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Abstract

Theimportantrole of interferons (IFNs) in antiviral innate im-
mune defense is well established. Although recombinant
IFN-a was approved for cancer and chronic viral infection
treatment by regulatory agencies in many countries starting
in 1986, no IFNs are approved for treatment of influenza A
virus (IAV) infection. This is partially due to the complex ef-
fects of IFNs in acute influenza infection. AV attacks the hu-
man respiratory system and causes significant morbidity and
mortality globally. During influenza infection, depending on
the strain of IAV and the individual host, type | IFNs can have
protective antiviral effects or can contribute to immunopa-
thology. In the context of virus infection, theimmune system
has complicated mechanisms regulating the expression and
effects of type | IFN to maximize the antiviral response by
both activating and enhancing beneficial innate cell func-
tion, while limiting immunopathological responses that lead

to exaggerated tissue damage. In this review, we summarize
the complicated, but important, role of type I IFNs in influ-
enza infections. This includes both protective and harmful
effects of these important cytokines during infection.
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Introduction

Influenza A virus (IAV) is a member of the family Or-
thomyxoviridae and is an enveloped negative-stranded
RNA virus that causes significant morbidity and mortal-
ity around the globe. The epithelial cells of the upper re-
spiratory tract are the primary targets of IAV after over-
coming local defenses including sialic acid-containing
mucous in the epithelial lining fluid. While virus repli-
cates in the epithelial cells, the virus also spreads to non-
permissive immune cells, such as macrophages and den-
dritic cells (DCs), in the respiratory tract of the lung [I,
2]. In these infected cells, the virus is recognized by 3 fam-
ilies of pattern recognition receptors (PRRs): Toll-like re-
ceptors (TLRs), RIG-I like helicases (RLRs) and nucleo-
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Fig. 1. Induction of type I IFNs and ISGs by influenza virus. Innate
immune cells, such as macrophages and lung epithelial cells, pro-
duce type I IFNs after sensing IAV genomic RNA using various
PRRs. In infected and neighboring cells, type I IFN signaling acti-
vates the JAK-STAT pathway, leading to transcription of ISGs, the
products of which initiate intracellular antiviral effectors that lim-

tide-binding domain and leucine-rich-repeat-containing
proteins (NLRs). The recognition and binding of virus-
specific nucleic acids by PRRs induce production and se-
cretion of interferons (IFNs) and proinflammatory cyto-
kines, which are critical components of the antiviral re-
sponse in mammals. IFNs are the major cytokines
expressed during the host response with antiviral, anti-
proliferative, and immunomodulatory effects to viral or
bacterial infection. Besides their role in restricting infec-
tion, IFNs also have been involved in both cancer immu-
nosurveillance and autoimmunity [3, 4].

IFNs can be produced by virtually all nucleated cells of
vertebrates and are classified as type I, type II, or type III
IFN according to their genetic, structural and functional
characteristics and specific receptors on the cell surface
[5].In 1957, Lindenmann et al. [6] discovered a substance
that protected cells from IAV infection - they called it
interferon [6]. In humans and mice, type I IFNs are com-
posed of 19 IFN proteins: 14 IFN-a subtypes (IFN-al to
al4), IFN-w, IFN-¢, IFN-1, IFN-k, and IFN-f. IFN-a and
IFN-B can be expressed by nearly every cell type [7, 8].
The type II IFN family is represented by a single gene
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it the spread of the viruses. IFN, interferon; ISG, IFN-stimulated
gene; PRR, pattern recognition receptor; JAK, Janus kinase; STAT,
signal transducer and activator of transcription; TLR, Toll-like re-
ceptor; RLR, RIG-1like helicase; NLR, nucleotide-binding domain
and leucine-rich-repeat-containing protein.

product, IFN-y, and is mainly produced by T lympho-
cytes and natural killer (NK) cells [9, 10]. Type III IFNs
comprise 4 subtypes, IFN-A1, IFN-A2, IFN-A3, and
IFN-A4, and are also expressed in multiple cell types [11,
12].

IAV are strong inducers of all types of IFN’s at various
stages of infection [13]. In this review, we will focus on
the roles of type I IFNs induced during IAV infection be-
cause innate and adaptive immune responses to IAV in
mammals are greatly influenced by type I IFNs.

