hydroxyethylpiperazine -N'- 2-ethanesulfonic
acid (HEPES), 2 mM glutamine and 100pg/ml
ampicillin (Sigma Chemical Co., St. Louis, MO).
One half ml was seeded into 24 well tissue culture
plates (Corning) containing 13 mm LUX coverslips
(Nunc Thermanox coverslips, NalgeNunc, Thermo
Scientific, Rochester, NY). After 20 hr adherence
of the cells, macrophage monolayers were obtained
after washing non-adherant cells from the coverslip
with Hanks Balanced Salt Solution (HBSS, Sigma)
leaving approximately 1x10° macrophages adhered
per coverslip.

Human macrophage culture: Human
peripheral blood was obtained under informed
consent from healthy individuals. Peripheral blood
mononuclear cells (PBMC) were isolated using
Ficoll-Paque Plus (GE Healthcare Life Sciences,
Buckinghamshire, HP7 9NA, UK) gradient
centrifugation'®. The cells were suspended in
AIM-V medium (Gibco BRL, Invitrogen Corp.,
Carlsbad, CA) and 1x10° PBMC were cultured
in a well of a 24-well tissue culture plate (Falcon,
Becton Dickinson Labware, Becton Dickinson
and Company, Franklin Lakes) containing 13 mm
LUX coverslips at 37°C in a 5%-CO: incubator for
adherence of monocytes. After | hr incubation, the
coverslips were washed with HBSS to remove non-
adherent cells. The monocytes on the coverslips
were cultured in a new 24-well plate containing
RPMI1640 medium (Sigma) supplemented with
20% FBS (Whittaker Co., Walkersville, MD),
25mM HEPES, 2mM L-glutamine and 100pg/ml
ampicillin in the presence of 10 ng/ml of human
M-CSF (R&D Systems, Minneapolis, MN) or
40 ng/mi of GM-CSF (R&D Systems). After
7 days, the M-CSF-conditioned macrophages
(M-macrophages) and the GM-CSF-conditioned
macrophages (GM-macrophages) were used for
infection with M. /eprae.

Infection of macrophages with M./eprae:

Jpn.J.Leprosy 78, 7-16(2009)

Purified mouse macrophage monolayers were
infected with fresh M./eprae suspended in 0.5
ml medium per well. After 4 hr incubation for
mouse macrophages and 20 hr incubation for
human macrophages, non-phagocytosed bacilli
were removed by washing and the cultures were
incubated in 1.0 ml media supplemented with the
appropriate cytokine in 5% CO: at the appropriate
experimental temperatures”. Media were changed
and cytokines were replenished at 5 days interval.

Radiorespirometry: The macrophages were
lysed with 0.1 N NaOH to release the phagocytosed
M. leprae, and the viability of the bacilli was
determined by evaluating the oxidation of
“C-palmitic acid to '“CO: by radiorespirometry as
described previously '". Total isotope release was
usually analyzed after one week of incubation at
31°C”.

Staining of M./eprae-infected macrophages:
Coverslips of M./eprae-infected adherent
macrophages were prefixed with absolute methanol
and acid-fast stained. The specimens were observed

under Nikon Optiphot light microscopy.

Results

Viability of M./eprae in mouse macrophages
cultured /n vitro: Mouse peritoneal resident
macrophages (1x10° cells per well) were incubated
with freshly harvested M./eprae (multiplicity of
infection (MOI), 5:1 or 10:1) for 4 hr to allow
phagocytosis. Non-phagocytosed bacilli were
washed off and the culture of the macrophages
continued for up to 14 days. Viability (metabolic
activity) of M./eprae in macrophages was assessed
by radiorespirometry. As shown in Fig. 1, the
viability of the bacilli was gradually decreased
in macrophages cultured at 35°C. In contrast, the
viability was significantly lost, if the macrophages

were cultured at 37°C. Next, the mouse peritoneal



resident macrophages were incubated with 3 doses shown in Fig. 2, in each dose of M./eprae infection,

of M.lepraec (MOI, 1:1, 4:1 and 10:1) for 4 hr to decrease in viability was significant after 21 days.

allow phagocytosis, and the culture continued for Effects of cytokines on viability of M./eprae
longer periods up to 21 days. Viability of M./eprae in mouse macrophages: Supplementation of
in macrophages was assessed at 7 day intervals. As IL-10 to the infected macrophage culture was
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Fig.1. Viability of M./leprae in mouse macrophages cultured /7 vitro. Mouse peritoneal resident macrophages were
incubated with 5x10° or 1x107 per well of M./eprae (MOI, 5:1 or 10:1), for 4 hr at 37°C to allow phagocytosis.
Non-phagocytosed bacilli were washed off and the culture of the macrophages continued up to 14 days
at 35°C or 37°C. The cells were lysed to obtain M./eprae and metabolism of the bacilli was assessed by

radiorespirometry.
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Fig.2. Viability of M./eprae in mouse macrophages cultured /n vitro. Mouse peritoneal resident macrophages were
incubated with 3 doses, 1x10°%, 4x10° and 1x10” per well of M./eprae (MO, 1:1, 4:1 and 10:1) at 35°C for 4
hr to allow phagocytosis, and the culture continued at 35°C for longer periods up to 21 days. The cells were
lysed to obtain M./eprae and metabolism of the bacilli was assessed by radiorespirometry.
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clearly associated with sustained viability of steadily lost without IL-10. We also examined the
intracellular M./eprae cultured at 35°C (Fig.3). effect of TGF- f3, another suppressive cytokine
In the presence of 3 U/ml of IL-10, M./eprae for macrophage activation, on the viablility of the

maintained their viability, whereas viability was bacilli. To the contrary, supplementation of TGF- 8
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Fig.3. Effect of IL-10 on M./eprae survival in mouse macrophages. Mouse peritoneal resident macrophages were
incubated with 1x107 per well of M./eprae (MOI, 10:1) at 35°C for 4 hr to allow phagocytosis, and the culture
continued at 35°C for 9, 18 and 27 days. The cells were lysed to obtain M./eprae and metabolism of the bacilli

was assessed by radiorespirometry.
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Fig.4.Viability of M./eprae in human macrophages cultured /n vitro. Human M- or GM-macrophages were
incubated with M./eprae (MOI, 50:1) for 20 hr either at 35°C or 37°C for infection and incubated at the same
temperatures for indicated periods. By observation of the acid fast-stained cells under light microscopy, no
difference was recognized in the number of M./gprae phagocytosed by macrophage cultured between at 35°C
and at 37°C. So the viability at day 0 is considered equal. After 7 days and 13 days incubation period, the
cells were lysed to obtain M./eprae and metabolism of the bacilli was assessed by radiorespirometry (dpm:
disintegrations per minute).
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significantly decreased the viability of M./eprae,
when incubated for longer than 28 days post
infection (Table 1).

Viability of M./eprae in human macrophages
cultured /n vitro: Human macrophages were

obtained by culturing monocytes in the presence

of either M-CSF or GM-CSF for 7 days. These
macrophages (1x10° cells per well) were incubated
with M.leprae (MOI, 50:1) for 20 hr either at
35°C or 37°C for infection and incubated again
at the same temperatures. By observation of the

acid fast-stained cells under light microscopy,
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Fig.5. Viability of M./eprae in human macrophages cultured /n vitro. Human M- or GM-macrophages were infected
with M./éprae (MOI, 50:1) for 20 hr at 35°C and incubated again at 35°C for indicated periods. The cells were
lysed to obtain M./eprae and metabolism of the bacilli was assessed by radiorespirometry. The results at day
7, 14, 21 and 28 are expressed as percentages of M./eprae metabolic activity at time 0. Radiorespirometry
data obtained from M./eprae in M-macrophages at time 0 was 5,932+399 and those in GM-macrophages was
3,084+78. *P values calculated in comparison to day 0 viability.

