© 2007 Nature Publishing Group http://www.nature.com/natureimmunology

nature
immunology

ARTICLES

The adaptor protein CARD9 is essential for the
activation of myeloid cells through ITAM-associated

and Toll-like receptors

Hiromitsu Haral2, Chitose Ishihara!, Arata Takeuchi!, Takayuki Imanishi', Liquan Xue®, Stephan W Morris?,
Masanori Inui?, Toshiyuki Takai?, Akira Shibuya’®, Shinobu SaijoS, Yoichiro Iwakura®, Naohito Ohno’,
Haruhiko Koseki®, Hiroki Yoshida?, Josef M Penninger® & Takashi Saito!

Immunoreceptor tyrosine-based activation motifs (ITAMs) are crucial in antigen receptor signaling in acquired immunity.
Although receptors associated with the ITAM-bearing adaptors FcRy and DAP12 on myeloid cells have been suggested to
activate innate immune responses, the mechanism coupling those receptors to ‘downstream’ signaling events is unclear. The

CARMA1-Bcel-10-MALT1 complex is critical for the activation of transcription factor NF-xB in lymphocytes but has an unclear
function in myeloid cells. Here we report that deletion of the gene encoding the Bcl-10 adaptor-binding partner CARD9 resulted
in impaired myeloid- cell activation of NF-kB signaling by several ITAM-associated receptors. Moreover, CARDS was required for

Toll-like receptor—induced activation of dendritic cells through the activation of mitogen-activated protein kinases. Although
Bcl107- and Card9- mice had similar signaling impairment in myeloid cells, Card117 (CARMA1-deficient) myeloid cell
responses were notmal; and although Cardl 1~ lymphocytes were defective in antigen receptor-mediated activation, Card9--
lymphocytes were not. Thus, the activation of lymphoid and myeloid cells through ITAM-associated receptors or Toll-like
receptors is regulated by CARMA1-Bcl-10 and CARD9-Bcl-10, respectively.

T cells and B cells, which are mainly responsible for regulating
acquired immunity, are activated through T cell receptors (TCRs)
and B cell receptors (BCRs). Those antigen receptors ‘trigger” activa-
tion signals’ by associating with signaling molecules such as CD3
roteins or immunoglobulin-o¢ (Ige) and IgB; which contain immu-
noreceptor tyrosine-based activation motifs' (ITAMs) in their cyto-
plasmic “domains!. The “activation signal ‘is transduced by the
phosphorylation of ‘specific tyrosine ‘ residues in the ITAMs and
subsequent recruitment of the tyrosine kinases Syk or Zap70 to the
phosphorylated ITAMs. In addition to lymphocytes, natural killer cells
and myeloid lineage cells such as mast cells, macrophages, neutrophils
and dendritic cells (DCs)? also express receptors that transduce their
signals through I'TAMs and regulate cell functions in innate immunity.
Two ITAM-containing “adaptor proteins, DAP12 and FcRy, are
known to associate with receptors in myeloid cells (ITAM-associated
receptors); for the myeloid receptors, signaling from the receptor is
mediated by the ITAM-containing adaptors and subsequently leads to

Syk activation. FcRy is required for the activation of Fc receptors on
myeloid cells, including FcyRI (CD64) and FcyRII (CD16) for IgG,
and FceRI" for IgE. Other FcRy-associated activation receptors
expressed  on “myeloid cells include PIR-A%4, LIR?>, DCAR® and
OSCAR’." DAP12-associated myeloid receptors include the TREM
family of receptors®, MDL-1 (ref, '9), SIRP-B'0, PILRB'!, IREM2
(ref. 12), CD200R" and MAIR-IT (LMIR-2),

Stimulation “of those FcRy- " or DAPI2-associated receptors on
myeloid cells induces various- signaling “pathways leading to the
production of cytokines andfor chemokines. FcyRI- and FcyRIII-
mediated activation of macrophages triggers the generation of inflam-
matoty cytokines and reactive oxygen species'>, OSCAR stimulation
leads to cytokine release and DC survival through the activation of
pathways dependent on the kinase Erk and phosphatidylinositol-
3-OH' kinase!S, Ligation of TREM-1"induces  the production of
inflammatory chemokines and cytokines such as interleukin 8 (IL-8)
and myeloperoxidase in neutrophils and ‘monocytes as well as the
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production of chemotactic protein | and tumor necrosis factor (TNF)
in monocytes'’. Studies demonstrating that treatment of mice with a
soluble TREM-1-lg fusion protein can prevent death by lipopolysac-
charide (LPS)~induced septic shock suggest involvement of TREM-1
in amplifying LPS signals'®. Triggering MAIR-II also induces the
secretion of proinflammatory cytokines and/or chemokines from
macrophages't, Moreover, [TAM-associated receptor-mediated
stimulation has been also shown to induce DC maturation!®!7,
Thus, signals through the ITAM-associated receptors mediate the
activation and maturation of macrophages and DCs. However, the
molecular mechanisms underlying “the “coupling of the ITAM-
associated receptor triggering to the induction of inflammatory gene
expression have remained poorly understood.

In addition to the ITAM-associated receptors discussed above,
myeloid cells express DC-associated C-type lectin 1 (dectin-1),
which contains an atypical ITAM in its cytoplasmic tail'®. Unlike
typical ITAMSs, which require two phosphorylated tyrosine residues in
the motif for Syk recruitment, only one tyrosine is required for the
recruitment of Syk to the dectin-1 atypical ITAM. Dectin-1 is a
pattern-recognition receptor for B-glucan mainly present in the fungal
cell wall. Zymosan, a yeast cell wall extract composed mainly of
B-glucan and other various components, can stimulate dectin-1 to
produce inflammatory cytokines such as IL-2, TNE, 1L-6, IL-10 and
IL-12. It has been shown that zymosan can also stimulate Toll-like
receptor 2 (TLR2) to produce certain cytokines such as TNF and IL-12
through the. activation of NF-xB mediated by the adaptor protein
MyD88 (myeloid differentiation primary-response. genie 88)%C. It has
been. suggested that  dectin-1 induces both . Syk-dependent and
Syk-independent . signaling . pathways. in macrophages. and .DCs.
Although cooperative signaling is required: with TLR2,: dectin-1-
induced production of IL-12 and TNF is Syk independent,: whereas
IL-2 and TL-10 production is Syk dependent?!. However, how dectin-
1-mediated signals integrate with TLR signals and the mechanism by
which the Syk-dependent and Syk-independent pathways are regu-
lated to trigger different sets of cytokine genes are unknown.

The caspase-recruitment domain (CARD) is a protein-binding
module that mediates the assembly of CARD-containing proteins.
i-ﬁ One of the CARD proteins, Bcl-10 (ref. 22), functions together with
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he MALT1 adaptor protein®?* as a central regulator of TCR- and

=" BCR-mediated NF-xB activation, In addition, it has been shown that
NF-«B activation mediated by Bcl-10 and that MALT1 is also critical
for FceRI-induced cytokine production and late-phase anaphylactic
reactions?®, Thus, these studies indicate the possibility that the Bcl-10-
MALT1 complex is critical for ITAM-mediated NF-xB activation in
other type of cells as well as lymphocytes.

CARMAL (also called CARD11 and Bimp3), a CARD-containing
protein of the. MAGUK  (membrane-associated. guanylate kinase)
family, is essential for TCR- and BCR-induced NF-xB: activation
and acquired immunity. through the regulation of protein kinase
C (PKC)~dépendent lipid raft recruitment of Bcl-10 and inhibitor
of NF-kB (IxB) kinase (IKK). proteins?®¥, The three adaptors,
CARMAI, Bcl-10 and MALTI, thus interact with each other to
form a complex, called the CARMA1-Bcl-10-MALT1 (CBM) com-
plex. Involvement of the CBM complex in TLR# signaling in B cells
has been dentonstrated?>26:28,

CARD?9 is- structurally related to CARMAL ‘and is expressed in'a
variety of human tissues, including peripheral blood lymphocytes and
spleen??. Like CARMAL, CARD9 associates with Bcl-10 through its
CARD and  synergistically induces NF-xB activation®.  Analysis of
Card9”~ mice has shown that CARDY is involved in antifungal
immunity’®. CARD9 has been suggested to mediate signals from
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dectin-1 to NF-kB activation through its atypical ITAM and Syk, as
Card9™" macrophages show impaired NF-kB activation and cytokine
production in response to zymosan and Candida albicans. However, it
has been suggested that TNF production and NF-xB activation of
macrophages after zymosan stimulation is dependent mainly on
MyD88-mediated signaling®'. Moreover, dectin-1 deficiency does
not alter the production of TNF and IL-12 by macrophages and
DCs after zymosan stimulation or the defense against C. albicans*2.
These reports suggest that the impairment of cytokine responses to
zymosan and defense against C. albicans of Card9™~ mice is not simply
due to impairment of the dectin-1-Syk~CARD9 signaling pathway.
Therefore, the physiological functions of CARDY in various innate
immune responses remain to be determined. In addition, the func-
tional relationship of CARD9 with CBM-mediated regulation needs to
be defined to clarify CARD9-mediated signaling.

Here we report studies of Card9™, Card11™'~ (CARMA1-deficient)
and Bd10™~ mice showing that the signaling pathway through
CARD9-Bcl-10 but not through CARMAI1-Bcl-10 was essential for
myeloid cell activation mediated by various FcRy- and/or DAP12-
associated receptors. Loss of either CARDY or Bcl-10 abrogated
ITAM-associated receptor—mediated inflammatory cytokine responses
in macrophages and DCs because of impaired NF-xB activation.
CARD9 deficiency . impaired cytokine production through both
dectin-1- and MyD88-mediated signaling pathways after zymosan
stimulation in DCs, Moreover, the CARD9-Bcl-10 pathway was
involved in various TLR responses in DCs but not in lymphocytes
through the activation of mitogen-activated protein kinases (MAPKs).
Although. CARD9. was. dispensable for TCR- and BCR-mediated
acquired. immunity, CARMAL deficiency did not affect. cytokine
responses. in. myeloid. cells mediated by ITAM receptors (that is,
ITAM-associated: and. ITAM-bearing receptors) or TLRs. Thus, we
provide here genetic evidence for differential requirements of CARD9
and CARMAL in Bcl-10-mediated activation of myeloid cells and
lymphoid cells, respectively.

RESULTS
Generation of CARD9-deficient mice
As with human CARD9 (ref. 29), bone marrow and spleen have very
high expression of mouse CARDSY, but it is barely detectable in thymus
and lymph nodes, among the lymphoid organs (Supplementary
Fig. 1a online). In the various hematopoietic cell populations, myeloid
lineage cells such as macrophages, DCs and neutrophils have higher
expression of CARDY than do lymphocytes and: mast cells (Supple-
mentary Fig. 1a). To study the physiological function of CARD9, we
, generated CARD9-deficient (Card9™ ~). mice. As it has been shown
that the: CARD motif is. an.essential domain: for Bcl-10-CARD9
interaction and NF-kB activation?®, we deleted exon 2 of mouse
Card9;- which encodes the. CARD. (Supplementary Fig. 1b). We
confirmed gene targeting by Southern blot analysis (Supplementary
Fig. 1c) and verified the null mutation of Card9 by the absence of
CARD9 by immunoblot analysis (Supplementary Fig. 1d). Card9/~
mice were born at the expected mendelian ratio and did not show any
anatomic abnormalities.

