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Interferons (IFNs) constitute the first line of defense against microbial infections particularly
against viruses. They provide antiviral properties to cells by inducing the expression of
hundreds of genes known as interferon-stimulated genes (ISGs). The two most important
IFNs that can be produced by virtually all cells in the body during intrinsic innate immune
response belong to two distinct families: the type I and type III IFNs. The type I IFN
receptor is ubiquitously expressed whereas the type III IFN receptor’s expression is limited
to epithelial cells and a subset of immune cells. While originally considered to be
redundant, type III IFNs have now been shown to play a unique role in protecting
mucosal surfaces against pathogen challenges. The mucosal specific functions of type
III IFN do not solely rely on the restricted epithelial expression of its receptor but also on the
distinct means by which type III IFN mediates its anti-pathogen functions compared to
the type I IFN. In this review we first provide a general overview on IFNs and present the
similarities and differences in the signal transduction pathways leading to the expression of
either type I or type III IFNs. By highlighting the current state-of-knowledge of the two
archetypical mucosal surfaces (e.g. the respiratory and intestinal epitheliums), we present
the differences in the signaling cascades used by type I and type III IFNs to uniquely induce
the expression of ISGs. We then discuss in detail the role of each IFN in controlling
pathogen infections in intestinal and respiratory epithelial cells. Finally, we provide our
perspective on novel concepts in the field of IFN (stochasticity, response heterogeneity,
cellular polarization/differentiation and tissue microenvironment) that we believe have
implications in driving the differences between type I and III IFNs and could explain the
preferences for type III IFNs at mucosal surfaces.
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INTERFERONS AND THEIR RECEPTORS

Type I Interferons
Interferons (IFNs) were first discovered to interfere with the
replication of influenza virus sixty years ago by Isaacs and
Lindenmann (1). Since their discovery, many studies in humans
and animals have started to unravel the molecular details of how
IFNs elicit an intrinsic antiviral program in cells to control viral
replication and spread (2, 3). IFNs form a diverse family of
cytokines composed of three types designated as type I, II, and
III IFNs. In humans and mice, type I IFNs are the largest family
consisting of multiple subtypes of IFN-a (13 in humans, 14 in
mice), as well as IFN-b, IFN-ϵ, IFN-k, IFN-w (humans) and IFN-z
(mice) (4, 5). Type I IFNs have a broad range of functions
including anti-pathogen activities (antiviral, antibacterial and
antifungal), anti-proliferative functions and the ability to
modulate innate and adaptive immunity (6, 7). While type I
IFNs are ubiquitously expressed, there is evidence of cell type
specific expressions of some IFN-a subtypes (8, 9). Type I IFNs are
sensed by cells through the binding of the heterodimeric receptor
composed of the IFN-a receptor 1 (IFNAR1) and the IFN-a
receptor 2 (IFNAR2), which are expressed on all nucleated cells
(10). All 17 type I IFNs are capable of binding the receptor
complex but they do so with different affinities (11).

Type II Interferons
The type II IFN family only has one member: IFN-g. IFN-g is
produced predominantly by natural killer (NK) cells, natural
killer T cells (NKT) and innate lymphoid cells (ILCs) and has
been shown to be important for innate and adaptive immune
responses (12). Additionally, it has been shown to play a key role
in autoimmune and autoinflammatory diseases (13). IFN-g binds
to cells through the heterodimeric IFN- g receptor 1 (IFNGR1)
and the IFN-g receptor 2 (IFNGR2) (14). Type II IFNs have been
recently reviewed elsewhere (15) and this review will not focus
on this cytokine.

Type III Interferons
In 2003, two groups simultaneously discovered three new cytokines
in humans that were able to block viral infection: IL29, IL28A and
IL28B also known as IFN-l1, IFN-l2 and IFN-l3, respectively (16,
17).As these cytokines exhibited similar functions as type I IFNsbut
were structurallyunique theyweredesignated as anewclass of IFNs,
the type III IFNs. In2013, anewtype III IFN(IFN-l4)was identified
(18). While the function of IFN-l1, l2 and l3 in protecting and
resolving pathogen infection is broadly accepted, the precise
function of IFN-l4 remains disputed. This controversy arises
from the fact that exogenously produced IFN-l4 shows antiviral
activity, however whether cells can produce IFN-l4 on their own
remains debated (19). It is known that genetic polymorphisms
(SNPs) in IFN-l4 have been associated with the protein expression
of IFN-l4 which then impacts hepatitis C viral load, spontaneous
clearance of the virus, and response to treatment (20, 21).
Importantly, recent studies have shown that several human
populations have lost the expression of IFN-l4 suggesting that it
has been deleterious for humans during the evolution process (22).
Mice only express IFN-l2 and IFN-l3 as both IFN-l1 and IFN-l4
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are pseudogenes. This review will not focus on IFN-l4 but a
comprehensive description of its biological activities has been
recently reviewed (19).

Similar to type I IFNs, type III IFNs are expressed by most cell
types in the body, however they are sensed by a more limited
number of cells leading to cell type specific responses (23–25).
Type III IFNs bind to a heterodimeric receptor composed of the
type III IFN receptor (IFNLR1, also known as IL-28Ra) and the
interleukin 10 receptor 2 (IL-10R2). The IL10R2 receptor is not
only used by type III IFNs but is also used by other IL-10 family
members such as IL-10, IL-22 and IL-26 (16, 17). While IL-10R2
is widely expressed in most cell types, IFNLR1 has a limited
expression and is found in epithelial cells (e.g. intestine, lung,
vaginal, and hepatocytes) (23–26) and some immune cells (DCs,
pDCs, NK cells and neutrophils) (27–31).
PRODUCTION OF IFNS

Production of Type I and III IFNs
Interferons are produced upon sensing of pathogen associated
molecular patterns (PAMPs) by cellular pattern recognition
receptors (PRRs). In a simplified view, as this is not the focus of
this review, nucleic acids from the viral genome and intermediate
products from virus replication are the main PAMPs for viruses.
They are recognized by the Toll-like receptors (TLRs) and the
RIG-like receptors (RLRs) (Figure 1). Activated PRRs recruit
adapter proteins, such as Myeloid differentiation primary
response 88 (MyD88), TIR-domain-containing adapter-inducing
interferon-b (TRIF), and mitochondrial antiviral-signaling protein
(MAVS) (32). The adapter proteins activate a series of
downstream proteins and transcriptional factors, like interferon
regulatory 3/7 (IRF3/7) and NFкB. Activated IRF3/7 undergo
dimerizations and translocate to the nucleus, where they bind to
enhancer/promoters of IFN genes, subsequently inducing the
production and secretion of both type I and III IFNs (Figure 1)
(33). Further details on the molecular mechanism used by cells to
sense PAMPs and produce IFNs can be found in recent reviews
(34, 35).

