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Figure 5. Amino acids near the Pam2 lipid are critical for TLR2
recognition. (A) HEK293 cells were transfected with plasmids
encoding TLR2 and the ELAM-luciferase reporter. After 24 h, the cells
were treated with indicated Pam2Cys peptides (100 nM) for 8 h and
then luciferase activities were measured. The numbers represent the
Pam2Cys’s numbers. 13(P-S), Pam2Cys13 with second Proline replaced
with Serine; 15(LI-SN), Pam2Cys15 with second Leucine and third
Isoleucine replaced with Serine and Asparagine. (B,C) BMDC-mediated
NK cell activation occurs by stimulation with Pam2Cys13 (P-S) and
Pam2Cys15 (LI-SN). BMDC and NK cells were prepared from wild-type
mice. BMDC were stimulated with PBS or indicated Pam2Cys peptides
for 4 h. Then, BMDC were incubated with wild-type NK cells for 24 h.
IFN-y production (A) and B16D8 cytotoxicity (E:T ratio=50:1) (B) were
measured as in Figure 2. 135 and 155N represent Pam2Cys13(P-S) and
Pam2Cys15(LI-SN), respectively.

doi:10.1371/journal.pone.0012550.9g005

sense common structures of the lipid, as well as the peptide
sequences.
The factor that determines whether mDC TLR2 or NK TLR?2

predominates in diacyl lipopeptide activation has remained to be
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settled. The sequence information about the NK-activating vs.
DC-activating lipopeptides in this study suggests that lysines or
hydrophilic a. a distal to Pam2Cys arc involved in this selective
activity. Peptides with lysines tended to exert direct NK activation.
According to the structural studies [31,32], the lysines in
Pam3CSK4 form multiple hydrogen bonds with TLR2/1, and
the same is expected to be true of Pam2CSK4 and TLR2/6.
Hence, hydrophilic residues after the second residue of the
Pam2Cys lipopeptides may participate in high affinity interaction
with NK cell TLR2/6.

In a previous report, we identified the NK-activating protein
INAM, which discrminates between active and resting NK cells,
and reflects in vivo tumoricidal action of NK cclls [33]. INAM is
expressed on polyl:C-matured mDCs in response to IRF-3
activation, and is not expressed on mDGCs stimulated with TLR2
agonists [33]. In both TLR2- and TLR3-stimulation, IFN-y is a
marker of NK activation [4,6,22,33], almost parallel to NK ccll-
mediated target cytotoxicity. According to these criteria, mDC
drive NK activation via two arrays, MyD88 and TICAM-1
pathways. Anyhow, the MyD88-mediated NK activation occurs
independently of TICAM-1-mediated NK activation. Here we
provide further knowledge on the MyD88-mediated NK activa-
tion: mDC TLR2-dependent, and mDC TLR2-independent
pathways exist for NK activation. The latter involves NK
TLR2-dependent NK activation, where the lipopeptides directly
stimulate TLR2 and the MyD88 pathway in NK cells. However, a
minimal NK-activating capacity by Pam2Cys12, 18 and 19 retains
in TLR2—/— NK cells. This means that the direct NK activation
largely depends on NK cell TLR2/MyD88 but does not neglect
participation of other undetermined factors, such as NOD-like
receptor (NLR) family, cither in mDC or NK cells.

Pam2Cys-matured BMDC produce IL-12 by the MyD88
pathway. Unexpectedly, however, results from transwell studies
did not support the importance of IL-12 in NK activation. In
addition, NK-activating cytokines, such as IL-15 and IFN-a/ B, arc
barely increased in Pam2Cys-stimulated BMDC (data not shown).
Cell-cell contact rather than soluble mediators is crucial for mDC
TLR2-mediated NK activation in this study.

Taken together, we showed that S. aureus lipopeptides induce
mDC-mediated NK activation. It is intriguing that this is a case of
the reported reciprocal activation [2], in which ligands-receptors
on mDC and NK cells are involved. In a. a. sequences of
Pam2Cys, lysine distal to the N-terminal Pam2 and hydroxyl
residues proximal to the Pam2 affect NK-activating potential
through its interaction with TLR2. When bacteria invade host
tissue, they encounter many proteases. Since plasma serine
proteases frequently cleave the Lys-X sequence of substrates, the
lipoproteins may be clipped out into liberated lipopeptides
containing Lys, which could be important in the context of
TLR2-induced inflammatory immune responses. In fact, aller
completing this manuscript, two in press papers were released
where some bacterial components are shown to participate in
TLR2-mediated NK activation [34,35]. Our findings furthered
these notions by analyzing synthetic Pam2Cys peptides under the
knowledge of the structural background of TLR2 [31,32].

" A question remaining is why bacteria provide two sorts of
lipopeptides with TLR2-activating and —nonactivating properties.
So far, we have no experimental finding to sufficiently answer this
question, but bacterial infection usually alters host inflammatory
milieu and recruits immune competent cells to the lesion [36]. In
this context, it is not surprising that Pam2Cys lipopeptides serve as
modifiers for host immune response against bacteria. Different
responses could be expected to occur with various combinations of
Pam2Cys peptides in infectious lesion. Here we demonstrate that
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Figure 6. TLR2 agonists in BMDC is crucial for IL-6 and IL-12 production. (A) IL-6 and [L-12p40 production by wild-type but not TLR2—/—

BMDC by Pam2Cys stimulation. BMDC prepared from wild-type or TLR2—/—

mice were treated with indicated Pam2Cys peptides (100 nM) for 24 h.

IL-12p40 and IL-6 concentrations in the supernatants were determined by ELISA. (B) Pam2Cys13(P-S) but not Pam2Cys13 induces IL-6 and IL-12 from
BMDC. BMDC prepared from wild-type mice were treated with indicated Pam2Cys peptides (100 nM) for 24 h as in panel A. Cytokines in the
supernatants were determined by ELISA. 135, Pam2Cys13(P-S); 15SN, Pam2Cys15(LI-SN).

doi:10.1371/journal.pone.0012550.g006

NK activation is a phenotype induced by TLR2-activating
bacterial lipopeptides, which properties are determined by the
peptide sequence of the Pam2Cys. Studies on these functional
behaviors of lipopeptide towards mDC and on how TLR signals
link NK activation in bacterial infectious diseases will be the next
highlight for understanding the importance of carly phase of
innate cellular response against various bacterial infections.

Materials and Methods

Reagents and antibodies

The following materials were obtained as indicated: Fetal calf
serum (FCS) from Bio Whittaker (Walkersville, MD), mouse
granulocyte-macrophage colony-stimulating factor (GM-CSF)
from PeproTech EC, Ltd (London, UK), polymyxin B from

@ PLoS ONE | www.plosone.org 9

SIGMA-Aldrich (St. Louis, MO), Pam2CSK4 was in part
purchased {rom Amersham Pharmacia Biotech (Piscataway, NJ)
and Lympholyte-M from Cedarlane (Ontario, Canada). The
enzyme-linked immunosorbent assay (ELISA) kits for mouse
(m)IFN-y from eBioscience (San Diego, CA), and IL-12p40 and
IL-6 from Amersham Biosciences.

