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Abstract

The mammalian gastrointestinal tract (GIT) hosts a diverse and highly active microbiota composed
of bacteria, eukaryotes, archaea, and viruses. Studies of the GIT microbiota date back more

than a century, although modern techniques, including mouse models, sequencing technology,

and novel therapeutics in humans, have been foundational to our understanding of the roles of
commensal microbes in health and disease. Here, we review the impacts of the GIT microbiota

on viral infection, both within the GIT and systemically. GIT-associated microbes and their
metabolites alter the course of viral infection through a variety of mechanisms, including direct
interactions with virions, alteration of the GIT landscape, and extensive regulation of innate and
adaptive immunity. Mechanistic understanding of the full breadth of interactions between the GIT
microbiota and the host is still lacking in many ways but will be vital for the development of novel
therapeutics for viral and nonviral diseases alike.
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INTRODUCTION

All multicellular organisms, from plants to fungi to mammals, host communities of microbes
within and on their bodies, collectively known as the microbiota. While the microbiota has
been increasingly well characterized in humans and manipulated in diverse model organisms
such as Caenorhabditis elegans (roundworm), Drosophila melanogaster (fruit fly), and Mus
musculus (house mouse), more comprehensive survey efforts are ongoing to develop a fuller
understanding of animal-microbiota interactions (1). All mucosal and likely some other
body sites are colonized by microbes that mediate numerous local and systemic effects on
the host as well as on other members of the microbial community. Here, we predominantly
focus upon the microbiota of the mammalian gastrointestinal tract (GIT) as the most rich,
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complex, and well-studied site. Because it is easily sampled by analysis of fecal material,
which can provide an approximation of the GIT microbiota, this site has been thoroughly
profiled longitudinally, across many individuals, and in a variety of disease states, including
in several Human Microbiome Projects (2).

The GIT microbiota is composed of bacteria, archaea, fungi, other microbial eukaryotes,
and viruses (Figure 1). The best-studied component of the GIT microbiota is the bacteria. A
large portion of GIT-associated bacteria are cultivable and have been studied for more than
a century. The advent of next-generation sequencing has allowed for culture-independent
study of the microbiome, the genetic component of the microbiota, primarily through the
study of the 16S ribosomal RNA (rRNA) genes of bacteria and archaea, as well as the
internal transcribed spacer and 18S rRNA genes of eukaryotes (Figure 2). More recently,
metagenomics and viromics, made possible by the decreasing costs of high-throughput
sequencing technologies, have emerged as techniques to describe the enormous genomic
diversity contained in the GIT microbiome, both within and between individuals (3).

The GIT microbiota is a vital component of human biology and development, and it is
increasingly recognized as a functional organ. The microbiota shapes the gut environment
through its diverse metabolic activities, which are often beneficial to human hosts, such as
the breakdown of digestion-resistant food components such as fiber, synthesis of vitamin
K, exclusion of pathogens, and immune development and modulation. Functional study
of the GIT microbiota has been made possible primarily through the manipulation of
mouse models (Figure 2). These include methods to reduce or tailor microbial diversity,
such as antibiotic treatments and germ-free (GF) models, as well as methods to humanize
or alter the microbiota through fecal microbiota transplant (FMT), dietary changes, or
addition of microbes or metabolites. Recently, interest has increased in methods to enhance
the microbial diversity of animal models raised in clean facilities, such as rewilding,
cohousing with pet shop animals, and sequential infection, to better mimic the microbial
exposures of humans. With regard to direct microbiota manipulation in humans, FMT and
probiotic administration are used as therapeutic avenues for intestinal diseases including
Clostridioides difficile infection and inflammatory bowel diseases (IBDs) (4, 5). Prebiotic
approaches leveraging dietary manipulations (6) and phage therapies (7) are emerging
treatments for numerous human diseases (Figure 2).

Here, we describe what is currently known about the impact of the GIT microbiota on

both enteric viruses that infect the intestine directly, such as norovirus and rotavirus (RV),
and viruses that infect at distal body sites or systemically, such as influenza virus and
flaviviruses. First, we summarize what is known about the effects of the GIT microbiota

on initial viral infection and replication, including direct interactions between commensal
microbes and viruses, effects of microbial metabolites, and interactions between viral

and bacterial pathogens. Then, we describe how the GIT microbiota modulates local and
systemic effects of the initial intrinsic host response to viral infection. Finally, we review
the roles of the microbiota in the maintenance and regulation of immune cell populations to
contribute to adaptive responses to viruses.
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EFFECTS OF THE MICROBIOTA ON INITIAL VIRAL INFECTION AND
REPLICATION

All enteric viruses, which predominantly infect via the fecal-oral route, have naturally
evolved with the microbiota as part of the environment present in the host’s gut lumen

at the time of infection. Interactions with the GIT microbiota can be either detrimental or
beneficial for a virus. Moreover, these outcomes can occur via direct physical interactions
between the microbiota and virus particles or via indirect interactions mediated by microbial
metabolites.

Associations Between the Microbiota and Viral Disease

Enteric viral infection causing diarrhea, known as acute viral gastroenteritis (AVG), often
leads to bacterial dysbiosis, or an imbalance of bacterial types, of the GIT microbiota. The
mechanisms causing dysbiosis, as well as its consequences, following viral infection are
poorly understood. While chronic dysbiosis of the GIT microbiota is implicated in several
human disease states, including IBD and cardiovascular disease, the microbiota of otherwise
healthy individuals generally recovers to a healthy state after alleviation of AVG symptoms
(8,9).

AVG is broadly associated with overall decreased microbial diversity, decreased abundances
of Bacteroidetes, and increased abundances of Firmicutes (9—11). Some alterations to the
microbiota are specific to the viral pathogen. Human norovirus (HNoV) is a single-stranded
RNA virus belonging to the Caliciviridae family, RV is a double-stranded RNA virus in

the Reoviridae family, and human astrovirus (HAstV) is a positive-sense RNA virus in the
Astroviridae family. These pathogens are transmitted predominantly via the fecal-oral route
and are common causes of AVG, with RV causing severe diarrheal disease in children, while
HNoV causes epidemic outbreaks across broader age ranges and HAstV is more variably
associated with diarrheal illness. Reductions in the abundance of Bifidobacterium are most
associated with RV and HNoV, and less pronounced during infection with HAstV (10). RV
infection causes especially severe loss of bacterial diversity, at least partly attributable to
increased abundances of Gammaproteobacteria (8).

