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Plexin-Al and its interaction with DAP12 in immune
responses and bone homeostasis

Noriko Takegahara®'?, Hyota Takamatsu®'?, Toshihiko Toyofuku'?, Tohru Tsujimura’®, Tatsusada Okuno?,
Kazunori Yukawa®, Masayuki Mizui', Midori Yamamoto', Durbaka V.R. Prasad’, Kazuhiro Suzuki', Masaru
Ishii®, Kenta Terai’, Masayuki Moriya*, Yuji Nakatsuji*, Saburo Sakoda®, Shintaro Sato®, Shizuo Akira®, Kiyoshi
Takeda®, Masanori Inui', Toshiyuki Takai'’, Masahito Ikawa'!, Masaru Okabe'', Atsushi Kumanogoh''* and

Hitoshi Kikutani®?

Semaphorins and their receptors have diverse functions in axon
guidance, organogenesis, vascularization and/or angiogenesis,
oncogenesis and regulation of immune responses’**, The
primary receptors for semaphorins are members of the plexin
family212-14, In particular, plexin-Al, together with ligand-
binding neuropilins, transduces repulsive axon guidance
signals for soluble class 1 semaphorins®®, whereas plexin-Al
has multiple functions in chick cardiogenesis as a receptor

for the transmembrane semaphorin, Sema6D, independent

of neuropilins’®, Additionally, plexin-Al has been implicated

in dendritic cell function in the immune system'’. However,
the role of plexin-A1l in vivo, and the mechanisms underlying
its pleiotropic functions, remain unclear. Here, we generated
plexin-Al-deficient (plexin-A17-) mice and identified its
important roles, not only in immune responses, but also in bone
homeostasis. Furthermore, we show that plexin-A1l associates
with the triggering receptor expressed on myeloid cells-2 (Trem-
2), linking semaphorin-signalling to the immuno-receptor
tyrosine-based activation motif (ITAM)-bearing adaptor protein,
DAP12. These findings reveal an unexpected role for plexin-
Al and present a novel signalling mechanism for exerting the
pleiotropic functions of semaphorins.

To better understand the role of plexin-A1l in vivo, mice deficient in
the plexin-Al gene were generated by homologous recombination (see
Supplementary Information, Fig. S1a, b), and the successful deletion
of plexin-Al was confirmed by both northern blotting and RT-PCR

(see Supplementary Information, Fig. Slc, d). Mice were born with the
expected Mendelian ratios from intercrosses of heterozygous mutants

- and the resulting plexin-AI”-mice were fertile. Apparent abnormalities

were not observed by gross macroscopic or histological examination
of the embryos (E11.5) or in the brain, kidney, lung, heart, liver and
spleen of 4-week-old mice — all tissues in which plexin-A I-transcripts
are expressed (see Supplementary Information, Fig. Sle, f). These obser-
vations strongly suggest the existence of functional redundancy among
the plexin family members during embryonic development. However,
mutant mice had functional defects in the immune system, as well as
morphologic abnormalities in the skeletal tissues. Therefore, the biologi-
cal functions of plexin-A1l were further investigated with a focus on the
immune and skeletal tissues as described below.

Lymphocyte development seemed to be normal in plexin-AI~- mice.
No differences in the expression of cell surface phenotype markers,
numbers and ratios of T-cells, B-cells, macrophages and dendritic
cells in the spleen and thymus were observed between wild-type
and plexin-Al”- mice (see Supplementary Information, Fig. S1g).
Plexin-Al is highly expressed in dendritic cells', and the influence
of plexin-Al-deficiency on dendritic cell function was examined.
FITC~dextran uptake by dendritic cells, and the appearance of fluo-
rescent dendritic cells in the draining lymph nodes after skin painting
with FITC, in plexin-Al7- mice were comparable with those seen in
wild-type littermates (Fig. la, b). In addition, no significant differ-
ences were seen in the expression levels of costimulatory molecules
(including CD40, CD80, CD86 and MHC class II) between wild-

/-

type and plexin-A1~- dendritic cells (Fig. 1c). However, plexin-Al
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Figure 1 Immunological defects in plexin-AI"- mice. (a) Plexin-Al™"
dendritic cells take up antigen similar to wild-type cells. BMDCs from
wild-type (+/+) or plexin-A1~- (~/-) mice were stained with allophycocyanin
(APC)-anti-CD11c and cultured with FITC~dextran at 37 °C (thick lines) or
on ice (dotted lines) for 10 min. The CD11c-paositive cells were analysed
for FL1-fluorescence. (b) Normal dendritic cell trafficking to draining
lymph nodes in plexin-A17-mice. Wild-type and plexin-Al~- mice were
painted with FITC-isomer on the shaved thorax and abdomen. Cells from
the draining lymph nodes were stained with APC-anti-CD11c and CD11c-
positive cells were analysed for FL1-fluorescence (thick lines). Cells from
mice receiving the carrier solution without FITC were used as controls
(shade areas). (c) Normal expression of costimulatory molecules in plexin-
AI+ dendritic cells, BMDCs from wild-type or plexin-AI-- mice were
cultured for 24 h with anti-CD40 and stained with phycoerythrin (PE)-anti-
B220, FITC-anti-CD11c and biotin-anti-CD4Q, -anti-CD80, —anti-CD86
or —anti-1-A (thick lines) plus streptavidin—APC. CD11c-positive-B220-
negative cells were analysed. (d) Reduced stimulatory activities of plexin-
Al--dendritic cells against allogeneic T-cells. Irradiated splenic dendritic

dendritic cells poorly stimulated allogeneic T-cells compared with
wild-type dendritic cells (Fig. 1d). In contrast, when CD4* T-cells
from plexin-Al7~ mice or wild-type littermates were cultured with
allogeneic wild-type dendritic cells, no differences were observed
(Fig. le), suggesting an important role for dendritic cell-expressed
plexin-Al in stimulating allogeneic T-cells. In addition, the ability
of plexin-Al~- dendritic cells to stimulate antigen-specific T cells
in vitro was also impaired (Fig. 1f). These observations are consistent
with previous work of that used RNA interference (RNAi)-target-
ing of plexin-Al (ref. 17) showing that RNAi-mediated knock-down

cells derived from wild-type (open circles) or plexin-Al~ (closed circles)
mice were cultured with wild-type allogeneic CD4+ T-cells for 48 h.

(e) Normal mixed lymphocyte reactions (MLRs) between wild-type and
plexin-Al7-CD4+ T-cells. Irradiated splenic dendritic cells derived from
wild-type mice were cultured with allogeneic wild-type (open circles) or
plexin-Al7- (closed circles) CD4* T-cells for 48 h. Data are the mean + s.

d. of triplicates in d and e. (f) Reduced stimulatory activities of plexin-Al"
dendritic cells against antigen-specific T-cells. lrradiated BMDCs from wild-
type (white bars) or plexin-A1--dendritic cells (grey bars) were cultured with
CD621"" CD4~ naive T cells isolated from ovalbumin (OVA)-TCR transgenic
mice3® for 48 h with or without OVA- peptides. Data are the mean + s.d. of
the triplicates. (g) Impaired T-cell priming in plexin-AI7-mice. Wild-type
(open circles) and plexin-A1--mice (closed circles) were immunized with
KLH in CFA. Five days later, CD4+* T-cells were prepared from the draining
lymph nodes and restimulated with KLH. Data are the mean + s.d. The
results shown in a—g are representative of five independent experiments.

* indicates P<0.05, ** indicates P<0.01 and *** indicates P<0.001.

Each value was analysed by Student’s #test.

of plexin-Al in dendritic cells results in a substantial reduction in
T-cell stimulation. Thus, the expression of plexin-Al by dendritic
cells seems essential for normal T-cell stimulation. The generation of
antigen-specific T-cells in immunized plexin-A1~- mice was examined
next. CD4" T-cells were prepared from the draining lymph nodes of
immunized wild-type or plexin-A1~- mice and antigen-specific T-cell
responses were examined 7n vitro. Proliferative responses and cytokine
production by CD4* T-cells were considerably reduced in plexin-A1-"~
mice (Fig. 1g), demonstrating an important role for plexin-Al in gener-
ating antigen-specific T-cells. In contrast, there were no differences in
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Figure 2 Development of osteopetrosis in plexin-Al7-mice.

(a, b) Microradiographic analysis of the femurs from wild-type (+/+) and
plexin-Al7"{~/-} 20-week-old mice. Specimens were scanned using
microcomputed tomography. The scale bars represent 1 mm. (c) Bone
morphometric analyses of femurs from wild-type (n = 5; +/+) and plexin-
Al7*(n=4; —/-) mice. (d) Longitudinal sections of wild-type (+/+) and
plexin-Al7-(-/-) femurs stained with haematoxylin and eosin. The scale
bars represent 50 um. (e, f) Normal osteoblast functions in the absence of
plexin-Al. Preosteoclasts and calvarial osteoblasts were cocultured in the
presence of 1, 25(0H), vitamin D, (VitD,) and prostaglandin E, (PGE,),
and the formation of multinucleated osteoclasts was determined by TRAP
staining (e). Ratios of osteoblast surface to bone surface in wild-type (n = 4)
and plexin-A17{n = 4) mice were determined by bone histomorphometry
(f). (g, h) Impaired in vivo differentiation of osteoclasts in plexin-AI~-mice.
Ratios of osteoclast surface to bone surface and osteoclast number per
bone perimeter in wild-type (n = 13; +/+) and plexin-Al1” (n=9; -/-)

mice as determined by bone histomorphometry are shown (g). Urinary
deoxypirydinoline (Dpyd) and serum collagen type | fragment in wild-type

(n = 5; +/+) and plexin-Al7(n = 5; -/~) mice were measured by ELISA (h).
Cr, creatinine. (i) Representative in vitro osteoclastogenesis in the absence
of plexin-Al. Bone marrow cells derived from wild-type (+/+) or plexin-

Al (—/-) mice were cultured with M-CSF (10 ng mlI~*) and RANKL (50

ng mi-!) and TRAP-positive multinucleated cells (upper) and pit formation
(lower) were measured. Mean values = s.e.m. for each group are shown. The
results shown are representative of ten independent experiments. The scale
bars represent 200 um. A single asterisk indicates P<0.05, a double asterisk
indicates P<0.01; each value was analysed by Student’s t-test. (j) Different
expression profiles of plexin-A subfamily members between in vitro induced
and primary isolated osteoclasts. cDNA was prepared from osteoclasts
induced by M-CSF plus RANKL (in vitro) or from femurs and tibiae of 13-
day-old mice (primary). Expression of transcripts of plexin-Al, A2, A3, Ad4
and G3PDH were determined by PCR using their specific primers.
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Figure 3 Sema&D promotes dendritic cell activation and osteoclast
differentiation. (a) Sema6D-binding to dendritic cells. BMDCs from wild-
type (+/+) or plexin-Al~{-/-) mice were cultured with anti-CD40 for 24 h
and stained with biotinylated Sema6D-Fc (thick lines) or biotinylated
human 1gG1 (dotted lines) plus streptavidin—APC. (b) SemaéD-induced IL-
12 production by dendritic cells. BMDCs from wild-type (open circles) or
plexin-A17-(closed circles) mice were cultured with Sema6D-Fc¢ for 72 h
and the production of 1L.-12p40 was measured by Bio-Plex suspension array
system. (c) Sema6D-induced upregulation of MHC class Il in dendritic cells.
BMDCs from wild-type (+/+) or plexin-AI--(~/~) mice were cuitured for 24 h

the in vitro responses of B- and T-cells to mitogenic stimulation between
wild-type and plexin-AI”~ mice (see Supplementary Information,
Fig. S2a—c), consistent with low levels of plexin-Al-expression in
B- and T-cells'” (data not shown).

