SOCS3 expression. Analyses using various mice lacking a signaling molecule revealed that the inhibition of IL-2
production was dependent on STAT1, but not on STAT3, STAT4, and T-bet, and was highly correlated with the induction of
SOCS3 expression. Similar inhibition of CD28-mediated IL-2 production and augmentation of SOCS3 expression by IL-27 were
observed in a T cell hybridoma cell line, 2B4. Forced expression of antisense SOCS3 or dominant negative SOCS3 in the T cell
line blocked the IL-27-inudced inhibition of CD28-mediated IL-2 production. Furthermore, pretreatment with 1L-27 inhibited
IL-2-mediated cell proliferation and STATS5 activation, although IL-27 hardly affected the induction level of CD25 expression.
These resuits suggest that IL-27 inhibits CD28-mediated IL-2 production and also IL-2 responses, and that SOCS3, whose
expression is induced by IL-27, plays a critical role in the inhibitory effect in a negative feedback mechanism. The Journal of

Immunology, 2006, 176: 2773-2780.

consists of an IL-12 p40-related protein, EBV-induced gene
3, and a newly discovered IL-12 p35-related protein, p28 (1).
The orphan cytokine receptor WSX-1/T cell cytokine receptor
(TCCR),> which is homologous to the IL-12R82 subunit, and
gp130 constitute a functional signal-transducing receptor for IL-27
(1, 2). IL-27 activates JAKI, JAK2, TYK2, STATI, STAT2,
STAT3, STAT4, and STATS5 in naive CD4"* T cells (3-6) and
enhances proliferation in naive, but not memory, CD4™% T cells.
IL-27 also induces the expression of T-bet, a master transcriptional
regulator for Th1 differentiation (7), and subsequent IL-12R82 and
synergizes with IL-12 in primary IFN-vy production (1, 3, 4, 6).
Previous studies using mice lacking one subunit of IL-27R,
TCCR (8YWSX-1 (9), revealed that IL-27 is required for the early
initiation of Th1 responses, and that WSX-1/TCCR-deficient mice
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have enhanced susceptibility to infection with intracellular patho-
gens such as Leishmania major (9, 10) and Listeria monocytogenes
(8). However, WSX-1 is not essential to develop the protective
Thl responses against Toxoplasma gondii parasites, but, rather,
acts to attenuate the inflammatory responses induced by the pro-
tozoan infection, including cellular hyperactivation and overpro-
duction of proinflammatory cytokines such as IFN-v, IL-4, TNF-a,
and IL-6 (5). In vitro analyses of the effect of IL-27 on Th1/Th2
differentiation demonstrated that IL-27 is not able to synergize
with IL-12 to increase the production of IFN-y by Thi cells (11).
Recent analyses of in vitro Th1/Th2 differentiation have revealed
that the ability of IL-27 to induce Th1 differentiation is most prom-
inent under Thi-polarizing conditions, but without IL-12, and is
overruled by IL-12 (12). The IL-27-induced Th1 differentiation is
mainly mediated by rapid and marked up-regulation of ICAM-1
expression on naive CD4"* T cells through ICAM-1/LFA-1 inter-
action in a STATI-dependent, but T-bet-, IFN-y-, and STAT4-
independent, mechanism. In contrast, it was recently demonstrated
that IL.-27 inhibits in vitro production of TNF and IL-12p40 in
activated peritoneal macrophages from WSX-7*" mice, but not
from WSX-17'" mice. Taken together, these in vivo and in vitro
results indicate that IL-27 not only plays a role in the early regu-
lation of Thi differentiation, but also exerts an inhibitory effect on
tmmune responses, including the suppression of proinflammatory
cytokine production. However, the molecular mechanism by
which IL-27 exerts the inhibitory effect remains unclear.