Dysbiosis of the GIT microbiota during AVG can allow for the proliferation of opportunistic
pathogens, including Campylobacter, Neisseria, and Enterobacteriaceae, which are linked to
disease complications (12). In children with hand, foot, and mouth disease (HFMD), caused
by several types of enteroviruses (EVSs), increased abundances of Clostridium sp. L2-50
and Bacteroides stercoris are linked to more severe disease symptoms (13). Metagenomic
analysis of the same cohort revealed enrichment of genes related to bacterial secretion
systems, pathogenicity, and drug resistance in severe HFMD compared to mild cases,
suggesting that specific bacterial metabolic activities are linked to disease severity (13).
Thus, prevention or minimization of bacterial dysbiosis during AVG through the use of
probiotics, prebiotics, or phage therapy may be an important therapeutic avenue in the
future.
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A major limitation of observational studies examining the GIT microbiota during viral
infection is that they are generally unable to establish the preinfection state of an
individual’s microbiota. Although broad patterns of dysbiosis subsequent to viral infection
have been established, specific taxa and genetic factors of the human GIT microbiota that
exacerbate AVG have been difficult to determine. One HNoV human challenge study found
that a preinfection GIT microbiota enriched in Bacteroidetes and depleted in Clostridia was
associated with asymptomatic HNoV infection (11). Metagenomic analysis of the same
cohort identified specific glycan metabolism and cell-cell signaling pathways enriched in the
microbiomes of symptomatic individuals prior to infection, implicating both the composition
and activities of the GIT microbiota in AVG severity and onset.

Enteric viral infection can further alter the microbiota at distal body sites. During
symptomatic HFMD, increased abundances of Strepfococcus spp. were found in the oral
microbiome and were positively correlated with viral RNA levels in saliva (14). The same
study observed an altered salivary virome, including both human viruses and phages, during
HFMD compared to healthy controls (14). Further, viral infection outside the GIT has been
linked to an altered GIT microbiota, such as in the case of respiratory syncytial virus (RSV)
infection (15). This link between respiratory viral infection and GIT microbiota dysbiosis
has been investigated in a mouse model of influenza and is mediated by adaptive immune
cells (16). Moreover, members of the respiratory tract microbiota can be associated with

the onset of viral respiratory diseases (17, 18). Thus, the entirety of the human microbiota,
spanning microbial types and body sites local and distal to the site of infection, may affect or
be affected by viral infection.

Direct Interactions Between Viruses and the Bacterial Microbiota

Direct interactions between viruses and bacteria are inherently complex and depend on the
bacterial surface structures, such as lipopolysaccharide (LPS) and peptidoglycan (PGN), and
viral capsid moieties involved in these interactions. In many cases, the direct binding of viral
particles to bacterial cells and the effects of virus-bacteria interaction depend on the viral
and bacterial strains involved in the interaction (19), although investigation with a broader
diversity of bacterial strains is needed to better understand the selectivity of viral capsids for
bacterial binding partners and to reflect the immensely diverse human GIT microbiota. The
outcomes of bacterial binding likely depend on a given virus-bound bacterium’s affinity to
mammalian cells, ability to persist in the gut lumen, and effects on the mammalian host.

A diverse array of enteric viruses, including poliovirus (PV), murine norovirus (MNoV),
and coxsackievirus B3 (CVB3), are less infectious and/or pathogenic in GF or bacteria-
depleted animal models (20-23), supporting the idea that interactions between the GIT
microbiota and invading viruses are broadly important for infection outcomes (Figure

3a). PV, a nonenveloped, single-stranded RNA virus from the Picornaviridae family that
can cause central nervous system infections and paralysis in humans, is currently the best-
characterized system for studying direct bacteria-virus interactions in the GIT, although
mechanistic understanding of most bacteria-virus interactions is still lacking.

Some of the increased infectivity of viruses bound to bacteria or bacterial cell wall
components is directly caused by increased viral stability (Figure 3b). PV binds to bacterial
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LPS and PGN via the viral protein 1 capsid protein, leading to increased stability in the
mouse gut and transmissibility between hosts (24). Similarly, other picornaviruses bind to
bacterial cells and LPS, stabilizing them to heat treatment and bleach exposure in vitro
(19). Binding of specific species of bacteria by CVB3, a cardiopathogenic virus also in

the Picornaviridae family, increases viral infectivity and stability in a mouse model and

is mediated by O-antigen, a highly polymorphic component of LPS (19, 25). Reovirus, a
nonenveloped, double-stranded RNA virus from the Reoviridae family that causes intestinal
inflammation and tissue damage in immunocompromised mice, directly interacts with LPS
and PGN on diverse bacteria, increasing its thermostability in cell culture (26).

Multiple PV virions can bind to single bacterial cells, creating locally high multiplicities

of infection that allow for coinfection of individual host cells and for subsequent genomic
recombination to occur (27) (Figure 3c). Although PV binds to a broad diversity of bacteria,
only specific strains promote viral coinfection, which is likely due to differential affinities
of bacterial strains to mammalian cells (28). This coinfection of the same host cell by
multiple PV particles allows for genomic recombination, and bacterial binding increases
PV recombination rates nearly fivefold (28). In humans, recombination has been observed
between PV strains, including vaccine strains (29, 30), as well as recombination of PV

with other EVs (31), together suggesting that bacterial binding plays an important role in
picornavirus evolution.

Viruses may also interact with bacterial products that resemble mammalian host attachment
factors. HNoV and RV bind to histo-blood group antigen-like (HBGA-like) glycoproteins
expressed on bacterial cells, which resemble HBGASs, an important attachment factor

for these viruses on human intestinal cells (23, 32, 33). HNoV binds to HBGA-like
glycoproteins on the surface of diverse GIT-associated bacteria, including Escherichia coll,
Enterobacter, and C. difficile, which protect viral particles from heat stress and lead to
enhanced attachment to and infection of cultured cells (23, 32, 34). MNoV, a small-animal
model virus that shares many characteristics with HNoV, binds to both Gram-negative and
Gram-positive bacterial cells, but only binding to Gram-positive bacteria leads to increased
thermostability of viral particles and does not lead to increases in infectivity in cell culture
(35).

