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The activation of innate immune responses by nucleic acids is central
to the generation of host responses against pathogens; however,
nucleic acids can also trigger the development and/or exacerbation
of pathogenic responses such as autoimmunity. We previously
demonstrated that the selective activation of nucleic acid-sensing
cytosolic and Toll-like receptors is contingent on the promiscuous
sensing of nucleic acids by high-mobility group box proteins
(HMGBs). From this, we reasoned that nonimmunogenic nucleo-
tides with high-affinity HMGB binding may function as suppressing
agents for HMGB-mediated diseases, particularly those initiated
and/or exacerbated by nucleic acids. Here we characterize an array
of HMGB-binding, nonimmunogenic oligodeoxynucleotides (ni-
ODNs). Interestingly, we find that binding affinity is rather in-
dependent of nucleotide sequence, but is instead dependent on
length and structure of the deoxyribose backbone. We further show
that these ni-ODNs can strongly suppress the activation of innate
immune responses induced by both classes of nucleic acid-sensing
receptors. We also provide evidence for the suppressive effect of an
ni-ODN, termed ISM ODN, on the induction of adaptive immune
responses and in mouse models of sepsis and autoimmunity. We
discuss our findings in relation to the critical role of HMGBs in
initiating immune responses and the possible use of these ni-ODNs
in therapeutic interventions.
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he innate immune system is integral to the protection of the

host against invading pathogens by providing immediate de-
fense and the subsequent activation of the adaptive immune
system. Pattern recognition receptors (PRRs) are germ line-
encoded receptors that recognize conserved pathogen-associated
molecular patterns (PAMPs) and potently activate cells of the
innate immune system (1, 2). The protective role of PRRs
against infectious microbial pathogens via the induction of
adaptive immunity has been unequivocally demonstrated; how-
ever, the activation of these receptors may also result in eliciting
harmful immune responses such as life-threatening inflammation
and autoimmunity (3, 4). During microbial infection or tissue
damage, DNA and RNA potently activate the innate and sub-
sequent adaptive immune responses. In mammals, the trans-
membrane PRR Toll-like receptor (TLR)3, TLR7, and TLRO,
respectively, recognize double-stranded RNA, single-stranded
and short double-stranded RNAs, and hypomethylated DNA,
whereas retinoic acid-inducible gene I (RIG-I)-like receptors,
namely RIG-I and melanoma differentiation-associated gene 5
(MDAY), are best known as RNA-sensing receptors in the cy-
tosol, but more recently have been shown to also participate in
the cytosolic DNA-sensing system (5-8). In addition, cytosolic
DNA-sensing receptors, which include DNA-dependent activa-
tor of IFN regulatory factors (IRFs) (DAI), absent in melanoma
2 (AIM2), among others, have been identified (9, 10). The
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hallmark of the innate immune responses activated by these
receptors is the induction of type I IFNs, proinflammatory
cytokines, and chemokines, except for AIM2, which induces the
inflammasome (6, 10).

We showed previously that high-mobility group box proteins
(HMGBJI, 2, and 3) are essential for triggering all nucleic acid
receptor-mediated innate immune responses (11). Indeed,
HMGB:s bind to various immunogenic nucleic acids in vitro, and
cells in which the expression of HMGBs is suppressed exhibit
a profound defect in their ability to evoke innate immune
responses, indicating a hierarchy in the nucleic acid-mediated
activation of immune responses wherein the selective activation
of nucleic acid-sensing receptors is contingent on the more
promiscuous sensing of nucleic acids by HMGBs. In addition,
HMGBI is secreted by innate immune cells in response to
PAMPs and released by injured or dying cells, and transmits
signals to the cell interior via the activation of receptors that
include TLR4, thereby occupying a crucial role in the patho-
genesis of both sterile and infectious inflammations (12-14). In
this context, numerous antagonists that neutralize HMGB1
in preclinical disease models have supported the role of HMGB1
in regulating innate and adaptive immune responses in health
and during inflammatory diseases such as arthritis, sterile is-
chemia/reperfusion injury, cancer, and infection (15, 16). Thus,
selectively targeting HMGBL1 and its family members may be of
clinical use and could provide key insights into the pathogenesis
of various inflammation-associated diseases.

