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4, Concluding remarks

Mucosal surface is protected in multiple prudent ways from invasion by pathogens
and antigens that induce undesired inflammation (Fig. 3). First, mucosal epithelium
covering the associated tissues constitutes physical barriers that are tightly connected
by a variety of intercellular adhesive mechanisms such as firm interactions between
IELs and IECs and between IECs. Further, mucosal epithelium is covered by thick
layers of mucus. Second, responsiveness of mucosal epithelial cells to PAMPs via
TLRs are generally suppressed by decrease in the surface expression of TLRs and
increase in the intracellular expression of inhibitors that are associated with TLR
signaling, thus avoiding induction of unnecessary inflammation as a result of
continuous signaling via TLRs. In general, the innate immunity at the mucosa may
be negatively regulated and thus maintain the appropriate homeostasis between the host
and outside environments.

In contrast, M cells that are located within the epithelium that covers lymphoid or non-
lymphoid tissues can behave as a gateway for the transport of antigens and pathogenic
microorganisms into the underlying lymphoid follicles or lamina propria, which leads to
the initiation of mucosal acquired immunity. DCs located within or in close proximity to
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Fig. 3. Dynamic linkage between innate and acquired immunities at mucosal surface.



O. Igarashi et al. / International Congress Series 1285 (2005) 84-93 91

epithelium also sample antigens and contribute to the induction of acquired immunity. It is
interesting to seek out the nature of acquired immunity against antigens taken up by PP-
associated M cells, villous M cells, and mucosal DCs located in the different areas of
intestinal tract.

It has been reported that DCs express tight junctional proteins to penetrate into
epithelium [48] and a variety of TLRs to recognize a wide spectrum of PAMPs [23]. In
addition, M cells located within the FAE of swine PP express TLR2 and TLRO both at the
apical and basolateral surfaces [50,51].

Taken all together, these findings suggest that M cells and DCs are key players that
bridge innate and acquired immunities at the mucosa.
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Essential function for the kinase TAK1 in innate and
adaptive immune responses

Shintaro Sato'’, Hideki Sanjo®>*’, Kiyoshi Takeda?, Jun Ninomiya-Tsujis, Masahiro Yamamoto?, Taro Kawail,
Kunihiro Matsumoto®, Osamu Takeuchil*? & 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 altele encoding part of TAKL.
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-«kB and mitogen-
activated protein kinases in response to interleukin 1p, tumor necrosis factor and Toll-like receptor ligands. However, TAK1-
deficient B cells were able to activate 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 1P (IL-1B) have a critical function in innate immune
responses by eliciting inflammation*?. 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-kB and
-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)3. 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 (IKKs). Subsequently, phosphorylated IxB
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 stimulatdon 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-B signaling®. TAK1 is evolutionally
conserved, and drosophila TAK1 is critical for antibacterial innate
immunity!C. In addition, TAK1 functions as an ‘upstream’ signaling
molecule of NF-kB 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''~1*. Activated
TAK1 is recruited to TRAF6 and TRAF2 complexes in response to
IL-1R and TNFR 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- Line1  Line2
tion of TAK1. Activated TAK1 complex phos- o g flow

phorylates IKKs and MKK6, which activate
NF-kB and MAPKs, respectively. In vitro
studies have shown that expression of TAK1
together with TAB1 enhances activation of a
NF-kB reporter gene®. Reciprocally, ‘knock-
down’ of Map3k7, the gene encoding TAK1,
in Hela cells by RNA interference results d
in abrogation of IL-1B- and TNF-induced
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Studies of TABI-deficient mice have shown
that TABI is involved in TGF- 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 TAK1
activation or if the TAK1 complex itself is
dispensable for NF-xB and MAPK signaling
in vivo. Although the function of TAK1
in drosophila innate immune response
has been studied extensivelyl®, its involve-
ment in the mammalian TLR system is not
well understood.

Here we have examined the function of
TAK1 in vive 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 (Map3k7flox/floxy Fipgt
we examined the function of TAK1 in IL-1R and TNF signaling
using TAKI-deficient MEFs and found that TAK1 was required for
L-1B- and TNF-induced NF-kB 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 TAK1 resulted in considerably impaired B cell activation in
response to various stimuli, including nonmethylated CpG DNA
(a ligand for TLR9), polyinosine-polycytidylic acid (poly(I:C); a ligand
for TLR3), LPS (a ligand for TLR4), CD40 and BCR crosslinking,
Furthermore, LPS and CpG DNA failed to activate Jnk and NF-xB in
TAK1-deficient B cells, indicating that TAKI is essential for activating
these signaling pathways. Notably, although BCR crosslinking on
TAK1-deficient B cells also demonstrated defective Jnk activation,
activation of NF-kB 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,
TNEFR and BCR cellular responses and signaling pathways leading to
the activation of Jnk and/or NF-kB.

RESULTS

Map3k7 ! mice die early in utero

To investigate the function of TAK1 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 TAK1, including its ATP-binding site (Lys63), and a floxed

1088

Figure 1 Establishment of Map3k7 / MEFs. (a) Southern blot analysis of genomic DNA from
Map3k7 ' ([ )and control Map3k7o¥fox (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 Map3i7fodfiox 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. () Immunoblot analysis of lysates of Map3k7 / and Map3k7Mexfiox
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 light units) in whole-cell lysates was measured. Data are representative of three
independent experiments.

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 (Map3k7<* 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 E10.5 (Supplemen-
tary Fig. 1 online).

Establishment of Map3k7 / MEFs

As Map3k7 ! MEFs obtained from E9.5 embryos failed to grow, we
prepared MEFs from Map3k78e/lex mjce, 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/flex
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. 1c). 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
TAKI1A in Map3k7 | cells (Fig. 1e). To confirm that TAKIA lacked
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Figure 2 Impaired responses to IL-1p and TNF in Map3k7 / MEFs.

(a) IL-6 production by MEFs. Control Map3k7floxfox 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 IL-1B. IL-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 ttest). 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
{riplicate. Data are mean =+ s.d. percentage of viable cells after treatment
relative to untreated control. (c) Viability of control and Map3k7 / MEFs
left untransfected or transfected with wild-type or mutated TAK1 and were
teft unstimulated (Unstim.) or were stimulated for 24 h with 10 ng/mi 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-xB 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 TAKIA was nonfunctional because
it lacked an ATP-binding site (Fig. If).

TAK1 is required for IL-1B and TNF responsiveness

We first examined responses to IL-1B and TNE We stimulated
Map3k7 | and control Map3k7foxflox MEEs with IL-1B 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 cells (Fig. 2a).
Moreover, re-expression of wild-type TAK1 but not TAKIA in
ap3k7 ! MEFs restored IL-6 production in response to IL-1p.

