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Recognition of an invading pathogen is critical to elicit protective responses. Certain micro-
bial structures and molecules, which are crucial for their survival and virulence, are recog-
nized by different families of evolutionarily conserved pattern recognition receptors (PRRs).
This recognition initiates a signaling cascade that leads to the transcription of inflammatory
cytokines and chemokines to eliminate pathogens and attractimmune cells, thereby perpet-
uating further adaptive immune responses. Considerable research on the molecular mecha-
nisms underlying host—pathogen interactions has resulted in the discovery of multifarious PRRs.
In this review, we discuss the recent developments in microbial recognition by Toll-like recep-
tors (TLRs) and intracellular nucleic acid sensors and the signaling pathways initiated by them.

icrobes are disease-causing entities that

have exerted powerful selective pressure
throughout the evolution of eukaryotes (Beutler
2009). As a consequence, eukaryotes have
evolved a complex immune system to counteract
microbial attacks. This immune system has two
arms, termed innate immunity and adaptive
immunity. Initially, innate immunity was con-
sidered to be nonspecific and less complex.
However, this notion was changed by the revo-
lutionary discovery of the first Toll-like receptor
(TLR) in the mid-1990s. Since then, there has
been tremendous growth in our understanding
of the previously understated roles of the innate
immune system in the recognition of microbial

pathogens, their elimination, and inflamma-
tion. It has been established that innate immune
recognition engages germline-encoded pattern
recognition receptors (PRRs) that recognize
conserved microbial structures of pathogens
known as pathogen-associated molecular pat-
terns (PAMPs) (Akira et al. 2001; Janeway and
Medzhitov 2002) and activate the expression of
major histocompatibility (MHC) proteins, co-
stimulatory molecules, and inflammatory me-
diators in the form of cytokines and chemokines
by macrophages, dendritic cells (DCs), neutro-
phils, and other nonprofessional immune cells
(Table 1). These processes not only trigger im-
mediate and early mechanisms of host defense,
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Table 1. Pattern recognition receptors (PRRs) that recognize conserved microbial structures of pathogens

PRRs Localization PAMP recognized Key adaptors Effector response

TLRs

TLR1 Cell surface Triacylated MyD88 IL-6, TNF-a
lipopeptides

TLR2 Cell surface Di/triacylated MyD88, TIRAP IL-6, TNF-o, IL-8, MCP-
lipopeptides 1, RANTES

TLR3 Endosomes dsRNA TRIF IFN-B

TLR4 Cell surface LPS MyD88, TRIE IL-6, TNF-a, IEN3, IP-10

TIRAP, TRAM

TLR5 Cell surface Flagellin MyD88 TNF-a

TLR6 Cell surface Diacylated MyD88, TIRAP TNF-a, IL-6, IL-8, MCP-
lipopeptides 1, RANTES

TLR7 Endosomes ssRNA MyD88 IFN-o

TLRS8 Endosomes ssRNA MyD88 IFN-o

TLR9 Endosomes CpG DNA MyD88 IFN-a

TLR11 Endosomes Profilin, flagellin MyD88 1L-12, TNF-a

TLR12 Endosomes Profilin MyD88 IL-12p40, IFN-«

TLR13 Endosomes 23s rRNA MyD88 IL-6, IL-12p40

RLRs

RIG-I Cytoplasm Short dsRNA, ssRNA IPS-1, STING IFN-B, IL-6

MDA5 Cytoplasm Long dsRNA IPS-1 IFN-B

LGP2 Cytoplasm dsRNA IPS-1 IFN-3

DDX3 Cytoplasm Viral RNA IPS-1 IFN-B

Cytosolic DNA sensors

DAI Cytoplasm dsDNA STING IFN-B

RNA Pol IIT AT rich dsDNA IPS1 IFN-B

IFI16 Nucleus and dsDNA STING IFN-B, IP-10, IL-6, IL-13

cytoplasm

AIM2 Cytoplasm dsDNA ASC IL-1B, IL-18

Ku70 Cytoplasm dsDNA ? IFN-vy

MREI11 dsDNA, ISD STING IFN-8, IL-6, IP-10

cGAS Cytoplasm dsDNA STING IFN-3

LRRFIP1  Cytoplasm dsDNA, dsRNA [3-catenin IEN-B

DHX36 Cytoplasm dsDNA MyD88 TNF-a

DHX9 Cytoplasm dsDNA MyD88 TNF-a

DDX41 Cytoplasm c-di-GMP, c-di-AMP STING IFN-«, IFN-B

STING Cytoplasm c-di-GMP IFN-B

HMGB Cytoplasm dsDNA, ssDNA ? IEN-B, IL-6, RANTES

Histone Nucleus and Poly (dA:dT), IPS1 IEN-B

H2B cytoplasm genomic DNA

Innate immune recognition engages germline-encoded pattern recognition receptors (PRRs) that recognize conserved
microbial structures of pathogens known as pathogen-associated molecular patterns (PAMPs) and activate the expression of
major histocompatibility (MHC) proteins, costimulatory molecules, and inflammatory mediators in the form of cytokines
and chemokines by macrophages, dendritic cells (DCs), neutrophils, and other nonprofessional immune cells.

1L, interleukin; IFN, interferon; TNE tumor necrosis factor.

with diverse kinds of PAMPs, which are funda-
mentally important for their survival. PAMPs
can vary in their molecular nature from lipids,
lipoproteins, and proteins to nucleic acids

but also prime and orchestrate antigen-specific
adaptive immune responses.

Microbial species, such as bacteria, viruses,
fungi, and parasites, are uniquely accessorized
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(Akira et al. 2006) and are redundantly or non-
redundantly detected by specific PRRs. PRRs
belong to several classes depending on their
structural similarities, including TLRs, RIG-I-
like receptors (RLRs), NOD-like receptors
(NLRs), C-type lectin receptors (CLRs), and cy-
tosolic DNA sensors. Recently, PRRs have also
been reported to recognize host-derived danger
signals, which are known as damage-associated
molecular patterns (DAMPs) (Tang et al. 2012).