‘While isolating bone marrow cells from plexin-A17 mice, we observed
reduced cellularity (by 25 + 5%) in the long bones of plexin-AI- ani-
mals compared with wild-type littermates. In contrast, cell numbers
and lymphocyte populations in the lymphoid organs were similar
between mutant and control mice as described (see Supplementary
Information, Fig. S1g). This led us to speculate that plexin-Al may
have a previously unknown function in bone homeostasis. Three-
dimensional microstructural analyses using high-resolution microcom-
puted tomography revealed that plexin-Al-deficiency unexpectedly
resulted in increased bone mass (Fig. 2a, b and see Supplementary
Information, Movie 1 and 2), which was confirmed using bone mor-
phometric analyses (Fig. 2c). Sections of plexin-Al7- long bones had
increased trabecular mass compared with wild-type bones (Fig. 2d),

with recombinant soluble Sema6D proteins and stained with PE anti-B220,
FITC anti-CD11c and biotin-anti- i-A (thick lines) plus streptavidin—APC.
CD11lc-positive and B220-negative cells were analysed for the expression

of I-A. (d) Sema6D promotes osteoclast differentiation. Bone marrow cells
from wild-type mice were cultured with M-CSF (10 ng mi-!) and recombinant
soluble Sema6D (10 ug ml-Y) for 2 days, and cells were further cultured

with M-CSF (10 ng mi-!) and a suboptimal dose of RANKL (5 ng mi-}) for 3
days. The number of TRAP-positive cells was measured. The results shown in
a-d are representative of five independent experiments. The double asterisk
indicates P<0.01. Each value was analysed with a Student's £test.

indicating the development of osteopetrosis in plexin-AI7- mice. The
increased bone mass in plexin-Al”- mice may be a consequence of
increased osteoblast function, decreased osteoclast function, or both.
To determine the cellular mechanism for the osteopetrosis observed
in plexin-AI"" mice, the development and functions of osteoblasts and
osteoclasts was examined. Plexin-A I/ osteoblasts promoted the forma-
tion of wild-type osteoclasts to the same extent as wild-type osteob-
lasts (Fig. 2e) and plexin-A17-osteoblasts isolated from calvarias had
no obvious functional differences in the secretion of osteoclastogenic
factors, including macrophage-colony stimulating factor (M-CSF) and
soluble receptor activator of NF-xB ligand (RANKL), and in vitro cal-
cification (data not shown). There were no differences in the levels
of osteoblast markers between wild-type and plexin-Al7 mice (see
Supplementary Information, Fig. $3a, b). In addition, bone morpho-
metric analysis showed normal ratios of osteoblast surface to bone sur-
face (Fig. 2f). Calcein labelling also showed normal osteoblast activity
in vivo (see Supplementary Information, Fig. $3c). Collectively, the loss
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of plexin-A1 had no apparent influence on osteoblast development and
function. In contrast, histological bone morphometric analyses using
TRAP-staining showed that plexin-A 17~ mice had decreased osteoclast
numbers and lower ratios of osteoclast surface to bone surface (Fig. 2g).
In addition, plexin-AI”- mice displayed a decrease in deoxypirydino-
line (Dpyd) and collagen type I fragments (Fig. 2h), both of which are
markers of osteoclast activity and bone resorption, indicating reduced
in vivo bone turnover by ostoclasts. Consistently, the in vitro induc-
tion of osteoclasts'®" was reduced in the absence of plexin-Al (Fig. 2i).
However, the number of TRAP-positive cells varied between individual
mutant mice, and some mutant mice (approximately 40%) exhibited a
normal number of TRAP-positive cells in vitro. The expression of all
plexin-A members was seen in in vitro induced osteoclasts (Fig. 2j). It
is possible that this variability may be due to the compensatory mecha-
nisms involving other plexin-A family members.

Plexin-Al is involved in the generation of immune responses and
skeletal homeostasis, but the ligands responsible for these effects were
unclear. In the nervous system, plexin-A1l associates with neuropilins,
functioning as a signal transducing receptor component for class IIT
semaphorins such as Sema3A?*, However, recombinant Sema3A
neither promoted IL-12 production or costimulatory molecule expres-
sion on dendritic cells, nor enhanced osteoclastogenesis in vitro (data
not shown). Conversely, we previously identified plexin-A1 as a recep-
tor for Sema6D during chick cardiac development’. In the immune
system, Sema6D is highly expressed in T-cells (see Supplementary
Information, Fig. S4a, b), suggesting a role for Semaé6D-plexin-Al
interactions in T-cell-dendritic cell cell-cell contacts. We thus exam-
ined the effects of soluble recombinant Sema6D on dendritic cell func-
tion. Incubation of dendritic cells with recombinant soluble SemasD'¢
induced IL-12 production and upregulation of MHC dlass II-expression
(Fig. 3a-c), although similar effects were not observed in control recom-
binant Sema4A proteins (see Supplementary Information, Fig. S4c)®.
In addition, SemaéD is expressed on osteoclasts (see Supplementary
Information, Fig. S4b), and soluble recombinant Sema6D promoted
substantial osteoclast differentiation in vitro (Fig. 3d). Collectively,
these results strongly suggest that plexin-Al is a functional receptor
for Sema6D in both the immune and skeletal tissues, as well as during
cardiac development in chicks. Consistent with this hypothesis, when
plexin-Al"- dendritic cells were incubated with Sema6D, Sema6D
binding, IL-12 production and MHC class II upregulation were all
considerably reduced (Fig. 3a—c). However, residual Sema6D-binding
was observed in plexin-A I~ osteoclast precursors induced in vitro (see
Supplementary Information, Fig. S4d), indicating that recombinant
soluble Semaé6D still promoted the in vitro induction of osteoclasts in
the absence of plexin-Al (data not shown). As previously described',
Sema6D can weakly bind other plexin-A subfamily members, such as
plexin-A4. The different responsiveness to Sema6D between dendritic
cells and osteoclasts in plexin-AI” mice is likely to be due to the expres-
sion of other plexin-A subfamily members in osteoclasts (Fig. 2j and see
Supplementary Information, Fig. S4e).

A common mechanism may underlie plexin-Al-function in the
immune system and skeletal tissue. Alternatively, these functions may
be unrelated. It is noteworthy that plexins utilize different coreceptors
to exert a variety of biological effects*'*?!. Indeed, plexin-Al forms a
receptor complex with receptor-type tyrosine kinases such as vascu-
lar endothelial growth factor receptor 2 (VEGFR2) or Off-track in a
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region-specific manner during chick cardiac morphogenesis’®. However,
VEGFR2 and Off-track expression was not detected in dendritic cells
(data not shown). Therefore, plexin-A1 may associate with other novel
coreceptors to exert the functions described here. To better understand
the mechanisms by which plexin-A1l affects both the immune system
and bone homeostasis, several candidate molecules with putative func-
tions in both dendritic cells and osteoclasts were screened for association
with plexin-Al. Using this approach, Trem-2 was found to associate
with plexin-A1 (Fig. 4a and see Supplementary Information, Fig. $5a).
Trem-2 forms a receptor complex with DAP12, an ITAM-bearing acti-
vating adaptor protein, through a positively-charged amino acid in its
transmembrane domain®*®, Interestingly, Trem-2 and DAP12 have criti-
cal roles not only in the development of immune responses but also in
bone homeostasis by regulating osteoclast development®**. In COS7
cells transfected with plexin-A1l, Trem-2 and DAP12, the association
of plexin-Al with DAP12, in the presence of Trem-2, was observed -
(Fig. 4b, ), and this was also confirmed in cells stably expressing these
proteins and in dendritic cells (Fig. 4d, ¢). To determine the structural
requirements for the association of plexin-A1l and Trem-2, constructs
encoding Trem-2 were cotransfected with a series of amino (N)-terminal
truncation mutants of plexin-Al. As shown in Fig. 4f, the association of
plexin-Al with Trem-2 was still detected even in the absence of the Sema
and plexin-semaphorin-integrin (PSI) domains of plexin-A1, although
the association was considerably reduced. However, the association was
completely abolished by deletion of the plexin-A1 TIG domain. It thus
seems that the plexin-Al TIG domain is minimally required for the
interaction of plexin-Al with Trem-2.

To determine the role of Trem-2 and DAP12 in semaphorin-mediated
signals, a loss of function experiment was performed. RNAi against Trem-2
reduced the stimulatory activities of Sema6D on dendritic cells (Fig. 4g).
Similarly, DAP12”" dendritic cells exhibited considerably reduced responses
to Sema6D (Fig. 4h). When RAW264.7 cells expressing plexin-Al, Trem-2
and DAPI12 were stimulated with recombinant soluble SemaéD protein,
tyrosine phosphorylation of DAP12 was observed (Fig. 4i). Collectively,
these results strongly suggest that DAP12 and Trem-2 are functional recep-
tor components for Sema6D. ‘

Plexin-Al is expressed in a broad range of tissues from embryos to
adults (see Supplementary Information, Fig. S1f), and a role for plexin-
Al in axon guidance and cardiac morphogenesis during development
has previously been suggested'>'s. However, this study indicates that the
developmental or functional defects of plexin-AI~" mice are primarily
restricted to the immune and skeletal tissues. Failure to detect defects
in the nervous and cardiovascular systems may be due to compensatory
mechanisms by other plexin family members. Additionally, it is possible
that the mutant mice have subtle defects that were overlooked in our
gross macroscopic and histological analyses. More detailed examination
of the mutant mice is required to answer these questions.

Either antigen-uptake or expression levels of costimulatory molecules
on plexin-A17 dendritic cells were comparable with those on wild-type
dendritic cells (Fig. 1a~c), indicating that plexin-Al is not involved in
the development of dendritic cells. However, the allogeneic and antigen-
specific T-cell stimulatory activities of dendritic cells were impaired in
plexin-AI7- mice (Fig. 1d, f), suggesting that the plexin-AI-deficiency
on dendritic cells is primarily responsible for the impaired ability of
dendritic cells to stimulate T-cells. In this context, the reduced stimula-
tory activities of plexin-A 1~ dendritic cells could explain the defective
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Figure 4 Association of plexin-Al with Trem-2 and DAP12. (a) Association

of plexin-Al with Trem-2. COS7 cells were transfected with plexin-Al and
Trem-2 (left). As a negative control, COS7 cells were transfected with plexin-
Al and TLR4 (right). Cell lysates (1% digitonin) were immunoprecipitated
and immunoblotted as indicated. (b, ¢} Association of plexin-Al with

DAP12 through Trem-2. COS7 cells were transfected with plexin-Al,

Trem-2 or DAP12. Cell lysates (1% digitonin) were immunoprecipitated

and immunoblotted as indicated. (d) Association of plexin-Al with Trem-2
and DAP12. Cell lysates of 293T cells stably expressing plexin-Al (Flag-
tagged), Trem-2 {V5-tagged) and DAP12 (Myc-tagged; clone 10) were
immunoprecipitated and immunoblotted as indicated. 293T cells stably
expressing only DAP12 (Myc-tagged; clone 3) were used as controls.