As NF-xB activation is required for survival of MEFs after exposure
to TNE, we next compared the viability of TNFE-stimulated cells. TNF
stimulation induced cell death in Map3k7 /' MEFs in a dose-
dependent way (Fig. 2b). In contrast, Map3k7 flox/flox MEFs were
viable after TNF stimulation. The TNF-induced cell death noted in
Map3k7 ! MEFs was circumvented by expression of wild-type TAK1

ARTICLES

but not TAKIA (Pig. 2¢). 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
Map3k7floxiflox 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 IL-1f and TNF
were compromised in Map3k7 ! MEFs (Fig. 3b). Furthermore,
activaion of Jnk and p38 in response to IL-1B and TNF in
Map3k7 /" MEFs was also impaired (Fig. 3c). Thus, TAK1 was
required for NF-kB, 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 1L-1P 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 Map3k7%Y mice with mice carrying
the Cre transgene under control of the Cd19 promoter (CAIS=r/+),
Southern blot analysis showed almost complete Cre-mediated deletion
of Map3k7 in B cells from CA19°" Map3k7% mice (Supplemen-
tary Fig. 2 online). We also checked deletion of TAK1 in purified
B cells by immunoblot analysis and confirmed that the expression
of wild-type TAK!1 was considerably reduced in B cells from
Cd195* Map3k79eY  mice (Supplementary Fig. 2 online).

TAK1 deficiency impairs B-1 B cell development

We investigated whether B cell-specific TAK1 deficiency affected
lymphopoiesis. The population of B cell precursors in the
bone marrow was comparable in CAISY+Map3k79¥+ and
Cd195*Map3k78¥  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 CD21*) were also comparable for Cd19%/+ Map3k7 flox/+
and CA19*Map3k7%9¥  splenocyte samples (Fig. 4b). However,
the B220"CD5* B-1 B cell population was reduced in the peritoneal
cavities of Cd19C“’+Map3k7 flox/ mice (Fig. 4c). These results indi-
cate that TAK1 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!+ Map3k7floxi+ B cells proliferated in response to all TLR

L1 HE TNF -t TNF
a floxfiox i b floxfflox - HloxAlox i ¢ floxdlox e flox/fiox =
Time {min) ¢ 5 1530 0 5 1530 Time {min) ¢ 1530 0 16230 0 1530 0 1630 Time {min} ¢ 102080 01020 &0 0102030 0 102030
> o
o
b Palnk
UK Wy —m Bt M 5
. - Sebpusbslalise  welate sl e e Jnk
PURAKA o 8
o= T - -

o s o s S s 1y e v e Y30

Figure 3 Impaired activation of NF-xkB and MAPKs in response to IL-1p and TNF in TAK1-deficient cells. (@) 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 IL-1B (10 ng/mi) 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 1xBa whole-cell lysates was detected by immunoblot with anti-ikBa (bottom).

{c) Phospharylation 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/mi) for various times (above lanes), assessed by immunobiot with phosphorylation-specific antibodies. Jnk and p38, loading controls. All

results are representative of three different experiments.
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B cells showed impaired entry to S phase after
treatment with LPS and CpG DNA (Fig. 5b).
These results indicate that TAX1 is responsi-
ble for TLR-mediated responses in B cells.
We next examined whether TAK! defi-
ciency influences the viability of B cells.
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culture (PFig. 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 CA19™* Map3k7Alox!
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°*Map3k/1° 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 IL-6 production from human naive B cells?®.
In mouse splenic B cells, IL-6 was produced in response to CpG DNA
and LPS (Fig. 5e). However, IL-6 production by CA19%/* Map3k Al

I, B cells in response to either LPS or CpG DNA was less than that of

ontrol CA195* Map3k73e/* B cells,

We also assessed TLR-induced activation of signaling pathways
in TAK1-deficient B cells. In CAI15~**Map3k/4o+ B cells, stimula-
tion with LPS or CpG DNA resulted in degradation of IxBa and acti-
vation of NF-kB DNA-binding activity (Fig. 5f,g). In contrast, IxBo
degradation and NF-xB DNA-binding activity in response to LPS and
CpG DNA were reduced considerably in Cd19re/*Map3k7flox/
B cells. In addition, activation of Jnk, p38 and Erk was impaired
in LPS- and CpG DNA-stimulated Cd19*Map3k71o¢ 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-kB 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 CARMA1), Bd10 and MALT1 (also known as paracaspase)
then transduces signals to NF-xB and MAPKs downstream of protein
kinase C-B?2. It has also been proposed that TAK1 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 TAKI-deficient B cells in response to BCR
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B220 cD21

Figure 4 B cell development in Cd19C®*Map3k7™¥ mice. Flow cytometry of B cell development in
the bone marrow (a), spienic (b) and peritoneal (c) B cells from 8-week-old Cd19%®* Map3k7f1o¥+ and
Cd19%®*Map3k7™¥ 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 TAK1 is
involved in the signaling pathways used by BCRs and CD40 (Fig. 6a
and Supplementary Fig. 3 online). Furthermore, Cd19Cwe/+
Map3k79¥ B cells showed impaired entry to S phase and impaired
enhancement of cell survival after BCR crosslinking compared with
that of control CA19%"* Map3k7iox/+ B cells (Fig. 6b,c). In contrast,
BCR stimulation induced almost similar upregulation of CD69 and
CD86 in control and CAI19 <™+ Map3k71o¥ 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%+ Map3k79°%/ B cells (Fig. 6¢). Unexpectedly, BCR-mediated
activation of NF-kB 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-xB 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 TAK1-deficient B cells (Supplementary Fig. 4 and Supplemen-
tary Table 1 online). However, the downregulation of p27XiP! expres-
sion was impaired in CAI19C**Map3k78e 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-xB
activation. In contrast, MALT'1 is required for the activation of NF-xB
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Figure 5 impaired B cell activation in response to TLR ligands in Cd19%¢* Map3k71X mice. (a) Proliferation of purified splenic B cells treated 48 h with
various stimuli (horizontal axes), assessed by [3H1thymidine incorporation. Data are mean = s.d. of triplicate cultures. *, P < 0.05 and **, P < 0.005,
versus TAK1-deficient cells (Student’s ttest). (b} Celi cycle profiles of B cells left untreated (Med) or after in vitro stimulation with 5 ug/m! of LPS or 100 nM
CpG DNA. Cells were labeled with BrdU and were analyzed by flow cytometry 24 h after stimulation. Numbers beside boxed areas indicate percentage of

cells in S phase. (c) Defective survival of Cd19%®*Map3k71¥ cells. B cells

were stimulated with 5 pg/ml of LPS or 100 nM CpG DNA. Viability of cells

was assessed by staining with annexin V-indocarbocyanine followed by flow cytometry (time, horizontal axes). (d) Surface expression of activation markers,
B cells were left unstimulated (open) or were stimulated for 24 h with 5 pg/ml of LPS or 100 nM CpG DNA (filled). Cells were then stained with anti-CD69
or anti-CD86. (e) ELISA of I1L-6 production by B cells stimulated with LPS (20 ug/ml) or CpG DNA (2 uM). Data are mean + s.d. of triplicate samples of
one representative of three independent experiments. *, P < 0.005, versus TAK1-deficient cells (Student’s #test). {f) Immunoblot of xBo degradation by

time, above lanes) with LPS (20 pg/ml) or CpG DNA (2 uM). (h) Immunoblot

but not Jnk downstream of Bcll0 in BCR signaling. Mice lacking
Bcl10, CARD11 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 TAK! may be recruited to the Bcl10 complex to
activate Jnk. Therefore, we examined the association of TAK1 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 CARDI11 (Fig. 6i). In contrast,
TAK1 failed to precipitate together with Bcl10 in LPS-stimulated cells
(Fig. 6i). These results suggest that TAK1 is recruited to the Bcl10
complex after BCR stimulation and is involved in Bcl10-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 IgM were lower in Cd19%*Map3k79¢ B cells than in
Cd19Cr*Map3k7flox/+ B cells (Fig. 7a). To induce humoral immune
responses, we challenged CA19“*Map3k7%8Y and littermate

NATURE IMMUNOLOGY VOLUME 6 NUMBER 11 NOVEMBER 2005

B cells in response to LPS (20 pg/mi) or CpG DNA (2 pM). (g) EMSA of NF-xB DNA-binding activity in nuclear extracts of purified splenic B cells treated

of lysates of B cells stimulated (time, above lanes) with LPS (20 pg/ml) or

CpG DNA (2 pM). Antibodies, right margin. All results are representative of three different experiments.

