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Abstract: Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s disease
(CD), is a multifactorial disease in which dietary, genetic, immunological, and microbial factors are
at play. The role of enteric viruses in IBD remains only partially explored. To date, epidemiological
studies have not fully described the role of enteric viruses in inflammatory flare-ups, especially that
of human noroviruses and rotaviruses, which are the main causative agents of viral gastroenteritis.
Genome-wide association studies have demonstrated the association between IBD, polymorphisms
of the FUT2 and FUT3 genes (which drive the synthesis of histo-blood group antigens), and ligands
for norovirus and rotavirus in the intestine. The role of autophagy in defensin-deficient Paneth cells
and the perturbations of cytokine secretion in T-helper 1 and T-helper 17 inflammatory pathways
following enteric virus infections have been demonstrated as well. Enteric virus interactions with
commensal bacteria could play a significant role in the modulation of enteric virus infections in IBD.
Based on the currently incomplete knowledge of the complex phenomena underlying IBD pathogen-
esis, future studies using multi-sampling and data integration combined with new techniques such
as human intestinal enteroids could help to decipher the role of enteric viruses in IBD.

Keywords: norovirus; rotavirus; astrovirus; sapovirus; adenovirus; aichi virus; Crohn’s disease;
ulcerative colitis; inflammatory bowel disease

1. Introduction

Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn’s
disease (CD), is an important public health issue with an estimated 6.8 million cases world-
wide and prevalence rates ranging from 79.5 to 84.3 per 100,000 individuals [1]. Both CD
and UC are characterized by chronic mucosal inflammation, with CD affecting proximal to
distal segments of the gastrointestinal tract (stomach, small intestine, large intestine) and
UC affecting only the distal segments (colon and rectum) [2]. The pathological features of
CD and UC are different. In CD, there is transmural inflammation involving the full thick-
ness of the bowel, with lymphoplasmacytic aggregates, epithelioid granulomas, mucosal
edema, scarring fibrosis, and neural thickening of tissues. In UC, histopathology usually
shows patchy mucosal ulcerations, mucosal edema, hemorrhagic foci of the lamina propria,
and cryptic damage [2]. Paneth cell metaplasia has been described in the distal colon in
both conditions [3]. Altogether, IBD involves microbial, environmental, dietary, immuno-
logical, and genetic factors, though the mechanisms underlying intestinal inflammation
remain debated [4,5]. While the effect of cytomegalovirus (CMV) infection on IBD has been
confirmed, the role of enteric viruses in inflammatory bursts of IBD, pathogenesis, and
exacerbation of disease symptoms is controversial [6,7]. Despite recent data suggesting
that there is an increased risk of serious viral infections in IBD patients, especially in
those undergoing prolonged IBD therapy, the risk factors and predictors of enteric virus
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infections have not been clearly identified in these individuals [8]. Enteric viruses include
the Picornaviridae (enteroviruses, polioviruses, coxsackie viruses, echoviruses, and hepatitis
A virus), Adenoviridae (adenovirus), Caliciviridae (norovirus and sapovirus), Astroviridae
(astrovirus), and Reoviridae (rotaviruses) families. Their role in IBD pathogenesis remains
largely unknown. Here, we review various aspects of enteric virus infections in IBD,
including epidemiology, virus–host interactions, gut microbiota, inflammatory pathways,
virome studies, and therapeutic approaches.

2. Epidemiology of Enteric Viruses in IBD

Few epidemiological studies have focused on the prevalence of enteric viruses in
IBD (Table 1), and the conclusions of these studies can be contradictory because of the
techniques used for virus detection (RT-PCR or rapid antigenic test) or the small size of
the cohorts. The first epidemiological study was conducted in 1982 by Gebhard et al. [9].
The study aimed to detect norovirus and rotavirus antigens in stool samples from IBD
patients in combination with serological analysis. For 14 months, 77 patients were followed,
during which 65 flare-ups were observed in 54 patients. A total of 266 stool samples were
tested, of which 55 were obtained during disease exacerbation. The study was not able
to make a clear association between IBD relapse and enteric virus infections. However,
the authors concluded that five out of eight patients with serological evidence of enteric
virus infection showed symptoms of exacerbation during a 3-month period (p < 0.01) [9].
Another epidemiological study by Khan et al. compared the medical records of a pediatric
emergency department and norovirus-positive stool specimens (n = 2666 cases) over a
10-month period [10]. Nine patients (1 CD and 8 UC) with bloody diarrhea linked to
IBD relapse had at least one positive stool for norovirus antigen using the rapid test.
Considering that the cohort included 23 CD and 14 UC patients, the study showed a
significant association between UC relapse and norovirus presence in stool (p < 0.01) [10].
Three of the norovirus-positive IBD patients were coinfected with either Clostridium difficile,
adenovirus, or rotavirus [10]. Conversely, a prospective screening of 50 stool specimens
for norovirus, rotavirus, astrovirus, and sapovirus in a Swedish pediatric IBD cohort
during routine endoscopy procedures showed no prevalence of enteric viruses during IBD
flare-ups; however, a very low prevalence of GII noroviruses or sapoviruses was found
in non-IBD patients in which IBD was ruled out by endoscopy [11]. Another prospective
study in a Dutch cohort aimed to detect enteric viruses in stool samples from 286 IBD
patients during their 1-year trimestral follow-up. The results suggested a low prevalence
of enteric viruses in both baseline and active IBD, and no epidemiological link could be
established between disease activity and enteric virus infections [12]. The largest and
most recent study showed a clear association between enteric viruses and IBD flare-ups
using data-crossing from 9403 patients in whom 13,231 stool tests were performed using a
gastrointestinal pathogen PCR panel over a 2-year period. Here, Axelrad et al. compared
577 IBD patients (277 CD and 300 UC) to 8826 controls and demonstrated the greater
prevalence of enteric infections (such as norovirus; p < 0.001) as well as Enteroinvasive
Escherichia coli (EIEC) in both CD and UC patients during IBD flare-ups [13,14].
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Table 1. Enteric viruses and inflammatory bowel disease (epidemiological studies).

Study Location/
Duration Study Design Cohort Age Range Samples, Materials and

Methods Conclusions Discussion

Gebhard et al., 1982 [9]
June 1978

October 1980
Minneapolis (USA)

Prospective
Case control
Follow-up

57 CD
20 UC
10 N

All patients:
11–64 (mean 31.5)
49 CD flare-ups
16 UC flare-ups

266 stool samples
(55 during flare-up):

Stool antigens
-NoV and RVA Serology

(3 mo follow-up)

No association 5 positive/65 flare-ups
Positive serologies (NoV and RVA)

correlated with severe symptoms (5/8)

Khan et al., 2009
[10]

November 2006
August 2007

Charleston (USA)

Retrospective
Case control

23 CD
14 UC
9 IC

2620 N

IBD flare-ups:
11–18 (mean 15.3)

2666 stool samples
Norovirus IDEIA assay kit

(Dako)

Association NoV-IBD flare-ups
1119 positive

9 IBD flare-ups:
CD (1/23): 1 NoV + 1 RVA

UC (7/14): 7 NoV + 1 hAdV
IC (0/9)

Disease seasonality (p < 0.001)

Kolho et al., 2012
[11]