CARD?9 is dispensable for lymphocyte development and activation
Because CARD?9 associates with Bcl-10 and Bcl-10 deficiency affects
early thymic development, with more cells of the CD44"CD25" subset
in the CD4"CD8" double-negative population??, we first determined
whether CARDY deletion affected T cell development. Card9/~ mice
had normal development of CD4-CD8~; CD4¥CD8*, CD4*CD8™ and
CD4CD8" cells in the thymus and of CD44*CD25~, CD447CD25%,
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CD447CD25" and CD447CD25™ subsets in the double-negative popu-
lations (Supplementary Fig. 2a online). Moreover, the percentages
(Supplementary Fig. 2b) and numbers (Supplementary Fig. 2¢) of
peripheral CD3" cells and of the CD4* and CD8* subsets of T cells
were similar in Card9™~ and wild-type mice. As Bcl-10-mediated
NF-«B activation is essential for T cell activation by TCRs, we next
analyzed TCR-induced T cell activation in Card9/~ mice. Card9-
T cells showed normal proliferation after stimulation with antibody to
CD3 (anti-CD3) alone, with anti-CD3 plus anti-CD28 or with
phorbol 12-myristate 13-acetate plus ionomycin (Fig. 1a). Consistent
with those observations, the production of IFN-y (Fig. 1b) and IL-2
(data not shown) and upregulation of the surface activation markers
CD25, CD44 and CD69 (data not shown) after TCR stimulation
were similar in wild-type and Card9~'~ mice. Similarly, Card9™"= T cells
had normal major histocompatibility complex—dependent responses
to allogenic antigen-presenting cells (Fig. 1¢) and the ‘superantigen’
staphylococcal enterotoxin B (Fig. 1d). These results demonstrate
that CARD9 is dispensable for T cell development and TCR-
mediated activation.
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It has been reported that deficiency of Bcl-10, CARMAIL or MALT1
results in fewer mature IgDMIgM® B cells and a lack of the
CD21MCD23 subset of marginal zone B cells in the spleen?32628,
suggesting that Bcl-10-mediated signaling is required for the periphe-
ral differentiation of B cells. We therefore next examined whether
CARD?9 is involved in B cell development. B cell development in the
bone marrow (Supplementary Fig, 2d) and numbers of B220* cells
(Supplementary Fig. 2e) and IgD"IgM™ B cells and marginal
zone B cells (Supplementary Fig. 2f) in the spleen were similar in
Card9™ and wild-type mice. As CARMAI1-Bcl-10-mediated
signaling is essential for BCR-, CD40- and TLR-induced B cell
responses®2?426:8, we next analyzed the effect of CARDY deficiency
on B cell activation. The proliferation of splenic B cells after stimula-
tion with anti-IgM (Fig. le), anti-CD40 (Fig. 1f), LPS or CpG
DNA (Fig, 1g) was similar in Card9™ and wild-type mice. Further-
more, in vivo antibody responses after immunization with the
T celldependent antigen DNP-KLH (dinitrophenol-keyhole limpet
hemocyanin} demonstrated normal production of DNP-specific
IgM, IgGl, IgG2a and 1gG3 in Card9'~ mice (Fig, 1h). These data
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Figure 1 Normal activation of T and B lymphocytes in Card9™ mice. (a) Proliferation of purified wild-type (WT) and Card9-- T cells after stimulation
with anti-CD3 alone («-CD3; concentration, horizontal axis), anti-CD3 plus anti-CD28 (1 pg/mi; +4-CD28), or phorbol 12-myristate 13-acetate (10 ng/mi)

plus ionomycin (1 pM; P+). (b) ELISA of IFN-y production by purified CD4* or

CD8* lymph node T cells from wild-type and Card9~~ mice after 48 h of

stimulation with anti-CD3 («-CD3) or no stimulation (-). (¢) Allogenic proliferative responses of wild-type and Card9 T cells after stimulation with irradiated

spleen cells (APCs) from BALB/c mice or no stimulation (-). (d) Proliferation of

T cells from wild-type or Card9™- mice after stimulation with staphylococcal

enterotoxin B (SEB) plus syngenic antigen-presenting cells. (e-g) Proliferation of purified wild-type and Card9-+ splenic B cells stimulated with the following:
anti-IgM with (+ IL-4) or without recombinant iL-4 (10 ng/mi; e); anti-CDA0 (f); LPS (g, left); or CpG DNA (g, right). (h) ELISA of serum titers of anti-DNP
IgM; 1gG1, 1gG2a and igG3 from wild-type mice (open circles; n = 6) or Card9- mice (filled circles; n = 6) immunized intraperitoneally withh DNP-KLH

on day 21 after immunization. A4sg, absorbance at 450 nm. Data are the mean = s.d. of triplicates (a~g) or six mice (h) and are representative of

three (a,b,e-g}, two {c,d) or one {h) independent experimeni(s}.
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Figure 2 Impaired cytokine production by Card9- myeloid cells after stimulation through ITAM
receptors, (a,b) ELISA of the production of TNF, 1L-6 and/or IL-12p40 by wild-type or Card9* BMDCs
(a) or bone marrow—derived macrophages (b) stimulated by crosslinking of FcyR with immobilized
monoclonal anti-CD16 {a-CD16) or mouse 1gG. = (b), no antibody; numbers in parentheses (b),
concentration of anti-CD16 (in ug/ml). (c—e) ELISA of the production of TNF, IL-2 and I1L-12p40 by
wild-type and Card9~+ BMDCs after stimulation in the presence of FCR blocker (soluble mouse y-

\ fobulin; 10 ug/mi) with immobilized monocional anti-MAIR-I (c), anti-OSCAR (d) or anti-TREM-1 (e).
at 1gG, control for stimulation. Ab (horizontal axes, c-e), antibody concentration. Data are the mean +

s.d. of triplicates and are representative of three independent experiments.

indicate that CARD9 is not involved in the development and
activation of B cells.

Card9- myeloid cells have impaired ITAM-mediated signaling

Because myeloid cells had highly expression of CARD9 (Supplemen-
tary Fig. 1a), we next examined whether CARD9 deficiency affected
the development of macrophages and DCs. The development of
CD11b*CD11c™ macrophages and CD11b"CD11c¢* DCs (Supplemen-
tary Fig. 2g), of subsets of CD4*, CD8* and CD4"CD8~ cells among
the CD11c* DC populations and of CD11ctCD197B220% plasmacy-
toid DCs (Supplementary Fig. 2h) in the spleen was similar in
Card9™~ and wild-type. mice. Because it has been suggested that
Bdl-10 is involved in FcR-mediated NF-xB activation in mast cells?,
we tested whether CARD9 is involved in FcR-mediated activation in
myeloid cells. We prepared bone marrow-derived DCs (BMDCs) from
Card9™" mice and stimulated the cells by crosslinking of FcyRIII with
monoclonal anti-CD16 or immobilized' IgG. BMDCs developed
normally from Card9'~ mice (Supplementary Fig. 2i). However,
Card9" DCs had impaired production of TNE, IL-6 and IL-12
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(Fig. 2a) after FcyR crosslinking. There was
similar severe impairment in bone marrow—
derived macrophages (Fig. 2b), suggesting
“Oo-wr that CARD?9 is essential for FcyR signaling
8 Garos” in myeloid cells. These results demonstrate
that signals mediated through FcyR, which
associates with ITAM-containing FcRy, are
impaired in Card9~~ DCs and macrophages,
whereas TCR- and BCR-mediated signals in
Card9™~ lymphocytes are unaffected. This
suggests the possibility that CARD9 is
involved in signaling through receptors asso-
ciated with the ITAM-containing adaptors
FcRy or DAP12 specifically in myeloid cells.
CARD? is involved in signaling from dec-
tin-1, which contains an atypical ITAM in its
cytoplasmic domain®. However, because of
the unique features of dectin-1 in terms of
the atypical ITAM, which requires phosphor-
ylation of only a single tyrosine in the motif
for Syk recruitment, that conclusion might be
specifically restricted to dectin-1 and it may
not be possible to generalize it to receptors
associated with FcRy and DAPI12. To test
that, we analyzed the surface expression of
several receptors associated with FcRy or
DAP12 on BMDCs using specific monoclonal
antibodies and verified expression of MAIR-
11, OSCAR and TREM-1. Whereas MAIR-II
and TREM-1 are associated with DAP12
(refs. 8,14), OSCAR is associated with
FcRy’. To determine whether CARD9Y is
involved in signaling through those ITAM-
bearing receptors, we stimulated Card9~ /-
and wild-type BMDCs with monoclonal
antibodies specific for MAIR-II (Fig. 2c¢),
OSCAR (Fig. 2d) or TREM-1 (Fig. 2e).
After crosslinking of MAIR-IT, OSCAR and
TREM-1, the production of all cytokines
examined, including TNF, IL-2, IL-12
(Fig. 2¢c—e) and IL-6 (data not shown), was
abrogated in Card9~ BMDCs. Those defects
were not overcome by stimulation with higher doses of antibodies,
suggesting that CARD9 is crucial for cytokine production after
stimulation of those FcRy- and DAPI12-associated receptors in
BMDC:s. In contrast to stimulation through ITAM-associated recep-
tors, stimulation with anti-CD40 or phorbol 12-myristate 13-acetate
plus calcium ionophore induced similar amounts of cytokine
production in wild-type and Card9”~ BMDCs (Supplementary
Fig. 3 online), indicating that Card9~ BMDCs are capable of
producing cytokines and the defect is specific for ITAM-associated
receptor-mediated activation.

-0 WT «-MAIR-I
@~ Cardd™™ «-MAIR-II

SO WT B RatigG
4 Cand9”  RatigG

-0 WT «-OSCAR
~®~ Carda™" wOSCAR
SO WT RatlgG
e Cardg™" Rat 1aG

O WT @ TREM-1
~@— Cardg™ wTREM-
O WT RalIgG
-4 Carga™" RatlgG

Dectin-1- and MyD88-dependent DC activation requires CARD9
Consistent with a published report®®, zymosan-induced production of
TNF, IL-2 (Fig. 3a) and 1L-6 (data not shown) was considerably
impaired in Card9”'~ BMDCs. However, notably; IL-12 production
after stimulation with zymosan seemed to be normal (Fig. 3a), in
contrast to the response to stimulation through FcRy- and DAP12-
associated receptors, which resulted in impaired IL-12 production
similar to that of other cytokines (Fig. 2). Zymosan, a polysaccharide
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particle from the cell walls of Saccharomyces a
cerevisine, is the most commonly used
B-glucan-containing experimental reagent,
but it contains other components, including

-0~ WT
-e- Card9™

other glucans, mannans, chitins and unknown 100
TLR2 and TLR6 ligands®*3%. It has been 80
reported that zymosan-induced production Eo’ 60
of TNF and IL-12 requires the ‘collaboration’ =
of dectin-1 and TLR?2, followed by activation & 2
of NF-xB through MyD88 (ref. 31). Indeed, it
has been suggested that production of TNF o s 3 1o
and IL-12 after zymosan stimulation is
impaired by MyD88 deficiency but not by 0
dectin-1 or Syk deficiency?2. Thus, it was _ 8
not apparent if the impaired cytokine § 6
responses of Card9~ BMDCs were due toa & 4
defect in the pathway of dectin-1-Syk signal- =
ing and/or TLR-MyD88 signaling. o
To clarify that point, we compared cytokine o 3 1w
responses of Card9™~, Myd88™" and Clec7a™"~
(dectin-1-deficient) BMDCs after stimulation 1000
with untreated zymosan or NaClO-oxidized E 5%
zymosan. We generated NaClO-oxidized § 600
zymosan by treating zymosan with 0.5% 3 400
NaClO and 0.1 M NaOH; it represents.a 5 200
product composed mainly of B-glucans® o0 P
0 0

and therefore it specifically binds to dectin-1
but not TLRs. We found that zymosan-
induced production of TNE, [L-6 and IL-12
was not impaired much in Clec7a™~ BMDCs
(Fig. 3b). In contrast, production of TNF and
IL-6 was much lower in Myd88~~ BMDCs,
similar to that in Card9™'~ BMDCs, whereas
IL-12 was slightly lower in Myd887~ BMDCs
(Fig. 3b). These results indicate that zymosan
stimulates production of TNF and IL-6
mainly through the TLR-MyD88 signaling

Zymosan (ug/mil}

athway; they also suggest that CARD9 contributes TLR-MyD88

l’ﬁ pathway, not through the dectin-1-mediated

=" signaling rather than to dectin-1 signaling after zymosan stimulation.