CA19* Map3k7 o<+ 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 Cd19<™*Map3k7fex/
mice compared with that of control Cd19<**Map3k71®+ mice,
whereas IgM titers were similar in both groups of mice (Fig. 7b).
Similarly, IgG3 production of Cd19“¥*Map3k7%°¥ 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 CA19<"+Map3k79°/  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.

DISCUSSION

Here we generated TAK1-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%* Map3k79¥ mice. (a) Proliferation of purified splenic B cells stimulated for 48 h
(stimuli, horizontal axes), assessed by [3H]thymidine incorporation. Data are mean = s.d. of triplicate cultures. *, P < 0.05 and **, P < 0.005, versus
TAK1-deficient cells (Student's -test). (b) Cell cycle profiles of B cells stimulated with 5 pg/ml of anti-lgM. Cells were labeled with BrdU and were analyzed
by flow cytometry 24 h after stimulation. Numbers beside boxed areas indicate percentages of celis in S phase. (c) 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
splenic B cells left unstimulated (open) or stimulated for 24 h with 5 pg/mi of anti-lgM (filled) and then stained with anti-CD69 or anti-CD86. (e) Total
tyrosine phosphorylation of B cells stimulated with 20 pg/ml of anti-lgM (time, above lanes). (§ Immunoblot of ikBa 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 cells stimulated with 20 pg/m! of anti-lgM (time, above lanes). (i) Association between TAK1 and Bel10.

WEHI-231 cells (1.5

108) were stimulated with 20 pg/mi of anti-IgM or 20 pg/ml of LPS (time, above lanes); cell lysates were immuncprecipitated (IP)

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).

5, However, mice lacking TAB2 have normal IL-1B responses'®. The

nction of TABI in the IL-1R signaling is still unclear, although
involvement TAB1 in TGF-P signaling has been reported in studies of
TABI-deficient mice!®. It is possible TAB3, a homolog of TAB2,
functions redundantly in TAB2-deficient mice!®!72526, In contrast,
TAK1-deficient MEFs showed considerably impaired responses,
including activation of NF-kB and MAPKs in response to IL-1pB
stimulation. However, IL-1f-induced production of IL-6 or activa-
tion of NF-xB was not completely abrogated in TAKI-deficient
MEPFs, indicating IL-1R activates both TAK1-dependent and TAK1-
independent signaling pathways.

The involvement of TAK1 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!%26, 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-kB 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 TLR9 ligands were considerably impaired in TAK1-defeicient B
cells. Moreover, activaion 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 TAX1. 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®”?8, In B cells, both MyD88
and TRIF are required for TLR4-induced proliferative response. In
TLR4 signaling, the activation of NF-xB and MAPKSs was considerably
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Figure 7 Impaired immune responses in Cd19%®*Map3k7"™ mice. (a) Reduced basal immunoglobulin titers in Cd19%®*Map3k7™ mice.
Jmmunoglobulin isotypes were measured by ELISA in the sera of nonimmunized 8-week-old Cd19%®* Map3k7'™* mice (n = 12) or Cd19%* Map3k71¥
mice (7 = 12). Results are from individual mice. (b) Impaired T cell-dependent antibody responses in Cd19%%* Map3k 7% mice. Mice were immunized
with nitrophenol—chicken y-globulin, and nitrophenol (NP)-specific IgM and |gG1 production was measured by ELISA 7, 14 and 21 d after immunization.
Results are from three (of five) representative mice per genotype. (¢) Impaired T cell-independent type 1| antibody responses in Cdl 9%l Map3k7fiod
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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 fest).

impaired in TAK1-deficient B cells at all time points examined,
suggesting that MyD88-dependent and TRIF-dependent activation
of these molecules depends entirely on TAK1.

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-xB and induction of NF-kB target genes induced by BCR-
crosslinking was not impaired in TAKl-deficient B cells. In BCR
signaling, a complex of CARD11, Bcl10 and MALT1 transduces signals
to NF-kB and MAPKs downstream of protein kinase C-p?2. CARD11
recruits Bcll0 to lipid rafts after stimulation. Bcll0 targets NF-xB
essential modulator for K63-linked polyubiquitination through Ubc13
and MALT1 and activates NF-kB?°. B cells from Card11 / , Bcl10 /
or Maltl / mice are reported to have defects in BCR signaling®®-3.
CARDI1 is required for the activation of both NF-xB and Jnk®2.
Furthermore, Bcl10 /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-kB but not Jnk*, indicating
hat Jnk is activated in a CARD11- and Bcl10-dependent, MALT1-
ndependent signaling pathway. Given that TAK1 phosphorylates IKKs
and MKX6 in IL-1p signaling, it is plausible that TAK] is activated
downstream of the CARD11-Bcl10-MALT1 complex and phosphor-
ylates MAPKKs. In fact, we found that TAK1 interacted with Bcl10 in
response to BCR crosslinking, indicating that TAK]1 is recruited to the
Bcll0 complex after BCR stimulation to induce Jnk activation.
Although published work has shown that RNA interference-mediated
knockdown of TAXK1 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 TAK1
interacts with Bcl10 in response to BCR but not LPS stimulation, it is
likely that TAK1 is activated by Bcll0 without the intervention of
TRAF6 in BCR signaling. As TAK1 is required for the activation of Jnk
but not NF-kB, MAIT1-mediated activation of the IKK complex
probably occurs independently of TAK1. These results collectively
indicate that in B cells, CARD11 and Bcl10 might activate TAK1 and
MALT1 to regulate MAPKKs 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 p275P! was
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impaired in TAK1-deficient B cells, suggesting that TAK1-dependent
signaling might regulate G1-S progression at the level of p27KiP!
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 TAKI in early embryogenesis modifying bone
morphogenic protein signaling has been suggested”’. Map3k7 /
embryos died at £9.5-E10.5. Mice deficient in genes encoding mole-
cules involved in NF-xB signaling, such as RelA (also called p65) and
IKKP, die in utero due to massive liver apoptosis®® . 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 inhjbition. 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!®1°. Thus, the function
of TAK1 in embryogenesis might be independent of TABI or TAB2.
The TAKI-NLK-STAT3 cascade is essential for TGF-B-mediated
mesoderm formation in xenopus embryos?2. Additional studies will
be needed to clarify the mechanisms of the involvement of TAK1 in
early embryogenesis.