Dates unkown
Helsinki (Finland) Prospective Follow-up

18 CD
13 UC
2 IC
17 N

All IBD:
2.4–18 (mean 12.9)
All non-IBD (N):
2.7–16 (mean 11)

50 stool samples
RT-PCR: (NoV, RVA,

hAdV, SaV, hEV)

No association
IBD: 0/33

Non-IBD: 3/50 (2 NoV and 1 SaV)

Masclee et al., 2013
[12]

August 2009
November 2010

Maastricht (Netherlands)

Prospective
Follow-up

170 CD
116 UC

All IBD: mean 46.2
(SD = 15.2)

286 stool samples/
3-month follow-up

RT-PCR (AdV, hAstV, NoV,
RVA)

No association
86 IBD flare-ups

RVA (2.3%), hAdV (2.3%)
200 IBD remissions

RVA (0.5%), NoV (0.5%), hAdV (4.5%)

Axelrad et al., [13,14]
March 2015
May 2017

New York (USA)

Cross-sectional database
analysis

277 CD
300 UC
8826 N

CD: median 37.7
UC: median 47.1
N: median 42.9

13,231 stool samples
Panel PCR test (22

analytes, including hAdV,
hAstV, NoV, SaV, RVA)

Association NoV-IBD flare-ups
CD and UC: higher prevalence of NoV

(CD; p < 0.05) (UC; p < 0.019)

CD: Crohn’s disease; UC: ulcerative colitis; N: healthy; hAdV: adenovirus; hAstV: astrovirus; hEV: enterovirus; NoV: norovirus; RVA: rotavirus; SaV: sapovirus.



Viruses 2021, 13, 104 4 of 13

3. Histo-Blood Group Antigens and Virus–Tissue Interactions in Patients with IBD

Enteric viruses, noroviruses, and rotaviruses use histo-blood group antigens (HBGAs)
as natural ligands with a significant duodenal tropism [15]. The expression of HBGAs is
mainly due to the expression of α1,2-fucosyltransferase (FUT2), catalyzing the addition
of a fucose with an alpha-1,2 linkage to disaccharide precursors at the surface of entero-
cytes [15,16]. While several FUT2 mutations have been reported, the G428A mutation is the
most commonly described in European and Mediterranean populations, and it results in a
“non-secretor phenotype” and the absence of expression of ABO antigens at the surface
of secretor-dependent tissues (i.e., tissues in which the expression of ABO blood group
antigens is non-constitutive and conditioned by the FUT2 gene). The synthesis of Lewis
antigens is consecutive to H1 chain expression and is driven by the FUT3 gene, which
encodes α1,3-fucosyltransferase (FUT3). The enzyme adds a fucose with an alpha-1,3
linkage to an H1 precursor to produce Lewis b (Leb, major form) and Lewis y (Ley, minor
form) antigens in the presence of an active FUT2 gene. In the absence of active FUT2, FUT3
adds a fucose to a disaccharide precursor to produce Lewis a (Lea, major form) and Lewis
x (Lex, minor form) antigens [17]. A genome-wide association study (GWAS) conducted
in Chinese patients diagnosed with UC demonstrated higher frequencies of mutant FUT3
gene in UC patients compared to controls [18]. Higher frequencies of FUT3 mutants were
also observed in patients with distal colitis, along with an increased expression of the Lewis
a antigen in the inflamed colon [18]. Other GWAS have demonstrated that multiple single
nucleotide polymorphisms (SNPs) of the FUT2 gene were associated with CD pathogenesis
due to alterations of HBGA expression in the gut [19,20]. Unlike ileal CD, a Japanese study
has documented the weak occurrence of relapses of colonic CD in non-secretor patients,
which was related to the ectopic expression of secretor-dependent blood group antigens in
inflammatory mucosa (Figure 1) [21]. Furthermore, Rausch et al. compared the bacterial
composition in patients with CD and either a secretor or non-secretor phenotype. Secretor
and non-secretor individuals had significant differences in their bacterial composition.
Variations in HBGA composition changed the capacity for bacterial attachment and nu-
trition, with greater concentrations of Lachnospiraceae and decreased concentrations of
Faecalibacterium or Lactobacillus spp. That being said, no correlation was established with
enteric viruses [22].
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Figure 1. Summary of potential mechanisms underlying enteric virus interactions during the course of inflammatory bowel
disease (IBD). Inflammatory pathways involved in IBD pathogenesis are shown in red and green stars. (A) Enteric viruses,
such as rotavirus and norovirus, may modulate the immune response during IBD and improve the symptoms of IBD through
the increased secretion of interferon β (IFN β) [23]. The protective role of interleukin (IL)-10 was confirmed in IL-10-/-

murine models showing enterocolitis after exposition to enteric viruses [24–29]. (B) Interactions of the gut bacteriome
and virome could also explain IBD pathogenesis, for instance, an asymptomatic murine norovirus (MNV) infection could
replace the effects of beneficial commensal bacteria [30]. (C) Recent scientific data revealed that norovirus may bind to
tuft cells, which would then play an important role in the IL-25/IL-17 inflammatory pathway, as seen during IBD [31–33].
(D) The absence of histo-blood group antigen (HBGA) synthesis in non-secretor subjects carrying polymorphisms of the
FUT2 and FUT3 genes could be linked to altered virus–bacteria–cell interactions and involved in the pathogenesis of
IBD [18,20,22]. (E) Interactions between enteric viruses and HBGA-like molecules at the surface of commensal or pathogenic
bacteria modulated by an “IBD-shaped” microbiota could explain the variations in susceptibility to enteric viruses during
IBD [34–36]. (F) Binding of enteric viruses to critical receptors involved in leukocyte adhesion and cytokine secretion could
also be part of IBD pathogenesis, as exemplified by rotavirus and adenovirus interactions with integrins, or activation of
the Coxsackie–Adenovirus Receptor (CAR) [37–41]. (G) Specific interactions between enteric viruses (MNV) and defensin-
deficient Paneth cells in patients carrying polymorphisms of the ATG16L gene could lead to the activation of the NOD2
gene and upregulate T-helper 1 (Th1) or T-helper 17 (Th17) inflammatory pathways, as seen in IBD [42–47]. (H) Ectopic
expression of HBGA in intestinal epithelium undergoing alterations induced by inflammation may modulate the binding
potency of enteric viruses [21,48]. (I) Enteric virus entry in macrophages stimulates tumor necrosis factor alpha (TNF-α)
and interferon gamma (IFNγ) secretion, which are involved in IBD pro-inflammatory pathways [47,49,50].
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There is a clear interaction between noroviruses and intestinal tissues in pathologic
conditions. For instance, greater expression of the sialylated Lewis x antigen (CD15s)
has been described in Portuguese patients suffering from chronic gastritis and carrying
the Cag-A positive Helicobacter pylori strain. However, there was no clear explanation for
the phenomena underlying pathologic alterations of the glycosylation processes during
inflammation, whether due to the display of the H. pylori strain or to pathologic alterations
induced by inflammatory processes (Figure 1) [48]. The exact role of enteric viruses and
their interactions with intestinal cells in the context of IBD is relatively unknown. However,
there is increasing evidence of their implications in the dysregulation of inflammatory
pathways and their complex interactions with bacterial and yeast organisms.