Converse to these proviral effects of enteric bacteria, infection by some enteric viruses is
inhibited by specific microbes (Figure 3d). A probiotic strain of Lactobacillus reuteri binds
to enterovirus 71 (EV71) and coxsackieviruses (CVs) A6 and Al6, causative agents of
HFMD, thereby inhibiting viral entry into host cells (36). Segmented filamentous bacteria
(SFB), common GIT commensals in mice, provide protection against infection by murine
RV (mRV) via multiple effects on the host GIT environment, including altered host gene
expression and accelerated epithelial cell turnover, as well as by neutralizing viral particles
via direct interactions (37). HAstV presents a peculiar case, wherein LPS, PGN, and
individual gut-associated bacteria enhance HAstV thermostability and infectivity in Caco?2
cells through direct interactions (38). However, examination of the effects of complex
human fecal material on HAstV infection revealed a large degree of variation across
individual donors, ranging from increased HAstV infectivity to protection from HAstV
infection, suggesting that unknown, variable components of the GIT microbiota can have
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protective effects against HAstV infection (38). Infection by murine astrovirus (muAstV),
a small-animal model for HAstV, however, proceeds uninhibited in GF mice, suggesting a
potentially minimal role for the bacterial microbiota in regulating some astrovirus strains
(39).

Indirect Interactions Between Enteric Viruses and Bacterial Microbiota

Enteric microbes drastically alter the gut landscape via their diverse metabolic activities,
which produce a variety of bioactive compounds that modulate the chemical composition of
the lumen, host cellular populations, and immune activities. Further, because many of the
small metabolites produced by the GIT microbiota can circulate to trigger systemic signals,
the microbiota also affects viral infection even at distal body sites.

Bacterial metabolism in the intestine is dominated by the fermentation of undigested
complex carbohydrates from the diet as well as host-derived mucins. Mucin degradation

is an important avenue by which the microbiota alters the GIT environment and the

course of viral infection. Increases in mucin-digesting Bacteroides and Akkermansia and
degradation of mucin during mRV infection reduce the binding capacity of mRV virions

for host cells in vitro and in vivo (40). Carbohydrate fermentation by the GIT microbiota
produces short-chain fatty acids (SCFAS), primarily acetate, butyrate, and propionate (Figure
4a). SCFAs are readily circulated to other tissues via the bloodstream and alter both local
and systemic immune responses to infection. Many SCFAs function as histone deacetylase
(HDAC) inhibitors and have broad effects on epigenetic regulation in host cells, such as
altering immune responses (41) and activating the latent herpesvirus Epstein-Barr virus (42).
Butyrate is an especially potent HDAC inhibitor (43) and causes increased expression of

the coxsackie and adenovirus receptor (CAR) in a colon cancer cell line (44). In this way,
microbial-derived butyrate may play an indirect role in susceptibility to HFMD caused by
CVs and EVs that use CAR for cell entry (45).

Another abundant microbial by-product is succinate, which is produced by fermentation
of both carbohydrates and proteins (Figure 4b). Succinate is an important cross-feeding
metabolite in the intestine, being produced and consumed by different microbes, and its
levels normally remain low. However, microbial dysbiosis after antibiotic treatment or
during IBD (46) can lead to increased succinate levels. Succinate is sensed by the receptor
succinate receptor 1 primarily expressed on tuft cells, a rare epithelial cell type in the gut
(47), leading to modulation of mucosal immune responses and tuft cell proliferation (48).
As tuft cells are target cells for both MNoV (49) and RV (50), succinate production by the
microbiota may facilitate viral infection of these cells in the gut epithelium.

Protein metabolism by the GIT-associated microbiota produces a wide variety of bioactive
compounds, including peptides and small metabolites produced from the diversity of
amino acid side chains (Figure 4c). In humans, most dietary protein is absorbed as

di- and tripeptides in the duodenum and proximal jejunum, although excess unabsorbed
peptides and undigestible proteins reach the colon. Many strains of Bifidobacterium, a
common probiotic, are protective against RV infection in cell culture, in animal models of
disease, and in pediatric patients (51-53), an interaction likely mediated by a small peptide
produced from Bifidobacterium metabolism of milk casein (54). Although full mechanistic
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understanding of this interaction remains elusive, it may be related to proliferation of

and increased mucin production by goblet cells (55, 56). Bacterial fermentation of valing,
leucine, and isoleucine produces branched SCFAs, which, like butyrate, are potent HDAC
inhibitors (57). Products of amino acid metabolism by the microbiota also mediate effects
on both innate and adaptive immunity (58). Although relatively little is currently known
about the roles of microbially derived amino acid metabolites during viral infection, at least
one study linked valine metabolism by GIT-resident Bifidobacterium to decreased disease
severity during influenza infection in mice (59). Protein and amino acid metabolites likely
constitute a major route of chemical communication between the GIT microbiota and the
host immune system that could modulate viral infections.

Bile acids (BAs) are unique molecules synthesized from cholesterol in the liver and secreted
into the lumen of the intestine after the ingestion of food to solubilize lipids. BAs are
secreted in their primary form, mainly chenodeoxycholic acid (CDCA) in humans, or as
amino acid conjugates linked to glycine or taurine: glycochenodeoxycholic acid (GCDCA)
and taurochenodeoxycholic acid. A diversity of gut-resident microbes express bile salt
hydrolases, enzymes that deconjugate taurine- or glycine-conjugated BAS to their primary
forms. Bacterial BA deconjugation has three important effects: (&) enhanced BA tolerance
for the microbiota, (6) increased reabsorption and recycling of BAs by the human host,

and (¢) availability of primary BAs for further modification by the microbiota, producing
secondary BAs, such as lithocholic acid (LCA) and deoxycholic acid (DCA) (Figure 4d).
Taken together, the microbiota plays a central role in regulating the composition of the
luminal BA pool, which can influence virus-human interactions. For example, MNoV uses
GCDCA and LCA, a secondary BA produced only through bacterial biotransformation,

as cofactors during binding to the viral receptor CD300LF (60). Similarly, porcine enteric
calicivirus requires BAs for host cell entry (61), for endosomal escape (62), and to alter
antiviral interferon (IFN) responses (discussed in greater detail below) (63). Conversely, RV
replication in the intestine is reduced by CDCA and DCA via activation of the farnesoid X
receptor (FXR), the primary BA sensor involved in regulation of cholesterol, BA, and lipid
homeostasis, potentially via down-regulation of lipid synthesis (64). The intestinal BA pool
and its effects via FXR may also mediate a variety of systemic effects on viral infection, as
in the case of hepatitis C virus infection (65, 66).