In the present study, we have found that IL-27 inhibits CD28-
mediated IL-2 production in CD4" T cells and also IL-2 re-
sponses, and that suppressor of cytokine signaling (SOCS3),
whose expression is induced by 1L-27, mediates the inhibitory ef-
fect. Thus, IL-27, which is rapidly produced from APC by the
interaction with T cells in the presence of Ag through CD40/
CD40L interaction (1), plays important roles not only to augment

0022-1767/06/$02.00
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T cell proliferation by itself and regulate early Th1 differentiation,
but also to suppress excessive progression of CD28-mediated IL-2
production and IL-2 responses by inducing SOCS3 expression in a
negative feedback mechanism.

Materials and Methods

Mice

BALB/c mice were purchased from Japan SLC. Mice transgenic (Tg) for
af TCR recognizing OVAjsy 330 (DO11.10; BALB/c background) (13)
were provided by Dr. T. Yoshimoto (Hyogo College of Medicine, Hyogo,
Japan). STATI™'~ and STAT/ ™'~ mice (14) of a mixed background of
129/Sv and C57BL/6 were provided by Dr. R. D. Schreiber (Washington
University, St. Louis, MO). STAT1-deficient mice (14) of 129/Sv back-
ground and wild-type 129/Sv mice were purchased from Taconic Farms.
Mice lacking STATS3 specifically in T cells (Lck-Cre/STAT34%) were
generated by mating STAT3"#%* mice (15), in which the STAT3 gene is
flanked by two loxP sites, and Lck-Cre Tg mice (16) (purchased from
Center for Animal Resources and Development), in which the Cre recom-
binase transgenc is regulated by T cell-specific Lck promoter.
STAT300%ox ] ok Cre/STAT3%*  or Lck-Cre/STAT3H* mice were used
as control mice. STAT4-deficient mice (17) and T-bet-deficient mice (18)
of BALB/c background were purchased from The Jackson Laboratory. All
animal experiments were performed in accordance with our institutional
guidelines.

Cells

Naive CD4™" T cells and a mouse T cell hybridoma cell line 2B4, provided
by Dr. T. Saito (RIKEN Research Center for Allergy and Immunology,
Kanagawa, Japan), were cultured in RPMI 1640 medium supplemented
with 10% FBS and 50 uM 2-ME. PLAT-E, a packaging cell line provided
by Dr. T. Kitamura (University of Tokyo, Tokyo, Japan) (19), was main-
tained in DMEM supplemented with 10% FBS.

Reagents

Anti-CD3 (145-2C11), anti-IL-2 (S4B6), anti-IL-4 (11B11), anti-IFN-y
(XMG1.2), and anti-Thyl.2 (30-H12) were purchased from American
Type Culture Collection. Anti-CD28 (37.51) and mouse rIL-2 were ob-
tained from BD Biosciences. Anti-CD25 (PC61.5) and FITC-anti-rat IgG
were obtained from eBioscience. Anti-STATI1, anti-STAT3, anti-STATS,
and T-bet were purchased from Santa Cruz Biotechnology. Anti-phospho-
tyrosine (anti-pY)-STAT]I, anti-pY-STAT3, and anti-pY-STATS were ob-
tained from Cell Signaling Technology. Anti-SOCS3 and anti-actin were
purchased from Medical Biological Laboratories and Sigma-Aldrich, re-
spectively. Mouse rIL-12 was obtained from R&D Systems. Human rIL-2
and mouse rIFN-+y were provided by Shionogi.

Preparation of purified rIL-27 protein

Recombinant 1L-27 was prepared as a soluble tagged fusion protein by
flexibly linking EBV-induced gene 3 to p28 as described previously (20).

Preparation of naive CD4™ T cells

Primary T cells were purified by passing spleen cells depleted of erythro-
cytes through nylon wool. The flow-through fraction was incubated with
biotin-conjugated anti-CD8 «, anti-B220, anti-Mac-1, anti-Ter-119, and anti-
DX5, followed by incubation with anti-biotin magnetic beads (Miltenyi
Biotec) and passed through a magnetic cell sorting column (Miltenyi Bio-
tec); the negative fraction was collected (CD4™ T cells, >95%). These
purified T cells were then incubated with anti-CD62L magnetic beads
(Miltenyi Biotec), and the positive fraction was collected as purified naive
CD4™* T cells (CD62L™* cells, >99%).