In conclusion, we have shown here that TAK1 is essential for MAPK
and NF-xB 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 TNF. 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 TAK1 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 Nofl-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, Map3k71°%/+ or Map3k771°¢10% mice were bred with transgenic mouse
line carrying the Cre transgene under control of the cytomegalovirus immediate
early enhancer—chicken PB-actin hybrid (CAG) promoter*® to generate the
CAG ™+ Map3k71°* (genotype, Map3k7+ ), which were then intercrossed
to generate CAGC™*Map3k7iovflex (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 E13.5
Map3k71ox/1ex ernbryos, 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 Cdi19“"*Map3k7*/ mice. These mice were mated with
Map3kAoxlox mice: Cd195 Map3k7A%+ or Cd19°Map3k71°  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-HC], pH 7.5, 1 mM EDTA and a
protease inhibitor ‘cocktail’ (Roche). Lysates were separated by SDS-PAGE and
ere 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-TAK], anti-TAB1, anti-TAB2 and ant-IRAK-1 were as described®15%,
Polyclonal antibody to phosphorylated Jnk (anti-phospho-Jnk), anti-phospho-
p38, anti-phospho-Erk and anti-phospho-IxBa were purchased from Cell
Signaling. Polyclonal anti-Jnk, anti-p38, anti-Erk, anti-IxBe, anti-p27€iP! 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-CARDI1 was from Alexis Biochemicals.

Luciferase reporter assay. HEK293 cells were transiently transfected with
100 ng of either NF-xB (5 ) 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 10%) and purified splenic B cells
(5  10% were stimulated for 48 h with recombinant mouse IL-18 (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 10°) were seeded onto six-well plates and were
treated for 24 h with various concentrations of recombinant mouse TNF (R&D
Systems). Purified splenic B cells (1 105 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).

Electrophoretic mobility-shift assay (EMSA). MEFs (1 10%) or purified
splenic B cells (5 105) were treated with stimuli for various periods. Nuclear
extracts were purified from cells, were incubated with a probe specific for the
NF-kB 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.

I 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,
1gG2a, 1gG2b, IgG3 and IgA were purchased from Southern Biotechnology.

B cell proliferation assay. Purified splenic B cells (5  10*) were cultured in
96-well plates for 48 h with various concentrations of LPS, CpG DNA,
poly(I: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 B-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 amalysis. 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
protocol (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.

ACKNOWLEDGMENTS

We thank R.C. Rickert (The Burnham Institute, La Jolla, California) for providing
Cd19-Cre mice; J. Miyazaki (Osaka University, Suita, Japan) for providing CAG-Cre
mice; T. Kitamura (University of Tokyo, Tokyo, Japan) for providing retrovirus
vector; D.T. Golenbock (University of Massachusetts Medical School, Worcester,
Massachusetts) for providing NF-kB reporter; T. Kaisho and Y. Kumagai for
discussions; X. Nakamura for cell sorting; A. Shibano, M. Shiokawa, Y. Fujiwara
and N. Kitagaki for technical assistance; and M. Hashimoto and E. Horita for
secretarial assistance. Supported by Special Coordination Funds, the Ministry of
Education, Culture, Sports, Science and Technology.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Pubtished online at hitp://mww.nature.com/natureimmunology/
Reprints and permissions information is available online at http:/npg.nature.com/
reprintsandpermissions/

1. Aggarwal, B.B. Signalling pathways of the TNF superfamily: a double-edged sword.
Nat. Rev. Immunol. 3, 745-756 (2003).

VOLUME 6 NUMBER 11 NOVEMBER 2005 NATURE IMMUNOLOGY



© 2005 Nature Publishing Group http:/www.nature.com/natureimmunology

2. Dinarello, C.A. Biologic basis for interleukin-1 in disease. Blood 87, 2095-2147
(1996).

3. Akira, S. & Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 4, 499-511
(2004).

4, Baud, V. & Karin, M. Signal transduction by tumar necrasis factor and its relatives.
Trends Cell Biol. 11, 372-377 (2001).

5. Deng, L. et al. Activation of the IkB kinase complex by TRAF6 requires a dimeric
ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain. Cel/ 103,
351-361 (2000).

6. Wang, C. et al. TAK] is a ubiquitin-dependent kinase of MKK and IKK. Nature 412,
346-351 (2001).

7. Ghosh, S. & Karin, M. Missing pieces in the NF-xB puzzle. Celf 109, $81-896
(2002).

8. Ninomiya-Tsuji, J. et al. The kinase TAK1 can activate the NIK-1xB as well as the MAP
kinase cascade in the IL-1 signailing pathway. Nature 398, 252-256 (1999).

9. Yamaguchi, K. et al. Identification of a member of the MAPKKK family as a potential
mediator of TGF-B signal transduction. Science 270, 2008-2011 (1995).

10.Vidal, S. et al. Mutations in the Drosophila dTAK1 gene reveal a conserved function for
MAPKKKSs in the control of rel/NF-xB-dependent innate immune responses. Genes Dev.
15, 1900-1912 (2001).

11.Takaesu, G. et al. TAK] is critical for IkB kinase-mediated activation of the NF-xB
pathway. J. Mol. Biol. 326, 105-115 (2003).

12.1rie, T., Muta, T. & Takeshige, K. TAK1 mediates an activation signal from toil-like
receptor(s) to nuclear factor-xB in lipopolysaccharide-stimulated macrophages. FEBS
Lett. 467, 160-164 (2000).

13.Wan, J. et al. Elucidation of the c-Jun N-terminal kinase pathway mediated by
Estein-Barr virus-encoded latent membrane protein 1. Mol. Cell. Biol. 24, 192-199
(2004).

14, Shibuya, H. et al. TABL: an activator of the TAK1 MAPKKK in TGF-B signal transduc-
tion. Science 272, 1179-1182 (1996).

15. Takaesu, G. ef al. TAB2, a novel adaptor protein, mediates activation of TAK1 MAPKKK
by linking TAKL1 to TRAF6 in the IL-1 signal transduction pathway. Mol. Cell 5,
649-658 (2000).

16.1shitani, T. et al. Role of the TAB2-related protein TAB3 in IL-1 and TNF signaling.
EMBO J. 22, 6277-6288 (2003),

17.Cheung, P.C., Nebreda, A.R. & Cohen, P. TAB3, a new binding partner of the protein
kinase TAK1. Biochem. J. 378, 27-34 (2004).

18. Sanjo, H. et al. TABZ is essential for prevention of apoptesis in fetal jiver but not for
interleukin-1 signaling. Mol. Cell. Biol. 23, 1231-1238 (2003).

19. Komatsu, Y. ef al. Targeted disruption of the Tabl gene causes embryonic lethality and
defects in cardiovascular and fung morphogenesis. Mech. Dev. 119, 239-249 (2002).

20.Wagner, M. et al. 1L-12p70-dependent Thl induction by human B cells requires
combined activation with CD40 ligand and CpG DNA. J. Immunol. 172, 954-963
(2004).

21. Kurosaki, T. Regulation of B-cel signal fransduction by adaptor proteins. Naf. Rev
Immunol. 2, 354-363 (2002).

22.Thome, M. CARMAL, BCL-10 and MALT1 in lymphocyte development and activation.
Nat. Rev. Immunol. 4, 348-359 (2004).

23.Sun, L., Deng, L., Ea, C.K., Xia, Z.P. & Chen, Z.J. The TRAF6 ubiquitin ligase and TAK1
kinase mediate 1KK activation by BCL10 and MALT1 in T lymphocytes. Mol. Cell 14,
289-301 (2004).

24, Sidorova, E.V., Li-Sheng, L., Devlin, B., Chernishova, |. & Gavrilova, M. Role of different

B-cell subsets in the specific and polyclonal immune response to T-independent

antigens type 2. Immunol. Lett. 88, 37-42 (2003).