Taken together, the diverse metabolic capabilities of the GIT microbiota clearly have the
capacity to drastically alter the gut lumen and participate in viral infection directly as
cofactors for cell entry, as well as indirectly by modulating host activities. However, only
a small fraction of these interactions have been explored, warranting further research to
discover how diverse microbial metabolisms contribute to health and disease.

Synergism Between Bacterial and Viral Pathogens

Bacterial and viral coinfection rates can be high (67, 68), especially in low- and middle-
income countries and areas with poor sanitation. The order of infection is often important,
as immune effects, gut barrier damage, and altered host gene expression resulting from the
primary infecting microbe can lead to increased or decreased susceptibility to subsequent
viral and bacterial pathogens alike. For example, preinfection with Sa/monella protects
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macrophages from MNoV infection in cell culture (69), although preinfection of mice with
MNoV does not impact Sa/monella infection (70).

There exists a long history of studying bacterial-viral synergism in the human lung, where
influenza infection leads to increased susceptibility to bacterial pneumonia (71). Similar
patterns of bacterial-viral cooperation have been characterized for other respiratory viruses,
such as RSV and severe acute respiratory syndrome coronavirus 2 (72, 73). Bacterial-viral
interactions during mixed infection of the GIT are likely complicated significantly by

the increased bacterial burden, diversity, and effects of the microbiota (68). Synergistic
bacterial-viral interactions can be specific to the pathogens at play, although investigation
with a broader diversity of bacterial and viral strains is warranted. For example, entry

and replication of the bacterial pathogen Listeria monocytogenes in human Caco?2 cells

is reduced by preinfection with PV but increased by RV (74). RV-infected cells exhibit
increased susceptibility to diverse bacterial pathogens, including Yersinia (75), Salmonella,
Shigella, and E. coli (76).

Increased susceptibility to bacterial infection following viral infection has long been thought
to be mediated by opportunistic bacteria taking advantage of viral-induced damage to the gut
barrier. This view, however, is oversimplistic, as recent work has shown the complex nature
of some interacting bacterial-viral pairs. For example, transmissible gastroenteritis virus
induces an epithelial-mesenchymal transition in intestinal epithelial cells (IECs) that results
in increased expression of integrin and fibronectin, which subsequently infecting bacterial
pathogens, such as £. coli, can utilize for adhesion and invasion (77). More study is needed
to clarify interactions between viral and bacterial pathogens, as the mechanisms underlying
most of these clinically relevant interactions remain poorly understood.

Viral Interactions with Nonbacterial Components of the Microbiota

In addition to bacteria, the GIT microbiota hosts a diversity of other microbes: archaea,
fungi, parasites, bacteriophages, and other viruses. These components of the microbiome are
not as well studied as their bacterial counterparts, and their interactions with enteric viruses
largely remain speculative or poorly understood.

Although parasites are a common component of the GIT microbiota, especially in low-

and middle-income countries, their roles in viral infection are not well studied because

they are excluded from specific pathogen-free animal models of disease. Enteric parasites
include helminth worms, flagellates, alveolates, and amoebae, and they can cause a diversity
of altered immune states with potential effects on viral infection (78, 79). For example,
helminths infecting the GIT produce the metabolic by-product succinate (Figure 4b), which
is sensed by tuft cells and alters immune signaling on a systemic level via interleukin (I1L-)4/
IL-25 signaling, leading to worsened outcomes in a mouse model of West Nile virus (WNV)
infection (80). Succinate production by helminths further induces the proliferation of tuft
and goblet cells (81), target host cells of MNoV and muAstV, respectively (49, 82). Viral
replication of both viruses is thus exacerbated during helminth coinfection (82, 83). Physical
damage to host tissues by parasites may also play a role in viral susceptibility, as is the case
during helminth-lymphocytic choriomeningitis virus (LCMV) coinfection in the liver (84).
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Bacteriophages (phages), viruses that infect bacteria, play a vital role in controlling
bacterial cell populations in vivo through lytic infection (85) and potentially modulate
bacterial interactions with eukaryotic viruses in this way. Further, temperate phages can
integrate as latent prophages, which can modulate bacterial phenotypes in GIT commensals
and symbionts. Phage BV01, a prophage in the ubiquitous GIT-associated commensal
Phocaeicola vulgatus, abrogates host BA metabolism and alters the expression of amino
acid decarboxylases producing bioactive compounds (86), which may in turn affect viral
infection. Finally, phages can directly interact with epithelial, endothelial, and immune cells
(87). Although the effects of direct phage-mammal interactions on viral infection have yet to
be fully characterized, one study found that a phage alters the innate immune response and
is antiviral against MNoV in cell culture (88). Thus, diverse elements of the microbiota can
contribute to modulation of eukaryotic virus infection.

MICROBIOTA EFFECTS ON INTRINSIC IMMUNE RESPONSES TO VIRAL
INFECTIONS

The intestinal epithelium serves as the primary barrier separating underlying lamina propria
(LP) and deeper tissues from the commensal microorganisms in the intestinal lumen. IECs
and mononuclear phagocytes (MNPs), as well as the gut-associated lymphoid tissues,
together maintain this spatial segregation, sense microbes, and regulate immune responses
to prevent inflammation (89). Pattern recognition receptors (PRRs), including membrane-
bound Toll-like receptors (TLRs) and a variety of other host factors, serve as frontline
sensors for microbial signals in the GIT and initiate innate immune defenses as well as

the development of antigenspecific adaptive immune responses. PRRs recognize highly
conserved microbial-, pathogen-, and damage-associated molecular patterns, triggering

an array of canonical antimicrobial immune responses through the induction of various
inflammatory cytokines, chemokines, and IFNs that further induce the secretion of
antimicrobial peptides and mucus by IECs, as well as recruit and activate intestinal MNPs.
PRR sensing in the intestinal mucosa is strictly regulated to induce effective immune
responses against invasive pathogens while maintaining immune tolerance to harmless
commensals, thus preventing intestinal pathology and maintaining homeostasis.

