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Highlights
Interferons are crucial regulators of
mucosal viral infections in vertebrates,
with unique roles influenced by both
cytokine and receptor expression in
varying cells and tissues.

Type I interferons are key for restricting
spread of viruses beyond their initial
mucosal site of infection, but also may
contribute to pathology in human dis-
eases including COVID-19.

Type II interferon exerts less well-studied
antiviral activities, especially in concert
Interferons (IFNs) are among the first vertebrate immune pathways activated
upon viral infection and are crucial for control of viral replication and dissemination,
especially at mucosal surfaces as key locations for host exposure to pathogens.
Inhibition of viral establishment and spread at and from these mucosal sites is
paramount for preventing severe disease, while concomitantly limiting putative
detrimental effects of inflammation. Here, we compare the roles of type I, II, and
III IFNs in regulating three archetypal viruses – norovirus, herpes simplex virus,
and severe acute respiratory virus coronavirus 2 (SARS-CoV-2) – which infect
distinct mammalian mucosal tissues. Emerging paradigms include highly specific
roles for IFNs in limiting local versus systemic infection, synergistic activities, and
a spectrum of protective versus detrimental effects of IFNs during the infection
response.
with type I interferons.

Type III interferons restrict virus infections
within mucosal tissues and may induce
less systemic inflammation than type I
interferons.

Viruses have evolved a plethora of strate-
gies to antagonize interferon signaling.

Interferons and/or specific interferon-
stimulated genes bear therapeutic
promise, though extensive consider-
ation must be given to amelioration
of their deleterious effects.
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Interferons at the front line
Mucosal (see Glossary) surfaces are the first line of defense against invasion bymost pathogens.
The human gastrointestinal tract alone possesses a surface area of at least 30 m2 and, together
with other mucosal tissues, including the respiratory and reproductive tracts, represents the
majority of potential exposure sites to outside threats. Thus, these tissuesmust constantly defend
against infiltration by a variety of microbes. This response is multifaceted and complex, but one
key initial defense against a plethora of pathogens is innate immune interferon (IFN) signaling.
IFNs have long been recognized for their role in antagonizing viral pathogens [1] as well as fungal
and bacterial infections and are crucial for limiting both local infection and systemic spread in
and from mucosal tissues. Recent studies have revealed numerous shared modalities across
body sites in the IFN responses to different viruses in humans and rodent models. While all
IFNs share effectors, the role of each IFN type is distinct, requiring a careful examination of
the regulation and effects of different IFN types in mammalian hosts.

Here, we compare and contrast the signaling pathways and effects of the three types of IFNs,
describing their key protective and detrimental roles in the context of viral infections. While IFNs
are essential at numerous other sites including the skin, we focus on the mechanisms by which
IFNs are regulated and control infection at three key mucosal sites – gastrointestinal, respiratory,
and female reproductive tracts, using well-studied ‘model’ pathogens to detail the complex
interplay of the different IFNs. Though IFNs have been studied for over 60 years, our understanding
of their individual and combinatorial effects continues to evolve, driven by new discoveries of the
distinct activities of each IFN type in protecting mucosal sites, a front line against viral infection.

Types I, II, and III IFN signaling and induction
Initially named after their function in ‘interfering’with viral replication [1], IFNs are a class of cytokines
responsible for initiating a cascade of immune responses against pathogens [2]. Subsequently
grouped into three families (type I, II, and III; or IFN-I, -II, and -III), IFNs work together in a synergistic
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Glossary
Autoantibodies: target host proteins,
potentially causing detrimental effects.
Autophagy: process by which
unwanted intracellular components,
such as pathogens or organelles, are
degraded.
Deubiquitinase: enzyme that removes
post-translational modification ubiquitin
from a protein, with potential effects,
including altering degradation or activity
of the target protein.
Encephalitis: inflammation of the brain.
Enteroid: type of organoid derived from
intestinal stem cells, which contains
many of the cell types found within the
mature intestine.
IFN regulatory factor: family of 10
transcription factors that are key
interferon-stimulated genes; mediate the
initial expression and amplification of
interferons.
Latency: state in which a viral genome
is still present in a cell, but most or all viral
genes are inactive.
MAVS: mitochondrial antiviral signaling
protein; activated by pattern recognition
receptor sensing of pathogens and, in
turn, activates transcription factors to
initiate the interferon response.
MDA5: melanoma differentiation-
associated protein 5; cytosolic pattern
recognition receptor recognizing long
double-stranded RNA fragments.
Mucosal: inner surface of tissues such
as the gastrointestinal, respiratory, and
reproductive tracts that are covered in
mucus.
Murine astrovirus: single-stranded,
positive-sense RNA virus of the
Astroviridae family; has a tropism that
includes intestinal epithelial cells.
Organoid: 3D tissue culture model,
derived from stem cells; used to broadly
recapitulate the cell types and
organization of the tissue from which
they are derived.
PANoptosis (pyroptosis, apoptosis,
necroptosis): interconnected cell
death process that restricts a wide range
of pathogens, including bacteria,
viruses, and fungi.
Pathogen-associated molecular
patterns: pathogen-derived molecules,
for example, nucleic acids or proteins;
sensed by the host to activate the initial
steps of the innate immune response.
Pattern recognition receptors: host
proteins such as Toll-like receptors or
RIG-I; sense various PAMPs to induce
the innate immune response, including
interferons.
manner to induce antiviral activities inmammalian host cells such as epithelial cells andmacrophages.
In general, pathogen-associated molecular patterns (PAMPs) are sensed by pattern
recognition receptors (PRRs), leading to induction and secretion of IFNs by infected immune
or epithelial cells. IFNs bind IFN receptors on the surface of neighboring and/or immune cells,
triggering a signaling cascade to induce a suite of IFN-stimulated genes (ISGs) that directly
mediate the antipathogenic effects of IFNs (Figure 1) [3]. There are specificities to each IFN
type, such as different receptor utilization, expression patterns, and distinct downstream
genes, which are key for their divergent roles (Table 1).

