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Figure 4. Persistent LPS-Induced Activation of NF-xB in IkBNS ™/~ Macrophages
(A} Peritoneal macrophages from wild-type and IxBNS™/~ mice were stimulated with 100 ng/mi LPS. At the indicated time points, nuclear ex-

tracts were prepared, and NF-xB activation was analyzed by EMSA using a NF-«B specific probe.
(B) Peritoneal macrophages were stimulated with LPS. At the indicated time points, nuclear fractions were isolated and subjected to Westem

blotting using anti-p65 Ab, anti-p50 Ab, anti-cRel Ab, or anti-polll Ab.

(C) Macrophages were stimulated with LPS for the indicated periods. Then, cells were stained with anti-p65 Ab or anti-p50 Ab (red) as well as
DAP! (blue), and analyzed by confocal microscopy. Merged images are shown.

IkBNS /" cells. We next analyzed nuclear localization of
NF-xB subunits. Peritoneal macrophages were stimu-
lated with LPS for the indicated periods, and nuclear
fractions were analyzed for expression of p65, p50, and
c-Rel by immunoblotting (Figure 4B). In wild-type macro-
phages, nuclear translocation of p65 was observed
within 30 min of LPS stimulation, and nuclear localized
p65 gradually decreased thereafter. in contrast, nuclear
localized p65 was still significantly observed even at 3 hr
of LPS stimulation in IkBNS™~ cells. In addition, sus-
tained nuclear localization of p50, but not c-Rel, was ob-
served in IkBNS™~ macrophages (Figure 4B). Nuclear
localization of NF-xB subunits was also analyzed by im-
munofluorescent staining of macrophages (Figure 4C).
Without stimulation, p65 and p50 were localized in the
cytoplasm, but not in the nucleus, in both wild-type
and IkBNS™/~ macrophages. LPS stimulation resulted
in nuclear staining of both p65 and p50 at 1 hr. Nuclear
staining of p65 and p50 gradually decreased after 1 hr
of LPS stimulation and was only faintly observed at 2 hr
of stimulation in wild-type cells. However, nuclear local-
ization of p65 and p50 was still evident at 2 hr of LPS stim-
ulation in IkBNS™" cells. These findings indicate that
LPS-induced NF-«B activity was prolonged in IKBNS ™/~
macrophages. NF-«B activity is terminated by degrada-
tion of promoter-bound p65 (Natoli et al., 2005; Saccani
et al., 2004). We used RAW264.7 macrophage cell line
and performed pulse-chase experiments with >°S-la-
beled amino acids to analyze p65 turnover (Figure S3C).
In these cells, labeled p65 was accumulated into the nu-
cleus until 2 hr of LPS stimulation, and then p65 was de-
graded. In RAW cells constitutively expressing IkBNS,
nuclear accumulation of labeled p65 was similarly ob-
served until- 1 hr of LPS stimulation. However, the p65
tumover was observed more rapidly and labeled p65
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disappeared at 2 hr after LPS stimulation (Figure S3C).
These findings indicate that IkBNS mediates the degra-
dation of p65. The MyD88-dependent pathway mediates
activation of MAP kinase cascades as well as NF-kB
activation. Therefore, LPS-induced phosphorylation of
p38, ERK1, ERK2, and JNK was analyzed by Westem
blotting (Figure S3D). LPS-induced activation of these
MAP kinases was not compromised in IkBNS ™/~ macro-
phages.

Regulation of p65 Activity at the IL-6 Promoter

by IkBNS

We next addressed how IkBNS selectively downregu-
lates induction of genes that are induced late. We uti-
lized the IL-6 and TNF-a promoters, which are represen-
tatives of genes activated late and early, respectively.
Wild-type macrophages were stimulated with LPS and
analyzed for recruitment of endogenous IkBNS to the
promoters by chromatin immunoprecipitation (ChiP) as-
say (Figure 5A). Consistent with previous findings using
IkBNS overexpressing macrophage cell lines (Hirotani
et al., 2005), endogenous IkBNS was recruited to the
IL-6 promoter, but not the TNF-a promoter, in LPS-stim-
ulated macrophages. We next addressed LPS-induced
recruitment of p65 to the promoters in wild-type and
ikBNS™'~ macrophages (Figure 5B). Recruitment of
p65 to the TNF-a promoter peaked at 1 hr of LPS stimu-
lation and gradually decreased thereafter in a similar
manner in both wild-type and IkBNS ™/~ cells. Recruit-
ment of p65 to the IL-6 promoter was observed to similar
extents until 3 hr of LPS stimulation in wild-type and
IkBNS ™/~ macrophages. After that, it decreased in wild-
type macrophages. In contrast, p65 recruitment was still
evident, rather enhanced, even after 5 hr of LPS stim-
ulation in IKBNS ™~ macrophages. Thus, p65 activity at
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Figure 3. LPS-Induced Expression of Several TLR-Dependent Genes in IkBNS ™/~ Macrophages

Peritoneal macrophages from wild-type and IxBNS ™'~ mice were stimulated with 100 ng/mi LPS for the indicated periods. Total RNA was ex-
tracted, and then subjected to quantitative real-time RT-PCR analysis using primers specific for Tnf, //-18, lI-23p19, ikbz (A}, lI-6, lI-12p40,
11-18, Csf3 (B), Ikbns (C), Cxcl10, Ccl2, Ccl5 (D), and /I-10 (E). The fold difference of each sample relative to EF-1a levels is shown. Representative

of three independent experiments.

IkBNS ™~ cells. We also analyzed LPS-induced expres-
sion of Cxc/10 (IP-10), Cci2 (MCP-1), and Cc/5 (RANTES),
which are induced by the TRIF-dependent activation of
IRF-3 (Figure 3D). LPS-induced expression of these

genes was not altered in IxBNS™~ macrophages. An

anti-inflammatory cytokine IL-10 is induced by TLR
stimulation and thereby inhibits TLR-dependent gene
induction (Moore et al., 2001). Therefore, we next ad-
dressed LPS-induced IL-10 mRNA expression (Fig-
ure 3E). LPS-induced IL-10 mRNA expression was com-
parable between wild-type and IxBNS ~/~ macrophages.
In addition, LPS-induced production of IL-10 protein
was not compromised in IkBNS™~ DCs (Figure S2C).
These findings indicate that the enhanced LPS-induced
expression of a subset of TLR-dependent genes was not
due to the impaired IL-10 production in IkBNS ™/~ mice.

Prolonged NF-xB Activity in IkBNS-Deficient Cells
Gene expression of Cxcl10 (IP-10), Cc/2 (MCP-1), and
Ccl5 (RANTES) was mainly regulated by the transcription

factor IRF-3 in the TRIF-dependent pathway, whereas
TNF-«, IL-6, and IL-12p40 gene expression was mainly
regulated by the MyD88-dependent activation of NF-x8
(Akira and Takeda, 2004; Yamamoto et al., 2003). In addi-
tion, previous in vitro studies indicated that overexpres-
sion of IkBNS leads to compromised NF-kB activity
through selective association of IkBNS with p50 subunit
of NF-«B (Fiorini et al., 2002; Hirotani et al., 2005). There-
fore, we next analyzed LPS-induced activation of NF-xB.
LPS-induced degradation of IkBo was not compromised
in IkKBNS ™~ macrophages (Figure S3A). Next, peritoneal
macrophages or bone marrow-derived macrophages
were stimulated with LPS and DNA binding activity was
analyzed by EMSA (Figure 4A; Figure S3B). LPS stimula-
tion resulted in enhanced DNA binding activity of NF-xB
in both wild-type and IkBNS '~ macrophages to similar
extents within 1 hr. After 1 hr of LPS stimulation, NF-«xB
activity decreased in wild-type cells. However, NF-x8
activity sustained and even at 3 hr of LPS stimulation
significant DNA binding activity was still observed in
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the IL-6 promoter, but not at the TNF-a promoter, was
prolonged in LPS-stimulated IkBNS ™/~ macrophages.
Taken together, these findings indicate that TLR-induc-
ible {ckBNS is responsible for termination of NF-«xB activ-
ity through its recruitment to specific promoters.

High Sensitivity to LPS-induced Endotoxin Shock

in IkBNS-Deficient Mice

To study the in vivo role of IkBNS, we examined LPS-in-
duced endotoxin shock. Intraperitoneal injection of LPS
resulted in marked increases in serum concentrations of
TNF-a, IL-6, and IL-12p40 (Figure 6A). TNF-« level was
comparable between wild-type and IkBNS™/~ mice,
which rapidly peaked at around 1.5 hr of LPS administra-
tion. In the case of IL-6 and IL-12p40 levels, concentra-
tions of both cytokines were almost equally elevated
within 3 hr of LPS injection. After 3 hr, levels of both cy-
tokines gradually decreased in wild-type mice. How-
ever, concentrations of IL-6 and IL-12p40 sustained,
rather enhanced, in IkBNS ™/~ mice after 3 hr. Thus, per-
sistently high concentrations of LPS-induced serum iL-6
and IL-12p40 were observed in IkBNS ™'~ mice. Further-
more, high sensitivity to LPS-induced lethality was ob-
served in IkBNS™~ mice (Figure 6B). All IkBNS™/~
mice died within 4 days of LPS challenge at a dose of
which almost all wild-type mice survived over 4 days.
These findings indicate that IkBNS™~ mice are highly
sensitive to LPS-induced endotoxin shock.

Figure 5. IxBNS Regulation of p65 Activity at
the IL-6 Promoter

(A) Wild-type bone marrow-derived macro-
phages were stimulated with 100 ng/m! of
LPS for the indicated periods, and chromatin
immunoprecipitation (ChlP) assay was per-
formed with anti-IkBNS Ab or control lg. The
immunoprecipitated TNF-a promoter (upper
panel) or IL-6 promoter (lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. PCR amplification of the total input
DNA in each sample is shown (Input). Repre-
sentative of three independent experiments.
The same result was obtained when perito-
neal macrophages were used.

(B) Macrophages from wild-type or IkBNS ™/~
mice were stimulated with LPS for the indi-
cated periods. Then, ChiP assay was per-
formed with anti-p65 Ab or controt Ig. The im-
munoprecipitated TNF-a promoter (upper
panel) or IL-6 promoter (lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. Representative of three independent
experiments.
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High Susceptibility to DSS-Induced Colitis

in IKBNS™~ Mice

In a previous report, kKBNS was shown to be constitu-
tively expressed in macrophages residing in the colonic
lamina propria, which explains one of the mechanisms
for hyporesponsiveness to TLR stimulation in these cells
(Hirotani et al., 2005). Therefore, we next stimulated
CD11b" cells isolated from the colonic lamina propria
with LPS and analyzed for production of TNF-o and IL-
6 (Figure S4). In CD11b* cells from wild-type mice,
LPS-induced production of these cytokines was not sig-
nificantly observed. In cells from IkBNS™/~ mice, IL-6
production was increased even in the absence of stimu-
lation, and LPS stimulation led to markedly enhanced
production of IL-6, but not TNF-«. In the next experi-
ment, in order to expose these cells to microflora and
cause intestinal inflammation, mice were orally adminis-
tered with dextran sodium sulfate (DSS), which is toxic
to colonic epithelial cells and! therefore disrupts the ep-
ithelial cell barrier (Kitajima et al., 1999). IkBNS™~ mice
showed more severe weight loss compared with wild-
type mice (Figure 7A). Histological analyses of the colon
indicated that the inflammatory lesions were more se-
vere and more extensive in IkBNS™~ mice (Figures 7B
and 7C). Thus, IkBNS™~ mice are highly susceptible to
intestinal inflammation. Thi-oriented CD4* T cell re-
sponse was shown to be associated with DSS colitis
(Strober et al., 2002). Therefore, we analyzed IFN-y
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Figure 6. High Susceptibility to LPS-Induced Endotoxin Shock in IkBNS™~ Mice
Age-matched wild-type (n = 6) and IkBNS —/— (n = 6) mice were intraperitoneally injected with LPS (1 mg). (A) Sera weretaken at 1.5,3,6,and 9 hr
after LPS injection. Serum concentrations of TNF-x, IL-6, and IL-12p40 were determined by ELISA. Results are shown as mean + SD of serum

samples from six mice. (B) Survival was monitored for 5 days.

production from splenic CD4* T cells of wild-type and
IkBNS™/~ mice before and after DSS administration
(Figure 7D). DSS administration led to a mild increase
in IFN-y production in wild-type mice. In nontreated
1kBNS ™/~ mice, IFN-y production was slightly increased
compared with nontreated wild-type mice. in DSS-fed
IkBNS ™~ mice, a significant increase in IFN-y produc-
tion was observed compared to DSS-fed wild-type mice.
These results indicate that IKBNS ™/~ mice are suscepti-
ble to intestinal inflammation caused by exposure to
microflora.

