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Toll-like receptors (TLRs) and differentiate into mature
DCs. The mature DCs strongly express major
histocompatibility complex (MHC) class II and costimula-
tory molecules on the surface, which are associated with
high antigen presentation ability. The mature DCs leave
the peripheral tissue, migrate to the T-cell areas of draining
lymphoid organs, and activate antigen-specific helper
T cells and induce their differentiation into T helper type 1
(Th1), Th2 or Th17 cells.** These Th cells initiate appro-
priate acquired immunity for eradication of the pathogens.

DCs produce various cytokines upon stimulation with
pathogen products such as lipopolysaccharide (LPS) and
lipoproteins via TLRs.™® The cytokines produced by DCs
affect the balance between Thl, Th2 and Th17 differentia-
tion in the process of antigen presentation. Interleukin
(IL)-12 and IL-23, members of the IL-12 cytokine
family,”® are representative of the cytokines produced by
DCs. These cytokines are heterodimeric proteins and
share a common chain, IL-12 p40. The common p40
chain combines with the IL-12p35 or IL-23p19 chain to
produce IL-12 or IL-23, respectively. Of note, the
functions of these cytokines are entirely different. IL-12
promotes differentiation of Thl cells, which are responsi-
ble for cell-mediated immunity, and inhibits Th17 cell
activity via interferon (IEN)-y production.>'® In contrast,
IL-23 enhances the activity of Th17 cells, which promote
inflammatory responses and appear to be responsible for
the pathogenesis of certain autoimmune disorders.'"*?

It has been reported that IL-12 and IL-23 production is
differentially regulated in DCs stimulated with different
TLR ligands. Thus, the balance between IL-12 and IL-23
produced by DCs is crucial for induction of appropriate
immune responses (i.e. Thl versus Th17 responses).

Prostaglandins, endogenous lipid mediators including
prostaglandin D, (PGD,), PGE,, PGF, and PGI,, are
produced by the sequential actions of cyclooxygenases
and prostaglandin synthetases in response to various
inflammatory stimuli.'®'* In particular, PGE, plays an
important role in inflammatory responses. PGE, induces
pyrexia, hyperalgesia, and arterial dilation, which
increases blood flow to inflamed tissues and results in
oedema and enhanced microvascular permeability. PGE,
also influences the functions of various immune cells,
such as T cells, B cells, macrophages and DCs."*™"7 It has
been reported that PGE, inhibits DC production of IL-12
but not IL-23 upon TLR stimulation.'®° However, the
molecular mechanism underlying the PGE;-mediated
regulation of the production of these cytokine by DCs
has not been elucidated in detail.

The effect of PGE, on already differentiated DCs has
been extensively studied. However, the role of this media-
tor in DC differentiation is not well documented. Using
bone marrow-derived DCs (BMDCs), we examined the
effect of PGE, treatment on DC differentiation and
the subsequent functions of mature DCs, focusing on the

relationship between their ability to produce cytokines
and the activities of phosphatidylinositol 3-kinase (PI3K)/
Akt, mitogen-activated protein kinase (MAPK), and
nuclear factor kB (NF-xB) pathways in response to TLR
stimulation. We report herein that DC differentiation
with PGE, results in the selective attenuation of the extra-
cellular signal-related kinase (ERK) pathway, which may
lead to a reduced ability to produce IL-23 but not IL-12.

Materials and methods

Reagents and antibodies (Abs)

Murine recombinant granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from Pepro-
Tech (Rocky Hill, NJ). Rabbit complement (Low Tox-M)
was purchased from Cedarlane (ON, Canada). Synthetic
PGE, (> 99%) was purchased from Sigma-Aldrich (St
Louis, MO). We tested the effect of PGE, using two
different batches and confirmed that the two bathes had
similar effects. Highly purified LPS (ultra-pure LPS) from
Escherichia coli O111:B4 and Pam3CSK4 (P3C), a synthetic
lipopeptide, were purchased from InvivoGen (San Diego,
CA). Fluorescein isothiocyanate (FITC)-conjugated anti-
mouse CD86 monoclonal Ab (mAb) (GL1), phycoerythrin
(PE)-conjugated anti-mouse CD40 mAb (3/23), biotin-
conjugated anti-I-A® mAb (AF6-120-1), and streptavidin-
conjugated peridinin chlorophyll protein (PerCP) were
obtained from BD Biosciences (San Diego, CA). Anti-
phospho-ERK1/2 (Thr***/Tyr*®*) Ab, anti-phospho-p38
MAPK (Thr'®/Tyr'#?) Ab, anti-phospho-c-jun N-terminal
kinase 1/2 (JNK1/2) (Thr'®*/Tyr'®®) mAb (81E11), anti-
phospho-Akt (Ser*”?) Ab, anti-phospho-NF-xB (Ser™®)
mADb (93H1), anti-ERK1/2 mAb (137F5), and anti- glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mAb
(14C10) were purchased from Cell Signaling Technology
(Beverly, MA).

Culture media

RPMI-1640 liquid medium was purchased from Sigma-
Aldrich and supplemented with 100 IU/ml penicillin,
100 pg/ml streptomycin, 50 um 2-mercaptoethanol and
5% fetal calf serum (FCS).

DC culture

Murine BMDCs were generated by a well-established
method as previously described.”' > Bone marrow cells
were prepared from femur and tibial bone marrow of
C57BL/6 mice purchased from Japan SLC Inc. (Hama-
matsu, Japan). After lysis of erythrocytes, MHC class II-,
CD45R (B220)-, CD4- and CD8-positive cells were
removed by killing with mAbs (1E4, RA3-6B2, GK1-5 and
53-6-7) and rabbit complement. The cells were thoroughly
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washed to remove the mAbs, complement and cell debris.
The cells were cultured in RPMI-1640 containing 5% FCS
and GM-CSF (20 ng/ml) with or without PGE; (1 um), at
a density of 1 X 10% cells/ml/well (24-well plate). On day
2, the medium was carefully exchanged for fresh medium.
On day 4, non-adherent granulocytes were removed
without dislodging clusters of developing DCs, and fresh
medium was added. On day 6, free-floating and loosely
adherent cells were collected and were used as BMDCs.
BMDCs cultured with GM-CSF alone or GM-CSF plus
PGE, are referred to as cont-DC or PG-DC, respectively.

Cytokine measurement in culture supernatants

DCs were treated with the indicated combinations of TLR
ligands for 24 hr in 5% FCS RPMI-1640 at a density of
1x 10° cells/200 pl/well (96-well plate). P3C and LPS
were used at 100 ng/ml and 1 pg/ml, respectively. The
dose of each TLR ligand was determined on the basis of
our preliminary dose-response study (data not shown)
and a previous study.”” In some experiments, cells were
pretreated with U0126 (10 uM), a MAPK/ERK kinase
(MEK)1/2-specific inhibitor, or vehicle [0-02% dimethyl
sulphoxide (DMSO)] for 1 hr and then treated with LPS
(1 pg/ml) and P3C (100 ng/ml) for 24 hr in the presence
of the inhibitor or vehicle, respectively. The culture super-
natants were subjected to quantification of the protein
level of IL-12 (p70) and IL-23 by enzyme-linked immu-
nosorbent assay (ELISA). The ELISA kits for IL-12 (p70)
and IL-23 were purchased from BD Biosciences and
eBioscience (San Diego, CA), respectively.

Flow cytometry

The cells were incubated with 2-4G2 (rat anti-mouse Fcy
receptor III/II, CD16/CD32) supernatant to prevent bind-
ing of specific mAb to Fcy receptor III/II and then stained
with FITC-, PE-, or biotin-conjugated mAb and streptavi-
din-PerCP. Flow cytometric analysis was performed
on EPICS XL (Beckman Coulter Inc, Miami, FL) as
previously described.”?

Immunoblotting

Cont-DCs and PG-DCs were treated with LPS (1 ug/ml)
and P3C (100 ng/ml) for 15 or 30 min at a density of
1 X 10° cells/ml/well (24-well plate). In some experiments,
cells were pretreated with U0126 (10 uM) or vehicle
(0-02% DMSO) alone for 1 hr and then treated with LPS
(1 pg/ml) and P3C (100 ng/ml) in the presence of the
inhibitor or vehicle, respectively. Rapid cooling of the cells
on ice halted the reactions, and these cells were washed
with ice-cold phosphate-buffered saline. The whole cell
lysates were prepared using cell lysis buffer (Cell Signaling
Technology). The cell lysates were separated by sodium
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dodecyl  sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then blotted onto a polyvinylidene
fluoride membrane (Millipore, Bedford, MA). The mem-
brane was probed with the primary Ab and developed with
the horseradish peroxidase-conjugated secondary Ab by
enhanced chemiluminescence.”

Resuits

Expression of surface molecules on DCs generated
with or without PGE,

BMDCs were generated by a well-established method as
previously described.>’™ Bone marrow cells were pre-
pared from murine femur and tibial bone marrow and
MHC class II-, CD45R (B220)-, CD4- and CD8-positive
cells were removed to prevent an indirect influence of
PGE, via these lineage marker-positive cells in the DC
generation. The lineage marker-negative cells were
cultured with GM-CSF alone or GM-CSF plus PGE,
for 6 days and used as cont-DCs or PG-DCs, respec-
tively. There was no difference in viability between
cont-DCs and PG-DCs (data not shown). Both cont-
DCs and PG-DCs showed an immature DC phenotype
and were CDl1lc positive, with low expression of CD40
and CD86 and moderate expression of I-A® (Fig. la).
Although the levels of I-A® and CD40 expression of
PG-DCs were slightly lower than those of cont-DCs, no
significant differences were detected in the expression
levels of these molecules between the two types of cell
(Fig. 1b,c).