Type I IFN Inhibition of IAV Replication

Type I IENs, upon IAV infection, stimulate the expres-
sion of hundreds of genes that are altogether known as
interferon-stimulated genes (ISGs) that act to eliminate
the virus and prevent its spread by promoting an antiviral
state in nearby cells (Fig. 1). ISGs all display the same char-
acteristic structure of helical cytokines with a bundle of 4
a helices organized in an “up-up-down-down” configura-
tion and also contain an additional separate a helix [14].
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As secreted proteins, type I IFNs act as intercellular
messengers and exert potent biological effects at extreme-
ly low concentrations through the type 1 IFN-a/f recep-
tor (IFNAR), a cell surface transmembrane receptor. IF-
NAR is composed of 2 subunits - IFNAR1 and IFNAR2.
Typically, IFNARs are endocytosed and activate their as-
sociated tyrosine kinases, Tyk2 and Jak1 [15], followed by
binding of type I IFNs. Jakl activates signal transducer
and activator of transcription (STAT) 1 by phosphoryla-
tion. This classical signaling cascade results in formation
of IFN-stimulated gene factor 3 (ISGF3), a complex of
phosphorylated STAT1 and STAT2 with IRF9. The acti-
vation of ISGF3 leads to the increased expression of over
100 ISGs, including 2',5'-oligoadenylate synthetase
(OAS), Mx proteins, interferon-induced transmembrane
protein 3 (IFITM3), and protein kinase R (PKR), induc-
ing an antiviral state [16].

The role of type I IFNs in IAV pathogenesis is com-
plex. For example, mice genetically deficient in type I IFN
signaling had inefficient IAV clearance [17, 18]. When
given prophylactically, type I IFN reduces IAV replica-
tion and disease severity in both animals [19] and humans
[20]. Engagement of the type I IFN response prior to in-
fection may be a therapeutic strategy to control IAV in-
fection in different animal models, but of course has lim-
ited practical applications [21, 22].

Challenge experiments with 2 different strains of IAV
revealed significantly reduced survival rates and en-
hanced virus titers in the lungs of IFN-p-deficient mice,
demonstrating that IFN-P contributes to innate immu-
nity against IAV [18]. Since the STATI protein is re-
quired for signaling from type I IFN, STAT1-/— animals
are 100-fold more sensitive to lethal A/WSN/33 (HIN1)
IAV infection than are their wild-type (WT) counterparts
[23]. Additionally, as shown by Garcia-Sastre’s group
(23], the LD, of IAV PR8 virus was 10 times lower in
STAT1-/- mice than in WT mice. In vitro, WSN33 rep-
licates to high titers in STAT1-/— or IFNAR-/- fibro-
blasts, while cells derived from WT animals are resistant
to TAV infection [23]. However, these results did not di-
rectly translate into in vivo models using IFENAR—/— mice
by other groups. X31 (H3N2) IAV titers in the lungs of
IFNAR-deficient mice were not significantly different
from WT controls, and IFNAR—/- and WT mice were
comparably susceptible to X31 infection [24].

Excellent work from Crotta et al. [25] later explained
the apparent contradictory results using STAT1-/— and
IFNAR1-/- mice during IAV infection [25]. The differ-
ence appeared to be due to differing types of IFN effects
in mouse lung epithelia. IAV were more pathogenic and

Type I IFNs: Double-Edged Sword?

replicated to higher titers in the lungs of mice lacking
both IFNAR and IFN-A receptor (IFNLR) than in mice
with single IFN receptor defects. Using bone marrow chi-
meric mice with WT donors and IFNAR1/IFNLR dou-
ble-deficient recipients, the lack of both type I and type
III TEN signaling in the stromal compartment significant-
ly increased the susceptibility to influenza infection. Spe-
cifically, when these chimeras were infected with IAV
PRS, high susceptibility and mortality were found only in
the group lacking IFN receptors on stromal cells and this
correlated with higher viral titers [25]. This study demon-
strates the overlapping, and potentially compensatory
function of type I and type IIT IFNs in controlling IAV, as
knockout of both receptors is required for increased sus-
ceptibility to IAV infection. As STATI activation is re-
quired for signaling through both receptors, STAT1
knockout inhibits function of both type I and type III IFN
signaling pathways. Thus, results using the chimeric dou-
ble knockouts clarify the confusion arising from earlier
literature that reported that type I IFNs cannot alone ac-
count for the requirement for STAT1 signaling in protec-
tion against AV infection.

