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The gastrointestinal tract (GIT) is considered the largest immunological organ, with a
diverse gut microbiota, that contributes to combatting pathogens and maintaining human
health. Under physiological conditions, the crosstalk between gut microbiota and
intestinal epithelial cells (IECs) plays a crucial role in GIT homeostasis. Gut microbiota
and derived metabolites can compromise gut barrier integrity by activating some signaling
pathways in IECs. Conversely, IECs can separate the gut microbiota from the host
immune cells to avoid an excessive immune response and regulate the composition of the
gut microbiota by providing an alternative energy source and releasing some molecules,
such as hormones and mucus. Infections by various pathogens, such as bacteria, viruses,
and parasites, can disturb the diversity of the gut microbiota and influence the structure
and metabolism of IECs. However, the interaction between gut microbiota and IECs
during infection is still not clear. In this review, we will focus on the existing evidence to
elucidate the crosstalk between gut microbiota and IECs during infection and discuss
some potential therapeutic methods, including probiotics, fecal microbiota transplantation
(FMT), and dietary fiber. Understanding the role of crosstalk during infection may help us to
establish novel strategies for prevention and treatment in patients with infectious diseases,
such as C. difficile infection, HIV, and COVID-19.

Keywords: gut microbiota, epithelial cells, infection, COVID-19, probiotics
INTRODUCTION

The GIT presents an enormous area to the exterior environment, and the epithelium of the GIT forms
physical and biochemical barriers between multicellular animals and the exterior environment, which
protect the mucosa and peripheral organs from pathogenic microorganisms and toxins. On the other
hand, a tremendously diverse gut microbiota inhabits the GIT, which plays an essential role in human
health and disease (Fan and Pedersen, 2021). Some probiotics, such as Lactobacillus rhamnosus GG
(LGG), can enhance intestinal epithelial functions by increasing the expression of ZO-1 and occludin
proteins (Han et al., 2019). IECs segregate the host immune system and the gut microbiota to avoid
gy | www.frontiersin.org January 2022 | Volume 12 | Article 8326721

https://www.frontiersin.org/articles/10.3389/fcimb.2022.832672/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.832672/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.832672/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.832672/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:shimingyang@yahoo.com
mailto:atreebobo@163.com
https://doi.org/10.3389/fcimb.2022.832672
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.832672
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.832672&domain=pdf&date_stamp=2022-01-27


Zhou et al. Crosstalk Between Microbiota and Epithelium
unnecessary immune responses and intestinal inflammation,
thereby maintaining the homeostasis of the GIT (Soderholm
and Pedicord, 2019). However, some exogenous pathogens may
alter the components of the microbiota, destroy the epithelial
barrier, and induce some infectious diseases in GIT. For instance,
Clostridium difficile infection (CDI) is recognized as a major cause
of antibiotic-associated diarrhea, and the risk factors for CDI
include antibiotics, proton pump inhibitors and age (Samarkos
et al., 2018). These risk factors induce the dysbiosis of the gut
microbiota, promote the colonization of C. difficile on colonic
epithelium, and lead to apoptosis and necrosis of epithelial cells.
Recent studies have suggested that cigarette smoke can disturb the
lung microbiota, reduce epithelial integrity, and increase
susceptibility to respiratory pathogens (Heijink et al., 2012;
Greathouse et al., 2018). Although this evidence has indicated
alterations in the microbiota and epithelial cells during infection in
the GIT, the crosstalk between the microbiota and epithelial cells
has not been clarified thus far. In this review, we will focus on the
possible crosstalk between epithelial cells and the microbiota
under physiological and infectious conditions and some
potential therapeutic strategies targeting the microbiota, which
may provide a new approach for the prevention and treatment of
infectious diseases of the GIT.
CROSSTALK BETWEEN THE GUT
MICROBIOTA AND IECs UNDER
PHYSIOLOGICAL CONDITIONS

In humans, the GIT represents a large microbial ecosystem,
housing approximately 1011 gut microbiota (Sender et al., 2016).
The gut microbiota plays a critical role in intestinal endocrine
functions, maturation of immune cells, and protection against
pathogen overgrowth (Lynch and Pedersen, 2016). IECs,
including Paneth cells, absorptive epithelial cells, and goblet
cells, construct two types of mucosal barriers that segregate
immune cells and gut microbiota to maintain homeostasis and
prevent inflammation in the GIT. In addition, gut microbiota can
increase the epithelial defense mechanism and reduce intestinal
permeability to form a mucosal barrier (Berg et al., 2015).
Interactions between the gut microbiota and IECs are crucial
for the maintenance of intestinal homeostasis. Some studies
suggest that interactions between the gut microbiota and IECs
are key regulators of epithelial permeability by modulating the
tight junctions (Allam-Ndoul et al., 2020). Homeostasis in the
GIT can also be orchestrated by the circadian clock and signals
transduced by the gut microbiota (Mukherji et al., 2013). In the
following section, we will discuss the signals from the gut
microbiota to IECs and the regulation of the gut microbiota by
IECs (Figure 1).

