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Abstract

The unexpected discovery of a novel family of antiviral mediators, type 11 IFNs or IFN-As,
challenged the widely accepted primacy of type | IFNs in antiviral immunity; and it is now well
recognized that the IFN-A-based antiviral system plays a major role in antiviral protection of
epithelial barriers. The recent characterization of previously unknown IFN-A-mediated activities
has prompted further reassessment of the role of type | IFNs in innate and adaptive immune and
inflammatory responses. Since type | and type 111 IFNs are co-produced in response to a variety of
stimuli, it is likely that many physiological processes are simultaneously and coordinately
regulated by these cytokines in pathological conditions, and likely at steady state as baseline
expression of both IFN types is maintained by microbiota. In this review, we discuss emerging
differences in the production and signaling of type I and type 111 IFNs, and summarize results of
recent studies describing the involvement of type Il IFNs in anti-bacterial and anti-fungal, as well
as antiviral, defenses.
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1. Introduction

Innate antiviral defenses in mammals, amphibians, reptiles and birds rely on the action of
two types of interferons (IFNs), type | and type I11 IFNs. The first members of the family of
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proteins which are now known as type I IFNs, were discovered in 1957 [1], and initially
appreciated for their ability to protect cells against viral infections. With time, additional
activities of these proteins were observed, including their anti-tumor actions and regulation
of adaptive host immune responses. Although type I11 IFNs were discovered decades later,
they were also initially characterized as innate antiviral mediators [2, 3] with expression
profiles, signaling pathways and gene expression programs resembling those of type I IFNs.
Similar to type | IFNs, additional activities of type 11 IFNs are being discovered, and several
recent reviews provide detailed evaluation of the diverse functions of type 111 IFNs [4-13].
This article is intended to review recent publications about type 111 IFNs, focusing on their
role in resistance to non-viral, as well as viral, infections.

The discovery of type 111 IFNs in 2003 [2, 3] has led to a major rethinking of innate immune
responses. Prior to that time it was appreciated that virus infection or exposure to viral
components triggered the synthesis of type | IFNs (IFN-a/p), that play a critical role in
antiviral defenses, but the existence of an additional type | IFN-independent antiviral system
was unsuspected. The initial discovery of type Il IFNs, or IFN-A, was based on an analysis
of sequence data that revealed the existence of a novel receptor subunit, the IFN-A receptor
1 (IFNLR1). IFNLRZ1, paired with the IL-10R2 subunit (Fig. 1), was shown to bind and
transmit signaling of a novel IFN family, named IFN-As [2, 3]. Three closely related human
cytokines, IFN-A1, IFN-A2 and IFN-A3, were first identified, followed by the discovery of
the more distantly related IFN-A4 [14]. Mice possess only two functional type I11 IFNs,
IFN-A2 and IFN-A3 [15]. All four members of the IFN-A family utilize the same receptor
complex for signaling [2, 3, 16], whereas all type I IFNs signal through a receptor complex
composed of the IFNAR1 and IFNAR2 subunits (Fig. 1). Initial studies demonstrated that
despite the engagement of distinct receptor complexes, activation of either the type | or type
I11 IFN signaling pathway led to the formation of the heterotrimeric transcription factor
ISGF3 (IFN-stimulated gene factor 3), and up-regulation of the same set of IFN-stimulated
genes (ISGs) which mediate the antiviral response (Fig. 1). The realization that there are two
independent antiviral mechanisms has led many groups to ask whether the IFN-a./p and
IFN-A systems have distinct as well as overlapping functions. These characterizations are far
from complete, but a picture is emerging whereby the type 111 IFNs are essential for
protecting mucosal surfaces from a variety of insults.