Type I IFNs are the most diverse IFN family, with prototypical members IFN-α and IFN-β
expressed widely in a variety of cell types [4]. There are a variety of additional type I IFNs with
distinct expression patterns and functions, with some additional subtypes present in restricted
mammalian lineages, such as IFN-τ and IFN-ζ, which are only found in ruminants and mice,
respectively [5]. Type I IFNs are also broadly produced by most cells in response to infection,
though plasmacytoid dendritic cells (pDCs) are a particularly important source of type I IFNs
[6,7]. The binding of type I IFNs to their receptor, IFNAR, leads to the phosphorylation of transcription
factors (TFs) STAT1 and STAT2, which bind IFN regulatory factor (IRF) 9 to form a complex called
the ISG factor 3 (ISGF3) [8]. ISGF3 translocates to the nucleus, binding IFN-stimulated response
elements to induce ISGs [9].

Unlike the diverse suite of type I IFNs, there is only a single type II IFN, IFN-γ [10,11]. Despite its
initial association with antiviral responses [12], IFN-γ is now more generally considered for its
important roles in immunity against fungi and bacteria [11]. IFN-γ provides crucial support for
the function of type I IFNs and is particularly involved in regulating cell-mediated immune
responses, such as promotion of macrophage activation and enhancement of antigen presentation
[9]. Indeed, type I IFN can subsequently activate natural killer (NK) cells to produce IFN-γ [13]. Unlike
the heteromeric ISGF3 signaling complex in type I IFN signaling, type II IFN signals through STAT1
homodimers to induce ISG transcription [14].

Type III IFNs (IFN-λ) – the most recently identified type of IFNs – share many characteristics with
type I IFNs, albeit with a more limited set of cells in which they and their receptor are expressed
[15]. Like type I IFNs, type III IFNs signal through the ISGF3 complex, making its component
STAT1 an essential TF for all three IFN types [8]. However, due to the restricted expression of
receptor protein IL28Rα/IFNLR1, responses to IFN-λ in mice and humans are generally confined
to epithelial cells, peripheral blood lymphocytes, neutrophils, and plasmacytoid DCs, with most
type III IFN responses occurring at epithelial surfaces [15–17].

While the intricacies of how the host senses invasion by viral pathogens are outside of the scope
of this review, other recent reviews dissect this topic in greater detail [18]. In short, a variety of
widely expressed PRRs sense commonmotifs, PAMPs, present in the context of a viral pathogen,
such as double-stranded RNA viral genomes or replication intermediates [19,20] (Figure 1).
Additional patterns, such as modified bases, certain DNA motifs, or, rarely, specific viral proteins,
may also activate PRRs [21,22]. Ultimately, pathways that sense more ubiquitous motifs are
preferred by the host to facilitate responses to both common and unknown pathogens.

PRRs trigger signaling cascades that result in the upregulation of one or more IFN types to induce
an antiviral response. These sensing pathways converge on a handful of common mediators of
signaling, such asMAVS, which is activated by the PRRsRIG-I andMDA5 to respond to distinct
RNA PAMPs [19]. This bottleneck of diverse signaling pathways activating the same suite of
mediators allows a variety of PAMPs to induce similar IFN responses. However, not all PRRs or
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Plasmacytoid dendritic cells:
circulating myeloid cells specialized in
sensing viral pathogens; produce large
amounts of type I and III IFNs to combat
infection.
Positive-sense RNA virus: virus with
single-stranded genome that can
function as an mRNA and be directly
translated.
RIG-I: retinoic acid-inducible gene I;
cytosolic pattern recognition receptor;
recognizes short double-stranded RNA
fragments.
Th1: T helper cells; can secrete IFN-γ
and induce cellular immunity.
Tropism: range of hosts, tissues, or
cells which a pathogen can infect.
stimulants result in equal induction of all IFNs, likely due to differences in transcriptional regulation
of these IFNs. Type I and III IFNs are primarily activated by the IRF TFs, while the type II IFN
promoter instead bears a diversity of binding sites for TFs such as the Th1-regulatory protein
T-bet [11]. Individual IRFs also have unique proclivities for activation of certain IFN types. For
example, IRF1 is essential for activation of type III, but not type I, IFN expression in human
cells, whereas the AP-1 TF is required for type I, but not type III, expression [23]. Individual TFs
also have unique ranges of expression in diverse cell types; IRF5, for example, is expressed in
higher amounts in murine hematopoietic cells and, thus, specifically induces protective IFN
responses in immune cells [24]. Thus, in summary, differential requirements for certain TFs to
activate IFNs result in specific expression patterns for each IFN. This, combined with the unique
patterns of IFN receptor expression on specific cell types as discussed earlier and further detailed
in Table 1, contributes to differential roles for each type of IFN in antiviral defense at mucosal
surfaces. Additionally, these unique regulatory pathways also contribute to distinct temporal
expression for each IFN, with type I IFNs typically induced more rapidly than type III IFNs upon
exposure to viral infection or PAMPs [25,26]. Type III IFNs may also be expressed for longer
periods of time than type I IFNs based on findings from diverse human cell lines and primary
cell culture models [25,26]. These differential kinetics of expression add further complexity to
the unique roles played by each IFN.