Discussion

In the present study, we characterized the physiological
function of IkBNS. induced by TLR stimulation, IkBNS is
involved in termination of NF-kB activity and thereby in-
hibits a subset of TLR-dependent genes that are in-
duced late through MyD88-dependent NF-kB activation.
Accordingly, IkBNS ™~ mice show sustained production
of IL-6 and IL-12p40, resulting in high susceptibility to
LPS-induced endotoxin shock. Furthermore, IkBNS™/~
mice are susceptible to intestinal inflammation accom-
panied by enhanced Th1 responses.

IxBNS was originally identified as a molecule that me-
diates negative selection of thymocytes (Fiorini et al.,
2002). However, IkBNS ~/~ mice did not show any defect
in T cell development. Requirement of [kBNS in negative
selection of thymocytes should be analyzed precisely

using peptide-specific TCR transgenic mice, such as
mice bearing the H-Y TCR, in the future (Kisielow et al.,
1988).

Recent studies have established that TLR-dependent
gene induction is regulated mainly by NF-«B and IRF
families of transcription factors (Akira and Takeda,
2004; Honda et al., 2005; Takaoka et al., 2005). In TLR4
signaling, the TRIF-dependent pathway is responsible
for induction of IFN-§ and IFN-inducible genes through
activation of IRF-3, whereas the MyD88-dependent
pathway mediates induction of several NF-xB depen-
dent genes (Beutler, 2004). A study with mice lacking
IxBE, another member of nuclear IkB proteins, has dem-
onstrated that the MyD88-dependent genes are divided
into at least two types; one is induced early and inde-
pendent of IkB{, and another is induced late and depen-
dent on IkB{ (Yamamoto et al., 2004). The IkBZ-regu-
lated genes include IL-6, IL-12p40, IL-18, and G-CSF,
which are all upregulated in LPS-stimulated IxBNS™/~
macrophages. Thus, IkBNS seems to possess a function
quite opposite to IkBZ. IkBNS is most structurally related
to IxkB (Fiorini et al., 2002; Hirotani et al., 2005). But, IxBZ
has an additional N-terminal structure, which seemingly
mediates the induction of target genes (Motoyama et al.,
2005). Thus, nuclear IkB proteins IkBf{ and IxBNS posi-
tively and negatively regulate a subset of TLR-induced
NF-kB-dependent genes, respectively.

Recently, negative regulation of TLR-dependent gene
induction was extensively analyzed (Liew et al., 2005).
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Figure 7. High Susceptibility to DSS Colitis in IKBNS ™/~ Mice
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(A) Wild-type (n = 15) and IkBNS ™/~ mice (n = 15) were given 1.5% DSS in drinking water for 6 days and weighed everyday. Data are mean = SD. *,

p < 0.05.

(B) Histologic examination of the colons of wild-type and IxBNS™/~ mice before or 9 days after initiation of DSS administration. H&E staining is

shown. Representative of six mice examined. Magnification, 20x.

(C) The colitis scores shown for individual wild-type (circle) and IkBNS ™/~ mice (square) before (open) and after (closed) DSS treatment were total
scores for individual sections as described in the Experimental Procedures section. Mean score for each group is also shown (black bar).

(D) CD4* T cells were purified from spleen of wild-type or ikBNS ™/~ mice either treated or nontreated with DSS. Then, CD4* T cells were cultured
in the presence or absence of plate bound anti-CD3 Ab for 24 hr. Concentration of IFN-y in the culture supematants was measured by ELISA.

So far, characterized negative regulators are mainly in-
volved in blockade of TLR signaling pathways in the cy-
toplasm or on the cell membrane. Accordingly, these
negative regulators globally inhibit TLR-dependent
gene induction. The nuclear IkB protein IkBNS is unique
in that this molecule negatively regulates induction of
a set of TLR-dependent genes by directly affecting
NF-kB activity in the nucleus. Thus, TLR-dependent in-
nate immune responses are regulated through a variety
of mechanisms. )

IkBNS-mediated inhibition of a set of TLR-dependent
genes is probably explained by recruitment of IkBNS to
the specific promoters. IkBNS was recruited to the IL-6
promoter, but not to the TNF-a promoter. In addition,
LPS-induced recruitment of p65 to the TNF-o promoter
was observed within 1 hr, whereas p65 recruitment to
the IL-6 promoter was observed late, indicating that
NF-kB activity was differentially regulated at both pro-
moters. NF-kB activity at the TNF-a promoter is regu-
lated in an IkBNS-independent manner, whereas the
activity at the IL-6 promoter was ikBNS-dependent. In-
deed, p65 recruitment to the TNF-a promoter was ob-

served similarly in wild-type and IkBNS~™~ macro-
phages, but the recruitment to the IL-6 promoter was
sustained in IkBNS™/~ celis. Previous reports indicate
that IkBNS selectively associates with p50 subunit of
NF-xB and affects NF-kB DNA binding activity (Fiorini
et al., 2002; Hirotani et al., 2005). Consistent with these
observations, IkBNS™~ macrophages showed pro-
longed LPS-induced NF-xkB DNA binding activity and
nuclear localization of p65. Taken together, these find-
ings indicate that IkBNS, which is rapidly induced by
TLR stimulation, might be recruited to gene promoters
through association with p50, and contribute to termina-
tion of NF-«xB activity. Termination of NF-kB activity has
been shown to be induced by IKKa-mediated degrada-
tion of promoter-bound p65 (Lawrence et al., 2005).
However, consistent with a recent report, we were not
able to detect LPS-induced degradation of p65 in perito-
neal macrophages and bone marrow-derived macro-
phages (Li et al., 2005). However, we could detect
LPS-induced p65 degradation in the RAW264.7 macro-
phage cell line. In these cells, when constitutively
expressed IxBNS, LPS-induced p65 tumover was
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accelerated, indicating that IkBNS is involved in the deg-
radation of promoter-bound p65. in the case of the
TNF-a promoter, it is possible that NF-«xB activity is al-
ready terminated when IkBNS expression is induced,
and therefore IkBNS is no longer recruited to the
TNF-o promoter. Alternatively, an unidentified mecha-
nism that regulates selective recruitment of IxBNS to
gene promoters might exist. The mechanisms by which
IkBNS is recruited to the specific promoters through as-
sociation with p50 remain unclear and would be a sub-
ject of further investigation.

Analyses of IkBNS™~ mice further highlighted the
in vivo functions of ikBNS in limiting systemic and intes-
tinal inflammation. IkBNS™'~ mice succumbed to sys-
temic LPS-induced endotoxin shock possibly due to
sustained production of several TLR-dependent gene
products such as IL-6 and IL-12p40. Furthermore,
1kBNS ™'~ mice are more susceptible to intestinal inflam-
mation induced by disruption of the epithelial barrier.
Abnormal activation of innate immune cells caused by
deficiency of IL-10 or Stat3 leads to spontaneous devel-
opment of colonic inflammation (Kobayashi et al., 2003;
Kuhn et al., 1993; Takeda et al., 1999). IkKBNS™/~ mice
did not develop chronic colitis spontaneously until 20
week-old of age (our unpublished data). In Stat3 mutant
mice, TLR-dependent production of proinflammatory
cytokines increased over 10-fold compared to wild-
type cells, which might contribute to the spontaneousin-

testinal inflammation (Takeda et al., 1999). In IkBNS™/~ )

mice, increase in TLR-dependent production of proin-
flammatory cytokines such as IL-6 and IL-12p40 was
mild compared to Stat3 mutant mice. In this case, the co-
lonic epithelial barrier might contribute to prevention of
excessive inflammatory responses in IKBNS™~ mice.
However, when the barrier function of epithelial cells
was disrupted by administration of DSS, IkBNS™~
mice suffered from severe intestinal inflammation ac-
companied by enhanced Th1 responses. [kBNS was
shown to be expressed in CD11b* cells residing in the
colonic lamina propria (Hirotani et al., 2005). Therefore,
in the absence of IkBNS, exposure of innate immune
cells to intestinal microflora might result in increased or
sustained production of proinflammatory cytokines such
as 1L-12p40, which induces exaggerated intestinal in-
flammation and Th1 cell development. Thus, IkBNS is re-
sponsible for the prevention of uncontrolied inflamma-
tory responses in vivo.

In this study, we have shown that IkBNS is a selective
inhibitor of TLR-dependent genes possibly through ter-
mination of NF-kB activity. Furthermore, IkBNS was re-
sponsible for prevention of inflammation through inhibi-
tion of persistent proinflammatory cytokine production.
Future study that discloses the precise molecular mech-
anisms by which the nuclear kB protein selectively in-
hibits TLR-dependent genes will provide basis for the
development of new therapeutic strategies to a variety
of inflammatory diseases.

Experimental Procedures

Generation of IkBNS-Deficient Mice

The Ikbns gene consists of eight exons (Figure 1A). The targeting
vector was designed to replace a 1.8 kb fragment containing exons
5-8 of the lkbns gene with aneomycin-resistance gene (neo). A short

arm and a long arm of the homology region from the E14.1 ES ge-
nome were amplified by PCR. A herpes simplex virus thymidine ki-
nase gene (HSV-TK) was inserted into the 3’ end of the vector. After
the targeting vector was electroporated into ES cells, G418 and gan-
cyclovir doubly resistant clones were selected and screened for ho-
mologous recombination by PCR and verified by Southern blot anal-
ysis using the probe indicated in Figure 1A. Two independently
identified targeted ES clones were microinjected into C57BL/6 blas-
tocysts. Chimeric mice were mated with C57BL/6 female mice, and
heterozygous F1 progenies were intercrossed to obtain IkBNS ™/~
mice. Mice from these independent ES clones displayed identical
phenotypes. Ali animal experiments were conducted according to
guidelines of Animal Care and Use Commiittee at Kyushu University.

Reagents

LPS (E. coli 055:B5) was purchased from Sigma. Peptidoglycan was
from Fluca. Pam;CSK,, MALP-2, and imiquimod were from Invivo-
gen. Antibodies against p65 {C-20; sc-372), p50 (H-119; sc-7178 or
NLS; sc-114), c-Rel (C; sc-71), and RNA polymerase Il (H-224;
sc-8001) were purchased from Santa Cruz. Rabbit anti-IkBNS
Ab was generated against synthetic peptide (1-MEDSLDTRLY
PEPSLSQVC-18) comesponding to N-temminal region of mouse
IxBNS (MBL, Nagoya, Japan), and anti-ixBNS serum was affinity-pu-
rified using a column containing peptide-conjugated Sepharose 4B.