Signals From the Gut Microbiota to IECs
The gut microbiota can produce hundreds of metabolites and
proteins that modulate some functions in humans, including
immune system development, nutrient processing, and
maintenance of energy homoeostasis (Blaak et al., 2020). Some
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
bacterial metabolites have been identified as playing important
roles in the regulation of IECs and maintenance of the gut
epithelial barrier. For instance, short-chain fatty acids (SCFAs),
a group of metabolites derived from the bacterial fermentation of
dietary fibers, are crucial for the gut barrier by regulating mucus
production and the luminal pH and providing fuel for epithelial
cells (Martin-Gallausiaux et al., 2021). In addition, SCFAs can
modulate the differentiation and proliferation of IECs to
strengthen gut barrier functions and as host metabolism. SCFAs
include propionic acid, butyric acid, and acetic acid. An increasing
number of studies have indicated the essential role of SCFAs in the
maintenance of the intestinal epithelial barrier. For example, Zhao
et al. suggested that oral feeding with SCFAs could promote the
production of RegIIIg and defensins from IECs by activating
mammalian target of rapamycin (mTOR) and signal transducer
and activator of transcription 3 (STAT3) in IECs in mice, which
provides a novel pathway by which SCFAs regulate IEC expression
and intestinal homeostasis (Zhao et al., 2018). In addition, Bilotta
et al. found that propionate could promote IEC migration,
epithelial renewal, and repair by enhancing cell speed and
persistence in mice (Bilotta et al., 2021). Furthermore, aryl
hydrocarbon receptor (AhR) is regarded as an essential regulator
of immune processes in the GIT, but the role of AhR activation in
IECs has only started to be understood. Emerging evidence
highlights that activation of AhR in IECs enhances gut barrier
functions by enhancing tight junctions through the regulation of
Notch1 and increasing the expression of the IL10 receptor, which
protects mice from colitis (Liu et al., 2018; Yu et al., 2018). A recent
work previously demonstrated that butyrate could enhance the
expression of AhR-related genes through histone deacetylase
inhibitor (HDACi) activities (Jin et al., 2017), and Ludovica
et al. identified the novel role of butyrate as an AhR ligand in
human IECs, which elucidated the potential mechanism of IEC
regulation by SCFAs (Marinelli et al., 2019). In addition,
hexokinase (HK), which catalyzes the phosphorylation of
glucose, is a key enzyme in the first step of glycolysis. HK2 is
highly expressed in IECs, contributes to immune responses, and is
upregulated during inflammation. Recent studies have suggested
that microbiota-derived butyrate represses HK2 expression
through histone deacetylase 8 (HDAC8) and reduces
mitochondrial respiration, which provides a therapeutic avenue
for GIT inflammation (Hinrichsen et al., 2021). Collectively,
SCFAs not only provide fuel for epithelial cells but also enhance
the gut barrier by activating some signaling pathways, such as
mTOR, STAT3 and AhR.

On the other hand, emerging evidence suggests that
tryptophan-derived gut microbiota metabolites play a critical
role in maintaining the balance of the gut barrier. The gut
microbiota can convert dietary tryptophan into indole by
tryptophanase, and indole can be recognized by AhR in IECs
(Hubbard et al., 2015). Li et al. evaluated the effect of indole-3-
propionic acid (IPA) on the gut barrier in a Caco-2/HT29
coculture model (Li et al., 2021). These authors demonstrated
that IPA strengthens the gut barrier by increasing goblet cell
secretion products (RELMb, TFF3) and mucins (MUC2 and
MUC4). In addition, a recent study indicated that three
January 2022 | Volume 12 | Article 832672
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metabolites derived from the gut microbiota, indole-3-ethanol,
indole-3-pyruvate, and indole-3-aldehyde, could protect the gut
barrier by maintaining the junctional complex and associated
regulatory proteins (ezrin, myosin IIA) and that the effects are
mediated by AhR (Scott et al., 2020). Furthermore, Swimm et al.
indicated that administration of indole-3-carboxaldehyde (ICA)
protects and repairs the gut barrier from damage by reducing
transepithelial bacterial translocation via type I interferon (IFN1)
signaling in graft-versus-host disease (GVHD) (Swimm et al.,
2018). It was demonstrated that indole could also upregulate the
expression of cell junction-associated molecules (claudins,
occludin) by activating the pregnane X receptor (PXR)
(Venkatesh et al., 2014). This evidence indicates that activation
of AhR, IFN1 and PXR in IECs by indole enhances gut
barrier integrity.