NATURE IMMUNOLOGY VOLUME 6 NUMBER 11 NOVEMBER 2005

ARTICLES

25.Jin, G. et al. dentification of a human NF-xB-activating protein, TAB3. Proc. Natl.
Acad. Sci. USA 101, 2028-2033 (2004).

26. Kanayama, A. et al. TAB2 and TAB3 activate the NF-xB pathway through binding to
polyubiquitin chains. Mol. Cell 15, 535-548 (2004).

27. Kawali, T., Adachi, 0., Ogawa, T., Takeda, K. & Akira, S. Unresponsiveness of MyD88-
deficient mice to endotoxin. Immunity 11, 115-122 (1999).

28. Yamamoto, M. et al. Role of adaptor TRIF in the MyD88-independent toll-like receptor
signaling pathway. Science 301, 640-643 (2003).

29. Zhou, H. ef al. BellO activates the NF-xB pathway through ubiquitination of NEMO.

Nature 427, 167-~171 (2004).

Ruland, J. et al. Bcll0 is a positive regulator of antigen receptor-induced activation of

NF-xB and neural fube closure. Cell 104, 33-42 (2001).

. Egawa, T. ef al. Requirement for CARMAL in antigen receptor-induced NF-xB activa-

tion and lymphocyte proliferation. Curr. Biol. 13, 1252-1258 (2003).

Hara, H. et al. The MAGUK family protein CARD11 is essential for lymphocyte

activation. Immunity 18, 763-775 (2003).

Newton, K. & Dixit, V.M. Mice lacking the CARD of CARMA1 exhibit defective

B lymphoacyte development and impaired proliferation of their B and T lymphacytes.

Curr. Biol. 13, 1247-1251 (2003).

Ruefli-Brasse, A.A., French, D.M. & Dixit, V.M. Regulation of NF-xB-dependent

lymphocyte activation and development by paracaspase. Science 302, 1581-1584

(2003).

Ruland, J., Duncan, G.S., Wakeham, A, & Mak, T.W. Differential requirement for Malt1

in T and B cell antigen receptor signaling. Immunity 19, 749-758 (2003).

Xue, L. et al. Defective development and function of BcllO-deficient follicular,

marginal zone and B1 B cells, Nat. Immunol. 4, 857-865 (2003).

Munoz-Sanjuan, 1., Bell, E., Aitmann, C.R., Vonica, A, & Brivanlou, A.H. Gene profiling

during neural induction in Xenopus faevis: regulation of BMP signaling by post-

transcriptional mechanisms and TAB3, a novel TAK1-binding protein. Development

129, 5529-5540 (2002).

Beg, A.A., Sha, W.C., Bronson, R.T., Ghosh, S. & Baltimore, D. Embryonic lethality

and liver degeneration in mice lacking the RelA component of NF-xB. Nafure 376,

167-170 (1995).

Tanaka, M. et al. Embryonic lethality, liver degeneration, and impaired NF-xB activa-

tion in 1KK-B-deficient mice. Immunity 10, 421-429 (1999).

Li, Q., Van Antwerp, D., Mercurio, F., Lee, K.F. & Verma, 1.M. Severe liver degeneration

in mice lacking the IxB kinase 2 gene. Science 284, 321-325 (1999).

. Rudalph, D. et al. Severe liver degeneration and lack of NF-xB activation in NEMO/

1KKy-deficient mice. Genes Dev. 14, 854-862 (2000).

Ohkawara, B. et al. Role of the TAK1-NLK-STAT3 pathway in TGF-B-mediated

mesoderm induction. Genes Dev. 18, 381-386 (2004).

Sakai, K., Mitani, K. & Miyazaki, J. Efficient regulation of gene expression by

adenovirus vector-mediated delivery of the CRE recombinase. Biochem. Biophys.

Res. Commun. 217, 393-401 (1995).

44, Todaro, G.J. & Green, H. Quantitative studies of the growth of mouse embryo cells in
culture and their development into established lines. J. Cell Biol. 17, 299-313
(1963).

45, Rickert, R.C., Roes, J. & Rajewsky, K. B lymphocyte-specific, Cre-mediated mutagen-
esis in mice. Nucleic Acids Res. 25, 1317-1318 (1997).

46. Sato, S. et al. A variety of microbial compaonents induce tolerance to lipopolysaccharide
by differentially affecting MyD88-dependent and -independent pathways. Int. Immu-
nol. 14, 783-791 (2002).

47.Sato, S. et al. Synergy and cross-folerance between foli-like receptor (TLR) 2- and
TLR4-mediated signaling pathways. J. Immunol. 165, 7096-7101 (2000).

30.

3

-

32.

33.

34.

35.
36.

37.

38.

39,

40.

4

—

42.

43,

1095



Immunity 24, 41-51, January 2006 ©2006 Elsevier Inc. DOI 10.1016/j.immuni.2005,11.004

IkBNS Inhibits Induction of a Subset
of Toll-like Receptor-Dependent Genes

and Limits Inflammation

Hirotaka Kuwata,' Makoto Matsumoto,” Koji Atarashi,’
Hideaki Morishita,' Tomohiro Hirotani,?

Ritsuko Koga,' and Kiyoshi Takeda'*

' Department of Molecular Genetics

Medical Institute of Bioregulation

Kyushu University

3-1-1 Maidashi, Higashi-ku

Fukuoka 812-8582

Japan

2 Department of Gastroenterology and Hepatology
Graduate School of Medicine

Osaka University

2-2 Yamada-oka, Suita

Osaka 565-0871

Japan

Summary

Toll-like receptor (TLR)-mediated immune responses
are downregulated by several mechanisms that affect
signaling pathways. However, it remains elusive how
TLR-mediated gene expression is differentially modu-
lated. Here, we show that IxBNS, a TLR-inducible nu-
clear IxB protein, negatively regulates induction of a
subset of TLR-dependent genes through inhibition of
NF-kB activity. [kBNS-deficient macrophages and den-
dritic cells show increased TLR-mediated expression
of genes such as IL-6 and IL-12p40, which are induced
late after TLR stimulation. In contrast, IkBNS-deficient
cells showed normal induction of genes that are in-
duced early or induced via IRF-3 activation. LPS stimu-
lation of IkBNS-deficient macrophages prolonged
NF-xB activity at the specific promoters, indicating
that 1kBNS mediates termination of NF-kB activity at
selective gene promoters. Moreover, [kBNS-deficient
mice are highly susceptible to LPS-induced endotoxin
shock and intestinal inflammation. Thus, 1kBNS regu-
lates inflammatory responses by inhibiting the induc-
tion of a subset of TLR-dependent genes through mod-
ulation of NF-kB activity.

Introduction

Toll-like receptors (TLRs) are implicated in the recog-
nition of specific patterns of microbial components
and subsequent induction of gene expression. TLR-
dependent gene expression is induced through acti-
vation of two distinct signaling pathways mediated by
the Toll/IL-1 receptor (TIR) domain-containing adaptors
MyD88 and TRIF, These signaling pathways finally
culminate in the activation of several transcription
factors, such as NF-xB and IRF families (Akira and
Takeda, 2004). The MyD88-dependent gene induction
is achieved by an early phase of NF-xB and IRF-5 acti-
vation in macrophages (Kawai et al., 1999; Takaoka

*Correspondence: ktakeda@bioreg.kyushu-u.ac.jp

et al, 2005). The TRIF-dependent gene induction
is mainly regulated by IRF-3 (Sakaguchi et al., 2003;
Yamamoto et al., 2003).

