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This review explores the recent advances that have been made
in our understanding of host viral interactions in the intestine.
Technical advances have allowed the initial definition of
intestinal viromes in a number of species including humans.
Important advances in our knowledge of the host response to
viral infection have shown that interferon lambda has a role that
is unique from type | interferons in the intestine. Lastly, our
understanding of virally induced phenotypes has expanded
through new studies that show bacteria can play an important
role in the outcome of viral infection in the intestine.
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Introduction

The gastrointestinal tract is densely colonized by com-
mensal bacteria and represents a primary site of inter-
action between the host and microbes. The host immune
system has evolved mechanisms to tolerate these com-
mensal organisms while at the same time providing
protection for the host from pathogens. Therefore, not
surprisingly, extensive crosstalk exists between the host
and the luminal environment of the intestine. In addition
to the widely recognized role of commensal bacteria,
other types of microbes including viruses participate in
this crosstalk. Recent work has begun to define the
intestinal virome and to determine its functional inter-
actions with other microbes and the host in health and
various disease states.

Intestinal virome

Interest in the intestinal virome has grown out of studies
of the intestinal microbiome. Sequence based methods of
discovery have dominated the recent literature. Viral
discovery has been enabled partly by advances in the
DNA sequencing technology and bioinformatic analysis.

Some technical challenges still exist including methods of
sample preparation, selection of the sequencing method
and informatics analysis. For collections, many investi-
gators attempt to enrich for viral-like particles through
filtration and DNase/RNase treatment. However, this
method clearly only creates partial enrichment as there
are still ample contaminating host and bacterial reads.
Some groups have used nucleic acid extraction Kkits for
RNA/DNA while others have focused on DNA extrac-
tion. Multiple sequencing modalities have been used
including shotgun 454 and Illumina sequencing
[1,2,3°°,4°].

One limitation is that the analysis of sequence reads has
been done using programs that rely on BLAST searches
of existing databases. The challenges include sifting
through the sequences obtained to remove those encod-
ing mammalian, bacterial, protozoal and fungal DNA.
Using this technique, viral sequences can only be ident-
ified if they have some degree of homology to a sequence
in the database that is used for comparison. In addition,
there is no one database that currently is universally
employed, further enhancing the difficulty in comparing
studies. The other major challenge is that platforms with
greater numbers of reads (that typical cost less per read)
create shorter reads that are much more challenging to
analyze.

The initial studies published by several groups investi-
gated the composition of fecal viromes in different hosts.
Analysis of samples from 105 wild rodents in the United
States revealed many previously unreported viral species
[1], highlighting the limited knowledge in this area.
Interestingly, the viruses could be classified in three
major groups including mammalian viruses (Circoviridae,
Picobirnaviridae, Picornaviridae, Astroviridae, Parvoviri-
dae, Papillomaviridae, Adenoviridae, and Coronaviridae),
insect viruses (Densoviridae, Iridoviridae, Polydnaviridae,
Dicistroviriade, Bromoviridae, and Virgaviridae), and
plant viruses (Nanoviridae, Geminiviridae, Phycodnavir-
idae, Secoviridae, Partitiviridae, Tymoviridae, Alphaflex-
iviridae, and Tombusviridae). Similarly, Ge e al.
examined viral like particles present in bat fecal samples
collected in China [2]. Among the eukaryotic viruses, the
most frequent reads were related to vertebrate viruses
(coronaviruses, parvoviruses), insect viruses (denso-
viruses, dicistroviruses), and plant viruses (tobamo-
viruses). One interpretation of these data is that the
substantial contribution of insect and plant viruses in
these fecal viromes reflects the largely insect and plant
diets of these animals. Whether these viruses affect the
physiology of the rodent host has yet to be determined.
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Recent work by Reyes ¢ a/. studied the intestinal virome
in humans and found it is largely composed of bacterio-
phages [3°°]. While intestinal bacterial communities show
significant similarities between genetically related indi-
viduals, human fecal viromes were found to be unique
between individuals regardless of relatedness. In
addition, >95% of virotypes found in an individual were
retained over the 1 year period surveyed, illustrating the
stability of the virome. Interestingly, analysis of the viral
sequences revealed that ~82% of the reads did not match
to any known virus. In addition, bacterial and archaeal
species have a shared protection mechanism against
infections by bacteriophages [5,6].

