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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 [RF-7/~
BMDC stimulated with 10 pg/ml polyl:C. (B) Quantitative
RT-PCR for INAM expression in WT BMDC stimulated by
100 ng/ml LPS, 10 pg/ml poly!:C, 1 pg/ml Pam3, 100 nM
Malp-2, 10 pug/ml CpG, and 2,000 IU/ml IFN-a 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 um.
(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/ml 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.
All data shown are means + SD of triplicate samples from
one experiment that is representative of three.

this NK activation was further enhanced by the
addition of polyl:C (Fig. 3, D and E). Thus,
polyl:C may also work for NK activation.
Direct cell-cell contact with NK cells was re-
quired for INAM in IRF-3"/~ BMDC to func-
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detected by ELISA (unpublished data). In addition, polyI:C-
mediated NK activation occurred in BMDC expressing an
INAM mutant lacking the cytoplasmic C-terminal region
(193-327 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-37/~ BMDC and incubated BMDC with NK cells.
Overexpression of INAM in IRF-37/~ BMDC induced NK
IFN-y production and NK cytotoxicity against B16D8, and
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tion on enhancing NK activity (Fig. 3 F).

We further confirmed this issue using WT
BMDC by shRNA gene silencing. We silenced
the INAM gene in BMDC using the lentiviral
vector pLenti-dest-IRES-hrGFP and monitored
expression by GFP. Because transfection effi-
ciency was relatively high in this case compared
with that shown in Fig. 3 C, the expression level
of INAM had decreased by ~75% inWT BMDC
compared with the nonsilenced control (Fig.3 G
and Fig. 56 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

—206—

010Z ‘vz 1oquanoN uo Bio ssaidni-wal wol) papeojumoq



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-y
induction irrespective of the presence of INAM on BaF3 cells
(Fig. 5 C), and B2-microglobulin™/~ BMDC barely affected the
IFN- 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 nDC 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 NK IFN-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-1a/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 IU/ml 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-37/~ NK cells and moderately
in TICAM1~/~ NK cells (Fig. 6 B). This suggests that polyl:C
also acts on NK cells and induces INAM through IPS-1/
IRF-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-37/~ BMDCs were incubated with polyl:C for 4 h, and
then the aliquot was mixed with WT NK 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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Figure 6. INAM on NK cells contributes to efficient NK activation mediated by mDC. (A and B) Quantitative RT-PCR for INAM expression in WT,
TICAM1~=, or IRF-37/~ NK cells stimulated with 50 ug/ml polyl:C. Data shown are means of duplicate or triplicate samples from one experiment that is
representative of three. (C) IRF-37/= BMDCs were transfected with control lentivirus (CV) or INAM-expressing lentivirus (INAM) before treatment with

10 pg/ml polyl:C for 4 h. BMDCs in some wells were washed to remove polyl:C before WT NK cells were added (Wash). IFN-y production by NK cells was
determined by ELISA after 24 h of culture. Data show one of two similar experimental results. (D) ELISA of IFN-y in co-culture of WT or IRF-3=/~ NK cells
and WT BMDC with/without 10 pg/ml polyl:C. (E and F) NK cells were transfected with control lentivirus or INAM-expressing lentivirus and cultured with
500 IU/ml IL-2 for 3 d. After determining transfection efficiency by GFP intensity using flow cytometry, cells were cultured with/without BMDC for 24 h
and IFN-y production in the supernatant determined by ELISA. Shaded peak, noninfected control; open peak, infected BMDC. All data are means + SD of

triplicate samples from one experiment that is representative of three.

we washed polyl:C out and cultured the cells with WT NK
cells (Fig. 6 C, right two lanes). Under these conditions,
in which polyl:C acted not on NK cells but only on
BMDGC, little NK activation was observed (Fig. 6 C). Fur-
thermore, IRF-37/~ NK cells produced little IFN-y when co-
cultured with WT BMDC and polyl:C (Fig. 6 D). INAM-
overexpressing IRF-37/~ BMDC required IRF-3 in NK cells
for efficient BMDC-mediated production of IFN-y from
NK cells (Fig. 6 D). We next transduced INAM into IRF-3~/~
NK cells using a lentivirus (INAM/pLenti-IRES-hrGFP) to
reconstitute NK IFN-y—producing activity. After many trials
with various setting conditions, we found that ~15% of the
DX5*" NK cell population was both GFP-positive and stained
with anti-FLAG mAb when treated with high doses of
INAM-expressing lentivirus vector (Fig. S7 B). When [RF-37/~
NK cells were infected with smaller amounts of INAM-
expressing lentiviral vector and cultured for 3 d with high con-
centrations of IL-2 (500 IU/ml), slight but significant GFP
expression was confirmed by FACS (Fig. 6 E). Then, the
INAM-transduced IRF-37/~ NK cells were co-cultured
with WT BMDC. The IRF-37/~ NK cells with INAM ex-
pression secreted IFN-vy at significantly higher levels than
controls in the presence of WT BMDC (Fig. 6 F).These data
indicate that INAM is induced by polyl:C through IRF-3
activation, not only in BMDCs but also in NK cells, and
that INAM on NK cells synergistically works with INAM
on BMDC for efficient NK cell activation. Both INAM;s
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on BMDC and NK cells are essential for BMDC-mediated
NK activation.

We next checked the function of the C-terminal stretch
of INAM in NK activation. Although intact INAM works in
NK cells to produce IFN-v in response to BMDC (Fig. 6 F),
introduction of C-del INAM into IRF-37/~ NK cells did
not result in high induction of IFN-y in response to BMDC
(Fig. 4 C).Thus, INAM participates in NK activation through
its cytoplasmic regions, which has no significant role in
BMDC for NK activation.

Anti-tumor NK activation via INAM-expressing BMDCs in vivo
mDC-mediated NK activation induces anti-tumor NK cells,
which cause regression of NK-sensitive tumors (Kalinski et al.,
2005; Akazawa et al., 2007a). We tested the in vivo function of
INAM-expressing BMDC using B16D8 tumor-bearing mice.
BMDC:s were used 24 h after transfection with either INAM/
pLenti-IRES-hrGFP or control pLenti-IRES-hrGFP and
injected twice a week s.c. around a preexisting tumor in
tumor-implanted mice, beginning 11-13 d after tumor chal-
lenge. INAM-expressing BMDC significantly retarded tumor
growth (Fig. 7 A). Tumor retardation was abrogated by depletion
of NK1.1-positive cells (Fig. 7 B). Thus, INAM expression on
BMDC contributed to anti-tumor NK activation in vivo.
When the control or INAM-expressing IRF-37/~
BMDC:s were co-cultured with WT NK cells in vitro, there was
no induction of the mRNA of TRAIL and granzyme B in
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Figure 7. INAM on BMDC retarded B16D8 tumor growth in an NK-
dependent manner. (A) Tumor volume after DC therapy using BMDC ex-
pressing INAM. B16D8 cells were s.c. injected into C57BL/6 mice and, 11-13 d
later, medium only (O) or BMDC (108/mouse) transfected with control lenti-
virus (@) or those with INAM-expressing lentivirus (M) were administered
s.C. near the tumor at the time indicated by the open arrow. *, P = 0.043. Data
represent mean + SD. (B Abrogation of INAM-dependent tumor regression
by administration of NK1.1 Ab. For depletion of NK cells, antiNK1.1 mAb was
injected i.p. 1 d before treatment of BMDC (arrowheads). Tumer volume in
every mouse group was sequentially monitored. Data represent mean + SD
(n=3) and are representative of two experiments. Statistical analyses were
made with the Student’s ¢ test. ™, P = 0.017.

NK cells (Fig. 8 A). TRAIL and granzyme B were induced in
NK cells by the addition of polyl:C to the mixture, and
INAM expression in BMDC up-regulated mRNA levels of
TRAIL and granzyme B (Fig. 8 A). In vivo administration
studies were performed with polyl:C-treated WT BMDC or
INAM-expressing IRF-37/~ BMDC to test their ability to
up-regulate the mRINA levels of TRAIL and granzyme B in
NK cells in draining LN (Fig. 8 B). INAM-expressing IRF-37/~
BMDC showed comparable abilities to up-regulate the kill-
ing effectors with polyl:C-treated BMDC (Fig. 8 B). Collec-
tivel, INAM has therapeutic potential for NK-sensitive
tumors by activating NK cells.

