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All mammalian cells are equipped with large numbers of sensors for protection
from various sorts of invaders, who, in turn, are equipped with molecules containing
pathogen-associated molecular patterns (PAMPs). Once these sensors recognize non-self
antigens containing PAMPs, various physiological responses including inflammation are
induced to eliminate the pathogens. However, the host sometimes suffers from chronic
infection or continuous injuries, resulting in production of self-molecules containing
damage-associated molecular patterns (DAMPs). DAMPs are also responsible for the
elimination of pathogens, but promiscuous recognition of DAMPs through sensors against
PAMPs has been reported. Accumulation of DAMPs leads to massive inflammation and
continuous production of DAMPs; that is, a vicious circle leading to the development of
autoimmune disease. From a vaccinological point of view, the accurate recognition of both
PAMPs and DAMPs is important for vaccine immunogenicity, because vaccine adjuvants
are composed of several PAMPs and/or DAMPs, which are also associated with severe
adverse events after vaccination. Here, we review as the roles of PAMPs and DAMPs upon
infection with pathogens or inflammation, and the sensors responsible for recognizing
them, as well as their relationship with the development of autoimmune disease or the
immunogenicity of vaccines.

Keywords: PAMPs (pathogen-associated molecular patterns), DAMPs (d
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INTRODUCTION

Host cells are equipped with numerous types of receptors to
discriminate self from non-self. When cells are attacked by infec-
tious pathogens, host cellular receptors such as Toll-like receptors
(TLRs), nucleotide oligomerization domain (NOD)-like recep-
tors (NLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors
(RLRs), C-type lectin receptors, and other non-classified recep-
tors recognize pathogen-associated molecular patterns (PAMPs),
small molecular motifs conserved amongst microbes. Through
the recognition of PAMP molecules, innate immune responses
are induced, and inflammatory cytokines are produced that aid
in the elimination of the pathogens. However, in some circum-
stances host inflammatory responses can cause host cell death
leading to tissue injury, and the release of host cellular com-
ponents to the extracellular environment. These cellular com-
ponents could be considered “messengers” for danger; they are
also known as “damage-associated molecular patterns” (DAMPs).
DAMPs include lipids, sugars, metabolites, and nucleic acids
such as RNA and DNA species. DAMPs are important for the
elimination of pathogens, but are also implicated in the devel-
opment of autoimmune disease and chronic inflammatory dis-
ease, and are used as adjuvants for vaccines. Interestingly, high
numbers of PAMP receptors also recognize endogenous DAMPs
and can augment inflammatory responses against pathogens,

whereas continuous inflammatory responses owing to impaired
regulation of inflammatory signaling results in chronic inflamma-
tory disease or autoimmune disease. Therefore, “bipolar sensors”
for both PAMPs and DAMPs appear to be the mostly responsi-
ble for dysregulated inflammation. Here, we describe the various
types of DAMPs and their receptors, with a special focus on
nucleic acids as DAMPs.

LIPID-RELATED DAMPs

LIPOPOLYSACCHARIDE (LPS)

A representative lipid for the induction of inflammatory
responses is LPS, a PAMP present in gram-negative bacte-
ria. Upon recognition by TLR4, LPS promotes the production
of various inflammatory cytokines following bacterial infection
(Table 1). However, Shi et al. reported that, TLR4 also rec-
ognizes endogenous fatty acids and can activate inflammatory
responses in adipocytes and macrophages (Shi et al., 2006).
In addition, TLR4-deficient mice developed reduced inflamma-
tory cytokine production in response to a high fat diet (Shi
et al., 2006). Previous studies have revealed that saturated fatty
acids are released from hypertrophied adipocytes in the pres-
ence of macrophages, and that released fatty acids are sensed by
macrophages in a TLR4-dependent manner, following excessive
production of inflammatory cytokines such as tumor necrosis
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Table 1 | Association of PAMP or DAMP sensors with autoimmune diseases.
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factor (TNF)-a (Suganami et al., 2007). Because the production
of pro-inflammatory or inflammatory cytokines is dysregulated
in obese adipose tissues, obesity can be thought of as a chronic
inflammatory disease caused by fatty acids acting as DAMP
molecules (Berg and Scherer, 2005).

SERUM AMYLOID A PROTEIN (SAA)

Some lipoproteins can also act as DAMP molecules. In 1982,
Hoffman and Benditt revealed that the treatment of mice with
LPS of Salmonella typhosa increased SAA levels (Hoffman and
Benditt, 1982). According to several studies, SAA functions in
cholesterol transport as well as in the production of proinflam-
matory cytokines, suggesting that SAA is a DAMP molecule
that responds to bacterial endotoxins (Banka et al,, 1995; He
et al., 2003). In support of this, increased levels of SAA may
be closely related to various diseases such as atherosclerosis,
rheumatoid arthritis, and Crohn’s disease (Chambers et al., 1983,
1987; Malle and De Beer, 1996). SAA binds to two recep-
tors, TLR4 and TLR2, which also recognize bacterial PAMP
molecules such as triacyl lipopeptides (in cooperation with
TLR1), diacyl lipopeptides or lipoteichoic acids (together with
TLR6) (Schwandner et al., 1999; Takeuchi et al., 2001, 2002;
Cheng et al., 2008; Hiratsuka et al.,, 2008) (Table1). Recently,
Loser et al. showed direct evidence for the local production
of the SAA molecules myeloid-related protein-8 (Mrp8) and
Mrpl4, which induced autoreactive CD8T T cells and sys-
temic autoimmunity through TLR4 signaling in mice (Loser
et al,, 2010). Taken together, these findings suggest that TLR4
may be a key receptor in the discrimination of lipid PAMPs
from lipid DAMPs molecules, because promiscuous recogni-
tion of lipids via TLR4 unfortunately causes inflammatory dis-
ease. Although a consensus recognition structure for TLR4 has
not yet been identified, antagonists of TLR4 signaling by lipid-
DAMPs might be candidate drugs for the treatment of chronic
inflammatory disease.

SUGAR-BELATED DAMPs

Hyaluronic acid (HA) is a non-sulfated linear polysaccharide,
and a major component of the extracellular matrix. Weigel et al.
revealed that HA is induced and degraded during inflammatory
responses and that it functions in immune cell activation or new
blood vessel formation (Weigel et al., 1986). Interestingly, small
molecular weight HA (sHA), produced by the degradation of
HA during inflammation, can induce the maturation of den-
dritic cells (DCs) for pathogen elimination (Termeer et al., 2002).
Bone marrow-derived DCs from mice expressing non-functional
TLR4 could not be activated by sHA, while DCs from TLR2-
deficient mice retained the ability for sHA-mediated activation.
This suggests that sHA can act as a DAMP molecule signaling
through TLR4 to induce DC maturation upon pathogen infection
(Termeer et al., 2002). Consistent with this, excessive sHA levels
appeared to be closely associated with inflammatory autoimmune
diseases such as rheumatoid arthritis, sarcoidosis, systemic sclero-
sis, and pancreatic cancer (Hallgren et al., 1985; Witter et al., 1987;
Sugahara et al., 2006; Yoshizaki et al., 2008) (Table 1).

METABOLITE-RELATED DAMPs

URIC ACID

Uric acid is a metabolite of purine nucleotides and free bases in
humans and other primates, and it functions as an antioxidant
to protect erythrocyte membranes from lipid oxidation (Kellogg
and Fridovich, 1977). However, it was previously shown that sol-
uble uric acid-induced inflammatory cytokines such as monocyte
chemoattractant protein-1 in rat vascular smooth muscle cells
(Kanellis et al., 2003). Shi et al. also reported that uric acid is
produced in ultraviolet-irradiated BALB/c 3T3 cells, and activates
DCs (Shi et al., 2003). In addition, high levels of uric acid in the
blood are associated with the development of hyperuricemia and
gout (Johnson et al,, 2005), suggesting that it acts as a DAMP dur-
ing cell injury and can induce inflammatory responses that are
related to autoinflammatory diseases such as gout (Table 1),
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Receptors that recognize uric acid have been reported and
Liu-Bryan et al. revealed that TLR2, TLR4, and their adaptor
molecule MyD88 are important for uric acid-mediated inflamma-
tion (Liu-Bryan et al., 2005). In contrast, the uric acid-mediated
activation of DCs was shown to be TLR4-independent, sug-
gesting the possible existence of other receptors that recognize
uric acid in addition to TLR2 and TLR4 (Shi et al., 2003).
To solve this question, Martinon et al. demonstrated that uric
acid could be sensed by another receptor, NOD-like recep-
tor family, pyrin domain-containing 3 (NLRP3), and induced
to produce interleukin (IL)-18 through caspase-1 activation
(Martinon et al., 2006). NLRP3 is a member of the NLR fam-
ily, and a component of the inflammasome, a platform that
induces IL-1B and IL-18 production. NLRP3 senses various types
of pathogen infections or irritants such as Candida albicans,
Legionella pneumophila, Listeria monocytogenes, Malaria hemo-
zoin, alum, silica, and asbestos as well as uric acid (Kanneganti
et al., 2006; Martinon et al, 2006; Dostert et al., 2008,
2009; Eisenbarth et al., 2008; Gross et al.,, 2009). Collectively,
these results revealed that NLRP3 is a promiscuous receptor
that senses PAMPs and DAMPs and can induce inflammatory
responses.

ADENOSINE TRIPHOSPHATE (ATP)

ATP is an essential purine base required for almost all physi-
cal responses such as glucose metabolism, muscle contraction,
biosynthesis, and molecular transfer. However, extracellular
ATP from injured cells or non-apoptotic cells also serves
as a danger signal through the activation of NLRP3 and
caspase-1 (Communi et al., 2000). Previous detailed research
has shown the importance of other ion channel molecules,
namely, P2X7 and pannexin-1, in inducing extracellular ATP-
mediated caspase-1 activation following IL-1f maturation
(Ferrari et al., 2006; Kanneganti et al., 2007). The formation
of the NLRP3 inflammasome requires an adaptor molecule,
apoptosis-associated speck-like protein containing a carboxy-
terminal caspase recruitment domain (ASC). ASC-deficient mice
cannot activate caspase-1 and thus do not produce mature
IL-1B following exposure to large amounts of ATP, suggest-
ing that ATP-mediated IL-18 production is dependent on the
NLRP3 inflammasome (Mariathasan et al., 2004). However,
although extracellular ATP has been suggested to act as a DAMP
molecule, there is no correlation between high amounts of
extracellular ATP acting as DAMPs in vitro and physiological
conditions in vivo. Eckle et al. suggested that most extracel-
lular ATP might be immediately hydrolyzed by ectonucleoti-
dases (Eckle et al., 2007). Taken together, investigation into
the roles of extracellular ATP in inducing pathological and
immune responses in vivo may provide important clues regard-
ing the mechanism underlying inflammation induction by DAMP
molecule recognition or in the development of inflammatory
diseases.

NUCLEIC ACID-RELATED DAMPs

UNMETHYLATED CpG MOTIF AND GENOMIC DNA

As described above, uric acid and ATP are products of purine
metabolism. Nucleic acids such as adenine or guanine are also

