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the IL-6 promoter, but not at the TNF-a promoter, was
prolonged in LPS-stimulated I«xBNS™~ macrophages.
Taken together, these findings indicate that TLR-induc-
ible [IkBNS is responsible for termination of NF-«B activ-
ity through its recruitment to specific promoters.

High Sensitivity to LPS-Induced Endotoxin Shock

in IkBNS-Deficient Mice

To study the in vivo role of IkBNS, we examined LPS-in-
duced endotoxin shock. Intraperitoneal injection of LPS
resulted in marked increases in serum concentrations of
TNF-a, IL-6, and IL-12p40 (Figure 6A). TNF-a level was
comparable between wild-type and IkBNS™~ mice,
which rapidly peaked at around 1.5 hr of LPS administra-
tion. In the case of iL-6 and IL-12p40 levels, concentra-
tions of both cytokines were almost equally elevated
within 3 hr of LPS injection. After 3 hr, levels of both cy-
tokines gradually decreased in wild-type mice. How-
ever, concentrations of IL-6 and IL-12p40 sustained,
rather enhanced, in I«BNS ™~ mice after 3 hr. Thus, per-
sistently high concentrations of LPS-induced serum IL-6
and IL.-12p40 were observed in IkBNS ™/~ mice. Further-
more, high sensitivity to LPS-induced lethality was ob-
served in IkBNS™~ mice (Figure 6B). All IkBNS™/~
mice died within 4 days of LPS challenge at a dose of
which almost all wild-type mice survived over 4 days.
These findings indicate that [<BNS™'~ mice are highly
sensitive to LPS-induced endotoxin shock.

Figure 5. [xBNS Regulation of p65 Activity at
the IL-6 Promoter

{A) Wild-type bone marrow-derived macro-
phages were stimulated with 100 ng/mi of
LPS for the indicated periods, and chromatin
immunoprecipitation (ChlP) assay was per-
formed with anti-1<BNS Ab or control Ig. The
immunoprecipitated TNF-a promoter (upper
panel) or IL.-6 promoter {lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. PCR ampilification of the total input
DNA in each sample is shown (Input). Repre-
sentative of three independent experiments.
The same result was obtained when perito-
neal macrophages were used.

(B) Macrophages from wild-type or IkBNS™~
mice were stimulated with LPS for the indi-
cated periods. Then, ChiP assay was per-
formed with anti-p65 Ab or control ig. The im-
munoprecipitated TNF-a promoter (upper
panel) or IL-6 promoter (lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. Representative of three independent
experiments.
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High Susceptibility to DSS-induced Colitis

in IkBNS ™~ Mice

In a previous report, IkBNS was shown to be constitu-
tively expressed in macrophages residing in the colonic
lamina propria, which explains one of the mechanisms
for hyporesponsiveness to TLR stimulation in these cells
(Hirotani et al., 2005). Therefore, we next stimulated
CD11b™ cells isolated from the colonic lamina propria
with LPS and analyzed for production of TNF-« and iL-
6 (Figure S4). In CD11b* cells from wild-type mice,
LPS-induced production of these cytokines was not sig-
nificantly observed. In cells from IkBNS™~ mice, IL-6
production was increased even in the absence of stimu-
lation, and LPS stimulation led to markedly enhanced
production of IL-6, but not TNF-a. In the next experi-
ment, in order to expose these cells to microflora and
cause intestinal inflammation, mice were orally adminis-
tered with dextran sodium sulfate (DSS), which is toxic
to colonic epithelial cells and therefore disrupts the ep-
ithelial cell barrier (Kitajima et al., 1999). IkBNS ™~ mice
showed more severe weight loss compared with wild-
type mice (Figure 7A). Histological analyses of the colon
indicated that the inflammatory lesions were more se-
vere and more extensive in IkBNS™~ mice (Figures 7B
and 7C). Thus, IkBNS™~ mice are highly susceptible to
intestinal inflammation. Th1-oriented CD4* T cell re-
sponse was shown to be associated with DSS colitis
(Strober et al., 2002). Therefore, we analyzed [FN-y

— 294 —



Inhibition of a Set of TLR-Induced Genes by IkBNS
47

A TNF-a (ng/ml} IL-6 {ng/ml} 40 IL-12p40 (ng/ml)
120
80
== IkBNS-/-
0F .
0 3 6 9 (h)
B
_ O
&\O’
]
S
w
2
4
=3
® =O= wild-type
\ | , T ;| =& IkBNS-/-
0
1 2 3 4 5

days after LPS injection

Figure 6. High Susceptibility to LPS-Induced Endotoxin Shock in 1<BNS™~ Mice

Age-matched wild-type (n = 6) and IkBNS—/- (n = 6) mice were intraperitoneally injected with LPS (1 mg). (A) Sera were taken at 1.5, 3, 6, and 9 hr
after LPS injection. Serum concentrations of TNF-a, [L-6, and IL.-12p40 were determined by ELISA. Results are shown as mean =+ SD of serum

samples from six mice. (B} Survival was monitored for 5 days.

production from splenic CD4* T cells of wild-type and
IkBNS™~ mice before and after DSS administration
(Figure 7D). DSS administration led to a mild increase
in IFN-y production in wild-type mice. In nontreated
IkBNS ™~ mice, IFN-y production was slightly increased
compared with nontreated wild-type mice. In DSS-fed
1kBNS ™/~ mice, a significant increase in IFN-y produc-
tion was observed compared to DSS-fed wild-type mice.
These results indicate that kBNS™~ mice are suscepti-
ble to intestinal inflammation caused by exposure to
microflora.

Discussion

In the present study, we characterized the physiological
function of IkBNS. Induced by TLR stimulation, [<BNS is
involved in termination of NF-«xB activity and thereby in-
hibits a subset of TLR-dependent genes that are in-
duced late through MyD88-dependent NF-«B activation.
Accordingly, IkBNS ™~ mice show sustained production
of IL-6 and IL-12p40, resulting in high susceptibility to
LPS-induced endotoxin shock. Furthermore, IkBNS™~
mice are susceptible to intestinal inflammation accom-
panied by enhanced Thi responses.

1«BNS was originally identified as a molecule that me-
diates negative selection of thymocytes (Fiorini et al.,
2002). However, kBNS ™~ mice did not show any defect
in T cell development. Requirement of IcBNS in negative
selection of thymocytes should be analyzed precisely
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using peptide-specific TCR transgenic mice, such as
mice bearing the H-Y TCR, in the future (Kisielow et al.,
1988).

Recent studies have established that TLR-dependent
gene induction is regulated mainly by NF-xB and IRF
families of transcription factors (Akira and Takeda,
2004; Honda et al., 2005; Takaoka et al., 2005). In TLR4
signaling, the TRIF-dependent pathway is responsible
for induction of IFN-p and IFN-inducible genes through
activation of IRF-3, whereas the MyD88-dependent
pathway mediates induction of several NF-«B depen-
dent genes (Beutler, 2004). A study with mice lacking
IkBg, another member of nuclear kB proteins, has dem-
onstrated that the MyD88-dependent genes are divided
into at least two types; one is induced early and inde-
pendent of IkBY, and another is induced late and depen-
dent on 1kBZ (Yamamoto et al., 2004). The kB{-regu-
lated genes include IL-6, iL-12p40, IL-18, and G-CSF,
which are all upregulated in LPS-stimulated IkBNS™~
macrophages. Thus, IkBNS seems to possess a function
quite opposite io IkBY, IkBNS is most structurally related
to kB (Fiorini et al., 2002; Hirotani et al., 2005). But, IxB{
has an additional N-terminal structure, which seemingly
mediates the induction of target genes (Motoyama et al.,
20085). Thus, nuclear 1B proteins kB and IkBNS posi-
tively and negatively regulate a subset of TLR-induced
NF-xB-dependent genes, respeciively.

Recently, negative regulation of TLR-dependent gene
induction was exiensively analyzed (Liew et al., 2005).
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(A) Wild-type (n = 15) and kKBNS ™~ mice (n = 15) were given 1.5% DSS in drinking water for 6 days and weighed everyday. Data are mean = SD. *,

p < 0.05.

(B) Histologic examination of the colons of wild-type and 1xBNS ™~ mice before or 9 days after initiation of DSS administration. H&E staining is

shown. Representative of six mice examined. Magnification, 20x.

(C) The colitis scores shown for individual wild-type (circle) and IkBNS ™'~ mice (square) before (open) and after (closed) DSS treatment were total
scores for individual sections as described in the Experimental Procedures section. Mean score for each group is also shown (black bar).

(D) CD4* T cells were purified from spleen of wild-type or IkBNS ™/~ mice either treated or nontreated with DSS. Then, CD4* T cells were cultured
in the presence or absence of plate bound anti-CD3 Ab for 24 hr. Concentration of IFN-y in the culture supernatants was measured by ELISA.

So far, characterized negative regulators are mainly in-
volved in blockade of TLR signaling pathways in the cy-
toplasm or on the cell membrane. Accordingly, these
negative regulators globally inhibit TLR-dependent
gene induction. The nuclear IkB protein IkBNS is unique
in that this molecule negatively regulates induction of
a set of TLR-dependent genes by directly affecting
NF-«xB activity in the nucleus. Thus, TLR-dependent in-
nate immune responses are regulated through a variety
of mechanisms.

IkBNS-mediated inhibition of a set of TL.R-dependent
genes is probably explained by recruitment of IkBNS to
the specific promoters. IkBNS was recruited to the IL-6
promoter, but not to the TNF-a promoter. In addition,
LPS-induced recruitment of p65 to the TNF-a promoter
was observed within 1 hr, whereas p65 recruitment to
the 1L-6 promoter was observed late, indicating that
NF-xB activity was differentially regulated at both pro-
moters. NF-kB activity at the TNF-a promoter is regu-
lated in an IkBNS-independent manner, whereas the
activity at the IL-6 promoter was IkBNS-dependent. In-
deed, p65 recruitment to the TNF-a promoter was ob-

served similarly in wild-type and 1kBNS™/~ macro-
phages, but the recruitment to the IL-6 promoter was
sustained in IkBNS™~ cells. Previous reports indicate
that IxBNS selectively associates with p50 subunit of
NF-xB and affects NF-xB DNA binding activity (Fiorini
et al., 2002; Hirotani et al., 2005). Consistent with these
observations, 1kBNS™~ macrophages showed pro-
longed LPS-induced NF-xB DNA binding activity and
nuclear localization of p65. Taken together, these find-
ings indicate that IkBNS, which is rapidly induced by
TLR stimulation, might be recruited to gene promoters
through association with p50, and contribute to termina-
tion of NF-kB activity. Termination of NF-kB activity has
been shown to be induced by IKKa-mediated degrada-
tion of promoter-bound p65 (Lawrence et al., 2005).
However, consistent with a recent report, we were not
able to detect LPS-induced degradation of p65 in perito-
neal macrophages and bone marrow-derived macro-
phages (Li et al.,, 2005). However, we could detect
LPS-induced p65 degradation in the RAW264.7 macro-
phage cell line. In these cells, when constitutively
expressed 1kBNS, LPS-induced p65 turnover was
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accelerated, indicating that i«BNS is involved in the deg-
radation of promoter-bound p65. In the case of the
TNF-o promoter, it is possible that NF-kB activity is al-
ready terminated when IkBNS expression is induced,
and therefore IkBNS is no longer recruited to the
TNF-o. promoter, Alternatively, an unidentified mecha-
nism that regulates selective recruitment of IkBNS to
gene promoters might exist. The mechanisms by which
1«BNS is recruited to the specific promoters through as-
sociation with p50 remain unclear and would be a sub-
ject of further investigation.