2. IFN Induction and Signaling

Distinct functions of the two IFN types are well documented in the gastrointestinal (GI)
tract, where type I11 IFNs act almost exclusively on epithelial cells, and immune cells in the
lamina propria respond only to type | IFNs [17-22]. Endothelial and stromal cells in the Gl
tract are also sensitive to type I, but not type 111, IFNs. This differential sensitivity of various
cell types to IFN-As is regulated by the levels of IFNLR1 expression. The basis for the
nonresponsiveness of intestinal epithelial cells to type | IFNs /n vivois not well understood.
Intestinal epithelial cells express lower levels of IFNARL and IFNAR?2 transcripts than the
immune cells within the lamina propria [21], and IFNAR1 expression may be also regulated
post-transcriptionally [23]. These and other mechanisms may govern sensitivity of epithelial
cells to type | IFNs. Of note, the vast majority of cell lines of epithelial origin, as well as
primary cells grown ex vivo, including enteroid and organoid cultures of intestinal cells, are
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fully responsive to type | IFNs [24-26]. Only within tissues is this differential sensitivity of
intestinal epithelial cells to type | IFNs evident, complicating the characterization of the
regulatory mechanism(s). Whether IFNs act in compartmentalized manner in other organs
remains to be investigated.

The replication strategies and tropism of viruses differ widely, and viruses employ diverse
mechanisms to interfere with pathways leading to IFN production by the host cells.
Accordingly, the patterns of type | and type Il IFN induction differ substantially depending
on the type of the virus or even viral strain [22, 27-30]. In general, the same stimuli
associated with virus infection, or pathogen-mediated damage to the host, trigger production
of type I and type 111 IFNs through the engagement and activation of pattern recognition
receptors (PRRs) and/or pathogen-associated or damage-associated molecular patterns
(PAMPs and DAMPs). In this setting epithelial cells predominantly produce type Il IFNs
[21, 22, 25, 26, 31-37]. Subcellular localization of PRRs, such as TLRs or signaling
molecules downstream of these sensors, affects the balance of type | and type Il IFN
expression levels [38, 39]. Polarized epithelial cells at mucosal surfaces appear to have more
peroxisomes [38], as well as cell surface expression of TLRs [40], factors that favor
production of type 111 IFNs over type | IFNs [38, 39]. Epithelial cell-produced IFN-As then
act on virus-infected or neighboring epithelial cells to suppress virus replication and prevent
viral spread through the epithelium. The IFN-A-based antiviral system can therefore be
considered an autonomous mucosal defense system, producing ligands which then act on the
cells forming the epithelial barrier (Fig. 1). This mechanism ensures the activation of a
localized antiviral protection without triggering a more damaging systemic response. Only
when the barrier is breached is there a threat of systemic infection that requires a systemic,
primarily type | IFN-mediated, antiviral response for containment. Type | IFNs, particularly
IFN-as, are produced primarily by immune cells, such as plasmacytoid dendritic cells, and
act on submucosal stromal cells to inhibit viral spread within tissues. Type | IFNs also act on
endothelial cells and peripheral blood mononuclear cells to suppress bloodborne spread of
the infection.

Within the IFNLR complex, IFNLR1 serves as a high-affinity receptor subunit for IFN-As
[41, 42]. IL-10R2 has a relatively low affinity for ligands but is required to assemble a
functional IFNLR complex. There is extensive interaction between the IFNLR subunits, a
phenomenon that has not been observed for IFNAR subunits [42, 43]. In addition, binding of
IFNLR1 and IL-10R2 to IFN-A3 leaves a large surface area of IFN-A3 unoccupied, whereas
little surface area of IFN-w remains exposed in the ternary IFN-w/IFNAR1/IFNAR2
complex [42, 43].