Compartmentalization of PRRs for
Production of Interferons
Pathogens can be sensed in different intracellular compartments
depending on their mode of entry. In the case of viruses they can
either infect the host by directly penetrating the plasmamembrane
or by being endocytosed and trafficking into the endosome
compartment where they will be released into the cytosol (36).
The site of entry will influence and dictate which PRR is most
important for sensing viruses (TLR vs RLR) and as such will
compartmentalize signal transduction leading to immune
response and this could influence what kind of interferon is
produced. This concept of compartmentalization of PRRs and
downstream signaling has been pioneered through work on TLR4,
which recognizes the bacterial component lipopolysaccharide
(LPS). When TLR4 is located at the plasma membrane,
stimulation of the receptor led to induction of pro-inflammatory
cytokines through the MyD88 adaptor however, when TLR4 is
December 2020 | Volume 11 | Article 608645
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internalized into the endosomes it leads to the production of
interferons by recruiting the adaptor TRIF (37). The RLR adaptor
MAVS is located at both the peroxisomes and the mitochondria
(Figure 1) (38). Studies have shown that the peroxisomal MAVS
leads to the production of type III IFN only, while mitochondrial
MAVS can produce both type I and III IFNs (Figure 1) (39),
however recent studies have contradicted this view and suggested
that both type I and III IFNs can be produced from peroxisomal
MAVS (40). Similarly, TLR3 was shown to be localized on the
basolateral side of polarized human intestinal epithelial cells (41).
This polarized localization of TLR3 led to a higher induction of
interferons when cells were infected basolaterally with TLR3
activating viruses or stimulated with TLR3 agonist as compared
to the apical side (41). This compartmentalization of TLR3 is key
for intestinal epithelial cells which are in constant contact with the
commensal flora. Having PRRs polarized to the basolateral side
allows intestinal cells to partially tolerate the presence of apical
commensals while remaining highly responsive against enteric
pathogens that have crossed the intestinal epithelial barrier. These
pathogens are sensed by the basolateral PRRs and will lead to a
potent type III IFN response. On the contrary, the apical microbes
(commensals and pathogens) are poorly sensed because few PRRs
are localized at the apical side of intestinal epithelial cells (41).
Further studies are required to determine whether other PRRs and
their adaptors can be compartmentalized leading to differences in
the production of type I and III IFNs. Most importantly it is
Frontiers in Immunology | www.frontiersin.org 3
critical, while studying intrinsic immune response, to not only
consider which PRR is involved in sensing a pathogen but to also
consider from where, within a cell, it is signaling and to integrate
this in a tissue-like environment to allow for proper intracellular
distributions of PRRs.

Heterogeneity of Intrinsic Immune
Response: Not All Infected Cells
Produce IFNs
The textbook view of how PRRs sense pathogens and lead to the
production of IFNs (Figure 1) would suggest that all infected
cells in a population are equal: All cells will respond to pathogen
infection and produce IFNs. However, recent studies have shown
that each cell within a homogeneous cell population can respond
differently. Work by O’Neal et al. showed that only a fraction of
murine fibroblasts infected with West Nile virus produced IFN
mRNA regardless of the viral load (42). Similarly, cell-to-cell
variability was shown to regulate the ability of mouse fibroblasts
infected with Sendai virus to produce IFN-b1 mRNA (43).
Further studies have confirmed these observations and have
shown that this heterogeneity is of cellular origin and not viral,
and is due to intrinsic differences related to the activation and
nuclear translocation of IFN regulatory transcription factors
NFкB and IRF7 (44, 45). If IRF7 was not translocated into the
nucleus then IFN-b1 was not made (44). These studies highlight
that the ability of a virus to replicate and spread or be controlled
FIGURE 1 | Overview of IFN production upon viral infection. Upon virus entry into cells, viruses are sensed by the TLRs (endosomes) or the RLRs (cytoplasm). TLR3
senses dsRNA (a main component of viruses or viral replication) and is located in endosomes. Upon sensing of dsRNA molecules, TLR3 and its adapter TRIF lead to
the induction of both the NFкB and the IRF3/7 pathways, which lead to the induction of both pro-inflammatory cytokines and type I and III IFNs. Viral PAMPs located
in the cytosol are recognized by RLRs and upon activation recruit the adapter protein MAVS. When MAVS is recruited to mitochondria, NFкB and IRF3/7 are
activated leading to the induction of pro-inflammatory cytokines and type I and III IFNs. However, when MAVS is recruited to peroxisomes the signaling cascade
leads to the induction of type III IFNs only.
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by host defenses can be directly linked to the proportion of cells
in a population that produce and respond to IFN (45). Whether
there is a similar heterogeneity in the production of type III IFN
is unknown as no studies have directly addressed this question. It
is legitimate to speculate that a similar heterogeneity would exist
for type III IFN because of the high similarity in the signal
transduction pathways which lead to IFN production. However,
it will be interesting to address if the cells act in pairs and those
that do not produce type I IFN also do not produce type III or if
the production of the two IFNs will be regulated independently.
IFN-MEDIATED SIGNALING AND ISG
PRODUCTION

