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Abstract: Bacteria and viruses often occupy the same niches, however, interest in their potential
collaboration in promoting wellness or disease states has only recently gained traction. While the
interaction of some bacteria and viruses is well characterized (e.g., influenza virus), researchers are
typically more interested in the location of the infection than the manner of cooperation. There are
two overarching types of bacterial-virus disease causing interactions: direct interactions that in
some way aid the viruses, and indirect interactions aiding bacteria. The virus-promoting direct
interactions occur when the virus exploits a bacterial component to facilitate penetration into the host
cell. Conversely, indirect interactions result in increased bacterial pathogenesis as a consequence of
viral infection. Enteric viruses mainly utilize the direct pathway, while respiratory viruses largely
affect bacteria in an indirect fashion. This review focuses on some key examples of how virus-bacteria
interactions impact the infection process across the two organ systems, and provides evidence
supporting this as an emerging theme in infectious disease.
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1. Introduction

Although commensal bacteria colonize a variety of body systems, the respiratory and
gastrointestinal microflora are the most widely studied. Gastrointestinal habitats incorporate anywhere
from 200 species (within the oral cavity) to 1000 species at the distal intestine, where bacterial
concentrations can reach 1014 cells/g. Conversely, respiratory tracts contain only about 104 total
bacteria and ample uninhabited space. A wide variety of both commensal and pathogenic organisms
colonize the nasopharynx, causing infections in both the lower respiratory tract and upper respiratory
tract when host homeostasis is compromised [1–4].

The composition and cell concentrations in these microbial populations mediate intimate
interactions between the host and commensal bacteria. Previous reviews have provided a great
detail on the mechanisms of virus-bacterial interactions occurring either within the upper respiratory
or gastrointestinal tracts [5–9]; however, these similarities and differences are observed in isolation,
rather than highlighting the interactions across organ systems. The purpose of this brief review
is to examine virus-bacteria interactions that result in enhanced pathogenesis in these two organ
systems. It should be noted that bacteria-virus interactions are complex, and there is much that
is still unknown. The scope of this brief review will only include some of the common themes in
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bacteria-virus interaction that result in enhanced pathogenesis, as numerous reports have documented
bacterial inhibition of viral infection as well [10–12].

Categorically, bacteria and viruses interact in two ways (Table 1). The mechanism(s) benefitting
virus infiltration predominately occur(s) through direct interactions, by (i) viral binding to a bacterial
cell, or (ii) viral utilization of a bacterial product. These interactions promote infection of the virus,
with no known benefit to the bacterial species. Conversely, bacterial advantages are usually gained
through indirect interactions in which the virus inflicts host cell damage critical to virus infection,
but is in turn beneficial to other pathogens. In these instances, there is no direct physical interaction
between the virus and the bacteria; rather, the viral infection makes one or more host cell types more
susceptible to bacterial colonization. There are four major mechanisms, often working in concert,
supporting the indirect interactions: (i) virus-induced increase of bacterial cell receptor concentrations;
(ii) virus damage to underlying epithelial cells; (iii) virus displacement of commensal bacteria; and
(iv) virus suppression of the host immune system.

Table 1. Virus-bacteria interactions. Human viruses often directly and indirectly interact with
bacteria. Direct interactions involve a specific bacterium or bacterial product that aids viral infection.
Indirect partnerships are the result of a primary viral infection producing amenable conditions for
bacterial colonization.

Virus Bacteria Significance Reference

Direct Interaction

Human norovirus Enterobacter cloacae Histo-blood group antigen (HBGA)-like moieties serve
as co-factor during infection [13–16]

Murine norovirus E. cloacae, enteric bacteria
HBGA-like moieties serve as co-factor during infection;
evidence of the presence of intestinal microbiota aid
establishment of persistent viral infection

[13,17]

Poliovirus
N-acetyl glucosamine containing
polysaccharides (lipopolysaccharide,
peptidoglycan)

Enhanced cell association and viral replication; increased
capsid stability and transmission [18,19]

Reovirus T3SA+
Enteric bacteria; Escherichia coli,
Ochrobactrum intermedium, Bacillus cereus,
Enterococcus faecalis (LPS)

Enhanced viral replication; enhanced virus
binding/entry [18]

Rotavirus Enteric bacteria Enhanced viral replication; enhanced virus
binding/entry; less effective host antibody response [20]

Influenza virus Staphylococcus aureus; Aerococcus viridans Protease cleaves the hemagglutinin (HA) into HA1 and
HA2, making the particles infectious [21–23]

