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SUMMARY

Type | interferons (IFNs) are secreted cytokines that orchestrate diverse immune responses to
infection. Although typically considered to be most important in the response to viruses, type |
IFNs are also induced by most, if not all, bacterial pathogens. Although diverse mechanisms have
been described, bacterial induction of type | IFNs occurs upon stimulation of two main pathways:
(1) Toll-like receptor (TLR) recognition of bacterial molecules such as lipopolysaccharide (LPS);
(2) TLR-independent recognition of molecules delivered to the host cell cytosol. Cytosolic
responses can be activated by two general mechanisms. First, viable bacteria can secrete
stimulatory ligands into the cytosol via specialized bacterial secretion systems. Second, ligands
can be released from bacteria that lyse or are degraded. The bacterial ligands that induce the
cytosolic pathways remains uncertain in many cases, but appear to include various nucleic acids.
In this review, we discuss recent advances in our understanding of how bacteria induce type |
interferons and the roles type I IFNs play in host immunity.

INTRODUCTION

Type | interferons (IFNSs) are secreted cytokines that include a single IFNp protein, as well
as numerous IFNa and other IFN family members (Decker et al., 2005). All type | IFNs
signal via a heterodimeric receptor (IFNAR) and act locally and systemically to coordinate
diverse responses to infection. An important local effect of type I IFN is the induction of the
“anti-viral state”, which involves expression of host genes that interfere with viral
replication (Zuniga et al., 2007). Some genes induced by type | IFN also exhibit anti-
bacterial activity, such as the p47 GTPases (Taylor et al., 2004). Type | IFN can also
sensitize host cells to apoptosis, which is thought to counteract the ability of viruses or
bacteria to utilize the host’s intracellular niche for replication. In addition to local responses,
type | IFN functions systemically, for example to activate Natural Killer and CD8* T cell
cytotoxicity, or to induce the upregulation of genes required for antigen presentation and
activation of adaptive immunity.

The ability to produce type | IFN appears to be a universal property of all cells in the body,
but the proximal pathogen-sensing receptors and signaling mechanisms leading to type |
IFN induction differ significantly depending on the stimulatory ligand and responding cell
type. Despite their diversity, the signaling pathways leading to induction of type I IFN do
converge upon some common downstream elements, including the ubiquitin ligase TRAF3
and transcription factors such as IRF3 and IRF7. Once activated by phosphorylation in the
cytosol, the IRFs enter the nucleus and assemble with NF-xB and other transcription factors
on the IFNP promoter in a complex (Panne et al., 2007) that activates extremely robust (e.g.,
1000-fold) transcriptional induction of the Ifnb gene. In this review, we discuss recent
advances in our understanding of the type | IFN host response to bacteria.
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INDUCTION OF TYPE | INTERFERONS BY BACTERIA
TLR-dependent pathways

The Toll-like receptors (TLRs) are a family of cell surface or endosome localized receptors
that recognize a variety of conserved microbial molecules (Kumar et al., 2009). TLR2, 3, 4,
5,7, 8 and 9 are the primary TLRs that are potentially able to recognize bacterial products,
and with the exception of TLRS5, all have been linked to the induction of type I IFN.
Interestingly, the mechanism of IFN induction by these TLRs varies considerably, and in
many cases, TLR signaling only results in IFN induction in dedicated cell types (Figure 1).