Table 1. Effect of TGF- 8 on survival of M./eprae in mouse macrophages cultured at 35°C*

Experiment 1

. Da.ys of . Attime 0 14 28
incubation period
Medium only 5,222+936° 2,7741295 3,0861425 2,828+1,815
+TGF-8 2,919+535 3,11941,339 1,9731126
Experiment 2
. Da'ys of . Attime 0 28 49
incubation period
Medium only 26,791+1,428 19,103t621 7,420+2,986 5,713+1,144
+TGF-B 14,306+2,240 3,7281410 1,5941317

®Mouse peritoneal resident macrophages were incubated with M.leprae (MOI, 1:10) for 4 hr to
allow phagocytosis, and the culture continued for indicated periods. The cells were lysed to obtain
M.leprae and metabolism of the bacilli was assessed by radiorespirometry.

®Radiorespirometry data, cpm.
Dose of TGF-B, 500pg/mi.
N.D., not determined.
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no difference was recognized in the number of
M.leprae phagocytosed by macrophage cultured
at 35°C and at 37°C (data not shown). Viability
of M.leprae was assessed after 7 and 13 days. The
results clearly showed that the viability of M./eprae
incubated at 35°C was maintained, whereas the
viability was lost if cultured at 37°C (Fig. 4). Next,
M. leprae-infected human M- and GM-macrophages
were cultured for prolonged periods at 35°C.
Viability was sustained well for 4 weeks in human
macrophages, especially in M-macrophages (Fig.
5).

Discussion

In vivo M.leprae is able to enter and survive
in a wide variety of tissues and cell types'”.
The preferred host cell for the leprosy bacillus
appears to be the macrophages and a number of
unsuccessful attempts have been made to grow
M.leprae in macrophages /in vitro. For example,

) employed macrophages

Sharp and Banerjee
from conventional mice and rats, nu/nu mice or
nu/nu rats and armadillos. The M./eprae inocula
were derived from 3 sources (human leproma, nu/
nu mouse footpad and frozen infected armadillo
tissue). Incubation temperature was varied from
31°C to 35°C and M./eprae-infected cells were
maintained for up to 200 days. Fieldsteel and
MclIntosh 'Y employed a range of rat, mouse and
human tissue. The conclusion of these reports
is that no significant multiplication of M./eprae
occurred in any of the cells or tissues.

Previously, we reported that metabolically
active M. Jeprae could be maintained in monolayer
cultures of mouse peritoneal macrophages and
that supplemental IL-10 bolstered M./eprae
metabolism in the macrophages for as long as 8
weeks. In the cell culture system, temperature is

an extremely important factor for growth and 31-

Jpn.J.Leprosy 78, 7-16(2009)

33°C incubation temperature is more permissive
than 37°C *. In the present study, we further
observed that incubation of mouse macrophages
infected with M./eprae at 35°C was also more
growth permissive than at 37°C. We chose 35°C
as the incubation temperature, and not 31°C,
because the maintenance of the integrity of the
macrophage monolayer was better at 35°C than at
31-33°C. Moreover, the monolayer of M./eprae-
infected human macrophages at 31-33°C could
not be maintained for longer than one week. We
observed that maintenance of the monolayer was
good at 35°C, and M./eprae at 35°C was also
more growth permissive than those at 37°C in
human macrophages (Fig. 4 and 5). Our starting
inoculum of M./epraec was freshly obtained for
each experiment from infected nuwnu mice. We also
were able to rapidly quantify the metabolic activity
of M.leprae using the radiorespirometry technique
adapted by Franzblau . This assay is accurate and
highly sensitive with the results available in a short
duration of 1 wk (compared to 6-12 months when
titrated in mouse footpads). Radiorespirometry
data correlates well with other in vitro systems '’
but, more importantly, the data correlated well
with "viability" as observed in the mouse footpad
system 2.

Various clinical evidence suggests that M. /eprae
prefer a growth temperature of less than 37°C ", In
animal models, M./eprae multiplies in the mouse
foot pad where the temperature is lower than
the body temperature ». In addition, Dasypus
novemcinctus, the nine-banded armadillo has
a core temperature of ~33°C, which renders it
permissive as a host for the leprosy bacillus .
Mononuclear phagocytes in virtually every organ
of the natural or experimentally infected armadillo
become heavily parasitized with propagating M.
leprae Y. Whether intracellular or extracellular,

M.leprae clearly prefers temperatures cooler than
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normal human body temperature '*, and 37°C
appeared to be highly detrimental to M./eprae
viability. The /n vitro results obtained in the
present study confirmed the preference of lower
temperature (35°C) by M./eprae residing in human
macrophages.

In this study, supplemental IL-10, but not
TGF- f3 supported the metabolic activity of
M.leprae in mouse macrophages for several weeks,
similar to the results obtained previously *. In
choosing TGF- 8 and IL-10 as the cytokines that
might bolster the intracellular survival of M./eprae,
we were attempting to down-regulate any innate
ability of the normal macrophages to cope with
the organism. TGF- f3 is produced by activated
macrophages and other inflammatory cells and
has a broad array of modulatory functions on
the immune response. TGF- 3 has been shown
to interfere with macrophage antimicrobial
mechanisms including the generation of reactive

1

oxygen intermediates '* and reactive nitrogen

' and has been shown to enhance

intermediates
the intracellular growth of M.tuberculosis in human
monocytes '. However, in the present studies
with mouse macrophages, exogenous TGF- § had
no detectable effect on sustaining intracellular
M. leprae viability, and in fact decreased the
viability (Table 1). In contrast, supplementing
media with IL-10 clearly affected the long term
viability of M./eprae in mouse macrophages
(Fig. 3). IL-10 is produced by T cells, B cells and

1819 1L-10 has been shown to be a

macrophages
potent down-regulator of cell-mediated immunity
to intracellular pathogens **. /n vivo, endogenous
IL-10 dampened the cell-mediated immune
response to avirulent mycobacterial infection * and
appeared to lead to loss of control of M.tuberculosis
infection with widespread dissemination *". IL-10
functions in part at the level of the macrophage by

attenuating iNOS mRNA expression, iNOS activity

14

and, by inference, NO production **. In human
macrophages, however, the viability of M./eprae
was maintained for 4 weeks in the absence of IL-
10 (Fig. 5), suggesting that human cells seem to be
better hosts than mouse cells for M./eprae survival.
Viability of M./eprae in M-macrophages seems
to be maintained for a longer period (up to one
month) than that in GM-macrophages (Fig. 5). One
of the reasons for this may be due to the production
of IL-10 by M-macrophages **, although the
mechanism by which IL-10 contributes to the
maintenance and growth of M./eprae is unclear.

In conclusion, the present study showed that
the metabolism, and presumably the viability,
of M./eprae could be sustained under culture
conditions at 35°C, which is also a moderate
temperature necessary to maintain the integrity of

macrophages.
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A Signaling Polypeptide Derived from an Innate Immune
Adaptor Molecule Can Be Harnessed as a New Class of
Vaccine Adjuvant®

Kouji Kobiyama,>* Fumihiko Takeshita,>** Ken J. Ishii,"® Shohei Koyama,** Taiki Aoshi,’
Shizuo Akira,** Asako Sakaue-Sawano,! Atsushi Miyawaki,’ Yuko Yamanaka,
Hisashi Hirano,' Koichi Suzuki,” and Kenji Okuda*

Modulation of intracellular signaling using cell-permeable polypeptides is a promising technology for future clinical applications,
To develop a novel approach to activate innate immune signaling by synthetic polypeptides, we characterized several different
polypeptides derived from the caspase recruitment domain (CARD) of IFN-8 promoter stimulator 1, each of which localizes to a
different subcellular compartment. Of particular interest was, N'-CARD, which consisted of the nuclear localization signal of
histone H2B and the IFN-B promoter stimulator 1CARD and which localized to the nucleus. This polypeptide led to a strong
production of type I IFNs and molecular and genetic analyses showed that nuclear DNA helicase II is critically involved in this
response. N'-CARD polypeptide fused to a protein transduction domain (N'-CARD-PTD) readily transmigrated from the outside
to the inside of the cell and triggered innate immune signaling. Administration of N'-CARD-PTD polypeptide elicited production
of type I IFNs, maturation of bone marrow-derived dendritic cells, and promotion of vaccine immunogenicity by enhancing
Ag-specific Thl-type immune responses, thereby protecting mice from lethal influenza infection and from outgrowth of trans-
planted tumors in vivo. Thus, our results indicate that the N'-CARD-PTD polypeptide belongs to a new class of vaccine adjuvant
that directly triggers intracellular signal transduction by a distinct mechanism from those engaged by conventional vaccine

adjuvants, such as TLR ligands.