Effect of PGE, treatment on IL-12 and IL-23
production by DCs upon TLR stimulation

We first examined the effect of PGE, on IL-12 and IL-23
production by the differentiated DCs upon TLR stimula-
tion. Cont-DCs were treated with ultra-pure LPS (a TLR4
ligand) and/or P3C, a synthetic lipopeptide (a TLR2/1
ligand), for 24 hr in the presence or absence of PGE,,
and the production of IL-12 (p70) and IL-23 was
measured by ELISA (Fig. 2a). Compared with the control
culture, IL-12 production by cont-DCs was moderately or
slightly increased by treatment with LPS or P3C,
respectively (Fig. 2a left). Simultaneous treatment of the
cont-DCs with LPS and P3C resulted in synergistically
increased production of IL-12. In contrast, IL-23 produc-
tion by cont-DCs was markedly increased by treatment
with LPS (Fig. 2a right). Although P3C showed only a
slight effect on IL-23 production by cont-DCs, this ligand
enhanced LPS-induced IL-23 production. The addition of
PGE, to the culture during TLR stimulation completely
inhibited IL-12 production by cont-DCs upon LPS and/or
P3C stimulation (Fig. 2a left), but showed no significant
effects on IL-23 production (Fig. 2a right).
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Figure 1. Expression of surface molecules on dendritic cells (DCs) generated with or without prostaglandin E, (PGE;). Bone marrow-derived
DCs were generated by culturing murine bone marrow cells with granulocyte-macrophage colony-stimulating factor (GM-CSF) alone or GM-
CSF plus PGE,, and these cells are referred to as ‘cont-DCs’ or ‘PG-DCs’, respectively. The cell surface expression of CD11c, CD40, CD86 and
I-A® was analysed by flow cytometry. (a, b) Representative histograms from three independent experiments. (c¢) The mean fluorescence intensity
(MFI) of the cells. Each column represents the mean + standard error of three independent experiments. mAb, monoclonal antibody; MHC,

major histocompatibility complex.

To investigate the effect of PGE, on DC differentiation
and functions, we next compared IL-12 and IL-23
production in response to TLR ligands between cont-DCs
and PG-DCs. Both types of DC were treated with LPS
and/or P3C for 24 hr and levels of IL-12 and IL-23 were
determined (Fig. 2b). Cont-DCs again showed substantial
IL-12 production upon LPS plus P3C stimulation (Fig. 2b
left). In response to LPS and/or P3C treatment, PG-DCs
also produced substantial IL-12, similar to that produced
by cont-DCs. Upon P3C stimulation, IL-12 production
by PG-DCs was slightly higher than that by cont-DCs.
However, upon stimulation with LPS alone or LPS plus
P3C, no significant difference was detected in IL-12
production between cont-DCs and PG-DCs. In contrast,

70

1L-23 production by PG-DCs in response to LPS or LPS
plus P3C was significantly suppressed compared with that
by cont-DCs (Fig. 2b right). Thus, the influence of
PGE, on the production of IL-12 and IL-23 by DCs
appeared to be dependent on the differentiation state of
the DCs.

It has been reported that PGE, also influences IL-10
production.”® We thus compared cont-DCs and PG-DCs
in terms of their ability to produce IL-10 in response to
TLR stimulation. We found that IL-10 production by
PG-DCs was markedly higher than that by cont-DCs
(Fig. 2¢).

We also analysed CD40, CD86 and I-A® expression on
cont-DCs and PG-DCs following LPS plus P3C
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Figure 2. Effects of prostaglandin E, (PGE,) on interleukin (IL)-12 and I1L-23 production by dendritic cells (DCs) upon Toll-like receptor (TLR)
stimulation. Bone marrow-derived DCs were generated by culturing murine bone marrow cells with granulocyte-macrophage colony-stimulating
factor (GM-CSF) alone or GM-CSF plus PGE,, and these cells are referred to as ‘cont-DCs’ or ‘PG-DCs’, respectively. (a) The cont-DCs were
treated with lipopolysaccharide (LPS) and/or Pam3CSK4 (P3C) in the presence (Cont-DCs+PG) or absence (Cont-DCs) of PGE, for 24 hr. (b,
¢) The cont-DCs and PG-DCs were treated with LPS and/or P3C for 24 hr. The amounts of IL-12, IL-23 (b), and IL-10 (c) in the culture super-
natants were quantified by enzyme-linked immunosorbent assay (ELISA). Statistical significance was calculated using Student’s t-test (*P < 0-05).

stimulation. Cont-DCs and PG-DCs showed similar
expression profiles even after TLR stimulation (data not
shown).

TLR2 and TLR4 expression on cont-DCs and PG-DCs

The ability of PG-DCs to produce IL-23 but not IL-12
was significantly lower than that of cont-DCs upon LPS
and P3C stimulation (Fig. 2b). We speculated that treat-
ment with PGE, during DC generation might affect the
pattern of TLR2 and TLR4 expression on the DCs, result-
ing in a different pattern of cytokine production. We thus
analysed and compared the cell surface expression of
TLR2 and TLR4 on cont-DCs and PG-DCs by flow

cytometry (Fig. 3). TLR2 and TLR4 were detected on
both types of DC (Fig. 3a). There was no significant
difference in the level of these TLRs between cont-DCs
and PG-DCs (Fig. 3b). ‘

Akt, MAPK, and NF-xB activation in cont-DCs and
PG-DCs upon TLR stimulation

TLR ligands activate the PI3K/Akt, MAPK and NF-xB
pathways in macrophages and DCs.**?** These pathways
play crucial roles in the regulation of cytokine produc-
tion. Figures 2 and 3 demonstrate that PGE, treatment
during DC generation decreased production of IL-23 by
DCs but not that of IL-12 in response to LPS plus P3C,
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Figure 3. Effects of prostaglandin E, (PGE,) treatment during den-
dritic cell (DC) differentiation on Toll-like receptor 2 (TLR2) and
TLR4 expression on the differentiated DCs. Bone marrow-derived
DCs were generated by culturing murine bone marrow cells with
granulocyte-macrophage colony-stimulating factor (GM-CSF) alone
or GM-CSF plus PGE;, and these cells are referred to as ‘cont-DCs’
or ‘PG-DCs’, respectively. The cell surface expression of TLR2 and
TLR4 on cont-DCs and PG-DCs was analysed by flow cytometry. (a)
A representative histogram from three independent experiments. (b)
The mean fluorescence intensity (MFI) of the cells. Each column
represents the mean + standard error of three independent experi-
ments. mAb, monoclonal antibody.

without affecting the cell surface expression of TLR2 and
TLR4. These findings suggest that the PGE, treatment
modifies the intracellular signal pathway following TLR
stimulation. We then analysed and compared the activ-
ities of the PI3K/Akt, MAPK and NF-«xB pathways in
cont-DCs and PG-DCs.

We previously demonstrated that Akt, MAPKs (ERK1/2,
p38 MAPK and JNK1/2), and NF-xB p65 were significantly
activated in BMDCs following LPS plus P3C stimulation,
and the activity of these molecules reached a peak at 15—
30 min after the stimulation.’®®” The activation levels
declined after 60 min. Hence, cont-DCs and PG-DCs were
treated with LPS plus P3C for 15 and 30 min and the
intracellular protein levels of the active forms of these
molecules, phospho-Akt (pAkt), phospho-ERK1/2 (pERK),

phospho-p38 MAPK (pp38), phospho-JNK1/2 (pJNK) and
phospho-NF-xB p65 (pp65), were determined by immuno-
blotting (Fig. 4). Marked phosphorylation of ERK1/2, p38
MAPK and JNK1/2 was observed in both types of DC at 15
and 30 min after the TLR stimulation (Fig. 4a). No signifi-
cant differences were detected in the levels of pAkt, pp38,
pINK1/2 and pp65 between cont-DCs and PG-DCs
(Fig. 4b). Notably, however, the level of pERK1/2 in PG-
DCs at 30 min after the stimulation was significantly lower
than that in cont-DCs, although no difference was found in
total ERK1/2 level between these two types of cell (Fig. 4b
right). Thus, PGE, treatment during DC generation selec-
tively affected activation of ERK1/2 in the resultant mature
DCs in response to the TLR ligands.

The effect of ERK1/2 inhibition on IL-12 and IL-23
production by DCs upon TLR stimulation

The prior results (Fig. 4) suggested that the decreased
ERK1/2 activity in PG-DCs might be related to their
impaired IL-23 production upon TLR stimulation. We
next focused on the role of the ERK1/2 pathway in IL-23
production using U0126, a specific inhibitor of the
MEK1/2-ERK1/2 pathway. BMDCs (cont-DCs) were pre-
treated with U0126 (10 um) or vehicle (0-02% DMSO)
alone for 1 hr and then treated with LPS plus P3C for
24 hr in the presence of U0126 or vehicle, respectively.
1L-12 and IL-23 production was again markedly increased
by stimulation with LPS plus P3C (Fig. 5a). The vehicle
treatment showed no effect on the production of these
cytokines. Compared with the control culture, treatment
with U0126 markedly increased IL-12 production, but sig-
nificantly reduced IL-23 production by DCs stimulated
with LPS plus P3C. These findings demonstrate that the
ERK pathway is involved in the regulation of IL-12 and
IL-23 produced by DCs in response to TLR stimulation.

We then confirmed the effect of U0126 on the activities
of ERK1/2 and other signal molecules in DCs stimulated
with LPS plus P3C. BMDCs were pretreated with U0126
or vehicle alone for 1 hr and then treated with LPS plus
P3C for 15 min in the presence of U0126 or vehicle,
respectively. The intracellular protein levels of pAkt,
pERK1/2, pp38, pJNK and pp65 were determined by
immunoblotting. U0126 completely inhibited ERK1/2
phosphorylation (Fig. 5b) in DCs upon TLR stimulation
without affecting the levels of pAkt, pp38, pJNK and
pp65 (data not shown). Thus, U0126 selectively inhibited
ERK1/2 activation, and the ERK1/2 pathway appeared to
be dispensable for the activation of other signal molecules
in DCs stimulated with LPS plus P3C.