For either type I or type 111 IFNs, ligand-guided interaction and conformational changes
within the receptor subunits trigger activation of receptor-bound JAK1 and TYK2 kinases.
These kinases phosphorylate STAT1 and STAT2, which then heterodimerize, and together
with IRF9 form the ISGF3 transcription complex (Fig. 1). Activation of the signaling
machinery is thought to employ many of the same interactions, but differences in signal
transduction by the IFNAR and the IFNLR complexes have been observed. Although TYK2
was shown to be associated with IL-10R2 [44, 45] and positively regulate IFN-A-mediated
ISG expression [46], TYK2 appears to be dispensable for many IFN-A-mediated activities
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[47, 48] despite reduced levels of cell surface IL-10R2 expression on TYK2-deficient cells
[47]. This contrasts with the marked reduction of type | IFN-mediated activities in TYK2-
deficient cells [47, 48]. Partial suppression of IFN-A activity by JAK2 inhibitors has been
reported [38, 49, 50], but STAT activation in JAK2-deficient cells expressing a chimeric
IL-10R1/IFNLR1 chain was not affected by JAK2 deficiency [51].

Distinct features of type | and type I11 IFN receptor complexes may account for the observed
differences in signal transduction by these receptors. It is possible that the extensive IFNLR1
and IL-10R2 interactions required for stable ligand binding make the IFNLR complex less
dependent on TYK2, and permit self-activation of IFNLR1-associated JAK1 kinase
following ligand binding. IL-10R2 may also have a moderate affinity for JAK2, allowing
JAK?2 or other JAK kinases to substitute for TYK2 in cells lacking TYK2. The large surface
area of IFN-A that remains unoccupied after IFNLR1 and IL-10R2 binding opens the
possibility of an additional interacting partner(s), such as a third receptor subunit, that could
introduce another kinase into the signaling complex. This scenario provides a possible
mechanism that would allow JAK2 activation by IFN-A and unaltered activity of this
cytokine in TYK2-deficient cells. In addition to JAK-STAT signaling, the mitogen-activated
protein kinase (MAPK) pathway is also activated by both IFN types, although antiviral
activity of type Il IFNs is more sensitive to the pharmacological inhibition of MAPK [25].
Production of type | and type 111 IFNs is also differentially affected by MAPK inhibitors
[38].

Overall, substantial variations in type | and type 111 IFN production and signaling have been
described in both /n vitroand in vivo studies. While the many inconsistencies have yet to be
explained, recent work in animal models of infection suggests that /n vivo
compartmentalization of IFN production and receptor binding may play an important role in
the innate response to multiple infections. In addition to characterizing the biochemistry of
IFN signaling, it seems likely that determining which cells within a given tissue respond to
which IFN(s) will be important for understanding the pathogenesis of specific infections.
Once the anatomy of IFN responsiveness is well characterized, it may be possible to
discover how the differentiation or activation state of a given cell type dictates the
availability of signaling components.

3. IFN-A in antiviral responses

While both type | and type Il IFNs have been shown to be important for host protection
from respiratory and intestinal virus infection, they have also been shown to have distinct
activities. There is clear evidence that, although production of these cytokines is triggered by
the same stimuli /n vitro, their in vivo production varies with respect to pathogen and source.
In both reovirus and rotavirus infections of the Gl tract, epithelial cells were the major
source of IFN-A [21, 22], and IFN-A, rather than IFN-a/B, was the predominant antiviral
cytokine induced by rotavirus infection. Like IFN synthesis, IFN responsiveness /n vivo was
not predicted from in vitro studies. While all cell lines tested are IFN-a./p responsive, mouse
models of enterovirus infection have demonstrated that the intestinal epithelium is protected
only by IFN-A after the neonatal period. The basis of this specificity is not understood, but a
role for cell polarization has been suggested [52]. Despite this compartmentalization of IFN-
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a/p and IFN-A responsiveness, both cytokines are important for host resistance with IFN-A
limiting virus replication in intestinal epithelial cells and IFN-a/f acting on multiple cell
types to prevent virus spread beyond the epithelial surface.

IFN-A is the predominant cytokine induced by influenza A virus infection of the respiratory
tract, but the presence of either the IFNAR or IFNLR is sufficient to limit virus production
in this model (Jewell 2010, and Mordstein 2010). Virus titers are significantly higher in
animals lacking STAT1, STAT2 or both IFNAR1 and IFNLR1 showing that
compartmentalized IFN responsiveness is less pronounced in the pulmonary tree. However,
the IFN-A antiviral system appears to reduce virus spread between animals, suggesting that
replication of influenza A virus in upper respiratory tract is primarily controlled by IFN-A
[53].