(e) Association of plexin-Al with-DAP12 in dendritic cells. Cell lysates

of wild-type or DAP12+ dendritic cells were immunoprecipitated and
immuncblotted as indicated. (f) Plexin-Al associates with Trem-2 through its
TIG domain. The following constructs were used for coprecipitation assays:
full-length plexin-Al; plexin-A1-T2 (lacking Sema and PS! domains); plexin-
A1-T3 (lacking Sema, PS! and half of the N-terminal TIG domains); and

T-cell priming in plexin-Al~" mice. Interestingly, Sema6D is abundantly
expressed on T-cells but is downregulated during T helper cell (Th) dif-
ferentiation (see Supplementary Information, Fig. S4a, b), suggesting the
involvement of Sema6D-plexin-Al interactions in relatively early phases
of immune responses through T-cell-dendritic cell contacts. However,
the possible involvement of Sema6D-plexin-Al interactions in effector
phases of immune responses cannot be excluded.

The expression of SemaéD was detected not only in in vitro induced
osteoclasts but also in freshly isolated osteoclasts (see Supplementary

plexin-A1-T4 (iacking Sema, PSI and TIG domains). COS7 cells transfected
with the indicated expression vectors were solubilized in 1% digitonin

buffer and cell lysates were immunoprecipitated and immunoblotted as
indicated. (g) Trem-2 is a functional receptor component for Sema6D.
BMDCs transfected with siRNA specific for Trem-2 or non-silencing siRNA
were cultured with control 1gG or Sema6D-Fc for 72 h. Trem-2-expression in
RNAi-treated dendritic cells was determined by RT-PCR analysis. (h) DAP12
is a functional receptor component for Sema6D. Wild-type (open bars) or
DAP12- BMDCs (filled bars) were cultured with control 1gG or Sema6D~F¢
for 72 h. IL-12p40 production in the culture supernatants was measured

by ELISA. Data are the mean = s.d. The results shown are representative

of three independent experiments. ** indicates P<0.01 and *** indicates
P<0.001. Each value was analysed by Student's #test. (i) Sema6D induces
DAP12 tyrosine phosphorylation. RAW264.7 cells expressing plexin-Al, Trem-
2 and DAP12 (Myc-tagged) were stimulated with Sema6D-Fc (5 pg mi-).
Cell lysates were immunoprecipitated and immunoblotted as indicated.

PY: phosphotyrosine; Uncropped scans of the blots in Fig. 4 are shown in
Supplementary Information, Fig. S6.

Information, Fig. S4b). However, it is noteworthy that, although
Sema6D is a transmembrane-type semaphorin, it has been demon-
strated that a soluble form of SemaéD is cleaved from the cell sur-
face'. Thus, it is possible that Sema6D can function in both autocrine
and paracrine manners during osteoclastogenesis. It remains unclear
whether the effects of Sema6D are different depending on autocrine
versus paracrine stimulation. Also, further studies will be required to
determine whether the biological activity of the transmembrane-type
Sema6D is functionally different from that of soluble Sema6D.
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Our data describe the involvement of plexin-A 1, which can associate
with DAP12, in both the development of normal immune responses
and bone homeostasis. ITAM-mediated signalling through DAP12 has
previously been shown to be an important costimulatory signal, not only
for the proper development of immune responses, but also for osteoclast
differentiation®-%. As reported in DAPI12”- mice®, plexin-Al”- mice
displayed impaired generation of antigen-specific T-cells, in which they
were resistant to the development of experimental autoimmune enceph-
alomyelitis (EAE; see Supplementary Information, Fig. $2d-f). Also in
the skeletal tissues, the defects in the DAP12 gene, as well as the Trem-2
gene, are known to result in impaired differentiation of osteoclasts?#27%,
Thus, the association of plexin-A1 with DAP12 may provide costimula-
tory signals to both dendritic cells and osteoclasts (see Supplementary
Information, Fig. S5b, c). However, this association was not relevant to
Sema6D-binding to plexin-Al (Supplementary Information, Fig. $5d,
e). We also present evidence that Trem-2 acts as a bridge for the plexin-
A1-DAPI12 association. Although the expression of other Trem family
members was barely detected in dendritic cells and osteoclasts (data
not shown)?, it is possible that other Trem members may be involved
in plexin-signals in other cells. Furthermore, not all the functions of
plexin-Al observed here can be explained through its association with
Trem-2-DAP12 as DAP12”-dendritic cells displayed weak but substan-
tial responses to Sema6D (Fig. 4h). Indeed, the stimulation of plexin-A1l
by recombinant soluble Sema6D proteins induced the activation of Rac,
a Rho GTPase'¥, yet Sema6D-induced Rac activation was not affected
in DAP12 cells (see Supplementary Information, Fig. $5f), suggest-
ing the existence of DAP12-independent signalling pathways through
plexin-Al. Further studies will not only clarify the mechanisms of the
pleiotropic functions of semaphorins, but also provide potential thera-
peutic targets for the control of immune and skeletal disorders. O

METHODS

Mice. To construct the plexin-Al targeting vector, a 3-kb fragment containing the
second exon with the initiation codon. and third exon with the coding sequence
of the Sema-domain, was replaced with a neo resistance cassette, and the Herpes
simplex virus thymidine kinase (HSV-TK) gene was inserted for selection against
random integration. The linearized targeting plasmid DNA was transfected into
embryonic stem (ES) cells by electroporation. After double selection with G418
and gancyclovir, 96 resistant clones were screened for homologous recombination
of the plexin-Al targeted allele by PCR and Southern blot analysis as described
below. Two clones with homologous recombination were identified and isolated.
ES cells from the two independent plexin-Al mutant clones were injected sepa-
rately into blastocysts from C57BL/6 mice. The blastocysts were transferred to
pseudopregnant ICR foster mothers and chimeric males were then backcrossed to
C57BL/6 or BALB/c females. Heterozygous mice were mated to produce homozy-
gotes. For immunological analysis, heterozygous male mice were backcrossed to
C57BL/6 or BALB/c females for five generations. Germline transmission and the
genotype of plexin-Al-targeted allele were further assayed by Southern blot and
PCR analysis. PCR was carried out with 35 cycles of 94 °C for 30's, 60 °C for 30 s
and 72 °C for 60 s. The following oligonucleotide primers were used to identify the
rearranged plexin-Al locus: primer 1 (5-AGCACCACACTCACACCCTCTTT-
3") was complementary to genomic DNA that was located in the 3’-untranslated
region; primer 2 (5-TCCTTGATTTTCTCCTTGATGGCC-3") was comple-
mentary to sequences at the 3’-terminus of the second exon; And primer 3 (5’
TCCCTGTCAGAGAAAACCTGGTTT-3') was complementary to genomic
DNA that was located in the untranslated region in the third exon. For Southern
blot analysis, genomic DNA from the tails was digested with BamHI and sub-
jected to agarose gel electrophoresis. DNA was transferred onto nylon blotting
membranes (Hybond N; Amersham Pharmacia, Piscataway, NJ), according to
the manufacturer’s protocol. Filters were hybridized with radiolabelled probes
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overnight. Filters were then washed in 0.1x SSC, 0.1% SDS at 65 °C for one hour
before autoradiography. For RT-PCR analysis, RNA was isolated from the brain,
heart and spleen using RNeasy kits (Qiagen, Hilden, Germany) and treated with
DNase I (Invitrogen, Carlsbad, CA) to eliminate genomic DNA. cDNA was syn-
thesized using a SuperScript I cDNA synthesis kit (Invitrogen) and RT-PCR was
performed with 35 cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s using
the primers (5-ACATCTACTATGTGTACAGTTTCC-3") and (5'-AAAAACC
ACGGTGCGGCCTTGGGTA-3). For northern blot analysis, total RNA isolated
from the brain was subjected to formaldehyde-containing gel electrophoresis,
transferred onto the blotting membrane and hybridized with radiolabelled probes
overnight. Mice deficient in DAP12 were previously described®. OT-2 transgenic
mice were kindly provided by W. R. Heath*. Mice were maintained in a specific
pathogen-free environment. All experimental procedures were consistent with
our institutional guidelines.

In vitro assay. Splenic dendritic cells were isolated from the spleen using MACS
(Miltenyi Biotech, Bergisch Gladbach, Germany). The resulting purity was >95%
in each experiment. BMDCs were generated from bone marrow progenitors using
GM-CSE For FITC-dextran uptake, BMDCs were stained with allophycocyanin
(APC)-conjugated anti-CD11c¢ and incubated with prewarmed medium contain-
ing 2 mg ml' FITC-dextran for 10 min at 37 °C. After washing 3 times with
chilled medium, internalised FITC-dextran was measured by FACS. For MLRs,
irradiated (3000 rad) splenic dendritic cells were cultured with allogeneic CD4*
T-cells (5% 10% cells per well) for 48 h. To measure cell proliferation, cells were
pulsed with 2 uCi of *H-thymidine for the last 14 h of the culture period.

In vivo T-cell responses. For T-cell priming, mice were immunized with 100 pg
keyhole limpet haemocyanin (KLH) in complete Freund’s adjuvant (CFA) into
the hind footpads’®. Five days after immunization, CD4* T-cells isolated from the
draining lymph nodes were stimulated with various concentrations of KLH for
72 h. For proliferation assays, cells were pulsed with 2 pCi *H-thymidine for the
last 14 h. Cytokine production in the culture supernatants was measured using a
Bio-Plex suspension array system.

Osteoclast and osteoblast cultures. In vitro osteoclastogenesis was performed
as previously described®*. In brief, bone marrow progenitor cells derived from
wild-type or plexin-A1-- mice were cultured with M-CSF (10 ng ml™*) in a-MEM
containing 10% FCS at 5 x 10° cells ml™. At day 2, cells were harvested and fur-
ther cultured for 3 days with M-CSF (10 ng ml) and RANKL (10 ng ml™!) at
5% 10" cells ml™! in flat-bottomed 96-well plates. The resulting cells were fixed
and stained with tartrate-resistant acid phosphatase using a TRAP-staining kit
(Takara, Otsu, Japan). Primary osteoblasts were isolated from neonatal mouse
calvaria after sequential digestion with 0.1% collagenase and 0.2% dispase. In
coculture experiments, calvarial osteoblasts and stromal cells were cocultured
with nonadherent bone marrow cells in medium supplemented with 10 nM
1,25(OH),-vitamin D,and 1 UM prostaglandin E,.

Analysis of bone phenotype. Histological, histomorphmetric and
microradiographic examinations were performed using essentially the same
method as previously described”. Statistical analysis was performed using
Student’s t-test.

Establishment of stable transfectants. Stable plexin-Al-, Trem-2- and DAP12-
expressing 293T cell transfectants were established by introducing Flag-tagged
plexin-A1l, V5-tagged Trem-2, and Myc-tagged DAP12 expression constructs in a
pMClneo vector using Lipofectamine (Invitrogen) according to the manufactur-
er’s protocol. Transfectants expressing Flag-tagged plexin-Al, V5-tagged Trem-2
and Myc-tagged DAP12 were selected in the presence of G418 and screened
using a monoclonal anti-Flag antibody (M2; Sigma, St Louis, MO), monoclonal
anti-V5 (Invitrogen) and anti-Myc antibodies (9B11, Cell Signaling Technology,
Danvers, MA) and cloned.