In addition, primary bile acids, such as chenodeoxycholic acid
(CDCA) and cholic acid (CA), play a crucial role in lipid
digestion, cholesterol metabolism and regulatory pathways in
the host (Chiang, 2009). Primary bile acids are synthesized from
cholesterol in the liver through a complex process involving
more than 14 enzymes (Chiang, 2009). Approximately 95% of
bile acids are reabsorbed by IECs, and unabsorbed bile acids can
serve as substrates for gut microbial metabolism and transform
to secondary bile acids, such as deoxycholic acid (DCA),
lithocholic acid and ursodeoxycholic acid (UDCA) (Hofmann,
1999). However, secondary bile acids can be harmful to the GIT
and induce some intestinal diseases, such as inflammatory bowel
disease (IBD) and neonatal necrotizing enteritis (Halpern et al.,
2006). Recent studies demonstrated that DCA could inhibit IEC
proliferation by activating the farnesoid X receptor (FXR) and
inhibit wound healing of the gut barrier (Mroz et al., 2018). In
addition, secondary bile acids can activate extracellular signal-
regulated kinase 1 and 2 (ERK1/2) signaling and b-catenin
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
signaling via the c-myelocytomatosis (c-Myc) and activator
protein 1 (AP1) target pathways, which stimulate the
proliferation and invasiveness of colon cancer cells (Pai et al.,
2004). In contrast, some studies have suggested that UDCA is
beneficial to the repair of the epithelial barrier via the epidermal
growth factor receptor (EGFR) pathway (Golden et al., 2018).
DCA can stimulate the G protein–coupled receptor Takeda G
protein receptor 5 (TGR5) in the gut epithelial layer to promote
colonic peristalsis by releasing calcitonin gene-related peptide
(CGRP) and 5-hydroxytryptamine (5-HT) (Alemi et al., 2013).
Therefore, secondary bile acids derived from the gut microbiota
can influence the proliferation of IECs and colonic peristalsis
through different pathways, including FXR, ERK1/2, EGFR,
and TGR5.

In addition to the metabolites of the gut microbiota, some
bacterial components, such as flagellin and lipopolysaccharide
(LPS), contribute to the proliferation and production of
cytokines and antimicrobial molecules in IECs via NOD-like
receptors (NLRs) and Toll-like receptors (TLRs) (Kayama et al.,
2020). Furthermore, some gut microbiota can attach to the
mucosal surface, which is considered bacterial adhesion, and
induce specific gene expression in IECs. For instance, segmented
filamentous bacteria (SFB) can attach to IECs and induce the
production of serum amyloid A (SAA) by IECs, which stimulates
the differentiation of T helper 17 (Th17) cells and contributes to
resistance against bacterial infection (Liang et al., 2006; Ivanov
et al., 2009). On the other hand, gut microbiota can also regulate
lipid absorption and export in IECs by modulating the circadian
transcription factor NFIL3 through the STAT3 pathway (Wang
et al., 2017). This study established an essential link among the
gut microbiota, the IECs’ circadian clock, and metabolism of the
host. Taken together, these findings indicate that metabolites of
gut microbiota, bacterial components and bacterial adhesion
FIGURE 1 | Crosstalk between the gut microbiota and IECs under physiological conditions. In physiological conditions, the components of the gut microbiota and
derived metabolites compromise or destroy intestinal barrier integrity through different pathways, such as mTOR, AhR, FXR and TLR. For instance, SCFAs promote
the production of RegIIIg and defensins from IECs by activating mTOR. The activation of SCFAs and indole can improve the function of tight junctions. The
components of the gut microbiota, such as LPS, promote the production of antimicrobial molecules in IECs. On the other hand, secondary bile acids from gut
microbiota may inhibit the repair of the gut barrier. Conversely, IECs can modulate the composition of gut microbiota by providing some signaling molecules or
alternative energy resources, including AMPs, hormones, and mucins.
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play a crucial role in the maintenance of the gut barrier integrity,
proliferation of IECs and protection against bacterial infection in
the GIT.