This article reviews the current information
on the detection of microbial pathogens by
PRRs, especially TLRs, RLRs, and intracellular
DNA sensors and their signaling mechanisms
that culminate in inflammation.

MICROBIAL SENSING BY TLRs

To date, 10 and 12 members of the TLR family
have been identified in humans and mice, re-
spectively. TLRs are type 1 transmembrane
proteins composed of extracellular leucine-rich
repeats (LRRs) that mediate recognition of
PAMPs, transmembrane domains, and cyto-
plasmic Toll interleukin (IL)-1 receptor (TIR)
domains that interact with downstream adaptor
proteins required for signaling. TLR1 to TLR9
are conserved in both mice and humans, where-
as mouse TLR10 is nonfunctional and TLR11,
TLR12, and TLR13 have been deleted from the
human genome (Kawai and Akira 2010). TLRs
exist as either heterodimers or homodimers, and
ligand binding to TLRs induces conformation-
al changes for their activation. TLRs are broadly
classified into two categories depending on
their cellular localizations and the PAMPs they
recognize. TLR1, TLR2, TLR4, TLR5, TLR6,
and TLR10 are located on the plasma membrane
and recognize lipids, lipoproteins, and proteins,
whereas TLR3, TLR7, TLR8, TLR9, TLRI11,
TLR12, and TLR13 are localized in endosomal
compartments where they recognize microbial
nucleic acids and, under some special condi-
tions (autoimmunity), self-nucleic acids (Kawai
and Akira 2010; Celhar et al. 2012; Oldenburg
et al. 2012; Koblansky et al. 2013). On specific
ligand recognition, TLRs activate multiple sig-
naling pathways by recruiting adaptor proteins,
which initiate signal transduction pathways that
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culminate in the activation of transcription fac-
tors, such as nuclear factor-kappa B (NF-«kB),
mitogen-activated protein kinases (MAPKs),
and members of the interferon (IFN) regulatory
factor family, to regulate the expressions of cy-
tokines, chemokines, and IFNs that eventuate
in the host defense to microbial infection.
TLRs are localized in different subcellular loca-
tions to provide optimum access to their ligands,
and this specific localization is very important
for the precise signaling of TLRs.

Cell Surface TLRs— Expression, Structure,
and Ligands

TLR4 was identified as a receptor for bacterial
lipopolysaccharide (LPS), a cell wall component
of Gram-negative bacteria known to cause sep-
tic shock (Kawai and Akira 2010). TLR4 associ-
ates with myeloid differentiation factor 2 (MD2)
on the cell surface to recognize LPS. Insights
from a crystal structure study of the TLR4-
MD2-LPS complex revealed that two copies
of TLR4-MD2-LPS interact symmetrically
to form a TLR4 homodimer (Park et al. 2009).
After ligand binding, TLR4 translocates to the
endosome through a dynein-dependent mech-
anism to induce a TRIF-dependent pathway
(Kagan et al. 2008). TLR4 also recognizes the
F protein of RSV (Kurt-Jones et al. 2000), mouse
mammary tumor virus envelope proteins,
Streptococcus pneumoniae pneumolysin, pacli-
taxel, and glycoinositol phosphate from Trypa-
nosoma spp. (Kawai and Akira 2010; Broz and
Monack 2013).

TLR2 has specificity for multiple microbial
components derived from bacteria, fungi, vi-
ruses, and mycoplasma. It senses lipoproteins,
peptidoglycans, lipotechoic acids from Gram-
positive bacteria, zymosan, mannan, tGPI-mu-
cin from Trypanosoma cruzi, and hemaggluti-
nin of measles virus (Schwandner et al. 1999;
Underhill et al. 1999; Kawai and Akira 2010).
TLR2-mediated recognition of PAMPs and sub-
sequent signaling occur via heterodimerization
of TLR2 with either TLR1 or TLR6 on the plas-
ma membrane. TLR2/TLR1 and TLR2/TLR6
recognize triacylated lipoproteins and diacy-
lated lipoproteins, respectively, and induce the
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production of various proinflammatory cyto-
kines, but not type I IFNs. The crystal structures
of the two heterodimers revealed that each het-
erodimer forms an “m”-shaped complex with its
ligand, thereby stabilizing the two receptors
(Jin et al. 2007; Oliveira-Nascimento et al. 2012).
A recent study showed the existence of TLR2/
TLR10 preformed dimers, although their func-
tion is unknown (Guan et al. 2010). Many ac-
cessory molecules and coreceptors concentrate
microbial products on the cell surface or inside
phagosomes to facilitate TLR2 responses. One
such coreceptor is CD36, which binds to ligands
and transfers them to an accessory molecule,
CD14, which finally loads the ligands onto
TLR2/TLR6 heterodimers (FSL-1, MALP-2,
and ITA) or TLR2/TLR1 heterodimers (lipo-
mannan) (Hoebe et al. 2005; Jimenez-Dalma-
roni et al. 2009). In a cell type—specific manner,
TLR2 can trigger type I IFN production in re-
sponse to Vaccinia viruses specifically by inflam-
matory monocytes (Barbalat et al. 2009).

TLR5 is a receptor for flagellin, a protein
component of bacterial flagella (Akira et al.
2006). TLR5 is highly expressed in CD11c*
CD11b" lamina propria DCs (LPDCs) in the
small intestine. Following flagellin recognition,
LPDCs induce the differentiation of naive B cells
into IgA-producing plasma cells and promote
the differentiation of naive T cells into IL-17-
producing helper T cells (T17) and T helper
type 1 (Ty1) cells (Uematsu et al. 2008). TLR11
shares a close homology with TLR5 and recog-
nizes flagellin independently of TLR5 (Mathur
etal. 2012). It also recognizes an unknown pro-
teinaceous component of uropathogenic Es-
cherichia coli (UPEC) (Zhang et al. 2004) and
a profilin-like molecule derived from Toxoplas-
ma gondii (Yarovinsky et al. 2005).