Zika is an emerging flavivirus, transmitted by mosquitos or by sexual contact, which can
cause birth defects or fetal demise following infection of pregnant women [54]. There is
some evidence that IFN-A may contribute to preventing vertical and ascending Zika virus
infection of the female reproductive tract in mouse models. Initial studies in mice required
deletion or blockade of IFNAR1 for virus replication and transmission to the fetus following
subcutaneous or intravaginal infection. Fetal and placental virus titers were increased after
subcutaneous maternal challenge if female mice and pups were also IFNLR1 deficient [55].
Given the limitations of this model, it has been difficult to determine if there is a significant
role for IFN-A in this infection. Zika virus has been found to antagonize human, but not
murine, STAT2 and therefore both type I and type 11 IFN signaling [56]. Nonetheless,
progesterone-treated, anti-IFNAR1 antibody-treated //7/r1~/~ mice showed enhanced
susceptibility to ascending Zika infection from the mucosal surface [57].

The studies described above demonstrate the importance of the type 111 IFNs for resistance
to virus infection, primarily by induction of the antiviral state at the mucosal surface, but
there is also evidence that this cytokine is important in innate immune responses to non-viral
pathogens. While the effects of IFN-A on the epithelial compartment is now clearly
established, its role in innate immune cell function has yet to be fully characterized. In
human PBMCs, only dendritic cells, macrophages and B cells have been shown to respond
directly to IFN-A [13, 58]. However, despite the non-responsiveness of mouse PBMCs to
type 111 IFNs [13], recent publications now demonstrate an essential role for this cytokine in
innate responses to bacterial and fungal pathogens which require innate immune cell
activation for clearance. Although our understanding of IFN-A function in non-viral
infections is far from complete, these new observations indicate a more nuanced role for
type | and type 111 IFNs than has previously been appreciated.

4. |FN-A and bacterial infection

Within several years of the discovery of type 11 IFNs as antiviral cytokines, activation of
this pathway by bacteria infection was also observed. IFN-A induction by Salmonella [59],
Listeria monocytogenes [38, 60, 61], Staphylococcus epidermidis [60], S. aureus [62],
Enterococcus faecalis [60], Pseudomonas aeruginosa [62], Mycobacterium tuberculosis [60,
63], Borrelia burgdorferi[64], Klebsiella pneumoniae [65] and Cryptosporidium parvum
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[66] has now been documented. In some cases, the signaling components have been
characterized. B. burgdorferi RNA induces type Il IFN production by PBMCs via TLR7
and IRF7 [64]. IFN-A induction by Salmonellaand Shigella requires both MyD88 and TRIF
[39], as well as p38 MAPK, PI3K and NF-xB pathways in the case of Sa/monella[59].
While these studies have been done using cell lines or primary cells studied ex vivo, there is
clinical data showing that IFN-A levels correlate with active, but not latent, M. tuberculosis
infection [63].

Recent studies also highlight the impact of type 111 IFN signaling on bacterial pathogenesis.
P, aeruginosa, S. aureus and K. pneumoniae have been examined in models of acute
respiratory infection using IFNLR-deficient mice. In all of these infections, type 111 IFN
appears to contribute to pathogenesis; in the absence of the pathway there is improved
bacterial clearance and decreased pulmonary pathology [62, 65, 67]. In the case of K.
pneumoniae, bacterial clearance was improved 4 days post infection, while dissemination to
the spleen was decreased within 24 hours of infection [65]. /#/r1~/~ mice exhibit improved
bacterial clearance and survival against S. aureus [62, 67].