Analyses of IkBNS™~ mice further highlighted the
in vivo functions of [kBNS in limiting systemic and intes-
tinal inflammation. IkBNS™~ mice succumbed to sys-
temic LPS-induced endotoxin shock possibly due to
sustained production of several TLR-dependent gene
products such as IL-6 and 1L-12p40. Furthermore,
IkBNS ™'~ mice are more susceptible to intestinal inflam-
mation induced by disruption of the epithelial barrier.
Abnormal activation of innate immune cells caused by
deficiency of IL-10 or Stat3 leads to spontaneous devel-
opment of colonic inflammation (Kobayashi et al., 2003;
Kuhn et al., 1993; Takeda et al., 1999). IkBNS™~ mice
did not develop chronic colitis spontaneously until 20
week-old of age (our unpublished data). In Stat3 mutant
mice, TLR-dependent production of proinflammatory
cytokines increased over 10-fold compared to wild-
type cells, which might contribute to the spontaneous in-
testinal inflammation (Takeda et al., 1999). In IkBNS™"~
mice, increase in TLR-dependent production of proin-
flammatory cytokines such as IL-6 and IL-12p40 was
mild compared to Stat3 mutant mice. In this case, the co-
lonic epithelial barrier might contribute to prevention of
excessive inflammatory responses in 1xBNS™~ mice.
However, when the barrier function of epithelial cells
was disrupted by administration of DSS, IkBNS™~
mice suffered from severe intestinal inflammation ac-
companied by enhanced Thi responses. IkBNS was
shown to be expressed in CD11b* celis residing in the
colonic lamina propria (Hirotani et al., 2005). Therefore,
in the absence of IkBNS, exposure of innate immune
cells to intestinal microflora might result in increased or
sustained production of proinflammatory cytokines such
as 1L-12p40, which induces exaggerated intestinal in-
flammation and Th1 celi development. Thus, IKkBNS is re-
sponsible for the prevention of uncontrolled inflamma-
tory responses in vivo.

In this study, we have shown that ikBNS is a selective
inhibitor of TLR-dependent genes possibly through ter-
mination of NF-kB activity. Furthermore, IkBNS was re-
sponsible for prevention of inflammation through inhibi-
tion of persistent proinflammatory cytokine production.
Future study that discloses the precise molecular mech-
anisms by which the nuclear IkB protein selectively in-
hibits TLR-dependent genes will provide basis for the
development of new therapeutic strategies to a variety
of inflammatory diseases.

Experimental Procedures

Generation of IkBNS-Deficient Mice

The Ikbns gene consists of eight exons (Figure 1A). The targeting
vector was designed to replace a 1.8 kb fragment containing exons
5-8 of the lkbns gene with a neomycin-resistance gene (neo). A short
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arm and a long arm of the homology region from the E14.1 ES ge-
nome were amplified by PCR. A herpes simplex virus thymidine ki-
nase gene (HSV-TK} was inserted into the 3’ end of the vector. After
the targeting vector was electroporated into ES cells, G418 and gan-
cyclovir doubly resistant clones were selected and screened for ho-
mologous recombination by PCR and verified by Southern blot anal-
ysis using the probe indicated in Figure 1A. Two independently
identified targeted ES clones were microinjected into C57BL/6 blas-
tocysts. Chimeric mice were mated with C57BL/6 female mice, and
heterozygous F1 progenies were intercrossed to obtain IkBNS™/~
mice. Mice from these independent ES clones displayed identical
phenotypes. All animal experiments were conducted according to
guidelines of Animal Care and Use Committee at Kyushu University.

Reagents

LPS (E. coli 055:B5) was purchased from Sigma. Peptidoglycan was
from Fluca. Pam,yCSK,, MALP-2, and imiguimod were from Invivo-
gen. Antibodies against p65 (C-20; sc-372), p50 (H-119; sc-7178 or
NLS; sc-114), ¢-Rel (C; sc-71), and RNA polymerase Il (H-224;
sc-9001) were purchased from Santa Cruz. Rabbit anti-IkBNS
Ab was generated against synthetic peptide (1-MEDSLDTRLY
PEPSLSQVC-18) corresponding to N-terminal region of mouse
{kBNS (MBL, Nagoya, Japan), and anti-IkBNS serum was affinity-pu-
rified using a column containing peptide-conjugated Sepharose 4B.

Preparation of Macrophages and Dendritic Cells

For isolation of peritoneal macrophages, mice were intraperitoneally
injected with 2 ml of 4% thioglycollate medium (Sigma). Peritoneal
exudate cells were isolated from the peritoneal cavity 3 days post in-
jection. Cells were incubated for 2 hr and washed three times with
HBSS. Remaining adherent cells were used as peritoneal macro-
phages for the experiments. To prepare bone marrow-derived mac-
rophages, bone marrow cells were prepared from femora and tibia
and passed through nylon mesh. Then celis were cultured in RPMI
1640 medium supplemented with 10% FCS, 100 uM 2-ME, and 10
ng/ml M-CSF (GenzymeTechne). After 6-8 days, the cells were
used as macrophages for the experiments. Bone marrow-derived
DCs were prepared by culturing bone marrow cells in RPM! 1640
medium supplemented with 10% FCS, 100 uM 2-ME, and 10 ng/ml
GM-CSF (GenzymeTechne). After 6 days, the cells were used as
DCs.

Measurement of Cytokine Production

Peritoneal macrophages or DCs were stimulated with various TLR li-
gands for 24 hr. Culture supernatants were collected and analyzed
for TNF-a, IL-6, IL-12p40, IL-12p70, or IL-10 production with en-
zyme-linked immunosorbent assay (ELISA). Mice were intrave-
nously injected with 1mg of LPS and bled at the indicated periods.
Serum concentrations of TNF-q, IL-6, and [.-12p40 were determined
by ELISA. ELISA kits were purchased from GenzymeTechne and
RAD Systems. For measurement of IFN-y, CD4" T cells were purified
from spleen cells using CD4 microbeads (Miltenyi Biotec) and stim-
ulated by plate bound anti-CD3e antibody (145-2C11, BD PharMin-
gen) for 24 hr. Concentrations of IFN-y in the supernatants were de-
termined by ELISA (GenzymeTechne).

Quantitative Real-Time RT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carisbad,
CA), and 2 ug of RNA was reverse transcribed using M-MLYV reverse
transcriptase (Promega, Madison, WI) and oligo (dT) primers
(Toyobo, Osaka, Japan) after treatment with RQ1 DNase | (Promega).
Quantitative real-time PCR was performed on an ABI 7700 (Applied
Biosystems, Foster City, CA) using TagMan Universal PCR Master
Mix (Applied Biosystems). All data were normalized to the corre-
sponding elongation factor-1a« (EF-1a) expression, and the fold dif-
ference relative to the EF-10 level was shown. Amplification condi-
tions were: 50°C (2 min), 95°C (10 min), 40 cycles of 95°C (15 s), and
60°C (60 s). Each experiment was performed independently at least
three times, and the resuits of one representative experiment are
shown. All primers were purchased from Assay on Demand (Applied
Biosystems).
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Electrophoretic Mobility Shift Assay

Macrophages were stimulated with 100 ng/ml LPS for the indicated
periods. Then, nuclear proteins were extracted, and incubated with
an end-labeled, double-stranded oligonucleotide containing an NF-
«B binding site of the IL-6 promoter in 25 nl of binding buffer (10 mM
HEPES-KOH, [pH 7.8], 50 mM KCI, 1 mM EDTA [pH 8.0], 5 mM MgCi,
and 10% glycerol) for 20 min at room temperature and loaded on
a native 5% polyacrylamide gel. The DNA-protein complexes were
visualized by autoradiography.

Western Blotting .

Cells were lysed with RIPA buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NacCl, 1% Triton X-100, 0.5% Na-deoxycholate) containing protease
inhibitors (Complete Mini; Roche). The lysates were separated on
SDS-PAGE and transferred to PVDF membrane. The membranes
were incubated with anti-lkBa Ab, anti-ERK Ab, anti-p38 Ab, anti-
JNK Ab (Santa Cruz Biotechnology), anti-phospho-p38 Ab, anti-
phospho-ERK Ab, or anti-phospho-JNK Ab (Cell Signaling Tech-
nology). Bound Abs were detected with SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

immunofluorescence Staining

Macrophages were stimulated with 100 ng/ml LPS for the indicated
periods, washed with Tris-buffered saline (TBS), and fixed with 3.7%
formaldehyde in TBS for 15 min at room temperature. After perme-
abilization with 0.2% Triton X-100, cells were washed with TBS
and incubated with 10 ng/ml of a rabbit anti-p50 or anti-p65 Ab
(Santa Cruz Biotechnology) in TBS containing 1% bovine serum al-
bumin, followed by incubation with Alexa Fluor §94-conjugated goat
anti-rabbit immunoglobulin G (IgG; Molecular Probes, Eugene, OR).
To stain the nucleus, cells were cultured with 0.5 pg/ml 4, 6-diami-
dino-2-phenylindole {DAPI; Wako, Osaka, Japan). Stained ceils
were analyzed using an LSM510 model confocal microscope (Carl
Zeiss, Oberkochem, Germany).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChiP) was performed essentially
with a described protocol (Upstate Biotechnology, Lake Placid,
NY). In brief, peritoneal macrophages from wild-type and 1kBNS ™/~
mice were stimulated with 100 ng/mi LPS for 1, 3, or 5 hr, and
then fixed with formaldehyde for 10 min. The cells were lysed,
sheared by sonication using Bioruptor (CosmoBio), and incubated
overnight with specific antibody followed by incubation with protein
A-agarose saturated with salmon sperm DNA (Upsate Biotechnol-
ogy). Precipitated DNA was analyzed by quantitative PCR (35 cycles)
using primers 5~ CCCCAGATTGCCACAGAATC -3’ and 5'- CCAGT
GAGTGAAAGGGACAG -3 for the TNF-o. promoter and 5'- TGTGTG
TCGTCTGTCATGCG-3' and 5'- AGCTACAGACATCCCCAGTCTC -3
for the IL.-6 promoter.

induction of DSS Colitis

Mice received 1.5% (wt/vol) DSS {40,000 kDa; ICN Biochemicals), ad
libitum, in their drinking water for 6 days, then switched to regular
drinking water. The amount of DSS water drank per animal was re-
corded and no differences in intake between strains were observed.
Mice were weighed for the determination of percent weight change.
This was calculated as: percentage weight change = (weight at day
X-day O/weight at day 0) x 100. Statistical significance was deter-
mined by paired Student’s t test. Differences were considered to
be statistically significant at p < 0.05.