TLR-mediated gene expression regulates activation
of not only innate immunity but also adaptive immunity,
which provides antigen-specific responses against
harmful pathogens (lwasaki and Medzhitov, 2004; Pa-
sare and Medzhitov, 2004). However, TLR-mediated ac-
tivation of innate immunity, when in excess, triggers de-
velopment of autoimmune disorders and inflammatory
diseases, such as SLE, cardiomyopathy, atherosclero-
sis, diabetes mellitus, and inflammatory bowel diseases
(Bjorkbacka et al., 2004; Eriksson et al., 2003; Kobayashi
et al., 2003; Lang et al., 2005; Leadbetter et al., 2002; Mi-
chelsen et al., 2004). Excessive activation of TLR4 by LPS
induces endotoxin shock, a serious systemic disorder
with a high mortality rate. Therefore, TLR-dependent in-
nate immune responses must be finely regulated, and
underlying mechanisms are now being examined exten-
sively (Liew et al., 2005). Several negative regulators of
TLR-mediated signaling pathways have been proposed.
Cytoplasmic molecules, such as an alternatively spliced
short form of MyD88 (MyD88s), IRAK-M, SOCS1, A20,
PI3-kinase, and TRIAD3A, are all involved in negative
regulation of TLR pathways (Boone et al., 2004; Burns
et al., 2003; Chuang and Ulevitch, 2004; Fukao et al.,
2002; Kinjyo et al., 2002; Kobayashi et al., 2002; Naka-
gawa et al., 2002). Membrane bound SIGIRR, ST2,
TRAILR, and RP105 are also implicated in these pro-
cesses (Brint et al., 2004; Diehl et al., 2004; Divanovic
et al., 2005; Wald et al., 2003).

TLR-dependent gene induction is also regulated by
nuclear IxB proteins, such as kB¢, Bcl-3, and IkBNS.
IkBY is indispensable for positive regulation of a subset
of TLR-dependent genes, such as IL.-6 and IL-12p40
(Yamamoto et al., 2004). In contrast, Bcl-3 and IkBNS
seem to be involved in negative regulation of TLR-de-
pendent gene induction. Bel-3 was shown to be involved
in selective inhibition of TLR-dependent TNF-a produc-
tion (Kuwata et al., 2003; Wessells et al., 2004). An in vitro
study indicated that IkBNS is induced by IL-10 or
LPS and selectively inhibits IL-6 production in macro-
phages (Hirotani et al., 2005). Thus, nuclear kB proteins
differentially regulate TLR-dependent gene expres-
sion. However, the physiological role of IxBNS is still
unclear.

In this study, we analyzed TLR-dependent inflamma-
tory responses in IkBNS-deficient mice. We found that
IkBNS is involved in selective inhibition of a subset of
MyD88-dependent genes, including IL.-6, iL-12p40, and
IL-18. In 1xBNS-deficient macrophages, LPS-induced
activation of NF-xB was prolonged. Accordingly, IkBNS-
deficient mice showed increased production of these
cytokines accompanied by high sensitivity to LPS-
induced endotoxin shock. Furthermore, |kBNS-deficient
mice were highly susceptible to intestinal inflammation
caused by disruption of the epithelial barrier. These find-
ings indicate that IkBNS inhibits the induction of a group
of TLR-dependent genes, thereby preventing excessive
inflammation.
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Figure 1. Targeted Disruption of the Mouse lkbns Gene
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{8) Maps of the IkBNS wild-type genome, targeting vector, and predicted targeted gene. Open and closed boxes denote the noncoding and cod-

ing exons, respectively. Restriction enzymes: S, Scal.

{B) Southern blot analysis of offspring from the heterozygote intercrosses. Genomic DNA was extracted from mouse tails, digested with Scal,
electrophoresed, and hybridized with the probe indicated in (A). The approximate size of the wild-type band is 4.9 kb, and the mutated band is

3.6 kb.

(C) Peritoneal macrophages were cultured with or without 100 ng/mi LPS for 1 hr (L and M, respectively), and total RNA was extracted, electro-
phoresed, transferred to nylon membrane, and hybridized with the mouse IkBNS full-length cDNA probe. The same membrane was rehybridized

with a GAPDH probe.

Results

Targeted Disruption of the KBNS Gene
To study the functional role of IkBNS in TLR-dependent
responses, a null mutation in the /kbns allele was intro-
duced through homologous recombination in embry-
onic stem (ES) cells (Figures 1A and 1B). 1kBNS™™ mice
were born alive and grew healthy until 20 weeks of
age. We performed Northern blot analysis to confirm
that the mutation causes inactivation of the /kbns gene.
LPS robustly induced IxBNS mRNA in wild-type macro-
phages, but not in 1kBNS™~ macrophages (Figure 1C).
A previous report indicated that ikBNS is invoived in
negative selection of thymocytes (Fiorini et al., 2002).
Therefore, we first analyzed lymphocyte composition
in lymphoid organs such as thymus and spleen by flow
cytometry (Figures S1A and 81B). Total cell number
and CD4/CD8 or CD3/B220 populations in thymus and
spleen were not altered in ikBNS ™~ mice. Splenic
T cells from IkBNS ™~ mice showed similar levels of pro-
liferative responses to IL-2 and IL-7 as did wild-type
T cells. Moreover, IkBNS™™ T cells proliferated to al-
most equal degrees in response to anti-CD3 antibody
compared to wild-type T cells (Figure S1C). These re-
sults indicate that T cell development and functions
were generally unaffected in IkBNS™" mice.

Increased IL-6 and IL-12p40 Production

in IkBNS-Deficient Cells

Since IkBNS expression was induced within 1 hr of LPS
stimulation in macrophages (Figure 1B), we stimulated
peritoneal macrophages with various concentrations
of LPS and analyzed for production of TNF-o. and [L.-6
(Figure 2A). In macrophages from IkBNS™" mice, LPS-
induced TNF-a production was comparable to wild-type
celis, but IL-6 production was significantly increased.
We then analyzed whether IkBNS ™~ macrophages pro-
duce increased amounts of IL-6 in response to other
TLR ligands, since IkBNS mRNA was induced by several
TLR ligands as well as the TLR4 ligand LPS in a MyD88-
dependent manner (Figure S2A). Peritoneal macro-
phages were stimulated with mycoplasmal lipopeptides
(TLR6 ligand), PamsCSK, (TLR1 ligand), peptidoglycan
(TLR2 ligand), and imiquimod (TLR7 ligand), and ana-
lyzed for production of TNF-a and IL.-6 {Figure 2B). In re-
sponse to these TLR ligands, the production of IL-6,
but not TNF-«, was increased in IkBNS™~ mice. We
next analyzed the response of bone marrow-derived
dendritic cells (DCs). DCs from 1kBNS™~ mice produced
similar amounts of TNF-a and increased amounts of |IL-6
in response to LPS compared to wild-type DCs (Fig-
ure 2C). In addition, DCs showed LPS-induced produc-
tion of IL-12p40 and IL-12p70, and production of these
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Figure 2. Increased Production of IL-6 and IL-12p40 in IkBNS™~ Macrophages and Dendritic Cells

(A) Peritoneal macrophages were stimulated with the indicated concentration of LPS for 24 hr. Concentrations of TNF-o and IL-6 in the culture
supernantants were analyzed by ELISA. Data are mean = SD of triplicate cultures in a single experiment, representative of three independent

experiments.

