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Abstract: Ulcerative colitis is characterized by relapsing and remitting colonic mucosal inflammation.
During the early stages of viral infection, innate immune defenses are activated, leading to the rapid
release of cytokines and the subsequent initiation of downstream responses including inflammation.
Previously, intestinal viruses were thought to be either detrimental or neutral to the host. However,
persisting viruses may have a role as resident commensals and confer protective immunity during
inflammation. On the other hand, the dysregulation of gut mucosal immune responses to viruses can
trigger excessive, pathogenic inflammation. The purpose of this review is to discuss virus-induced
innate immune responses that are at play in ulcerative colitis.
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1. Introduction

Ulcerative colitis (UC), one main phenotypes of inflammatory bowel disease (IBD), is
an idiopathic inflammatory disease of the human gastrointestinal tract that is characterized
by relapsing and remitting inflammation limited to the colonic mucosa [1]. The exact
etiology of UC is still not fully understood but is believed to involve dysregulated immune
responses to environmental factors in genetically predisposed individuals leading to an
inflamed colon [2]. This immune dysregulation was long attributed to an aberrant adap-
tive immunity, while more recent studies point to an essential role of the innate immune
responses of the intestinal epithelium in the development and perpetuation of inflamma-
tion [3,4]. The colonic epithelium is a complex structure of several cell types, such as, e.g.,
absorptive cells, mucin-secreting goblet cells, hormone-secreting enteroendocrine cells, and
minor cell types such as tuft cells, which primarily sense pathogens and release signaling
substances (Figure 1). Collectively termed intestinal epithelial cells (IECs), the cells of this
epithelial monolayer play an integral part in regulating mucosal antimicrobial defense and
immunity [5,6].
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Figure 1. Colon epithelium. The deeper colonic mucosa is separated from the environment by a
single layer of intestinal epithelial cells (IECs) constituting a physical and functional barrier. The IECs
originate from the crypt base stem cells, which divide to give rise to more proliferative daughter cells.
Most daughter IECs move upwards along the crypt and differentiate owing to a decreasing gradient
of growth factors. IECs that reach the tip of the crypt undergo apoptosis and are then shed to the
lumen. This entire cycle typically lasts 4–5 days. Throughout this migration, IECs differentiate into
absorptive enterocytes, mucus-producing goblet cells, hormone-secreting enteroendocrine cells, tuft
cells, or deep crypt secretory cells. A firm inner mucus layer reduces exposure to microorganisms.
Intraepithelial lymphocytes (IELs), B cells, IgA-producing plasma cells, macrophages, and T cells
reside in the lamina propria, contributing to and maintaining a hyporesponsive state. The microbiota
may engage Pattern Recognition Receptors (PRRs) expressed on the IECs and may induce innate
immune responses [6–8]. Mucins are the primary organic components of mucus, the properties of
which are governed by the mucin structure. MUC2 is the most prominently expressed mucin in the
colon [9,10]. Illustration created by MDH using Biorender.com. https://biorender.com/ (accessed on
30 August 2021).

The colonic monolayer of IECs together with tight cell junctions and a two-layered
mucus cover acts both as a physical barrier, a sensor for pathogen- and damage-associated
molecular patterns (PAMPs and DAMPs), and as an immune cell regulator [6,11]. Thus,
the IEC sensing of PAMPs and DAMPs activates innate immune signaling pathways,
resulting in the secretion of cytokines and chemokines, which secondarily regulate adaptive
immunity. The dysregulation of these IEC-derived responses is considered to augment or
prolong inflammatory responses during active UC [6] and is the focus of intensive research
to unravel the pathogenetic mechanisms in UC.

Although viruses are among the most diverse and abundant biological entities, they
have long been a neglected factor in studies on IBD pathogenesis. In addition to the
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well-established role of the enteric bacterial microbiota, recent studies have begun to reveal
that enteric viruses are also critical for homeostatic regulation and disease progression,
acting through both virus–bacteria (bacteriophages) and virus–host (eukaryotic virus)
interactions [12–16]. The gastrointestinal tract is considered to be the organ that is the most
exposed to viruses. In addition to bacteriophages, the enteric virome [15] consists of viruses
with tropism for eukaryotic cells. Viruses are obligate intracellular “parasites” that rely on
their host to replicate their genome and produce infectious progeny. For example, human
norovirus has been shown to replicate in intestinal enteroendocrine cells [17]. Unlike
bacteriophages, these eukaryotic viruses can affect host immune responses through direct
interaction with innate immune sensors in the infected epithelial cells.

A diverse community consisting of both eukaryotic RNA and DNA viruses colo-
nizes the gut mucosa [18,19]. It is estimated that the average human has ~8–12 chronic
viral infections at any given time [20]. These viruses may cause symptomatic disease,
or they may remain latent in healthy people. Emerging evidence indicates that these
viruses play a role in human health and may, in turn, have beneficial and/or dam-
aging effects on the host [15,19,21–25]. An unfavorable alteration of the gut virome
composition has been implicated in chronic immune disorders, such as in the patho-
genesis of IBD [15,26,27]. Several eukaryotic viruses have been explored as possible
causative agents of IBD, including herpesviruses [28], rotaviruses [29], noroviruses [30],
influenza viruses [31], and the measles virus [32]. Understanding virome–immune sys-
tem interactions from a broad perspective may be particularly important in intestinal
disease because the pathogen recognition receptors (PRRs) are probably simultaneously
engaged by different viruses.

Multiple enteric virus infections have been shown to interfere with viral replication
and the expression of cytokines and PRRs in intestinal epithelial cells [33]. Aberrant
regulation of the immune response to infecting viruses may result in chronic inflammation.
Chronic inflammation is also one of the hallmarks of cancer [34] and promotes all stages
of tumorigenesis. Although the exact pathway is unknown, chronic inflammation in the
colon is suggested to be a link between ulcerative colitis and colorectal cancer [35–37].

2. Distinct Eukaryotic Viruses in UC

Eukaryotic viruses, which start colonizing the gut mucosa early in life, belong to the
Adenoviridae, Anelloviridae, Astroviridae, Parvoviridae, Picornaviridae, and Picobirnaviridae fam-
ilies, and their richness increases with age [18,19,38]. Some of these viruses are known to
be pathogenic and cause disease in humans, e.g., norovirus (NoV), which causes gastroen-
teritis. Some studies have examined the relationship between NoV and flare-ups in UC
patients [29,30,39,40]. Although results are contradictory, some of studies have found a positive
association between NoV infection and flare-ups (reappearance of disease symptoms) [30,40].
Other viruses such human Anelloviruses (AV) are omnipresent and most probably infect the
entire human population, either chronically or by continuous re-infection. No convincing
examples have demonstrated viral clearance from infected individuals [41]. Their impact
on human life is not yet known, but with no evidence of a disease association, a poten-
tial beneficial effect on human health is possible. As in the case of a balanced gut micro-
biome, which is needed for a healthy intestinal microenvironment, the AV population may
be part of a personal virus flora that positively influences human physiology: “the beneficial
virome” [41–43]. A high prevalence of AV is found in the feces of children with UC relative
to the feces of controls [44], whereas others have found Anelloviridae to be more frequent in
controls than in UC patients [45]. The family Pneumoviridae is found to be more abundant
in UC patients than in controls [45]. As such, which are the main viral receptors and signal
transduction pathways engaged by these eukaryotic enteric viruses in host intestinal epithelial
cells, and what do we know about their contribution to UC pathogenesis? Below, we describe
the current state of knowledge. We first give an overview of the possible virus receptors and
signaling pathways involved and then discuss the aberrant regulation of innate immunity in
UC and the cellular responses that are relevant for pathogenesis.
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3. Viral Sensing Pattern Recognition Receptors and Activation of Innate Immunity in
Intestinal Epithelium

The localization of PRRs on IECs, which are susceptible to viral infections, allows
these cells to rapidly participate in the immune response to sustain immune tolerance
and to prevent inflammation. Conversely, interference with their function in the IECs
may contribute to the development and perturbation of inflammation in IBD [46]. The
PRRs, which are mainly devoted to sensing viral infections, include members of the Toll-
like receptor (TLR) family, the RIG-like receptors (RLR), and the nucleotide-binding and
oligomerization domain (NOD)-like receptors (NLRs). The activation of all of these PRRs
can trigger innate immunity through the induction of interferons and cytokines. (Figure 2).

Figure 2. Schematic overview of PRRs involved in the sensing of viral infections in IECs. All TLRs share a common structure
and signal through adaptor proteins. The elicited signaling pathway depends on the combination of TLRs and PAMPs.
TLR2 and 4 recognize viruses at the cell surface, while TLR3 recognizes double-stranded (ds)RNA and TLR7 and 8 recognize
single-stranded (ss)RNA, and TLR9 recognizes DNA with Unmethylated cytosine–guanine dinucleotide (CpG) motifs in
the endosomes. Although it is not fully understood why, TLR3, TLR7, and TLR9 may occur both in the cell membrane
and intracellularly [47]. TLRs may, in addition to apical and endosomal, include basolateral and basal cell membrane
expression. All TLRs, except TLR3, utilize myeloid differentiation factor 88 (MyD88) as an adapter to recruit the signaling
pathways leading to the activation of the transcription factors NF-kB, and in some cases interferon regulatory factor (IRF)
7, resulting in the production of pro-inflammatory cytokines and type I IFN. TLR3, on the other hand, utilizes the TIR
domain-containing adaptor protein inducing interferon β (TRIF) to activate nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and IRF3 and can trigger the induction of pro-inflammatory cytokines and type I interferon β. The
cytosolic receptors retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) detect
viral-mediated dsRNA or ssRNA structures, respectively. They signal through the adaptor protein mitochondrial antiviral
signaling (MAVS), eventually activating NF-kB or IRF3. NLRs are cytosolic PRR sensors that upon the recognition of
PAMPs or DAMPs oligomerize into large macromolecular scaffolds called inflammasomes, which promote the maturation
and secretion of interleukin (IL)-1β and IL-18. Illustration created by MDH using Biorender.com. https://biorender.com/
(accessed 30 August 2021).

