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Abstract

Every surface of the human body is colonized by a diverse microbial community called the
microbiota, yet the impact of microbiota on viruses is unclear. Recent research has advanced our
understanding of how microbiota influence viral infection. Microbiota inhibit infection of some
viruses and promote infection of other viruses. These effects can occur through direct and/or
indirect effects on the host and/or virus. This review examines the known effects and mechanisms
by which the microbiota influence mammalian virus infections. Furthermore, we suggest strategies
for future research on how microbiota impact viruses. Overall, microbiota may influence a wide
array of viruses through diverse mechanisms, making the study of virus-microbiota interactions a
fertile area for future investigation.

Keywords
virus; microbiota; bacteria; innate immunity

INTRODUCTION

Every surface of the human body exposed to the environment is colonized by a diverse
microbial community called the microbiota. The microbiota include bacteria, fungi, and
viruses and these microorganisms are thought to outnumber human cells (1-3). The
complexity of the microbiota is only now beginning to be appreciated. A majority of the
microbiota reside in the gastrointestinal tract, but distinct populations are also found on the
skin, mouth, and genitourinary tract (4-8). Interestingly, the body site, not the individual,
appears to be the primary determinant for diversity in these microbiota communities (9, 10).

Human health is integrally tied to the microbiota. Microbiota are required for optimal human
development and help protect the host from various pathogens (11, 12). The microbiota
compete with pathogens for colonization sites and resources. Moreover, the microbiota
supply important signals for immune priming and therefore aid development of the immune
system (13-16). Yet what constitutes a healthy microbiota remains to be determined.
Recently microbiota imbalances have been linked to many human diseases including
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inflammatory bowel diseases, type 2 diabetes, and obesity (17-22). Thus, the presence of
this community is vital for human health.

Based on the location and abundance of microbiota, unquestionably viruses have
interactions with the microbiota (Figure 1). Recent progress has led to tremendous insight
into the interaction of microbiota and the host. However, many microbiota-viral interactions
remain unaddressed. Understandably, viruses that colonize the gastrointestinal tract have
been the most studied due to site of the initial infection and the vast microbial community at
that site. Enteric viruses encounter approximately 1014 bacteria in the mammalian
gastrointestinal tract (2). Even though the density and composition of the microbiota differs
at different body sites, nearly every virus must initiate infection at a location populated by
microorganisms.

Microbiota-virus interactions have been studied using several laboratory models, most
commonly germ-free mice or antibiotic-treated mice. Germ-free mice are microbiologically
sterile from birth and are maintained in a sterile environment. Illustrating the importance of
microbiota on nutrition, germ-free animals consume 30% more calories per day to maintain
body weight compared with conventional animals (23). While generally healthy and fertile,
germ-free mice have underdeveloped immune systems, which can complicate experimental
interpretation (24-29). That said, germ-free mice provide a defined environment devoid of
any microbes and they can be colonized with one bacterial strain or several bacterial strains
to examine virus-microbiota interactions. Therefore, germ-free mice are a very important
model for virus-microbiota studies. Because germ-free mice require specialized facilities
and are expensive to generate and maintain, antibiotic-treated mice have also been used to
study virus-microbiota interactions. In this model, mice are treated with a combination of
several antibiotics and knockdown is confirmed by culture-based methods (30). The caveats
to the antibiotic treatment approach include potential alteration of host physiology,
unknowns created by unculturable organisms, incomplete knockdown, and antibiotic
resistance. However, the antibiotic treatment approach has the benefit that it is relatively
inexpensive, can be used with any mouse strain as well as other animal models, and animals
have physiological and immune development in the presence of the microbiota prior to
treatment. Because both germ-free models and antibiotic-treatment models have pros and
cons, utilization of both models for the study of virus-microbiota interactions is ideal when
possible. Finally, it is critical to use the natural route of infection for the specific virus under
investigation. Enteric viruses should be inoculated orally, respiratory viruses should be
inoculated intranasally, and so forth. In fact, bypassing that natural route of infection, and
therefore the relevant microbiota community, can significantly alter results (31).