The following antibodies were used: mAbs against mousce
CDllc, NK1.1, CD86, I-Ab, CD25, CD69, DNAMI, CD36 and
NKp46 were purchased from BioLegend (San Diego, CA).

Preparation of synthetic peptides

The synthesis of lipopeptides was achicved with a combination
of solution- and solid-phase methods [30]. Briefly, for the
preparation of the Pam2Cys backbone, the protected cysteine
(Fmoc-Cys-OtBu) and the iodide (3-iodopropanc-1,2-diol) were
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155N, Pam2Cys15(LI-SN). (B) %IFN-y-positive NK cells were determined by intracellular staining. Wild-type BMDC prepared from C57BL/6 mice were
treated with Pam2Cys13(P-S) peptides (100 nM) for 4 h as in panel A. Then, wild-type NK cells were added to the wells. 20 h after co-culture,
breferdin was added to the wells and incubation was continued further for 4 h. NK cell activation was determined by IFN-y produced in NK cells.

%IFN-y-positive NK cells was determined by FACS.
doi:10.1371/journal.pone.0012550.g007

coupled under basic condition by using Cs,COs3 to give Fmoc-
Cys(2,3-dihydroxypropyl)-OtBu, and the subsequent acylation and
cleavage of the tBu group gave Fmoc-Pam2Cys-OH [37]. The
peptide component, which included 16 different peptide sequences
from 14 lipoproteins of S. aureus NCTC8325, was prepared by
using solid-phase synthesis on Wang resin in a similar fashion to
Jung’s lipopeptide synthesis. Fmoc-Pam2Cys-OH [30,37] was
then introduced to the N terminus of the peptides linked to the
resin. Subsequent cleavage of the Fmoc group, detachment from

@ PLoS ONE | www.plosone.org
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the resin, and deprotection of all protecting groups gave the
lipopeptides Pam2Cys1-16, and also Pam2CSK4. Pam2CSK and
Pam2CSK?2 were obtained from Biologica Co. Ltd. Commercial
and our synthetic Pam2CSK4 had indistinguishable potential for
BMDC maturation and cytokine production (data not shown).

Mouse and cell lines

TLR2 —/—, TLR4 —/—, and MyD88 —/— mice werc gifls
from Dr. S. Akira (Osaka Univ., Osaka) as previously reported [9].
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TICAM-1 (TRIF) —/— and IPS-1 —/— mice were established in
our laboratory [4,33]. Female C57BL/6 mice were purchased
from Clea Japan (Tokyo). Mice were maintained in our institute
under specific pathogen-free conditions. All animal work was
performed under guidelines established by the Hokkaido Univer-
sity Animal Care and Use Committee. This study was approved as
Analysis of immune modulation by toll-like receptors by this
committee. Mice (12 weeks female C57BL/6) were housed four
per cage and allowed food and water ad libitum. The Ethics
committee in Hokkaido University approved this study (ID
number: 08-0243). Animal studies were carefully performed
without ethical problems.

B16D8 were established in our laboratory as a subline of the
B16 melanoma cell line [38]. This subline was characterized by its
low MHC levels with no metastatic properties when injected s.c.
into syngeneic C57BL/6 mice [4,33]. HEK293 and B16D8 cell
lines were obtained from ATCC (USA). These cell lines were
cultured in RPMI 1640/10% FCS.

Preparation of BMDCs and spleen NK cells of mice

Mouse bone marrow-derived DC (BMDC) were prepared as
described previously [4]. Spleen NK cells were positively isolated
from spleens with DX5 Micro Beads (Miltenyi Biotech) [33]. In
experiments requiring high purity NK cells, Thyl.2 beads were
additionally used for negative selection according to the Miltenyi’s
protocol. The purity of NK cells (DX5" cells) was routinely about
70%. NKT cells might be an only trace constitution of our
preparation. DX5" NK cells were used within 24 h.

Reporter assay

Plasmids (pEFBos) for expression of human TLR1, TLR2,
TLR6 and TLRI10 were prepared in our laboratory as described
previously [39]. HEK293 cells were seeded onto 24-well plates and
transfected with 0.1 pg TLR expression vectors, 0.1 ug of ELAM-
I, and 0.05 ug of phRL-TK control plasmid using FuGene HD
(Roche) according to the manufacturer’s instructions. The ELAM-
luciferase reporter plasmid was made in our laboratory [13]. After
24 h, the cells were harvested in 30 pl lysis buffer. The luciferase
activity was measured using Dual-Luciferase Reporter assay
systems (Promega) and was shown as the means = S.D. of at
least three experiments.

Statistical analysis

Student’s ¢ test was used to examine the significance of the data
when applicable in quantitative studies. Differences were consid-
ered to be statistically significant when P<0.05.

ELISA, Flow cytometric (FACS) analysis of cell surface
antigens

The levels of cytokines (IL-6, IL-12p40, IFN-y etc.) were
determined by sandwich ELISA (Amersham Pharmacia Biotech,
Buckinghamshire, UK) or the message levels assessed by

References

I. Granucci F, Zanoni I, Ricciardi-Castagnoli P (2008) Central role of dendritic
cells in the regulation and deregulation of immune responses. Cell Mol Life Sci
65: 1683-1697.

2. Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra G, et al. (2002)
Reciprocal activating interaction between natural killer cells and dendritic cells.
J Exp Med 195: 327-333.

3. Seya T, Matsumoto M (2009) The extrinsic RNA-sensing pathway for adjuvant
immunotherapy of cancer. Cancer Immunol Immunother 58: 1175-1184.

4. Akazawa T, Okuno M, Okuda Y, Tsujimura K, Takahashi T, et al. (2007)
Antitumor NK activation induced by the Toll-like receptor3-TICAM-1 (TRIF)
pathway in myeloid dendritic cells. Proc Natl Acad Sci USA 104: 252-257.

@ PLoS ONE | www.plosone.org

1

NK Activation by Pam2

quantitative PCR [38]. Surface CD25, CD86 and CD69 levels
were determined by FACS using specific mAbs. The practical
methods for FACS were described previously [40]. Intracellular
staining of IFN-y was peformed with breferdin-treated NK cells as
described previously [39]. Trans-well analysis was performed as
described previously [40]. Assays were usually performed at least
three times in duplicate, otherwise indicated in the legends, and
one representative experiment is shown.