IL-2 and IFN-vy production assays

Naive CD4* T cells (1 X 10° cells/ml) from DOI11.10 Tg mice were
stimulated with 1 uM OVAs,; 33, peptide and irradiated T/NK cell-de-
pleted BALB/c spleen cells (1 X 10° cells/ml) in the presence or the ab-
sence of JL-27 (10 ng/ml) for various times. T/NK cell-depleted spleen
cells were prepared as follows. Spleen cells depleted of erythrocytes were
incubated with anti-Thy1.2, followed by incubation with anti-rat IgG mag-
netic beads (Miltenyi Biotec) together with anti-DX5 magnetic beads
(Miltenyi Biotec) and passed through a magnetic cell-sorting column. The
negative fraction was used as T/NK celi-depleted spleen cells. Naive CD4 '
T cells (5 X 10° cells/ml) were stimulated with plate-coated anti-CD3 (2
ug/ml) and anti-CD28 (0.5 pg/ml) in the presence or the absence of 11.-27
and/or IL-12 (10 ng/mi) for various times. 2B4 cells (2 X 10° cells/ml)

SUPPRESSION OF IL-2 PRODUCTION BY 1L-27

were stimulated with plate-coated anti-CD3 (0.03 pg/ml) and anti-CD28
(0.5 pg/ml) in the presence or the absence of IL-27 for 16 h. Culture
supernatant was collected and analyzed for IL-2 and/or IFN-vy production
by ELISA (21).

RT-PCR analysis

Total RNA was extracted by using a guanidine thiocyanate procedure,
cDNA was prepared using oligo(dT) primer and SuperScript reverse tran-
scriptase (Invitrogen Life Technologies), and RT-PCR was performed us-
ing Tag DNA polymerase as described previously (22). Cycle conditions
were 94°C for 40 s, 60°C for 20 s, and 72°C for 40 s. Primers used for
hypoxanthine phosphoribosyltransferase (HPRT) were described previ-
ously (23). The following primers were also used; SOCS3 sense primer,
5-TTGTCGGAAGACTGTCAACG-3'; SOCS3 antisense primer, 5'-
GAGAGTCCGCTTGTCAAAGG-3"; WSX-1 sense primer, 5'-ACCCAAA
TGAAGCCAGACAC-3"; WSX-1 antisense primer, 5'-CACACAAGGT
CTTGGGTCCT-3"; gpl130 sense primer, 5'-AGTCTGGGTGGAAGCA
GAGA-3"; and gpl30 antisense primer, 5'-CTTGGTGGTCTGGA
TGGTCT-3'.

Quantitative RT-PCR analysis

cDNA synthesis was performed as described above. Real-time PCR was
performed on an ABI 7500 (Applied Biosystems). PCR primers and probes
for mouse SOCS3 and HPRT in the TagMan Rodent Control Reagents and
TagMan Gene Expression Assays (Applied Biosystems), respectively,
were used according to the manufacturer’s instructions. PCR parameters
are as recommended for the TagMan Universal PCR Master Mix kit (Ap-
plied Biosystems). Triplicate samples of 2-fold serial dilutions of cDNA
were assayed and used to construct the standard curves.

Preparation of 2B4 transfectants

SOCS3 cDNA was isolated by RT-PCR using total RNA prepared from
Con A-activated spleen cells and was confirmed by sequencing. Antisense
SOCS3 cDNA (24) was generated using standard PCR methods and sub-
cloned into p3xFLAG-CMV-10 vector (Sigma-Aldrich). 2B4 cells were
then transfected with the antisense SOCS3 expression vector or the empty
vector as a control by electroporation and selected with geneticin (G418).

