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ABSTRACT

Type I interferons (IFN) are well studied cytokines with anti-viral and immune-modulating functions. Type I IFNs
are produced following viral infections, but until recently, the mechanisms of viral recognition leading to IFN production
were largely unknown. Toll like receptors (TLRs) have emerged as key transducers of type I IFN during viral infections
by recognizing various viral components. Furthermore, much progress has been made in defining the signaling path-
ways downstream of TLRs for type I IFN production. TLR7 and TLR9 have become apparent as universally important
in inducing type I IFN during infection with most viruses, particularly by plasmacytoid dendritic cells. New intracellular
viral pattern recognition receptors leading to type I IFN production have been identified. Many bacteria can also induce
the up-regulation of these cytokines. Interestingly, recent studies have found a detrimental effect on host cells if type |
IFN is produced during infection with the intracellular gram-positive bacterial pathogen, Listeria monocytogenes. This
review will discuss the recent advances made in defining the signaling pathways leading to type I IFN production.
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Introduction

The type I interferons (IFN) were the first cytokines
discovered and named for their potent ability to “inter-
fere” with viral replication [1]. In 1957, Isaacs and
Lindenmann reported a secreted factor termed “interferon”
that could induce a virus-resistant state in chick cells after
influenza virus infection [1]. The type I IFN family con-

sists of multiple [IFNo. members, single IFNB, €, «, and ®
subtypes, as well as & and T subtypes found in pig and
ovine respectively [2]. These cytokines induce antiviral
responses by binding a common receptor, the type I [IFNov/
B receptor (IFNAR), expressed on a wide variety of cell
types [2].

Over the past few years, our knowledge concerning the
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Activation of type I interferon responses

mechanism of transcriptional regulation of type I IFNs
has rapidly expanded. The pathogen ligands, respective
host receptors, and signaling pathways that trigger type I
IFN induction are becoming elucidated. While there are
still many questions regarding the signaling mechanisms
leading to type I IFN induction, future studies will fill in
the remaining gaps in these signaling pathways. Further-
more, we still have a lot to learn regarding the function of
various cell types in IFN induction during in vivo infections,
as well as the role type I IFNs play in host defense against
different types of pathogens. In this review, we will dis-
cuss the recent progress made in elucidating the mecha-
nisms controlling type I IFN production (Fig. 1)

Activation of type I IFN production by pattern recog-
nition receptors

Pattern recognition receptors (PRRs) serve as first-line
sentinels for innate immune detection of pathogenic
infections, by recognizing various conserved molecular
motifs termed “pathogen-associated molecular patterns”
(PAMPs) [3]. PRRs activate production of various
cytokines and chemokines, allowing adaptation of the host
environment for mounting an ideal immune response [3].
The differences in the gene milieu induced by different
PRRs may correlate to the type of invading pathogen and
location of the infection, and assist in fine-tuning the
immune response for specific pathogen clearance [3].
Several PRRs, including members from a group of trans-
membrane signaling receptors known as Toll-like recep-
tors (TLRs), as well as a few cytoplasmic PRRs, have
been shown to activate production of pivotal cytokines in
the innate immune defense system, the type I IFNs [3].
Type I IFNs are responsible for inducing transcription of
a large group of genes which play a role in host resistance
to viral infections, as well as activating key components
of the innate and adaptive immune systems including anti-
gen presentation cells (APC) maturation and production
of cytokines involved in activation of T cells, B cells, and
natural killer (NK) cells [2].

Type I IFNs are transcriptionally regulated, and are
induced following recognition of pathogen components
during infection[4]. In the classical positive feedback-
production loop, IFNP transcription is first activated by
signals that induce cooperative binding of the transcrip-
tion factors c-Jun/ATF-2, NF-kB, and interferon regula-
tory factor-3 (IRF3), to the IFNP promoter [5]. While
NF-xB and c-Jun/ATF2 become activated by multiple types
of stimuli and regulate transcription of large classes of
genes, IRF3 is primarily under regulation for production
of IFN [4, 5]. IRF3 is constitutively expressed in all cells,
and exists in a latent state in the cytoplasm of unstimulated
cells [4]. However, following stimulation with virus
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components including dsRNA or bacterial components
including LPS, IRF3 becomes phosphorylated by the
serine-threonine kinases TANK-binding kinase-1 (TBK1/
T2K/NAK) or the inducible kB kinase (IKK-i/IKKeg) [6-
10]. IRF-3 then dimerizes, translocates into the nucleus,
and combines with the coactivator CBP/P300 to activate
the expression of IFN [4, 5]. Following production, IFN3
initiates a positive feed-back loop by binding to IFNAR in
an autocrine and paracrine manner [4, 5]. IFNAR acti-
vates JAK protein tyrosine kinases (JAK1 and Tyk2) which
phosphorylate STAT1 and STAT2 [5]. STAT1 and STAT2
together with IRF9 form a transcription factor complex
termed [FN-stimulated gene factor 3 (ISGF3) [5]. ISGF3
translocates into the nucleus and binds IFN-stimulated re-
sponse elements (ISRE), to induce expression of a large
group of “IFN-inducible” genes, including IRF7 and many
others with anti-viral functions [4, 5]. IRF7, a close rela-
tive of IRF3, is expressed primarily in lymphoid cells, and
is transcriptionally induced in many cell types as a target
of type I IFN signaling [11, 12]. IRF7 also becomes acti-
vated by phosphorylation by TBK1 and/or IKK-i, and acts
to further type I IFN expression by activating transcrip-
tion of IFNa-non4 subtypes [10, 11].

TLR-mediated type I IFN production

In recent years, TLRs have been shown to recognize
PAMPs from a broad array of pathogens and play key
roles in subsequent activation of innate and adaptive im-
mune responses [13]. To date, 13 TLRs have been cloned
in mammals (10 in human and 12 in mice), and each recep-
tor seems to be involved in the recognition of a unique set
of PAMPs from bacteria, viruses, fungi, and protozoa [13].