RNA interference. Four siRNA sequences specific for mouse Trem-2 (5'-
CCACGGTGCTGCAGGGCAT-3, 5-TGACCAAGATGCTGGAGAT-3', 5'-
CGGAATGGGAGCACAGTCA -3’ and 5-GCACAGTCATCGCAGATGA-3)
were selected (Dharmacon, Piscataway, NJ). All siRNA sequences were synthesized
and annealed by the manufacturer (Dharmacon). Transfection was performed using
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RNAiFect (Qiagen) according to the manufacturer’s protocol. Briefly, dendritic cells
were washed and plated in 24-well plates in complete RPMI 1640. Small interference
(si) RNAs were incubated with RNAiFect reagent in complete RPMI 1640 at room
temperature for 10 min and then added to the dendritic cell culture. After 48 h of
incubation, the resulting cells were harvested, washed and used for subsequent
experiments. Transfection efficiencies were determined using fluorescein-labelled
non-silencing RNA (40-50%).

Immunoprecipitation. Mouse antisera against mouse plexin-Al were obtained
by immunizing plexin-Al’ mice with soluble plexin-Al protein in CFA and
used for immunoblotting. Rabbit antisera against mouse plexin-A1 were used
for immunoprecipitation. Wild-type or DAP12-- BMDCs were stimulated with
monoclonal anti-CD40 antibodies for 24 h. Cells were solubilized in buffer con-
taining 1% digitonin, 10 mM Tris-HC, 150 mM NaCl, 0.5 mM PMSE 5 pig ml™!
aprotinin, 5 pg ml™! leupeptin and protease inhibitor cocktail (Nakarai, Kyoto,
Japan). Cell lysates were incubated with protein A~Sepharose plus anti-plexin-
Al for 3 h at 4 °C. After five washes with lysis buffer, immunoprecipitates were
separated by SDS-PAGE and immunoblotted with anti-DAP12 (ref. 25). Whole
cell lysates were immunoblotted with anti-plexin-Al.

Phosphorylation of DAP12, RAW264.7 cells were cotransfected with Flag-tagged
plexin-Al, V5-tagged Trem-2 and Myc-tagged DAP12 expression constructs by
Lipofectamine (Invitrogen) according to the manufacturer’s protocol and incu-
bated for 24 h. Cells were stimulated with 15 pug ml™' Sema6D-Fc after 6 h of
serum starvation. At various times, cells were solubilized in buffer containing 1%
Nonidet-P40, 10 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA,10 mM Na, VO,
0.5 mM PMSE, 5 pg mi™ aprotinin, 5 ig ml™' leupeptin and protease inhibitor
cocktail (Roche, Basel, Switzerland). Cell lysates were incubated with protein
G-agarose plus monoclonal anti-Myc antibodies for 3 h at 4 °C. After five washes
with lysis buffer, immunoprecipitates were separated by SDS-PAGE and immuno-
blotted with anti-phosphotyrosine (4G10, Upstate Biotechnology, Charlottesville,
VA) or anti-Myc antibodies.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Detection of pathogenic intestinal bacteria by Toll-like
receptor 5 on intestinal CD11c™* lamina propria cells

Satoshi Uematsu®’, Myoung Ho Jang®’, Nicolas Chevrier!, Zijin Guo?, Yutaro Kumagai',
Masahiro Yamamoto!, Hiroki Kato!, Nagako Sougawa?, Hidenori Matsui’, Hirotaka Kuwata*, Hiroaki Hemmi!,
Cevayir Coban®, Taro Kawai®, Ken J Ishii®, Osamu Takeuchil*, Masayuki Miyasaka?, Kiyoshi Takeda* &

Shizuo Akiral®

Toll-like receptors (TLRs) recognize distinct microbial components and induce innate immune responses. TLR5 is triggered

by bacterial flagellin. Here we generated TIr5~ mice and assessed TLR5 function in vivo. Unlike other TLRs, TLR5 was not
expressed on conventional dendritic cells or macrophages. In contrast, TLR5 was expressed mainly on intestinal CD11c* lamina
propria cells (LPCs). CD11c* LPCs detected pathogenic bacteria and secreted proinflammatory cytokines in a TLR5-dependent
way. However, CD11c* LPCs do not express TLR4 and did not secrete proinflammatory cytokines after exposure to a commensal
bacterium. Notably, transport of pathogenic Salmonella typhimurium from the intestinal tract to mesenteric lymph nodes was
impaired in TIr57- mice. These data suggest that CD11c* LPCs, via TLR5, detect and are used by pathogenic bacteria in the

intestinal lumen.

Toll-like receptors (TLRs) recognize a variety of pathogen-associated
molecular patterns and induce innate immune responsest. TLRs are
abundantly expressed on ‘professional’ antigen-presenting cells such as
macrophages and dendritic cells (DCs) and serve as an important link
between the innate and adaptive immune responses. So far, 13 TLRs
have been identified in mammals. Among the TLR family members,
TLR5 was the first to be shown to recognize a protein ligand, bacterial

o flagellin®. Bacterial flagellin is a structural protein that forms the main

portion of flagella, which promote bacterial chemotaxis and bacterial
adhesion to and invasion of host tissues®. Flagellin of Listeria mono-
cytogenes and Salmonella typhimurium stimulates TLR5 (ref. 4). Thus,
TLR5 recognizes flagellin from both Gram-positive and Gram-
negative bacteria. In vitro studies have shown that TLR5 recognizes
the conserved domain in flagellin monomers and triggers proinflam-
matory as well as adaptive immune responses®. In addition, TLR5 is
expressed on the basolateral surface of intestinal epithelial cells and is
thought to be key in the recognition of invasive flagellated bacteria at
the mucosal surface®. When exposed to flagellin, human intestinal
epithelial cell lines produce chemokines that induce subsequent
migration of immature DCs®. There is high expression of TLR5 in
the human lung’, and a correlation between a common human TLR5
polymorphism and susceptibility to legionellosis has been identified®.

Although accumulating evidence suggests that TLR5 is an important
sensor for flagellated pathogens, the in vivo function of TLRS is yet to
be elucidated.

Here we generated Th5~~ mice and examined the function of TLR5
in vivo in the intestine. We confirmed that flagellin is a natural ligand
for TLR5. Although it is known that in vivo administration of flagellin
induces inflammatory cytokine production, it remains unclear which
cell populations produce those cytokines. Because it is known that
there is high expression of TLR5 in the intestine, we first isolated and
examined intestinal epithelial cells (IECs). Unexpectedly, TLR5 expres-
sion in IECs was much lower than that in the whole intestine.
Consistent with that, IECs did not produce inflammatory cytokines
in response to flagellin. Using a new method for isolating intestinal
lamina propria cells (LPCs)®, we found that CD11c* LPCs ‘preferen-
tially’ expressed TLR5 and produced inflammatory cytokines after
exposure to flagellin. CD11c¢* LPCs sensed pathogenic flagellated
bacteria via TLR5 and induced inflammatory responses. In contrast,
CD11c* LPCs do not express. TLR4 and did not produce proinflam-
matory cytokines in response to a commensal bacterium. Although
TLR5 initially induced host defenses against flagellated bacteria,
TIr57'~ mice were resistant to oral S. typhimurium infection. The
transport of S. typhimurium from the intestinal tract to the mesenteric
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Figure 1 Macrophages and conventional DCs are hyporesponsive to flagellin. (a) Enzyme-linked immunosorbent assay of |L-6 production by splenic CD11b*
and CD11c* cells, GM-DCs and peritoneal macrophages (PECs) from C57BL/6 mice. Cells were cultured with medium only (Med), flagellin (1 pg/ml) or LPS
(100 ng/ml). (b,c) Quantitative real-time PCR of T/r5 and Tir4 expression in various cell types (b} or organs (c) of C57BL/6 mice. Data are mean = s.d. of

triplicate samples from one representative of three independent experiments.

lymph nodes (MLNs) was impaired in Tlr5 mice. These results
suggest that TLR5*CD11c* LPCs detect and can be used by patho-
genic bacteria in the intestine.

RESULTS

Flagellin is a natural ligand for TLR5

To elucidate the physiological function of TLRS, we generated Tlr5
mice by gene targeting. Mouse TIr5 consists of one exon. We
constructed the targeting vector to allow insertion of a neomycin-
resistance gene cassette into that exon (Supplementary Fig. 1). We
microinjected two correctly targeted embryonic stem clones into
C57BL/6 blastcysts to generate chimeric mice. We crossed chimeric
male mice with C57BL/6 female mice and monitored transmission of
the mutated allele by Southern blot analysis (Supplementary Fig. 1).
‘We then interbred heterozygous mice to produce offspring carrying
the null mutation of Tl5. Tl5~~ mice were born at the expected
mendelian ratio and showed no developmental abnormalities. To
confirm the disruption of Tlr5, we analyzed total intestinal RNA
from Tlr5*"* and TIr57 mice by RNA blot and detected no Th5
transcripts in Tlr57~ intestinal RNA (Supplementary Fig. 1).

To assess the involvement of TLRS in the systemic production of
proinflammatory cytokines in response to flagellin, we measured the
oncentrations of interleukin 6 (IL-6) and IL-12p40 in sera of Tir5*/*
and TIr5"~ mice at various time points after intraperitoneal injection
of purified flagellin. Although IL-6 and IL-12p40 concentrations in the
serum increased within 2 h of injection in TIr5*"* mice, their
concentrations remained low even at 4 h after injection in TIr5
mice (Supplementary Fig. 1). These results confirmed that flagellin is
a natural ligand for TLRS.

Immune cell responses to flagellin

We next analyzed flagellin-mediated immune responses in macro-
phages and conventional DCs. We isolated CD11b* or CD1lc*
splenocytes, peritoneal macrophages and granulocyte-macrophage
colony stimulating factor-induced bone marrow—derived DCs (GM-
DCs) from Tlr5** mice, stimulated these cells with flagellin or the

Figure 2 Gene expression induced by flagellin stimulation in 1ECs. Microarray
analysis of I1ECs from Tir5** and TIr57- mice stimulated with medium

alone (<) or 1 pg/ml of flagellin (+). *, genes judged as being statistically
undetectable at all time points. There is flagellin-induced expression of the
genes encoding defensin-B3 (Defb3), CD86 (Cd86), killer cell lectin-like
receptor subfamily A member 6 (Klra6), complement component 8x (C8a)
and chemakine (C-C motif) ligand 27 (Ccl27) in TIr5+"™* but not Tir5" IECs.
Data are representative of three independent experiments.

NATURE IMMUNOLOGY VOLUME 7 NUMBER 8 AUGUST 2006

TLR4 ligand lipopolysaccharide (LPS) and measured 1L-6 concentra-
tions in cell culture supernatants (Fig. 1a). All cell types produced IL-6
after stimulation with LPS, but IL-6 production was not induced by
stimulation with flagellin. In agreement with those results, splenocytes,
peritoneal macrophages and GM-DCs had high expression of Tlr4 but
not Tl5 mRNA, as determined by quantitative real-time PCR
(Fig. 1b). To identify the tissues involved in flagellin-induced produc-
tion of proinflammatory cytokines, we measured TIr5 mRNA in the
spleen, liver, kidney, heart, lung and intestine by quantitative real-time
PCR and found that intestine had the highest expression of TIr5
mRNA (Fig. 1c).