purine metabolites. Nucleic acids exist in all organisms including
pathogens, and function as a store of genetic information for
protein translation and synthesis. Bacterial genomic DNA can
be recognized as a PAMP, as it contains unmethylated CpG
motifs whose frequency is higher in genomic DNA derived
from pathogens compared with that of vertebrates. The earli-
est research related to bacterial genomic DNA as PAMPs was
reported more than hundred years ago. Bruns et al. inves-
tigated heat-killed gram-negative or gram-positive bacteria as
an immunotherapeutic agent termed Coley’s toxin, for cancer
(Swain, 1895). Although LPS is a major factor in mediating
anti-tumor effects, other factors may be connected with its physi-
ological function, as gram-positive bacteria do not express LPS.
A hundred years on from the discovery of Coley’s toxin, sev-
eral studies have shown that bacterial DNA can activate nat-
ural killer (NK) cells or B cells, suggesting that the bacterial
genomic DNA in Coley’s toxin could contribute to its anti-
tumor activity by stimulating NK cells (Shimada et al., 1986;
Messina et al., 1991). Krieg et al. further revealed that bac-
terial genomic DNA contains unmethylated CpG motifs that
can stimulate B cells and NK cells, and induce inflammatory
cytokine production. Interestingly, methylated bacterial DNA
failed to stimulate immune cells, indicating that unmethylated
CpG motifs may act as PAMP molecules (Krieg et al., 1995;
Klinman et al., 1996). However, whether genomic DNA con-
taining methylated CpG motifs is incapable of innate immune
activation remains controversial. In 1962, Glasgow et al. reported
that ultraviolet-inactivated vaccinia virus, a DNA virus, resulted
in IFN production in mouse cells (Glasgow and Habel, 1962).
In addition, Suzuki et al. showed that viral DNA, vertebrate
DNA and bacterial DNA induced the upregulation of major
histocompatibility complex (MHC) class I expression and the
type I IFN-related activation of transcription factors such as
STAT3 in rat thyroid cells, suggesting that genomic DNA also
activates innate immune signaling in a CpG-motif-independent
manner (Suzuki et al, 1999). Interestingly, the structure of
DNA strongly affects DNA-mediated innate immune activation.
Double-stranded, right-handed B-form DNA, but not the left-
handed Z-form DNA, strongly induced type I IFN production.
Genomic DNA has a high content of B-form DNA, indicating
that it may also function as a PAMP or DAMP (Ishii et al,
2006). Mitochondrial DNA has been also reported to function
as a DAMP molecule. Zhang et al. reported that cellular injury
caused the release of mitochondrial DNA, and induced systemic
inflammatory responses via p38 MAPK activation in a TLRY-
dependent manner. In addition, trauma patients had higher
amounts of mitochondrial DNA than did healthy volunteers, sug-
gesting that mitochondrial DNA could be considered a marker
of inflammatory disease (Zhang et al., 2010). When the clear-
ance of mitochondrial DNA by autophagy was inhibited, IL-18
production was augmented via the NLRP3 inflammasome to acti-
vate caspase-1, indicating that the amount of mitochondrial DNA
DAMP activity is regulated by autophagy to suppress erroneous
activation of innate immunity (Nakahira et al., 2011). Indeed, it
was revealed that autophagy negatively regulates RNA-mediated
type [ IFN production, possibly to maintain cellular homeostasis
(Jounai et al., 2007).
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CORRELATION BETWEEN AUTOIMMUNE DISEASE AND DNA DAMPs
Both DNA and RNA can function as PAMPs and DAMPs, and are
closely connected with inflammatory responses and the develop-
ment of inflammatory disease. Direct evidence for DNA acting
as a DAMP was shown using DNase-deficient mice. DNase [ is
present in extracellular compartments such as the sera and urine,
and functions to degrade single-stranded DNA (ssDNA), double-
stranded DNA (dsDNA), or chromatin, which are released from
damaged or necrotic cells. Napirei et al. constructed DNase I-
deficient mice, and reported that they presented with the classical
symptoms of systemic lupus erythematosus (SLE) and glomeru-
lonephritis (Napirei et al., 2000). In addition, DNase II deficient
mice showed a similar phenotype to DNase I knockout mice.
DNase II in the lysosomes of macrophages degrades DNA from
apoptotic cells or nuclear genome DNA from liver erythrob-
lasts. Interestingly, DNase [I-deficient mice presented with lethal
anemia owing to high levels of type I IEN production, caused
by the accumulation of non-degraded genomic DNA in liver
macrophages (Yoshida et al., 2005). In support of this, DNase II
and IFNRa/b double knockout mice showed a non-lethal pheno-
type, but developed rheumatoid arthritis-like symptoms (Kawane
et al., 2006), which could be attenuated by anti-TNF-a anti-
body treatment. This suggested that the accumulation of genomic
DNA in macrophages induced inflammatory cytokines, includ-
ing type I IFNs and TNF-o, and the synergistic action of these
inflammatory cytokines resulted in lethal systemic inflammation
(Kawane et al., 2006). Furthermore, studies on DNase III, also
known as TREX1, also revealed that DNA could function as a
DAMP. TREX1 is the major 3’ — 5 DNA exonuclease for DNA
editing in DNA replication or DNA repair. Morita et al. showed
that trexI-deficient mice had a reduced survival rate owing to
high susceptibility to inflammatory myocarditis, although null
mice showed no spontaneous mutations or tumor development
{Morita et al., 2004). To explain why trexi-deficient mice develop
inflammatory myocarditis, Crow et al. demonstrated that the
mutation in the trex] gene that abolished TREX1 enzyme activ-
ity was responsible for the development of Aicardi-Goutieres
syndrome (AGS), a severe neurological brain disease with high
levels of IFN-a in cerebrospinal fluid or serum, suggesting that
TREX1 is a suppressor of DNA DAMP-mediated inflammatory
responses (Crow et al,, 2006). Furthermore, it was previously
shown that the abolishment of interferon regulatory factor 3
(IRF3) or IFN-u receptor 1 ameliorated the AGS symptoms in
trexl-deficient mice (Stetson et al., 2008). Collectively, these find-
ings suggest that the dysregulation of self-DNA results in severe
inflammatory responses such as high levels of type I IFNs leading
to autoinflammatory disease.

NUCLEIC ACID SENSORS

Host cells are equipped with numerous types of receptors to
recognize nucleic acids as PAMPs or DAMPs. These recep-
tors function to protect the host from pathogen infection, but
may also cause autoimmune disorders by inducing the con-
stitutive activation of inflammatory responses (Figure1). In
this section, we introduce the well-characterized nucleic acid
SEnsors.

TLRs

A large body of research exists demonstrating the TLR-mediated
sensing of nucleic acids. TLR3 preferentially senses double-
stranded RNA (dsRNA) species, which can originate from some
viruses, and TLR3 is associated with induction of innate immu-
nity in response to infection with West Nile virus, respiratory syn-
cytial virus, and encephalomyocarditis virus (Wang et al., 2004;
Groskreutz et al.,, 2006; Hardarson et al., 2007) (Figure2). In
addition, artificial dsRNA, poly (I:C), has been well-characterized
as a ligand for TLR3. Although pathogen-related dsRNAs act as
PAMPs, Kariko et al. reported that host messenger RNA could be
sensed by TLR3 to induce inflammatory responses (Kariko et al.,
2004). RNA released from necrotic cells can also elicit type I IFN
production, suggesting that host RNA might function as a DAMP
upon cellular injury (Kariko et al., 2004).

TLR7 and TLR8 recognize single-stranded RNA (ssRNA),
and induce anti-viral innate immune responses against influenza
virus or vesicular stomatitis virus (Lund et al., 2004) (Figure2).
Regardless of their common ligands, the cellular and tissue distri-
bution of TLR7 expression is in contrast to that of TLR8. Human
TLRY7 is highly expressed in plasmacytoid DCs that preferentially
induce type I IFN production, and is expressed at lower levels in
myeloid cells. Conversely, the level of TLR8 expression is higher in
monocytes and in monocyte-derived DCs than in plasmacytoid
DCs (Hornung et al., 2002). Furthermore, mouse TLRS did not
respond to ssRNA, but human TLR8 did, suggesting that TLR8
might be inactivated in mice, although several papers have also
linked mouse TLR8 with neuronal apoptosis and autoimmunity
(Heil et al., 2004; Gorden et al., 2006; Ma et al., 2006).

In addition to the recognition of PAMPs, Vollmer et al.
revealed that promiscuous recognition through TLR7 or TLRS
causes the development of SLE with high levels of type I
IFNs and TNF-a production (Vollmer et al., 2005). Because
the sera from SLE patients contains high levels of autoantibod-
ies against self-antigens, such as small nuclear ribonucleopro-
tein particles (snRNPs) including ssRNA, TLR7, or TLR8 could
recognize the immunocomplex of snRNPs with autoantibodies
thorough Fc receptor-mediated internalization (Volimer et al.,
2005). Interestingly, TLR7 appears to be a specific sensor for
the induction of type I IFN production from plasmacytoid DCs,
whereas TLR8 is specific for TNF-a production from monocytes
in SLE patients, suggesting that plasmacytoid DCs and monocytes
collaborate to develop inflammatory responses in SLE via distinct
$ensors.

TLR9 senses ssDNA containing unmethylated CpG motifs.
Previous studies have revealed that TLR9 recognizes genomic
DNA from pathogens such as murine cytomegalovirus and
Herpes simplex virus type 1 or type 2 as PAMPs (Hemmi et al.,
2000; Lund et al., 2003; Krug et al., 2004a,b) (Figure 2). With
regard to the development of autoinflammatory disease, TLR9
has been also been reported to recognize self-antigens complexed
with autoantibodies. Leadbetter et al. revealed that autoreactive
B cells were activated by a chromatin-autoantibody complex in a
TLR9- and MyD88-dependent manner (Leadbetter et al., 2002).
In addition, self-DNA-containing immune complexes, which are
a well-characterized marker for SLE, were recognized by TLRY
through FcyRIIA-mediated internalization in plasmacytoid DCs
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FIGURE 1 | Autoimmune disorders may be induced by promiscuous sensing of nucleic acids.

(Means et al., 2005). Thus, immune complexes containing self-
DNA may signal as DAMPs through TLRY, although extracellular
receptors such as FcyRIIA may be required for the delivery of
autoimmune complexes to the TLR9-localizing compartment.

As described previously, the subcellular localization of TLRs
is important for the recognition of DNA, because TLR3, 7, 8
and 9 localize to the endosomal compartment. Previous studies
identified three adaptor molecules, Unc93B1, PRAT4A, and gp96,
which are important for the trafficking of TLRs to sites for sens-
ing their ligands. Unc93B1 functions to control the trafficking of
TLRs 3, 7, and 9 from the endoplasmic reticulum (ER) to the
endosome. PRAT4A is localized in the ER and acts as a regula-
tor of the subcellular distribution of most TLRs except for TLR3.
Gp96 is a member of the heat shock protein (HSP) 90 family, and
resides in the ER where it controls the maturation of TLRs 2, 4, 5,
7, and 9 (Saitoh and Miyake, 2009). Because TLR7 and TLR9 are
regulated by the same molecular machinery, the crosstalk between
TLR7 and TLRY may affect the sensing of auto-nucleic acids
and the development of autoinflammatory disease. Christensen
et al. showed that a deficiency of TLRY results in malignant
symptoms in a mouse model of lupus, despite the levels of anti-
body production specific for DNA and chromatin being down-
regulated (Christensen et al,, 2005). In contrast, TLR7-deficient

mice developed attenuated lupus symptoms (Christensen et al.,
2006). In addition, a recent study revealed that TLR9 suppressed
the progression of autoinflammatory disease by antagonizing
TLR7, suggesting that TLR9 counteracts TLR7 upon the recog-
nition of self-immunocomplexes containing ssRNA or ssDNA
(Nickerson et al,, 2010). To support the interaction between
TLR7 and TLR9 upon the development of autoimmune disease,
Fukui et al. generated Unc93B1P344/P34A [nock-in mice to show
that TLR9 competes with TLR7 for binding to Unc93B1 in the
healthy state, while TLR7 is constitutively activated upon autoin-
flammatory responses because TLR9 has a lower affinity for the
Unc93B1-like Unc93B1P34A/D34A myytant (Fukui et al., 2011).

RIG-I-LIKE RECEPTORS (RLRs)

Although TLRs can sense both non-self and self nucleic acids,
fibroblasts, and endothelial cells that do not express TLRs also
produce type I IENs in response to infection with pathogens, indi-
cating the existence of other receptors that sense nucleic acids.
Yoneyama et al. determined that a cytoplasmic DExD/H box RNA
helicase, RIG-I, senses infection by RNA viruses as well as arti-
ficial dsRNA, and induces innate antiviral immune responses
mediated by type I IFNs (Yoneyama et al., 2004) (Figure 2). In
addition to RIG-I, melanoma differentiation factor-5 (MDAS5)
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and laboratory of genetics and physiology-2 (LGP2) were also
identified; these receptors were classified as RLRs because their
protein structures were similar to that of RIG-I (Yoneyama
et al., 2005). To induce an anti-pathogen immune response, a
CARD domain in RIG-I and MDA5 transmits down-stream sig-
nals through homophilic interactions with the CARD adaptor
molecule, IFN-B promoter stimulator-1 (IPS-1, also known as
MAVS, Cardif, or VISA) (Kawai et al., 2005; Meylan et al., 2005;
Seth et al., 2005; Xu et al., 2005). The function of LGP2 is con-
troversial. Some in vitro studies showed that LGP2 negatively
regulates RIG-I- or MDA5-mediated innate immune responses by
competing for binding with their RNA ligands (Yoneyama et al.,
2005; Bamming and Horvath, 2009). However, in vivo studies
using lgp2-deficient mice revealed that LGP2 is a cofactor of RLR-
mediated innate immune signaling (Venkataraman et al., 2007;
Satoh et al., 2010).

RLRs sense pathogen-derived RNA species as PAMPs to induce
type I IEN production, while MDA5 has been detected as an
autoantigen in clinically amyopathic dermatomyositis patients
(Sato et al,, 2009; Nakashima et al, 2010). Although it is
not clear how extracellular MDAS5 is produced, the accumula-
tion of immunocomplexes containing MDAS is a marker for
the frequency of rapidly progressive interstitial lung disease

(Sato et al., 2009; Nakashima et al., 2010). Accompanying these
observations, loss of function single nucleotide polymorphisms
have been found in RIG-I and IPS-1 that are closely related
to the development of autoimmune disease {Pothlichet et al,,
2011), suggesting that inhibition of RLR signaling may be impor-
tant in the progression of autoimmune disease. However, as
described earlier, excessive production of inflammatory cytokines
including type I IFNs appears to result in autoinflammatory dis-
ease. In contrast, the dysfunction of RLRs induces poor type I
IFN production, but leads to autoimmune disease (Nakashima
et al., 2010; Pothlichet et al., 2011). One possibility to explain
this phenomenon is that non-functional RLRs result in an
increased susceptibility against various types of virus infec-
tions, and the subsequent virus-mediated cell death may cause
the release of DAMPs and signaling through DAMP receptors.
Support this possibility, the loss of MDA5 function increased
the susceptibility of beta cells to viral infection with picor-
navirus or encephalomyocarditis virus-D, and resulted in type
1 diabetes, whose types of diabetes are often caused by virus
infection or autoimmunity (Colli et al., 2010; McCartney et al.,
2011). Further analyses are required to elucidate the cross-talk
between RLR signaling and the development of autoimmune
disease.
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ABSENT IN MELANOMA 2 (AIM2)-LIKE RECEPTORS (ALRs)

Although various NLR family members that can induce the acti-
vation of caspase-1 and maturation of IL-18, IL-18, and IL-33
in response to a wide range of PAMP and DAMP molecules
have been identified, no sensor of intracellular dsDNA for IL-18
maturation has been identified. However, four research groups
concurrently reported a role for the novel intracellular DNA
sensor, AIM2, in the activation of caspase-1 following IL-18 pro-
duction (Burckstummer et al., 2009; Fernandes-Alnemri et al.,
2009; Hornung et al,, 2009; Roberts et al., 2009). AIM2 belongs
to a family of hematopoietic interferon-inducible nuclear pro-
teins with a 200-amino acid repeat (HIN-200), known as the
p200 or PYHIN family. Currently, four HIN-200 family molecules
have been identified in humans, and six in mice. HIN-200 fam-
ily molecules share similar structural features, including a pyrin
domain at the NH, terminus, and a HIN-200 domain at the
COOH terminus. Similar to the role of NLRP3 in IL-18 produc-
tion, AIM2 causes oligomerization of the inflammasome upon
DNA binding. The AIM2 inflammasome recruits ASC, an essen-
tial adaptor molecule, and induces NLRP3 inflammasome forma-
tion through homophilic interactions between the pyrin domain
in AIM2 and that in ASC (Figure 2). The importance of the AIM2
inflammasome upon PAMP recognition has been confirmed by
infection experiments using aim2-deficient macrophages infected
with Francisella tularensis, L. monocytogenes, vaccinia virus, her-
pes simplex virus-1 and mouse cytomegalovirus (Fernandes-
Alnemri et al., 2010; Rathinam et al., 2010).