SCOPE AND INTENT

Our goal in this article is to provide a broad review of what is currently known about how
microbiota influence mammalian virus infections. There are many other interesting
interactions between viruses and microbiota that are not discussed here: For example,
bacteriophage interactions with microbiota, plant virus interactions with plant and soil
microbiota, and virus interactions with protozoa. While the effect of microbiota on
mammalian virus infection has been studied since the 1960s, there is not a deep
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understanding of how microbiota influence any single virus. Instead, we have a relatively
broad and shallow knowledge of general effects and “phenomenology” for a wide variety of
viruses. For any given viral system, there are only a handful of publications. This may be
due to several factors including the cross-disciplinary nature of the research and technical
hurdles. However, some of the technical hurdles have been at least partially overcome, such
as the more common availability of germ-free mice and deep sequencing. Therefore, the 50-
year old field of mammalian virus-microbiota interactions is poised for a period of great
productivity. The intent here is to summarize current knowledge of microbiota-viral
interactions in a broad approach covering many viral systems and to suggest areas of future
investigation. As shown below, microbiota can be detrimental or beneficial to viral
infection. Furthermore, these consequences can occur through direct effects by interactions
between the microbiota and virus particles, indirect effects through microbiota-mediated
immune priming, and other effects. As we explore this new crossroads between
microbiology and virology, future work using techniques that are now feasible will help
identify important mechanisms that influence viral infections.

NEGATIVE EFFECTS OF THE MICROBIOTA ON VIRUSES

Rotavirus

Influenza

For many years evidence has suggested a connection between the microbiota and rotavirus.
Rotavirus, a nonenveloped, double-stranded RNA virus from the Reoviridae family, is
significant cause of viral diarrhea worldwide. Probiotics have been shown to reduce the
duration of viral diarrhea and administration of Lactobacillus rhamnosus GG reduces
rotavirus shedding (32—34). Recently it was determined that soluble factors from commensal
bacteria block rotavirus infection in intestinal epithelial cells in vitro (35). Varyukina et al.
hypothesize that these soluble factors modify the intestinal epithelial cell-surface glycans
and prevent rotavirus attachment. It remains to be determined how these factors may limit
rotavirus attachment, but highlights the ability of the commensal bacteria to potentially
protect the host from viral infections by altering the host environment.

Stimulation of the host immune system by the microbiota has been shown to affect influenza
virus disease. Influenza virus, an enveloped, negative-strand RNA virus from the
Orthomyxoviridae family, is spread by the respiratory route. In the 1960s Dolowy et al.
examined influenza virus pathogenesis in conventional versus germ-free mice. They
determined that germ-free mice are more susceptible to influenza A virus compared to
conventional mice (36). Recently, three groups have shed light on the mechanisms behind
this observation. Ichinohe et al. demonstrated higher pulmonary influenza virus titers in
antibiotic-treated mice compared with conventional mice (37). Not all commensal bacteria
within conventional mice were responsible for host protection, as neomycin-sensitive
bacteria were associated with protective immune responses in the lung. Interestingly,
stimulation with toll-like receptor (TLR) agonists was sufficient to restore immune
responses in antibiotic-treated mice, suggesting that certain gut bacteria may prime the
immune system for influenza virus protection. Similarly, Abt et al. demonstrated increased
influenza virus titers and pathogenesis in antibiotic-treated mice compared with
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conventional mice (38). The enhanced viral replication and disease in antibiotic-treated mice
correlated with reduced virus-specific CD8+ T cell responses and 1gG and IgM antibody
levels, suggesting impaired adaptive immune responses in mice with depleted microbiota.
Furthermore, antibiotic treatment impaired antiviral immune responses in alveolar
macrophages (38). Recently, Wang et. al. found that M2 alveolar macrophages were
downstream mediators of viral clearance following priming with a upper respiratory tract
commensal bacterium, Staphylococcus aureus (39). These macrophages were shown to
reduce influenza pathogenesis by limiting inflammation in the lung. Priming was TLR2
dependent, confirming the role of pattern recognition receptors in stimulating influenza
immune responses. Overall, these findings suggest that commensal bacteria from both the
intestinal and upper respiratory tracts may play important roles in limiting influenza virus
infections by providing a tonic signal that calibrates the immune system.