Furthermore, despite their unique roles, IFNs are usually not activated in isolation. Indeed, individual
IFNs can serve to induce other IFN types or intermediate signal transducers as well [26,27]. For
example, as mentioned earlier, type I IFN can stimulate type II IFN production by other cell types
[13], and mice deficient in Ifnar1 (Ifnar1–/–) exhibit dampened type III IFN induction in response to
influenza A virus (IAV) infection [28]. Treatment of mice with type III IFN can potentiate type II IFN
TrendsTrends inin ImmunologyImmunology

Figure 1. Overview of interferon signaling pathways in vertebrate hosts. Production of interferons (IFNs) begins with the binding of viral molecules, such as
genomic nucleic acids, to either cell surface or intracellular pattern recognition receptors (PRRs) [18,19]. The resulting signaling cascade activates transcription and
secretion of IFNs, which then bind to their associated IFN receptor on the same and nearby cells. Binding of IFNs to their receptors activates a signal cascade by
Janus tyrosine kinases (JAK) and tyrosine kinase (TYK) that leads to the phosphorylation of STAT1 and/or STAT2 [9,15]. For type I and III IFNs, STAT1 and STAT2
complex with IRF9 and bind to IFN-stimulated response elements (ISREs) to express IFN-stimulated genes (ISGs). For type II IFNs, phosphorylated STAT1 dimers bind
to gamma-activated site (GAS) elements for ISG production [9,15]. In turn, ISGs mediate antiviral effects directly within infected cells, or further induce innate and
adaptive immune responses [3,120]. Figure created using BioRender (https://biorender.com/). Abbreviation: ISG, IFN-stimulated gene.
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Table 1. Key molecular characteristics contributing to differential roles of type I, II, and III IFNsa

IFN type Type I Type II Type III

Receptor IFNAR1, IFNAR2 [9] IFNGR1, IFNGR2 [125] IL-28Rα/IFNLR1, IL-10R2 [16]

Receptor expression Ubiquitous [126] Diverse, especially
hematopoietic cells [127]

Epithelial cells, peripheral blood
lymphocytes, neutrophils, plasmacytoid
DCs [16,17,102]

Members in mice and humans Mice:
14 IFN-α
IFN-β
IFN-ε
IFN-κ
IFN-ζ

Humans:
13 IFN-α
IFN-β
IFN-ε
IFN-ω
IFN-κ [5]

Mice:
IFN-γ

Humans:
IFN-γ

Mice:
IFN-λ2, IFN-λ3 [128,129]

Humans:
IFN-λ1, IFN-λ2, IFN-λ3
IFN-λ4 (variably pseudogenic) [130,131]

Member expression IFN-α/IFN-β:
Plasmacytoid DCs
Macrophages
Fibroblasts
Epithelial cells [7]

Others:
Female reproductive tract (IFN-ε) [77]
Keratinocytes (IFN-κ) [132]

NK cells
T cells
Type I innate lymphoid cells [11]

Epithelial cells of intestine and lung
[133,134]
Plasmacytoid DCs [135]

Downstream signaling complex ISGF3 complex (STAT1/STAT2/IRF9) [125] STAT1 homodimers [125] ISGF3 complex (STAT1/STAT2/IRF9) [16]

Key activators IRF3, IRF5, IRF7, IRF8, various STAT TFs [2] AP-1, CREB/ATF, NFAT, T-bet,
Eomes, various STAT TFs [2]

IRF1, IRF3, IRF7, NF-κB. various STAT
TFs [2]

aAbbreviations: DCs, dendritic cells; TFs, transcription factors.

Trends in Immunology
serum concentrations following vaginal viral infection [29]. Thus, IFNs can coordinately promote
cross-activation of synergistic antiviral pathways to facilitate broad and efficacious antiviral
responses.

Three ‘model’ mucosal viruses
IFNs have been implicated as key cytokines in the control of mucosal viruses. Indeed, mice
lacking receptors for IFNs (e.g., Ifnar1–/–or Ifnlr1–/–) or the shared downstream TF STAT1 consistently
exhibit more severe and/or disseminated viral infections [30–32]. Many of these experimental
observations are corroborated by the identification of debilitating susceptibility to infection with IAV,
herpesviruses, or severe acute respiratory virus coronavirus 2 (SARS-CoV-2), in human patients
with deficiencies in IFN signaling molecules, such as mutations in IFNAR1 or IRF9, or harboring
autoantibodies against IFNs [33–38]. Here, we briefly introduce these three model viruses that
infect distinct mucosal sites and subsequently describe the insights they have yielded into
IFN-mediated regulation of viral infections.

Norovirus – gastrointestinal tract
Noroviruses (NoVs) belong to the family Caliciviridae and are single-stranded, positive-sense
RNA viruses. NoVs infect a wide range of mammals, including humans, mice, pigs, and canines,
though individual genotypes exhibit limited cross-species tropism. Human NoV (HNoV) is the
leading cause of viral gastroenteritis, causing an estimated 700 million infections annually [39].
Although human infections are usually self-limiting, in the young, the immunocompromised,
and the elderly, they can be severe, leading to ~200 000 deaths each year [39]. Murine NoV
(MNoV), which infects the small intestine and colon after oral administration, is a robust small
1012 Trends in Immunology, November 2021, Vol. 42, No. 11
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animal model for experimental NoV studies [31]. Numerous MNoV strains with varying degrees of
lethality and persistence have been characterized, and the MNoV reverse genetics system has
allowed for key insights into the contributions of viral and host genetics to infection outcomes
[40–42]. There are data to support a cellular tropism for intestinal epithelial [43–45] and/or
immune cells [46–49] for HNoV and MNoV that may be strain-specific. Recent insights, which
will be subsequently defined, have demonstrated crucial aspects of MNoV–IFN interactions in
regulating virulence as well as cellular tropism of this prominent pathogen [50–52].