Discussion

Autoreactive Th cells induce tissue damage and inflam-
mation, which is involved in the pathogenesis of various
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Figure 4. Effects of prostaglandin E, (PGE,) treatment during dendritic cell (DC) differentiation on the activation of the Akt, mitogen-activated
protein kinase (MAPK), and nuclear factor kB (NF-xB) pathways in the differentiated DCs in response to Toll-like receptor (TLR) stimulation.
Bone marrow-derived DCs were generated by culturing murine bone marrow cells with granulocyte-macrophage colony-stimulating factor
(GM-CSF) alone or GM-CSF plus PGE,, and these cells are referred to as ‘cont-DCs” or “PG-DCs’, respectively. The cont-DCs and PG-DCs were
treated with lipopolysaccharide (LPS) plus Pam3CSK4 (P3C) [TLR ligands (TLR-L)] for 15 or 30 min. The intracellular protein levels of phos-
pho-Akt (pAkt), phospho-extracellular signal-related kinase 1/2 (pERK1/2), phospho-p38 MAPK (pp38), phospho-c-jun N-terminal kinase 1/2
(pINK1/2), phospho-nuclear factor (NF)-xB p65 (pp65), total ERK, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined
by immunoblotting. (a) A representative immunoblot from three independent experiments is shown. (b) The relative intensity of the specific

band is shown. Each column represents the mean * standard error of three independent experiments. Statistical significance was calculated using
Student’s t-test (*P < 0-05).

immune diseases. Recent studies suggest that Th17 cells
are responsible for inflammation and autoimmunity,?**’
whereas Thl cells have protective effects on autoimmune
responses in certain conditions.’*>* Thl and Th17 cells
are characterized by their expression of I[FN-y and IL-17,
respectively.’®*® Thl differentiation is induced by IL-12,

while Th17 differentiation is enhanced by 1L-23 following
the initiation of this differentiation by transforming
growth factor-f and IL-6. Thus, the roles of IL-12 and
IL-23 in Th differentiation are entirely different, although
these cytokines, members of IL-12 family, have similar
structures.”®
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Figure 5. The effect of extracellular signal-related kinase 1/2 (ERK1/2) inhibition on interleukin (IL)-12 and IL-23 production by dendritic cells
(DCs) upon Toll-like receptor (TLR) stimulation. Bone marrow-derived DCs were generated by culturing murine bone marrow cells with granu-
locyte-macrophage colony-stimulating factor (GM-CSF). (a) The DCs were pretreated with U0126 (10 zm), a specific inhibitor of the MAPK/
ERK kinase (MEK)1/2-ERK1/2 pathway, or vehicle [0-05% dimethyl sulphoxide (DMSO)] for 1 hr and then treated with lipopolysaccharide
(LPS) plus Pam3CSK4 (P3C) [TLR ligands (TLR-L)] for 24 hr in the presence of U0126 or vehicle, respectively. The amounts of IL-12 and IL-23
in the culture supernatants were quantified by enzyme-linked immunosorbent assay (ELISA). Statistical significance was calculated using Student’s
t-test (*P < 0-05; ** P < 0-005). (b) The DCs were pretreated with U0126 (10 um) or vehicle alone (0-05% DMSO) for 1 hr and then treated
with LPS plus P3C for 15 min in the presence of ERK1/2 inhibitor or vehicle (DMSO), respectively. The intracellular protein levels of phospho-
ERK1/2, total ERK, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined by immunoblotting. A representative immuno-

blot from three independent experiments is shown.

Although PGE, promotes inflammatory responses, this
mediator regulates the functions of immune cells, includ-
ing T cells, B cells, macrophages and DCs.">*” It has been
reported that PGE, induces apoptosis of developing and
resting T cells,”** but protects T cells from the apoptosis
induced by TCR-mediated activation.”® In contrast, PGE,
had a positive effect, or no effect, on the proliferation of
mature B cells, but suppressed the proliferation of
immature B cells.®® It seems that the effects of PGE, are
dependent on the developmental or maturation state of
the cells.

In the present study, we examined IL-12 and IL-23
production in DCs treated with PGE, during differentia-
tion from bone marrow cells as well as in differentiated
DCs treated with PGE, during activation with TLR
ligands. PGE, treatment during DC activation by TLR
ligands completely inhibited the TLR-mediated produc-
tion of IL-12 by DCs, but not that of IL-23. This cytokine
shift in DCs appears to drive Th17 differentiation.'®'® In
contrast, PGE, treatment during differentiation of DCs
from bone marrow cells resulted in reduced DC produc-
tion of IL-23, but not IL-12, in response to the TLR
ligands. We thus concluded that PGE, was a key molecule
in controlling the balance of IL-12 and IL-23 production

by DCs and that the effect was dependent on the develop-
mental or maturational state of the DCs, as reported in
studies of T and B cells.***

We next focused on the mechanism underlying the
decreased ability to produce IL-23 in response to TLR2
and TLR4 ligands of DCs pretreated with PGE, during
their differentiation (PG-DCs). As PGE, treatment during
DC differentiation never affected the cell surface expres-
sion of TLR2 and TLR4, we postulated that PGE, influ-
enced the intracellular signal transduction system of the
DCs. Intracellular signal pathways via PI3K/Akt, MAPK
(ERK1/2, p38 MAPK and JNK1/2) and NF-xB play
crucial roles in the regulation of cytokine production. It
has been reported that the PI3K and ERK1/2 pathways
negatively regulate IL-12 production,”” ™ while the p38
MAPK and NF-xB pathways are responsible for the pro-
duction of inflammatory cytokines, including IL-12.2>*!4
We found that PGE, treatment during DC differentiation
resulted in marked attenuation of ERK1/2 activity in the
DCs upon TLR2 and TLR4 stimulation. However, no
significant effects were detected on the activity of other
signal molecules (Akt, p38 MAPK, JNK1/2 and NF-xB
p65). In addition, blocking the ERK1/2 pathway with
U0126 significantly inhibited IL-23 production by DCs.
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Thus, the attenuation of ERK1/2 activity in the PG-DGCs
appeared to be at least partly responsible for their
reduced IL-23 production. However, the inhibitory effect
of the ERK1/2 inhibitor U0126 on IL-23 production by
cont-DCs was weaker than that on IL-23 production by
PG-DCs. It seems that complex mechanisms other than
attenuation of the activity of the ERK1/2 pathway are
involved in the impaired ability of PG-DCs to produce
IL-23.

In contrast, ERK1/2 inhibition with U0126 significantly
enhanced IL-12 production by cont-DCs upon TLR
stimulation. However, IL-12 production by PG-DCs upon
TLR stimulation was never enhanced compared with that
by cont-DCs. ERK1/2 activity in PG-DCs was significantly
lower than that in cont-DCs at 30 min but not 15 min
after TLR stimulation. Thus, ERK1/2 inhibition at the
early time-point (at 15 min) might be required for
increased IL-12 production. Alternatively, other unknown
mechanisms might be involved in the effect of reduced
ERK activity on IL-12 production in PG-DCs.

In contrast to the present study, Khayrullina et al. *°
recently showed that PGE, treatment during BMDC
differentiation resulted in enhanced I1L-23 production by
the DCs upon LPS stimulation. In the present study,
MHC class II-, CD45R (B220)-, CD4- and CD8-positive
cells were removed from the bone marrow cell culture to
prevent indirect effects of PGE, on DC functions via these
lineage marker-positive cells. However, these lineage
marker-positive cells were not absent from the culture
used for DC differentiation with PGE, in the study by
Khayrullina et al*® As already described, PGE, influences
a variety of immune cells. It seems possible that indirect
effects of PGE, via these lineage marker-positive cells,
such as T cells, B cells and macrophages, influenced DC
differentiation. The lymphocytes may have provided
costimulation signals which drove IL-23 production, or
perhaps there were non-myeloid sources of IL-23 in the
DC culture. Furthermore, we used highly purified (ultra-
pure) LPS for DC activation, while Khayrullina et al. 20
used standard LPS, which contains TLR ligands other
than LPS.**** Thus, the discrepancy between the results
of the present study and those of Khayrullina et al. *°
may be attributable to differences in the culture system
and/or the DC stimulant used.

We also examined IL-10 production by DCs upon TLR
stimulation and found that production was markedly
increased by treatment with PGE, during DC develop-
ment. Thus, it seems that PGE, negatively regulates
inflammatory responses by not only suppressing IL-23
production but also enhancing IL-10 production.

It has been suggested that PGE, not only promotes
inflammatory responses but also exhibits anti-inflamma-
tory properties, including negative regulation of immune
cell functions.'® In the present study we have demon-
strated that PGE, has an anti-inflammatory effect

PGE, attenuates ERK pathway in DCs

mediated by the attenuation of the production of IL-23
by DCs, which promotes Thl7-mediated inflammatory
responses. We also showed that DCs treated with PGE,
during differentiation produce a large amount of IL-10.
Physiologically, these effects of PGE, may contribute to
negative feedback regulation that suppresses undesirable
chronic inflammation. As the balance between IL-12 and
IL-23 produced by DCs is crucial for the regulation of
inflammatory and immune responses, further elucidation
of the mechanism underlying the PGE,-mediated regula-
tion of the IL-12 and IL-23 balance may lead to the
development of clinical applications exploiting this new
regulation system for the treatment of various infectious
diseases and immune disorders.
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Jawless vertebrates such as lamprey and hagfish lack T-cell and B-
cell receptors; instead, they have unique antigen receptors known
as variable lymphocyte receptors (VLRs). VLRs generate diversity by
recombining highly diverse leucine-rich repeat modules and are
expressed clonally on lymphocyte-like cells (LLCs). Thus far, two
types of receptors, VLRA and VLRB, have been identified in lamp-
reys and hagfish. Recent evidence indicates that VLRA and VLRB
are expressed on distinct populations of LLCs that resemble T cells
and B cells of jawed vertebrates, respectively. Here we identified
a third VLR, designated VLRC, in the lamprey. None of the ~100
VLRC ¢DNA clones subjected to sequencing had an identical se-
quence, indicating that VLRC can generate sufficient diversity to
function as antigen receptors. Notably, the C-terminal cap of VLRC
exhibits only limited diversity and has important structural differ-
ences relative to VLRA and VLRB. Single-cell PCR analysis identified
LLCs that rearranged VLRC but not VLRA or VLRB, suggesting the
presence of a unique population of LLCs that express only VLRC.

antigen receptors | immune system evolution | jawless vertebrates |
leucine-rich repeats | somatic rearrangement

j awless vertebrates such as lamprey and hagfish produce specific
agglutinins when immunized with particulate antigens (1-7).
Hence, they were long thought to have immunoglobulins. Accu-
mulated evidence indicates, however, that jawless vertebrates have
neither immunoglobulins nor T cell receptors but instead have
unique antigen receptors called variable lymphocyte receptors
(VLRs) (8-15). Whereas immunoglobulins and T cell receptors
generate repertoire diversity by recombining variable (V), diversity
(D), and joining (J) gene segments, VLRs achieve comparable
diversity through the rearrangement of highly diverse leucine-rich
repeat (LRR) modules (16, 17). The germline VLR gene has an
incomplete structure incapable of encoding functional proteins; it
is, however, flanked by a large number of LRR-encoding modules
exhibiting remarkable sequence diversity. During the development
of lymphocyte-like cells (LLCs), these modules are incorporated
into the VLR gene by a gene conversion-like process presumably
mediated by cytidine deaminases of the AID-APOBEC family
(18-20). Crystallographic analysis of VLR monomers showed that
they adopt a horseshoe-shaped structure and suggested that they
most likely bind antigens through the hypervariable concave sur-
face composed of B-strands (21). This suggestion was confirmed
recently by in vitro mutagenesis experiments (22) and the crystal
structure analysis of VLR monomer-antigen complexes (23, 24).