In contrast, all of cytokine responses to NaClO-oxidized zymosan were
abolished in Clec7a™™ and 'Card9~ BMDCs but not in Myd8§™'~
BMDCs (Fig. 3c), indicating that cytokine production after B-glucan
stimulation is completely dependent on the dectin-1-CARD?9 signal-
ing pathway. Our data collectively indicate that CARD9 is indispen-
sable for myeloid cell activation through ITAM-bearing dectin-1 and

that CARDS is also involved in TLR-MyD88 signaling,

ITAM-mediated activation of NF-kB requires CARD9

We next analyzed the mechanism of impaired signaling in Card9'-
myeloid cells. As the CBM complex is essential for the coupling of
antigen receptors to the activation of NF-xB and MAPK in
T lymphocytes and B lymphocytes?*?6, we investigated the function
of CARDY in the ITAM-associated receptor-induced activation of
NEF-kB and MAPK in BMDCs through crosslinking of FcyR. Degra-
dation of IxBal induced by FcyR crosslinking was impaired in Card9-~
BMDCs (Fig. 4a). Consistent with that finding, the DNA-binding
activity of the NF-xB complex containing the p65 subunit was much
lower in the nuclei of Card9™~ BMDCs after stimulation through
ITAM-associated receptors (Fig. 4b). In. contrast, stimulation of
Card9t* and Card9~ BMDCs through FcyR demonstrated no
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Figure 3 CARD9 is required for both MyD88- and dectin-1-mediated cytokine responses. (a) ELISA

of the praduction of TNF, 1L-2 and 1L-12p40 by zymosan-stimulated wild-type or Card9~ BMDCs.
(b,c) ELISA of the production of TNF, IL-6 and IL-12p40 by wild-type, Card9, Myd88+ or Clec7a"
BMDCs in response to zymosan {b) or NaClO-oxidized zymosan (OX-zymosan; ¢). Data are the mean +
s.d. of triplicates and are representative of two independent experiments.

apparent differences in the phosphorylation of the kinases Erk, Jnk
and p38 (Fig. 4a). These data indicate that CARD?Y is essential for the
coupling of ITAM receptor signaling to activation of NF-kB but not of
MAPK in myeloid cells.

ITAM-mediated myeloid cell activation requires Bcl-10

Because CARDSY “interacts with Bcl-10 (ref. 29), we determined
whether Bcl-10 functions in the CARD9-dependent, ITAM receptor—
mediated activation. of myeloid cells. When we stimulated
BMDCs from Bcl107 mice with monoclonal antibodies specific for
ITAM receptors or zymosan, cytokine production was substantially
impaired, similar to that in Card9’~ BMDCs (Fig. 5a). Thus,
analogous to antigen receptor signaling, Bcl-10 is critically involved
in activation signals mediated by means of ITAM-bearing receptors in
myeloid cells.

The formation of the complex of Bcl-10 and CARMAL is essential
for antigen receptor signaling in lymphocytes. Splenic DCs and
BMDCs have abundantly expression of CARMAI1, whereas macro-
phages have relatively lower expression (Supplementary Fig. 4
online). Thus, we examined whether CARMAI also functions in the
ITAM receptor-Bcl-10 signaling pathway in myeloid cells. Unlike their
responses to TCR and BCR. stimulation, Cardl1”~ BMDCs. had
normal production of TNF and IL-2 after stimulation through FcyR
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Figure 4 Impaired ITAM-associated receptor-mediated NF-xB activation in
Card9* DCs. (a) Immunoblot analysis of lysates of wild-type or Card9”-
BMDCs stimulated with anti-CD16 (time, above lanes). p-, phosphorylated.
(b} DNA-binding assay of NF-kB p65 activity in nuclear extracts from wild-
type or Card9”~ BMDCs left unstimulated (-) or stimulated for 8 h with
immobilized mouse 1gG (10 ug/mi) or anti-CSCAR (10 pg/mi). Asss,
absorbance at 655 nm. Data are the mean = s.d. of iriplicates and are
representative of three independent experiments.

(Fig. 5b), OSCAR (Fig. 5¢), TREM-1 (Fig. 5d) or zymosan (Fig. 5e),
suggesting that CARMAL1 is not involved in ITAM-mediated myeloid
cell activation. These results collectively suggest that the CARD9-Bdl-
10 complex but not the CARMAI-Bcl-10 complex relays ITAM-
mediated signals for NF-xB activation in myeloid cells.

TLR signaling requires CARD9 and Bcl-10 but not CARMA1
To investigate further the possibility that CARD9 is:involved in TLR-
MyD88 signaling, we examined the effects of direct stimulation of

© 2007 Nature Publishing Group http://www.nature.com/natureimmunology

Card9”~ BMDCs with various TLR ligands: Pam3CSK, for TLR2,
poly(1:C) for TLR3, LPS for TLR4, flagellin for TLRS, loxoribine
for TLR7, and CpG DNA for TLRY. Production of both TNF (Fig. 6a)
and IL-6 (Fig. 6b) was much lower in Card9~—~ BMDCs than in wild-
type BMDCs in response to all TLR ligands tested. In particular,
the responses to the TLR7 ligand loxoribine and the TLR3 ligand
poly(I:C) were severely impaired in Card9~ BMDCs. Because the
induction of Il6 mRNA after loxoribine stimulation was much lower
in Card9~ BMDCs, the impairment in cytokine production seemed
to be at the transcriptional level (Supplementary Fig. 5 online).
Notably, like the pattern of impaired cytokine production in response
to zymosan stimulation (Figs. 3b and 6a—), TLR-mediated IL-12
production seemed to be similar in wild-type and Card9~~ BMDCs
(Fig. 6c¢), suggesting that CARD9 is differentially required for the
induction of TNF and/or IL-6 and IL-12. Notably, Card9'~ bone
marrow—derived macrophages or thioglycolate-induced peritoneal
macrophages did not have the defective TLR-induced cytokine
production found in DCs (Supplementary Fig. 6 online), suggest-
ing that the contribution of CARDY to TLR signaling differs
depending on the myeloid cell type. To determine whether Bcl-10
and CARMAL1 were involved in the CARD9-mediated TLR signal-
ing pathways in BMDCs, we tested cytokine responses after stimula-
tion with various TLR ligands in Bd10~ BMDCs and Card1l™-
BMDCs. As with ITAM receptor signaling, Bcl10~~ BMDCs also
had defective TLR-induced cytokine production (Fig. 6d) but
Card117~ BMDCs did not (Fig. 6e), suggesting that the CARD9~
Bcl-10 complex but not the CARMA1-Bcl-10 complex is involved in
TLR signaling.
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Figure 5 CARD9-dependent ITAM receptor-induced activation of DCs requires Bci-10 but not CARMAL. (a) ELISA of IL-2 production by wild-type or

Bcl10- BMDCs stimulated for 24 h with immobilized monocional anti-OSCAR

(left) or anti-TREM-1 (middle) or controf rat igG in the presence of FcR

blocker (soluble mouse y-globulin, 10 ug/mi) or stimulated with zymosan (right). (b-e) ELISA of the production of TNF and iL-2 by wild-type or Card117
BMDCs stimulated for 24 h in the presence of FcR blocker with immobilized mouse 1gG (b), anti-OSCAR (c), anti-TREM-1 (d) or zymosan (e). Rat IgG,
control antibody for stimulation (a,c,d). Data are the mean = s.d. of triplicates and are representative of three independent experiments.
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TREM-1-mediated TLR responses require CARD9
It has been reported that TREM-1 stimulation augments LPS-induced
cytokine responses both in vitro and in vive'8, To determine whether
CARDS is involved in the effect of TREM-1, we stimulated Card9™"~
BMDCs with TLR ligands, including LPS, Pam;CSKy, CpG DNA, in
the presence or absence of costimulation with monoclonal anti-
TREM-1 and then evaluated TNF production (Fig. 6f). TLR-induced
TNF production itself without TREM-1 stimulation was much lower
S in Card9~ BMDCs, Although TNE production after stimulation with
& TLR ligands was enhanced in the presence of TREM-1 costimulation
Q. in wild-type BMDCs, Card9”~ BMDCs did not demonstrate such
l,; enhancement by TREM-1 costimulation. Thus, these results demon-

007 Nature Publishing Group http://www.nature.com/natureimmunology

trate that CARDY is essential for the augmentation of TLR-mediated
cytokine responses by TREM-1.

TLR-mediated MAPK activation requires CARD9

To- explore: the mechanism of CARD9- and Bcl-10-mediated TLR
signaling,” we: analyzed: signaling pathways ‘downstream’- of TLRs.
Because Card9”'= BMDCs showed impaired NF-xB- activation after
stimulation of ITAM-associated receptors (Fig. 4), we first examined
the activation of NF-xB after TLR stimulation. However, degradation
by:IxBet (data not shown)- and the DNA-binding activity of the
p65-containing NF-kB complex were not impaired much in the
nuclei of Card9"~ BMDCs after stimulation with zymosan (Fig, 7a),
LPS - (Fig.. 7b) or loxoribine (Fig. 7c). In. contrast,. Card9’~
BMDCs had-apparent activation defects of the Jnk and p38 MAPKs
at early time points after loxoribine stimulation (Fig:: 7d), and
throughout the time. course: after: zymosan: stimulation- (Fig. 7e).
These results suggest that CARD9 is involved in signaling for the
activation of MAPKSs but not of NF-kB in the ‘downstream’ pathway
of TLRs.

A genetic study of mice deficient in the effector molecule RIP2 has
shown that RIP2 regulates multiple signaling pathways ‘downstream’
of TLRs, including p38, Jnk, Erk and IKKs?, It has been shown that
RIP2 is recruited to the TLR4 receptor complex and associates with
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Figure 6 Impaired TLR response by Card9™ DCs. (a—e) ELISA of cytokine production by BMDCs stimulated for 24 h with the TLR figands LPS (100 ng/mi),
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the kinase IRAK! and the adaptor molecule TRAF6 after LPS
stimulation’” and that IRAKI also recruits Bcl-10 to the TLR4
signaling complex®. Moreover, it has been suggested that CARD9
directly associates with the receptor Nod2 and RIP2 and regulates
Nod2-mediated activation of p38 and Jnk®. Given that the apparent
defects in TLR-induced cytokine production by Card9~~ and Bcl107"~
BMDCs correlated with impaired activation of p38 and Jnk, we
hypothesized that CARD9 may function in the signaling pathway
mediated by IRAK1-RIP2-Bcl-10.