A second ALR, interferon-inducible protein 16 (IFI16) in
humans (a homologue of p204 in mice), has been also investi-
gated as an intracellular dsDNA sensor. However, while AIM2
induces IL-1P production in response to intracellular dsDNA
binding, IFI16 is a sensor for type I IFN production upon
recognition of intracellular dsDNA (Unterholzner et al., 2010).
Although IFI16 also contains a pyrin domain, the pyrin in
IFI16 is quite distinct from that in AIM2 as it has a lower
affinity for ASC. Consistent with these different features of
pyrin, IFI16-mediated type I IFN production upon intracellular
dsDNA stimulation was not affected by ASC deficiency, sug-
gesting that the two HIN-200 family molecules regulate both
[L-1B and type I IFN production upon the recognition of intra-
cellular dsDNA (Unterholzner et al., 2010). Although AIM2-
mediated signaling appears to be distinct from IFI16-mediated
type I IFN production, recent research has revealed that IFI16
negatively regulates the AIM2-mediated activation of caspase-1
(Veeranki et al., 2011). As increased inflammatory cytokine pro-
duction is closely related to the development of autoinflam-
matory disease, the regulation between AIM2-mediated innate
immune signaling and IFI16 might be deregulated in patients
with autoimmune disease.

Roberts et al. identified p202 and AIM2 as cytosolic DNA
binding proteins in mice. p202 is another ALR molecule without
a pyrin domain, indicating an inability to bind ASC for inflam-
masome formation (Roberts et al., 2009). p202 appears to be a
negative regulator for AIM2-mediated signaling, as the reduction
of p202 results in higher AIM2-mediated activation of caspase-1
in response to intracellular DNA. However, elevated levels of
p202 have been reported to induce SLE-like symptoms in mice

(Rozzo et al,, 2001). Interestingly, p202 levels are varied among
mouse species, while AIM2 is expressed at the same level, indicat-
ing that p202 expression is tightly correlated to SLE development.
Furthermore, Ravichandran et al. revealed that ablation of the
aim2 gene leads to higher expression of p202 and type I IFNs in
mice, and aim2-deficient mice are prone to SLE (Panchanathan
et al., 2010). Taken together, these findings suggest that mouse
p202 might be homologous to human IFI16. In support of this,
expression levels of IFI16 and anti-IFI16 autoantibodies were
dramatically increased in SLE patients, indicating that IFI16 has
similar features to p202 (Mondini et al., 2006).

A recent article described a correlation between psoriasis
symptoms and AIM2 activation. Psoriasis is a chronic autoin-
flammatory disease caused by increased IL-1p production leading
to Th17 cell maturation (Ghoreschi et al., 2010). Dombrowski
et al. observed increased levels of cytosolic DNA fragments in
skin lesions from psoriatic patients, which could be sensed by
AIM2 (Dombrowski et al., 2011). Interestingly, those DNA frag-
ments, which might be released from skin lesions in psoriatic
patients, were internalized through binding to the antimicrobial
peptide LL-37 (Dombrowski et al., 2011). Previous studies have
shown that the complex of self-DNA with LL-37 can activate plas-
macytoid DCs to produce type I IFNs, and complex-mediated
type I IFN production is closely related with skin lesion devel-
opment in psoriasis {Nestle et al., 2005; Lande et al., 2007), AIM2
is an interferon-inducible gene, suggesting that LL-37 complexes
with self-DNA activate plasmacytoid DCs to produce type [ IFNs,
and that the subsequent upregulation of AIM2 leads to IL-1B
production, and finally, psoriatic skin lesions occur because of
the increased levels of type [ IFN production as well as IL-1f
production.

HIGH MOBILITY GROUP BOX 1 (HMGB1)

HMGBI1 has been reported to be a major DAMP molecule.
Goodwin et al. first identified HMGBI1 from calf thymus chro-
matin as a non-histone DNA-binding protein (Goodwin et al.,
1973). However, Wang et al. showed that a mouse macrophage cell
line released HMGB1 in response to LPS stimulation. In addition,
LPS-treated mice developed increased serum levels of HMGBI,
similar to human patients with sepsis, suggesting that HMGB1 isa
DAMP molecule in regard to sepsis symptoms (Wang et al., 1999).
Accumulating evidence suggests that cellular injury results in
the release of HMGBI leading to inflammation (Abraham et al.,
2000; Scaffidi et al., 2002). Consistent with these observations,
numerous studies have showed a correlation between HMGB1
and autoimmune/inflammatory diseases such as atherosclero-
sis, diabetes, SLE, rheumatoid arthritis and Sjogren syndrome
(Taniguchi et al., 2003; Porto et al., 2006; Urbonaviciute et al,,
2008; Devaraj et al., 2009).

As described previously, higher serum levels of immunocom-
plexes of self-DNA with autoantibodies is a hallmark of SLE.
Previous research has shown that HMGBI is also contained in
immunocomplexes and can elicit inflammatory cytokine produc-
tion, suggesting that HMGB1 may be a carrier of DNA DAMPs
(Tian et al., 2007; Urbonaviciute et al., 2008). Furthermore,
HMGBI1 appears to promiscuously bind numerous molecules
such as LPS, IEN-y, IL-18, and CXCLI2 to induce synergistic
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physiological responses (Sha et al., 2008 Youn et al., 2008;
Campana et al., 2009). Moreover, HMGB1 can sense pathogen-
derived nucleic acids, which induce type I IFN production (Yanai
et al, 2009). Collectively, HMGB1 might be a promiscuous
carrier that enhances innate immune responses against PAMPs
and DAMPs.

The receptors for HMGBI have been investigated, but are
still controversial. A well-studied receptor for HMGBI1 is the
receptor for advanced glycation end products (RAGE). Similar
to HMGB1, RAGE is a promiscuous receptor that can bind to
various ligands including DNA, RNA, SAA protein, HSPs and
prion protein, suggesting that RAGE may sense a variety of DAMP
molecules in an HMGBI1-dependent or -independent manner
(Sims et al., 2010). Experiments with rage-deficient mice revealed
that HMGB1-mediated DNA sensing requires RAGE for inter-
nalization of DNA complexes to produce type I IFNs via TLR9
(Tian et al., 2007). Interestingly, RAGE could associate with
TLR9 upon recognition of the A type of CpG-HMGB1 complex,
indicating a possible function for RAGE as a bridge molecule
between the extracellular HMGB1-DNA complex and the TLR9
compartment (Tian et al., 2007). In contrast to this observa-
tion, nucleosomes could sense HMGB1 complexes independently
of RAGE. Instead of RAGE, TLR2 appears to be important for
the recognition of HMGBI-nucleosome complexes, suggesting
that the sensing machinery of the HMGBI1-nucleosome com-
plex might be distinct from that of the HMGB1-DNA complex,
as the HMGB1-nucleosome complex could not elicit produc-
tion of type I IFNs even though TNF-a or IL-10 were induced
(Urbonaviciute et al., 2008). Furthermore, recent research identi-
fied a novel ligand for RAGE, complement C3a, that binds human
stimulatory CpG DNA to induce type I IFNs in an HMGBI-
independent manner. This suggests that RAGE-mediated DNA
sensing may involve numerous ligands (Ruan et al, 2010).
Although there are many varieties of HMGBI1- or RAGE-
mediated DNA recognition, both molecules are strongly associ-
ated with the induction of inflammation and the development of
chronic inflammatory disease.

DNA-DEPENDENT ACTIVATOR OF IFN-REGULATORY FACTORS (DAI)
DAI has been identified as a molecule that recognizes intra-
cellular DNA. Previous studies have revealed that DAI senses
Z-type DNA; however, it may also bind to B-type DNA and
induce type I IFN production through associations with TBK1
and IRF3 (Takaoka et al., 2007). Interestingly, DAI-deficient mice
responded normally to cytosolic dsDNA stimulation, suggesting
that DAI may function as one of a number of DNA sensors in a
cell type-specific fashion (Ishii et al., 2008). Currently, the func-
tion of DAI is controversial, although the genetic adjuvanticity of
DAI has been shown to induce strong cytotoxic T cell responses
(Lladser et al., 2011). Although the ability of DAI to recognize
DNA DAMPs has not been determined yet, DAI might be a link
between the development of autoimmune disease and host DNA
immune complexes.

HISTONES
Histone H2B (H2B) is a component of chromatin, and Kobiyama
et al. identified that H2B also functions to sense intracellular

dsDNA. Previous reports showed that histones act as DAMPs, and
that excessive intracellular dsDNA induces type I IFNs through
H2B (Kobiyama et al., 2010). In confirmation of this, H1 or H2
are released from the nucleus after DNA damage, and are translo-
cated to mitochondria following the induction of apoptosis. In
addition, H1, H2A, and H2B may act as antimicrobial proteins
in certain animals, suggesting that H2B is an intracellular dsDNA
sensor that recognizes dsDNA PAMPs and DAMPs (Kawashima
et al.,, 2011). Histones may be related to autoimmune diseases
as anti-histone antibodies were detected in patients with such
diseases. Purther analyses are required to clarify the relationship
between histones and autoimmune disease.

Ku70

Ku70 functions in DNA repair, V(D)J recombination and in
retaining the telomere. Zhang et al. showed that various DNA
species-induced the production of type II interferon, IFN-\1,
and identified Ku70 as a novel DNA sensor by pull-down assay
from the nucleus compartment (Zhang et al., 2011a). While
other DNA sensors are important for the production of type I
IFNs, Ku70 appears to be important for type III IEN production
through IRF1 and IRF7. Furthermore, Ku70-mediated type III
IFN production is restricted when the length of intracellular DNA
stimuli is greater than 500 base pairs.

RNA POLYMERASE Il

As described above, RIG-I senses intracellular RNA species, but
may also recognize intracellular dsDNA. siRNA treatment of a
human hepatoma cell line, Huh7, suppressed dsDNA-mediated
type 1 IFN production. Subsequently, Chiu et al. showed that
RIG-I senses the transcribed RNA byproducts of DNA templates
that are generated by RNA polymerase III (as is the case for
poly(dA-dT)-poly(dT-dA) and EBV genomic DNA) and induces
production of type I IENs (Chiu et al., 2009). An inhibitor of
RNA polymerase III suppressed DNA-mediated type I IFN pro-
duction, suggesting that RNA polymerase III is a distinct DNA
sensot. However, RNA polymerase I1I-mediated dsDNA sensing
is restricted to sequences of DNA stimuli containing less dA-dT
than dG-dC.

DHX9 AND DHX36

Although the DExD/H box RNA helicase family contains RIG-I
and MDAS, which function as RNA sensors, recent reports have
revealed a similar RNA helicase family of molecules (DExDc fam-
ily) that contain DHX9 and DHX36, which function as ssDNA
sensors in plasmacytoid DCs (Kim et al,, 2010). Interestingly,
while DHX36 senses CpG-A, DHX9 senses CpG-B in a MyD88-
dependent manner. This may suggest that ssDNA PAMPs or
DAMPs are recognized by either DHX9 or DHX36, but recent
research has shown that DHX9 collaborates with IPS-1 to recog-
nize dsRNA in myeloid DCs, indicating the promiscuous sensing
of DHX9 (Zhang et al., 2011b).

LEUCINE-RICH REPEAT FLIGHTLESS-INTERACTING PROTEIN 1 (Lrrfip1)

Some sensor molecules such as TLRs or NLRs share common
molecular patterns, such as leucine rich repeats (LRRs), which are
important for ligand recognition or protein—protein interactions.
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An LRR-containing molecule, Lrrfipl, has been reported to sense
intracellular DNA or RNA (Yang et al, 2010). Interestingly,
whereas other DNA sensors often regulate type I [FN-related
transcription factors such as IRF3/7 or caspase-1 to induce mat-
uration of IL-18, Lrrfipl stimulates B-catenin and CBP/p300 to
enhance ifnbl transcription, indicating a novel pathway involving
B-catenin for type [ IEN production upon cytosolic DNA sensing.
Because Wnt/B-catenin signaling is also linked to tumor devel-
opment, further analyses may identify the machinery involved in
the regulation of type I IFN signaling by Lrrfipl under tumor
development.

STING {STIMULATOR OF INTERFERON GENES PROTEIN)

The major function of MHC class II is antigen presentation,
while monoclonal antibodies against MHC class II can cause cell
activation or apoptotic cell death. Jin et al. identified a novel
tetraspanin family molecule, MPYS, associated with MHC-II-
mediated cell death (Jin et al., 2008). Three research groups
performing ¢cDNA library screening to identify molecules asso-
ciated with activation of the type I IEN promoter identified the
same molecule, STING (also known as MITA, and ERIS). STING
is a novel adaptor molecule that activates innate immune signal-
ing mediated by intracellular nucleic acid stimuli (Ishikawa and
Barber, 2008; Zhong et al., 2008; Sun et al., 2009). Surprisingly,
the Barber research group further revealed that STING is essen-
tial for the induction of type [ IFN production following sensing
of cytosolic dsDNA, using STING-deficient mice. Based on their
imaging analysis, STING appears to localize to the ER during the
steady state, but translocates to the Golgi apparatus upon intra-
cellular dsDNA stimulation to activate down-stream molecules
such as TBK1. This suggests that STING is an essential adaptor
molecule for cytosolic dsDNA-mediated type [ IFN production
in mice.