Endosomal TLRs— Expression, Structure,
and Ligands

The nucleic acid—recognizing TLRs are TLR3,
TLR7, TLR8, TLRY, and TLR13, which recog-
nize DNA or RNA derived from bacteria and
viruses as well as self-nucleic acids in autoim-
mune conditions. TLR3 is highly expressed in
innate immune cells, except for neutrophils and

plasmacytoid DCs (pDCs), and recognizes viral
double-stranded RNA (dsRNA) and a synthetic
analogue of dsRNA polyinosinic—polycytidylic
acid (poly I:C) in endolysosomes ( Takeuchi and
Akira 2010; Thompson et al. 2011). Cocrystal-
lization studies of a TLR3—dsRNA complex re-
vealed that TLR3 has a horseshoe-shaped sole-
noid structure and that dsRNA binds to the
amino-terminal and carboxy-terminal portions
on the lateral convex surface of the TLR3 ecto-
domain (Choe et al. 2005; Liu et al. 2008). Re-
cently, Bruton’s tyrosine kinase (BTK) was
shown to phosphorylate the cytoplasmic do-
main of TLR3, particularly the Tyr759 residue,
following ligand binding to initiate downstream
signaling (Lee et al. 2012). TLR3 is one of the
major RNA sensors, and recognizes a number of
microbial RNAs including genomic RNA of reo-
viruses, dsRNA produced during replication of
single-stranded RNA (ssRNA) of RSV, enceph-
alomyocarditis virus (EMCV), and West Nile
virus (WNV), some small-interfering RNAs,
murine cytomegalovirus, and herpes simplex
virus type I (HSV-1) (Zhang et al. 2007; Kawai
and Akira 2010).

TLR7 and TLR8 are closely related and con-
fined to endosomal compartments where they
recognize ssSRNA, mainly viral RNAs. TLR7 is
predominantly expressed in pDCs and can rec-
ognize small purine analog imidazoquino-
line derivatives imiquimod and resiquimod
(R848), guanine analogues, and uridine or uri-
dine/guanosine-rich ssRNA. The viral ssRNAs
recognized by TLR7 are from vesicular stomati-
tis virus (VSV), influenza A virus, human im-
munodeficiency virus, and coxsackievirus B
(Wang et al. 2007). RSV, Sendai virus (SV) par-
tially, and human metapneumovirus (HMPV)
are also recognized by TLR7 in a cell-specific
manner (Melchjorsen et al. 2005; Lee et al.
2007; Phipps et al. 2007; Goutagny et al. 2010).
Additionally, RNA from streptococcus B bacte-
ria is sensed by TLR7 in conventional DCs
(cDCs) (Mancuso et al. 2009). Although little
is known about the ligands recognized by TLRS,
human TLR8 was shown to recognize R848 and
viral ssSRNA, whereas TLR8-deficient mice re-
sponded normally to these ligands. Other li-
gands, like Vaccinia viral RNA, were reported
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to be TLR8 agonists, but remain controversial
(Cervantes et al. 2012). Moreover, several stud-
ies have shown that human TLRS8 responds to
total bacterial RNA (Broz and Monack 2013).
Crystal structure studies of unliganded and li-
gand-induced activated human TLR8 revealed
that, the unliganded TLR8 showed a preformed
dimeric form and the Z-loop between LRR14
and LRR15 was cleaved, whereas amino- and
carboxy-terminal halves remained associated
and confer ligand recognition and dimerization.
On ligand binding, the preformed TLR8 dimer
undergoes reorganization to bring the two car-
boxyl termini to close proximity to enable sub-
sequent dimerization with TIR domain and
downstream signaling (Tanji et al. 2013).

Notably, likewise TLR5, TLR11 recognizes
flagellin, but is localized in different subcellular
compartment than TLR5 (i.e., TLR5 is on the
cell membrane whereas TLR11 in endolyso-
somes) (Mathur et al. 2012). TLR12 is predom-
inantly expressed in myeloid cells and is highly
homologous to TLR11. It can recognize profilin
from T. gondii (Koblansky et al. 2013). TLR12
can function either as a heterodimer with
TLR11 or alone (Broz and Monack 2013).

Recent studies have shed some light on
TLR13 ligands. It was reported that TLR13 rec-
ognizes a conserved CGGAAAGACC motif in
Staphylococcus aureus 23S rRNA and that
E. coli 23S rRNA can induce a TLR13-depen-
dent transcriptional response resulting in pro-
IL-1B induction (Li and Chen 2012; Oldenburg
et al. 2012). Similarly, both heat-killed and live
Streptococcus pyogenes are recognized by a
TLR13-dependent pathway (Hidmark et al.
2012). Because both TLR8 and TLR13 can rec-
ognize bacterial RNAs, the possibility of redun-
dancy between TLR8 and TLR13 is a question
for future studies.

Another member of the TLR family recog-
nizing nucleic acids is TLR9, which, unlike oth-
er TLRs, recognizes bacterial and viral DNA that
is rich in unmethylated CpG DNA motifs. TLR9
is highly expressed in pDCs, macrophages, and
B cells, and can be activated by synthetic CpG
oligonucleotides. Compared with the sequence-
independent recognition of the 2’-deoxyribose
sugar backbone of natural phosphodiester oli-
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godeoxynucleotides by TLR9, the CpG DNA
motif is required for recognition of synthetic
phosphorothioate oligodeoxynucleotides (Haas
et al. 2008; Wagner 2008). Viral DNAs recog-
nized by TLRY arise from murine cytomegalo-
virus (MCMYV), HSV-1, HSV-2, and adenovi-
ruses (Gurtler and Bowie 2013). Apart from its
specificity for DNA, TLR9 has been shown to
directly recognize hemozoin, an insoluble crys-
talline byproduct generated by Plasmodium fal-
ciparum during the process of detoxification
after host hemoglobin is digested (Coban et al.
2010). Additionally, TLR3, TLR7, TLRY, and
UNC93BI1 render host resistance to Leishmania
major infection (Schamber-Reis et al. 2013).