Also of interest is the effect of IFN-A on the enhanced susceptibility to secondary bacterial
pneumonia which occurs following influenza virus infection. This is a major clinical
problem associated with significant morbidity and mortality [68], and is of interest here
given the robust induction of type Il IFNs by this infection [69]. Secondary infection with
S. aureus after influenza infection led to significant increases in bacterial burden, which was
ameliorated in the absence of type 111 IFN signaling [70] or further impaired by IFN-A
overexpression [71]. While /n vivo co-infection with influenza did not influence £
aeruginosa infection [62], studies /n vitro with another virus, RSV, had profound effects. In
concert with airway epithelial cells, RSV caused P, aeruginosato increase its capacity to
form biofilms. This was shown to be dependent on IFN-A using purified protein and thought
to be due to dysregulated iron homeostasis [72]. Likewise, bacterial colonization of mouse
nares is also influenced by influenza infection. Influenza virus infection was found to
enhance nasal colonization with S. aureus in an IFN-A dependent manner [70].

There are some clues emerging on how IFN-A may be influencing these phenotypes. One
possible mechanism to explain IFN-A effects on bacterial pathogenesis is its impact on
production of IL-1p. In /fa/rI”~ mice, IL-1p production was significantly reduced in
response to S. aureus [62, 67], while IL-1p treatment of these mice impaired clearance [67].
While the mechanism by which this occurs is not yet completely understood, /f7/r1~/~ mice
exhibited reductions in capase-1 and neutrophil elastase, two proteases involved in cleaving
IL-1p to its active form [67]. In the context of S. aureus-influenza co-infection two
observations have been made. In secondary lung infection it was noted that neutrophil
recruitment was perturbed as a result of type 111 IFN signaling, in addition to reduced
phagocytosis of S. aureus by neutrophils [71]. In a nasal colonization co-infection model,
the nasal microbiome was restructured in a type 111 IFN dependent manner post-influenza
and along with this change there were differences in the proteome associated with
cytoskeleton changes, inferring a potential breakdown of barrier function [70]. The theme of
barrier dysfunction is also observed in the context of K. pneumoniae infection. IFN-A was
observed to increase airway epithelial cell permeability, which was presumed to contribute
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to dissemination of the bacterium from the airway to the spleen [65]. These /in vivo
observations are in contrast to results obtained /n7 vitro where IFN-A strengthened the barrier
function of the epithelial monolayer as assessed by the reduction of Sal/monella
transmigration [39] and the abrogation of Cryptosporidium-induced loss of paracellular
permeability [66]. These discrepancies likely reflect the differences between in vitroand in
vivo models. Whereas the polarized monolayer of epithelial cells is relatively static, the
epithelial barrier /n vivois a highly dynamic system which undergoes continuous renewal
involving processes that may be affected by IFN-A.

5. Regulation of antifungal immunity by IFN-A

Neutrophils are essential for defense against infection by extracellular pathogens, especially
fungi. Neutropenia renders patients susceptible to invasive fungal infections, a susceptibility
that can also be modeled in mice [73-75]. Invasive aspergillosis (IA) is one of the primary
causes of lethal fungal infection in susceptible patients, and currently available antifungal
drugs are often unable to prevent mortality from 1A [76]. Our studies have shown that type
I11 IFNs are crucial regulators of innate antifungal immunity via direct effects on neutrophil
function [77]. Upon infection with Aspergillus fumigatustype | IFN is rapidly produced by
CCR2+ monocytes. This early production of IFN-a/p promotes optimal induction of the
type 11 IFNs which are required to activate the antifungal activity of pulmonary neutrophils
[77]. We found that mice lacking IFNLR1 expression by hematopoietic cells were unable to
control fungal infection and succumbed to invasive aspergillosis [77]. Moreover, neutrophil-
specific deletion of /fnlr1 or Statl rendered mice unable to contain fungal infection. In this
setting, IFN-A was required as a potent activator of reactive oxygen species (ROS)
generation by neutrophils, an essential effector function for the direct elimination of
Aspergillus spores [77]. Importantly, we demonstrated that the susceptibility to IA seen in
CCR2-depleted mice, was linked to impaired production of type | and 111 IFNs and that
proper antifungal defense could be restored by exogenous administration of these cytokines.

