
The type I IFN response to extracellular bacteria in the airway
epithelium

Dane Parker and Alice Prince*

Department of Pediatrics, Columbia University, New York NY, USA

Abstract
The airway epithelium possesses many mechanisms to prevent bacterial infection. Not only does it
provide a physical barrier but it also acts as an extension of the immune system through the
expression of innate immune receptors and corresponding effectors. One outcome of innate
signaling by the epithelium is the production of type I interferons (IFN) , which have traditionally
been associated with activation via viral and intracellular organisms. We discuss how three
extracellular bacterial pathogens of the airway activate this intracellular signaling cascade through
both surface components as well as via secretion systems and the differing effects of type I IFN
signaling on host defense of the respiratory tract.

Bacterial activation of type I interferon signaling
Type I interferon (IFN) signaling has long been recognized as a critical component of innate
immune defense to viral pathogens in the airway. Increasingly, its role in the response to
bacterial infections is being appreciated. The participation of the type I IFN cascade in
responses to intracellular bacteria within phagocytes has been well established. It is only
with the recognition that airway epithelial cells respond to extracellular pathogens
themselves that epithelial induction has become a focus of investigation. Typically bacteria
activate type I IFN signaling through TLR-dependent mechanisms, through recognition of
LPS in Gram negative organisms or via TLR-independent cytosolic receptors that respond to
nucleic acids that are either endocytosed or secreted directly into the eukaryotic cells [1, 2].
The consequences of type I IFN signaling on host outcome can be either protective or
damaging, depending on the organism [3, 4]. Below, we characterize how three major
extracellular respiratory pathogens, Streptococcus pneumoniae, Pseudomonas aeruginosa
and Staphylococcus aureus activate type I IFN signaling in the airway and how this impacts
upon the early stages of host defense.

Induction of Type I Interferons
A large redundant array of receptors sense microorganisms through ligands known as
pathogen-associated molecular patterns (PAMPs). One of the best studied groups of pattern
recognition receptors (PRRs) is the toll-like receptor (TLR) family. TLRs sense PAMPs
such as LPS, peptidoglycan and flagellin, which typically leads to proinflammatory
signaling as well as the recruitment and activation of phagocytes, via the transcription factor
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NF-κB. However, upon activation, a subset of TLRs induce the type I IFNs (the main types
produced during bacterial and viral infection are IFN-α (multiple genes) and IFN-β (a single
gene); Table 1) [4]. The importance of type I IFN signaling in innate immune defense was
most evident in studies of influenza infections of mice. Mice lacking the receptor to type I
IFN succumbed to infection while wild-type mice survived in mouse models of influenza
infection [5]. Susceptibility of mice to influenza infection requires the interferon-regulated
Mx1 gene to be absent [6]. Activation of type I IFNs produces specific antiviral factors as
well as various cellular responses such as T cell recruitment [7, 8].

Bacteria are also able to activate type I IFNs through TLR4, 7/8 and 9 as well as additional
non-TLR receptors (Table 1, Figure 1). TLR4 utilizes both the MyD88 and TRIF pathways
of signal transduction. Type I IFN production occurs when TLR4 has been endocytosed
after LPS binding [LPS interacts with TLR4 along with lipid binding protein (LBP), CD14
and MD2]. TLR4 is then brought to TRIF in early endosomes by TRAM before activation of
TBK1 and IRF3 induce transcription of Ifnb [9, 10]. IFN-β then binds to the interferon
alpha/beta receptor (IFNAR) that activates the JAK/STAT pathway. Janus kinase (JAK)
members Jak1 and Tyk2 become phosphorylated leading to the recruitment and
phosphorylation of STAT1 and STAT2 [11]. STAT1 and STAT2 then bind to IFN
stimulated response elements (ISRE) that leads to the induction of >300 genes with both
inflammatory and anti-inflammatory effects [8, 12, 13]. STAT1 mice are completely
unresponsive to IFNs. STAT1 is also activated by a number of other cytokine pathways
including IFN-γ and -λ and gp130 members IL-6, IL-23 and IL-27, although their levels of
activation are typically more modest [11]. The role of IL-27 in bacterial infection is
unknown while IFN-γ plays no role in P. aeruginosa infection [14], is important for S.
pneumoniae clearance [15] and is potentially detrimental in S. aureus infections [16]. The
role of IFN-λ has yet to be examined with these organisms, while its role is variable in viral
infections [17]. Signaling through IFNAR also leads to MAPK activation [4]. A similar
pathway is utilized by NOD2 (sensor of muramyl dipeptide, peptidoglycan) (Table 1, Figure
1). The endosomally located sensors TLR7/8 (TLR7 murine, TLR8 human) and TLR9
utilize MyD88 to signal type I IFN. Interaction with these receptors recruits IRAK-1 and
IRAK-4 that activate IRF5 and IRF7. IRAK-1 also interacts with TRAF-6 that leads to NF-
kB-dependent genes as well as type I IFNs [18-20]. NF-kB is also produced when these
TLR are activated. This can also lead to type I IFN production [21].