Proper cellular localization is critical for ef-
ficient signaling by nucleic acid-recognizing
TLRs. It is also important for avoiding recogni-
tion of host self-DNA, which, if recognized by
TLRs, can lead to autoimmunity. TLR9 and
TLR?7 are localized in the endoplasmic reticu-
lum (ER) in unstimulated cells, but are recruit-
ed to endolysosomes after ligand stimulation
(Kim et al. 2008). UNC93B1 is an important
protein that controls the trafficking of TLR3,
TLR7, and TLR9 from the ER to endolysosomes
(Tabeta et al. 2006). Further, UNC93B1 actively
and continuously regulates excessive TLR7
activation of immune cells by using TLR9 to
counteract TLR7 as shown by mice harboring
an amino acid substitution (D34 to A) in
UNC93B1, that shows TLR7-hyperreactive and
TLR9-hyporeactive phenotype and subsequent
TLR7-dependent systemic lethal inflammation,
thereby supporting the understanding that
an opposing relationship between TLR7 and
TLR9 is a potential mechanism regulating auto-
immunity (Fukui et al. 2011).

In endolysosomes, TLR9 undergoes proteo-
lytic cleavage by cathepsins B, S, L, H, and Kand
asparginyl endopeptidase to acquire a function-
al form that mediates ligand recognition and
initiates subsequent signaling cascades (Asagiri
et al. 2008; Ewald et al. 2008; Matsumoto et al.
2008; Park et al. 2008; Sepulveda et al. 2009).
However, this functional cleavage of TLRY re-
mains controversial based on the importance of
the amino-terminal region of TLRY for CpG
DNA recognition and binding (Peter et al.
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2009). Interestingly, a study reported TLR9 to
be expressed in the cell surface of murine splenic
DCs using TLRIN- and TLRIC-specific anti-
bodies and further explained that, succeeding
the cleavage of TLRY in the endolysosome, the
amino-terminal cleaved fragment (TLRIN) re-
mains associated with truncated TLR9 forming
the complex TLR9+-C, which acts as a bona fide
DNA sensor; however, TLROC alone could not
recognize DNA (Onji et al. 2013).

TLR SIGNALING

TLR signaling starts with the organization and
recruitment of four TIR domain—containing
adaptor proteins differentially. They are mye-
loid differentiation factor 88 (MyD88), MyD88
adaptor-like protein (MAL/TIRAP), TIR do-
main—containing adaptor—inducing IFN-3
(TRIF; also known as TICAM-1), and TRIF-re-
lated adaptor molecule (TRAM) (Takeuchi and
Akira 2010). TLR signaling is majorly divided
into two pathways: MyD88 dependent and
TRIF dependent, depending on the primary
adaptor usage. With the exception of TLR3, all
TLRs use MyD88 for activation of NF-kB and
MAPKs to induce proinflammatory genes.
TLR2 and TLR4 signaling depends on TIRAP,
which mediate interaction between MyD88
and activated TLRs. The promiscuity of lipid
binding by phosphoinositide-binding domain
of TIRAP allows it to sample multiple compart-
ments for the presence of activated TLRs and,
hence, diversifies the subcellular sites of TLR sig-
nal transduction (Bonham et al. 2014). MyD88
recruitment activates a series of IL-1R1-associ-
ated protein kinases (IRAKs), IRAK4, IRAK2,
andIRAK1, to form “Myddsome,” which further
interacts with tumor necrosis factor (TNF)-a
receptor—associated factor 6 (TRAF6) (Lin et al.
2010). TRAF6 activates TAK1 complex, which
further phosphorylates IkB kinase (IKK)-B
and MAP kinase (MAPKs). IKK complex
(IKK-a/IKK-B/NEMO) catalyzes the phos-
phorylation of NF-kB inhibitory protein IkBa,
which undergoes proteasome degradation to
render NF-kB free to translocate into nucleus
and induce proinflammatory gene expression
(Fig. 1) (Kawai and Akira 2010).

TLR3 as well as TLR4 use a TRIF-dependent
pathway that results in activation of IRF3 and
NF-kB for subsequent induction of type I in-
terferons and inflammatory cytokines, respec-
tively (Akira et al. 2006). TLR4 requires TRAM
to interact with TRIF; however, to directly in-
teract with TRIE the two tyrosine residues in
the cytoplasmic domain of TLR3, Tyr858, and
Tyr759 are phosphorylated by the epidermal
growth factor ErbB1 and Btk, respectively (Lee
et al. 2012; Yamashita et al. 2012). TRIF inter-
acts with TRAF6 and activates TAK1 to activate
NF-kB in a manner similar to MyD88. TRIF
also recruits TRAF3, which activates TANK-
binding kinase 1 (TBK1) and IKKi to phos-
phorylate IRF3 and IRF7 for subsequent induc-
tion of type I IFN gene expression (Hacker et al.
2006; Kawai and Akira 2010)