Retroviral infection

Wild-type SOCS3, dominant-negative SOCS3(F25A) (25, 26), and anti-
sense SOCS3 cDNAs were generated using standard PCR methods and
subcloned into a bicistronic retroviral vector pMX-IRES/EGFP (27), pro-
vided by Dr. T. Kitamura. The PLAT-E cell line was transfected with the
resultant vectors or the empty vector as control by using FuGene 6 (Roche)
and cultured to generate the retroviral supernatant. 2B4 cells were then
infected with the supernatant as described previously (28) and purified by
sorting using a FACSVantage (BD Biosciences).

Proliferation assay

Naive CD4* T cells (1 X 10° cells/ml) were stimulated with plate-coated
anti-CD3 (2 pg/mi) and anti-CD28 (0.5 pg/ml) in the presence or the
absence of IL-27. After 3 days, stimulated cells were recovered and
washed. Resultant cells (1 X 10° cells/ml) were cultured in the presence of
human IL-2 for 48 h and pulsed with [°H]thymidine for the last 24 h.

Western blotting

Cells were lysed in a lysis buffer containing protease inhibitors, and re-
sultant cell lysates were separated by SDS-PAGE under reducing condi-
tions and transferred to polyvinylidene difluoride membrane (Millipore) as
described previously (28). The membrane was blocked, probed with pri-
mary Ab and then with the appropriate secondary Ab conjugated to HRP,
and visualized with the ECL detection system (Amersham Biosciences)
according to the manufacturer’s instructions.

Results

IL-27 inhibits CD28-mediated IL-2 production in naive CD4* T
cells stimulated with Ag plus APC and also with plate-coated
anti-CD3 plus anti-CD28

We and other groups previously reported that IL-27 induces T-bet
and subsequent 1L-12832 expression in naive CD4"* T cells and
synergizes with IL-12 in IFN-v production (1, 3, 4, 6). Although
T-bet transcriptionally up-regulates IFN-vy production, it was orig-
inally demonstrated to down-regulate 1L-2 production as well (7).
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In addition, WSX--deficient CD4* T cells were reported to over-
produce IL-2 (3). Therefore, we first examined the effect of 1L-27
on primary 1L.-2 production. Naive CD4 " T cells from DO11.10
Tg mice were stimulated with OVA,;_5,, peptide and irradiated
T/NK cell-depleted BALB/c spleen cells in the presence or the
absence of IL-27 (10 ng/ml) for various times, and culture super-
natant was collected and analyzed for IL-2 production by ELISA.
The Ag-specific IL-2 production in naive CD4™ T cells gradually
increased with time, and IL-27 greatly inhibited IL-2 production
(Fig. 1A4). Furthermore, naive CD4" T cells from wild-type
BALB/c mice were stimulated with plate-coated anti-CD?3 and anti-
CD28 in the presence of IL-27 and/or IL-12 for various times and
analyzed for IL-2 and IFN-vy production (Fig. 1, B and C). As
reported previously (1, 3, 4, 6), IL-27 induced T-bet expression
(data not shown) and synergistic IFN-y production with IL-12
(Fig. 1C). In marked contrast, IL-27 clearly inhibited IL-2 produc-
tion in a dose-dependent manner, whereas IL-12 failed to affect
IL-2 production, but appeared to enhance the inhibitory effect of
IL-27 (Fig. 1, B and D). Without costimulation by anti-CD28, IL-2
production was not detected under the experimental conditions
(Fig. 1E). In the presence of anti-CD28, greater production of IL.-2
was observed with the higher dose of anti-CD3 used for plate
coating. IL-27 inhibited IL-2 production independently of the dose
of anti-CD3. These results suggest that IL-27 inhibits CD28-me-
diated IL-2 production in naive CD4" T cells stimulated with Ag
plus APC and also with plate-coated anti-CD3 plus anti-CD28.