All TLRs contain extracellular leucine-rich repeat (LRR)
domains which participate in ligand recognition, and intra-
cellular TIR (Toll-interleukin (IL)-1 receptor) domains
which transmit downstream signals via interactions with
TIR domain-containing adaptor molecules including
myeloid differentiation factor-88 (MyD88), TIR-associ-
ated protein (TIRAP/MAL), Toll/IL-1 receptor domain-con-
taining adaptor inducing IFNJ (TRIF/TICAM-1), and Toll-
receptor-associated molecule (TRAM/TIRP/TICAM-2) [14].
All TLRs except TLR3 may utilize the adaptor molecule
MyD88, to activate NF-kB and the mitogen-activated protein
kinases (MAPKSs) such as, extracellular signal-regulated
kinase (ERK), p38, and c-Jun N-terminal kinase (JNK)
[14]. This MyD88-dependent pathway leads through the
serine-threonine kinase IRAK, tumor necrosis factor (TNF)
receptor-associated factor-6 (TRAF6), a MAPK kinase
kinase (MAPKKK) termed transforming growth factor [3-
activated kinase (TAK-1), which results in activation of
the IKK complex. The activated IKK complex can then
lead to phosphorylation and subsequent degradation of IxB,
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Fig. 1 Pathways involved in activation of type I IFN production. Recognition of viral and bacterial components by host pattern recognition
receptors (PRR) trigger signaling pathways that induce production of type I IFN. Viruses enter cells either by fusion at the plasma membrane
or by endocytosis followed by fusion with the endosomal membrane, and entry into the cytoplasm. Viruses that reach the cytoplasmic
compartment produce dsSRNA during replication, which is recognized by the PRRs retinoic acid inducible gene-1 (RIG-1) and dsRNA-
dependent protein kinase (PKR). Viruses that enter endocytic compartments are recognized by Toll-like receptors (TLR), TLR3, TLR7,
TLRS, and TLR9. TLRO recognizes CpG motifs of DNA viruses including murine cytomegalovirus (MCMV), herpes simplex virus (HSV)
-1, and HSV-2. TLR7 and TLRS recognize ssRNA from RNA viruses including vesicular stomatitis virus (VSV), and influenza virus. TLR3
recognizes dsSRNA motifs of both types of viruses including MCMV. TLR4 is able to recognize the LPS component of Gram-negative
bacteria, viral glycolipids, and the F protein of respiratory syncytial virus (RSV). Listeria monocytogenes (L. mono) enters cells by phagocytosis,
and subsequently lyses the phagosomal membrane to escape into the cytoplasm. An unknown PRR recognizes intracellular L. mono. All of
these PRRs can activate production of type I IFNs, likely through activation of the kinases TANK-binding kinase-1 (TBK1) and/or the
inducible IxB kinase (IKK-i,). TLR9 and TLR?7 utilize the adaptor protein myeloid differentiation factor-88 (MyDS88), while TLR3 and
TLR4 utilize Toll/IL-1 receptor domain-containing adaptor inducing IFNP (TRIF) to transmit signals to TBK1/IKK-i. TBK1 and IKK-i
activate the transcription factors interferon regulatory factor (IRF)-3 and IRF7, which induce the transcription of type I IFNs. Type I IFNs
have pleiotropic effects and activate multiple components of host innate and adaptive immune responses.
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Activation of type I interferon responses

the release of NF-kB, and activation of NF-xB-dependent
genes, including the pro-inflammatory cytokines IL-1, IL-6
and TNFo [14]. In addition, TAK-1 also can phosphory-
late MKK3 and MKK®6, two kinases upstream of p38 MAPK
and JNK [14].

In addition to the MyD88-dependent signaling pathway
that induces these inflammatory responses, the ability of
individual TLRs to induce different signaling pathways has
recently received much attention. The differential ability
of TLRs to utilize specific TIR-adaptor molecules is
thought to be the molecular basis for their inherent signal-
ing differences [14]. Several members of the TLR family
have been shown to activate production of type I IFNs
following ligand stimulation in various cell types [14]. In
particular, TLR3 and TLR4, which recognize viral dSsSRNA
and Gram-negative bacterial LPS, respectively, can still
induce certain signaling pathways, including type I IFN
production, in MyD88-deficient cells [15, 16]. The adap-
tor molecule TRIF mediates this MyD88-independent
pathway leading to type I IFN production [17-21]. In
cells from TRIF knockout mice, TLR3 and TLR4-induced
expression of IFN[ and subsequent IFN responses are
defective [19, 20]. Unlike TLR3, which can directly re-
cruit TRIF, TLR4 uses the adaptor TRAM to transduce
its signal to TRIF [18, 22, 23]. Additionally, a MyD88-
dependent pathway activated by TLR7, TLRS8, and TLR9,
leading to type I IFN production has been shown to occur
in certain dendritic cell subtypes, particularly plasmacy-
toid dendritic cells (pDCs), also known as interferon-
producing cells [24].

TLR4

TLR4 recognizes the lipid A or LPS component of the
outer membrane of Gram-negative bacteria[14]. It is likely
to be the major receptor contributing to type I IFN pro-
duction in response to Gram-negative bacterial infections.
In addition, TLR4 can also recognize various glycopro-
teins in viral envelopes. TLR4 was shown to recognize
the fusion (F) protein of respiratory syncytial virus (RSV)
and was required for viral clearance [25, 26]. The enve-
lope proteins (EnV) of the retroviruses murine mammary
tumor virus (MMTV) and Moloney murine leukemia virus
were both shown to interact with TLR4 [27]. However,
whether or not TLR4 plays a major role in IFN produc-
tion during viral infections remains to be determined.

Upon ligand recognition, the TLR4 complex can re-
cruit multiple TIR-adaptor molecules including MyD88,
TIRAP, TRIF, and TRAM [14]. While MyD88 and TIRAP
are mainly responsible for TLR4-mediated inflammatory
responses, TRAM and TRIF signal to the kinase TBK1
for IRF3 activation and primary IFNf} production [14].
Cells deficient in TRIF, TRAM, TBK1, or IRF3 have se-
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vere defects in TLR4-induced type I IFN production [7—
9, 19, 20, 22, 28]. TBK1 but not IKK-i may be the critical
kinase involved in TLR4-induced IRF3 activation. We
proposed that high levels of IKK-i expression in macro-
phages could compensate for a deficiency in TBK1 during
viral infections, as IRF3 activation was not observably de-
fective in TBK 1™~ macrophages during Sendai virus infec-
tion [9]. However, following LPS stimulation, a complete
defect in IRF3 activation and IFN responses were seen in
TBKI”- macrophages and fibroblasts, but no defects were
seen in IKK-i~ macrophages, DCs, and fibroblasts [7-9].

TLR3

Studies have clearly shown that stimulation with dSRNA,
a product commonly produced during viral replication
stages, can induce type I IFN production through multiple
pathways. TLR3 was shown to be required for full induc-
tion levels of pro-inflammatory cytokines and type I IFN
in response to stimulation with exogenous polyl:C or
dsRNA derived from the dsRNA virus, reovirus [29]. The
interaction of TLR3 with dsRNA is thought to occur in
endocytic compartments [30].