The Importance of JAKs in Interferon
Signaling
Followingproductionand secretionof type I and III IFNs, these two
cytokines will bind to their specific receptors in an autocrine (the
secreting cells) and paracrine manner (the bystander cells) to
activate complex signal transduction pathways which will induce
Frontiers in Immunology | www.frontiersin.org 4
transcriptional responses that will ultimately result in the
development of an antiviral state in the stimulated cells (Figure
2). Both the type I and III IFNs induce the JAK/STAT signaling
cascade leading to the induction of interferon stimulated genes
(ISGs) (Figure 2) (26, 46–48). IFNs first bind one receptor chain
with high affinity (IFNAR2 or IFNLR1), and then recruit the low-
affinity chain (IFNAR1 or IL-10R2) to form a signaling-competent
ternary complex (49–51).Uponbinding, the extracellularpartof the
receptors induces the conformational change of the intracellular
part of the receptor subunits, which causes receptor dimerization.
Receptor dimerization activates receptor-associated Janus kinases
(JAK), TYK2 and JAK1, which mediate the phosphorylation of
tyrosine residues on the intracellular part of IFN receptors (52, 53).
JAK1 is associated with IFNAR2 and IFNLR1 while TYK2 is
associated with IFNAR1 and IL-10R2 (Figure 2) (54–58). JAK1 is
critical for the activation and signaling of both type I and III IFNs.
Importantly, JAK1 mutations have not been found in humans and
are embryonic lethal inmice suggesting that they play a critical role
in immune responses and development (59, 60).

Recent reports have uncovered that while TYK2 is required for
type I IFN signaling, it is dispensable for type III IFN signaling (61,
62). Several mutations in the Tyk2 locus have been identified in
FIGURE 2 | Signal transduction downstream type I and type III IFN receptors. Upon binding to their receptors, IFNs induce the activation of the JAK/STAT signaling
cascade. Both type I and III IFNs use JAK1 for their signaling, while type I IFNs also require TYK2 activation, type III IFNs signal independently of TYK2. Several
studies suggest that type III IFNs use JAK2 for their signaling while type I interferons do not require JAK2. However, how JAK2 interacts with the receptor complex is
currently unknown. Following JAK activation, STATs are recruited and activated which leads to their dimerization and binding to IRF9 forming the ISGF3 complex or
homodimer complexes which translocates into the nucleus and drives ISG production. Some ISGs act as negative regulators and the ISG USP18 is known to
regulate type I IFN signaling but not type III IFN signaling.
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patients, however they do not show a high susceptibility to viral
infections (61, 63). As TYK2 appears dispensable for type III IFN
signaling, it is likely that in these patients the absence of increased
susceptibility to pathogens is the result of type III IFNs providing
first line protection, at least at mucosal surfaces. This model is
supported by recent results where TYK2 knock-out murine
intestinal epithelial cells treated with type III IFNs maintain
their ability to produce ISGs and protect against virus
replication (unpublished). Additionally, TYK2 knock-out mice
pretreated with type III IFN prior to influenza infection were
protected against viral infection in respiratory epithelial cells,
while type I IFN pretreatment did not confer protection
(unpublished). How signaling downstream the type III IFN
receptor is transduced in the absence of TYK2 is unknown,
however, it is tempting to speculate that another kinase takes
over the function of TYK2. Interestingly, cells depleted of JAK2 or
cells treated with specific JAK2 inhibitors are able to respond to
type I IFNs and not type III IFNs suggesting that JAK2 could act
in place of TYK2 for type III IFN signaling (Figure 2) (30, 39, 64).

STATs in Interferon Signaling
Following JAK activation and receptor phosphorylation, signal
transducer and activator transcription (STAT) proteins are
recruited to the complex. STATs are subsequently phosphorylated
by JAKs and activated STATs form STAT1/2 heterodimers which
bind to IRF9, forming the transcription factor interferon-stimulated
gene factor 3 (ISGF3). ISGF3 transfers to the nucleus and binds
interferon-stimulated response elements (ISREs), driving the
transcription of interferon-stimulated genes (ISGs) (Figure 2).
While STAT1/2 are the main proteins used in IFN signaling,
other STATs are found to be activated and play cell type specific
functions. Following type I IFN binding, STAT1–6 have all been
shown to participate in the antiviral and anti-proliferative actions of
these IFNs (65, 66). STAT1–3 are induced in all cell types, while
STAT4–6 are cell type specific (67–69). However, which specific
ISGs are produced upon STAT4–6 activation needs to be further
investigated. Similar to type I IFNs, type III IFNs also induce
STAT1–5 (Figure 2) (70, 71). However, to date, it remains
unclear whether differences in the phosphorylation of the different
STAT proteins are responsible for the differences in kinetics and
magnitude of ISG expression observed between type I and III IFNs
(See section “Interferon specific ISGs”).

Negative Regulation of Interferon
Signaling
Probably the most important step in mounting an antiviral
response is the ability of cells to turn it off. Failure to arrest IFN
signaling in tissues leads to inflammatory disorders in patients and
interferonopathies (72). These disorders arise when cellular
pathways fail to regulate IFN signaling and are often treated by
blocking IFN signaling through the use of JAK inhibitors (73).

The suppressor of cytokine signaling (SOCS) (e.g. SOCS1 and
SOCS3) are considered themost potent negative regulators used by
cells to control type I IFN signaling as they can directly interact with
TYK2 interferingwith its activation (74). SOCS1 specifically acts by
modulating the activity of IFNAR1 through downregulating TYK2
expression (75). Overexpression of SOCS1 in hepatic cells lines has
Frontiers in Immunology | www.frontiersin.org 5
been shown to also act on type III IFN leading to decreases in ISG
production (76). Importantly, in vivo studies using SOCS1 knock-
outmice showed increased ISG induction in the liver in response to
type III IFNs while the lung and gut were only mildly affected (76).
As lungandgut cells havebeen shown tobeTYK2 independent, this
suggests that either SOCS1 acts through another method to impact
type III IFN signaling or that there are organ-specific differences in
the regulation of IFNs.