IL-27 induces SOCS3 expression in naive CD4™ T cells
stimulated with plate-coated anti-CD3 and anti-CD28

Recently, it was reported that the expression of SOCS3 in early T
cell activation influences the ability of IL-2 production mediated
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by CD28 costimulation (25). In addition, IFN-y and IL-6 activate
STATI and STATS3, respectively, both of which lead to SOCS3
induction. Therefore, we next examined the effect of IL-27 on
SOCS3 expression. Naive CD4* T cells were stimulated with
plate-coated anti-CD3 and anti-CD28 in the presence or the ab-
sence of IL-27 for various times, total RNA was prepared and
analyzed for SOCS3 and HPRT mRNA expression by RT-PCR
and real-time PCR (Fig. 2). As reported previously (25), primary
unstimulated CD4 ™ T cells expressed a significant level of SOCS3
mRNA, and the expression rapidly decreased after stimulation.
However, in the presence of IL-27, SOCS3 expression was quickly
recovered and increased; this pattern appeared to correlate with the
inhibition of IL-2 production (Fig. 1B). These results suggest that
IL-27 induces SOCS3 expression in naive CD4™ T cells stimulated
with plate-coated anti-CD3 and anti-CD28, implying that SOCS3
may play a role in the exertion of inhibitory effects by IL-27.

STATI, but not STAT3, STAT4, and T-bet, is required for the
inhibition of CD28-mediated IL-2 production by IL-27, which is
highly correlated with the induction of SOCS3 expression

To further explore the correlation between inhibition of IL-2 pro-
duction and induction of SOCS3 expression by IL-27 and also
which IL-27 downstream signaling molecule is required for the
inhibition of CD28-mediated IL-2 production, we next used vari-
ous mice lacking each of these signaling molecules, T-bet, STATI,
STAT3, and STAT4. Naive CD4™ T cells were prepared from
these knockout mice and respective control mice and stimulated
with plate-coated anti-CD3 and anti-CD28 in the presence or the
absence of IL-27. After 48 h, culture supernatant was collected and
analyzed for IL-2 production by ELISA. Total RNA was also pre-
pared and analyzed for SOCS3 and HPRT mRNA expression by

production by IL-27. Naive CD4™ T cells from
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tion in the presence of [L-12 by IL-27. Naive CD4™
T cells were stimulated with plate-coated anti-CD3
and anti-CD28 in the presence or the absence of
1L-27 (10 ng/ml) and/or I1.-12 (10 ng/ml) for various
times. D, Dose-dependent inhibition of IL-2 produc-
tion by IL-27. Naive CD4* T cells were stimulated
with plate-coated anti-CD3, anti-CD?28, and various
concentrations of IL-27 for 48 h. E, Inhibition of
IL-2 production by IL-27 independently of the dose
of anti-CD3 used for plate coating. Naive CD4* T
cells were stimulated with various doses of plate-
coated anti-CD3 and IL-27 (10 ng/ml) in the pres-
ence or the absence of anti-CD28 for 48 h. Culture
supernatant was collected and assayed for IL-2
and/or IFN-y production in triplicate by ELISA.
Data are shown as the mean * SD. Similar results
were  obtained in three to  five independent
experiments.
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FIGURE 2. IL-27 induces SOCS3 expression in naive CD4™ T cells
stimulated with plate-coated anti-CD3 and anti-CD28. Naive CD4* T cells
were stimulated with plate-coated anti-CD3 and anti-CD28 in the presence
or the absence of IL-27 (10 ng/ml) for various times. Total RNA was
prepared and analyzed for mRNA expression of SOCS3 and HPRT as a
control by RT-PCR and real-time PCR. Similar results were obtained in six
independent experiments.

RT-PCR. Inhibition of IL-2 production by IL-27 was still observed
in STAT3-, STAT4-, and T-bet-deficient naive CD4* T (Fig. 3,
B-D). However, in STAT!™~ naive CD4™ T cells, IL-2 produc-
tion was hardly inhibited by IL-27 compared with that in
STATI '™ naive CD4™" T cells (Fig. 34). Consistent with these
results, the induction of SCOS3 mRNA expression was still ob-
served in STAT3-, STAT4-, and T-bet-deficient naive CD4™ T
cells, but not in STAT1-deficient naive CD4™ T cells (Fig. 3).
These results suggest that the inhibition of IL-2 production is
highly correlated with the induction of SOCS3 expression, and that
STAT] is required for inhibition of CD28-mediated IL-2 produc-
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tion and induction of SOCS3 expression by IL-27, although
STAT3, STAT4, and T-bet are not essential to them.