To determine whether CARD? physically and functionally associates
with RIP2 and/or IRAKI, we expressed these proteins together in
HEK293T cells (Fig. 7f). There was direct association between RIP2
and IRAK1 (Fig. 7f, lane 3) and between RIP2 and Card9 (Fig. 7f, lane
4), as reported before’”%. When these three molecules were expressed
together, they seemed-to associate and- form a complex (Fig. 7f,
lane 5). Overexpression of IRAK1 alone did not induce the activation
of MAPKs (Fig. 7f, lane 1). However, we detected activation of only
Jnk (but not p38 and Erk) with the expression of CARD9 or RIP2
alone (Fig. 7f, lanes 2 and 3), which was synergistically augmented
by the expression of CARDY and RIP2 together (Fig. 7f, lane 4).
Expression of the last two molecules together resulted in substantial
activation of p38 and weak but notable Erk activation. The Erk
activation was enhanced when IRAKI was expressed together with
CARD?9 (Fig. 7f; lane 5). Notably, the synergistic activation of p38 and
Jnk by RIP2 and CARD9 correlated with an increase in the phos-
phorylated form of Bcl-10 (Supplementary Fig. 7 online). These
collectively results suggest that after TLR stimulation, IRAK1, CARD9
and RIP2 may form a complex and thereby functionally cooperate to
activate MAPKs and that Bcl-10 phosphorylation might be involved in
regulating that function, which seems to be critical for TLR-induced
production of TNF and I1L-6 in DCs.

CARDS9 is required for antibacterial defense

TLR-mediated responses of macrophages and DCs against bacterial
components are crucial for antibacterial defense. It has been
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Figure 7 Impaired MAPK activation in TLR-stimulated Card9+- DCs.

{a—c) DNA-binding activity of NF-xB p65 in nuclear extracts from wild-type
or Card9* BMDCs left unstimulated () or stimulated for 2 h with zymosan
(Zym; 20 mg/ml; a), LPS (1 pg/mi; b) or loxoribine (Lox; 100 uM; c).

(d.e) Immunablot analysis of lysates of wild-type or Card9~ BMDCs
stimulated (time, above ianes) with loxoribine (100 uM; d) or zymosan

(20 pg/mi; e). {f) Immunoblot analysis of HEK293T cells transfected with
0.5 ug of various combinations (above lanes) of expression plasmids
encoding IRAK1, CARDS or Myc-tagged RIP2; at 30 h after transfection,
cell lysates were immunoprecipitated with anti-Myc and then the
immunoprecipitates (IP) and lysates (WCL) were analyzed with antibodies
specific for various proteins (left margin). Data are the mean + s.d. of two
experiments (a-c) or are representative of two experiments {(d-f).

demonstrated that TLR-mediated, MyD88-dependent signaling is
essential for control of Listeria monocytogenes infection®™l. To
examine the in vivo effect of CARD9 deficiency, we infected wild-type
and Card9™~ mice with L. monocytogenes and then analyzed the
bacterial burden of the infected organs at 3 d after the infection, We
detected a significantly higher listerial burden in the infected spleens
and livers of Card9™ mice than in those from wild-type mice (Fig. 8),
indicating that Card9™~ mice are more susceptible to L. monocytogenes
infection than are wild-type mice. These in vivo results demonstrate
that CARDSY is crucial for antibacterial defense, presumably through
TLRs and their costimulating ITAM receptors. Our results collectively
demonstrate that the activation of lymphoid and myeloid cells through
ITAM receptors and TLRs are mediated by two different types of
complexes containing Bcl-10-MALT1: lymphoid type (CARMA1-Bcl-
10-MALT1) and myeloid type (CARD9-Bcl-10-MALT1), respectively
(Supplementary Fig. 8 online).

DISCUSSION

I vitro studies and in vivo genetic analyses of deficient mice have
shown that the CBM complex, composed of CARMAL, Bdl-10 and
MALT1, is essential for TCR- and BCR-mediated NF-xB activation. In
addition, the CBM complex is involved in TLR4 and CD40 signaling
in B cells?2232628 A5 CARDY was originally identified as a. protein
that interacts with Bcl-10 through its CARD and. triggers NF-kB

sy activation in a synergistic way with: Bcl-10, we hypothesized. that

ARDY could function in antigen receptor, TLR and/or CD40

=¥ signaling by interacting with Bcl-10. However, our results here have

shown that CARD9 is dispensable for those receptor-mediated lym-
phocyte activation responses. That might be due in part to the lower
expression of CARD9 in lymphoid cells than in myeloid cells.
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Figure 8 Card9~~ mice are more susceptible to L. monocytogenes.
Quantification of colony-forming units (CFU) of L. monocytogenes in the
spleens (left) and livers (right) of wild-type and Card9 mice infected
intraperitoneally for 3 d with 5 x 105 L. monocytogenes. Data are the
means + s.d. of groups of seven mice and are representative of two
independent experiments.
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Alternatively,. perhaps it can be attributed to the structure of
CARD9: whereas CARD9 is similar to CARMAL in terms of the
highly homologous CARD and the flanking coiled-coil domain at its
amino terminus, CARMA1 but not CARD? has the carboxy-terminal
MAGUK Ssignature’ domains (PDZ, SH3 and Guk) required for
CARMAL signaling function*?*?, In addition, the ‘linker’ region that
connects the coiled-coil and PDZ domains of CARMAL is short in
CARD? (ref. 29) and thus lacks the PKC phosphorylation sites that are
critical for TCR- or BCR-mediated NF-kxB activation**>, Therefore,
CARDY might be incapable of coupling receptor-induced PKC activa-
tion to ‘downstream’. NF-kB -activation despite having a Bcl-10-
interacting CARD. Indeed, our data have confirmed that CARD9
deficiency: did -not affect: DC- activation. induced by the direct
PKC activator phorbol 12-myristate 13-acetate plus ionomycin. The
unique- structural characteristics of  CARMA1 may . generate the
specificity of Bcl-10-MALT1-mediated NF-xB:activation in antigen
receptor signaling,

1t has been: established that Bcl-10-MALT1-mediated signaling is
essential for NF-xB activation by TCRs and BCRs in lymphocytes and
by FeeRI in-mast cells. All of those receptors deliver signals by
associating~ with - signaling. adaptors containing ITAMs. Our data
now extend that knowledge regarding lymphocyte signaling to mye-
loid cells. by demonstrating that Bcl-10 is also essential for NF-xB
activation through various ITAM receptors expressed on myeloid cells.
Our results collectively indicate a general principle that a Bcl-10-
MALTl—containing complex is an essential mediator of NF-«kB
activation through ITAM receptors in immune cells.

Based on- analyses of the function of the CBM complex in antigen
receptor signaling, we assumed that the formation of a complex of
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Bcl-10-MALT1 with CARMA1 would be a prerequisite for ‘down-
stream’ IKK activation even in myeloid cells. However, we found
that CARMAL was dispensable for Bcl-10-mediated ITAM receptor
signaling in myeloid cells and instead found that CARD9 was
the essential molecule mediating this pathway. Thus, we propose
that the CARD9-Bc110-MALT1 complex is responsible for mediating
ITAM receptor signaling in myeloid cells and we further stipulate that
the classical CBM (CARMA1-Bcl-10-MALT1) complex is the lym-
phoid complex, whereas the newly identified CARD9-Bcl-10-MALT1
complex is the myeloid complex.

The production of TNE, IL-2, IL-6 and IL-12 after the stimulation of
FcRy- or DAPI12-associated receptors, including FcyR, OSCAR,
TREM-1 and MAIR-II, was impaired in Card9~ BMDCs, indicating
a critical function for the myeloid CARD9-Bcl-10-MALT1 complex
in ITAM-associated receptor—mediated cytokine expression. However,
IL-12 production mediated by the ITAM-bearing receptor dectin-1 in
response to zymosan was not affected by CARD9 deficiency, although
the production of IL-2, IL-6 and TNF was impaired. Because zymosan
has been shown to stimulate both the dectin-1-Syk and TLR-MyD88
signaling pathways for cytokine production, we examined in which of
those pathways CARD?9 is involved; to do this we simultaneously
analyzed DCs from Card9™, Myd88™"~ and Clec7a™~ mice. We found
that, consistent with published reports*"2, zymosan-induced cytokine
production depended mainly on the TLR-MyD88 but not the dectin-
1-Syk pathway. However, stimulation of DCs from these knockout
mice with NaClO-oxidized zymosan, a purified B-glucan agent that
does not activate the TLR-MyD88 pathway, showed that CARD9 was
essential for the production of cytokines, including IL-12, by dectin-1
signaling . Our data collectively establish the idea that CARDY generally
functions ‘downstream’” of ITAM-bearing adaptors and receptors and is
essential for the induction of all cytokine expression by regulating NF-
KB activation in myeloid cells. The data showing that CARD9 functions
in the TLR-MyD88 pathway also led us to consider that CARD? is
involved in general TLR-MyD88 signaling.

Studies have shown. that Bcl-10-is involved in TLR4 signaling in
B cells?® and that the RNA interference-mediated depletion of Bcl-10
in a macrophage cell line results in the impairment of LPS-induced

l.ﬁ NF-«B activation in vitro®, Our results have provided genetic evi-

enice that Bcl-10 is involved in various other TLR signaling pathways

=" in addition to TLR4 signaling in DCs. CARMAL is also involved in

TLR4 signaling ‘i’ B cells’ by regulating Jnk  activation??232628,

Although DCs and B cells have similarly high expression of
CARMAL, we found that CARMAL deficiency did not affect TLR
signaling in DCs, but instead that the Bcl-10-mediated TLR pathway
was controlled by CARDSY, similar to ITAM receptor signaling. Those
findings indicate that the myeloid CARD9-Bcl-10-MALT1 complex
functions not only in ITAM receptor-mediated signaling pathways but
also in TLR-signaling pathways in DCs.

However, we also found that ‘downstream’” signaling events con-
trolled by the myeloid CARD9-Bcl-10~-MALT1 complex were different
for ITAM receptors and TLRs. Whereas the myeloid CARD9-Bcl-10—
MALT1 complex controlled the activation of NF-kB but not MAPKs
in ITAM-receptor signaling, in TLR signaling it controlled the activa-
tion of MAPKs but not NF-kB. Although zymosan-induced activation
of p38 and Jnk was lower in Card9” mice, loxoribine-induced
activation of these kinases were not impaired much, which correlated
with delayed onset of activation. Such an activation delay might affect
proper induction of cytokine genes, as Myd88~- macrophages, which
show signaling abnormality only with delayed activation of NF-xB
and MAPKs in response to LPS, have an almost complete lack of
cytokine production?’.
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Our finding that Card9”~ BMDCs had impaired production of
TNF and IL-6 but not of 1L-12 led to our model that two different
pathways operate ‘downstream’ of TLRs in DCs: the myeloid CARD9-
Bcl-10-MALT1 complex—dependent pathway we have outlined here,
which contributes mainly to 1L-6 and TNF gene expression through
MAPK activation; and a distinct myeloid CARD9-Bcl-10-MALT1
complex—independent pathway, which probably depends on MyD88
and/or the adaptor TRIF®. The latter pathway may trigger 1112
expréssion through NF-xB activation but is not enough to induce
TNF and IL-6 production. Similar signal dependency for the expres-
sion of a different set of cytokine genes has been reported for CD40
signaling in DCs*>. After CD40 stimulation, activation of NF-kB but
not p38 is required for IL-12 production, whereas activation of p38
but not NF-kB is required for IL-6 production. These data suggest that
there is epigenetically differential regulation of TNF and IL-6 versus
IL-12 through the use of MAPK or NF-kB activation.