(B) Peritoneal macrophages were cultured with 1 or 10 ng/mi of TLR6 ligand (MALP-2), 1 or 10 ng/m! TLR1 ligand (PamsCSKa), 1 or 10 pg/ml TLR2
ligand (peptidoglycan; PGN), or 1 or 10 pg/m! TLR7 ligand (imiquimod) for 24 hr. Concentrations of TNF-o and IL-6 in the culture supernatants

were analyzed by ELISA, *; not detected.

(C) Bone marrow-derived DCs were stimulated with the indicated concentration of LPS for 24 hr. Concentrations of TNF-¢, 1L-6, IL-12p40, and
IL-12p70 in the culture supernatants were analyzed by ELISA. Data are mean + SD of triplicate cultures in a single experiment, representative

of three independent experiments.

cytokines was significantly increased in IkBNS ™~ DCs.
Bone marrow-derived DCs and splenic B cells were
analyzed for LPS-induced surface expression of CD86
or MHC class I (Figure S2B). LPS-induced augmenta-
tion of surface expression of these molecules was not
altered in IkBNS™~ mice. Thus, macrophages and
DCs from IkBNS™~ mice showed selective increases
in TLR-dependent production of IL-6 and IL-12p40.

Enhanced Induction of a Subset of TLR-Dependent
Genes in IxBNS-Deficient Macrophages

We further analyzed LPS-induced mRNA expression of
TLR-dependent genes in IkBNS™~ macrophages. Peri-
toneal macrophages were stimulated with LPS for 1,
3, or 5 hr, and total RNA was extracted. Then, mRNA
expression of TNF-a and IL-6 was first analyzed by
quantitative real-time RT-PCR (Figures 3A and 3B).
LPS-induced TNF-¢ mRNA expression in IxBNS™/~
macrophages was similar to wild-type cells. In the case
of 1L-6 mRNA, expression levels were comparable be-
tween wild-type and 1kBNS™/~ macrophages until 3 hr
of LPS stimulation. After 3 hr, IL-6 mRNA levels de-

creased in wild-type cells. However, IkBNS ™~ cells dis-
played further enhanced expression of IL-6 mRNA.
TNF-a mRNA was robustly induced within 1 hr of LPS
stimulation, and its expression promptly ceased in wild-
type cells. In contrast, IL-6 mRNA expression was in-
duced late compared to TNF-a. Because LPS-induced
IkBNS mRNA expression showed similar patterns
as TNF-a2 mRNA, we hypothesized that LPS-inducible
IxBNS blocks mRNA expression of genes that are in-
duced late (Figure 3C). Accordingly, we analyzed mRNA
expression of other genes that are induced early (/I-78,
H-23p 19, or Ikbz) or late (ll-12p40, II-18, or Csi3) in re-
sponse to LPS, LPS-induced mRNA expression of /-18
(IL-18), 1-23p 18 (IL-23p19), and /kbz (I«BY) was similarly
observed between wild-type and IkBNS™~ macro-
phages (Figure 3A). LPS-induced expression of II-
12p40 (I..-12p40), II-18 (IL.-18) and Csf3 (G-CSF) was ob-
served at normal levels in IkBNS™~ macrophages at
the early phase of LPS stimulation (within 3 hr of LPS
stimulation) (Figure 3B). However, at the late phase of
LPS stimulation (after 3 hr of LPS stimulation), mRNA ex-
pression of these genes was significantly enhanced in
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Figure 3. LPS-Iinduced Expression of Several TLR-Dependent Genes in IkBNS™~ Macrophages

Peritoneal macrophages from wild-type and 1xBNS™~ mice were stimulated with 100 ng/ml LPS for the indicated periods. Total RNA was ex-
tracted, and then subjected to quantitative real-time RT-PCR analysis using primers specific for Tnf, II-16, 1-23p19, lkbz (A), II-6, II-12p40,
1I-18, Csf3 (B), Ixbns (C), Cxcl10, Ccl2, Ccl5 (D), and [-10 (E). The fold difference of each sample relative to EF-1a levels is shown. Representative

of three independent experiments.

IkBNS ™/~ cells. We also analyzed LPS-induced expres-
sion of Cxcl10 (IP-10), Cci2 (MCP-1), and Ccl5 (RANTES),
which are induced by the TRIF-dependent activation of
IRF-3 (Figure 3D). LPS-induced expression of these
genes was not altered in IkBNS™ macrophages. An
anti-inflammatory cytokine IL-10 is induced by TLR
stimulation and thereby inhibits TLR-dependent gene
induction (Moore et al., 2001). Therefore, we next ad-
dressed LPS-induced IL-10 mRNA expression (Fig-
ure 3E). LPS-induced IL-10 mRNA expression was com-
parable between wild-type and IkBNS ™~ macrophages.
In addition, LPS-induced production of IL-10 protein
was not compromised in iIkBNS™~ DCs (Figure S2C).
These findings indicate that the enhanced LPS-induced
expression of a subset of TLR-dependent genes was not
due to the impaired IL-10 production in IkBNS ™~ mice.

Prolonged NF-«B Activity in I<BNS-Deficient Cells
Gene expression of Cxcl10 {IP-10), Ccl2 (MCP-1), and
Ccl5 (RANTES) was mainly regulated by the transcription

factor IRF-3 in the TRIF-dependent pathway, whereas
TNF-a, IL-6, and 1L.-12p40 gene expression was mainly
regulated by the MyD88-dependent activation of NF-xB
(Akira and Takeda, 2004; Yamamoto et al., 2003). In addi-
tion, previous in vitro studies indicated that overexpres-
sion of IkBNS leads to compromised NF-xB activity
through selective association of IkBNS with p50 subunit
of NF-=«B (Fiorini et al., 2002; Hirotani et al., 2005). There-
fore, we next analyzed LPS-induced activation of NF-«B.
LPS-induced degradation of l«Bo. was not compromised
inIkBNS™/~ macrophages (Figure S3A). Next, peritoneal
macrophages or bone marrow-derived macrophages
were stimulated with LPS and DNA binding activity was
analyzed by EMSA (Figure 4A,; Figure S3B). LPS stimula-
tion resuited in enhanced DNA binding activity of NF-«B
in both wild-type and IkBNS ™/~ macrophages to similar
extents within 1 hr. After 1 hr of LPS stimulation, NF-xB
activity decreased in wild-type cells. However, NF-«B
activity sustained and even at 3 hr of LPS stimulation
significant DNA binding activity was still observed in
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Figure 4. Persistent LPS-Induced Activation of NF-«kB in IkBNS™'~ Macrophages

(A) Peritoneal macrophages from wild-type and 1IkBNS™~ mice were stimulated with 100 ng/ml LPS. At the indicated time points, nuclear ex-
tracts were prepared, and NF-«B activation was analyzed by EMSA using a NF-kB specific probe.

(B) Peritoneal macrophages were stimulated with LPS. At the indicated time points, nuclear fractions were isolated and subjected to Western
blotting using anti-p65 Ab, anti-p50 Ab, anti-cRel Ab, or anti-poill Ab.