Human
immunodeficiency
virus (HIV)

Mycobacterium tuberculosis Increases HIV long terminal repeat-driven transcription
and HIV production [24,25]

Mouse mammary
tumor virus (MMTV)

Enteric bacteria, Escherichia coli EH100, E. coli
O26, E. coli O55:B5, Bacillus thetaiotaomicron,
Rhodobacter sphaeroides, extracted bacterial
lipopolysaccharides (LPS)

Virus contains factors on outer membrane that bind
bacterial LPS; Uses LPS to promote a Toll-like receptor 4
(TLR4) response that helps it evade host immune system.

[26,27]

Indirect Interaction

Herpesviruses Porphyromonas gingivalis; Dialister pneumosintes Promotes immunosuppression leading to
bacterial colonization [28,29]

Measles virus M. tuberculosis; S. aureus; Listeria monocytogenes Promotes a generalized state of immunosuppression
leading to bacterial co-infection [30,31]

HIV Oral, gastrointestinal, lung, penile,
vaginal bacteria

Immune system deterioration and increased
bacterial translocation [32]

Parainfluenza virus Nasopharyngeal bacteria Increased bacterial binding to the lower respiratory tract [33,34]

Respiratory syncytial
virus

Streptococcus pneumonia, Pseudomonas aeruginosa,
Haemophilus influenzae

Increased bacterial invasiveness; increased host cell
adhesion molecules [35–37]

Influenza virus Streptococcus pneumoniae; S. aureus; H. influenza;
respiratory commensals

Viral neuraminidase cleaves epithelial cell sialic acid
exposing bacterial receptors; damages epithelial cells [6,21,38]

Rhinovirus S. pneumoniae; S. aureus; H. influenzae Increases host cell adhesion molecules [39]

Adenovirus S. pneumoniae Increases host cell adhesion molecules [40,41]
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2. Direct Interactions: Viruses Exploiting Bacteria

The majority of reported direct bacteria-virus interactions are associated with viruses infecting the
gastrointestinal tract. In this body system, commensal bacteria are considered the first line of defense
against invading pathogens by outcompeting their disease-promoting counterparts and limiting tissue
accessibility. Undoubtedly, enteric viruses encounter these large numbers of diverse commensal
bacteria, but rather than always preventing infection, some viruses evolved to exploit this contact,
facilitating the disease process [8].

Under in vitro conditions, viruses may be able to directly bind to their target cell type and undergo
replication with ease. However, this strategy may prove problematic in the gastrointestinal tract where
a large number of bacteria occupy tissue surfaces, directly competing for receptor binding sites, and
reducing the likelihood of pathogenic bacterial proliferation or virus attachment. Other components,
like mucus or enzymatic secretions, may also interfere or assist the infection process. To circumvent
this, rather than compete for host cell binding sites, some viruses can utilize bacterial ligands to
enhance their association with more accessible host cells, initiating infection. This same strategy may
be employed by some viruses that may not exclusively target the host’s epithelial cells and use bacteria
to assist infection of other cell types in addition to or exclusive of epithelial cells [42,43].