Our in vitro overexpression study suggested that the signaling
pathway dependent on the myeloid CARD9-Bcl-10-MALT1 complex
seems to be mediated by IRAKI- and RIP2-mediated Bcl-10 phos-
phorylation and that it induces ‘downstream’ MAPK activation.
Support for the idea of a functional IRAK1-RIP2-CARD9-Bcl-10~
dependent pathway is found in the similar phenotypes of mice
deficient in CARD9 or RIP2, in which myeloid cells are hyporespon-
sive to various TLR stimuli*® and hence the mice become susceptible
to L. monocytogenes infection®. The finding that Card9~ DCs had
impaired cytokine responses to stimulation by a variety of MyD88-
mediated TLR ligands may be explained by the molecular ‘linkage’ of
TRAK! and CARDY, as IRAK! is recruited to the TLR complex
through MyD88-adaptor molecule TIRAP after TLR stimulation,
after which IRAK1 associates with TRAF6 to further activate ‘down-
stream’ IKK complexes and MAPKs®. Our data have shown that
Card9-"~ BMDCs had impaired cytokine response after stimulation
with poly(I:C), a ligand for TLR3 that transduces signals by associa-
tion with TRIF independently of MyD88. It has been reported that
Card9™~ macrophages have impaired MAPK activation in response to
it vitro infection by the double-stranded RNA virus vascular stroma-
titis virus, suggesting that CARD9 controls signaling through RIG-I,
which senses intracellular double-stranded RNA®!, Thus, the impaired
cytokine response to poly(I:C) in Card9~ ~ BMDCs might be attri-
buted to impairment of RIG-I-mediated signaling. Alternatively, a
common ‘downstream’ molecule may couple both MyD88-mediated
and TRIF-mediated signaling to CARD9-regulated MAPK activation.
However, the exact molecular connection leading to MAPK activation
‘downstream’ of CARDY remains to be addressed.

The finding that DCs but not macrophages from Card9~ mice had
impaired TLR signaling suggests that cytokine production mediated
by the myeloid CARD9-Bcl-10-MALT1 complex is induced in a cell
type-specific way. Similar cell type specificity of pattern-recognition
receptor signaling has been reported for RIG-I-mediated production
of type I interferon™2, The exact mechanistic basis for the function of
the myeloid CARD9-Bcl-10-MALT1 complex ‘downstream’ of specific
TLRs in DCs remains to be determined.

In conclusion; we have shown here that the CARD9-Bcl-10 com-
plex was critical for ITAM receptor—-mediated myeloid cell activation
and was also required for TLR-induced cytokine responses in DCs. In
contrast, CARMAI was dispensable for those receptor-mediated
myeloid cell activation responses. Our results have provided genetic
evidence of essential and nonredundant functions for the CBM
complex in lymphoid cells and the CARD9-Bcl-10-MALT1 complex
in myeloid cells in the ITAM receptor-mediated and TLR-mediated
cellular activation and immune responses. Based on our findings,
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therapeutic approaches targeting either the lymphoid CBM complex
or the myeloid CARD9-Bcl-10-MALT1 complex might provide a
strategy for specifically modulating lymphoid versus myeloid cells for
the activation or inhibition of their functional responses.

METHODS
Mice and gene targeting of Card9. Card11™, Bdl107, Myd88™ and Clec7a™-
mice were generated before?62847, C57BL/6 and BALB/c mice were from Clea
Japan. All mice were maintained at the animal facility of the RIKEN Research
Center for Allergy and Immunology according to institutional guidelines.
Card9 was isolated from genomic DNA extracted from embryonic stem cells
{R1) by PCR. The targeting vector was constructed by replacement of exon 2,
including the ATG start codon and the CARD-encoding region, with a
neomycin-resistance gene cassette, and insertion of a fragment of the gene
encoding diphtheria toxin A driven by the phosphoglycerate kinase promoter
into the genomic fragment (for negative selection). After the targeting
vector was transfected into embryonic stem cells, G418-resistant colonies were
selected, screened by PCR and further confirmed by Southern blot analysis.
Germline chimeras were generated by aggregation. The resulting male
chimeras were backcrossed with C57BL/6] ferales, and germline transmission
in F; Card9*~ mice was verified by Southern blot analysis. Card9*/~ mice that
were backcrossed for at least five generations with C57BL/6] mice were
intercrossed to obtain Card9™~ mice with the C57BL/6 genetic background.
Card9™" and C57BL/6] control (wild-type) mice were used throughout
the experiments.

Antibodies, transfection, plasmids and r s. Antibodies specific for
MAIR-TI (ref. 14) and OSCAR>? have been described. Antibodies specific for
Erk (9102), phosphorylated Erk (9101), p38 (9212), phosphorylated p38
(9102), Jnk (9258), phosphorylated Jnk (9251) and IxkBa (9242) were from
Cell Signaling Technology; anti-actin (sc-8432), anti-c-Myc (sc-789), anti-
IRAK]1 (sc-7883) and anti-Bcl-10 (331.3) were from Santa Cruz Biotechnology;
anti-RIP2 (PX092) was from Cell Science; anti-TREM-1 (174031} was from
R&D Systems; anti-CD40 (3/23) and anti-CD16 (2.4G2) were from BD
Bioscience; and anti-Flag (M2) was from Sigma. The expression plasmid
pCMV-flag-Card9 was created by PCR. Expression' plasmids encoding IRAK-
1 (pCMV-SPORT-IRAK1), CARD9 (pCMV-Flag-Card9), and Myc-tagged
RIP2 (pcDNA3-Myc-RIP2) were also used. Rabbit anti-CARDY serum was
raised against a synthetic peptide corresponding to amino acids 520-536 of
mouse CARD9 (CGDRGNTTGSDNTDTEGS). Zymosan, LPS and’ poly(:C)
(polyinosinic-polycytidylic acid) were from Sigma; phiosphorothioate-stabilized
@Cp(i DNA (ODN 1668; TCCATGACGTTCCTGATGCT) was from Hokkaido

=P System Science; and Pam3;CSK, (N-palmitoyl-S-(2,3-bis(palmitoyloxy)-(2RS)-

propyl]-[R]-Cys-[S]-Ser-[S]-Lys4 trihydrochloride), flagellin, loxoribine, R837
(imiquimod), R848 (resiquimod) and zymosan were from Invivogen. NaClO-
oxidized zymosan was prepared ‘as described’3.

For transfection, HEK293T cells (1 x 10%) were plated on 24-well culture
dishes and were transfected with expression plasmids by lipofection with
Lipofectamine. LTX accordinig to the manufacturer’s instructions (Invitrogen).
Lysates of transfected - cells - were  separated. by: SDS-PAGE ‘at. 30 h- after
transfection and then exogeneousely expressed and endogeneous proteins were
analyzed by immunoblot.

Cell preparation and flow cytometry. Whole T cells from lymph nodes or
spleen were purified by magnetic-activated  cell sorting' (MACS;: Miltenyi
Biotec) for removal of B220%, NKI.1%," Mdc-17 and Gr-1* cells; the purity
was over 95% CD3* by flow cytometry. CD4% or CD8* T cells were isolated
from purified whole T cell samples by positive sorting with MACS. Splenic
B cells were purified by MACS for the removal of CD3*, NK1.1*, Mac-1* and
Gr-1* cells; the purity was over 95% B220* by flow cytometry. BMDCs or bone
marrow-derived macrophages were prepared by culture of bone marrow cells
for 5-10 d with granulocyte-macrophage colony-stimulating factor (20 ng/ml;
Peprotech) or for 3-5 d with macrophage colony-stimulating factor (25 ng/mi;
Peprotech), respectively. Thioglycolate-induced peritoneal macrophages were
prepared as described®2,

For flow cytometry, single-cell suspensions of thymus, lymph node,
bone marrow and spleen were stained with fluorescein isothiocyanate-,
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phycoerythrin-, allophycocyanin- or biotin-conjugated antibodies. Biotinylated
antibodies were visualized with streptavidin—peridinine chiorophyll protein
(BD Pharmingen). Antibodies used were to B220, IgM, IgD, CD21,
CD23, CD4, CD8, CD3, CD25, CD44 and CD69. Stained cells were
analyzed with a FACSCalibur (Becton Dickinson) and CellQuest software
{BD Biosciences).

Immunoassays, real-time PCR and NF-kB DNA binding. BMDCs were
stimulated with anti-CD16 (2.4G2; Pharmingen) followed by crosslinking with
anti-rat 1gG F(ab’); (112-006-072; Jackson ImmunoResearch) or with 100 pM
loxoribine (Invivogen). After incubation at 37 *C for various periods of time,
cells were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1.0% (vol/vol) Triton X-100, 20 mM EDTA, | mM Na;VOy, 1 mM NaF
and protease inhibitors). Cell lysates were separated by SDS-PAGE and proteins
were transferred onto polyvinyldifluoride membranes. Membranes were incu-
bated with antibodies to Erk, phosphorylated Erk, p38, phosphorylated p-38,
Jnk, phosphorylated Jnk, IkBa, actin, c-Myc, Flag and Bcl-10 and then with
horseradish peroxidase—conjugated secondary antibodies, followed by develop-
ment with the ECL detection system (Amersham Pharmacia). Band intensities
were quantified with a LAS-3000 imaging system (FUJIFILM).

For real-time PCR, total RNA was extracted from cells with TRIzol reagent
(Invitrogen). For ¢cDNA synthesis, total RNA was reverse-transcribed with
SuperScript I and random hexamers according to the manufacturer’s instruc-
tions (Life Technologies). The cDNA was analyzed quantitatively for expression
of genes with the quantitative PCR system iCycler (BIO-RAD). Primer
sequences were as follows: mouse Card9, forward, 5-CCCGATGATGAGGAG
CAG-3¥, and reverse, 5-AAGCCACGTAGCCCITGT-3; and Il6 forward, 5'-
ACAACCACGGCCTTCCCTACTT-3, and reverse, 5-CACGATTTCCCAGA
GAACATGTG-3'.

For analysis of NF-kB activity, BMDCs were stimulated for 8 h with
immobilized anti-OSCAR (10 pg/ml}, mouse y-globulin (10 pg/ml) or LPS
(1 pg/ml). Nuclear extracts were prepared from the stimulated cells and the
binding activity of NF-kB subunit p65 in the extracts was measured with a
Mercury TransFactor kit (Clontech).