As the intestinal microbiome can alter its bacterial
composition in response to diet changes [7], there is
similar interest in the effect of diet of the intestinal
virome. Minot ef a/. investigated the changes in human
intestinal viromes in response to a controlled feeding
regimen [4°]. Consistent with the results seen by Reyes
et al., they found robust intrapersonal stability and
interpersonal variation, with a high representation of
bacteriophages. Furthermore, this interpersonal vari-
ation was present even among individuals on the same
diet, suggesting that the vast majority of phage popu-
lations are not acquired via a daily transient means such
as food intake. Interestingly, the proportions of pre-
existing viral populations were found to be significantly
changed after alteration of diet. Thus, the virome com-
position does respond to diet through as yet unclear
mechanisms.

For humans, it is estimated that healthy individuals are
chronically infected with 8-12 different known viruses
[8]. Recently, Li er a/. investigated the presence of
bacterial and viral elements in the plasma of HIV/AIDS
patients compared to healthy controls [9]. It is thought
that in HIV infection, impaired integrity of the intestinal
epithelial barrier allows for increased bacterial transloca-
tion resulting in chronic immune activation [10].
Recently, Nazli ez a/. showed that interaction of HIV
envelope protein (gp120) with intestinal epithelial cells
in vitro can lead to upregulation of inflammatory cyto-
kines, increased barrier permeability, and increased bac-
terial translocation [11]. Furthermore, there may be a
defect in the clearance of bacteria in infected patients,
which may further contribute to the immune activation
seen in these patients [12].

The HIV-associated plasma microbiome was mainly com-
posed of bacteria from the orders Pseudomonadales,
Lactobacillus, Burkholderiales, Bacillales, and Entero-
bacteriales. Supporting the idea of bacterial translocation
across the intestinal epithelial barrier, many of these
microbes could be found in the normal human gut.
Analysis of the microbiome of healthy individuals showed
fewer bacterial DNA sequences in the plasma, with the

most common orders being Clostridiales, Verrucomicro-
biales, and Burkholderiales.

The plasma virome of HIV/AIDS patients and normal
individuals showed many similarities. However, the strik-
ing difference was the large proportion of bacteriophages
(84.51% of total plasma viral groups) found in HIV/AIDS
plasma, which was completely lacking in normal human
plasma. In addition to phages, HIV/AIDS plasma also
contained endogenous retroviruses, non-human viruses,
as well as novel viruses. The most abundant viruses
detected in normal human plasma consisted of Anello-
viruses.

Detection of viruses

Host cells express a variety of pattern recognition recep-
tors (PRRs) that aid in the detection of viruses, including
Toll-like receptors (TLLRs), retinoic acid inducible gene 1
(RIG-I)-like receptors (RLLRs), and nucleotide binding
domain and leucine-rich repeat containing receptors
(NLRs). Signaling through these different PRRs ulti-
mately results in the production of antiviral proteins,
most notably type I interferons, which are important
for the control of virally infected cells.

TLRs

Many TLRs have been shown to play a role in viral
detection. TLR2 and TLR4 can detect viral proteins,
whereas TLR3, TLR7, TLRS8, and TLR9 have been
shown to detect viral nucleic acids [13-15]. Importantly
for antiviral functions, some of these TLRs are able to
induce the expression of type I IFNs via the activation of
interferon regulatory factors 3/7 (IRF3/7) [16].

'TLLR3 has been shown to play an important role in viral
detection in the intestine. TLR3 is localized to endo-
somes and recognizes double-stranded RNA (dsRNA). It
signals via the adaptor protein TRIF, leading to the
activation of IRF3 and NFkB, and ultimately the pro-
duction of type I interferons and pro-inflammatory cyto-
kines. Recently, Omagari ¢ @/. have shown that TLR3
stimulation of intestinal epithelial HT-29 cells led to the
expression of human beta defensin 2 (hBD-2) in an
NFkB-dependent manner [17].