Two VLR genes, designated VLRA and VLRB, have been
identified in hagfish and lampreys (19, 25, 26). In hagfish, VLRA
and VLRB are encoded by two separate loci (27), suggesting that
the two VLR genes function as independent recombination units;
the same seems to be the case with the lamprey genes (19). Sur-
prisingly, recent evidence indicates that lamprey VLRA and
VLRB are expressed on distinct populations of LLCs that re-
semble T cells and B cells of jawed vertebrates, respectively (28).
When challenged with antigen, LLCs expressing specific VLRB
molecules undergo blast transformation, expand clonally, and
begin to secrete VLRB molecules in a manner analogous to the
secretion of immunoglobulins by B cells (29). Secreted VLRB

14304-14308 | PNAS | August 10,2010 | vol. 107 | no. 32

molecules, which form pentamers or tetramers of dimers (22),
function as strong agglutinins, thus accounting for the earlier
observations suggesting the existence of antibodies in jawless
vertebrates (1-7). By contrast, VLRA molecules are expressed on
a population of VLRB™ LLCs and apparently occur only in
a membrane-bound form; this population of LLCs respondstoaT
cell mitogen and up-regulates the expression of interleukin-17
(28), indicating that lampreys have humoral and cellular arms of
adaptive immunity analogous to those of jawed vertebrates.

Here we analyzed publicly available sea lamprey (Petromyzon
marinus) EST sequences and identified a previously undescribed
VLR gene, which we propose to call VLRC.

Results

Identification of the VLRC Gene. We collected sea lamprey EST
sequences from the National Center for Biotechnology In-
formation (NCBI) trace archive and constructed an EST database.
TBLASTN searches of this database using hagfish VLRA and
VLRB (accession nos. ABB59067 and ABB59026, respectively) as
query proteins identified an EST clone that predicted a VLR-like
protein with a 3’ terminus distinct from those of known VLRs.
To establish the identity of this clone (accession no. EC382912.1),
we isolated the corresponding cDNA fragment from the Japanese
lamprey (Lethenteron japonicum) by 3'-RACE. The Japanese lam-
prey leukocyte cDNA library was then screened using this fragment
as a probe. We chose a cDNA clone that seemed to contain a full-
length insert and determined its complete sequence (accession
no. AB507271). This clone encoded a protein consisting of a 24-
residue signal peptide (SP), 36-residue N-terminal cap (LRRNT),
25-residue LRR1, 24-residue LRR, 24-residue LRRVe, 16-residue
connecting peptide (CP), 49-residue C-terminal cap (LRRCT), and
74-residue 3’ terminus (Fig. 1). The top 50 BLAST hits to this
protein were all agnathan VLRs, with inshore hagfish (Eptatretus
burgeri) VLRA encoded by clone Es6VLRAHS showing the
greatest similarity (49% amino acid identity). The SP and 3’ ter-
minus of this protein were, however, only weakly similar to those of
known sea lamprey VLRs, suggesting that it is a unique member of
the VLR family. Isolation of Japanese lamprey VLRA and VLRB
cDNAs confirmed the existence of three types of VLRs in a single
lamprey species (Fig. 1). Therefore, the VLR identified in this
study was named VLRC. In all known VLRs, LRRNT and
LRRCT contain a characteristic four-cysteine motif CX,CXCX,,C
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Fig. 1. VLRCis a member of the VLR family. Deduced amino acid sequences of sea lamprey (Pm, P. marinus), Japanese lamprey (Lj, L. japonicum), inshore
hagfish (Eb, E. burgeri), and Pacific hagfish (Es, Eptatretus stoutii) VLRs. C, conserved cysteine residues in LRRNT and LRRCT: #, highly variable inserts (23).
Conserved residues are shaded: light-blue, >90% identity; green, 70-89% identity; and yellow, 69-50% identity. “-" indicates a gap. Accession nos. are as
follows: LjVLRA, AB507269; PmVLRA, EF094821; EbVLRA, AY964726; EsVLRA, AY964825; LjVLRB, AB507270; PmVLRB, AY577957; EbVLRB, AY965530; EsVLRB,

AY965561; and LjVLRC, AB507271.

(where X stands for any amino acid other than cysteine). These
motifs, known to be involved in the formation of two sets of
disulfide bridges, are also present in VLRC.

We constructed 3D models of VLRC and VLRA using the
crystal structure of lamprey VLRB specific for the H-trisaccharide
of human blood group O antigen (23) as a template (Fig. S1).
VLRCwas predicted to have a structure similar to that of lamprey
VLRB but to lack protrusions located in the LRRCT of VLRB.
By contrast, the LRRCT of some lamprey VLRA molecules was
predicted to form a protrusion.

Germline Structure of the VLRC Locus. To determine the germline
structure of the VLRC gene, Japanese lamprey genomic DNA
was subjected to PCR using a set of primers designed to amplify
the region spanning from 5’-UTR to 3'-UTR. Only a single DNA
fragment of 1,154 bp was obtained, indicating that VLRC is
a single-copy gene. This fragment was sequenced completely
(accession no. AB507272) and its sequence compared with the
full-length VLRC cDNA sequence. Like other VLR genes, the
germline VLRC gene lacks sequences coding for LRR modules
and contains only the sequences coding for 5'-UTR, SP,
LRRNT, 5’-part of LRR1, 3"-part of CP, LRRCT, 3’ terminus,
and 3-UTR (Fig. 24); 5'-part of LRR1 and 3'-part of CP are
separated by a sequence of 161 bp with no apparent similarity to
any known sequence. Similar to other VLR genes, VLRC con-
tained an intron (35 bp) in its 5’-UTR.

Analysis of the sea lamprey genome assembly revealed that this
lamprey species also has a single copy of VLRC and that the or-
ganization of the germline VLRC gene is conserved between the
two lamprey species. Two 5-LRRCT-encoding modules, desig-
nated modules 1 and 2, respectively, were identified downstream
of the VLRC gene (Fig. 2B). BLAST searches of the sea lamprey
genome identified no other 5-LRRCT-encoding modules with
significant similarity to those observed in Japanese lamprey VLRC
transcripts. Among known VLR genes, the structure of germline
VLRC is unique in that it contains LRRNT- and LRRCT-modules
in their entirety (Fig. 24).

VLRC Generates Diversity Comparable to That of VLRA and VLRB, but

Its LRRCT Shows Only Limited Diversity. To assess the extent of
diversity generated by the VLRC gene, we cloned the region

Kasamatsu et al.

spanning from LRRNT to LRRCT by RT-PCR from the leu-
kocytes of five Japanese lampreys and sequenced a total of 101
clones (Fig. S2). None of the clones had an identical nucleotide
sequence, and the number of 24-residue LRR modules varied
from zero to four. Of the 302 LRR modules encoded by these
clones, 70% had unique sequences. Similarly, 66% of LRRI1,
53% of CP, and 75% of LRRVe had unique sequences. These
figures are comparable to those previously reported for hagfish
VLRA (25), hagfish VLRB (25), lamprey VLRB (17), and lam-
prey VLRA molecules (19). Thus, VLRC seems to be capable of
generating diversity comparable to that of VLRA and VLRB.

Consistent with the observation that LRRCT is involved in
antigen recognition (23, 24), the 5'-LRRCT of lamprey VLRA
and VLRB exhibits high levels of sequence diversity. By contrast,
only two major types of 5'-LRRCT sequences were detected in
Japanese lamprey VLRC (Fig. 2C and Fig. S2). One type com-
pletely or closely matched the 5-LRRCT sequence encoded by
the germline VLRC gene; another type fell into two closely related
subtypes, with sequences almost identical to those of modules 1
and 2 located downstream of the sea lamprey VLRC gene, re-
spectively (Fig. 2C). These observations suggest that, similar to
sea lampreys, Japanese lampreys have 5-LRRCT-encoding
modules corresponding to modules 1 and 2 and that they use such
modules for VLRC assembly, along with the 5'-LRRCT module
encoded by the germline gene. The 5'-LRRCT sequence encoded
by the germline gene was so divergent from that encoded by
module 1 or 2 that VLRC clones formed distinct clusters (Fig. S3)
depending on whether their 5-LRRCTSs were derived from the
germline gene (marked with filled circles) or from module 1 or 2
(marked with open circles).