Type I IFN induction by TLR4—The best-characterized mechanism by which bacteria
induce type | IFN is via TLR4, a cell-surface localized receptor that recognizes the lipid A
moiety of lipopolysaccharide (LPS) from the outer membrane of gram-negative bacteria.
TLR4 may recognize other bacterial ligands (Ashkar et al., 2008, Mossman et al., 2008,
Thanawastien et al., 2009). TLR4 signals via two cytosolic adaptor proteins, MyD88 and
TRIF, which are recruited sequentially to the cytoplasmic tail of TLR4 (Kagan et al., 2008).
TRIF, but not MyD88, is required for induction of type | IFN by TLR4. TLR4 signaling
induces type | IFN in many cell types and this broad capacity to induce type I IFN is shared
by TLR3, which recognizes double-stranded RNA and is the only other TLR that utilizes
TRIF for its downstream signaling (Kumar et al., 2009). However, there are few examples
of TLR3-dependent recognition of bacteria. The other TLRs that induce type | IFN do so
only in specialized cell types such plasmacytoid dendritic cells (pDCs) and conventional
dendritic cells (cDCs) in a MyD88-dependent pathway (Figure 1). It is not clear why TLR4
would have evolved the unique capacity to stimulate type | IFN in many cell types in
response to LPS. As discussed below, it does not appear that type | IFN is particularly
critical for defense against gram-negative bacteria.

The microbes that are best recognized by TLR4 tend to be gram-negative commensals that
reside on mucosal surfaces, such as E. coli in the gut, or closely related pathogenic genera,
such as Salmonella. These microbes tend to produce hexaacylated lipid A that is the optimal
ligand for TLR4. There is speculation that some mucosal bacteria may benefit by producing
LPS that is recognized by TLR4 (Munford et al., 2006), but how they might benefit is not
yet clear. Despite a widespread portrayal of TLR ligands as highly conserved across diverse
bacterial species, gram-negative bacteria produce a tremendous variety of LPS molecules,
many of which are poor ligands for TLR4. For example, the LPS of many human pathogens,
including Legionella pneumophila, Helicobacter pylori, Francisella tularensis, Coxiella
burnetii, and Brucella abortus, is poorly detected by TLR4 (Munford et al., 2006). In the
case of Yersinia pestis, production of a specific LPS that evades TLR4 recognition is
essential for virulence (Montminy et al., 2006). In other cases, it remains unclear if evasion
of TLR4 is critical for virulence. Indeed, as discussed below, most TLR4-evasive gram-
negative bacteria still induce type | IFNs via TLR-independent pathways.

Type I IFN induction by other TLRs—In contrast to TLR4, which is localized to the
cell surface, the other TLRs that stimulate type I IFN (i.e.,, TLR3, 7, 8 and 9) localize to
intracellular compartments (Figure 1). TLR2 was recently reported to induce type | IFN, but
only in inflammatory monocytes and selectively in response to viral, not bacterial, ligands
(Barbalat et al., 2009). TLR7, and its paralog TLRS8, recognize single-stranded RNA ligands,
whereas TLR9 recognizes DNA containing unmethylated CpG motifs. These TLRs signal
exclusively via MyD88 and can stimulate the production of inflammatory cytokines such as
TNFa in many cell types, but exhibit the ability to induce type | IFNs only in specialized
cell types, most notably pDCs. Although pDCs are not numerous, they are capable of
producing vast amounts of type | IFN on a per cell basis, and are important for inducing
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systemic levels of type I IFN in the response to viruses. However, the role of pDCs in
bacterial infections has not been extensively investigated. In fact, although DNA from many
bacterial species contains the unmethylated CpG motifs that can be recognized by TLR9,
there is remarkably little evidence that TLR9 participates significantly in the response to
bacterial infections in any cell type. A recent study provided surprising evidence for cell-
type specific TLR-dependent IFN responses to bacteria. In this study, cDCs, but not
macrophages or pDCs, were shown to produce type | IFN in a TLR7-MyD88-IRF1-
dependent manner via phagolysosomal degradation of group A and B Streptococcus (GAS,
GBS) (Mancuso et al., 2009). Previously, in response to viruses, TLR7 was thought to
induce type I IFN primarily in pDCs, not cDCs. Thus, the results of Mancuso et al. may
describe a bacterial-specific TLR-dependent pathway for induction of type I IFN.