It vitro functional analyses of T cells, B cells, DCs and macrophages. For
proliferation assays, T cells were stimulated with anti-CD3e (145-2C11;
Pharmingen), anti-CD28 (37.51; Pharmingen), phorbol 12-myristate 13-acet-
ate (10 ng/ml) plus ionomycin (1 pM), and staphylococcal enterotoxin B (5—
500 ng/ml; SC. BioScience) together with irradiated syngeneic spleen cells.
Purified B cells were stimulated with anti-IgM F(ab’); (115-006-020; Jackson
ImmunoResearch), anti-CD40, recombinant mouse 1L-4 (R&D Systems), LPS
and CpG DNA. After 2 or 3 d, cultures were pulsed for 8 h with I uCi
{*H]thymidine (Amersham) and collected. [*H]thymidine incorporation was
measured with a Microbeta (Perkin-Elmer) or Matrix 96 (Packard). For
cytokine production assays, supernatants of CD4* and CD8™ T cells were
assayed 'in’ triplicate by ELISA (R&D Systenis) for' [FN-y production. For
allogenic T cell respornises, purified T cells (5 x 10%) from C57BL/6 mice were
cultured for 48 h with irradiated (30 Gy) spleen cells (2.5 x 10°) from BALB/c
mice and [*H]thymidine incorporation was measured in a similar way.

BMDCs or macrophages were stimulated with immobilized anti-CD16, anti-
TREM-1, anti-OSCAR, anti-MAIR-1I or isotype control rat IgG in the presence
of soluble mouse y-globulin (10 pg/ml) as an FcR blocker or with zymosan. IL-
2, TNF IL-6 and 1L-12 in culture supernatants were analyzed with ELISA kits
(BD Bioscience).

Inn vivo antibody responses. Mice were immunized intraperitoneally with
100 pg DNP-KLH (LSL) adsorbed to alum (Sigma). At 24 d after immuniza-
tion, DNP-specific serum titers were determined by ELISA (Southern Biotech-
nology Associates) in plates coated with DNP-human serum albumin (LSL).

Listeria infection. L. smonocytogenes strain EGD was used. C57BL/6 mice were
infected intraperitoneally with one fifth of the 50% letha! dose (5 x 10° colony-
forming units' per mouse) of L monocytogenes in 0.2 ml of PBS. Bacterial
burdens in the spleen and liver were determined 3 d after infection by plating of
tenfold serial dilutions of organ homogenates on tryptic soy agar plates. Colonies
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were counted after 24 h of incubation at 37 “C. Experiments were done according
to institutional guidelines and were approved by institutional committees.

Note: Supplessientary information is available on the Nature Immuniology website.
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Aberrant quality control in the endoplasmic reticulum
impairs the biosynthesis of pulmonary surfactant in
mice expressing mutant BiP

N Mimura™? H Hamada®, M Kashio', H Jin', Y Toyama®, K Kimura?, M lida®, § Goto? H Saisho? K Toshimori®, H Koseki® and T Ace*"'

Accumulation of misfolded proteins in the endoplasmic reticulum (ER) induces the unfolded protein response (UPR), which
alleviates protein overload in the secretory pathway. Although the UPR is activated under diverse pathological conditions, its
physiological role during development and in adulthood has not been fully elucidated. Binding immunoglobulin protein (BiP) is
an ER chaperone, which is central to ER function. We produced knock-in mice expressing a mutant BiP lacking the retrieval
sequence to cause a defect in ER function without completely eliminating BiP. In embryonic fibroblasts, the UPR compensated
for-mutation of BiP. However, neonates expressing mutant BiP suffered respiratory failure due to impaired secretion of
pulmonary surfactant by alveolar type li epithelial cells. Expression of surfactant protein (SP)-C was reduced and the lamellar
body was malformed, indicating that BiP plays a critical role in the biosynthesis of pulmonary surfactant. Because pulmonary
surfactant requires extensive post-translational processing in the secretory pathway, these findings suggest that in secretory
cells, such as alveolar type Il cells, the UPR is essential for managing the normal physiological ER protein overload that occurs
during development, Moreover, failure of this adaptive mechanism may increase pulmonary susceptibility to environmental
insults, such as hypoxia and ischemia, ultimately leading to neonatal respiratory failure.

Cell Death and Differentiation (2007) 14, 1475-1485; doi:10.1038/sj.cdd.4402151; published online 20 April 2007

Secretory. proteins. are. subjected to quality control in the  from the embryonic fluid environment to air. SP-B and SP-C
endoplasmic reticulum (ER) through interaction with mole- are. small, highly hydrophobic. proteins processed from
cular. ¢chaperones. such as binding immunoglobulin protein proSP-B and proSP-C, respectively, during transport through
(BiP), which functions as intermediaries for protein folding the ER and the Golgi to the multivesicular body. Mature SP-B
or degradation.! Extracellular insults, such as ischemia, and SP-C are further transported to the lamellar body where
hypoxia, and genetic mutations, result in aberrant protein they bind phospholipids before secretion into the alveolar
folding and accumulation of misfolded proteins in the ER. ER space via regulated exocytosis. ProSP-B associated with BiP
stress initiates the unfolded protein response (UPR), which is found in the ER.® Furthermore, mutations in SP-C cause the
enhances the capacity for ER quality control by reducing accumulation of misfolded SP-C in the ER, thereby activating
general protein synthesis, producing ER chaperones, and the UPR, %! rasulting in interstitial fung disease in children
promoting ER-associated protein degradation (ERAD).>® and aduilts. This suggests that ER stress is involved in lung
Failure of this adaptive mechanism can cause cellular. - disease,'? but whether ER dysfunction causes lung disease
dysfunction and cell death, resulting in diverse human remains an open question.
disorders*® such as neurodegenerative disease, cardiomyo- BiP, one of the most abundant ER chaperones, plays a
pathy,® and diabetes.” central role in ER function, assisting in protein translocation,
Respiratory distress syndrome in newborns is often asso- folding, degradation, and regulation of the UPR.'® ER chape-
ciated with premature birth or low birth weight accompanied rones are localized to the ER by two mechanisms — retention
by reduced pulmonary surfactant production.®. Pulmonary and retrieval.'* BiP is retained in the ER through interaction
surfactant is secreted by highly differentiated alveolar type Il with other ER proteins and the ER matrix. When misfolded
epithelial cells, and is composed of phospholipids and proteins accumulate in the ER, BiP dissociates from some
surfactant proteins (SP) A, B, C, and D. Surfactant reduces ER membrane proteins, such as inositol-requiring kinase-1
alveolar surface tension and keeps the alveolar space open, (IRE1), PKR-like ER-associated kinase (PERK]), and activa-
which is essential for lung function after the transition at birth ting transcription factor 6 (ATF6). BiP dissociation activates
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these kinases and transcription factors and initiates the
UPR, S which leads to increased expression of X-box-binding
protein-1 (XBP-1) and ATF4.® When BiP is secreted from
the ER along with misfolded proteins,'®'? the C-terminal
Lys-Asp-Glu-Leu (KDEL) sequence of BiP is recognized by
the KDEL receptor, thereby facilitating the retrieval of BiP
from post-ER compartments to the ER.'®'° Yeast BiP (Kar2)
is essential for survival; when the retrieval sequence (in yeast:
His-Asp-Glu-Leu, HDEL) is deleted, a fraction of Kar2 is
secreted from the ER. However, the UPR is activated and this
maintains a minimal level of Kar2 in the ER.?°

Complete depletion of BiP could be lethal for early
embryonic cells.2! We therefore produced knock-in mice
expressing a mutant BiP in which the retrieval sequence
was deleted by homologous recombination. These mice
were ‘used to elucidate processes sensitive to ER: stress
during development and in adulthood. The mutant-BiP mice
died several hours after birth. Analysis of neonatal mutants
revealed that dedicated secretory systems. essential for
pulmonary development might include an adaptive mecha-
nism whereby BiP function accommodates increased levels
of secretory proteins.

Results

Constitutively active UPR compensates for loss of ER
BiP in cultured mammalian cells. We used homologous
recombination to produce knock-in mice expressing a mutant
BiP lacking the C-terminal KDEL sequence (Figure 1). This
mutant BiP contained a C-terminal HA tag. Mouse embryonic

a KDEL-stop
p

fibroblasts (MEFs) derived from homozygous BiP mutant
embryos expressed mutant BiP instead of wild-type BiP
but grew as well as wild-type MEFs. Mutant BiP localized to
the ER, and its expression was enhanced by tunicamycin,
which disrupts protein glycosylation in the ER, thereby
inducing the UPR. These results are consistent with those
for wild-type BiP and other ER chaperones containing a
KDEL sequence (Figure 2a). However, in metabolic labeling
experiments, a significant fraction of mutant BiP was found in
the medium, reflecting deletion of the KDEL sequence and
impaired retrieval of mutant BiP (Figure 2b). We estimate
that under resting culture conditions, one-third of the newly
synthesized mutant BiP was secreted. The remainder was
retained in the ER. A fraction of wild-type BiP was also
secreted into the medium during ER stress (tunicamycin
treatment), indicating that retrieval by the KDEL receptor
is saturable.

Tunicamygin sensitivity and expression of mutant BiP was
also confirmed by Western blotting (Figure 3a and b). Both
mutant BiP and wild-type BiP were recognized by an antibody
against the N-terminus of BiP. However, anti-KDEL only
recognized wild-type BiP and GRP94, an ER chaperone
with the KDEL sequence. Basal expression of XBP1, ATF4,
phospho-PERK, and another ER chaperone, calreticulin, was
enhanced in homozygous mutant BiP MEFs. Basal expres-
sion of mutant BiP mRNA was also enhanced in mutant
MEFs (Figure 3c), indicating that the UPR was constitutively
active. Thus, as seen previously in yeast,?° constitutive UPR
activation maintains a minimal level of BiP (mutant or wild
type) in the ER of mammalian cells, thus compensating for
deletion of the KDEL sequence.
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Figure 1 Generation of knock-in mice expressing a mutant BiP lacking the KDEL retrieval sequence. (a) Top, the wild-type allele containing the BiP gene. Exons are
indicated as solid bars. Middle, the targeting vector for homologous recombination. Bottom; the recombinant allele: The external probes for Southern biot analysis are indicated
by gray quadrangle. Xb, Xbat; H, Hindlll; B, BarrHl; Kp, Kpnk; Xh, Xhol. (b) Southem blots of ES cell genomic DNA digested with Xbal. The 5" extemal probe detected a 11.2-kb

fragment in the wild-type allele and a 4.7-kb fragment in the mutant aflele. The 3’ external probe detected a 11.2-kb fragment in the wild-type allele and a 8.0-kb fragment in the
mutant allele. ‘ + represents the wild-type allele, and 'B' represents the mutant allele. (¢) Genotyping of mice by PCR
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Figure 2 Deletion of the KDEL sequence impairs. retrieval-of mutant BiP.
{a) MEFs from homozygous mutant (B/B} and wild-type { +/-) embryos treated
with or without tunicamycin (Tm, 2.5 ugmi~") for 12h were double-stained with
monoclonal anti-KDEL and polyclonal anti-HA and observed. by confocal laser
microscopy. The anti-KDEL recognizes BiP as well as other KDEL- comalnmg
proteins, such as GRPS4. Scale bars represent 10.um. (b) Tm-treated (2.5 g mi
for 12hy or untreated MEFs were subjected to pulse-chase {p and ¢) labeling
with{35S]methionine. Proteins in cell lysates (p and ¢) and in the culture medium (m)
were immunoprecipitated with anti-KDEL or anti-HA. The proportion of secreted
mutant BiP {m; 0.37) was evaluated by densitometry