JAK1 signaling can be regulated by the ISG ubiquitin-specific
protease 18 (USP18). USP18 is induced upon both type I and
type III IFN treatment, however it specifically regulates type I
IFN signaling by binding to IFNAR2 (Figure 2) (77). Upon
binding, USP18 acts as a negative regulator by preventing the
interaction of JAK1 with IFNAR2 and thereby limiting type I
IFN signaling. Interestingly, as type I IFNs bind to the receptor
complex with different affinities, USP18 exerts its functions in a
subtype dependent fashion with USP18 blocking IFN-a subtypes
more than IFN-b1 (77–79). High USP18 levels are also suggested
to be the reason that many hepatitis C infected patients show a
refractory phenotype to IFN-a based antiviral therapy (80). Even
though type III IFN signaling requires JAK1, it is not affected by
USP18 as USP18 specifically targets and binds IFNAR2 and not
IFNLR (81).

Regulation of Antiviral Functions
Beside activating the JAK/STAT signaling pathway, both type I and
type III IFNs also induce the mitogen-activated protein kinases
(MAPKs). Interestingly, in human intestinal epithelium cells, both
type I and III IFNsactivateMAPKsignalingpathwayshoweveronly
type III IFNs require them for their antiviral functions. Intestinal
cells treated with MAPK inhibitors blocked the ability of type III
IFNs tocontrol virus infectionwhile type I IFNs’ antiviralproperties
stayed intact (71). These observations suggest that to properly
control viral infection, cells not only rely on ISGs made
downstream JAK/STAT but that other parallel signaling
pathways might be involved in determining the final outcome of
infection by providing assistance to the main IFN-mediated
antiviral signal. Whether this dependency on MAPK is intestinal
cell specific and whether these differences participate in the
regulation of ISG expression following type I and type III IFN
stimulation of cells remains to be carefully addressed.

Interestingly, the signaling pathways downstream type I and
III IFNs are interconnected and influence each other (82).
Studies in human intestinal epithelial cells lacking either the
IFNAR1 or IFNLR1 showed that the presence of a functional
type III IFN receptor negatively regulates type I IFN signaling
and antiviral activity, whereas the presence of type I IFN receptor
positively reinforces type III IFN signaling and function (Figure
2) (82). These results suggest that studies which employ cells
depleted of either IFN receptor, might show differences in
responses to pathogens or signaling cascades that are not only
due to the lack of the knocked-out receptor but also due to
impaired signaling of the remaining receptor. Additionally, in
tissues where one IFN receptor is naturally absent (e.g. murine
intestinal cells which lack IFNAR, see section Role of Type I and
III IFNs in the Murine Intestine), the properties of the remaining
IFN receptor (i.e. IFNLR) could be weakened or enhanced.
December 2020 | Volume 11 | Article 608645
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Interferon-Specific ISGs
Over the past 17 years many studies have compared the differences
between the ISGs induced upon type I and III IFNs stimulation in
several mucosal tissues (e.g. intestine, lung and liver). These studies
have revealed that while there is a core set of ISGs (e.g. IFIT1, MX1,
USP18) induced in all tissues evaluated, there are others thatmay be
tissue-specific (e.g. RSAD2 and GIP3 are highly induced in
hepatocytes upon IFN treatment but are not induced in intestinal
cells, where intestinal cells highly upregulate CXCL10 and BST2
which are absent in hepatocytes) (46, 47, 83, 84).However, defining
which ISGs are specific to type I or type III IFN and which ones are
tissue specific is very challenging. The reason for the difficulty in
drawing a conclusive picture of type I vs. type III IFN signaling is
that each study has used different amounts of IFNs to induce ISG
production. Most importantly, evaluation of the IFN-mediated
response was performed at different times post-IFN stimulation
and this could severely impact which ISG is detected.

One of the predominant differences between the type I and the
type III IFN-mediated immune response is that both cytokines
induce ISG expression with very different kinetics. Human
intestinal epithelial cells treated with either IFN-b1 or IFN-l1-3
were shown to induce a similar set of ISGs but these ISGs were
induced with different magnitudes and at different times post-IFN
stimulation (46). Type I IFN showed a fast and strong induction of
many ISGs compared to type III IFNs which showed a delayed
induction of ISGs with a lower magnitude (46). This temporal
induction of ISGs leads to a unique antiviral environment created
by each IFN. These differences in the magnitude and temporal
expression of ISGs appears to not be tissue-specific but intrinsic to
both IFNs, as similar differences in ISG expression kinetics were also
seen in respiratory epithelial cells and liver cells which also showed
higher and faster induction of type I IFNs compared to type III IFNs
Frontiers in Immunology | www.frontiersin.org 6
(47, 83, 85–87). Importantly this delayed inductionof ISGsby type III
IFNs was not due to lower receptor levels, as overexpressing IFNLR1
did not lead to a faster induction of ISGs suggesting that type I and
III IFNs uniquely regulate their signaling cascades (46).

IFN specific ISGs have been uncovered for type I and III IFNs
in respiratory epithelial cells, liver cells, and intestinal epithelial
cells (84–86). Studies in respiratory epithelial cells and liver cells
revealed that IRF1 is induced both at the RNA and protein level
only upon type I IFN treatment, however when cells were co-
treated with type I and III IFNs the expression of IRF1 is
prolonged suggesting that type III IFNs stabilize its expression
(85, 86). The lack of induction of IRF1 and its proinflammatory
downstream targets by type III IFNs has been suggested to
explain why type III IFNs limit tissue damage following viral
infection (85). Interestingly, mouse intestinal cells were found to
produce type III IFN specific ISGs (i.e. Mmp7, Serpinb1a, and
Csprs) (84). These IFN-l2 specific genes were only found in the
intestine and were not induced in the lung or bone marrow
derived dendritic cells (BMDCs) following IFN treatment further
supporting the model that tissues have unique sets of ISGs (84).

Our current understanding of type I and III IFN-mediated
signaling suggest that while the main signal transduction
pathways are very similar between both IFNs, there are unique
differences between each cytokine (Table 1) that may provide
IFN-specific control of pathogen infections. Although over the
years, the signal transduction pathways downstream of the type I
IFN receptor have been highly studied, many gaps are remaining
in our understanding of the signaling pathways induced by type
III IFNs. A systematic side-by-side comparison would be necessary
to fully appreciate the differences in signaling pathways and the
molecular mechanisms leading to antiviral function activated upon
type I and type III IFN-mediated responses.
TABLE 1 | Similarities and differences of type I and III IFNs.