Cytosolic pathways that induce type | IFN

In addition to surface- or endosome-localized TLRs, host cells also express several cytosolic
sensors that induce type | IFN in response to nucleic acid ligands, such as RNA, DNA, and
cyclic-di-GMP (Figure 2A). The mechanisms by which bacteria stimulate cytosolic sensors
are under investigation. As discussed below, one current model is that nucleic acids can be
released from lysed bacteria. Additionally, bacterial secretion systems may leak or secrete
nucleic acid ligands during infection (Figure 2B).

Cytosolic RNA Sensing—RIG-I, MDAS5, and LPG2 (collectively called RIG-I-like
receptors or RLRs) are cytosolic receptors that bind directly to RNA and induce a type | IFN
response to many RNA viruses (Wilkins et al., 2010) (Figure 2A). All three RLRs bind
RNA via a DExD/H box-containing RNA helicase domain. RIG-1 and MDADS contain
caspase-recruitment domains (CARDs), which are required for signaling through a
downstream signaling adaptor, IPS-1 (also called MAVS, Cardif, VISA). IPS-1 appears to
localize to the mitochondria where it serves as an essential adaptor for coordinating
activation of IRF3/7, NF-xB, and MAP kinases (Yoneyama et al., 2009).

The precise role of LGP2 remains to be fully clarified, but it is clear that RIG-I1 and MDAS5
function non-redundantly in viral recognition due to distinct specificities for different RNA
structures. RIG-I preferentially recognizes 5'-triphosphate RNA, a motif modified in self
RNAs by capping (MRNA) or removal (tRNA, rRNA) (Pichlmair et al., 2006, Hornung et
al., 2006). RIG-I can also recognize short double-stranded synthetic RNAs, which may or
may not contain a 5’ triphosphate (Kato et al., 2008, Takahasi et al., 2008, Schmidt et al.,
2009, Schlee et al., 2009). In contrast, MDADS ligands are less well characterized, but appear
to include double-stranded RNAs greater than one kilobase in length that lack a 5’
triphosphate (Kato et al., 2008). While studies with synthetic or purified ligands have been
informative as to what ligands can stimulate RLRs, not much is known about the
physiological ligands that do activate RLRs during infection. One exception is a recent study
showing that during influenza or Sendai virus infection, sSRNA viral genomes with 5'-
triphosphates serve as the dominant RIG-I ligand, and RNAs from viral transcripts,
replication-derived dsRNA intermediates, or processed self RNAs do not contribute
(Rehwinkel et al., 2010). Since bacterial mMRNAs are not capped and can contain 5’
triphosphates (Bieger et al., 1989), bacteria are potentially able to generate RNA ligands that
can be recognized by RLRs, though there are few specific examples (see below).

Two recent reports suggest an unusual mechanism by which DNA could stimulate a
cytosolic RNA sensor. In this mechanism, RNA polymerase I11 transcribes cytosolic DNA
thereby generating RNA ligands for RIG-1 (Ablasser et al., 2009, Chiu et al., 2009). Only
highly AT-rich DNA appears to be a suitable template for Pol I11. Epstein-Barr Virus, which
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produces Pol Ill-transcribed EBER RNAs, is an example of a pathogen sensed via the Pol 111
pathway (Ablasser et al., 2009, Chiu et al., 2009).

Cytosolic DNA Sensing—In addition to the Pol I11-dependent pathway, both mouse and
human cells express at least one additional cytosolic DNA-sensing pathway (Ablasser et al.,
20009, Stetson et al., 2006). The identity of this DNA sensor remains uncertain, but it appears
to be able to sense dsDNA from many sources without a requirement for specific sequence
motifs. A candidate sensor, ZBP-1 (DLM-1/DAI), was reported to bind DNA and activate
IRF3 to induce type | IFN (Takaoka et al., 2007, Wang et al., 2008). ZBP-1 appears to be
important for the type I IFN response to human cytomegalovirus (HCMV) (DeFilippis et al.,
2010). However, Zpb1 deficiency shows no discernable defect in IFN induction in response
to other viral or bacterial infections (Monroe et al., 2009, Ishii et al., 2008, Lippmann et al.,
2008) possibly because of redundancy with other DNA sensors.