In view of our previous findings that HMGBs bind nucleic
acids promiscuously, we searched for nonimmunogenic oligo-
deoxynucleotides (ni-ODNs) showing high-affinity HMGB bind-
ing with the rationale that such nucleotides may effectively
suppress HMGB-associated diseases initiated and/or exacer-
bated by nucleic acids. Here we introduce an array of ni-ODNs
that can strongly bind to HMGBs, which we find depends on
their length and phosphorothioate deoxyribose backbone. We
also show an inhibitory effect of an ni-ODN in the induction of
adaptive immune responses as well as in animal disease models
associated with HMGBs, and discuss the significance of our
findings from a therapeutic point of view.

Results

Generation of ni-ODNs with High-Affinity Binding to HMGBs. On the
basis of our previous finding that the TLR9 agonist CpG-B ODN
shows a markedly high affinity with HMGBs (11), we rational-
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ized that analogs without the CpG motif may also show similar if
not higher affinities with HMGBs but, unlike CpG-B ODN,
which activates TLR9 (5), will be nonimmunogenic (17). Thus,
we generated ODNSs carrying GpG or GpC in lieu of the CpG
dinucleotide sequence of CpG-B ODN (Fig. S14), respectively
termed ISM ODN and ISR ODN, and then examined their in-
teraction with HMGBs with these ODNs by competitive pull-
down assay: In this assay, inhibition of the precipitation of
a recombinant HMGB protein by biotin-conjugated CpG-B
ODN was monitored by increasing the amounts of unconjugated
ODN of interest (11). As expected, the precipitation of HMGB1
was inhibited by unconjugated CpG-B ODN in a dose-dependent
manner, whereas ISM and ISR ODNs also showed inhibition in
this assay (Fig. 14). Among the three ODNs examined, the half-
maximal inhibitory concentration (ICsg) was lowest for ISM
ODN, suggesting that ISM ODN has the highest affinity with
HMGBI (Fig. 14). Unlike CpG-B ODN, ISM and ISR ODNs
were inert in evoking innate immune responses on the basis of
cytokine induction in dendritic cells (DCs) (Fig. S1B).

Because these ODNs all have a phosphorothioate backbone in-
stead of the usual phosphodiester backbone (11), we next asked
whether the nature of the sugar backbone would affect ODN af-
finity with HMGBI by generating an ISM ODN with a natural
phosphodiester bond, termed PD-ISM ODN. When PD-ISM ODN
was subjected to the pull-down assay, the inhibition of HMGBI1-
CpG-B ODN interaction was not observed, indicating that the
phosphorothioate backbone is a critical element for ODN binding
to HMGBI (Fig. 1B). However, because the inhibition of HMGB1
precipitation by a base-free phosphorothioate deoxyribose homo-
polymer, termed PS (18), is far weaker than the inhibition by CpG-B
ODN and ISM and ISR ODNs of identical length, it is clear that the
bases also contribute to HMGBI binding (Fig. 1B).

The above observations prompted us to examine whether the
base sequence and length of ODNSs affect their binding to HMGB1
by generating various lengths of poly(dA) with the phosphor-
othioate backbone (Fig. S1C). As shown in Fig. 1C, 20-mer poly
(dA) (A20 ODN) inhibited the binding of HMGBI1 to CpG-B
ODN, but the inhibition was much weaker for 15-mer poly(dA)

(A15 ODN), whereas 10- and 5-mer poly(dA) (A10 and A5 ODNs,
respectively) failed to inhibit the CpG-B ODN-HMGBI in-
teraction entirely. Essentially the same observations were made
when poly(dC) ODNs (C20, C15, C10, and C5 ODNs) were sim-
ilarly examined (Fig. S1D). These observations thus identify three
critical elements of ODNs for their high-affinity binding to
HMGBI, namely ODN phosphorothioate backbone and length
and, albeit to a lesser extent, base sequence. Finally, we also found
that HMGB1, HMGB2, and HMGB3 were all bound directly to
ISM ODN (Fig. S1E). Collectively, these results are consistent
with our previous finding of promiscuous binding of HMGBs (11)
and demonstrate that even ni-ODNs can bind HMGBs with high
affinity, provided that they have the characteristics defined above.