Preparation of Macrophages and Dendritic Cells

For isolation of peritoneal macrophages, mice were intraperitoneally
injected with 2 ml of 4% thioglycollate medium (Sigma). Peritoneal
exudate cells were isolated from the peritoneal cavity 3 days postin-
jection. Cells were incubated for 2 hr and washed three times with
HBSS. Remaining adherent cells were used as peritoneal macro-
phages for the experiments. To prepare bone marrow-derived mac-
rophages, bone marrow cells were prepared from femora and tibia
and passed through nylon mesh. Then cells were cultured in RPMI
1640 medium supplemented with 10% FCS, 100 M 2-ME, and 10
ng/ml M-CSF (GenzymeTechne). After 68 days, the cells were
used as macrophages for the experiments. Bone marrow-derived
DCs were prepared by culturing bone marrow cells in RPMI 1640
medium supplemented with 10% FCS, 100 uM 2-ME, and 10 ng/mI]
GM-CSF (GenzymeTechne). After 6 days, the cells were used as
DCs.

Measurement of Cytokine Production

Peritoneal macrophages or DCs were stimulated with various TLR li-
gands for 24 hr. Culture supematants were collected and analyzed
for TNF-q, IL-6, IL-12p40, IL-12p70, or IL-10 production with en-
zyme-linked immunosorbent assay (ELISA). Mice were intrave-
nously injected with 1mg of LPS and bled at the indicated periods.
Serum concentrations of TNF-a, IL-6, and IL-12p40 were determined
by ELISA. ELISA kits were purchased from GenzymeTechne and
RA&D Systems. For measurement of IFN-y, CD4* T cells were purified
from spleen cells using CD4 microbeads (Miltenyi Biotec) and stim-
ulated by plate bound anti-CD3¢ antibody (145-2C11, BD PharMin-
gen) for 24 hr. Concentrations of IFN-v in the supematants were de-
termined by ELISA (GenzymeTechne).

Quantitative Real-Time RT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carisbad,
CA), and 2 ;g of RNA was reverse transcribed using M-MLV reverse
transcriptase {Promega, Madison, Wi) and ofigo (dT) primers
(Toyobo, Osaka, Japan) after treatment with RQ1 DNase | (Promegal).
Quantitative real-time PCR was performed on an ABI 7700 {Applied
Biosystems, Foster City, CA} using TagMan Universal PCR Master
Mix (Applied Biosystems). All data were normalized to the corre-
sponding elongation factor-1a (EF-1a) expression, and the fold dif-
ference refative to the EF-1a level was shown. Amplification condi-
tions were: 50°C (2 min), 95°C (10 min), 40 cycles of 95°C (15 s), and
60°C (60 s). Each experiment was performed independently at least
three times, and the results of one representative experiment are
shown. Alt primers were purchased from Assay on Demand (Applied
Biosystems).
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Electrophoretic Mobility Shift Assay

Macrophages were stimulated with 100 ng/ml LPS for the indicated
periods. Then, nuclear proteins were extracted, and incubated with
an end-labeled, double-stranded oligonucleotide containing an NF-
«B binding site of the IL-6 promoter in 25 ul of binding buffer (10 mM
HEPES-KOH, [pH 7.8), 50 mM KCI, 1 mM EDTA (pH 8.0], 5 mM MgCl,
and 10% glycerol) for 20 min at room temperature and loaded on
a native 5% polyacrylamide gel. The DNA-protein complexes were
visualized by autoradiography.

Western Blotting

Cells were lysed with RIPA buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1% Triton X-100, 0.5% Na-deoxycholate) containing protease
inhibitors (Complete Mini; Roche). The lysates were separated on
SDS-PAGE and transferred to PVDF membrane. The membranes
were incubated with anti-lkBa Ab, anti-ERK Ab, anti-p38 Ab, anti-
JNK Ab (Santa Cruz Biotechnology), anti-phospho-p38 Ab, anti-
phospho-ERK Ab, or anti-phospho-JNK Ab (Cell Signaling Tech-
nology). Bound Abs were detected with SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

Immunofluorescence Staining

Macrophages were stimutated with 100 ng/mi LPS for the indicated
periods, washed with Tris-buffered saline (TBS), and fixed with 3.7%
formaldehyde in TBS for 15 min at room temperature. After perme-
abilization with 0.2% Triton X-100, cells were washed with TBS
and incubated with 10 ng/ml of a rabbit anti-p50 or anti-p65 Ab
(Santa Cruz Biotechnology) in TBS containing 1% bovine serum al-
bumin, followed by incubation with Aiexa Fluor 594-conjugated goat
anti-rabbit immunoglobutin G (IgG; Molecular Probes, Eugene, OR).
To stain the nucleus, celis were cuttured with 0.5 ug/ml 4, 6-diami-
dino-2-phenylindole (DAPI; Wako, Osaka, Japan). Stained cells
were analyzed using an LSM510 model confocal microscope (Carl
Zeiss, Oberkochem, Germany).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChlP) was performed essentially
with a described protocol (Upstate Biotechnology, Lake Placid,
NY). In brief, peritoneal macrophages from wild-type and ikBNS ™/~
mice were stimulated with 100 ng/ml LPS for 1, 3, or 5 hr, and
then fixed with formaldehyde for 10 min. The cells were lysed,
sheared by sonication using Bioruptor (CosmoBio), and incubated
overnight with specific antibody followed by incubation with protein
A-agarose saturated with salmon sperm DNA (Upsate Biotechnol-
ogy). Precipitated DNA was analyzed by quantitative PCR (35 cycles)
using primers 5'- CCCCAGATTGCCACAGAATC -3’ and 5'- CCAGT
GAGTGAAAGGGACAG -3’ for the TNF-a promoter and 5'- TGTGTG
TCGTCTGTCATGCG-3' and 5'- AGCTACAGACATCCCCAGTCTC -3'
for the IL-6 promoter.

Induction of DSS Colitis

Mice received 1.5% (wt/vol) DSS (40,000 kDa; ICN Biochemicals), ad
libitum, in their drinking water for 6 days, then switched to regutar
drinking water. The amount of DSS water drank per animal was re-
corded and no differences in intake between strains were observed.
Mice were weighed for the determination of percent weight change.
This was calculated as: percentage weight change = (weight at day
X-day 0/weight at day 0) x 100. Statistical significance was deter-
mined by paired Student’s t test. Differences were considered to
be statistically significant at p < 0.05.

Histological Analysis

Colon tissues were fixed in 4% paraformaldehyde, rolied up, and
embedded in paraffin in a Swiss roll orientation such that the entire
tength of the intestinal tract could be identified on single sections.
After sectioning, the tissues were dewaxed in ethanol, rehydrated,
and stained hematoxylin and eosin to study histological changes af-
ter DSS-induced damage. Histological scoring was performed in
ablinded fashion by a pathologist, with a combined score for inflam-
matory cell infiltration (score, 0-3) and tissue damage (score, 0~3)
(Araki et al., 2005). The presence of occasional inflammatory cells
in the lamina propria was assigned a value of 0; increased numbers
of inflammatory cells in the lamina propria as 1; confluence of inflam-
matory cells, extending into the submucosa, as 2; and transmural

extension of the infiltrate as 3. For tissue damage, no mucosal dam-
age was scored as 0; discrete lymphoepithefial lesions were scored
as 1; surface mucosal erosion or focal ulceration was scored as 2;
and extensive mucosal damage and extension into deeper struc-
tures of the bowel wall were scored as 3. The combined histological
score ranged from 0 (no changes) to 6 (extensive cell infiltration and
tissue damage).

Supplemental Data

Supplemental Data include four figures and are available with this
article online at http//www.immunity.com/cgi/content/full/24/1/
41/DC1/.

Acknowledgments

We thank Y. Yamada, K. Takeda, M. Otsu, and N. Kinoshita for tech-
nical assistance; M. Yamamoto and S. Akira for providing us with re-
agents, P. Lee for critical reading of the manuscript, and M. Kurata
for secretarial assistance. This work was supported by grants from
the Special Coordination Funds of the Ministry of Education, Cul-
ture, Sports, Science and Technology; the Uehara Memoriatl Foun-
dation; the Mitsubishi Foundation; the Takeda Science Foundation;
the Tokyo Biochemical Research Foundation; the Kowa Life Science
Foundation; the Osaka Foundation for Promotion of Clinical Immu-
nology; and the Sankyo Foundation of Life Science.

Received: July 15, 2005
Revised: September 16, 2005
Accepted: November 16, 2005
Published: January 17, 2006

References

Akira, S., and Takeda, K. (2004). Toll-like receptor signalling. Nat.
Rev. Immunol. 4, 499-511.

Araki, A., Kanai, T., Ishikura, T., Makita, S., Uraushihara, K., liyama,
R., Totsuka, T., Takeda, K., Akira, S., and Watanabe, M. (2005).
MyD88-deficient mice develop severe intestinal inflammation in
dextran sodium sulfate colitis. J. Gastroenterol. 40, 16~-23.

Beutler, B. (2004). Inferences, questions and possibilities in Toll-like
receptor signalling. Nature 430, 257-263. .
Bjorkbacka, H., Kunjathoor, V.V., Moore, K.J., Koehn, S., Ordija,
C.M., Lee, M.A,, Means, T., Halmen, K., Luster, A.D., Golenbock,
D.T., and Freeman, M.W. (2004). Reduced atherosclerosis in
MyD88-null mice links elevated serum cholesterol levels to activa-
tion of innate immunity signaling pathways. Nat. Med. 10, 416-421.
Boone, D.L.., Turer, E.E., Lee, E.G., Ahmad, R.C., Wheeler, M.T., Tsui,
C., Hurley, P, Chien, M., Chai, S., Hitotsumatsu, O., et al. (2004). The
ubiquitin-modifying enzyme A20 is required for termination of Toll-
fike receptor responses. Nat. Immunol. 5, 1052-1060.

Brint, EK,, Xu, D., Liu, H., Dunne, A., McKenzie, A.N., O'Neill, LA,
and Liew, F.Y. (2004). ST2 is an inhibitor of interfeukin 1 receptor
and Toli-like receptor 4 signaling and maintains endotoxin tolerance.
Nat. Immunol. 5, 373-379.

Bums, K., Janssens, S., Brissoni, B., Olivos, N., Beyaert, R., and
Tschopp, J. (2003). {nhibition of interdeukin 1 receptor/Toll-like re-
ceptor signaling through the alternatively spliced, short form of
MyD88 is due to its failure to recruit IRAK-4. J. Exp. Med. 197,
263-268.

Chuang, T.H., and Ulevitch, R.J. (2004). Triad3A, an E3 ubiquitin-pro-
tein ligase regulating Toll-like receptors. Nat. Immunol. 5, 495-502.
Diehl, G.E., Yue, H.H., Hsieh, K, ..uang, A.A., Ho, M., Morici, LA.,
Lenz, L.L., Cado, D, Riley, L.W., and Winoto, A. (2004). TRAIL-R as
a negative regulator of innate immune cell responses. immunity
21, 877-889.

Divanovic, S., Trompette, A., Atabani, S.F., Madan, R., Golenbock,
D.T., Visintin, A., Finberg, R.W., Tarakhovsky, A., Vogel, S.N., Bel-
kaid, Y., et al. (2005). Negative regulation of Toll-like receptor 4 sig-
naling by the Toll-like receptor homolog RP105. Nat. Immunol. §,
571-578.