Recognition of nucleic acids to induce type I IFNs was first established in the context of
viral infection. Viral RNA is sensed by the RIG-like receptors (RLR) receptors RIG-I
retinoic acid inducible gene I (RIG-I) and melanoma differentiation-associated protein
(MDA5), which converge to IPS-1 [also called mitochondrial antiviral signaling protein
(MAVS)] before the signal goes to TANK binding kinase (TBK1) (Figure 1) [19]. Viral
RNA is also sensed through TLR3 via TRIF that leads to TBK1 activation. Activation of
TBK1 and IKK-related kinases lead to phosphorylation of interferon regulatory factor
(IRF3) and IRF7 that results in production of IFN-β [22, 23]. A number of receptors have
been recently identified that sense cytosolic nucleic acids from bacteria. RNA polymerase
III is able to convert DNA to a 5’-triphosphate RNA that is sensed by the RIG helicases and
along with DNA dependent activator of IFN-regulatory factors (DAI) and IFI16 through
[24] stimulator of interferon genes (STING) all lead to activation of type I IFN signaling
through TBK1 and IRF3 (Figure 1).

Type I Inteferon signaling in the airway
The connecting airways consist of polarized epithelial cells and clara cells that secrete
mucus whereas the lower airways contain type I and type II cells [38]. The majority of
studies utilize polarized cells (in the studies mentioned, ciliated epithelial), with significant
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data also available for alveolar cells types (i.e. A549). The epithelial cells lining the airway
are the most numerous cell, initiating and coordinating the immune response to recruited
immune cells, especially DCs and macrophages, but also T-cells. Airway epithelial cells
themselves express the full complement of TLR and NOD genes, including those known to
activate type I IFN signaling [39-42]. The epithelium is not just a physical barrier, it
represents the first interaction of a pathogen with the immune system. Airway epithelial
cells produce several antimicrobial peptides and secrete cytokine and chemokines that
recruit and activate professional phagocytic cells [19]. The importance of type I IFN
production (STAT1 production) by the airway epithelium in viral infection has been
demonstrated. STAT1 null mice reconstituted with WT bone marrow were still susceptible
to infection, indicating that epithelial cell gene products directly act or influence other
immune cells to provide the protective response [43]. Downstream effects of STAT1
activation, such as CXCL8 production, leads to recruitment of neutrophils to the site of
infection, while production of other cytokines that are recognized by immune cells such as
dendritic cells (DCs) amplifies the response [19]. The components of the innate immune
system associated with viral detection have been the most thoroughly studied in the airway,
i.e. RIG, MDA5, TLR3 and TLR7, with TLR3 producing the strongest proinflammatory
response [19, 44-46]. The newly identified cytosolic sensors of DNA have yet to be
examined in the airway epithelium.

The production of type I IFN by epithelial cells is an important part of the mucosal immune
response that includes several different types of lymphocytes. Macrophages and DCs are
well known producers of type I IFNs, particularly the plasmacytoid DC (pDC). pDCs are
especially responsive to nucleic acid (TLR 7 and 9) and produce significant quantities of
type I IFN before maturing into mature DCs and triggering adaptive responses [47]. The
roles of DCs and macrophages are important in pulmonary infections of S. aureus and S.
pneumoniae [48, 49], macrophages play variable roles in P. aeruginosa infection [50, 51].
The respective roles of DC subsets in these organism is unknown. As seen with bone
marrow chimera studies [43] type I IFN production by epithelial cells is important.
Interferon-induced cytokines from epithelial cells could directly effect the lung or
manipulate other cells types such as DCs. Epithelial cells produce an array of cytokines and
chemokines (eg GM-CSF, IL-1β, thymic stromal lymphopoietin) that recruit DCs and
change their activation and ability to uptake antigen [52, 53].