Suppressive Effect of ISM ODN on Nucleic Acid-Mediated Immune
Responses. We next examined whether ISM ODN, which shows the
highest binding affinity with HMGBs, suppresses nucleic acid-
mediated innate immune responses. As shown in Fig. 24, mouse
embryonic fibroblasts (MEFs) pretreated with ISM ODN and
subsequently stimulated with poly(dA-dT)-poly(dT-dA) (B-DNA)
(19) or poly(I:C) showed markedly suppressed mRNA induction
of type I IFNs, IL-6, and RANTES genes compared with mock-
treated MEFs; as expected, ISM ODN strongly interferes with the
binding of HMGBI1 to B-DNA or poly(I:C) (Fig. S24). On the
other hand, the mRNA induction of the same genes by lipopoly-
saccharide (LPS) stimulation remained unaffected (Fig. S2B). To
examine the correlation between HMGB binding affinity and the
suppressive effect of the above ODNs, we compared ISM ODN
with CpG-B ODN, ISR ODN, PS, and PD-ISM ODN for their
suppressive effect on cytosolic nucleic acid stimulations in MEFs.
As shown in Fig. 2B, mRNA induction of the cytokine genes was
also strongly suppressed by CpG-B or ISR ODN:s, albeit less ef-
fectively than ISM ODN. On the other hand, the suppressive effect
was very weak, if at all, for PS and PD-ISM ODN. Essentially the
same observation was made for the induction of IFN-f and IL-6
secretion by ELISA (Fig. S2 C and D). In addition, A20 or C20
ODN s effectively suppressed IFN-f mRNA induction by B-DNA,
whereas the effect diminished rather markedly as ODN length
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Fig. 1. Binding of HMGB1 to ODNs. Pull-down assay was performed using recombinant HMGB1 and biotin-conjugated CpG-B ODN in the presence of in-
creasing amounts of unconjugated CpG-B, ISM, and ISR ODNs (A), PS and PD-ISM ODN (B), and A20, A15, A10, and A5 ODNs (C) (0.5, 1, 2, 4, 8, or 16 pM). The

relative band intensity of precipitated HMGB1 is depicted graphically.
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Fig. 2.

Suppressive effect of ISM ODN on nucleic acid-mediated innate immune responses. (A and B) MEFs were left untreated (control) or pretreated with the in-

dicated ODN (1 pM) for 1 h, and then stimulated with B-DNA (5 pg/mL) or poly(I:C) (5 pg/mL) for 3h (A and B) or 6 h (A). (C) Bone marrow-derived pDCs were left untreated
(control) or pretreated with ISM ODN for 1 h, and then stimulated with CpG-A ODN (1 pM) or poly(U) (5 pg/mL) for 6 or 12 h. Cytokine mRNA expression levels of the
indicated genes were measured by quantitative RT-PCR. *P < 0.01 compared with control. Data in all panels are presented as means and SD (n = 3). ND, not detected.

decreased (Fig. S2E). Thus, the suppressive effect of each ODN
correlates with its binding affinity with HMGBI1.