Assessment of in vitro cytolytic activity

The cytolytic activity of spleen NK cells was determined by *'Cr
assay as described previously [4,33]. NK cells were prepared from
the spleen of intact C57BL/6 mice. NK cells were co-cultured
with BMDCs at a ratio of 2:1 and 24 h later the mixtures were
subdivided to assess NK-mediated cytotoxicity [4]. A B16 sublinc
(D8) or YAC-1 was used as a target cell. Target cells (2x10% cells/
well) were coincubated with NK cells at the indicated lymphocyte
to target (E/T) cell ratio (typically 5, 15 and 30) in U-bottom 96-
well plates in a total volume of 200 I of 0.5% BSA/RPMI-1640
medium at 37°C. Four hours later, the liberated *'Cr in the
medium was measured using the scintillation counter. Specific
cytotoxic activity was obtained by the formula: Specific cytotoxic
activity (%) = [(experimental >!Cr activity - spontancous ey
activity)/(total *'Cr activity — spontancous *'Cr activity)] x100.
Each experiment was done in triplicate to confirm reproducibility
of the results, and representative results are shown. £ test was used
to examine the significance of the data.

Supporting information

Figure S1 Dircct activation of NK cells by stimulation with
Pam2Cys12, 18 or 19. Wild-type or TLR2—/— NK cells (5x105
cells/well) were stimulated with indicated Pam2Cys peptides for
24 h. After 24 h, IFN-y concentrations in the supernatants were
measured by ELISA as in Fig. 2A. The IFN-y concentrations were
more than 53-fold lower than those in the mixture of BMDC and
NK cells (see Figs. 2A and 3).

Found at: doi:10.1371/journal.pone.0012550.5001 (0.08 MB TIY)
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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 (IDCs), by a supporting adjuvant was
inxponant.(5“‘8) 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.'%'2 These findings provide the basis for the
understanding of the mechanism of adjuvant therapy.

Cancer Sci | July 2010 | vol. 161 | 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 TLR2/415-17
and acts as an cffective 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 canccrpaticnts after sur-
gery was confirmed through clinical research."”

Interleukin (I1.)-23 and interferon (IFN{Q;K are the main cyto-
kines induced by BCG-CWS in vivo''*'*? and are important
for antitumor immunity,*"*? Interleukin-12 is well known as
an antitumor cytokine,*” and IL-23 shares the IL12p40 subunit
with IL-12.%*" Unexpectedly, TL-23 advanced tumor growth in
experiments with IL-23R™"" mice or neutralizing antibodies by
interacting with Th17 cells.**2 However, systemic adminis-
tration of IL-23 was also reported to have antitumor effects sim-
ilar to those of TL-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-
pyb-cysteine],® but P2C alone does not work as a TLR2
Ii%and.m) Bacterial and synthetic TLR2 ligands (MALP-2, FSL-
1,92 P2C-SKKKK ) contain mostly hydrophilic peptides, and
the presence of solubilizers critically affects their TLR2
agonistic ability,“w suggesting that the activity of compounds as
TLR2 agonists correlates with their solubility.

CDl11c 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 oV/B3 and «5/B1, and the RGDS motif
specifically binds to these integrins.”°” Virus particles
expressing proteins containing the RGD motif cfficiently infect
DCs.®” Therefore, a new TLR2 ligand was developed by

5To whom correspondence should be addressed.
E-mail: akazawa-ta@mc.pref.osaka.jp
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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).eg)
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) CS7BL/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).%Y BI6DS was established in our laboratory as a subline
of the B16 melanoma cell line."® Cell lysates were prepared by
the frecze-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). CD1lc-
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 ug/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
["H]thymidine (1 pCi/well; Amersham Biosciences, Piscata-
way, NJ, USA). Bone marrow-derived DCs stimulated with
TLR2 ligands for 24 h (C57BL/6, S 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
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CD3e, antimouse CD4, antimouse CD8a antibodies, allophyco-
cyanin-conjugated antimouse CD11c, or antimouse NKI1.1 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 (XMGI1.2; 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 (cm3) = (long diameter) X (short diam-
eter) X (short diameter) X 0.4, Statistical analysis was per-
formed with theStudent’s r-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 treatments. 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 CDS- and CD/ lc-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. la). 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 BMDC:s at a level equal to that of MALP-2,
the positive control (Fig. 2a). P2ZC-RGDS also enhanced the pro-
duction of 1L12p40 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,
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(a)  MALP-2

; Palmitate x2 H N-term. Cysteine % Mycoplasma origin peptide

Pam2Cys (P2C) RGDS
(b) Compounds M.W. Peptide pl Hydrophobicity
P2C 68725 P2 C - -
MALP-2 (N) 21341 K E K #4568 -15
FSL-1 (N) 1666.1 8.21 -1.36
P2C-SKKKK (S) 12718 e =3a2
P2C-RGDS  (8) 10875 *58% ~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 (1L)12p40 and tumor necrosis factor (TNF)-a 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 [*H] 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.

TL.12p40 production was inhibited by the addition of an RGDS
competitor peptide or anti-integrin Bl antibody to the assay. The
addition of the RGDS competitor peptide and the integrin block-
ing antibodies partially attenuated the production of IL.12p40
induced by P2C-RGDS, but not that induced by MALP-2
(Fig. 4b,¢). 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 | 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-y production could be restored under these condi-
tions by adding back CD1lc-positive cells. These data indicate
that IFN-vy production by splenocytes following stimulation with

doi: 10.1111/1.1349-7006.2010.01583.x
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Fig. 3. P2C-RGDS activates bone marrow-derived
dendritic cells (BMDCs) in a Toll-like receptor (TLR)- 4
2 and myeloid differentiation protein (MyD)-88-
dependent manner jn vitro. {a,b) Bone marrow-
derived dendritic cells were prepared from mice
lacking TLR2 (TLR2""") and TLR adaptor molecules R B A K R
(MyD88""" and TICAM-1"7"). CD80 and (D86 0T TR 105 104 05 107 TOE 10710+ 05 07 10T T05 T0% 6% 107 107 T05 104 0% 10V 105 107 1o 0% 107 707 705 10¢
expression was observed by FACS analysis at 24 h 100 100 100 100 100 100
after BMDCs were stimulated with MALP-2 or P2C- 197.2 714 1593 169.9 58.9
RGDS. The numbers in the panels represent mean
fluorescence intensities. P2C-RGDS and MALP-2 o o 0
activated BMDCs via TLR2 and MyD88, but not via 10° 107 107 10° 104 10° 107 107 10° 10 1
the Toll/IL-1 receptor homology-containing adaptor
molecule (TICAM)-1 pathway. P2CR, P2C-RGDS.