Eriksson, U., Ricci, R., Hunziker, L., Kurrer, M.O., Oudit, G.Y., Watts,
T.H., Sonderegger, |., Bachmaier, K., Kopf, M., and Penninger, J.M.

— 305 —



Inhibition of a Set of TLR-Induced Genes by IkBNS
51

{2003). Dendritic cell-induced autoimmune heart failure requires co-
operation between adaptive and innate immunity. Nat. Med. 9, 1484~
1490.

Fiorini, E., Schmitz, |., Marissen, W.E., Osbom, S.L., Touma, M., Sa-
sada, T., Reche, P.A,, Tibaldi, E.V., Hussey, R.E., Kruisbeek, AM.,
et al. (2002). Peptide-induced negative selection of thymocytes acti-
vates transcription of an NF-kappa B inhibitor. Mol. Cell 9, 637-648.
Fukao, T., Tanabe, M., Terauchi, Y., Ota, T., Matsuda, S., Asano, T.,
Kadowaki, T., Takeuchi, T., and Koyasu, S. {2002). PI3K-mediated
negative feedback regulation of IL-12 production in DCs. Nat. Immu-
nol. 3, 875-881.

Hirotani, T., Lee, P.Y., Kuwata, H., Yamamoto, M., Matsumoto, M.,
Kawase, |, Akira, S., and Takeda, K. (2005). The nuclear lkappaB
protein lkappaBNS selectively inhibits lipopolysaccharide-induced
IL-6 production in macrophages of the colonic lamina propria. J. Im-
munol. 174, 3650-3657.

Honda, K., Yanai, H., Negishi, H., Asagiri, M., Sato, M., Mizutani, T.,
Shimada, N., Ohba, Y., Takaoka, A., Yoshida, N., and Taniguchi, T.
(2005). IRF-7 is the master regulator of type-| interferon-dependent
immune responses. Nature 434, 772-777.

Iwasaki, A., and Medzhitov, R. (2004). Toll-like receptor contro! of the
adaptive immune responses. Nat. Immunol. 5, 987-995,

Kawai, T., Adachi, 0., Ogawa, T., Takeda, K., and Akira, S. (1 999).
Unresponsiveness of MyD88-deficient mice to endotoxin. Immunity
17, 1156-122.

Kinjyo, I., Hanada, T., Inagaki-Ohara, K., Mori, H., Aki, D., Ohishi, M.,
Yoshida, H., Kubo, M., and Yoshimura, A. (2002). SOCS1/JAB is
a negative regulator of LPS-induced macrophage activation. tmmu-
nity 17, 583-591.

Kisielow, P., Bluthmann, K., Staerz, U.D., Steinmetz, M., and von
Boehmer, H. (1988). Tolerance in T-cell-receptor transgenic mice in-
volves deletion of nonmature CD4+8+ thymocytes. Nature 333, 742-
746.

Kitajima, S., Takumna, S., and Morimoto, M. (1999). Changes in co-

lonic mucosal permeability in mouse colitis induced with dextran
sulfate sodium. Exp. Anim. 48, 137-143.

Kobayashi, K., Hemandez, L.D., Galan, J.E., Janeway, C.A., Jr.,
Medzhitov, R., and Flavell, R.A. (2002). IRAK-M is a negative regula-
tor of Toll-like receptor signaling. Cell 110, 191-202,

Kobayashi, M., Kweon, M.N., Kuwata, H., Schreiber, R.D., Kiyono,
H., Takeda, K., and Akira, S. (2003). Toll-like receptor-dependent
production of IL-12p40 causes chronic enterocolitis in myeloid
cell-specific Stat3-deficient mice. J. Clin. Invest. 717, 1297-1308.
Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K., and Muller, W. (1993).
Interfeukin-10-deficient mice develop chronic enterocolitis. Cell 75,
263-274.

Kuwata, H., Watanabe, Y., Miyoshi, H., Yamamoto, M., Kaisho, T.,
Takeda, K., and Akira, S. (2003). IL-10-inducible Bcl-3 negatively
regulates LPS-induced TNF-alpha production in macrophages.
Blood 702, 4123-4129.

Lang, K.S., Recher, M., Junt, T., Navarini, A.A., Harris, N.L., Freigang,
S., Odermatt, B., Conrad, C., ittner, L.M., Bauer, S., et al. (2005). Toll-
like receptor engagement converts T-cell autoreactivity into overt
autoimmune disease. Nat. Med. 77, 138-145,

Lawrence, T., Bebien, M., Liu, G.Y., Nizet, V., and Karin, M. (2005).
IKKalpha limits macrophage NF-kappaB activation and contributes
to the resolution of inflammation. Nature 434, 1138-1143.
Leadbetter, E.A.,, Rifkin, L.R., Hohlbaum, A.M., Beaudette, B.C.,
Shlomchik, M.J., and Marshak-Rothstein, A. (2002). Chromatin-lgG
complexes activate B cells by dual engagement of igM and Toll-
like receptors. Nature 416, 603-607. :

Li, Q., Lu, Q., Bottero, V., Estepa, G., Morrison, L., Mercurio, F., and
Verma, .M. (2005). Enhanced NF-{kappa)B activation and cellular
function in macrophages lacking I(kappa)B kinase 1 (IKK1). Proc.
Natl. Acad. Sci. USA 102, 12425-12430.

Liew, F.Y., Xu, D., Brint, E.K., and O’Neill, L.A. (2005). Negative reg-
ulation of Toll-like receptor-mediated immune responses. Nat. Rev.
Immunol. 5, 446-458.

Michelsen, K.S., Wong, M.H., Shah, P.K., Zhang, W., Yano, J., Doh-
erty, T.M., Akira, S., Rajavashisth, T.B., and Arditi, M. (2004). Lack of

Toli-like receptor 4 or myeloid differentiation factor 88 reduces ath-
erosclerosis and alters plaque phenotype in mice deficient in apoli-
poprotein E. Proc. Natl. Acad. Sci. USA 107, 10679-10684.

Moore, K.W., de Waal Maletyt, R., Coffman, R.L., and O'Garra, A.
{2001). Interleukin-10 and the interdeukin-10 receptor. Annu. Rev.
Immunot. 19, 683-765.

Motoyama, M., Yamazaki, S., Eto-Kimura, A., Takeshige, K., and
Muta, T. (2005). Positive and negative regulation of nuclear factor-
kappaB-mediated transcription by lkappaB-zeta, an inducible nu-
clear protein. J. Biol. Chem. 280, 7444-7451,

Nakagawa, R., Naka, T., Tsutsui, H., Fujimoto, M., Kimura, A., Abe,
T., Seki, E., Sato, S., Takeuchi, 0., Takeda, K., et al. (2002). SOCS-
1 participates in negative regulation of LPS responses. Immunity
17,677-687.

Natoli, G., Saccani, S., Bosisio, D., and Marazzi, 1. (2005). Interac-
tions of NF-kappaB with chromatin: the art of being at the right ptace
at the right time. Nat. Immuno!. 6, 439445,

Pasare, C., and Medzhitov, R. (2004). Toll-dependent control mech-
anisms of CD4 T cell activation. Immunity 271, 733-741.

Saccani, S., Marazzi, |, Beg, A.A., and Natoli, G. (2004). Degradation
of promoter-bound p65/RelA is essential for the prompt termination
of the nuclear factor kappaB response. J. Exp. Med. 200, 107-113.
Sakaguchi, S., Negishi, H., Asagiri, M., Nakajima, C., Mizutani, T., Ta-
kaoka, A., Honda, K., and Taniguchi, T. (2003). Essential role of IRF-3
in lipopolysaccharide-induced interferon-beta gene expression and
endotoxin shock. Biochem. Biophys. Res. Commun. 306, 860-866.
Strober, W., Fuss, 1.J., and Blumberg, R.S. (2002). The immunology
of mucosal models of inflammation. Annu. Rev. Immunol. 20, 495-
549.

Takaoka, A., Yanai, H., Kondo, S., Duncan, G., Negishi, H., Mizutani,
T., Kano, S., Honda, K., Ohba, Y., Mak, T.W., and Taniguchi, T.
(2005). Integraf role of IRF-5 in the gene induction programme acti-
vated by Toll-like receptors. Nature 434, 243-249.

Takeda, K., Clausen, B.E., Kaisho, T., Tsujimura, T., Terada, N., For-
ster, I, and Akira, S. (1999). Enhanced Th1 activity and development
of chronic enterocolitis in mice devoid of Stat3 in macrophages and
neutrophils. Immunity 70, 3949,

Wald, D., Qin, J., Zhao, Z., Qian, Y., Naramura, M., Tian, L., Towne, J.,
Sims, J.E,, Stark, G.R., and Li, X. (2003). SIGIRR, a negative regulator
of Toll-like receptor-interleukin 1 receptor signaling. Nat. Immunol.
4, 920-927.

Wessells, J., Baer, M., Young, H.A., Claudio, E., Brown, K., Sieben-
fist, U., and Johnson, P.F. (2004). BCL-3 and NF-kappaB p50 atten-
uate lipopolysaccharide-induced inflammatory responses in macro-
phages. J. Biol. Chem. 279, 49995-50003.

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo,
H., Takeuchi, 0., Sugiyama, M., Okabe, M., Takeda, K., and Akira, S.
(2003). Role of adaptor TRIF in the MyD88-independent toll-like re-
ceptor signaling pathway. Science 307, 640-643.

Yamamoto, M., Yamazaki, S., Uematsu, S., Sato, S., Hemmi, H,
Hoshino, K., Kaisho, T., Kuwata, H., Takeuchi, O., Takeshige, K.,
etal. (2004). Regulation of Toll/IL-1-receptor-mediated gene expres-
sion by the inducible nuclear protein IkappaBzeta. Nature 430, 218-
222.

— 306 —



The Journal of Immunology

DNA Augments Antigenicity of Mycobacterial DNA-Binding
Protein 1 and Confers Protection against Mycobacterium
tuberculosis Infection in Mice'

Sohkichi Matsumoto,?* Makoto Matsumoto,’ Kiyoko Umemori,** Yuriko Ozeki,*"
Makoto Furugen,! Tomishige Tatsuo,” Yukio Hirayama,* Saburo Yamamoto,*
Takeshi Yamada,' and Kazuo Kobayashi* ‘

Mycobacterium consists up to 7% of mycobacterial DNA-binding protein 1 (MDP1) in total cellular proteins. Host immune
responses to MDP1 were studied in mice to explore the antigenic properties of this protein. Anti-MDP1 IgG was produced after
infection with either bacillus Calmette-Guérin or Mycobacterium tuberculosis in C3H/HeJ mice. However, the level of Ab was
remarkably low when purified MDP1 was injected. MDP1 is considered to be associated with DNA in nucleoid, which contains
immunostimulatory CpG motif. Therefore, we examined coadministration of MDP1 and DNA derived from M. tuberculosis.
Consequently, this procedure significantly enhanced the production of MDP1-specific IgG. Five nanograms of DNA was enough
to enhance MDP1-specific IgG production in the administration of 5 ug of MDP1 into mice. Strong immune stimulation by such
a small amount of DNA is noteworthy, because >1,000- to 100,000-fold doses of CpG DNAs are used for immune activation. A
synthetic peptide-based study showed that B cell epitopes were different between mice administered MDP1 alone and those given
a mixture of MDP1 and DNA, suggesting that DNA alters the three-dimensional structure of MDP1. Coadministration of DNA also
enhanced MDP1-specific IFN-y production and reduced the bacterial burden of a following challenge of M. tuberculosis, showing
that MDP1 is a novel vaccine target. Finally, we found that MDP1 remarkably enhanced TLR9-dependent immune stimulation
by unmethylated CpG oligo DNA in vitro. To our knowledge, MDP1 is the first protein discovered that remarkably augments the
CpG-mediated immune response and is a potential adjuvant for CpG DNA-based immune therapies. The Journal of Immunol-

ogy, 2005, 175: 441-449.

r I Y uberculosis is a disease caused by infection with Myco-
bacterium tuberculosis and remains a serious threat to
health in the world. Annually, 8 million people contract

tuberculosis, and nearly 2 million people die from the disease.