Because HMGBs are essential for both cytosolic and TLR-
dependent sensing of nucleic acids (11), we next determined
whether TLR responses to nucleic acids are also suppressed by
ISM ODN. First, bone marrow cells were cultured in vitro with the
Flt3 ligand to enrich plasmacytoid DCs (pDCs), which produce
type ITFN en masse upon TLR7 or TLR9 stimulation (20), and the
effect of ISM ODN was then examined. As shown in Fig. 2C, the
mRNA induction by CpG-A ODN or poly(U), which respectively
activate TLRY and TLR7, was strongly suppressed when these
cellswere pretreated with ISM ODN. Consistent with this, a strong
suppression by ISM ODN was also observed on the secretion of
IFN-o and IFN-f by these cells (Fig. S2F). Similarly, when con-
ventional DCs (cDCs), which were obtained by in vitro culture of
bone marrow cells with GM-CSF, were examined for CpG-B
ODN-TLRY9-mediated IL-6 and TNF-a production, the ISM
ODN pretreatment of the cells resulted in a strong suppression,
whereas the LPS-TLR4-mediated production of the same cyto-
kines remained unaffected (Fig. S2G). Taken together, these
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findings all support our initial rationalization that ni-ODNs with
high affinity for HMGBs can selectively suppress nucleic acid-
activated immune responses via cytosolic receptors or TLRs.

Effect of ISM ODN on Cellular Delivery of and Receptor Signaling by
Nucleic Acids. To address where these ODNs exert their sup-
pressive effect on nucleic acid-mediated innate immune
responses, we first examined whether ISM ODN affects the
cellular uptake of B-DNA by fluorescence microscopy. When
a macrophage-like cell line, RAW264.7, was pretreated or mock-
treated with ISM ODN and then transfected with rhodamine-
labeled B-DNA, the B-DNA uptake in the cells was equally
observed in the cytosolic fraction as spot-like shapes, suggesting
that ISM ODN pretreatment does not interfere with the B-DNA
uptake into the cells (Fig. 34 and Fig. S34). Similarly, the uptake
of CpG-B ODN remained unaffected by ISM ODN pre-
treatment (Fig. 3B and Fig. S3B). Interestingly, when rhodamine-
conjugated ISM ODN was delivered into the cells, it merged with
FITC-labeled dextran, an endosome/lysosome marker, as well as
with LysoTracker, a lysosome marker (Fig. S3C); this pattern is
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Fig. 3. Suppression of nucleic acid-mediated signaling pathways by ISM
ODN. (A and B) RAW264.7 cells were left untreated (control) (Left) or treated
with ISM ODN (1 uM) (Right) for 1 h, and then stimulated with rhodamine-
conjugated B-DNA (1 pg/mL) (ROX-B-DNA; red) (A) or rhodamine-conjugated
CpG-B ODN (1 pM) (ROX-CpG-B; red) (B) for 1 h. Fluorescence images were
observed by confocal microscope. The nucleus was stained with Hoechst
33342 (green). (Scale bars, 10 pm.) (C) MEFs were left untreated or pre-
treated with ISM ODN for 1 h, and then stimulated with 10 pg/mL B-DNA for
the indicated time periods. The phosphorylation of IRF3, IkB-a, JNK, and p38
was assessed by immunoblot analysis using the indicated antibodies.

essentially similar to that of the TLR9 agonist CpG-B ODN, as
demonstrated in previous studies (21, 22), and suggests that the
endosomal/lysosomal trafficking of these ODNs occurs similarly.
On the other hand, rhodamine-labeled B-DNA merged with
dextran but not with LysoTracker (Fig. S3D). Thus, taken to-
gether with previous reports showing that HMGB1 is also
expressed in endosomes (11, 23), these findings suggest that it is
the endosomal compartment where ISM ODN exerts its sup-
pressive effect on B-DNA-mediated innate immune signaling by
competing with this and other immunogenic nucleic acids for
binding with HMGBs (Discussion).