TLR5 expression is confined to the basolateral surface of IECs*. To
examine TLR5-mediated inflammatory responses in IECs, we isolated
IECs from Th5*+ and Tlr57~ mice, stimulated them with flagellin and
used ¢cDNA microarray to examine the profile of genes induced by
TLR5 stimulation (Fig. 2). It has been reported that flagellin induces
expression of genes encoding some chemokines (such as IL-8 and
CCL20) in human IEC lines®!%. Our analyses showed flagellin-
induced expression of some genes encoding proteins involved in
immune responses, such as defensin-f3, CD86, killer cell lectin-like
receptor subfamily A member 6, complement component 8« and
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Figure 3 TLR5 is highly expressed on CD11c* LPCs. (a) Quantitative real-time PCR of Tir5 expression by the intestine (far left) and by various cell types of
C57BL/6 mice. IEL, intestinal epithelial lymphocyte. Data are mean + s.d. of triplicate samples from one representative of three independent experiments.
(b—d) Confocal microscopy of frozen tissue sections of small intestine (b,c) and Peyer's patch (d) of C57BL/6 mice, fixed and stained with antibodies specific
for CD11c (red) and TLRS (green). Image in ¢ is an enlargement of the boxed area in b. Original magnification x400 (b,d) and x 1,000 (c). Data are from

one of three representative experiments.

chemokine (C-C motif) ligand 27 in TIr5™* but not Th5 IECs.
However, most genes encoding chemokines were not induced by
flagellin, even in TIr5** IECs, and flagellin did not induce the
expression of any genes encoding proinflammatory cytokines in
Th5+* IECs. We confirmed that Th5™* IECs did not produce
proinflammatory cytokine protein after flagellin stimulation (data
not shown). There was much less Tlr5 mRNA in IECs than in the
entire small intestine (Fig. 3a).

Because TLRS5 expression was low in IECs but high in the entire
small intestine, we hypothesized that TLR5 must be ‘preferentially’
expressed in other intestinal cell types. We measured Tl5 mRNA in
Peyer’s patch cells (PPCs), intestinal epithelial lymphocytes and LPCs
(Fig. 3a). There was high expression of Tlr5 mRNA in LPCs, but Tlr5
mRNA expression in intestinal epithelial lymphocytes and PPCs was
lower than that in the entire small intestine. DCs are a dominant
antigen-presenting cell in the lamina propria of mouse small bowel'!.
Therefore, we separated CD1lct cells from LPCs and PPCs and
measured expression of TIr5 mRNA. We
detected considerable TIr5 mRNA in
CDllct LPCs but not CDllc LPGs.
CD11c" PPCs had less Tl5 mRNA than did
D1lct LPCs. Next we examined the locali-
zation of TLR5 protein in the small intestine
by immunohistochemistry. In agreement with
the mRNA expression data, there was high
expression of TLR5 on intestinal CD1lc*
LPCs (Fig. 3b,c) but not on PPCs (Fig. 3d).
Thus, TLR5 is expressed specifically on
CD11c* LPCs in the small intestine.

Next we assessed the effect of flagellin
stimulation on CD1ic* LPCs. Th5** but
not Tlr57 CDllct LPCs produced IL-6
and IL-12p40 in response to flagellin
(Fig. 4, top). However, CD1lc* LPCs did
not produce large amounts of tumor
necrosis factor after stimulation with flagellin
and failed to produce any cytokines after
LPS stimulation.

Antigen-presenting cells in Peyer’s patches
have been extensively characterized!2. Peyer’s
patches contain unusual subsets of DCs that
are important in the generation of regulatory
T cells and the induction of oral toler-
ance!?3. These Peyer’s patch DCs produce

TNF (pg/mi)

TNF (pg/mi)

870

IL-10 in response to inflammatory stimulations such as LPS'.
Consistent with their low expression of Tlr5 mRNA (Fig. 3a),
CD11c* PPCs did not produce inflammatory cytokines after stimula-
tion with flagellin (Fig. 4, bottom). However, CD11c* PPCs produced
IL-6 and IL-10 in response to LPS. In contrast, neither TIr5*'* nor
Tir5~ CD11c* LPCs produced IL-10 in response to flagellin, suggest-
ing that in CD1llc* LPCs, TLRS signaling induces inflammatory
responses but not tolerance (Fig. 4).

To comprehensively examine TLRS5-mediated innate immune
responses in the small intestine, we obtained RNA from TIr5t* and
Tir5~ LPCs stimulated for 4 h with flagellin and hybridized the RNA
to cDNA microarrays (Fig. 5). Several transcripts were substantially
upregulated at 4 h after flagellin stimulation in TH5*/* but not Th5"~
LPCs. These included genes encoding proinflammatory molecules
such as cytokines, cytokine receptors, chemokines, signaling mole-
cules, prostanoids, prostanoid synthetase and secretary antimicrobial
peptides (Fig. 5, top). Genes associated with cellular adhesion,

350 350+
300 4 300+ 0 ms*
= 2507 = 2501 B s
E
& 200 E 2004
& 150 2 1501
v P
= 1004 = 100
so—& = 50+
045 oL TER rm
N RESE K
\’Z?Q ((\°Q’
350 1
3001
— . 2504
= g €
£ ) & 200
o a o
< o S 1504
© i -
o = -
= = 1001
50+
o

D& ]
e <§’\\\ g
<®

Figure 4 TLR5-mediated CD11c* LPC cytokine production. Enzyme-linked immunosorbent assay of
cytokine production by CD11c* LPCs (top) and PPCs (bottom) from Tir5** and Tir5" mice. Cells
were cultured with medium only, flagellin (1 ug/mi) or LPS (100 ng/ml). Data are mean + s.d. of
triplicate samples from one representative of three independent experiments.
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cytoskeletal organization, intracellular transport, vesicle fusion and
transcription were also upregulated by flagellin stimulation (Fig. 5,
middle). In contrast, interferon and interferon-inducible genes were
not induced in response to flagellin in either TIr5*/* or Th57~ LPCs
(Fig. 5, bottom).

CD1l1c* LPCs detect pathogenic bacteria via TLR5

CD11c* LPCs produced IL-6 and IL-12p40 in response to flagellin but
not LPS stimulation. CD11c* LPCs produced similar amounts of IL-6
when stimulated through TLR2 or TLRY (Supplementary Fig. 2
online), suggesting that LPS signaling is suppressed specifically in
CD11ct LPCs. Therefore, we measured TLR4 and TLR5 in CDl11c*

NATURE IMMUNOLOGY VOLUME 7 NUMBER 8 AUGUST 2006

ARTICLES

Figure 5 Flagellin-induced gene expression in CD11c* LPCs. Microarray
analysis of CD11c* LPCs from Tir5%"* and TIr57 mice left unstimulated (<)
or stimulated with 1 pg/mi of flagellin (+). Upregulated genes encode
cytokines {116, 111f5, I11f9, I11b, Ebi3 and /Itifb), cytokine receptors
(Tnfrsf5, 111r1 and /12ra), chemokines (CkIf and Ccl4), signaling molecules
(Trafé and gpl130), prostanoids (Plala and PlaZg2d), prostanoid synthetase
(Cox2) and secretary antimicrobial peptides (Hamp, Lcn and Gzmb; top),
as well as molecules associated with cellular adhesion, cytoskeletal
organization, intracellular transport, vesicle fusion and transcription
{middle). Data are representative of three independent experiments.

LPCs and CD11c* splenic cells (SPCs; Fig. 6a). Tl4 expression was
high and Tlr5 expression was low in CD11¢* SPCs. In contrast, Tlr4
expression was low and TIr5 expression was high in CD11c* LPCs.

As CD11c* LPCs and SPCs had different expression profiles for
TLR4 and TLR5, we assessed their responses to commensal and
pathogenic bacteria. We isolated CD11ct LPCs and CD1lct SPCs
from wild-type, Tlr4”~ and Tl5™"~ mice and measured IL-6 produc-
tion induced by stimulation with heat-killed commensal Gram-
negative bacteria (Enterobacter cloacae) and pathogenic Gram-negative
bacteria (S. typhimurium; Fig. 6b). Wild type and Th57~ CD1lct
SPCs produced copious IL-6 in response to both E. cloacae and
S. typhimurium. However, Tlrd™ ~ CD1lc* SPCs produced less 11-6
than did wild-type or TIr5~~ CD11c* SPCs, suggesting that CD11c*
SPCs induce innate immune responses to Gram-negative bacteria
mainly via TLR4. Wild-type and Tlr47~ CDl1ict LPCs produced
copious IL-6 in response to S. typhimurium. In contrast, Tlr57/~
CD11c* LPCs produced little IL-6 after stimulation with S. typhimur-
ium. We further assessed the response of CD11c* LPCs with a mutant
strain of S. typhimurium that lacks the fliA gene and therefore does not
produce flagella’®. Wild-type and Th5 CD11c* LPCs were hypor-
esponsive to this fliA mutant (compared with their response to wild-
type S. typhimurium), suggesting that CD11¢* LPCs induce immune
responses after recognizing flagellin of S. typhimurium. Unlike wild-
type CD11c" SPCs, wild-type CD11ct LPCs produced a relatively
small amount of IL-6 after stimulation with E. cloacae. These data
suggest that CD11ct LPCs detect pathogenic flagellated bacteria and
induce innate immune responses via TLRS.

S. typhimurium uses TLR5 for systemic infection

To investigate whether TLRS has a specific function in fighting
bacterial infection in the intestine, we orally infected TIr5** and
Th5" mice with S. typhimurium. Unexpectedly, when assessed on a
mixed genetic background (C56BL/6 x 129Sv, F2), all Tl5~~ mice
survived a dose of S. typhymurium that was lethal for Tlr5** mice
(Fig. 7a, left). Next we assessed the resistance of Tlr57 mice back-
crossed onto the C57BL/6 genetic background. Although wild-type
C57BL/6 mice are resistant to oral S. typhymurium infection, TIr5~
C57BL/6 mice background were significantly more resistant, even at
an extremely high dose (5 x 10® bacteria; Fig. 7a, right). These results
indicate that TIr5”~ mice were resistant regardless of their genetic
background. When we challenged mice with S. typhimurium by
intraperitoneal injection, we noted no significant difference in the
survival of TI5%/* and Tir5~ mice (Fig. 7b). Furthermore, we
recovered fewer bacteria from the livers and spleens of TIr57~ mice
than TIr5™"* mice 4 d after oral infection (Fig. 7c). At 48 h after oral
infection, TIr5%"" and Th5' mice had the same number of
S. typhimurium in Peyer’s patches and LPCs. However, TIr5 mice
had fewer bacteria in MLNs than did TI5** mice (Fig. 7d). In
addition, the proportion of S. typhimurium~laden CD11c* cells in
MLNs of TIr5™" mice was smaller than that in TIr5*/* mice (Supple-
mentary Fig. 3 online). To further determine whether the transport
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Figure 6 CD11c* LPCs detect pathogenic bacteria via TLR5. (a) Quantitative real-time PCR of Tir5 and Tir4 expression in CD11lc* SPCs and CD11c* LPCs
of C57BL/6 mice. Actb encodes B-actin (loading control). Graphed data are mean + s.d. of triplicate samples from one representative of three independent
experiments. (b) Enzyme-linked immunosorbent assay of cytokine production by CD11c* SPCs and CD11c* LPCs from wild-type (WT), Tirg"= and Tir57-
mice, cultured with medium along (Med) or various stimuli (horizontal axes). AfliA, mutant strain lacking fl/A. Data are mean x s.d. of triplicate samples

from one representative of three independent experiments.

of S. typhimurium from intestinal tract to MLNs was impaired
in Tlr57~ mice, we challenged TIr5** and TIr57~ mice in a surgi-
cally isolated intestinal loop with S. typhimurium expressing green
fluorescent protein (Supplementary Fig. 4 online). We collected MLNs
24 h after infection. Staining showed that Tlr57~ mice had fewer
S. typhimurium-laden CD11c* cells (one to two cells per longitudinal
slice of MLN) than did TIr57/* mice (about ten cells per longitudinal
slice of MLN). Furthermore, no cells except CD11c¥ cells contained
S. typhimurium in the infected MLNs. Thus, the impairment of trans-
port of S. typhimurium from the intestinal tract to MLNs may lead to a
delay in the establishment of systemic infection in TI57~ mice.