However, the relevance of TLR3 in biological responses
to viral infections is unclear, as TLR3-independent, cyto-
plasmic dsRNA recognition pathways exist and appear
sufficient for host resistance to many viruses. Host re-
sponses to the DNA virus, murine cytomegalovirus
(MCMV), have been shown to depend on TLR3, as TLR3™
mice had higher viral titers and reduced production of
pro-inflammatory cytokines and type I IFN [31]. However,
a separate study found no differences in T cell responses
during MCMYV infection between wild-type and TLR3™"
mice [32]. Furthermore, measured responses to the RNA
viruses including reovirus, Sendai virus, lymphocytic chori-
omeningitis virus (LCMV), Newcastle disease virus (NDV),
vesicular stomatitis virus (VSV), and Influenza virus are
unaffected in TLR3™ mice [32-36]. Interestingly, a re-
cent study showed that TLR3” mice were actually more
resistant than wild-type mice to death induced by intra-
peritoneally injected West Nile virus [37]. Close examina-
tion revealed that despite a higher serum viral titer and
reduced production of IL-6, TNFo, and IFN in TLR3™
mice (indicating TLR3 does contribute to type I IFN re-
sponses during infection with this virus), these mice were
better able to control viral entry into the brain and subse-
quent encephalitis-induced death [37]. Production of TNFa
was found to mediate blood-brain barrier leakiness, and
thus the lower level of TNFa produced in 7LR3” mice
may mediate resistance seen in 7LR3"" mice [37]. Further-
more, following direct CNS injection of virus, equal death
rates were seen between wild-type and TLR3™ mice [37].
Thus, during infection with different types of viruses, the
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role of TLR3 appears to differ in its contribution to an
effective immune response.

The TLR3-dependent pathway leads through TRIF,
TBK1, and IRF3 to activate type I IFN production. Bio-
chemical studies in support of this pathway have shown
interactions between TLR3-TRIF, TRIF-TBKI1, and
TBKI1-IRF3 [6, 17, 21, 23, 38-40]. Additionally, genetic
studies in cells lacking these signaling components have
shown similar degrees of defective IFN production in re-
sponse to polyl:C [7-9, 19, 20, 22, 28]. TRIF-deficient
peritoneal macrophages can still activate IFNf3 production
in response to polyl:C, though in a much diminished and
delayed fashion, similar to 7LR3" peritoneal macrophages
[20]. TBK1 but not IKK-i may play a role in TLR3-in-
duced IRF3 activation. IRF3 activation and IFNJ} produc-
tion were absent in TBK /™" macrophages and fibroblasts
exogenously stimulated with polyl:C, although IFNa and
other IFN-inducible genes were still induced in a slightly
delayed fashion [7, 9]. Thus, further studies need to address
the specific roles for TBK1 and IKK-i in TLR3 responses.

Recently, the PI3K-Akt pathway has been shown to
function in IRF3 phosphorylation downstream of TLR3
[41]. PI3K could bind to TLR3 following stimulation with
dsRNA [41]. Interestingly, when PI3K activity was inhibited,
although IRF3 was still phosphorylated at serine-396 and
could localize to the nucleus, IRF3-dependant transcrip-
tion was absent [41]. This PI3K activity was shown to
occur independently of TRIF [41]. IRF3 is known to be
phosphorylated at multiple sites, and 2D-gel analysis
showed only partial phosphorylation of IRF3 occurred in
the absence of PI3K activity, suggesting that the PI3K
pathway is required for full activation of IRF3 [41].
However, the specific contributions of the TRIF and PI3K
pathways to IRF3 phosphorylation, nuclear localization,
and transcriptional activity remain to be elucidated.

The pathways leading from TLR3 to activation of IRF3
versus NF-«B diverge at TRIF. TRIF was shown to acti-
vate NF-kB separately through both its C-terminal and N-
terminal domains [40]. The N-terminal domain of TRIF
was shown to interact independently with both TBK1 and
TRAF®6, and these two molecules may be in competition
for binding to TRIF [40]. A mutant TRIF lacking its
TRAF6-binding motif was defective in NF-kB activation
[39, 40]. However, while TRAF6” fibroblasts were de-
fective in activating TLR3-induced NF-kB, TRAF6" mac-
rophages had no apparent defect in NF-xB activation in
response to polyl:C [39, 42]. The C-terminal of TRIF con-
tains a receptor interacting protein (RIP) homotypic inter-
action motif (RHIM), and was shown to interact with the
death domain-containing kinase RIP1 [38, 43]. Cells lack-
ing RIP1 were defective in dsSRNA-induced kB phospho-
rylation and NF-xB-dependent gene transcription, but not
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IFNP transcription [43]. Thus, RIP1 may mediate one arm
of TRIF-induced NF-kB activation.

Additional molecules suggested to play a role in dSRNA-
induced type I IFN include the Rho GTPase Racl (ras-
related C3 botulinum toxin substrate-1) [44]. Racl was
shown to be activated in cells stimulated with polyl:C or
infected with influenza virus, and dominant-negative (DN)
versions of Racl or the downstream activated kinase PAK1
(PI-3K/Rac1/p21-activated kinase-1), inhibited polyl:C or
influenza virus-induced IRF3-reporter and IFNB-reporter
activities [44]. Rac1-DN and PAK1-DN could also inhibit
TBK1 and IKK-i activity [44]. Furthermore, cells trans-
fected with Rac1-DN had higher titers of Sendai and in-
fluenza viruses [44]. Thus, the role of Racl and PAK1 in
IFN induction pathways needs to be further explored.
IKKf, which can induce IRF3 phosphorylation in in vitro
kinase assays, has also been suggested to play a role in
TRIF-induced IRF3 activation in addition to NF-xB acti-
vation [38].

TLR7/8 and TLRY

TLR7 and TLRS are the most closely related TLR family
members, and trigger high levels of type I IFN production,
particularly IFNa., in pDCs [36, 45—49]. Human and mu-
rine TLR7 are able to recognize guanosine analogs and the
imidazoquinoline compounds, imiquimod and R-848 [50—
53]. Human TLRS can also recognize R-848, while TLRS
in mice is suggested to be non-functional [51-53]. These
low-molecular-weight compounds were previously known
to have anti-tumor and anti-viral immunostimulatory
activities, and imiquimod is used in clinical treatment of
genital warts caused by human papillomavirus [54]. The
pathogen-associated ligand for TLR7 and TLRS8 was later
found to be G/U-rich ssSRNA derived from viruses includ-
ing human immunodeficiency virus (HIV) and influenza
virus, although ssRNA of non-viral origin can also induce
signaling through these receptors [45, 46]. Infection with
the ssRNA viruses, influenza virus and VSV, were also
shown to induce IFNa production in pDCs through TLR7
and MyD88 [36, 45, 49].

TLRO recognizes unmethlyated CpG DNA motifs of
bacteria and viruses, and TLR9 activates high levels of
type I IFN production, particularly IFNa, in pDCs and
bone-marrow derived DCs (BMDCs) [55—60]. Live in-
fection with DNA viruses including HSV-1, HSV-2, and
MCMYV have been shown to induce high levels of type |
IFN in pDCs through TLR9 [56-58].