Similar inhibition of IL-2 production and induction of SOCS3
expression by IL-27 are observed in a T cell hybridoma cell line
2B4 as well as in primary naive CD4™ T cells

To clarify a role for SOCS3 in the inhibition of CD28-mediated
IL-2 production by IL-27, we next used a CD4 ™ T cell hybridoma
cell line, 2B4, instead of primary naive CD4™ T cells. We first -
confirmed that 2B4 cells express both IL-27R subunits, gp130 and
WSX-1, which were determined by RT-PCR (data not shown), and
that 2B4 cells are responsive to IL-27, resulting in activation of
STAT] and STAT3, which was detected by Western blotting using
anti-pY-STAT! and anti-pY-STAT3 (data not shown). Then, 2B4
cells were stimulated with plate-coated anti-CD3 and anti-CD28 in
the presence of IL-27. Culture supernatant was collected after 16 h
and analyzed for 1L-2 production by ELISA (Fig. 44). Although
stimulation with plate-coated anti-CD3 alone induced the produc-
tion of significant amounts of IL-2, the addition of anti-CD28 fur-
ther enhanced IL-2 production. Consistent with the results ob-
tained using primary naive CD4" T cells (Fig. 1D), IL-27
efficiently inhibited the CD28-mediated IL-2 production to the
level obtained after stimulation with plate-coated anti-CD3 alone
in a dose-dependent manner. Moreover, total RNA was prepared
after the 3-h stimulation and analyzed for mRNA expression of
SOCS3 by RT-PCR and real-time PCR (Fig. 4B). Correlated with
the inhibition of IL-2 production, SOCS3 mRNA expression was
induced in the presence of 1L-27. Thus, the inhibition of CD28-
mediated IL-2 production and the induction of SOCS3 expression
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FIGURE 3. STATI, but not STAT3, STAT4, or T-bet, is required for the inhibition of CD28-mediated IL-2 production by IL-27, which is highly
correlated with the augmentation of SOCS3 expression. Naive CD4* T cells lacking each of the IL-27 downstream signaling molecules, STAT1 (4), STAT3
(B), STAT4 (C), and T-bet (D), and their control cells were stimulated with plate-coated anti-CD3 and anti-CD28 in the presence or the absence of 1L-27
(10 ng/ml) for 48 h. Culture supernatant was collected and assayed for IL-2 production in triplicate by ELISA. Data are shown as the mean * SD. Total
RNA was also prepared and analyzed for mRNA expression of SOCS3 and HPRT as a control by RT-PCR. Similar results were obtained in at least three

independent experiments.
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FIGURE 4. Similar inhibition of IL-2 production and 20 -
augmentation of SOCS3 expression by IL-27 are ob-
served in a T cell hybridoma cell line 2B4 as well as in
primary naive CD4" T cells. A, 2B4 cells were stimu-
lated with plate-coated anti-CD3 and anti-CD28 in the
presence or the absence of various concentrations of
11.-27 for 16 h. Culture supernatant was then collected
and assayed for IL-2 production in triplicate by ELISA.
Data are shown as the mean = SD. B, Total RNA was
also prepared after the stimulation for 3 h in the pres-
ence or the absence of IL-27 (10 ng/ml) and was ana-
lyzed for mRNA expression of SOCS3 and HPRT as a
control by RT-PCR and real-time PCR. Similar results
were obtained in at least three independent experiments.
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by IL-27 were observed not only in primary naive CD4% T cells,
but also in a T cell hybridoma cell line, 2B4.