TLR1–5 and 9 are expressed in IECs of both the small and large intestine while TLR6, 7,
and 8 are only expressed in the human colon [48]. The typical viral sensing TLRs are TLR3,
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7, 8, and 9. TLR3 recognizes double-stranded RNA (dsRNA) [49]. TLR7 and TLR8 detect
single-stranded RNA (ssRNA) while TLR9 engages unmethylated CpG DNA [50]. TLR
signaling is divided into two types of pathways: one of which is MyD88-dependent and
the other of which MyD88-independent but TRIF-dependent. While TLRs are important for
recognizing viral PAMPs in extracellular compartments and endosomes [51], the cytosolic
retinoic acid-inducible gene I (RIG-I), similar to receptors, play a role in the recognition of
viruses that replicate and reside within the cytosol. These comprise two main cytoplasmic
sensor proteins, RIG-I and melanoma differentiation-associated gene 5 (MDA5), which
are constitutively expressed in the IECs of the human colon [52]. RIG-I and MDA5 detect
viral-mediated dsRNA structures or uncapped 5′ triphosphate ssRNA, which are generated
during infection by both RNA and DNA viruses and activate a canonical signaling pathway
via the signaling adaptor mitochondrial antiviral signaling (MAVS) [53–59].

NLRs are highly conserved cytosolic PRRs that perform critical functions in survey-
ing the intracellular environment for the presence of infection, noxious substances, and
metabolic perturbations. The sensing of these danger signals leads to their oligomerization
into large macromolecular scaffolds (called inflammasomes) and the rapid deployment
of effector signaling cascades to restore homeostasis. Upon activation, the oligomerized
receptors form into multi-subunit wheel-shaped structures recruiting the inflammasome
adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment
domain (ASC), which aggregate to form ASC specks and serve as activation points for
caspase-1, which promotes the maturation of interleukin (IL)-1β and IL-18 [60].

4. Aberrant Regulation of Viral-Related Innate Immunity in Ulcerative Colitis

TLR-mediated innate immune dysfunction has recently been implicated in the patho-
genesis of UC. In addition, TLRs and TLR-mediated signaling pathways play a role in the
efficacy of treatment [61]. TLR3 is constitutively expressed in colonic epithelium [46,62,63].
In contrast to a study reporting the unchanged expression of TLR3 in active UC versus
inactive UC [46], our group found that TLR3 protein expression was enhanced in active
UC compared to in inactive UC and in healthy controls [62]. In addition, during active UC,
TLR2, 4, 5, 8, and 9 gene expression is upregulated [64,65].

Results from animal studies report a role for RIG-I and MDA5 in colitis development
although their specific involvement is still poorly understood [66]. Since RIG-I and MDA5
are cytosolic sensors of viral replication products, they have not been widely studied
in the context of IBD. Even so, one study found RIG-I mRNA and protein levels to be
dramatically reduced in the intestinal tissues of patients with Crohn’s disease but not
in UC [67]. Loss-of-function variants in the Interferon Induced With Helicase C Domain 1
(IFIH1) gene, which encodes MDA5, were identified in children with very early onset IBD
(VEO-IBD), suggesting a role for impaired intestinal viral sensing in IBD pathogenesis [68].

Dysregulated inflammasome activation is linked to inflammatory disorders [69,70]. A
diverse number of RNA and DNA viruses activate inflammasomes. The inflammasome
NOD-like receptor family pyrin domain containing 6 (NLRP6) is expressed in mucosal
tissues [71] and predominately in the small and large intestine, especially by absorptive
enterocytes, colonic goblet cells, and myofibroblasts [72], and participates in the progression
of intestinal inflammation and enteric pathogen infections, which is in addition to being
pivotal for homeostatic mucin secretion from goblet cells. NLRP6 is shown to respond to
the internal ligands leading to the release of anti-microbial peptides (AMPs) and mucus,
further demonstrating a protective role [73–75]. Inflammatory signals such as tumor
necrosis factor-α (TNF-α) or viral stimuli induce the transcription of NLRP6 [76]. NLRP6
is shown to bind viral RNA via the RNA helicase DEAH-Box Helicase 15 (DHX15) and to
interact with the MAVS protein to induce type I/III interferons (IFNs) and IFN-stimulated
genes (ISGs) upon the sensing of positive-sense single-stranded RNA viruses [76], causing
IL-18 secretion in IECs [77,78]. DHX15 plays a critical role in sensing enteric RNA viruses
in IECs and in controlling intestinal inflammation [77]. Protein levels of DHX15 are
reported to be reduced in UC patients [78], which can render the intestinal epithelial cells
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more susceptible to the inflammation caused by enteric RNA viruses due to the reduced
production of IFN-β, IFN-λ3, and IL-18 [77]. No significant changes in the gene expression
of NLRP6 have been demonstrated in UC patients [79,80]. The expression of the negative
regulator of NLRP6 inflammasome, cylindromatosis (CYLD), has been shown to prevent
excessive IL-18 levels. In the colonic mucosa of UC patients, the expression of CYLD
is downregulated and is negatively correlated with IL-18 expression [79]. This suggests
that the regulatory mechanisms inhibiting the excessive activation of NLRP6-mediated
inflammation are defective in UC patients [73].

The NLRP3 inflammasome is one of the best-characterized inflammasomes and is
activated by a diverse number of stimuli, including both RNA and DNA viruses and K+

efflux induced by lytic cell death triggered by viral replication [81]. It has been shown not
only to be a crucial mediator for host defense but also as a critical regulator of intestinal
homeostasis [82,83]. During inflammation of the colon, the NLRP3 inflammasome manages
innate immune responses, contributing to the ongoing inflammation and the disruption of
the mucosal barrier through the modification of tight junction proteins and cell apopto-
sis [84,85]. During the active UC mucosal mRNA expression of NLRP3, the inflammasome
components NLRP3, IL-1β, ASC, and Caspase-1 are increased, correlating with disease
activity [86].

NLRP1 is expressed by a variety of cell types, including the epithelial structures of the
colon [87]. Human NLRP1 is a direct sensor of dsRNA and thus RNA virus infection [88].
Microarray analysis of inflamed human colon biopsies from patients with UC showed a
significant increase in NLRP1 gene expression compared to healthy controls, which could
be associated with increased IFN-γ [89]. NLRP9b, which is specifically expressed in IECs,
restricts the intracellular replication of the rotavirus in IECs by binding the dsRNA viral
genome via RNA helicase DHX9, leading to inflammasome formation, the release of active
IL-18, and the pyroptosis of infected cells [90]. NLRP6 and NLRP9b, with their different
regional expression, are suggested to cooperate in the defense against enteric viruses with
distinct tropism [16]. NLRP7 has been linked to innate immune signaling, but its precise
role is still controversial, as it has been shown to both positively and negatively affect
inflammasome responses [91]. Recently, a significant association between the low-frequency
NLRP7 S361L variant and an increased risk of developing UC was identified [92]. However,
any functional insight on how this variant contributes to immune system dysfunction is
still elusive.

5. Effector Factors Downstream of Virus-Activated PRRs Relevant for Ulcerative
Colitis Pathogenesis

The binding of PAMPs to the above-mentioned PRRs initiates a number of intracellular
signaling cascades via, e.g., the transcription factor complexes of the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) or interferon regulatory factors (IRFs). The
activation of NF-kB in IECs induces the secretion of interleukins and cytokines, whereas
IRFs are more involved in the production of IFNs and the induction of ISGs. Cytokines
have a crucial role in the pathogenesis of UC, where they control multiple aspects of
the inflammatory response. Cytokines can positively or negatively affect the intestinal
epithelial barrier integrity by driving or inhibiting critical epithelial cell functions such
as proliferation, apoptosis, and appropriate epithelial barrier permeability. In particular,
the imbalance between pro-inflammatory and anti-inflammatory cytokines that occurs
in UC impedes the resolution of inflammation and instead leads to disease perpetuation
and tissue destruction. These cytokines can be derived from resident innate or adaptive
immune cells, infiltrating inflammatory cells, or intestinal epithelial cells themselves. The
role of these cytokines has been reviewed elsewhere [93]. Here, we will discuss some
of these cytokines that are related to the innate immune system that may be induced
by viruses.

Epithelial cells are a major port of entry for many viruses, but the molecular networks
that protect barrier surfaces against viral infections are incompletely understood. IFNs are
a class of cytokines that are produced and secreted upon infection, by viruses in particular.
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Viral infections induce a simultaneous production of type I (IFN-α and IFN-β) and type III
(IFN-λ) interferons. All nucleated cells are believed to respond to IFN type I, while IFN
type III responses are largely confined to the epithelium due to the specific expression of the
IFN-λ receptor on epithelial cells [94]. As such, IFN-λ has recently emerged as a key player
in mucosal immunity, especially in the gastrointestinal tract [95]. The type III IFN pathway
may tune the gut immune response better than type I IFN but can be negatively controlled
during IBD through the dysregulation of viral-sensing PRRs [67,96,97]. It has been well
established that epithelial cells are especially responsive to type III IFN, which strengthens
the mucosal barrier and prevents viral entry and infection. Data illuminating the role of
type III IFN signaling in the gut are generally scarce, except for in some viral infection and
colitis models, where type III IFN signaling is mostly protective [98]. Although IFNs signal
through different IFN receptors, their downstream transcriptional responses are similar, as
they both induce a large number of ISGs [99].

In a recent study from our group, we reported the increased expression of several
ISGs in IECs from patients with active IBD [96], including ISG15 —a ubiquitin-like
protein that is known to be highly upregulated during the initial stages of viral infec-
tions [100,101]. We also showed that human colon-derived IECs (i.e., 3D colonoids)
release free immunomodulatory ISG15 upon extracellular stimulation with the TLR3
ligand poly (I:C). In line with studies from other researchers [101,102], we showed
that ISG15 enhanced the release of IBD-relevant cytokines such as CXCL1, CXCL5,
CXCL8, CCL20, IL1, IL6, TNF, and IFNγ from immune cells. These results and previous
studies from our group showing the TLR3-mediated release of C-X-C motif chemokine
ligand 10 (CXCL10) [103] and C-C motif ligand 20 (CCL20) [104] from colonic IECs
indicate that, e.g., a dsRNA virus can release proteins from IECs, recruiting immune
cells to prolong inflammatory responses during active IBD. Our findings that type I
IFN signature genes in IECs are upregulated in IECs during active IBD also suggest
that responses to viruses might be involved in the pathogenesis.