DISCUSSION

Although TLRS has been identified as a receptor of flagellin in vitro, its
in vivo function has remained unclear. Addressing the function of
TLRS in innate immunity has been difficult, because unlike other TLR
family members, TLR5 is not expressed in mouse spleen cells,
peritoneal macrophages or GM-DCs. Using a new method of isolating
PCs with high viability®, we found that TLRS is specifically expressed
on CD11c" LPCs in mouse intestine. Although it has long been known
that DCs are present in the lamina propria under the villus epithelium
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Figure 7 S. typhimurium uses TLR5 for systemic infection. (a) Survival of Tir5** mice

(n = 5) and TIr57" mice (n = 5) on a C57BL/6 x 129/Sv background (left) or a

C57BL/6 background (right) after oral infection with 1 x 107 (left) or 5 x 108 (right)

S. typhimurium. P < 0.001, Tir5t" versus Tir57- (generalized Wilcoxon test). (b) Survival
of TIr5*"* mice (n = 5) and Tir57 mice (n = 5) on a C57BL/6 background after
intraperitoneal infection with 1 x 108 S. typhimurium. P = 0.267, TIr5"'* versus

Tir57-, (c) Bacterial burden in the spleens and livers of T/r5** mice (n = 3) and TIr57"

Survival (%)

mice (n = 3) on a C57BL/6 background 96 h after oral infection with 5 x 108
S. typhimurium. (d) Bacterial burden in the MLNs, PPCs and LPCs of TIr5%* mice (n = 5) and TIr57 mice (n = 5) on C57BL/6 background 48 h after oral
infection with 5 x 108 S. typhimurium. CFU, colony-forming units. Data are one representative of three independent experiments (a,b) or are mean + s.d.
of triplicate samples from one representative of three independent experiments (c,d).
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and take up antigens from the intestine'®, their functions and proper-
ties in the intestine were unknown. CD11¢” LPCs elicited the secretion
of various mediators, including inflammatory cytokines, chemokines,
antimicrobial peptides and tissue remodeling kinases, in response to
flagellin. Thus, we have shown here that immune responses are
induced in CD11c¢™ LPCs via TLRS.

Two points regarding the function of CD11c* LPCs in relation to
TLR5 came to light as a result of our analyses. One was the cytokine
profile of CD11c¢™ LPCs stimulated with flagellin. The gut is con-
tinuously exposed to food antigens and many commensal bacteria.
Tolerance to beneficial antigens seems to be controlled by mucosal
DCs'. These DCs stimulate the activity of regulatory T cells, which
are potent suppressors of T cell responses. A CD11c°CD45RBY DC
subset that produces IL-10 has been shown to specifically promote
suppressive functions in regulatory T cells'®. Peyer’s patches contain
DCs that produce IL-10 after inflammatory stimulation and thereby
promote oral tolerance!®!3. Whereas CD11c" PPCs induced IL-10 in
response to LPS, flagellin-stimulated CD11¢™ LPCs did not produce
IL-10, but instead produced IL-6 and IL-12, suggesting that CD11c*
LPCs have a tendency to induce inflammatory responses rather than
tolerance when stimulated with flagellin. However, it has been
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reported that DCs in the lamina propria are involved in oral tolerance
induction!®®. Further study will help elucidate CD11c* LPC-
mediated regulation of tolerance and host defense.

The second notable point was that TLR4 expression was very low in
CD1lc* LPCs. Most commensal bacteria in intestine are Gram-
negative anaerobic rod bacteria, which contain LPS in their cell wall.
It has been shown that CD11ct LPCs extend their dendrites to sample
bacteria in the intestinal lumen®. Although the mechanism of
bacterial sampling by CD1lc™ LPCs was fully analyzed, it has
remained unclear how host intestinal mucosa remains tolerant to
commensal bacteria and discriminates between commensal and
pathogenic bacteria. Low expression of TLR4 may allow CDIlc*
LPCs to avoid inducing inappropriate immune responses after expo-
sure to commensal bacteria. Instead, CD11¢" LPCs induced inflam-
matory responses after exposure to pathogenic flagellated bacteria
mainly via TLR5. Some commensal bacteria also have flagella, but
CD1lct LPCs did not respond vigorously to those bacteria. In
addition, it has been reported that some commensal bacteria, such
as a- and e-proteobacteria, change the TLRS5-recognition site of
flagellin without losing flagellar motility?!. Furthermore, some com-
mensal bacteria suppress flagellin expression in stable host environ-
ments!2. Therefore, unlike pathogenic bacteria, commensal bacteria
may have mechanisms to escape TLR5-mediated host detection.

Other TLR family members, such as TLR2 and TLR4, also recognize
bacterial components. The importance of TLR2 and TLR4 in host
defense against various bacteria has been demonstrated with Th2”-
mice and T4~ mice. In particular, C3H/He] mice, which express a
mutant form of TLR4, are highly susceptible to intraperitoneal
infection by S. typhimurium!. Because TLR5 is highly expressed
exclusively in the intestine, we predicted that no there would be no
substantial difference in the survival of TI5™* and TIr57 mice after
intraperitoneal infection. Instead, we predicted that disruption of Tlr5
would render mice more susceptible to oral S. typhimurium infection,
because stimulation of TLRS induced the production of proinflam-
matory cytokines in CD11¢* LPCs. The resistance of Tlr5~'~ mice to
oral S. typhimurium infection was unexpected. Tlr5~'~ mice survived
longer than TIr5™* mice because of impaired transport of S. typhi-
murium from the intestinal tract to the liver and spleen. We believe
hat this unexpected result is closely related to specific pathogenesis of
salomonella. Most reports have indicated that S. fyphimurium are
captured by subepithelial DCs after transport through M cells in
Peyer’s patches?? or by intraepithelial DCs that send protrusions into
the lumen of the small intestine?®. After being internalized,
S. typhimurium actively modulates host vesicular trafficking pathways
to avoid delivery to lysosomes and to establish a specialized replicative
niche?*, Bacteria-laden DCs undergo maturation and migrate to T cell
zones of Peyer’s patches or draining MLNs!2 These mature DCs are
also thought to be responsible for the dissemination of S. typhimurium
through the bloodstream to the liver and spleen'>?. The uptake of
S. typhimurium in Peyer’s patches and LPCs was the same in Tlr5+
and TIr5~ mice. Furthermore, the uptake of S. typhimurium was the
same in Tlr5t'* and TIr5~~ CD11c™ LPCs in vitro (data not shown).
However, there were many fewer bacteria in MLNs of TIr57~ mice
than in TI5** mice, suggesting that the transport of
S. typhimurium from lamina propria to MLNs was impaired. As
S. typhimurium could not fully activate and mature Tir5~- CD11c*
LPCs, migration of S. typhimurium-laden CD11c* LPCs from the
periphery to circulation may be inefficient in Tir5™ mice. In support
of that idea, there were many fewer S. typhimurium—laden CD11c*
cells in TIr57 mice than in TI5** mice after infection. Although
TLR5 on CD11c™ LPCs initially sense flagellated pathogenic bacteria
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to induce host defense, facultative intracellular pathogens such as
S. typhimurium may use CD1lc¢* LPCs as carriers for systemic
infection. Further study will be needed to clarify the mechanism of
systemic S. typhimurium infection, through the generation of a specific
marker for CD11c* LPCs or a technique to specifically effect depletion
of these cells. Finally, our work is likely to open new therapeutic
perspectives. New methods that target TLRS on CD11c¢* LPCs would
be useful for mucosal adjuvant immune therapies.

METHODS

Mice, reagents and bacteria. C57BL/6 mice were purchased from CLEA Japan.
Tlr4~ mice have been described®. Tir57~ mice are described in the Supple-
mentary Methods online. All animal experiments were done with an experi-
mental protocol approved by the Ethics Review Committee for Animal
Experimentation of Research Institute for Microbial Diseases at Osaka Uni-
versity (Osaka, Japan). LPS from Salmonella minnesota Re595 was prepared
with a phenol-chloroform—petroleum ether extraction procedure and purified
flagellin was a gift from A. Aderem (Institute for Systems Biology, Seattle,
Washington). Salmonella enteritica serovar typhimurium SR-11 x3181 and
x3181 fliA=Tnl0 bacteria were provided by the Kitasato Institute for Life
Science (Kitasato, Japan)!>?”, E. cloacae was isolated from a healthy human
volunteer and was identified by The Research Foundation for Microbial
Diseases of Osaka University.

Cells. The preparation of GM-DCs and peritoneal macrophages has been
described?®. For the preparation of splenic macrophages and DCs, spleens
were cut into small fragments and were incubated for 20 min at 37 °C with
RPMI 1640 medium containing 400 U/ml of collagenase (Wako) and 15 pg/ml
of DNase (Sigma). For the last 5 min, 5 mM EDTA was added. Single-cell
suspensions were prepared after red blood cell lysis, and macrophages and
DCs were positively selected with microbeads coated with antibody to CD11b
(anti-CD11b) and anti-CD11 (Miltenyi), respectively. Intestinal lymphocytes
and epithelial cells were isolated by a published protocol’. CD11ct cells
from small intestine lamina propria and Peyer’s patches were isolated by a
published protocol’.

Measurement of proinflammatory cytokines. GM-DCs, peritoneal macro-
phages, CD11b* splenocytes, CD11lc* splenocytes and CD1lct LPCs were
cultured in 96-well plates (5 x 10* cells/well) with LPS (100 ng/ml) or flagellin
(1 pg/ml). The concentrations of tumor necrosis factor, IL-6, IL-12p40 and
1110 in culture supernatants were measured by the Bio-Plex system (Bio-Rad)
following the manufacturer’s instructions.

PCR. RNA (1 pg) was reverse-transcribed with Superscript2 (Invitrogen)
according to the manufacturer’s instructions with random hexamers as
primers. PCR used the primer pairs in Supplementary Table 1 online and
Taq polymerase (Takara Shuzo). After being incubated at 95 °C for 10 min,
products were amplified by 25 cycles of 97 °C (30 s), 57 °C (30 s} and 72 °C
(30 s). Products were analyzed by agarose gel electrophoresis. Quantitative real-
time PCR was done with a final volume of 25 pl containing cDNA amplified as
described above, 2x PCR Master Mix (Applied Biosystems) and primers for 185
rRNA (Applied Biosystems) as an internal control or primers specific for Tlr4
or TIr5 (Assay on Demand), using a 7700 Sequence Detector (Applied
Biosystems). After being incubated at 95 °C for 10 min, products were
amplified by 35 cycles of 95 °C (15 s), 60 °C (60 s) and 50 °C (120 s).