TLR7, TLR8, and TLR9 compose a subfamily of TLRs
based on phylogenetic analyses, intracellular location, and
signaling mechanisms [48]. Recognition of molecular tar-
gets by TLR7/8 and TLRY occurs in the endosome and
signaling is inhibited by chloroquine, indicating the require-
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ment for endosomal acidification in this process [36, 45,
48, 51, 53, 58]. These TLRs exclusively use the adaptor
MyD88 to transmit downstream signals including activa-
tion of type I IFN production [13]. MyD88 can associate
with and activate IRF7 but not with IRF3, leading to
production of IFNa [61, 62]. Recently, IRAK4 and TRAF6
were shown to be involved in MyD88-mediated activation
of IRF7 [61, 62]. TRAF6 was shown to interact with
IRF7 and the E3 ubiquitin ligase activity of TRAF6 was
required for IRF7 activation [61, 62]. However, the target
of TRAF6-mediated ubiquitination remains to be defined.
pDCs lacking IRAK4 were also deficient in TLR7 and
TLRO9-induced IFNa production [61]. Additionally, in
BMDC:s, the ability of TLR7/8 and TLR9 ligands to in-
duce IFNa production is not dependent on TBK1 [62]
(A. Perry and G. Cheng, unpublished observations). Thus,
the question remains as to whether TBK1 and/or IKK-i
are the relevant IRF7 kinases in the MyD88-IRF7 pathway.
The cell-type specificity of TLR7, TLR8, and TLRY in
induction of type I IFN remains unclear. While high levels
of type I IFN can be induced by these ligands in certain
DC subsets, particularly pDCs, type I IFN production is
not induced in macrophage cells and conventional DCs,
which respond to these TLR ligands by producing pro-
inflammatory cytokines [36, 46, 49, 56, 59, 63—68]. Thus,
the differences in signaling components existing in these
cell types need to be compared.

Type I IFN production induced by cytoplasmic receptors

PKR

Intracellular pathways that lead to type I IFN produc-
tion in response to dSRNA have been shown to occur in-
dependently of TLR3. No defects are seen in type I IFN
production in TLR3-knockout fibroblasts or BMDCs when
polyl:C is introduced intracellularly via transfection [8, 64,
69]. In BMDCs, transfection of polyl:C required the
dsRNA-dependent protein kinase (PKR) to activate IFN
production [64]. PKR is a cytoplasmic serine-threonine
kinase with two conserved dsRNA binding domains in its
N-terminal region [70]. PKR belongs to a class of more
than 20 dsRNA binding proteins, which have been reported
to interact with as little as 11 bp of dsSRNA independent of
the RNA sequence [70]. PKR is activated by auto-
phosphorylation following binding to dSRNA or phos-
phorylation by upstream kinases including PKR-acti-
vating protein (PACT), another dsSRNA-binding kinase
[70]. Once activated, PKR phosphorylates the protein syn-
thesis factor elF-20., which leads to inhibition of transla-
tion initiation and halts viral replication [70]. PKR is also
believed to play a role in NF-kB activation in response to
dsRNA and viral infections [71-73]. The potency of PKR
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in host anti-viral responses is highlighted by the numerous
viruses that encode genes to inhibit PKR activity [74].

The role of PKR in type I IFN induction during viral
infection remains complicated. PKR but not TLR3 was
required for IFNo production in response to transfected
polyl:C, while TLR3 was more important in response to
exogenous polyl:C, indicating that the importance for each
of these receptors depends on the subcellular location of
dsRNA [34, 64, 72]. However, IL-12 is still produced in
response to intracellular polyl:C in PKR™ cells [64]. Thus,
upon stimulation with dSRNA, PKR acts to enhance type I
IFN production, while a PKR-independent mechanism
exists to recognize intracellular dsSRNA and activate
proinflammatory cytokines. However, whether or not PKR
signals lead to activation of IRF3 remains uncertain, and
the contribution of PKR in induction of type I IFNs may
lie solely in its ability to activate NF-kB. Furthermore, be-
cause PKR plays such an important role in limiting viral
replication, it has been difficult to study IFN-induction in
PKR-deficient cells infected with viruses. One study found
a defect in type I IFN induction in PKR™ cells infected
with VSV [72]. In contrast, no defects have been shown
in IFN induction in PKR™" cells infected with Sendai virus,
influenza virus, and NDV [34, 47, 49, 75]. However, this
may be due to the ability of viruses to multiply to much
higher titers in PKR™ cells, and the large amounts of dSRNA
or other viral PAMPs produced in PKR™" cells may acti-
vate alternative IFN-induction pathways to an extent that
it masks the requirement for PKR [76, 77]. The influenza
virus protein NS1 has been shown to inhibit PKR activa-
tion by sequestering dsRNA, and influenza virus lacking
functional NS1 (deINS1) can strongly induce type I IFN
production in various cell types [49, 64, 78, 79]. This was
proposed to be mediated by dsRNA sensors including PKR,
although cells lacking PKR had no defect in IFN produc-
tion during infection with deINS1 [49]. However, it was
pointed out that NS1-deficient influenza viruses replicate
to 10° higher titers in PKR™" cells [64, 76]. The vaccinia
virus dsRNA-binding protein E3L which can bind to PKR
and inhibit its activity, could also inhibit NDV-induced
IRF3 phosphorylation [75]. Thus, it remains unclear if
PKR signaling leads to activation of IRF3.

RIG-1

Very recently, RIG-1 (retinoic acid inducible gene-1)
was identified as a potential viral PRR able to recognize
cytoplasmic dsRNA [35]. RIG-1, a DexD/H box-contain-
ing RNA helicase, was found to activate IFNo/p produc-
tion in response to transfected dsSRNA and NDV infection
[35]. The RNA helicase domain was shown to interact
with dsRNA, while overexpression of the caspase recruit-
ment domain (CARD) of RIG-1 activated IRF3 and NF-
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kB [35]. Dominant-negative RIG-1 inhibited NDV-induced
IFN but not exogenous polyl:C or TLR3 signaling, pro-
viding further evidence for this intracellular pathway be-
ing separate from the TLR3 pathway [35]. Overexpression
of RIG-1 inhibited replication of VSV and encephalo-
myocarditis virus (ECMV) in L929 cells [35]. However,
this same study found no defects in IRF3 activation dur-
ing NDV infection in fibroblasts deficient in TRIF or TBK1
[35]. This is in contrast to a study in which TBK1 was
required in fibroblasts for NDV-induced IRF3 activation
and IFN production [7].