STING (stimulator of interferon genes, also known as MITA, ERIS) was recently identified
as a downstream signaling adaptor required for IFN induction in response to cytosolic DNA
(Ishikawa et al., 2008, Zhong et al., 2008, Sun et al., 2009). In addition, STING appears to
function as a signaling adaptor downstream of RIG-I, but not MDADS (Figure 2A). Listeria
monocytogenes and Chlamydia muridarum both require STING for type I IFN induction in
vitro (Ishikawa et al., 2008, Prantner et al., 2010). Many other bacteria probably require
STING for type | IFN induction since it appears to function in multiple cytosolic nucleic
acid sensing pathways.

Cytosolic cyclic-di-GMP sensing—Cyclic-di-GMP is a bacterial second messenger
produced by nearly all bacterial species, but not by mammalian cells, and therefore, could be
a more specific target for innate immune recognition of bacteria than other nucleic acids. In
fact, cyclic-di-GMP has been shown to exhibit immunostimulatory properties (Karaolis et
al., 2007), including robust induction of a cytosolic pathway leading to type | IFN
production (McWhirter et al., 2009). Induction of type | IFN by c-di-GMP requires IRF3,
but is independent of known cytosolic sensors or TLRs (McWhirter et al., 2009). At present,
the cytosolic DNA-sensing and c-di-GMP-sensing pathways are genetically
indistinguishable, and both pathways may utilize the same unknown sensor, though this
seems unlikely given the significant structural differences between c-di-GMP (a cyclic
diribonucleotide) and IFN-inducing DNA (double-stranded deoxyribonucleotide polymer of
~40bp or more). There is no evidence that induction of type I IFN by any bacterial species
requires c-di-GMP, though it is doubtful that innate sensing of c-di-GMP evolved by chance.
One key question is how c-di-GMP would reach the host cell cytosol. C-di-GMP may be
small enough to be transported (or leak) into host cells via specialized secretion systems that
are essential for type I IFN induction by diverse bacterial species (see below, Figure 2B),
though this remains to be established. Recent identification of diadenylate cyclase activity in
a bacterium (Witte et al., 2008) led to speculation that c-di-AMP may also elicit a type | IFN
response (McWhirter et al., 2009).

Other cytosolic pathways that affect IFN induction—There are few examples of
non-nucleic acid molecules contributing to induction of type I IFN via cytosolic pathways.
One example is the recognition of bacterial cell wall fragments, such as muramyl dipeptide
(MDP), by the cytosolic sensors NOD1 and NOD2. NOD1 and NOD2 signal through the
kinase RIP2, which leads to NF-kB activation (Park et al., 2007). Reports vary as to whether
NOD signaling is sufficient for IFN-B induction. Although stimulation of NOD2 by MDP
appears insufficient to induce type I IFN, stimulation with an N-glycolyl-modified form of
MDP made by Mycobacterium tuberculosis was sufficient to induce significant type | IFN
via NOD2 and the transcription factor IRF5 (Pandey et al., 2009). In response to viruses,
sSRNA has been reported to induce IFNp via NOD2 (Sabbah et al., 2009). However, in
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response to bacteria, NOD signaling most often appears to contribute to induction of type I
IFNs primarily via NF-xB, which synergizes with other transcription factors, but alone is
insufficient to induce IFNp (Leber et al., 2008).

Induction of type | IFN via Bacterial Secretion Systems

Bacteria can stimulate cytosolic signaling pathways by various mechanisms. As outlined in
the following examples, one common mechanism appears to involve delivery of bacterial
ligands to the host cell cytosol via a variety of specialized secretion systems. Secretion
systems are commonly employed by bacterial pathogens to deliver effector proteins to the
cell cytosol from a phagosome or extracellular location. Although translocated effectors
allow pathogens to manipulate their hosts, molecules delivered to the host cell cytosol can
become targets of innate immune recognition.