Many inhaled pathogens are entrapped in mucus and if not efficiently cleared may replicate.
Even if pathogens do not gain access to the epithelial surface, they can lyse and shed surface
components, PAMPs, which can activate type I IFN signaling. The nature of the PAMP
depends upon the characteristics of the infecting organism. For example, pneumococci often
colonize the upper respiratory tract but can be aspirated and initiate pneumonia. During
periods of rapid proliferation pneumococci undergo autolysis releasing intracellular
components such as peptidoglycan [54, 55] . Gram negative organisms, such as P.
aeruginosa, spontaneously shed the major PAMP LPS during growth. S. aureus, a cause of
severe pneumonia particularly following influenza, produce large amounts of surface
proteins, such as protein A during active growth, which gets released into the airways and
functions as an immunostimulant [56, 57]. Thus, depending upon the nature of the infection,
common bacterial pathogens release PAMPS that can activate both NF-κB mediated
signaling, but also can stimulate the type I IFN cascade-with important consequences for the
host.

Streptococcus pneumoniae
S. pneumoniae the most common cause of acute bacterial pneumonia activates type I IFN
signaling at multiple sites in the respiratory tract [58, 59]. In nasal associated lymphoid
tissue Ifnb along with transcripts encoding STAT1 and STAT2 are induced by

Parker and Prince Page 3

Trends Immunol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pneumococcus [58], while in the lung Ifnb along with phosphorylation of STAT1 and 3 as
well as type I dependent genes such as Mx1 and PKR are induced [59].

Type I IFN signaling appears to play a protective role against S. pneumoniae. One of the
earliest studies investigating the role of IFN-β in bacterial infections [60] observed that
giving mice anti IFN-β antibody increased death as a result of S. pneumoniae infection. In a
colonization model Ifnar-/- mice displayed increased carriage of S. pneumoniae [59]. This is
an important observation given that the nasopharynx is the first site for colonization by these
organisms. S. pneumoniae is also a significant cause of bacterial pneumonia post influenza
infection. After a five day infection (intratracheal inoculation) of S. pneumoniae of wild-
type and Ifnar-/- mice equivalent concentrations of S. pneumoniae were observed in their
lungs. However, previously influenza infected mice had significantly higher bacterial counts
in the lung that was potentiated by type I IFNs [61]. The increased bacterial loads in co-
infected mice was apparently associated with diminished neutrophil responses. These studies
highlight the differing roles played by type I IFN signaling in various body sites.

As type I IFN signaling appears to be protective in murine models of respiratory infection,
the bacterial components responsible for activating this response were investigated. The
cholesterol dependent cytolysin of S. pneumoniae, pneumolysin (Ply), a highly conserved
virulence factor critical for virulence, was found to be required for activation of type I IFN
signaling. In nasal epithelial cells a time dependent induction of Ifnb is observed in response
to S. pneumoniae, but not with a pneumolysin mutant [59]. A similar requirement for Ply is
observed in vivo in the lungs of mice with significantly reduced Ifnb activation and
downstream genes. A different study [58] did not observe an absolute requirement, but also
commented on the role of Ply in type I IFN induction in the nasopharynx. It is the pore of
Ply that is required for activation and not the protein itself. S. pneumoniae strains expressing
a defective pore do not complement the phenotype as well and purified, endotoxin free Ply
does not act as a ligand for Ifnb activation. Indicative of a bacterial product utilizing the Ply
pore to activate signaling, Ply was observed on the surface of epithelial cells and the
activation of Ifnb was not dependent on bacterial uptake [59].

While the Ply pore is necessary for type I IFN induction, pneumococcal DNA activates type
I IFN signaling via cytosolic DNA receptors. Several lines of evidence support the
hypothesis that DNA is a ligand: a mutant in the autolysin gene lytA that does not lyse and
release cellular components does not activate type I IFN signaling. Treatment of cell lysates
with DNase reduced Ifnb induction and 16S rRNA levels were decreased inside cells that
were stimulated with the ply strain. Although the typical receptors and adaptors involved in
type I IFN activation were not involved in the response to pneumococcus in the lung, the
DNA sensor DAI was observed to be upregulated in lung tissue. Pneumococcal DNA was
sensed by DAI and STING, TBK1 and IRF3 [59]. Incubation of S. pneumoniae with DAI
and STING null cells induced significantly less Ifnb production than wild-type cells. S.
pneumoniae is thus an example of how an extracellular organism can activate an
intracellular pathway via a pore-forming toxin that potentially allows ligands to enter and
activate signaling.