To further consolidate the notion that ISM ODN indeed
suppresses innate immune signaling, we examined the induction

Yanai et al.

of phosphorylation of IRF3, IkB-a, JNK, and p38 MAPK fol-
lowing cytosolic B-DNA stimulation in MEFs with or without
ISM ODN pretreatment. As shown in Fig. 3C, the phosphory-
lation of all was inhibited by ISM ODN pretreatment, which was
similarly observed in cells stimulated by poly(I:C) (Fig. S3E).
Because the sequence of ISM ODN is identical to that of the
TLRY agonist CpG-B ODN aside from one nucleotide, we
wished to confirm that the inhibitory effect of ISM ODN is not
mediated by TLR9 by any means. When wild-type and 7lr9-de-
ficient cDCs were cytosolically stimulated with B-DNA or poly(I:
C), we observed that the induction of IL-6 and TNF-a mRNAs
was equally suppressed by ISM ODN in cells of both genetic
backgrounds, indicating that ISM ODN bound to HMGBs exerts
its function independently of TLR9 (Fig. S3F). Taken together
with these findings, we surmise that ISM ODN does not interfere
with the uptake of nucleic acids but rather inhibits the sub-
sequent ligand binding to the PRRs, thereby blocking down-
stream signal transduction events (Discussion).

ISM ODN Suppresses Nucleic Acid-Mediated Immune Responses in
Vivo. Nucleic acids potently enhance adaptive immune responses,
be they protective or harmful to the host, via the activation of
innate immune receptors (24). To investigate the effect of ISM
ODN on nucleic acid-mediated adaptive immune responses
in vivo, mice were immunized with chicken ovalbumin (OVA)
protein using B-DNA or CpG-A ODN as an adjuvant (22) and
either with or without pretreatment with ISM ODN, and the
induction of CD8a* cytotoxic T lymphocytes (CTLs) was ex-
amined by flow cytometry. As shown in Fig. 44, the induction of
OVA-specific CTL responses was strongly suppressed by the
pretreatment of mice with ISM ODN. In addition, when OVA-
specific IgG1 production was monitored in the sera from mice
immunized with OVA and B-DNA, it was found to be sup-
pressed and almost undetectable in ISM ODN-pretreated mice
(Fig. S44). Thus, ISM ODN also serves as a potent suppressor of
nucleic acid-mediated adaptive immune responses.

Therapeutic Effects of ISM ODN in Immunological Disorder Models.
The above findings prompted us to examine whether ISM ODN
suppresses inflammation or autoimmune disorders in which the
contribution of nucleic acids and/or HMGBI has been implicated.
There is ample evidence that autoantibodies bound to self-DNA
or -RNA, or DNA derived from dead cells of inflammatory lesions,
can activate nucleic acid-sensing receptors and subsequent im-
mune responses (4, 24-26). A typical example is experimental
autoimmune encephalomyelitis (EAE), an animal autoimmune
demyelinating disease model of human multiple sclerosis, wherein
signaling by nucleic acid-sensing TLRs contributes to the de-
velopment and pathology of the disease (27-29). Thus, we exam-
ined whether ISM ODN can suppress EAE development in mice
immunized with myelin oligodendrocyte glycoprotein peptide
emulsified in complete Freund’s adjuvant. Eight days after im-
munization, these mice were injected i.v. with ISM ODN or were
mock-injected. Remarkably, EAE development, which was ob-
served in the mock-injected mice, was strongly suppressed in the
ISM ODN-injected mice (Fig. 4B).