Legionella—Few bacteria have been shown to induce type I IFN via the RNA sensing
pathway involving MDADS, RIGI or IPS-1. One exception is Legionella pneumophila, a
gram-negative pathogen that replicates in macrophages by employing a type IV secretion
system (T4SS) to translocate effectors into the macrophage cytosol and orchestrate the
creation of its replicative vacuole (Isberg et al., 2009). Interestingly, induction of type | IFN
by L. pneumophila requires its type 1V secretion system but not TLRs (Stetson et al., 2006),
suggesting that IFN is induced upon cytosolic recognition of a translocated L. pneumophila
molecule. In human epithelial-like A549 cells, knockdown of IPS-1, the signaling adaptor
for RIG-1 and MDAJ5, reduced the induction of type | IFN by L. pneumophila (Opitz et al.,
2006). Two other studies demonstrated that mouse bone marrow macrophages carrying a
targeted deletion or an shRNA to knockdown Ips-1, Rig-i or Mda5 were partially defective
in IFN induction in response to L. pneumophila (Chiu et al., 2009, Monroe et al., 2009).
Despite agreement that an RNA-sensing pathway can respond to L. pneumophila, there is
uncertainty over the underlying molecular mechanism. Chiu et al. favor a model in which L.
pneumophila translocates DNA into host cells, leading to production of RNA ligands via Pol
I11 transcription. This model is consistent with the ability of the L. pneumophila T4SS to
conjugate DNA plasmids to recipient bacteria (Vogel et al., 1998), but no there is no direct
evidence DNA translocation occurs during infection. Monroe et al. demonstrated that
transfection of macrophages with L. pneumophila RNA, but not DNA, induced Rig-i-
dependent type I IFN in macrophages. It remains unclear whether L. pneumophila RNA,
DNA, or perhaps another IFN-inducing molecule, is the physiological ligand translocated
through the T4SS. Helicobacter pylori is another gram-negative pathogen with a T4SS that
may stimulate an IFN response in host cells via a mechanism similar to that of L.
pneumophila (Rad et al., 2009).

Listeria—The gram-positive bacterium Listeria monocytogenes employs a pore-forming
toxin, listeriolysin O (LLO), to disrupt the phagosomal membrane and escape into the cell
cytosol where it replicates (Portnoy et al., 1988). LLO-deficient Listeria are trapped in a
vacuole and induce a MyD88-dependent response, but do not induce type I IFN, whereas
wildtype Listeria that reach the cytosol induce a distinct, non-overlapping IRF3-dependent
type I IFN response (Leber et al., 2008, O’Riordan et al., 2002). Induction of type I IFN by
Listeria requires IRF3 but is independent of TLRs and the cytosolic RNA-sensing pathway.
An unbiased genetic screen identified a role for multidrug resistant transporters in the
induction of the cytosolic IFN response to Listeria (Crimmins et al., 2008). MDRs
selectively transport small molecules rather than large RNA/DNA polymers, so these data
suggest a model in which MDRs transport a small molecule that is sensed by a cytosolic
immunosurveillance pathway.
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Francisella—Francisella tularensis is a gram-negative bacterium that is the causative
agent of tularemia. F. tularensis utilizes a type VI secretion system, encoded within the
Francisella pathogencitiy island (FPI), to escape into the macrophage cytosol where it
replicates. The FPI is also required for induction of type I IFN, via a pathway that requires
IRF3, but is independent of TLRs or the cytosolic RNA sensors (RIG-1, MDAS) (Henry et
al., 2007). It is possible that Francisella either secretes an IFN-inducing ligand, or leaks
immunostimulatory DNA after lysis in the cytosol. It has also been suggested that nucleic
acids from phagosomally degraded Francisella are released into the cytosol upon disruption
of the phagosomal membrane via the T6SS (Fernandes-Alnemri et al., 2010). Francisella
DNA that reaches the cytosol activates IRF3-dependent type I IFN signaling, which is
critical for activation of the DNA-sensing AIM2 inflammasome (Fernandes-Alnemri et al.,
2010, Rathinam et al., 2010).