Others have found an increase in IL28A expression (one of the type III IFNs) in the
colonic epithelium of patients with UC where it induces the phosphorylation of STAT1,
leading to epithelial cell proliferation in patient-derived organoids [105]. In immune-
deficient mice, viral complementation caused gut-specific protection against two major
enteric pathogens, norovirus and rotavirus, via the specific elevation of the type III IFN
immune response in gut epithelial cells. Of note, neither type I nor II IFNs were elevated,
indicating a specific and compartmentalized IFN type III response at the mucosal barrier.
Thus, an element of the enteric virome may confer innate immune-mediated protection
without triggering adverse systemic inflammation [99,106].

IL-18 is a member of the IL-1 family of cytokines and is synthesized as an inactive
precursor requiring processing by caspase-1 into an active cytokine by an inflammasome.
The IL-18 precursor is present in the epithelial cells of the entire gastrointestinal tract [107].
The activity of IL-18 is balanced by the presence of a high affinity, naturally occurring IL-18
binding protein (IL-18BP). Increased disease severity can be associated with an imbalance
of IL-18 to IL-18BP, elevating the levels of free IL-18 in the circulation [107]. Elevated levels
of IL-18 are found in patients with UC [108]. On the other hand, IL-18 is an early trigger for
tissue repair [109], and its activation by the inflammasomes in the IEC layer should aid in
maintaining homeostasis unless high disease activity, which disrupts the epithelial barrier,
inducing inflammasome activation, which may increase mucosal inflammation [110]. Thus,
IL-18 has both a protective and detrimental role in colonic inflammation. A basal level of
IL-18 in the colonic mucosa is required to maintain barrier integrity since the complete
loss of IL-18 predisposes mice to intestinal epithelial damage, fostering an altered inflam-
matory environment that potentiates intestinal tumor formation [111,112]. On the other
hand, elevated IL-18 levels promote inflammation and intestinal damage through goblet
cell dysfunction, causing a breakdown of the mucosal barrier [108]. Increased NLRP6
inflammasome activity and IL-18 levels in the colonic mucosa due to deficiencies in the
regulatory mechanisms controlled by CYLD, result in severe colitis in mice [79]. IL-18 may
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confer protection against colitis-associated inflammation [113,114] and neoplasia [109,111]
by modulating the permeability of the intestinal epithelium [113,114], the production of
antimicrobial peptides [85], and the activation levels of the tumor suppressors IFN-γ and
STAT1 [109].

Interleukin-33 (IL-33) [115] is a nuclear cytokine that acts as an “alarmin” in response
to the cellular damage induced by stress or by infection [116,117]. IL-33 is constitutively
expressed in epithelial tissue, particularly in tissue barrier sites where this cytokine con-
tributes to the maintenance of mechanical barriers [115,116,118–120]. It does not require
processing by an inflammasome for biological activity but rather is inactivated by cas-
pase cleavage [121]. Following translation, it is stored as a full-length, biologically active
molecule in the nucleus, where it binds chromatin [122]. By its sequestration in the nucleus,
IL-33 can act as a transcriptional regulator by binding the p65 subunit of NF-kB to activate
endothelial cells [123]. Following cell lysis through destructive mechanisms, IL-33 acts as
an early notifier of damage through the recruitment of neutrophils, eosinophils, natural
killer cells, and by amplifying a type 2 response in order to initiate fibrosis and wound heal-
ing [124,125]. Increased levels of IL-33 have been reported in biopsies from patients with
active UC compared to healthy controls [126]. IL-33 expression can be induced through
TLR3, possibly as a protective mechanism of the host [127].

6. Viral-Induced Goblet Cell Dysfunction

UC has been associated with a dysfunctional colonic mucus layer and a reduced num-
ber of mucin-producing goblet cells [7,128] that can cause infiltration of the microbiota due
to increased contact with the epithelium, promoting further inflammation [129]. Analysis of
biopsies from UC patients revealed a thinner mucus layer, especially in inflamed areas [130].
Goblet cell function has also been proposed to be impaired in UC [131–133]. Several stud-
ies report reduced levels of MUC2 in active UC compared to UC in remission and to
healthy controls [134–138]. This reduction was either related to the ineffective translation of
MUC2 mRNA in active UC [134,136], reduced differentiation of goblet cells [133,135,137],
or poorly sulfated MUC2 protein, which is more susceptible to degradation [138,139].
The impaired induction of the goblet cell differentiation factors Hath1 and KLF4 during
inflammation could explain relative goblet cell depletion and deficient mucin induction in
active UC [133].

Goblet cells can respond rapidly to infection but must balance this response with
maintaining homeostasis. Goblet cell defenses against bacteria and parasites have been
characterized, while responses to viral infection are less known. Enterovirus 71 (EV71)
infects intestinal epithelial cells, and specifically goblet cells, where it reduces the expression
of goblet cell-derived mucins MUC1 and MUC2, suggesting a viral-induced alteration
of goblet cell function [140]. In addition, the human adenovirus has also been shown to
preferentially infect goblet cells, although this preference was strain-specific. Adenovirus
species C showed goblet cell tropism, while species F did not [141]. Furthermore, astrovirus
VA1 (AstV-VA1) also infects goblet cells as well as other epithelial cell types [142]. Moreover,
subpopulations of goblet cells in the gut mucosa have been identified [143]. Reduced
numbers of a specific subtype called intercrypt goblet cells (icGC) have been linked to a
loss of intercrypt mucus and a defective mucus structure in UC patients, both in patients
in remission and in patients with active disease, resulting in exposed areas of surface
intestinal epithelium [143]. Sentinel goblet cells, which are situated at the entrance to the
colonic crypt, may sense non-specific TLR ligands and may trigger intracellular NLRP6
activation, resulting in mucin exocytosis to flush out pathogens [8,75].

Evidence from animal studies has shown that murine astrovirus (MuAstV) infects
actively secreting goblet cells and might benefit from causing an increased mucus secretion
in response to the infection of goblet cells by aided egress or dissemination [144]. Such
mucus secretion may lead to goblet cell exhaustion, with a weakened mucus barrier leading
to inflammation or secondary bacterial infection [145]. Rotavirus infection in mice causes
the apoptotic death of enterocytes, leading to decreased numbers of goblet cells as a result
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of delayed intestinal repair [146]. Transmissible gastroenteritis virus infects Paneth cells
in pigs, causing a loss of Notch signals, which induces an increase in goblet cell numbers
and mucus production [147]. Increased mucus production is beneficial for the virus due
to binding to the sialic acid-rich MUC facilitating receptor interaction [148,149]. Taken
together, this suggests that enteric viruses are able to cause substantial changes in goblet
cell number, differentiation, and function.

7. Clinical Implications of Host–Virus Interaction: Challenges and Future Perspectives

Treatments that are currently available for the management of IBD include immune-
modulating drugs. With these therapies, infective complications have emerged as a safety
concern. Primary infection with the Herpesvirus family members Cytomegalovirus (CMV),
Epstein–Barr virus, and Herpes virus 6 may induce colonic inflammation in both healthy
and immunocompromised individuals [150–153]. However, the clinical significance of
viruses other than CMV in patients with IBD is unknown. CMV reactivation may take
place in patients with UC receiving potent immunosuppression treatments such as, e.g.,
high-dose/long-term corticosteroids and anti-TNFs, and implies a worse long-term prog-
nosis, even if successfully treated with antiviral agents [154]. Since the reactivation of cy-
tomegalovirus infection is seen in acute severe UC, the European Crohn’s and Colitis Organ-
isation (ECCO) guidelines recommend antiviral treatment in such cases [23]. Recent studies
have shown that SARS-CoV-2 can enter the host by binding to the enterocyte/colonocyte-
expressed Angiotensin-Converting Enzyme 2 (ACE2) receptor. ACE2 receptors and inflam-
matory pathways are often found upregulated in active UC [155]. However, the clinical
consensus is that UC does not represent an independent risk factor for contracting SARS-
CoV-2 nor for a more severe COVID-19 disease course [156]. Reports of de novo UC after
SARS-CoV-2 infection are few and only anecdotal [157], and it is presently not known
whether the virus itself may induce a flare-up in patients with inactive UC.

As pointed out earlier, many viral families start colonizing the gut mucosa early in life,
and their richness increases with age. Some of these viruses are known to be pathogenic
and cause disease in humans, while others are omnipresent and infect a large part of the
human population without any evidence of disease association. The characterization of
what constitutes a healthy or diseased virome is still in its infancy [158]. The complete
eukaryotic virome colonizing the intestinal mucosa of UC patients still needs to be defined.
The lack of studies regarding the human virome is due to our inability to readily culture or
detect them. For most viruses, the results of the initial infection can vary widely depending
on the site of entry, the cell types that are infected, and the innate immune responses of
the infected cell. The specificity of a given virus for a cell type (cellular tropism) is an
important factor in determining the outcome of viral infection. Which cell type different
viral groups infect to actively replicate, disseminate, or rather establish latent infection
in may be important for their pathogenicity. We do not yet know the eukaryotic host
cell of most viruses, and there is no universal 16S ribosomal RNA equivalent, in which
is the case bacteria and that allowing for rapid taxonomic characterization. Technologies
such as metagenomics have only recently enabled the identification of viruses in healthy
human tissues [159]. Although several eukaryotic viruses have been explored as possible
causative agents of IBD (paragraph 2), we are still far from being able to identify the specific
viruses that are involved in UC pathogenesis. On the other hand, a specific composition
of resident viruses in the intestinal mucosa may be essential for immune maturation and
may be required for healthy gut immunity. Details on their precise roles in either beneficial
or harmful immunomodulation are needed in addition to the identification of triggers
for immune responses and the mechanisms involving epithelial homeostasis and wound
repair. Increased understanding of the role played by viruses in IBD can prove to be
fundamental for developing interventional and therapeutic strategies, helping us move
towards precision medicine.