ccumulating evidence from basic research and from clin-

ical studies clearly indicates that type 1 IFNs are key to

the elimination of viral infection (1, 2), suppression of
tumor progression (3, 4), and to vaccine immunogenicity (5). Type
1 IFNs, such as IFN-a and -3, are produced from a wide variety of
cell types upon viral infection or in response to foreign nucleic
acids, such as DNA and RNA (6-8). Recent research has dissected
and elucidated the molecular basis of the ability of the immune
system to sense a variety of nucleic acids as pathogen-associated
molecular patterns (9) or to sense the presence of aberrant self-
DNA under dangerous situations (10, 11). RIG-I-like helicases
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(RLHs)* mediate innate immune signaling in human cells induced
by immunostimulatory RNAs, such as 5'-triphosphate RNA or
dsRNA, or right-handed B-form DNA (B-DNA) (12-14). RLHs
trigger cellular signaling through adaptor molecules, such as
IFN-B promoter stimulator 1 (IPS-1, also known as MAVS/VISA/
Cardif), TNFR-associating factor (TRAF) 3, and TRAF family
member-associated NF-«B activator (TANK), thereby coordinat-
ing the activation of 1«B kinase (IKK) family members, such as
NF-«B essential modulator, IKK-«, IKK-f8, TANK-binding kinase
1 (TBKI1), and inducible IKK (IKKi). Once activated by such cy-
toplasmic kinases, NF-«B, IFN regulatory factor 3 (IRF3), and
IRF7 transmigrate into the nucleus and act as master regulators of
type I IFN-related gene promoters (15).

These signaling molecules contain distinct domains, and thereby
associate with specific target molecules and modulate downstream
signal transmission. IPS-1 plays a central role in this signaling
pathway and its caspase recruitment domain (CARD) forms the
death domain fold, which is structurally similar to domains of Fas-
associated via death domain and caspase family members (16).
The CARD of IPS-1 is essential for signal transmission through
homotypic interactions with the CARDs of upstream RLHs (9).
Mitochondrial sorting of IPS-1 is also crucial for its canonical

4 Abbreviations uscd in this paper: RLH, RIG-1-like helicasc; B-DNA, B-form DNA:
IPS-1, IFN-B promoter stimulator 1; TRAF, TNFR-associating factor; TANK, TRAF
family member-associated NF-xB activator; TBK1, TANK binding kinase I; IKK,
1xB kinasc; IKKi, inducible IKK: IRF3, IFN regulatory factor 3; CARD, caspase
recruitment domain; N'-CARD, fusion of the NH,-terminal nuclear localization sig-
nal of histone H2B to the IPS-1 CARD; PTD, protein transduction domain; TMD,
transmembranc domain; NLS, nuclcar localization signal; NDH, nuclcar DNA heli-
case II; ODN, oligodeoxynucicotide; flu vax. influenza split-product vaccine; DC,
dendritic cell; FL, full length; BM-DC. bore marrow-derived dendritic cell.
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signaling because human hepatitis C virus NS3/4A protease inac-
tivates IPS-1 by cleaving a region adjacent to the transmembrane
domain (TMD), which is required for IPS-1 localization to the
mitochondrial outer membrane (17).

To develop a novel approach to modulate innate immune sig-
naling by synthetic polypeptides, we generated several different
IPS-1 CARD-fusion polypeptides, each of which localizes to a
different subcellular compartment. Of interest, the nuclear local-
jzation of a fusion polypeptide between the nuclear localization
signal (NLS) of histone H2B and the IPS-1 CARD (hereafter re-
ferred to as N’-CARD) activated a distinct signaling pathway ini-
tiated from the nucleus and led to a strong production of type I
IFN. Molecular and genetic analyses showed that nuclear DNA
helicase IT (NDH) is critically involved in this signaling pathway.
Fusion of N'-CARD to the protein transduction domain (PTD),
originally derived from the HIV Tat protein (18), facilitated trans-
duction of N'-CARD from outside to inside the cell without loss of
its original intracellular function. Finally, we demonstrate that the
N’-CARD-PTD polypeptide acts as a novel vaccine adjuvant by
directly triggering innate intracellular immune signaling to aug-
ment vaccine immunogenicity. Such a mechanism is distinct from
TLR-mediated signaling, which is engaged in innate immune ac-
tivation by conventional vaccine adjuvants, such as monophospho-
ryl-lipid A (an LPS derivative) and CpG oligodeoxynucleotide
(ODN).

Materials and Methods
Cells and reagents

HEK293, HeLa, RAW264.7, and TC-1 cells were purchased from Amer-
ican Type Culture Collection and maintained in DMEM supplemented with
10% FCS and 50 pg/mi penicillin/streptomycin. Sf9 cells were maintained
in Sf900 I SFM (Invitrogen). LPS was purchased from Sigma-Aldrich.
CpG ODN, 5'-ATC GAC TCT CGA GCG TTC TC-3', was synthesized by
Gene Design. Mouse GM-CSF and Fit3L were purchased from PeproTech.
Influenza split-product vaccine (flu vax) was prepared at The Research
Foundation for Microbial Diseases of Osaka University (Kanon-ji city,
Kagawa, Japan) from the purified influenza virus A/New Caledonia/20/99
strain (HIN1) by sequential treatment with ether and formalin, according
to the method of Davenport et al. (19, 20).

Expression plasmids

The IPS-1 expression plasmid was described previously (21). The IPS-1
CARD, aa 1-100 of the IPS-1 ORF, was PCR-amplified. Fusion cDNAs
were generated by ligating aa 1-100 and 514-540 of IPS-1 ORF (CARD-
TMD), aa 1-37 of histone H2B ORF and aa 1-100 of IPS-1 ORF (N'-
CARD), N'-CARD and aa 514-540 of hiPS-1 ORF (N'-CARD-TMD),
and were amplified by PCR. These fragments were introduced in-frame
into pFLAG CMVS5b (Sigma-Aldrich) or pGEX6P-2 (GE Healthcare).
GST-N'-CARD was further fused to the PTD (Tyr-Ala-Arg-Ala-Ala-Ala-
Arg-Gln-Ala-Arg-Ala) and introduced into pFastBac HT-B (Invitrogen).
TBKI, IKKi, NDH, and chloride channel 1A (CC1A) ¢cDNAs were am-
plified by PCR using a human spleen cDNA library (Takara). These frag-
ments were introduced in-frame into pFLAG-CMV4 (Sigma-Aldrich),
pClneo-HA, pCAGGS-Flag-m1SECFP, pCAG-His Venus, or pcDNA3-
RFP. The N'-CARD T54A expression plasmid was generated by site-di-
rected mutagenesis, as described previously (22). The sequences of the
PCR products were confirmed using an ABT PRISM Genetic Analyzer (PE
Applied Biosystems).

Luciferase assay
The luciferase assay was conducted as described previously (23).
Confocal microscopy

Hela cells were transfected with CARD-YFP, CARD-TMD-YFP, N'-
CARD-YFP, N'-CARD-TMD-YFP, IPS-1-YFP, YFP-IKKi, YFP-TBKI,
and/or mRFP-NDH and incubated for 48 h. In some cases, the cells were
treated with Hoechst 33258 (Invitrogen) and/or MitoTracker reagent (In-
vitrogen) at 37°C for 15 min. Alternatively, HeLa cells were treated with
CARD or N'-CARD-PTD for 30 min. Cells were treated with Hoechst
33258 for 15 min before fixation and incubation with mouse anti-FLAG
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M2-Cy3. After washing with PBS containing 1% BSA, the cells were
examined under an FV 500 confocal microscope (Olympus).

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting was performed as described pre-
viously (24) using anti-FLAG M2 (Sigma-Aldrich), anti-FLAG M2-HRP
(Sigma-Aldrich), anti-HA (Covance), anti-HA-HRP (Roche Diagnostics),
anti-ubiquitin-HRP (Santa Cruz Biotechnology), anti-NDH (provided by
J. D. Parvin, Brigham and Women’s Hospital, Boston, MA), anti-p-JNK,
anti-p-p38, anti-p-ERK, and anti-B-actin (Cell Signaling Technology).