Additional studies have revealed that unlike type I
IEN receptors, expression of functional IFN-A receptor
complexes are restricted to epithelial cells in the lung and
intestinal tract. Therefore, type III IFN effects might be
limited to combating virus replication at mucosal sur-
faces due to the limited expression of the IFN-A receptors
[11]. Type I IFN signaling is more important in limiting
the spread of systemic IAV infection due to its universal
distribution in all types of cells. This paradigm of epithe-
lial-exclusive action of type III IFN has recently been
challenged as other cells such as neutrophils and DCs
also respond to IFN-A [26]. On the other hand, recent
work with IAV-infected mice [27] indicated that IFN-\
is produced more quickly than type I IFN, suggesting
that type III IFN plays a nonredundant role in suppress-
ing early virus growth in the respiratory tract. IAV
spreads more rapidly from the nasal cavity to the lungs
in mice whose type III IFN system was defective. Infec-
tions in mice that lacked type III IFN were also more
likely to spread to other animals. Furthermore, treating
mice with type III IEFN, but not type I IFN, gave their up-
per respiratory tract long-lasting protection against flu
infections and prevented the spread of the virus [28].
Thus, type III IEN constitutes a first line of antiviral non-
inflammatory response while type I IFNs may act as a
second line-responder and also enhance the production
of inflammatory cytokines, in addition to the antiviral
mediators.
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Type | IFN-Induced Inflammation and Tissue Injury

Apart from the above antiviral effects, evidence also
hints at pathogenic roles for type I IFNs during viral in-
fection. During chronic viral infection, in vivo studies
have identified suppressive mechanisms involved in the
harmful effects of type I IFNs. Chronic IFN signaling is
associated with hyperimmune activation and disease pro-
gression in persistent infections [29]. There is a direct
causal link between IFN signaling, immune activation,
negative immune regulator expression, lymphoid tissue
disorganization, and virus persistence [30]. Since influ-
enza mainly causes acute infection, the details of detri-
mental effects in chronic viral infection will not be further
discussed here.

In highly pathogenic IAV strain infection, such as the
1918 pandemic HIN1 and avian H5N1 strain, IAV causes
pneumonia in humans with progression to lung failure
and fatal outcome. Progressive primary viral pneumonia
is commonly observed, with secondary bacterial pneumo-
nia more prominent following the 1918 pandemic virus
outbreak than in H5N1-infected individuals [31]. Recom-
binant IAV bearing the 1918 virus hemagglutinin (HA)
and neuraminidase (NA) glycoproteins were reconstruct-
ed in the genetic background of the human HI1Nlstrain
(1918 HA/NA:Tx/91). Although the lung IFN-a levels
were similar for both virus-infected groups, IFN-y, TNF-a,
MIP-1a, and MIP-2 chemokines were detected at signifi-
cantly higher levels in 1918 HA/NA:TX/91-infected mice
than in seasonal TX/91-infected mice [32, 33]. Nonhu-
man primates infected with reconstructed 1918 pandemic
virus demonstrated a dysregulated expression of the in-
nate immune response, which may be a critical determi-
nant of the severity and outcome of infection by the 1918
pandemic virus. The 1918 virus induced an antiviral re-
sponse different and less protective than the response to a
seasonal HINT1 strain [34]. 1918 virus infection induced
much fewer IFN-a genes than conventional virus. IFN-$
mRNA was either not induced or was downregulated in
all samples by 1918 virus. In regards to avian influenza vi-
rus, in vitro studies have also demonstrated robust induc-
tion of proinflammatory cytokines, in particular TNF-a
and type I IFN, by H5N1 viruses compared to other hu-
man H3N2 and HIN1 viruses [35]. Other studies have
highlighted the strong correlation between IL-6, IFN-a,
and TNF-alevels and the severity of disease symptoms. As
in experimental influenza, symptoms and fever in natural
acute influenza correlate with the release of IL-6 [36, 37].