4. Enteric Virus Interactions with Bacteria in IBD

The interactions between enteric viruses and bacteria are complex and remain poorly
explored: viral enteric infections could be promoted by intestinal eukaryotic bacteria, and
bacterial infections could be promoted by enteric viruses [51]. For example, the selective
interaction of noroviruses with bacteria expressing HBGA-like molecules, such as the
Enterobacter cloacae SENG-6 strain, could inhibit norovirus binding on intestinal cells or, on
the contrary, enhance norovirus infection (Figure 1) [34–36]. The decrease in Enterobacter sp.
during severe IBD could also increase the probability of norovirus infection in the colonic
mucosa [52]. Recent scientific literature has confirmed that the occurrence of IBD or IBD-
like symptoms in mice, induced by murine noroviruses (MNV), might be highly dependent
upon the composition of the murine gut microbiota without altering its composition [53,54].
Of course, murine models might tend to differ from human models, especially in complex
multifactorial diseases like IBD. Microbiome studies have shown that human norovirus
infections could disrupt the gut microbiota, resulting in a reduced number of bacteroidetes
and increased proteobacteria, especially non-virulent E. coli strains [55,56]. Murine models
further demonstrated that MNV could even shape the microbiota and replace the function
of commensal bacteria in germ-free mice (Figure 1) [30]. Further studies will be required to
detail the mechanisms underlying virome and bacteriome interactions in IBD patients and
their role in the dysregulation of inflammatory pathways underlying IBD relapse.

5. Enteric Viruses and Inflammatory Pathways in IBD

The cellular mechanisms that underlie the activation of mucosal inflammation in
IBD have largely been explored in recent decades, including the recruitment of inflam-
matory cells in the mucosa and the secretion of proinflammatory cytokines. The role of
interleukin-17 (IL-17) and interferon gamma (IFNγ) in the T-helper 1 (Th1) and T-helper 17
(Th17) lymphocytic response is known to worsen the progression of CD and UC (Figure
1) [31,57]. Tumor necrosis factor alpha (TNF-α) is also known to increase proinflammatory
interleukins at a mucosal level, and therefore increase mucosal inflammation [58]. By
contrast, protective molecules like interleukin-10 and tumor growth factor beta (TGF-β)
protect the mucosa from colitis and stimulate epithelial repair and ulcer healing [24,59].
Noroviruses are known to replicate in macrophages with the inhibition of replication
mediated by IFNγ [49,50]. Interestingly, recent studies have shown that rotaviruses bind to
α4β1 integrins in MA104 and Caco-2 cell lines, whose integrins are involved in leukocyte
adhesion and hematopoiesis [38–40]. Adenoviruses also use α4β1 and α4β7 integrins for
binding in HT29 cells (Figure 1) [37]. Further investigations are needed to better understand
the effects of enteric viruses in lymphocyte homing and their role in mucosal inflammation.

Current scientific data about the mechanisms underlying the putative role of enteric
viruses in mucosal inflammation come mainly from murine models for practical, ethi-
cal, and financial reasons. Interestingly, enteric virus infections, including poliovirus,
norovirus, and rotavirus, appear to be promoted by interactions with commensal bacteria
through the action of bacterial lipopolysaccharides in murine models and cultured human
B cells [60–64]. MNV could also disrupt the epithelial barrier and induce epithelial injury
in IL-10-deficient mice, who are known to develop chronic enterocolitis, though without a
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clear understanding of the repercussions on gut microbiota [25,26]. Further studies con-
ducted in homozygous IL-10-deficient mice showed that MNV had no effect on the course
of H. pylori-induced IBD, but it did have immunomodulatory effects on H. bilis-driven IBD,
showing high secretion of IFNγ by polyclonal T cells [27–29].

As for human norovirus, norovirus challenge studies have revealed elevated levels
of Th1 lymphocytic cytokines such as TNFα, IL-8, and IL-10 [65]. More precisely, IFNα

and IFNβ, but also IFNλ, could induce an antiviral gene expression cascade following
norovirus or rotavirus infections (Figure 1) [66–68]. The role of enteric virus infections in
the dysregulation of the interferon pathway during IBD remains unclear, especially because
many patients undergo anti-TNF therapy, which in turn may downregulate the interferon
antiviral response and alter the course of intestinal epithelial repair [69,70].

Conversely, the protective role of enteric viruses in the course of IBD is shown by other
mechanisms: enteric viruses could alleviate intestinal inflammation via the production of
IFNβ, mediated by toll-like receptors (TLR) 3 and 7 (Figure 1) [23].

Concerning the IL-17 pathway (Th2 lymphocyte activation), recent studies have in-
criminated tuft cells, which are an immune mediator that plays a role in MNV pathogenesis.
MNV could bind to tuft cells via the CD300L receptor and induce proliferation, which
in return could stimulate the synthesis of interleukin 25 (IL-25) and therefore stimulate
intestinal modeling and inflammation during IBD (Figure 1) [32,33].

6. Enteric Viruses and Autophagy in IBD

GWASs have helped to decipher the role of several autophagy genes involved in
the pathogenesis of IBD [19]. The NOD2 gene encodes for a pattern recognition receptor
(PRR) that recruits ATG16L at the bacterial infection site [44]. It is well known that NOD2
gene mutations induce CD and UC through exaggerated activation of NF-κB in monocytes
following bacterial stimulation [45,46]. In murine models, aberrant packaging of lysosomal
granules in Paneth cells of the intestine linked to ATG16L1HM mutations is triggered
by MNV infection, which then leads to altered immune function in the mucosal barrier,
reduced autophagy, and an increased risk of IBD (Figure 1) [42]. More specifically, in the
context of CD, ATG16L1HM polymorphisms may modulate proinflammatory responses
upon NOD2 activation, inducing IL-1β and IL-6 release by peripheral blood mononuclear
cells [43]. Moreover, MNV specifically activates NOD1 and NOD2 signaling pathways
following macrophage entry, stimulating TNF-α production secondary to infection with
pathogenic E. coli [47].

7. Enteric Virome Studies in IBD

It has recently been hypothesized that the mammalian intestinal virome could be
related to intestinal homeostasis in relationship to eukaryotes and prokaryotes. This vi-
rome may thus contribute to disease pathogenesis through microbial lysis, epithelial cell
infection, or immune activation following translocation through epithelial cells [71]. Next-
generation sequencing (NGS) has recently been used to study the enteric virome. However,
these studies show considerable discrepancies in viral identification and significant in-
terindividual variability [72,73]. In captive rhesus macaques suffering from idiopathic
chronic diarrhea (ICD), a disease similar to UC, virome studies revealed an increased
prevalence of Picornaviridae (including poliovirus and enterovirus) compared to healthy
controls [74]. A vast expansion of Caudovirales bacteriophages has been shown in the gut
virome of human IBD patients, without any further characterization of pathogenic enteric
viruses [75,76]. Additionally, high levels of Anelloviridae have been found in the stool of
patients undergoing long-term immunosuppressive therapy [77]. A study conducted on
70 pediatric IBD patients using a high throughput sequencing method for virome analysis
(VirCapSeq-Vert) found that there was a very low prevalence of enteric viruses (rotavirus,
calicivirus, and adenovirus) in the stools of those who were newly diagnosed with UC [78].
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8. Experimental Models of IBD in Enteric Viruses

Murine models mimicking IBD (chemically induced IBD or transgenic mice such as
IL-10 homozygous deficient mice with altered immune function) tend to simulate one
aspect of IBD. These murine models can be considered useful in phases 1 and 2 of drug
trials, for the testing of new biomarkers, and as experimental models for immunological
and microbial studies [79,80].