Regulation of Gut Microbiota by IECs
Previous evidence has identified the role of gut microbiota in the
regulation of IECs by different signals, and inversely, IECs can also
regulate and maintain the homeostasis of the gut microbiota. The
IEC monolayer is composed of different cell types, including
absorptive enterocytes, goblet cells, Paneth cells and
enteroendocrine cells (von Moltke et al., 2016). IECs form a
barrier between the gut microbiota and the rest of the body, and
different subtypes of IECs modulate the gut microbiota by releasing
type 2 immune mediators, mucins, antimicrobial peptides (AMPs)
and hormones (Gehart and Clevers, 2019). For instance, Paneth
cells can produce AMPs and regenerate the islet-derived 3 (Reg3)
family of proteins to segregate gut microbiota and IECs and avoid
unnecessary immune responses (Ayabe et al., 2000; Vaishnava et al.,
2011). Serotonin production by enterochromaffin cells has been
reported to modulate the composition of gut microbiota (Kwon
et al., 2019). In addition, David et al. indicated that increasing the
expression of indoleamine 2,3-dioxygenase 1 (IDO1) in IECs
promotes the differentiation of secretory sells and alters the
composition of gut microbiota by modulating the AhR and
Notch signaling pathways, which elucidated the important role of
IDO1 in GIT homeostasis (Alvarado et al., 2019). Furthermore, a
recent work reported a novel role of IEC-derived liver kinase B1
(LKB1) in suppressing colitogenic microbiota by modulating the
expression of IL-18, which decreased the susceptibility to dextran
sodium sulfate (DSS)-induced colitis in a mouse model (Liu et al.,
2018). Forkhead box protein O1 (Foxo1), a key regulator in the
modulation of mucus secretion by goblet cells, plays an essential role
in the maintenance of the intestinal barrier. However, loss of Foxo1
in IECs results in defects in goblet cell mucus secretion and
autophagy, inducing dysbiosis of the gut microbiota and the GIT
microenvironment (Chen et al., 2021). This study demonstrated the
crucial role of Foxo1 in the establishment and maintenance of gut
barrier integrity by regulating goblet cell function. In addition,
autophagy is an important catabolic recycling pathway that
degrades proteins and organelles via lysosomes to maintain the
homeostasis of cells. Although impaired autophagy is closely
correlated with Crohn’s disease (CD), the role of autophagy in the
regulation of gut microbiota is poorly understood. Yang et al. found
that impaired autophagy of IECs dramatically reduced alpha
diversity and altered the composition of gut microbiota in an
autophagy-related 5 (Atg5)-knockout mouse model (Yang
et al., 2018).

On the other hand, diet‐derived components, such as
polysaccharides and glycans, are the main nutrient source for gut
microbiota (Flint et al., 2012). However, IECs can also provide an
alternative energy source for some gut microbiota when dietary
glycans are exhausted, including glycans on mucin proteins and the
surface of IECs. Especially in the distal intestine, where dietary
glycans derived from food are insufficient, only resident gut
microbiota that adhere to the glycans on the mucus layer can
develop as a rich microbial habitat (Li et al., 2015). For instance,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
several Clostridiales members use mucin‐associated sialic acid and
the sugar fucose as energy sources, promoting their colonization of
the GIT (Wlodarska et al., 2017). Symbiotic B. fragilis strains
markedly upregulate glycan-degrading genes and obtain more
nutrients than other gut microbiota in the colonic lumen
(Donaldson et al., 2020). In addition, A. muciniphila is dependent
on mucus nutrients, and the change in metabolic pathways of A.
muciniphila occurs when mucin is poorly expressed, which
improves anti-obesity activities in mice (Shin et al., 2019). An
increasing number of studies have demonstrated that gut
microbiota can influence mucin glycosylation and mucosal
homeostasis via glycosidases, metabolites, and bacterial
components. In contrast, mucin glycans also influence the
behavior of gut microbiota, including probiotic traits, energy
acquisition and signal transmission (Qu et al., 2021). Taken
together, this evidence elucidates the essential role of IECs in
modulation of the gut microbiota and maintenance of
homeostasis of the GIT through different signaling pathways,
AMPs, and mucins.

In summary, the interactions between gut microbiota and
IECs are complicated. Although these studies mentioned above
have demonstrated signals from the gut microbiota to IECs or
regulation of the gut microbiota by IECs under physiological
conditions, more evidence is required to elucidate the underlying
mechanism of the crosstalk between gut microbiota and IECs. In
the next section, we will focus on the interactions during
infectious conditions and elucidate the underlying mechanisms
in depth.
THE INTERACTIONS BETWEEN GUT
MICROBIOTA AND IECs THAT PROTECT
FROM INFECTION