We next examined the effect of ISM ODN on an established
LPS-induced septic shock model for which an active role for
HMGBI1 hasbeen reported (30). Interestingly, when mice were i.p.
injected with a lethal dose of LPS, those pretreated with ISM ODN
showed a significantly high survival rate: As shown in Fig. 4C,
whereas all mice without ISM ODN pretreatment died within 48 h,
70% of those mice with ODN pretreatment survived even 72 h
after LPS injection. It is worth noting that, unlike the control mice,
the induction of serum aspartate transaminase (AST) and alanine
transaminase (ALT), which are indicators of liver injury, remained
strongly suppressed in ISM ODN-pretreated mice 16 h after LPS
injection, suggesting that ISM ODN itself has little or no toxicity
(Fig. S4B). To further examine how ISM ODN suppresses LPS-
induced lethality in mice, we analyzed the levels of serum proin-
flammatory cytokines after LPS injection. As shown in Fig. S4C,
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Fig. 4. Effect of ISM ODN on nucleic acid-mediated immune responses and
disease models in vivo. (A) Mice were immunized with 0.5 mg of OVA and
DNA (10 pg of B-DNA or 50 pg of CpG-A ODN) in the presence or absence of
1 mg of ISM ODN. Six days later, splenocytes were isolated and subjected to
three-color FACS analysis using an anti-CD8« antibody, anti-CD44 antibody,
and OVA-specific MHC class | tetramer. The data shown were gated on CD8a-
positive events. The numbers indicate the percentage of tetramer-positive
cells relative to the total number of CD8a™ T cells. (B) Mean EAE scores + SD
for mice treated with PBS (control) or ISM ODN (n = 4 per group) are shown.
(C) Mice were i.p. injected with 1.25 mg of LPS, with or without (control) 0.1
mg of ISM ODN 1 h before LPS injection. The survival rate of each group was
monitored for 72 h (n = 10).

IL-6 and TNF-a production levels in sera were found to be the
same between ISM ODN-pretreated and mock-pretreated mice
2 h after LPS injection; however, cytokine levels were markedly
reduced in the ODN-pretreated mice at later time points. These
findings suggest that the early-phase induction of these cytokines
via the LPS-TLR4 signaling pathway is not affected by ISM ODN,
but rather it is the later-phase induction that is mediated by
HMGBI which is inhibited by the ODN. Indeed, HMGBI is in-
duced by LPS injection at this later phase (i.e., 8-32 h after in-
jection) (30). It has also been shown that HMGB1, which activates
TLR4 and possibly other receptors, is required for a lethal in-
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flammation (12, 13, 16). Thus, these observations raise the in-
teresting possibility that ISM ODN not only suppresses nucleic
acid-mediated immune responses but may also affect the activity
of HMGBI as a proinflammatory cytokine (Discussion).

Discussion

Nucleic acid-mediated immune responses have become an at-
tractive area of study, given their connection to protective and
pathological immunities. In view of our previous finding that
HMGBs function as universal sentinels for the innate immune
responses activated by nucleic acids (11), we aimed here to dem-
onstrate proof of concept for targeting HMGBs as a means for
therapeutic intervention for immunological disorders. To do so,
we reasoned that ni-ODNs with a high affinity for HMGBs would
interfere with the activation of subsequent nucleic acid-mediated
immune responses. Indeed, ISM ODN was found to bind HMGBs
with high affinity (Fig. 1 and Figs. S1 D and E and S24) and to
suppress immune responses induced by nucleic acid-sensing cy-
tosolic receptors or TLRs (Fig. 2 and Fig. S2 C, D, and F). Because
intracellular uptake/delivery of the immunogenic nucleic acids
remained unaffected in the presence of ISM ODN (Fig. 34 and B)
yet downstream signaling events were suppressed (Fig. 3C and Fig.
S3E), it is likely that ISM ODN competes with immunogenic
nucleic acids for HMGB binding. On the basis of our observations
(Fig. S3 C and D) and on previous reports showing that HMGBL is
expressed also in endosomes (11, 23), this suppression of HMGB1
function by ISM ODN likely occurs in endosomal vesicles. This
view is consistent with our previous notion that the association of
ligands with the endosomal membrane and their binding to innate
receptors are the common events for the activation of nucleic acid-
mediated immune responses (11, 23, 31).