Among the early immune responses stimulated by PRR-mediated signaling is induction

of IFNs, comprising type I, I, and Il IFN cytokine families, which activate distinct but
overlapping downstream signaling cascades to restrict viral infections. Generally, both local
and systemic control of viruses, as well as consequent immune pathology, is mediated by
type | IFNs, whereas type 11l IFNs predominantly provide frontline protection at mucosal
barriers (90). Here, we focus on what has been described about how the microbiota
influences expression of and signaling by type I and I11 IFNs as well as several other
cytokines critical for viral regulation.

Microbial Modulation of Viral Infection via Type | Interferons

The type | IFN family consists of 13 partially homologous cytokines, of which IFN-a
subtypes and IFN-p are the most well characterized. Nearly all cell types in the body can
produce type I IFNs, usually in response to sensing of microbial products by PRRs. Type
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I IFNs bind to their cognate receptor, the heterodimeric interferon-a/p receptor (IFNAR)1/
IFNAR2 complex, and via a signaling cascade induce the rapid expression of hundreds of
IFN-stimulated genes (ISGs), which can mediate both direct and indirect antiviral effects
on viral entry, replication, and dissemination (91). Growing evidence over the last decade
has indicated that the GIT microbiota controls low-level constitutive expression of type |
IFNs, particularly by dendritic cells (DCs), that is critical for the rapid induction of antiviral
activities upon infection (92-94). MNPs in GF mice, including plasmacytoid DCs (pDCs)
that are a key source of type | IFNs, exhibit a failure to mount a normal type I IFN response
to viral stimuli (92, 94).This defect in type | IFN production is associated with a number

of broad immunological defects including diminished natural killer (NK) cell priming (92).
Further, classical DCs (cDCs) from GF mice exhibit a severe reduction in histone activation
markers on many ISGs (94). Thus, microbiota-mediated tonic type | IFN signaling is key in
keeping the immune system poised against incoming pathogens (Figure 5a).

Diminished type I IFN signaling in the absence of the microbiota has been shown to

have important consequences for numerous viruses. Depletion of the microbiota in mice

is associated with enhanced systemic infection by a variety of viral pathogens, including
LCMV and encephalomyocarditis virus, due to an inadequate type | IFN response (93,

95). Microbial cells and cell components regulate systemic infection via type | IFN by a
variety of mechanisms, including TLR signaling and cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) signaling. Sensing of microbial membrane-derived
glycolipids, such as polysaccharide A (PSA), via TLR4 on the cell surface of DCs has

been shown to enhance the type | IFN response against influenza virus (96). Similarly,
poly-y-glutamic acid, a component of the cell envelope of Bacillus spp. and ligand for
TLR4, induces IFN-B, resulting in reduced MNoV infection of immune tissues (97).
Several strains of lactic acid bacteria have been shown to induce type | IFN responses

in human peripheral blood mononuclear cells and mouse macrophages via STING and
mitochondrial antiviral signaling (MAVS) signaling (98). Intriguingly, a recent study showed
that microbiota-derived DNA-containing membrane vesicles trigger systemic antiviral type
I IFN responses after being sensed by the cGAS-STING pathway to control herpes simplex
virus type 1 (HSV-1) and vesicular stomatitis virus (VSV) infection (99).

A diversity of microbial metabolites, including BAs, SCFAs, and flavonoid derivatives,

also influence type I IFN signaling. In the context of chikungunya virus infection, type

I IFN responses in pDCs are diminished in microbiota-deplete mice, but the secondary

BA DCA, produced by microbial modification of primary BAs, can rescue type | IFN
responses, implicating BA transformation by the microbiota in the maintenance of type |
IFN signaling responses (100). Flavonoids, plantderived polyphenols ubiquitous in fruits and
vegetables, largely pass through the upper GIT and are metabolized and modified by the
microbiota in the colon. One flavonoid-derived metabolite, desaminotyrosine, produced by
Clostridium orbiscindens in the GIT, is protective against influenza infection by amplifying
the type | IFN response (101). The SCFA butyrate suppresses type I IFN induction of

ISGs via HDAC inhibition, resulting in increased human immunodeficiency virus 1, VSV,
and human metapneumovirus infection (102). In contrast, dietary supplementation with

the SCFA acetate enhances type | IFN responses in lung epithelial cells against RSV by
activation of specific G-protein coupled receptors (103), suggesting that SCFAs may mediate
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context-specific regulation of IFN activity. Thus, there may be numerous mechanisms by

which the GIT microbiota promotes and regulates type | IFN induction to limit viral

infection.

Microbial Modulation of Viral Infection via Type Il Interferons

The type 111 IFNs, which include IFN-A1, IFN-A.2, IFN-A3, and IFN-A4, play important
roles in controlling antiviral immune responses at barrier surfaces (90). IFN-A acts through
receptor interferon lambda receptor 1 (IFNLRZ1), which is highly expressed in epithelial cells
in humans and mice, and IFN-A. can potently inhibit viral replication (104). The limited
expression of IFNLR1 underlies the localized function of IFN-A at barrier surfaces, and

type 11 IFNs therefore serve as important cytokines to limit local infection without inducing
excessive systemic inflammation (105). As these mucosal sites are also rich in microbiota,
interactions between microbes and type 111 IFNs have been a growing area of interest.

The microbiota influences type 111 IFN responses via multiple mechanisms (Figure 5b). The
GIT microbiota drives baseline expression of tonic IFN-A signaling in IECs to control early
mRV infection, with TLR4 ligand LPS and potentially other microbial ligands implicated
as key contributors (106). Microbial cues have also been shown to modulate priming of IFN-
A-dependent antiviral responses upon enteric viral infections. For MNoV, the microbiota
promotes viral infection in the distal intestinal tissues of the ileum and colon, but this
enhancement of infection is counteracted by IFN-A signaling (22, 23). In contrast, the
microbiota limits MNoV infection in the proximal small intestine via modification of BAs
that prime IFN-A-dependent antiviral responses (107). Beyond regulation of IFN-A by the
bacterial microbiota, chronic muAstV in the intestine of immunocompromised mice as a
component of the commensal virome was found to induce IFN-A to limit infection by

other enteric viruses, supporting the conclusion that diverse elements of the microbiota can
regulate this signaling pathway (39).