0 0 0 o o
107 107 105 104 10° 107 107 10° 10* 109 107 102 10° 10¢ 10° 10° 102 109 10¢ 10° 107 107 105 10¢ 10° 10' 107 10° 10¢

100 100 100 100: 100

190.7 75.7 1716 183.6 65.9 190.0

P2CR

Cell number

186.0

MALP-2

0 o o
107 102 10° 104 10° 107 102 103 10¢ 109 10" 102 103 104 100 107 107 109 10¢

Fluorescence intensity

(a) (o) Copm @ipM BiouM  (¢) SControl BalD29
1L12p40 o o
—e~P2CR = MALP-2 -0+ P2C il Sy .
2000 é o '_I
° Q 1 =
1500 £8%8 7 =R
o
T‘Emoo " § s
h o Q
a ® :ég e Q-
500 ;
0 T (<R L . Ll o d =
001 ! 100 P2CR  MALP-2 P2CR  MALP-2

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 x-CD29 (integrin 1)
antibody on IL12p40 production of BMDCs. Bone marrow-derived dendritic cells were pre-treated with 10 ug/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. Sc). 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 CDllc-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
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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 #-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

Cancer Sci | July 20106 | vol. 101 | no.7 | 1599
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Fig. 5. P2C-RGDS efficiently activates splenocytes
in an RGDS motif-dependent manner. (a) Interferon
(IFN)-v production by splenocytes stimulated with
each compound for 72 h. (b) The effect of RGDS
competitor peptide pretreatment on  IFN-y

production. The RGDS competitor attenuated IFN-y
production from splenocytes stimulated with P2C-
RGDS at 4°C for 1 h. (¢) The roles of CD11c-positive
cells (dendritic cells) and CD90-positive cells (T cells)
on IFN-y production by splenocytes. The splenocytes
were separated into CD11c¢* and CD11¢” cells, or
CD90™ and CDY0™ cells by using MACS beads. Cells
were prepared based on the recovery ratio and

stimulated with P2C-RGDS for 72 h. *P < 0.05,
**P < 0.01 (Student’s t-test); n.d, not detected.
(d) Intracellular IFN-y staining of splenocytes with
various expression markers. Density plots show the
expression of each surface marker and intracellular
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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. 6¢). 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. CDS8-
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 CDS8-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

IFN-v proportion of IFN-y-positive cells (%). P2CR, P2C-

RGDS.

P2C-RGDS in vivo, the proportions of CD1lc-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 CD1lc-positive cells to the draining lymph nodes
more effectively than MALP2 (P = 0.055. Fig. 6f).

Discussion

Natural TLR2 ligands of bacterial origin, such as MALP-
2014142 and FSL-1,% have been reported to effectively acti-
vate CD8-positive T cells and induce antitumor activity.
Because these lipopeptides are hydrophilic, it was predicted that
the h?/drophilicity of the peptide might be important for its activ-
v B39 Cavaral recearchers o reli 4 chemobi ‘o
ity. 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

doi: 10.1111/].1348-7006.2010.01583.x
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Fig. 6. P2C-RGDS is more effective at retarding
tumor growth and inducing CD8-positive cells than
macrophage-activating lipopeptide (MALP)-2 in vivo
and ex vivo. Antitumor effect of P2C-RGDS and
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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
(CD8O 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
MAILP-2 over short incubation times (Fig. 5b), and the pro-
duction of IFN-y by splenocytes depended on CDI lc-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-v induction
by P2C-RGDS might also be due to its retention in the cul-

Akazawa et al.

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 CDIlc-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-vy 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 stimuolated 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
EG7 expresses integrin oV, 1, and $3, 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 antitamor effect in vivo by lipopeptides (Figs 2b. 5a,
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 CDI14 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.

References

Seya T, Akazawa T, Tsujita T, Matsumoto M. Role of Toll-like receptors in
adjuvant-augmented immune therapies. Evid Based Complement Alrernat Med
2006; 3(1): 31-8.

2 Akazawa T, Ebihara T. Okuno M et al. Antitumor NK activation induced by

the Toll-like receptor 3-TICAM-1 (TRIF) pathway in myeloid dendritic cells.

Proc Natl Acad Sci U S A 2007; 104(1): 252-7.

Okamoto M, Oshikawa T. Tano T er al. Involvement of Toll-like receptor 4

signaling in interferon-g production and antitumor effect by streptococcal

agent OK-432. J Natl Cancer Inst 2003; 95(4): 316-26.

4 Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond

current vaccines. Nat Med 2004; 10(9): 909-15.

Celis E. Toll-like receptor ligands energize peptide vaccines through multiple

paths. Cancer Res 2007; 67(17): 7945-7.

6 Kanzler H. Barrat FI, Hessel EM, Coffman RL. Therapeutic targeting of

innate immunity with Toll-like receptor agonists and antagonists. Nar Med

2007; 13(5): 552-9.

Seva T, Akazawa T, Uehori J, Matsumoto M, Azuma I, Toyoshima K. Role of

toll-like receptors and their adaptors in adjuvant immunotherapy for cancer.

Anticancer Res 2003; 23(6a). 4369-76.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.

Cell 2006; 124: 783-801.

9 Miconnet I, Coste I, Beermann F er al. Cancer vaccine design: a novel
bacterial adjuvant for peptide-specific CTL induction. J Immunol 2001;
166(7): 4612-19.

10, Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nat fmmunol 2004; 5: 987-95.

11 Kaisho T, Akira 8. Toll-like receptors as adjuvant receptors. Biochim Biophys
Acta 2002; 1589(1): 1-13.

12 Hemmi H, Takeuchi O, Kawai T etal A Toll-like receptor recognizes
bacterial DNA. Nature 2000: 408(6813): 740--5.

13 Azuma 1. Ribi EE, Meyer TJ, Zbar B. Biologically active components from
mycobacterial cell walls: I Isolation and composition of cell wall skeleton and
component P3. ./ Narl Cancer Inst 1974; 52: 95-101.

14 Hayashi A, Doi O, Azuma I, Toyoshima K. Immuno-friendly use of BCG-cell
wall skeleton remarkably improves the survival rate of various cancer patients.
Proc Jpn Acad 1998; 74 Ser. B: 50-5.

15 Uchori J, Fukase K, Akazawa T et al. Dendritic cell maturation induced by

muramyl dipeptide (MDP) derivatives: monoacylated MDP confers

TLR2/TLR4 activation. J Inumanol 2005; 174(11); 7096-103.

(75}

w

~

foied

1602

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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DEAD/H BOX 3 (DDX3) helicase binds the RIG-I adaptor
IPS-1 to up-regulate IFN-f-inducing potential
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Retinoic acid-inducible gene-I (RIG-I)-like receptors (RLR) are members of the DEAD box
helicases, and recognize viral RNA in the cytoplasm, leading to IFN-§ induction through the
adaptor IFN-p promoter stimulator-1 (IPS-1) (also known as Cardif, mitochondrial antiviral
signaling protein or virus-induced signaling adaptor). Since uninfected cells usually harbor
a trace of RIG-I, other RNA-binding proteins may participate in assembling viral RNA into
the IPS-1 pathway during the initial response to infection. We searched for proteins
coupling with human IPS-1 by yeast two-hybrid and identified another DEAD (Asp-Glu-Ala-
Asp) box helicase, DDX3 (DEAD/H BOX 3). DDX3 can bind viral RNA to join it in the IPS-1
complex. Unlike RIG-I, DDX3 was constitutively expressed in cells, and some fraction of
DDX3 is colocalized with IPS-1 around mitochondria. The 622-662 a.a DDX3 C-terminal
region (DDX3-C) directly bound to the IPS-1 CARD-like domain, and the whole DDX3 protein
also associated with RLR. By reporter assay, DDX3 helped IPS-1 up-regulate IFN-p promoter
activation and knockdown of DDX3 by siRNA resulted in reduced IFN-§ induction. This
activity was conserved on the DDX3-C fragment. DDX3 only marginally enhanced IFN-§
promoter activation induced by transfected TANK-binding kinase 1 (TBK1) or I-kappa-B
kinase-¢ (IKKe). Forced expression of DDX3 augmented virus-mediated IFN- induction and

host cell protection against virus infection. Hence, DDX3 is an antiviral IPS-1 enhancer.