Histological Analysis

Colon tissues were fixed in 4% paraformaldehyde, rolled up, and
embedded in paraffin in a Swiss roll orientation such that the entire
length of the intestinal tract could be identified on single sections.
After sectioning, the tissues were dewaxed in ethanol, rehydrated,
and stained hematoxylin and eosin to study histological changes af-
ter DSS-induced damage. Histological scoring was performed in
a blinded fashion by a pathologist, with a combined score for inflam-
matory cell infiltration (score, 0-3) and tissue damage (score, 0-3)
(Araki et al., 2005). The presence of occasional inflammatory cells
in the lamina propria was assigned a value of 0; increased numbers
of inflammatory cells in the lamina propria as 1; confluence of inflam-
matory cells, extending into the submucosa, as 2; and transmural

extension of the infiltrate as 3. For tissue damage, no mucosal dam-
age was scored as 0; discrete lymphoepithelial lesions were scored
as 1; surface mucosal erosion or focal ulceration was scored as 2;
and extensive mucosal damage and extension into deeper struc-
tures of the bowel wall were scored as 3. The combined histological
score ranged from 0 (no changes) to 6 (extensive cell infiliration and
tissue damage).

Supplemental Data

Supplemental Data include four figures and are available with this
article online at http://www.immunity.com/cgi/content/full/24/1/
41/DC1/.
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Essential function for the kinase TAK1 in innate and
adaptive immune responses

Shintaro Sato!’, Hideki Sanj02’3’7, Kiyoshi Takeda?, Jun Ninomiya-TsujiS, Masahiro Yamamoto?, Taro Kawail,
Kunihiro Matsumoto®, Osamu Takeuchi®? & Shizuo Akiral*

Transforming growth factor-p-activated kinase 1 (TAK1) has been linked to interleukin 1 receptor and tumor necrosis factor
receptor signaling. Here we generated mouse strains with conditional expression of a Map3k7 allele encoding part of TAK1.
TAK1-deficient embryonic fibroblasts demonstrated loss of responses to interleukin 1p and tumor necrosis factor. Studies of
mice with B cell-specific TAK1 deficiency showed that TAK1 was indispensable for cellular responses to Toll-like receptor
ligands, CD40 and B cell receptor crosslinking. In addition, antigen-induced immune responses were considerably impaired
in mice with B cell-specific TAK1 deficiency. TAK1-deficient cells failed to activate transcription factor NF-xB and mitogen-
activated protein kinases in response to interleukin 1B, tumor necrosis factor and Toll-like receptor ligands. However, TAK1-
deficient B cells were able to activaie NF-xB but not the kinase Jnk in response to B cell receptor stimulation. These results
collectively indicate that TAK1 is key in the cellular response to a variety of stimuli.

Proinflammatory cytokines such as tumor necrosis factor (TNF) and
interleukin 1B (IL-1B) have a critical function in innate immune
responses by eliciting inflammation®2 The production of proinflam-
matory cytokines can be induced by various cellular stresses, including
pathogenic infection. The initial recognition of invading pathogens
is mediated by Toll-like receptors (TLRs), which detect distinct
pathogen-associated molecular patterns®™. Stimulation of cells with
TLR ligands, IL-1B and TNF activates intracellular signaling pathways
leading to the activation of transcription factors such as NF-xB and
AP-1 (ref. 1). Activation of AP-1 is mediated by mitogen-activated
protein kinases (MAPKs), including Erk, Jnk and p38. Ultimately,
these transcription factors initiate expression of genes involved in
inflammatory responses. It is well known that TLRs and IL-1 receptor
(IL-1R) activate similar signaling pathways®. The cytoplasmic portions
of TLRs and IL-1Rs contain the Toll-IL-1R homology domain. Ligand
stimulation recruits MyD88, a Toll-IL-1R homology domain-
containing adaptor protein, to the Toll-IL-1R homology domain of
the receptor. Subsequently, IL-1R-associated kinases (IRAKs) are
recruited and phosphorylated, and then they interact with TNF
receptor (TNFR)-associated factor 6 (TRAF6)>. TRAF6 comprises
an N-terminal RING finger domain, which has been found in a family
of E3 ubiquitin ligases®. It has been proposed that a dimeric ubiquitin-
conjugating enzyme complex composed of Ubcl3 and UevlA,
together with TRAF6, can catalyze the formation of a K63-linked

polyubiquitin chain®®. The ubiquitination is responsible for the
activation of IxB kinases (IKXs). Subsequently, phosphorylated 1xkB
undergoes degradation by the ubiquitin-proteosome system, and
NF-«B translocates into nucleus and triggers transcription of target
genes’. Simultaneously, MAPKs are activated ‘downstream’ of TRAF6
by activating MAPK kinase 6 (MKK6)®. In the TNFR signaling
pathway, ligand stimulation leads to the recruitment of adaptor
proteins, including TRADD, TRAF2 and RIP1, to the receptor com-
plex. Genetic studies have shown that TRAF2 is responsible for MAPK
activation, whereas RIP1 is required for NF-xB activation!®,
Transforming growth factor-B-activated kinase 1 (TAK1), a member
of the MAPK kinase kinase (MAPKKK) family, was originally identi-
fied as a kinase involved in TGF-P signaling’. TAXI is evolutionally
conserved, and drosophila TAK1 is critical for antibacterial innate
immunity'®. In addition, TAK1 functions as an ‘upstream’ signaling
molecule of NF-xB and MAPKs in IL-1R signaling pathways. Further-
more, TAK1 is activated by TNF, bacterial lipopolysaccharide (LPS)
and latent membrane protein 1 from Epstein-Barr virus!-13, Activated
TAK1 is recruited to TRAF6 and TRAF2 complexes in response to
IL-1R and TNEFR stimulation, respectively. A point mutation in the
gene encoding TAK1 altering its ATP-binding domain abolishes both
its kinase activity and its ability to activate IKKs and MAPKs®. TAK1
forms a complex with its association partners, TAB1, TAB2 and TAB3
(refs. 14-17). It has been proposed that TRAF6-mediated K63-linked
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polyubiquitination is required for the activa-
tion of TAK]. Activated TAK1 complex phos-
phorylates JKKs and MKKS6, which activate
NF-xB and MAPKS, respectively. In vitro
studies have shown that expression of TAK1
together with TAB1 enhances activation of a
NF-xB reporter gene®. Reciprocally, ‘knock-
down’ of Map3k7, the gene encoding TAK1,
in Hela cells by RNA interference results
in abrogation of IL-1B- and TNF-induced
NE-xB activation!l.

The function of TAB1 and TAB2 has been
assessed by examination of mouse models
lacking genes encoding these proteins. Ana-
Iysis of TAB2-deficient mice has shown that
TAB2 is dispensable for IL-1R signaling!®.
Studies of TAB1-deficient mice have shown
that TABI is involved in TGE-f signaling'®.
However, the function of TAB1 in IL-1R
signaling in vivo has not been described.
Therefore, it is still unclear whether TAK1-
binding proteins are essential for TAKI1
activation or if the TAKl complex itseif is
dispensable for NF-kB and MAPK signaling
in vivo. Although the function of TAKI
in drosophila innate immune response
has been studied extensively!?, its involve-
ment in the mammalian TLR system is not
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Figure 1 Establishment of Map3k7-/~ MEFs. (a) Southern blot analysis of genomic DNA from
Map3k7-'~ (—/-) and control Map3k7ioxtiex (flox/flox) MEFs, after digestion with Xbal and EcoRl
(probe, Supplementary Fig. 1 online). Right and left margins, positions of 11.0-kb floxed and 4.8-kb A
fragments. (b) RNA blot analysis of total RNA prepared from Map3k7-'~ and Map3k 7foxfiox MEFs,
The 5’ ends of Map3k7 and Actb (encoding B-actin) cDNA fragments were used as probes. (¢) RT-PCR
analysis of total RNA from MEFs, using primers amplifying the encoding region of exons 1-3.

(d) Predicted structure of TAK1A, which lacks the ATP-binding site {(arrow) required for kinase activity.
WT, wild-type; aa, amino acids. (e) Immunoblot analysis of lysates of Map3k7-'~ and Map3k 7floxflox
MEFs (antibodies, right margin). (f) NF-kB- or AP-1-dependent reporter assay. HEK293 cells were
transiently transfected with plasmids (below graphs) plus an NF-xB-dependent (left) or an AP-1-
dependent (right) luciferase reporter plasmid. Then, 36 h after transfection, luciferase activity

(RLU, relative fight units) in whole-cell lysates was measured. Data are representative of three
independent experiments.

well understood.
Here we have examined the function of

TAK1 in vivo by gene targeting using the Cre-loxP system. Map3k7
deficiency in the germline resulted in early embryonic death. There-
fore, we generated TAK1-deficient (Map3k7 —/=) mouse embryonic
fibroblasts (MEFs) by in vitro introduction of Cre in MEFs homo-
zygous for loxP-flanked (floxed) Map3k7 alleles (Map3k7 flox/flox) st
we examined the function of TAKI1 in IL-1R and TNF signaling
using TAK1-deficient MEFs and found that TAK1 was required for
L-18- and TNF-induced NF-xB and Jnk activation as well as cytokine
roduction. Next we analyzed TLR- and B cell receptor (BCR)-
mediated signaling using B cells as a model. B cell-specific deletion
of TAK] resulted in considerably impaired B cell activation in
response to various stimuli, including nonmethylated CpG DNA
(a ligand for TLR9), polyinosine-polycytidylic acid (poly(1:C); a ligand
for TLR3), LPS (a ligand for TLR4), CD40 and BCR crosslinking.
Purthermore, LPS and CpG DNA failed to activate Jnk and NF-kB in
TAK1-deficient B cells, indicating that TAK1 is essential for activating
these signaling pathways. Notably, although BCR crosslinking on
TAK1-deficient B cells also demonstrated defective Jnk activation,
activation of NF-xB as well as expression of NF-xB target genes was
comparable to that of wild-type cells. Our conditional TAK1-deficient
mouse model therefore shows that TAK1 is essential for TLR, IL-1R,
TNFR and BCR cellular responses and signaling pathways leading to
the activation of Jnk and/or NF-«xB.

RESULTS

Map3k7-'- mice die early in utero

To investigate the function of TAKI in vivo, we generated mice
with conditional deletion of a Map3k7 allele. We constructed a
gene-targeting vector by placing loxP sites flanking exon 2 of
mouse Map3k7, which encodes a part of the kinase domain
of TAK], incuding its ATP-binding site (Lys63), and a floxed

1088

neomycin-resistance gene into an intron 1 of Map3k7 (Supplemen-
tary Fig. 1 online). To generate mice heterozygous for deletion of this
Map3k7 allele (Map3k7*/~ mice), we mated mice with one floxed
allele and one wild-type allele (Map3k799+ mice) with a mice of a
transgenic line expressing Cre in germ cells. We confirmed deletion of
Map3k7 in the germline by Southern blot analysis (Supplementary
Fig. 1 online). Of about 90 newborn pups obtained by intercrossing
Map3k7+/~ mice, we obtained no Map3k7~'~ mice, indicating that
the TAK1 deficiency is embryonically lethal (Supplementary Fig. 1
online). Although we identified Map3k7~/~ embryos on embryonic
day 9.5 (E9.5) in normal mendelian ratios, we found no Map3k7~/~
fetuses in decidua containing normal fetuses after £10.5 (Supplemen-
tary Fig. 1 online).