Cyclic-di-GMP and c-di-AMP are small molecules that func-
tion as second messengers and are important for cell survival, dif-
ferentiation, colonization, and biofilm formation. Recent research
has revealed that the cytosolic delivery of c-di-GMP or c-di-
AMP-induced type [ interferon (IFN) production from bone
marrow macrophages, suggesting that ¢-di-GMP and c¢-di-AMP
are bacterial PAMP molecules (McWhirter et al., 2009; Woodward
et al,, 2010). As type I IEN production by c-di-GMP or c-di-
AMP requires their internalization, live invasive bacteria possibly
produce these second messenger molecules after internalization
into cells.

Recent reports have revealed that STING is a direct sensor of
bacterial second messenger molecules, such as c-di-GMP or c-di-
AMP (Burdette et al,, 2011; Jin et al.,, 2011). This indicates the
novel possibility that cytosolic dsDNA stimulation might produce
¢-di-GMP/c-di-AMP or related molecules that can be sensed by
STING and induce type I IFN production.

ADJUVANTICITY THROUGH DNA DAMPs

Although DNA DAMPs are closely associated with the devel-
opment of autoimmune disease, DNA DAMPs also contribute
to the activation of acquired immune responses following vac-
cination with alum adjuvant. Previous studies have shown that
genomic DNA from dying cells induces the maturation of

antigen-presenting cells as well as antigen-specific antibody and
cytotoxic T cell responses. This suggests that self-DNA DAMPs
can activate innate immune responses that induce acquired
immunoresponses. Recently, Marichal et al. demonstrated that
the adjuvanticity of alum was dependent on self-DNA released
from cells at the alum inoculation site {(Marichal et al.,, 2011).
NLRP3 appears to be a key sensor in the induction of alum-
mediated innate immunity, although its function is only partially
dependent upon alum adjuvanticity. Intraperitoneal inocula-
tion of mice with alum induced the recruitment of neutrophils,
and the resulting alum deposits contained high amounts of
genomic DNA. Because treatment with DNase I attenuated alum
adjuvanticity, the alum-mediated release of genomic DNA may
account for its potent adjuvanticity. In addition, the alum-
mediated induction of antibody production is dependent on
TBK1 and IRF3 as demonstrated using knockout mice, suggest-
ing that alum-mediated genomic DNA induces high adjuvantic-
ity of alum via the TBK1/IRF3 pathway, while alum-mediated
uric acid production is less related to alum adjuvanticity via
NLRP3 (Marichal et al,, 2011). Furthermore, self-DNAs from
alum inoculation can activate inflammatory monocytes, and
homodimers of IL-12p40 are more important than type I IFN
production upon alum adjuvanticity. Taken together, these find-
ings suggest that self-DNA DAMPs are important for pathogen
elimination, the development of autoimmune disease and the
adjuvanticity of alum. Further analyses are required to elu-
cidate which types of cells produce self-genomic DNA after
adjuvant inoculation, and which sensors recognize extracellular
genomic DNAs.

In addition to alum adjuvant, there are many licensed adju-
vants such as MF599, AS03®, and AS04®. Both MF59® and
AS03® are emulsions of oil/water containing squalene. Although
both adjuvants elicit antibody responses as well as cell-mediated
immune responses specific for antigens, their mode of action has
not been identified. Information on the receptors for and signal-
ing induced by these adjuvants is needed, because unfortunate
side effects can be expected more easily.

CONCLUDING REMARKS

Many sorts of nucleic acid species exist in the environ-
ment. These species affect all organisms such as the evolu-
tion of organisms, the inflammatory response, and the advent
of drug-resistant microorganisms. To prevent pathogen infec-
tion, mammalian cells have equipped themselves with many
sorts of sensors to recognize exogenous nucleic acid species as
PAMPs, while those sensors are also stimulated by endogenous
nucleic acids species as DAMPs. Dysfunction of the machiner-
ies sensing both PAMPs and DAMPs is strongly associated
with chronic inflammatory disease or autoimmunity. In addi-
tion, both PAMPs and DAMPs underlie the action of vaccines,
because most modern vaccines contain adjuvants, which are
composed of both PAMP- and DAMP-associated molecules.
Therefore, the machinery responsible for sensing nucleic acids
species should be further elucidated to help us understand
machinery of chronic infection, autoimmune development, iden-
tifying the side effects of vaccines, and developing safe vaccine
adjuvants.

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

January 2013 | Volume 2 | Article 168 | 9



Jounai et al.

Immune sensors for nucleic acids

REFERENCES

Abraham, E., Arcaroli, J., Carmody, A.,
Wang, H., and Tracey, K. J. (2000).
HMG-1 as a mediator of acute
lung inflammation. J. Immunol. 165,
2950--2954.

Bamming, D., and Horvath, C. M.
(2009). Regulation of signal trans-
duction by enzymatically inactive
antiviral RNA helicase proteins
MDAS5, RIG-1, and LGP2. J. Biol.
Chem. 284, 9700-9712.

Banka, C. L., Yuan, T,, de Beer, M. C,,
Kindy, M., Curtiss, L. K., and de
Beer, E C. (1995). Serum amyloid A
(SAA): influence on HDL-mediated
cellular cholesterol efflux. J. Lipid
Res. 36, 1058-1065.

Berg, A. H., and Scherer, P. E. (2005).
Adipose tissue, inflammation, and
cardiovascular disease. Circ. Res. 96,
939-949.

Burckstummer, T., Baumann, C,
Bluml, S., Dixit, E., Durnberger, G.,
Jahn, H., et al. (2009). An orthog-
onal proteomic-genomic  screen
identifies AIM2 as a cytoplasmic
DNA sensor for the inflammasome.
Nat. Immunol. 10, 266--272.

Burdette, D. L., Monroe, K. M., Sotelo-
Troha, K., Iwig, J. S., Eckert, B.,
Hyodo, M,, et al. (2011). STING is
a direct innate immune sensor of
cyclic di-GMP. Nature 478,515-518.

Campana, L., Bosurgi, L., Bianchi, M.
E., Manfredi, A. A, and Rovere-
Querini, P. (2009). Requirement of
HMGB1 for stromal cell-derived
factor-1/CXCL12-dependent
migration of macrophages and
dendritic cells. J. Leukoc. Biol. 86,
609-615.

Chambers, R. E., MacFarlane, D. G,
Whicher, J. T,, and Dieppe, P. A.
(1983). Serum amyloid-A protein
concentration in rheumatoid arthri-
tis and its role in monitoring dis-
ease activity. Ann. Rhewm. Dis. 42,
665-667.

Chambers, R. E., Stross, P, Barry,
R. E., and Whicher, . T. (1987).
Serum amyloid A protein compared
with C-reactive protein, alpha 1-
antichymotrypsin and alpha 1-acid
glycoprotein as a monitor of inflam-
matory bowel disease. Eur. J. Clin.
Invest. 17, 460-467.

Cheng, N., He, R, Tian, ], Ye, P. P., and
Ye, R. D. (2008). Cutting edge: TLR2
is a functional receptor for acute-
phase serum amyloid A. J. Immunol.
181, 22-26.

Chiu, Y. H., Macmillan, J. B., and Chen,
Z. J. (2009). RNA polymerase 111
detects cytosolic DNA and induces
type L interferons through the RIG-I
pathway. Cell 138, 576-591.

Christensen, S. R., Kashgarian, M.,
Alexopoulou, L., Flavell, R. A,

Akira, S., and Shlomchik, M. J.
(2005). Toll-like receptor 9 controls
anti-DNA autoantibody production
in murine lupus. J. Exp. Med. 202,
321-331.

Christensen, S. R., Shupe, J., Nickerson,
K., Kashgarian, M., Flavell, R, A,,
and Shlomchik, M. J. (2006). Toll-
like receptor 7 and TLRY dictate
autoantibody specificity and have
opposing inflammatory and regu-
latory roles in a murine model of
lupus. Immunity 25, 417-428.

Colli, M. L., Moore, F, Gurzov, E.
N., Ortis, F, and Eizirik, D. L.
(2010). MDA5 and PTPN2, two
candidate genes for type 1 dia-
betes, modify pancreatic beta-cell
responses to the viral by-product
double-stranded RNA. Hum. Mol.
Genet. 19, 135~146.

Communi, D., Janssens, R., Suarez-
Huerta, N., Robaye, B., and
Boeynaems, J. M. (2000). Advances
in  signalling by extracellular
nucleotides. the role and transduc-
tion mechanisms of P2Y receptors.
Cell. Signal. 12, 351-360.

Crow, Y. J,, Hayward, B. E., Parmar,
R., Robins, P, Leitch, A., Ali, M.,
et al. (2006). Mutations in the gene
encoding the 3’ — 5 DNA exonucle-
ase TREX1 cause Aicardi-Goutieres
syndrome at the AGS1 locus. Nat.
Genet. 38, 917-920.

Devaraj, S., Dasu, M. R, Park, S. H.,
and Jialal, 1. (2009). Increased lev-
els of ligands of Toll-like recep-
tors 2 and 4 in type 1 diabetes.
Diabetologia 52, 1665-1668.

Dombrowski, Y., Peric, M., Koglin,
S., Kammerbauer, C., Goss, C.,
Anz, D, et al. (2011). Cytosolic
DNA triggers inflammasome acti-
vation in keratinocytes in psoriatic
lesions. Sci. Transl. Med. 3:82ra38.
doi: 10.1126/scitranslmed.3002001

Dostert, C., Guarda, G., Romero, . E,
Menu, P, Gross, O., Tardivel, A,
et al. (2009). Malarial hemozoin is
a Nalp3 inflammasome activating
danger signal. PLoS ONE 4:¢6510.
doi: 10.1371/journal.pone.0006510

Dostert, C,, Petrilli, V., Van Bruggen,
R., Steele, C., Mossman, B. T., and
Tschopp, J. (2008). Innate immune
activation through Nalp3 inflam-
masome sensing of asbestos and sil-
ica. Science 320, 674-677.

Eckle, T., Fullbier, L., Wehrmann,
M., Khoury, ], Mittelbronn, M.,
Ibla, J., et al. (2007). Identification
of ectonucleotidases CD39 and
CD?73 in innate protection during
acute lung injury. J. Immunol. 178,
8127-8137.

Eisenbarth, S. C, Colegio, O. R,
O’Connor, W., Sutterwala, E. S., and
Flavell, R. A. (2008). Crucial role

for the Nalp3 inflammasome in the
immunostimulatory properties of
aluminium adjuvants. Nature 453,
1122-1126.

Fernandes-Alnemri, T., Yu, J. W., Datta,
P., Wy, J., and Alnemri, E. S. (2009).
AIM2 activates the inflammasome
and cell death in response to cyto-
plasmic DNA. Nature 458, 509-513.

Fernandes-Alnemri, T., Yu, J. W,
Juliana, C., Solorzano, L., Kang,
S., Wu, ], et al. (2010). The AIM2
inflammasome is critical for innate
immunity to Francisella tularensis.
Nat. Immunol. 11, 385-393.

Ferrari, D., Pizzirani, C., Adinolfi, E.,
Lemoli, R. M,, Curti, A, ldzko, M.,
et al. (2006). The P2X7 receptor: a
key player in IL-1 processing and
release. J. Immunol. 176, 3877-3883.

Fukui, R, Saitoh, S., Kanno, A., Onji,
M., Shibata, T., Ito, A., et al. (2011).
Unc93B1 restricts systemic lethal
inflammation by orchestrating Toll-
like receptor 7 and 9 trafficking.
Immnunity 35, 69-81.

Ghoreschi, K., Laurence, A,, Yang, X.
P, Tato, C. M. McGeachy, M.
J., Konkel, J. E, et al. (2010).
Generation of pathogenic T(H)17
cells in the absence of TGF-beta sig-
nalling. Nature 467, 967-971.

Glasgow, L. A., and Habel, K. (1962).
The role of interferon in vaccinia
virus infection of mouse embryo
tissue culture. J. Exp. Med. 115,
503-512.

Goodwin, G. H., Sanders, C., and
Johns, E. W. (1973). A new group of
chromatin-associated proteins with
a high content of acidic and basic
amino acids. Eur. J. Biochem. 38,
14-19.

Gorden, K. K., Qiu, X. X., Binsfeld, C.
C., Vasilakos, J. P, and Alkan, S.
S. (2006). Cutting edge: activation
of murine TLR8 by a combina-
tion of imidazoquinoline immune
response  modifiers and polyT
oligodeoxynucleotides. J. Immunol.
177, 6584-6587.

Groskreutz, D. ], Monick, M. M.,
Powers, L. S., Yarovinsky, T. O.,
Look, D. C., and Hunninghake,
G. W. (2006). Respiratory syn-
cytial virus induces TLR3 pro-
tein and protein kinase R, leading
to increased double-stranded RNA
responsiveness in airway epithelial
cells. J. Immunol. 176, 1733-1740.

Gross, O., Poeck, H., Bscheider, M.,
Dostert, C., Hannesschlager, N.,
Endres, S., et al. (2009). Syk kinase
signalling couples to the Nlrp3
inflammasome for anti-fungal host
defence. Nature 459, 433-436.

Hallgren, R., Eklund, A., Engstrom-
Laurent, A., and  Schmekel,
B.  (1985).  Hyaluronate in

bronchoalveolar lavage fluid: a
new marker in sarcoidosis reflecting
pulmonary disease. Br. Med. J.
(Clin. Res. Ed.) 290, 1778-1781.

Hardarson, H. S., Baker, J. S., Yang,
Z., Purevjav, E., Huang, C. H.,
Alexopoulou, L., et al. (2007). Toll-
like receptor 3 is an essential com-
ponent of the innate stress response
in virus-induced cardiac injury. Am.
J. Physiol. Heart Circ. Physiol. 292,
H251-H258.

He, R, Sang, H., and Ye, R. D.
(2003). Serum amyloid A induces
IL-8 secretion through a G protein-
coupled receptor, FPRL1/LXA4R.
Blood 101, 1572-1581.