We surmise further that HMGBs function as essential and
common components of nucleic acid ligands, without which
nucleic acids cannot efficiently bind and activate their cognate
receptors, and that the ni-ODNs described here likely interfere
with this critical interaction through their binding to HMGB:s.
Indeed, our data show a correlation between the binding affinity of
ODNs with HMGBI1 and the magnitude of the suppressive effect
of ODNs. Of the structural elements of ODNs that determine
binding affinity with HMGBs, our data indicated that a length of
more than 15 nucleotides and a phosphorothioate backbone are
most critical (Fig. 1 B and C and Fig. S1D). In this regard, previous
reports have shown that one HMGB1 molecule covers 15-18 bp of
DNA (32, 33), which corroborates our findings that affinity
markedly decreased as the ODNs became shorter than 20
nucleotides (Fig. 1C and Fig. S1D). Our results also show the im-
portance of phosphorothioate modification of a normal phos-
phodiester backbone for the high-affinity interaction of ni-ODNs
with HMGBs (Fig. 1B); it is interesting to note that this backbone
structure per se also shows binding affinity with other proteins
including TLRY (18, 34). However, it is clear that the nucleotide
bases attached to the backbone are also critical for ODN-HMGB
interaction. In an attempt to suppress the activation of TLR7- or
TLR9-mediated immune responses, relatively short (15- to 25-
mer, in most cases) partially or entirely phosphorothioated ODNs
have been studied (35, 36). In addition, several classes of “in-
hibitory ODNs” have been developed, and some of them are
reported to ameliorate disease symptoms of animal models of
autoimmune diseases and septic shock (36); however, it has been
shown that the affinity of inhibitory ODNs with the receptors does
not necessarily correlate with their inhibitory activity (37). In light
of our present findings, these ODNs may also exert their inhibitory
activities on TLR signaling through their interaction with HMGB:s.

Nucleic acid-mediated immune responses have been implicated
in the pathogenesis of inflammatory and autoimmune diseases (4,
24). Our present study indicates that ISM ODN may serve as an
effective compound for the treatment of autoimmunity and sepsis
(Fig. 4 B and C). Notably, ISM ODN treatment did not affect the
growth of primary MEFs in vitro (Fig. S3G) and did not change
AST and ALT levels in sera (Fig. S4B), suggesting that ISM ODN
treatment has little, if any, toxic effect. Because it has been sug-

Yanai et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108535108/-/DCSupplemental/pnas.201108535SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1108535108

gested that TLRO signaling is related to the exacerbation of EAE
symptoms (28, 29), we surmise that ISM ODN may block patho-
logical TLR9 signaling, thereby attenuating the progression of the
disease. Moreover, we show ISM ODN suppression of LPS-
mediated endotoxin shock, which provides yet another interesting
possibility for ODN-based therapy for sepsis and numerous other
inflammatory diseases involving HMGBI1 (16). Although further
study will be required to clarify how ISM ODN inhibits LPS-
mediated endotoxin shock, the following possibilities may be
considered. It is possible that ISM ODN inhibits the function of
HMGBI as an inflammatory cytokine when released into the ex-
tracellular environment by active secretion from stimulated
monocytes/macrophages (30) or by passive diffusion from necrotic
cells, functioning as a potent proinflammatory cytokine (12) via
the activation of TLR4 and other receptors (13). Thus, ODN in-
teraction with secreted HMGB1 may cause the functional in-
activation of HMGBI1 as an inflammatory cytokine, possibly
through the induction of a conformational change. On the other
hand, because ISM ODN shows no effect on LPS-mediated re-
sponse in vitro (Fig. S2 B and G), HMGB1 may need to interact
with an additional molecule for its inflammatory cytokine action
in vivo. Because LPS injection into mice induces massive death of
hepatocytes and other cells (38), one possibility is the suppression
of inflammatory responses by the necrotic cell-derived DNA that
may activate the innate immune receptors via interaction with
HMGB:s. This notion is supported by our observation that IL-6 and
TNF-a production induced by necrotic cells is inhibited by treat-
ment with ISM ODN (Fig. S4D). Another intriguing possibility is
that HMGBI secreted from cells associates with nucleic acids and
that the resulting complex may be the active form, whose function
is inhibited by the ODN.
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