Phylogenetic Analysis Indicates That VLRC Is More Closely Related to
VLRA Than to VLRB. To examine the relationship of VLRC to
known VLRs, we constructed a neighbor-joining tree (Fig. 3).
The tree supported the orthologous relationship of hagfish and
lamprey VLRB and showed that VLRC is more closely related
to hagfish and lamprey VLRA than to hagfish and lamprey
VLRB. Lamprey VLRA and VLRC were almost equidistant
from hagfish VLRA, and their relationship could not be resolved
with high bootstrap support, thus precluding us to determine
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Fig.2. Organization of the germline VLRClocus. (4) Structure of the germline
VLRC gene of the Japanese lamprey (drawn to scale) and the schematic
germline structures of other known VLR genes (not drawn to scale). (B) Or-
ganization of the sea lamprey VLRC locus. Two 5-LRRCT-encoding modules,
designated modules 1 and 2, are located downstream of the germline VLRC
gene. This information is based on the analysis of contig 377 in the Pre Ensembl
genome database. (C) The 5’-LRRCT of VLRC shows only limited diversity; ba-
sically only two major types of sequences were observed. One type represented
by Lj1VLRC2 has a sequence identical or nearly identical to the 5-LRRCT se-
quence located in the germline VLRC gene (LjgVLRC). The other type falls into
two closely related subtypes represented by Lj1VLRC4 and Lj1VLRC16; the
sequences of these clones are very similar to those of modules 1 and 2, re-
spectively. “.” and “-” indicate identity with the top sequence and absence of
residues, respectively. Clones are identified by the species name, followed by
the animal number, gene name, and clone number. Thus, Lj1VLRC2 indicates
a VLRC clone 2 isolated from Japanese lamprey individual 1.

which lamprey gene is orthologous to hagfish VLRA according to
sequence comparison alone.

Identification of a Unique Population of LLCs That Rearrange Only the
VLRC Gene. We compared by RT-PCR the expression profiles of
VLRA, VLRB, and VLRC in representative tissues of adult
lampreys using elongation factor 1o (EF1la) as a positive control
(Fig. 44). The three VLR genes showed similar expression pat-
terns, with transcripts detected most abundantly in peripheral
blood leukocytes, followed by gills, intestine, and kidney. Real-
time RT-PCR analysis showed that VLRC transcripts were ~60—
100 times less abundant than VLRB transcripts in all of the tis-
sues examined; on the other hand, the expression levels of VLRC
and VLRA were nearly the same (Fig. 4B).

To examine whether VLRC* cells are distinct from those
expressing known VLRs, we generated mAbs specific for VLRA
and VLRB, respectively. The specificities of these mAbs were
verified by testing against a panel of transfected mammalian cells
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Fig. 3. Phylogenetic relationship of VLR genes. A neighbor-joining tree was
constructed using the amino acid sequences of the diversity region that
could be reliably aligned (LRRNT, LRR1, LRRVe, and LRRCT). Nodes that re-
ceived bootstrap support of <70% were collapsed. Bootstrap values >90%
are shown. For abbreviations of species’ names, see the legend to Fig. 1.

expressing VLRA, VLRB, or VLRC (Fig. S4). Purified LLCs
(=92% LLC:s as judged by forward and side scatter characteristics
and Giemsa staining) were subjected to magnetic cell sorting with
VLRB-specific mAb, and then the flow-through was flow-sorted
into VLRA* and VLRA/VLRB" fractions. The latter fraction
was assumed to contain VLRC™ cells. Each of the three fractions,
VLRA™, VLRB*, and VLRA/VLRB", was subjected to single-
cell sorting, and rearrangements of VLR genes were assessed by
genomic PCR. Representative electrophoretic profiles of single-
cell PCR products are shown for VLRA®, VLRB™, and VLRA™/
VLRB™ cells (Fig. 5). We typically observed a germline product
along with a rearranged product. Of 24 VLRA/VLRB™ cells in
which VLRC assembly was detected, 23 cells rearranged the VLRC
gene and maintained the VLRA and VLRB genes in germline
configuration, indicating the existence of a unique population of
LLCs that exclusively express VLRC. In one cell, we detected as-
sembly of both VLRA and VLRC genes; however, consistent with
the VLRA™ phenotype, the rearranged VLRA gene contained a 2-
bp insertion in its diversity region, resulting in a frameshift muta-
tion. Thus, only the rearranged VLRC gene was apparently func-
tional in this cell.

Discussion

The VLRC gene described here generates diversity comparable to
that of VLRA and VLRB by rearranging highly diverse LRR mod-
ules (Figs. S2 and S3); the rearranged VLRC gene is transcribed
predominantly in peripheral blood leukocytes and tissues thought to
be involved in hematopoiesis (kidney and intestine) or defenses at
the body surface (gill and intestine) (Fig. 4). Furthermore, single-cell
PCR experiments provided convincing evidence for the presence of
LLGCs in which only the VLRC gene is rearranged (Fig. 5). Collec-
tively, these observations indicate the existence of a unique pop-
ulation of LLCs that solely express VLRC as antigen receptors.
Thus, lampreys have at least three populations of LLCs distin-
guished by differential expression of the three VLR loci.
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Fig. 4. Tissue distribution of VLRC transcripts in Japanese lampreys. (4)
Tissue distribution of VLRA, VLRB, and VLRC transcripts. PBL, peripheral
blood leukocytes. (B) Real-time RT-PCR analysis. Two animals were subjected
to experiments.

The 5'-LRRCT region exhibits high levels of sequence diversity
in VLRA and VLRB molecules; consistent with this, the sea
lamprey genome contains 54 and 58 5-LRRCT-encoding mod-
ules that can potentially be used for VLRA and VLRB assembly,
respectively (16, 19). By contrast, besides the module encoded by
the germline gene, the lamprey genome seems to contain only
two 5'-LRRCT-encoding modules used for VLRC assembly (Fig.
24). Consequently, the 5-LRRCT region of VLRC shows only
limited diversity (Fig. 2C and Fig. S2). This observation may have
functional significance because, in VLRB molecules, 5'-LRRCT
is known to be involved in antigen recognition (23, 24). If the
same is the case with VLRC, VLRC might recognize antigens
bearing conserved epitopes or antigens in association with in-
variant molecules, with its LRRCT and LRR interacting with
conserved and variable epitopes, respectively.

Another notable feature of VLRC s that, unlike lamprey VLRA
or VLRB, its 5'-LRRCT is predicted to lack the capacity to form
protrusions (Fig. S1). In lamprey VLRB molecules, these pro-

N
DL

FEE

QD

Fig. 5. Identification of LLCs that rearrange only the VLRC gene. Single-cell
genomic PCR identified LLCs that rearranged only the VLRA (Left), VLRB
(Center), or VLRC (Right) gene. Bands marked with asterisks represent rear-
ranged products, whereas unmarked bands represent germline products.
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trusions are formed by a stretch of amino acid residues, known as
a highly variable insert, that displays marked variations in length,
amino acid composition, and secondary structure (23). In a VLRB
molecule, RBC36, a 10-residue insert forms a p-hairpin protrusion
that interacts with H-antigen trisaccharide (23). In another VLRB
molecule, VLRB.2D, a six-residue insert forms a protrusion that
extends to the catalytic cleft of hen egg lysozyme (24). Consistent
with the observation that lamprey VLRA molecules have a variable
insert with the average length of 12 residues (24), 3D modeling
predicted protrusions in some VLRA molecules (Fig. S1). By con-
trast, the region of VLRC corresponding to the variable insert con-
tains only a few residues (Fig. 1 and Fig. S2) and hence is too short
to form any protrusions. This structural feature might impose ad-
ditional restrictions on the nature of antigen recognized by VLRC.

Phylogenetically, VLRB is present in both hagfish and lampreys,
and VLRC is more closely related to VLRA than to VLRB (Fig. 3).
This observation indicates that, in a common ancestor of hagfish
and lampreys, a primordial VLR gene duplicated to give rise to
VLRB and a common ancestor of VLRA and VLRC, and that this
was followed by a second duplication event that separated VLRA
from VLRC. The observation that lamprey VLRA and VLRC are
almost equally related to hagfish VLRA (Fig. 3) raises three major
possibilities concerning their relationship. First, lamprey VLRA is
orthologous to hagfish VLRA, and hagfish VLRC remains to be
identified. Second, lamprey VLRC is orthologous to hagfish
VLRA, and the lamprey counterpart of hagfish VLRA remains to
be identified. Third, lamprey VLRA and VLRC diverged in
a lamprey lineage soon after its separation from a hagfish lineage,
and thus, neither lamprey VLRA nor VLRC is orthologous to
hagfish VLRA. The germline LRA genes of hagfish and lamprey
have an identical structure, whereas the germline structure of
lamprey VLRC is unique (Fig. 24). This observation argues
against the second possibility because gene structure is generally
more conserved than protein sequences during evolution. Thus,
the first and third possibilities remain open at the moment.

Despite the fact that VLRs are structurally unrelated to T/B
cell receptors, both receptors rely on combinatorial diversity to
generate a vast repertoire of binding specificities, highlighting
similarities in immune defense strategies adopted by all verte-
brates. Most remarkable in this regard is the recent demonstration
that cells expressing VLRA and VLRB resemble T cells and B
cells of jawed vertebrates, respectively (28). This naturally raises
the question, “Do VLRC™ cells resemble T cells or B cells?”
Previous work has shown that lamprey agglutinins generated
against human erythrocytes are exclusively derived from VLRB*
cells (29). Together with our observation that VLRC is phyloge-
netically more closely related to VLRA (Fig. 3), this finding
suggests that VLRC™ cells probably resemble T cells rather than
B cells. If VLRC™ cells are indeed T cell-like, another interesting
question arises: “Are VLRA™ and VLRC" cells functionally
specialized in a manner analogous to off and y8 T cells of jawed
vertebrates?” The discovery of VLRC provides an opportunity to
further examine the origin of lymphocytes and the similarities and
dissimilarities of host defense strategies used by jawed and
jawless vertebrates.

Materials and Methods

Animals. Adult Japanese lampreys were purchased from local dealers
and maintained in temperature-controlled tanks. All procedures of animal
experimentation were approved by the Institutional Review Board of
Hokkaido University.

Computational Analysis. Sea lamprey EST sequences were retrieved from the
NCBI trace archive (http://www.ncbi.nlm.nih.gov/Tracesftrace.cgi), and a pri-
vate database was constructed with the GENETYX-PDB program package
(version 5; GENETYX). This database was searched with the TBLASTN program
implemented in the package. The genomic organization of the sea lamprey
VLRC gene was determined using the Pre Ensembl genome browser (http:/
pre.ensembl.org/Petromyzon_marinus/info/index). 3D models of lamprey
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VLRA and VLRC were generated using the SWISS-MODEL server (30) and
edited by PyMol (http://pymol.sourceforge.net).