Heil, E, Hemmi, H. Hochrein, H.,
Ampenberger, F,  Kirschning,
C., Akira, S., et al. (2004).
Species-specific  recognition  of
single-stranded RNA via toll-like
receptor 7 and 8. Science 303,
1526-1529.

Hemmi, H., Takeuchi, O., Kawai, T,
Kaisho, T., Sato, S., Sanjo, H., et al.
(2000). A Toll-like receptor recog-
nizes bacterial DNA. Nature 408,
740-745.

Hiratsuka, S., Watanabe, A., Sakurai,
Y., Akashi-Takamura, S., Ishibashi,
S., Miyake, K., et al. (2008). The
S100A8-serum amyloid A3-TLR4
paracrine cascade establishes a pre-
metastatic phase. Nat. Cell Biol. 10,
1349-1355.

Hoffman, J. S., and Benditt, E. P.
(1982). Changes in high density
lipoprotein content following endo-
toxin administration in the mouse.
Formation of serum amyloid
protein-rich subfractions. J. Biol.
Chem. 257, 10510-10517.

Hornung, V., Ablasser, A, Charrel-
Dennis, M., Bauernfeind, F,
Horvath, G., Caffrey, D. R, et al.
(2009). AIM2 recognizes cytosolic
dsDNA and forms a caspase-1-
activating inflammasome with ASC.
Nature 458, 514-518.

Hornung, V., Rothenfusser, S., Britsch,
S., Krug, A, Jahrsdorfer, B., Giese,
T, et al. (2002). Quantitative
expression of toll-like receptor
1-10 mRNA in cellular subsets of
human peripheral blood mononu-
clear cells and sensitivity to CpG
oligodeoxynucleotides. J. Immunol,
168, 4531-4537.

Ishii, K. ], Coban, C. Kato, H.,
Takahashi, K., Torii, Y., Takeshita,
E, etal. (2006). A Toll-like receptor-
independent  antiviral response
induced by double-stranded B-form
DNA. Nat. Immunol. 7, 40-48.

Ishii, K. J., Kawagoe, T., Koyama, S.,
Matsui, K., Kumar, H., Kawai, T,
et al. (2008). TANK-binding kinase-
1 delineates innate and adaptive

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

January 2013 | Volume 2 | Article 168 | 10



Jounai et al.

Immune sensors for nucleic acids

immune responses to DNA vac-
cines. Nature 451, 725-729.

Ishikawa, H., and Barber, G. N, (2008).
STING is an endoplasmic reticu-
lum adaptor that facilitates innate
immune signalling. Nature 455,
674678,

Jin, L., Hill, K. K., Filak, H., Mogan,
J» Knowles, H., Zhang, B., et al.
(2011). MPYS is required for IFN
response factor 3 activation and
type I I[FN production in the
response  of cultured phagocytes
to bacterial second messengers
cyclic-di-AMP and cyclic-di-GMP.
J. Immunol. 187, 2595-2601.

Jin, L., Waterman, P. M., Jonscher, K.
R., Short, C. M., Reisdorph, N. A,,
and Cambier, J. C. (2008). MPYS,
a novel membrane tetraspanner, is
associated with major histocompat-
ibility complex class 1l and mediates
transduction of apoptotic signals.
Mol. Cell Biol. 28, 5014-5026.

Johnson, R. J., Titte, S., Cade, J. R,
Rideout, B. A., and Oliver, W. ].
(2005). Uric acid, evolution and
primitive cultures. Semin. Nephrol.
25, 3-8.

Jounai, N., Takeshita, E, Kobiyama,
K., Sawano, A., Miyawaki, A., Xin,
K. Q. et al. (2007). The Atg5
Atgl2 conjugate associates with
innate antiviral immune responses.
Proc. Natl. Acad. Sci. US.A. 104,
14050-14055.

Kanellis, ], Watanabe, S., Li, J. H.,
Kang, D. H., Li, P, Nakagawa,
T, et al. (2003). Uric acid stimu-
lates monocyte chemoattractant
protein-1 production in vascular
smooth muscle cells via mitogen-
activated  protein  kinase and
cyclooxygenase-2. Hypertension 41,
1287-1293.

Kanneganti, T. D, Lamkanfi, M,
Kim, Y. G., Chen, G, Park, J. H,,
Franchi, L., et al. (2007). Pannexin-
1-mediated recognition of bacterial
molecules activates the cryopyrin
inflammasome independent of Toll-
like receptor signaling. Immunity
26, 433-443.

Kanneganti, T. D., Ozoren, N., Body-
Malapel, M., Amer, A, Park, J.
H., Franchi, L., et al. (2006).
Bacterial RNA and small antiviral
compounds  activate  caspase-1
through cryopyrin/Nalp3. Nature
440, 233-236.

Kariko, K., Ni, H. Capodici, J.,
Lamphier, M., and Weissman, D.
(2004). mRNA is an endogenous
ligand for Toll-like receptor 3.
J. Biol. Chem. 279, 12542-12550.

Kawai, T, Takahashi, K., Sato, S,
Coban, C., Kumar, H., Kato, H.,
et al. (2005). 1PS-1, an adaptor trig-
gering RIG-I- and Mda5-mediated

type | interferon induction. Nat.
Immunol. 6, 981-988.

Kawane, K., Ohtani, M., Miwa, K.,
Kizawa, T., Kanbara, Y., Yoshioka,
Y., et al. (2006). Chronic pol-
yarthritis caused by mammalian
DNA that escapes from degrada-
tion in macrophages. Nature 443,
998-1002,

Kawashima, A., Tanigawa, K., Akama,
T, Wu, H., Sue, M., Yoshihara,
A, et al. (2011). Fragments of
genomic DNA released by injured
cells activate innate immunity and
suppress endocrine function in
the thyroid. Endocrinology 152,
1702-1712,

Kellogg, E. W. 3rd., and Fridovich,
L. (1977). Liposome oxidation and
erythrocyte lysis by enzymically
generated superoxide and hydro-
gen peroxide. J. Biol. Chem. 252,
6721-6728.

Kim, T., Pazhoor, S., Bao, M., Zhang,
Z., Hanabuchi, S., Facchinetti,
V., et al. (2010). Aspartate-
glutamate-alanine-histidine ~ box
motif (DEAH)/RNA helicase A
helicases sense microbial DNA in
human  plasmacytoid ~ dendritic
cells. Proc. Natl. Acad. Sci. US.A.
107, 15181-15186.

Klinman, D. M., Yi, A. K., Beaucage,
S. L., Conover, J., and Krieg, A.
M. (1996). CpG motifs present
in bacteria DNA rapidly induce
lymphocytes to secrete interleukin
6, interleukin 12, and interferon
gamma. Proc. Natl. Acad. Sci. US.A.
93, 2879-2883.

Kobiyama, K., Takeshita, E, Jounai,
N., Sakaue-Sawano, A., Miyawaki,
A, Ishii, K. ], et al (2010).
Extrachromosomal histone H2B
mediates innate antiviral immune
responses induced by intracellular
double-stranded DNA. J. Virol. 84,
822-832.

Krieg, A. M., Yi, A, K., Matson, §,,
Waldschmidt, T. J., Bishop, G. A,
Teasdale, R., et al. (1995). CpG
motifs in bacterial DNA trigger
direct B-cell activation. Nature 374,
546-549.

Krug, A., French, A. R, Barchet,
W., Fischer, J. A., Dzionek, A,
Pingel, J. T, et al. (2004a). TLRY-
dependent recognition of MCMV
by IPC and DC generates coordi-
nated cytokine responses that acti-
vate antiviral NK cell function.
Immunity 21, 107-119.

Krug, A., Luker, G. D., Barchet, W,
Leib, D. A., Akira, S., and Colonna,
M. (2004b). Herpes simplex virus
type 1 activates murine natural
interferon-producing cells through
toll-like receptor 9. Blood 103,
1433-1437.

Lande, R., Gregorio, J., Facchinetti, V.,
Chatterjee, B., Wang, Y. H., Homey,
B., et al. (2007). Plasmacytoid den-
dritic cells sense self-DNA coupled
with antimicrobial peptide. Nature
449, 564-569.

Leadbetter, E. A, Rifkin, 1 R,
Hohlbaum, A. M., Beaudette,
B. C.,, Shlomchik, M. J, and
Marshak-Rothstein, A, (2002).
Chromatin-IgG complexes activate
B cells by dual engagement of IgM
and Toll-like receptors. Nature 416,
603-607.

Liu-Bryan, R., Scott, P., Sydlaske, A.,
Rose, D. M., and Terkeltaub, R.
(2005). Innate immunity con-
ferred by Toll-like receptors 2
and 4 and myeloid differentiation
factor 88 expression is pivotal to
monosodium urate monohydrate
crystal-induced inflammation.
Arthritis Rheum. 52, 2936~2946.

Lladser, A.,  Mougiakakos, D,
Tufvesson, H., Ligtenberg, M.
A., Quest, A. F, Kiessling, R, et al.
(2011). DAl (DLM-1/ZBP1) as a
genetic adjuvant for DNA vaccines
that promotes effective antitumor
CTL immunity. Mol. Ther. 19,
594-601.

Loser, K., Vogl, T,, Voskort, M., Lueken,
A., Kupas, V., Nacken, W, et al.
(2010). The Toll-like receptor 4 lig-
ands Mrp8 and Mrpl4 are crucial
in the development of autoreac-
tive CD8+ T cells. Nat. Med. 16,
713-717.

Lund, J., Sato, A., Akira, S., Medzhitov,
R., and Iwasaki, A. (2003). Toll-like
receptor 9-mediated recognition of
Herpes simplex virus-2 by plasma-
cytoid dendritic cells. J. Exp. Med.
198, 513-520.

Lund, J. M., Alexopoulou, L., Sato, A.,
Karow, M., Adams, N. C., Gale,
N. W, et al. (2004). Recognition
of single-stranded RNA viruses by
Toll-like veceptor 7. Proc. Natl, Acad.
Sci. U.S.A. 101, 5598-5603.

Ma, Y, Li, J., Chiu, L, Wang, Y., Sloane,
J. A, Lu, J., et al. (2006). Toll-
like receptor 8 functions as a nega-
tive regulator of neurite outgrowth
and inducer of neuronal apoptosis.
J. Cell Biol. 175, 209-215,

Malle, E., and De Beer, E C. (1996).
Human serum amyloid A (SAA)
protein: a prominent acute-phase
reactant for clinical practice. Eur.
J. Chin. Invest. 26, 427-435.

Mariathasan, S., Newton, K., Monack,
D. M., Vucic, D., French, D. M.,
Lee, W. P, et al. (2004). Differential
activation of the inflammasome by
caspase-1 adaptors ASC and Ipaf.
Nature 430, 213-218.

Marichal, T., Ohata, K., Bedoret, D.,
Mesnil, C., Sabatel, C., Kobiyama,

K., et al. (2011). DNA released
from dying host cells mediates alu-
minum adjuvant activity. Nat. Med.
17, 996-1002.

Martinon, F, Petrilli, V., Mayor, A.,
Tardivel, A., and Tschopp, J. (2006).
Gout-associated uric acid crystals
activate the NALP3 inflammasome.
Nature 440, 237-241.

McCartney, S. A., Vermi, W., Lonardi,
S., Rassini, C., Otero, K., Calderon,
B., et al. (2011). RNA sensor-
induced type | IEN prevents dia-
betes caused by a beta cell-tropic
virus in mice. J. Clin. Invest. 121,
1497-1507.

McWhirter, S. M., Barbala;, R,
Monroe, K. M., Fontana, M. E,
Hyodo, M., Joncker, N. T, et al.
(2009). A host type 1 interferon
response is induced by cytosolic
sensing of the bacterial second
messenger cyclic-di-GMP. J. Exp.
Med. 206, 1899-1911.

Means, T. K., Latz, E., Hayashi, E,
Murali, M. R., Golenbock, D. T, and
Luster, A. D. (2005). Human lupus
autoantibody-DNA complexes acti-
vate DCs through cooperation of
CD32 and TLRY. J. Clin. Invest. 115,
407-417.

Messina, J. P, Gilkeson, G. S,, and
Pisetsky, D. S. (1991). Stimulation of
in vitro murine lymphocyte prolifer-
ation by bacterial DNA. J. Immunol.
147, 1759-1764.

Meylan, E. Curran, J., Hofmann,
K., Moradpour, D., Binder, M.,
Bartenschlager, R., et al. (2005).
Cardif is an adaptor protein in
the RIG-1 antiviral pathway and is
targeted by hepatitis C virus. Nature
437,1167-1172.,

Mondini, M., Vidali, M., De Andrea,
M., Azzimonti, B, Airo, P,
D’Ambrosio, R., et al. (2006).
A novel autoantigen to differentiate
limited cutaneous systemic sclerosis
from diffuse cutaneous systemic
sclerosis: the interferon-inducible
gene IFI16, Arthritis Rheum. 54,
3939~-3944.

Morita, M., Stamp, G., Robins, P,
Dulic, A., Rosewell, 1., Hrivnak,
G., et al. (2004). Gene-targeted
mice lacking the Trex1 (DNase I1I)
3’ — 5 DNA exonuclease develop
inflammatory myocarditis. Mol
Cell. Biol. 24, 6719-6727.

Nakahira, K., Haspel, J. A., Rathinam,
V. A, Lee, S. ], Dolinay, T, Lam,
H. C., et al. (2011). Autophagy
proteins regulate innate immune
responses by inhibiting the release
of mitochondrial DNA mediated
by the NALP3 inflammasome. Nat.
Immunol. 12, 222-230.

Nakashima, R., Imura, Y., Kobayashi,
S., Yukawa, N., Yoshifuji, H.,

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

January 2013 | Volume 2 | Article 168 | 11



Jounai et al.

Immune sensors for nucleic acids

Nojima, T., et al. (2010). The
RIG-I-like receptor 1FIH1/MDAS
is a  dermatomyositis-specific
autoantigen identified by the
anti-CADM-140 antibody.
Rheumatology (Oxford) 49,
433-440.