An increasing body of work highlights how certain types of bacteria promote viral disease
symptoms, suggesting bacterial populations may aid infection [9]. As research into this area expands,
specific bacterial targets are being identified as viral binding sites. Certain enteric viruses illustrate
how a bacterial component—attached or independent to the bacterium itself—promotes the virus
infection cycle. Poliovirus, which replicates in the intestine prior to systemic dissemination, is a good
example [43]. In a comprehensive study [18], mice with and without normal gut microflora were
orally challenged with poliovirus. The former group demonstrated mortality twice that of the mice
treated with antibiotics. This increase in mortality was associated with increased viral titers in mice
with the intact microbiota. These effects were not observed after intraperitoneal challenge in which
the virus does not need to interact with the native microbiota prior to infection. When these findings
were examined using a cell culture model, exposure of poliovirus to bacteria or bacterial components
increased virus titers as much as 500% and doubled the poliovirus adherence to HeLa cells [18].
It was hypothesized that bacterial components—lipopolysaccharides (LPS), peptidoglycan, and other
N-acetylglucosamine-containing polysaccharides—increase viral receptor binding and increase viral
shedding [18]. Interestingly, evidence has been reported that this also may be the case for murine
norovirus, as antibiotic-treated mice show reduced virus titers compared to mice having normal gut
microflora [10,39]. A similar mechanism may also be used by human norovirus. Histo-blood group
antigens (HBGAs) have been identified as putative host cell receptors or co-receptors for this virus,
and HBGA-like moieties have been reported to be present on the surface of some enteric bacteria (i.e.,
Enterobacter cloacae) [14,44,45]. These motifs were found in the bacterial extracellular polymeric material
and bound to representative human norovirus strains. Furthermore, bacterial components have been
reported to facilitate viral replication in a BJAB cell culture system. More specifically, the bacterial
derived HBGA-like molecules stimulated replication comparable to their synthetic counterparts, in
a dose dependent manner for Enterobacter cloacae, a commensal enteric bacteria. Further, the data
presented suggests bacterial HBGAs in Enterobacter cloacae enhance norovirus attachment to target
cells, increasing viral infectivity [13]. Expanding on these results, a recent study suggests that some
commensal Escherichia coli strains expressing HBGA-like moieties may aid norovirus resistance to
heat [45], which may have implications for norovirus persistence, however, future study of bacterial
effect on viral persistence must be conducted. Interestingly, this is a similar phenomenon to that which
was observed with poliovirus, as binding to bacteria also increased the stability of the viral capsid
when exposed to heat [19]. Thus, both poliovirus and norovirus provide examples of viruses with
enhanced pathogenesis when directly binding commensal enteric bacteria.

Although less prominent in the literature, members of the Reoviridae family of viruses may also
exhibit similar gut microbiota interactions. In one study, a cohort of mice was treated with antibiotics



Viruses 2017, 9, 58 4 of 10

prior to challenge, and disease pathology was compared to untreated but challenged animals to
test the contribution of the native gut microflora. The untreated mice had classic reovirus strain
T3SA+ symptoms with biliary obstructions and enlarged Peyer’s patches. The antibiotic-treated
mice appeared normal, and also had significantly lower reovirus titers in the intestine. Similarly,
poliovirus infection was enhanced in vivo in a mouse model with wild type mice versus germ-free or
antibiotic-treated mice. Additional work also showed that the presence of bacteria enhanced poliovirus
replication using a plaque assay [18]. Like norovirus, this may be related to bacteria presenting
carbohydrates, since rotavirus and reovirus TS3A+, different genera in the Reoviridae family, exploit
HBGAs and sialic acid carbohydrates as cellular receptors, respectively [46,47]. However, the nature
of these interactions is poorly characterized, as is the role of HBGA or HBGA-like moiety binding in
the rotavirus infection process [20]. Certainly, future work describing the specific mechanisms for the
enhancement of reovirus and rotavirus infectivity is forthcoming.

In addition to binding and stabilization of viral capsids, bacterially synthesized enzymes can
also stimulate viral infection. In this instance, bacterial presence not only increases influenza virus
adhesion [48], but the virus gains a foothold by utilizing bacteria components for infection. To become
infectious, the precursor hemagglutinin (HA0) of influenza needs to undergo proteolytic cleavage
into HA1 and HA2 fragments. Typically, the host supplies enzymes necessary for activation; however,
studies also implicate proteases produced by Staphylococcus aureus and Aerococcus viridans. Such
synergism therefore promotes viral pathogenesis [21–23]. Unlike the previous examples where
enhanced viral pathogenesis likely stemmed from viruses binding the bacteria, this is an example of
viruses enhancing pathogenesis by also directly utilizing a bacterial product to aid infection.

Human immunodeficiency virus (HIV) provides a unique example of the interdependence
between virus and bacteria. While previous examples dealt with commensal bacteria exploited
for viral invasion, HIV recruits another human pathogen. More specifically, some evidence exists
that individuals infected with HIV are more prone to Mycobacterium tuberculosis, and infection with
the bacteria accelerates the progression of the acquired immune deficiency syndrome (AIDS). Latent
infection of individuals with M. tuberculosis has been reported, and in some cases “reactivation” occurs
where disease symptoms are observed years after initial infection [49]. Multiple specific mechanisms
of HIV promotion of M. tuberculosis reactivation have been reported; for example, depletion of CD4+