6. IFN-A and neutrophil function

Although neutrophils are clearly important innate effectors of pathogen elimination, recent
studies present a more nuanced view of these cells which can also act as regulators of
inflammation. Various studies support the notion that neutrophils facilitate the function of
other immune cells, including macrophages, NK cells, B cells and T cells [78-83]. The
ability of neutrophils to shape the activity of these diverse cell types is largely due to their
ability to rapidly infiltrate tissues and provide cytokines and chemokines that further amplify
an inflammatory cascade. As our understanding of the diversity of neutrophil functions has
expanded, so has our appreciation of the importance of pathways that can regulate neutrophil
function. In this context, IFN-A has emerged as an unexpected and potent regulator of
neutrophil function that can act both as activator and suppressor of neutrophil responses.

In contrast to the robust activation of antifungal neutrophils, studies carried out in other
models of infection and inflammation have uncovered a suppressor role for IFN-A.. The
suppressive effects of IFN-A on neutrophil function have been reported to affect recruitment,
differential gene expression and inhibition of reactive oxygen species formation. In the
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context of a murine model of autoimmunity, exogenous treatment with IFN-A was protective
and lessened both recruitment of neutrophils to inflamed joints and IL-1p production [84].
Importantly, neutrophils were found to express the IFNLR1 and respond directly to IFN-A
treatment ex vivo [84]. Therefore, in some contexts, IFN-As reduce neutrophil responses by
limiting neutrophil recruitment.

Additional regulatory effects of type I11 IFN appear to be mediated via direct modulation of
neutrophil transcriptional responses. Among immune cells, neutrophils have emerged as
uniquely sensitive to the direct effect of type Il IFN stimulation due to constitutive
expression of IFNLR1 [50, 77, 84]. In a model of influenza infection, removal of IFNLR1
on neutrophils or epithelial cells both resulted in diminished control of viral infection,
suggesting a novel involvement of neutrophils in the control of viral infection [37].
Intriguingly, although neutrophils are equally sensitive to stimulation by type I or type IlI
IFNs, a transcriptional analysis of neutrophils treated ex vivo showed stronger activation of
pro-inflammatory cytokines upon treatment with IFN-a as compared to treatment with IFN-
A [37]. In this data set, induction of antiviral genes was comparable. The authors thus
suggested a protective role for IFN-A via activation of antiviral responses in neutrophils
while limiting detrimental hyper-inflammation that can lead to neutrophil-mediated tissue
damage [37], an effect which may contribute to the post-influenza susceptibility to bacterial
infection described above.

Additional suppressive effects of IFN-A have been reported to occur independent of
transcription or translation. As discussed above, activated neutrophils produce ROS as an
important effector mechanism that helps eradicate fungi and other extracellular pathogens.
ROS can also be the culprits in neutrophil-mediated tissue damage. £x vivo treatment of
TNF or LPS-activated neutrophils with IFN-A resulted in diminished ROS generation [50].
This anti-ROS effect of IFN-A. on neutrophils was found to mediate important protective
effects in a model of DSS-induced intestinal inflammation [50]. A protective /n vivorole in
limiting neutrophil-mediated tissue damage was shown using a combination of bone marrow
chimeric mice and neutrophil-specific IFNLR1-deficient mice [50]. Intriguingly the
protective effect of IFN-A was found to act via JAK2 downstream of the IL-10R2 chain
suggesting that the distinct features of the IFN-A receptor confers unique functions to these
cytokines not shared with type | IFNs In aggregate, studies thus far suggest that IFN-A. can
affect neutrophil function at multiple levels which include: effects on recruitment,
transcription, ROS generation and phagocytosis.