Lymphocytic Choriomeningitis Virus (LCMV)
As with influenza virus, stimulation of the host immune system by the microbiota influences
LCMV infection. LCMV, an enveloped, negative-strand RNA virus from the Arenaviridae
family, can undergo acute or persistent infection in mice depending upon the viral strain.
Abt et al. demonstrated that LCMV clearance was delayed in antibiotic-treated mice,
indicating that microbiota promote antiviral responses (38). The impaired viral control
correlated with reduced LCMV-specific CD8* T cell responses and IgG antibody titers. In
fact, CD8+ T cells from antibiotic-treated mice demonstrated increased inhibitory receptors
and decreased production of effector molecules, pointing toward T cell exhaustion in the
absence of conventional microbiota. While macrophage recruitment was not impaired in
antibiotic-treated mice, macrophages from conventional mice expressed higher antiviral
response genes, suggesting an impaired innate immune response in antibiotic-treated mice
(38). These results suggest that the altered environment in antibiotic-treated mice diminishes
innate and adaptive immune responses to LCMV infection.

Dengue Virus

Microbiota also influence viral infection in nonhuman hosts such as insects. Dengue virus,
an enveloped, single-stranded RNA virus from the Flaviviridae family, is transmitted from
mosquitoes to humans. When a mosquito feeds and ingests a virus-containing blood meal,
the virus encounters the mosquito midgut and undergoes replication. Like the human
gastrointestinal tract, the mosquito midgut is colonized by microbiota. Xi et al. treated Aedes
aegypti mosquitoes with antibiotics to deplete the midgut microbiota and examined effects
on dengue virus replication. They found higher dengue virus loads in the midgut of
antibiotic-treated mosquitoes, suggesting that microbiota limit viral replication (40).
Knockdown of the toll-like receptor adapter protein MyD88 also increased viral loads in the
midgut, suggesting that the toll pathway is involved in limiting dengue virus replication. The
microbiota are likely to be the source for toll pathway stimulation culminating in antiviral
defense. In fact, antidengue virus immune responses elicited by some bacterial strains were
more effective than immune responses elicited by other bacterial strains (41). Interestingly,
one member of the insect microbiota, Wolbachia, is being explored as a method to limit
transmission of dengue virus and other mosquito-borne infectious agents. Wolbachia species
are symbiotic parasites that are maternally transmitted within insect populations. Infection of
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mosquitoes with Wolbachia species confers dengue virus resistance and is being explored as
a potential tool to control mosquito-born diseases (42, 43). Recent evidence suggests that
Wolbachia induce oxidative stress within the host mosquito that activates the antiviral toll
pathway (44). Future work is needed to provide the precise mechanisms underlying
Wolbachia effects on dengue virus replication, but offers promising studies for future
control of dengue virus transmission and mosquito-borne diseases.

POSITIVE EFFECTS OF THE MICROBIOTA ON VIRUSES
Theiler’s Murine Encephalomyelitis Virus (TMEV)

Poliovirus

Reovirus

Long used as a model virus, TMEV is an enteric virus and common contaminant of
laboratory rodent colonies due to fecal-oral spread. TMEV is a nonenveloped, single-
stranded RNA virus from the Picornaviridae family and can replicate in neurons and induce
multiple sclerosis-like disease in mice. Pullen et al. demonstrated that TMEV replication and
disease was enhanced by treatment with lipopolysaccharide (LPS) (45). It is likely that these
effects occur through increased inflammation in the central nervous system, which enhances
viral replication.