Future studies need to address whether or not PKR and
RIG-1 represent independent pathways of dsSRNA recog-
nition leading to type I IFN production, as well as to eluci-
date downstream signaling molecules leading to IRF3 and
IRF7 activation. The signaling components downstream
of RIG-1 for instance, may be CARD-domain-containing
proteins, as CARD domains typically mediate homotypic
interactions. So far, polyl:C transfection into TBK1-knock-
out and 7BK1/IKK-i-double knockout fibroblasts revealed
both TBK1 and IKK-i are required for the intracellular
dsRNA-induced IFN pathway in fibroblasts, however
whether TBK1 or IKK-i participate in PKR or RIG-1-path-
ways remains to be explored [8].

TBKI1 and IKK-i as IRF3 and IRF7 Kinases

TBK1 and IKK-i were simultaneously identified as hav-
ing the ability to phosphorylate both IRF3 and IRF7 [6,
10]. However, whether or not these kinases prefer either
substrate is unknown. RNAI targeting either TBK1 or IKK-i
inhibited Sendai virus and VSV-induced IRF3 transcrip-
tional activity [6, 10]. Thus, TBK1 and IKK-i may both be
important in IFN induction during viral infections. In
fibroblast cells, which express low levels of IKK-i, a lack
of TBK1 resulted in defective IRF3 activation and IFN
production in response to Sendai virus, VSV, and NDV
[7-9, 69]. The delayed IRF3 activation and IFN produc-
tion seen in TBK 1" fibroblasts may be attributed to virus-
induced upregulation of IKK-i expression. Accordingly,
reconstitution of TBK 1™~ fibroblasts with IKK-i rescued
the defects in IFN responses to Sendai virus [9]. Mac-
rophages express constitutively high levels of IKK-i, and
no apparent defects could be seen in TBK /™" macroph-
ages infected with Sendai virus [9]. Thus, it appears that
TBK1 and IKK-i may be redundant in function when it
comes to viral infection. However, the question remains
as to why TBK 1"~ macrophages have defective IRF3 acti-
vation and IFN induction in response to TLR3 and TLR4
ligands even though IKK-i is highly expressed in these cells
[9]. Additionally, the role of TBK1 and IKK-i in activation
of IRF3 and IRF7 by other PRR pathways remains to be
explored. Thus, do TBK1 and IKK-i play overlapping roles
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during viral infection, or do they mediate different path-
ways of viral recognition leading to type I IFN responses?

Type I IFN production in response to viral infections

Much progress in defining the components of PRR path-
ways leading to type I IFN production has allowed classi-
fication of viruses based on pathways they activate during
infection (Tab. 1). Each virus is likely to be detected by
multiple PRRs throughout their infection lifecycle, although
certain PRRs may be more important for inducing pro-
duction of type I IFNs. Different mechanisms of viral detec-
tion may be mediated by the subcellular location of viral
patterns and mechanisms of cell entry by the virus. Viruses
can enter cells by several different mechanisms. Non-en-
veloped viruses enter cells by binding to the cellular mem-
brane and generating a pore or disrupting the membrane
[80]. Some enveloped viruses enter cells by fusion of the
viral envelope at the plasma membrane and release of the
viral particle into the cytoplasm [81]. A more prominent
mechanism for enveloped viruses is entry by endocytosis,
in which viruses are taken up into endocytic vesicles via
phagocytosis or pinocytosis, and subsequently enter the
cytoplasm by endosomal membrane fusion or lysis of the
endosomal membrane [81]. Thus, endosomally-located
PRRs including TLR3, TLR7/8, and TLRY, appear to be
strategically located for detecting such viral invaders.
However, it is not known if pDCs, which play the most
prominent role in IFN production during viral infections,
are actively infected by viruses or instead actively uptake
and survey extracellular particles. Once the virus enters
the host cytoplasm and begins replication, cytoplasmic de-
tectors of viral patterns become more important, parti-
cularly in recognition of dsRNA, which is produced dur-
ing replication of both DNA and RNA viruses. As virally
encoded proteins that inhibit IFN responses now come
into play, the host appears to have evolved multiple me-
chanisms to detect cytoplasmic products of viral replication,
particularly dsRNA. Here we will discuss the host mecha-
nisms of viral detection that lead to type I IFN production
against several well studied viruses.

HSV-1 and HSV-2

HSV-1 and HSV-2 belong to the family of herpes-viruses,
which are composed of four layers: a large dsSDNA genome,
enclosed in a caspid, surrounded by a tegument protein
coat, and then by a glycoprotein-bearing lipid bilayer
envelope [82]. These herpesviruses primarily infect neu-
rons and epithelial cells, although leukocytes can also be
infected [82]. Several envelope glycoproteins, particularly
glycoprotein-D, mediate entry by binding to cellular
receptors, triggering fusion with the plasma membrane
and acess of the tegument-enclosed viral particle into the
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Tab. 1 Pattern-recognition receptors and signaling molecules shown to be involved in activation of type I IFN

production during viral infections.

Virus Virus description Cellular entry Molecules involved References
mechanism in activation of type
I IFN
NDV ssRNA (-)sense Plasma membrane RIG-1 [7, 35,133, 134]
Paramyxoviridae fusion TBK1
Avulavirus IRF3
Sendai virus ssRNA (-)sense Plasma membrane Racl [6-10, 44]
Paramyxoviridae fusion TBK1 A. Perry & G.
Respirovirus IKK-i Cheng, unpublished
IRF3 observations
IRF7
Influenza virus ssRNA (-)sense Endocytosis and TLR7 [36, 44, 45, 49]
Orthomyxoviridae endosomal membrane MyD88
VSV ssRNA (-)sense fusion Rac1/PAK1
Rhabdoviridae Endocytosis and TLR7 [8, 10, 36, 69, 134]
endosomal membrane MyDS88
fusion TBK1
IRF3
West Nile virus ssRNA (+)sense Endocytosis and TLR3 [37]
Flaviviridae endosomal membrane
fusion
HSV-1 DNA Plasma membrane TLR9 [68, 83, 134]
Herpesviridae fusion MyDS88
Alphaherpesvirinae IRF3
HSV-2 DNA Plasma membrane TLR9 [58]
Herpesviridae fusion MyD88
Alphaherpesvirinae TLR9 [19, 31, 56]
MCMV DNA Plasma membrane MyD88
Herpesviridae fusion TLR3
Betaherpesvirinae TRIF

HSV, herpes simplex virus; IKK-i, inducible IkB kinase; IRF3, interferon regulatory factor-3; MCMYV, murine cytomegalovirus;MyD88,
myeloid differentiation factor-88; NDV, Newcastle disease virus; PAK1, PI-3K/Rac1/p21-activated kinase-1; Racl, ras-related C3 botuli-
num toxin substrate-1; RIG-1, retinoic acid inducible gene-1; TBK1, TANK-binding kinase-1; TLR, Toll-like receptor; TRIF, Toll/IL-1
receptor domain-containing adaptor inducing IFNf; VSV, vesicular stomatitis virus. For viral taxonomy, refer to: http://www.ncbi.nlm.nih.

gov/ICTVdb/Ictv/index.htm.

cytoplasm [82]. Endocytosis may also occur in some cell
types, perhaps pDCs, while viral particles present in
endosomes are considered as primarily progeny viruses
[82]. Exit of progeny viruses from the cell requires envel-
opment by the golgi or trans-golgi network [82].