Isolation of Japanese Lamprey VLR ¢DNA and Genomic Clones. Partial cDNA
fragments coding for Japanese lamprey VLRA, VLRB, and VLRC were obtained
by RACE using the primers designed in the regions predicted to be conserved
between sea lampreys and Japanese lampreys. The ¢cDNA fragments thus
obtained were used as probes to screen a AZAPH cDNA library constructed from
Japanese lamprey leukocytes, which resulted in the isolation of full-length
VLRB and VLRC ¢DNA clones. Fuil-length VLRA cDNA clones were isolated by 5'-
and 3'-RACE. The genomic clone containing germline VLRC was isolated by PCR
using Japanese lamprey genomic DNA as a template (primer sequences: 5'-
TGGTCCCGTGCGAGCCGAGCC-3' and 5-CGCTATGCAACGGGGATGTCTAC-3Y).

Phylogenetic Analysis. Amino acid sequences were aligned with the Clustal X
version 2 program (31). The distance matrix was obtained by calculating
Poisson-correction distances for all pairs of sequences. Sites containing gaps
were excluded from the analysis using the pairwise deletion option.
Neighbor-joining trees were constructed using the MEGA version 4 program
(32). The reliability of branching patterns was assessed by bootstrap analysis
(500 replications).

Expression Analysis. Tissue expression profiles of VLR genes were analyzed by
conventional and real-time RT-PCR using the same primer sets. The primer
sequences for VLRA, VLRB, VLRC, and a reference housekeeping gene EFTA
were 5-ACCGTGAAGAGAGAGGATTGT-3' and 5-CTTTTCACACGTTTTCCACGA-
3, 5-CAGCTACAGCCACCACTGTCT-3' and 5-GGGACATGCTACTGCACTTT-3, 5'-
TTCATCATTCTGAAGATTATCGCTG-3' and 5-TTGCCGACCGCAAGGCAAGCT-3,
and 5'-GTCTACAAAATTGGCGGTATT-3' and 5'-ACATCCTTGACAGACACGTT-3,
respectively. Cycling conditions were 1 cycle at 95 °C for 10 min, followed by 30
or 35 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C
for 1 min (30 cycles for VLRB and EF1A, 35 cycles for VLRA and VLRC). Real-time
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PCR was conducted as previously described (33) using an ABI PRISM 7000 se-
quence detection system (Applied Biosystems).

Magnetic Cell Sorting. Whole blood isolated from lampreys was suspended in
60% PBS containing 100 mM EDTA and centrifuged for 5 min at 500 x g. The
pellet was resuspended in the same solution and centrifuged for 5 min at
220 x g. Cells in the supernatant were collected and further purified with
Histopaque-1077 (Sigma-Aldrich) to obtain LLCs. Magnetic cell sorting was
performed using MACS anti-PE MicroBeads according to the instructions of
the manufacturer (Miltenyi Biotec). Briefly, 1 x 107 LLCs were reacted with
mADb specific for VLRB at 4 °C for 15 min. After washing, they were reacted
with 1:10-diluted PE-conjugated anti-mouse IgG F(ab’), fragment (eBio-
science) at 4 °C for 15 min. They were then washed with buffer, mixed with
anti-PE MicroBeads, and applied to the MACS MS columns.

Single-Cell Genomic PCR. LLCs were sorted and seeded at one cell per well into
96-well plates using BD FACSAvria ll. Each well was preloaded with 10 pl of LA-Taq
PCR buffer (TaKaRa). Single-cell genomic PCR was performed as described
previously (18, 20). The primer sets for VLRA were 5-ATTGTGCATCCAC-
AGCCACT-3’ and 5-ATCTTGACGAGGCTGGAGAT-3' for multiplex PCR and 5'-
CCTCATCGGTGCAGATCAC-3' and 5'-CTCACTGCCGCAGGATAAAT-3 for nested
PCR. Those for VLRC were 5'-TGGTCCCGTGCGAGCCGAGCC-3’ and 5'-CGTTCT-
GTGCTCATGGATTG-3' for multiplex PCR and 5-ATGGGGTTTGTCGTGGCGCT-3'
and 5-TTGCATTGAGATTGGTGGTC-3’ for nested PCR. The primer sets for VLRB
were described previously (18, 20).
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In myeloid dendritic cells (mDCs), TLR3 is expressed in the endosomal membrane and inter~
acts with the adaptor tollfinterleukin 1 receptor homology domain-containing adaptor
molecule 1 (TICAM-1; TRIF). TICAM-1 signals culminate in interferon (IFN) regulatory
factor (IRF) 3 activation. Co-culture of mDC pretreated with the TLR3 ligand polyl:C and
natural killer (NK] cells resulted in NK cell activation. This activation was triggered by celi-
to-cell contact but not cytokines. Using expression profiling and gain/loss-of-function
analyses of mDC genes, we tried to identify a TICAM-1-inducing membrane protein that
participates in mDC-mediated NK activation. Of the nine candidates screened, one contained
a tetraspanin-like sequence and satisfied the screening criteria. The protein, referred to as
IRF-3-dependent NK-activating molecule (INAM), functioned in both the mDC and NK cell
to facilitate NK activation. In the mDC, TICAM-1, IFN promoter stimulator 1, and IRF-3, but
not IRF-7, were required for mDC-mediated NK activation. INAM was minimally expressed
on NK cells, was up-regulated in response to polyl:C, and contributed to mDC-NK reciprocal
activation via its cytoplasmic tail, which was crucial for the activation signal in NK celis.
Adoptive transfer of INAM-expressing mDCs into mice implanted with NK-sensitive tumors
caused NK-mediated tumor regression. We identify a new pathway for mDC-NK contact-
mediated NK activation that is governed by a TLR signal-derived membrane molecule.

Natural killer (NK) cells contribute to innate
immune responses by killing virus-infected or
malignantly transformed cells and by producing
cytokines such as [FN-y and TNE NK cell acti-
vation is determined by a balance of signals from
inhibitory and activating receptors. Because
ligands of inhibitory receptors include MHC
class T and class I—like molecules, the absence
of self~-MHC expression leads to NK activa-
tion (Cerwenka and Lanier, 2001). Approxi-
mately 20 receptors contribute to NK activation
(Cerwenka and Lanier, 2001; Vivier et al.,
2008). When ligands for activating receptors are
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sufficiently abundant, activating signals overcome
inhibitory signals.

There are two currently accepted models
for in vivo NK activation. One is that NK cells
usually circulate in a naive state and are acti-
vated through interaction directly with ligands
for pattern recognition receptors (PRRs) ex-
pressed by NK cells or interaction with cells
that express PRR ligands (Hornung et al., 2002;
Sivori et al., 2004). When pathogens enter the
host, innate immune sensors, such as Toll-
like receptors (TLRs), RIG-I-like receptors,
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NOD-like receptors,and lectin family proteins, which are PR R,
recognize a variety of microbial patterns (pathogen-associated
molecular patterns [PAMPs]; Medzhitov and Janeway, 1997).
Mouse NK cells express almost all TLRs (TLR 1-3, 4, and 6-9),
and some of these are directly activated by pathogens with
the help of IL-12, IL-18, IFN-y, and other cytokines (Newman
and Riley, 2007). The other is that naive NK cells tend to be
recruited to the draining LNs, where they are primed to be
effectors with the help of mature myeloid DCs (mDC) and
released into peripheral tissues (Fernandez et al., 1999). In this
case, mDCs provide direct activating signals to NK cells
through cell—cell contact (Gerosa et al., 2002; Akazawa et al.,
2007a; Lucas et al.,, 2007). mDCs also produce proinflamma-
tory cytokines and IFN-a after recognizing PAMPs (Newman
and Riley, 2007). In this mDC-mediated NK activation, how-
ever, the molecules and mechanisms in mDC that are dedi-
cated to NK activation in vivo remain to be understood.

In this study, we focused on the molecules that are induced
in mDC during maturation by exposure to double-stranded (ds)
RNA and the molecules involved in priming NK cells for target
killing (Akazawa et al., 20072). dsSRNA of viral origin and the
synthetic analogue polyl:C induce NK activation in concert
with mDC in vivo and in vitro (Seya and Matsumoto, 2009).
Polyl:C is recognized by the cytoplasmic proteins RIG-1/MDA5
and the membrane protein TLR 3, both of which are expressed
in mDC (Matsumoto and Seya, 2008). Although RIG-I and
MDAS5 in the cytoplasm deliver a signal to the adaptor protein
IFN promoter stimulator 1 (IPS-1; also known as MAVS, VISA,
and Cardif) on the outer membrane of the mitochondria (Kawai
et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005),
TLR3 in the endosomal membrane recruits the adaptor protein
toll/IL~1 receptor homology domain—containing adaptor mole-
cule 1 (TICAM-1)/TRIF (Oshiumi et al., 2003a; Yamamoto
et al., 2003a). Both adaptor proteins activate TBK1 and/or IkB
kinase (IKK) &, which phosphorylate IFN regulatory factor
(IRF) 3 and IRF-7 to induce type I IFN (Sasai et al., 2006).
We previously showed that the TLR3-TICAM-1 pathway in
mDC participates in inducing anti-tumor NK cytotoxicity by
polyl:C (Akazawa et al., 2007a). mDC matured with polyl:C can
enhance NK cytotoxicity through mDC-NK cell—cell contact
(Akazawa et al., 2007a). Therefore, we hypothesized that an un~
identified protein is up-regulated on the cell surface of mDC
through activation of the TLR3~TICAM-1 pathway, and this
protein enables mDC to interact with and activate NK cells.
This is the first study identifying an IRF-3—dependent NK-
activating molecule, which we abbreviated INAM. INAM is a
TICAM-1~inducible molecule on the cell surface of BM-
derived DCs (BMDCs) that activates NK cells via cell-cell con-
tact. Our data imply that mIDCs harbor a pathway for driving
INK activation that acts in conjunction with dsRNA and TLR3.