Key words: DDX3 - IFN-B - IPS-1 - RIG-I-like receptors -

Introduction

Retinoic acid-inducible gene-1 (RIG-I) and melanoma differentia-
tion-associated gene 5 (MDAS) are cytoplasmic RNA helicases
[1-3], which signal the presence of viral RNA through the
adaptor, IFN-B promoter stimulator-1 (IPS-1) (also known as
mitochondrial antiviral signaling protein/caspase recruitment
domain (CARD) adaptor inducing IFN-B (Cardif)/virus-induced
signaling adaptor) to produce IFN-f [4-7]. IPS-1 localizes on the
outer membrane of the mitochondria via its C-terminus {6]. Its N-
terminus consists of a CARD domain, which interacts with the
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Viral infection
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CARD domains of RIG-I and MDAS. Viral RNA resulting from
penetration or replication are believed to assemble in the CARD-
interacting helicase complex to activate the cytoplasmic IFN-
inducing pathway. Although non-infected cells usually express
minimal amounts of RIG-I/MDAS, the final output of type I IFN is
efficiently induced at an early stage of infection to protect host
cells from viral spreading.

Once . IPS-1 is activated, the kinase complex consisting
of TANK-homologous proteins and virus-activated kinases
induce nuclear translocation of IEN regulatory factor-3 (IRF-3) to
activate the IFN promoter [8]. NAK-associated protein 1, TANK-
binding kinase 1 (TBK1) and I-kappa-B kinase-¢ (IKKe) are
components of the kinase complex that phosphorylates IRF-3 to
induce type I IFN [9, 10]. RIG-I recognizes products of various
RNA viruses, while MDAS recognizes products of picornaviruses
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[1, 11]. RIG-I and MDAS share the helicase domain, which is
classified into the DEAD (Asp-Glu-Ala-Asp) box helicase
family, and the domain can bind to various RNA structures.
5'-triphosphate RNA or short dsRNA is a ligand of RIG-1, whereas
long dsRNA is a ligand of MDAS [1, 12]. However, these RIG-I-
like receptors (RLR) are usually up-regulated to a sufficient
level secondary to IFN stimulation, suggesting that other mole-
cular mechanisms are responsible for the initial sensing of viral
RNA.

Here, we looked for molecules that bind IPS-1 by yeast two-
hybrid, and found a DEAD box helicase, DDX3 (DEAD/H BOX 3),
as a component of the complex of IPS-1. DDX3 facilitated IPS-1-
mediated IFN-B induction to confer high antiviral potential on
early infection phase of host cells. This is the first report showing
that DDX3 is an IPS-1 complement factor for antiviral IFN-B
induction in host infectious cells.

Results
Involvement of DDX3 in the IPS-1 complex

IPS-1 is constitutively present on the mitochondrial membrane
and plays a central role in the cytoplasmic IFN-inducing pathway.
We searched for proteins that bind IPS-1 in yeast. Using bait
plasmids with the IPS-1 CARD region (aa 6-136), we screened a
human lung cDNA library to isolate IPS-1 CARD-interacting
proteins. We identified one clone, #62 that encodes the
DDX3 C-terminal region (aa 276-662), which included
partial DEAD box and helicase superfamily C-terminal regions
(Fig. 1A). Their interaction was confirmed in HEK293FT cells by
immunoprecipitation (IP), where DDX3 and IPS-1 were coupled
(Fig. 1B). We confirmed that the C-terminal fragments of DDX3,
at least 622-662 a.a, bound IPS-1 (data not shown). Taken
together with the results of the yeast two-hybrid assay, the
C-terminal portions of DDX3 directly bind the CARD-like region
of IPS-1.

RIG-1 and MDAS helicases also bind the IPS-1 CARD domain
[4]. In general, RNA helicases make a large molecular complex,
and sometimes form homo- or hetero-oligomers. RIG-I binds to
LGP2 helicase, and forms homo-oligomers during Sendai virus
infection [11]. Hence, we examined whether DDX3 was asso-
ciated with the RLR proteins by i.p. RIG-I and MDAS5 co-precipi-
tated with DDX3 (Fig. 2A), suggesting that DDX3 is involved in
" the complex of IPS-1 that interacts with RIG-I and/or MDAS.
DDX3 bound the C-terminal helicase domain including the RD
region of RIG-I (Fig. 2B). Thus, additional interaction may occur
between DDX3 and RIG-I/MDAS. IPS-1 localizes to the
membrane of mitochondria [6]. Three-color imaging analysis
indicated that DDX3 in part co-localized to the IPS-1-mitochodria
complex in non-stimulated resting HeLa cells, which express
undetectable amounts of RLR (Fig. 2C and data not shown).
These results together with accumulating evidence infer that non-
infected cells harbor the complex of DDX3 and IPS-1 with mini-
mal amounts of RIG-I/MDAS5.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. DDX3 binds IPS-1. (A) DDX3 partial ¢cDNA fragment (aa
276-662) isolated by the yeast two-hybrid screening interacted with the
IPS-1 CARD region (aa 1-103) in yeast. Tryptophan- and leucine-
depleted synthetic dextrose medium plate (SD-WL) is non-selective,
and tryptophan-, leucine- and histidine-depleted synthetic dextrose
medium plate (SD-WLH) and tryptophan-, leucine-, histidine- and
alanine-depleted synthetic dextrose medium (SD-WLHA) plates are

_selective plates. Empty bait plasmid (pGBKT7) was used for a negative

control. (B) FLAG-tagged IPS-1 and HA-tagged DDX3 expression vectors
were transiently transfected into HEK293FT cells by FuGeneHD
reagent. 24h after transfection, cell lysates were prepared, and IP
was carried out using anti-HA Ab. The immunoprecipitates were
analyzed by western blot using anti-HA or FLAG Ab. Data are
representative of three independent experiments.