Overall, several recent findings have indicated that responses to certain viruses might
be involved in UC pathogenesis. As described previously, other researchers as well as
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ourselves have shown the upregulation of central effector factors downstream of potential
virus-activated PRRs during active IBD, suggesting the involvement of virus. Of special
interest is the ability of enteric viruses to cause substantial changes in goblet cell num-
ber, differentiation, and function. In addition, the dysregulation of PRRs, either at the
mRNA or protein level, or the inhibition of regulatory mechanisms in IBD patients may
cause impaired intestinal viral sensing, contributing to pathogenesis. Our group recently
reported the increased expression of several ISGs in IECs from patients with active IBD,
which, together with the enhanced release of IBD-relevant cytokines, indicates that, e.g.,
a dsRNA virus can induce the release of proteins from IECs to recruit immune cells and
prolong inflammatory responses during active IBD. Interferons are a class of cytokines
that are produced and secreted, particularly upon viral infections. Our finding that the
IFN signature genes are upregulated in IECs during active IBD suggests that responses to
viruses might be involved in the pathogenesis of IBD. IFN type III has been shown to be
primarily important for antiviral defenses at mucosal barrier sites, but there are conflicting
reports as to whether this IFN type induces proliferation or epithelial barrier dysfunction
in UC patients.

The ultimate goal is to translate findings from virome research into diagnostic and
therapeutic opportunities. Furthermore, enteric infections (e.g., virus infection) and non-
infectious flare (reappearance of disease symptoms) may elicit similar clinical, endoscopic,
and histological findings, suggesting a future need for more refined diagnostic viral detec-
tion than what is clinically routine today. The complexity and variability of IBD disease
pathogenesis will likely require a personalized and multidimensional treatment approach.
The identification of factors contributing to excessive inflammation in the gut epithelium
has the potential to improve treatment options for some of these patient groups.

8. Concluding Remarks

Even though viruses are among the most diverse and abundant biological entities,
they have long been a neglected factor in studies on IBD pathogenesis. A growing amount
of evidence demonstrates that the gut virome is not just detrimental or a neutral bystander
in the gastrointestinal tract but instead actively participates in establishing homeostasis
and disease development.

Our understanding of the interplay between the human virome and the immune
system has improved greatly in recent years. However, most studies rely on single virus
infection models. Expansion into coinfection studies or a greater diversity of virus types
that also include commensal viruses will generate a better understanding of the complex
interplay when several viral sensing PRRs are engaged simultaneously. Understanding PRR
signaling and innate immunity in UC pathogenesis are becoming increasingly imperative
to identify components of the signaling pathways as treatment targets.

Author Contributions: Writing—original draft preparation, M.D.H., T.B., A.E.Ø. and A.K.S. All
authors revised it critically for important intellectual content. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by FFU/NTNU Project P-103002–24 (1 July 2021) (for T.B.) by The
Liaison Committee for Education, Research and Innovation in Central Norway Project no. 90285400
(01.07.2018) (for T.B.) and project no 90660400 and 90660401 (1 July 2021) (for M.D.H.). The authors
work within the Clinical Academic Group for Precision Medicine in Inflammatory Bowel Disease
(CAG-IBD https://www.ntnu.edu/cag-ibd/), which is supported by The Liaison Committee for
Education, Research and Innovation in Central Norway (Project no. 90545800) (1 January 2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.ntnu.edu/cag-ibd/


Int. J. Mol. Sci. 2021, 22, 10851 11 of 17

Acknowledgments: The illustrations were created with BioRender.com: https://biorender.com/
(accessed on 30 August 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abraham, C.; Cho, J.H. Inflammatory bowel disease. N. Engl. J. Med. 2009, 361, 2066–2078. [CrossRef]
2. Pizarro, T.T.; Stappenbeck, T.S.; Rieder, F.; Rosen, M.J.; Colombel, J.F.; Donowitz, M.; Towne, J.; Mazmanian, S.K.; Faith, J.J.; Hodin,

R.A.; et al. Challenges in IBD Research: Preclinical Human IBD Mechanisms. Inflamm. Bowel Dis. 2019, 25, S5–S12. [CrossRef]
3. Martini, E.; Krug, S.M.; Siegmund, B.; Neurath, M.F.; Becker, C. Mend Your Fences: The Epithelial Barrier and its Relationship

With Mucosal Immunity in Inflammatory Bowel Disease. Cell. Mol. Gastroenterol. Hepatol. 2017, 4, 33–46. [CrossRef]
4. Dotti, I.; Mora-Buch, R.; Ferrer-Picón, E.; Planell, N.; Jung, P.; Masamunt, M.C.; Leal, R.F.; Martín de Carpi, J.; Llach, J.; Ordás, I.;

et al. Alterations in the epithelial stem cell compartment could contribute to permanent changes in the mucosa of patients with
ulcerative colitis. Gut 2017, 66, 2069–2079. [CrossRef] [PubMed]

5. Okamoto, R.; Watanabe, M. Role of epithelial cells in the pathogenesis and treatment of inflammatory bowel disease. J.
Gastroenterol. 2016, 51, 11–21. [CrossRef] [PubMed]

6. Peterson, L.W.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol.
2014, 14, 141–153. [CrossRef] [PubMed]

7. Shirazi, T.; Longman, R.J.; Corfield, A.P.; Probert, C.S. Mucins and inflammatory bowel disease. Postgrad. Med. J. 2000, 76, 473–478.
[CrossRef] [PubMed]

8. Birchenough, G.M.; Johansson, M.E.; Gustafsson, J.K.; Bergström, J.H.; Hansson, G.C. New developments in goblet cell mucus
secretion and function. Mucosal Immunol. 2015, 8, 712–719. [CrossRef]

9. Derrien, M.; van Passel, M.W.; van de Bovenkamp, J.H.; Schipper, R.G.; de Vos, W.M.; Dekker, J. Mucin-bacterial interactions in
the human oral cavity and digestive tract. Gut Microbes 2010, 1, 254–268. [CrossRef]

10. Tytgat, K.M.; Opdam, F.J.; Einerhand, A.W.; Büller, H.A.; Dekker, J. MUC2 is the prominent colonic mucin expressed in ulcerative
colitis. Gut 1996, 38, 554–563. [CrossRef]

11. Allaire, J.M.; Crowley, S.M.; Law, H.T.; Chang, S.Y.; Ko, H.J.; Vallance, B.A. The Intestinal Epithelium: Central Coordinator of
Mucosal Immunity. Trends Immunol. 2018, 39, 677–696. [CrossRef] [PubMed]

12. Mirzaei, M.K.; Maurice, C.F. Ménage à trois in the human gut: Interactions between host, bacteria and phages. Nat. Rev. Microbiol.
2017, 15, 397–408. [CrossRef] [PubMed]

13. Mukhopadhya, I.; Segal, J.P.; Carding, S.R.; Hart, A.L.; Hold, G.L. The gut virome: The ‘missing link’ between gut bacteria and
host immunity? Ther. Adv. Gastroenterol. 2019, 12, 1756284819836620. [CrossRef] [PubMed]

14. Pfeiffer, J.K.; Virgin, H.W. Viral immunity. Transkingdom control of viral infection and immunity in the mammalian intestine.
Science 2016, 351. [CrossRef]

15. Virgin, H.W. The virome in mammalian physiology and disease. Cell 2014, 157, 142–150. [CrossRef]
16. Li, Y.; Handley, S.A.; Baldridge, M.T. The dark side of the gut: Virome-host interactions in intestinal homeostasis and disease. J.

Exp. Med. 2021, 218, e20201044. [CrossRef]
17. Green, K.Y.; Kaufman, S.S.; Nagata, B.M.; Chaimongkol, N.; Kim, D.Y.; Levenson, E.A.; Tin, C.M.; Yardley, A.B.; Johnson, J.A.;

Barletta, A.B.F.; et al. Human norovirus targets enteroendocrine epithelial cells in the small intestine. Nat. Commun. 2020,
11, 2759. [CrossRef]

18. Ungaro, F.; Massimino, L.; Furfaro, F.; Rimoldi, V.; Peyrin-Biroulet, L.; D’Alessio, S.; Danese, S. Metagenomic analysis of intestinal
mucosa revealed a specific eukaryotic gut virome signature in early-diagnosed inflammatory bowel disease. Gut Microbes 2019,
10, 149–158. [CrossRef]

19. Lim, E.S.; Zhou, Y.; Zhao, G.; Bauer, I.K.; Droit, L.; Ndao, I.M.; Warner, B.B.; Tarr, P.I.; Wang, D.; Holtz, L.R. Early life dynamics of
the human gut virome and bacterial microbiome in infants. Nat. Med. 2015, 21, 1228–1234. [CrossRef]

20. Virgin, H.W.; Wherry, E.J.; Ahmed, R. Redefining chronic viral infection. Cell 2009, 138, 30–50. [CrossRef]
21. Ungaro, F.; Massimino, L.; D’Alessio, S.; Danese, S. The gut virome in inflammatory bowel disease pathogenesis: From

metagenomics to novel therapeutic approaches. United Eur. Gastroenterol. J 2019, 7, 999–1007. [CrossRef]
22. Kernbauer, E.; Ding, Y.; Cadwell, K. An enteric virus can replace the beneficial function of commensal bacteria. Nature 2014, 516,

94–98. [CrossRef] [PubMed]
23. Rahier, J.F.; Magro, F.; Abreu, C.; Armuzzi, A.; Ben-Horin, S.; Chowers, Y.; Cottone, M.; de Ridder, L.; Doherty, G.; Ehehalt, R.;

et al. Second European evidence-based consensus on the prevention, diagnosis and management of opportunistic infections in
inflammatory bowel disease. J. Crohns Colitis 2014, 8, 443–468. [CrossRef]