RESULTS

TICAM-1/IRF-3 signal in BMDCs augments NK activation
An in vitro system for evaluating NK activation through
BMDC-NK contact was established for this study (Fig. 1 A).
A mouse melanoma cell subline B16D8, which was established
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in our laboratory as a low H-2 expressor (Mukai et al., 1999),
was used as an NK target. Polyl:C,WT BMDC, and NK cells
were all found to be essential for NK-mediated B16D8 cyto-
lysis in the in vitro assay (Fig. 1 A). Polyl:C-mediated NK ac-
tivation was at baseline levels in a transwell with a 0.4-pum
pore, suggesting the importance of direct BMDC-NK con-
tact for this cytolysis induction (Fig. 1 A). When WT BMDCs
were replaced with TICAM-17/" BMDCs in this system,
polyl:C-mediated NK activation was partly abolished (Fig. 1 B;
and Fig. S1, A and B). TICAM-1 of BMDC was involved in
driving NK activation, and ultimately B16D8 cells were dam-
aged by BMDC-derived NK cells (Fig. 1 B). Polyl:C-mediated
NK activation occurred even when WT NK cells were re-
placed with TICAM-17/~ NK cells (Fig. 1 B), which means
that NK activation barely depends on the TICAM-1 pathway
in NK cells.

Polyl:C-activated splenic NK cells were i.p. injected into
B6 mice to kill B16D8 cells ex vivo, which is consistent with
previous studies (McCartney et al., 2009; Miyake et al., 2009),
and this polyl:C-mediated NK activation was markedly reduced
in IPS-17/" mice established in our laboratory (Fig. S1 C), sug-
gesting that NK cell activation is induced via not only the
TICAM-1 pathway but also the IPS-1 pathway, which was
largely comparable with previous studies (McCartney et al.,
2009; Miyake et al., 2009). IPS-1 in BMDC was more involved
in polyl:C-driven NK cytotoxicity than TICAM-1 but almost
equally contributed to NK-dependent IFN-vy induction to
TICAM-1 in our setting (Fig. S1 B). In addition, the serum
level of IL-12p40 in polyl:C-treated mice was largely depen-
dent on TICAM-1 (Fig. S1 D; Kato et al., 2006; Akazawa et al.,
20072). In the supernatant of polyl:C-stimulated BMDC and
the serum samples from polyl:C-treated mice, IL-12p70 was
not detected by ELISA (unpublished data). These results suggest
that polyl:C activates NK cells largely secondary to mDC matu-
ration, which is sustained by the IPS-1 or TICAM-1 pathway
of mDC. Even though NK cells express TLR3, they are only
minimally activated by polyl:C alone. Signaling by TICAM-1
in BMDC can augment NK cytotoxicity and IFN-y production
via BMDC/NK contact.

The TICAM-1 pathway activates the transcription factor
IRF-3. More precisely, exogenous addition of polyl:C can
activate endosomal TLR3 and cytoplasmic RIG-1/MDAS.
RIG-1I/MDAS assembles the adaptor IPS-1, which in turn re-
cruits the NAP1-IKK-e-TBK1 kinase complex and activates
both IRF-3 and IRF-7 (Fitzgerald et al., 2003;Yoneyama et al.,
2004). For this reason, we examined the role of IRF-3 and
IRF-7 in BMDC for activation of NK cells by polyl:C. Activa~
tion of IRF-3, but not IRF-7, was required for BMDC to in~
duce NK cytotoxicity (Fig. 1 C). IL-2 (Zanoni et al., 2005),
IFN-a (Gerosa et al., 2002), and trans-presenting IL-15 (Lucas
et al., 2007) induced by BMDC are reported to be key cyto-
kines for BMDC-mediated NXK activation in response to
polyl:C. However, even with normal levels of IFN-o production
and IL-15 expression (Fig. 1,D and E), TICAM-1~/~ BMDCs
failed to induce full NK cytotoxicity (Fig. 1 B). In contrast,
IRF-7/~ BMDCs, which have impaired IFN-a and 1L-15
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Figure 1.

IRF-3 in BMDC controls the capacity to activate NK cells in response to polyl:C. (A and B) WT or TICAM-1—/= NK cells were co-cul-

tured with WT or TICAM-1-/= BMDC in the presence of 10 pg/ml polyl:C for 24 h. NK cytotoxicity against B16D8 was determined by standard 5'Cr release
assay. E/T = 30. (C) WT NK cells were co-cultured with WT ({7, B), IRF-3~/~ (A, A), or IRF-7-/~ (&, €) BMDC in the presence (B, A, €) or absence ([,
4, <) of 10 pg/ml polyl:C for 24 h. NK cytotoxicity against B16D8 was determined by standard 5Cr release assay at the indicated E/T ratio. (D) ELISA of
IFN-oc in cultures of WT, TICAM-1-/=, IRF-3~/=, and IRF-7~/~ BMDC treated with 10 pg/ml polyl:C for 24 h. (E) Quantitative RT-PCR for IL-15 expression in
BMDC stimulated with 10 pg/mi polyl:C. All data are means + SD of duplicate or triplicate samples from one experiment that is representative of three.

expression, fully activated NK cells (Fig. 1, C-E). Hence, in
BDMUCs, the TICAM-1-IR F-3 pathway, rather than other cyto-
kines, appears to induce cell surface molecules that mediate
BMDC/NK contact and evoke NK cytotoxicity.

Identification of INAM

To identify the NK-activating cell surface molecule on BMDC,
we performed microarray analysis on polyl: C-stimulated BMDC
prepared from TICAM-17/~ and WT mice. The results yielded
nine TICAM-1-inducible molecules with transmembrane
motifs (Table S1). Six were induced in an [RF-3—dependent
manner, whereas three were still induced in IRF-3=/~ BMDC.
The NK-activating ability of the products of these genes was in-
vestigated by introduction of lentivirus expression vector into
IRF-37/~ BMDC. BMDCs with the transduced genes were
co-cultured with WT NK cells and polyl:C, and the NK-
activating ability was evaluated by determining IFN-y in the
24-h co-culture. NK cells, but not the gene-transduced
BMDC:s, produced IFN-vy in the presence of polyl:C. Finally,
we identified a tetraspanin-like molecule that satisfied our evalua-
tion criteria (IFN-y and cytotoxicity) on the mDC-NK activa-
tion and named this molecule INAM. INAM clearly differed
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from other tetraspanins like CD9, CD63, CD81, CD82, and
CD151 in the predicted structure. Mouse INAM is a 40-55-kD
protein with one N-glycosylation site and possesses four trans-
membrane motifs (Fig. 2, A and B). Western blotting analysis of
INAM-transfected cells under nonreducing conditions showed
no evidence of multimers (Fig. 2 B). The N-terminal and
C-terminal regions of INAM are in the cytoplasm because anti-
Flag antibody did not detect C-terminal Flag-tagged INAM
until cells were permeabilized (unpublished data).

Alignment of the predicted amino acid sequence of mouse
INAM with that of the human orthologue revealed that the
two INAMs shared a 71.7% amino acid identity. INAM is
also called FAM26F (Table S1) and is in the FAM26 gene
family (Bertram et al., 2008; Dreses-Werringloer et al., 2008).
Sequence database searches identified six mouse INAM para-
logs. Although FAM26A/CALHM3, FAM26B/CALHM?2, and
FAM26C/CALHMI1 are located on chromosome 19, FAM26D,
FAM26E, and FAM26F/INAM are on chromosome 10.
Only INAM was inducible with TLR agonists (unpublished
data). All FAM26 family proteins have three or four trans-
membrane motifs predicted by the TMHMM Server (version
2.0). Haman CALHM1 has a conserved region (Q/R/N site)
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with ion channel properties at the C-terminal end of the
second transmembrane motif that controls cytoplasmic Ca**
levels (Dreses-Werringloer et al., 2008). However, the Q/R/N
site was not found in INAM. CALHM1, 2, and 3 are highly
expressed in brain. Quantitative RT-PCR revealed that INAM
expression was high in spleen and LNs but low in thymus,
livet, lung, and small intestine (Fig. 2 C), although expression
of the other two FAM26 family members from chromosome
10 was highest in brain (not depicted). All splenocytes examined
(CD3*, CD19*, DX5*, CD11b", CD11c¢*, mDCs [CD11c*
PDCA17], and plasmacytoid DCs [CD11c"PDCALY]) ex-
pressed INAM to some levels (Fig. 2 D). The INAM expression
was inducible by polyl:C in LN cells (Fig. 2 E); the induction
levels were more prominent in myeloid cells than in lympho-
cytes in the LNs (Fig. S2 A). NKp46* and DX5* NK cells also
expressed INAM with low levels and the levels were mildly
increased by polyl:C stimulation (Fig. S2 A and not depicted).
Notably, only CD45* cells expressed INAM, which excludes
the participation of contaminating stromal cells in the INAM
up-regulation (Fig. S2 B).

BMDC INAM activates NK cells

WT and IRF-77/~ BMDCs induced high NK cytotoxicity in
response to polyl:C, whereas TICAM~1"/7,IPS-17/", and
IRF-37/~ BMDC showed less NK activation (Fig. 1, B and C;
and Fig. S1). INAM expression profile by polyl:C stimula-
tion was then examined using WT, IRF-37/7, IRF-77/~, and
TICAM-1""~ BMDCs. Stimulation with polyl:C induced
INAM at normal levels in IRF-77/~ BMDC but at decreased
levels in IRF-37/~ and TICAM-1~"~ BMDC (Fig.3A). The ex-
pression profiles of INAM in polyl:C-stimulated BMDC were
in parallel with those inducing NK activation. BMDCs express a
variety of TLRs (Iwasaki and Medzhitov, 2004), but other TLR.
ligands, Pam;CSK, for TLR1/2, Malp2 for TLR2/6, and CpG
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Figure 2. Sequence alignment of INAM
and expression of INAM. (A) Sequence
alignment of human and mouse INAM. Aster-
isks, identical residues; double dots, conserved
substitutions; single dots, semiconserved
substitutions; box, N-glycosylation site; un-
derline, transmembrane motif. (B) Immuno-
blot analysis of lysates of 293FT cells
transfected with plasmid encoding Flag-
tagged INAM. PNGase, N-glycosidase. 2ME,
2-mercaptoethanol. (C and D) Quantitative
RT-PCR for INAM expression in mouse tissue
(C) and spleen cells (D). CD3+, CD19+, DX5*,
CD11b*, CD11¢c*, mDC (CD11¢*PDCA1+), and
plasmacytoid DC (pDC; CD11¢*PDCA1+) cells
were isolated from splenocytes by cell sorting.
Data are expressed as copy number per 10*
copies of HPRT. Data shown are means + SD
of triplicate samples from one experiment
that is representative of three. (E) Augmented
INAM expression in LN cells after polyl:C
stimulation. WT mice were i.p. injected with
100 pg polyl:C or control buffer. After 24 h,
inguinal, axillary, and mesenteric LN were
harvested and RNA was extracted from the LN
cells. The levels of the INAM mRNA were mea-
sured by real-time PCR. The results were con-
firmed in two additional experiments. Data
represent mean + SD.

was observed in

BMDC stimulated

with LPS as well as

polyl:C (Fig. 3 B), both of which can activate TICAM-1 to
induce IRF-3 and IFN-a activation (Fitzgerald et al., 2003;
Oshiumi et al., 2003a,b; Yamamoto et al., 2003a,b). Because
INAM is an IFN-inducible gene (Fig. 3 B), INAM induction
may be amplified by type I IFNs.