The use of new cell culture systems, such as human intestinal enteroids (HIEs), opens
new research opportunities for IBD because they closely mimic physiological conditions.
Indeed, HIEs represent the tri-dimensional reconstruction of cellular subtypes originating
from one specific tissue type [81]. Recent studies have shown that HIEs react to cellular
stress and increase the dendritic cell activation and endoplasmic reticulum synthesis of
proinflammatory cytokines [82]. HIEs could also be used to examine the impairment
of intestinal regeneration, the disruption of the epithelial barrier during IBD flares, or
gene regulation and in vivo cellular interactions [83–86]. In a secretor-dependent fash-
ion, norovirus binding and replication could be further examined in HIEs derived from
IBD tissues [87,88]. Further modeling of personalized HIEs in IBD patients will help to
understand the consequences of enteric virus binding and replication at a sub-cellular level.

9. Enteric Viruses and Therapies Used in IBD

The control of dysbiosis is a promising therapy for reducing IBD flare-ups, as exem-
plified by the use of probiotics and bacteriophages to target aggressive bacteria. Such
therapy could be helpful in regulating the bacterial flora, and consequently, in modulating
susceptibility to enteric viruses [89]. That being said, some of the biggest advances in IBD
therapy include the use of TNF-α antagonists, Janus Kinase (JAK) inhibitors, and IL-12/23
antagonists [90]. Inhibitors of lymphocyte homing have also recently been developed for
use against chemokine receptor 9 (CCR9) and the α4β1 and α4β7 integrins [90]. Previous
observations of the close interactions of ATG16L gene polymorphisms, MNV infection in
Paneth cell transformation, and induction of IBD in murine models suggest that TNFα
blockade may slow disease progression and help prevent intestinal necroptosis [91]. One
patient diagnosed with UC who also contracted a norovirus infection showed disease
improvement following administration of infliximab [92]. Furthermore, the Coxsackie–
Adenovirus Receptor (CAR), which is involved in the regulation of colon cells, could
decrease the TNFα-induced inflammatory response when upregulated (Figure 1) [41]. The
binding of adenoviruses to inflamed colon cells will need to be further examined in the
context of anti-TNF therapy. For rotavirus, it appears that the 6-thioguanine drug could
inhibit virus replication through inhibition of Rac1 GTP/GDP cycling [93]. The use of
6-thioguanine, which showed limited efficacy as a biotherapy in refractory IBD, could be
discussed in patients with a concomitant rotavirus infection [94].

10. Conclusions

Epidemiological studies, even on a large scale, are insufficient to characterize the
precise role of enteric viruses in IBD relapse. IBD is influenced by microbial factors, which
vary considerably between individuals, complex inflammatory pathways, and cell–virus
interactions. They are also affected by confounding variables such as diet, age, smoking, or
psychological stress, as demonstrated in monozygotic twins [95,96].

Real-time integrated studies are needed to decipher the mechanisms underlying IBD
pathogenesis. Such studies would then contribute to the development of personalized
therapeutic approaches to IBD [97–99]. With the advent of artificial intelligence and big
data, analysis of the “integratome” (from the so-called “integrated omics”) should also
open new avenues of research for enteric virus infections in IBD [100]. However, in addition
to potential ethical issues (genetic analyses or biologic sampling), these types of studies
remain under development and imply considerable financial costs. Nevertheless, research
in this domain holds great promise for the future. Finally, vaccination against major enteric
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viruses (i.e., rotavirus and norovirus) could be a means of improving the management of
patients suffering from IBD.

Author Contributions: Conceptualization: G.T. and G.B.; writing—original draft: G.T., M.C., G.B.,
and C.M.; writing—review and editing: G.T., G.B., M.C., L.M., and A.d.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Suzanne Rankin for her editorial assistance.

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

References
1. Alatab, S.; Sepanlou, S.G.; Ikuta, K.; Vahedi, H.; Bisignano, C.; Safiri, S.; Sadeghi, A.; Nixon, M.R.; Abdoli, A.; Abolhassani, H.;

et al. The Global, Regional, and National Burden of Inflammatory Bowel Disease in 195 Countries and Territories, 1990–2017: A
Systematic Analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol. Hepatol. 2020, 5, 17–30. [CrossRef]

2. Lee, H.; Westerhoff, M.; Shen, B.; Liu, X. Clinical Aspects of Idiopathic Inflammatory Bowel Disease: A Review for Pathologists.
Arch. Pathol. Lab. Med. 2016, 140, 413–428. [CrossRef] [PubMed]

3. Simmonds, N.; Furman, M.; Karanika, E.; Phillips, A.; Bates, A.W. Paneth Cell Metaplasia in Newly Diagnosed Inflammatory
Bowel Disease in Children. BMC Gastroenterol. 2014, 14, 93. [CrossRef] [PubMed]

4. Fiocchi, C. Inflammatory Bowel Disease: Etiology and Pathogenesis. Gastroenterology 1998, 115, 182–205. [CrossRef]
5. Lee, S.H.; Kwon, J.E.; Cho, M.-L. Immunological Pathogenesis of Inflammatory Bowel Disease. Intest. Res. 2018, 16, 26–42.

[CrossRef]
6. Al-Zafiri, R.; Gologan, A.; Galiatsatos, P.; Szilagyi, A. Cytomegalovirus Complicating Inflammatory Bowel Disease. Gastroenterol.

Hepatol. 2012, 8, 230–239.
7. Römkens, T.E.; Bulte, G.J.; Nissen, L.H.; Drenth, J.P. Cytomegalovirus in Inflammatory Bowel Disease: A Systematic Review.

World J. Gastroenterol. 2016, 22, 1321–1330. [CrossRef]
8. Wisniewski, A.; Kirchgesner, J.; Seksik, P.; Landman, C.; Bourrier, A.; Nion-Larmurier, I.; Marteau, P.; Cosnes, J.; Sokol, H.;

Beaugerie, L. Increased Incidence of Systemic Serious Viral Infections in Patients with Inflammatory Bowel Disease Associates
with Active Disease and Use of Thiopurines. United Eur. Gastroenterol. J. 2020, 8, 303–313. [CrossRef]

9. Gebhard, R.L.; Greenberg, H.B.; Singh, N.; Henry, P.; Sharp, H.L.; Kaplan, L.; Kapikian, A.Z. Acute Viral Enteritis and Exacerba-
tions of Inflammatory Bowel Disease. Gastroenterology 1982, 83, 1207–1209. [CrossRef]

10. Khan, R.R.; Lawson, A.D.; Minnich, L.L.; Martin, K.; Nasir, A.; Emmett, M.K.; Welch, C.A.; Udall, J.N. Gastrointestinal Norovirus
Infection Associated with Exacerbation of Inflammatory Bowel Disease. J. Pediatr. Gastroenterol. Nutr. 2009, 48, 328–333. [CrossRef]

11. 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]

12. Masclee, G.M.C.; Penders, J.; Pierik, M.; Wolffs, P.; Jonkers, D. Enteropathogenic VirusesTriggers for Exacerbation in IBD? A
Prospective Cohort Study Using Real-Time Quantitative Polymerase Chain Reaction. Inflamm. Bowel Dis. 2013, 19, 124–131.
[CrossRef] [PubMed]