DDX3 promotes IPS-1-mediated IFN-J promoter
activation

Forced expression of IPS-1 causes the activation of transcription
from the IFN-B promoter. To ascertain the role of DDX3 in IFN-f
production, we carried out reporter gene analysis to see the
enhancing effect of DDX3 on IPS-1-mediated IFN-$ promoter
activation. Overexpression of DDX3 alone caused little activation of
the promoter; however, the promoter activation was more
augmented by minimal addition of DDX3 to IPS-1 than by
overexpressed IPS-1 alone (Fig. 3A). This suggested that DDX3
enhanced IPS-1-mediated signaling despite the lack of RIG-I
overexpression. To establish which region of DDX3 is important
for IFN-B enhancer activity, partial DDX3 fragments were over-
expressed with IPS-1, and IFN-B promoter activation was examined.
The N-terminal region (aa 1-224, aa 224-487, aa 488-621) barely
enhanced promoter activation (data not shown), but the C-terminal
region (622-662) activated the promoter (Fig. 3B). These data
indicated that the C-terminal region of DDX3 is important for the
binding to IPS-1 and potentiation of the IPS-1 pathway.
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Figure 2. DDX3 joins the complex of RIG-I, MDAS and IPS-1. (A) RIG-1
and MDAS co-precipitate with DDX3. HA-tagged DDX3 was expressed
in HEK293FT cells, together with FLAG-tagged MDAS or RIG-], and 24h
after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (B) The C-terminal region of RIG-I
participates in complex formation with DDX3. FLAG-tagged RIG-1
fragments and HA-tagged DDX3 were expressed in HEK293 cells, and
24h after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (C) DDX3 colocalizes with IPS-1. Flag-
tagged IPS-1 and HA-tagged DDX3 were transfected into Hela cells
together with or without polyl:C. After 24h, cells were fixed with
formaldehyde and stained with anti-HA polyclonal and anti-FLAG
monoclonal Ab. Alexa488 (DDX3-HA) or Alexa633 Ab was used for
second Ab. Mitochondria was stained with Mitotracker Red. DDX-3
partially colocalized with IPS-1. Data are representative of three
independent experiments.

DDX3 as a component of initial RNA sensor

RIG-I and MDAS are IFN-inducible proteins, only traces of which
exist in an early phase (<2h) in the cytoplasm where viral RNA
replicate. Previous reports showed that DDX3 binds RNA of poly
rA or duplexed RNA [13, 14], and our protein analysis solidified
this issue: DDX3 efficiently bound polyl:C and stem-loop RNA of
viral origin in a solution (data not shown). DDX3 as well as IPS-1
were expressed even without any stimulation (Fig. 2C and 4A and
B) and bound each other in the cytoplasm (Fig. 2C). Hence,
DDX3 is a cytoplasmic molecule that can detect viral RNA
produced in infected cells.
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Knockdown studies suggested that polyl:C-mediated IFN
promoter activation was abrogated in DDX3-deficient cells
even in the presence of overexpressed RIG-I or MDAS
(Fig. 5). DDX3 silencing happened with two different siRNA.
Thus, DDX3 may enable RIG-I and IPS-1 to confer activation
of the cytoplasmic RNA-sensing pathway on virus-infected
cells.

The IFN-B-inducing pathway involves IRF-3 kinases TBK1 and
IKKe, which may be targets of DDX3 [15, 16]. By in vitro reporter
analysis, increasing amounts of DDX3 barely affected IFN-§
promoter activation by TBK1 and IKKe (Fig. 6A and B). Slight
TBK1-enhancing activity could manage to be detected with DDX3
when decreasing amounts of TBK1 was used in the assay (Fig. 6C
and D).

Hela cells induced the mRNA of RIG-I and IFN-B in response
to polyl:C stimulation within 1h (Fig. 4A). More exactly, IFN-f
induction was ~ 30 min faster than RIG-I induction in response to
polyl:C. IFN-B mRNA induction was peaked around 3h post
stimulation, while RIG-I induction continued to increase>3h
(Fig. 4A). When HEK293 cells were infected with vesicular
stomatitis virus (VSV) (a RIG-I-stimulating virus), the IFN-f
mRNA was induced from 6h, and by that time no RIG-I message
was generated (Fig. 4B-D). The RIG-I message began to
appear>8h and was markedly increased (Fig. 4B and D). In
either case, no up-regulation was observed with DDX3 but suffi-
ciently present in the cytoplasm (Fig. 4C). Furthermore, over-
expression of DDX3 in HeLa cells resulted in potential prevention
of VSV propagation (Fig. 7). However, the distribution profiles of
DDX3 and IPS-1 were barely altered in response to polyl:C
stimulation (Fig. 2C). The results allow us to interpret that
when viral RNA enter the cytoplasm of infected cells, the
RNA first induce a small amount of IFN-B in conjunction
with the complex containing trace RIG-I and then the
induced IFN-B fosters intensive RIG-I/MDAS induction. The
complex is reconstituted together with upcoming RIG-I/MDAS
to amplify the cytoplasmic IFN-inducing pathway. Although
the molecular reconstitution was not visible with overexpressed
proteins by confocal analysis, DDX3 may act as an
enhancing factor for initial RNA-sensing by the IPS-1 complex
and conducts the rapid response to viral RNA to facilitate the
IPS-1 signaling.

Discussion

We identified DDX3 as a protein that bound to the IPS-1 CARD
region, duplexed RNA and RLR. Although the DDX3 helicase
domain is a DEAD box type similar to those of RIG-I and MDAS,
DDX3 does not have a signaling domain corresponding to the
CARD domain. Therefore, DDX3 may not act as a signal sensor of
RNA viruses, as RIG-I and MDA5 do. Considering the role of
DDX3 in host RNA metabolism, it is more likely that DDX3 acts as
a scaffold for RIG-1 (even under the presence of low copy
numbers of RIG-I) and intensifies IPS-1 signaling similar to LGP2
[11, 17]. RNA molecules usually form a complex with various
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Figure 3. The C-terminal region of DDX3 participates in enhancing IPS-1-mediated IFN-B promoter activation. (A) Activation of IFN-B promoter
was examined by reporter gene assay. HEK293 cells were transfected with DDX3- (100, 200 or 300ng) and/or IPS-1 (100 ng)-encoding plasmids,
together with reporter (p125luc) and control plasmids (Renilla luciferase) into 24-well plates. (B) The plasmids for expression of DDX3 (622-662 aa)
and IPS-1 or the former only were transfected into HEK293 cells in 24-well plates together with p125luc reporter plasmid. After 24 h, the activation
of reporter was measured. Data show mean fold induction+SD of three independent assays. *p<0.05, Student’s t-test.
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with 50 ug/mL of polylL:iC for indicated hours. Total RNA was extracted with TRIZOL and RT-PCR was carried out to examine the kinetics of
expressions of DDX3, IFN-8, RIG-1 and GAPDH (control). (B) IFN-B mRNA induction by VSV infection. HEK293 cell were infected with VSVat MOI =1,
and then total RNA was extracted with TRIZOL reagents at indicated times. The reverse transcription with random primers and PCR at 33 cycle
were performed to detect RIG-I, DDX3 or IFN-f expression. Data are representative of three independent experiments. (C) Marked induction of
RIG-1in VSV-infected cells. HEK293 cells were infected with VSV at MOI = 1, and then the total RNA was extracted with TRIZOL reagent at indicated
times. The relative amounts of RIG-I or DDX3 mRNA were quantified by RT-gPCR, in which the mRNA of GAPDH was used for endogenous internal
control. (D) Fold increase of IFN- or RIG-I mRNA by VSV infection. The amount of IFN-B or RIG-I cDNA was determined by quantitative PCR. The
fold increases were calculated by dividing the values of each time point by that of Oh sample of IFN-8 or RIG-1. Data show mean+SD pooled from
three independent experiments.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu

=770-

943




Hiroyuki Oshiumi et al.

proteins, such as 5-end capping enzymes or translation initiation
factors. Viral RNA also tends to couple with host proteins to
replicate and translate RNA. DDX3 capturing RNA may function
either in the molecular complex of RIG-I/MDA5/IPS-1 or in the
complex of the translation machinery.