We next examined whether INAM was localized to the
cell surface membrane in BMDC. Immunofluorescence analy-
sis showed Flag-tagged INAM on the cell surface of BMDC.
Plasma membrane expression of INAM was also confirmed
by cell surface biotinylation (Fig. $3). Although the lentivirus
inefficiently infected BMDC, GFP expression levels were
similar in cells with control virus and those with INAM-
expressing virus (Fig. 3 C). Transduction efficiency and ex-
pression from the lentivirus vector were adjusted using GFP
expression (not depicted), and surface INAM expression was fur-
ther confirmed with BMDC, NK cells, and INAM-expressing
BaF3 (INAM/BaF3) cells, in some cases using polyclonal anti~
body (Ab) against INAM (Fig. S4).

We then examined whether overexpressing’ INAM re-
sulted in signaling that directed BMDC maturation and pro-
duction of cytokines, including IFN-o and IL-12p40, which
are reported to enhance NK activity (Gerosa et al., 2002;
Sivori et al., 2004; Lucas et al., 2007). The status of INAM-
transduced BMDC was assessed by CD86 expression and
cytokine production, and no significant differences in these
maturation markers were seen in BMDC overexpressing
INAM (Fig. $5). In the same setting, no 1L-12p70 was
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Figure 3. INAM in BMDC participates in DC-
mediated NK activation. (A) Quantitative RT-PCR for INAM
expression in WT, TICAM-1-/=, IRF-3-/=, and IRF-7-/~
BMDC stimulated with 10 ug/mi polyl:C. (B) Quantitative
RT-PCR for INAM expression in WT BMDC stimulated by
100 ng/mi LPS, 10 pg/ml polyl:C, 1 pg/mi Pam3, 100 nM
Malp-2, 10 pg/mi CpG, and 2,000 {U/m} IFN-c for 4 h.

(C) BMDCs were transduced with Flag-tagged INAM-
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expressing lentivirus or control lentivirus. GFP expression in
the BMDC was determined by flow cytometry, and subcel-
lular localization of INAM was examined by immuno-
fluorescence assay using anti-Flag mAb. Shaded peak,
noninfected control; Blank peak, infected BMDC. Bar, 10 pm.
(D) ELISA of IFN-y induced by WT NK cells co-cultured

with WT BMDC or IRF-3~/~ BMDC transfected with control
lentivirus (CV) or INAM-expressing lentivirus (INAM) with/
without 10 pg/ml polyl:C. (E} Cytotoxicity against B16D8 by
NK cells co-cultured with BMDC transfected with control
or INAM-expressing lentivirus with/without 10 pg/ml
polyl:C for 24 h. (F) ELISA of IFN-y induced by WT NK cells
co-cultured with IRF-3~/~ BMDC transfected with control
lentivirus (CV) or INAM-expressing lentivirus (INAM) with
10 pg/mli polyl:C. In some experiments, a transwell was
inserted between the INAM-transduced BMDC and NK cells
to separate the cells. (G) Quantitative RT-PCR for expres-
sion of INAM in BMDC transduced with INAM-shRNA
{INAM) or scrambled shRNA {(control) and cultured for

48 h. (H) IFN-+y production by WT NK cells determined
using ELISA after coculturing with control or the shRNA
transfected-BMDC (INAM) and 10 pg/ml polyl:C for 24 h.
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detected by ELISA (unpublished data). In addition, polyl:C-
mediated NK activation occurred in BMDC expressing an
INAM mutant lacking the cytoplasmic C-terminal region
(193327 aa; Fig. 4, A and B), excluding the participation of
the cytoplasmic region in BMDC maturation signaling.

To investigate whether INAM could reconstitute NK-
activating ability in IRF-37/~ BMDC, we transduced INAM
into IRF-3"/~ BMDC and incubated BMDC with NK cells.
Overexpression of INAM in IRF-37/~ BMDC induced NK
[FN-y production and NK cytotoxicity against B16D8, and
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ShRNA: Control

INAM compared with the nonsilenced control (Fig.3 G
and Fig. $6 A). Although the level of the endoge-
nous INAM protein was not very high, we confirmed that
INAM protein was also decreased by shRINA with immuno-
blotting using anti-INAM pAb (Fig. $7 A). Polyl:C response of
BMDC-inducible cytokines tested was not altered by INAM
silencing in BMDC (Fig. S6 B).Yet this INAM RNA inter-
ference caused a significant decrease in NK cell IFN-y produc-
tion after co-culture of the INAM knockdown BMDCs and
WT NK cells with polyl:C (Fig. 3 H). Collectively, these re-
sults indicate that INAM is downstream of IRF-3 in BMDC
and is involved in the activation of NK cells by BMDC.

2679

-313 —



Published November 8, 2010

JEM

Using an INAM-expressing stable BaF3 cell line (INAM/
BaF3), we tested the possibility that INAM is an activating li-
gand for NK cells. As a positive control, we produced a stable
BaF3 cell line expressing Rae-1a (Fig. 5 A) which is a ligand
for the NK-activating receptor NKG2D (Cerwenka et al,,
2000). Although Rae-1a/BaF3 cells were easily damaged by
IL-2-activated NK cells, INAM/BaF3 cells were not (Fig. 5 B).
In this context, addition of IRF-37/~ BMDC to this culture
with BaF3 and NK cells led to slight augmentation of IFN-vy
induction irrespective of the presence of INAM on BaF3 cells
(Fig. 5 C),and B2-microglobulin™/~ BMDC barely affected the
IFN-y level (not depicted). These results suggest that an INAM-
containing molecular matrix, rather than INAM alone, acts
toward NK cells. Alternatively, INAM may selectively func-
tion with specific mDC molecules to activate NK cells.

INAM on NK cells is required for efficient NK activation

mDCs were previously shown to be required for efficient NK
activation in vivo and in vitro (Akazawa et al., 2007a). We
found that INAM was minimally present in BMDCs and NK
cells and that polyl:C acts on both (Figs. S2 A; and Fig 3,
D and E).Tetraspanin-like molecules tend to work as scaffolds
for heteromolecular complexes that contain molecules function-
ing in a cis- or trans-adhesion manner to exert intercellular or
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Figure 4. Role of the cytoplasmic tail of INAM. (A) The C-terminal
region of INAM was not required for BMDC-mediated NK activation. ELISA
of IFN-y by WT NK cells co-cultured with IRF-3~/~ BMDCs transfected
with control lentivirus (CV) or a lentivirus expressing intact INAM or a
mutant INAM lacking the C-terminus (C-del INAM) with/without 10 pg/ml
polyl:C. Data shown are means + SD of triplicate samples from one experi-
ment representative of three. (B) The cytoplasmic tail of INAM is indispens-
able for NKIFN-y induction. INAM or C-del INAM (A) was expressed on
IRF-3=/= NK cells. The INAM (or C-del INAM)-expressing IRF-3=/= NK cells
were incubated with or without WT BMDC for 24 h. IFN-y levels in the
supernatants were determined by ELISA. One representative result out of
several similar experiments is shown. Data represent mean + SD.
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Figure 5. INAM is not an NK-activating ligand. (A) Flow cytometry
for Rae-1 and Flag-tagged INAM in stable BaF3 lines. Shaded peak, un-
transfected control BaF3 staining with anti-pan-Rae-1 Ab or anti-Flag
M2 antibody; open peak, stable Rae-1e/BaF3 or stable Flag-tagged INAM/
BaF3 staining with anti-pan-Rae-1 antibody or anti-Flag M2 antibody.

(B) Cytotoxicity against control BaF3, Rae-1a/BaF3, and INAM/BaF3 by NK
cells treated with 1,000 IU/ml IL-2 for 3 d. Data shown are means + SD of
triplicate samples from one experiment representative of three. (C) NK
activation is augmented by coexistent BMDC irrespective of INAM expres-
sion. NK cells were cultured with 1,000 [Ufml IL-2 for 3 d. 2 x 105 NK cells,
105 BaF3 cells, and 10° IRF-3~/~ BMDCs were co-cultured in 200 plfwell
and IFN-vy in the supernatants were measured by ELISA. Data show one of
two similar experimental results. Data represent mean + SD.

extracellular functions. Thus, the function of INAM may not
be confined to mDC, so we studied the function of INAM
on NK cells. In NK cells, INAM was also inducible by polyl:C
(Fig. 6 A and Fig. S2 A), and the induction of INAM was
abrogated completely in IRF-3"/" NK cells and moderately
in TICAM17/~ NK cells (Fig. 6 B). This suggests that polyl:C
also acts on NK cells and induces INAM through IPS-1/
IR F-3 activation when NK cells are co-cultured with BMDC
and polyL:C.

To investigate whether INAM induced in NK cells is as-
sociated with BMDC-mediated NK activation, we performed
the following experiments (Fig. 6 C). INAM-transduced
IRF-3-/~ BMDCs were incubated with polyl:C for 4 h, and
then the aliquot was mixed with WT NXK cells in the presence
of polyl:C (Fig. 6 C, left two lanes). A moderate increase
of IFN-y was observed as in Fig. 3 D. In the remainder,
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