Worldwide, 32% of the population is persistently infected with M.

tuberculosis, and some of these bacteria are thought to be in a non-

replicating dormant state (1). The majority of the disease arises from

reactivation of persisting, previously implanted bacteria (2-5).

Bacillus Calmette-Guérin (BCG)? is an attenuated live vaccine
against tuberculosis and has been given to >2 billion individuals
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to date. BCG is safe, inexpensive, and effective against both men-
ingitis and miliary tuberculosis in infants, but frequently fails to
protect from the most prevalent form of the disease, adult pulmo-
nary tuberculosis (6-9). In addition, there is the possibility of
causing opportunistic disease in immunocompromised hosts, such
as AIDS patients, because BCG is a live vaccine and can survive
in the hosts. Accordingly, there is an urgent need to develop a
more effective and safer vaccine than BCG. Extensive studies to
date have evaluated possible vaccine candidate proteins, such as a
6-kDa early secretory antigenic target (10); Ag 85 complexes A, B,
and C (11); MTB39 and MTB48 (12); and heat shock protein
60 (13).

Mycobacterial DNA-binding protein 1 (MDP1) is produced by
the genus Mycobacterium and is a major cellular protein, consist-
ing of up to 7% of the total cellular protein (14). MDP1 has nucleic
acid-binding activity mediated through interaction with guanine
and cytosine residues in DNA (14, 15). Thus, MDP! is presumed
to be a component of the mycobacterial nucleoid and has been
shown to localize to the 50S ribosomal subunit and on the bacterial
surface (14, 16). The cellular content of MDP1 is increased in the
stationary growth phase of mycobacteria relative to the exponen-
tial growth phase (14). Dick et al. (17) found that histone-like
protein (HLP), the homologue of MDPI, was substantially up-
regulated in the dormant state of Mycobacterium smegmatis. Our
previous study showed that MDP1 inhibited macromolecular bio-
syntheses in vitro and substantially suppressed bacterial growth
(18). Taken together, it is conceivable that MDP1 has fundamental

ODN, synthetic oligodeoxynucleotide; PPD, purified protein derivative; RIB, RIBI
adjuvant system; rMDPI, recombinant histidine-tagged MDP1.
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roles in the suppression of growth from both stationary and dor-
mant phases of mycobacteria.

Of interest, MDP1 localizes on the bacterial surface as well as -

intracellularly (14, 16, 19, 20). During host-bacterium interaction,
MDP1 may play a role as an adhesin. Shimoji et al. (20) found that
a 21-kDa protein could bind to laminin-2, which is thought to be
an Mycobacterium leprae receptor involved in attachment to
Schwann cells (21). They designated this protein as laminin-bind-
ing protein of 21 kDa (LBP-21) and showed it to be a homologue
of MDPI in M. leprae, although it was deficient for DNA-binding
activity (20). Thus, LBP-21 may have a role in the invasion of M.
leprae into peripheral nerves, presumably cooperating with an-
other adhesion molecule, phenolic glycolipid-1 (22). In addition to
laminin, we recently found that MDP1 binds to glycosaminogly-
cans (16), which are a major component of the extracellular ma-
trix. Glycosaminoglycans are important in the attachment of my-
cobacteria, especially in the interaction with nonphagocytic cells
such as fibroblasts and epithelial cells (23), which are possible
reservoirs of persisting M. fuberculosis in healthy humans (24).

Prasad et al. (25) used T cell blot assay to identify an immuno-
dominant protein in healthy contacts with tuberculosis patients.
They designated that protein as histone-like protein of M. tuber-
culosis (HLPMt), which is the same molecule as MDP1. Both hu-
moral and lymphoproliferative responses against recombinant
HLPMi/MDP} were greater in healthy tuberculin reactors than in
nonreactors or tuberculosis patients (25). This suggests that

" HLPM#/MDP1 is an immunodominant Ag that may have an im-
portant role in host defense.

In this study we report a series of studies that analyze the anti-
genicity of MDP1 in a mouse model. We show that both humoral
and cellular immune responses to MDP! are stimulated by the
presence of bacterial DNA that contains immunostimulatory CpG
motifs (26, 27) that initiate immune responses through TLR9 (28).
Simultaneous immunization with MDPI and DNA, but not MDP1
alone, promotes protection against an M. tuberculosis challenge.
An in vitro study demonstrated that a complex of MDP1 and CpG
DNA markedly stimulates the production of proinflammatory cy-
tokines in a TLR9-dependent manner. Proteins produced by patho-
genic organisms are major targets of host immune responses that
lead to protective immunity. Our data demonstrate that immuno-
stimulatory cellular components that interact with these proteins
have significant effects on protein recognition by the host and the
subsequent development of protective immunity.

Materials and Methods
Mice

Female A/J, BALB/c, C3H/Hel, and C57BL/6 mice were purchased from
Japan SLC at 5-7 wk of age. TLR9 knockout (KO) mice (B6 129F2 back-
ground) were supplied by Dr. S. Akira (Osaka University, Osaka, Japan)
(28). All mice were kept under specific pathogen-free conditions.

Bacterial strains and culture

BCG (strain Tokyo) was grown at 37°C in Middlebrook 7H9 media (Difco)
supplemented with 10% albumin, dextrose, and catalase enrichment
(Difco) and 0.05% Tween 80. When the OD at 630 nm was ~0.5, bacteria
were collected by centrifugation and suspended in sterilized water to adjust
for an OD of 1.0. Mice were infected i.p. with 5-10 X 10° CFU of BCG
in 0.2 ml of normal saline. Two weeks later, mice were boosted with the
same dose of BCG i.p. The bacterial dose was determined by counting
CFUs 3 wk after plating serial 10-fold dilutions of suspension onto Middle-
brook 7HI1 agar containing oleic acid, dextrose, albumin, and catalase
enrichment (Difco; 7TH11-OADC agar).

Antigens

Recombinant histidine-tagged MDP1 (rMDP1) was purified from Esche-
richia coli transfected with pET21b"*-mdpl by methods described previ-
ously (16). Native MDP1 was purified from BCG (Tokyo strain) using the

method described previously (14). Ag 85 complex B (Ag85B) purified
from M. tberculosis H37Rv was a gift from Dr. S. Nagai (29). Heat
stress-induced ribosome-binding protein A (HrpA), purified as a recombi-

" nant protein (30). was supplied by Drs. N. Ohara and T. Tabira (Nagasaki

University, Nagasaki, Japan). Bovine histone H1, histone H2A, and histone
H3 were purchased from Roche. Bacterial DNA was purified from M.
tuberculosis H3TRv by phenol-chloroform extraction (31). Briefly, 5 g of
M. tuberculosis H37Rv (wet weight) was suspended in 5 ml of 10 mM
Tris-HCl and | mM EDTA (pH 7.5; TE buffer), mixed with the same
volume of chloroform/methanol (2/1), and incubated for 5 min to remove
lipids. The suspension was centrifuged at 2,500 X g for 20 min, and both
organic and aqueous layers were decanted to leave a packed bacterial band.
Delipidated bacteria were incubated at 55°C for 20 min to remove traces of
organic solvents and were resuspended in 5 ml of TE buffer and 0.5 ml of
1 M Tris-HCI (pH 9.6). Lysozyme (Sigma-Aldrich) was added to a final
concentration of 100 pg/ml and incubated for 2 h. Then 0.1 vol of 10%
SDS and 0.01 vol of proteinase K (Sigma-Aldrich) were added .and addi-
tionally incubated ovemight. To remove contaminating proteins, the same
volume of phenol was added, gently mixed for 20 min, and centrifuged at
12,000 X g for 20 min. The aqueous layer was transferred to the fresh tube,
and the protein-removing step was repeated again. Then the same volume
of chloroform/iscamy! alcohol (24/1) was added and gently mixed for 10
min. The tube was centrifuged at 12,000 X g for 10 min, then the super-
natant was transferred to new tube. DNA was precipitated by gently mixing
after adding 0.1 vol of 3 M sodium acetate (pH 5.2) and 2.5 vol of ethanol.
The tube was then centrifuged at 12,000 X g for 10 min, and the DNA
pellet was rinsed with 70% ethanol. The pellet was resolved in pure water,
and the concentration was determined by the absorbance at 260 nm. The
endotoxin level of Ags was <50 pg/I00 uM, as determined by a
Limulus test.

Immunization of mice with protein Ags and BCG

Protein Ags were emulsified using the RIBI adjuvant system (RIB;
Corixia), which consists of synthetic trehalose dicorynomycolate and
monophosphoryl lipid A, or by IFA (Difco). In some cases, Ags were
mixed with various amounts of DNA for 10 min at 37°C and then emul-
sified. Five micrograms of protein with or without DNA was injected i.p.
Three weeks later, mice were boosted using the same method as the pri-
mary immunization. The same protocol was used for BCG immunization.
Five to 10 X 10 CFU of BCG was i.p. injected per mouse. Three weeks
after the boost, peripheral blood was obtained from the retro-orbital plexus
of anesthetized mice, and sera were isolated and stored at —80°C until the
assays.

Western blot

One microgram of purified MDP1 was fractionated by SDS-PAGE, trans-
ferred to a polyvinylidene difluoride membrane, and reacted with antisera
diluted 1/200.

ELISA

Ninety-six-well ELISA plates (Sumitomo) were coated with individual
protein Ags, such as MDP1, HrpA, Ag85B, histone HI, histone H2A, and
histone H3, by overnight incubation in carbonate buffer (pH 9.6) at 4°C.
Wells were then blocked by PBS containing 3% BSA for 2 h at room
temperature. Equal volumes of sera from at least five mice were mixed in
each experimental group. Sera were serially diluted in PBS containing 1%
BSA, added to wells, and incubated overnight at 4°C. The wells were
washed four times with PBS containing 0.05% Tween 20. and HRP-con-
jugated goat anti-mouse IgG (DakoCytomation), IgGl, 1gG2a, IgG2b,
IgG3 (Santa Cruz Biotechnology), or IgG2c (Bethyl) diluted in PBS con-
taining 1% BSA was added and incubated for 2 h at room temperature.
After washing as before, 100 ul of 80 mM citrate-phosphate buffer (pH
5.0) containing 0.4 pg/ml o-phenylendiamine dihydrochloride (Wako Pure
Chemicals) was added to the wells, and absorbance at 492 nm was mea-
sured by an MTP-300 microplate reader (Corona Electronic).