DISCUSSION

Previous studies demonstrated that mDC-NK interaction
leads to direct NK activation and damages NK target cells
in vitro (Gerosa et al., 2002; Sivori et al., 2004; Akazawa et al,,
2007a; Lucas et al, 2007). In addition, mDCs initiate NK
cell-mediated innate anti-tumor immune responses in vivo
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(Kalinski et al., 2005; Akazawa et al., 2007a,b). Systemic ad-
ministration of polyl:C unequivocally results in activation of
peripheral NK cells (Lee et al., 1990; Sivori et al., 2004; Akazawa
et al., 2007a). Although the molecular mechanism by which
mDCs prime NK cells was still unclear, the TICAM-1 path-
way and IPS-1 pathway have been reported to participate in
polyl: C-mediated mDC maturation that drives NK activa-
tion (Akazawa et al., 2007a; McCartney et al., 2009; Miyake
et al., 2009). We have shown in an earlier study that mDCs
disrupted in the TLR3-TICAM-1 pathway abrogate NK cell
activation (Akazawa et al., 2007a,b). In TICAM-1"/" mice,
NK-sensitive implant tumors grew as well as those in WT
mice depleted of NK cells (Akazawa et al., 2007a). mDCs
gain high anti-tumor potential against B16D8 implant tumors
through lentiviral transfer of TICAM-1, which is attributable
to NK activation (Akazawa et al., 2007a). We further showed
that TICAM-1 is a critical molecule for mDC to induce NK cell
IFN-y, as well as IPS-1, and participates in driving NK cyto-
toxicity to a lesser extent than IPS-1. In this paper, we clari-
fied a molecular mechanism by which mDCs immediately
promote NK cell functions in vitro and in vivo.

Our findings showed that IRF-3 is the transcription factor
that is downstream of TICAM-1 responsible for maturing mDC
to an NK-activating phenotype. We discovered that INAM, a
membrane-associated protein, is up-regulated on the surface of
mDC by polyl:C stimulation and activates NK cells via cell—cell
contact. Furthermore, we found that NK cells also express INAM
on their cell surface after polyl:C stimulation. mDC-INK activa-
tion by polyl:C can be reproduced with INAM-transduced
mDC and NK cells, and adoptive transfer experiments show that
INAM-overexpressing mDC may have therapeutic potential
against MHC-low melanoma cells in an NK-dependent manner.
These functional properties of INAM-expressing mDC fit the
model of mDC priming NK activation. Ultimately, INAM ap-
pears to be the key molecule in the previously reported mecha-
nism of mDC—INK contact activation.

After the submission of this manuscript, two papers were
published that found that the MDA5-IPS-1 pathway in mDC
is more important for driving NK activation, particulaily in
vivo (McCartney et al., 2009; Miyake et al., 2009). Our data
also support this point using the IPS-17/~ mice we estab-
lished (Fig. S1). However, polyl:C, when i.v. administered into
mice, may stimulate other systemic cells in addition to CD8*
mDC in vivo (McCartney et al., 2009).The difference among
the two (McCartney et al., 2009; Miyake et al., 2009) and this
study may be attributed to the setting conditions, which are
not always comparable. Moreover, it remains to be settled
whether TICAM-1 and IPS-1 take the same INAM complex
as a common NK activator in mature mDC and whether
TLR3 (or MDAS5) KO is equivalent to TICAM-1 (or IPS-1)
KO in the mDC-NK activation model. In either case, how-
ever, up-regulation of mDC TICAM-1-mediated NK cyto-
toxicity and IFN-y induction are feasible with polyl:C under
three different conditions (Akazawa et al., 2007a; McCartney
et al., 2009; Miyake et al., 2009). Our results infer that INAM
participates in at least these mDC-NK interactions.

INAM regulates NK activation | Ebihara et al.
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Gzmb Figure 8. INAM-mediated induction of
TRAIL and granzyme B in BMDC. (4) n vitro
induction of TRAIL (Tnfsf10) and granzyme B
(Gzmb) mRNA by INAM-expressing BMDC.
BMDCs (IRF-37/-) were infected with INAM-
expressing virus or CV as in Fig. S4, After 24 h,
the BMDCs (IRF-3-/~) were incubated with WT

POly IC  PBS Poly I.C PBS Poly 1:C PBS Poly I.C NK cells at DC/NK = 1:2. 8 h later, DX5* cells
INAM cv INAM were collected by FACS sorting and their RNA
B Tnfsf10 25 Gzmb was extracted to determine the mRNA levels of
4 =20 the indicated genes. A representative result of
2 3 27 three similar experiments are shown. (B) In vivo
= g 13 induction of TRAIL and granzyme B mRNA
% 2 . l % 1.0 by INAM-expressing BMDC. WT BMDCs were
= = 05 stimulated with 10 ug/ml poly|:C or medium
0 0 only. IRF-3~/~ BMDCs were infected with CV or
Poly I:C PBS Poly I:C v INAM INAM-expressing vector. These BMDCs were
WT BMDC IRF3-/- BMDC WT BMDC IRF3-/- BMDC allowed to stend for 24 h and then 5 x 105

Polyl:C activates IRF-3 through the two pathways involv-
ing the adaptors IPS-1 and TICAM-1 (Yoneyama et al., 2004;
Kato et al., 2006; Matsumoto and Seya, 2008). The two path-
ways share the complex of IRF-3-activating kinase, NAP1,
IKK-¢, and TBK1 that is downstream of adaptors (Sasai et al.,
2006). Nevertheless, these pathways are capable of inducing sev-
eral genes unique to each adaptor. Although IFN-a production
by in vivo administration of polyI:C is largely dependent on the
IPS-1 pathway, IL-12p40 is mainly produced by the TICAM-1
pathway (Kato et al., 2006). Therefore, it is not surprising that
INAM induction is predominant in the TICAM-1 pathway
in polyl:C-stimulated BMDC (Fig. 3 A). What happens in
IRF-77/~ BMDC:s in terms of INAM induction and what
mechanism sustains BMDC IPS-1-mediated or MyD88-
mediated activation of NK cells (Azuma et al., 2010) will be
issues to be elucidated in the future.

Although IRF-3-regulated cell surface INAMs are re-
quired for efficient interaction between BMDC and NK cells,
the mechanism by which forced expression of INAM causes
signaling for BMDC maturation is still unknown. Although
the NK-activating capacity of BMDCs is usually linked to
their maturation, neither cytokines in NK activation, includ-
ing IFN-a and IL-12p70, nor costimulators, such as CD40
and CD86, were specifically induced in mDC by INAM ex-
pression (Fig. S5). INAM has a C-terminal cytoplasmic stretch
(Fig. 4 A),and we tested the function of this region by a deletion’
mutant (C-del INAM).This region in BMDC barely partici-
pates in driving NK activation because no decrease of IFIN-y
induction by NK cells was observed with IRF-3"/~ BMDC
supplemented with C-del INAM compared with control
INAM. Thus far, no significant signal alteration has been de-
tected in BMDC supplemented with INAM by lentivirus.

In contrast,INAM-transduced IRF-3"/~ NK cells produced
IFN-v in concert with BMDCs like WT NK cells (Fig. 6 F). So
far we have no evidence suggesting that this kind of INAM
overexpression is actually occurring in vivo. However, intro-
duction of C-del INAM into IRF-37/~ NK cells did not result

JEM VOL. 207, November 22, 2010

cells were injected into footpads of WT mice.
After 48 h, DX5* cells were collected from the
inguinal LN by FACS sorting. RNA of the cells
was extracted and the levels of the indicated
mRNA were determined by real time PCR. Data
show one of two experiments with similar
results. Data in A and B represent mean + SD.

in high induction
of IFN-y in re-
sponse to BMDC
(Fig. 4 C). To-
gether with the
data on INAM ex-
pression in BMDC, this infers that the INAM cytoplasmic
region signals for NK activation in NK cells. The one-way role
of the cytoplasmic tail in NK activation will be an issue for fur-
ther analysis.

In this study, IL-15 was found to be up-regulated by polyl:C
in BMDC. The remaining NK activity in the resting popu-
lation of NK cells co-cultured with TICAM-1=/- BMDC
and polyl:C (Fig. 1 B) suggests that IL-15 has some effect in
our systemn, and other studies suggest this as well (Ohteki et al.,
2006; Brilot et al., 2007; Lucas et al., 2007; Huntington et al.,
2009). However, we did not observe decreased IL-15 expres-
sion in the TICAM-17/~ BMDC that could not activate NK
cells (Fig. 1 E). Several molecules, such as B7-H6/NKp30
(Brandt et al., 2009), CD48/2B4 (Kubin et al., 1999), and
NKG2D ligands/NKG2D (Cerwenka et al., 2000), have been
identified as ligand/receptor molecules in mDC-NK recip-
rocal activation by in vitro co-culture. In in vitro co-culture
systems (Fig. 51), the IPS-1 pathway in BMDC has a pivotal
role in not only type I IFN but also IL-15 induction. INAM
identified in this paper serves a unique function in the in vivo
induction of NK activation and may offer a tool to investigate
the reported mDC-mediated NK activation.