Type I IFN Type III IFN

IFN production • Produced downstream TLR3, TLR4 (endosomes), RLRs,
STING (32–35)

• Produced by MAVS located on mitochondria (38, 39)

• Produced downstream TLR3, TLR4 (endosomes), RLRs, STING (32–35)
• Produced by MAVS located on both mitochondria and peroxisomes

(38, 39)
Receptor distribution • Receptor expressed by all cells in the body (10) • IFNLR receptor chain is only expressed in epithelial cells and in some

immune cells (DCs, pDCs, NK cells and neutrophils) (23–31)
JAK/STAT signaling • Requires JAK1 (JAK2 independent) (30, 39, 55, 57–59, 64, 72)

• Signaling is TYK2 dependent (52–55)
• Requires JAK1 and JAK2 (30, 39, 72)
• Signaling is TYK2 independent (61–63)

Other pathways • Negatively regulated by IFNLR (82) • Positively regulated by IFNAR (82)
• Requires MAPKs for its antiviral activity (71)

Magnitude and
kinetics of ISG
induction

• High magnitude of ISG induction (46–48, 83, 85)
• Fast induction and fast decrease in ISG expression (46–48, 83, 85)

• Low magnitude of ISG induction (46–48, 83, 85)
• Slow but sustained induction of ISGs (46–48, 83, 85)

Negative regulators • USP18 downregulates IFN-mediated signaling (77, 79, 81)
• SOCS1 and 3 downregulate IFN-mediated signaling (74–76)

• SOCS1 downregulates signaling is some tissues (76)

IFN-specific ISGS • IRF1 (85–87) • Mmp7, Serpinb1a, and Csprs (84)
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Heterogeneity in IFN Sensing: Not All Cells
Respond to IFN
Upon interferon treatment it is accepted that signal transduction
leads to the nuclear translocation of the ISGF3 complex and
subsequent activation of ISGs in all treated cells (Figure 2).
Nevertheless, recent studies have revealed that although a cell
culture population is genetically homogeneous, cells within it
could still respond differently to external stimuli, thus producing
distinctive amounts of mRNA (88). It was originally thought that
ISGs are produced in a binary manner, meaning that the
presence of IFN switches them from an “OFF” to an “ON”
state (or vice versa) (89). However, in recent years several groups
have shown that seemingly homogeneous cell culture systems
respond to type I IFN treatment in a heterogeneous manner.
Mouse fibroblasts treated with IFN-b1 and analyzed in a single
cell manner showed that ISG induction was asynchronous and
that the magnitude of ISG induction varied between cells (44).
Importantly, a subpopulation of IFN treated fibroblasts never
responded regardless of IFN concentration indicating that part of
the population became refractive to IFN stimulation (Figure 3A)
(44). A similar subpopulation of non-responding cells was also
found in both human liver cells and human airway epithelial cells
stimulated with IFN-a (45, 90). In both of these human cell lines,
the non-IFN responding cells were not defective in IFN sensing
as sorting of the non-responding cells and re-stimulating them
with IFN-a induced activation of ISGs with a similar proportion
of cells responding and non-responding to IFNs (Figure 3A) (45,
90). Mathematical models have shown that a higher initial level
Frontiers in Immunology | www.frontiersin.org 7
of the transcription factor IRF9 determines the intensity and
speed with which cells are able to respond to IFNs, and thus,
differences in the levels of the ISGF3 complex members could
play a key role in the responsiveness to IFNs (91). It is important
to consider that differences in the basal levels of many proteins
involved in signal transduction downstream the IFN receptors
are likely to give rise to different outcomes upon IFN stimulation.

This heterogeneity in ISG induction is not exclusively found in
type I IFNs, as recent studies have shown that 90% of a clonal
population of mouse derived IECs responded to IFN-b1, whereas
55% of these cells responded to type III IFNs (92). This discrepancy
between the number of cells that responded to type I and type III
IFNs implies that different mechanisms regulate whether a cell
responds or not to either IFN. This may provide a unique
opportunity for cells that are normally responsive to both IFNs
(e.g lung and gut epithelial cells) to favor one IFN over the other to
promote an IFN-specific signaling/function. This lower cellular
responsiveness against type III IFNs was also seen in human IECs,
where even at very high concentrations type III IFN was never able
to fully protect all cells from virus infection (85-90% inhibition)
while type I IFN was (46). Histone deacetylases (HDACs) were
described to play a role in regulating the sensitivity of epithelial cells
to IFN-l, as pretreatment of mouse intestinal cells with HDAC
inhibitors significantly increased the number of IFN-l responding
cells. It is possible that the sensitivity of cells to IFNs is directly or
indirectly regulated at the epigenetic level, and that a lack of
synchronicity in these regulatory pathways causes delays or
insensitivity to either or both type I and III IFNs.
A

B

FIGURE 3 | Heterogeneity of IFN production and response. (A) Homogeneous cell cultures treated with IFN (+IFN) respond in a heterogeneous manner. Upon
sorting and restimulation with IFN, non-responding cells display a similar distribution of responding cells as the naive population. (B) In murine models, non-polarized
cells respond mainly to type I IFNs while polarized cells respond mainly to type III IFNs.
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Furthermore, as type III IFNs act on epithelial surfaces it is
important to consider their polarization state.Many experiments in
laboratory settings use epithelial cells in sparse conditions whereas
in the normal tissue environment they are tightly connected and
polarized. The state of the cells is critical when evaluating
responsiveness to IFNs as mouse intestinal cells have shown to be
more sensitive to IFN-l when reaching a polarized status (Figure
3B) (92) while human intestinal epithelial cells become less
responsive to IFNs when polarized (71). Understanding the
molecular mechanism of how within a population cell density,
polarization status and epigenetic inheritance influence
responsiveness to either IFN is a promising research axis that will
help us to delineate the differences observed between different
tissues and between different species.
IFN LAMBDA IN MUCOSAL IMMUNITY