In seasonal virus, many proinflammatory cytokines
and chemokines are also induced downstream of IFNAR
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signaling which may cause an exaggerated inflammatory
response and tissue injury. One early study found that lo-
cal respiratory production of IFN-a in humans correlated
with infection and illness severity [36]. A major determi-
nant of this IFN-{ induced detrimental host response was
found to be the potent apoptosis-inducing death receptor
5 (DR5), which functions as a receptor for tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) in lung
pneumocytes [38]. It was shown that severe IAV infection
is associated with TRAIL-mediated apoptosis in epithe-
lial injury upon viral pneumonia in mice and humans [39,
40] and that IFN-a/B can induce TRAIL expression by
IAV-infected macrophages and pDCs [39, 41].

Later work by Davidson et al. [42] confirmed that ex-
cessive type I IFN signaling in response to acute IAV in-
fection can result in uncontrolled inflammation [42]. This
effect is likely related to the induction of epithelial cell
death, secondary to the proapoptotic effects of type I IFN.
More susceptible mouse strains produce markedly higher
levels of IFN in response to influenza infection than resis-
tant strains. High numbers of hyperreactive pDCs pro-
duced excessive IFN amounts sustained over time, which
in turn caused uncontrolled inflammation and lung epi-
thelial damage mediated by TRAIL-DR5 interactions
[39]. The induction level of Fas ligand (FasL) gene expres-
sion in the lung has also been correlated with the severity
of influenza infection and type I IFN is critical for induc-
tion of FasL protein expression in the lung [43]. Through
this mechanism, excessive type I IFN has been implicated
in lung injury and death in severe IAV infection.

Different populations may have specific responses to
type I IFN. Infants and young children are known to have
a higher risk for poor clinical outcomes after infection
with IAV [44]. Studies found minimal viral load increases
in the very young and no age association with existing an-
tibody titer [45-47]. Instead, a far more striking age asso-
ciation was observed with subsets of cytokines, including
type I IFNs [48]. Elevated levels of IFN-a2 in nasal lavage
correlated with increased disease severity even after ac-
counting for the factors associated with age [49]. Local
airway immune responses are known to be critical deter-
minants of infection kinetics and disease progression.

Postinfectious therapeutic administration is ineffec-
tive in animal models and may actually increase lethality
despite a reduction in lung IAV titers [19]. A prolonged
or exaggerated type I IFN response at later stages might
worsen the inflammatory response in IAV pneumonia
[39]. To prevent potent adverse effects from proinflam-
matory functions of IFNs, multiple negative regulatory
mechanisms involve a diverse range of molecules that act

Wu/Metcalf
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Fig. 2. Type I IFNs modulate immune cell functions during influenza virus infection. IFN, interferon; NK cell,
natural killer cell; DC, dendritic cell; IFNAR, IFN-a/f receptor.

at all points throughout the IFN signaling pathway to
control type I IFN production, signal transduction, and
IFN-mediated transcription and translation (reviewed by
Porritt and Hertzog [50]). Negative regulatory mecha-
nisms act to calibrate the IFN response allowing virus
clearance while maintaining homeostasis. Type I IFNs
mediate the upregulation of expression of apoptosis-in-
ducing proteins expressed by nonhematopoietic somatic
cells mediating tissue damage. The same molecules, when
induced in immune cells by IFNs, can contribute to im-
munosuppression in a similar manner to PDL1 and IL-
10. Therefore, type I IFNs can exaggerate or reduce in-
flammation and pathology depending on experimental
conditions. Factors such as timing, signaling magnitude,
cell source, and the individual IFN subspecies studied
have to be considered when evaluating the effects of [IFN
induction on the host or target cell.

Immunoregulatory Functions
In contrast to their proinflammatory effects, a growing

amount of evidence suggests that type I IFNs have immu-
noregulatory functions that are critical for dampening

Type I IFNs: Double-Edged Sword?

immunopathogenic mechanisms and minimizing collat-
eral damage from the infection [51]. They contribute to
key modulation of antiviral functions in DCs, monocytes,
neutrophils, NK cells, and T cells (Fig. 2). Proinflamma-
tory cytokines are positive mediators of local and system-
ic inflammation, induce fever, initiate tissue destruction,
and modulate the adaptive immune response to IAV. An-
ti-inflammatory cytokines serve to reduce inflammation
and promote healing. The net effect of an inflammatory
response is determined by the balance between proin-
flammatory and anti-inflammatory cytokines. Both pro-
and anti-inflammatory effects on airway cell populations
have been reported after oral or systemic administration
of IFN-a in mice and horses [52-55].