24. Focà, A.; Liberto, M.C.; Quirino, A.; Marascio, N.; Zicca, E.; Pavia, G. Gut inflammation and immunity: What is the role of the
human gut virome? Mediat. Inflamm. 2015, 2015, 326032. [CrossRef]

25. Yang, J.Y.; Kim, M.S.; Kim, E.; Cheon, J.H.; Lee, Y.S.; Kim, Y.; Lee, S.H.; Seo, S.U.; Shin, S.H.; Choi, S.S.; et al. Enteric Viruses
Ameliorate Gut Inflammation via Toll-like Receptor 3 and Toll-like Receptor 7-Mediated Interferon-β Production. Immunity 2016,
44, 889–900. [CrossRef]

26. Lopetuso, L.R.; Ianiro, G.; Scaldaferri, F.; Cammarota, G.; Gasbarrini, A. Gut Virome and Inflammatory Bowel Disease. Inflamm.
Bowel Dis. 2016, 22, 1708–1712. [CrossRef]

https://biorender.com/
http://doi.org/10.1056/NEJMra0804647
http://doi.org/10.1093/ibd/izz075
http://doi.org/10.1016/j.jcmgh.2017.03.007
http://doi.org/10.1136/gutjnl-2016-312609
http://www.ncbi.nlm.nih.gov/pubmed/27803115
http://doi.org/10.1007/s00535-015-1098-4
http://www.ncbi.nlm.nih.gov/pubmed/26138071
http://doi.org/10.1038/nri3608
http://www.ncbi.nlm.nih.gov/pubmed/24566914
http://doi.org/10.1136/pmj.76.898.473
http://www.ncbi.nlm.nih.gov/pubmed/10908374
http://doi.org/10.1038/mi.2015.32
http://doi.org/10.4161/gmic.1.4.12778
http://doi.org/10.1136/gut.38.4.554
http://doi.org/10.1016/j.it.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29716793
http://doi.org/10.1038/nrmicro.2017.30
http://www.ncbi.nlm.nih.gov/pubmed/28461690
http://doi.org/10.1177/1756284819836620
http://www.ncbi.nlm.nih.gov/pubmed/30936943
http://doi.org/10.1126/science.aad5872
http://doi.org/10.1016/j.cell.2014.02.032
http://doi.org/10.1084/jem.20201044
http://doi.org/10.1038/s41467-020-16491-3
http://doi.org/10.1080/19490976.2018.1511664
http://doi.org/10.1038/nm.3950
http://doi.org/10.1016/j.cell.2009.06.036
http://doi.org/10.1177/2050640619876787
http://doi.org/10.1038/nature13960
http://www.ncbi.nlm.nih.gov/pubmed/25409145
http://doi.org/10.1016/j.crohns.2013.12.013
http://doi.org/10.1155/2015/326032
http://doi.org/10.1016/j.immuni.2016.03.009
http://doi.org/10.1097/MIB.0000000000000807


Int. J. Mol. Sci. 2021, 22, 10851 12 of 17

27. Beller, L.; Matthijnssens, J. What is (not) known about the dynamics of the human gut virome in health and disease. Curr. Opin.
Virol. 2019, 37, 52–57. [CrossRef]

28. Sipponen, T.; Turunen, U.; Lautenschlager, I.; Nieminen, U.; Arola, J.; Halme, L. Human herpesvirus 6 and cytomegalovirus in
ileocolonic mucosa in inflammatory bowel disease. Scand. J. Gastroenterol. 2011, 46, 1324–1333. [CrossRef]

29. Kolho, K.L.; Klemola, P.; Simonen-Tikka, M.L.; Ollonen, M.L.; Roivainen, M. Enteric viral pathogens in children with inflammatory
bowel disease. J. Med. Virol. 2012, 84, 345–347. [CrossRef] [PubMed]

30. Khan, R.R.; Lawson, A.D.; Minnich, L.L.; Martin, K.; Nasir, A.; Emmett, M.K.; Welch, C.A.; Udall, J.N., Jr. Gastrointestinal
norovirus infection associated with exacerbation of inflammatory bowel disease. J. Pediatr. Gastroenterol. Nutr. 2009, 48, 328–333.
[CrossRef] [PubMed]

31. Tinsley, A.; Navabi, S.; Williams, E.D.; Liu, G.; Kong, L.; Coates, M.D.; Clarke, K. Increased Risk of Influenza and Influenza-Related
Complications Among 140,480 Patients With Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2019, 25, 369–376. [CrossRef]

32. Xia, B.; Crusius, J.; Meuwissen, S.; Pena, A. Inflammatory bowel disease: Definition, epidemiology, etiologic aspects, and
immunogenetic studies. World J. Gastroenterol. 1998, 4, 446–458. [CrossRef] [PubMed]

33. Wang, H.; Moon, S.; Wang, Y.; Jiang, B. Multiple virus infection alters rotavirus replication and expression of cytokines and
Toll-like receptors in intestinal epithelial cells. Virus Res. 2012, 167, 48–55. [CrossRef] [PubMed]

34. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
35. Rutter, M.D.; Saunders, B.P.; Wilkinson, K.H.; Rumbles, S.; Schofield, G.; Kamm, M.A.; Williams, C.B.; Price, A.B.; Talbot, I.C.;

Forbes, A. Thirty-year analysis of a colonoscopic surveillance program for neoplasia in ulcerative colitis. Gastroenterology 2006,
130, 1030–1038. [CrossRef] [PubMed]

36. Eaden, J.A.; Abrams, K.R.; Mayberry, J.F. The risk of colorectal cancer in ulcerative colitis: A meta-analysis. Gut 2001, 48, 526–535.
[CrossRef] [PubMed]

37. Ullman, T.A.; Itzkowitz, S.H. Intestinal inflammation and cancer. Gastroenterology 2011, 140, 1807–1816. [CrossRef] [PubMed]
38. Neurath, M.F.; Überla, K.; Ng, S.C. Gut as viral reservoir: Lessons from gut viromes, HIV and COVID-19. Gut 2021, 70, 1605–1608.

[CrossRef]
39. Masclee, G.M.; Penders, J.; Pierik, M.; Wolffs, P.; Jonkers, D. Enteropathogenic viruses: Triggers for exacerbation in IBD? A

prospective cohort study using real-time quantitative polymerase chain reaction. Inflamm. Bowel Dis. 2013, 19, 124–131. [CrossRef]
[PubMed]

40. Axelrad, J.E.; Joelson, A.; Green, P.H.R.; Lawlor, G.; Lichtiger, S.; Cadwell, K.; Lebwohl, B. Enteric Infections Are Common in
Patients with Flares of Inflammatory Bowel Disease. Am. J. Gastroenterol. 2018, 113, 1530–1539. [CrossRef]

41. Kaczorowska, J.; van der Hoek, L. Human anelloviruses: Diverse, omnipresent and commensal members of the virome. FEMS
Microbiol. Rev. 2020, 44, 305–313. [CrossRef]

42. Karst, S.M. Viral Safeguard: The Enteric Virome Protects against Gut Inflammation. Immunity 2016, 44, 715–718. [CrossRef]
[PubMed]

43. Shulman, L.M.; Davidson, I. Viruses with Circular Single-Stranded DNA Genomes Are Everywhere! Annu. Rev. Virol. 2017, 4,
159–180. [CrossRef] [PubMed]

44. Tokarz, R.; Hyams, J.S.; Mack, D.R.; Boyle, B.; Griffiths, A.M.; LeLeiko, N.S.; Sauer, C.G.; Shah, S.; Markowitz, J.; Baker, S.S.; et al.
Characterization of Stool Virome in Children Newly Diagnosed With Moderate to Severe Ulcerative Colitis. Inflamm. Bowel Dis.
2019, 25, 1656–1662. [CrossRef] [PubMed]

45. Zuo, T.; Lu, X.J.; Zhang, Y.; Cheung, C.P.; Lam, S.; Zhang, F.; Tang, W.; Ching, J.Y.L.; Zhao, R.; Chan, P.K.S.; et al. Gut mucosal
virome alterations in ulcerative colitis. Gut 2019, 68, 1169–1179. [CrossRef] [PubMed]

46. Cario, E.; Podolsky, D.K. Differential alteration in intestinal epithelial cell expression of toll-like receptor 3 (TLR3) and TLR4 in
inflammatory bowel disease. Infect. Immun. 2000, 68, 7010–7017. [CrossRef] [PubMed]

47. Mielcarska, M.B.; Bossowska-Nowicka, M.; Toka, F.N. Cell Surface Expression of Endosomal Toll-Like Receptors-A Necessity or a
Superfluous Duplication? Front. Immunol. 2020, 11, 620972. [CrossRef]

48. Moossavi, S.; Rezaei, N. Toll-like receptor signalling and their therapeutic targeting in colorectal cancer. Int. Immunopharmacol.
2013, 16, 199–209. [CrossRef]

49. Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double-stranded RNA and activation of NF-kappaB by
Toll-like receptor 3. Nature 2001, 413, 732–738. [CrossRef]

50. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801. [CrossRef]
51. Janeway, C.A., Jr.; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 197–216. [CrossRef]
52. Mukherjee, A.; Morosky, S.A.; Shen, L.; Weber, C.R.; Turner, J.R.; Kim, K.S.; Wang, T.; Coyne, C.B. Retinoic acid-induced gene-1

(RIG-I) associates with the actin cytoskeleton via caspase activation and recruitment domain-dependent interactions. J. Biol. Chem.
2009, 284, 6486–6494. [CrossRef] [PubMed]

53. Yoneyama, M.; Kikuchi, M.; Matsumoto, K.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Foy, E.; Loo, Y.M.; Gale, M., Jr.; Akira, S.; et al.
Shared and unique functions of the DExD/H-box helicases RIG-I, MDA5, and LGP2 in antiviral innate immunity. J. Immunol.
2005, 175, 2851–2858. [CrossRef] [PubMed]