The main difference that places type I and type III IFN apart lies
in the fact that the type III IFN receptor expression is restricted
to a subset of cells (23), providing these cells a unique way of
protecting themselves against pathogen challenges. Research has
focused initially on evaluating how type I and III IFNs control
pathogen infections in the intestinal tract, the respiratory tract,
the liver, the blood brain barrier and more recently the female
reproductive tract. In this review we focus on the intestinal and
respiratory epithelial cells because there is increasing evidence
that type I and III IFNs are critical for both the intestinal and
airway epithelium not only by mediating the antiviral response
but also by impacting/regulating the epithelium themselves and
by controlling and maintaining adaptive immune responses and
the integrity of the epithelial barrier. More details on the role of
IFNs in the female reproductive tract and the blood-brain-
barrier can be found in a recent review (93).

Role of Type I and III IFNs in the
Murine Intestine
The epithelial cells lining the intestinal tract play a unique role in
regulating immune-homeostasis. These cells must be able to
tolerate the huge commensal load present in the lumen of the gut
and be responsive to invasive pathogens. In the intestinal tract, type
III IFNs have been shown to play a key role in helping to maintain
this balance and protecting the intestinal epithelial cells lining the
gut from enteric pathogens while limiting excessive immune
responses leading to tissue damage (24, 94–97). Upon enteric
virus infection, murine IECs preferentially express type III IFNs
over type I IFNs (95, 97). It has been shown that epithelial cells
express higher levels of IFNLR1 and lower levels of IFNAR1 and
IFNAR2 compared to the underlying lamina propria (95). This
compartmentalization of the IFN receptors also favors IFN-ls as a
first line defense against enteric pathogens (24). Using rotavirus as a
model enteric virus, which predominantly infect epithelial cells, it
was shown that mice lacking the type I IFN receptor were able to
control rotavirus infection while mice lacking type III IFN receptor
showed increases in virus replication, de novo virus production and
damage to the intestinal epithelium (24, 97).
Frontiers in Immunology | www.frontiersin.org 8
Type I IFNs are not dispensable for enteric infections. While
they do not act to protect the epithelial surface, they play a key
role in protecting against systemic spread of the viruses. Infection
experiments using the enteric virus reovirus, which can also
spread systemically following infection and replication in the GI
tract, confirmed the critical role of type III IFN in protecting
IECs against viral infection. Most importantly, it was shown that
the type I IFN system was responsible for controlling the
systemic dissemination of reovirus (95). Similar results were
obtained using mouse norovirus (94).

The ultimate proof that type III IFN was the main player
protecting IECs from enteric virus infection was provided by
experiments performed in mice where the function of IFN-l was
only disrupted in IECs and by curing enteric infection using IFN-
ls. Using mice with intestinal-specific conditional knock-out of
the IFNLR1 it was shown that IFN-l signaling in IECs is
protective against enteric virus infections even in mice lacking
an adaptive immune system (Rag-1-/-) and that depletion of IFN-
l signaling from IECs resulted in an increase in norovirus,
rotavirus and reovirus replication and fecal shedding (98).
Complementarily, it was shown that administration of IFN-ls
in mice could resolve persistent norovirus infection also in the
absence of adaptive immunity (94).

Interestingly, recent evidence suggests that this spatial
functional compartmentalization of IFNs at the intestinal
epithelium, where the type III IFN is important for IECs
protection while type I IFN is set to prevent systemic spread, is
not genetically encoded but acquired in older animals. Adult mice
only use the type III IFN receptor to control rotavirus infection in
the gut (24, 95). On the contrary, neonatal mice appear to require
both type I and III IFN receptors to efficiently protect IECs against
rotavirus infection (99). Complementarily, while murine IECs do
not respond to type I IFN in vivo, it was shown that they become
responsivewhen isolated and stimulatedwith type I IFNcytokine ex
vivo (24, 92). This observation is consistentwith the fact thatmouse
intestinal organoids are also responsive to both IFNs (92).

The molecular origin for this reversion of IECs toward
responsiveness to type I IFN is unknown. It is possible that
following isolation from the intestinal epithelium, even when
grown as organoids, IECs partially dedifferentiate and lose
regulatory mechanisms that normally dampen the type I IFN
mediated response. Another possible explanation is the presence
of the commensal flora in the lumen of the gut, which is absent at
birth but grows in number and complexity with time. The presence
of these commensals might interfere with the type I IFN system in
IECs. A relationship between IFNs and the microbiota was
previously described, where commensals seem to negatively
regulate the type III IFN-mediated clearance of persistent enteric
virus infection (100). Additionally, IECs depleted of IFNAR1 result
in a significant change of the microbiota composition likely as a
result of changing the number of Paneth and Goblet cells in the
epithelium (101). This is an interesting observation as it suggests
that although type I IFN is not important to protect IECs against
viral infection, the type I IFN pathways might still be active to
regulate other functions and help promote homeostasis of the
intestinal epithelium.
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Role of Type I and III IFNs in the Human
Intestine
Similar to murine cells, human intestinal epithelial cells respond to
enteric virus infection by inducing a strong upregulation of type III
IFNs transcripts while type I IFN transcripts are upregulated to a
much lesser extent (41, 71, 102, 103). This leads to the preferential
expression and secretion of type III IFNs, and thus to a protective
effect of this cytokine on the surrounding epithelial cells expressing
the type III IFN receptor (71).While the importance of type III IFN
and dispensability of type I IFN in protecting IECs is well
established in mice with the use of transgenic animals, it was only
recently demonstrated that IFN-ls were keys to protect the human
gut. It was shown that type III IFN controls SARS-CoV-2 infection
of human intestinal epithelial cells. Human intestinal cells lacking
the type I IFN receptor behaved similarly towild type cells, whereas
cells depleted of the type III IFN receptor showed increased virus
infection, replication, and de novo virus production (96). All
together this has led to the model in which the functions of type I
and type III in the murine intestines are compartmentalized; type I
IFNsprotect the laminapropriaandvirusdissemination to thebody
and type III IFNs protect the epithelial surface itself (24, 95, 98).