The host is equipped with multiple PRRs able to recog-
nize HSV-1 and HSV-2 components and lead to immune
cell activation. pDCs have emerged as the primary cell
types producing type I IFN while infected by HSV-1 and
HSV-2, via TLR9 recognition of viral DNA [58, 68]. pDCs
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may come into contact with HSV via endocytosis of viral
particles, as viral replication is not required for the IFN
response [58, 68]. IFNa induction can still occur in vari-
ous TLR9" and MyD88" bone marrow cell subsets, al-
though heat treatment of HSV-1 abrogated TLR9-indepen-
dent responses, indicating recognition by other PRRs re-
quires HSV replication or recognition of heat-labile mole-
cules [83]. For instance, PKR may become activated by
dsRNA induced by replicating HSV, although it is not known
if this leads to type I IFN production [84]. Proinflammatory
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cytokine production in response to HSV can occur through
an TLR9-dependent, TLR9-independent but MyD88-de-
pendent way, as well as MyD88-independent mechanisms
[83, 85]. IL-6 production at least, may be mediated by
activation of TLR2 by HSV-1 [86]. Furthermore, MyD88"-
and TLR9" mice infected with HSV-1 in the footpad or
cornea were able to control viral replication equivalently
to wild-type mice [68]. Take together, the contribution of
type I IFN production by pDCs to the host response remains
to be explored.

MCMV

MCMV is a B-herpesvirus studied as a murine model
for human CMYV infection [87]. B-herpesviruses are com-
posed of large dsDNA genomes surrounded by 3 addi-
tional layers similar to the o-herpesviruses [8§8]. MCMV
can infect a range of cell types via fusion with the plasma
membrane, but exhibit a tropism for hematopoietic cells
[87]. After infection, MCMYV replicates to high levels in
the liver and spleen, leading to liver dysfunction and im-
mune suppression [87].

MCMV is detected by TLR9 and induces type I IFN
and IL-12 production in DCs [31, 56]. However, in vivo
cytokine production still occurs in TLR9-knockout mice,
indicating there must exist other PRRs to recognize MCMV
[31, 56]. TLR3 may recognize MCMV dsRNA as mice
deficient in TLR3 had a decrease in IFNo/f3 production,
increased MCMYV titers, and a decrease in overall survival
[31]. Further evidence of a relevant role for the TLR3 path-
way in MCMYV recognition is seen in mice deficient in
TRIF, which also shows defective MCMYV clearance [19].
Clearance of MCMYV requires activation of NK cells, which
detect MCM V-infected cells by the NK receptor Ly49H
[87]. Type I IFN is known to activate NK cells through
inducing cytokines including IL-15 [2]. Thus, optimal
host resistance to MCMYV requires multiple PRRs that lead
to cytokine production including type I IFNs, as well as
the NK receptor LY49H.

Influenza virus and VSV

Similar mechanisms of host recognition have been shown
for two negative-stranded ssSRNA viruses of different
families that enter cells by similar mechanisms. Influenza
virus and VSV enter cells via receptor-mediated endocy-
tosis followed by low pH-dependent fusion with the
endosomal membrane and release of the viral ribonucle-
oprotein (VRNP) into the cytoplasm [81, 89]. However,
VSV gene expression occurs in the cytoplasm, while in-
fluenza virus vVRNPs are imported into the nucleus for gene
expression [81, 89]. Both of these viruses have been shown
to trigger type I IFN production via recognition of viral
sSRNA by TLR7 in endosomes of pDCs in a replication-
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independent manner [36, 45, 49]. Thus, dissolution of the
viral particle in the endosome releases sSRNA to trigger
TLR7-induced IFNa.

However, even though most type I IFN production in-
duced by influenza virus is dependent on the TLR7-MyD88
pathway, survival following influenza virus infection was
similar in wild-type and MyD88"" mice [49]. It was hy-
pothesized that other PRRs may contribute to recognition
of influenza and activation of an adequate immune response.
Although influenza is a ssSRNA virus, and would produce
dsRNA during replicative steps, no defects were seen in
IFNo production in TLR3” PBMCs infected with influ-
enza virus [36]. However, induction of IFNa by influenza
virus was strongly enhanced in BMDC:s if the virus lacked
a functional NS1 protein, which acts to sequester dSRNA
and inhibits activation of dSRNA sensors including PKR
[49, 64, 79]. Furthermore, this increase in IFN produc-
tion was independent of MyD88, and required viral
replication, indicating type I IFN production may be oc-
curring as a result of dSRNA sensing by TLR3, PKR, or
RIG-1, normally inhibited by NS1 [49]. However, PKR
was not required for this response, indicating NS1 may
inhibit multiple dSRNA recognition pathways [49]. Thus,
influenza virus infections are detected by TLR7, as well
as dsRNA sensing pathways that can be inhibited by NS1.

VSV is also likely detected by dsSRNA sensing pathways
in addition to detection by TLR7. VSV has been shown to
be able to trigger IRF3 activation and type I IFN produc-
tion in a TBK-dependent, but TLR3 and TRIF-indepen-
dent manner, indicating dSRNA signaling pathways be-
sides TLR3 can utilize TBK1 but not TRIF to induce IFN
production [8, 69]. RIG-1 may be a candidate, as RIG-1
overexpressing cells had lower VSV titers [35].

Cell type specificity

While all cell types appear equipped with the ability to
respond to viral infections by producing type I IFN, levels
of production and IFN subtypes induced differ between
various cell types. These differences are important in de-
fining the roles that different cell types play in the host
response to viral infections. Innate immune cells act as
sentinels of viral invasion in a virus-replication-indepen-
dent mechanism by TLRs, while non-immune cells which
do not express high levels of TLRs can still produce type
I IFNs in response to infection with replicating viruses or
cytoplasmically-targeted dsRNA [45, 47, 58, 68]. A rare
DC subset, pDCs, have emerged as the major type I IFN
producers during stimulation with TLR7/8 and TLR9
ligands and infection with viruses that activate signaling
through these TLRs, including MCMV, HSV-2, VSV, and
influenza virus [36, 45, 46, 56, 58, 64, 66, 68, 83, 90—
94]. The importance of these cells in IFN responses has
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been shown by lack of IFN production during MCMV
infection in pDC-depleted mice [56, 66, 93]. In pDCs,
ligands for TLR7/8 and TLR9 upregulate high amounts of
IFNo., while macrophages and conventional DCs respond
to these ligands by activating NF-kB to produce pro-
inflammatory cytokines including IL-12 but not much type
I IFN [36, 46, 49, 56, 59, 63—68]. Thus, while both cell
types are able to sense and respond to these ligands, down-
stream signaling outcomes are different. pDCs were also
shown to be major producers of IFNa in response to
transfected dsRNA and infection with the ssSRNA virus
RSV (which enters cells by fusion at the plasma membrane),
in a replication-dependent manner [47]. Thus, pDCs appear
to be the major type I IFN producers even in response to
viruses that may bypass TLR7/8 and TLR9 recognition in
endocytic compartments [36, 47].