Pseudomonas aeruginosa
P. aeruginosa is a common Gram negative opportunist, a major cause of hospital associated
pneumonia and infection in cystic fibrosis (CF) patients. The ability of P. aeruginosa to
activate type I IFN signaling has been demonstrated both in vivo as well as in vitro [62]. As
the P. aeruginosa cell wall contains LPS, which is actively shed during bacterial growth, it
is not surprising that the TLR4 signaling complex (TLR4, TRIF, MD2, CD14), along with
the necessary downstream components (TBK1, IRF3) [62], are all required to initiate type I
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IFN signaling. P. aeruginosa is an example of how the immune system has mechanisms in
place to sense components of bacterial cell walls.

Components of the type I IFN pathway in response to pulmonary infection with P.
aeruginosa have been examined in vivo. Mice lacking TLR4, TRIF and IRF3 have all shown
a reduction in the ability to clear pulmonary infection. Although two studies that have
examined the role of TLR4 in clearance of acute infections showed no difference in bacterial
clearance [63, 64], the cytokine response of Tlr4-/- mice to P. aeruginosa was significantly
reduced for TNF and KC as well as the type I IFN regulated RANTES. Technical issues
such as strain differences might explain the discrepancies between these studies and work
[65] showing TLR4 null mice less capable of clearing infection.

Similar defects in P. aeruginosa clearance were also observed in TRIF and IRF3 null mice
with decreased RANTES production [66, 67]. Analogous to the Trif-/- data, Irf3-/- mice had
reduced IFN-β-dependent products, such as CXCL10 in response to P. aeruginosa, while
TNF, KC and IL-1β that are not as dependent upon type I signaling were unaffected. A
major cellular consequence of TRIF deficiency was reduced KC production leading to
delayed neutrophil recruitment. This KC response of TRIF null mice to P. aeruginosa
undoubtedly contributed to the impaired clearance (7-fold higher) of organism from the
lung. The delayed clearance in Trif-/- mice was evident at 24 and 48 hours before all the
organisms were cleared by the host, highlighting the importance of TRIF in acute infection.
As TRIF can lead to NF-κB activation via RIP1 [68] the clearance effects seen in mice
cannot be entirely contributed to type I IFN signaling, as deficiency of IRF3 also led to
reduced clearance (3-fold higher) of P. aeruginosa from the lungs of IRF3 deficient mice
[67]. This clearance defect was most apparent at 24 h. Analysis of lung tissue showed
significant levels of Ifnb transcription and IFN-β production that were entirely dependent on
the presence of IRF3. Although not observing a reduction in KC, the Irf3-/- mice, like their
TRIF counterparts, also showed reduced neutrophil recruitment in response to infection, as
well as stunted macrophage recruitment, indicating the clearance defect was attributable to
the reduced neutrophil and/or macrophage presence in the lung. The data from TLR4, TRIF
and IRF3 null mice are all consistent with a protective role for type I IFN signaling against
P. aeruginosa infection.

The importance of type I IFN signaling in the host response to infection was corroborated in
a study utilizing a gain of function model [62]. Mice previously instilled with poly(I:C)
(which stimulates type I IFN through TLR3) had increased ability to clear P. aeruginosa
from the lung and the spleen. Pre-treatment with poly(I:C) was found to increase the level of
the macrophage DC activation marker CD86.