Rae-1 was reported as a molecule with MHC-like struc-
ture (Zou et al., 1996) and later identified as a mouse NKG2D
ligand (Cerwenka et al., 2000). Although Rae-1 is a GPI-
anchored protein with no cytoplasmic sequences (Nomura et al.,
1996), it can act as an NK-activating ligand (Cerwenka et al.,
2000, 2001; Masuda et al., 2002). Mouse BaF3 cells become
NK-sensitive after forced expression of Rae-1a (Masuda et al.,
2002). Actually, mouse macrophages induce Rae-1 expression
in response to TLR. stimuli (Hamerman et al., 2004). In contrast,
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INAM-expressing stable BaF3 cell lines (INAM/BaF3) did
not reveal a function as an NK cell-activating ligand. NK cell
cytotoxicity is directed against Rae-la/BaF3 cells but not
against INAM/BaF3 cells (Fig. 5). Therefore, INAM does not
represent a typical NK cell-activating ligand. For NK activa-
tion, INAM on BMDC appears to require other molecules
that are expressed in BMDC but not in BaF3.

INAM has four transmembrane regions, similar to the cell
adhesion tetraspanins, which may support cell-cell contact
{Levy and Shoham, 2005). Tetraspanins provide a scaffold that
facilitates complex formation with associated proteins. INAM
on BMDC and NK cells may use cell-cell interaction to as-
semble in a synaptic formation to activate NK cells. Because
the protein constituents of the tetraspanin complexes are cell
specific, we are interested in finding partners for INAM that
might participate in efficient BMDC-NK interaction. TLR -
inducible cell-cell contact may occur through INAM in an
immune cell-specific manner. Gene disruption of this INAM
will facilitate clarifying this issue. The identification of INAM
defines a novel pathway in mDC-INK reciprocal interaction.
This study will lead to further research on the molecules that
form complexes on BMDC and NK cells to facilitate BMDC—
NK interaction.

MATERIALS AND METHODS

Mice. All mice were backcrossed with C57BL/6 mice more then seven
times before use. TICAM-1"/~ (Akazawa et al., 2007a) and IPS-1"/~ mice
were generated in our lzboratory. IRF-37/~ (Sato et al., 2000) and IRF-7/~
mice (Honda et al., 2005) were provided by T. Taniguchi (University of
Tokyo, Tokyo, Japan). All mice were maintained under specific pathogen-free
conditions in the animal facility of the Hokkaido University Graduate School
of Medicine. Animal experiments protocols and guidelines were approved by
the Animal Safety Center, Hokkaido University, Japan.

Cells. The B16D8 cell line was established in our laboratory as a subline of
B16 melanoma (Tanaka et al., 1988).This subline was characterized by its
low or virtually no metastatic properties when injected s.c. into syngeneic

C57BL/6 mice. B16D8 was cultured in RPMI 1640/10% FCS. The mouse -

B cell line BaF3 was obtained from American Type Culture Collection and
cultured in RPMI 1640/10% FCS/2 uM 2ME/S ng/ml IL-3. Mouse NK
cells (DX5* cell) were positively isolated with MACS Beads (Miltenyi
Biotec). Mouse BMDCs were prepared as previously reported (Akazawa
et al., 2007a).

For purification of cells from spleen or LN, these tissues were treated
with 400 IU MandleU/ml collagenase D (Roche) at 37°C for 25 min in
HBSS (Sigma-Aldrich). Then EDTA was added, and the cell suspension was
incubated for an additional 5 min at 37°C. After removal of RBC with ACK
lysis buffer, splenocytes and LN cells were stained with CD45-FITC, CD3&-
PE, CD19-PE, DX5-PE, CD11b-FITC (eBioscience), and CD11c-FITC
(BioLegend) and sorted by a FACSAria 11 (BD). The purity of sorted cells
were >96%.

Construction and expression. Mouse INAM cDNA (A630077B13Rik)
was obtained from RIKEN and placed into expression vector pEFBOS and
pLenti-IRES-hrGFP, both of which provide the specialized components
needed for expression of a recombinant C-terminal FLAG fusion (Akazawa
et al., 2007a). For construction of shRNA-expressing lentivirus vector, The
Clal-Xhol fragment of pLenti6-blockit-dest (Invitrogen) was inserted into
pLenti-IRES-hrGFP at the site of Clal and Xhol. This vector was named
pLenti-dest-IRES-hrGFP (pLDIG). INAM sequence 5'-CTTCTCTCCG-
GTTAGTTATCT-3" was targeted for INAM knockdown (shINAM/
pLDIG) and 5'-AGTCTGACATACTTATACTTA-3' was used for negative
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contro} (shCont/pLDIG). We used a gene-expression kit, Lentiviral system
(Invitrogen), as previously described (Akazawa et al., 2007a). Four plasmids
(one of the pLenti vectors, pLP1, pLP2, and pLP/VSVG) were transfected
into 293 FT packaging cells, and the viral particles for transfection were pre-
pared according to the manufacturer’s protocol. The 100X concentrated virus
particles were produced after centrifugation of 8,000 ¢ at 4°C for 16 h. Len-
tivirus produced by pLenti-IRES-hrGFP and pLDIBG could be tittered by
GFP expression using flow cytometry. Because the lentivirus vector pLenti-
IRES-hrGFP has the IRES-GFP region, we prepared negative control virus
by pLenti-IRES-hrGFP without construct. Infection efficiency for BMDC
was high with the control vector compared with the INAM-expressing
lentivector (Fig. S6 A).

Real-time PCR. BMDCs were harvested after 4 h of stimulation by 100 ng/ml
LPS, 50 pg/ml polyl:C, 1 pg/ml Pam;CSK, (Pam3}, 100 nM mycoplasmal
macrophage-activating lipopeptide-2 (Malp-2), 10 pg/ml CpG, and 2,000
1U/m] IFN-a (Ebihara et al., 2007). Mouse tissues (heart, stomach,small intes-
tine, large intestine, lung, brain, muscle, liver, kidney, thymus, and spleen) were
collected from C57BL/6. Splenocytes were stained with CD3-PE, CD19-
PE,DX5-PE,CD11b-PE, CD11c-FITC,and PDCA1-PE (eBioscience) and
sorted by FACSAria (BD). Purity was >98% in each population. For RNA
extraction, we used the RNeasy kit (Invitrogen), After removal of genomic
DNA by treatment with DNase, randomly primed cDNA strands were gen-
erated with Moloney mouse leukemia virus reverse transcription (Promega).
RNA expression was quantified by quantitative RT-PCR with gene-
specific primers (IL-15 forward, 5'-TTAACTGAGGCTGGCATTCATG-3';
IL-15 reverse, 5'-ACCTACACTGACACAGCCCAAA-3'; INAM forward,
5'-CAACTGCAATGCCACGCTA-3"; INAM reverse, 5'-TCCAACC-
GAACACCTGAGACT-3’; B-actin forward, 5'-TTTGCAGCTCCTTC-
GTTGC-3'; B-actin reverse, 5'-TCGTCATCCATGGCGAACT-3'; HPRT
forward, 5 GTTGGATACAGGCCAGACTTTGTTG-3' ; and HPRT re-
verse, 5'-GAAGGGTAGGCTGGCCTATAGGCT-3’) and values were nor-
malized to the expression of B-actin mRNA or HPRT mRNA.

Other primers for PCR were designed using Primer Express software
(Applied Biosystems) for another experiment. The following primers
were used for PCR: B-actin forward, 5'-CCTGGCACCCAGCACAAT-3'
and reverse, 5'-GCCGATCCACACGGAGTACT-3'; granzyme B forward,
5'-TCCTGCTACTGCTGACCTTGTC-3' and reverse, 5'-ATGATCTC-
CCCTGCCTTTGTC-3"; IFN-a4 forward, 5'-CTGCTGGCTGTGAG-
GACATACT-3" and reverse, 5'-AGGCACAGAGGCTGTGTTTCTT-3;
TRAIL (Tnfsfl0) forward, 5'-CTTCACCAACGAGATGAAGCAG-3'
and reverse, 5-TCCGTCTTTGAGAAGCAAGCTA-3"; and IL-12p40
(1112b), forward, 5'-AATGTCTGCGTGCAAGCTCA-3" and reverse,
5'-ATGCCCACTTGCTGCATGA-3'.