54. Satoh, T.; Kato, H.; Kumagai, Y.; Yoneyama, M.; Sato, S.; Matsushita, K.; Tsujimura, T.; Fujita, T.; Akira, S.; Takeuchi, O. LGP2 is a
positive regulator of RIG-I- and MDA5-mediated antiviral responses. Proc. Natl. Acad. Sci. USA 2010, 107, 1512–1517. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.coviro.2019.05.013
http://doi.org/10.3109/00365521.2011.605466
http://doi.org/10.1002/jmv.23193
http://www.ncbi.nlm.nih.gov/pubmed/22170557
http://doi.org/10.1097/MPG.0b013e31818255cc
http://www.ncbi.nlm.nih.gov/pubmed/19274789
http://doi.org/10.1093/ibd/izy243
http://doi.org/10.3748/wjg.v4.i5.446
http://www.ncbi.nlm.nih.gov/pubmed/11819343
http://doi.org/10.1016/j.virusres.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22497974
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1053/j.gastro.2005.12.035
http://www.ncbi.nlm.nih.gov/pubmed/16618396
http://doi.org/10.1136/gut.48.4.526
http://www.ncbi.nlm.nih.gov/pubmed/11247898
http://doi.org/10.1053/j.gastro.2011.01.057
http://www.ncbi.nlm.nih.gov/pubmed/21530747
http://doi.org/10.1136/gutjnl-2021-324622
http://doi.org/10.1002/ibd.22976
http://www.ncbi.nlm.nih.gov/pubmed/22508685
http://doi.org/10.1038/s41395-018-0211-8
http://doi.org/10.1093/femsre/fuaa007
http://doi.org/10.1016/j.immuni.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27096311
http://doi.org/10.1146/annurev-virology-101416-041953
http://www.ncbi.nlm.nih.gov/pubmed/28715975
http://doi.org/10.1093/ibd/izz099
http://www.ncbi.nlm.nih.gov/pubmed/31112614
http://doi.org/10.1136/gutjnl-2018-318131
http://www.ncbi.nlm.nih.gov/pubmed/30842211
http://doi.org/10.1128/IAI.68.12.7010-7017.2000
http://www.ncbi.nlm.nih.gov/pubmed/11083826
http://doi.org/10.3389/fimmu.2020.620972
http://doi.org/10.1016/j.intimp.2013.03.017
http://doi.org/10.1038/35099560
http://doi.org/10.1016/j.cell.2006.02.015
http://doi.org/10.1146/annurev.immunol.20.083001.084359
http://doi.org/10.1074/jbc.M807547200
http://www.ncbi.nlm.nih.gov/pubmed/19122199
http://doi.org/10.4049/jimmunol.175.5.2851
http://www.ncbi.nlm.nih.gov/pubmed/16116171
http://doi.org/10.1073/pnas.0912986107
http://www.ncbi.nlm.nih.gov/pubmed/20080593


Int. J. Mol. Sci. 2021, 22, 10851 13 of 17

55. Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.; Ishii, K.J.; et al.
Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 2006, 441, 101–105. [CrossRef] [PubMed]

56. Hornung, V.; Ellegast, J.; Kim, S.; Brzózka, K.; Jung, A.; Kato, H.; Poeck, H.; Akira, S.; Conzelmann, K.K.; Schlee, M.; et al.
5′-Triphosphate RNA is the ligand for RIG-I. Science 2006, 314, 994–997. [CrossRef]

57. Childs, K.S.; Randall, R.E.; Goodbourn, S. LGP2 plays a critical role in sensitizing mda-5 to activation by double-stranded RNA.
PLoS ONE 2013, 8, e64202. [CrossRef]

58. Deddouche, S.; Goubau, D.; Rehwinkel, J.; Chakravarty, P.; Begum, S.; Maillard, P.V.; Borg, A.; Matthews, N.; Feng, Q.; van
Kuppeveld, F.J.; et al. Identification of an LGP2-associated MDA5 agonist in picornavirus-infected cells. Elife 2014, 3, e01535.
[CrossRef]

59. Rothenfusser, S.; Goutagny, N.; DiPerna, G.; Gong, M.; Monks, B.G.; Schoenemeyer, A.; Yamamoto, M.; Akira, S.; Fitzgerald, K.A.
The RNA helicase Lgp2 inhibits TLR-independent sensing of viral replication by retinoic acid-inducible gene-I. J. Immunol. 2005,
175, 5260–5268. [CrossRef]

60. Zhong, Y.; Kinio, A.; Saleh, M. Functions of NOD-Like Receptors in Human Diseases. Front. Immunol. 2013, 4, 333. [CrossRef]
61. Lu, Y.; Li, X.; Liu, S.; Zhang, Y.; Zhang, D. Toll-like Receptors and Inflammatory Bowel Disease. Front. Immunol. 2018, 9, 72.

[CrossRef]
62. Østvik, A.E.; Granlund, A.V.; Torp, S.H.; Flatberg, A.; Beisvåg, V.; Waldum, H.L.; Flo, T.H.; Espevik, T.; Damås, J.K.; Sandvik,

A.K. Expression of Toll-like receptor-3 is enhanced in active inflammatory bowel disease and mediates the excessive release of
lipocalin 2. Clin. Exp. Immunol. 2013, 173, 502–511. [CrossRef]

63. Furrie, E.; Macfarlane, S.; Thomson, G.; Macfarlane, G.T. Toll-like receptors-2, -3 and -4 expression patterns on human colon and
their regulation by mucosal-associated bacteria. Immunology 2005, 115, 565–574. [CrossRef]

64. Fukata, M.; Chen, A.; Vamadevan, A.S.; Cohen, J.; Breglio, K.; Krishnareddy, S.; Hsu, D.; Xu, R.; Harpaz, N.; Dannenberg, A.J.;
et al. Toll-like receptor-4 promotes the development of colitis-associated colorectal tumors. Gastroenterology 2007, 133, 1869–1881.
[CrossRef]

65. Sánchez-Muñoz, F.; Fonseca-Camarillo, G.; Villeda-Ramírez, M.A.; Miranda-Pérez, E.; Mendivil, E.J.; Barreto-Zúñiga, R.; Uribe,
M.; Bojalil, R.; Domínguez-López, A.; Yamamoto-Furusho, J.K. Transcript levels of Toll-Like Receptors 5, 8 and 9 correlate with
inflammatory activity in Ulcerative Colitis. BMC Gastroenterol. 2011, 11, 138. [CrossRef]

66. He, L.; Chen, Y.; Wu, Y.; Xu, Y.; Zhang, Z.; Liu, Z. Nucleic acid sensing pattern recognition receptors in the development of
colorectal cancer and colitis. Cell. Mol. Life Sci. 2017, 74, 2395–2411. [CrossRef]

67. Funke, B.; Lasitschka, F.; Roth, W.; Penzel, R.; Meuer, S.; Saile, M.; Gretz, N.; Sido, B.; Schirmacher, P.; Autschbach, F. Selective
downregulation of retinoic acid-inducible gene I within the intestinal epithelial compartment in Crohn’s disease. Inflamm. Bowel
Dis. 2011, 17, 1943–1954. [CrossRef] [PubMed]

68. Cananzi, M.; Wohler, E.; Marzollo, A.; Colavito, D.; You, J.; Jing, H.; Bresolin, S.; Gaio, P.; Martin, R.; Mescoli, C.; et al. IFIH1
loss-of-function variants contribute to very early-onset inflammatory bowel disease. Hum. Genet. 2021, 140, 1299–1312. [CrossRef]
[PubMed]

69. Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 2016, 16, 407–420.
[CrossRef] [PubMed]

70. Kanneganti, T.D. Central roles of NLRs and inflammasomes in viral infection. Nat. Rev. Immunol. 2010, 10, 688–698. [CrossRef]
71. Elinav, E.; Strowig, T.; Kau, A.L.; Henao-Mejia, J.; Thaiss, C.A.; Booth, C.J.; Peaper, D.R.; Bertin, J.; Eisenbarth, S.C.; Gordon, J.I.;

et al. NLRP6 inflammasome regulates colonic microbial ecology and risk for colitis. Cell 2011, 145, 745–757. [CrossRef] [PubMed]
72. Normand, S.; Delanoye-Crespin, A.; Bressenot, A.; Huot, L.; Grandjean, T.; Peyrin-Biroulet, L.; Lemoine, Y.; Hot, D.; Chamaillard,

M. Nod-like receptor pyrin domain-containing protein 6 (NLRP6) controls epithelial self-renewal and colorectal carcinogenesis
upon injury. Proc. Natl. Acad. Sci. USA 2011, 108, 9601–9606. [CrossRef] [PubMed]

73. Venuprasad, K.; Theiss, A.L. NLRP6 in host defense and intestinal inflammation. Cell Rep. 2021, 35, 109043. [CrossRef] [PubMed]
74. Gremel, G.; Wanders, A.; Cedernaes, J.; Fagerberg, L.; Hallström, B.; Edlund, K.; Sjöstedt, E.; Uhlén, M.; Pontén, F. The human

gastrointestinal tract-specific transcriptome and proteome as defined by RNA sequencing and antibody-based profiling. J.
Gastroenterol. 2015, 50, 46–57. [CrossRef] [PubMed]

75. Wlodarska, M.; Thaiss, C.A.; Nowarski, R.; Henao-Mejia, J.; Zhang, J.P.; Brown, E.M.; Frankel, G.; Levy, M.; Katz, M.N.; Philbrick,
W.M.; et al. NLRP6 inflammasome orchestrates the colonic host-microbial interface by regulating goblet cell mucus secretion. Cell
2014, 156, 1045–1059. [CrossRef]

76. Wang, P.; Zhu, S.; Yang, L.; Cui, S.; Pan, W.; Jackson, R.; Zheng, Y.; Rongvaux, A.; Sun, Q.; Yang, G.; et al. Nlrp6 regulates intestinal
antiviral innate immunity. Science 2015, 350, 826–830. [CrossRef]

77. Xing, J.; Zhou, X.; Fang, M.; Zhang, E.; Minze, L.J.; Zhang, Z. DHX15 is required to control RNA virus-induced intestinal
inflammation. Cell Rep. 2021, 35, 109205. [CrossRef]