Herpes simplex virus – female reproductive tract
Herpes simplex viruses (HSVs) are herpesviruses with long double-stranded DNA genomes
stretching into hundreds of kilobases [53]. HSVs are among the most prominent viral pathogens
worldwide and the most prevalent sexually transmitted infections, with up to two-thirds of
humans believed to be infected with HSV-1 or HSV-2, which can cause cutaneous infections
around the mouth, genitals, or eyes [54,55]. HSVs infect diverse cell types, with the initial infection
usually occurring in the epithelium, then progressing to neurons [56]. In severe cases, particularly
in immunocompromised humans, HSV can progress to infect the central nervous system (CNS)
to cause encephalitis [34,57]. Due to the plethora of genes present in their extremely large
genomes, HSVs are masters of immune evasion, by directly interfering with immune sensors and
effectors (Box 1) and indirectly by entering into latency, wherein they are maintained within the
host nucleus [58]. HSVs have provided key insights into viral immunology, such as the protective
effects of type II IFN and T cell responses versus the detrimental effects of type I IFNs during
infection in mice [59,60]. HSVs remain among the best-studied viruses in laboratory genital
infection mouse models.
Box 1. Viral antagonism of IFN signaling

While hosts mount a myriad of mechanisms to provide immunity to pathogens, pathogens develop counter-immune
mechanisms to evade these responses. IFN responses can be inhibited at nearly any stage in the pathway, and many
viruses utilize multiple distinct mechanisms to effectively prevent these responses. Murine norovirus (MNoV) possesses
at least three separate proteins that antagonize various IFN pathways, while herpes simplex viruses (HSVs) and severe
acute respiratory virus coronavirus 2 (SARS-CoV-2), with their large genomes, each carry an arsenal of proteins involved
in evasion of IFN responses, described below. For SARS-CoV-2, nearly half of its products are reported to inhibit IFNs, with
in vitro studies identifying at least eight distinct viral proteins that inhibit type I IFN responses [135]. Below are some of the
known mechanisms utilized by these mucosal viruses to highlight potential targets for viral antagonism.

Some viral proteins involved in immune evasion prevent IFN induction, inhibiting the activity of PRRs or intermediate
signaling molecules. Some of these activities remain to be fully elucidated, such as how the MNoV protein VF1 prevents
induction of type I IFNs [136]. An additional MNoV nonstructural protein, NS1, is an essential determinant of the epithelial
tropism of MNoV by inhibiting IFN-λ signaling through a yet-unknown mechanism [50,51]. Like MNoV, HSV prevents IFN
induction, with viral proteins ICP0 and VP24 preventing activation or nuclear translocation of IFN-inducing TF IRF3 in
human cell lines [137,138]. Additionally, in human cell lines, another HSV protein, UL36, inactivates PRR signalingmediator
TRAF3 via its deubiquitinase activity to prevent IFN induction [139]. Disruption of signaling pathways upstream of IFN
production provides for widespread inhibition of IFN signaling.

To further interfere with IFN signaling, viruses also inhibit signaling downstream of the IFN receptors. HSV is particularly
effective in this antagonism, with HSV ICP0 promoting degradation of the host deubiquitinase BRCC36, resulting in
downregulation of IFNAR1 in a variety of human and mouse cell lines in vitro [140]. HSV infection also represses IFNGR1
expression, limiting IFN-γ activity in human primary dendritic cells [141]. Downstream of the receptors, HSV UL36 prevents
IFNAR signaling by blocking its interaction with the JAK1 kinase, which is essential for IFN signal transduction in human cell
cultures [142]. Using a different but complementary activity to prevent ISG induction, SARS-CoV-2 nonstructural proteins
NSP14 and NSP1 inhibit synthesis of host proteins, including ISGs in a variety of human and primate cell lines [143–145].

Finally, some viruses directly inhibit specific ISGs. NS7, the MNoV polymerase, directly antagonizes a specific type II
IFN-induced ISG, GBP2, to block its anti-MNoV activity in mice [146]. SARS-CoV-2 nonstructural protein ORF7A
similarly antagonizes a specific ISG, BST2, in human epithelial cells in vitro [147]. These direct interactions with ISGs
allow for potent, but focused, inhibition of antiviral activities and may aid in identifying ISGs with special importance
for the viruses that block them.

Trends in Immunology, November 2021, Vol. 42, No. 11 1013
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SARS-CoV-2 – respiratory tract
SARS-CoV-2 is the causative agent of COVID-19, which, within a year of its emergence in
November 2019 from an animal reservoir into humans, has caused a catastrophic pandemic
with millions of deaths worldwide. Coronaviruses are single-stranded, positive-sense RNA
viruses which have among the largest genomes of known RNA viruses at nearly 30 kbp [61].
Although many coronaviruses cause mild colds, some coronaviruses such as MERS-CoV,
SARS-CoV-1, and SARS-CoV-2 infect the lungs, causing severe viral pneumonia in humans
[62]. SARS-CoV-2 uses the host receptor ACE2 to infect human respiratory and intestinal epithelial
cells [63,64]. SARS-CoV-2 may also infect a range of hosts including cats, dogs, mink, ferrets, and
bats [62]. Though the literature surrounding SARS-CoV-2 continues to evolve, numerous studies
have already demonstrated the importance of IFNs in its control, both clinically and in rodent
models, as discussed further in the next section.