Anti-INAM pAb. C-terminal INAM (cINAM; 191-314 aa) was subcloned
between the Ndel and Sall sites of pColdI vector (Takara Bio Inc.). 6X His-
tagged cINAM protein was expressed in BL21 by manufacturer’s methods. The
cells were sonicated in 20 mM Tris-HCI, 150 mM NaCL, 1 mM PMSE and 7 M
Urea, pH 7.4, on ice. Expression products of cINAM were purified using the
HisTrap HP kit (GE Healthcare). The extracted proteins were refolded by step-
wise dialysis against decreasing amounts of urea. Rabbit anti-cINAM polyclonal
Ab was produced with the cINAM proteins by standard protocol. IgG was puri-
fied by precipitation with 33% ammonium sulfate, dialyzed against PBS.

Surface labeling with biotin. Biotinylation of cell surface proteins was per-
formed according to the reported method (Tsuji et al., 2001). In brief, ~108 cells
were suspended in 1 ml Hepes-buffered saline (HBS), pH 8.5, and incubated
with 10 ml of 10 mg/ml NHS-sulfobiotin (Vector Laboratories) for 1 h at room
temperature. Cells were washed in HBS three times and then solubilized with
lysis buffer containing 1% NP-40, pH 7.4.The cell lysate was immunoprecipi-
tated with avidin-labeled Abs as described previously (Tsuji et al., 2001).

Immunoblot analysis. Lysates were harvested 24 h after transfection of
Flag-tagged INAM/pEFBOS into 293FT cells and treated with N-glycosidase F

INAM regulates NK activation | Ebihara et al.

—211-

010Z ‘vz JoquiaAopN uo Bio ssaldni wal woly papeojumo



Published November 8, 2010

(PNGaseF; New England Biolabs, Inc.) by the manufacturer’s method in some
experiments. Protein samples were separated on SDS-PAGE and immunoblot-
ted by anti-Flag M2 Ab (Sigma-Aldrich). In some experiments, we used highly
purified rabbit anti-mouse INAM polyclonal Ab for immunoblotting. The
anti-INAM IgG was further purified with protein A-Sepharose and absorbed
with BL21 bacterial lysate (where the INAM immunogen was produced) that
contained no INAM peptide,

Confocal microscopy. BMDC:s and NK cells were infected with control or
INAM-expressing lentivirus as described previously (Akazawa et al,, 2007a).
24 h later, cells were fixed with 4% paraformaldehyde for 30 min and permea-
bilized with PBS containing 0.5% saponin for 30 min at room temperature.
Fixed cells were stained with anti-FLAG mAb and Alexa Fluor 568—conjugated
secondary Ab. Stable Ba/F3 transfectants expressing INAM were treated with
Cytofix/Cytoperm (BD) according to the manufacturer. Then cells were
stained with PE-phalloidin and rabbit anti-INAM pAb followed by Alexa
Fluor 488—conjugated secondary Ab. Cells were analyzed on a confocal micro-
scope (LSM 510 META,; Carl Zeiss, Inc.) for the detection of INAM.

BMDC-NK interaction. BMDCs were co-cultured with freshly isolated NK
cells (BMDC/NK = ~1:2-1:5) with or without 10 pg/ml polyl:C for 24 h
(Akazawa et al., 2007a). In some experiments, function of BMIDCs and NK cells
was modified by lentivirus vector before BMDC/NK co-culture. IRF-3/~
BMDCs were transfected by control lentivirus and INAM-expressing lentivirus
(INAM/pLenti-IRES-hrGFP) and incubated with 6 pg/ml polybrene for 24 h
before co-culture. WT BMDCs were transfected with shR NA-expressing len-
dvirus (shCont/pLDIG or shINAM/pLDIG) and incubated with 6 pg/ml
polybrene for 48 h before co-culture. Freshly isolated NK cells were transfected
with control lentivirus and INAM-expressing lentivirus (INAM/pLent-IRES-~
hrGFP) and cultured with 6 pg/ml polybrene in the presence of 500 1U/ml
IL-2 for 72 h before co-culture. Activation of NK cells was assessed by concen-
tration of [FIN-vy (ELISA; GE Healthcare) in the medium and by NK cytotoxic-
ity against B16D8. Cytotaxicity was determined by standard 5!Cr release assay
as described previously (Akazawa et al., 2007a).

Ex vivo NK activation. Mice were i.p. injected with 250 pg polyl:C. After
24 h, spleen cells were harvested and then NK cells (DX5* cells) were posi-
tively isolated with the MACS system (Miltenyi Biotec). The DX5* NK cells
were suspended in RPMI1640 with 10% FCS and mixed with *'Cr-labeled
B16D8 cells at indicated E/T ratios. After 4 h, supernatants were harvested
and 5'Cr release was measured. Specific lysis was calculated by (specific re-
lease — spontaneous release)/{max release — spontaneous release). In some
experiments, blood was drawn from the eyes of mice 8 h after polyl:C ad-
ministration for cytokine measurement.

Test for in vivo NK activation in LN. 5 x 10° WT BMDCs incubated
with or without 10 pug/ml polyl:C for 24 h or 5 X 10° IRF-37/~ BMDCs in-
fected with control virus or INAM-expressing lentivirus and allowed to stand
for 24 h were injected into the footpads of W'IT' C57BL/6 mice. 48 h later,
cells in their inguinal LN were harvested, stained with PE-DXS5, and sorted by
FACSAria I RNA was extracted from the DX5-positive cells with TRIzol.

DC therapy. DC therapy against mice with B16D8 tumor burden was de-
scribed previously (Akazawa et al., 2007a). C57BL/6 mice (# = 3) were shaved
at the flank and injected s.c. with 6 X 10° syngeneic B16D8 melanoma cells
(indicated as day 0). For DC therapy, BMDCs were prepared by transfecting
control lentivirus or INAM-expressing lentivirus (INAM/pLenti-IRES-
hrGFP) and cultured for 24 h. At the time point indicated in the figures, 10°
BMDCs were injected s.c. near the tumor. To deplete NK cells in vivo, mice
were i.p. injected with hybridoma ascites of anti-NK1.1 mAb (PK136;
Akazawa et al., 2007a). Tumor volumes were measured using a caliper every
1 or 2 d. Tumor volume was calculated using the formula: tumor volume
(cm*) = (long diameter) X (short diameter) X (short diameter) X 0.4.