Microarray analysis. IECs and LPCs collected from Th5*/* and TI5"~ mice
were left untreated or were treated for 4 h with flagellin (1 pg/ml). Total RNA
was extracted with an RNeasy kit (Qiagen) and was purified with an Oligotex
mRNA Kit (Pharmacia). Fragmented and biotin-labeled cDNA was synthesized
from 100 ng purified mRNA with the Ovation Biotin System (Nugen)
according to the manufacturer’s protocol. The ¢cDNA was hybridized to
Affymetrix Murine Genome 430 2.0 microarray chips (Affymetrix) according
to the manufacturer’s instructions. Hybridized chips were stained and washed
and were scanned with a GeneArray Scanner (Affymetrix). Microarray Suite
software (Version 5.0, Affymetrix) and GeneSpring software (Silicon Genetics)
were used for data analysis.
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Immunofluorescence. Biotinylated monoclonal anti-mouse CDllc (HL3;
Pharmingen) and anti-TLR5 (AP1505a; Abgent) were applied overnight at
4 °C to sections cut from frozen intestinal tissue. Samples were washed and
then were incubated for 2 h at 25 °C with streptavidin—Alexa Fluor 594
(§-32356; Molecular Probes) and Alexa Fluor 488—chicken anti-rabbit IgG
(A-21441; Molecular Probes). Staining was analyzed with a Radiance2100 laser-
scanning confocal microscope (Bio-Rad). The intestinal loop assay is described
in the Supplementary Methods.

Bacterial infection. S. typhimurium was grown in Luria-Bertani medium
without shaking at 37 °C. The concentration of bacteria was determined by
the absorbance at 600 nm. Bacteria were injected orally or intraperitoneally into
8-week-old mice. For determination of the bacterial burden in livers and
spleens, LPCs, PPCs and MLNs were lysed with 0.01% Triton-X100. Serial
dilutions of lysates were plated on Luria-Bertani agar plates and colonies were
counted after overnight incubation at 37 °C.

Statistics. Kaplan-Meier plots and log-rank tests were used to assess the
survival differences of control and mutant mice after bacterial infection.

Accession code. GEO: microarray data, GSE5119.
Note: Supplementary information is available on the Nature Immunology website.
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Key function for the Ubc13 E2 ubiquitin-conjugating
enzyme in immune receptor signaling

Masahiro Yamamoto?, Toru Okamoto?, Kiyoshi Takeda®, Shintaro Sato?, Hideki Sanjo!, Satoshi Uematsu’,
Tatsuya Saitoh!, Naoki Yamamoto®, Hiroaki Sakurai®, Ken J Ishii4, Shoji Yamaoka®, Taro Kawai?,
Yoshiharu Matsuura2, Osamu Takeuchil* & Shizuo Akiral*?

The Ubcl3 E2 ubiquitin-conjugating enzyme is key in the process of ‘tagging’ target proteins with lysine 63-linked
polyubiquitin chains, which are essential for the transmission of immune receptor signals culminating in activation of the
transcription factor NF-xB. Here we demonstrate that conditional ablation of Ubc13 resulted in defective B cell development
and in impaired B cell and macrophage activation. In response to all tesied stimuli except tumor necrosis factor,
Ubc13-deficient cells showed almost normal NF-xB activation but considerably impaired activation of mitogen-activated
protein kinase. Ubc13-induced activation of mitogen-activated protein kinase required, at least in part, ubiquitination of

the adaptor protein IKKy. These results show that Ubc13 is key in the mammalian immune response.

Stimulation of Toll-like receptors (TLRs), interleukin 1 receptor
(IL-1R), antigen receptors, CD40 and tumor necrosis factor receptor
(TNFR) results in activation of mitogen-activated protein (MAP)
kinases and of the transcription factor NF-kB. Such signals induce
immune cell proliferation and survival and cytokine production!. In
unstimulated cells, IxB proteins sequester NF-xB in the cytoplasm.
Immune stimuli result in phosphorylation and ubiquitin- and
proteasome-dependent degradation of IxB, thereby permitting trans-
location of NF-xB to the nucleus’. MAP kinases such as c-Jun
N-terminal kinase (Jnk) and p38 are rapidly phosphorylated and
Aactivated by corresponding “upstream’ MAP kinase kinases, which are
activated by MAP kinase kinase kinases. More than ten MAP kinase
kinase kinases have been identified®.

TLRs and IL-1R share ‘downstream’ signaling molecules, including
MyD88, IL-1R-associated kinases (IRAKs) and TNFR-associated
factor 6 (TRAF6)*. Genetic and biochemical studies suggest that
TRAF6, the most distal of these shared signaling proteins, is pivotal
in the TLR, IL-1R and CD40 signaling pathways’. Moreover, another
TRAF family member, TRAF2, is required for TNFR signaling.
These observations indicate the convergent function of the
TRAF family members in innate immune signaling pathways®.
Stimulation of B cell receptors (BCRs) and T cell receptors (TCRs)
also activates NF-xB and MAP kinases’. Adaptor proteins such
as Bcl-10, CARMAL (also called CARDI1 or Bimp3) and
MALT1 (also called paracaspase) are required for BCR- and
TCR-induced NF-xB and MAP kinase activation®!. In vitro

studies suggest that TRAF2 and TRAF6 are also involved in antigen
receptor signaling!”.

TRAF2 and TRAF6 contain N-terminal RING finger domains that
have E3 ubiquitin ligase activity'®. Stimulus-dependent ubiquitination
of TRAF6 activates the MAP kinase kinase kinase TGF-B-activated
kinase (TAK1), which is critical in the activation of NF-xB and
MAP kinases'’~'®. Moreover, TRAF6- and TRAF2-dependent ubiqui-
tination of the adaptor protein IKKy (also called NEMO) is involved
in antigen receptor-induced NF-kB activation'>. Polyubiquitin chains
appended to TRAF and IKKy are formed through linkages at lysme 63
(K63) of ubiquitin?.

In contrast to lysine 48 (K48)-linked polyubiquitin chains, which
induce proteasome-dependent degradation of the target proteins to
which they are appended, K63-linked polyubiquitin chains have been
linked to biological processes such as the stress response and DNA
repair, rather than protein destruction?!. K63-linked polyubiquitin
chains are reportedly generated by the E2 ubiquitin-conjugating
enzyme Ubcl3 (ref. 22). The gene encoding Ubcl3 was originally
identified as being responsible for defective neural development in a
drosophila mutant called bendless®. Subsequently, the synthesis of
TRAF2- and TRAF6-dependent K63-linked polyubiquitin chains has
been shown to be catalyzed by Ubcl3 and UeviA'S. RNA silencing of
the gene encoding Ubcl3 results in defective NF-xB activation in
HEK293 cells and insect cells'®?*?7, suggesting that the main function
of Ubc13 is in NF-kB activation. In contrast, expression of dominant
negative Ubcl3 marginally affects TNF-induced NF-xB activation?®,
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Figure 1 Defective proinflammatory cytokine
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and the RING finger domain of TRAF6, which is essential for ligation
of K63-linked polyubiquitin chains to target proteins, is dispensable
for the 1L-1R- and TLR-mediated NF-kB activation?®. Those results
suggest that Ubcl3 has a minor function in NF-kB activation. Thus,
whether Ubcl3 is essential for immune signaling and immune
responses in vivo is not known.

Here we have generated mice conditionally deficient in Ubcl3. We
demonstrate that Ubc13 was essential for TLR-induced proinflamma-
tory cytokine production in bone marrow—derived macrophages.
In addition, Ubcl3 was required for TLR-, CD40- and BCR-induced
B cell activation. B cell-specific deletion of Ubc13 resulted in defective
development of marginal zone B cells and B-1 cells and in impaired
humoral immune responses. Ubcl3-deficient cells had almost normal
NE-kB activation and normal TAKI phosphorylation. In contrast,
Ubcl3-deficient cells had substantially impaired MAP kinase activa-
tion in response to all stimuli tested, except for TNE Ubcl3-induced

o MAP kinase activation was mediated partially through ubiquitination

f IKKYy, which was abolished in Ubci3-deficient cells. Our results
demonstrate the physiological importance of Ubcl3 in the induction
of mammalian immune responses.

RESULTS

Conditional ablation of Ubc13

To assess the function of Ubcl3 in adult mice, we generated mice in
which Ubcl3 could be conditionally ablated (Supplementary Fig. 1
online). The gene encoding Ubc13 (called ‘Ubcl3’ here) consists of
four exons. We constructed a targeting vector to insert loxP sites
flanking exons 2, 3 and 4 of Ubcl3 and to insert a loxP-flanked
neomycin-resistance gene into intron 1 of Ubcl3. To generate
conventional Ubcl3-deficient (Ubcl3™") mice, we constructed
another targeting vector lacking the flanked exons (data not shown).
In both cases, we microinjected two correctly targeted embryonic stem
cell clones into C57BL/6 blastocysts to generate chimeric mice. We
crossed male chimeric with female C57BL/6 mice and monitored
transmission of the mutated allele by Southern blot analysis (Supple-
mentary Fig. 1 and data not shown). Although Ubc13*~ mice were
phenotypically normal and fertile, we failed to obtain Ubc137 off-
spring by intercrossing Ubcl3*~ mice (Supplementary Table 1
online). To determine the time of death in utero, we genotyped
embryos from Ubcl3*"~ intercrosses at embryonic day 13.5 or 9.5.

NATURE IMMUNOLOGY VOLUME 7 NUMBER 9 SEPTEMBER 2006

independent experiments.

We detected no Ubcl3”~ embryos, indicating that Ubcl3 deficiency
results in early embryonic death. In contrast, mice homozygous for
loxP-flanked Ubcl13 alleles (Ubc13Y mice) were born at the expected
mendelian ratios and had no obvious abnormalities (data not shown).

Ubc13 in macrophage activation

Because Ubcl3 has been linked to the activation of TRAF6, a crucial
component of TLR signaling pathways'®*, we assessed the function of
Ubcl3 in the TLR responses in bone marrow—derived macrophages.
To disrupt Ubcl3 specifically in macrophages, were crossed Ubcl3%f
mice with mice in which ¢cDNA encoding Cre recombinase is inserted
into the gene encoding lysozyme M, which is specifically expressed in
the myeloid linage such as macrophages and granulocytes (LyzsM-Cre
mice). Southern blot analysis showed that in bone marrow macro-
phages from the resultant ‘Ubc13V0LyzsM-Cre mice, Cre-mediated
deletion produced a new 1.1-kb band corresponding to the mutated
Ubcl3 allele, and immunoblot analysis showed that Ubc13VLyzsM-
Cre bone marrow macrophages had much less Ubc13 protein than did
control cells (Supplementary Fig. 1).

Bone marrow macrophages produce proinflammatory cytokines
in response to a variety of TLR ligands in a MyD88-dependent
way*. Thus, we assessed cytokine production by Ubc13%LyzsM-Cre
bone marrow macrophages stimulated with TLR ligands such
as BLP, MALP-2 and CpG DNA. Bone marrow macrophages
from Ubc13fLyzsM-Cre mice produced less TNE IL-6 and
IL-12p40 than did those from control mice (Fig. 1a), and the response
to BLP was dose dependent (Fig. 1b). These results indicate that
Ubcl3 is important in TLR-induced cytokine production in bone
marrow macrophages.