Toll-Like Receptor Ligands from the Microbiota Influence Inflammatory Cytokine

Responses

Beyond IFNs, other microbiota-regulated cytokines have been found to regulate viral
infections (Figure 5b). Pro-inflammatory cytokines IL-1p and IL-18 are regulated by the
microbiota to facilitate development of adaptive immune responses to influenza infection,
with diverse TLR ligands contributing to this effect (108). Bacterial flagellin, acting via
TLRS5, induces IL-22 and IL-18 cytokines to limit RV replication via stimulation of
protective gene expression programs in IECs and elimination of infected cells, respectively
(109), and it has further been shown that the microbiota as a whole is important for 1L-22
induction to limit RV replication (110). Finally, bacterial LPS-bound mouse mammary
tumor virus (MMTYV) particles engage TLR4 to produce the immunosuppressive cytokine
IL-10, which facilitates MMTYV persistence (111), a proviral consequence of the microbiota.
In contrast, IL-10 secretion from T cells, driven by PSA binding to B cells, helps to

protect against virus-mediated pathology by HSV-1 (112). Thus, the complex milieu of
microbial ligands and metabolic products mediates diverse effects on numerous cell types
and contributes to a number of regulatory effects for viral infections via cytokine signaling.
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MICROBIOTA EFFECTS ON CELLULAR AND ADAPTIVE IMMUNE
RESPONSES TO VIRAL INFECTIONS

Interactions between animal hosts and their microbiota are vital to train the host

immune system, which, in turn, affects the composition and function of the microbiome.
Disruption of these mutually beneficial interactions can mediate important effects on

disease susceptibility and the capacity to mount an effective host immune response to
challenges. In the GIT, beyond the first line of defense mediated by surface IECs, a

complex and integrated collection of subepithelial stromal cells, neural structures, enteric
glial cells, and immune cells in both the LP and deeper intestinal layers serve as the

mucosal barrier and play critical roles in spatial segregation, intestinal microbial sensing,
and immunoregulatory responses (89) (Figure 6). A number of cells straddle the boundary
between innate and adaptive immunity, including intraepithelial lymphocytes (IELs), lamina
propria lymphocytes (LPLs), and innate lymphoid cells (ILCs). These immune cells

play essential roles in the maintenance of a delicate balance between intestinal immune
tolerance to the continuous stimulation of commensal microbes and the effective immune
responses against invading pathogens (113). Disruption or dysregulation of such homeostatic
conditions may lead to infection, inflammation, and tissue injury, and conversely, excessive
immune responses to innocuous commensal microbiota can contribute to the pathogenesis of
human IBD (114). Here, we detail what is known about the role of these cells in regulating
viral infections and how the microbiota may modulate the infection response by influencing
the abundance and activation status of various immune cells.

Intraepithelial Lymphocytes

As one of the main branches of the intestinal immune system, IELs provide protective
immunity and support the integrity of the intestinal epithelial barrier (Figure 6a). IELS
protect IECs from microbial invaders by promoting intraepithelial cell scanning and
expression of antimicrobial genes (115). As sentinels for epithelial integrity, IELs can kill
IECs under stress from infection, transformation, or invasion by other cells via granzyme
or by engagement of cell death molecule Fas, and/or produce a broad spectrum of
immunoregulatory cytokines, including IFN-y, tumor necrosis factor-a., I1L-4, IL-10, and
IL-17. In the context of viral infection, activated IELs can rapidly secrete type | and 111
IFNs to upregulate 1SGs in the villus epithelium to limit infection (116). Adoptive transfer of
antigen-specific IELs can reduce enteric viral burden (117), and IELs also contribute to the
recruitment of antiviral immune cells via cytokine and chemokine expression (118).

IEL homeostasis is strongly influenced by the microbiota. GF mice exhibit an overall
reduction in IELs, although IEL subsets are differentially affected (119). IEL numbers

are also significantly reduced in Nod2”~ mice, suggesting that recognition of muramyl
dipeptide, a component of the bacterial cell wall, by the PRR nucleotide-binding
oligomerization domain—containing protein 2 (NOD?2) is essential for the homeostasis of
IELs (120). The mouse microbiota stimulates both the development of IELs (121) and

their capacity for cytolytic activity, particularly during the weaning period (122). IEL
differentiation correlates with the presence of Lactobacillus reuteri, which produces indole
derivatives from tryptophan, activating the aryl hydrocarbon receptor (123). The microbiota
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also regulates the migration of LP regulatory T cells (Tregs) to the intestinal epithelium and
their conversion to IELs (124). Interestingly, commensal viruses and dietary components
also maintain the IEL population (125). Depletion of commensal viruses results in loss of
IELs, in a process reliant on viral recognition via retinoic acid-inducible gene I/MAVS by
intraepithelial antigen-presenting cells (APCs). MNoV infection of GF or antibiotic-treated
mice restores IEL function without inducing overt inflammation and disease via type | IFN
and IL-22 signaling (126), and indeed different enteric viruses can contribute to distinct
immunological programs similar to distinct bacterial taxa of the microbiota (127). Together,
these findings suggest important cross talk between viral and bacterial ligands in IEL
homeostasis and support the importance of the microbiota in maintaining IEL-dependent
protection from infectious challenges.

Lamina Propria Lymphocytes

The LP contains a large and heterogeneous population of immune cells, with an abundance
of antigen-experienced memory T and B cells, IgA-secreting plasma cells, and MNPs
including macrophages and DCs (Figure 6b). DCs, which play central roles in tolerance
and immunity in the LP, uptake and process antigens from the gut lumen and migrate to
the T cell areas of intestinal lymphoid tissues where they prime naive T and B cells. Thus,
differentiation and maturation of lymphocytes from naive T and B cells to distinct helper T
cell (Th) subpopulations and Tregs as well as IgA* plasma cells are strongly influenced by
the gut microbiota (113).