Statistical analysis. Staristical analyses were made with the Student’s ¢ test.
The p-value of significant differences is reported.
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Online supplemental material. TICAM-1-inducible genes encoding pu-
tative membrane proteins relevant for this study are summarized in Table S1.
Fig. S1 shows KO mice results suggesting that both IPS-1 and TICAM-1
in BMDC participate in polyl:C-driven NK activation. Data presented in
Fig. S2 characterizes the in vivo polyl:C response of INAM in LN cells.
Figs. S3 and S4 demonstrate the properties of surface-expressed INAM ana-
lyzed by immunoprecipitation/blotting and confocal microscopy, respectively.
Fig. S5 mentions the cytokine expression and maturation profiles of INAM-
overexpressing BMDC. Fig. S6 shows the effect of gene silencing of INAM
on the polyl:C-mediated cytokine-inducing profile in BMDC. Two pieces
of data presented in Fig. S7 confirm the presence of the INAM protein in INAM
lentivirus-transduced BMDCs and NK cells. Online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20091573/DC1.
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Figure S1. KO mice results suggest that both IPS-1 and TICAM-1 in BMDC participate in polyl:C-driven NK activation. (A and B) IPS-1 and
TICAM-1 in BMDC participate in polyl:C-driven NK activation. 2.5 x 10° BMDCs prepared from WT, TICAM1 -1~ and IPS1~/~ mice were incubated with 5 x
105 NK cells in the presence or absence (PBS) of 50 pg/ml polyl:C for 24 h. Then, the supernatants were harvested for IFN-y ELISA (B). To determine NK
cytotoxicity, 5'Cr-labeled B16D8 cells were added to the culture and, 4 h later, released 51Cr was measured (A). One representative of three similar experi-
ments is shown. (C) Both IPS-1 and TICAM-1 participate in in vivo polyl:C-induced NK activation. WT, IPS-1-/-, and TICAM-1/~ mice were i.p. injected
with 250 pg polyl:C. After 24 h, NK cells were harvested by DX5-MACS beads from spleen and used as effector cells in a cytotoxic assay with SCr-labeled
B16D8 targets. Cytotoxic activity of NK cells was measured under the indicated E/T ratios 4 h after the E/T mixing. One representative of the three similar
experiments is shown. (D) Increasing serum level of IL-12p40 is dependent on TICAM-1. 250 pg polyl:C was i.p. injected into a series of mice asin B.8 h
after injection of polyl:C, blood serum was collected to determine the levels of IL-12p40 by ELISA. Although it is not depicted, IL-12p70 was not detected
in these samples by ELISA. Data in A-D represent mean + SD.
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Figure S2. In vivo polyl:C response of INAM in LN cells. (A) Up-regulation of INAM expression in LN cells by polyl:C injection. WT C57BL/6 mice
were i.p. injected with 100 pg polyl:C or control buffer. After 24 h, inguinal, axillary, and mesenteric LN were harvested. Cell populations with indicated
markers were separated by FACS sorting, and the INAM mRNA level of each population was determined by real-time PCR. (B) CD45* cells express INAM.
Splenocytes were separated into CD45~ and CD45 cells after the polyl:C injection as in A. The INAM mRNA levels of the two populations were deter-
mined by real-time PCR. Representative data from one of three experiments are shown. Data in A and B represent mean + SD.
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Figure S3. INAM is expressed on cell surface. Membrane proteins of Flag-tagged INAM-expressing BaF3 (INAM/BaF3) and control BaF3 were bioti-
nylated and solubilized. Biotinylated proteins were immunoprecipitated by Avidin-Sepharose or control Sepharose. After electrophoresis on SDS-PAGE,
INAM was detected by anti-Flag M2 mAb.
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Figure S4. Confocal analysis of surface-expressed INAM. WT BMDC (left) or NK cells (right) were infected with INAM-expressing vector and stained
with anti-FLAG mAb (Alexa Fluor 568). Stable Ba/F3 transfectants expressing INAM (bottom) were permeabilized and stained with phalloidin and anti-
INAM pAb, followed by Alexa Fluor 488-conjugated secondary antibody. Cells were analyzed on a confocal laser-scanning microscope (LSM 510 META).
Bars, 20 um.
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Figure S5. INAM-overexpressing BMDC did not induce cytokine responses and maturation. WT BMDCs were transfected with control lentivirus
(CV) or INAM-expressing lentivirus (INAM-virus) and cultured for 24 h. (A) ELISA of IFN-a and IL-12p40 in the culture supernatants. Data shown are
means + SD of triplicate samples from one experiment representative of three. (B) Flow cytometry for CD86 in the transfected BMDC. Polyl:C stimulation
(10 pg/ml) was used for positive control.
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Figure S6. The effect of gene silencing of INAM on the polyl:C-mediated cytokine inducing profile in BMDC. (A) Gene silencing of INAM in
BMDC. 5 x 105 WT BMDCs were infected with INAM shRNA-generating lentivirus or control lentivirus. After 36 h, the levels of INAM mRNA expression
were assessed by real time PCR. Data show one of three similar experiments. (B) Effect of BMDC INAM on cytokine expression. INAM in 5 x 10° WT BM-
DCs was silenced as in A. Then, control or INAM-silenced BMDC were stimulated with 10 ug/ml polyl:C for 8 h. RNA was harvested from BMDC with
RNeasy and the levels of indicated mRNA were determined by real-time PCR. Data show one of two similar experimental results. Data in Aand B repre-
sent mean + SD.
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Figure S7. Detection of the INAM protein in DCs and NK cells. (A) Detection of the endogenous INAM protein in BMDC. 5 x 106 BMDCs were

transduced with INAM-shRNA or control shRNA-expressing lentivirus. 48 h later, these cells were lysed and treated with N-glycosidase F for 2 h at 37°C.

All cell lysates were subjected to SDS-PAGE and immunoblotted by rabbit anti-INAM pAb. The cell lysates from 293FT cells transfected with pEFBOS or

PEFBOS/INAM were used as negative and positive control, respectively. Arrows indicate the band for INAM. Mr markers are shown to the left. One of three

similar experiments is shown. (B) DX5* NK cells express GFP and FLAG, markers for INAM. 5 x 105 DX5+ cells were transduced with control or INAM-ex-

pressing lentivirus for 48 h. Then, these cells were permeabilized and stained with rabbit anti-FLAG pAb and PE-anti rabbit IgG. Levels of FLAG and hrGFP,
reflecting INAM expression, were measured by FACSCalibur. Experiments were performed more than six times with different conditions and representative

data are shown.

Table S1. TICAM-1-inducible genes encoding putative membrane or GPl-anchored proteins

Official symbol Other aliases UniGene ID Fold induction (poly I:C stimulation/nonstimulation)

WT MyD88~/~ TLR3-/- TICAM-1-/-
Aplnr APJ, Agtrl1, msrfapj Mm.29368 . 2074101377 0.79485698 0.24913528 0.296911294
Fam26f INAM, A630077B13Rik ~ Mm.34479 15.57360865 8.048081457 0.939239821 1.221297574
Clec4e Clecsf9, Mincle Mm.248327 5.65851862 7.142025946 2.761541794 2.087684899

Ly6i Ly-6M, Al789751 Mm.358339 5.679941154 26.36364231 0.734513568 1.09611157
Slamf8 Blame, SBBI42 Mm.179812 6.814581008 5.127202394 1.802731559 1.122849288
Tmem171 Gm905, MGC117733 Mm.28264 12.42279971 7.454421156 2.274145126 3.051240138
Pvrl4 1200017F15Rik, Prr4 ~ Mm.263414 5.02297837 4.096701442 1.627391239 1.961829994
Veam1 CD106 Mm.76649 4.742423155 4.572993249 0.948952117 0.554171652
Tnfsf10 APO-2L, TL2, Trail Mm.1062 41.9745751 30.22262268 6.007858781 2.631939934
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The development of effective immunoadjuvants for tumor immu-
notherapy is of fundamental importance. The use of Mycobacte-
rium bovis bacillus Calmette-Guérin cell wall skeleton (BCG-CWS)
in tumor immunotherapy has been examined in various clinical
applications. Because BCG-CWS is a macromolecule that cannot be
chemically synthesized, the development of an alternative syn-
thetic molecule is necessary to ensure a constant supply of adju-
vant. In the present study, a new adjuvant was designed based on
the structure of macrophage-activating lipopeptide (MALP)-2,
which is a Toll-like receptor (TLR)-2 ligand similar to BCG-CWS.
Macrophage-activating lipopeptide-2, [S-(2,3-bispalmitoyloxypro-
pyl)Cys (P2C) — GNNDESNISFKEK], originally identified in a Myco-
plasma species, is a lipopeptide that can be chemically
synthesized. A MALP-2 peptide was substituted with a functional
motif, RGDS, creating a novel molecule named P2C-RGDS. RGDS
was selected because its sequence constitutes an integrin-binding
motif and various integrins are expressed in immune cells includ-
ing dendritic cells (DCs). Thus, this motif adds functionality to the
ligand. P2C-RGDS activated DCs and splenocytes more efficiently
than MALP-2 over short incubation times in vitro, and the RGDS
motif contributed to their activation. Furthermore, P2C-RGDS
showed higher activity than MALP-2 in inducing migration of DCs
to draining lymph node, and in inhibiting tumor growth in vivo.
This process of designing and developing synthetic adjuvants has
been named “adjuvant engineering,” and the evaluation and
improvement of P2C-RGDS constitutes a first step in the develop-
ment of stronger synthetic adjuvants in the future. (Cancer Sci
2010; 101: 1596-1603)

B acterial adjuvants that were used as biological response
modifiers (BRM) for cancer immunotherapy in the 1970s
have recently been re-evaluated."™ Cancer antigens that had
been identified in many laboratories were tested as peptide vac-
cines for clinical applications, but the peptides alone were not
sufficient to fully activate the immune system.” These results
suggested that the activation of the innate immune system,
including dendritic cells (DCs), by a supporting adjuvant was
importam.(s'g) In peptide vaccine therapy, the T cells of the
acquired immune system play an important role in recognizing
and attacking tumor cells.”” Dendritic cells play a key role in
the regulation of the acquired immune system by presenting
antigen and inducing a primary immune response. The identifi-
cation of the Toll-like receptor (TLR) family advanced the
understanding of DC function and of the role of adjuvants,
because almost all microbial adjuvants work as TLR ligands and
activate DCs.'®'? These findings provide the basis for the
understanding of the mechanism of adjuvant therapy.