Although poliovirus is an enteric virus spread by the fecal-oral route, it can rarely invade the
human central nervous system and cause paralysis. Poliovirus is a nonenveloped, single-
stranded RNA virus from the Picornaviridae family. Our laboratory demonstrated that
poliovirus replication and pathogenesis was reduced in antibiotic-treated mice, suggesting
that microbiota promote poliovirus infection (31). We recently proposed two different
mechanisms by which bacteria enhance poliovirus infectivity. First, bacterial
polysaccharides from both Gram-positive and Gram-negative bacteria bind to poliovirus and
stabilize the virion to prevent premature RNA release (46). N-acetylglucosamine-containing
bacterial polysaccharides, including peptidoglycan and LPS, bind poliovirus and limit
thermal inactivation. Second, using LPS as a model bacterial polysaccharide, we found that
LPS aids poliovirus attachment to host cells by enhancing viral binding to its cellular
receptor, the poliovirus receptor (46). To get mechanistic insight into virus-polysaccharide
interactions, we identified a poliovirus mutant with diminished LPS binding. A single amino
acid mutation in the VVP1 capsid protein, T99K, reduced LPS binding and virion stabilization
by LPS (46). While replication and pathogenesis of this mutant virus was not altered in vivo,
the mutant virus was unstable in mouse feces. These data suggest that binding of
polysaccharides to poliovirus may stabilize the capsid for transmission to a new host. The
mechanism by which the microbiota enhance poliovirus pathogenesis in mice remains to be
determined.

It is likely that all humans are infected with mammalian reovirus by age five through fecal-
oral transmisison. Reovirus is a nonenveloped, double-stranded RNA virus from the
Reoviridae family and reovirus symptoms are generally mild or absent. Using orally
inoculated conventional or antibiotic-treated mice, we demonstrated that reovirus replication
and pathogenesis was reduced in antibiotic-treated mice (31). These results suggest that
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microbiota promote reovirus replication and pathogenesis in vivo, although the mechanisms
remain unknown.

Mouse Mammary Tumor Virus (MMTV)

Retroviruses, such as MMTYV, are commonly transmitted across mucosal surfaces that are
rich in microbiota. MMTYV is an enveloped virus of the Retroviridae family and has been
used as a model system for decades. MMTYV is spread from mouse mother to mouse pup
through milk, and therefore infection is initiated in the gut. The microbiota have been
hypothesized to play an important role in MMTYV and other retrovirus infections. C3H/HelJ
mice, which lack TLR4, have delayed mammary tumor development when infected with
MMTYV, implicating a role for TLR4 in productive MMTYV infection (47). In C3H/HeN
mice, which have functional TLR4, MMTYV can establish persistent infection. Jude et al.
demonstrated that the immunoregulatory cytokine interleukin 10 (IL-10) was produced in a
TLR4-dependent manner to establish MMTYV persistence (48). Yet for many years the
mechanism by which TLR4 signaling was induced and promoted MMTYV transmission was
unknown. Recently, Kane et al. provided a mechanism for the TLR4/IL-10 stimulation and
MMTYV persistence: The link between the TLR signaling and viral persistence was found to
be microbiota-dependent. Kane et al. found that antibiotic-treated and germ-free mice fail to
transmit MMTYV to their offspring through maternal milk (49). LPS from Gram-negative
bacteria bound to MMTYV virions culminating in TLR4 signaling and 1L-10 production. This
work suggests that MMTV may take direct advantage of the microbiota using bacterial LPS
to enhance viral tolerance through host IL-10 production.

UNCLEAR EFFECTS OF THE MICROBIOTA ON VIRUSES

Adenovirus

Adenoviruses infect humans by respiratory and enteric routes. Human adenovirus is a
nonenveloped, double-stranded DNA virus of the Adenoviridae family. Replication of some
adenoviruses is inhibited by defensins, which are antimicrobial peptides produced by host
cells in response to microbiota. A subset of defensins, including alpha defensin 5, bind
human adenovirus virions and limit replication in cultured cells by preventing uncoating in
endosomes (50-54). Because defensin production is stimulated by microbiota and defensins
have antiviral activity against adenovirus, microbiota may inhibit adenovirus infection. Due
to the lack of a complete defensin knockout animal model, the antiviral role of defensins in
vivo is uncertain. However, future studies in this area are critical, since defensins impact
several different viruses including herpesviruses, human papillomaviruses, polyomaviruses,
orthomyxoviruses, and retroviruses (55).