Among Th cell subsets, Thl, Th2, and Th17 CD4"* cells are associated with responses

to viral infections, parasitic colonization, and extracellular bacterial and fungal infections,
respectively. Colonization with PSA-producing Bacteroides fragilis corrects imbalances
between Thl and Th2 cells in GF mice, a process mediated by PSA binding to APCs that
then secrete 1L-12 to promote Th1l levels (128). Addition of Lactobacillusto the maternal
gut microbiota reduces Th2 cell-mediated immune responses and lung inflammation after
RSV infection in offspring, suggesting multiple bacterial taxa can regulate Th1/Th2
skewing (129). Moreover, gut microbiota-derived SCFAs promote antigen-specific Thl
IL-10 production to maintain intestinal homeostasis (130) (Figure 4a). Under the influence
of microbiota-induced cytokines and chemokines from DCs and macrophages, Th17 cells
differentiate and secrete cytokines that stimulate IEC proliferation and production of
antimicrobial proteins, mediate 1gA transport, and recruit granulocytes (131). Th17 cells
are scarce in the intestinal LP in GF mice, while colonization with microbes that adhere to
IECs, including SFB, induces Th17 cells (132).

Tregs maintain immunological tolerance to self-antigens and prevent excessive immune
responses, secreting anti-inflammatory cytokines such as IL-10 and inducing IgA production
(133). The GIT microbiota promotes Treg levels, inducing the expression of IL-1p from

LP macrophages to activate a cytokine signaling cascade through neighboring ILCs and
DCs that ultimately induces Tregs (134). A mixture of Clostridia strains was shown to

be sufficient to enhance Treg abundance and induce the expression of anti-inflammatory
molecules in mice (135), and PSA from B. fragilis can also selectively induce Tregs (136).
In addition, the SCFAs acetate, propionate, and butyrate regulate the size and function of
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the colonic Treg populations (137). Beyond T cell subsets, IgA-expressing B cells in the
LP are greatly reduced in GF animals, and the colonization of GF mice with a microbiota
quickly triggers the production of IgA (138). Additionally, variation within the microbiota
has been shown to dramatically affect secretory IgA levels in the intestinal lumen, as
different microbes may variably stimulate or degrade both total and microbe-specific IgA
levels (139).

Regulation of enteric viruses by lymphocytes including LPLs has been well established.
Mice depleted of B and T cells become chronically infected with mRV (140), and antibody
and T cell responses are both critical for MNoV clearance (141). Similarly, muAstV
establishes chronic infection in the absence of B and T cell responses (39). While the
regulation of LPL populations by the microbiota would suggest an important shift in the
capacity to mount an adaptive immune response to enteric viruses, a limited number of
studies have directly explored this connection. Antibiotic treatment has been reported to
suppress mRV infection via enhancement of mRV-specific IgA-secreting cells in the small
intestine (142), suggesting there could be proviral effects of a diverse microbial population
for adaptive targeting.

In the regulation of extraintestinal viruses by the GIT microbiota, systemic lymphocyte
responses are also critical. Antibiotic treatment leads to increased viral levels and
immunopathology after infection by multiple flaviviruses including Zika virus, WNV, and
dengue virus, mainly due to impaired development of systemic T cell responses (143).
Similarly, impaired T cell responses contribute to enhanced severity of influenza infection
after antibiotics treatment (108), and the microbiota has been implicated in regulating
LCMV-specific memory CD8" T cells (144). Further studies are sorely needed to better
understand the mechanisms of microbiota-associated T cell-mediated control of both enteric
and systemic viruses.

Innate Lymphoid Cells

ILCs, including ILC1-3 and NK cells, are a relatively rare and mucosal tissue—resident
family of cells that are thought of as the innate counterparts of adaptive T cells (145) (Figure
6¢). They mirror the functions of CD8" and CD4" T cells but undergo rapid activation
during the early immune responses to infection via cytokine secretion. The cytokines ILCs
produce induce innate responses in the LP and IECs against infection by intracellular
pathogens (ILC1), helminths (ILC2), and extracellular pathogens (ILC3). Tissue-resident
ILC1s provide early protection at the initial site of viral infection in response to local
cDC1-derived proinflammatory cytokines (146), and synergism between IFN-A and IL-22
produced by ILC3s plays an important role in the control of RV infection (147). ILC3s as
well as NK cells also serve as important sources of IFN-y during infection by viral and
bacterial pathogens (92).

The microbiota influences the development and function of intestinal ILCs throughout the
host’s lifetime. Exposure to aryl hydrocarbon receptor ligands produced by the maternal
microbiota plays an important role in establishing the intestinal ILC3 pool during early life
(148), while ILCL1 cells are shaped by microbiota colonization and maturation after birth
(149). During adulthood, human ILC1s can differentiate into ILC3 driven by IL-23 and
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accelerated by IL-1p and retinoic acid, which are partially regulated by the commensal
microbiota (149). Microbiome depletion blunts the expansion and migration of intestinal
NK cells (150), and NK cell priming and antiviral responses are also compromised (92). In
sum, the microbiota regulation of ILC populations is also a contributing factor to its overall
effects upon the response to viral infection.

CONCLUSIONS

Mechanistic understanding of the roles of the microbiota in human health and disease is
still lacking in many ways. The complexity of an individual’s microbiome, as well as

the diversity of the microbiome observed across human populations, makes these studies
inherently difficult. Direct interactions between bacterial cells and human viruses are how
being explored with greater depth, which will help to clarify the specificity of these
interactions and their outcomes. Further work is also warranted to explore the effects of
microbial metabolites directly on invading viral particles as well as on the human innate and
adaptive immune responses both locally in the intestine and systemically. While research is
increasingly integrating study of the microbiota into analyses of the host immune response
to viral infection, we are still only beginning to understand the relationship of endogenous
microbial factors with the first-line defense as well as the development of protective memory
responses. Greater understanding of these microbiota-human-virus interactions will be vital
for the development and clinical utility of novel therapeutics, such as prebiotics, probiotics,
and phage therapies, for viral and nonviral diseases alike.
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Other eukaryotes

Primary types in human GIT:
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Roles: Parasites, commensals
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Phages, archaeal viruses,
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Roles: Commensals

Human viruses

Primary types in human GIT:
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Roles: Pathogens, commensals

Figure 1.
Components of the mammalian gastrointestinal tract (GIT) microbiota. The complex

community of the GIT includes bacteria such as major phyla Bacteroidetes, Firmicutes,
Actinobacteria, and Proteobacteria; archaea such as family Methanobacteriaceae, and
fungi such as genera Candida, Saccharomyces, and Malassezia. Other eukaryotes such
as helminths may also variably be present. Additionally, viruses that target these various
microbes as well as viruses that directly target humans are critical components of the
microbiota. Figure adapted from images created with BioRender.com.
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Figure 2.