Antiviral activities of IFNs
Type I IFNs restrict dissemination of mucosal viruses
While there are overlapping roles for all three IFN types in restricting mucosal viral infections and
specific nuances are observed for any specific virus or host site, some common and consistent
trends can be identified (Figure 2, Key figure). Type I IFNs are critically important for preventing
morbidity and mortality in mice from infection by diverse viruses including IAV, West Nile virus
(WNV), and Nipah virus, beyond those detailed here [65–67]. The protective effects of type I
Key figure

Key roles for type I, II, and III interferons in mucosal antiviral responses in mice and humans

TrendsTrends inin ImmunologyImmunology

Figure 2. (A) Norovirus initiates infection within the gastrointestinal tract, wherein type III interferons (IFNs) are key for restricting viral growth [30]. Type I IFNs restrict
dissemination of the virus from the gut to distal sites such as the liver and brain, wherein type II IFN further controls replication [69,89]. (B) Herpes simplex virus
infections initiated in the female reproductive tract are controlled at the site of infection by type III IFNs, while type I IFNs drive inflammation [29,60]. Dissemination from
this mucosal tissue to the central nervous system (CNS) is restricted by type I IFNs [32,73]. Herpesviruses undergo latency, remaining mostly transcriptionally silent
within neurons, with reactivation of the virus from latency restricted by type II IFN [92]. (C) SARS-CoV-2 is restricted within the respiratory tract by type I and III IFNs
[83,84,113]. Conversely, type I IFNs may be drivers of inflammation in the respiratory tract during SARS-CoV-2 infection [28,83,86]. The role of type II IFN is currently
less understood, but it may be proviral in some sites by inducing expression of the viral receptor and may also drive inflammation [100]. Figure created using
BioRender (https://biorender.com/). Abbreviation: SARS-CoV-2, severe acute respiratory virus coronavirus 2.
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IFNs often involve restricting systemic viral infection and dissemination from the initial mucosal site
of infection.

Specifically, after oral infection of the gastrointestinal tract, type I IFNs serve to limit the spread of
viruses such as MNoV beyond the intestine. Specific MNoV strains induce type I IFNs in vitro in
murine dendritic cells (DCs) and in vivo in mouse mesenteric lymph nodes [30,68]. Mice lacking
Ifnar1, either globally (Ifnar1–/–) or specifically in myeloid or DCs (LysM-Cre;Ifnar1f/f and Cd11c-
Cre;Ifnar1f/f, respectively), are susceptible to the extraintestinal spread of virulent strains of
MNoV to the spleen, liver, and brain and exhibit persistent systemic infection or death relative
to wild-type controls [31,40,68–70]. Although tractable means of studying HNoV in the laboratory
have only recently become available with the development of human B cell and intestinal
enteroid models [43,71], application of exogenous type I IFNs to human intestinal enteroids
has now been shown to restrict growth of HNoV in a viral strain-dependent manner [72]. This
finding suggests that the IFN-mediated regulation identified in murine models of NoV may be
applicable to humans, although further studies are warranted. In summary, both MNoV and
HNoV exhibit strain-specific induction of and restriction by type I IFN, emphasizing the importance
of viral genotype in the ability of IFNs to control infection [30,40,72].

In HSV-2 genital tract infections, loss of type I IFN signaling in mice results in increased local viral
replication and systemic spread to the CNS [32,73]. As in MNoV infection, DCs are involved in
limiting systemic replication and infection of HSV, with pDCs serving as essential producers of
type I IFNs [74]. Patients deficient in IFNAR1 or related signaling molecules often present with
HSV encephalitis [34,75,76]. Of interest, HSV-2 is restricted by IFN-ε – a recently described
type I IFN that is constitutively expressed in a hormonally regulated manner within the female
reproductive tract in humans and mice [77,78]. Mice lacking IFN-ε (Ifne–/–) exhibit decreased
baseline expression of many ISGs in the reproductive tract, as well as increased replication of
HSV-2 within the reproductive tract and increased spread of the virus into the spinal cord and
brain stem, relative to wild-type animals [78]. IFN-κ, another understudied type I IFN that is selec-
tively expressed in keratinocytes, has also been proposed to restrict HSV-1 replication in a human
keratinocyte cell culture model [79], suggesting that there may be important tissue-restricted
roles for some type I IFNs during HSV infection. Although crucial for preventing viral spread,
type I IFNs also drive pathology in murine genital HSV infection in a viral strain-specific manner
via their interactions with neutrophils [60], demonstrating the potentially detrimental effects of
IFN signaling.

As with the protective and detrimental roles of type I IFNs in HSV infections, there appear to be
dual roles for these IFNs in SARS-CoV-2 infections. In vitro, type I IFNs control SARS-CoV-2
replication [80–82], and mutations in genes including IFNAR1, IRF7, and TLR3 involved in the
response to type I IFNs are associated with severe COVID-19 in humans [35], supporting the
importance of type I IFNs in themodulation of SARS-CoV-2 infection. Additionally, autoantibodies
against type I IFNs have been identified at higher rates in patients with severe COVID-19 than in
controls [36,37]. However, while in mouse and hamster models disruption of type I IFN signaling,
such as in Ifnar1–/– or Stat2–/– animals, does indeed lead to increased viral dissemination, animals
are also protected from disease, with decreased pneumonia and lung inflammation [83,84].
We posit that this might hold true in humans as well, as a higher proportion of type III IFN expres-
sion relative to type I IFN expression has correlated with viral clearance and improved clinical
outcomes in COVID-19 patients, raising the possibility that there may be detrimental effects
that are specific to type I IFNs associated with this disease [85]. However, further studies are war-
ranted to fully validate these findings, as other recent reports have implicated both type I and III
IFNs in COVID-19-associated morbidity in human patients, as well as in IAV-mediated lung
Trends in Immunology, November 2021, Vol. 42, No. 11 1015
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pathology in mice [28,86]. All in all, the SARS-CoV-2 pandemic has emphasized the importance
of human genetic variation in determining clinical outcomes and has also highlighted the potential
double-edged nature of type I IFN responses in disease; indeed, these IFNs can aid in clearing
viral infection, but must also be carefully controlled to prevent deleterious unwanted effects,
such as the damaging overinduction of the immune system known as the ‘cytokine storm’ [87].