Napirei, M., Karsunky, H., Zevnik,
B., Stephan, H., Mannherz, H. G.,
and Moroy, T. (2000). Features of
systemic lupus erythematosus in
Dnasel-deficient mice. Nat. Genet.
25, 177-181.

Nestle, E. O., Conrad, C., Tun-Kyi, A,,
Homey, B., Gombert, M., Boyman,
0., et al. (2005). Plasmacytoid
predendritic cells initiate psoriasis
through interferon-alpha produc-
tion. J. Exp. Med. 202, 135~143.

Nickerson, K. M., Christensen, S. R.,
Shupe, J., Kashgarian, M., Kim, D.,
Elkon, K., et al. (2010). TLR9 regu-
lates TLR7- and MyD88-dependent
autoantibody production and dis-
ease in a murine model of lupus.
J. Immunol. 184, 1840-1848.

Panchanathan, R., Duan, X., Shen, H,,
Rathinam, V. A., Erickson, L. D.,
Fitzgerald, K. A, et al. (2010). Aim2
deficiency stimulates the expres-
sion of IFN-inducible 1fi202, a
lupus susceptibility murine gene
within the Nba2 autoimmune sus-
ceptibility locus. J. Immunol. 185,
7385-7393.

Porto, A., Palumbo, R., Pieroni, M.,
Aprigliano, G., Chiesa, R., Sanvito,
E, et al. (2006). Smooth muscle
cells in  human atherosclerotic
plaques secrete and proliferate
in response to high mobility
group box 1 protein. FASEB J. 20,
2565-2566.

Pothlichet, J., Niewold, T. B., Vitour, D.,
Solhonne, B., Crow, M. K., and Si-
Tahar, M. (2011). A loss-of-function
variant of the antiviral molecule
MAVS is associated with a subset of
systemic lupus patients. EMBO Mol.
Med. 3, 142-152.

Rathinam, V. A,, Jiang, Z., Waggoner,
S. N, Sharma, S., Cole, L. E,
Waggoner, L., et al. (2010). The
AIM2 inflammasome is essential for
host defense against cytosolic bacte-
ria and DNA viruses. Nat. Imwmunol.
11, 395-402.

Roberts, T. L., Idris, A., Dunn, J.
A., Kelly, G. M., Burnton, C. M.,
Hodgson, S., et al. (2009). HIN-200
proteins regulate caspase activation
in response to foreign cytoplasmic
DNA. Science 323, 1057-1060.

Rozzo, S. ], Allard, ]. D., Choubey, D.,
Vyse, T. ], lzui, S., Peltz, G., et al.
(2001). Evidence for an interferon-
inducible gene, 1fi202, in the suscep-
tibility to systemic lupus. Immunity
15, 435-443.

Ruan, B. H., Li, X, Winkler, A. R,
Cunningham, K. M., Kuai, J., Greco,
R. M., et al. (2010). Complement
C3a, CpG oligos, and DNA/C3a
complex  stimulate  [FN-alpha
production in a receptor for
advanced glycation end product-
dependent manner. J. Immunol.
185,4213-4222.

Saitoh, S., and Miyake, K. (2009).
Regulatory molecules required for
nucleotide-sensing Toll-like recep-
tors. Immunol, Rev. 227, 32-43.

Sato, S., Hoshino, K., Satoh, T., Fujita,
T., Kawakami, Y, and Kuwana,
M. (2009). RNA helicase encoded
by  melanoma  differentiation-
associated gene 5 is a major
autoantigen in patients with clini-
cally amyopathic dermatomyositis:
association with rapidly progressive
interstitial lung disease. Arthritis
Rheum. 60, 2193-2200.

Satoh, T, Kato, H., Kumagai, Y,
Yoneyama, M., Sato, S., Matsushita,
K., et al. (2010). LGP2 is a positive
regulator of RIG-I- and MDAS5-
mediated  antiviral  responses.
Proc. Natl. Acad. Sci. US.A. 107,
1512-1517.

Scaffidi, P, Misteli, T,, and Bianchi,
M. E. (2002). Release of chromatin
protein HMGB1 by necrotic cells
triggers inflammation. Nature 418,
191-195.

Schwandner, R., Dziarski, R., Wesche,
H., Rothe, M., and Kirschning, C.
J. (1999). Peptidoglycan- and lipote-
ichoic acid-induced cell activation
is mediated by toll-like receptor 2.
J. Biol. Chem. 274, 17406-17409.

Seth, R. B., Sun, L., Ea, C. K., and Chen,
Z.]. (2005). ldentification and char-
acterization of MAVS, a mitochon-
drial antiviral signaling protein that
activates NF-kappaB and IRF 3. Cell
122, 669-682.

Sha, Y., Zmijewski, ], Xu, Z., and
Abraham, E. (2008). HMGB1 devel-
ops enhanced proinflammatory
activity by binding to cytokines.
J. Immunol. 180, 2531-2537.

Shi, H., Kokoeva, M. V., Inouye, K.,
Tzameli, 1, Yin, H., and Flier,
J. S. (2006). TLR4 links innate
immunity and fatty acid-induced
insulin resistance. J. Clin. Invest.
116, 3015-3025,

Shi, Y., Evans, J. E., and Rock, K.
L. (2003). Molecular identification
of a danger signal that alerts the
immune system to dying cells.
Nature 425, 516-521.

Shimada, S., Yano, O., and Tokunaga,
T. (1986). In vivo augmentation
of natural killer cell activity with
a deoxyribonucleic acid fraction
of BCG. Jpn. J. Cancer Res. 77,
808-816.

Sims, G. P, Rowe, D. C. Rietdijk,
S. T, Herbst, R, and Coyle, A.
J. (2010). HMGB1 and RAGE in
inflammation and cancer. Annu.
Rev. Immunol. 28, 367-388.

Stetson, D. B., Ko, ). S., Heidmann,
T., and Medzhitov, R. (2008). Trex]
prevents cell-intrinsic initiation of
autoimmunity. Cell 134, 587~598.

Sugahara, K. N, Hirata, T., Hayasaka,
H., Stern, R., Murai, T, and
Miyasaka, M. (2006). Tumor cells
enhance their own CD44 cleavage
and motility by generating hyaluro-
nan fragments. J. Biol. Chem. 281,
5861-5868.

Suganami, T., Tanimoto-Koyama, K.,
Nishida, J., ltoh, M. Yuan, X,
Mizuarai, S., et al. (2007). Role of
the Toll-like receptor 4/NF-kappaB
pathway in saturated fatty acid-
induced inflammatory changes in
the interaction between adipocytes
and  macrophages.  Arterioscler.
Thromb. Vasc. Biol. 27, 84-91.

Sun, W, Li, Y., Chen, L., Chen, H., You,
F, Zhou, X., et al. (2009). ERIS,
an endoplasmic reticulum IFN
stimulator, activates innate immune
signaling through  dimerization.
Proc. Natl. Acad. Sci. US.A. 106,
8653-8658.

Suzuki, K., Mori, A, Ishii, K. ], Saito, J.,
Singer, D. S., Klinman, D. M., et al.
(1999). Activation of target-tissue
immune-recognition molecules by
double-stranded  polynucleotides.
Proc. Natl. Acad. Sci. U.S.A. 96,
2285--2290.

Swain, J. (1895). The treatment of
malignant tumours by the tox-
ins of the Streptococcus erysipelatis
and Bacillus prodigiosus. Br. Med.
J. 2, 1415-1416.

Takaoka, A., Wang, Z., Choi, M. K,,
Yanai, H., Negishi, H., Ban, T,, et al.
(2007). DAl (DLM-1/ZBP1) is a
cytosolic DNA sensor and an acti-
vator of innate immune response.
Nature 448, 501-505.

Takeuchi, O., Kawai, T., Muhlradt, P. E,
Morr, M, Radolf, J. D., Zychlinsky,
A., et al. (2001). Discrimination
of bacterial lipoproteins by Toll-
like receptor 6. Int. Immunol. 13,
933-940.

Takeuchi, O., Sato, S., Horiuchi, T,
Hoshino, K., Takeda, K., Dong, Z.,
et al. (2002). Cutting edge: role
of Toll-like receptor 1 in medi-
ating immune response to micro-
bial lipoproteins. J. Innmunol. 169,
10-14.

Taniguchi, N., Kawahara, K., Yone,
K., Hashiguchi, T., Yamakuchi, M.,
Goto, M, et al. (2003). High mobil-
ity group box chromosomal protein
1 plays a role in the pathogen-
esis of rheumatoid arthritis as a

novel cytokine. Arthritis Rheum.
48, 971-981.

Termeer, C., Benedix, F, Sleeman, J.,
Fieber, C., Voith, U., Ahrens, T,
et al. (2002). Oligosaccharides of
Hyaluronan activate dendritic cells
via toll-like receptor 4. J. Exp. Med.
195, 99-111.

Tian, J, Avalos, A. M., Mao, S. Y,
Chen, B., Senthil, K, Wu, H,
et al. (2007). Toll-like receptor
9-dependent activation by DNA-
containing immune complexes is
mediated by HMGB1 and RAGE.
Nat. Inmunol. 8, 487-496.

Unterholzner, L., Keating, S. E., Baran,
M., Horan, K. A, Jensen, S. B,
Sharma, S., et al. (2010). IFI16 is
an innate immune sensor for intra-
cellular DNA. Nat. Immunol. 11,
997-1004.

Urbonaviciute, V., Furnrohr, B.
G.,  Meister, S, Munoz, L,
Heyder, P., De Marchis, F, et al.
(2008). Induction of inflamma-
tory and immune responses by
HMGBI1-nucleosome  complexes:
implications for the pathogenesis of
SLE. J. Exp. Med. 205, 3007-3018.

Veeranki, S., Duan, X., Panchanathan,
R, Liu, H., and Choubey, D. (2011).
IF116 protein mediates the anti-
inflammatory actions of the type-1
interferons through suppression of
activation of caspase-1 by inflam-
masomes. PLoS ONE 6:e27040. doi:
10.1371/journal.pone.0027040

Venkataraman, T., Valdes, M., Elsby,
R., Kakuta, S., Caceres, G., Saijo,
S., et al. (2007). Loss of DExD/H
box RNA helicase LGP2 mani-
fests disparate antiviral responses.
J. Iminunol. 178, 6444-6455.

Vollmer, J., Tluk, S., Schmitz, C.,
Hamm, S., Jurk, M., Forsbach, A.,
et al. (2005). Immune stimulation
mediated by autoantigen binding
sites within small nuclear RNAs
involves Toll-like receptors 7 and 8.
J. Exp. Med. 202, 1575-1585.

Wang, H., Bloom, O., Zhang, M.,
Vishnubhakat, J. M., Ombrellino,
M., Che, J., et al. (1999). HMG-
1 as a late mediator of endo-
toxin lethality in mice. Science 285,
248-251.

Wang, T, Town, T, Alexopoulou,
L., Anderson, J. F, Fikrig, E.
and Flavell, R. A. (2004). Toll-
like receptor 3 mediates West Nile
virus entry into the brain causing
lethal encephalitis. Nat. Med. 10,
1366~1373.

Weigel, P. H.,, Fulle, G. M., and
LeBoeuf, R. D. (1986). A model for
the role of hyaluronic acid and fib-
rin in the early events during the
inflammatory response and wound
healing. J. Theor. Biol. 119, 219-234,

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

January 2013 | Volume 2 | Article 168 | 12



Jounai et al.

Immune sensors for nucleic acids

Witter, ], Roughley, P. |, Webber,
C., Roberts, N., Keystone, E., and
Poole, A. R. (1987). The immuno-
logic detection and characterization
of cartilage proteoglycan degrada-
tion products in synovial fluids
of patients with arthritis. Arthritis
Rheum. 30, 519-529.

Woodward, J. ]., lavarone, A, T., and
Portnoy, D. A. (2010). ¢-di-AMP
secreted by intracellular Listeria
monocytogenes activates a host type
1 interferon response. Science 328,
1703-1705.

Xu, L. G, Wang, Y. Y, Han, K
J, Li, L. Y., Zhai, Z., and Shu,
H. B. {2005). VISA is an adapter
protein required for virus-triggered
IEN-beta signaling. Mol. Cell 19,
727-740.

Yanai, H., Ban, T., Wang, Z., Choi, M.
K., Kawamura, T., Negishi, H., et al.
(2009). HMGB proteins function as
universal sentinels for nucleic-acid-
mediated innate immune responses.
Nature 462, 99-103.

Yang, P, An, H., Lin, X., Wen, M,,
Zheng, Y., Rui, Y., et al. (2010).
The cytosolic nucleic acid sen-
sor LRRFIP1 mediates the pro-
duction of type 1 interferon via

a beta-catenin-dependent pathway,
Nat. Immunol. 11, 487-494.

Yoneyama, M., Kikuchi, M.,
Matsumoto, K., Imaizumi, T,
Miyagishi, M., Taira, K., et al
(2005). Shared and unique func-
tions of the DExD/H-box helicases
RIG-1, MDAS, and LGP2 in antivi-
ral innate immunity. [ Immunol.
175, 2851-2858.

Yoneyama, M., Kikuchi, M.,
Natsukawa, T., Shinobu, N,
[maizumi, T., Miyagishi, M., et al.
(2004). The RNA helicase RIG-1
has an essential function in double-
stranded  RNA-induced
antiviral responses. Nat. Immunol.
5, 730-737.

Yoshida, H., Okabe, Y., Kawane, K.,
Fukuyama, H., and Nagata, S.
(2005). Lethal anemia caused by
interferon-beta produced in mouse
embryos carrying undigested DNA.
Nat. Immunol, 6, 49-56.