7. Current questions and challenges in IFN-A biology

Initial /n vitro studies of type 111 IFNs following their discovery in 2003 suggested that,
despite their limited homology and distinct receptors, type | and type I11 IFNs were likely to
be functionally redundant. Although distinct roles for these cytokine families have yet to be
fully explored, it is clear from the growing number of /n vivo studies that IFN-A has a
unique role in protecting and maintaining the mucosal barrier. In the case of viral infection
of the Gl tract, this IFN is the primary mediator of the epithelial anti-viral response, while it
also promotes clearance of fungal pathogens and down regulation of innate immune
mediators that may damage mucosal integrity. While different experimental models have
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sometimes yielded conflicting results, continuing exploration of receptor expression, type Il
IFN induction by specific pathogens, and direct and indirect effects of IFN-A. on immune
effector cells will allow for a more nuanced understanding of innate immune mechanisms at
the mucosal surface. In addition, the discovery of type 111 IFNs in 2003 prompted the
reassessment of the functional importance of type I IFNs in homeostasis and disease. It is
now evident that numerous studies done with type | IFN receptor-deficient (IFNAR-
deficient) mice could not fully evaluate the significance of antiviral cytokines in anti-
microbial defenses and other pathologies, since the lack of type I IFN signaling was partially
compensated by the presence of an intact type 111 IFN system in IFNAR-deficient animals.
To this point, the availability of mice singly or doubly-deficient in the type I and/or type 111
IFN receptors [22, 85, 86] as well as mouse strains in which /fnar1 or /fnlr1 can be deleted
in selected cell types (conditional knockout mice) [77, 87] should help to interrogate specific
contributions of each IFN type to the regulation of homeostasis and disease states.
Knowledge gained by this approach should provide guidance for the rational design of IFN-
based therapeutic strategies for the treatment of infections and other immune and
inflammatory diseases.

This work was supported in part by the NIH grants: RO1HL134870 to D.P., R0O1AI104669 to S.V.K. and J.E.D.,
RO1AI1114647 and a Burroughs Wellcome Investigators in the Pathogenesis of Infectious Disease award to A.R.

Abbreviations:

IFN interferon

IL interleukin

TNF tumor necrosis factor

ISG IFN-stimulated gene

IFNAR IFN-a/B receptor

IFNLR IFN-A receptor

ISGF3 IFN-stimulated gene factor 3

PRR pattern-recognition receptor

PAMP pathogen-associated molecular pattern
DAMP damage-associated molecular pattern
IRF IFN regulatory factor

MAPK mitogen-activated protein kinase
ROS reactive oxygen species

TLR Toll-like receptor
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Gl gastrointestinal

RSV respiratory syncytial virus

1A invasive aspergillosis

MNV murine norovirus

MAVS mitochondrial antiviral signaling protein
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Fig. 1. Division of labor between type | and type I11 IFNs in antiviral response.
A. Epithelial (Epith) cells are the main source of type 111 IFNs. Macrophage (Mac),

monocytes (Mo) and dendritic cells (DC) can also produce type 111 IFNs, but primarily
produce IFN-as. IFN-As act on epithelial cells and tissue-residing neutrophils (Neut),
dendritic cells and macrophages, and B cells and plasmacytoid DCs in blood. Most cell
types in tissue and in blood including T, B, NK, dendritic, stromal and endothelial cells,
Intraepithelial lymphocytes (IEL), macrophages and neutrophils, but not mucosa-lining
epithelial cells respond to type | IFNs. B. IRF3, IRF7 and NF-xB are the key transcription
factors regulating IFN expression. IRF1 and MAPK signaling has a stronger regulatory
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effects on type 111 IFN then on type | IFN production. All type I and all type 111 IFNs engage
distinct IFN-type-specific receptor complexes, but signal through the JAK-STAT pathway
resulting in the activation of the same ISGF3 transcription complex and expression of 1ISGs
many of which encode proteins with antiviral functions. Some activities of type 111 IFNs are
also regulated through MAPK signaling and JAK2 involvement.
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