Type II IFN synergizes with type I IFNs to restrict mucosal viruses
Type II IFN is widely appreciated for its role in controlling bacterial infections but is relatively
understudied in the context of viral infections. While the importance of type I and III IFNs in viral
restriction is immediately evident by their induction of an antiviral state within infected cells [9],
the antipathogenic roles of type II IFNs are often mediated through additional immune cell
types. These phenotypes are more difficult to detect in in vitro experiments, limiting the character-
ization of this cytokine as antiviral. Despite this, important roles of IFN-γ in viral infections have
been described [88], with varying mechanisms detailed here.

In contrast to the importance of type I IFNs in preventing systemic infection, the role of type II IFN
in controlling MNoV infection is somewhat more subtle, emerging primarily when type I IFN signal-
ing is also disrupted, as evidenced from the enhanced morbidity in Ifnar1–/–Ifngr1–/– mice
compared with Ifnar1–/– mice [89]. However, IFN-γ can directly restrict MNoV replication in
myeloid cells lines in vitro [89]. Additionally, in mice, IFN-γ acts on myeloid cells to promote
assembly of a protein complex that includes autophagy protein Atg16L1, to restrict viral
replication and limit pathogenesis [90], along with IFN-γ-inducible GTPases serving to disrupt
viral replication complexes [91]. This role appears to be independent of autophagy itself, as
pharmacological inhibition of autophagy does not alter IFN-γ-mediated inhibition of MNoV
replication [90]. These data provide hints of a nonautophagic role for essential autophagy proteins
in IFN-γ-mediated antiviral defense.

IFN-γ is a crucial innate immune regulator of HSV-1 and -2 infections, particularly in the context of
disseminated infection beyond the epithelium and in control of viral latency [92]. In multiple
mammalian cell culture models, including African green monkey Vero cells and human dorsal
root ganglia explants, exogenous type II IFNs exhibit an ability to control HSV-1 replication
directly, although this activity is most potent in synergy with type I IFN activity [93,94]. The
responses of infected cells to type I or II IFNs differ somewhat, with IFN-γ treatment leading to
a more widespread neuronal antiviral response than type I IFN treatment. However, both types
of IFNs prevent the transport of HSV virions within neurons to limit viral spread in primary murine
neuron cultures [95]. CD8+ T cell-derived IFN-γ also impedes the emergence of HSV-1 from
latency in ex vivo murine trigeminal ganglia cultures, thus preventing recurring infections [92,96].
Type II IFN production by NK cells and CD4+ and CD8+ T cells during murine vaginal infection is
key to preventing HSV-1, but not HSV-2, neuronal infection, which may be important for better
understanding the distinct rates of recurrent genital infections seen with these two viruses [59].

The role of type II IFN in COVID-19 is less clear, although IFN-γ does exhibit antiviral activity in vitro
in primary human differentiated bronchial epithelial cells [80]. Some studies have proposed a
potentially proviral role for IFN-γ in SARS-CoV-2 infection, as the ACE2 receptor is an ISG that
is induced in primary human bronchial and colon epithelial cells upon IFN-γ treatment [80,97].
Clinical data are scattered, with some reports describing lower serum concentrations of IFN-γ
in COVID-19 patients presenting with fibrosis than COVID-19 patients without fibrosis [98].
Other studies have shown that individuals who succumb to COVID-19 may have higher concen-
trations of circulating IFN-γ, suggesting that type II IFNmay exacerbate disease, or might even be
considered as a putative biomarker for severe disease [99]. This observation is supported by the
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recent elucidation of a combinatorial role for IFN-γ and TNF-α in the cytokine storm; indeed,
increased PANoptosis and tissue inflammation and, ultimately, mortality in SARS-CoV-2-
infected mice has been noted, and these outcomes have been rescued in Stat1–/– or Ripk3–/–

Casp8–/–mice lacking IFN or apoptosis/necroptosis signaling, respectively, suggesting a relevant
role for type II IFN in this process [100]. Further rigorous studies will be necessary to fully deter-
mine the role of type II IFN in COVID-19, given the complicated network of cytokines activated
during infection. In summary, limited data to date suggest that type II IFN can play a combina-
torial role with type I IFN in limiting viral dissemination from mucosal sites, but similar to type I
IFN, it can also mediate detrimental effects, including tissue damage during and after certain
infections.

Type III IFNs restrict viral replication at mucosal sites
Due to the restricted expression of their receptor primarily to epithelial cells and limited
immune cell types in mice and humans, type III IFNs exhibit more localized activity than type I
IFNs at mucosal sites [15]. Thus, in mucosal infections, type III IFNs serve as a key means of
controlling infection, especially in early stages, without inducing widespread inflammatory
processes.

Type III IFNs are crucial for regulating intestinal MNoV replication. Mice lacking either Ifnlr1,
globally (Ifnlr1–/–) or in intestinal epithelial cells (Villin-Cre;Ifnlr1f/f), or lacking the IFN-λ cytokines
(Ifnl2–/–Ifnl3–/–) exhibit increased fecal shedding and intestinal tissue titers of persistent MNoV
relative to wild-type mice [30,101,102]. Further, IFN-λ treatment can prevent or cure MNoV
infection in wild-type mice [30,102]. HNoV also induces and is restricted by type III IFNs in a
human enteroid model, suggesting potential cross-genogroup importance of this cytokine in
regulating NoV infection [72]. Of note, type III IFNs are also key regulators of more complex
trans-kingdom interactions by which the gut microbiota regulate MNoV infection. Specifically,
antibiotic-treated mice lacking gut bacteria are resistant to MNoV, but viral dependence on the
microbiota is entirely eliminated in Ifnlr1–/–mice, indicating that IFN-λ can be important in regulating
these complex interactions [103]. Further, microbiota-mediated induction of type III IFN signaling in
the proximal small intestine via bile acid regulation limits acute MNoV infection [47]. In the context of
excessive type III IFN signaling, either driven by viral interference during chronicmurine astrovirus
infection [104] or dysregulated autophagy in Epg5–/–mice [105], the animals are rendered resistant
to MNoV infection. Therefore, these observations emphasize the relevance of type III IFNs in
restricting enteric viral infections and highlight the concept that at mucosal surfaces, numerous
environmental stimuli, including bacterial and viral elements of the microbiota, can converge to
modulate these cytokines.