Mutant-BiP embryos die. shortly after birth. BiP was
ubiquitously expressed in both mutant and wild-type embryos
(Figure 4a and b). In all tissues examined, GRP94 expres-
sion was greater in-homozygous BiP mutant embryos than in
wild-type embryos (Figure 4b), suggesting that homozygous
BiP mutant mice may suffer from global ER stress. Homo-
zygous mutant-BiP embryos weighed less than wild types
and heterozygotes at embryonic day (E) 18.5 (Figure 4c).
Homozygous BiP- mutant-mice, shown in.Figure 4d, were
born at the expected Mendelian ratio of 1.:2: 1. (84 :182:90,
wild type theterozygous :homozygous). Neonatal BiP mutants
moved well and: responded. to painful - stimuli, but they
appeared pale and cyanotic. They also cried less and dis-
played shallow breathing. The neonatal homozygous mutants
generally died within several hours of birth; thus, we suspec-
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Figure 3 Loss of wild-type BiP is compensated by constitutive activation of
the UPR in mammalian cells. (a) Tunicamycin {Tm)-treated (2.5 ugmi~* for 12h)
or untreated MEFs from homozygous (B/B), heterozygous (B/ +) and wild-type
{+/+) embryos were collected. Expression of BiP, GRP94, mulant BiP,
calreticulin, XBP1, ATF4, and y-tubulin was determined by Western biotting. (b) Tm:

treated (2.5 ugmi~" for 0, 3, 6, 12, and 24h) MEFs from homozygous (B/B) and
wild-type ( -+ /-+ ) embryos were collected. Expression of BiP, GRP94, mutant BiP,
phospho-PERK, and y-tubulin was detemmined by Westem blotting. The expression
of each protein was normalized to that of y-tubufin. (¢) Northem blot of BiP mRNA
expression in MEFs from homozygous (B/B) and wild-type ( +/ -+ ) embryos treated
with Tm (25 ugmi~") at 37°C for 0-6h. The expression of BiP mRANA was
normalized to that of f-actin mRNA

ted that the observed lethality’ might: reflect respiratory
problems.

When' delivered by Caesarian section at E18.5 and killed
before breathing, gross morphology of the lungs (Figure 4e)
and airways from BiP mutant mice was indistinguishable
from wild type (Figure 5a). Wild-type and homozygous BiP
mutant embryonic alveoli had an equivalent distribution of
alveolar type Hl cells expressing the SP-C (Figure 5b). How-
ever, histological examination of lungs isolated from neonatal
BiP mutants several hours after birth revealed atelectasis
with poor inflation of peripheral airways. Hemorrhage and
cell debris were also observed in the mutant alveclar space.
Alveolar epithelia in BiP mutant mice were enlarged, whereas,
as expected, those in wild-type neonates were distended
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Figure 4 Mutant-BiP embryos die shortly after birth. (a) BiP expression was ubiquitous in both mutant and wild-type embryos. Whole-mount in silu hybridization revealed
ubiquitous expression of BiP-and mutant BiP in E9.5 embryos. Scale bar represents 200 um. (b) Weslern blots of BiP or mutant-BiP in tissues from wild type (-+) and
homozygous mutant (b} E18.5 embryos, respectively. Expression of GRP94 was normalized to that of y-tubulin. Inall tissues examined, GRP84 was greater in mutants than in
wild type. {¢) Body weights (mean + S.D.) of homiozygous (B/B, n= 14), heterozygous (B/+, n=23) and.wild-type (+/+, n=15) E18.5 embryos. Homozygous mutant
embryos weighed significantly less than wild types or heterozygotes (P < 0.0001). (d) Gross appearance of wild type (++/+ ) and homozygous (B/B) P1 neonates. (e) Lungs

from E18.5 mice delivered by Cesarian section

(Figure 5c¢). These observations indicate that homozygous
neonatal BiP mutants developed atelectasis and respiratory
failure after birth.

Altered biosynthesis of SPs in' mutant alveolar:type li
cells. To examine whether a deficiency of pulmonary surfac-
tant contributes to respiratory failure in homozygous BiP
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mutant mice, petfluorocarbon, a substitute for- pulmonary
surfactant, was administered into the oropharynx. Perfluoro-
carbon: with“oxygen- treatment improved: the activity of
neonatal BiP mutants; turned. their skin color from pale to
pink;. andimproved: lung: inflation (Figure  5d). Expression
of SPs in neonatal lung was examined by Western blotting
(Figure 6a). Expression of SP-A and, more prominently,
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Figure 5 " The gross marphology of lungs and airways from BiP mutant embryos is indistinguishable from wild type. (a, b} Lungs from E18.5 mice delivered by Cesarian
section. (a) Sections stained with hematoxylin and eosin. +/ +- : wild-type, B/B: homozygous mutant. (b) Alveolar type Il epithelial cells were stained with anti-SP-C (brown),
Nuclei were-stained with hematoxylin (violet). (¢} Lung sections from P1 neonates. Atelectasis and cell debris were evident in the peripheral airways of neonatal mutants.
-+ /+: Wild-type, B/B: homozygous mutant. (d) Lungs from a P1 neonatal BiP mutant (B/B) administered 50 g of perfitorocarbon via the oropharynx and treated with 40%
oxygen for 6 h. Sections were stained with hematoxylin and eosin, Scale bars represent 200 and 20 um in the low- and high-magnification images, respectively

proSP-C, was reduced in' mutant lungs: compared with
wild type,: but there: was no significant difference. in proSP-
B and' SP-D- expression. RT-PCR analysis revealed that
the marked' reduction: of proSP-C in neonatal mutant lung
was not due to reduced transcription (Figure 6b). Importantly,
after birth, the expression: of proSP-C was enhanced only
in wild-type neonates (Figure 6c), suggesting that proSP-C
might be degraded post-translationally in: neonatal- type-Ii
cells: from BiP mutants. Furthermore; expression of CHOP,
a transcription factor related to cell death during ER stress,??
increased in homozygous mutant [ungs after birth, suggest-
ing that mutant lung- tissue might be suffering from ER
stress. Heterozygous BiP mutants were viable and grew to
aduithood. Furthermore, heterozygous expression of: wild-
type BiP sustained SP-C expression and suppressed CHOP
expression in lung (Figure 6d and e), suggesting that the
wild-type BiP is essential for SP-C biosynthesis.

The subcellular - localization: of  SP-A--and: SP-C- was
evaluated by confocal laser microscopy. In wild-type neonatal
alveolar type il cells, SP-A-and SP-C (proSP-C) colocalized
with BiP, and other KDEL sequence—containing ER chaper-
ones, in the ER: SP-A accumulated in the alveolar lining area
of BiP mutant mice and costained with mutant BiP (Figure 7a).
By contrast, SP-C remained in the ER, and its expression was
markedly: reduced in type-ll cells of neonatal BiP" mutants
(Figure 7b). Mature SP-B and SP-C are transported to the

lamellar body where they. bind phospholipids and are then
secreted into the alveolar space via:regulated exocytosis,
whereas SP-A and SP-D are secreted independently of the
lameltar body.'? Together, these data suggest that mutant
BiP impairs the secretion of pulmonary surfactant, especially
secretion through the lamellar body.

Embryonic type |l cells store glycogen in the cytoplasm, and
this glycogen is consumed as the synthesis of pulmonary
surfactant expands after birth. Type [l cells in neonatal BiP
mutants contained vacuole structures. Periodic acid Schiff
(PAS) staining revealed cytoplasmic polysaccharides in these
cells, even after birth (Figure 8a). Ultrastructural analysis
of type Il cells from neonates confirmed that cytoplasmic
glycogen was indeed still present in mutant, but not in wild
type, celis (Figure 8b and c). More importantly, the structure of
the. lamellar body was abnormal in embryonic and neonatal
mutant type Il cells. The lamellar body in wild-type neonates
had wavy, dense laminations with- clefting; whereas in BiP
mutant neonates the lamellar "body had loosely formed
lamellar” structures or was almost empty. These results
indicate that the biosynthesis and secretion of pulmonary
surfactant was impaired in BiP. mutant type Il cells.

SP-C is a small, highly hydrophobic protein processed from
proSP-C during its transport through the ER and the Golgi to
the multivesicular body. Mature SP-C is transported further
to the lamellar body where it binds phospholipids before
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Figure 6  Biosynthesis of pulmonary surfactant is impaired in mutant-BiP lung.
(a) Westemn blots of SP-A, SP-B (proSP-B), SP-C (proSP-C), SP-D and y-tubufin in
lungs from P1 wild types ( + /- ) and mutants (B/B). The expression of each protein
was normalized to that of y-tubulin, (b} SP-C mRNA in lungs from' P1 wild-types
{+/+) and mutants (B/B) was evaluated by semi-quantitative RT-PCR. Serial
dilutions of ¢cDNA were standardized to GAPDH. (¢} Westem blots of pro-SP-C,
GRPY4, BiP, mutant BiP, CHOP, and y-tubulin in lungs from E18.5 (E) and P1 (P)
mice. {d) Westem blots of SP-C {proSP-C) and y-tubulin in fungs from P1 wild-type
{#/+), heterozygous  (B/+), and homozygous (B/B) mutant mice. The
expression of SP-C was normalized to that of -tubulin.” (e): Western blots' of
mutant BiP, CHOP, and y-tubulin in P1 lungs
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secretion into alveolar space via regulated exocytosis.
Lamellar body formation is defective in alveolar type li cells
of neonatal BiP mutants. Therefore, SP-C may be degraded
by endosomalflysosomal degradation and/or the ERAD path-
way. Punctate SP-C is colocalized with KDEL-containing ER
chaperones in both wild-type and homozygous mutant type |l
cells (Figure 9a), suggestive of ER accumulation of SP-C. The
fraction of ER accumulation of SP-C in the mutant type il
cells was 0.84, while that of Golgi accumulation was 0.08,
evaluated by confocal colocalization images (Figure 9a and b).

To examine the effect of proteasome inhibitors:on SP-C,
MEFs from wild-type and homozygous mutant embryos were
transfected with SP-C in the presence or absence of a
proteasome inhibitor (Figure 9¢ and d).- Although the protea-
some inhibitor enhanced SP-C expression in wild-type and
BiP mutant MEFs, it enhanced surface expression of SP-C in
wild-type MEFs but promoted ER accumulation of SP-C in the
BiP mutant MEFs. Although endosomal/lysosomal degrada-
tion of SP-C cannot be excluded, these data suggest that, in
homozygous mutant-BiP type 1l cells, misfolded SP-C may
accumuiate in the ER and be degraded by the ERAD pathway.

Discussion

We produced knock-in mice expressing a mutant BiP lacking
the retrieval sequence to examine the effects of defects in the
secretory pathway stress response without completely elim-
inating BiP function—as would be. the case in BiP knockout
mice.?! Mutant BiP predominantly affected dedicated secre-
tory cells, such as alveolar type 1l cells, in which active secre-
tion is particularly important. Putative impairment of protein
folding in these mutant cells probably caused the observed
respiratory failure and high neonatal mortality.