Establishment of Map3k7—/— MEFs

As Map3k7~/— MEFs obtained from E9.5 embryos failed to grow, we
prepared MEFs from Map3k7 10¢8ox mice, To generate TAK1-deficient
MEFs, we excised the floxed genomic fragment by retroviral expres-
sion of Cre protein together with green fluorescent protein (GFP). We
sorted GFP* cells by flow cytometry. Southern blot analysis showed
that complete conversion of the floxed allele to the deleted (A) allele
was achieved in GFP* cells from two lines of Map3k7~'~ MEFs
(Fig. 1a). However, we detected Map3k7 transcripts in Map3k7~/~
MEFs with same migration and intensity as that of Map3k7flox/flox
MEFs (Fig. 1b). RT-PCR analysis using primers to amplify the region
of exons 1-3 showed a product with faster migration in Map3k7—/~
cells (Fig. 1¢). Nucleotide sequence analysis of the product showed
that the deletion of exon 2 from TAK1 cDNA was in-frame, indicating
that Cre-mediated deletion led to the production of an altered TAK1
(TAK1A; Fig. 1d). Immunoblot analysis showed weak expression of
TAKIA in Map3k7~'~ cells (Fig. 1e). To confirm that TAK1A lacked
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Figure 2 Impaired responses to IL-1p and TNF in Map3k7-'~ MEFs.

(a) 1L-6 production by MEFs. Control Map3k7fovfox and Map3k7-'— MEFs
were transfected with empty (-), wild-type TAK1 (WT) or TAK1A (A)
plasmid, and then were stimulated for 24 h with 10 ng/ml of 1L-1B. I1L-6 in
the culture medium was measured by ELISA. Data are mean + s.d. of
triplicate samples of one representative from three independent experiments.
*, P < 0.005, versus TAK1-deficient cells (Student's #-test). ND, not
detected. (b) Viability of control and Map3k7-/~ MEFs treated for 24 h
with various concentrations of TNF (horizontal axis), assessed by annexin
V~indocarbocyanine staining. Three independent experiments were done in
triplicate. Data are mean =+ s.d. percentage of viable cells after treatment
relative to untreated control. (¢) Viability of control and Map3k7-'~ MEFs
left untransfected or transfected with wild-type or mutated TAK1 and were
left unstimulated (Unstim.) or were stimulated for 24 h with 10 ng/ml of
TNF (TNF stim.). Data represent mean + s.d. for percentage of viable cells
after treatment relative to untreated control.

the ability to activate NF-kB and AP-1, we did a reporter assay.
Overexpression of wild-type TAK1, but not TAKIA, together with
TABI in human embryonic kidney 293 (HEK293) cells activated
NF-kB and AP-1, indicating that TAK1A was nonfunctional because
it lacked an ATP-binding site (Fig. 1f).

TAK1 is required for IL-18 and TNF responsiveness

We first examined responses to IL-1f and TNE We stimulated
Map3k7~'~ and control Map3k7ox/fox MEFs with IL-18 and mea-
sured IL-6 production by enzyme-linked immunosorbent assay
(ELISA). Production of IL-6 was impaired considerably in
Map3k7~/~ MEFs compared with that in control celis (Fig. 2a).
Moreover, re-expression of wild-type TAK1 but not TAK1A in
ap3k7~/~ MEFs restored IL-6 production in response to IL-1f.

As NF-xB activation is required for survival of MEFs after exposure
to TNE, we next compared the viability of TNF-stimulated cells. TNF
stimulation induced cell death in Map3k7/~ MEFs in a dose-
dependent way (Fig. 2b). In contrast, Map3k7fo<flox MEFs were
viable after TNF stimulation. The TNF-induced cell death noted in
Map3k7~'~ MEFs was circumvented by expression of wild-type TAK1
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but not TAKIA (Fig. 2c). These results indicate that TAK1 is required
for IL-1B- and TNF-mediated cellular responses.

We further examined the activation of signaling molecules. In both
Map3k7fox/fox and Map3k7~/~ MEFs, IRAK-1 was phosphorylated,
ubiqutinated and degraded in response to IL-1B, indicating that TAK1
was not involved in IRAK-1 activation (Fig. 3a). Induction of NF-xB
DNA binding and degradation of IxBa in response to [L-13 and TNF
were compromised in Map3k7—/~ MEFs (Fig. 3b). Furthermore,
activation of Jnk and p38 in response to IL-1B and TNF in
Map3k7~/~ MEFs was also impaired (Fig. 3c). Thus, TAKl was
required for NF-xB, Jnk and p38 activation in response to IL-1f
and TNF in MEF cells.

Generation of mice with B cell-specific TAK1 deficiency

Although the involvement of TAK1 in the IL-1 signaling has been
studied extensively, its involvement in the TLR signaling pathway is
less understood. Because B cells express various TLRs and respond to
their ligands to proliferate, we generated mice with B cell-specific
TAK1 deficiency by breeding Map3k71°¢/~ mice with mice carrying
the Cre transgene under control of the Cd19 promoter (CAI195/*),
Southern blot analysis showed almost complete Cre-mediated deletion
of Map3k7 in B cells from CA19%*"* Map3k7 X~ mice (Supplemen-
tary Fig. 2 online). We also checked deletion of TAK!1 in purified
B cells by immunoblot analysis and confirmed that the expression
of wild-type TAK1 was considerably reduced in B cells from
Cd19%*Map3k7 8ox/~ mice (Supplementary Fig. 2 online),

TAK1 deficiency impairs B-1 B cell development

We investigated whether B cell-specific TAK] deficiency affected
lymphopoiesis. The population of B cell precursors in the
bone marrow was comparable in Cd19%*Map3k7ioX+  and
Cd19°%/* Map3k7 199~ mice (Fig. 4a). The ratio of B cells to T cells,
the expression of surface immunoglobulin M (IgM) and IgD on
mature splenic B cells and the numbers of marginal zone B cells
(IgM*CD23~CD217) were also comparable for Cd19w/+ Map3k7 flox/+
and Cd19°*Map3k7 99— splenocyte samples (Fig. 4b). However,
the B220*CD5" B-1 B cell population was reduced in the peritoneal
cavities of CA19 <™ Map3k79°¢~ mice (Fig. 4c). These results indi-
cate that TAK] was required for the development of B-1 B cells but
not of splenic follicular and marginal zone B cells.

TAK1 is required for the TLR signaling in B cells

B cells become active and progress through the cell cycle in response
to TLR ligands such as LPS, CpG DNA and poly(I:C). Although
Cd19Cr e Map3k79o¢+ B cells proliferated in response to all TLR
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Figure 3 Impaired activation of NF-xB and MAPKSs in response to |L-1f and TNF in TAK1-deficient cells. (a) Immunoblot of IRAK-1 in whole-cell lysates of
control and Map3k7-'~ MEFs left untreated or treated with 10 ng/ml of IL-1B (time, above lanes). Ub-, ubiquitinated; P-, phosphorylated; *, nonspecific
band. (b) Control and Map3k7~/~ MEFs were treated with [L-1p (10 ng/ml) or TNF (10 ng/ml) for various times (above lanes). The NF-xB DNA-binding
activity in nuclear extracts was determined by EMSA (top). Degradation of IxBa whole-cell lysates was detected by immunoblot with anti-lkBa (bottom).

(¢) Phosphorylation of Jnk and p38 (P-Jnk and P-p38, respectively) in whole-cell lysates of control and Map3k7—/~ MEFs treated with IL-1B (10 ng/ml)

or TNF (10 ng/ml) for various times (above lanes), assessed by immunoblot with phosphorylation-specific antibodies. Jnk and p38, loading controls. All

results are representative of three different experiments.
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ably impaired (Fig. 5a). In addition, follicular
and marginal zone B-2 cells purified from
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CA19Cre+ Map3k71ox/~ gpleens had impaired
proliferative responses to LPS and/or CpG
DNA (Supplementary Fig. 3 online). We
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also investigated cell cycle profiles by staining
with bromodeoxyuridine (BrdU) and 7-
amino-actinomycin D. Unlike Cd1g©e/*
Map3k7 o<+ B cells, whose cell cycles pro-
gressed into S phase, Cd19™* Map3k7 flox/~
B cells showed impaired entry to S phase after
treatment with LPS and CpG DNA (Fig. 5b).
These results indicate that TAK1 is responsi-
ble for TLR-mediated responses in B cells.
We next examined whether TAK] defi-
ciency influences the viability of B cells.
When control B cells were cultured ex vivo
without mitogens, 50% of the cells sponta-
neously underwent apoptosis within 12 h of
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culture {Fig. 5¢). Stimulation with LPS or
CpG DNA prevented the execution of apop-
tosis in control B cells. In contrast, preven-
tion of cell death in response to LPS or CpG
DNA was impaired in Cd19%"* Map3k71o%/~
B cells. These results indicate that TAK1 is
critical for TLR ligand-mediated prevention
of B cell death.

We further analyzed the upregulation of surface activation markers

in response to TLR stimuli. In accordance with defects in cell
proliferation and apoptosis inhibition, Cd19°*Map3k74°— B cells
stimulated with LPS or CpG DNA showed impaired upregulation of
cell surface CD69 and CD86 expression (Fig. 5d). It has been reported
that CpG DNA induces I1-6 production from human naive B celis?®.
In mouse splenic B cells, IL-6 was produced in response to CpG DNA
and LPS (Fig. 5¢). However, IL-6 production by Cd19%*/+ Map3k7ox/~
B cells in response to either LPS or CpG DNA was less than that of
ntrol CA19°+ Map3k71+ B cells.
We also assessed TLR-induced activation of signaling pathways
in TAK1-deficient B cells. In CA19%®+*Map3k789+ B cells, stimula-
tion with LPS or CpG DNA resulted in degradation of IxBa and acti-
vation of NF-xB DNA-binding activity (Fig. 5£g). In contrast, IxBo
degradation and NF-xB DNA-binding activity in response to LPS and
CpG DNA were reduced considerably in Cd19%¢™*Map3k7 flox/~
B cells. In addition, activation of Juk, p38 and Erk was impaired
in LPS- and CpG DNA-stimulated Cd19C*Map3k79ox/'— B cells
(Fig. 5h). These findings indicate that TAK1 is critical for
TLR-mediated B cell activation and signaling.

Requirement for TAK1 for activation of BCR signaling

BCR signaling also activates NF-xB and MAPKs, leading to B cell
activation. Crosslinking of BCRs induces activation of tyrosine
kinases, an increase in intracellular calcium and activation of protein
kinase C-B%L. A complex of the signaling molecules CARD11 (also
known as CARMAL1), Bcll0 and MAIT1 (also known as paracaspase)
then transduces signals to NF-kB and MAPKs downstream of protein
kinase C-B*2. It has also been proposed that TAKI1 is involved in T cell
receptor signaling downstream of TRAF6 to activate NF-xB%*. How-
ever, the function of TAK1 in BCR signaling is unknown. We therefore
analyzed activation of TAKl-deficient B cells in response to BCR
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Figure 4 B cell development in Cd19%¢* Map3k7 %%/~ mice. Flow cytometry of B cell development in
the bone marrow (a), spienic (b) and peritoneal (c) B cells from 8-week-old Cd19C®"*Map3k7fo¥+ and
Cd19%¢+ Map3k7719¢~ mice. Numbers in the quadrants or beside boxed areas indicate the percentage
of positive cells in that region. Results are representative of four different experiments.

crosslinking. Inactivation of TAK1 considerably impaired the prolif-
eration of purified B cells in response to BCR and CD40 stimulation,
similar to their response to TLR ligands, indicating that TAK! is
involved in the signaling pathways used by BCRs and CD40 (Fig. 6a
and Supplementary Fig. 3 online). Furthermore, Cd19%e/*
Map3k799%/= B cells showed impaired entry to S phase and impaired
enhancement of cell survival after BCR crosslinking compared with
that of control C419 */*Map3k7 9199+ B cells (Fig. 6b,c). In contrast,
BCR stimulation induced almost similar upregulation of CD69 and
CD86 in control and Cd19%**Map3k79¢~ B cells (Fig. 6d).