Cancer Sci | July2010 | vol. 101 | no.7 | 1596-1603

Dr Azuma developed BCG-CWS, a cell-wall skeleton prepa-
ration of Mycobacterium bovis bacillus Calmette-Guérin, >
as an antitumor immunotherapeutic adjuvant. Although many
BRM studies have been discontinued, basic and clinical research
on BCG-CWS has continued at Osaka Medical Center for Can-
cer. We reported that BCG-CWS is a ligand of TLR2/4(">"'7
and acts as an effective adjuvant to induce CTLs in irradiated
tumors in a mouse experimental model. These activities are
mediated by the myeloid differentiation protein 88 (MyD88),'®
which is a TLR adaptor molecule. The effectiveness of BCG-
CWS in improving the prognosis for cancer Patients after sur-
gery was confirmed through clinical research.'¥

Interleukin (IL)-23 and interferon EIFN)- are the main cyto-
kines induced by BCG-CWS in vivo'*'?*? and are important
for antitumor immunit(g.m'zz) Interleukin-12 is well known as
an antitumor cytokine, ) and IL-23 shares the IL12p40 subunit
with IL-12.%% Unexpectedly, IL-23 advanced tumor growth in
experiments with IL-23R™" mice or neutralizing antibodies by
interacting with Th17 cells.®**29 However, systemic adminis-
tration of IL-23 was also reported to have antitumor effects sim-
ilar to those of IL-12,%” and TLR2 ligands exhibit antitumor
activity®*>? that may be mediated by the induction of IL-23.

Although BCG-CWS is effective as an adjuvant, its clinical
use is limited in purity, stability, and a stable supply because it
cannot be chemically synthesized and is therefore prepared from
bacterial cells. These factors indicate that there is a need to
develop new synthetic adjuvants as effective as BCG-CWS. The
present report describes the design of such adjuvants based on the
structure of the TLR2 ligand and in consideration of the need for
IL-23 induction. Macrophage-activating lipopeptide (MALP)-2,
a lipopeptide of mycoplasmic origin, is a TLR2 ligand that can be
chemically synthesized. No functional consensus peptide
sequences were identified in MALP-2. The N-terminal cysteine
of the 13-amino-acid peptide of bacterial origin was modified
with 2 palmitates [Pam2Cys or P2C, S-(2,3-bispalmitoyloxypro-
pyl)—cysteine],m) but P2C alone does not work as a TLR2
li%and.m) Bacterial and synthetic TLR2 ligands (MALP-2, FSL-
1,2 P2C-SKKKK®®) contain mostly hydrophilic peptides, and
the presence of solubilizers critically affects their TLR2
agonistic ability, ®¥ suggesting that the activity of compounds as
TLR2 agonists correlates with their solubility.

CD11c is a member of the integrin superfamily and is known
to be a marker of DCs.®> Dendritic cells also express other inte-
grin molecules such as aV/B3 and a5/B1, and the RGDS motif
specifically binds to these integrins.®**”  Virus particles
expressing proteins containing the RGD motif efficiently infect
DCs.®” Therefore, a new TLR2 ligand was developed by
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replacing the peptide of bacterial origin with a hydrophilic func-
tional motif (adjuvant engineering). P2C and the RGDS peptide
were linked to increase the efficiency of ligand adherence to
DCs or other immune cells, and the effect of the new adjuvant
on antitumor activities in vitro and in vivo was examined.

Materials and Methods

Mice, cells, and reagents. Toll/IL-1 receptor homology-con-
taining adaptor molecule (TICAM)-1""" mice were generated in
our laboratory.® Toll-like receptor (TLR)-2™"~ and MyD88 ™"~
mice were provided by Shizuo Akira (Osaka University).®®
The mice were maintained under specific pathogen-free condi-
tions in the animal facility of the Osaka Medical Center. They
were backcrossed with C57BL/6 mice >8 times before use.
Wild-type (WT) C57BL/6 mice were purchased from Japan
Clea (Tokyo, Japan). All animal experiments were approved by
the committee at Osaka Medical Center for Cancer. EG7 cells
are ovalbumin-transfected EL4 and were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA).®? B16D8 was established in our laboratory as a subline
of the B16 melanoma cell line.'® Cell lysates were prepared by
the freeze-thaw method.

Preparation of mouse bone marrow-derived DCs (BMDCs),
splenocytes, and lymph node cells. Bone marrow-derived DCs
were prepared as previously described®>*® with minor modifi-
cations, and were cultured in RPMI-1640 (Invitrogen, Carlsbad,
CA, USA) containing 10 ng/mL mouse granulocyte-macro-
phage colony-stimulating factor (PeproTech EC, London, UK),
50 uM 2-mercaptoethanol (Invitrogen), 10 mM HEPES, and
10% FCS (Bio Whittaker, Walkersville, MD, USA). The ingui-
nal lymph node cells and splenocytes were prepared by using
Lympholyte-M (Cedarlane, Burlington, ON, Canada). CD11c-
positive and -negative cells, and CD90-positive and -negative
cells were separated from splenocytes by using CD11c or CD90
microbeads (Miltenyi Biotec, Auburn, CA, USA).

In vitro assay. For the simple stimulation assay in vitro,
BMDCs or splenocytes were cultured with 10 pg/mL of BCG-
CWS,"® 100 nM of MALP-2 and the designed lipopeptide
(purity >90%; Biologica, Aichi, Japan) for 24 h (BMDCs,
FACS), 48 h (BMDCs, ELISA), or 72 h (splenocytes, ELISA).
For the inhibition assay, BMDCs or splenocytes were pre-incu-
bated with the indicated concentrations of RGDS peptide or
anti-CD29 antibody (eBioscience, San Diego, CA, USA) at 4°C
for 30 min before stimulating them with TLR2 ligands at 4°C
for 60 min. The cells were then washed and re-cultured for 48 h
(BMDCs, ELISA) or 72 h (splenocytes, ELISA). The Mixed
Lymphocyte Reaction (MLR) assay was performed as previ-
ously described,“” and the results were analyzed as uptake of
[3H]thymidine (1 pCi/well; Amersham Biosciences, Piscata-
way, NJ, USA). Bone marrow-derived DCs stimulated with
TLR2 ligands for 24 h (C57BL/6, 5 x 10* cells) were co-
cultured with CD90-positive T cells (BALB/c, 10° cells) for
72 h. To exclude the possible effect of contaminating lipopoly-
saccharide, lipopeptides were pretreated with polymyxin B
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 60 min.

Fluorescence-activated cell sorter (FACS) analysis, intracellular
cytokine staining, and ELISA. For FACS analysis, cells were sus-
pended in PBS containing 0.1% sodium azide and 1% FCS, and
then incubated for 30 min at 4°C with FITC-conjugated anti-
mouse CD80, antimouse CD86, antimouse CD8, or isotype con-
trol antibody; or with phycoerythrin-conjugated antimouse CD4
or isotype control antibody (eBioscience). The cells were
washed, and their fluorescence intensities were measured by
FACS analysis. For intracellular cytokine staining, splenocytes
were stimulated with P2C-RGDS for 72 h and Brefeldin A (Gol-
giPlug; BD Biosciences, San Diego, CA, USA) for the last 6 h.
Cells were stained with phycoerythrin-conjugated antimouse

Akazawa et al.

CD3e, antimouse CD4, antimouse CD8a antibodies, allophyco-
cyanin-conjugated antimouse CD11c, or antimouse NK1.1 anti-
bodies (eBioscience), followed by fixation and permeabilization
with the Cytofix/Cytoperm plus Kit (BD Biosciences). Cells
were stained intracellularly with FITC-labeled anti-IFN-y anti-
body (XMG1.2; eBioscience). For ELISA, samples were stored
at —80°C and analyzed with ELISA kits for IFN-y, TNF-a, and
IL12p40 (Biosource, Camarillo, CA, USA).

In vivo therapy model. C57BL/6 mice were shaved on the
back and injected subcutaneously with 200 pL of 1-2 x 10° syn-
geneic EG7 cells in PBS on Day 0. Thereafter, the treatment
was performed three times, on Days 16, 20, and 23, and tumor
volumes were measured using a caliper every 2-3 days. A
volume of 50 pL of a mixture consisting of 10 nmol of lipopep-
tide and the cell lysate of 2 x 10° EG7 cells with or without
10 nmol of RGDS peptide was injected intradermally around
the transplanted tumor. Tumor volume was calculated using the
formula: Tumor volume (cm’) = (long diameter) X (short diam-
eter) X (short diameter) X 0.4. Statistical analysis was per-
formed with the Student’s t-test.

Ex vivo assay. C57BL/6 mice were treated intradermally
with a mixture of 10 nmol of lipopeptide and the cell lysate of
2 x 10° EG7 cells every 3 days for >4 trcatments. At 24 h after
the last treatment, the mice were sacrificed by etherization, and
then the splenocytes and lymph node cells were prepared and
cultured for 4 days to be primed by DCs and macrophages. The
cytolytic activities of lymph node cells were then analyzed with
a°'Cr release assay."'® The percentage of specific lysis was cal-
culated using the formula: %Specific lysis = [(experimental
release — spontaneous release)/(total release — spontaneous
release)] x 100. The proportions of CD8- and CD11c-positive
cells in the lymph nodes or spleen were analyzed by FACS.