Recently, DDX3 was reported to up-regulate IFN-§ induction
by interacting with IKKe in the kinase complex [18]. IKKe is an
NF-xB-inducible gene, whereas the DDX3-IPS-1 complex is
constitutively present prior to infection. DDX3 may bind IKKe
after IKKe is generated secondary to NF-xB activation [15].
Another report suggested that DDX3 interacts with TBK1 to
synergistically stimulate the IFN-B promoter [16]. The report
further suggested that DDX3 is recruited to the IEN promoter
and acts like a transcription factor [16]. These reports also
show that not C-terminal but N-terminal region of DDX3 is
required for enhancing the IKKe- or TBK1-mediated IFN promoter
activation. We showed that unlike these previous reports,
the C-terminal region of DDX3 is important for the IPS-1 acti-
vation. These observations indicate that DDX3 is involved
in RIG-I signaling at multiple steps. The involvement of DDX3 at
several steps is not surprising, because DDX3 plays several
roles in RNA metabolisms, such as RNA translocation or mRNA
translation.

In cytoplasm, there are large amounts of DDX3 and only trace
amounts of RIG-] in resting cells. Therefore, when the virus
initially infects human cells, the viral RNA would encounter
DDX3 before RIG-I capture the viral RNA. We demonstrated that
the initial IPS-1 complex for RNA-sensing involves DDX3 in
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addition to trace RIG-I to cope with the early phase of infection.
This IPS-1 complex activates downstream signal by involving a
minute amount of viral RNA. What happens in actual viral
infection is to first induce IFN-B and then RIG-I (Fig. 4B),
suggesting that the initial IFN-B mRNA arises independent of the
virus-induced RIG-1. Once IFN-B and RIG-I mRNA are up-regu-
lated by viral RNA, the IPS-1 complex turns constitutionally
different: the complex contains high amounts of RIG-I, which
may directly capture viral RNA without DDX3. Our results indi-
cate that the early IPS-1 complex formed in the early stages of
virus-infected cells induce minute IFN-B with a mode different
from the conventional IPS-1 pathway that RIG-I solely capture
viral RNA and activates IPS-1. By retracting DDX3 from the
complex by siRNA, only a minimal IFN- response emerges
merely with preexisting RIG-I and IPS-1, suggesting DDX3 to be a
critical signal enhancer in the early IPS-1 complex. Development
of a method to chase endogenous DDX3 will be required to test
our interpretation.

The RIG-I generation occurring>8h post RNA virus challenge
makes the complex direct the conventional IFN-inducing
pathway harboring sufficient RIG-I/MDA5. Previous reports
[13, 14] and our RNA-binding analysis also speculated that one
of the RNA-capture proteins is DDX3 since DDX3 tightly binds
polyl:C and dsRNA in fluid phase. These RNA-capture proteins may
have a role in the IPS-1-involving molecular platform in cells with
early virus infection when only a trace RIG-I protein is expressed.
This interpretation fits the result that DDX3 acts predominantly on
an early phase of virus infection (Fig. 4B and 7).
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Figure 5. Knockdown of DDX3. (A) Negative control or DDX3 targeting siRNA (20 pmol), DDX3 si-1, -2 or -3, were transfected into HEK293 cells in
24-well plates, together with HA-tagged DDX3 or FLAG-tagged RIG-I expression plasmids, and after 48 h, cell lysates were prepared and analyzed
by western blotting with anti-HA or anti-FLAG Ab, and the same membrane was stained with CBB. (B) DDX3 si-1, -3 or control siRNA was
transfected into HEK293 cells, and after 48h, expression of endogenous DDX3 mRNA was examined by RT-PCR. (C) DDX3 si-1, -3 or control siRNA
was transfected into HEK293 cells with reporter plasmids and RIG-I- or MDAS expression plasmid (100 ng). Forty-eight hours after transfection,
cells were stimulated with polyl:C (20 ng/ml) with dextran for 4h, and activation of the reporter was measured. siRNA for DDX3 reduced RIG-I- or
MDAS-mediated p125luc activation. Data are representative of three independent experiments (A,B). Data show mean fold increase+SD pooled
from three independent experiments (C). *p<0.05, Student’s t-test.
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Figure 6. TBK1 and IKKe are not main targets for DDX3-mediated IFN-f
up-regulation. (A-D) The activation of IFN- promoter was examined
by reporter gene assay. HEK293 cells were transfected in 24-well plates
with DDX3 (0, 100 or 300ng)-, TBK1 (0, 50 or 100 ng)- or IKKe (0, 10 or
100 ng)-encoding plasmid together with reporter (p125luc) and control
plasmid. After 24h, the cell lysate was prepared and the luciferase
activities were measured. Data show mean+SD of three independent
experiments.
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Figure 7. VSV infection is suppressed by overexpressed DDX3. (A) HeLa
cells were transfected with DDX3, RIG-I or empty vector. After 24 h, the
transfected cells were infected with VSV at indicated MOL 24 h after
VSV infection, the cells were fixed with formaldehyde and stained with
crystal violet. (B) The VSV titers of culture supernatant of Hela cells
infected with VSV at MOI=1 or 10 were measured by plaque assay.
Data show mean+SD of three independent experiments. *p<0.05,
Student’s t-test.

Proteins involved in type I IFN induction are found ubiquiti-
nated for their functional regulation. It has been reported that
TRIM25 [19] and Riplet/RNF135 [20] act as ubiquitin
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ligases to activate RIG-I for IFN-B induction in their different sites
of RIG-I ubiquitination. Another ubiquitin ligase RNF125 poly-
ubiquitinates RIG-1 through Lys48, leading to degradation of
RIG-I [21]. The RIG-I level is highly susceptible to not only IFN
but also ubiquitination in host cells. In addition, many viral
factors may suppress the RIG-I function. It remains unknown
what factor maintains a minimal level of RIG-I/MDAS in resting
cells. We favor the interpretation that DDX3 can be an alternative
factor for compensating the low RLR contents in a certain
infectious situation such that RIG-I is degraded or poorly up-
regulated by other viral factors.

DDX3 is functionally complicated since its protective role
against viruses may be modulated after the synthesis of viral
proteins. DDX3 couples with the HCV core protein in HCV-
infected cells and promotes viral replication [22]. This alternative
function of DDX3 is accelerated by the HCV core protein, since
the core protein withdraws DDX3 from the IFN-B-inducing
facility, leading to suppression of IFN-$ induction and positive
regulation of HCV propagation in infected cells. DDX3 is also
involved in HIV RNA translocation [14]. The DDX3 gene is
conserved among eukaryotes, and Dedl is a budding yeast
homolog [23]. Dedl helicase is essential for initiation of host
mRNA translation, and human DDX3 can complement the leth-
ality of Ded1-null yeast cells [24, 25]. Hence, another function of
DDX3 is to bind viral RNA to modulate RNA replication and
translocation. It is not surprising that DDX3 is implicated in
various steps of RNA metabolism in cells with both host and
viral RNA.