The molecular mechanisms governing the ability of pDCs
to produce high levels of type I IFN is currently a focus
of intense study. Expression levels of TLR signaling com-
ponents has been shown to differ between pDCs and other
cell types and may partly explain the differences in signal-
ing outcomes [95]. In mice and humans, pDCs express
high levels of TLR7 and TLR9 compared to monocytes
and conventional DCs although this does not explain the
differences in downstream signaling outcomes [63, 67,
95-97]. TLR7 and TLRY activate type I IFN through a
MyD88-IRF7 pathway, and relatively high constitutive
expression levels of IRF7 are seen in pDCs [94, 97, 98].
During VSV infection, which activates IFN production
through TLR7 in pDCs, pDCs but not fibroblasts can
upregulate early IFNo-non4 production independently of
feedback signaling through IFNAR [36, 99]. In contrast,
in fibroblasts, early VSV-induced IFNa. production is lim-
ited to the IRF3-regulated IFNa4 subtype [99]. Thus,
higher expression levels of IRF7 and other signaling com-
ponents contribute to the ability of pDCs to produce high
levels of type I IFN following TLR stimulation.

Differences in expression levels of IFN induction path-
way members have also been observed between other cell
types. For instance, the inducible kinase IKK-i is prefer-
entially expressed in lymphoid cells although expression
in specific cell subsets has not yet been investigated [100].
The closely related kinase TBK1 however, seems to be
constitutively expressed in most cell types [101]. Infec-
tion of TBKI”" fibroblasts but not TBK /™~ macrophages
with Sendai virus resulted in defective IRF3 activation and
type I IFN production, likely because IKK-i functions re-
dundantly in macrophages [7-9]. Thus, IKK-i expression
may equip certain cell types with a greater ability to re-
spond to virus infections.

Type I IFN production in response to bacterial infec-
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tion

The first correctly described TLR4 ligand was the Lipid
A component from LPS of Gram-negative bacteria. Stimu-
lation with Gram-negative bacteria including Salmonella
typhimurium and Escherichia coli or LPS derived from
these bacteria induces type I IFN production [102-105].
Other bacterial components that induce type I IFN include
bacterial DNA and Gram-negative flagellin, indicating other
bacterial infections may also activate type I IFN produc-
tion [60, 103].

Listeria monocytogenes (LM) is a Gram-positive facul-
tative intracellular bacterium that is mainly contracted
through consumption of contaminated foods. LM infec-
tions are primarily concerning in immunocompromised
individuals where sepsis and meningitis may develop, and
in pregnant women where the fetus may become infected
and lead to septic abortion [106]. LM infects and resides
in macrophages, as well as intestinal epithelial cells and
hepatocytes by inducing phagocytosis [106]. After
phagosomal uptake, LM secretes listeriolysin O (LLO), a
hemolysin, to form pores in the phagosomal membrane
and allow cytoplasmic translocation [106]. Thereafter, LM
mobilizes host actin filaments to propel itself through the
host cell cytoplasm and penetrate directly into neighboring
cells without becoming exposed to the extracellular space
[106].

In vitro and in vivo infection studies have shown that
LM can induce production of type I [FN [107—115]. While
LM infection can induce TLR and MyD88-dependent NF-
kB activation and production of proinflammatory cytokines
including TNFo and IFNY, induction of type I IFN is in-
dependent of TLR9, TLR2, TLR4, MyD88, TRIF, and
TRAM, and occurs at a later time point than NF-xB acti-
vation [112—115]. Instead, LM-induced type I IFN pro-
duction occurs through a pathway dependent on TBK1,
IRF3, and primary induction of IFNf [113—115]. Further
analyses revealed the likelihood of an intracellular receptor
mediating LM induced type I IFN, as induction kinetics
corresponded with phagosomal escape, and induction only
occurred if LM encoded LLO, allowing the bacterium to
escape into the cytoplasm of the host cell [108, 110, 112—
114]. The NOD (nucleotide-binding oligomerization domain)
family of intracellular PRRs do not appear to be involved
in LM-induced type I IFN, as there were no defects in
IFN induction in macrophages lacking NOD2 or the NOD1/
2 adaptor molecule RIP2 [114, 115]. Thus, LM appears to
activate type I IFN production through a unique pathway
that is independent of TLRs, but converges at the IRF3
kinase TBK1.

Contrary to what one would first assume, the produc-
tion of type I IFN during LM infections was actually detri-
mental to the host [109-111, 113, 115]. IRF3” or IFNAR™
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mice which are unable to either produce or respond to type
I IFNs, were more resistant to LM, having greater sur-
vival rates and lower LM titers in the liver and spleen
than wild-type mice [109-111, 113]. Additionally, injec-
tion of mice with polyl:C enhanced LM-induced death
in wild type but not JFNAR™ mice, further supporting
that the response to type I IFNs is detrimental to the host
during LM infection [113]. In this setting, type I IFN pro-
duction appears to sensitize infected splenocytes to LM-
induced apoptosis. This increase in splenocyte apoptosis
was accompanied by IFN-induction of proapoptotic gene
programs including PKR, the death-receptor ligand TRAIL,
and Daxx [109, 111-113]. Mice deficient in TRAIL were
also more resistant to LM-induced splenocyte apoptosis
and had lower spleen and liver LM titers [116].

Infection with the intracellular Gram-positive pathogen
Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis, has also been shown to induce production
of type I IFNs. Llike LM, Mtb infects and resides in host
macrophages. Infection of various cell types with Mtb
has been shown to activate NF-xB and IRF-3, and induce
expression of both IFNP and IFNa [117-120]. A hyper-
virulent strain of Mtb that induced higher levels of IFNa
than another virulent strain, was shown to kill infected
mice at a faster rate [120]. Although production of Thl
cytokines was lower in mice infected with the hyperviru-
lent strain, co-administration of IFNg with infection had
no effects on survival, while co-administration of IFNo/[3
with infection further enhanced killing by the Mtb strain
[120]. Thus, although early death induced by this Mtb
strain may be partially due to the failure to elicit proper
Th1 responses, production of type I IFN greatly enhanced
death [120]. A related pathogen, Mycobacterium bovis, was
shown to have enhanced replication rates in macrophages
pre-treated with type I IFNs [121]. Thus, in contrast to
the critical role played by type I IFNs in host anti-viral
responses, production of these cytokines during infection
with intracellular Gram-positive bacterial pathogens ap-
pears to be detrimental to the host.