13. 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] [PubMed]

14. Axelrad, J.E.; Cadwell, K.H.; Colombel, J.-F.; Shah, S.C. Systematic Review: Gastrointestinal Infection and Incident Inflammatory
Bowel Disease. Aliment. Pharmacol. Ther. 2020, 51, 1222–1232. [CrossRef] [PubMed]

15. Marionneau, S.; Ruvoën, N.; Le Moullac-Vaidye, B.; Clement, M.; Cailleau-Thomas, A.; Ruiz-Palacois, G.; Huang, P.; Jiang, X.; Le
Pendu, J. Norwalk Virus Binds to Histo-Blood Group Antigens Present on Gastroduodenal Epithelial Cells of Secretor Individuals.
Gastroenterology 2002, 122, 1967–1977. [CrossRef]

16. Ravn, V.; Dabelsteen, E. Tissue Distribution of Histo-Blood Group Antigens. Acta Pathol. Microbiol. Immunol. Scand. 2000, 108,
1–28. [CrossRef]

17. Cartron, J.-P.; Rouger, P. Molecular Basis of Human Blood Group Antigens; Springer: New York, NY, USA, 1995; ISBN 978-0-306-
44853-9.

18. Hu, D.; Zhang, D.; Zheng, S.; Guo, M.; Lin, X.; Jiang, Y. Association of Ulcerative Colitis with FUT2 and FUT3 Polymorphisms in
Patients from Southeast China. PLoS ONE 2016, 11. [CrossRef]

19. Franke, A.; McGovern, D.P.B.; Barrett, J.C.; Wang, K.; Radford-Smith, G.L.; Ahmad, T.; Lees, C.W.; Balschun, T.; Lee, J.; Roberts, R.;
et al. Genome-Wide Meta-Analysis Increases to 71 the Number of Confirmed Crohn’s Disease Susceptibility Loci. Nat. Genet.
2010, 42, 1118–1125. [CrossRef]

20. McGovern, D.P.B.; Jones, M.R.; Taylor, K.D.; Marciante, K.; Yan, X.; Dubinsky, M.; Ippoliti, A.; Vasiliauskas, E.; Berel, D.;
Derkowski, C.; et al. Fucosyltransferase 2 (FUT2) Non-Secretor Status Is Associated with Crohn’s Disease. Hum. Mol. Genet. 2010,
19, 3468–3476. [CrossRef]

http://doi.org/10.1016/S2468-1253(19)30333-4
http://doi.org/10.5858/arpa.2015-0305-RA
http://www.ncbi.nlm.nih.gov/pubmed/27128299
http://doi.org/10.1186/1471-230X-14-93
http://www.ncbi.nlm.nih.gov/pubmed/24885054
http://doi.org/10.1016/S0016-5085(98)70381-6
http://doi.org/10.5217/ir.2018.16.1.26
http://doi.org/10.3748/wjg.v22.i3.1321
http://doi.org/10.1177/2050640619889763
http://doi.org/10.1016/S0016-5085(82)80129-7
http://doi.org/10.1097/MPG.0b013e31818255cc
http://doi.org/10.1002/jmv.23193
http://www.ncbi.nlm.nih.gov/pubmed/22170557
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://www.ncbi.nlm.nih.gov/pubmed/30072777
http://doi.org/10.1111/apt.15770
http://www.ncbi.nlm.nih.gov/pubmed/32372471
http://doi.org/10.1053/gast.2002.33661
http://doi.org/10.1034/j.1600-0463.2000.d01-1.x
http://doi.org/10.1371/journal.pone.0146557
http://doi.org/10.1038/ng.717
http://doi.org/10.1093/hmg/ddq248


Viruses 2021, 13, 104 10 of 13

21. Miyoshi, J.; Yajima, T.; Okamoto, S.; Matsuoka, K.; Inoue, N.; Hisamatsu, T.; Shimamura, K.; Nakazawa, A.; Kanai, T.; Ogata, H.;
et al. Ectopic Expression of Blood Type Antigens in Inflamed Mucosa with Higher Incidence of FUT2 Secretor Status in Colonic
Crohn’s Disease. J. Gastroenterol. 2011, 46, 1056–1063. [CrossRef]

22. Rausch, P.; Rehman, A.; Künzel, S.; Häsler, R.; Ott, S.J.; Schreiber, S.; Rosenstiel, P.; Franke, A.; Baines, J.F. Colonic Mucosa-
Associated Microbiota Is Influenced by an Interaction of Crohn Disease and FUT2 (Secretor) Genotype. Proc. Natl. Acad. Sci. USA
2011, 108, 19030–19035. [CrossRef] [PubMed]

23. 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] [PubMed]

24. Li, M.-C.; He, S.-H. IL-10 and Its Related Cytokines for Treatment of Inflammatory Bowel Disease. World J. Gastroenterol. 2004, 10,
620–625. [CrossRef]

25. Basic, M.; Keubler, L.M.; Buettner, M.; Achard, M.; Breves, G.; Schröder, B.; Smoczek, A.; Jörns, A.; Wedekind, D.; Zschemisch,
N.H.; et al. Norovirus Triggered Microbiota-Driven Mucosal Inflammation in Interleukin 10-Deficient Mice. Inflamm. Bowel Dis.
2014, 20, 431–443. [CrossRef] [PubMed]

26. Kühn, R.; Löhler, J.; Rennick, D.; Rajewsky, K.; Müller, W. Interleukin-10-Deficient Mice Develop Chronic Enterocolitis. Cell 1993,
75, 263–274. [CrossRef]

27. Burich, A.; Hershberg, R.; Waggie, K.; Zeng, W.; Brabb, T.; Westrich, G.; Viney, J.L.; Maggio-Price, L. Helicobacter-Induced
Inflammatory Bowel Disease in IL-10- and T Cell-Deficient Mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2001, 281, G764–G778.
[CrossRef]

28. Hsu, C.C.; Paik, J.; Treuting, P.M.; Seamons, A.; Meeker, S.M.; Brabb, T.L.; Maggio-Price, L. Infection with Murine Norovirus 4
Does Not Alter Helicobacter-Induced Inflammatory Bowel Disease in Il10(-/-) Mice. Comp. Med. 2014, 64, 256–263.

29. Lencioni, K.C.; Seamons, A.; Treuting, P.M.; Maggio-Price, L.; Brabb, T. Murine Norovirus: An Intercurrent Variable in a Mouse
Model of Bacteria-Induced Inflammatory Bowel Disease. Comp. Med. 2008, 58, 522–533.