DCs are antigen-presenting cells (APCs) located at the
portals of pathogen entry that are critical for activation of
antiviral T cells [56]. Administration of type I IFNs to
mouse and human DCs promotes DC maturation and
enhances expression of costimulatory molecules and DC
stimulation of T cells [57, 58]. Simmons et al. [59] showed
that type I IFN drives a distinctive DC maturation pro-
gram that enhances antigen presentation to T cells with-
out a shutdown of antigen processing, allowing contin-
ued sampling of antigens for presentation [59]. This may
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be beneficial in the course of IAV infection, as some DCs
may be exposed to IFNs before they encounter the virus
and antigens expressed by the virus, and it may be impor-
tant to avoid premature shutdown of antigen processing
before DCs are exposed to pathogens. However, some re-
sults define an opposing role for type I IFN in IAV-infect-
ed DCs. It is reported that IFN-af inhibits the in vitro
differentiation of DCs from CD14+ precursors. Type I
IFN inhibited the differentiation of hematopoietic pro-
genitors in a way that leads to reduced bone marrow-de-
rived dendritic cell (BMDC) production [60]. These con-
flicting results might be due to divergent effects of type I
IFNs on DC activation depending upon the maturation
state of the DC [61].

Type I IFN operates as a master regulator controlling
which DC subset will present antigens during a viral in-
fection. Both subsets of lung DCs, CD103+ DCs and
CD11bhigh DCs, become infected by IAV in vivo and mi-
grate to the MLNSs, but only CD103+ DCs support pro-
ductive virus replication. The phenomenon originates
from a difference in sensitivity of the 2 DC populations to
type I IFN [62]. CD103+ DCs express low levels of IFNAR
compared to other DC subtypes and are resistant to type
I IEN. The attenuated IFNAR signaling by CD103+ DCs
correlates with their permissiveness for internal viral rep-
lication and enhanced antigen presentation capacity for
naive CD8+ T cells when compared to CD11b"" DCs.
This may be due to greater viral antigen availability in
CD103+ DCs. The notion of migratory lung CD103+ DC
being permissive to IAV viral replication and type I IFNs
enhancing their capacity as APC to CD8+ T cells has been
challenged by later studies showing (i) a lack of viral rep-
lication in this subset during in vivo infection [63] and (ii)
that infection of DC is not required for antigen presenta-
tion [64]. CD103+ DCs acquire and transport viral anti-
gens from the lung to the draining lymph nodes, where
they are capable of both direct and cross-presentation of
viral antigens. Nevertheless, Helft et al. [63] also observed
that CD103+ DC resistance to infection correlates with an
increased antiviral state in these cells that is dependent on
the expression of the type I IFN receptor [63]. These re-
sults show that efficient cross-priming by migratory lung
DCs is coupled to the acquisition of an antiviral state,
which is dependent on the type I IFN signaling pathway.
Interestingly, recent work has found that CD103+ DCs
might rely on IFN-A signaling for optimal activation
through the IFN-A receptor [65]. Thus, although antigen
presentation by lung DCs is proportional to virus replica-
tion and is tightly constrained by type I IFN, optimal ac-
tivation of DCs may, in contrast, require type III IFN.