Coxsackievirus B3 (CVB3)

While microbiota and/or LPS enhance infection with poliovirus and TMEV, effects of the
microbiota on the closely related CVB3 are unclear. CVB3 is a nonenveloped, single-strand
RNA virus in the Picornaviridae family and is very closely related to poliovirus. In the
1960s Schaffer et al. demonstrated that germ-free mice were more susceptible to CVB3
compared with colonized mice (56). These results suggest that microbiota inhibit CVB3
infection. However, CVB3 was inoculated by intraperitoneal injection, bypassing the natural
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oral route of infection. Further studies will be required to determine whether microbiota
effects on picornaviruses differ by virus type.

Norovirus and Murine Norovirus (MNV)

Norovirus is transmitted by through the fecal-oral route and is a common cause of viral
gastroenteritis. Norovirus is a nonenveloped, single-stranded RNA virus from the
Caliciviridae family. Infection with norovirus significantly alters the gut flora in humans
(57). Interestingly MNV infection does not alter the gut microbiota in mice, yet MNV-
induced pathologies have been shown to be microbiota-dependent (58). Genetically
susceptible mice (ATG16L1HM) infected with persistent MNV induce intestinal
inflammation similar to Crohn’s disease (59). In this model, antibiotic-treated mice have
reduced pathology suggesting that the inflammation is microbiota-dependent. While it
remains to be determined if these interactions are direct or indirect, recently it was
demonstrated that strains of norovirus bind to extracellular polymeric glycans from certain
strains of intestinal bacteria (60). Since this binding may play a role in viral attachment to
intestinal epithelial cells, Miura et al. hypothesize that this event may alter transmission and
infection of the virus.

Murine Leukemia Virus (MLV)

MLV has been used as a model virus for decades. MLV is an enveloped virus of the
Retroviridae family and transmission can occur through mucosal and other routes. Two
studies have shown that germ-free mice are relatively resistant to MLV-induced leukemia
compared with conventional mice (61, 62). These results suggest that microbiota may
promote MLV infection and disease progression. It is possible that microbial products
stimulate division of lymphoid cells, facilitating viral replication (62). However, an earlier
study found that germ-free mice were more sensitive to MLV-induced leukemia (63). The
discrepancies among these studies include use of different MLV strains (64).

Human Immunodeficiency Virus (HIV)

Apart from direct blood-mediated transmission, HIV is transmitted through mucosal routes
in microbiota-rich areas. HIV is an enveloped virus of the Retroviridae family and there is
great interest in identifying host factors that influence infection. Although the impact of the
microbiota on HIV infection has not been directly examined, several studies suggest that the
microbiota influence HIV infection (65). First, Brenchley et al. demonstrated that HIV
pathogenesis is enhanced by LPS-mediated immune activation from microbial translocation
through the intestinal barrier (66). The resulting chronic immune activation contributes to
development of AIDS. These results suggest that microbiota enhance HIV pathogenesis.
Second, Majerle et al. demonstrated that the HIV envelope protein gp120 binds bacterial
LPS and that LPS-bound gp120 has reduced binding to target cells (67). These results
suggest that microbial products may reduce HIV infection. Third, bacterial metabolic
products may influence HIV infection. The vaginal microbiota of healthy women is
dominated by Lactobacillus species that produce lactic acid, which has been shown to be a
potent microbicide (8, 68)(69). Lai et al. demonstrated that HIV-1 diffused more slowly in
lactic acid-acidified cervicovaginal mucus compared with neutralized mucus (70), indicating
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that the presence of Lactobacilli may limit viral infection. Furthermore, Aldunate et al.
demonstrated that physiological concentrations of lactic acid can inactivate HIV-1 and
HIV-2 in vitro (71). These results suggest that Lactobacilli may reduce HIV infection.