{C) Macrophages were stimulated with LPS for the indicated periods. Then, cells were stained with anti-p65 Ab or anti-p50 Ab (red) as well as
DAP! (blue}, and analyzed by confocal microscopy. Merged images are shown.

IkBNS ™ cells. We next analyzed nuclear localization of
NF-xB subunits. Peritoneal macrophages were stimu-
lated with LPS for the indicated periods, and nuclear
fractions were analyzed for expression of p65, p50, and
c-Rel by immunoblotting (Figure 4B). In wild-type macro-
phages, nuclear translocation of p65 was observed
within 30 min of LPS stimulation, and nuclear localized
p65 gradually decreased thereafter. In contrast, nuclear
localized p65 was still significantly observed even at 3 hr
of LPS stimulation in IkBNS™~ cells. In addition, sus-
tained nuclear localization of p50, but not c-Rel, was ob-
served in IkBNS™~ macrophages (Figure 4B). Nuclear
localization of NF-kB subunits was also analyzed by im-
munofluorescent staining of macrophages (Figure 4C).
Without stimulation, p65 and p50 were localized in the
cytoplasm, but not in the nucleus, in both wild-type
and IkBNS™~ macrophages. LPS stimulation resulted
in nuclear staining of both p65 and p50 at 1 hr. Nuclear
staining of p65 and p50 gradually decreased after 1 hr
of LPS stimulation and was only faintly observed at 2 hr
of stimulation in wild-type cells. However, nuclear local-
ization of p65 and p50 was still evident at 2 hr of LPS stim-
ulation in IxBNS™~ cells. These findings indicate that
LPS-induced NF-kB activity was prolonged in kBNS ™~
macrophages. NF-«B activity is terminated by degrada-
tion of promoter-bound p65 (Natoli et al., 2005; Saccani
et al., 2004). We used RAW264.7 macrophage cell line
and performed pulse-chase experiments with °S-la-
beled amino acids to analyze p65 turnover (Figure S3C).
In these cells, labeled p65 was accumulated into the nu-
cleus until 2 hr of LPS stimulation, and then p65 was de-
graded. In RAW cells constitutively expressing IkBNS,
nuclear accumulation of labeled p65 was similarly ob-
served until 1 hr of LPS stimulation. However, the p65
turnover was observed more rapidly and labeled p65

disappeared at 2 hr after LPS stimulation (Figure S3C).
These findings indicate that IkBNS mediates the degra-
dation of p65, The MyD88-dependent pathway mediates
activation of MAP kinase cascades as well as NF-«B
activation. Therefore, LPS-induced phosphorylation of
p38, ERK1, ERK2, and JNK was analyzed by Western
blotting (Figure S3D). LPS-induced activation of these
MAP kinases was not compromised in I<BNS ™~ macro-
phages.

Reguiation of p65 Activity at the IL-6 Promoter

by IkBNS

We next addressed how IkBNS selectively downregu-
lates induction of genes that are induced late. We uti-
lized the IL-6 and TNF-a promoters, which are represen-
tatives of genes activated late and early, respectively.
Wild-type macrophages were stimulated with LPS and
analyzed for recruitment of endogenous IkBNS to the
promoters by chromatin immunoprecipitation (ChlP) as-
say (Figure 5A). Consistent with previous findings using
IkBNS overexpressing macrophage cell lines (Hirotani
et al., 2005), endogenous IkBNS was recruited to the
IL-6 promoter, but not the TNF-o. promoter, in LPS-stim-
ulated macrophages. We next addressed LPS-induced
recruitment of p65 to the promoters in wild-type and
IkBNS™~ macrophages (Figure 5B). Recruitment of
p65 to the TNF-a promoter peaked at 1 hr of LPS stimu-
lation and gradually decreased thereafter in a similar
manner in both wild-type and IxBNS™" cells. Recruit-
ment of p65 to the IL-6 promoter was observed to similar
extents until 3 hr of LPS stimulation in wild-type and
IkBNS ™~ macrophages. After that, it decreased in wild-
type macrophages. In contrast, p65 recruitment was still
evident, rather enhanced, even after 5 hr of LPS stim-
ulation in IkBNS ™~ macrophages. Thus, p65 activity at
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the IL-6 promoter, but not at the TNF-a promoter, was
prolonged in LPS-stimulated ikBNS™~ macrophages.
Taken together, these findings indicate that TLR-induc-
ible I«xBNS is responsible for termination of NF-«B activ-
ity through its recruitment to specific promoters.

High Sensitivity to LPS-Induced Endotoxin Shock

in IxBNS-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 1L-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 1kBNS ™~ mice after 3 hr. Thus, per-
sistently high concentrations of LPS-induced serum IL-6
and 1L-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 IkBNS™~ mice are highly
sensitive to LPS-induced endotoxin shock.

5

Figure 5. IkBNS 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 (ChiP) assay was per-
formed with anti-IkBNS Ab or contro! 19. The
immunoprecipitated TNF-a promoter (upper
panel) or IL-6 promoter (lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. PCR amplification 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, ChlIP assay was per-
formed with anti-p65 Ab or control Ig. The im-
munoprecipitated TNF-« promoter (upper
panel} or IL-6 promoter (fower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. Representative of three independent
expetriments.

LPS (h)

control Ig
anti-p65

Input

control lg
anti-p65

Input

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-o 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 I|FN-y
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Figure 6. High Susceptibility to LPS-Induced Endotoxin Shock in IkBNS™~ 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 S hr
after LPS injection. Serum concentrations of TNF-x, IL-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
IkBNS ™~ mice, a significant increase in IFN-y produc-
tion was observed compared to DSS-fed wild-type mice.
These results indicate that kKBNS ™™ mice are suscepti-
ble to intestinal inflammation caused by exposure to
microflora.

Discussion

In the present study, we characterized the physiological
function of IxBNS. Induced by TLR stimulation, IxBNS is
involved in termination of NF-«B 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, 1xBNS ™~
mice are susceptible to intestinal inflammation accom-
panied by enhanced Th1 responses.

IkBNS was originally identified as a molecule that me-
diates negative selection of thymocytes (Fiorini et al.,
2002). However, IkBNS ™~ mice did not show any defect
in T cell development. Requirement of IxBNS in negative
selection of thymocytes should be analyzed precisely

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-8 and IFN-inducible genes through
activation of IRF-3, whereas the MyDB88-dependent
pathway mediates induction of several NF-xB depen-
dent genes {Beutler, 2004). A study with mice lacking
1B, another member of nuclear IkB proteins, has dem-
onstrated that the MyD88-dependent genes are divided
into at least two types; one is induced early and inde-
pendent of kB, and another is induced late and depen-
dent on kB¢ (Yamamoto et al,, 2004). The IkB{-regu-
lated genes include IL-6, IL-12p40, IL-18, and G-CSF,
which are all upregulated in LPS-stimulated 1kBNS ™~
macrophages. Thus, IkBNS seems to possess a function
quite opposite to IkBZ. IkBNS is most structurally related
to IkB¢ (Fiorini et al., 2002; Hirotani et al., 2005). But, IxBY
has an additional N-terminal structure, which seemingly
mediates the induction of target genes (Motoyama et al.,
2005). Thus, nuclear IkB proteins IkBZ and I«BNS posi-
tively and negatively regulate a subset of TLR-induced
NF-kB-dependent genes, respectively.

Recently, negative regulation of TLR-dependent gene
induction was extensively analyzed (Liew et al., 2005).