Type III IFNs were initially identified as key antiviral cytokines in the context of murine genital
HSV-2 infection, with IFN-λ treatment blocking virus replication in the vaginal mucosa [29].
These findings have since been confirmed in vitro in simian Vero cells as well as primary
human astrocytes and neurons, thus indicating that type III IFNs exhibit potent restriction
of HSV replication in mucosal epithelial cells as well as in CNS cells [106,107]. Of interest,
type III IFNs have been implicated in the maintenance of the blood–brain barrier during WNV
and rabies virus infections in mice, with Ifnlr1–/– mice exhibiting enhanced spread to the brain
and IFN-λ treatment in them helping to maintain tight junction and barrier integrity [108,109].
Whether type III IFNs are protective against HSV encephalitis is not yet clear. In the female
reproductive tract, IFN-λ also controls replication of Zika virus, as enhanced vaginal viral titers
have been observed in Ifnlr1–/–mice while IFN-λ treatment limits viral replication in Ifnlr1-sufficient
mice; this in turn supports the concept that this cytokine is likely active against a variety of
pathogens at this mucosal site [110].
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Box 2. Potential roles for IFNs in the treatment of emergent viral diseases

IFNs have been used therapeutically for a variety of diseases of infectious and noninfectious etiology, such as hepatitis and
some cancers. In the wake of the current COVID-19 pandemic, interest in IFN therapies has skyrocketed due to the need
to mitigate severe effects of SARS-CoV-2. Much of the current research focus has been on type I IFN, which is used
clinically for other diseases and restricts SARS-CoV-2 [148]. Indeed, preliminary phase 2 studies investigating the efficacy
of type I IFN in preventing or ameliorating COVID-19 have been promising: data from randomized controlled trials support
this type of therapy, including results with IFN-β, which resulted in a shorter length of positive infection or a shorter time to
clinical improvement in COVID-19 patients, relative to therapy devoid of IFN-β (NCT04276688i, NCT04343768ii)
[149,150]. An additional phase 2 randomized controlled study has demonstrated that inhaled, nebulized IFN-β1a contrib-
utes to an improvement in breathlessness for hospitalized patients (NCT04385095iii) [151]. IFN-γ has not been thoroughly
assessed for its therapeutic effects against SARS-CoV-2 and may have limited utility for treatment.

Type III IFNs are equally promising in their potential therapeutic effects against SARS-CoV-2, as they exhibit more localized
activity and have robust safety and tolerance profiles [152,153]. IFN-λ, coupled with type I IFN, upregulates ISGs in primary
human epithelial cell culture models, reducing SARS-CoV-2 replication [112]. A randomized controlled phase 2 trial has
shown that a single subcutaneous injection of pegylated IFN-λ accelerated the decrease in SARS-CoV-2 viral load in
humans, with the effects being most apparent in patients with higher SARS-CoV-2 viral load (NCT04354259iv) [114].
However, an alternate randomized, single-blind, placebo-controlled phase 2 clinical trial found that while pegylated IFN-
λ was well tolerated, a single dose had no effect on the duration of SARS-CoV-2 viral shedding or symptoms in patients
with moderate COVID-19 (NCT04331899v) [154]. Because type I and III IFNs induce kinetically distinct ISG responses,
with slower and more sustained responses induced by type III than type I IFNs, the application of type I and/or III IFNs
as putative therapeutics for COVID-19 requires careful consideration of proper timing for administration [25,26,155].

Better characterization of ways to prevent the damaging effects of IFNs, while promoting their antiviral activities, can greatly
expand the potential therapeutic use of these cytokines. Due to their broad antiviral activity, IFNs are a potential therapeutic
for essentially any new or emerging viral epidemic, and further exploration of IFN administration to seriously ill patients may
help mitigate the impact of future pandemics.
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Outstanding questions
What are the bona fide sets of genes
induced in vivo by each type of IFN,
and how do these vary depending on
the cell and organ? A better under-
standing of the distinct effects of IFNs
can aid in their safe and efficacious
therapeutic use.

How do PRRs differentially regulate
multiple types of IFNs? A nuanced un-
derstanding of why IFNs are regulated
in distinct manners, spatially and tem-
porally, can help clarify their protective
versus detrimental effects.

How do IFNs interact with each other
to synergistically or antagonistically
control mucosal viral infections? How
do context and timing of induction
of individual IFNs contribute to these
combinatorial effects on viruses?
Cross-type IFN interactions are likely
to extend the impact of immune defi-
ciencies and/or therapies in the context
of infection.

What are the mechanisms underlying
the individual or combined antiviral
activities of ISGs? How do viruses
subvert ‘proviral’ IFN-stimulated genes
for infection? A clearer definition of the
specific ISGs that limit viral infections is
likely to offer important insights into
viral life cycles.

What is the breadth of mechanisms
used by viruses to limit induction of
or responses to IFNs, or to directly
antagonize ISG activity? Defining how
viruses antagonize IFN activity may
help identify specific host factors that
are particularly important for restricting
a given virus.