442 J Innate Immun 2020;12:437-447

DOI: 10.1159/000508379

After IAV infection, the virus triggers an initial release
of inflammatory mediators resulting in acute pulmonary
inflammation associated with the recruitment of inflam-
matory monocytes and neutrophils in infected lungs [31].
Flow cytometry and gene expression analysis involving
isolated cell subpopulations from infected lungs showed
that neutrophil influx largely accounted for the predictive
transcriptional signature. Neutrophil reduction prevented
host death from self-amplifying damaging inflammation
[66]. Galani et al. [27] found that type I IFNs constituted
major inducers of neutrophil infiltration and neutrophils
were the main cells producing proinflammatory mediators
in response to IAV infection [27]. Type I IENs are involved
in the neutrophil-driven proinflammatory cascade in the
lung that is induced following IAV infection. In parallel,
type I IFNs synergize with IFN-y to inhibit neutrophil in-
filtration and suppress neutrophil chemotactic chemo-
kine/cytokine production in IAV infection [67]. In such
cases, type I IFN signaling is necessary, but not sufficient,
for preventing neutrophil recruitment into the lungs of
IAV-infected mice. Type I IFNs promote upregulation of
the MCP-1, MCP-3, and IP-10 chemokines, with amplifi-
cation of the inflammatory/chemotactic signal and further
recruitment of monocytes/macrophages and T lympho-
cytes to the site of infection [68]. New research reveals a
novel IFN-dependent regulatory mechanism designed to
prevent excessive immunopathology while preserving its
antiviral functions. IFNAR1-/- mice develop significant
defects in the infiltration of Ly6CM monocytes in the lung
after IAV infection. Ly6C" monocytes of WT mice are the
main producers of MCP-1 while the alternatively gener-
ated Ly6C™ monocytes of IFNAR—/— mice mainly pro-
duce cytokines for neutrophil influx. As a consequence,
IFNAR1-/- mice recruit more neutrophils after influenza
infection than do WT mice [17]. The protective function
of type I IFNs is associated with not only the recruitment
of classical inflammatory Ly6C™ monocytes into IAV-in-
fected lungs, but also the prevention of excessive monocyte
activation by IFN-y [67]. Thus, it appears that type I IFN
dictates homeostasis of hematopoietic stem cells by con-
trolling neutrophil influx into, and monocyte activation at,
the site of inflammation.

NK cells are large, granular, innate lymphoid cells that
act as immune regulators through cytokine production
and as cytotoxic effector cells. Their main functions dur-
ing viral infection are the production of IFN-y and con-
taining viral replication by killing infected cells early after
influenza infection [69]. Type I IFN has been shown to
play a notable role in IAV-mediated NK cell expansion
and activation [70, 71]. There is direct action of type I
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IFNs on NK cells, enhancing effective NK cell responses
in the context of flu infection and facilitating activation
of NK cell signaling pathways responsible for cytotoxic
activity and cytokine production [72]. Arimori et al. [73]
showed that IFNAR~/- mice exhibited impaired cytotox-
ic activity as well as an increased ability of NK and CD8+
T cells to produce IFN-y after infection with IAV. There-
fore, type I IFN signaling plays a role not only in the up-
regulation of cytotoxicity but also in the downregulation
of some effector mechanisms including IFN-y produc-
tion by NK and CD8+ T cells via IL-10 production [73].
Type ITFNs are important in promoting the activation
and survival of virus-specific T cells and establishment of
immune memory [74-76]. Type I IFNs exert potent co-
stimulatory effects on CD8+ T cells, enhancing CD8+ T
cell proliferation upon T-cell intrinsic IFNARI signaling
[77]. Type I IEN plays a major role in the CD8+ T cell re-
sponse to viral infection, and its effects are on both the
APCs and the T cells. The phenotype of the T cells and
the timing of IFN exposure are important, as IFN can in-
hibit proliferation or induce apoptosis under some cir-
cumstances yet be dramatically stimulatory under other
conditions. Depending on their activation status, T cells
can change their expression levels of IFNAR and their ex-
pression of signaling molecules downstream from the IF-
NAR. First, IFN upregulates MHC and costimulatory
molecules. Second, IFN promotes apoptosis of preexist-
ing memory T cells, which are rapidly phagocytozed by
CD8a+ DCs. Third, IFN directly promotes the prolifera-
tion of antigen (Ag)-specific CD8+ T cells at the begin-
ning of the response. Fourth, IFN indirectly enables late
arriving Ag-specific T cells to become immediate effec-
tors but directly inhibits proliferation of these cells [77].
Clinical observations and rodent models of human
disease have revealed that group 2 innate lymphoid cells
(ILC2 cells) serve critical roles in allergic inflammatory
responses such as asthma and lung inflammation induced
by pathogens. Duerr et al. [78] observed increased ILC2
cellsand more deregulated innate and adaptive type 2 im-
munity in IFNAR-deficient mice infected with IAV than
in infected WT mice, which demonstrated that type I
IFNs were central regulators of ILC2-mediated adverse
immune responses that can lead to tissue pathology [78].