We next examined the activation of BCR-mediated signaling path-
ways in further detail. Tyrosine phosphorylation of cytoplasmic
proteins in response to BCR stimulation was not altered in
Cd19/*Map3k7 oK/~ B cells (Fig. 6e). Unexpectedly, BCR-mediated
activation of NF-xB was not impaired in TAKl-deficient B cells
(Fig. 6f,g). Among MAPKs, activation of Jnk but not p38 or Erk
was considerably impaired (Fig. 6h). These data demonstrate that the
requirement for TAK1 in NF-«B activation differs depending on the
stimuli, whereas TAK1 functions as an essential activator of Jnk in
response to a variety of stimuli.

To further elucidate how TAK1 regulates BCR-mediated proliferative
responses, we investigated BCR-induced gene expression profiles by
microarray analysis. The BCR-mediated expression of genes involved
in cell cycling and survival was not impaired in Cd19 ©™* Map3k7 flox/~
B cells (Supplementary Table 1 online). The upregulation of cyclin D2
protein as well as mRNA was comparable in BCR-stimulated control
and TAK]1-deficient B cells (Supplementary Fig. 4 and Supplemen-
tary Table 1 online). However, the downregulation of p27XP! expres-
sion was impaired in Cd19“*Map3k799¥~ B cells, suggesting
that G1-S progression was impaired at the level of p27 expression
(Supplementary Fig. 4 online).

Bcl10 and CARDI1 are crucial for BCR-induced Jnk and NF-«B
activation. In contrast, MALT1 is required for the activation of NF-xB
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Cd19C<*Map3k7 99+ mice with the T cell-dependent antigen
nitrophenol conjugated to chicken y-globulin or with the T cell-
independent type II antigen trinitrophenol conjugated to Ficoll. The
production of antigen-specific IgG1 in response to the T cell-depen-
dent antigen was considerably impaired in Cd19Cr*Map3ky flox/~
mice compared with that of control Cd19C™*Map3k7 2%+ mice,
whereas IgM titers were similar in both groups of mice (Fig. 7b).
Similarly, IgG3 production of Cd19%¢* Map3k71o%~ mice injected
with trinitrophenol-Ficoll was impaired compared with that of control
mice (Fig. 7c). This might have been due to the reduction in B-1 B
cells in Cd19cre/+Mup3k7 flox/= mice, as B-1 B cells are the chief
mediators of the T cell-independent response?®. Impaired activation
of B cells may also contribute to the defect in the istype switching.
These results show that TAK1 is required for the appropriate induc-
tion of humoral immune responses.

but not Jnk downstream of Bcll0 in BCR signaling. Mice lacking
Bcl10, CARDI11 or MALT1 are reported to have defects in the
development of B-1 B cells and B cell activation. That prompted us
to hypothesize that TAK1 may be recruited to the Bcll0 complex to
activate Jnk. Therefore, we examined the association of TAKI1 and
Bcl10 using the human B cell line WEHI-231. When the cells were
stimulated with antibody to IgM (anti-IgM), Bcl10 was immunopre-
cipitated together with TAK1 and with CARD11 (Fig. 6i). In contrast,
TAK]1 failed to precipitate together with Bcl10 in LPS-stimulated cells
(Fig. 6i). These results suggest that TAK1 is recruited to the Bcll0
complex after BCR stimulation and is involved in Bcll0-mediated Jnk
activation in B cells.

TAK1 is required for in vivo immune responses

We further investigated the involvement of TAK1 in humoral immune
responses. The serum immunoglobulin concentrations of all isotypes
except 1gM were lower in Cd19“*Map3k791°¢— B cells than in
Cd19Crel+Mgp3k7 oK+ B cells (Fig. 7a). To induce humoral immune
responses, we challenged CdA19°*Map3k789%— and littermate

DISCUSSION
Here we generated TAKI-deficient mice and a mouse strain with
conditional expression of a Map3k7 allele. In vitro studies have
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Figure 6 Impaired B cell activation by crosslinking of BCRs in Cd19%®*Map3k7'ioY~ mice. (a) Proliferation of purified splenic B cells stimulated for 48 h
(stimuli, horizontal axes), assessed by [3Hlthymidine incorporation. Data are mean + s.d. of triplicate cultures. *, P < 0.05 and **, P < 0.005, versus
TAK1-deficient cells (Student’s ttest). (b) Cell cycle profiles of B cells stimutated with 5 pg/mi of anti-IgM. Cells were tabeled with BrdU and were analyzed
by flow cytometry 24 h after stimulation. Numbers beside boxed areas indicate percentages of cells in S phase. (¢) Viability of B cells stimulated with

5 pg/ml of anti-IgM, assessed by staining with annexin V-indocarbocyanine followed by flow cytometry (time, horizontal axis). (d) Flow cytometry of purified
spienic B cells left unstimulated (open) or stimulated for 24 h with 5 pg/ml of anti-igM (filled) and then stained with anti-CD69 or anti-CD86. (e) Total
tyrosine phosphorylation of B cells stimulated with 20 pg/ml of anti-igM (time, above lanes). (f) Immunoblot of lxBa degradation in B cells in response to
20 pg/ml of anti-IgM. {g) EMSA of NF-xB DNA-binding activity in nuclear extracts from purified splenic B cells stimulated for 2 h with 20 pg/ml of anti-IgM.

(h) MAPK activation in BCR-stimulated B celis stimulated with 20 pg/ml of anti-

1gM (time, above lanes). (i) Association between TAK1 and Bcl10.

WEHI-231 cells (1.5 x 108) were stimulated with 20 pug/ml of anti-lgM or 20 pg/ml of LPS (time, above lanes); cell lysates were immunoprecipitated (1P)
with anti-TAK1 or anti-CARD11 and immunoprecipitates or whole-cell lysates (WCL) were analyzed by immunoblot (IB; antibodies, left margin). All results

are representative of three different experiments. NS, nonspecific band.

suggested that TAKI has an important function in IL-1R and TNFR
signaling by forming a complex with TAB1 and TAB2 (refs. 11,14,15).
However, mice lacking TAB2 have normal IL-1B responses'®, The
ction of TABI in the IL-1R signaling is still unclear, although
nvolvement TAB! in TGF-B signaling has been reported in studies of
TABI-deficient mice!®. It is possible TAB3, a homolog of TAB2,
functions redundantly in TAB2-deficient mice!®'7?526_ In contrast,
TAK1-deficient MEFs showed considerably impaired responses,
including activation of NF-xB and MAPKs in response to IL-1B
stimulation. However, IL-1B-induced production of IL-6 or activa-
tion of NF-kB was not completely abrogated in TAKI1-deficient
MEFs, indicating IL-1R activates both TAK1-dependent and TAK1-
independent signaling pathways.

The involvement of TAKI1 in TNFR signaling is controversial
Initially, TAK1 was reported to bind TRAF6 but not TRAF2, an
important mediator of TNFR signaling®. However, other in vitro
studies have shown that TAK1 regulates TNF-induced NF-kB activa-
tion!126, Our results have demonstrated that TAK1 is critical for
activation of both NF-xB and MAPKs in response to TNE In addition,
stimulation with TNF alone induced massive cell death in Map3k7~/~
MEFs. In wild-type cells, TNF stimulation activates NF-xB and MAPK
pathways, which mediate cell survival and proliferation by expressing
target genes such as those encoding inhibitor of apoptosis and Bcl-2
family members'. TNF simultaneously activates the apoptotic pathway
by recruiting Fas-associated death domain and caspase 8, followed by
activation of caspase 3. This pathway does not require protein
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synthesis. It is believed that the balance between life and death signals
determines the fate of the cell. TNF kills wild-type cells when protein
synthesis is inhibited. Given that TNF-induced NF-xB and MAPK
activation was considerably impaired in Map3k7~/~ MEFs, cells
lacking TAK1 might fail to induce survival genes that protect cells
from TNF-induced cell death.

The function of TAK1 in TLR signaling is less well understood. As B
cells express various TLRs and are activated in response to pathogen-
associated molecular patterns, we examined the involvement of TAK1
in TLR signaling using the B cell system as a model. Although most
TLRs as well as IL-1R share MyD88 as an adaptor for triggering
intracellular signaling, several other adaptor molecules such as TRIF
contribute to the TLR signaling pathways®. Responses to TLR3, TLR4
and TLR9Y ligands were considerably impaired in TAK1-defeicient B
cells. Moreover, activation of MAPKs and NF-xB in response to TLR4
and TLRY ligand was consistently impaired, although the activation
was not completely abrogated even in the absence of TAK1. As TLR9
signaling depends completely on MyD88, it is obvious that TAK1 is
important for MyD88-dependent signaling pathways. TLR4 activates
MyD88-dependent and TRIF-dependent pathways. Both signaling
pathways can activate NF-xB and MAPKs, although the time course
differs. The MyD88-dependent pathway governs early activation of
these signaling molecules, whereas the TRIF-dependent pathway is
responsible for sustaining the activation?”28. In B cells, both MyD88
and TRIF are required for TLR4-induced proliferative response. In
TLR4 signaling, the activation of NF-kB and MAPKSs was considerably
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Figure 7 Impaired immune responses in Cd1 9% Map3k71%~ mice. (a) Reduced basal immunoglobulin titers in Cd19C°* Map3k7 X mice.
Immunoglobulin isotypes were measured by ELISA in the sera of nonimmunized 8-week-old Cd1 9% Map3k719%* mice (n = 12) or Cd19Ce*+ Map3k7fion-
mice (n = 12). Results are from individual mice. (b) Impaired T cell-dependent antibody responses in Cd'19%®* Map3k 7o/~ mice. Mice were immunized
with nitrophenol-chicken y-globulin, and nitrophenol (NP)-specific 1gM and 1gG1 production was measured by ELISA 7, 14 and 21 d after immunization.
Results are from three (of five) representative mice per genotype. (c) Impaired T cell-independent type 1l antibody responses in Cdl9Ce/+Map3k7fiox-
mice. Mice were immunized with trinitrophenol-Ficoll, and trinitrophenol (TNP)-specific {gM and 1gG3 production was measured 7 and 14 d after
immunization. Results are from three (of five) representative mice per genotype. *, P < 0.05; **, P < 0.01 and ***, P < 0.005, versus TAK1-deficient

cells (Student’s t-test).

impaired in TAKl-deficient B cells at all time points examined,
suggesting that MyD88-dependent and TRIF-dependent activation
of these molecules depends entirely on TAKI.