Continuing studies have uncovered plenty
of regulators critical for TLR signaling that dif-
fer in their cellular location and mode of action
(Qian and Cao 2013). Membrane-resident mol-
ecules, such as CD14 and CD36, modulate TLR
signaling. CD14, a glycophosphotidylinositol-
anchored protein, which acts as a coreceptor
for LPS along with TLR4 and MD2, induces
ITAM-mediated Syk and PLC-y2-dependent
endocytosis, thus promoting TLR4 internaliza-
tion to endosomes to facilitate TRIF-dependent
signaling (Zanoni etal. 2011). CD14 is also nec-
essary for TLR7- and TLR9-dependent induc-
tion of proinflammatory cytokines (Baumann
etal. 2010). CD36, a protein of class B scavenger
receptor family, acts as a coreceptor for oxidized
low-density lipoprotein (LDL) and amyloid
peptide and enables formation of TLR4/6 het-
erodimer through Src kinases ensuing to sterile
proinflammatory events (Stewart et al. 2010).
Ubiquitin-modifying enzymes are also emerg-
ing as important regulators of TLR signaling.
Nrdp-1, an E3 ligase, directly binds and poly-
ubiquitinates MyD88 and TBK1, inducing deg-
radation of former and augmenting activation
of later to attenuate production of inflammato-
ry cytokines and promote preferential type I
IFN production, respectively (Wang et al
2009). Furthermore, heat shock cognate 70
(HSC70)-interacting protein (CHIP) can en-
hance TLR signaling by recruiting, polyubiqui-
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Figure 1. Signaling pathway of cell surface TLRs. TLR4 recognizes LPS in complex with MD2 to start a signaling
cascade by recruiting adaptors MyD88 and TIRAP and forming a complex of IRAK4, 1, and 2, and TRAF6.
TRAF6 catalyzes formation of K-63 linked polyubiquitin chains on TRAF6 itself and generates an unconjugated
polyubiquitin chain. TRAF6 activates TAK1 complex, which further activates IKK complex and MAP kinases.
IKK complex phosphorylates IkB, which undergoes proteosomal degradation to release NF-«kB for further
translocation to nucleus and subsequent induction of proinflammatory cytokines. MAP kinases phosphorylate
Jun kinases (JNK), p38 kinase, extracellular signal regulated kinase 1(ERK1), and ERK2. TLR4 also signals
through TRIF-dependent pathways with the help of adaptor TRAM after translocation to endosome and
activates IRF3 for type I IFN production. TLR1/2 and TLR6/2 heterodimers recognize triacylated and diacy-
lated lipoproteins, respectively, whereas TLR5 recognizes flagellin and all of them initiate a MyD88-dependent
signaling pathway that culminates in the induction of proinflammatory cytokines. TLR signaling is modulated
by CD14, CD36, Nrdp1, CHIP, MHCII, Regnase-1, A20, SHP-1, TMED7, CD11b, NLRP4, NLRX1, and miRNAs
(miR-146a, miR-29, miR-148/152).
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nating and activating the tyrosine kinase Src ~ molecules interacted with Btk via the costimu-

and atypical protein kinase C { (PKC{) to the
TLR complex, henceforth, leading to activation
of IRAK-1, TBK1, IRF3, and IRF7 (Fig. 1) (Yang
et al. 2011). Mitochondrial ubiquitin ligase
MARCHS positively regulates TLR7 signaling
and catalyzes the K63-linked ubiquitination of
TANK, making it incapable of inhibiting
TRAF3 (Fig. 2) (Shi et al. 2011).

A novel function of MHC class IT molecules
is reported, where intracellular MHC class II

latory molecule CD40 and maintained Btk ac-
tivation. Activated Btk interacts with MyD88
and TRIF to promote enhanced production of
inflammatory cytokines and type I IFNs (Liu
et al. 2011). Antiviral protein viperin mediates
antiviral function through TLR7/9- IRAK1 sig-
naling axis, wherein, viperin that is induced af-
ter TLR7 or TLRY stimulation interacts with
IRAKI and TRAF6 to recruit them to lipid bod-
ies and to facilitate K63-linked ubiquitination
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Figure 2. Signaling pathway of endosomal TLRs. Endosomal residents of TLR family are TLR3, TLR7, TLRS,
TLRY, TLR11, TLR12, and TLR13. dsRNA recognition by TLR3 recruits TRIF to initiate signaling cascade that
further activates TBK1 to induce IRF3-mediated type I IFN production. Concurrently, TRIF can also interact
with TRAF6 to activate NF-kB for transcription of proinflammatory cytokines. TLR7 and TLR8 recognize viral
ssRNA, whereas TLR9 recognizes CpG DNA from both bacteria and viruses. Ligand stimulation facilitates
UNC93B1-dependent trafficking of TLR7 and TLR9 from ER to endosomes, where TLR9 undergoes proteolytic
cleavage. Following this TLR7 and TLR9 recruit MyD88 to activate NF-kB and IRF7 to induce transcription of
proinflammatory cytokines and type I IFN genes, respectively. TLR11, TLR12, and TLR13 recognize flagellin,
profilin, and bacterial 23sRNA, respectively, and induce NF-kB signaling through MyD88 and TIRAP. Endo-
somal TLR signaling can be modulated by MARCHS5 and viperin.

of IRAK1, which induces nuclear translocation
of IRF7 and subsequent type I IFN production
by pDCs (Saitoh et al. 2011). Utilizing a com-
binatorial approach including transcriptomics,
genetic/chemical perturbations, and phospho-
proteomics, signaling components involved in
the TLR response in dendritic cells were discov-
ered systematically, particularly, Polo-like kinas-
es (Plks) 2 and 4 were found to be important for
antiviral responses both in vitro and in vivo
(Chevrier et al. 2011).

TLR signaling is negatively regulated by var-
ious molecules at numerous levels to keep check
on the excessive immune responses that can lead
to detrimental consequences. TANK, IRAK-M,
Atgl6L, Regnase-1, tristeraprolin, A20, SHP-1,

SENP6, GOLD domain-containing TMED7,
Trim 30a, CDI11b, NLRP4, NLRXI, and
miRNAs (miR-146a, miR-199a, miR-155, miR-
126, miR-21, miR-29, miR—l48/152, miR-466l)
negatively regulate TLR signaling by different
mechanisms (Fig. 1) (Kawai and Akira 2010;
Doyle et al. 2012; Kondo et al. 2012; Liu et al.
2013; Olivieri et al. 2013; Qian and Cao 2013).

INTRACELLULAR VIRAL RECOGNITION
AND SIGNALING BY RLRs

Viral RNAs are also recognized by another fam-
ily of cytoplasmic receptors known as RLRs.
The three members that constitute the RLR
family are retinoic acid-inducible gene I (RIG-

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a016246
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I), melanoma differentiated gene 5 (MDAS5),
and laboratory of genetics and physiology 2
(LGP2). RLRs are expressed in a variety of cell
types, including myeloid cells, epithelial cells,
fibroblasts, and cells of the central nervous sys-
tem, although RLR function is not necessary for
IFN production by pDCs despite their expres-
sion in this cell type (Loo and Gale 2011). RLRs
are structurally similar and harbor three distinct
domains: an amino-terminal region composed
of tandem caspase activation and recruitment
domains (CARDs), a central DEAD box heli-

Microbial Sensing and Signaling

case/ATPase domain, and a carboxy-terminal
regulatory domain. LGP2 is homologous to
RIG-Tand MDAS5, but lacks the amino-terminal
CARD domain, and functions as a regulator of
RIG-I and MDAS5 signaling (Fig. 3) (Saito et al.
2007; Yoneyama and Fujita 2008).