RLRs

The major members of the RIG-I-like receptor family
include RIG-I and MDAS5 (melanoma differentiation
factor-5) [18,19]. These RLRs contain RNA helicase
domains as well as caspase activation and recruitment
domains (CARDs). RIG-I recognizes RNA 5'-tripho-
sphate residues, whereas MDAS binds to long dsRNA
structures. Recognition of viral RNA by these RLRs
leads to CARD-mediated signaling via MAVS (mito-
chondrial antiviral signaling protein) leading to the acti-
vation of IRF3, and resulting in the production of type I
IFNs.
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In the context of viral infections in the intestine, RIG-I
and MDAS have been shown to play an important role in
the innate immune response against rotavirus, a dsRNA
virus that can directly infect intestinal epithelial cells and
lead to severe diarrhea. Work performed by Broquet ez a/.
showed that infection intestinal epithelial cells with
rotavirus led to the upregulation of RIG-I/MDAS expres-
sion, but not TLR3 or PKR [20°]. In addition, rotavirus
infection led to the expression and secretion of IFNB in a
RIG-I/MDA5/MAVS-dependent manner, both iz vitro
and 7 vive. Furthermore, MAVS™™ mice (but not
TRIF /= mice) also showed increased rotavirus titers
in IECs 4 days post infection along with increased viral
shedding in feces. Together these data show the import-
ant role of the RIG-I/MDA-5/MAVS signaling pathway in
the detection and control of rotavirus in the intestinal
epithelium.

NLRs

Of the NLR family, cytosolic NOD1 and NOD2 have
been the best characterized in the intestine, and are
known to recognize different peptidoglycan components
of bacterial cell walls; NOD1 recognizes g-D-glutamyl-
mesodiaminopimelic acid (iE-DAP), and NOD2 binds
muramyl dipeptide (MDP) [21]. Detection of these
ligands by NOD1 and NOD?2 leads to activation of the
NFkB and MAPK pathways, ultimately resulting in pro-
duction of pro-inflammatory cytokines and antimicrobial
peptides.

Though the interaction of NOD2 and bacterial products
has been known for some time, recent work has shown the
involvement of NOD2 in the detection of viral products
as well. Using several different cell lines, Sabbah ez a/.
showed that treatment with synthetic ssRNA or infection
with different ssRNA viruses can lead to increased
expression and activation of NOD2, resulting in IFNf
production via MAVS and IRF3 [22]. This Type I IFN
response was abrogated in cells lacking NOD2. Interest-
ingly, this effect was greater at earlier time points com-
pared to late. It is thought that other PRRs such as RIG-I
may activate the IRF3-IFN pathway at the later time
points, whereas NODZ may act in an earlier role. In
addition, the authors showed that NOD2 was able to
associate with viral RNA but not control host RNA in an
immunoprecipitation assay. Nod2 was also found to inter-
act with MAVS via the leucine-rich-region of the nucleo-
tide binding domain. Finally, NoZ2~/~ mice failed to
efficiently produce interferon after infection, which cor-
responded with increased viral titers and enhanced
susceptibility to virus-induced pathogenesis.

Recent work by Morosky e7 @/. has shown a potential
interaction between RIG-T1 and NOD2 [23°]. Using differ-
ent deletion mutants, the CARDs of RIG-I were shown to
be crucial for this interaction. The CARDs of NOD2
alone were able to bind to RIG-I, however expression of

NOD2 mutants lacking the CARDs were still able to bind
to the full length RIG-I protein, suggesting that there are
other sites that can interact with RIG-1. Overexpression
of these proteins showed that NOD2 and RIG-I nega-
tively regulated each other.

Response to viruses

Type | interferons

Type 1 interferons are an important part of the host
immune response against viral infections. This family
of cytokines is composed of 16 members (12 IFNa
subtypes, IFNB, IFNeg, [FNk, and IFNw) and signal
through a common heterodimeric receptor (IFNaf3 re-
ceptor or IFNAR) [24]. Not only can type I IFNs be
produced by almost every cell type, but the receptor is
expressed ubiquitously as well. Receptor binding leads to
phosphorylation of Janus kinase 1 (JAK1) and non-re-
ceptor tyrosine kinase 2 (T'YK2), resulting in activation of
several signal transducer and activator of transcription
(STAT) family members. In the case of STAT1 and
STAT?2 activation, IRF9 is recruited to form the tran-
scription factor complex IFN-stimulated gene factor 3
(ISGF3) [24,25]. ISGF3 translocates into the nucleus,
binds to IFN-stimulated response elements (ISREs)
leading to transcription of IFN-stimulated genes (ISGs)
that play an important antiviral role.