The role of epithelial type I IFN signaling has been examined in the context of CF. CF
epithelial cell lines (IB3 and CFBE) compared to corrected wild-type lines (C38 and CFBE
with WT CFTR) show a significant reduction in type I IFN signaling. Levels of Ifnb,
phosphorylation of STAT1 as well as transcription and secretion of type I-dependent gene
products such as CXCL10, RANTES and PKR are all significantly reduced. This is in
contrast to NF-κB-dependent products such as IL-6 or CXCL8 that are comparable between
CF and non-CF epithelial cells. This CF epithelial defect also appears to be specific to
TLR4-induced production of type I IFNs. Stimulation of WT and CF cells with the TLR3
ligand poly(I:C) induced Ifnb and phosphorylation of IRF3 and STAT1 comparably, in
contrast to the significant differences observed when stimulated with P. aeruginosa or LPS
[62]. This type I IFN defect in CF epithelial cells is interesting in the context of natural
infection. P. aeruginosa isolates from CF patients have been shown to have altered LPS
structures (such as increased acylation) that show altered capacity to activate inflammatory
products [69, 70]. Isolates obtained from the same patient were found to have diminished
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capacity to stimulate NF-kB dependent responses over time [70]. It remains to be
determined what effect these LPS modifications have on the activation of type I IFN
signaling and if this contributes to chronic infection.

Type I IFN signaling from epithelial cells influences phagocytic cell activation in the
context of P. aeruginosa infection [62]. The increased induction of IFN-β from wild-type
epithelial compared to CF cells was associated with increased activation of phagocytes,
highlighting the importance of epithelial type I IFN production in influencing major immune
cells types.

Staphylococcus aureus
S. aureus is a major cause of pneumonia both as a hospital-associated infection and in the
community particularly after influenza infection, a condition associated with abundant type I
IFN responses [71-73]. Unlike the previously described organisms, type I IFN signaling
appears to play a negative role in S. aureus pneumonia. When Ifnar-/- mice were infected
with S. aureus, significantly reduced mortality was observed as compared to wild-type mice
[71]. This is likely a result of an over-exuberant host response. S. aureus infected Ifnar-/-

mice at early time points showed significantly less TNF as well as decreased IL-6. It has
also been shown that type I IFNs stimulate TNF, which contributes substantially to the
pathophysiology of septic shock [74]. It is possible that this excessive inflammatory
response is a result of DC-T-cell signaling. S. aureus infected Ifnar-/- mice had elevated DC
counts [71], which were associated with potentially damaging chemokine production.

In S. aureus models of pneumonia, depletion of macrophages resulted in increased DC
numbers and enhanced production of the CXCR3 chemokine IP-10/CXCL10 [48], a known
T-cell chemoattractant. Blockade of CXCR3 decreased both CD4+ cells in bronchoalveolar
lavage fluid and substantially reduced lung pathology in response to S. aureus [48, 75].

In vivo models of secondary pneumonia post-influenza infection show increased lung
damage and bacterial densities consistent with human disease [76]. Co-infection with both S.
aureus and influenza generates increased concentrations of type I IFNs that can inhibit Th17
responses [77]. Consistent with the involvement of IFNAR in host damage [71] co-infected
Ifnar-/- mice with S. aureus and influenza showed improved clearance of S. aureus from the
lung [77].

The initiation of this damaging type I IFN response to S. aureus likely originates at the
epithelium. Incubation of airway epithelial cells with S. aureus induces significant
production of the type I IFN pathway [71]. Transcription of Ifnb is observed as early as 2 h
in epithelial cells as well as phosphorylation of STAT transcription factors and type I
dependent gene products such as Mx1 and LIF. In airway cells the staphylococcal surface
virulence factor protein A appears to be involved. Lung sections of mice infected with a
protein A null strain of S. aureus show reduced activation of STAT3, which can be induced
via IL-6 [78]. Protein A is taken up by epithelial cells (inhibitable by cytochalasin D) as it is
abundantly shed by organisms during growth and can activate signaling through TNFR1 and
IRF1, which can be activated by TNF. The role of IRF1 in type I IFN signaling has gained
prominence most recently after it was shown to be involved in TLR9 signaling in myeloid
DCs [79]. The cell wall component, lipoteichoic acid has also been suggested to activate
IRF1 and STAT1 to induce type I IFN signaling [80, 81]. Other virulence factors such as α-
toxin may also be involved in activating immune cells via a mechanism analogous to that
described for the pore-forming beta-hemolysin/cytolysin of group B Streptococcus [82]. As
S. aureus is notorious for its multiple interactions of host immune effectors, it is likely that
numerous staphylococcal PAMPs contribute to this deleterious type I IFN response.
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The precise factors involved in orchestrating the protective and sensitizing effects of type I
IFNs are still largely unknown. Type I IFNs could effect on processes that affect bacterial
clearance including: cell migration, apoptosis, iNOS expression and secretion of chemokines
[4]. One study that investigated the effect of IFN on gastrointestinal epithelial cells noted
that interferon reduced the ability for organisms to invade cells [83]. Applicable to the
sensitizing effect observed with S. aureus, in Listeria, interferon results in increased
apoptosis of lymphocytes [84].