Notably, TAK1 is also critical for B cell proliferation as well as Jnk
activation in response to BCR crosslinking. Nevertheless, the activa-
tion of NF-«B and induction of NF-xB target genes induced by BCR-
crosslinking was not impaired in TAK1-deficient B cells. In BCR
signaling, a complex of CARD11, Bcl10 and MALT1 transduces signals
to NF-xB and MAPKs downstream of protein kinase C-B22. CARD11
recruits BcllO to lipid rafts after stimulation. Bcll0 targets NF-xB
essential modulator for K63-linked polyubiquitination through Ubcl3
and MALT1 and activates NE-xB%. B cells from Card11~/~, Bcl10~/~
or MaltI~'~ mice are reported to have defects in BCR signaling®%-36,
CARDI11 is required for the activation of both NF-xB and Jnk*.
Furthermore, Bcd10~/~ B cells fail to activate NF-kB in response to
BCR crosslinking. In contrast, B cells deficient in MALT1 (paracas-
pase) show impaired activation of NF-xB but not Jnk®, indicating
that Jnk is activated in a CARD11- and Bcli0-dependent, MAILT1-
independent signaling pathway. Given that TAK1 phosphorylates IKKs
and MKK6 in IL-1PB signaling, it is plausible that TAK1 is activated
downstream of the CARD11-Bcl10-MALT1 complex and phosphor-
ylates MAPKKSs. In fact, we found that TAK1 interacted with Bcl10 in
response to BCR crosslinking, indicating that TAK1 is recruited to the
Bcll0 complex after BCR stimulation to induce Jnk activation.
Although published work has shown that RNA interference—mediated
knockdown of TAK! in Jurkat cells results in diminished NF-xB
activation in TCR signaling??, our study has demonstrated that TAK1
is dispensable for NF-kB activation, at least in BCR signaling. That
earlier report also showed that TRAF6 functions downstream of Bcl10
and MAIT1 to activate NF-xB in TCR signaling®®. Given that TAX1
interacts with Bcl10 in response to BCR but not LPS stimulation, it is
likely that TAKI is activated by Bcll0 without the intervention of
TRAF6 in BCR signaling. As TAK1 is required for the activation of Jnk
but not NF-xB, MALT1-mediated activation of the IKK complex
probably occurs independently of TAKI. These results collectively
indicate that in B cells, CARD11 and Bcl10 might activate TAK1 and
MALTT1 to regulate MAPKKSs and IKKs, respectively.

Although TAK1-deficient B cells failed to proliferate in response
to BCR crosslinking, activation of NF-kB was not impaired. Consistent
with that finding, the upregulation of cyclin D2 was not altered in
TAK1-deficient B cells. However, downregulation of p27XP! was
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impaired in TAKI-deficient B cells, suggesting that TAK1-dependent
signaling might regulate GI-S progression at the level of p27XiPl
degradation. So far, it is not clear whether Jnk alone is responsible
for the defect in the proliferation in TAK1-deficient B cells. It is possible
that TAK1 regulates the activation of as-yet-unknown signaling path-
way(s) in addition to Jnk and that the pathways cooperatively control
BCR-mediated proliferation. Additional studies are needed to clarify
the molecular mechanisms of cell cycle progression in BCR signaling.

Involvement of TAKI1 in early embryogenesis modifying bone
morphogenic protein signaling has been suggested”. Map3k7—/~
embryos died at E9.5-E10.5. Mice deficient in genes encoding mole-
cules involved in NF-xB signaling, such as RelA (also called p65) and
IKKB, die in wutero due to massive liver apoptosis®2l. However,
Map3k7~'~ mice die before the initiation of fetal liver development,
suggesting that the function of TAK1 in embryonic development is not
explained by NF-xB inhibition. TAB1-deficient mice die between E15.5
and E18.5 due to edema and hemorrhage, and TAB2-deficient mice die
between E11.5 and E12.5 due to liver apoptosis'®!®, Thus, the function
of TAK1 in embryogenesis might be independent of TAB1 or TAB2.
The TAK1-NLK-STAT3 cascade is essential for TGF-B-mediated
mesoderm formation in xenopus embryos??. Additional studies will
be needed to clarify the mechanisms of the involvement of TAK} in
early embryogenesis.

In conclusion, we have shown here that TAK1 is essential for MAPK
and NF-«3B activation in response to TLR, IL-1R and TNFR stimula-
tion. Consistent with those findings, TAK1-deficient cells failed to
activate in response to TLR ligands, IL-1B and TNE Antigen-induced
B cell proliferation as well as immune responses to experimental
antigens were considerably impaired in mice with B cell-specific
TAK1-deficiency, indicating that TAKI1 is involved in both innate
and adaptive immunity. These data provide genetic evidence that
TAK1 kinase has nonredundant functions in signaling pathways in
inflammatory and immune responses.

METHODS

Generation of Map3k7 mutant mice. Phage clones containing mouse Map3k7
were isolated by screening of a 129/Sv] genomic library (Stratagene) with a
probe corresponding to the 5" end of mouse TAK1 ¢cDNA. A targeting vector
was designed to flank exon 2, containing the sequence encoding the ATP-
binding site, with two loxP sites. The floxed neomycin-resistance gene fragment
was inserted into intron 1 of Map3k7. A 1.0-kilobase (kb) Clal-BamHI
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fragment was used as the 5" homology region; a 2.5-kb Xbal-Sall fragment,
which contains exon 2 of Map3k7, was inserted between the two loxP sites; and
a 6.0-kb Notl-Sacll fragment was used as the 3" homology region. The herpes
simplex virus thymidine kinase gene was used for negative selection of clones
with random integration. A total of 30 pg of Sacll-linearized vector was
electroporated into E14.1 embryonic stem cells. After positive and negative
selection with G418 and ganciclovir, drug-resistant clones were picked up and
were screened by PCR and Southern blot analysis. These clones were indivi-
dually microinjected into blastocysts derived from C57BL/6 mice and were
transferred to pseudopregnant females. Matings of chimeric male mice to
C57BL/6 female mice resulted in transmission of the floxed allele to the
germline. Map3k70X/* or Map3k789<ox mice were bred with transgenic mouse
line carrying the Cre transgene under control of the cytomegalovirus immediate
early enhancer—chicken B-actin hybrid (CAG) promoter®3 to generate the
CAGE™* Map3k71oX+ (genotype, Map3k7+'=), which were then intercrossed
to generate CAGE™/*Map3k71e¥flox (genotype, Map3k7—/~) mice. All animal
experiments were done with the approval of the Animal Research Committee of
the Research Institute for Microbial Diseases (Osaka University, Osaka, Japan).

Establishment of Map3k7-/~ MEFs. MEFs were obtained from EI13.5
Map3k799%80% embryos, were immortalized according to a general 3T3 proto-
col** and were cloned. For excision of the floxed genomic fragment containing
exon 2, two different clones of Map3k7ﬂ°"/ﬂ°" MEFs were infected with
retrovirus expressing Cre protein together with GFP or were infected with
GFP alone (to establish control MEFs). GFP* cells were sorted by FACSVantage
(Becton Dickinson) and then were analyzed by Southern blot and immunoblot
to confirm genotype.

Generation of mice with B cell-specific TAK1 deficiency. Mice carrying the
Cre transgene under control of the Cd19 promoter®> were bred with Map3k7+/~
mice to generate Cd19°"*Map3k7+~ mice. These mice were mated with
Map3k78ed0ox pice CA1eH Map3k7899* or Cd19°* Map3k719¥/~ offspring

were used for analysis.

Purification of B cells. Resting B cells were isolated from single-cell suspen-
sions of spleen cells by depletion of CD43* cells with anti-CD43 magnetic beads
(MACS; Miltenyi Biotec). Cell purity was typically more than 95% B220*, as
assessed by flow cytometry.

Immunoblot analysis. Cells were lysed in a lysis buffer containing 1.0%
Nonidet-P40, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA and a
protease inhibitor ‘cocktail’ (Roche). Lysates were separated by SDS-PAGE and
were transferred onto polyvinylidene difluoride membranes (BioRad). After
embranes were blotted with antibodies, proteins on membranes were visua-
lized with an enhanced chemiluminescence system (Perkin-Elmer). Polyclonal
anti-TAKI, anti-TAB1, anti-TAB2 and anti-IRAK-1 were as described®15:46,
Polyclonal antibody to phosphorylated Jnk (anti-phospho-Jnk), anti-phospho-
p38, anti-phospho-Erk and anti-phospho-IkBa were purchased from Cell
Signaling. Polyclonal anti-Jnk, anti-p38, anti-Erk, anti-likBa, anti-p275P! and
anti-cyclin D2 and monoclonal anti-Bcl10 (clone 331.3) were from Santa Cruz.
Monoclonal anti-phosphotyrosine (clone 4G10) was purchased from Upstate
Biotechnology. Polyclonal anti-CARD11 was from Alexis Biochemicals.

Luciferase reporter assay. HEK293 cells were transiently transfected with
100 ng of either NF-xB (5x) or AP-1 luciferase reporter plasmids, together
with a total of 1.0 pg expression vector(s). Then, 48 h later, the luciferase
activity in the total cell lysate was measured with the Dual-luciferase reporter
assay system (Promega).

Measurement of IL-6 production. MEFs (2 x 10%) and purified splenic B cells
(5 x 10% were stimulated for 48 h with recombinant mouse IL-1p (R&D
Systems) and LPS (Sigma) or with CpG DNA (ODN1668; Hokkaido System
Science), respectively. Culture supernatants were collected and IL-6 was
measured with an ELISA kit (R&D Systems).

Cell viability. MEFs (2 x 10°) were seeded onto six-well plates and were
treated for 24 h with various concentrations of recombinant mouse TNFE (R&D
Systems). Purified splenic B cells (1 x 10%) were stimulated with LPS, CpG
DNA or anti-IgM (Jackson ImmunoResearch) for various periods. Cell viability
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was assessed with annexin V-indocarbocyanine (BioVision) and a FACSCalibur
(Becton Dickinson).

Flectrophoretic mobility-shift assay (EMSA). MEFs (1 x 10°) or purified
splenic B cells (5 x 10%) were treated with stimuli for various periods. Nuclear
extracts were purified from cells, were incubated with a probe specific for the
NF-xB DNA-binding site, were separated by electrophoresis and were visua-
lized by autoradiography as described?’.

Flow cytometry. Single-cell suspensions were prepared from thymi, bone
marrow, spleens and peritoneal cavities of untreated mice. Cells were stained
with fluorescein isothiocyanate—, phycoerythrin- or allophycocyanin-conjugated
antibodies (Pharmingen) and then were analyzed on a FACSCalibur.

In vivo immunization and ELISA. Mice were immunized intraperitoneally with
50 pg nitrophenol-chicken y-globulin (Biosearch Technologies) precipitated
with Imject alum (Pierce) or with 25 pg trinitrophenol-Ficoll (Biosearch
Technologies). Antigen- and isotype-specific antibodies were measured by ELISA
in sera collected from peripheral blood at various time points, on plates coated
with nitrophenol-BSA or trinitrophenol-BSA. Antibodies to mouse IgM, IgGl,
IgG2a, IgG2b, IgG3 and IgA were purchased from Southern Biotechnology.

B cell proliferation assay. Purified splenic B cells (5 x 10%) were cultured in
96-well plates for 48 h with various concentrations of LPS, CpG DNA,
poly(:C) (Amersham), anti-IgM or anti-CD40 (Pharmingen). Samples were
pulsed with 1 pCi [*H]thymidine for the last 12 h and then *H uptake was
measured with a f-scintillation counter (Packard).