Enteric infections have profound effects on intestinal nutrition,
absorption, and childhood development (Petri et al., 2008).
Infections are the most common complications in patients with
hemorrhagic shock, serious burns and major surgery (Wang et al.,
2019). In addition, enteric infections (bacteria, viruses or parasites)
can alter the composition of gut microbiota, destroy tight junctions
and increase the permeability of the gut barrier (Wang et al., 2019).
In contrast, the gut microbiota and IECs are critical in resisting
colonization by pathogenic microorganisms. Although the
mechanisms by which the gut microbiota provides colonization
resistance (CR) are still unknown, some evidence suggests that the
gut microbiota can inhibit the colonization of exogenous
microorganisms through nutrient competition, bacteriophage
deployment, secretion of antimicrobial products, and support of
gut barrier integrity (Ducarmon et al., 2019). IECs can maintain
physical barrier function and release some antimicrobial molecules,
mucus, and carbohydrate moieties into the lumen, which prevent
the aberrant attachment of pathogens (Goto and Ivanov, 2013).
Furthermore, the crosstalk between gut microbiota and IECs during
infection may also play an essential role in preventing infection by
pathogens (Figure 2).
January 2022 | Volume 12 | Article 832672
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Signals From the Gut Microbiota to IECs
Infections by exogenous microorganisms can alter the
microenvironment of the GIT, including disturbances of the
gut microbiota and IECs. In that case, the gut microbiota
transmits some associated signals to IECs and contributes to
defense against infection. For instance, a recent study indicated
that small proline-rich protein 2A (SPRR2A), a novel intestinal
antibacterial protein, could protect against helminth-induced
bacterial invasion of gut barriers (Hu et al., 2021). SPRR2A is
induced by gut microbiota and secreted in Paneth cells and
goblet cells, which selectively kill gram-positive bacteria by
disrupting their membranes (Hu et al., 2021). In addition,
segmented filamentous bacteria (SFB) are commensal gut
microbiota that protect against some pathogens, such as C.
rodentium (Chung et al., 2012). Unlike the majority of the gut
microbiota that are spatially separated from IECs, SFB can bind
to IECs in the distal small intestine (Atarashi et al., 2015).
Although previous studies have demonstrated that SFB could
decrease C. rodentium infection through the expansion of CD4+
Th17 cells in mice (Goto et al., 2014), Vivienne indicated that
SFB colonization induced epigenetic modifications of IECs at
retinoic acid receptor (RAR) motifs and enhanced defense
through retinoic acid (RA) signals, which provided a new
approach to prevent and combat infections (Woo et al., 2021).
Mayara et al. suggested that the gut microbiota belonging to
Clostridia could regulate RA concentration in the GIT by
suppressing the expression of retinol dehydrogenase 7 (Rdh7)
in IECs and preventing colonization of Salmonella typhimurium
(Grizotte-Lake et al., 2018). Furthermore, the gut microbiota
shields the host against infections by providing CR. Alteration of
the gut microbiota and various drugs, such as antidiabetics,
proton pump inhibitors, and antibiotics, can induce the
disruption of CR and ultimately cause infection (Ducarmon
et al., 2019). A recent work suggested that prior infections lead
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
to an increase in the resistance of gut microbiota to subsequent
infection (Stacy et al., 2021). The study found that infections
induce taurine production and that gut microbiota can convert
taurine to sulfide and ultimately inhibit pathogen respiration,
which contributes to the maintenance of CR. Mahesh et al.
demonstrated that the gut microbiota resorts to mucus
glycoproteins as a nutrient source and disrupts the colonic
mucus barrier during dietary fiber deficiency, which promotes
greater epithelial access to exogenous microorganisms, such as C.
rodentium (Desai et al., 2016). This research elucidated the
relationship among dietary fiber, gut barrier dysfunction and
the gut microbiota and indicated the benefits of dietary
therapeutics to protect against infection. In addition to dietary
fiber, a recent work suggested that treatment with hyaluronan
alleviated C. rodentium-induced bacterial colitis by modulating
the diversity of the gut microbiota and preventing the
colonization of C. rodentium in IECs, which provides novel
insight into the important role of hyaluronan in enteric
infection through the interaction between gut microbiota and
IECs (Mao et al., 2021). On the other hand, metabolites from the
gut microbiota, such as SCFAs, also play a crucial role in
combatting enteric pathogen infection. For example, SCFAs
can increase O2 consumption by IECs and contribute to
intestinal hypoxia, which is important for barrier function and
metabolism of IECs (Pral et al., 2021). Previous studies have
reported that butyrate could regulate the expression of hypoxia-
inducible factor-1 (HIF-1) in IECs and promote the production
of tight junction proteins and that HIF-1 signaling provided
protection in C. difficile-induced colitis (Hirota et al., 2010; Yin
et al., 2020). Recent evidence has demonstrated that
interventions with butyrate relieve C. difficile-induced colitis
through the HIF-1 pathway (Fachi et al., 2019). An acetate-
yielding diet promoted changes in the gut microbiota during
infection to healthy conditions and contributed to epithelial
FIGURE 2 | Crosstalk between the gut microbiota and IECs during infection. Bacterial infection, viral infection and parasite infection can induce dysbiosis of the gut
microbiota and impairment of the gut barrier. The crosstalk between the gut microbiota and IECs may play an essential role during infection. For instance, the gut
microbiota regulates the response to pathogens in IECs by modulating the expression of SPRR2A, RA, and HIF-1. IECs can alter the composition of gut microbiota
and contribute to protection against infections.
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repair via the immune program (Yap et al., 2021). This evidence
elucidated the mechanisms by which SCFAs modulate the
crosstalk between the gut microbiota and IECs during infection.