Human Papillomavirus (HPV)

HPV is spread by mucosal and skin routes and may also be affected by microbiota (72).
HPV is a nonenveloped, double-stranded DNA virus in the Papovaviridae family. In
analysis of the vaginal microbiota from 70 healthy women, Gao et al. reported that
Lactobacillus gasseri is found at a significantly higher frequency in HPV-positive women
(73). Future work is needed to determine whether this correlation implicates Lactobacilli as
pro-HPV factors and to further define microbiota-viral interactions in the genitourinary tract.

Kilham Rat Virus (KRV)

KRV has been used as a model virus to induce type 1 diabetes (T1D) in the LEW1.WR1 rat
(74). KRV is a nonenveloped, single-stranded DNA virus in the Parvoviridae family. How
T1D is triggered remains unknown, but viruses are commonly associated with the onset of
T1D (75). Emerging data also suggest that intestinal microbiota play a role in the course of
T1D (76). Hara et al. demonstrated that KRV-induced T1D in LEW1.WR1 rats was
abrogated with antibiotic treatment (77). Following infection with KRV the gut microbiota
in the rat is also altered. This suggests that the intestinal microbiota may promote virally-
induced T1D. However, Wen et al. demonstrated that microbiota colonized MyD88-
deficient mice do not develop T1D, whereas germ-free MyD88-deficient mice develop
robust T1D. This work suggests that the intestinal microbiota may play a role in prevention
of diabetes (78). Species differences between the rat and mouse models may be responsible
for the different outcomes.

CONCLUSIONS AND FUTURE DIRECTIONS

We are only just beginning to “scratch the surface” of the intricacies that exist during a viral
infection, particularly how viruses are impacted by microbiota. As described above,
microbiota may limit viral infection, promote viral infection, or have no effect. Microbiota
may also have direct or indirect effects on viral infection. For example, microbiota (or their
products) may directly interact with viral particles to alter infectivity or responses (31, 46,
49, 60). Conversely, microbiota may indirectly impact viral infection by inducing immune
priming (37-40, 44, 49). In fact, it appears that microbiota-mediated immune priming
through TLR signaling is operative for all viruses that are negatively impacted by the
microbiota (37-40, 44). It is possible and perhaps likely that microbiota will impact each
virus by multiple mechanisms.

While we typically view viruses as pathogens, it has become apparent that healthy
individuals are also colonized by an immense number of viruses. These viruses make up the
‘virome’ and remain an understudied member of microbiota community. The virome is
comprised largely of viruses that infect bacteria (bacteriophage) and plants, but eukaryotic
viruses are also common. The presence of bacteriophage and plant viruses is likely due to
host commensal bacteria and diet (79-83). It remains to be determined if detection of these
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viruses through metagenomics represents a “snapshot in time” or represents truly persistent
viruses. Additionally, the extent to which humans harbor mammalian viruses and the effect
of mammalian viruses on human biology are unclear.

Clearly, more studies are needed to understand how microbiota impact viral infections. But
what viruses should be examined and what experimental systems should be used? We think
that a combination of model viruses and pathogenic human viruses, examined using several
experimental systems such as germ-free mice and antibiotic-treated mice, will provide
significant insight. Model viruses, including the natural mouse viruses MMTV, MLV,
TMEV, MNV, LCMV, and mouse adenovirus, have many benefits for these studies. For
example, they are capable of infecting many different mouse strains, they can undergo
robust replication, natural inoculation routes can be used, and they are adapted to the mouse
host. Furthermore, they offer a more natural infection process, where disease is often rare.
The downside to using these mouse viruses is that they may not accurately recapitulate
processes in humans. Some human viruses, such as influenza, replicate reasonably well in
mice following inoculation by the natural route. Other human viruses, including CVB3,
HIV, dengue, and HPV, are clinically important but can be more difficult to study using
mouse models. For example, HIV and dengue virus require unique and/or transgenic mouse
models and lessons learned from these mouse models may not translate directly to what
occurs in humans (84-86). Furthermore, gaining mechanistic insight following initial
observations can be difficult if mice carrying multiple gene knockouts and/or transgenes
must be constructed. Because microbiota-virus studies are inherently complex, we suggest
using human viruses that replicate well in standard mouse strains or using rodent viruses.
Beyond mouse models, there is also great potential for other experimental systems such as
Drosophila (87), mosquitoes (40, 44), and primates. In addition, retrospective and
prospective studies of viral infections in humans treated with antibiotics may provide some
insight, although interpretation may be difficult.