Methods to study and manipulate the gastrointestinal tract (GIT) microbiota. Surveys of

the gut microbiota can leverage traditional microbial cultivation or sequence-based analysis,
which avoids biases in cultivation. The in situ human GIT microbiota can be manipulated
through fecal microbiota transplant (FMT); alterations to the diet; and the administration

of probiotics, antibiotics, prebiotics, and phage therapy. Experimental methods to study

the human GIT microbiota rely heavily on the use of mouse models, which are readily
manipulated in many ways. Figure adapted from images created with BioRender.com.
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Figure 3.
Potential outcomes of direct interactions between enteric viruses and bacteria. (&) Bacterial

binding of viral particles can enhance viral infectivity and pathogenesis. () Viral particles
bound to bacterial cells or bacterial components may be more stable than free viral particles.
(¢) Binding of multiple viral particles to bacterial cells can lead to viral coinfection of the
same cell and recombination of viral genomes. (&) Binding of viral particles to bacterial
cells can trap them, preventing or limiting infection of mammalian host cells. Figure adapted
from images created with BioRender.com.
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Figure 4.

Interactions between microbial metabolites and viral infection. The by-products of microbial
metabolism—(a) short chain fatty acid (SCFA), () succinate, (¢) peptides and branched
SCFA, and () secondary bile acids—exert strong effects on the gut environment and enteric
viral infection. (&) Bacterial fermentation of carbohydrates produces several SCFA species,
which are important energy sources for colonocytes and upregulate the coxsackievirus (CV)
and adenovirus receptor (CAR) to enhance CV and enterovirus (EV) infection. (4) Succinate
is produced from the fermentation of both amino acids and carbohydrates. Succinate binding
to succinate receptor 1 (SUCNRL1) causes goblet and tuft cell proliferation, which are

host cells for murine astrovirus (muAstV), and murine norovirus (MNoV) and rotavirus
(RV), respectively. (¢) Protein fermentation and decarboxylation produce a variety of by-
products that can influence host immune activities. SCFA, succinate, and branched SCFA
are all potent histone deacetylase (HDAC) inhibitors and affect host gene expression on
broad scales, including in important immune cell populations. (@) Gut-associated bacteria
deconjugate and modify bile acids produced by the mammalian host, which serve as
cofactors for the binding of MNoV and exert immunomodulatory effects through the
farnesoid X receptor (FXR). Figure adapted from images created with BioRender.com.
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Figure5.
Components of the microbiota alter interferon (IFN) and cytokine signaling. (&) Microbial

products such as polysaccharide A (PSA) and poly-y-glutamic acid (PGA) are sensed by
Toll-like receptor (TLR)4 for type I IFN secretion by dendritic cells (DCs), and microbially
regulated products desaminotyrosine (DAT) and bile acids (BAs) also induce type | IFNs
to inhibit viral infection. Outer membrane vesicles (OMVSs) containing bacterial products
and DNA activate the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) pathway to induce type | IFNs, and short chain fatty acids (SCFAS) induce
histone changes to alter type | IFNs to control viral infection. SCFAs can also enhance
type | IFN responses via activation of specific G-protein coupled receptors (GPCR). (6)
Lipopolysaccharide (LPS) can bind to TLR4 to induce IFN-A and/or interleukin (IL-)10,
which mediates antiviral or proviral effects in a virus-dependent context. BAs also regulate
IFN-A, as do virome elements such as astrovirus (AstV) strains to drive viral interference.
Flagellin is sensed by TLRS5 and induces IL-22 and IL-18 to restrict viral infection. Figure
adapted from images created with BioRender.com.
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Figure 6.
Gut microbes and their metabolites regulate cellular and adaptive immunity during viral

infections. (4) The microbiota modulates the activities of intraepithelial lymphocytes

(IELs) by several mechanisms. The intestinal epithelium recognizes viral and bacterial
signals such as muramyldipeptide (MDP) via pattern recognition receptors (PRRs) such as
nucleotide-binding oligomerization domain—containing protein 2 (NOD2). Microbiota and
viral antigens captured by dendritic cells (DCs) and macrophages traffic to the lymphoid
tissues and lead to the activation, migration, and differentiation of intestinal lymphocytes.
Indole derivatives modulated by the microbiota activate the aryl hydrocarbon receptor
(AHR) to facilitate this differentiation. Activated cytotoxic T cells migrate to the intestinal
tissue (IEL) and elicit antiviral immunity by cytokine secretion or cytotoxic activity. ()
Commensal microbes extensively control the composition and activities of lamina propria
(LP) lymphocytes. Presentation of antigens by intestinal DCs leads to the differentiation

of commensal-specific regulatory T cells (Tregs); helper T (Th)1, Th2, and Th17 cells;

and immunoglobulin A (IgA)-producing B cells in the LP. The gastrointestinal tract (GIT)
microbiota and its metabolites can modulate the function of DCs and other innate cells

both locally and systemically in a manner that promotes the induction of effector T and B
cell responses against pathogens and regulate inflammation. For example, polysaccharide A
(PSA)-producing bacteria modulate the balance between Th1 and Th2 cells, and short-chain
fatty acids (SCFAs) promote antigen-specific Thl interleukin (IL)-10 production to maintain
intestinal homeostasis. (¢) Perturbations to the microbiota alter innate lymphoid cell (ILC)
activity during intestinal infections, including priming of the natural killer (NK) cell antiviral
response to viral infection. Figure adapted from images created with BioRender.com.
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