In addition to bacterial infections (C. difficile, C. rodentium and
Salmonella typhimurium), understanding the potential mechanisms
of interaction between the gut microbiota and IECs during viral
infection is also crucial to provide novel therapeutic strategies for
virus infection, especially for the COVID-19 pandemic.
Accumulating evidence has demonstrated that both antagonistic
and promoting effects are found in the gut microbiota during viral
infection. The gut microbiota can bind viruses, wash them out from
IECs, and modulate the production of immune molecules to
suppress the viruses (Lei et al., 2016). In contrast, viruses can
bind to some bacterial products and increase virion stability (Li
et al., 2015). In addition, virus infection can alter the composition
and diversity of the gut microbiota. For instance, Ren et al. found
alterations in the oral microbiota and gut microbiota in patients
with COVID-19, which contributed to establishing a diagnostic
model for COVID-19 (Ren et al., 2021). Yun et al. indicated that the
gut microbiota is involved in the magnitude of COVID-19 severity
by modulating the host immune responses (Yeoh et al., 2021).
However, the mechanisms by which SARS-CoV-2 influences the
crosstalk between the gut microbiota and IECs are still unclear, and
some hypotheses have suggested that COVID-19 could disturb the
homeostasis of the gut microbiota, increase the release of
proinflammatory cytokines and destroy the tight junctions of
IECs (Penninger et al., 2021). In addition, a recent study
suggested that rotavirus infection induced an increase in
Bacteroides and Akkermansia, which digest mucin and decrease
the number offilled goblet cells in the small intestine (Engevik et al.,
2020). This finding points to a potential role of gut microbiota in
promoting rotavirus infection by depleting the mucus of IECs.
Furthermore, metabolites from the gut microbiota may also play a
crucial role in the defense against viruses. Emma et al. found that
DCA, a secondary bile acid derived from the gut microbiota, could
activate TLR7-MyD88 signaling and improve the production of
type I interferon (IFN) through the IEC-plasmacytoid dendritic cell
(pDC) axis, which restricts systemic Chikungunya virus (CHIKV)
infection and potential transmission (Winkler et al., 2020).
However, recent evidence indicated that SARS-CoV-2 infection
could alter the composition of gut microbiota and SCFAs,
but treatment with SCFAs did not change the replication or entry
of SARS-CoV-2 in IECs, which suggested that microbiota-derived
SCFAs do not interfere with SARS-CoV-2 infection in humans
(Pascoal et al., 2021). In addition to viruses, signals from the
gut microbiota to IECs also contribute to protection against
parasite infection. For example, Toxoplasma gondii induces severe
small intestinal inflammation, and the gut microbiota can
trigger the autophagy of Paneth cells via induction of IFN-g
to maintain intestinal homeostasis during infection with
Toxoplasma gondii (Burger et al., 2018). Other evidence suggests
that the gut microbiota promotes the production of SPRR2A in
Paneth cells and goblet cells via TLR-Myd88 signaling and protects
the gut barrier during helminth infection (Hu et al., 2021).

In summary, gut microbiota or derived metabolites can
influence IECs by signaling pathways during infection by bacteria,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
viruses, and parasites. However, the underlying mechanism is not
yet clear, and more studies are required to elucidate the signals from
the gut microbiota to IECs during infection.

Regulation of the Gut Microbiota by IECs
Bacterial, viral and parasite infections can induce injury to the
intestinal barrier throughmucus degradation and disruption of tight
junctions (Martens et al., 2018). In contrast, IECs directly resist
pathogenic infection by secreting AMP, mucus, and hormones to
form physical and biochemical barriers. However, the mechanisms
of how IECs regulate gut microbiota and protect against infection
are still unknown. Some studies suggested that IECs could influence
the gut microbiota by altering the environment or signaling
molecules during infection. For instance, C. rodentium injects
type III secretion system effectors into IECs to target
inflammation and establish infection, and IECs respond by
rapidly shifting bioenergetic status to aerobic glycolysis, which
induces a decline in obligate anaerobes and expansion of
commensal Enterobacteriaceae (Mullineaux-Sanders et al., 2019).
In addition, IECs can secrete fucosylated proteins into the lumen,
and the gut microbiota use fucose as a nutrient, which improves
host tolerance to C. rodentium infection (Pickard et al., 2014).
Furthermore, infection can upregulate the expression of
indoleamine 2,3-dioxygenase 1 (IDO1) in IECs, promote mucus
production in goblet cells and increase the proportions of
Akkermansia muciniphila and Mucispirillum schaedleri via AhR
and Notch signals (Alvarado et al., 2019). Compared to normal
mice, transgenic mice overexpressing IDO1 exhibited reduced
infectious ileitis induced by Escherichia coli. Wang et al.
demonstrated that the RNA helicase DEAD-box helicase 15
(Dhx15) mediates Wnt-induced antimicrobial protein expression
in Paneth cells and that mice with IEC-specific depletion of Dhx15
are more susceptible to Citrobacter rodentium due to dysbiosis of
the gut microbiota (Wang et al., 2021). However, IECs can also
aggravate dysbiosis of the gut microbiota during inflammation.
Rachael et al. found that IEC-derived reactive oxygen species (ROS)
support the aerobic respiration of E. coli and enhance E. coli growth
during gut inflammation, which indicated the double-sided effects
of IECs on the gut microbiota during infections (Chanin et al.,
2020). On the other hand, SARS-CoV-2 infects human cells
through the angiotensin converting enzyme 2 (ACE2) receptor,
and it has been suggested that ACE2 in IECs regulates gut
microbiota composition and function (Viana et al., 2020). These
results indicate that IECs can alter the gut microbiota through
changes in the microenvironment and receptor modulation during
infections, which indicates the crucial role of IECs in infection.