RNA interference

An siRNA targeting NDH mRNA (stealth RNAi) was chemically synthe-
sized by Invitrogen (Carlsbad, CA): sense, 5'-AUU GCU UGC AAA UCA
UGA UCC UGU U-3’'; antisense, 5'-AAC AGG AUC AUG AUU UGC
AAG CAA U-3'. HEK293 cells (6 X 10%) were transfected with 120 pmol
of control or NDH siRNA using Lipofectamine RNAi MAX reagent (In-
vitrogen) according to the manufacturer’s protocol.

Purification of recombinant polypeptides

DH10Bac competent cells (Invitrogen) were transformed with pFastBac
HT-B-GST or with GST-N'-CARD-PTD to generate recombinant Bac-
mids. Sf9 cells were transfected with Bacmid-encoding GST or GST-N'-
CARD-PTD to generate recombinant seed baculoviruses. Seventy-two
hours after infection, the Sf9 cells were washed once with PBS and sus-
pended in sonication buffer (50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1
mM EDTA, | mM DTT) containing 10% Triton X-100. After sonication,
cell lysates were centrifuged at 15,000 rpm, at 4°C for 30 min. The super-
natants were collected and dialyzed with sonication buffer. Recombinant
polypeptides were purified using GSTrap (GE Healthcare) according to the
manufacturer’s protocol. In brief, after the column was equilibrated with 2
ml sonication buffer, the cell lysate was applied and the column then
washed three times with 10 mi PBST (PBS containing 0.5% Triton X-100)
and with PBS once. Recombinant polypeptide (GST or GST-N'-CARD-
PTD) was eluted with sonication buffer containing 10 mM reduced gluta-
thione and then dialyzed with PBS. Recombinant proteins (1 pg) used in
all the experiments contained <20 fg endotoxins (Limulus J Single Test,
Wako).

ELISA and RT-PCR

Bone marrow-derived dendritic cells (DCs) were generated by 5 days of
culture with GM-CSF (20 ng/ml) (GM-DCs) or Fit3L (100 ng/ml) (FL-
DCs). GM-DCs or FL-DCs were treated with or without 1, 3, or 10 pg/mi
N'-CARD-PTD or | uM of CpG ODN for 24 h and the supernatants were
subjected to ELISA for mouse IFN-¢, IFN-8 (PBL Biomedical Laborato-
ries), or IL-12 p40 (Invitrogen). RAW264.7 cells were treated with 1 pg/mi
LPS or 10 pug/ml N'-CARD-PTD for 3, 6, 12, 18, 24, and 48 h. The levels
of mRNA for TNF-a, IL-6, IFN-a, IFN-B, IP-10, and B-actin were exam-
ined by RT-PCR as described previously (5, 22).

Immunization

Eight-week-old female BALB/c mice were administered s.c. with N’-
CARD-PTD (5 pg), CpG ODN (5 pg), or flu vax (0.7 ug) alone, flu vax
(0.7 pug) plus N'-CARD-PTD (5 pg), or flu vax (0.7 ug) plus CpG ODN
(5 pg) at 0 and 10 days. Blood was drawn at 20 days and serum Ab titer
was measured by ELISA as described previously (25). Alternatively, 8-wk-
old female C57BL/6 mice were immunized with E7 peptide (E7, Arg-Ala-
His-Tyr-Asn-Ile-Val-Thr-Phe, 3 ug), E7 plus N'-CARD-PTD (5 ug), or
E7 plus CpG ODN (5 pg) at 0 and 2 wk. Splenocytes were harvested 2 wk
after final immunization. The cells were incubated with 1 ug/ml E7 or NP
peptide (Ala-Ser-Asn-Glu-Asn-Met-Glu-Thr-Met) for 18 h at 37°C. Total
RNA was isolated and real-time PCR was performed as described previ-
ously (22).

Influenza challenge

Ten days after final immunization, mice were challenged intranasally with
2 X 10? pfu (8 LDs,) of influenza virus A/PR/8/34 (25). The body weights
and mortality of the challenged mice were monitored for the next 14 days.

Tumor transplantation

Eight week-old C57BL/6 mice were administered subcutaneously with
TC-1 (1 X 10° cells/mouse), a mouse lung carcinoma expressing E7 Ag
(25). Mice were immunized with control NP peptide (3 ug), E7 (3 pg),
N’-CARD-PTD (5 ug). or E7 (3 pg) plus N'-CARD-PTD (5 pg) at 3, 4,
5, 6, and 7 day after TC-1 inoculation. The sizes of local tumor mass were
monitored for the next 20 days.
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FIGURE 1. Synthetic IPS-1 CARD fusion molecules induce activation of type I IFN-related promoters. A, Schematic diagram of synthetic fusion
molecules consisting of domains derived from IPS-1 and histone H2B. B, HEK293 cells were transfected with the expression plasmids, GFP-FLAG,
CARD-FLAG, CARD-TMD-FLAG, N'-CARD-FLAG, N'-CARD-TMD-FLAG, FLAG-IPS-1 FL, and N'-CARD T54A-FLAG in the presence of TK-RL
plus a reporter plasmid expressing firefly luciferase under the control of either the IFN-a4 promoter (top panel), the IFN- promoter (second panel from
the top), the 1ISRE-dependent promoter (third panel from the top), or the IRFE-dependent promoter (fourth panel from the top). Data represent means *
SD of the relative luciferase activity of six samples. Cell lysates were also subjected to immunoblot analysis to examine levels of target polypeptide
expression (bottom panel). C, HeLa cells were transfected with the expression plasmids, YFP-CARD, YFP-CARD-TMD, YFP-N'-CARD, YFP-N'-CARD-
TMD, YFP-IPS-1 FL, and YFP-N'-CARD T54A. Genomic DNA or mitochondria were stained with Hoechst 33258 or Mitotracker reagent, respectively,
and then analyzed under a confocal microscope. The data represent one of three independent experiments with similar results. Scale bar, 10 um.

Statistical analysis

The Student’s ¢ test or the Mantel-Cox log rank test was used for statistical
analysis.

Results
The nuclear redistribution of IPS-1 CARD elicits type I IFN
promoter activation

To elucidate the mechanisms underlying IPS-1 CARD-mediated
signaling, plasmids encoding either the IPS-1 CARD alone or the
1PS CARD fused to the IPS-1 TMD or to the NLS of histone H2B
were generated and their abilities to induce type 1 IFN-related pro-
moter activation were characterized (Fig. [A4). Although the
CARD alone had minimal activity in eliciting such promoter ac-
tivation, fusion of the TMD to the CARD (CARD-TMD) resulted
in a significant activation, suggesting that the TMD facilitates
CARD-mediated signaling, consistent with previous data (Fig. 1B;
Ref. 26). Of interest, fusion of the NH,-terminal NLS of histone
H2B to the IPS-1 CARD (N'-CARD) conferred strong promoter
activation, suggesting that nuclear localization of N'-CARD trig-

gers signal activation. Indeed, N'-CARD induced phosphorylation
of IRF3 at a comparable level to full length IPS-1 (FL) (Supple-
mental Fig. 1).°> The mutant polypeptide N’-CARD T54A, in
which the third a-helical structure of the CARD was disrupted
(22), induced significantly lower levels of promoter activation,
suggesting that the conformation of the IPS-1 CARD is also crit-
ical for its activity. Although N'-CARD fused to the IPS-1 TMD
(N'-CARD-TMD) induced significant levels of promoter activa-
tion, the levels were comparable to those induced by N'-CARD or
CARD-TMD, suggesting that the effects of CARD distribution
mediated by the NLS and the IPS-1 TMD are redundant.

N'-CARD localizes to the nucleus and signals through NDH

To elucidate the signaling mechanisms triggered by N'-CARD and
CARD-TMD, we examined the subcellular localizations of these
fusion molecules. Confocal microscopy analysis showed that
CARD-TMD fused to YFP (YFP-CARD-TMD) was present in

* The online version of this article contains supplemental information.