New studies of microbiota effects on viruses should be aimed at both examining the
“phenomenology” and examining mechanisms underlying effects (Figure 2) (64, 88, 89).
The ideal first step for any given virus is to determine whether the microbiota promote
infection, limit infection, or have no effect. These experiments are relatively straightforward
if an animal model is available, as described above. If an animal model is not available, ex
vivo and in vitro experiments may be useful. The second step, identifying mechanisms by
which microbiota impact viral infection, is much more difficult. Microbiota can influence
viral infection through direct and/or indirect mechanisms on the host and/or virus, making a
mechanistic search akin to “finding a needle in a haystack.” However, previous studies may
inform future studies and help limit the search. There are two common themes that have
emerged: 1) Microbial products initiate innate immune signaling to limit or promote viral
infection (37-40, 44, 49), and 2) Microbial products interact with viral particles to alter
infectivity or host responses (31, 46, 49, 60, 67). Interestingly, bacterial LPS binds
poliovirus (31, 46), MMTYV (49), and HIV (67), suggesting that LPS binding may be a
property shared by several viruses. Moving forward, it may be helpful for investigators to
examine innate immune signaling and virion interactions with bacterial products as starting
points for mechanistic studies of microbiota-virus interactions. Some of these types of
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experiments can be performed ex vivo or in vitro, which will be especially useful for viruses
lacking good animal models.

Although our understanding of virus-microbiota interactions is not complete, there is the
potential for using existing knowledge for therapeutic design. For example, for viruses that
benefit from the microbiota, it is tempting to speculate that depleting the host microbiota
may confer antiviral activities. However, this is not likely to be a viable approach in most
cases. Antiviral effects in mice can require massive depletion of host microbiota using
several antibiotics (31), which is not feasible in humans. Furthermore, alterations to host
microbiota may lead to side effects with far greater consequence than the viral infection
itself (13, 90). Therefore, targeted therapeutics, rather than a broad-spectrum antimicrobial
sledgehammer, will be needed and will require understanding specific mechanisms.

Future studies may reveal multiple consequences of microbiota on viruses. It is imperative
as the virology field moves forward that we evaluate the complete environment that
underlies a viral infection. Factors in the environment, including the microbiota, likely
influence the outcomes of many infections. We anticipate that future work will help
establish new paradigms in how we view individual viral infections within the complex
environments within the human body.
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Anatomical locations of potential microbiota-viral interactions. Distinct populations of the
microbiota are found across the human body. Colored boxes represent the diversity in the
bacterial taxa. Predominating bacterial taxa at each location are shown, although other taxa

are also present (9, 10). At each of these sites, viruses initiate infection and potentially
interact with the local microbiota community. Common viruses are shown. Red text

indicates viruses that have been studied in the context of the microbiota.
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Figure2.
Future work on microbiota-virus interactions: From phenomenology to molecular

mechanism. Top: Ideally, initial studies with a given virus would start with examining the
effect of the microbiota on viral infection using an animal model. Several viral families are
shown (left, nonenveloped virus families; right, enveloped virus families). Middle: If animal
studies indicate that microbiota promote or inhibit viral infection, then follow-up
experiments to determine whether microbiota influence the host and/or viral particle should
be performed. These experiments will provide clues regarding more specific mechanisms
and are typically a combination of in vivo and in vitro experiments. Bottom: Once
microbiota effects on the host or virion are confirmed, additional experiments may lead to
identification of specific molecular mechanisms by which microbiota promote or inhibit
infection. These experiments may identify specific microbial products conferring effects,
binding sites on viral particles, specific immune cascades with proviral or antiviral effects,
and so forth.
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