Type lll interferons

Type III IFNs were identified in 2003 by two indepen-
dent groups [26,27]. This family of cytokines consists of
IFN-A1 (IL-29), IFN-AZ (IL-28A), and IFN-A3 (IL-28B).
Although distantly related to type I IFNs (15-20% amino
acid identity), type III IFNs were also shown to be
induced by viral infection and exhibited antiviral activity
[28]. The IFN-As signal through a heterodimeric receptor
complex (IL-10RB and I1.-28Ra) that is distinct from the
type I IFN receptor complex, but both have similar
intracellular signaling pathways (see above) resulting in
functionally similar biological activities. As a result, sig-
naling via type III IFNs leads to a type I IFN-like gene
expression profile. Early experiments showed that many
cell types could express both Type I and Type III IFNs
in response to viral infection or TLR stimulation. How-
ever, a major difference was found to lie in the cell type
able to respond to these different IFNs. While most
nucleated cells are able to response to type I IFNs, the
type IIT IFN receptor complex expressing cells are limited
to a smaller subset including pDCs, keratinocytes, and
epithelial cells of the respiratory, reproductive and gastro-
intestinal tracts. In addition, initial studies seem to indicate
that most of the functions elicited by IFN-As were redun-
dant to the type I IFN responses, and IFN-As alone were
not sufficient to protect against systemic virus infections.

However, a recent study shows a primary role for type 111
IFNs against viral infections in the intestinal epithelial
cells [29°°]. After oral rotavirus infection, both Type I and
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T'ype III IFNs were expressed by the intestinal epithelial
cells, as well as downstream target genes. However, mice
lacking IL.-28Ra (but not IFNAR1) lacked expression of
downstream IFN response genes in the epithelial cells.
These mice also showed increased viral antigen in the
epithelial cells, increased viral antigen in feces, and
resulted in more severe pathology. In addition, these
authors show that the treatment of suckling mice with
IFN-N\ before oral infection repressed rotavirus replica-
tion in gut, whereas treatment of type I IFN was not
effective. Together these data show an important non-
redundant role for type III IFNs in the intestine that is
distinct from type I IFNs.

Modulation of viral phenotypes by interaction
with bacteria

Viruses interact with the host to produce phenotypes. A
new and important area of interest is how this basic
interaction is modulated by bacteria. These studies all
have a link to the intestine. We have categorized inter-
actions described in the recent literature into three basic
types (Figure 1).

Bacteria antagonize virus induced phenotypes

Not all interactions between bacteria and viruses benefit
the virus. Recent studies show that intestinal bacteria can
act antagonistically to viral infection. For example,
soluble factors derived from Bacteroides thetaiotaomicron
and Lactobacillus casei block rotavirus infection of intes-
tinal epithelial cells iz vitro [30°]. The proposed mech-
anism of action was that these bacteria increased the
activity of enzymes that can modify host cell glycans
and prevent rotavirus attachment to the host cell surface.

Figure 1
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Variations on virally induced host phenotypes. Viruses can interact
directly with the host to produce a specific phenotype. However,
additional interactions with commensal bacteria in the intestine can
modulate outcomes as well. These bacteria may act to inhibit viral
interaction and infection (scenario 1). Conversely, viruses and bacteria
may work in concert to produce phenotypes (scenario ll). In a third
scenario, a virally induced phenotype may allow for bacteria to lead to an
additional phenotype.

"This scenario highlights an ability of commensal bacteria
to potentially protect the host from viral infections.