Yersinia—LPS from the gram-negative genus Yersinia can serve as a potent ligand for
TLR4, but in addition, a recent report identified a TLR-independent type | IFN response to
extracellular Yersinia expressing a functional T3SS (Auerbuch et al., 2009). The TLR-
independent response to Yersinia occurs in the absence of known translocated effectors, yet
requires the pore-forming proteins YopB or YopD (Auerbuch et al., 2009). These data are
consistent with a model in which a bacterial molecule reaches the host cytosol in a T3SS-
dependent manner and stimulates a cytosolic pathway leading to IFN induction. Neither the
stimulatory bacterial molecule nor the cytosolic sensor or host factors mediating this
response have been identified.

Mycobacterium—Mycobacterium tuberculosis resides in a membrane bound
compartment within infected host cells and gains access to the cytosol via a type VII
secretion system (T7SS, formerly known as ESX-1). Like other pathogens discussed above,
M. tuberculosis relies on its secretion system for virulence, and in addition, the secretion
system is required for type | IFN induction in vitro and in vivo (Stanley et al., 2007). Despite
conflicting reports as to which host pathways are required, there is agreement that TLR
signaling is not required (Stanley et al., 2007, Pandey et al., 2009). Leber et al. and Pandey
et al. found a partial requirement for NOD2, whereas Stanley et al. found no requirement for
RIP2 (a kinase downstream of NOD2) in IFNp induction. As previously mentioned, NOD2
has been proposed to induce type I IFN in response to N-glycolyl-MDP from M.
tubercuolosis (Pandey et al., 2009). Taken together, it appears that M. tuberculosis induces
type | IFN by delivery of nucleic acids and/or cell wall fragments to the cytosol, but it
remains unclear whether the T7SS translocates these molecules, or simply permeabilizes the
phagosomal membrane, allowing for leakage of bacterial molecules to the cytosol.

Induction of type | IFN by ligands released by bacteria degraded in the phagosome

As discussed above, it is thought that viable bacteria induce type | IFNs by secretion of
molecules into host cells. However, there are several reports of bacteria that induce type |
IFN upon degradation by innate immune cells. Degraded or lysed bacteria that remain
confined in a phagosome can activate TLRs, as exemplified by TLR7 recognition of
Streptococcus in cDCs (see above; (Mancuso et al., 2009)). Different cell types appear to
vary in their degradative capacity. For example, it was found that cDCs and macrophages,
but not pDCs, generate nucleic acid ligands for TLR7 and 9 upon bacterial infection,
alternatively, pDCs may have a reduced ability to phagocytose bacteria (Mancuso et al.,
2009). In addition, there are several examples of bacteria that activate cytosolic IFN-
inducing pathways once degraded in a phagosome. In macrophages, Group B Streptococcus
was shown to induce TLR-independent type | IFN in manner requiring degradation of
phagolysosomal bacteria and disruption of the phagosomal membrane by pore-forming
toxins (Charrel-Dennis et al., 2008). Cytosolic recognition of GBS required IRF3, but not
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IPS-1, RIP2 or ZBP-1. The data presented were consistent with a model in which liberated
bacterial genomic DNA activates an unknown cytosolic DNA sensor (Charrel-Dennis et al.,
2008). Studies have also suggested that live Borrelia burgdorferi induces type | IFN by a
TLR-independent mechanism likely involving degradation of bacteria in the phagosome
(Miller et al., 2008, Salazar et al., 2009).