30. Kernbauer, E.; Ding, Y.; Cadwell, K. An Enteric Virus Can Replace the Beneficial Function of Commensal Bacteria. Nature 2014,
516, 94–98. [CrossRef]

31. Leppkes, M.; Becker, C.; Ivanov, I.I.; Hirth, S.; Wirtz, S.; Neufert, C.; Pouly, S.; Murphy, A.J.; Valenzuela, D.M.; Yancopoulos, G.D.;
et al. RORgamma-Expressing Th17 Cells Induce Murine Chronic Intestinal Inflammation via Redundant Effects of IL-17A and
IL-17F. Gastroenterology 2009, 136, 257–267. [CrossRef]

32. Ting, H.-A.; von Moltke, J. The Immune Function of Tuft Cells at Gut Mucosal Surfaces and Beyond. J. Immunol. 2019, 202,
1321–1329. [CrossRef] [PubMed]

33. Wilen, C.B.; Lee, S.; Hsieh, L.-Y.; Orchard, R.C.; Desai, C.; Hykes, B.L.; McAllaster, M.R.; Balce, D.R.; Feehley, T.; Brestoff, J.R.;
et al. Tropism for Tuft Cells Determines Immune Promotion of Norovirus Pathogenesis. Science 2018, 360, 204–208. [CrossRef]
[PubMed]

34. Almand, E.A.; Moore, M.D.; Outlaw, J.; Jaykus, L.-A. Human Norovirus Binding to Select Bacteria Representative of the Human
Gut Microbiota. PLoS ONE 2017, 12. [CrossRef]

35. Lei, S.; Samuel, H.; Twitchell, E.; Bui, T.; Ramesh, A.; Wen, K.; Weiss, M.; Li, G.; Yang, X.; Jiang, X.; et al. Enterobacter Cloacae
Inhibits Human Norovirus Infectivity in Gnotobiotic Pigs. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

36. Lei, S.; Twitchell, E.L.; Ramesh, A.K.; Bui, T.; Majette, E.; Tin, C.M.; Avery, R.; Arango-Argoty, G.; Zhang, L.; Becker-Dreps, S.; et al.
Enhanced GII.4 Human Norovirus Infection in Gnotobiotic Pigs Transplanted with a Human Gut Microbiota. J. Gen. Virol. 2019,
100, 1530–1540. [CrossRef]

37. Rajan, A.; Persson, B.D.; Frängsmyr, L.; Olofsson, A.; Sandblad, L.; Heino, J.; Takada, Y.; Mould, A.P.; Schnapp, L.M.; Gall, J.; et al.
Enteric Species F Human Adenoviruses Use Laminin-Binding Integrins as Co-Receptors for Infection of Ht-29 Cells. Sci. Rep.
2018, 8, 10019. [CrossRef]

38. Hewish, M.J.; Takada, Y.; Coulson, B.S. Integrins A2β1 and A4β1 Can Mediate SA11 Rotavirus Attachment and Entry into Cells.
J. Virol. 2000, 74, 228–236. [CrossRef]

39. Lin, K.C.; Castro, A.C. Very Late Antigen 4 (VLA4) Antagonists as Anti-Inflammatory Agents. Curr. Opin. Chem. Biol. 1998, 2,
453–457. [CrossRef]

40. Coulson, B.S.; Londrigan, S.L.; Lee, D.J. Rotavirus Contains Integrin Ligand Sequences and a Disintegrin-like Domain That Are
Implicated in Virus Entry into Cells. Proc. Natl. Acad. Sci. USA 1997, 94, 5389–5394. [CrossRef]

41. Chen, X.; Liu, R.; Liu, X.; Xu, C.; Wang, X. Protective Role of Coxsackie-Adenovirus Receptor in the Pathogenesis of Inflammatory
Bowel Diseases. BioMed Res. Int. 2018, 2018, 7207268. [CrossRef]

42. Cadwell, K.; Patel, K.K.; Maloney, N.S.; Liu, T.-C.; Ng, A.C.Y.; Storer, C.E.; Head, R.D.; Xavier, R.; Stappenbeck, T.S.; Virgin, H.W.
Virus-Plus-Susceptibility Gene Interaction Determines Crohn’s Disease Gene Atg16L1 Phenotypes in Intestine. Cell 2010, 141,
1135–1145. [CrossRef] [PubMed]

43. Plantinga, T.S.; Crisan, T.O.; Oosting, M.; van de Veerdonk, F.L.; de Jong, D.J.; Philpott, D.J.; van der Meer, J.W.M.; Girardin,
S.E.; Joosten, L.A.B.; Netea, M.G. Crohn’s Disease-Associated ATG16L1 Polymorphism Modulates pro-Inflammatory Cytokine
Responses Selectively upon Activation of NOD2. Gut 2011, 60, 1229–1235. [CrossRef] [PubMed]

http://doi.org/10.1007/s00535-011-0425-7
http://doi.org/10.1073/pnas.1106408108
http://www.ncbi.nlm.nih.gov/pubmed/22068912
http://doi.org/10.1016/j.immuni.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27084119
http://doi.org/10.3748/wjg.v10.i5.620
http://doi.org/10.1097/01.MIB.0000441346.86827.ed
http://www.ncbi.nlm.nih.gov/pubmed/24487272
http://doi.org/10.1016/0092-8674(93)80068-P
http://doi.org/10.1152/ajpgi.2001.281.3.G764
http://doi.org/10.1038/nature13960
http://doi.org/10.1053/j.gastro.2008.10.018
http://doi.org/10.4049/jimmunol.1801069
http://www.ncbi.nlm.nih.gov/pubmed/30782851
http://doi.org/10.1126/science.aar3799
http://www.ncbi.nlm.nih.gov/pubmed/29650672
http://doi.org/10.1371/journal.pone.0173124
http://doi.org/10.1038/srep25017
http://www.ncbi.nlm.nih.gov/pubmed/27113278
http://doi.org/10.1099/jgv.0.001336
http://doi.org/10.1038/s41598-018-28255-7
http://doi.org/10.1128/JVI.74.1.228-236.2000
http://doi.org/10.1016/S1367-5931(98)80120-8
http://doi.org/10.1073/pnas.94.10.5389
http://doi.org/10.1155/2018/7207268
http://doi.org/10.1016/j.cell.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20602997
http://doi.org/10.1136/gut.2010.228908
http://www.ncbi.nlm.nih.gov/pubmed/21406388


Viruses 2021, 13, 104 11 of 13

44. Homer, C.R.; Richmond, A.L.; Rebert, N.A.; Achkar, J.-P.; McDonald, C. ATG16L1 and NOD2 Interact in an Autophagy-
Dependent, Anti-Bacterial Pathway Implicated in Crohn’s Disease Pathogenesis. Gastroenterology 2010, 139, 1630–1641.e2.
[CrossRef] [PubMed]

45. Hugot, J.P.; Chamaillard, M.; Zouali, H.; Lesage, S.; Cézard, J.P.; Belaiche, J.; Almer, S.; Tysk, C.; O’Morain, C.A.; Gassull, M.; et al.
Association of NOD2 Leucine-Rich Repeat Variants with Susceptibility to Crohn’s Disease. Nature 2001, 411, 599–603. [CrossRef]
[PubMed]

46. Ogura, Y.; Bonen, D.K.; Inohara, N.; Nicolae, D.L.; Chen, F.F.; Ramos, R.; Britton, H.; Moran, T.; Karaliuskas, R.; Duerr, R.H.; et al.
A Frameshift Mutation in NOD2 Associated with Susceptibility to Crohn’s Disease. Nature 2001, 411, 603–606. [CrossRef]

47. Kim, Y.-G.; Park, J.-H.; Reimer, T.; Baker, D.P.; Kawai, T.; Kumar, H.; Akira, S.; Wobus, C.; Núñez, G. Viral Infection Augments
Nod1/2 Signaling to Potentiate Lethality Associated With Secondary Bacterial Infections. Cell Host Microbe 2011, 9, 496–507.
[CrossRef]