—100—



1596

o @
s 3 3 _6
eidEcR g SIRNA &
iEgstad
FEEELEL NDH +
2e289°%9 ,
vozzaza
Lysato ~ B-actin §
iB: antibHA {27 Y i |+ HA-TBK1
Trias | = =@ |<HA-TEK
98
~84
1P sntl-FLAG
1B: anU-FLAG
~18
-8
kDa
2 *
2 l '
5 3
2
£
Q
z 0
w
- GFP +
NDH + +
TBK1 +*

N'-CARD ACTIVATES DISTINCT INNATE IMMUNE SIGNALING

* %*
- %«m I - 120 "‘“] 140
Q 2 w00 100 126
= < 1
g &
3
g e [
Eto < “©
220 20
z 20
® 0 o
=0 =0 [ [ -
e 33 88 JE3E 3P E
psmid 2§ 23 28z >°.§§§
== gz 8
& 2
z z
(R S — —
Cont NDH Cont NDH Cont NDH

IFN-f§ Promoter Activity
o8 52238
1
[O—
o358838 3
Mé

S S 5% 5% s 88
Pasmid S& & $E 28 ge &
> > > > > g S g
Lt e [ S
Cont NDH Cont NDH Cont NDH

FIGURE 2. Role of NDH in N'-CARD-mediated signaling. A, Cell lysates from HEK293 cells transfected with the expression plasmids for HA-TBK1
plus CARD-FLAG, CARD-TMD-FLAG, N'-CARD-FLAG, N'-CARD-TMD-FLAG, FLAG-IPS-1 FL, N'-CARD T54A-FLAG, or FLAG-CCIA were
prepared and immunoprecipitated with anti-FLAG Ab. The immune complexes were analyzed by immunoblotting using anti-HA or anti-FLAG Ab. B, After
HEK?293 cells were transfected with control or NDH siRNA, the levels of NDH protein were examined by immunoblotting. The cells were further
transfected with the expression plasmid for N’-CARD, N'-CARD-TMD, CA-RIG-I, IPS-1, TBK1, and CA-IRF3 in the presence of TK-RL plus a reporter
plasmid expressing firefly luciferase under the control of the IFN-B promoter. C, HEK293 cells were transfected with the expression plasmid(s) for GFP,
NDH, and/or TBK1 in the presence of TK-RL plus a reporter plasmid expressing firefly luciferase under the control of the IFN-8 promoter. B and C, Forty
eight hours after transfection, luciferase assay was performed. Data represent means * SD of the relative luciferase activity of eight samples. *, p < 0.05.

mitochondria, with a localization pattern similar to that of IPS-1
FL (YFP-IPS-1 FL), while N'-CARD fused to YFP (YFP-N'-
CARD) was mostly present in the nuclear interchromosomal space
(Fig. 1C). Because CARD alone (YFP-CARD) was present dif-
fusely within the cell and both YFP-N'-CARD and YFP-N'-
CARD T54A localized to the nucleus, it was suggested that the
NLS directed the nuclear distribution of the IPS-1 CARD (Fig.
1C). These results implied that N'-CARD triggers cellular signal-
ing pathways that originate in the nucleus and that are distinct from
those triggered by CARD-TMD or IPS-1 FL, which originate from
mitochondria.

TBKI, and its closely related IKK family member IKKi, are
kinases acting downstream of IPS-1 and are required for a type 1
IFN production (21, 26, 27). We next examined the molecular
interactions between each CARD-fusion molecule and TBK1 by
immunoprecipitation analysis. As a control, TBK1 was coprecipi-
tated with IPS-1 FL (Fig. 24). A significant amount of TBK1 was
also detected after precipitation with CARD-TMD or N'-CARD-
TMD, but not after precipitation with CARD, N'-CARD, or N'-
CARD T54A, suggesting that the TMD supports the association of
the CARD with TBK1 (Fig. 24).

To examine the signaling mechanisms triggered by N'-CARD,
we tried to identify cellular molecules that associate with N'-
CARD using a tandem-affinity purification system and TOF-MS

analysis (data not shown). Among the N'-CARD interacting mol-
ecules identified, we were particularly interested in nuclear DNA
helicase II (NDH, also known as RNA helicase A), a 1270 amino
acid protein containing two copies of a dsRNA binding domain, a
DEIH (Asp-Glu-lle-His) helicase core, and an RGG (Arg-Gly-
Gly) box nucleic acid-binding domain. :

To examine the functional role of NDH in the signaling pathway
leading to type I IFN production, NDH mRNA was ablated by
RNA interference. Endogenous NDH protein was specifically de-
creased by NDH siRNA but not by control siRNA treatment (Fig.
2B). Knockdown of NDH resulted in a suppression of N'-CARD-
induced IFN-B promoter activation by 73%. The level of promoter
activation induced by IPS-1 or N'-CARD-TMD was also partially
suppressed in NDH-knockdown cells by 33 and 38%, respectively.
The levels were comparable when a constitutively active form of
RIG-1 (RIG-1 2CARDs), TBK1, or a constitutively active form of
IRF3 (IRF3CA) was examined (Fig. 2B). Although over-expres-
sion of NDH had no effect, and over-expression of TBK-1 had a
minimal effect on IFN-B promoter activation, over-expression of
NDH plus TBK1 synergistically activated the IFN-B promoter,
suggesting that NDH had the ability to up-regulate TBK1 activity
(Fig. 2C). These results, taken together, suggest that NDH is in-
volved in the events downstream of N'-CARD, and partially in
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FIGURE 3. NDH associates with N'-
CARD, TBK1, and IKKi. A and B, The
lysates of HEK293 cells transfected with
the expression plasmids for FLAG-NDH IP: FLAG
plus HA-IPS-1, HA-IKKi, HA-TBK1 (4) IB: FLAG
or N'-CARD-HA (B) were prepared and )
immunoprecipitated with anti-FLAG Ab.
The immunoblots were probed with anti-
HA or anti-FLAG Ab (A and B) or se-
quentially probed with anti-HA and anti- IP: FLAG
ubiquitin Ab (B). C, HeLa cells were IB: HA

transfected with an expression plasmid
for mRFP-NDH alone or with those for
mRFP-NDH and YFP-IKKi or YFP-
TBKI1. After staining with Hoechst
33258, the cells were examined under a
confocal microscope. Data represent one
of three independent experiments with
similar results. Scale bar, 10 um.

those downstream of IPS-1, and that it plays a role in signaling
upstream of TBKI.

To confirm the physical interactions among NDH, IKKi, TBK1,
and N’-CARD, immunoprecipitation analysis was performed. A
strong interaction was detected between NDH and 1KKi or TBK1,
while there was no apparent association of NDH with IPS-1 in this
assay (Fig. 3A). By contrast, NDH was confirmed to interact with
N'-CARD, Of interest, the mobility of N'-CARD coprecipitated
with NDH was retarded in SDS-PAGE (~25 kDa) when compared
with that in whole cell lysate (~18 kDa) (Fig. 3B). The retarded
N’-CARD was detected by anti-ubiquitin Ab, suggesting that
mono-ubiquitinated N’-CARD, directly or indirectly, has the abil-
ity to associate with NDH (Fig. 3B). We also examined the sub-
cellular localization of NDH, IKKi, and TBK! by confocal mi-
croscopy analysis (Fig. 3C). Both YFP-IKKi and YFP-TBK1 were
mostly present in the cytoplasm, while mRFP-NDH was diffusely
present within the cell. Most NDH present within the cytoplasm
colocalized with IKKi or TBK1 (Fig. 3C).

Recombinant N'-CARD polypeptide fused to the protein
transduction domain (N'-CARD-PTD) induces type I IFN
production and exerts innate immune responses in vitro

To examine the potent ability of N'-CARD in modulating innate
immune responses, we generated a recombinant N’'-CARD
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polypeptide fused to the PTD, which enables transduction of ex-
tracellular protein into intracellular compartments. When the N'-
CARD-PTD polypeptide was added to the culture medium of
HeLa cells, it entered the nucleus within 30 min (Fig. 44). By
contrast, when the same amount of CARD polypeptide was added,
only a minimal level of the polypeptide was observed inside the
cell (Fig. 44). The addition of the N'-CARD-PTD polypeptide
alone induced significant levels of IFN-B promoter activation in
HEK?293 cells, suggesting that N'-CARD-PTD has the ability to
transmigrate into the cell and trigger NDH-mediated cellular sig-
naling to elicit type I IFN production (Supplemental Fig. 2).