Results

To design a new TLR2 ligand with activity equivalent to that of
BCG-CWS, the minimum lipopeptide unit, P2C, was connected
to the RGDS integrin-binding motif to increase adherence to
DCs, forming P2C-RGDS (Fig. 1a). The hydrophobicity and pl
of P2C-RGDS were similar to those of MALP-2, and the molec-
ular weight of P2C-RGDS was half that of MALP-2 (Fig. 1b).

First, the synthetic adjuvants were tested for their capacity to
activate BMDCs in vitro when these compounds were added to
the culture medium. P2C-RGDS enhanced the expression of
CD80 and CD86 in BMDCs at a level equal to that of MALP-2,
the positive control (Fig. 2a). P2C-RGDS also enhanced the pro-
duction of IL12p40 and TNF-a (Fig. 2b) and the proliferation of
allogeneic T cells co-cultured with the BMDCs. Thus, P2C-
RGDS and MALP-2 stimulate DCs equally in vitro, whereas
P2C does not show the same activity.

Macrophage-activating lipopeptide-2 is a ligand of TLR2/6
that activates DCs through MyD88. To examine the TLR2 and
TLR signaling pathway-dependence of P2C-RGDS, BMDCs
were prepared from TLR2™~, MyD88~"~, or TICAM-1~"~
mice and stimulated with these synthetic lipopeptides. Both
MALP-2 and P2C-RGDS enhanced the expression of CD80 and
CD86 in BMDCs derived from WT or TICAM-1""" mice, but
not TLR2™~ or MyD88™~ mice (Fig. 3), suggesting that P2C-
RGDS is a TLR2 ligand with activity similar to that of MALP-2
in vitro.

Next, the functional dependence of P2C-RGDS as a TLR2
ligand on not only its hydrophilicity, but also on the motif-speci-
ficity of the peptide sequences, was tested. Since MALP2 and
P2C-RGDS activated DCs to the same extent at 37°C for 48 h,
DCs were instead stimulated at 4°C for 1 h, then washed and
re-cultured at 37°C for 48 h. Under these conditions, P2C-
RGDS induced IL12p40 more efficiently than MALP-2
(Fig. 4a). To analyze the specificity of the RGDS peptide,

Cancer Sci | July 2010 | vol. 101 | no.7 | 1597
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(a) MALP-2
{
i Palmitate x2 H N-term. Cysteine I Mycoplasma origin peptide
i
sf'/*t(----- GNNDESNISFKEK
0 +
Pam2Cys (P2C) RGDS
(b)  Compounds M.W. Peptide pl  Hydrophobicity
P2C 672.5 P2 C — —
MALP-2  (N) 21341 G E K %468 -15
FSL-1 (N) 1666.1 . D] 8.21 -1.36
P2C-SKKKK (S) 12718 P2C S K K K 1004 ~2.32
P2C-RGDS (S) 10875 P2 C R@D S #5853 1,34

Fig. 1. The structure of the adjuvant developed in the present study, a synthetic Toll-like receptor (TLR)-2 ligand containing the RGDS motif.
(a) The structure of macrophage-activating lipopeptide (MALP)-2. The N-terminal cysteine of a peptide derived from a mycobacterium is
modified with 2 palmitates [Pam2Cys, P2C, S-(2,3-bispalmitoyloxypropyl)cysteine]. RGDS was conjugated to P2C to form P2C-RGDS because of its
hydrophilicity and its additional function as an integrin-binding motif for cell adhesion. (b) The structure, molecular weight, isoelectric point
(pl), and hydrophobicity of synthetic (P2C-RGDS, P2C-SKKKK) and natural (MALP-2, FSL-1) lipopeptides used in this study. The pl and
hydrophobicity of the peptide were calculated using ProtParam tools (http:/br.expasy.org/tools/protparam.html). The pl and hydrophobicity of
P2C-RGDS were almost equivalent to those of MALP-2. The molecular weight of P2C-RGDS was about half that of MALP-2. N, natural TLR2
ligand; S, synthetic TLR2 ligand. The asterisks (*) indicate acidic peptides. The gray boxes indicate hydrophobic amino acids.
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Fig. 2. P2C-RGDS activates bone marrow-derived dendritic cells (BMDCs) as much as macrophage-activating lipopeptide (MALP)-2 in vitro.
(a) The enhancement of CD80/CD86 expression of BMDCs stimulated with the indicated compounds (100 nM) for 24 h was observed by FACS
analysis. (b) Interleukin (IL)12p40 and tumor necrosis factor (TNF)-o production in BMDCs stimulated with each compound for 48 h was
determined by ELISA. (c) The proliferation of allogeneic T cells co-cultured with activated-BMDCs for 72 h was measured by the [3H] thymidine
uptake method. Bone marrow-derived dendritic cells were treated with each compound for 24 h before co-culture with T cells. CPM, count per
minute. **P < 0.01 vs control (Student’s t-test). P2CR, P2C-RGDS.

IL12p40 production was inhibited by the addition of an RGDS
competitor peptide or anti-integrin 1 antibody to the assay. The
addition of the RGDS competitor peptide and the integrin block-
ing antibodies partially attenuated the production of IL12p40
induced by P2C-RGDS, but not that induced by MALP-2
(Fig. 4b,c). These results indicate that not only hydrophilicity
but also the functional RGDS motif contributes to the activation
of DCs in vitro at short incubation times.

The P2C-RGDS-induced production of IFN-y was evaluated
next, using in vitro whole splenocyte stimulation. The activities
of P2C-RGDS and MALP-2, as measured by IFN-y production,
were comparable and weaker than that of BCG-CWS when

1598

splenocytes were simply stimulated with each compound for
72 h (Fig. 5a). However, when splenocytes were stimulated with
each compound at 4°C for 1 h and re-cultured at 37°C for 72 h,
the P2C-RGDS-induced production of IFN-y was stronger than
that induced by MALP-2 and it was attenuated mostly by the
RGDS peptide. Furthermore, the splenocytes stimulated with
P2C-RGDS produced as much IFN-y as those stimulated with
BCG-CWS at 4°C for 1 h (Fig. 5b). Interferon-y production was
not detected in splenocytes depleted of CD11c-positive dendritic
cells, and IFN-vy production could be restored under these condi-
tions by adding back CD11c-positive cells. These data indicate
that IFN-y production by splenocytes following stimulation with
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Fig. 4. P2C-RGDS efficiently activates bone marrow-derived dendritic cells (BMDCs) in an RGDS motif-dependent manner in vitro over short
incubation times. (a) Interleukin (IL)12p40 production of BMDCs stimulated with each Toll-like receptor (TLR)-2 ligand at 4°C for 1 h. Bone
marrow-derived dendritic cells were washed after the stimulation and re-cultured for 48 h. Interleukin12p40 production was determined by
ELISA. (b) Bone marrow-derived dendritic cells were pretreated with the indicated concentrations of RGDS peptide (P2C-modification free) as a
competitor at 4°C for 30 min. Then, the BMDCs were stimulated with TLR2 ligands (10 nM) at 4°C for 1 h. Interleukin12p40 production by
BMDCs was determined by ELISA. Data are shown as percentages of each control value. (c) The inhibition effects of «-CD29 (integrin p1)
antibody on IL12p40 production of BMDCs. Bone marrow-derived dendritic cells were pre-treated with 10 ng/mL of each antibody at 4°C for
30 min before stimulation. P2CR, P2C-RGDS.

P2C-RGDS was mediated by DC activation (Fig. 5c). IFN-y
production was also impaired by depletion of CD90 (Thyl)-
positive T cells (Fig. 5c). Further assessment of IFN-y produc-
ing cells by intracellular cytokine staining revealed that IFN-y
was mainly detected in CD3- or CD8-positive cells, and in
CD4-, NK1.1-, or CD11c-negative cells stimulated with P2C-
RGDS (Fig. 5d).

Finally, the antitumor activity of P2C-RGDS in vivo was
investigated using a tumor-implantation model. The mice were
transplanted with EG7 on day 0, and treated with synthetic lipo-
peptide (10 nmol) and the cell lysate of EG7 cells (2 x 10°) on

Akazawa et al.