Role of Type I and III IFNs in Respiratory
Epithelial Cells
Similar to IECs, production of IFN-ls upon viral infection is a
characteristic response of lung epithelial cells (95, 104). Overall,
lung epithelial cells appear to favor the production of IFN-ls
compared to type I IFN upon influenza A virus (IAV) infection
(29, 104). Many studies using mice lacking either the type I or type
III IFN receptors could show that either IFN was able to control
infections by influenza viruses, respiratory syncytial virus orhuman
metapneumovirus, suggesting that type I and III IFNs played a
redundant function in the lung (25, 104). While the epithelial cells
are themost responsive cells to type III IFNs due to the specificity of
IFNLR1 expression, major differences in their ability to control
virus infections are observed when comparing the upper and lower
respiratory tract. In infection models where high doses of IAVs are
used to infect the lower respiratory tract, both type I and type III
IFNs are important to combat infection (25, 29, 104). On the
contrary, if lower doses of IAVs are used and/or administered in
a more physiological manner via nasal infection, the critical role of
type III IFN for controlling IAV becomesmuchmore apparent (29,
105). A recent study using mice lacking the type I or III IFN
receptors in either neutrophils or epithelial cells specifically showed
that each IFN had a unique effect in controlling influenza infection
(29). This study revealed that upon influenza infection of
respiratory epithelial cells, type III IFNs were produced first, and
if the influenza virus load stayed low they were the most important
IFNs used to clear the infection. Upon a greater viral load, type I
IFNs were required to control the infection (29).

Role of Type I and III IFNs in Immune Cells
at Mucosal Surfaces
An important growing concept in the field of type III IFNs, is that this
cytokine is not only critical to control, clear and prevent pathogen
infection at the level of the epithelium but it is also playing a role in
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providing long term immunity by stimulating adaptive immunity.
Type III IFNs protect against long term infection and are required to
reduce spreading of influenza virus to littermates (105) and are
important for enhancing mucosal adaptive immunity by promoting
antigen-dependent germinal center reactions indraining lymphnodes
(106, 107). Additionally, a recent study has shown that mice lacking
IFNLR1 showed impaired CD8+ T cell and antibody responses
following infection by a live-attenuated influenza virus (106).
Influenza infection induced the release of IFN-l, which triggered M
cells to produce thymic stromal lymphopoietin (TSLP) in the upper
airways. The release of TSLP then stimulatedmigratory dendritic cells
and boosted antigen-dependent germinal center reactions in draining
lymph nodes (106). The IFN-l-TSLP axis also promoted production
of the immunoglobulins IgG1 and IgAonlywhen applied intranasally,
suggesting that it required mucosal surfaces for its action (106).

IFN-l acts on neutrophils to not only control virus infections
but also fungal infections of the respiratory tract, as was recently
highlighted in studies evaluating Aspergillus fumigatus infection in
mice. Mice lacking the IFNLR1 were unable to activate a
neutrophil response and showed higher fungal loads, a more
aggravated disease in the lungs and severe fungal invasion (108).
While these studies have clearly shown that murine neutrophils
respond to IFN-l and use it to help in pathogen clearance, the
ability of human neutrophils to be activated in response to type III
IFNs remains controversial (30, 31, 109). Whether tissue specific
immune cells also play a role in regulating type I and III IFN
responses in the intestinal epithelium have not been addressed.

Role of Type I and III IFNs in Maintaining
Barrier Functions
Both type I and III IFNs have been shown to play a role in
tightening barriers at mucosal interfaces. Following respiratory
infection by S. pneumoniae, mice upregulated the IFN-b1
transcript, which was critical to control bacterial invasion (110).
Mice lacking IFNAR1 or mice treated with a IFNAR neutralizing
antibody showed an increase in bacteremia. Further studies
showed that IFN-b1 induced the production of tight junction
proteins and prevented transmigration of bacteria across the
epithelial membrane (110). Similarly, type III IFNs were shown
to protect human intestinal epithelial cells from Salmonella
enterica serovar Typhimurium infection (111). Intestinal cells
treated with both type I and III IFNs increased their barrier
function and prevented the passage of dextran molecules
through the epithelial membrane, however type III IFN was
more efficient at blocking transmigration of Salmonella and the
epithelial damage caused by Salmonella infection (111). Type I
and III IFNs have also been shown to play a key role in tightening
the blood-brain-barrier (BBB) which has been recently
reviewed (93).
CONCLUSION AND FUTURE
PERSPECTIVES

The type III IFN system is no longer considered just a redundant
system to type I IFNs but it is now fully recognized as providing a
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novel arsenal to the host to protect specific cells and tissues
against pathogen challenges. The observation that type III IFNs
can specifically provide efficient protection against pathogens in
the gut and the lung (Table 2) (24, 95, 104), which could even be
sterilizing in the absence of adaptive immunity, (94) has placed
type III IFNs with a unique therapeutic potential. Within the
current SARS-CoV-2 pandemic, it was quickly discussed that
type III IFN could help to curtail viral replication while limiting
the tissue damage that could be induced by type I IFN.