48. Ruvoën-Clouet, N.; Magalhaes, A.; Marcos-Silva, L.; Breiman, A.; Figueiredo, C.; David, L.; Le Pendu, J. Increase in Genogroup
II.4 Norovirus Host Spectrum by CagA-Positive Helicobacter Pylori Infection. J. Infect. Dis. 2014, 210, 183–191. [CrossRef]

49. Maloney, N.S.; Thackray, L.B.; Goel, G.; Hwang, S.; Duan, E.; Vachharajani, P.; Xavier, R.; Virgin, H.W. Essential Cell-Autonomous
Role for Interferon (IFN) Regulatory Factor 1 in IFN-γ-Mediated Inhibition of Norovirus Replication in Macrophages. J. Virol.
2012, 86, 12655–12664. [CrossRef]

50. Wobus, C.E.; Karst, S.M.; Thackray, L.B.; Chang, K.-O.; Sosnovtsev, S.V.; Belliot, G.; Krug, A.; Mackenzie, J.M.; Green, K.Y.;
Virgin, H.W. Replication of Norovirus in Cell Culture Reveals a Tropism for Dendritic Cells and Macrophages. PLoS Biol. 2004, 2.
[CrossRef]

51. Pfeiffer, J.K.; Virgin, H.W. Transkingdom Control of Viral Infection and Immunity in the Mammalian Intestine. Science 2016, 351.
[CrossRef]

52. Ott, S.J.; Musfeldt, M.; Wenderoth, D.F.; Hampe, J.; Brant, O.; Fölsch, U.R.; Timmis, K.N.; Schreiber, S. Reduction in Diversity of
the Colonic Mucosa Associated Bacterial Microflora in Patients with Active Inflammatory Bowel Disease. Gut 2004, 53, 685–693.
[CrossRef] [PubMed]

53. Bolsega, S.; Basic, M.; Smoczek, A.; Buettner, M.; Eberl, C.; Ahrens, D.; Odum, K.A.; Stecher, B.; Bleich, A. Composition of the
Intestinal Microbiota Determines the Outcome of Virus-Triggered Colitis in Mice. Front. Immunol. 2019, 10, 1708. [CrossRef]
[PubMed]

54. Nelson, A.M.; Elftman, M.D.; Pinto, A.K.; Baldridge, M.; Hooper, P.; Kuczynski, J.; Petrosino, J.F.; Young, V.B.; Wobus, C.E. Murine
Norovirus Infection Does Not Cause Major Disruptions in the Murine Intestinal Microbiota. Microbiome 2013, 1, 7. [CrossRef]
[PubMed]

55. Bloom, S.M.; Bijanki, V.N.; Nava, G.M.; Sun, L.; Malvin, N.P.; Donermeyer, D.L.; Dunne, W.M.; Allen, P.M.; Stappenbeck, T.S.
Commensal Bacteroides Species Induce Colitis in Host-Genotype-Specific Fashion in a Mouse Model of Inflammatory Bowel
Disease. Cell Host Microbe 2011, 9, 390–403. [CrossRef] [PubMed]

56. Nelson, A.M.; Walk, S.T.; Taube, S.; Taniuchi, M.; Houpt, E.R.; Wobus, C.E.; Young, V.B. Disruption of the Human Gut Microbiota
Following Norovirus Infection. PLoS ONE 2012, 7, e48224. [CrossRef]

57. Ito, R.; Shin-Ya, M.; Kishida, T.; Urano, A.; Takada, R.; Sakagami, J.; Imanishi, J.; Kita, M.; Ueda, Y.; Iwakura, Y.; et al. Interferon-
Gamma Is Causatively Involved in Experimental Inflammatory Bowel Disease in Mice. Clin. Exp. Immunol. 2006, 146, 330–338.
[CrossRef]

58. Murch, S.H.; Braegger, C.P.; Walker-Smith, J.A.; MacDonald, T.T. Location of Tumour Necrosis Factor Alpha by Immunohisto-
chemistry in Chronic Inflammatory Bowel Disease. Gut 1993, 34, 1705–1709. [CrossRef]

59. Rani, R.; Smulian, A.G.; Greaves, D.R.; Hogan, S.P.; Herbert, D.R. TGF-β Limits IL-33 Production and Promotes the Resolution of
Colitis through Regulation of Macrophage Function. Eur. J. Immunol. 2011, 41, 2000–2009. [CrossRef]

60. Jones, M.K.; Watanabe, M.; Zhu, S.; Graves, C.L.; Keyes, L.R.; Grau, K.R.; Gonzalez-Hernandez, M.B.; Iovine, N.M.; Wobus, C.E.;
Vinjé, J.; et al. Enteric Bacteria Promote Human and Mouse Norovirus Infection of B Cells. Science 2014, 346, 755. [CrossRef]

61. Kuss, S.K.; Best, G.T.; Etheredge, C.A.; Pruijssers, A.J.; Frierson, J.M.; Hooper, L.V.; Dermody, T.S.; Pfeiffer, J.K. Intestinal
Microbiota Promote Enteric Virus Replication and Systemic Pathogenesis. Science 2011, 334, 249–252. [CrossRef]

62. Robinson, C.M.; Jesudhasan, P.R.; Pfeiffer, J.K. Bacterial Lipopolysaccharide Binding Enhances Virion Stability and Promotes
Environmental Fitness of an Enteric Virus. Cell Host Microbe 2014, 15, 36–46. [CrossRef] [PubMed]

63. Roth, A.N.; Grau, K.R.; Karst, S.M. Diverse Mechanisms Underlie Enhancement of Enteric Viruses by the Mammalian Intestinal
Microbiota. Viruses 2019, 11, 760. [CrossRef]

64. Uchiyama, R.; Chassaing, B.; Zhang, B.; Gewirtz, A.T. Antibiotic Treatment Suppresses Rotavirus Infection and Enhances Specific
Humoral Immunity. J. Infect. Dis. 2014, 210, 171–182. [CrossRef] [PubMed]

65. Newman, K.L.; Moe, C.L.; Kirby, A.E.; Flanders, W.D.; Parkos, C.A.; Leon, J.S. Human Norovirus Infection and the Acute Serum
Cytokine Response. Clin. Exp. Immunol. 2015, 182, 195–203. [CrossRef] [PubMed]

66. Baldridge, M.T.; Lee, S.; Brown, J.J.; McAllister, N.; Urbanek, K.; Dermody, T.S.; Nice, T.J.; Virgin, H.W. Expression of Ifnlr1 on
Intestinal Epithelial Cells Is Critical to the Antiviral Effects of Interferon Lambda against Norovirus and Reovirus. J. Virol. 2017,
91, e02079-16. [CrossRef]

http://doi.org/10.1053/j.gastro.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20637199
http://doi.org/10.1038/35079107
http://www.ncbi.nlm.nih.gov/pubmed/11385576
http://doi.org/10.1038/35079114
http://doi.org/10.1016/j.chom.2011.05.006
http://doi.org/10.1093/infdis/jiu054
http://doi.org/10.1128/JVI.01564-12
http://doi.org/10.1371/journal.pbio.0020432
http://doi.org/10.1126/science.aad5872
http://doi.org/10.1136/gut.2003.025403
http://www.ncbi.nlm.nih.gov/pubmed/15082587
http://doi.org/10.3389/fimmu.2019.01708
http://www.ncbi.nlm.nih.gov/pubmed/31396223
http://doi.org/10.1186/2049-2618-1-7
http://www.ncbi.nlm.nih.gov/pubmed/24451302
http://doi.org/10.1016/j.chom.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21575910
http://doi.org/10.1371/journal.pone.0048224
http://doi.org/10.1111/j.1365-2249.2006.03214.x
http://doi.org/10.1136/gut.34.12.1705
http://doi.org/10.1002/eji.201041135
http://doi.org/10.1126/science.1257147
http://doi.org/10.1126/science.1211057
http://doi.org/10.1016/j.chom.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24439896
http://doi.org/10.3390/v11080760
http://doi.org/10.1093/infdis/jiu037
http://www.ncbi.nlm.nih.gov/pubmed/24436449
http://doi.org/10.1111/cei.12681
http://www.ncbi.nlm.nih.gov/pubmed/26178578
http://doi.org/10.1128/JVI.02079-16