TLR signaling can be MyD88 dependent or MyD88 independent.
MyD88-independent TLR3 and TLR4 signaling results in the induc-
tion of type I interferon and interferon-inducible genes?. To assess the
function of Ubcl3 in MyD88-independent immune responses, we
analyzed expression of the gene encoding interferon-f and of
interferon-inducible genes, including Ifit2, Cxcll0 and Ccl5, after
treatment of control or Ubcl3fLyzsM-Cre bone marrow macro-
phages with lipopolysaccharide (LPS) or poly(I:C). Control and
Ubcl13%yzsM-Cre bone marrow macrophages contained similar
amounts of transcripts encoding interferon and of interferon-inducible
gene transcripts after LPS or poly(I:C) stimulation, indicating that
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and CD21, produced similar results (Fig. 2d).
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To test whether Ubcl3 is involved in TLR
responses in B cells, we analyzed the prolif-
eration of control and Ubc13¥Cd19-Cre B
cells stimulated with LPS or CpG DNA.
Control B cells proliferated in a dose-depen-
dent way in response to both LPS and CpG
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Figure 2 Impaired B cell development in Ubc13"1Cd19-Cre mice. (a-d) Flow

and of Bl cells (f). Data are representative of three independent experiments.

Ubcl3 is dispensable for the TLR-mediated MyD88-independent
immune responses in bone marrow macrophages (Fig. 1c).

Ubcl3 in B cell development and function

Mice lacking molecules involved in BCR signaling show defective
B cell development. Specifically, mice lacking the Bcl-10 or MALT1
adaptor proteins show defective development of marginal zone B cells
and B-1 B cells>!3?1. The adaptor protein CARMALI is also essential
for the generation of B-1 B cells!®'%!4, To determine whether Ubcl3
deficiency affects the B cell development, we generated mice lacking
Ubcl3 specifically in the B cell lineage. We crossed Ubc1398 mice with
mice expressing a Cre transgene under control of the Cd19 promoter
(Cd19-Cre mice). Southern blot and immunoblot analysis showed
almost complete Cre-mediated deletion of the Ubcl3 loxP-flanked
alleles and the protein in splenic B220% cells from these “Ubc130/
Cd19-Cre mice’ (Supplementary Fig. 1).

To determine whether the Ubcl3 disruption affected B cell devel-
opment, we examined the bone marrow of control and Ubc131iCd19-
Cre mice. Contro} and Ubc13¥1Cd19-Cre mice had no differences in
bone marrow cellularity, and B cell precursor populations in control
and Ubcl31%Cd19-Cre mice had similar expression of surface B220
and immunoglobulin M (IgM; Fig. 2a). Moreover, splenocytes from
Ubc13%1Cd19-Cre mice had a pattern of surface expression of CD3
and B220 similar to that of control mice (Supplementary Fig. 2
online). Whereas the expression of IgM and IgD was similar on the
surfaces of splenocytes from control and Ubc13%1Cd19-Cre mice
(Fig. 2b), Ubc13%9Cd19-Cre mice had a much lower frequency of
B220"CD21MCD23% marginal zone B cells (Fig. 2c). Detection of
marginal zone B cells with another set of surface antigens, B220, CD38
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B220 expression by B cell precursors in the bone marrow (a) and of IgM and 1gD expression (b), CD21
and CD23 expression by B220* populations (c) and CD38 expression by B220*CD23' populations (d)
of B cells in the spleens of 6- to 10-week-old mice. (e) Frozen splenic sections stained with rat
monoclonal antibody to mouse metallophilic macrophages (red) and with anti-|
(blue). Original magnification, x200. (f) Flow cytometry of B220 and CD5 expression by CD5* B cells
in the peritonea of 6- to 10-week-old mice. Numbers in dot plots indicate percentages of cells in each
quadrant (a); of mature (b, left) and immature (b, right) splenic B cells; of marginal zone B cells (c);

DNA stimulation (Fig. 3a). In contrast, pro-
liferation of Ubcl13¥1Cd19-Cre B cells in
response to these stimuli was much lower.
In addition, CpG DNA-induced IL-6 pro-
duction in Ubc13MCd19-Cre B cells was
severely impaired (Fig. 3b). Compared with
control B cells, Ubc131Cd19-Cre B cells also
showed defective proliferation in response to
stimulation with antibody to IgM (anti-IgM)
or anti-CD40 (Fig. 3a). We next assessed
whether these defects in TLR-, BCR- and
CD40-mediated proliferation were accompa-
nied by impaired cell cycle progression
in Ubc13¥8Cd19-Cre B cells. Compared
with control B cells, which entered S phase
after stimulation with LPS, CpG DNA,
anti-IgM or anti-CD40, fewer Ubc13%8Cd19-Cre B cells entered
S phase after stimulation (Fig. 3c). Stimulation with LPS, CpG
DNA or anti-CD40 can prevent B cell apoptosis that normally results
from ex vivo culture of B cells without mitogens!®. A greater propor-
tion of Ubc13¥ACd19-Cre B cells than control B cells underwent
apoptosis ex vivo, even after stimulation with LPS, CpG DNA or
anti-CD40 (Fig. 3d). These results collectively suggest that Ubcl3
is critical for TLR-, BCR-, and CD40-mediated B cell activation,
proliferation and survival.

To investigate whether the defective activation and development of
Ubc13VCd19-Cre B cells affected on the immune responses in vivo,
we compared immunoglobulin concentrations in sera of control and
Ubc13V8Cd19-Cre mice (Fig. 3e). All immunoglobulin isotypes
tested except IgG2a and IgG2b were significantly lower in Ubc13%f
Cd19-Cre mice than in control mice. After immunization with the
T cell-independent polyvalent antigen trinitrophenol-Ficoll or the
T cell-dependent antigen nitrophenol—chicken y-globulin, Ubc13%f
Cd19-Cre mice had significantly less serum trinitrophenol-specific
IgM and IgG3 (Fig. 3f). Although nitrophenol-specific IgM titers were
similar, nitrophenol-specific IgG1 titers were lower in Ubc13%8Cd19-
Cre mice (Fig. 3g). Thus, Ubcl3 is required for appropriate humoral
immune responses in vivo.

cytometry of IgM and

B220 to visualize B cells

Ubc13 in NF-xB and MAPK activation

TLR, BCR, CD40, IL-1R and TNFR signals culminate in NF-xB
activation’2. Although in vitro studies indicate that Ubcl3 is involved
in NF-xB activation in HEK293 cells*3, whether Ubcl3 deficiency
affects NF-xB activation mediated by TLR, BCR, CD40, TNFR or
IL-1R in other cell types in physiological conditions is not known.
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Figure 3 Ubcl3 is required for B cell activation
and in vivo immune responses. (a) Proliferation
of splenic B220* B cells cultured for 48 h with
various stimuli (horizontal axes). «-CD40, anti-
CDA40. Data are representative of three
independent experiments. (b) ELISA of 1L-6 in
supernatants of splenic B220* B cells stimulated
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LPS, CpG DNA, anti-IgM and anti-CD40 resulted in slightly
defective IxBo degradation but normal NF-kB nuclear translocation
in Ubcl3¥8Cd19-Cre B cells (Fig. 4a,b). Nudlear NF-xB complexes
ntained similar NF-xB subunits in wild-type and Ubc13V1Cd19-Cre
B cells (Supplementary Fig. 3 online). In addition, BLP- and CpG
DNA-mediated IxBo degradation NF-kB nuclear translocation was
indistinguishable in control versus Ubc1390LyzsM-Cre bone marrow
macrophages (Fig. 4c,d). To determine whether Ubcl3 is involved in
TNFR- and IL-1R-mediated signal transduction, we generated mouse
embryonic fibroblasts (MEFs) from control and Ubc13M embryos.
Retroviral transduction of Cre into Ubc13%® MEFs induced efficient
deletion of Ubcl3 protein (Supplementary Fig. 1). Ubc13V MEFs
expressing retroviral Cre had normal TNF- and IL-1B-induced IxBo
degradation and NF-xB nuclear translocation (Fig. 4e,f). To further
investigate whether Ubcl3 deficiency is dispensable for NF-kB activa-
tion, we transfected an NF-xB-dependent luciferase reporter construct
into control or Ubc13Mf MEFs expressing retroviral Cre. TNF or IL-1p
stimulation induced similar luciferase activity in control and Ubc13"f
MEFs (Fig. 4g). Moreover, overexpression of Bcl-10 or CARMAL
resulted in similar NF-xB activation in control and Ubc13%® MEFs
(Fig. 4h). In addition, IL-1B-induced IkBo recovery at later time points
was similar for control and Ubcl3¥® MEFs expressing retroviral
Cre (Fig, 4i). To analyze the function of Ubcl3 in alternative pathways
of NE-kB activation, we assessed stimulus-dependent processing of
the NF-kBp100 subunit. Control and UbcI3%1Cd19-Cre B cells had
similar patterns of processing of NF-xBpl00 to NF-xBp52 after
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OU 7 14 (TNP-IgM) and 1gG3 (TNP-IgG3) at 7 and 14 d
after immunization with trinitrophenol-Ficoll.
(g) Production of nitrophenol-specific igM
(NP-1gM) and 1gG1 (NP-1gG1) at 7 and 14 d
after immunization with nitrophenol-chicken
y-globulin. Results in f,g represent three of five
mice per genotype; *, P < 0.05 (Student’s
ttest). Filled symbols or bars, Ubc13*+Cd19-
Cre; open symbols or bars, Ubc13MCd19-Cre.
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stimulation with anti-CD40 or B cell-activating factor of the TNF
family (Supplementary Fig. 3), indicating that Ubcl3 is not involved
in the alternative pathway of NF-«B activation. These data collectively
suggest that although Ubcl3 deficiency slightly affected IxBo degrada-
tion in some cell types, Ubcl3 seems to be mostly dispensable for
NF-xB activation. :

Next we investigated activation of the Jnk, p38 and Erk MAP
kinases in B cells, bone marrow macrophages and MEFs. Stimulation
of control B cells with anti-IgM resulted in phoshorylation of Jnk, p38
and Erk. In contrast, although Erk activation was normal, anti-IgM-
induced phoshorylation of Jnk and p38 was substantially impaired in
Ubc13Y8Cd19-Cre B cells. Moreover, Ubcl3¥1Cd19-Cre B cells had
considerably reduced activation of all three MAP kinases in response
to LPS and CpG DNA, and anti-CD40-induced MAP kinase activation
was also mildly affected by Ubcl3 deficiency (Fig. 5a). Although
stimulation with BLP or CpG DNA resulted in rapid phosphorylation
of MAP kinases in control bone marrow macrophages, MAP kinase
activation in Ubcl3V0LyzsM-Cre bone marrow macrophages was
impaired (Fig. 5b). Furthermore, IL-1B-induced phosphorylation of
Jnk, p38 and Erk was much lower in Ubcl 3 than in control MEFs
expressing retroviral Cre (Fig. 5¢). In contrast, TNF stimulation
resulted in similar MAP kinase activation in Ube13%f and control
MEFs expressing retroviral Cre (Fig. 53d). These results collectively
demonstrate that Ubcl3 is important in MAP kinase activation
induced by TLR, IL-1R, BCR and CD40, but not MAP kinase
activation induced by TNFR.
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