Yoshizaki, A., Iwata, Y., Komura, K.,
Hara, T, Ogawa, F, Muroi, E,
et al. (2008). Clinical significance
of serum hyaluronan levels in sys-
temic sclerosis: association with
disease severity. J. Rheumatol. 35,
1825-1829.

innate

Youn, J. H., Oh, Y. ], Kim, E. S,
Choi, J. E., and Shin, J. S. (2008).
High mobility group box 1 pro-
tein binding to lipopolysaccharide
facilitates transfer of lipopolysac-
charide to CDI14 and enhances
lipopolysaccharide-mediated TNE-
alpha production in human mono-
cytes. [ Immunol. 180, 5067-5074.

Zhang, Q., Raoof, M., Chen, Y., Sumi,
Y., Sursal, T, Junger, W, et al
(2010).  Circulating  mitochon-
drial DAMPs cause inflammatory
responses to injury. Nature 464,
104-107.

Zhang, X., Brann, T. W., Zhou, M.,
Yang, J., Oguariri, R, M., Lidie, K.
B., et al. (2011a). Cutting edge:
Ku70 is a novel cytosolic DNA sen-
sor that induces type Il rather
than type I IEN. J. Immunol. 186,
45414545,

Zhang, Z., Yuan, B., Lu, N, Facchinetti,
V., and Liu, Y. J. (2011b). DHX9
pairs with IPS-1 to sense double-
stranded RNA in myeloid dendritic
cells. J. Immunol. 187, 4501-4508.

Zhong, B., Yang, Y., Li, S, Wang, Y.
Y, Li, Y, Diao, E, et al. (2008).
The adaptor protein MITA links
virus-sensing receptors to [IRF3

transcription  factor  activation.

Immunity 29, 538-550.

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 07 September 2012; paper
pending published: 07 October 2012;
accepted: 13 December 2012; published
online: 08 January 2013.

Citation:  Jounai N, Kobiyama K,
Takeshita F and Ishii K] (2013)
Recognition  of  damage-associated

molecular patterns related fo nucleic
acids during inflammation and vaccina-
tion. Front. Cell. Inf. Microbio. 2:168.
doi: 10.3389/fcimb.2012.00168
Copyright © 2013 Jounai, Kobiyama,
Takeshita and Ishii. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

January 2013 | Volume 2 | Article 168 | 13



Adjuvants

Sut hat faciiitate.

enkh nd/or modulate the
host immune respense o an
antigen

'Laboratory of Cellular and
Molecular Immunology,
GIGA-Research and Faculty of
Veterinary Medicine, B34,
University of Liege, 1 Avenue
de I'Hapital, B-4000 Ligge,
Belgium.

’Laboratory of Vaccine
Science, WPl immunology
Frontier Research Center
(IFREC), Osaka University,
3-1 Yamadaoka, Suita,
565-0871 Osaka. Japan.
*Laboratory of Adjuvant
Innovation, Nationol Institute
of Biomedical Innovation
{NIBJO), 7-6-8 Asagi Saito
Ibaraki-City Osaka, Japan.
e-mails:
christophe.desmet@ulg.oc.be:
Lenishit@biken.osaka-u.ac.jp
dot 10 1038/Mmn3247
Published onfing 22 June 2012

REVIEWS

Nucleic acid sensing at the interface
between innate and adaptive
immunity in vaccination

Christophe J. Desmet' and Ken J. Ishii*3

Along with improved sanitary conditions and antibiotics,
vaccines undoubtedly are one of the greatest successes
of medicine against infectious diseases. However,
most current vaccines were developed rather empirically,
with limited knowledge of their immunological
mechanisms of action™. These empirical approaches
are proving rather impractical for the development of
vaccines against many emerging diseases and current
pandemics, such as AIDS and malaria. Consequently,
there currently is a strong impetus towards improving
our understanding of the mechanisms of action of
existing vaccines. Indeed, this may hold the key to the
rational design of better vaccination strategies. The
demand is also high for the development of innovative,
rationally designed vaccine adjuvants, Although the
efficiency of vaccines is currently mainly evaluated
from their induction of neutralizing antibodies’,
T helper 1 (T1) and CD8" T cell responses are
increasingly considered as essential (or desirable)
components of vaccine-elicited protection against
intracellular pathogens® Therefore, investigators are
looking for adjuvants that can also induce sustainable
cellular responses.

With research intensifying in the field of vaccine
immunology, a common theme has ecmerged as to
the mechanisms underlying all efficient vaccines.
This premise is that the triggering of innate immune
mechanisms is the initial event that crucially
determines the outcome of the adaptive immune
response™?. Vaccines are thought to use mainly two
types of immune triggers. First, they may contain

Abstract | The demand is currently high for new vaccination strategies, particularly to help
combat problematic intracellular pathogens, such as HIV and malarial parasites. In the past
decade, the identification of host receptors that recognize pathogen-derived nucleic acids has
revealed an essential role for nucleic acid sensing in the triggering of immunity to intracellular
pathogens. This Review first addresses our current understanding of the nucleic acid-sensing
immune machinery. We then explain how the study of nucleic acid-sensing mechanisms not
only has revealed their central role in driving the responses mediated by many current vaccines,
but is also revealing how they could be harnessed for the design of new vaccines.

pathogen-associated molecular patterns (PAMPs)
derived from the target pathogen (BOX 1). Second,
vaccine components (such as certain adjuvants)
may induce the release of endegenous damage-
associated molecular patterns (DAMPs), although this
mechanism is less well studied. PAMPs and DAMPs
can stimulate the innate immune system by activating
conserved receptors that are often referred to as
pattern-recognition receptors (PRRs). PRR-derived
signals are integrated directly or indirectly at the level
of antigen-presenting cells (APCs) and in this way
crucially condition the adaptive immune responses to
the vaccine! (FIG 1).

Microbial nucleic acids are an important class of
PAMPs, especially in the recognition of pathogens
such as viruses that otherwise present few conserved
molecular patterns. Microbial nucleic acids are
discriminated from self nucleic acids based on different
parameters, such as their sequence, structure, molecalar
modifications and localization® ”. On the other hand,
mislocalized self nucleic acids — suclyas extranuclear
DNA or extracellular RNA — can be recognized as
DAMPs, probably because they are reliable indicators
of cellular damage®,

Recent research is giving centre stage (o the immune
sensing of nucleic acids as PAMPs and DAMPs in
current vaccination strategies and supports the
idea that nucleic acid sensors may be harnessed in
the design of new vaccines. In this Review, we first
provide an overview of the current understanding of
the nucleic acid-sensing machinery. We next focus on
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Box 1 | PAMPs, DAMPs and PRRs as initial triggers of immunity

More than two decades ago, Charles Janeway Jr anticipated that the induction of
adaptive immune responses against pathogens requires not only antigen recognition
by the adaptive immune system, but also the sensing of ‘'stranger’ signals associated
with the pathogen. He termed these signals pathogen-associated molecular patterns
(PAMPs), and proposed that they are detected by germline-encoded receptors of the
innate immune system, which were in turn named pattern-recognition receptors
(PRRs)'®, PAMPs were predicted to be conserved molecular structures present in
pathogens but absent from host cells. Several types of PAMP were subsequently
identified, all of which broadly fall into two categories: molecular structures
associated with microbial envelopes (such as bacterial lipopolysaccharide, flagellin
and lipoproteins); and microbial nucleic acids®. An alternative theory was later
proposed by Polly Matzinger, suggesting that the triggering of adaptive immunity
essentially depends on the sensing of endogenous ‘danger’ signals that indicate
damage to host cells and tissues**, These signals were collectively termed
damage-associated molecular patterns (DAMPs). In theory, any host molecule that
becomes exposed or is altered following damage so that it becomes recognizable by
receptors of the innate immune system is potentially a DAMP. Identified DAMPs
include cleaved matrix proteins (such as low-molecular-weight hyaluronan), liberated
intracellular proteins (such as heat-shock proteins, histones and high-mobility group
box proteins) and extracellutar host nucleic acids®. Although same DAMPs bind to
non-PRR receptors, most DAMPs were proposed to activate PRRs. In the context of
infection and vaccination, parts of the ‘stranger’ and ‘danger’ models are probably
complementary, in that PRR-mediated detection of both PAMPs and DAMPs might
cooperate or synergize to activate innate and adaptive immune responses.

recent attempts at deconstructing the role of nucleic
acid-sensing PRRs in carrent vaccines — including
live attenvated vaccines, aluminium salt-adjuvanted
vaccines and DNA vaccines — and on the valuable
insights this is starting to offer into their mechanisms
of action. We finally illustrate how recent research is
harnessing nucleic acid-sensing PRRs in the rational
design of new vaccine adjuvants.

Nucleic acid-sensing PRRs: a growing family

With new components being regularly identified,
the study of nucleic acid-sensing PRRs and their
downstream effectors is revealing a rather complex
molecular machinery (FIC 2). In this section, we
provide a snapshot of the known and emerging nucleic
acid-sensing PRRs, their ligands and their associated
downstream signalling pathways. Toll-like receptors
(T'LRs) and RIG-I-like receptors (RLRs) have been
the subject of excellent recent reviews™"" and will be

Plasmacytoid dendritic cells

addressed only briefly.

Nucleic acid-sensing TLRs. Out of the ten human TLRs
and their twelve well-characterized mouse counterparts,
four TLRs (TLR3, TLR7, TLRS and 'l LR9) are nucleic
acid sensors that recognize diverse pathogen-derived
nucleic acids and synthetic ligands'® (TABLE 1). Expression
of the different TLRs is cell type-specific, resulting in
a partition of PAMP recognition among different
APCs''* TLR3 is expressed by conventional dendritic
cels (cDCs) and macrophages, but not by plasmacytoid
dendritic celts (pDCs). In humans, TLR7 and 'I'LR9
expression is mostly restricted to pDCs and B cells,
whereas the expression pattern of TLR8 is much broader
and includes monocytes, macrophages and ¢cDCs, bat
not pDCs.

AL

e

TLR3, TLR7, TLR8 and T'LR9 are intracellular TLRs
and react to pathogen-derived nucleic acids that are
taken up by endocytosis or derived from autophagy and
transferred to the endolysosomal compartment?. This
compartmentalization of nucleic acid-sensing TLRs
seems 1o be essential 10 avoid cross-reactivity with host
nucleic acids™. '

With the exception of TLR3, all nucleic acid-
sensing TLRs depend on the adaptor protein myeloid
differentiation primary-response protein 88 (MYD88)
for signalling. MYD88-dependent TLR signalling
results in the activation of the transcription factors
activator protein 1 (AP1), nuclear factor kB (NF-«B),
interferon-regulatory factor 1 (IRF1) and IRF5. This
lcads to the subsequent expression of pro-inflammatory
cytokines that are essential for the recruitment and
activation of immune cells', TLR3 signalling uniquely
dcpends on TIR-domain-containing adaptor protein
inducing IFNQ (TRIEF) and leads to the activation
of AP1 and NF-xB, with the subsequent expression of
pro-inflammatory cytokines. Through the activation
of TANK-binding kinase 1 (ITBK1) and IiB kinase-¢
(IKKe), TRIF-dependent signalling also activates the
transcription factor IRF3, which induces the expression
of type 1 interferons (IFNs), which are essential in
inducing antiviral responses BOX 2). Of note, pDCs have
an additional and unique wiring of MYDS88 signalling,
which, following TLR7 and TLR9 activation, leads to
the IRF7-dependent expression of large quantities of
type T IFNs®,

RLRs and related helicases. RLRs — namcly, retinoic
acid-inducible gene I (RIG-I; also known as DDX58),
melanoma differentiation-associated protein 5
(MDAS5; also known as IFIH1) and laboratory of
genetics and physiology 2 (LGP2; also known as
DHX58) — are members of the DExD/H-box helicase
superfamily that act as cytosolic RNA sensors™. RLRs
are expressed broadly by immune and non-immune
cells in vivo.

The prototypical natural ligand of RIG-1 is short
RNA with blunt-e¢nded base pairing and an uncapped
5’ triphosphate end, although RIG-1 has been shown
to bind to various double-stranded RNA (dsRNA)
and single-stranded RNA (ssRNA) ligands™ % RIG-1
may also be indirectly activated by cytosolic viral
and bacterial double-stranded DNA (dsDNA), as
pathogen AT-rich dsDNA can be transcribed by RNA
polymerase I11 to generate dSRNA with 5 triphosphate
ends'®”. MDAS generally responds to long dsRNA
molecules™. Furthermore, RIG-1 and MDAS may be
activated by self RNAs that are cleaved by RNase 172,
The function of LGP2 has been little studied so far,
but recent studies in LGP2-deficient mice indicate
that it may positively participate in RIG-1- and
MDAS-dependent antiviral responses?,

Asreviewed recently, MDAS and RIG-T are important
inducers of innate immunity to viruses'". In addition,
RIG-I and MDAS have been implicated in the sensing
of bacteria'"?%, suggesting that RLR function extends
beyond the roles of these receptors in antiviral immunity.
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Figure 1] Induction of adaptive immune responses to vaccines through PRR-mediated dendritic cell activation,
Vaccines may contain pathogen-associated molecular patterns (PAMPs) or may induce the local release of damage-
associated molecular patterns (DAMPs). These PAMPs and DAMPs are detected directly by pattern- recognition receptors
(PRRs) expressed by dendritic cells (DCs), leading to DC activation, maturation and migration to the lymphnodes.
Alternatively, PRR-mediated recognition of PAMPs and DAMPs by bystander cells may induce the release of tissue-derived
factors, such as cytokines, that may cooperate in the activation and orientation of the DC response. In the lymph nodes,
the activated DCs may present antigens to T cells, provide them with co-stimulatory signals and stimulate their
differentiation by providing a favourable cytokine milieu. Some cytokines — such as interleukin-4 (1L 1) and type |
interferons (IFNs) —may be provided by bystander cells. Depending on the cytokine milieu, CD4* T cells may differentiate
into various T helper (T ) cell subtypes. T,, cells may also acquire a T follicular helper (T},) cell phenotype and help in the
activation of cognate B cells, thereby promoting the entry of these B cells into the plasma cell pathway or the germinal
centre pathway. In addition, the cytokine expression profile of T;,, cells can dictate B cell isotype switching, Depending
on the balance between activating cytokines (and most often with the help of T 1 cell-derived IL-7), activated CD8"