We next examined whether administration of the N'-CARD-
PTD polypeptide activates immune cells in vitro. As shown in Fig.
4B, N'-CARD-PTD induced production of a proinflammatory cy-
tokine (TNF-a), type 1 IFNs (IFN-« and -8), and an IFN-stimu-
lated gene product (IP-10) in a mouse macrophage cell line,
RAW264.7. The expression of IFN-« and -8 mRNAs was detected
within 18 h; the expression of IFN-a mRNA continued for more
than 48 h after N'-CARD-PTD treatment. By contrast, LPS, an
activator of TLR4-mediated innate immune responses, induced
IFN-B mRNA within 3 h, but this induction lasted for less than
18 h. The overall level of IFN-a mRNA production was higher in
cells stimulated with N'-CARD-PTD compared with those stimu-
lated with LPS, while that of IFN-$ was lower in those stimulated
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FIGURE 4. The N'-CARD-PTD polypeptide induces type I IFN production and DC maturation. A, Recombinant CARD or N'-CARD-PTD polypeptide
was administered into the culture medium of HeLa cells. Thirty minutes after addition, the cells were permeabilized, stained with anti-FLAG M2-Cy3 and
Hoechst 33258, and subjected to confocal microscopy analysis. Upper panel, Lower magnification. Lower panel, Higher magnification, Scale bar, 10 pm.
B, RAW264.7 cells were treated with 1 wg/ml LPS or 10 pg/ml N'-CARD-PTD for 3, 6, 12, 18, 24, and 48 h. The levels of mRNA expression for TNF-a,
IL-6, IFN-a, IFN-B, IP-10 and B-actin were examined by RT-PCR (upper panel). The levels of phosphorylated JNK, p38, or ERK were examined by
immunoblotting (lower panel). C, GM-DCs or FL-DCs were treated with or without 1, 3, or 10 ug/ml N'-CARD-PTD or 1 uM of CpG ODN for 24 h and
the supernatants were subjected to ELISA for mouse IFN-a, IFN-, or IL-12 p40. Data represent one of two or three independent experiments with similar
results.
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FIGURE 5. Coadministration of
N’-CARD-PTD enhances Ag-spe-
cific 1gG2a production and superior
protection against lethal influenza in-
fection. A-C, Eight-week-old female
BALB/c mice (n = 10) were immu-
nized s.c. with flu vax (0.7 pg), N'-
CARD-PTD (5 pg), CpG ODN (5
ug), flu vax (0.7 ug) plus N'-CARD-
PTD (5 pg), or flu vax (0.7 ug) plus
CpG ODN (5 png) at 0 and 10 days.
A, Anti-flu vax Ab titer was exam-
ined 10 days after the final immuni-
zation. B and C, Ten days after the
final immunization, mice were chal-
lenged with 8 LDy, doses of influ-
enza A/P/R8 (HIN1). The body-
weight changes (B) and the mortality
(C) were monitored for the next 14
days. Data represent one of two in-
dependent experiments with similar
results, *, p < 0.05.
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with N'-CARD-PTD compared with those stimulated LPS (Fig.
4B). These results suggest that N'-CARD-PTD activates a distinct
innate immune signaling pathway(s) from those engaged by LPS. In
fact, LPS induced phosphorylation of MAPK such as JNK, p38, and
ERK within 3 h, while N'-CARD-PTD had little effects on activation
of these kinases except for ERK at 3 and 6 h (Fig. 4B). We also
examined whether N'-CARD-PTD activates bone marrow-derived
dendritic cells (BM-DCs). As a control, CpG ODN activated BM-
DCs induced in vitro by Fit3L (FL-DCs) but not BM-DCs induced in

Days post infection

Days post infection

vitro by GM-CSF (GM-DCs) to produce type 1 IFNs. N'-CARD-
PTD, by contrast, activated both GM-DCs and FL-DCs to produce
type I IFNs (Fig. 4C). We also observed that N'-CARD-PTD weakly
but significantly up-regulated cell surface expression of MHC class I,
class II, CD40, and CD86 on both GM-DCs and FL-DCs (data not
shown). Up-regulation of such cell surface molecules was dependent
on type I IEN production but independent on myeloid differentiation
factor 88 (MyD88) nor Toll-IL-1R domain-containing adaptor-induc-

ing IFN-B (TRIF) (data not shown).
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FIGURE 6. Coadministration of N'-CARD-PTD
plus tumor-associated Ag E7 confers superior protec-
tion against tumor outgrowth. A, Eight-week-old female
BALB/c mice (n = 5) were immunized subcutaneously
with E7 peptide (3 pg), E7 peptide (3 png) plus N'-
CARD-PTD (5 ng), or E7 peptide (3 pg) plus CpG
ODN (5 pg) at 2 and 4 wk. Splenocytes were prepared
from each individual mouse and restimulated in vitro
with control NP (—) or E7 peptide (). The relative
expression levels of IFN-y mRNA were measured by
real-time PCR and normalized to 18S rRNA levels. B,
Eight-week-old C57BL/6 mice (n = 10) were inocu-
lated subcutaneously with 1 X 10° TC-1 cells/mouse at
0 days and then immunized with control NP peptide (3
ng), E7 (3 ug), N'-CARD-PTD (5 pug), or E7 (3 ug)
plus N'-CARD-PTD (5 pug) at 3, 4, 5, 6, and 7 days.
Tumor sizes were measured at 14, 18, and 20 days. Data
represent one of two independent experiments with sim-
ilar results. *, p < 0.01.

Relative IFN-y mRNA Level

Re-stimulation

N'-CARD-PTD augments Ag-specific acquired immune
responses fo protect against influenza virus infection and tumor
outgrowth in vivo

To examine the in vivo effects of N'-CARD-PTD on innate and
acquired immune responses, we used a mouse model of influenza
virus infection and of tumor transplantation. Influenza split-prod-
uct vaccine (flu vax) was used to evaluate the adjuvanticity of
N’-CARD-PTD. Flu vax was prepared at The Research Founda-
tion for Microbial Diseases of Osaka University from the purified
influenza virus A/New Caledonia/20/99 strain treated sequentially
with ether and formalin. As shown in Fig. 5A, s.c. administration
of flu vax plus N'-CARD-PTD or CpG ODN induced significant
levels of specific IgG1 production that were comparable to that of
flu vax alone. Administration of flu vax plus N'-CARD-PTD or
CpG ODN, by contrast, resulted in significantly higher levels of
specific [gG2a production compared with that of flu vax alone,
suggesting that N’-CARD-PTD and CpG ODN have the ability to
modulate Thl-deviated immune responses. In accordance with
such adjuvant effects, immunization with flu vax plus N'-CARD-
PTD conferred superior protection against a lethal influenza chal-
lenge relative to that with fiu vax alone (Fig. 5, B and C).

We next examined whether N'-CARD-PTD has an ability to
enhance Ag-specific cellular immune responses. Immunization
with MHC class I-restricted HPV E7 peptide (E7) alone induced
minimal levels of E7-specific [FN-y production from splenocytes
(Fig. 64). Treatment with E7 plus N'-CARD-PTD or CpG ODN
induced higher levels of E7-specific IFN-vy production, suggesting
that N’-CARD-PTD has an adjuvant effect on cell-mediated im-
mune responses (Fig. 64). Thus, mice were s.c. transplanted with
TC-1 cells expressing E7 as a model tumor Ag, and then immu-
nized with E7 in the presence or absence of N'-CARD-PTD, as
shown in Fig. 6B. The outgrowth of TC-1 tumors in mice treated
with either N'-CARD-PTD or E7 alone was comparable to that in
mice treated with control NP peptide. In accordance with E7-spe-
cific IFN-y production from splenocytes, the sizes of established
tumors in mice treated with E7 plus N'-CARD-PTD were signif-
icantly smaller compared with those in mice treated with E7 alone
or with N’-CARD-PTD alone (Fig. 6B). These in vivo results,
taken together, indicate that N'-CARD-PTD, an activator of NDH-
mediated innate immune responses, acts as a vaccine adjuvant,
thereby enhancing protective immune responses against pathogens
or tumors.
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Discussion

This study provides the first evidence that the N'-CARD-PTD
polypeptide directly enters the nucleus and triggers the innate im-
mune signaling pathway leading to type I IFN production through
NDH. NDH is a member of the DEXH (Asp-Glu-X-His) family of
helicases and is highly conserved in higher eukaryotes, from Dro-
sophila to mammals. Previous studies have shown that NDH in-
teracts with molecules of the transcription machinery, such as the
RNA polymerase 1l complex (28), cAMP-response element-bind-
ing protein (28), and NF-«B p65 (29), thereby regulating the tran-
scription of responsive genes. NDH also acts together with the
RNA editing enzyme to coordinate the editing and splicing of nu-
merous cellular and viral RNAs (30, 31). Knockout of the Ndh
gene led to early embryonic lethality (<E10.5) due to a high fre-
quency of apoptosis in embryonic ectodermal cells during gastru-
lation (32). In addition to these properties of gene regulation and
cellular homeostasis, our results suggest that NDH has a distinct
property of mediating innate immune signaling upstream of TBK1.
Recently, it was shown that a DEAD (Asp-Glu-Ala-Asp) box he-
licase, DDX3X, is a kinase substrate of TBK1 and acts as a critical
component of TBK1-dependent innate immune signaling, partic-
ularly in the type I IFN production pathway (33).