A similar mechanism was previously found to be relevant in type Il IFN (IFNy)-activated
macrophages infected with Listeria (Herskovits et al., 2007). IFNy pretreatment of
macrophages mimics conditions expected to exist in vivo after the innate immune response
has already been initiated. In contrast to naive macrophages, IFN-y-activated macrophages
are able to produce type | IFN during infection with Listeria deficient in hemolysin (LLO), a
pore-forming toxin required for bacterial entry into the cytosol. Induction of type | IFN
seemed to result from rapid phagosomal degradation of LLO-deficient Listeria and
subsequent release of ligands into the cytosol that signal, in part, through NOD2 and IRF3
(Herskovits et al., 2007). The involvement of NOD2 suggested PGN fragments were being
delivered to the cytosol, potentiating IFN induction by activating NF-«xB (Leber et al., 2008).
In this case, the primary IFN-inducing signal could be nucleic acid or another ligand,
released from degraded bacteria. Lysozyme-sensitive mutants of Listeria that were rapidly
degraded in naive macrophages were found to induce type | IFNs, but this induction was
unexpectedly found to be entirely TLR2-dependent and only partially MyD88-dependent
(Boneca et al., 2007), which is difficult to reconcile with the existing literature. An
additional unresolved issue is how ligands generated by phagosomally degraded Listeria
reach the host cell cytosol. Nevertheless, it has become clear that many extracellular and
intracellular vacuolar bacteria induce a cytosolic type I IFN response. Type | IFN induction
by phagosomal degradation of bacteria may or may not be independent of bacterial secretion
systems, and leads to the release of ligands capable of activating cytosolic IFN-inducing
pathways.

THE FUNCTION OF TYPE | INTERFERONS IN THE HOST RESPONSE TO
BACTERIA

Although type I IFNs are well known to induce a robust antiviral host response, the role of
type I IFNs in response to bacterial infection is variable, and is even sometimes detrimental
to the host. For example, type | IFN plays an important role in mediating the pathology of
LPS-induced toxic shock (Karaghiosoff et al., 2003). A bigger surprise has been several
studies demonstrating that type I IFN can actually impair bacterial clearance. For example,
Ifnar-deficient mice exhibit lower Listeria monocytogenes burdens in the liver and spleen, as
compared to wild type mice (Auerbuch et al., 2004, O’Connell et al., 2004, Carrero et al.,
2004). Type | IFN signaling is also detrimental to the clearance of Mycobacterium
tubercuolosis from the spleen (Stanley et al., 2007) and the lung during infection with
various Mtb strains (Ordway et al., 2007). Furthermore, type | IFN impairs clearance of
Chlamydia from the genital tract and lungs (Nagarajan et al., 2008, Qiu et al., 2008), and is
detrimental to host survival during infection with Francisella tularensis (Henry et al., 2010).
The in vivo mechanisms by which type I IFN signaling increases host susceptibility to
bacterial infection remain uncertain. One suggestion is that abundant type | IFN predisposes
lymphocytes to apoptosis, resulting in suppression of innate responses via increased 1L-10
(Carrero et al., 2006). The observation that type I IFN stimulates production of IL-27, a
cytokine that strongly suppresses IL-17A production (Guo et al., 2008), hints at another
mechanism (Henry et al., 2010). IL-17A is a cytokine produced by y3T cells that appears to
play an important role in restricting Listeria replication by orchestrating neutrophil
responses (Hamada et al., 2008, Meeks et al., 2009). In fact, Ifnar-deficient mice induce
more IL-17A in response to Francisella and Listeria (Henry et al., 2010). Therefore, one
way type | IFN signaling could result in increased host susceptibility is by suppressing 1L-17
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responses, which are necessary for neutrophil-mediated bacterial clearance. Another report
shows that crosstalk between cytokine signaling pathways can reduce the host’s ability to
mount an appropriate innate immune response. Induction of type I IFN by Listeria was
shown to suppress macrophage activation by reducing the ability to respond to IFNy, a
critical cytokine for resistance to Listeria (Rayamajhi et al., 2010).