Seven type I IFNs (recombinant and pegylated IFN-a2a, IFN-
a2b, IFN-b1a and IFN-b1b) have passed clinical trials and have
been approved for use in treating virus infections (HBV, HCV),
multiple sclerosis, leukemia, melanoma, and multiple myeloma
(112). Currently three clinical trials are ongoing for type III IFNs,
and while they are promising and have reported reduced side
effects, they have still not been clinically approved for use in
patients. IFN-a was key to early HCV treatment and its activity
was improved by combining it with ribavirin and through
pegylation (113). However, problems with non-responsive
patients, drug toxicity and liver cells becoming refractive to
IFN-a treatment has led it to become a second choice for
HCV treatments (112). IFN-a has also been used to treat HBV
where it has been shown to decrease viral loads in the blood and
improve liver enzymes (114). While the pegylated form has also
shown higher activity against HBV, patients experience similar
side effects and loss of function as HCV patients. Recently, IFN-l
has been used in clinical trials against HCV, HBV and HDV. It
has shown similar effects as IFN-a treatment in reducing viral
loads, but patients describe less side effects. Longer term studies
will be required to determine if patients also become refractory to
IFN-l treatment, however in vitro experiments suggest that IFN-
l does not lead to a loss of function even after cell cultures have
had prolonged treatments which could be explained by the lack
of negative regulators affecting type III IFN signaling (e.g.
USP18) (79). Currently pegylated IFN-l is in phase II clinical
trials to assess its action against SARS-CoV-2. Many researchers
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are optimistic about its potential to act against SARS-CoV-2 as
both IFNs have been shown to reduce replication however IFN-l
clears infection with less tissue damage that type I IFNs.
However, we need to be careful as IFN-l is not without risk as
recent studies have highlighted that treatment with IFN-l could
prevent lung epithelial cell regeneration and favors bacterial
superinfection (115, 116).

With age, mice do not rely on the type I IFN but rather the type
III IFN to protect their intestinal epithelium against enteric pathogens
(99). Additionally, when primary epithelial cells are isolated from the
intestinal tract and cultured in vitro they regain responsiveness to
type I IFNs (24). These observations suggest that the gut
microenvironment (tissue specific immune cells, microbiota,
hypoxia and peristalsis) is participating in regulating the IFN
response in a precise manner. It was shown that during enteric
virus infection of mice, innate lymphoid cells in the gut secrete IL-22
which can act on IECs to synergize the antiviral activity of type III
IFN (97). It was shown that IL-22 enhances the expression of IFN-l
induced ISGs and this likely participates in amplifying the antiviral
response (97). However, it is known that IL-22 is mostly a key
cytokine for regulating cell proliferation and barrier function in the
intestine (117). With the importance of type III IFN in regulating
barrier function, it is now important to address whether the benefit of
IL-22 is exerted via ISGs or due to improved tissue repair. Similarly, if
IL-22 is also acting with IFN-l in humans remains to be determined.

Hypoxia is a critical parameter of the gut which is often
overlooked in infectious disease research. Hypoxia is not only
required for the microbiota but it also influences the epithelial
cells themselves (118). It was shown that hypoxia favors barrier
function in human intestinal epithelial cells (119). As it is well
established that hypoxia in the tumor microenvironment affects the
response of immune cells (118), it is critical to start investigating
whether hypoxia could impact immune response of intestinal
epithelial cells upon infection.

An additional epithelium specific parameter that has been
neglected up to now is the fact that epithelium surfaces are
TABLE 2 | Role of type I and III IFNs in respiratory and intestinal epithelial cells.

Lung Gut

Antiviral
functions in
epithelial cells

• Type III IFNs control viral infection in the upper respiratory tract (25,
109)

• Both type I and III IFNs control viral infection in the lower respiratory
tract (104)

• Type III IFN acts first and type I IFN acts when infections persist (29)

• Type III IFNs act on epithelial cells to control infection (23–25, 71, 95,
96, 98, 99)

• Type I IFNs act on lamina propria to prevent systemic spread (23, 24,
95, 99)

• Type III IFNs can control virus infection in epithelial cells in the
absence of adaptative immune response (94)

Organ-specific
ISGs

• Unknown if lung epithelial cells produce ISGs that are not induced in
intestinal epithelial cells

• Mmp7, Serpinb1a, and Csprs expressed in gut but not in lung
following IFNl2 treatment (84)

Importance of
IFN signaling in
immune cells

• Type III IFNs are needed to reinforce adaptative immune responses
(30, 106)

• Neutrophils depleted of IFNLR were unable to control fungal
infections in the lung (108)

• Innate lymphoid cells produce IL-22 which synergize with type III IFNs
to induce higher levels of ISGs and increase antiviral (rotavirus)
protection of murine IECs (97, 117)

Barrier
functions of
epithelium

• Type I IFNs and IFNAR are required to maintain the lung epithelial
barrier function following S. pneumoniae infection (110)

• Chronic type III IFN stimulation of lung epithelial cells leads to loss of
barrier function and bacteria infiltration (115, 116)

• Type I and III IFNs help to maintain the intestinal epithelial barrier
function following Salmonella enterica serovar Typhimurium infection.
Type III IFN is more potent in promoting barrier function (111)

Microbiota • Currently unknown if bacteria play a role in shaping interferon
responses in the lung

• Microbiota promote norovirus persistent infection via modulation of
type III IFN signaling (100)
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composed of multiple cell types. With the advance of both single
cell sequencing technologies and organoid cultures, it is now
possible to address whether different cell types lining epithelium
surfaces mount a similar or distinct immune response upon
pathogen challenges. Similarly, it will be important to investigate
whether these different cell types will generate the same ISGs
upon IFN stimulation to address if each individual cell type
establishes a distinct antiviral strategy to preserve its cell type
specific function. While there are single cell studies of viral
infection in cell lines (120), understanding viral infection at the
single cell level in the tissue or in organoids is in its infancy.

Finally, one of the most underappreciated parameters
influencing IFN signaling is the stochastic response of cells
following IFN stimulation and the heterogeneity in the
generated response. Understanding this complex relationship
between cell populations and IFN response requires not only
biological approaches where the importance of different
transcription factors will be addressed via genetic manipulation
but also through the use of mathematical modeling to gain a
system understanding of IFN signaling. This heterogeneity in
response to IFN is evenmore complicated as the spatial location of
an individual cell within a population seems to impact its response
to IFN. It was shown that when murine IECs become confluent
and polarized, they become more responsive to IFN-l (92). This
work should constitute a building block for future research
directions as it is likely to have critical implications at mucosal
surfaces as epithelium cells form a condensed polarized
monolayer of cells. We can speculate, for example in the gut,
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depending on the intestinal section that you are looking at,
depending on whether a cell is located in the crypt or villi region
or if the tissue is damaged and there are microlesions, that there
will be differences in how IECs respond to pathogens and
secreted IFN.
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