To determine B cell epitopes, overlapping peptides covering the entire
sequence of MDP1 were synthesized previously as 20-mer molecules with
10-aa overlaps with the neighboring peptides. with exception of the C-
terminal (15). Each peptide was dissolved in PBS at a concentration of 10
pg/ml and immobilized onto type A ELISA plates (Sumitomo) after acti-
vation of the wells by 2% glutaraldehyde. Sera diluted 1/200 by PBS con-
taining 0.05% Tween 20 was added and incubated at 4°C overnight. The
ELISA procedure described above was performed, and B cell epitopes were
defined by color development with o-phenylendiamine dihydrochloride.
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Lymph node cell culture and stimulation

Mice were killed 3 wk after the booster injection of Ags, and mesenteric
lymph node cells were prepared. Cells were cultured in RPMI 1640 me-
dium (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 25
mM HEPES, 2 mM L-glutamine, 5.5 X 107° M 2-ME, 100 U/mi penicitlin,
and 100 ug/ml streptomycin (complete RPMI medium) in the presence or
the absence of 10 pg/ml, MDP1, Ag85B, or purified protein derivative
(PPD; Kyowa) in a humidified incubator at 37°C under 5% CO,. IFN-y in
the culture supernatant was measured with ELISA kits (Genzyme Techne).

Prior immunization and challenge with M. tuberculosis

C3H/HeJ or BALB/c mice were s.c. immunized with 5 ug of RIB-emul-
sified MDP1 with or without 5 ng of M. tuberculosis DNA, DNA alone (5
ng), or 5 ug of Ag85B. BCG Tokyo at a dose of 10® CFUs was inoculated
using the same procedure without emulsification. After 3 wk, mice were
boosted i.p. by the same Ags and were challenged 3 wk later i.v. with | X
10° CFU of M. tuberculosis Kurono strain (ATCC 35812; American Type
Culture Collection). On days 14 and 28, lungs were removed and homog-
enized using an 1.S-50 homogenizer (Yamato). The lung hornogenates
were serially diluted and inoculated onto 7H11-OADC agars. Bacterial
numbers were calculated and expressed as CFU.

Spleen cell culture and stimulation

Synthetic oligodeoxynucleotides (ODNs) of sequence GGGGGGAACGT
TGGGGGGGGGGGGGGGGGG were purchased from Nisshinbo and
designated oligo B. As a control. cytosine-methylated oligo B was synthe-
sized (Me-oligo B). The endotoxin level was <50 pg/100 uM, as deter-
mined by a Limulus test. Spleens obtained from C57BL/6 and TLRY KO
mice were cut into small pieces and homogenized. These cell suspensions
were depleted of erythrocytes using a Ficoll gradient (Lympholyte-M; Ce-
darlane Laboratories) and centrifuged for 20 min at 1000 X g at room
temperature. Spleen cells (1 X 108 cells/well) were cultured in the presence
or the absence of MDP1 and ODNs at final concentrations of 0.5 and 1 uM,
respectively. After 10-min incubation at 37°C, the MDP1-ODN mixture
was added to the cell cultures and incubated for 24 h. As a control, cells
were also stimulated with LPS derived from E. coli Ol 134 (Difco) at
concentration of 100 ng/ml. The amounts of TNF-e and IL-6 in the culture
supernatants were measured with ELISA kits (Genzyme Techne).

Statistical analyses

Statistical analysis was conducted with a Power Macintosh G4 using Stat-
View 5.0 (SAS Institute). ANOVA was used to determine the significance
of differences in means between multiple experimental groups. The signif-
icance level of the test was <5%.

Results
Anti-MDP1 IgG production in mice

To explore the antigenicity of MDPI1, we first analyzed the hu-
moral immune response to MDP1 in mice. BCG was inoculated
into three strains of mice, including A/J, BALB/c, and C3H/He.
Western blot analysis showed that MDP1 elicited a humoral im-
mune response in all strains (Fig. 1A). Sera from nonimmunized
mice did not react with MDP1 (data not shown). Additionally,
anti-MDP! IgG was produced in C3H/He and BALB/c mice chal-
lenged with M. ruberculosis H37Rv (data not shown).

We next assessed the antigenicity of purified MDP1. Five mi-
crograms of MDP1 was emulsified in RIB and injected into
C3H/He mice. In contrast to inoculation of BCG, we could not
detect a significant level of anti-MDP1 IgG (Fig. 14). MDP1 pre-
sumably binds to DNA, which includes immunostimulatory CpG
motifs (27). Therefore, we tested the simultaneous administration
of MDPI1 and DNA. Five micrograms of MDP1 was incubated
with 0.5 g of DNA derived from M. uberculosis H37Rv, and the
mixture was injected into C3H/He mice. Western blot analysis
showed that a combination of MDP1 and DNA elicited MDP1-
specific IgG production, whereas MDP1 or DNA alone did not
(Fig. 1A).

We next determined the optimal dose of DNA that could en-
hance anti-MDP1 1gG production. Using RIB, 5 ug of MDP1 was
administered to C3H/He mice with or without 10-fold serial dilu-
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FIGURE 1. Humoral immune responses to MDP1 in mice. A, Western
blot analysis. Purified MDP1 was blotted onto the membrane and incubated
with 200/1 diluted antisera. Mouse strains are indicated along the fop of the
panel. The injected Ags, such as BCG, MDP1 alone (MDP1), M. tuber-
culosis DNA alone (DNA), and MDP! plus DNA (MDP1+DNA) are
shown along the bottom. B, DNA dose effects on anti-MDP1 1gG produc-
tion. C3H/He mice were immunized with MDP1 (5 ug/mouse) with or
without various amounts of DNA (5 ug to 5 ng) emulsified in RTB adju-
vant, and levels of anti-MDP1 IgG were determined by ELISA. The hor-
izontal axis shows dilution factors of antisera. C., Immunization with
MDP1 plus DNA emulsified in IFA augmented anti-MDPI IgG produc-
tion, C3H/He mice were immunized with Ags emulsified in IFA. Immu-
nized Ags are described below the horizontal axis. Cotl, IFA alone. The
sera from at least five mice of each experimental group were mixed and
diluted to 1/400, and the levels of anti-MDP1 IgG were determined by
ELISA.

tions of DNAs ranging from 5 pg to 5 ng. Three weeks after the
booster injection, the level of anti-MDP} IgG was measured by
ELISA (Fig. 1B). The production of IgG was dependent on the
amount of DNA; interestingly, 5 ng of DNA most efficiently stim-
ulated IgG production against MDP!. We observed enhanced anti-
MDPI1 IgG production by coadministration of DNA and MDP1 in
the presence of IFA (Fig. 1C), and the result was similar to that
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observed using RIB adjuvant, suggesting that the immunostimu-
latory effect of DNA on anti-MDP1 IgG production is not re-
stricted to RIB adjuvant. The results prompted us to explore
whether DNA-dependent IgG production varies between mouse
strains. The same immunization procedure using RIB as an adju-
vant was performed in other mouse strains, including AJJ,
BALB/c, and C5S7BL/6. The results revealed that simultaneous in-
oculation of MDP1 and DNA augmented the production of IgG
against MDP1 in all tested strains (Fig. 2).

To determine whether DNA-mediated enhancement of anti-
MDP1 IgG production is restricted to the particular IgG isotype,
we analyzed the distribution of subclasses of IgG by ELISA. As
shown in Fig. 3, each mouse strain possessed a specific pattern of
MDP1-specific IgG isotypes, but DNA enhanced only IgG sub-
classes produced in mice immunized with MDPI alone. Thus, a
small dose of DNA augments the humoral response to MDP! with-
out altering the pattern of 1gG isotypes.

MDP|-specific, DNA-dependent stimulation of IgG production

Our data showed that a small amount of DNA (5 ng) magnified
anti-MDP1 IgG production (Fig. 1B). In contrast, 1,000- to
100,000-fold higher amounts (5-500 ug) of bacterial DNA and
CpG ODNs have been applied as adjuvants in immunization with
foreign Ags (32-34) or immunotherapeutic treatments (34-38).
Therefore, we next examined whether 5 ng of DNA stimulated Ab
production against other immunogenic mycobacterial proteins
such as HrpA (39) and Ag85B (11). These Ags did not bind to
DNA, as determined by gel retardation assay (data not shown).
Five micrograms of each Ag was injected into BALB/c, C3H/He,
and C57BL/6 mice, with or without 5 ng of DNA. We could not
detect enhanced Ab production by coadministration of DNA in any
of the three mouse strains (Fig. 4, A and B).

Next we examined whether DNA combined with DNA-binding
proteins other than MDP1 stimulates IgG production. Bovine hi-
stone H1, histone H2A, and histone H3 were injected into three
strains of mouse (BALB/c, C3H/He, and C57BL/6) with or with-
out 5 ng of DNA. We could not detect the production of IgG
against both histones H2A and H3 in any of mouse strains tested
(data not shown). In contrast, anti-histone H1 Ab was delectable in
all mouse strains, but DNA alone did not stimulate anti-histone H1
1gG production (Fig. 4C). Although we have not tested all DNA-
binding proteins, these results imply that enhanced Ab production
by a very small amount of bacterial DNA is a unique feature
of MDPI.

DNA alters B cell epitopes of MDP1

To examine humoral immune responses against MDP1 more pre-
cisely, we defined the region(s) recognized by anti-MDP1 IgG. B
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FIGURE 2. DNA stimulates the production of anti-MDP1-IgG in mice.
Four strains of mice, including A/J, BALB/c, C3H/He, and C57BL/6, were
immunized with DNA alone (), MDP! (5 ug/mouse) alone (B), or
MDPI1 plus DNA (M). The titer of anti-MDPI-IgG was determined by
ELISA. %, p < 0.05; **, p < 0.01 (by ANOVA).
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FIGURE 3. Isotypes of anti-MDP1 IgG. The levels of 1gG subclasses
were measured using isotype-specific Abs against IgG1, I1gG2a, IgG2b,
1gG2c, and IgG3. Cotl, Controls without secondary Ab. [J, Immunization
with MDP1 alone; E coadministration of MDP1 and DNA. Antisera were
diluted 1/100 (A-C) or 1/50 (D). *, p < 0.05; **, p < 0.01 (by ANOVA).

cell epitope mapping was conducted by ELISA using synthetic
20-mer peptides covering the entire MDP1 sequence. Antisera
were obtained from four strains of mice, including A/J, BALB/c,
C3H/He, and C57BL/6, immunized with MDP1 alone or with 5 ng
of DNA and were reacted with each peptide. In A/J mice, IgG from
animals immunized with MDP1 alone did not react with peptides,
although it was bound to MDP1I, suggesting that IgG in these mice
recognized the conformational structure of MDP1 (Fig. 5A). In
contrast, two peptides corresponding to aa 61-80 and 71-90 of
MDP! were recognized by anti-MDP! IgG in mice immunized
with MDP1 plus DNA (Fig. 5A). In BALB/c mice, anti-MDP1 IgG
induced by injection of both MDP1 alone and MDP1I plus DNA
reacted with the peptide corresponding to 51-70 of MDP1 (Fig.
5B). In C3H/He mice, the level of anti-MDP1 IgG was insignifi-
cant when MDP1 alone was used (Fig. 5C). In contrast, anti-MDP1
IgG was produced in animals immunized with MDP1 plus DNA
and reacted with peptides corresponding to 141-160 and 151-170
(Fig. 5C). Thus, the epitope was likely to be the 151-160 region of
MDP1. In C57BL/6 mice, Abs from mice immunized with MDP1
alone and MDP1 plus DNA reacted with the 61-80 and 1-20
regions, respectively (Fig. 5D).

Although the anti-MDP1] Ab titer was higher in BALB/c mice
injected with MDPI plus DNA than in mice immunized with
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FIGURE 4. DNA fails to stimulate production of IgGs against myco-
bacterial Ags, HrpA and Ag85B, and a DNA-binding protein, histone H1.
BALB/c, C3H/He, and C57BL/6 mice were immunized with 5 ug of HrpA
(Hrp), Ag85B (85B), and histone HI (H1) with () or without (£} 5 ng of
DNA. (3, Immunization with DNA alone. The titer of Ag-specific IgG was
measured by ELISA. 1, p > 0.1 (by ANOVA).