A number of studies have shown that RIG-I
recognizes members of the Paramyxoviridae,
Rhabdoviridae, Orthomyxoviridae, and flavivi-
rus genera, and, consequently, RIG-I-deficient
cells have impaired type I and inflammatory cy-
tokine production in response to NDV, SV, VSV,

RNA viruses
(SeV, VSV, RSV, (EMCV, mengovirus,
NDV, EBV, Jev) \ Theiler's virus)
Plasma membrane
*
Short dsRNA < ®
ssANA N VI «——([gpa ) ——— > VU Long dsRNA

Mitochondria

,,L

}

l

TBK1  IKKI

N

Proinflammatory
cytokines

®, O E. @ ®. @
Type | IFNs »@.l@/\l\/\ﬁ‘\ﬁ I\/\/\@\. AN/ 1SG response

Figure 3. RLR Signaling pathway. RLR family contains of RIG-I, MDAS5, and LGP2. RIG-I and MDA5 recognize
viruses differentially. RIG-I recognizes SeV, VSV, RSV, NDV, EBV, and JEV, whereas MDAS5 recognizes viruses of
picornavirus family members. After virus infection, long viral dsSRNA or short dsRNA activates MDAS5 or RIG-],
respectively, and they undergo conformational change to obtain an open confirmation and their CARD domain
interacts with CARD domain of IPS-1 localized in mitochondria and peroxisomes to start signaling. Mitochon-
drial IPS-1 signaling leads to activation of NF-«kB and RF3 /IRF7 resulting in the production of type I interferons
and proinflammatory cytokines, whereas peroxisomal IPS-1 activates IRF1- and IRF3-dependent signaling
leading to interferon stimulatory genes (ISGs) expression. LGP2 is a positive regulator of RIG-I and MDA5.
RIG-I signaling is also positively regulated by Trim25 and RIPLET, whereas it is negatively regulated by CYLD,

USP4, and RNF125.
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and JEV (Kato etal. 2006). RIG-I also recognizes
influenza Avirus, measles virus, and Ebola virus
(Thompson et al. 2011). Listeria monocytogenes
actively secretes small RNAs via a SecA2 secre-
tion system, thereby triggering strong RIG-I
activation that leads to type I IFN production
(Abdullah et al. 2012; Hagmann et al. 2013).
Compared with RIG-I, MDA5 recognizes a dif-
ferent class of viruses, such as Picornaviridae,
and MDADS5-deficient mice show abrogated
type I IFN production in response to EMCV,
Theiler’s virus, hepatitis C virus, mengovirus,
and murine norovirus (Kato etal. 2006; McCart-
ney et al. 2008). Moreover, dengue virus, WNV,
and reovirus are recognized by both RIG-I and
MDADS5 in concert (Fredericksen et al. 2008; Loo
et al. 2008). The preferences for target RNA
recognition differ between RIG-I and MDAS.
RIG-I preferentially recognizes short dsRNA
(from 19- or 21-mers to 1 kb) with 5'-triphos-
phorylated ssRNA, a common characteristic of
viral RNA (Hornung et al. 2006; Pichlmair
etal. 2006; Takeuchi and Akira 2010; Thompson
et al. 2011). However, MDAS5 recognizes high
molecular weight dsRNA- (long dsRNA of
more than 2 kb) like poly I:.C (Kato et al
2006). LGP2 was initially suggested to function
as a negative regulator of RIG-I and MDAS sig-
naling (Yoneyama et al. 2005; Saito et al. 2007).
In contrast, LGP2-deficient mice and cells ex-
pressing an LGP2 mutant with a point mutation,
D30A, that abrogates the ATPase activity, had
impaired type I IFN production in response to
RIG-Iand MDAS5 ligands, implying positive reg-
ulation of RIG-I and MDAS5 by LGP2 (Satoh
et al. 2010).

Structural studies have shown that RIG-I in
unstimulated cells is sequestered in the cyto-
plasm in an inactive (“closed” conformation)
form that is autoinhibited by its regulatory do-
main (Saito et al. 2007). However, after virus
infection, RIG-I undergoes conformational
changes to an “open” conformation to become
active and multimerizes in an ATP-dependent
manner (Scott 2010). The CARD domains of
activated RIG-I and MDAS5 then homotypically
interact with the CARD of interferon promoter
stimulator 1 (IPS-1; also known as MAVS, VISA,
or Cardif) (Kawai and Akira 2006), which is

localized in the outer membranes of mitochon-
dria and the peroxisomal membranes (Dixit
et al. 2010; Scott 2010). This interaction relo-
cates RLRs to IPS-1-associated membranes to
form an IPS-1 signalosome with other down-
stream molecules (Loo and Gale 2011). To elu-
cidate the activation mechanism of MAVS,
it was shown that viral infection induces a pri-
on-like conformational switch forming very
large functional aggregates of MAVS-like prions
on the mitochondrial membrane catalyzed by
RIG-I in the presence of unanchored K63 ubig-
uitin chains, thereby activating and propagating
antiviral signaling cascade (Hou et al. 2011).

RLR signaling is tightly regulated both pos-
itively and negatively by differential ubiquitina-
tion. TRIM25 and RNF135 (Riplet or REUL)
are E3 ubiquitin ligases that enhance RIG-I
activation by K63 polyubiquitination (Gack
et al. 2007; Pichlmair et al. 2009). In contrast,
RNF125 inhibits RIG-I signaling by K48 poly-
ubiquitination and proteasome-mediated deg-
radation of RIG-I (Arimoto et al. 2007). CYLD
(cylindromatosis) and ubiquitin-specific pro-
tease 4 (USP4) are deubiquitinases that re-
move K63-linked or K48-linked polyubiquitin
chains, respectively, from RIG-I to inhibit
RIG-I-dependent IEN production (Friedman
et al. 2008; Wang et al. 2013). Additionally, sev-
eral microRNAs, such as miR-146a, miR-4661,
miR-122, and miR-24, have been shown to reg-
ulate the RIG-I pathway. Intriguingly, recently
reported that MAVS mRNA is bicistronic and
codes for both full-length MAVS and a trun-
cated variant, miniMAVS. miniMAVS inhibits
MAVS-induced antiviral responses, however,
both proteins positively regulate cell death
(Brubaker et al. 2014).