Viruses 2021, 13, 104 12 of 13

67. Hernández, P.P.; Mahlakoiv, T.; Yang, I.; Schwierzeck, V.; Nguyen, N.; Guendel, F.; Gronke, K.; Ryffel, B.; Hoelscher, C.; Dumoutier,
L.; et al. Interferon-λ and Interleukin 22 Act Synergistically for the Induction of Interferon-Stimulated Genes and Control of
Rotavirus Infection. Nat. Immunol. 2015, 16, 698–707. [CrossRef]

68. Metzger, R.N.; Krug, A.B.; Eisenächer, K. Enteric Virome Sensing—Its Role in Intestinal Homeostasis and Immunity. Viruses 2018,
10, 146. [CrossRef]

69. Agnholt, J.; Kaltoft, K. Infliximab Downregulates Interferon-Gamma Production in Activated Gut T-Lymphocytes from Patients
with Crohn’s Disease. Cytokine 2001, 15, 212–222. [CrossRef]

70. Hu, S.; Yuan, J.; Xu, J.; Li, X.; Zhang, G.; Ma, Q.; Zhang, B.; Hu, T.; Song, G. TNF-α and IFN-γ Synergistically Inhibit the Repairing
Ability of Mesenchymal Stem Cells on Mice Colitis and Colon Cancer. Am. J. Transl. Res. 2019, 11, 6207–6220.

71. Carding, S.R.; Davis, N.; Hoyles, L. Review Article: The Human Intestinal Virome in Health and Disease. Aliment. Pharmacol.
Ther. 2017, 46, 800–815. [CrossRef]

72. Minot, S.; Sinha, R.; Chen, J.; Li, H.; Keilbaugh, S.A.; Wu, G.D.; Lewis, J.D.; Bushman, F.D. The Human Gut Virome: Inter-
Individual Variation and Dynamic Response to Diet. Genome Res. 2011, 21, 1616–1625. [CrossRef] [PubMed]

73. Minot, S.; Bryson, A.; Chehoud, C.; Wu, G.D.; Lewis, J.D.; Bushman, F.D. Rapid Evolution of the Human Gut Virome. Proc. Natl.
Acad. Sci. USA 2013, 110, 12450–12455. [CrossRef]

74. Kapusinszky, B.; Ardeshir, A.; Mulvaney, U.; Deng, X.; Delwart, E. Case-Control Comparison of Enteric Viromes in Captive
Rhesus Macaques with Acute or Idiopathic Chronic Diarrhea. J. Virol. 2017, 91, e00952-17. [CrossRef] [PubMed]

75. Fernandes, M.A.; Verstraete, S.G.; Phan, T.G.; Deng, X.; Stekol, E.; LaMere, B.; Lynch, S.V.; Heyman, M.B.; Delwart, E. Enteric
Virome and Bacterial Microbiota in Children with Ulcerative Colitis and Crohn’s Disease. J. Pediatr. Gastroenterol. Nutr. 2019, 68,
30–36. [CrossRef] [PubMed]

76. Norman, J.M.; Handley, S.A.; Baldridge, M.T.; Droit, L.; Liu, C.Y.; Keller, B.C.; Kambal, A.; Monaco, C.L.; Zhao, G.; Fleshner, P.;
et al. Disease-Specific Alterations in the Enteric Virome in Inflammatory Bowel Disease. Cell 2015, 160, 447–460. [CrossRef]

77. Liang, G.; Conrad, M.A.; Kelsen, J.R.; Kessler, L.R.; Breton, J.; Albenberg, L.G.; Marakos, S.; Galgano, A.; Devas, N.; Erlichman, J.;
et al. The Dynamics of the Stool Virome in Very Early Onset Inflammatory Bowel Disease. J. Crohns Colitis 2020, 14, 1600–1610.
[CrossRef] [PubMed]

78. 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]

79. DeVoss, J.; Diehl, L. Murine Models of Inflammatory Bowel Disease (IBD): Challenges of Modeling Human Disease. Toxicol.
Pathol. 2014, 42, 99–110. [CrossRef]

80. Kiesler, P.; Fuss, I.J.; Strober, W. Experimental Models of Inflammatory Bowel Diseases. Cell. Mol. Gastroenterol. Hepatol. 2015, 1,
154–170. [CrossRef]

81. Zou, W.Y.; Blutt, S.E.; Crawford, S.E.; Ettayebi, K.; Zeng, X.-L.; Saxena, K.; Ramani, S.; Karandikar, U.C.; Zachos, N.C.; Estes,
M.K. Human Intestinal Enteroids: New Models to Study Gastrointestinal Virus Infections. Methods Mol. Biol. 2019, 1576, 229–247.
[CrossRef]

82. Rees, W.D.; Stahl, M.; Jacobson, K.; Bressler, B.; Sly, L.M.; Vallance, B.A.; Steiner, T.S. Enteroids Derived From Inflammatory Bowel
Disease Patients Display Dysregulated Endoplasmic Reticulum Stress Pathways, Leading to Differential Inflammatory Responses
and Dendritic Cell Maturation. J. Crohns Colitis 2020, 14, 948–961. [CrossRef]

83. Buttó, L.F.; Pelletier, A.; More, S.K.; Zhao, N.; Osme, A.; Hager, C.L.; Ghannoum, M.A.; Sekaly, R.-P.; Cominelli, F.; Dave, M.
Intestinal Stem Cell Niche Defects Result in Impaired 3D Organoid Formation in Mouse Models of Crohn’s Disease-like Ileitis.
Stem Cell Rep. 2020, 15, 389–407. [CrossRef] [PubMed]

84. Meir, M.; Salm, J.; Fey, C.; Schweinlin, M.; Kollmann, C.; Kannapin, F.; Germer, C.-T.; Waschke, J.; Beck, C.; Burkard, N.; et al.
Enteroids Generated from Patients with Severe Inflammation in Crohn’s Disease Maintain Alterations of Junctional Proteins.
J. Crohns Colitis 2020, 14, 1473–1487. [CrossRef] [PubMed]

85. Chen, Y.; Zhou, W.; Roh, T.; Estes, M.K.; Kaplan, D.L. In Vitro Enteroid-Derived Three-Dimensional Tissue Model of Human
Small Intestinal Epithelium with Innate Immune Responses. PLoS ONE 2017, 12, e0187880. [CrossRef] [PubMed]
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