Given that type | IFN appears to be a universal host response to bacterial infection, it would
be surprising if type | IFN never played a role in host protection. In fact, type | IFN is
crucial for host resistance to some bacterial infections. For example, Ifnar-deficient mice
exhibit decreased survival and increased bacterial burdens upon infection with Group B
Streptococcus, Streptococcus pneumoniae, and E. coli (Mancuso et al., 2007). The
susceptibility of Ifnar-deficient mice to these infections correlated with reduced cytokine
production such as TNFa and IFNy. Type | IFN also plays a role in restricting L.
pneumophila replication in macrophages (Coers et al., 2007), but Ifnar~~ mice do not
appear to exhibit increased susceptibility in vivo (Monroe et al., 2009), potentially due to
redundancy. In response to F. tularensis, type | IFN signaling has also been observed to
induce the expression of inflammasome components, a molecular signaling complex
involved in interleukin-1p and 1L-18 production (Henry et al., 2007). Thus, in the context of
bacterial infection, type | IFN appears to modulate a broad range of pro- and anti-
inflammatory effects. The mechanisms by which the immunomodulatory effects of type |
IFNs are regulated are only beginning to be understood (Rothlin et al., 2007).

The large number of recent studies on the induction and function of type | IFNs in response
to bacterial infections has led to an increasing appreciation for the complexity of this family
of cytokines. Given that most, if not all, bacteria induce type I IFNs, via multiple pathways,
it is clearly too simplistic to fall back on the old notion that type I IFNs are primarily
‘antiviral’ cytokines. On the other hand, in the context of bacterial infections, it is difficult to
provide a simple statement of the function of type I IFNs. It appears, instead, that in
response to bacteria, types | IFNs serve a variety of beneficial and detrimental immune
functions, many of which remain to be fully understood.
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Figure 1. TLR Receptors and Ligands

A. TLR2 and 4 recognize bacterial lipoprotein (BLP) and lipopolysaccharide (LPS),
respectively, and signal from the cell surface via the adaptor MyD88 to activate
proinflammatory cytokines including TNFa and IL-6. TLR3 recognizes double stranded
RNA (dsRNA) and signals via the adaptor TRIF from an intracellular compartment to
induce IFNp. Upon endocytosis, TLR4 can also signal via TRIF to induce type I IFN. B.
Plasmacytoid dendritic cells primarily express nucleic acid sensing TLRs, which are
localized to intracellular compartments. pDCs produce vast amounts of IFN upon
stimulation via a MyD88-dependent pathway. C. Conventional dendritic cells and
macrophages express many TLRs. However, only cDCs have been reported to induce IFNJ
via TLR7 and 9. In macrophages, TLR7 and 9 signaling induces proinflammatory cytokines
such as TNFa.
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Figure 2. Bacterial Induction of Type I IFN via Cytosolic Receptors and Ligands

A. In many cell types, except pDCs, cytosolic IFN-inducing receptors are expressed that
sense nucleic acids, including RNA, DNA, and cyclic-di-nucleotides. AT-rich DNA can be
transcribed by RNA polymerase 111 to generate ligands for the RNA-sensing pathway. Other
sensors for DNA and c-di-nucleotides appear to exist, but remain to be identified. Cytosolic
pathways that recognize bacterial cell wall fragments can synergize with nucleic acid
sensing pathways to induce IFNP. B. Extracellular or phagosomal bacteria utilizing secretion
systems can leak or secrete nucleic acids that are sensed via cytosolic pathways outlined in
A. Bacteria replicating in the cytosol activate type | IFN either by transport or lysis that
releases IFN-inducing ligands. Degradation of phagocytosed bacteria can lead to IFN
induction in many ways, and in some cases ligands generated in the phagolysosome access
the cytosol via a pathway that remains to be elucidated.
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