Conclusion

Type I IFNs are rapidly induced and play an essential
role in defense against viral infection at any stage of the
virus life cycle [122]. By feeding back in an autocrine and
paracrine manner, IFNo/f induces an anti-viral state in
surrounding cells by inducing transcription of genes in-
volved in apoptosis, anti-growth, and innate and adaptive
immune cell activation. Some of the most well-studied anti-
viral genes induced by type I IFNs include PKR, ADAR
(adenosine deaminase acting on RNA), OAS (2°,5’-
oligoadenylate synthetase), RNase L, and Mx proteins. PKR
and ADAR lead to inhibition of translation initiation and
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RNA editing, respectively. OAS is a dsSRNA-dependent
synthetase that activates the endoribonuclease RNase L to
degrade ssRNA [123]. For example, activated RNase L
can degrade respiratory syncytial virus M2 RNA [124].
Mx proteins are dynamin superfamily GTPases that act
on a wide range of viruses by binding target viral proteins
to inhibit virus replication. For example, MxA can bind to
the nucleocapsid of Thogoto virus and block nuclear im-
port [125].

Besides inducing proteins with direct anti-viral effects,
type I IFNs regulate multiple aspects of innate and adap-
tive immunity. Type I IFN regulates the function of NK
cells by inducing production of IL-15 to promote NK cell
survival and proliferation [126]. Type I IFN production
has been shown to stimulate DC maturation by upregulating
surface expression of MHC and co-stimulatory molecules
CD80, CD86, and CD40 [2]. Type I IFN may also induce
differentiation of pDC subsets into mature APCs [66, 127].
Type I IFN plays a role in activation of naive CD8" T
cells, survival of activated CD4" and CD8" cells, and de-
velopment and proliferation of B cells [2]. Activated IRF3
directly activates production of the chemokines IP-10 (IFN-
v inducible protein 10, CXCL10) which recruits lympho-
cytes and monocytes, and RANTES (regulated on
activation, normal T cell expressed and secreted, CCL5)
which attracts activated and memory T cells, eosinophils
and basophils [4, 128, 129].

Due to the vast effects that type I IFNs have on stimu-
lating and shaping the immune response, it is no wonder
that many studies have found indispensable roles for type
I IFN in anti-viral host responses. Most, if not all, virus
infections are recognized by host PRRs and lead to type I
IFN production. The collective recent studies have shown
that multiple TLRs including TLR3, TLR4, TLR7, TLRS,
and TLROY, as well as several intracellular PRRs including
RIG-I and PKR are involved in type I IFN production upon
recognition of viruses. The activation of PRRs triggers
complex signaling pathways which induce numerous ef-
fective proteins that play important roles in host responses
to pathogen invasion. A single virus can be recognized by
multiple PRRs through different viral patterns. While this
may have evolved as a response to viral-inhibition of [FN
responses, activation of different PRRs in different cell types
leads to induction of different gene programs and subse-
quent immune responses. How the role for production of
type I IFN differs under these various conditions remains
to be studied.

At the same time, many viruses have developed the abil-
ity to escape or inhibit the function of IFNs [74]. Many
viral products can block the IFN associated signal, such
as the influenza NS1 protein and vaccinia virus E3L pro-
tein which inhibit PKR, and vaccinia virus-encoded soluble
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IFN-0/f receptor decoys [74, 130]. The anti-IFN ability
of viruses is reflected in some problems of clinical therapy.
Type I IFN is the primary antiviral therapeutic used against
hepatitis C virus (HCV) [74]. However, HCV resistance
to IFN treatment is prominent, likely due to mutations in
the NS5A protein which acts to inhibit PKR and JAK-
STAT signaling [74].

While type I IFNSs play a critical role in host resistance
to many types of viruses, it is very interesting that type I
IFN production is also important to the host during infec-
tion with intracellular bacterial pathogens. Production of
type I IFN during LM infection sensitized macrophages
and lymphocytes to cell death [109, 111, 113]. Type I IFN
production may also be detrimental to the host during in-
fection of Mtb [120]. Thus, the question remains as to
whether this response is true for all bacteria, for all intra-
cellular bacteria, or just a few specific pathogens. Both
Mtb and LM primarily infect macrophages, and it was
also this cell type that exhibited cell death during LM in-
fection [109, 113]. Thus, is this response specific to mac-
rophages as the host cell, or are other cell types also sen-
sitized to IFN-mediated cell death? The host receptor rec-
ognizing the presence of intracellular LM has not yet been
identified and it is interesting to note that LM may activate
a completely unique pathway. Thus, has the host evolved
a unique pathway to produce type I IFN upon recognition
of cytoplasmic bacteria such as LM, or has the bacterium
evolved to induce type I IFN production for its own
benefit? Furthermore, studies need to address the role for
type I IFNs in the host response to acute versus chronic
infections. High dosages of LM were used to demonstrate
acute infections in these experiments, and in such sce-
narios it may be true that overproduction of type I IFNs
may be detrimental to the host. During infections with
lower doses of LM, would this same effect be observed,
or would type I IFN production benefit the host as it does
during viral infections? Immunized IFNAR™ mice were
able to mount effective memory responses similar to that
of wild-type mice during a secondary challenge with LM
[110]. Thus, type I IFN may not inhibit activation of adap-
tive immune responses (mainly CD8" T cells) required for
the clearance of LM. However, the effect of type I IFN
on aspects of immune cell activation during LM infection
needs to be further clarified.

Much progress has been made in understanding the
induction and function of type I IFNs. Type I IFN and
inducers of type I IFN including the TLR7 ligand
imiquimod, are used clinically for treatment of virus origi-
nated diseases including hepatitis B, hepatitis C, multiple
sclerosis, and genital warts caused by human papillomavirus
[54, 131]. IFNa is also a useful and active agent in clini-
cal oncology for treatment of several malignant disorders
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including myeloma, renal cell carcinoma, and melanoma
[132]. However, production of type I IFN during certain
intracellular bacterial infections including LM and Mtb has
detrimental effects on the host. Type I IFN has also been
associated with enhanced pathogenesis of autoimmune dis-
eases including systemic lupus erythematosus and type I
diabetes [2]. Since type I IFNs play both positive and nega-
tive roles in a variety of immunological diseases, it is im-
portant to understand their mechanism of induction and
action, in order to harness these powerful products of
nature for our benefit.
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