The three organisms discussed in this review are not the only extracellular respiratory
pathogens to elicit type I IFNs. Type I IFN signaling plays an important role against
Streptococcus pyogenes or group A streptococcus (GAS) in a model of cellulitis [85]. The
mechanism of type I IFN activation by GAS has been examined in macrophages and
dendritic cells. Macrophages sense GAS DNA and signal via STING, TBK1 and IRF3. In
contrast, DCs sense GAS RNA and signal via MyD88 and IRF5 [85]. Group B
streptococcus (GBS) (S. agalactiae) has also been investigated in multiple cells types. In
macrophages, DNA from GBS appears to be a major ligand and requires TBK1 and IRF3
[82, 86]. The hemolysin of GBS, not unlike Ply from S. pneumoniae is a virulence factor
and is also required for induction of type I IFN signaling. GBS ssRNA has also been
reported to activate type I IFN through the MyD88-dependent pathway in macrophages [87].
In DCs GBS activates type I IFNs through TLR7, Myd88 and IRF1 [86]. Infection of Ifnar-/-

mice (intraperitoneal and subcutaneous routes) with GBS results in significantly increased
mortality [88]. Lastly, Haemophilus influenzae has been examined in the context of otitis
media. H. influenzae is able to activate downstream genes of type I IFN signaling and
organisms have increased persistence in a TRIF null animal [89]. However, what remains to
be examined with this group of organisms is determining the role type I IFN signaling plays
in their clearance from the lung and the contribution of epithelial cells in this process (Box
1).

Concluding remarks
With the recognition that the mucosal epithelium is an active participant in innate immune
signaling, it should not be surprising that these cells contribute substantially to the type I
IFN cascade. We would expect that type I IFN responses are likely induced by most of the
organisms which cause pneumonia by inhalation and are recognized by epithelial cells.
However, the type I IFN responses elicited by the organisms discussed in this review are
very different: ranging from protective responses induced by S. pneumoniae that might be
targets therapeutically to prevent infection versus the responses induced by S. aureus that
caused excessive mortality, at least in a mouse model. While it has been useful to categorize
innate immune responses to organisms that have primarily intracellular versus extracellular
lifestyles, it is apparent that this distinction, at least in the airway epithelium, is blurred.
Instead, these are highly conserved mechanisms to deal with the presence of PAMPs-
regardless of the source of these stimuli. More important is likely the net effect of the
multiple PAMPs expressed by a single pathogen and virulence components that facilitate
their entry into the epithelium.
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Box 1. Outstanding questions

• What are the host factors regulated by type I IFN production that induce
protective and sensitizing phenotypes in response to bacterial infections?

• Identification of additional bacterial components that can activate type I IFN
production

• The role of type I IFN receptors in sensing bacteria in airway epithelial cells

• The contribution of type I IFN signaling in the airway epithelium to overall host
outcome
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Figure 1.
Mechanisms involved in bacterial type I IFN signaling. A number of receptors are able to
activate type I IFN signaling and the mechanisms for S. pneumoniae, P. aeruginosa and S.
aureus are highlighted along with known type I-dependent gene products. The majority of
type I IFN activating receptors are located inside cells, the exception being TLR4, which is
internalized to signal with its adaptor TRIF. The MDA5 and RIG-I receptors that sense viral
RNA can also sense bacterial DNA converted to RNA by RNA polymerase III. All signaling
pathways lead to activation of an interferon regulatory factor (IRF) before producing IFN-β.
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Table 1

Host receptors that lead to type I IFN signaling.

Receptor Target Reference

TLR3 dsRNA [25]

TLR4 LPS [26]

TLR7/8 ssRNA [27, 28]

TLR9 CpG DNA [29]

DAI Cytosolic DNA [30]

IFI16 Cytosolic DNA [31]

RNA polymerase III-RIGI Poly(dA:dT)-5’PPP RNA [32, 33]

LRRFIP1 dsRNA&dsDNA [34]

NOD2 Muramyl dipeptide, 5’PPP RNA [35-37]
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