Forced expression of antisense SOCS3 or dominant negative
SOCS3(F25A) in a T cell line blocks the inhibition of CD28-
mediated IL-2 production by IL-27

Because a T cell line is more suitable for gene transduction, we
next generated 2B4 cells devoid of functional SOCS3 expression
by transducing antisense SOCS3 or dominant negative
SOCS3(F25A). We first prepared 2B4 cells expressing antisense
SOCS3 and its empty vector as a control by transfecting and se-
lection with geneticin (G418). Resultant stable transfectants (two
clones each) were then stimulated with plate-coated anti-CD3 and
anti-CD28 in the presence or the absence of IL-27. After stimulation
for 3 h, total RNA was prepared and analyzed for mRNA expression
of SOCS3 by RT-PCR. Augmentation of SOCS3 mRNA expression
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by IL-27 was barely observed in 2B4 transfectants expressing anti-
sense SOCS3, although augmentation was clearly observed in 2B4
transfectants expressing control vector (Fig. 5A). Correlated with the
inability to augment SOCS3 mRNA expression, inhibition of IL-2
production by IL-27 was not detected in 2B4 transfectants expressing
antisense SOCS3, although the inhibition was clearly detected in 2B4
transfectants expressing control vector (Fig. 5A).

We also prepared 2B4 cells expressing dominant negative
SOCS3(F25A), which contains a point mutation in the kinase in-
hibitory region of SOCS3 (25, 26), antisense SOCS3, and control
vector by retrovirus-mediated gene transduction, followed by pu-
rification with sorting, and analyzed the ability of IL-27 to inhibit
CD28-mediated IL-2 production in these 2B4 cells as described
above. The expression of dominant negative SOCS3(F25A) and
wild-type SOCS3 was confirmed by Western blotting using anti-
SOCS3, although endogenous expression of SOCS3 was hardly
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detected (Fig. 5C). Augmentation of SOCS3 mRNA by IL-27 was
observed in 2B4 cells expressing control vector and dominant neg-
ative SOCS3(F25A), although almost no augmentation of SOCS3
mRNA expression was observed in 2B4 cells expressing antisense
SOCS3 (Fig. 5B). Constitutive expression of SOCS3 mRNA was
observed in 2B4 cells expressing wild-type SOCS3. In 2B4 celis
expressing dominant negative SOCS3(F25A) and antisense
SOCS3, but not in those expressing control vector, CD28-medi-
ated IL-2 production was hardly inhibited by IL-27. In contrast, in
2B4 cells expressing wild-type SOCS3, augmentation of IL-2 pro-
duction by anti-CD28 itself was not observed regardless of the
presence or the absence of IL-27.

Taken together, these results suggest that IL-27 inhibits CD28-
mediated 1L-2 production, and that SOCS3, whose expression is
induced by IL-27, plays a critical role in the inhibitory effect.

IL-27 inhibits IL-2-mediated cell proliferation and STATS
activation without affecting CD25 expression

When naive CD4™ T cells were stimulated with plate-coated anti-
CD3 and anti-CD28 in the presence or the absence of IL-27 for 3
days and then expanded in medium containing IL-2 for 3 more
days, we initially noticed that recovery of the cell number in the
presence of IL-27 appears to be less than that in the absence of
IL-27 (data not shown). This implies that IL-27 may affect IL-2-
mediated cell proliferation in addition to IL-2 production. There-
fore, we finally investigated the effect of pretreatment with IL-27
on IL-2 responses. Naive CD4™ T cells were stimulated with plate-
coated anti-CD3 and anti-CD28 in the presence or the absence of
IL-27 for 3 days, and then these cells were washed and analyzed
for the responsiveness to IL-2 by determining IL-2-mediated cell
proliferation and tyrosine phosphorylation of STATS, which is a
critical signaling molecule activated by IL-2 (Fig. 6, A and B,
respectively). Naive CD4™" T cells stimulated in the absence of
IL-27 efficiently proliferated in response to increasing amounts of
IL-2. In contrast, pretreatment with IL-27 reduced IL-2-mediated
cell proliferation dose-dependently. The pretreatment also inhib-
ited JL-2-induced STATS phosphorylation in STATI*'* naive
CD4* T cells, but not in STATI ™'~ naive CD4* T cells. This is
consistent with the finding that STAT1 is required for induction of
SOCS3 expression by IL-27 (Fig. 3). We then examined the effect
of IL-27 on the induction of CD25 (IL-2Ra) expression by FACS
analysis. Stimulation with plate-coated anti-CD3 and anti-CD28
greatly enhanced CD25 expression on naive CD4* T cells,
whereas comparable induction of CD25 expression was observed
in the presence and the absence of IL-27 (Fig. 6C). These resulis
suggest that IL-27 inhibits IL-2-mediated cell proliferation and
STATS activation without affecting CD25 expression as well as
IL-2 production.