MAPK activation plays a significant role in LPS- or CpG DNA-
mediated signaling (Fig. 4C and Ref. 34), however, the signaling
pathway induced by N’-CARD-PTD may not involve MAPK. This
suggested that, unlike TLR-mediated signaling pathways, activa-
tion of MAPK is not crucial for N'-CARD-PTD-mediated type I
IFN production. Rather, the action of N'-CARD-PTD resembles
the signal activation induced by IFN stimulatory DNA, which was
originally reported by Stetson et al. as having a similar action to
B-DNA, which is critical in the control of DNA vaccine immu-
nogenicity (5, 35). Because MAPK activation is associated with
deleterious effects, ranging from hyperinflammation to cancer (36),
the lack of such kinase activation would be an advantage for the
repeated clinical application of N’-CARD-PTD. Further study will
be needed to elucidate the molecular basis of the NDH-mediated
signaling pathway and to determine the value of N'-CARD-PTD
for clinical use.

Many TLR ligands and related compounds have been tested as
vaccine adjuvants and as anti-allergy and anti-cancer drugs in hu-
mans (37). Among these, some clinical trials of TLR9-targeting
molecules, including CpG ODN and its conjugated products, have
recently been abandoned due to unexpectedly weaker responses in
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humans relative to those observed in mice. This result was attrib-
utable to a lower frequency of TLR9 expression in human immune
cells; expression was found in only a portion of B cells and plas-
macytoid DCs that combined made up just 1% of the total immune
cell population (38). In contrast, immunostimulatory RNA or B-
DNA activates innate immune responses through cytosolic recep-
tors but only when they are introduced into intracellular compart-
ments, i.e., they have almost no effects when they are present
outside the cell. Taking such observations into account, N’'-
CARD-PTD may have the advantage of self-transmigration into
the nucleus and of triggering innate immune signaling in the ab-
sence of TLRs but in the presence of NDH and TBK1, which are
ubiquitously expressed in a wide-variety of cell types.

In conclusion, this study showed concrete evidence that the ac-
tivation of a distinct NDH-mediated signaling pathway up-regu-
lates innate immune responses and that N'-CARD-PTD is a can-
didate vaccine adjuvant in future vaccine development. These
findings may also provide insights that will be helpful in the design
of immunomodulatory agents, such as using constitutively active
signaling molecules of the innate immune responses.
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Whole-genome sequence analysis of Mycobacterium leprae has revealed a limited number of protein-coding
genes, with half of the genome composed of psendogenes and noncoding regions, We previously showed that
some M. leprae pseudogenes are transcribed at high levels and that their expression levels change following
infection. In order to clarify the RNA expression profile of the M. leprae genome, a tiling array in which
overlapping 60-mer probes cover the entire 3.3-Mbp genome was designed. The array was hybridized with M.
leprae RNA from the SHR/NCrj-rnu nude rat, and the results were compared to results from an open reading
frame array and confirmed by reverse transcription-PCR. RNA expression was detected from genes, pseudo-
genes, and noncoding regions., The signal intensities obtained from noncoding regions were higher than those
from pseudogenes. Expressed noncoding regions include the M. leprae unique repetitive sequence RLEP and
other sequences without any homology to known functional nonceding RNAs. Although the biological functions
of RNA transcribed from M. leprae pseudogenes and noncoding regions are not known, RNA expression
analysis will provide insights into the bacteriological significance of the species, In addition, our study suggests
that M. leprae will be a useful model organism for the study of the molecular mechanism underlying the

creation of pseudogenes and the role of microRNAs derived from noncoding regions.

Mycobacterium leprae, the causative agent of leprosy, cannot
be cultivated in vitro. Therefore, bacteriological and patholog-
ical information, such as the mechanisms of infection, parasit-
ization, and replication, are still largely unknown. However,
whole-genome sequencing has provided insight into many
biological characteristics of M. leprae (5). The M. leprae ge-

nome consists of 3.3 Mbp, which is much smaller than the 4.4 -

Mbp of the Mycobacterium tuberculosis genome. M. leprae has
1,605 genes and 1,115 pseudogenes, while M. tuberculosis has
3,959 genes and only 6 pseudogenes. The number and ratio of
pseudogenes in M. leprae are exceptionally large by compari-
son with the pseudogene numbers and ratios for other patho-
genic and nonpathogenic bacteria and archaea (21). A feature
of M. leprae pseudogenes is the massive fragmentation caused
by many insertions of stop codons (26). The functional roles, if
any, of these unique pseudogenes and noncoding regions are
unknown. However, we have shown that some M. leprae pseu-
dogenes are highly expressed as RNA and that their expression
levels change following macrophage infection (36). In that
study, a membrane-based DNA array was created utilizing a
cosmid DNA library that covered >98% of the M. leprae ge-
nome, mRNAs purified from M. leprae-infected macrophages
and control bacilli were enriched by cDNA subtraction and
hybridized to these arrays. Southern blot analysis of the posi-
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tive cosmid clones identified 12 genes that might be important
for the survival and infection of M. leprae. Six of the 12 genes
were pseudogenes.

Pseudogenes are described as functionally silent relatives of
normal genes. Since they are usually eliminated from the ge-
nome, it was speculated that the number of pseudogenes cor-
relates with the size of the genome (28). Most psendogenes are
thought to result from a transposon insertion or inactivation of
one copy after a gene duplication event (7). Because they do
not create functional proteins, they are also called “junk”
genes. However, some pseudogenes are expressed and func-
tion to regulate the expression of other genes (14, 20).

About one-quarter of the M. leprae genome is composed of
noncoding regions, which constitutes a much larger proportion
of the genome than the noncoding regions in M. fuberculosis.
Gene-regulatory short RNA fragments generated from non-
coding regions have been found in many organisms (17). In
those cases, precursor microRNAs are transcribed indepen-
dently and processed into mature forms. In eukaryotes, most of
the transcriptome, which includes thousands of microRNAs,
consists of noncoding RNA (24). In addition, the abundance of
small RNAs in Escherichia coli has been estimated at 1 to 2%
of the number of open reading frames (ORFs) (12).

Microarrays have facilitated transcriptome analysis through
the use of probes that target a large number of genes. The
technique has identified unexpected gene activity in a number
of areas and in some cases has served to elucidate entire
microbial metabolic processes, as exemplified by caloric re-
striction or oxidative stress in E. coli (10, 30). Moreover, RNA
expression profiling has been valuable in the analysis of patho-
genic bacteria, Analyses of changes in RNA expression upon
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infection of host macrophages has identified genes related to
oxidative stress, proliferation, and other unknown functions in
Yersinia pestis (causative agent of plague) (42) and Salmonella
enterica serovar Typhi (causative agent of typhoid fever) (9).
DNA microarray analysis has also found genes involved in the
acid stress response (2) and transcriptional hierarchy of the
flagellar system (27).