78. Wang, Y.; He, K.; Sheng, B.; Lei, X.; Tao, W.; Zhu, X.; Wei, Z.; Fu, R.; Wang, A.; Bai, S.; et al. The RNA helicase Dhx15 mediates
Wnt-induced antimicrobial protein expression in Paneth cells. Proc. Natl. Acad. Sci. USA 2021, 118. [CrossRef]

79. Mukherjee, S.; Kumar, R.; Tsakem Lenou, E.; Basrur, V.; Kontoyiannis, D.L.; Ioakeimidis, F.; Mosialos, G.; Theiss, A.L.; Flavell, R.A.;
Venuprasad, K. Deubiquitination of NLRP6 inflammasome by Cyld critically regulates intestinal inflammation. Nat. Immunol.
2020, 21, 626–635. [CrossRef]

http://doi.org/10.1038/nature04734
http://www.ncbi.nlm.nih.gov/pubmed/16625202
http://doi.org/10.1126/science.1132505
http://doi.org/10.1371/journal.pone.0064202
http://doi.org/10.7554/eLife.01535
http://doi.org/10.4049/jimmunol.175.8.5260
http://doi.org/10.3389/fimmu.2013.00333
http://doi.org/10.3389/fimmu.2018.00072
http://doi.org/10.1111/cei.12136
http://doi.org/10.1111/j.1365-2567.2005.02200.x
http://doi.org/10.1053/j.gastro.2007.09.008
http://doi.org/10.1186/1471-230X-11-138
http://doi.org/10.1007/s00018-017-2477-1
http://doi.org/10.1002/ibd.21572
http://www.ncbi.nlm.nih.gov/pubmed/21830273
http://doi.org/10.1007/s00439-021-02300-4
http://www.ncbi.nlm.nih.gov/pubmed/34185153
http://doi.org/10.1038/nri.2016.58
http://www.ncbi.nlm.nih.gov/pubmed/27291964
http://doi.org/10.1038/nri2851
http://doi.org/10.1016/j.cell.2011.04.022
http://www.ncbi.nlm.nih.gov/pubmed/21565393
http://doi.org/10.1073/pnas.1100981108
http://www.ncbi.nlm.nih.gov/pubmed/21593405
http://doi.org/10.1016/j.celrep.2021.109043
http://www.ncbi.nlm.nih.gov/pubmed/33910012
http://doi.org/10.1007/s00535-014-0958-7
http://www.ncbi.nlm.nih.gov/pubmed/24789573
http://doi.org/10.1016/j.cell.2014.01.026
http://doi.org/10.1126/science.aab3145
http://doi.org/10.1016/j.celrep.2021.109205
http://doi.org/10.1073/pnas.2017432118
http://doi.org/10.1038/s41590-020-0681-x


Int. J. Mol. Sci. 2021, 22, 10851 14 of 17

80. Alipour, M.; Zaidi, D.; Valcheva, R.; Jovel, J.; Martínez, I.; Sergi, C.; Walter, J.; Mason, A.L.; Wong, G.K.; Dieleman, L.A.; et al.
Mucosal Barrier Depletion and Loss of Bacterial Diversity are Primary Abnormalities in Paediatric Ulcerative Colitis. J. Crohns
Colitis 2016, 10, 462–471. [CrossRef]

81. Da Costa, L.S.; Outlioua, A.; Anginot, A.; Akarid, K.; Arnoult, D. RNA viruses promote activation of the NLRP3 inflammasome
through cytopathogenic effect-induced potassium efflux. Cell Death Dis. 2019, 10, 346. [CrossRef]

82. Zaki, M.H.; Lamkanfi, M.; Kanneganti, T.D. The Nlrp3 inflammasome: Contributions to intestinal homeostasis. Trends Immunol.
2011, 32, 171–179. [CrossRef]

83. Fusco, R.; Siracusa, R.; Genovese, T.; Cuzzocrea, S.; Di Paola, R. Focus on the Role of NLRP3 Inflammasome in Diseases. Int. J.
Mol. Sci. 2020, 21, 4223. [CrossRef] [PubMed]

84. Pellegrini, C.; Antonioli, L.; Lopez-Castejon, G.; Blandizzi, C.; Fornai, M. Canonical and Non-Canonical Activation of NLRP3
Inflammasome at the Crossroad between Immune Tolerance and Intestinal Inflammation. Front Immunol. 2017, 8, 36. [CrossRef]
[PubMed]

85. Hirota, S.A.; Ng, J.; Lueng, A.; Khajah, M.; Parhar, K.; Li, Y.; Lam, V.; Potentier, M.S.; Ng, K.; Bawa, M.; et al. NLRP3 inflammasome
plays a key role in the regulation of intestinal homeostasis. Inflamm. Bowel Dis. 2011, 17, 1359–1372. [CrossRef] [PubMed]

86. Ranson, N.; Veldhuis, M.; Mitchell, B.; Fanning, S.; Cook, A.L.; Kunde, D.; Eri, R. NLRP3-Dependent and -Independent Processing
of Interleukin (IL)-1β in Active Ulcerative Colitis. Int. J. Mol. Sci. 2018, 20, 57. [CrossRef] [PubMed]

87. Kummer, J.A.; Broekhuizen, R.; Everett, H.; Agostini, L.; Kuijk, L.; Martinon, F.; van Bruggen, R.; Tschopp, J. Inflammasome
components NALP 1 and 3 show distinct but separate expression profiles in human tissues suggesting a site-specific role in the
inflammatory response. J. Histochem. Cytochem. 2007, 55, 443–452. [CrossRef]

88. Bauernfried, S.; Scherr, M.J.; Pichlmair, A.; Duderstadt, K.E.; Hornung, V. Human NLRP1 is a sensor for double-stranded RNA.
Science 2021, 371, eabd0811. [CrossRef]

89. Tye, H.; Yu, C.H.; Simms, L.A.; de Zoete, M.R.; Kim, M.L.; Zakrzewski, M.; Penington, J.S.; Harapas, C.R.; Souza-Fonseca-
Guimaraes, F.; Wockner, L.F.; et al. NLRP1 restricts butyrate producing commensals to exacerbate inflammatory bowel disease.
Nat. Commun. 2018, 9, 3728. [CrossRef]

90. Zhu, S.; Ding, S.; Wang, P.; Wei, Z.; Pan, W.; Palm, N.W.; Yang, Y.; Yu, H.; Li, H.B.; Wang, G.; et al. Nlrp9b inflammasome restricts
rotavirus infection in intestinal epithelial cells. Nature 2017, 546, 667–670. [CrossRef]

91. Carriere, J.; Dorfleutner, A.; Stehlik, C. NLRP7: From inflammasome regulation to human disease. Immunology 2021, 163, 363–376.
[CrossRef]

92. Onoufriadis, A.; Stone, K.; Katsiamides, A.; Amar, A.; Omar, Y.; de Lange, K.M.; Taylor, K.; Barrett, J.C.; Pollok, R.; Hayee, B.; et al.
Exome Sequencing and Genotyping Identify a Rare Variant in NLRP7 Gene Associated With Ulcerative Colitis. J. Crohns Colitis
2018, 12, 321–326. [CrossRef]

93. Neurath, M.F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329–342. [CrossRef] [PubMed]
94. Mahlakõiv, T.; Hernandez, P.; Gronke, K.; Diefenbach, A.; Staeheli, P. Leukocyte-derived IFN-α/β and epithelial IFN-λ constitute

a compartmentalized mucosal defense system that restricts enteric virus infections. PLoS Pathog. 2015, 11, e1004782. [CrossRef]
[PubMed]

95. Stanifer, M.L.; Pervolaraki, K.; Boulant, S. Differential Regulation of Type I and Type III Interferon Signaling. Int. J. Mol. Sci. 2019,
20, 1445. [CrossRef] [PubMed]

96. Østvik, A.E.; Svendsen, T.D.; Granlund, A.V.B.; Doseth, B.; Skovdahl, H.K.; Bakke, I.; Thorsvik, S.; Afroz, W.; Walaas, G.A.;
Mollnes, T.E.; et al. Intestinal epithelial cells express immunomodulatory ISG15 during active ulcerative colitis and Crohn’s
disease. J. Crohns Colitis 2020, 14, 920–934. [CrossRef] [PubMed]

97. Silva, M.A.; Menezes, J.; Deslandres, C.; Seidman, E.G. Anti-inflammatory role of interleukin-15 in Crohn’s disease. Inflamm.
Bowel Dis. 2005, 11, 219–230. [CrossRef]

98. Pott, J.; Stockinger, S. Type I and III Interferon in the Gut: Tight Balance between Host Protection and Immunopathology. Front.
Immunol. 2017, 8, 258. [CrossRef]

99. Andreou, N.P.; Legaki, E.; Gazouli, M. Inflammatory bowel disease pathobiology: The role of the interferon signature. Ann.
Gastroenterol. 2020, 33, 125–133. [CrossRef]

100. Perng, Y.C.; Lenschow, D.J. ISG15 in antiviral immunity and beyond. Nat. Rev. Microbiol. 2018, 16, 423–439. [CrossRef]
101. Swaim, C.D.; Canadeo, L.A.; Monte, K.J.; Khanna, S.; Lenschow, D.J.; Huibregtse, J.M. Modulation of Extracellular ISG15 Signaling

by Pathogens and Viral Effector Proteins. Cell Rep. 2020, 31, 107772. [CrossRef]
102. Swaim, C.D.; Scott, A.F.; Canadeo, L.A.; Huibregtse, J.M. Extracellular ISG15 Signals Cytokine Secretion through the LFA-1

Integrin Receptor. Mol. Cell 2017, 68, 581–590.e585. [CrossRef] [PubMed]
103. Ostvik, A.E.; Granlund, A.V.; Bugge, M.; Nilsen, N.J.; Torp, S.H.; Waldum, H.L.; Damås, J.K.; Espevik, T.; Sandvik, A.K. Enhanced

expression of CXCL10 in inflammatory bowel disease: Potential role of mucosal Toll-like receptor 3 stimulation. Inflamm. Bowel
Dis. 2013, 19, 265–274. [CrossRef] [PubMed]