Cell cycle analysis. Cell cycles of B cells were analyzed with the BrdU Flow Kit
(Pharmingen) according to the manufacturer’s instructions. Cells were cultured
with LPS, CpG DNA or anti-IgM for 24 h, were pulsed with 10 pM BrdU for an
additional 16 h, were stained with fluorescein isothiocyanate—anti-BrdU and
7-amino-actinomycin D and then were analyzed by flow cytometry.

Microarray analysis. Purified splenic B cells were treated for 4 h with or
without anti-IgM (20 pg/ml). Total RNA was extracted with an RNeasy
kit (Qiagen), and double-stranded DNA was synthesized from 10 pg of total
RNA with the SuperScript Choice System (Invitrogen) primed with a
T7-Oligo primer (Affymetrix). This cDNA was used to prepare biotin-labeled
cRNA by an in vitro transcription reaction done with T7 RNA polymerase in
the presence of biotinylated ribonucleotides, according to the manufacturer’s
protoco! (Enzo Diagnostics). The cRNA product was purified with an RNeasy
kit and fragmented and was hybridized to Affymetrix mouse expression array
A430.2 microarray chips according to the manufacturer’s protocol (Affyme-
trix). The hybridized chips were stained and washed and were scanned with a
GeneArray Scanner (Affymetrix).

Accession code. GEO: microarray data, GSE3065.
Note: Supplementary information is available on the Nature Immunology website.
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Summary

The class IV semaphorin Sema4A provides a costimu-
latory signal to T cells. To investigate the possible

*Correspondence: kikutani@ragtime.biken.osaka-u.ac.jp
10These authors contributed equally to this work.

— 309 —

developmental and regulatory roles of SemadA in vivo,
we generated SemadA-deficient mice. Although SemadA-
deficient mice develop normally, DCs and T cells from
knockout mice display poor allostimulatory activities
and T helper cell (Th) differentiation, respectively. in-
terestingly, in addition to its expression on DCs,
SemadA is upregulated on Thi-differentiating cells,
and it is necessary for in vitro Th1 differentiation and
T-bet expression. Consequently, in vivo antigen-spe-
cific T cell priming and antibody responses against T
cell-dependent antigens are impaired in the mutant
mice. Additionally, SemadA-deficient mice exhibit de-
fective Thi responses. Furthermore, reconstitution
studies with antigen-pulsed DCs reveal that DC-de-
rived SemadA is important for T cell priming, while
T cell-derived Sema4A is involved in developing Thi
responses. Collectively, these resuits indicate a non-
redundant role of SemadA not only in T cell priming,
but also in the regulation of Th1/Th2 responses.

Introduction

SemadA is a transmembrane protein belonging to the
semaphorin family, several members of which have
been identified as axonal guidance factors active dur-
ing neurcnal development (Kolodkin et al., 1993; Ta-
magnone and Gomoglio, 2000; Pasterkamp and Kolod-
kin, 2003). Semad4A was identified originally as a
semaphorin expressed in developing embryos, and
SemadA transcript levels increase gradually throughout
embryonic development (Puschel et al., 1995}, although
its role in development is not yet known. In addition to
its expression during embryogenesis, SemadA is ex-
pressed in the brain, jung, kidney, testis, and spleen of
adults (Kumanogoh et al., 2002a; Kikutani and Kumano-
goh, 2003). In the immune system, SemadA is preferen-
tially expressed by bone marrow-derived and splenic
dendritic cells (DCs) (Kumanogoh et al., 2002a). Expres-
sion of SemadA also becomes detectable on the cell
surface of T celis following activation (Kumanogoh et
al., 2002a), although its precise expression profile and
functional significance remain unclear.

A possible role for SemadA in the immune response
was suggested by studies with soluble SemadA proteins
and anti-Semad4A monoclonal antibody (mAb) (Kuma-
nogoh et al., 2002a). SemadA provides a costimulatory
signal to T cells, that is, the addition of recombinant
soluble Sema4A proteins enhances T cell proliferation
and IL-2 production following stimulation with anti-CD3
mAb. Additionally, soluble Sema4A protein enhanced
the mixed lymphocyte reactions (MLR) between allo-
geneic T cells and DCs, while an anti-Semad4A mAb
blocked the MLR, suggesting that Semad4A plays a role
in T cell activation by influencing the stimulatory in-
teractions between T cells and DCs. The administration
of soluble SemadA proteins enhanced the in vivo gen-
eration of antigen-specific T cells. In contrast, admin-
istration of anti-Sema4A mAb blocked antigen-specific
T cell priming. Furthermore, treatment of mice with anti-
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Semad4A mAb inhibited the development of experimen-
tal autoimmune encephalomyelitis (EAE) induced by
administration of a myelin oligodendrocyte glycopro-
tein {(MOG)-derived peptide, due to the impaired gener-
ation of MOG-specific T cells (Kumanogoh et al.,
2002a). However, the role of SemadA in physiological
and pathological immune responses remains to be de-
termined.

SemadA binding pariners have been identified on the
surface of activated T cells. Expression cloning re-
vealed that Tim-2, a member of the T cell, immunoglob-
ulin, and mucin domain proteins (Tim) family, is a recep-
tor for SemadA (Kumanogoh et al., 2002a). Mcintire et
al. {2001) identified a locus conferring susceptibility o
mouse allergen-induced airway hypersensitivity, which
they dubbed T cell and airway phenotype regulator
(Tapr), and a new family of genes, designated Tims in this
locus. Sequence polymorphisms within both mouse and
human 7im-1 have been suggested to contribute to the
etiology of both mouse and human T helper cell (Th)2-
dependent diseases such as asthma (Mcintire et al.,
2001; Kuchroo et al., 2003; Chae et al., 2003; Mcintire
et al.,, 2003). Kuchroo and colleagues independently
identified Tim-3 as a Th1 cell-specific surface protein
{(Monney et al., 2002). Administration of anti-Tim-3 mAb
or soluble Tim-3 proteins promoted the development of
Thi-dependent immune responses including EAE
{(Monney et al., 2002; Sabatos et al., 2003; Sanchez-
Fueyo et al.,, 2003). In this context, the Tim protein li-
gands, including SemadA, are likely to be regulatory
molecules influencing the activation and differentiation
of T cells. However, it remains unknown how SemadA
is involved in regulating the differentiation of T cells into
Th1 or Th2 effector cells.

Here, we generated and characterized Sema4A-defi-
cient mice. These mice displayed several functional de-
fects in the immune system, suggesting indispensable
and essential roles for SemadA. SemadA-deficient DCs
poorly stimulated allogeneic T cells. T cells from these
mice also exhibited impaired in vitro Th1 differentiation.
In SemadA-deficient mice, both in vivo T cell primary
and Th1 generation were impaired. Moreover, reconsti-
tution experiments with antigen-pulsed DCs allowed us
to identify the distinct roles for DC-derived and T cell-
derived SemadA in different phases of the immune re-
spornses.

Resulis

Generation of SemadA-Deficient Mice

To evaluate the functions of SemadA in vivo, we gener-
ated mice with a null mutation in the Sema4A locus.
The targeting vector was constructed by replacing a
1.8 kb genomic region including the initiation codon
with the neomycin (neo) resistance gene cassette to
ensure disruption of Sema4A protein expression (Figure
1A). Transfection of ES cells with this construct resulted
in two clones, each carrying one copy of the homolo-
gously recombined Semad4A mutant allele. Chimeric
mice derived from one of these ES clones were found
to transmit the mutant allele to their offspring. Homozy-
gous mutant mice were produced in a typical Mendel-
ian pattern and were viable (Figure 1B). Both female

and male mutant mice appeared to develop normailly
and were fertile. RT-PCR analysis with total RNA from
the spleen and cell surface staining of DCs confirmed
the lack of SemadA expression in homozygous mutants
(Figures 1C and 1D). In macroscopic and histological
examination, defects were not observed in the brain,
kidney, lung, testis, and heart, in which Sema4A tran-
scripts are expressed. We did not observe any differ-
ences in the cell surface phenotypes, numbers, and ra-
tios of T cells and B cells in the spleen and thymus
between Sema4dA-deficient and wild-type mice (Figure
S1; see the Supplemental Data available with this arti-
cle online). However, as shown below, the mutant mice
displayed functional defects in the immune system.

Involvement of SemadA in T Cell Activation by DCs
We previously showed by using soluble SemadA pro-
teins and anti-Sema4A mAb that SemadA expressed on
the cell surface of DCs enhances T cell activation (Ku-
manogoh et al., 2002a). Therefore, we tested whether
SemadA contributes to an MLR by using MHC-mis-
matched T cells and DCs. DGs from SemadA-deficient
mice or wild-type littermates were used to stimulate al-
logeneic CD4* T cells. SemadA-deficient DCs poorly
stimulated allogeneic T cells compared to wild-type
DCs (Figure 2A). In contrast, when CD4* T cells from
SemadA-deficient mice or wild-type littermates were
cultured with allogeneic DCs from wild-type mice, no
differences in the MLR were observed (Figure 2B), sug-
gesting an important role for DC-expressed SemadA in
stimulating the MLR. Consistent with this observation,
the levels of IL.-2 in the culture supernatants were con-
siderably reduced when SemadA-deficient DCs were
used as antigen presenting cells (APCs) in the MLRs
(Table §1). However, SemadA-deficient DCs produced
IL-12 {Figure 2C) and upregulated MHC class Il and
costimulatory molecules (Figure 2D) to the same extent
as wild-type DCs following anti-CD40 treatment. Collec-
tively, these findings indicate that DC-derived SemadA is
directly and critically involved in the activation of T cells
reactive to allo-antigens on DCs.

We next examined in vitro responses of SemadA-
deficient B cells to various stimuli. As shown in Figure
2E, the proliferative responses of Sema4A-deficient B
cells to anti-CD40, LPS, or anti-p. were comparable to
those of wild-type cells. Thus, the responses of B cells
were not affected by the absence of SemadA. We then
examined the in vitro responses of SemadA-deficient T
cells. CD62L"9" CD4* naive T cells were purified by cell
sorting and were cultured with immobilized anti-CD3. T
cells from SemadA-deficient mice exhibited slightly but
reproducibly reduced responses compared to T cells of
wild-type mice (Figure 2F).

Preferential Expression of Semad4A

during Th1 Differentiation

Although the expression of Sema4A is induced on acti-
vated T cells, the precise expression profiles and roles
of SemadA during activation and differentiation of T cells
have not been determined. A slight reduction of anti-CD3-
induced T cell proliferation led us to analyze the kinetics
of SemadA expression during in vitro T cell activation
and differentiation. For this purpose, we generated a
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Figure 1. Generation of SemadA-Deficient
Mice

(A} Disruption of the Serna4A gene. The gene
structure of the wild-type SemadA allele
(top), the SemadA targeting construct (mid-
die), and the resultant Sema4A mutant allele
{bottom) are shown. SemadA 5’ noncoding
sequences are shown as open boxes, and
coding sequences are shown as closed
boxes. The 1.8 kb fragment containing the

H H- -

R

initiation codon was replaced with the neo-
mycin resistance gene (Neo). The HSV-tk
gene was appended to allow for selection
against random integration. Arrows in the
Neo cassettes indicate the transcriptional di-
rections.
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(B) Southern blot analysis. To assess the
genotype of wild-type (+/+), heterozygous
(+/-), and homozygous (-/~} mutant mice,
tail DNAs were digested with EcoRl, electro-
phoresed, and hybridized with the probe that

is shown by a hatched box in (A). The 10 kb fragment represents the wild-type Sema4A allele, and the 2.6 kb fragment depicts the targeted

allele.