Deletion of the retrieval sequence from BiP, and the
consequent lack: of mutant-BiP: recycling, could have two
possible effects. First, the folding environment in the ER may
be impaired. However, mutant BiP is.functional as long as it
remains in the ER: Therefore; constitutive activation of the
UPR could compensate for the altered folding environment by
producing mutant BiP in'quantities sufficient for cell survival.
Second, quality ‘control in- post-ER compartments may be
affected. : Proper: ER-to-Golgi- transport - and: subsequent
ER retrieval of proteins and lipids is thought to: contribute to
quality control.'®'722 Iri this regard, the folding (and therefore
furiction) of pulmonary SPs; especially proSP-C, may depend
on proper ER retrieval of BiP via the KDEL receptor.

Respiratory distress syndrome of newborns,. also: called
hyaline membrane disease,  causes  high mortality and
often: accompanies pre-term  delivery. or: low birth- weight
with reduced expression of pulmonary surfactant: Surfactant
therapy combined  with. ‘-mechanical: ventilation - and- other
intensive ‘care: measures has reduced. the: mortality rate
of  this syndrome to below: 10%.24 Surfactant proteins: are
required. for proper lung development and function. Respira-
tory diseases result in humans and other mammals when
these proteins are lacking. SP-B is critical for lung surfactant
formation and function, and its deficiency causes immediate
and  severe - neonatal - respiratory - failure in-'humans- and
mice.252% Deletion of SP-B.induces aberrant processing of
proSP-C as well as defects in lamellar body formation. SP-C
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Figure7 SP-Aand SP-C in lungs from BiP mutants. (a) Costaining of lungs from P1 wild-type (+/+ ) and mutant (B/B) mice with anti-SP-A (brown staining, right panels)
and monoclonal anti-KDEL or anti-HA (shown in green in different panels). (b) Costaining of lungs from P1 wild types ( +/+) and mutants (B/B) with anti-SP-C (proSP-C; right
panels) and anti-KDEL or anti-HA. Arrows indicate colocalization of SP-A or SP-C with KDEL-containing chaperones in wild-type type Il cells as well as colocalization of SP-A

with mutant BiP in B/B type Il cells

deficits are related to acute and chronic infant lung diseases
in humans?” and respiratory failure in cattle.?® Furthermore,
mutations in proSP-C have been correlated with chronic
interstitial pneumonia.'’"'2 ProSP-C is an type Il integral
membrane protein with structural homology to the amyloido-
genic BRI family of proteins, which cause neurodegenerative
dementia.2® Mutant proSP-C tends to misfold and may cause
protein aggregation and ER stress.'? Thus, in the present
study, aberrant quality control in the mutant-BiP type I
epithelial cells may have resulted in proSP-C misfolding.
Misfolded proSP-C may act in concert with decreased
pulmonary surfactant levels to generate respiratory failure
by causing ER stress in mutant type Il cells.

Mutant-BiP mice have a distinct phenotype, as is the case
for mice lacking other ER molecular chaperones. Hsp47 is
responsible for collagen biosynthesis, and Hsp47 knockout
mice die on E11.5,%° Calreticulin and calnexin participate in
glycoprotein folding in the ER. Calreticulin knockout mice are
embryonic lethal and display defective cardiac development.®'
Calnexin knockout mice die during the early postnatal period,
between birth and 3 months of age. These mice exhibit motor
disorders owing to a loss of large myelinated nerve fibers.*?

The UPR is a ubiquitous mechanism for adapting to ER
stress, and BiP is an essential component of this system.
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However, at various developmental stages, some cell types
require specific UPR signaling systems®® and chaperones.
Mutant mouse models have revealed that the UPR plays a
vital role during development by increasing protein synthesis
as needed in dedicated secretory cells,® such as pancreatic
B cells,®® plasma cells®® and hepatocytes.®” Inadequate
adaptation to these types of physiological demands may lead
to diverse diseases.

Diminished quality control in the ER and in post-ER
compartments of the mutant-BiP alveolar type Il cells may
be sufficient embryonically but not neonatally when increased
biosynthesis of proSP-C and other SPs requires sufficient
folding capacity. Indeed, at E18.5, proSP-C expression in type
Il cells was equivalent in lungs from BiP mutants and wild
types (Figures 5b and 6c). After birth, proSP-C expression
increased markedly in wild-type lungs but not in mutant
lungs. SP-C mRNA level was, however, preserved in the BiP
mutants, suggesting that proSP-C may be degraded co- or
post-translationally in neonatal mutants.

Our results suggest that in neonates a physiological
increase in SP production causes ER stress in dedicated
secretory cells, like alveolar type Il epithelial cells. This
may increase susceptibility to environmental insults such as
hypoxia and ischemia, leading to respiratory failure due to the
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Figure 8. Defective lameflar body formation in nieonatal mutant-BiP alveolar type 1l cells. (a) Neonatal mutant type Il cells contained vacuole structures. Alveolar epithelium
from P1 wild type ( + /) and mutant (B/B) mice stained with toluidine biue (upper panels) or PAS (jower panels): Scale bars represent 10 um. (b, ¢) Ultrastructure of the
alveolar epithelium from wild type ( +/+ ) and mutant-BiP (B/B) P1 neonates (b) and E18.5 embryos (¢). Scale bars represent 1 um. Arrows indicate lamellar bodies in type I

cells. Cytoplasmic glycogen (gl) remained in neonatal mutant type Ii cells

loss of pulmonary surfactant and accumulation of misfolded
proteins in the ER.

Materjals and Methods

Cells, reagents, and general procedures. MEFs were prepared from
E13.5 embryos. MEFs were grown at'37°C in an atmosphere of 5% CO;, in
complete medium consisting of Dulbecco's modified essential medium (DMEM;
Sigma Chemical Co.): with 15% fetal bovine serum (FBS), 2mM- glutamine,
50 g mi~" streptomycin and 50 U mi~* penicillin G,
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Thie following antibodies were used: rabbit antiserum against calreticulin (Affinity
Bioreagent), rabbit antiserum against XBP-1, rabbit antiserum against ATF4, rabbit
antiserumn against CHOP/GADD153, goat polyclonal antiserum against BiP/GRP78,
rabbit antiserum against SP-A (H-148), goat polyclonal antiserum against SP-B
(R-19), rabbit antiserum against SP-C (FL-197), rabbit antiserum against SP-D
(C-18), rabbit antiserum against ubiquitin (all from Santa Cruz Biotechnology), rabbit
anti-serim against the HA epitope (Zymed), mouse monoclonal antibody (mAb)
against: y-lubulin (Sigma' Chemical), mouse mAb- SPA-827 against BiP (KDEL
sequence; Stressgen), mouse mAb G1/133 against giantin (Alexis Biochemicals),
Cy-2-- or Cy-3-conjugated donkey antibody against rabbit 1gG, and Cy-2- or
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Figure 9 SP-C accumulation in the ER. (a) Lungs from a P1 wild-type neonate (+/+) and a homozygous mutant (B/B) costained with polyclonal anti-SP-C and
monoclonal anti-KDEL (ER staining). Colocalization of SP-C with KDEL-containing ER chaperones was seen in both wild type and mutant alveolar type Il cells. (b) Lungs from
a P1 wild-type neonate (+/+) and a homozygous mutant (B/B) co-stained with polyclonal anti-SP-C and monoclonal anti-giantin (Golgi complex staining). Scale bar
represents 10 um. The fractions of ER-localizing SP-C and Golgi-localizing SP-C were calculated by confocal colocalization images. ER-localizing SP-C to total SP-C in wild
type; 0.81 4 0.052, Golgi-localizing SP-C in wild type; 0.12+0.032, ER-localizing SP-C in mutant; 0.84 +0.036 (significantly more than that of wild types by +est, P<0.018),
Golgi-localizing SP-C in mutant; 0.08 + 0.043 (significantly less than that of wild types, P < 0.0015). n= 20, mean 4 S.D. (¢, d) Inhibition of proteasomal degradation promotes
ER accumulation of SP-C in homozygous mutant MEFs. MEFs from wild type ( +/+-, ¢) and homozygous mutant (B/B, d) embryos were transfected with SP-C with or without
ALLN (10 ugmi~"; 12 h) then double-stained with monoclonal anti-KDEL (red) and polyclonal anti-SP-C (green). Anti-KDEL recognizes BiP as well as other KDEL-containing

proteins, such as GRP94. Scale bars represent 10 um

Cy-3-conjugated donkey antibody against mouse IgG (Jackson Immunoresearch
Laboratories). Tunicamycin was purchased from Nacali Tasque. Perfluorocarbon
(perfluoro-2-butyltetrahydrofuran) was purchased from Fluorochem, A-acetyl-l-
leucinal-I-lecinal--norleucinal (ALLN) was purchased from Sigma Chemical.

Metabolic labeling experiments and Western blotting were performed as
described previously.® Densitometry was performed using BAS 2500 and Image
Gauge software (Fuji Photo Film Co., Ltd.) for metabolic labeling experiments and
using LAS 1000 (Fuji Photo Film Co., Ltd.) and ImageJ software (Wayne Rasband,
NIH) for Westem blotting.

Generating mutant-BiP mice. All animal experimental procedures were in
accordance with a protocol approved by the Institutional Animal Care Committee of
Chiba University, Chiba, Japan. A rat BiP cDNA was used as a probe to isolate
a genomic clone containing the whole exon of the BiP gene® from the 129/SvJ
mouse genomic library in AFIXIl (Stratagene). A 0.6-kb BamHl/Xhol fragment
encoding the C-terminal end of BiP and the stop codon, but lacking the KDEL
sequence, was obtained by PCR. Then, part of a 2.1-kb genomic fragment
containing the last three exons was replaced by the 0.6-kb fragment. The resultant
fragment was used as a short arm for the targeting vector. A 0.5-kb Xbal/Kpnl
fragment, encoding the 3" untranslated region of the exon after the stop codon and
the 2.5-kb intron that followed, was amplified by a PCR and used as a long arm for
the targeting vector. An Xhol/Xbal fragment containing a neomycin selection
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cassette flanked by loxP sequences (PHR68, a gift from T Kondo, Saitama, Japan)
and a 2.7-kb fragment containing the HSV-thymidine kinase gene were introduced
into the targeting vector to allow negative and positive selection. The targeting
vector was linearized with Nod digestion and used for electroporation into R1 ES
cells. The mutant allele resulting from homologous recombination had artificial Xhol
and Xbal sites. Genomic DNA from Gé418-resistant clones (G418 was from Life
Technologies) was digested with Xbal and analyzed by Southem blotting using
an Xbal/Hindlll fragment for the 5’-end probe and a PCR-amplified fragment for
the 3'-end probe, as shown in Figure 1. Several homologous recombinants were
obtained, and germline chimeras were generated as described.*® Resulting male
chimeras were mated to C57BL/6 females. Tail DNA from the offspring was
screened by PCR using the following oligonucleotides: 5’-gatcagtgcacctacaactc-3'
and 5'-gctcaaagagcgcatigac-3 for the wild-type allele, and 5'-gtgaacgaccectaacaa
aa-3' and 5'-agcgtaatclggaacatcgt-3' for the recombinant allele. To remove the
neomycin selection cassette, heterozygous mice were mated with mice expressing
Cre under the control of a CAG promoter. Heterozygous mice lacking neomycin
were interbred to obtain homozygous mutant mice.

Detection of mRNA. Northern blot analysis was carried out as described.®
Expression of BiP and f-actin mRNAs was evaluated using cDNA probes encoding
rat BiP (a gift from Dr. HRB Pelham) and mouse f-actin. Radioactivity was
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