104. Skovdahl, H.K.; Granlund, A.; Østvik, A.E.; Bruland, T.; Bakke, I.; Torp, S.H.; Damås, J.K.; Sandvik, A.K. Expression of CCL20 and
Its Corresponding Receptor CCR6 Is Enhanced in Active Inflammatory Bowel Disease, and TLR3 Mediates CCL20 Expression in
Colonic Epithelial Cells. PLoS ONE 2015, 10, e0141710. [CrossRef]

http://doi.org/10.1093/ecco-jcc/jjv223
http://doi.org/10.1038/s41419-019-1579-0
http://doi.org/10.1016/j.it.2011.02.002
http://doi.org/10.3390/ijms21124223
http://www.ncbi.nlm.nih.gov/pubmed/32545788
http://doi.org/10.3389/fimmu.2017.00036
http://www.ncbi.nlm.nih.gov/pubmed/28179906
http://doi.org/10.1002/ibd.21478
http://www.ncbi.nlm.nih.gov/pubmed/20872834
http://doi.org/10.3390/ijms20010057
http://www.ncbi.nlm.nih.gov/pubmed/30583612
http://doi.org/10.1369/jhc.6A7101.2006
http://doi.org/10.1126/science.abd0811
http://doi.org/10.1038/s41467-018-06125-0
http://doi.org/10.1038/nature22967
http://doi.org/10.1111/imm.13372
http://doi.org/10.1093/ecco-jcc/jjx157
http://doi.org/10.1038/nri3661
http://www.ncbi.nlm.nih.gov/pubmed/24751956
http://doi.org/10.1371/journal.ppat.1004782
http://www.ncbi.nlm.nih.gov/pubmed/25849543
http://doi.org/10.3390/ijms20061445
http://www.ncbi.nlm.nih.gov/pubmed/30901970
http://doi.org/10.1093/ecco-jcc/jjaa022
http://www.ncbi.nlm.nih.gov/pubmed/32020185
http://doi.org/10.1097/01.MIB.0000160804.52072.6a
http://doi.org/10.3389/fimmu.2017.00258
http://doi.org/10.20524/aog.2020.0457
http://doi.org/10.1038/s41579-018-0020-5
http://doi.org/10.1016/j.celrep.2020.107772
http://doi.org/10.1016/j.molcel.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29100055
http://doi.org/10.1002/ibd.23034
http://www.ncbi.nlm.nih.gov/pubmed/22685032
http://doi.org/10.1371/journal.pone.0141710


Int. J. Mol. Sci. 2021, 22, 10851 15 of 17

105. Chiriac, M.T.; Buchen, B.; Wandersee, A.; Hundorfean, G.; Günther, C.; Bourjau, Y.; Doyle, S.E.; Frey, B.; Ekici, A.B.; Büttner, C.;
et al. Activation of Epithelial Signal Transducer and Activator of Transcription 1 by Interleukin 28 Controls Mucosal Healing
in Mice With Colitis and Is Increased in Mucosa of Patients With Inflammatory Bowel Disease. Gastroenterology 2017, 153,
123–138.e128. [CrossRef]

106. Ingle, H.; Lee, S.; Ai, T.; Orvedahl, A.; Rodgers, R.; Zhao, G.; Sullender, M.; Peterson, S.T.; Locke, M.; Liu, T.C.; et al. Viral
complementation of immunodeficiency confers protection against enteric pathogens via interferon-λ. Nat. Microbiol. 2019, 4,
1120–1128. [CrossRef] [PubMed]

107. Dinarello, C.A.; Novick, D.; Kim, S.; Kaplanski, G. Interleukin-18 and IL-18 binding protein. Front. Immunol. 2013, 4, 289.
[CrossRef]

108. Nowarski, R.; Jackson, R.; Gagliani, N.; de Zoete, M.R.; Palm, N.W.; Bailis, W.; Low, J.S.; Harman, C.C.; Graham, M.; Elinav, E.;
et al. Epithelial IL-18 Equilibrium Controls Barrier Function in Colitis. Cell 2015, 163, 1444–1456. [CrossRef]

109. Zaki, M.H.; Vogel, P.; Body-Malapel, M.; Lamkanfi, M.; Kanneganti, T.D. IL-18 production downstream of the Nlrp3 inflammasome
confers protection against colorectal tumor formation. J. Immunol. 2010, 185, 4912–4920. [CrossRef]

110. Zambetti, L.P.; Mortellaro, A. NLRPs, microbiota, and gut homeostasis: Unravelling the connection. J. Pathol. 2014, 233, 321–330.
[CrossRef]

111. Salcedo, R.; Worschech, A.; Cardone, M.; Jones, Y.; Gyulai, Z.; Dai, R.M.; Wang, E.; Ma, W.; Haines, D.; O’HUigin, C.; et al.
MyD88-mediated signaling prevents development of adenocarcinomas of the colon: Role of interleukin 18. J. Exp. Med. 2010, 207,
1625–1636. [CrossRef]

112. Takagi, H.; Kanai, T.; Okazawa, A.; Kishi, Y.; Sato, T.; Takaishi, H.; Inoue, N.; Ogata, H.; Iwao, Y.; Hoshino, K.; et al. Contrasting
action of IL-12 and IL-18 in the development of dextran sodium sulphate colitis in mice. Scand. J. Gastroenterol. 2003, 38, 837–844.
[CrossRef]

113. Dupaul-Chicoine, J.; Yeretssian, G.; Doiron, K.; Bergstrom, K.S.; McIntire, C.R.; LeBlanc, P.M.; Meunier, C.; Turbide, C.; Gros,
P.; Beauchemin, N.; et al. Control of intestinal homeostasis, colitis, and colitis-associated colorectal cancer by the inflammatory
caspases. Immunity 2010, 32, 367–378. [CrossRef]

114. Zaki, M.H.; Boyd, K.L.; Vogel, P.; Kastan, M.B.; Lamkanfi, M.; Kanneganti, T.D. The NLRP3 inflammasome protects against loss of
epithelial integrity and mortality during experimental colitis. Immunity 2010, 32, 379–391. [CrossRef]

115. Schmitz, J.; Owyang, A.; Oldham, E.; Song, Y.; Murphy, E.; McClanahan, T.K.; Zurawski, G.; Moshrefi, M.; Qin, J.; Li, X.; et al.
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated
cytokines. Immunity 2005, 23, 479–490. [CrossRef]

116. Cayrol, C.; Girard, J.P. IL-33: An alarmin cytokine with crucial roles in innate immunity, inflammation and allergy. Curr. Opin.
Immunol. 2014, 31, 31–37. [CrossRef]

117. Moussion, C.; Ortega, N.; Girard, J.P. The IL-1-like cytokine IL-33 is constitutively expressed in the nucleus of endothelial cells
and epithelial cells in vivo: A novel ‘alarmin’? PLoS ONE 2008, 3, e3331. [CrossRef]

118. Martin, N.T.; Martin, M.U. Interleukin 33 is a guardian of barriers and a local alarmin. Nat. Immunol. 2016, 17, 122–131. [CrossRef]
[PubMed]

119. Peine, M.; Marek, R.M.; Löhning, M. IL-33 in T Cell Differentiation, Function, and Immune Homeostasis. Trends Immunol. 2016,
37, 321–333. [CrossRef] [PubMed]

120. Mehraj, V.; Ponte, R.; Routy, J.P. The Dynamic Role of the IL-33/ST2 Axis in Chronic Viral-infections: Alarming and Adjuvanting
the Immune Response. EBioMedicine 2016, 9, 37–44. [CrossRef] [PubMed]

121. Lüthi, A.U.; Cullen, S.P.; McNeela, E.A.; Duriez, P.J.; Afonina, I.S.; Sheridan, C.; Brumatti, G.; Taylor, R.C.; Kersse, K.; Vandenabeele,
P.; et al. Suppression of interleukin-33 bioactivity through proteolysis by apoptotic caspases. Immunity 2009, 31, 84–98. [CrossRef]

122. Carriere, V.; Roussel, L.; Ortega, N.; Lacorre, D.A.; Americh, L.; Aguilar, L.; Bouche, G.; Girard, J.P. IL-33, the IL-1-like cytokine
ligand for ST2 receptor, is a chromatin-associated nuclear factor in vivo. Proc. Natl. Acad. Sci. USA 2007, 104, 282–287. [CrossRef]

123. Choi, Y.S.; Park, J.A.; Kim, J.; Rho, S.S.; Park, H.; Kim, Y.M.; Kwon, Y.G. Nuclear IL-33 is a transcriptional regulator of NF-κB p65
and induces endothelial cell activation. Biochem. Biophys. Res. Commun. 2012, 421, 305–311. [CrossRef] [PubMed]

124. Oshio, T.; Komine, M.; Tsuda, H.; Tominaga, S.I.; Saito, H.; Nakae, S.; Ohtsuki, M. Nuclear expression of IL-33 in epidermal
keratinocytes promotes wound healing in mice. J. Dermatol. Sci. 2017, 85, 106–114. [CrossRef] [PubMed]

125. Rak, G.D.; Osborne, L.C.; Siracusa, M.C.; Kim, B.S.; Wang, K.; Bayat, A.; Artis, D.; Volk, S.W. IL-33-Dependent Group 2 Innate
Lymphoid Cells Promote Cutaneous Wound Healing. J. Invest. Dermatol. 2016, 136, 487–496. [CrossRef]

126. Kobori, A.; Yagi, Y.; Imaeda, H.; Ban, H.; Bamba, S.; Tsujikawa, T.; Saito, Y.; Fujiyama, Y.; Andoh, A. Interleukin-33 expression is
specifically enhanced in inflamed mucosa of ulcerative colitis. J. Gastroenterol. 2010, 45, 999–1007. [CrossRef] [PubMed]

127. Natarajan, C.; Yao, S.Y.; Sriram, S. TLR3 Agonist Poly-IC Induces IL-33 and Promotes Myelin Repair. PLoS ONE 2016, 11, e0152163.
[CrossRef]

128. Rhodes, J.M. Mucins and inflammatory bowel disease. QJM 1997, 90, 79–82. [CrossRef]
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