Cell culture and reagents

HEK293 cells and HEK293FT cells were maintained in Dulbecco’s
Modified Eagle’s low or high glucose medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated
FBS (Invitrogen) and antibiotics. HeLa cells were maintained in
MEM (Nissui, Tokyo, Japan) supplemented with 10% heat-
inactivated FBS. Anti-FLAG M2 mAb, anti-HA polyclonal Ab, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Alexa
Fluor®-conjugated secondary Ab were from Invitrogen.

Plasmids

DDX3 ¢DNA encoding the entire ORF was cloned into pCR-blunt
vector using primers, DDX3N F-Xh (CTC GAG CCA CCA TGA GTC
ATG TGG CAG TGG AA) and DDX3C R-Ba (GGA TCC GTT ACC
CCA CCA GTC AAC CCC) from human lung ¢DNA library. To
make an expression plasmid, HA tag was fused at the C-terminal
end of the full length DDX3 (pEF-BOS DDX3-HA). pEF-BOS DDX3
(1-224 aa) vector was made by using primers DDX3 N-F-Xh and
DDX3D1 (GGA TCC GGC ACA AGC CAT CAA GTC TCT TTT C).
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pEF-BOS DDX3-HA (225-662) was made by using primers
DDX3D2-3 (CTC GAG CCA CCA TGC AAA CAG GGT CTG GAA
AAA C) and DDX3C R-Ba. To make PpEF-BOS DDXS3-HA
(225-484) and pEF-BOS DDX3-HA (485-663), the primers
DDX3D2 R-Ba (GGA TCC AAG GGC CTC TTC TCT ATC CCT C)
and DDX3D3 F-Xh (CTC GAG CCA CCA TGC ACC AGT TCC GCT
CAG GAA AAA G) were used, respectively. Reporter and internal
control plasmids for reporter gene assay are previously described
[26].

RNAi

Knockdown of DDX3 was carried out using siRNA, DDX3 siRNA-
1: 5-GAU UCG UAG AAU AGU CGA ACA-3/, siRNA-2: 5-GGA
GUG AUU ACG AUG GCA UUG-3’, siRNA-3: 5-GCC UCA GAU
UCG UAG AAU AGU-3' and control siRNA: 5-GGG AAG
AUC GGG UUA GAC UUC-3'. Twenty picomoles of each
siRNA was transfected into HEK293 cells in 24-well plates
with Lipofectamin 2000 according to manufacture’s protocol.
Knockdown of DDX3 was confirmed 48h after siRNA transfec-
tion. Experiments were repeated twice for confirmation of the
results.

Yeast two-hybrid assay

The yeast two-hybrid assay was performed as described
previously [27]. The yeast AH109 strain (Clontech, Palo Alto,
CA, USA) was transformed using bait (pGBKT7) and prey
(pGADT7) plasmids. The transformants were streaked onto
plates and incubated for 3-5 days. The IPS-1 CARD vector was
constructed by inserting IPS-1 partial fragment encoding from 6
to 136 aa region into pGBKT7 multicloning site. Yeast two-hybrid
screening was performed using human lung cDNA libraries. We
obtained four independent clones, and one encoded DDX3 partial
cDNA. SD-WLH is a yeast synthetic dextrose medium that lacks
Trp, Leu and His aa. SD-WLHA lacks adenine in addition to Trp,
Leu and His. SD-WL lacks Trp and Leu and thus non-selective
plate.

Reporter assay

HEK293 cells (4 x 10* cells/well) cultured in 24-well plates
were transfected with the expression vectors for IPS-1, DDX3
or empty vector together with the reporter plasmid (100 ng/well)
and an internal control vector, phRL-TK (Promega) (2.5 ng/well)
using FuGENE (Roche) as described previously [28]. The
p-125 luc reporter containing the human IFN-B promoter
region (—125 to +19) was provided by Dr. T. Taniguchi
(University of Tokyo, Tokyo, Japan). The total amount
of DNA (500ng/well) was kept constant by adding empty
vector. After 24h, cells were lysed in lysis buffer (Promega),
and the Firefly and Renella luciferase activities were determined
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using a dual-luciferase reporter assay kit (Promega). The
Firefly luciferase activity was normalized by Renella luciferase
activity and is expressed as the fold stimulation relative to the
activity in vector-transfected cells. Experiments were performed
three times in duplicate (unless otherwise indicated in the
legends).

PolyI:C stimulation

Polyl:C was purchased from GE Healthcare company, and solved
in milliQ water. For polyl:C treatment, polyl:C (50 pg/mL) was
mixed with DEAE-dextran (0.5mg/mL) (Sigma) in the culture
medium, and the cell culture supernatant was replaced with the
medium containing polyl:C and DEAE-dextran. Using DEAE-
dextran, polyl:C is incorporated into the cytoplasm to activate
RIG-I/MDAS.

Virus preparation and infection

VSV Indiana strain or poliovirus type 1 Mahoney strain were used
for virus assay. Vero derived cell (Vero-SLAM) was used for
propagation and plaque assay for VSV indiana strain or poliovirus
type 1 Mahoney strain. HEK293 cells were infected with viruses
at MOI = 0.001 in a 24-well plate. The virus titers of culture
media at indicated hours post infection in the figures were
determined by plaque assay using Vero-SLAM cells. In some
experiments that require rapid virus propagation, high MOI
(0.1 ~1) was used for infection.

Immunoprecipitation

HEK293FT cells were transfected in a 6-well plate with plasmids
encoding DDX3, IPS-1, RIG-I or MDAS as indicated in the figures.
Twenty-four hours after tranfection, the total cell lysate was
prepared by lysis buffer (20mM Tris-HCl (pH 7.5) containing
125 mM NaCl, 1 mM EDTA, 10% glycérol, 1% NP-40, 30 mM NaF,
5mM Na3Vo4, 20 mM IAA and 2 mM PMSF), and the protein was
immunoprecipitated with anti-HA polyclonal (Sigma) or anti-
FLAG M2 mAb (Sigma). The precipitated samples were resolved
on SDS-PAGE, blotted onto a nitrocellulose sheet and stained
with anti-HA (HA1.1) monoclonal (Sigma), anti-HA polyclonal or
anti-FLAG M2 mAb.

Confocal analysis

Hela cells were plated onto cover glass in a 24-well plate.
In the following day, cells were transfected with indicated
plasmids using Fugene HD (Roch). The amount of DNA was
kept constant by adding empty vector. After 24h, cells were
fixed with 3% of paraformaldehyde in PBS for 30min,
and then permeabilized with PBS containing 0.2% of Triton
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