How can therapies directed against
IFNs be targeted to reduce the
potential detrimental effects of the
immune response? What are key
ISGs that may serve as more specific
therapeutic targets? Antiviral therapies
targeted toward specific ISGs in lieu
of IFNs themselves might potentially
have fewer side effects.
Early during the COVID-19 pandemic, human and murine studies quickly sought to understand
the importance of type III IFNs in controlling SARS-CoV-2 infection. In vitro studies in immortalized
human Calu-3 and simian Vero lines as well as primary human airway and intestinal epithelial
cells demonstrated robust IFN-λ-mediated antiviral activity, limiting SARS-CoV-2 replication
[82,111,112]. Murine studies leveraging a mouse-adapted strain of SARS-CoV-2 demonstrated
that exogenous treatment with type III IFNs could efficiently control lung viral replication and dis-
ease [113]. This finding was supported by the observation of accelerated SARS-CoV-2 clearance
in patients with mild to moderate COVID-19 who were administered pegylated IFN-λ treatment
(Box 2) [114]. Additionally, recent work reported that type III IFN-driven expression of ISGs in
humans with COVID-19 was presumably protective in the upper airways of individuals with mild
cases of the disease, while critical patients exhibited dominant type I IFN responses and weaker
ISG responses [115]. However, as discussed earlier, type III IFNs may also coordinate with type I
IFNs to cause certain detrimental effects during severe COVID-19 in human patients [28,86].
Patients with severe COVID-19 exhibit increased plasma concentrations of type III IFNs during
the first week of symptoms which remain at high amounts in later phases of COVID-19 infection
compared with patients with moderate disease [116]. Further, type III IFNs have been implicated
as a potential part of the ‘cytokine storm’ associated with SARS-CoV-2-induced morbidity and
mortality in human ACE2 transgenic mice [87,117,118]. The relative balance between protective
and detrimental effects for type III IFNs during SARS-CoV-2 infection thus needs to be fully
defined. Overall, despite the varying characteristics of the viral pathogens and mucosal sites in
which these viruses routinely attack, individual IFN types exhibit similar antiviral effects, although
in some cases, they may also exhibit detrimental inflammatory responses.

Concluding remarks
IFNs have long been recognized for their key roles in restricting viral pathogenesis at the organismal
level, but recent studies have revealed an increasingly nuanced set of interactions between IFNs.
Here, we have focused on the emerging understanding that there appear to be highly specific
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roles for different IFNs in regulating local viral replication versus dissemination, with type III IFNs
exhibiting a predominant role in initial barrier control at mucosal surfaces, while type I and II
IFNs may play more dominant roles in limiting viral dissemination. Synergistic activities of the
IFNs are increasingly appreciated, especially for type I and II IFNs, both in mediating protective
and also potentially detrimental effects when excessively activated. While we have focused
here on three specific viruses that infect at mucosal sites, the regulatory patterns observed
might likely extend widely to viral pathogens invading these surfaces, although this remains
to be investigated.

Moreover, numerous areas related to IFN biology are still unexplored (see Outstanding
questions). As our understanding of the roles of IFNs in limiting infection has grown, research
has begun to focus on the tissue- and cell-specific levels at which IFNs exert these effects and
how these effects are mediated. Great strides have been made in this arena, but careful
consideration should be taken to test not just how these IFNs act individually or in vitro, but
more importantly, how they may act in combination in vivo; we argue that this will be key for
understanding their bona fide roles in complex diseases. Recent findings such as those
demonstrating the importance of cooperative roles of type I and III IFNs in maintaining the intestinal
epithelial barrier in chemically induced colitis in mice, coupled to the revelation that type II IFNs
restrict MNoV infection only when type I IFNs are absent, support this supposition [89,119].
These studies, as well as those leveraging cell-specific conditional disruption of IFN receptors
[69,102], will also continue to provide insights into the compartmental specificity of IFN responses.
Further investigation of the relative importance of different inducers, receptor expression, and other
regulatory factors is also required to determine the specific effects of each type of IFN.

Beyond the need for improved understanding of the factors contributing to IFN responses, our
knowledge of the expression and specific antiviral effects of ISGs is quite limited [120]. Many
reports delineating which ISGs are induced by individual IFNs rely on tissue culture models,
which likely do not recapitulate the complexity of ISG induction in vivo. The recent increase in
the use of organoids to interrogate the antiviral functions and mechanisms of IFNs may be key
to providing more physiologically relevant insights into IFN and ISG biology [72,112]. Given that
IFN-γ exhibits many cell-extrinsic effects, systems leveraging different combinations of primary
cells – especially those combining nonimmune and immune cell types – may be essential for
yielding insights into IFN-γ roles.

In addition to defining the specific regulons for IFNs and to which extent their profiles overlap,
further insight into host–virus interactions should be achieved, and for this, it will be crucial to
understand the mechanisms and activities of individual ISGs. As screens across species and
cell types identifying ISGs and antiviral effectors continue to reveal broad or specific anti- or
proviral effects of individual ISGs [3,121], extensive confirmatory experiments examining their
specific roles and mechanisms are essential. Currently, IFN-directed therapies against viral
infections typically rely on the administration of these IFNs themselves, which can come with
limited therapeutic windows due to the induction of possible pathological side effects. As such,
administration or induction of individual ISGs may be a more attractive target in the future, as
these proteins exhibit more specific activities than IFNs themselves. Additionally, some ISGs
have been recently reported to promote viral infection through various mechanisms, with IAV
repurposing of ISGs LY6E and IFIT2 used to facilitate viral entry and viral mRNA translation,
respectively, and a herpesvirus co-opting viperin to achieve enhanced infectivity [122–124]. In
addition, fully characterizing how counterintuitive proviral effects of IFNs might contribute to
viral pathogenesis in specific scenarios might allow for a more holistic understanding of the
many and varied interactions between viral pathogens and IFNs.
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In summary, IFNs provide key protective roles for the vertebrate host during mucosal viral
infections. However, recent work has also demonstrated the more complex detrimental effects
that IFNs can have, as well as ways in which they synergize to respond to viral infections. Only
by carefully characterizing the roles of each IFN alone and in conjunction, as well as by dissecting
the mechanisms of action of ISGs, can we fully understand and potentially augment the host
response in the context of disease.
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