Days 16, 20, and 23. The minimum lipopeptide unit P2C
showed no in vivo antitumor activity similar to the activation of
DCs in vitro. Although MALP-2-treated mice showed a slightly
smaller tumor volume than control mice, this difference was not
significant. However, P2C-RGDS showed a significant antitu-
mor effect (Student’s z-test, P < 0.05 vs control; Fig. 6a). More-
over, the mixture of P2C and the RGDS peptide showed no
antitumor activity (Fig. 6b). Next, lymph node cells from mice
immunized with EG7 lysate and P2C-RGDS or MALP-2 were
isolated, and the cytotoxicity against EG7 and B16D8 cells was
measured using a >'Cr release assay. P2C-RGDS specifically
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induced a stronger cytotoxic activity against EG7 than MALP-2,
but the lymph node cells were not sufficiently cytotoxic against
the negative target B16D8 cells (Fig. 6c). In addition, lymph
node cells were cultured continuously with live EG7 cells for
96 h and the proportion of CD8-positive cells was analyzed by
FACS. CD8-positive cells in lymph nodes derived from P2C-
RGDS-treated mice remained at a level of approximately 16%
of total cells, but most CD8-positive cells from MALP-2-treated
mice were lost after culture with EG7 (Fig. 6d). The proportion
of CD8-positive cells in a splenocyte population derived from
immunized mice was also evaluated using FACS analysis. CD8-
positive cells were proportionally higher among splenocytes
derived from mice treated with P2C-RGDS than among spleno-
cytes derived from mice treated with MALP-2 (Fig. 6e). Necro-
sis was observed on the surface of tumors after P2C-RGDS but
not after MALP-2 treatment, and CD8-positive cells were
detected around the necrosis tissue by immunostaining (data not
shown). These data suggest that P2C-RGDS induces and
activates CTLs more efficiently than MALP-2. Moreover, to
analyze the mechanism underlying the strong antitumor effect of

1600

RGDS.

P2C-RGDS in vivo, the proportions of CD11c-positive cells in
draining lymph nodes were analyzed in mice treated with
MALP-2 or P2C-RGDS for 24 h. P2C-RGDS induced the
migration of CD11c-positive cells to the draining lymph nodes
more effectively than MALP2 (P = 0.055, Fig. 6f).

Discussion

Natural TLR2 llgands of bacterial origin, such as MALP-
26141492 and FSL-1,%? have been reported to effectively acti-
vate CD8-p051t1ve T cells and induce antitumor activity.
Because these lipopeptides are hydrophilic, it was predicted that
the h?fdrophilicity of the peptide might be important for its activ-

Several researchers have relied on a chemobiologic
strategy of producing amino acid replacements to explore which
portion of the lipopeptide sequence possesses effective adjuvant
activity.*® Using this strategy, Takeda developed Tan-1511
analogues that show high levels of activity in the induction of
granulopoiesis.*” Another strategy has been to randomly search
for sequences or peptides effective at enhancing TLR2 ligand
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activity.*” The purpose of the current project was to design a
TLR2 ligand with an additional function through the addition of
a hydrophilic, functional peptide that could be developed as a
new synthetic adjuvant (Fig. 1). In comparison to a prior devel-
opmental strategies, the present design has the advantage of
allowing the selection of various functions, and because the
designed lipopeptides do not exist in nature, they could show
new or enhanced properties. In the present study, the TLR2
ligand was designed to possess stronger adhesive capacity
through the linking of the RGDS peptide to P2C.

The compound P2C-RGDS was developed and shown to
be as effective as MALP-2 in generating BMDC responses
in vitro, such as the enhancement of a maturation marker
(CD80 and CD86) and cytokine induction when DCs were
cultured with each compound for 24-48 h (Fig. 2). P2C-
RGDS and MALP-2 also activated DCs through the TLR2-
MyD88 pathway (Fig. 3),*® but P2C-RGDS activated DCs
more efficiently than MALP2, and the RGDS integrin binding
motif was found to be important for DCs activation over
short incubation times (Fig. 4). Because DCs were treated
with compounds for only 1 h, then washed and re-cultured at
37°C for 48 h in these experiments, it was predicted that
P2C-RGDS might efficiently adhere to the DCs in short incu-
bation times, and then stimulate DCs continuously at the sur-
face or in the phagosome of DCs. Whole splenocytes
stimulated with P2C-RGDS also produced more IFN-y than
MALP-2 over short incubation times (Fig. 5b), and the pro-
duction of IFN-y by splenocytes depended on CD11c-positive
DCs (Fig. 5c¢). These data suggest that the adhesion properties
of P2C-RGDS caused the efficient activation of DCs, and
reflected splenocyte activation. The stronger IFN-y induction
by P2C-RGDS might also be due to its retention in the cul-
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ture system by adherence to various cells among the spleno-
cytes. Moreover, P2C-RGDS may be retained in local regions
for a long time via integrin binding in vivo, leading to the
efficient activation of immune cells such as dermal DCs.
P2C-RGDS induced the migration of CDl1lc-positive cells
into the draining lymph nodes more effectively than MALP-2
in in vivo experiments (Fig. 6f). These DCs might activate
CD8-positive cells, enhance cytotoxicity (Fig. 6¢), and lead to
retardation of tumor growth (Fig. 6a). These data suggest that
the greater activation of DCs by P2C-RGDS compared to
MALP2 influences IFN-y production by splenocytes, thereby
resulting in increased cytotoxicity and antitumor effects
in vivo.

The induction of IFN-y production by BCG-CWS treatment
is one of the indexes for continuing treatment in clinical appli-
cations,’*'” and the response can be confirmed in mouse
experiments. Interferon-y stimulation up-regulates the expres-
sion of MHC class I in tumor cells,*> presumably improving
tumor recognition by immune cells, and leading to increased
suppression of tumor growth. With short stimulation periods,
P2C-RGDS induced as much IFN-y as BCG-CWS. Although
the present compound was designed without considering IFN-y
induction, results show that CD8-positive cells produced IFN-y
in splenocytes stimulated with P2C-RGDS alone in the
absence of antigen peptide (Fig. 5). The mechanism of IFN-y
induction by P2C-RGDS should be analyzed in the future. The
tumor volume of the BCG-CWS treatment group was about
60% of that of the control on Day 22 (data not shown),
and the therapeutic effects of P2C-RGDS were almost equi-
valent to those of BCG-CWS. Because BCG-CWS must be
emulsified with drakeol, the use of P2C-RGDS has significant
advantages.
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The integrin binding sequence has served as the basis for the
design of drugs that depend on adhesive activity. In the present
work, this adhesive function was applied to TLR ligands to
enhance immunoadjuvant activity. Cilengitide, a cyclic RGD
peptide, was developed as an integrin oV antagonist, which
impairs angiogenesis, tumor growth, and metastasis*® because
integrins are expressed on various tumor cells.*” Although
EG?7 expresses integrin oV, 1, and B3, P2C-RGDS and RGDS
peptide did not show direct cytotoxic activity against EG7
cells at concentrations up to 100 nM (data not shown). Further-
more, the adjuvant activities of P2C-RGDS were compared to
those of a mixture of P2C and RGDS peptide. P2C had no
adjuvant activity, such as the activation of DCs and splenocytes
in vitro or antitumor effect in vivo by lipopeptides (Figs 2b, Sa,
6a). The mixture did not show any effects in vivo such as
appreciable antitumor activity (Fig. 6b). Based on these
results, the stronger antitumor activity of P2C-RGDS compared
to that of MALP-2 is thought to occur through an increase
in cell adhesive ability, but not through the inhibition of angio-
genesis.

Concerning the relationship between TLR and its ligand, it is
suggested that a co-receptor plays a key role for TLR binding
and signaling """ as observed previously for CD14 in the
Lipopolysaccharide (LPS)-TLR4 signaling pathway. Although
integrin binding is predicted to support the capture and phago-
cytosis of ligands by DCs, integrin signaling in addition to TLR
signaling might influence adjuvant activity. Stronger adjuvants
will be developed by selecting for other properties, in addition
to TLR signaling, that are essential for adjuvant activity, and the
integrin signal could be one of the candidates.
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In the present work, the inclusion of an integrin-binding motif
in a TLR2 ligand was examined for its effect in increasing the
activity of the compound as an antitumor adjuvant by enhancing
adhesion of the ligand to DCs and other cells. Dendritic cells
efficiently recognized P2C-RGDS, which they adhered to and
maintained around cells, and P2C-RGDS showed stronger anti-
tumor activity than MALP-2 in vivo. The present adjuvant-engi-
neering project is a new strategy to incorporate biological
findings into drug design. Targeting peptides are used to elicit a
strictly selective response among immune cells. A targeted strat-
egy can effectively activate immune cells at a low concentration
while not affecting other cells whose activation might lead to
side effects. More than 20 TLR2 ligands with 10 alternative
functions have already been synthesized by adjuvant engineer-
ing and our group is working to develop the strongest adjuvant
through continued evaluation and improvements.
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