Germ free mice are well known to be more susceptible to
influenza than conventionally raised mice [31]. Ichinohe
et al. recently determined a mechanism by which the gut
microbiota regulates immune defense against influenza
virus infections in the respiratory tract [32°°]. Conven-
tionally raised mice were treated with an antibiotic cock-
tail for 4 weeks before intranasal challenge with a
sublethal dose of A/PRS8 influenza virus. These anti-
biotic-treated mice showed decreased titers of virus-
specific antibody, impaired CD4/CD8 T cell responses,
and increased pulmonary viral titers at day 9 post in-
fection. Interestingly, administration of TLR ligands
locally (intranasal) and distally (intrarectal) at the time
of influenza infection were both able to restore the
antibody and T cell responses in the antibiotic-treated
mice. In addition, the antibiotic-treated mice showed
reduced pro-IL-1B and pro-IL-18 expression as well as
decreased IL-1PB secretion after infection with the virus.
Taken together, these data support the idea that the
commensal microbiota provides a critical first signal
needed for expression of the pro forms of these cytokines
at steady state, thereby priming the system for a second
signal (virus infection), leading to activation of the inflam-
masome and maturation/release of these cytokines.

Virally induced phenotypes that require bacteria

Importantly, interplay between viruses and bacteria occur
during infection and disease settings. Mice that are hypo-
morphic for Atgl6L1contain abnormal Paneth cells, a
small intestinal epithelial cell type with innate immune
function. This finding was significant as patients with
inflammatory bowel disease susceptibility mutations for
Atgl6lL1 also have abnormal Paneth cells [33]. More
recently, this phenotype was shown to be dependent
on a viral trigger [34]. Mice re-derived in an enhanced
barrier facility no longer showed Paneth cell abnormalities,
but oral inoculation with a persistent strain of murine
norovirus (MNV; CR6), led to the appearance of abnormal
Paneth cells in Atgl6L.1 hypomorphic mice by day 7 post-
infection. Furthermore, features of dextran sodium sulfate
(DSS)-induced damage that were reminiscent of human
Crohn’s disease were also triggered by MNV CR6. Impor-
tantly, the viral trigger for both of these phenotypes was
dependent on the commensal microbiota. The specific
bacteria that are required to trigger are unknown.

In a second recent example, the intestinal microbiota can
play a role in enteric virus replication and transmission.
Kuss e al. demonstrated that the commensal bacteria
enhanced the ability of two enteric viruses, poliovirus
and reovirus, to replicate and infect the host [35°°]. Animals
treated with antibiotics before inoculation with these
viruses were less susceptible to infection and disease.
Interestingly, they found that poliovirus was able to bind
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to bacterial products such as LPS, which allowed for
enhanced host cell association and infection.

Kane e al. recently found that the retrovirus, mouse
mammary tumor virus (MMTYV) also utilized the intes-
tinal microbiota to efficiently infect the host [36°°]. Oral
inoculation of MMTV in newborn mice induced toler-
ance and allowed for persistence of the virus. This induc-
tion of tolerance required the commensal microbiota.
MMTV-bound bacterial LPS was found to trigger
TLLR4, leading to subsequent IL.-6 dependent induction
of IL.-10. Together, these two papers [35°°,36°°] illustrate
the ability of different viruses to utilize the commensal
bacteria and their products to aid in infection and immune
evasion of the host.

Viral infection enhances secondary bacterial infection
Primary viral infections are well known to result in
secondary bacterial infections, though the mechanisms
are unclear. Recently, Kim e# @/. showed TRIF-depend-
ent and MAVS-dependent type I IFN production aug-
mented NOD1/NOD?2 expression and signaling in mouse
bone marrow-derived macrophages, leading to enhanced
production of pro-inflammatory cytokines. Oral infection
with MNV1 promoted inflammation and lethality in mice
superinfected with E. co/i [37°°]. This effect was attenu-
ated in the absence of NOD1/NOD?Z or RIP2. These data
show that crosstalk between virally stimulated type 1
IFNs and NOD1/NOD2 signaling promotes bacteria
recognition and may lead to an enhanced response against
the secondary bacterial infection.

Conclusions

We anticipate that human viromes for additional disease
states will be published in the future. The next challenge
will be to determine the role (if any) of the identified
viruses in the pathogenesis of a given disease. We anticip-
ate that we will also gain a more detailed understanding of
the interaction of bacteria with specific viruses that affect
infection phenotypes. The paradigms established in the
intestine can then be tested in other systems.
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