Distinct Effects of IFN-f8

IAV infection mostly induces a mixture of different
IFN-a subtypes and IFN-B. For many years, type I IFNs
were named as IFN-a/p. However, many studies have re-

Type I IFNs: Double-Edged Sword?

vealed that individual subtypes of type I IFN can have dif-
fering effects, despite signaling through the same recep-
tor, leading to different antiviral function and biological
effect.

During investigation of the activity of type I IFN sub-
type enhancement of DC differentiation, transcriptome
analyses found that the expression level of 7 chemokines
and several DC surface markers distinguished IFN DC
subtypes, IFNa-DC and IFNB-DC [79]. Differences in
antiviral activity were also found among the all type I IFN
subtypes as measured by inhibition of lung virus replica-
tion [80].

Several groups demonstrated that there is a hierarchy
of temporal expression within the type I IFN gene family
[81, 82]. IFN-p is an early responder and plays an essen-
tial role in the efficient induction of all type I IFNs after
infection of primary embryonic as well as primary adult
fibroblasts with Sendai virus. Studies on primary fibro-
blasts of mice with a targeted deletion of the IFN-p gene
largely confirmed the view that IFN-f serves as an imme-
diate early IFN [83]. Production of IFN-f does not re-
quire signaling through IFNAR [84, 85]. In addition,
binding of IFN-B to IFNAR induces subsequent tran-
scriptional responses leading to IFN-a expression.
IFN-B—/— mice are highly susceptible to vaccinia virus
infection, in part because of a failure to mount an appro-
priate IFN-a response [86]. During influenza infection,
respiratory epithelial cells are important sources of IFN-[3
early while pDCs act later by subsequently releasing high
amounts of IFN-a and IFN-f [87].

In terms of gene expression regulation, both the pro-
moters of IFN-a and IFN-[ genes have interferon regula-
tory factor (IRF) binding sites which allow the family of
IRF transcription factors to drive the production of IFNs.
However, the promoter of IFN-f has other response ele-
ments, including sites for NF-kB and AP-1 [88]. IFN-
can be produced in more diverse circumstances com-
pared to those that result in the production of IFN-a sub-
types. This less restricted production of IFN-p implies a
function of IFN-{ that is different relative to other type I
IFNS.

Molecular Basis of Homeostasis Role of Type | IFNs

How can type I IFNs play such a complicated role in
generating a multitude of signals? The mechanisms may
be due to variation in the structures of the 19 type I IFNs
as well as differences in their receptors. Specifically, dis-
tribution of the receptors and binding affinity between
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the IFN and receptor may also play a role in differential
IFN signaling responses.

Type I IFNs are recognized by and signal through the
heterodimeric IFNAR comprised of IFNARI and IF-
NAR2. Most studies on the role of type I IFN signaling in
regulating host susceptibility to IAV have been focused
only on IFNARI1 deficiency (using IFNAR1-/— mice).
However, the individual receptor subunits can bind IFN-3
or IFN-a’s independently of each other and induce dis-
tinct signaling. IFN- and IFN-o’s are known to have dif-
ferent affinities for IFNAR1 and IFNAR2 and to induce
different gene expression profiles depending on their con-
centration and timing [50]. IFN-pB has a 20- to 30-fold
higher affinity for either IINAR1 or IFNAR2 compared to
IFN-a2 [89]. The high-affinity properties of IFN-p may
explain the 40- to 60-fold increase in cell proliferation ac-
tivity of this IFN subtype relative to IFN-a2. An addition-
al effect of this high receptor affinity relative to other type
I IEN subspecies may explain why only IFN-B induces
the negative immune regulating factors IL-10 and pro-
grammed death-ligand 1 (PDL1) [90, 91], which suppress
T-cell responses contributing to viral clearance.