T cells differentiate into effector and memory CD8* T cells. pDC, plasmacytoid dendritic cell; TCR, T cell receptor;

TGFB, transforming growth factor-p.
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Figure 2 | Overview of the nucleic acid-sensing machinery. Endosomal Toll-like receptor 7 (TIR7), TLR8 and [LR9initiate
downstream signalling through the adaptor protein myeloid differentiation primary-response protein 88 (MYD88) in the
cytosol. This lcads to the activation of mitogen-activated protein kinases (MAPKs) and the liB kinase (IKK) complex and
subsequent activation of the transcription [actors activator protein 1 (AP1) and nuclear tactor-«B (NF-kB), prometing the
expression of pro-inflammatory cytokines. In plasmacytoid dendritic cells (pDCs), the activation of TLR7 and TLR9 also leads
to the expression of high levels of type I interferons (IFNs) by promoting the activation of interferon-regulatory factor 7 (IRF7)
via IKKa. Endosomal TLR3 signals through TIR-domain-containing adaptor proteininducing IFNB (TRIF), whichin addition to
activating NF-«B and AP1 may activate IRF3 through TANK binding kinase 1 (TBK1) and IKKe, leading to the expression of type |
[FNs. Various cytosolic receptors — including nucleotide-binding oligomerization domain protein 2 (NOD2), the RIG-I-like
receptors (RLRs) retinoic acid-inducible gene 1{RIC-1) and melanoma differentiation-associated protein 5 (MDAS), and some
other DExD/H-box helicases-— may induce the expression of pro-inflammatory cytokines and type | IFNs through the
[FNB-promoter stimulator 1 (IPS1)-mediated activation of TBK1 and [KKe or through the activation of the IKK complex. The
proposed cytosolic DNA receptors DDX41, ITNy-inducible protein 16 {IFI16) and possibly Z-DNA-binding protein 1(ZBP1)
interact with stimulator of IFN genes (STING) to activate TBK1, IKKe and the IKK complex. ZBP1 was also shown to directly
interact with receptor-interacting protein 1 (RIP1) and RIP3 to induce NF-xB activation. The helicases DDX1, DDX21 and
DHX36 have been proposed to form a TRIF-interacting complex, and | RRFIP1 (leucine-rich repeat flightless-interacting
protein 1) was suggested to potentiate IRF3 nanscriptional activity through B-catenin. in pDCs, DHX36 and DHX activate
TRIF-dependent and MYD88-dependent signalling, respectively. Finally, RIG-| and absent in melanoma 2 (AIM2) may induce
inflammasome formation and caspase 1 activation through the adaptor protein ASC, leading to the release of mature
interleukin- 1 (IL-1P). dsRNA, double-stranded RNA; £R, endoplasmic reticulum; ssRNA, single-stranded RNA.
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Table 1| Nucleic acid-sensing PRRs: localization, sensed pathogens and agonists

PRR Localization  Sensed pﬁthogens Natural agonists Synthetic agonists
TLR3 Endolysosomal  dsRNA viruses, ssRNA viruses,  dsRNA Polyl:C, polyU
compartment  dsDNAviruses
TWR7 Endolysosomal  ssRNA viruses, bacteria, fungi, GU-rich ssRNA Imidazoquinolines
compartment  protozoan parasites (R848, imiquimod,
; 3M001), guanosine
analogues
TLRB Endolysosomal  ssRNAviruses, bacteria, fungi, GU-rich ssRNA Imidazoquinolines
compartment  protozoan parasites (R848,3M002),
guanosine analogues
TLR9 Endolysosomal  dsDNA viruses, bacteria, DNA CpGODNs
compartment  protozoan parasites
RIG-I Cytoplasm ssRNA viruses, DNA viruses, Short RNA with Short polyl:C
Flaviviridae, reovirus, bacteria  5'ppp and/or base
pairing
MDAS Cytoplasm Picornaviridae, vacciniavirus,  Long dsRNA Polyl:C
Flaviviridae, reovirus, bacteria
NOD2 Cytoplasm RNA viruses ssRNA -
DDX3 Cytoplasm RNAviruses RNA -
DDX1-DDX21-DHX36  Cytoplasm RNA viruses dsRNA Polyl:C
DDX69 Cytoplasm RNA viruses, DNA viruses ssRNA, dsRNA, -~
dsDNA
DHX9 Cytoplasm DNAviruses, RNA viruses dsDNA, dsRNA CpG-BODNs
-DHX36 Cytoplasm DNA viruses - dsDNA CpG-A ODNs
DDX41 Cytoplasm DNAviruses, bacteria DNA -
AIM2 ) Cytoplasm DNA viruses, bacteria DNA -
IFi16 Cytoplasmand  DNAviruses dsDNA -
nucleus
ZBP1 Cytoplasm DNAviruses, bacteria dsDNA -
LRRFIP1 Cytoplasm DNA viruses, bacteria dsDNA, dsRNA -
STING Cytoplasm Bacteria Cyclic di-GMP -

5'ppp, ' triphosphate end; AIM2, absent in melanoma 2; dsRNA, double-stranded RNA; IFI16, IFNy-inducible protein 16; LRRFIP1,
leucine-rich repeat flightless-interacting protein 1; MDAS, melanoma differentiation-associated protein 5; NOD2, nucleotide-binding
oligomerization domain protein 2; ODN, oligodeoxynucleotide: polyl:C, polyinosinic-polycytidylic acid; PRR, pattern-recognition
receptor; RIG-1, retinoic acid-inducible gene [ ssRNA, single-stranded RNA; STING, stimulator of IFN genes; TLR, Toll ike receptor;

ZBP1, Z-DNA-binding protein 1.

RLR signalling depends on the adaptor IFNB-
promoter stimulator 1 (IPS1; also known as MAVS,
CARDIT and VISA). Interactions between RLRs and
1PS1 lead to the activation of the transcription factors
IRF1, IRF3, IRF7 and NEF-kB, resulting in the expression
of type T 1FNs and pro-inflammatory cylokines™'. In
addition, RIG-1 may interact with the adaptor protein
ASC, resulting in inflammasome-dependent caspase |
activation and the subsequent production of active
interleukin-1p (JL-14)*. RIG-I, but not MDA5, was
also shown 1o interact with stimulator of IFN genes
(STING; also known as MITA, MPYS and ERIS), which
is an adaptor protein that is encoded by Timem173 and is
predominantly found in the endoplasmic reticulum?.
This interaction potentiates R1G-I signalling through
TBK1 following RNA virus infection via as-yet-unclear
mechanisms that potentially involve IPS1.

In addition to RLRs, several other members of the
DExXD/H-box helicase superfamily have recently been
proposed to participate in sensing pathogen-derived

nucleic acids. One report suggested that DIDX3 might
directly bind to viral RNA and associate with RIG-I,
MIAS and [PS1 (REF 27). In a different study, DDX],
DDX21 and DHX36 were proposed to form a polyl:C-
binding complex that interacts with TRIF in a mouse
cDC cell line?. Silencing of DDX1, DDX21 or DHX36
expression reduced the production of type I IFNs by
cells stimulated with long or short forms of polyl:C as
well as during infection with RNA viruses, Another
study suggested that DDX60 binds to viral ssRNA,
dsRNA and dsDNA and associates with RIG-1, MDAS
and LGP2 (REFR 29). Silencing of DDX60 expression led
to reduced type T IFN secretion following infection with
RNA and DNA viruses, presumably owing to reduced
RLR signalling and IRF3 activation,

A role has also been proposed for DHX9 and
DHX36 as cytoplasmic sensors of CpG-B and CpG-A
oligodeoxynucleotides, respectively, in a human pDC
cell line™. Moreover, silencing of DHX9 or DHX36
expression in pDCs infected with a DNA virus led
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Box 2 | Type l interferon

s in adaptive immunity

Type | interferons (IFNs) are
IFNP1, IFNe, IFNk and IFNw

a family of cytokines that comprises 12 IFNa subtypes,
and has essential roles in the immune responses against

viruses and other intracellular pathogens'®®. Type | IFNs are mostly known for their
capacity to generate an innate antiviral state by inducing the expression of

IFN-stimulated genes'®, In
profoundly affect adaptive
induction of Thelper 1 (T, 1

addition to this essential function, type | {FNs may also
immune responses, most often by contributing to the
)-type responses'™. Indeed, type | IFNs may directly

favour the differentiation and modulate the effector function of T,1 cells.
Furthermore, type | IFNs promote the cross-presentation of antigens to CD8* T cells
by conventional dendritic cells and may directly stimulate the proliferation of
CD8* T cells. Finally, they have been shown to stimulate antibody production and

isotype switching in B cells.

to decreased expression of tumour necrosis factor
(I'NE) and IFNB1, respectively. It has been suggested
that DHX9 and DHX36 may bind directly to MYDS8S.
In keeping with this, silencing of DHX9 expression
reduces the nuclear translocation of NF-xB in
response to CpG-B-mediated stimulation, whereas
silencing of DHX36 expression reduces the nuclear
localization of IREF7 following CpG-A-mediated
stimulation. Together, these observations suggest that
DHX9 and DHX36 might trigger distinct MYD88-
dependent signalling pathways in pDCs. Intriguingly,
DHX9 and DHX36 do not appear to intervene in the
response of ¢DCs to dsDNA, and this might point
towards a pDC-specific role of these proteins. By
contrast, DHXY has been proposed to sense dsRNA
in cDCs*,

Finally, DDX41 was shown to bind dsDNA and to
directly interact with STING and TBK1, but not IPS1
(REF. 31). Indeed, silencing of DDX41 expression led to
a marked inhibition of type I IFN production by DCs
following transfection with IDXNA or during infection
with DNA viruses or Listeria monocytogenes.

NLRs and ALRs. NOD-like receptors (NLRs) are a
family of cylosolic proteins with diverse functions in
the immune system*. Despite their denomination,
most NLRs actually seem to act as adaptor molecules
rather than as receplors per se, and only some NLRs
have been shown 1o directly bind PAMPs or DAMPs
so far. Nevertheless, a recent report suggests that
nucleotide-binding oligomerization domain protein 2
(NOD2) — which is already known as a receptor for
the bacterial envelope component muramyl dipeptide
— could also be implicated in the production of
type I IFNs in response to viral infection through the
sensing of $sRNA™, The proposed pathway involves
signalling via IPS1 and subsequent activation of IRF3.
NLRP3 (NOD-, LRR- and pyrin domain-containing 3),
which is another NLR, is indirectly activated by viral
and synthetic ssRNA and dsRNA, resulting in ASC-
dependent inflammasome formation and the secretion
of biologically active IL-1p**%. Very recently, NLRP3
was also shown to directly sense oxidized mitochondrial
DNA that is released into the cytosol during macrophage
apoplosis, leading to inflammasome-dependent 1L-1f
production®.

AlM2-like receptors (ALRs) are a newly proposed
group of nucleic acid-sensing PRRs that comprises two
members of the pyrin and HIN domain-containing
protein family (PYHIN family): absent in melanoma 2
(AIM2} and [FNy-inducible protein 16 (IF116)%.
AIM2 has been shown to detect cytoplasmic dsDNA
and to induce the ASC-dependent formation of
inflammasomes, resulting in the activation of caspasc 1
and the production of biologically active [L-1p*-42, [F116
was recently identified as a cytoplasmic protein able to
bind to an IFNp1-inducing fragment of the vaccinia virus
dsDNA genome in human monocytes®. Gene-silencing
experiments indicate that IF116 promotes type T IFN
production in response to transfected DNA and DNA
virus infection. IFI16 signalling to induce type I [FNs
involves STING, TBK1 and [RF3. IFL16 was also proposed
to mediate the recognition of viral infection in the nucleus,
resulting in the activation of inflammasomes™. Whether
direct sensing of the viral nucleic acids is involved in this
particular situation currently remains unknown.

Other nucleic acid-sensing PRRs. ZBP1 (Z-DNA-hinding
protein 1; also known as DAI and DLM1) is a type | IFN-
inducible DNA-binding protein of poorly understood
function. Silencing of ZBP1 expression in vitro decreases
type 1 IFN production in response to transfected DNA or
infection with a dSDNA virus®. ZBP1 may associate with
TBK1 and IRF3 (RLI" 45), and it has also been implicated
in the activation of NF-«B through receptor-interacting
protein 1 (RIP1) and RIP3 (RFF 46). However, ZBP1-
deficient mice still respond to DNA vaccination and
DNA virus infection in a similar manner to their wild-
type connterparts', This apparent discrepancy between
in vitro and in vivo data has been attributed to a possible
redundancy of DNA-sensing receptors and to cell type-
specific effects. The contribution of ZBP! to DNA
sensing in vivo thus remains to be established.

LRREIPT (leucine-rich repeat flightless-interacting
protein 1) is a leucine-rich motif-containing protein that
was identified in a gene-silencing screen in macrophages
as a cytosolic receptor involved in the production of
type I II'Ns in response to transfected DNA or bacterial
infection®. LRREIP1 is thought to be able to directly
bind dsDNA and dsRNA, and to potentiate IRF3
transcriptional activity at the IFNBI promoter through
f-catenin-dependent signalling.

STING is mostly known as an important adaptor
protein downstream of many TBK1-activating PRRs,
However, STING was also recently shown to directly
bind to the bacterial nucleic acid signalling molecules
cyclic di-GMP and cyclic di-AMP*™. This [inding
indicates that STING could also be considered as a
nucleic acid-sensing PRR.

Deconstructing current vaccines

As is apparent from their respeclive downstream
effectors, nucleic acid-sensing PRRs can activate the
key pathways of the innate immune system and, as
such, may polentiale antigen-specific adaptive immune
responses. Recent studies are starting to highlight the
role of nucleic acids as ‘built-in’ adjuvants in important
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