Only known or predicted genes were examined in the exper-
iments described above. Therefore, it was not possible to an-
alyze the RNA expression of noncoding regions and potential
pseudogenes that did not have the appropriate annotation.
Clone-based microarrays were developed to solve this problem
(29), but they were still unable to detect genome-wide RNA
expression. Finally, tiling arrays have become a useful tool for
the analysis of whole-genome or chromosome expression (19)
and have been used to uncover several novel RNA expression
patterns (15, 38). Although the genome sequence and its an-
notation are known, comprehensive analysis of M. leprae RNA
expression has not been performed. The results of our previous
study and the availability of tiling arrays prompted a detailed
investigation of RNA expression throughout the M. leprae ge-
nome. In this study, tiling arrays were used to analyze compre-
hensive RNA expression of genes, pseudogenes, and noncod-
ing regions in M. leprae.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Footpads of hypertensive nude rats
(SHR/NCrj-rnut), in which the Thai-53 strain of M. leprae was grown, were kindly
provided by Y. Yogi, Leprosy Research Center, National Institute of Infectious
Discascs. M. leprae was isolated as previously described (40, 41). Briefly, the skin
and bones were removed from the footpad tissues. The tissues were then exten-
sively homogenized in Hanks’ balanced salt solution with 0.025% Tween 80 and
centrifuged at 700 X g and 4°C for 10 min to remove tissuc debris. The super-
natant was treated with 0.5% trypsin at 37°C for 1 h, followed by centrifugation
at 5,000 X g and 4°C for 20 min. The supernatant was discarded, and the pellet
was resuspended in 10 mi Hanks’ balanced sait solution with 0.025% Tween 80
and 0.25 N NaOH. A further incubation at 37°C for 15 min was followed by
another centrifugation, and the pellet was resuspended in 2 mi phosphate-
buffered saline. Two microliters of solution was spread on a glass slide and
subjected to acid-fast staining to count the number of bacilli.

RNA extraction, M. leprae cells (2.8 X 10'!) were suspended in 2 ml of RNA
Protect bacterial reagent (Qiagen, Germantown, MD), subjected to a vortex, and
incubated for 10 min at room temperaturc. The cells were pelleted and resus-
pended in 2 mi of RNA Protect bacterial reagent, 0.4 mi of 1.0-mm zirconia
beads (BioSpec Products, Bartlesville, OK), and 0.6 ml of lysis/binding buffer
from the mirVana miRNA isolation kit (Ambion, Austin, TX). The mixture was
homogenized at 3,000 rpm for 3 min using a Micro Smash homogenizer (Tomy,
Tokyo, Japan) followed by four freeze-thaw cycles. RNA was then extracted
according to thc manufacturer’s guidelincs (Ambion) and treated with DNasc |
(TaKaRa, Kyoto Japan).

Preparation of labeled double-stranded DNA, Twenty micrograms of total
RNA from M. leprae was reverse transcribed using SuperScript 11 (Invitrogen,
Carlsbad, CA). The gencrated cDNA was incubated with 10 ng of RNase A
(Novagen, Madison, WI) at 37°C for 10 min, phenol-chloroform extracted, and
precipitated with cthanol. Cy3 labcling was performed as follows: 1 pg double-
strandcd cDNA was incubated for 10 min at 98°C with 1 optical-dcnsity-at-
600-nm unit of Cy3-9-mer Wobble primer (TriLink Biotechnologies, San Diego,
CA). The addition of 8 mmol of deoxynucleoside triphosphates and 100 U of
Kienow fragment (New England Biolabs, Ipswich, MA) was followed by incuba-
tion at 37°C for 2 h. The reaction was stopped by adding 0.1 volumes of 0.5 M
EDTA, and the labeled cDNA was precipitated with isopropanol.

Array design. The tiling array was designed bascd on scquences obtained from
the GenBank database (accession no. NC_002677) (5). Each probe was a 60-mer,
and the adjacent probe was shifted by 18 nucleotides (a 42-nucleotide overlap),
A total of 363,116 probes were designed for the sense and antisensc strands and
arranged on a glass plate with 22,000 control probes of randomly chosen sc-
quences. Another array on which the probes were chosen from M. leprae ORFs
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FIG. 1. Typical array data from an approximately 40-kbp region.
Data from the tiling and ORF arrays are shown with the gene anno-
tation of Cole et al. from 2001 (5) depicted as rectangles.

(NimblcGcen Systems, Madison, WI) was madc. On this ORF array, 20 different
probes were designed for cach of the 1,605 ORFs. The prohes were spotted onto
five blocks on the glass plate, resulting in an arrangement of 160,500 probes on
the ORF array.

Hybridization and analysis of tiling and ORF arrays. Cy3-labeled samples
were resuspended in 40 ul of hybridization buffer (NimbleGen Systems, Madi-
son, WI), denatured at 95°C for 5 min, and hybridized to arrays in a MAUI
hybridization system (BioMicro Systcms, Salt Lake City, UT) for 18 h at 42°C.
The arrays were washed using a wash buffer kit (NimbleGen Systems), dried by
centrifugation, and scanned at a S-pm resolution using the GenePix 4000B
scanner (Molecular Devices, Sunnyvale, CA). NIMBLESCAN 2.3 (NimbleGen
Systems) was used to obtain fluorescence intensity data from the scanned arrays.

Quantitative real-time PCR. The cDNA used for tiling array was also sub-
jected to real-time PCR analysis, The primers were designed using GENETYX
version 7 (Genetyx Corporation, Tokyo, Japan) and arc listcd in Table S1 in the
supplemental material. Preparation of M. leprae genomic DNA and real-time
PCRs was carried out as described previously (37) with 200 nM of each primer
and 0.5 ng of cDNA or 0.2 ng of genomic DNA as a control.

RESULTS

Tiling array detected highly expressed regions in genes,
pseudogenes, and noncoding regions. The 116 pg of total RNA
isolated from 2.8 X 10'! M. leprae cells was treated with DNase
1. RNA quality and quantity were evaluated with an Agilent
Bioanalyzer 2100 (Agilent, Foster City, CA). The ratio of 23S
rRNA to 165 rRNA was 0.83, indicating that the quality of the
purified RNA was good enough to proceed with array hybrid-
ization. After hybridization and detection, the scanned row
signals were normalized against the signal intensities from the
control probes and converted to log, scores with the median
set at zero. The corrected intensities of all probes distributed
between —2.762 and 6.282 were then calculated. When the
intensities of four probes within 500 bp were higher than 60%
of the maximum intensity (>3.769), the region (i.e., gene,
pseudogene, or noncoding region) was considered positive.
When each probe was evaluated independently, 8,658 probes
(2.38%) showed >60% of the maximum intensity.

In order to confirm the specificity of the tiling array, RNA
from the same sample was simuitaneously hybridized with the
OREF array on which multiple sequence-specific probes were
designed for each gene. The positive signals detected on the
ORF array were consistent with those detected on the tiling
array (Fig. 1). Moreover, because the tiling array probes in-
clude ORFs in their coverage of the entire genome, it is ex-
pected that more detailed information would be obtained from
them, The strongest signal was identified in the rRNA; most
probes in this region showed significantly higher intensity (Fig.
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FIG. 2. Signal intensity patterns detected as highly expressed areas in the tiling array. Scanned data were normalized to log,, divided by the
median, and arrayed against the corresponding M. leprae genome sequence. Positive areas were extracted and are depicted under the signal pattern
of probes with gene and pseudogene annotations. (A) Genomic region of rRNA showing almost saturated signal intensity. (B) Highly expressed
region of the gene for the hypothetical protein ML2313 (shaded area). (C) Highly expressed region of the ML1476 pseudogene (probable
oxidoreductase alpha subunit; shaded area). (D) Highly expressed noncoding region in the genomic position from bp 1973155 to 1973700, which
showed no homology to genes or other functional sequences by BLASTN search. Gene annotations are from reference 5.

2A). Other highly expressed areas were detected in the genes  some highly expressed areas was that positive signals some-

(Fig. 2B), pseudogenes (Fig. 2C), and noncoding regions (Fig.
2D). In this study, noncoding regions were defined as regions
that are not annotated. rRNA and tRNA are usually consid-
ered noncoding RNA but are dealt with separately here since
they are annotated in the database. An interesting feature of

times overlapped both gene/pseudogene and noncoding re-
gions, as illustrated in Fig. 2B and C. The expression levels of
each probe within a single ORF were not constant but rather
quite variable, which might reflect a difference in melting tem-
perature based on the GC content of each probe.
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