Taken together, viral, bacterial, and parasitic infections
disturb the homeostasis of gut microbiota, alter the
microenvironment of IECs and destroy the intestinal barrier.
On the other hand, gut microbiota and IECs can directly and
separately inhibit the invasion of pathogens through interactions
with pathogens. In addition, the crosstalk between the gut
microbiota and IECs also plays an essential role in combatting
infections. However, some mechanisms of this crosstalk are still
not clear. Understanding the crosstalk between IECs and the gut
microbiota during infections may contribute to providing a novel
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strategy for prevention or treatment in patients with different
infectious diseases, such as COVID-19.
UNDERLYING PREVENTION AND
THERAPEUTIC STRATEGIES

Probiotics
Probiotics refer to live organisms that benefit human health.
Emerging evidence has demonstrated that probiotics could
improve the symptoms of some infectious diseases, such as CDI,
infectious diarrhea, and necrotizing enterocolitis (McFarland, 2006;
Alfaleh et al., 2010; Chen et al., 2010). Probiotics can maintain the
homeostasis of the GIT by promoting mucus secretion from goblet
cells, producing antibacterial factors and modulating the function of
the gut barrier (Sherman et al., 2009). Many infectious diseases can
induce dysbiosis of the gut microbiota and injury of the gut barrier,
and treatment with probiotics may contribute to protecting the gut
barrier from infection. For instance, Escherichia coli (E. coli) K1
causes gut barrier dysfunction by promoting apoptosis of IECs,
reducing the expression of tight junction proteins, and increasing
gut permeability. A probiotic mixture (containing Bifidobacterium,
Lactobacillus bulgaricus, and Streptococcus thermophilus) can
increase the production of mucin and decrease intestinal
permeability to protect against E. coli K1 translocation (Zeng
et al., 2017). In addition, Enterococcus faecalis (E. faecalis) is the
most important nosocomial pathogen that causes systemic
infection. Pipat et al. indicated that E. faecalis could translocate
from the gut to the blood through production of the protease GelE,
and oral administration of probiotic Bacillus spores blocked E.
faecalis translocation by inhibiting the activity of fecal streptococci
regulator (Fsr) (Piewngam et al., 2021). C. difficile infection poses an
urgent threat to public health and causesmore than 29,000 deaths in
the United States every year (Chen et al., 2020). Chen et al.
engineered the probiotic Saccharomyces boulardii to protect
against primary and recurrent C. difficile infections, which may
serve as a therapeutic for patients with infection of C. difficile (Chen
et al., 2020). In addition to bacteria, probiotics also play a crucial role
in viral infection. For example, a probiotic mixture (Lactobacillus
acidophilus AD031 and Bifidobacterium longum BORI) can
ameliorate the duration of fever and the frequency of diarrhea in
infants with rotavirus infection (Park et al., 2017). In addition,
administration with Lactobacillus rhamnosus improves diarrheal
episodes in children with adenovirus infection (Freedman et al.,
2021). Furthermore, substantial interest has emerged in novel
strategies against COVID-19, such as probiotics. Although no
published studies have demonstrated the efficacy of probiotics for
COVID-19 treatment, some clinical trials using probiotics to
improve the COVID-19 treatment efficacy are in progress (Lau
et al., 2021). Collectively, probiotics can improve the dysbiosis of the
gut microbiota and impairment of the gut barrier in
different infections.

Fecal Microbiota Transplantation
FMT is a method in which stool from healthy donors is placed
into another patient’s intestine to normalize the microbiota
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
composition, which brings a therapeutic benefit to recipients
(Gupta and Khanna, 2017). Since 2013, the United States Food
and Drug Administration has approved FMT for treating
Clostridium difficile infections (Gupta and Khanna, 2017).
Substantial interest has emerged in developing FMT as a
therapeutic approach for metabolic syndrome, neurological
diseases, and malignancies (Hanssen et al., 2021). For instance,
Tanya et al. suggested that FMT ameliorates recurrent
Clostridioides difficile infection by upregulating the expression
of microRNAs in IECs (Monaghan et al., 2021). Cheng et al.
demonstrated that FMT regulates the autophagy of IECs,
modulates the composition of the gut microbiota and alleviates
intestinal barrier injury in a piglet model with Escherichia coli
K88 infection (Cheng et al., 2018). In addition, FMT also
contributes to the treatment of virus infection. For example,
alterations in the gut microbiota are linked to persistent
inflammation during HIV infection, and FMT can increase the
alpha diversity of the gut microbiota and attenuate HIV-
associated dysbiosis in patients with HIV (Serrano-Villar et al.,
2021). In addition, a recent study indicated the safety of FMT for
recurrent C. difficile infection in patients with COVID-19 and
speculated that intervention of gut microbiota via FMT may
provide a novel strategy for COVID-19 (Biliński et al., 2021).
However, further investigations are required to demonstrate the
safety and efficacy of FMT, and more efforts should be
undertaken to further standardize the FMT procedure.