Pioneering work from Thomas et al. [92] revealed that
differential IFN affinities capable of inducing diverse
functional effects appears to be due to ligand discrimina-
tion through distinct receptor-binding chemistries, which
dictate the respective stabilities of the receptor-ligand in-
teractions [92]. Increased binding affinities toward IF-
NARI or IFNAR2 strongly enhance receptor downregu-
lation. The suppressed innate immune effects of type I
IFN required higher binding affinities to IFNAR. Later,
de Weerd et al. [88] established that IFN-{ uniquely and
specifically ligates to IFNAR1 in an IFNAR2-indepen-
dent manner. The IFNARI1-IFN-B complex transduced
signals that modulated expression of a distinct set of
genes independently of Jak-STAT pathways. IFNARI1-
IFN- signaling is pathologically relevant as lipopolysac-
charide-induced sepsis was ameliorated in IFNAR1-/-
mice but not IFNAR2—-/— mice [88].

Levin et al. [93, 94] showed that type I IFN variants or
mutants induced 2 different patterns of gene expression
based on IFN receptor affinity, receptor number, and
concentration of IFN [93, 94]. They referred to genes ex-
pressed in the first pattern as “robust” genes, with many
of them related to antiviral activities, whereas genes ex-
pressed in the pattern, whose products have immuno-
modulatory and antiproliferative functions, are termed
“tunable” genes. All IFNa bind the IFNARI receptor sub-
unit with low affinity. Increasing the binding affinity en-
hanced the antiproliferative activity of IFNa2 [95].
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Jaks et al. [96] found that the ISGF3 formation and an-
tiviral activity correlated very well with the binding affin-
ity of IFNs toward IFNAR2. In contrast, the affinity to-
ward IFNARI played a key role for antiproliferative activ-
ity [96]. Recently, Shepardson et al. [97] demonstrated
that despite some redundancies, IFNARI and IFNAR2
have distinct roles in regulating anti-IAV immunity. In
contrast to IFNAR1-/- mice, IAV-infected IFNAR2-/-
mice displayed both increased and accelerated morbidity
and mortality compared to WT mice [97]. Treatment of
mice that have functional IFNAR?2 but not IFNAR1 (IF-
NARI1-/- mice) with IFN-f protected these mice from
morbidity and increased their survival compared to IAV-
infected WT littermates. However, IFNaA treatment of
mice deficient in either IFNAR subunit had no effect on
IAV-induced body weight loss when compared to their
untreated littermates. Thus, unlike IFNAR1, IFNAR2 was
sufficient to generate protection from lethal IAV infec-
tion when stimulated with IFN-p.

Together, the affinities and residence time of receptor
binding, level of surface receptor expression, and the cell
types that the receptors are located may determine the
different responses among all type I IFN subtypes [98].
Multilayer feedback mechanisms are available to prevent
detrimental outcomes of IFN receptor and downstream
signaling activation.

Summary

IAV infection is a major cause of infectious morbidity
and mortality worldwide [99]. Recent studies in mouse
models have revealed a pivotal role for type I IFNs in host
defense against IAV. They quickly activate downstream
ISG signaling networks and restrict viral replication.
Type I IFNs promote activation of innate immune cells,
induce adaptive immunity, and regulate innate and adap-
tive responses. Many of the findings regarding IFN effects
in mouse models have led to the discovery of parallel phe-
nomena in humans. While they cannot fully replicate the
human disease, mouse models have enabled researchers
to use genetic strategies to decipher mechanisms that are
critical for IFN responses to IAV in vivo. However, there
are significant gaps in our knowledge of the role of type I
IFNs in human influenza infection. Further studies are
still needed to elucidate the role of type I IFNs in the host
response to IAV in humans.

Type I IFNs must be tightly regulated to maximize vi-
ral clearance while inflicting minimal damage to host
cells. It is especially challenging when dealing with influ-
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enza infection since mortality from IAV is strongly linked
to secondary bacterial infections. Viral clearance must be
accomplished with rapid resolution of inflammation
caused by the primary viral infection, or facilitation of
invasion by pathogens and secondary bacterial pneumo-
nia will occur [100]. Understanding of type I IFN effects
will provide important practical implications, including
the possible use of immunosuppressive or anti-inflam-
matory measures in influenza therapy.

The use of biologic response modifiers in human dis-
ease has come of age for many illnesses including cancer,
autoimmune diseases, and some viral infections. In order
for type I IFNs or other IFNs to be used therapeutically in
influenza infection, we must understand their mecha-
nisms so that they can be used as antiviral superheroes,
rapidly resolving viral infection, and not become immu-
nopathogenic villains, worsening the effects of virus-me-
diated tissue injury.
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