(C) RT-PCR analysis with RNAs of the spleen from wild-type (+/+) or SemadA-deficient (-/-) mice. PCR was performed by using the indicated

primers in (A} for SemadA or G3PDH.

(D) Bone marrow-derived DCs from wild-type (+/+) or SemadA-deficient (-/~) mice were stained with FITC-conjugated anti-CD11c, PE-
conjugated anti-B220 and biotinylated anti-Sema4A mAb (solid lines) or isotype-matched controls (dotted lines) plus APC-conjugated strep-
tavidin. The cells positive for CD11c and negative for B220 were gated and analyzed for Sema4A expression by flow cytometry.

high-affinity SemadA mAb by immunizing Sema4A-defi~
cient mice with SemadA-Fc protein. This Semad4A mAb
could detect the faint SemadA expression on CD62[high
CD4* naive T cells, which we had failed to see when
using a rat anti-Semad4A mAb in the previous study.
SemadA expression was maximally upregulated on T
cells 24 hr after culture with anti-CD3 and anti-CD28,
and its intensity gradually became weaker (Figure 3A,
upper). We then investigated the expression profiles of
SemadA during in vitro Th differentiation. Naive T cells
prepared from wild-type or SemadA-deficient mice
were cultured with immobilized anti-CD3 plus anti-
CD28 mAbs in the presence of IL.-12 plus anti-IL-4 (Th1-
skewing conditions) or in the presence of IL.-4 plus anti-
IL-12 and anti-IFN-y {Th2-skewing conditions). Under
the Th2-skewing conditions, SemadA expression was
transiently upregulated on T cells by 24 hr, and then its
intensity became weaker (Figure 3A, lower), which is
essentially identical to the kinetics of SemadA expres-
sion on T cells stimulated with anti-CD3 and anti-CD28
(Figure 3A, upper). Notably, when T cells were cultured
under Th1-skewing conditions, the intensity of Semad4A
expression continued to increase (Figure 3A, middle).
Furthermore, significantly upregulated SemadA expres-
sion was persistently observed on Thi-polarized celis
after three rounds of consecutive cultures under Thi-
skewing conditions, while the intensity of SernadA ex-
pression on Th2-polarized cells was almost compara-
ble to that on resting T cells (Figure 3B). On the other
hand, expression of Tim-2 was not detectable on the
surface of resting T cells, but it was detected on T cells
by 48 hr after stimulation (Figure $2). Cell surface ex-
pression of Tim-2 on Th1- or Th2-polarized cells was
no longer detected. However, when restimulated, the
expression of Tim-2 was induced on these celis as well
(Figure 52).
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Involvement of Sema4dA in In Vitro

Thi Differentiation

The expression profiles of SemadA suggest a role for
T cell-derived SemadA in Th differentiation, CD62L"eh
CD4* naive T cells prepared from wild-type or SemadA-
deficient mice were cultured for 5 days with immobi-
lized anti-CD3 plus anti-CD28 mAbs in the presence of
IL-12 plus anti-l.-4 (Thi-skewing conditions) or in the
presence of IL-4 plus anti-lL.-12 and anti-IFN-y (Th2-
skewing conditions). The numbers of Sema4A-deficient
T cells recovered after 5 days of Thl-skewing culture
were considerably lower compared to those of wild-
type T celis by 35% = 5%. We then restimulated the
resulting Thi- or Th2-conditioned cells with anti-CD3
and measured the levels of IFN-y and IL-4 in the culture
supernatants. The production of IFN-y by Thi-condi-
tioned cells from SemadA-deficient mice was severely im-
paired (Figure 4A, left), while the production of IL-4 was
not detected in either Semad4A-deficient or wild-type
Thi-condtioned cells (data not shown). In contrast, the
production of IL-4 by Th2-conditioned cells from
SemadA-deficient mice was only slightly affected (Fig-
ure 4A, right). The production of IFN~y was not detected
in either Sema4A-deficient or wild-type Th2-condtioned
celis {data not shown). Intraceliular cytokine staining re-
vealed that the population of IFN-y-producing cells in
SemadA-deficient T cells was considerably reduced
compared to wild-type T cells (Figure 4B, upper). In con-
trast, differences were not seen in the populations of
IL-4-producing cells between SemadA-deficient and
wild-type T cells (Figure 4B, lower).

Although SemadA functions as a cell surface ligand
(Kumanogoh et al., 2002a), it is possible that the im-
paired in vitro Th1 differentiation might be caused by
an unknown, intrinsic function of Semad4A rather than
its inability to interact with binding partner(s) in the
knockout mice. To exclude this possibility, SemadA-
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Figure 2. Reduced Allostimulatory Activities of DCs in SemadA-Deficient Mice

{A) Reduced stimulatory activities against allogeneic T cells. lrradiated DCs derived from wild-type (open circles) or SemadA-deficient DCs
(closed circles) were cultured with allogeneic CD4* T cells for 48 hr.

(B) Normal MLRs between wild-type and SemadA-deficient CD4* T cells. liradiated DCs derived from wild-type mice were cultured with
allogeneic wild-type (open circles) or SemadA-deficient (closed circles) CD4* T cells for 48 hr.

{C) Normmat 1L.-12 production in SemadA-deficient mice. Bone marrow-derived DCs from wild-type (white bars) or SemadA-deficient DCs (black
bars) were cultured for 72 hr with or without anti-CD40 or LPS.

(D) Normal expression of costimulatory molecules in SemadA-deficient DCs. Bone marrow-derived DCs from wild-type {upper) or SemadA-
deficient DCs {lower) were cultured for 24 hr with anti-CD40 mAb. Cells were stained with PE anti-B220; FITC anti-CD11c; and biotin anti-
CD40, anti-CD80, anti-CD86, or anti-I-A plus streptavidin APC. CD11c-positive and B220-negative cells were analyzed for the expression of
CD40, CDBO, CD8S, and 1-A.

(E) Normal B cell proliferative responses in SemadA-deficient mice. Small resting B cells prepared from wild-type (open circles) or SemadA-
deficient mice (closed circles) were cultured for 72 hr with or without various concentrations of the indicated factors.

(F) Proliferative responses of naive SemadA-deficient T cells. CD62LMa" CD4+ naive T cells from wild-type (open circles) and Semad4A-deficient
mice (closed circles) were purified by using FACS sorting and were cultured with various concentrations of immobilized anti-CD3 plus anti-
CD28 for 48 hr. [*H}-thymidine was added for the last 14 hr.

Error bars indicate mean = SD.

deficient CD4* naive T cells (Ly5.2*) were cocultured
with congenic wild-type CD4* naive T cells {Ly5.1%) un-
der Thi-skewing conditions. The resulting Ly5.1-posi-
tive or -negative celis were gated, and iNF-y-producing
cells were analyzed by intraceliular cytokine staining
(Figure 4C). The reduction in INF-y-producing cells in
SemadA-deficient T cells was restored by coculture

A 0 br 24 hr

w

Thl condition Th2 condition

with wild-type T cells. Correspondingly, Ly5.1-negative
cells derived from SemadA-deficient mice produced
comparable levels of IFN-y after coculture with wild-
type T cells (Figure S38), thus excluding possible influ-
ence of the intrinsic defects of SemadA on in vitro Thi
differentiation.

Differentiation of T cells into Th1 or Th2 cells crucially

Figure 3. Preferential Expression of SemadA

96 hr

E

during In Vitro Tht Differentiation

(A) Expression profiles of Semad4A during T
cell activation and differentiation. Naive T
cells were cultured with immobilized anti-
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I
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Cell Nunther

Th2 condition
SemadA

CD3 and anti-CD28 in nonpolarizing, Th1-, or
Th2-skewing conditions and then stained
with biotinylated anti-Semad4A mAb (solid
lines) or isotype-matched controls (dotted
lines) plus streptavidin-conjugated APC and
were analyzed by flow cytometry.

(B} Specific expression of SemadA on Thi-
polarized cells. CD62LMs" CD4* naive T cells
prepared from wild-type mice were cuitured

with immobilized anti-CD3 and anti-CD28 in Th1- or Th2-skewing conditions. The resulting cells after 3 weeks of culture in Thi- or Th2-
skewing conditions were stained with biotinylated anti-Sema4A mAb (solid lines) or isotype-matched controls (dotted lines) plus streptavidin-
conjugated APC and were analyzed by flow cytometry.
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Figure 4. Involvement of SemadA in In Vitro Tht Differentiation

(A} Impaired in vitro differentiation of SemadA-deficient T cells into Thi cells. CD62LMe" CD4* naive T cells prepared from wild-type (open
circles) or SemadA-deficient (closed circles) mice were cultured with immobilized anti-CD3 (2 pg/mi) and anti-CD28 (10 pg/ml) in Thi-
skewing or Th2-skewing conditions. The resuiting cells were restimulated with immaobilized anti-CD3, and the levels of cytokines in the cuiture
supernatants were measured by ELISA.

(B) Reduced IFN-y-producing cell populations in SemadA-deficient mice. CD62LM" CD4* naive T cells prepared from wild-type (left panels)
or SemadA-deficient (right panels) mice were cultured in Thi-skewing (upper panels) or Th2-skewing (lower panels) conditions for 5 days.
The resulting cells were analyzed for intracellular cytokine staining.

(C) Restored in vitro Th1 differentiation of Sema4A-deficient T cells by coculture with wild-type T ceils. SemadA-deficient CD4* naive T cells
{Ly5.2*) were cocultured with congenic wild-type CD4* naive T cells (Ly5.1*) under Thi-skewing conditions for 7 days. The resulting cells
positive for Ly5.2* or Ly5.1+ cells were gated for analysis of INF-y-praducing cells by intracellular cytokine staining.

(D) Reduced expression of T-bet in Th1-conditioned celis of SemadA-deificient T cells. Naive T cells prepared from wild-type (white bars) or
SemadA-deficient mice (black bars) were cuitured in Thi- or Th2-skewing conditions with or without SemadA-Fc. RNAs were prepared from
day 4 Thi- or Th2-conditioned cells. Relative expression of T-bet and GATA-3 was determined by quantitative real-time PCR with the ribo-
somal RNA expression as the normalization controls. ™*, p < 0.001. Each value was analyzed by using a paired t test.

{E) Reduced expression of IL-12RB2 in SemadA-deficient T cells. Wild-type or SemadA-deficient CD82LMS" CD4* naive T cells purified by
FACS sorting were cultured under ThO- or Thi-skewing conditions for 7 days. Expression of {L-12R82 was determined by RT-PCR.

(F) Restored Th1 polarization of SemadA-deficient T cells by SemadA-Fc. CDG2L"s" GD4+* naive T cells prepared from wild-type or SemadA-
deficient mice were cultured under Thi-skewing conditions in the presence of Sema4A-Fc or control Fc proteins. The resulting cells were
restimulated with immobilized anti-CD3, and the levels of IFN-y in the culture supernatants were measured by ELISA.

Error bars indicate mean = SD.
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