Dietary Fiber
Dietary fiber is present in unrefined whole foods, such as
vegetables, legumes, and fruits, and is not able to be digested
by human alimentary enzymes (Holscher, 2017). Instead, dietary
fiber can be metabolized by gut microbiota and generate SCFAs,
such as propionate, acetate, and butyrate (Holscher, 2017). In
addition, international guidelines suggest that dietary fiber may
play an important role in the treatment of irritable bowel
syndrome (IBS), diverticular disease, and IBD (Gill et al.,
2021). On the other hand, emerging evidence indicates that
dietary fiber can protect the GIT from pathogen infection. For
instance, dietary fiber may directly inhibit enteric pathogens or
indirectly influence infections by modulating the gut microbiota
and immune function (Cao et al., 2021). Andrew et al. indicated
that microbiota-accessible carbohydrates (MACs) decrease the
expression of C. difficile toxin and suppress the infection of C.
difficile in mice (Hryckowian et al., 2018). Furthermore, a recent
study suggested that higher intakes of dietary fiber were
associated with a lower susceptibility to SARS-CoV-2 infection,
which indicated the prevention effect of dietary fiber in some
infectious diseases, such as COVID-19 (Deschasaux-Tanguy
et al., 2021). However, deprivation of dietary fiber induces
dysbiosis of the gut microbiota, degrades the intestinal mucus
barrier and enhances pathogen susceptibility (Desai et al., 2016).
Deprivation of dietary fiber in specific pathogen-free mice
promotes susceptibility to C. rodentium by altering the gut
microbiota and disrupting mucosal barrier integrity (Neumann
et al., 2021). Collectively, elucidating the unique repercussions of
different interventions on enteric infections may help provide
guidelines to prevent or alleviate enteric infection (Figure 3).
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CONCLUSIONS

In summary, the crosstalk between the gut microbiota plays an
essential role in the maintenance of gut barrier function and
homeostasis of the GIT under physiological conditions. Gut
microbiota and derived metabolites compromise intestinal
epithelium integrity through some signaling pathways, such as
AhR, STAT3, and mTOR. In contrast, IECs form a physical and
biochemical barrier to separate the gut microbiota from the host
and regulate the gut microbiota by releasing mucins, AMPs, and
hormones. However, different infections can induce dysbiosis
of the gut microbiota and destroy the intestinal barrier. In that
case, the interaction between gut microbiota and IECs
contributes to the defense against pathogens. Some novel
strategies, including probiotics, FMT, and dietary fiber, may
provide underlying preventative or therapeutic effects for
infectious diseases. Further studies should be conducted to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
discover the underlying mechanisms in the crosstalk between
the gut microbiota and IECs during infection and to provide
more therapeutic targets for infectious diseases.
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Biliński, J., Winter, K., Jasiński, M., Szczęś, A., Bilinska, N., Mullish, B. H., et al.
(2021). Rapid Resolution of COVID-19 After Faecal Microbiota
Transplantation. Gut 71 (1), 230–232. doi: 10.1136/gutjnl-2021-325010

Bilotta, A. J., Ma, C., Yang, W., Yu, Y., Yu, Y., Zhao, X., et al. (2021). Propionate
Enhances Cell Speed and Persistence to Promote Intestinal Epithelial Turnover
and Repair. Cell Mol. Gastroenterol. Hepatol. 11, 1023–1044. doi: 10.1016/
j.jcmgh.2020.11.011
FIGURE 3 | Underlying prevention and therapeutic strategies for infection. Some underlying prevention or therapeutic strategies, such as probiotics, FMT, and
dietary fiber, can directly suppress pathogens, modulate the diversity of the gut microbiota, and maintain the integrity of the intestinal barrier during infection.
January 2022 | Volume 12 | Article 832672

https://doi.org/10.1053/j.gastro.2012.09.055
https://doi.org/10.1159/000235684
https://doi.org/10.3390/ijms21176402
https://doi.org/10.1053/j.gastro.2019.07.013
https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1038/77783
https://doi.org/10.1586/17474124.2015.1013031
https://doi.org/10.1136/gutjnl-2021-325010
https://doi.org/10.1016/j.jcmgh.2020.11.011
https://doi.org/10.1016/j.jcmgh.2020.11.011
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhou et al. Crosstalk Between Microbiota and Epithelium
Blaak, E. E., Canfora, E. E., Theis, S., Frost, G., Groen, A. K., Mithieux, G., et al.
(2020). Short Chain Fatty Acids in Human Gut and Metabolic Health. Benef.
Microbes 11, 411–455. doi: 10.3920/BM2020.0057
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