Recently, many studies have shown that
cytosolic synthetic dsRNA, poly I:C, virus-de-
rived RNA, and bacteria-derived RNA can acti-
vate the NLRP3 inflammasome independently
of RLRs (Kanneganti et al. 2006; Rajan et al.
2010; Eigenbrod et al. 2012). DExD /H box heli-
case family member DHX33 was identified as
an RNA sensor that activates the NLRP3 in-
flammasome in response to cytosolic poly I:C,
reoviral RNA, and bacterial RNA (Mitoma
et al. 2013).
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INTRACELLULAR DNA SENSING

DNA was initially shown to be recognized by
TLR9. However, several studies using TLR9 an-
tagonists, TLR9, and DNase II—deficient mice
soon suggested the presence of additional DNA
sensors and pathways that function indepen-
dently of TLR9 and are present in the cyto-
plasm. New advances are revealing a whole rep-
ertoire of much sought-after cytosolic DNA
sensors, and the list is continuing to expand.
These DNA sensors recognize microbial or
self-DNA present in the cytoplasm as a sign of
infection or cell damage and induce the produc-
tion of type I IFNG, type III IENs, or IL-13. Most
of the DNA sensors recognize foreign DNA in

Microbial Sensing and Signaling

the cytoplasm and generally utilize stimulator
of interferon genes (STING; also known as
TMEM173, MPYS, MITA, and ERIS) and TBK1
to induce type I IFN production (Fig. 4) (Ishii
et al. 2006; Ishikawa and Barber 2008).
DNA-dependent activator of IRFs (DAI)
(Takaoka et al. 2007; Ishii et al. 2008), RNA
polymerase III (Pol III) (Ablasser et al. 2009;
Chiu et al. 2009), IFN-y-inducible protein 16
(IF116) (Unterholzner et al. 2010), leucine-rich
repeat flightless-interacting protein 1 (LRRFP1)
(Yang et al. 2010), extrachromosomal histone
H2B (Kobiyama et al. 2010), DNA-PK (Fergu-
son etal. 2012), and MRE11 (Kondo et al. 2013)
recognize dsDNA to induce type I [FN produc-
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Figure 4. Cytosolic DNA sensors and their signaling pathways. DNA present in the cytoplasm derived from
either hosts or microbes are recognized by various kinds of DNA sensors. DDX41, DAI, DNA-PK, IFI16,
MREI11, and cGAS recognize dsDNA and induce type I IFN production through STING via TBK1- and
IRF3-dependent pathways. AT-rich dsDNA recognized by RNA polymerase I11 is transcribed to 5'-triphosphate
RNA to be further sensed by RIG-I to induce IPS-1-dependent type I production; similarly, H2B also recognizes
dsDNA and signals through IPS1. LRRFIP1 binds both dsDNA and dsRNA and activates (3-catenin, which
enhances a TBK1-independent and IRF3-dependent IFN-3 transcription. DHX9 and DHX36 are MyD88-
dependent DNA sensors. AIM2 and nuclear IFI16 can form inflammasomes together with ASC and caspase-
1 on recognition of dsDNA to mediate a caspase-1-dependent cleavage of IL-13 and IL-18 from pro-IL-1 and
pro-1L-18. Finally, Ku-70 recognizes dsDNA to induce IRF1/IRF7-dependent type III IFN.
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tion. Members of the DExD/H-box helicase
family, DHX9, DHX36, and DDX41, were also
identified as candidate DNA sensors, although
they have different specificities for microbial
DNA recognition (Kim et al. 2010). Unlike other
cytosolic DNA sensors, AIM2 and nuclear IF116
recognize cytosolic DNA and form an active in-
flammasome by recruiting ASC and pro-cas-
pase-1, which cleaves pro-IL-18 and pro-IL-18
to their mature forms for secretion (Fernandes-
Alnemri et al. 2010; Kerur et al. 2011). Ku70
senses cytosolic DNA and induces type I1I IEN
production (Zhang et al. 2011).

Recently, by using biochemical strategies, a
crucial study by Chen and colleagues showed
that cyclic GMP-AMP (cGAMP) synthase
(cGAS), a member of the nucleotidyltransferase
family acts as a novel sensor for cytosolic DNA
and provides the endogenous second messenger
c¢GAMP for STING activation. On encounter-
ing DNA in the cytoplasm, cGAS synthesizes
cyclic-di-GMP-AMP (c-di-GAMP) from ATP
and GTP, which then binds to STING to induce
IRF3-mediated IFN-B production. cGAS have
been shown to directly interact with dsDNA
independently of its sequence through the ami-
no-terminal domain and activates the synthesis
of cGAMP. cGAS knockdown leads to impaired
IFN-B induction and IRF3 activation in re-
sponse to DNA transfection or DNA virus in-
fection (Sun et al. 2013; Wu et al. 2013). Fur-
thermore, by generating cGAS knockout mice,
the Chen group showed that multiple cell types
including fibroblasts, macrophages, and DCs
from cGAS-deficient mice had impaired type I
IFN and other proinflammatory cytokine pro-
duction in response to transfected immunosti-
mulatory DNA or DNA virus (HSV-1, VACV)
infection, whereas the responses to poly I:.C,
poly dAdT, and RNA virus infection remained
intact. Moreover, cGAS-deficient mice were
more susceptible to lethal HSV-1 infection
than wild-type mice. cGAMP also acts as an
immune adjuvant to stimulate antigen-specific
T cells and antibody responses in a STING-de-
pendent manner (Li et al. 2013). Previous stud-
ies have shown that a mutant allele of murine
STING (R231A) was unresponsive to cyclic di-
nucleotides (CDNs) but normally responsive