MDP1 alone, the level of anti-MDP1 IgG against the defined
epitope (aa 51-70) was reversed (Fig. 5B). This suggests that anti-
MDP1 IgG recognizes mainly conformational epitopes in mice
immunized with a mixture of MDP1 and DNA. To examine this
possibility, inhibition assays were performed. The interaction be-
tween MDP1 and IgG from mice immunized with MDP1 alone
(Fig. 64), but not with MDP1-DNA (Fig. 6B), was inhibited by
exogenously added peptide corresponding to aa 51-70 of MDPI
(Fig. 6, A and B). In contrast, the same molar amount of exog-
enously added MDP1 alone inhibited both reactions (Fig. 6, A and
B). These data indicate that in BALB/c mice, administration of
MDP1 alone produces IgG that recognizes only the 51-70 region.
In contrast, administration of MDP1 plus DNA induces anti-MDP1
IgG targeting conformationat epitopes on MDP1 in addition to the
51-70 region.

Similar inhibition experiments were conducted using sera from
BALB/c mice injected with live BCG. The 51-70 peptide failed to
abrogate the [gG-MDP] interaction (Fig. 6C), although MDP] it-
self did. This suggests that MDP1 is actually binding to DNA in
vivo and is targeted by the host immune response.

MDP1 stimulates IFN-vy production

Protective immunity against M. tuberculosis infection is mediated
primarily by Thl-type cell-mediated immunity (40, 41). IFN-y
triggers Thi-type cell-mediated immune responses and plays a
critical role in host defense against M. tuberculosis infection in
mice (42, 43). To investigate whether MDP1 participates in BCG-
mediated protection against tuberculosis, we examined IFN-v pro-
duction induced by MDP1 stimulation. Lymph node cells from
C3H/He mice immunized with BCG were cultured in the presence
or the absence of MDP1, and the level of IFN-y in culture super-
natants was measured by ELISA. The results show that MDPI
stimulated IFN-y production in a manner similar to Ag85B and
PPD (Fig. 7A). We next examined isotypes of anti-MDP1 IgG in
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FIGURE 5. B cell epitope mapping of anti-MDP1 IgG. Epitopes of anti-
MDPI 1gGs were determined by ELISA. MDP! or 20-mer synthetic pep-
tides covering the entire MDP1 sequence were coated on the ELISA plate
as indicted at the botrom of each graph. b, Blank well without Ag coating.
The same antisera as those described in Fig. 2 were diluted 1/200 and
applied to the wells. A-D, Analysis of antisera derived from A/J, BALB/c,
C3H/He, and C57BL/6 mice, respectively. [], Antisera from mice inocu-
lated with MDP1 alone; B, antisera from mice inoculated with MDP1 plus
DNA. The ELISA units represent the average of duplicate samples.

BCG-immunized C3H/He mice. BCG inoculation stimulated the
production of MDP1-specific IgG1 and IgG2a, but not 1gG2b or
IgG3 (Fig. 7B). Interestingly, the pattern of 1gG isotypes was sim-
ilar to that observed in the same mouse strain immunized with both
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FIGURE 6. Production of anti-MDP1 lgG-targeting conformational
epitopes in BALB/c mice immunized with MDP1 plus DNA or BCG, but
not with MDP1 alone. Antisera from BALB/c mice immunized with MDP1
alone (A), MDP1 plus DNA (B), and BCG (C) were reacted with immo-
bilized MDP1 on ELISA plates with or without exogenously added peptide
corresponding to the 51-70 region of MDP! (p51-70) or MDP1 (MDP1).
b, Blank without Ag coating; —, positive controls without inhibitors. *, p <
0.05 (by ANOVA, vs controls without inhibitors (—)).

MDP1 and DNA (Fig. 3C). IFN-vy induces [gG2a production (44),
whereas both Thl-related and Th2 cytokines stimulate IgG! pro-
duction (45, 46). The predominant production of IgG2a implies
that the immune response to MDPI1 is polarized toward the Thl
type. It is likely that MDP1 is one of the Ags that induce protective
immunity after BCG immunization in C3H/He mice.

Next we examined whether the administration of purified MDP1
induces 1FN-y production. C3H/He mice were immunized with
MDP1 alone or with MDP1 plus DNA. As controls, RIB and DNA
- alone were administered to mice as well. Lymph node cells were
cultured with or without 10 ug/mi MDPI, and the production of
IFN-y was assessed. The results showed that MDP1 stimulates
IFN-vy production (Fig. 7C). However, immunization with MDP1
mixed with DNA produced much more IFN-y than that with
MDP] alone, demonstrating that DNA augments cell-mediated im-
mune responses to MDP1 (Fig. 7C).

Simultaneous administration of MDP1 and DNA confers
protection against M. tuberculosis infection in mice

The ability to produce 1IFN-y by MDP1 prompted us to explore
whether MDP1 could induce protection in vivo against challenge

immunized with saline ((J) or BCG (B) and incubated
for 5 days with 10 pg/mt MDP1, Ag85B, and PPD as
indicated. Cotl, without Ag stimulation. The production
of IFN-y was measured by ELISA. B, MDPI-specific

A
700 ¢
FIGURE 7. Development of Thl-type immune re- 600 |
sponses against MDP1 after challenge with BCG (A and 500 b
B) or MDP1 (C). A, Amounts of IFN-y in culture su- .,
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with a virulent strain of M. tuberculosis. C3H/He mice were im-
munized with MDP1 alone or with MDP1 plus 5 ng of DNA. As
controls, mice were given RIB alone, DNA alone, BCG, or
Ag85B, which is a major vaccine candidate (11). After a 3-wk
interval, mice were boosted with the same Ag; 3 wk later, mice
were challenged with M. ruberculosis Kurono. After 14 and 28
days, mice were killed, and the numbers of bacteria in the lungs
and spleens were determined. These data showed that immuniza-
tion with Ag85B, DNA, and MDP1 failed to protect (Fig. 8, A-C).
In contrast, BCG and coadministration of MDP1 and DNA signif-
icantly reduced the bacterial load in the lungs (p < 0.005 and p =
0.0119 on day 14, and p = 0.008 and p = 0.0316 on day 28,
respectively). A protective effect of immunization of MDPI plus
DNA, but not MDP1 alone, was also observed in the spleens (p =
0.021; Fig. 8C). As shown in Fig. 8D, immunization with both
MDP1 and DNA resulted in a modest, but significant, decrease in
bacterial burden in BALB/c mice as well (p < 0.005). Although
the effect was less than that of BCG, MDPI confers substantial
protection against M. ruberculosis challenge only when it is ad-
ministered with DNA.

MDPI1 augments TLR9-dependent immunostimulation by CpG DNA

Immunostimulatory effects of DNA are dependent on unmethyl-
ated CpG motifs (27) that signal via TLR9 (28). Our data revealed
that a very small amount of DNA stimulates immune responses
against MDPI, in contrast with previous reports (32-34). There-
fore, we hypothesized that MDP1 might enhance the immunos-
timulatory activity of CpG DNA. To test this hypothesis, we eval-
uated the effect of MDP! on CpG-ODN-mediated immune
activation in vitro. Spleen cells from both C57BL/6 and TLR9 KO
C57BL/6 mice were stimulated with oligo B containing CpG DNA
sequence in the presence or the absence of rMDP1. Me-oligo'B,
which has the same structure, except that its cytosine is methyl-
ated, and LPS, which sigrials via TLR4 (47, 48), were used as
controls. After 24 h, levels of the proinflammatory cytokines
TNF-a and IL-6 in the culture supernatants were determined by
ELISA. Oligo B alone (1 M) did not induce the production of
TNF-a (Fig. 9). In contrast, the mixture of rMDP1 and oligo B
dramatically stimulated TNF-a production (Fig. 9). This effect was
undetectable in splenocytes from TLR9 KO mice or with the com-
bination of Me-oligo B and rMDPI. Similar results were seen for
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FIGURE 8. Coadministration of MDP1 and DNA confers protection
against M. ruberculosis challenge. C3H/Hel (A-C) and BALB/c (D) mice
were immunized with Ags, as indicated below the horizontal axis, and
challenged i.v. with 10° CFU of M. tuberculosis Kurono strain. Fourteen
(A) and 28 (B—D) days after the challenge. bacterial numbers in lung (A, B,
and D) and spleen (C) were determined by counting CFUs. *, p < 0.05; **,
p < 0.005 (by ANOVA).

IL-6 production, although 0.5 uM rMDPI itself induced a low
level of IL-6 production (Fig. 9). Similar data were obtained when
natural MDP1 was used under the same conditions (data not
shown). These data clearly demonstrate that MDPI activates
TLR9-dependent immunostimulation by CpG ODN.

Discussion
In the present study we have evaluated the antigenicity of MDPI,
a DNA-binding protein specific to mycobacteria. Anti-MDP1 IgG
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FIGURE 9. MDPI enhances CpG-mediated production of proinflam-
matory cytokines in vitro. Splenocytes were stimulated with 0.5 uM MDP1
alone, a mixture of MDPI and ODNs (1 uM), or E. coli LPS (100 ng/m})
for 24 h in vitro. Levels of TNF-a (right) and IL-6 (left) were determined
by ELISA. The ELISA units represent the average of duplicate samples and
are representative of two experiments performed.

447

was produced in C3H/He mice challenged with either BCG (Fig.
1A) or M. tuberculosis (data not shown). Marked cell proliferation
occurred when splenocytes from M. ruberculosis-infected mice
were stimulated with 10 wg/ml MDP1 in vitro. Uptake of [*H]thy-
midine was higher compared with stimulation with the gold stan-
dard, PPD (our unpublished observations). Thus, in agreement
with a human study (25), MDPI1 is aiso highly immunogenic
in mice. .

However, administration of purified MDP1 failed to produce
anti-MDP1-IgG in C3H/He mice (Fig. 1). This lack of antigenicity
was reversed by adding mycobacterial DNA when immunizing
with MDPI1 (Fig. 1). Similarly, DNA enhanced the production of
MDPI-specific IgG in other mouse strains (Fig. 2). B cell epitope
mapping (Fig. 5B) and Ab reaction-inhibition assay (Fig. 6) im-
plied association of MDP1 with genomic DNA in live BCG. These
results suggest that the strong immunogenicity of MDP! in my-
cobacterial infection is responsible for colocalization of DNA.

Studies to determine the optimal dose of DNA showed that 5 ng
of DNA was enough to activate MDP1-specific IgG production
(Fig. 1B). This dose is unusually low compared with other studies
in which 5-500 ug of DNA or ODN/mouse was used for immune
activation (32-34, 36-38). We confirmed that 5 ng of DNA did not
enhance the production of IgG against other proteins, including
DNA-binding proteins (Fig. 4). Thus, a very small amount of
DNA-stimulated Ig production appears to be a specific feature
of MDP1.

We determined B cell epitopes on MDP1 by using synthetic
peptides. B cell epitopes differed among mouse strains. Surpris-
ingly, the epitopes were different when DNA was coadministered
with MDPI, even within the same mouse strain (Fig. 5). Thus,
DNA not only stimulates MDP1-specific IgG production, but also
modifies the recognition site of IgG. This suggests that the three-
dimensional structure of MDPI differs depending on whether
DNA is present or absent, and this difference is recognized by the
immune system of the host. This conformational change might be
involved in the disparate antigenicities of this protein.