Discussion

Although 1L.-27 has both immune stimulatory and inhibitory ef-
fects, the molecular mechanism by which IL-27 exerts the inhib-
itory effect remains unclear. In the present study, we have eluci-
dated that IL-27 induces SOCS3 expression, which plays a critical
role in the inhibitory effect, including inhibition of CD28-mediated
IL-2 production (Figs. 1-5). This is consistent with the previous
report showing that WSX-1-deficient CD4™ T cells overproduce
IL-2 (5). Induction of SOCS3 expression by IL-27 is mediated
through the activation of STATI, but not of STAT3, STAT4, and
T-bet (Fig. 3). Moreover, IL-27 also inhibits IL-2-mediated cell
proliferation and STATS activation without affecting CD25 ex-
pression (Fig. 6), presumably through SOCS3. T-bet is a potent
transactivator of the IFN-y gene and a master transcriptional reg-
ulator for Thl differentiation, whereas it simultaneously represses
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FIGURE 6. 1L-27 inhibits JL-2-mediated cell proliferation and STATS
activation without affecting CD25 expression. A, Inhibition of IL-2-medi-
ated proliferation by pretreatment with IL-27. Naive CD4™ T cells were
stimulated with plate-coated anti-CD3 and anti-CD28 in the presence of
various concentrations of 11L.-27 for 3 days, then these cells were washed
and analyzed for the responsiveness to IL-2 by measuring IL-2-mediated
proliferation. Cells were restimulated with various concentrations of hu-
man IL-2 for 48 h and were pulsed with [°H]thymidine for the last 24 h. B,
Inhibition of IL-2-induced STATS activation by pretreatment with 1L-27.
STATI*'* and STATI™'™ (129/Sv background) naive CD4™ T cells were
stimulated with plate-coated anti-CD3 and anti-CD28 in the presence of
1L-27 (10 ng/ml) for 3 days, then these cells were washed, rested overnight,
and restimulated with mouse IL-2 (10 ng/ml) for 20 min. STATS5 activation
was analyzed by Western blotting with anti-pY-STATS and anti-total
STATS. C, No effect of IL-27 on up-regulation of CD25 expression. Naive
CD4™ T cells were stimulated with plate-coated anti-CD3 and anti-CD28
in the presence or the absence of IL-27 (10 ng/ml) for various times and
analyzed for cell surface expression of CD25 by FACS using anti-CD25
(solid line) and control rat IgG (plain line with shading). Similar results
were obtained in at least two independent experiments.

JL-2 gene transcription (7). IL-27 can augment T-bet and subse-
quent IL-12R2 expression in naive CD4™ T cells, resulting in
synergistic IFN-vy production with IL-12 (1, 3, 4, 6). Therefore, we
initially expected that T-bet might be required for the inhibition of
IL-2 production by IL-27. However, it turned out that SOCS3, but
not T-bet, is required for the inhibition of IL-2 production (Fig. 3).
Moreover, it was recently demonstrated that SOCS3 expression
induced by IFN-v is achieved via activation of STAT1I, but not
STAT3 (29). Similarly, I1-27 was revealed to induce SOCS3 expres-
sion via activation of STAT, but not STAT3 (Fig. 3), although IL-27
can activate both STAT1 and STATS3 efficiently (3-6).

Previously, it was demonstrated that SOCS3 is rapidly induced
by IL-2 in T cells and inhibits IL-2 responses, including STAT5