to dsDNA, thus presenting a paradox (Burdette
et al. 2011). Later, following the discovery of
endogenous cGAMP, the R231A mutant was
found to respond normally to endogenous
cGAMP, but did not respond to the microbial
counterpart cGAMP synthesized by cGAS from
Vibrio cholera or chemically synthesized cGAMP
(Davies et al. 2012; Ablasser et al. 2013; Diner
et al. 2013). Taken together, these observations
suggested that a clear mechanism exists for clas-
sification of endogenous cGAMP and other
microbial CDNs. In a series of elegant biochem-
ical, biophysical, and structural studies, four
independent groups showed that endogenous
c¢GAMP synthesized by cGAS is a noncanonical
CDN with unique phosphodiester linkages be-
tween 2'OH of GMP and 5’-phosphate of AMP
and between 3’OH of AMP and 5'-phosphate
of GMP, thus referred to as 2'3'-cGAMP, and
that 2/3’-cGAMP is a far more potent stimula-
tor of STING than canonical CDNs from micro-
bial origin that have 3'—5" linkages (Ablasser
et al. 2013; Diner et al. 2013; Gao et al. 2013;
Zhang et al. 2013). These structural studies
and in vitro enzymatic reactions further showed
that cGAS first catalyzes the synthesis of a linear
2'—5'-linked dinucleotide, followed by its cGAS-
dependent cyclization in a second step through
a 3'-5' phosphodiester linkage to form 2'3'-
cGAMP (Ablasser et al. 2013; Gao et al. 2013;
Xiao and Fitzgerald 2013). Further investiga-
tion of the structural insights revealed that
cGAS contains a less conserved amino-terminal
stretch, followed by a highly conserved Mab21
domain of the nucleotidyl transferase (NTase)
superfamily having a bilobal scaffold, and that
a unique zinc-binding motif called a “zinc
thumb” is present across both lobes of cGAS,
providing an essential B-DNA-binding platform
(Civril et al. 2013).

STING Is Cardinal for Intracellular
DNA Sensing

With continuing research, STING has emerged
as the key adaptor in the cytosolic DNA-sensing
pathway, as several studies have shown its in-
dispensable roles in innate immune responses
to DNA derived from viral pathogens, bacterial
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pathogens, and eukaryotic pathogens, thus in-
graining STING as a prime signaling adaptor in
the intracellular DNA-sensing pathway (Bur-
dette and Vance 2013). STING is also implicat-
ed in certain autoimmune diseases and adju-
vanticity of DNA vaccines (Ishikawa et al.
2009; Gall et al. 2012). Structurally, STING is
composed of an amino-terminal domain con-
sisting of four transmembrane domains that an-
chor STING in the ER and a carboxy-terminal
domain (CTD) that is speculated to be cytosolic
(Burdette and Vance 2013; Paludan and Bowie
2013). In resting cells, STING is localized in the
mitochondrial-associated membrane (MAM)/
ER, but after HSV-1 infection, it rapidly traf-
fics via unclear mechanisms to an uncharacter-
ized perinuclear region, although this endo-
somal compartment containing STING and
TBK1 does involve autophagy-related gene 9a
(Atg9a) (Ishikawa et al. 2009; Saitoh et al. 2010).
Furthermore, on recognition of DNA by up-
stream DNA sensors, STING binds to both
IRF3 and TBK1 via its carboxy-terminal region
and thus provides a scaffold to promote TBK1-
mediated phosphorylation of IRF3 (Tanaka and
Chen 2012). Ubiquitination is also suggested to
be important for STING signaling, as the ubiq-
uitin ligases TRIM56 and RNF5 have been
shown to regulate STING signaling positively
and negatively, respectively (Zhong et al. 2009;
Tsuchida et al. 2010). Furthermore, STING was
reported to directly recognize CDNs, such as c-
di-GMP from bacteria (Burdette et al. 2011).
Structural studies of human STING by differ-
ent research groups have shown that the STING
CTD exists in a symmetrical dimeric state when
unbound to CDNs and that CDN binding does
not bring about any conformational change of
the CTD, meaning that a definite mechanism
for how STING is activated to move from the
ER to engage with TBK1 remains elusive (Pa-
ludan and Bowie 2013). Besides providing a
scaffold for TBK1 and IRF3 on virus infection
or nucleic acid stimulation, STING regulates a
unique antiviral pathway by recruiting STAT6
to the ER for subsequent phosphorylation by
TBK1, independently of Janus kinases (JAKs),
thereby inducing STAT6-specific target genes
for immune cell homing (Chen et al. 2011).

Microbial Sensing and Signaling

Recently, negative feedback control of STING
activity by CDNs was reported. After initial
activation of the STING-TBKI1-IRF3 axis,
STING is phosphorylated by UNC-51-like ki-
nase (ULK1/ATG1), which suppresses IRF3
activity to avoid sustained production of in-
flammatory cytokines. ULK1 activation is trig-
gered by CDNss generated by cGAS (Konno et al.
2013).

CONCLUDING REMARKS

Studies on pathogen recognition by the host
innate immune system have come a long way
since the first description of PRRs. Diverse
kinds of PRR families, such as TLRs, RLRs,
NLRs, CLRs, AIM2-like receptors (ALRs), pep-
tidoglycan recognition proteins (PGRPs), and
an expanding number of cytosolic DNA sensors
have been identified, each having specificity for
distinct PAMPs. This review has refurbished the
present knowledge on pathogen sensing by
PRRs, as well as their ligands, structures, expres-
sion patterns, and signaling mechanisms that
are crucial for host defense. Nevertheless, a
thrust area for research on pathogen recognition
requires investigation of multiple PRRs activat-
ed in response to pathogens and the crosstalk
among these PRRs that coordinates host im-
mune responses. Furthermore, in the case of
cytosolic DNA sensors, with the identification
of a number of DNA sensor candidates, the
scope of the questions is increasing with regard
to the extent of redundancy between these re-
ceptors, their expression patterns in different
cell types, and the mechanisms by which they
recognize different kinds of dsDNA (i.e., their
ligand specificity). Hence, detailed research en-
compassing the molecular and cellular mecha-
nisms of PRR signaling will provide a better
understanding, thereby helping to combat mi-
crobial infections effectively.
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