To investigate the role of MDP1 in host protection, we exam-
ined the activity of MDP1 in the induction of IFN-v that is critical
for host defense against M. tuberculosis infection in mice (42, 43).
When stimulated in vitro with 10 pg/ml MDP1, lymph node cells
derived from BCG-immunized C3H/He (Fig. 7A) and C57BL/6
(data not shown) mice produced a significant amount of IFN-y.
Analysis of IgG isotype in BCG-immunized mice revealed the
production of MDP1-specific IgG2a, which was indicative of a
Thl-type immune résponse (Fig. 7B) (44). Administration of pu-
rified MDP1 also expanded the population of IFN-vy-producing
cells (Fig. 7C) and stimulated Thl-associated 1gG2a production
(Fig. 3). Again, simultaneous injection of MDP1 and DNA stim-
ulated adaptive immunity and enhanced IFN-y production (Fig.
7C). This was confirmed when mice were infected with M. tuber-
culosis, and MDP1 was found to decrease bacterial load only when
coadministered with DNA (Fig. 8). Thus, MDPI can be a novel
vaccine target, although it is effective only when administered si-
multaneously with DNA. Because M. tuberculosis is transmitted
by the aerogenic route, future studies are needed to explore the
efficacy using the aerosol challenge model.

As discussed above, our data show that MDP1 has a unique
feature as an Ag, in that its antigenicity is profoundly enhanced by
even a small amount of DNA. This raises an important question as
to how this immune stimulation is coordinated. At least six nucle-
otides are necessary for immune activation by ODN (49). Because
DNA is highly sensitive to degradation by DNases, a large amount
of DNA is required for immune activation (50). We found that
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MDP1 blocks degradation of DNA by DNases in vitro (unpub-
lished observations), and this DNA-protective activity of MDPI is
one possible explanation.

Another possible explanation is the cell-binding activity of
MDP1. To exert immunostimulatory activity, CpG DNA must at-
tach to the macrophage surface and be internalized, with subse-
quent maturation of the phagosome (51). In our preliminary work,
biotin-labeled ODN was more quickly bound to the macrophage
surface and internalized when it was added with MDP1 (our un-
published observations). We have demonstrated that MDP1] binds
to glycosaminoglycans and to A549 human lung epithelial cells
through hyaluronic acid (16). After adding 0.5 uM MDPI, >95%
of AS549 cells became MDP1 positive in 60 min (16). In addition,
it has been shown that HupB/MDP!1 binds to C3 (52). Complement
receptors are major receptors for M. tuberculosis on macrophages
(53, 54). Collectively, it is reasonable to assume that MDP1 binds
to macrophages through surface glycosaminoglycans or comple-
ment receptors. This cell-binding activity of MDPI is advanta-
geous for carrying DNA tofinto macrophages, resulting in subse-
quent immunostimulation.

Immunization with MDP1 plus mycobacterial DNA signifi-
cantly reduced the bacterial burden compared with treatment with
Ag85B (Fig. 8). To develop effective vaccines against tuberculo-
sis, additional studies are necessary to assess vaccine efficacy us-
ing MDP1 in conjunction with CpG-ODNss that can induce a Thl
response (32-34). Although the Ag85 complex has been widely
studied as a major component of tuberculosis vaccines (11, 55), we
did not observe a protective effect (Fig. 8). These conflicting re-
sults may be due to the mouse strains used in this experiment,
because Ag85A and 85B induce protective immunity against my-
cobacterial infection in C57BL/6 mice (55, 56). The protective
effect of Ag85B is conspicuous in guinea pigs as well (11). Guinea
pigs are relatively susceptible to M. tuberculosis infection,
whereas the mouse has low to moderate susceptibility (57, 58). In
addition, guinea pigs, but not mice, develop cavitary lesions and
caseous necrosis similar to human tuberculosis. It will be impor-
tant to examine the protective effect of coadministration of MDP1
and DNA in a guinea pig model.

A key step in initiating adaptive immunity is the presentation of
pathogen-derived peptides on class II MHC molecules by APCs.
APC functions are up-regulated after recognition of pathogen-as-
sociated molecular patterns, including CpG DNA motifs (28).
Therefore, we examined the effects of MDP1 on CpG ODN-me-
diated immune activation. We found that MDP1 magnified CpG-
DNA effects, such as the production of the proinflammatory cyto-
kines TNF-a and IL-6 (Fig. 9). As far as we know, MDPI is the
first protein identified that remarkably enhances CpG-mediated
immune stimulation. Proinflammatory cytokines are critical for
APC activation and promote the maturation of professional APCs.
Immunostimulation induced by the interaction between MDP1 and
CpG DNA might be involved in inducing strong adaptive immune
responses against MDP1, which lead to protection (Fig. 8).

MyDS$8 is an adaptor molecule critical for the CpG-DNA-TLRY
signaling pathway (59, 60). Recently, it was shown that MyD88
KO mice are highly susceptible to M. tuberculosis (61) and M.
avium (62), although mice with genetic mutations of TLR2 and
TLR4 displayed comparable resistance as wild-type mice chal-
lenged with M. tuberculosis (63) and M. avium (62). These studies
suggest that resistance to mycobacterial infection is regulated by
multiple MyD88-dependent signals in addition to those attributed
to TLR2 (64) or TLR4. As we show in this study, MDP1 stimu-
lates TLR9-dependent immune responses by CpG ODN (Fig. 9),
and the MDPI-DNA complex can induce protective immunity
(Fig. 8). TLRY signaling stimulated by MDP1-mycobacterial DNA

complexes might be involved in MyD88-dependent antimycobac-
terial immunity.

The immunoslimulatory activity of DNA was initially discov-
ered in a DNA-rich fraction derived from BCG, referred to as MY |
(65, 66). Those studies demonstrated that the antitumor activity of
MY]1 was diminished by DNase treatment. MY 1 is a mycobacte-
rial nucleoid (65, 66). It is conceivable that MDPI is involved in
the activity of MY1.

The immunostimulatory activity of DNA has huge potential for
immunotherapy against infectious, neoplastic, and allergic dis-
eases (50, 67-69). To our knowledge, MDP1 is the first protein
discovered that remarkably augments CpG-mediated immune
stimulation (Fig. 9). MDP1 has great potential as an adjuvant for
CpG-ODN-based immune interventions.
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ABSTRACT

To create a highly efficient vector system that is minimally invasive, we initially
developed liposomes that contained fusion proteins from the hemaggluti-
nating virus of Japan (HV]J; Sendai virus). These HV]-liposomes delivered
genes and drugs to cultured cells and tissues. To simplify the vector system
and develop more efficient vectors, the next approach was to convert viruses to
non-viral vectors. Based on this concept, we recently developed the HV]J
envelope vector. HV] with robust fusion activity was inactivated, and exogenous
DNA was incorporated into the viral envelope by detergent treatment and
centrifugation. The resulting HV] envelope vector introduced plasmid DNA
efficiently and rapidly into both cultured cells in vitro and organs in wvivo.
Furthermore, proteins, synthetic oligonucleotides, and drugs have also been
effectively introduced into cells using the HV] envelope vector. The HV]
envelope vector is a promising tool for both ex vivo and in vivo gene therapy
experiments. Hearing impairment in rats was prevented and treated by hepato-
cyte growth factor gene transfer to cerebrospinal fluid using HV] envelope
vector. For cancer treatment, tumor-associated antigen genes were delivered
efficiently to mouse dendritic cells to evoke an anti-cancer immune response.
HV]J envelope vector fused dendritic cells and tumor cells and simultaneously
delivered cytokine genes, such as IL-12, to the hybrid cells. This strategy
successfully prevented and treated cancers in mice by stimulating the presenta-
tion of tumor antigens and the maturation of T cells. For human gene therapy, a
pilot plant to commercially produce clinical grade HV] envelope vector has
been established. © 2005, Elsevier Inc.

. INTRODUCTION

Gene therapy is a promising treatment for intractable human diseases (Cavazzana-
Calvo et al., 2004; Marshall, 1995), but further development of effective -gene
transfer vector systems is required for the advancement of human gene therapy
(Mulligan, 1993). Efficient and minimally invasive vector systems appear to be
most appropriate for gene therapy. Numerous viral and non-viral (synthetic)
methods for gene transfer have been developed (Lam and Brakefield, 2000;
Ledley, 1995; Li and Huang, 2000; Mulligan, 1993). Viral methods are generally
more efficient than non-viral methods for the delivery of genes to cells, but the
safety of viral vectors is of concern due to the concomitant introduction of
genetic elements from parent viruses, leaky expression of viral genes, immuno-
genicity, and changes in the host genome structure (Mu'ligan, 1995) as pointed
out in the SCID-X1 gene therapy clinical trial (Cavazzana-Calvo et al., 2004).
Because non-viral vectors are less toxic and less immunogenic than viral vectors,
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the development of non-viral vectors has been pursued. Various modifications
have been made to enhance the efficiency of gene delivery by non-viral vectors.
Liposomes have been used to target and introduce macromolecules into cells.
However, the gene transfer efficiency of liposomes was low and varied during
the early days of liposome development. The synthesis of cationic lipids pro-
duced a revolutionary improvement in gene transfer efficiency by Felgner et al.
(1987). They also developed a new type of liposome-DNA complex called a
“lipoplex.” Prior to this development, DNA had been incorporated into lipo-
somes, but, with lipoplex, an electrostatic complex was made between negative-
ly charged DNA and positively charged cationic liposomes. Numerous cationic
lipids have been synthesized to further improve transfection efficiency and
reduce the cytotoxicity of lipoplex (Li and Huang, 2000). Nevertheless, in
lipoplex-mediated transfection, DNA is still delivered into cells by phagocytosis
or endocytosis, not by fusion. ’

Because molecules that enter the cell by phagocytosis or endocytosis
often become degraded before reaching the cytoplasm, fusion-mediated delivery -
systems have been developed. A fusigenic viral liposome with fusion proteins
derived from hemagglutinating virus of Japan (HVJ; Sendai virus) was con-
structed (Kaneda et al., 1999). HV] fuses with the cell membrane at a neutral
pH, and the hemagglutinin-neuraminidase (HN) protein and fusion (F) protein
of the virus contribute to cell fusion (Okada, 1993). For fusion-mediated gene
transfer, DNA-loaded liposomes were fused with UV-inactivated HV] to form
the fusigenic viral-liposome called HV]-liposome.

Fusion-mediated delivery protected the molecules in the endosomes
and lysosomes from degradation (Dzau et al., 1996). When fluorescein isothio-
cyanate (FITC)-tagged oligodeoxynucleotide (ODN) was introduced into vas-
cular smooth muscle cells using HV]-liposomes, fluorescence was detected in the
nuclei 5 min after transfer, and fluorescence was stable in the nucleus for at least |
72 h In contrast, fluorescence was observed in cellular components (most likely,
endosomes) and not in the nucleus when FITC-ODN was transferred directly in
the absence of HV]-liposomes, and no fluorescence was detected 24 h after
transfer. Using a fluorescence resonance energy transfer system, we demon-
strated that more than 80% of oligonucleotides labeled with two different
fluorescent dyes at the 5’ and 3’ ends were intact in the nucleus, while less than
30% of the oligonucleotides were intact when Lipofectin was used. (Nakamura
et al., 2001).

Another advantage of HV]-liposomes is the ability to perform repeated
injections. Gene transfer to rat liver cells was not inhibited by repeated injec-
tions. After repeated injections, the anti-HV] antibodies generated in the rat
were not sufficient to neutralize HV]-liposomes. Cytotoxic T cells recognizing
'HV] determinants were not detected in the rats transfected repeatedly with
HV]-liposomes (Hirano et al., 1998). :
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