T cells and up-regulation of the CD14 (which may aid M. tuberculosis infection) in macrophages, among
other proposed mechanisms (reviewed in [25]). During acute M. tuberculosis infection, HIV RNA copy
number increases [24,25], possibly due to the interplay between the M. tuberculosis cell wall component
lipoarabinomannan and the immune system. M. tuberculosis up-regulates the production of tumor
necrosis factor (TNF), an immune system component that controls bacterial infections, which activates
HIV replication in macrophages [25]. The immune system also produces interleukin (IL)-6 which,
in conjunction with higher TNF, activates transcription of the long terminal repeats in HIV, abetting
replication [50]. The immune system is also involved in the bacteria-virus interactions of another
retrovirus, mouse mammary tumor virus (MMTV), which interacts with commensal enteric bacteria.
In this case, evidence was reported suggesting that MMTV binds enteric bacterial LPS that initiates
Toll-like receptor 4 (TLR4, a pattern recognition sensor that targets LPS) that then activates IL-10 and
then IL-6 with the effect of allowing the MMTV antigen to evade the immune response and persist in
the host. In other words, MMTV binds to and uses bacterial LPS to “cloak” itself from the immune
system and persist [26,27]. Both MMTV and HIV are examples of viruses exploiting bacterial effects
on the immune system for enhancing infection.

Although the nature of the interaction remains the same, there may be additional benefits to
viruses with bacteria interactions other than direct disease progression. Studies have also shown that
association with fecal microbiota increased poliovirus environmental fitness and stability, as exposure
to bacteria or their polysaccharides decreased the efficacy of virus inactivation by heat and bleach,
potentially aiding viral survival in the environment [19]. This observation was further supported
by the higher susceptibility to inactivation with heat observed in a poliovirus mutant that did not
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bind LPS as efficiently. Furthermore, the introduction of these bacterial polysaccharide components
has been found to enhance wild type poliovirus binding to its host cells expressing its receptor [19].
In short, gastrointestinal microbiota not only increase poliovirus infectivity, but may also promote
virus transfer to the next host. Thus, there are numerous ways that direct viral interaction with bacteria
aid viral pathogenesis, and this topic is an emerging area of study in microbiology.

3. Indirect Interactions: Bacteria Exploiting Viral Infections

Bacterial species often benefit from viral infections. Although the virus exists independent of
the proximal bacterial species, the virus-induced disease state can allow normally harmless bacteria
to become opportunistically pathogenic. Under normal, healthy circumstances, direct competition
between microbes limits pathogen invasion by saturating colonization sites, priming barrier immunity
to produce antimicrobials, and increasing the immune response to invading microorganisms [51].
When microbial populations are disrupted, niches previously inaccessible to invading pathogens
become available, and surfaces where native microbiota previously outcompeted their disease-causing
counterparts are compromised. The overall ways viruses aid bacteria pathogenesis include a complex
combination of cellular receptor up-regulation, disruption of the epithelial layers, displacement of
commensal bacteria, and immune system suppression. Arguably, the interactions between influenza
viruses and pathogenic bacteria (i.e., Streptococcus pneumoniae, S. aureus, and Haemophilus influenzae)
remain the best studied within the human body, and they exemplify some of these mechanisms
with both viruses and bacteria benefitting from the relationship. Influenza viruses not only damage
the host epithelium (e.g., apoptosis), they also provide potential binding sites for bacteria through
three mechanisms: neuraminidase cleavage of sialic acid from host cells, bacterial host receptor
up-regulation, and host regeneration of the common bacterial receptors fibrin and fibrinogen [38,49,52].
This pattern of host damage is common amongst upper respiratory tract viruses and bacteria (reviewed
in [5–7,53]), and these interactions are summarized in Table 1. Thus, these numerous dynamics that
exist between influenza and bacteria exemplify the multiple complex ways viral infection can indirectly
assist bacterial infection.

Another type of virus-bacteria interaction of interest is immune system subversion, which occurs
when viruses target cell types such as lymphocytes, macrophages, and monocytes. By infecting
and replicating within cells originally primed for defense, the host response is severely hindered
(for a thorough review of the immune system subversion of respiratory or enteric viruses see [6]
or [9], respectively). Once again, influenza has also been documented to promote this type of
dynamic as well, as the viruses deplete alveolar macrophages, impairing bacterial clearance of
the pathogenic S. pneumonia [54,55]. Furthermore, the virus alters the Toll-like receptor pathways,
resulting in decreased neutrophil attraction, which in turn increases the attachment of bacterial
cells onto host epithelium [7]. Additionally, infection with influenza can deregulate cytokine
production through inducing type I interferon, which can down-regulate cytokine production [56].
MicroRNA-based mechanisms resulting from influenza infection can also down-regulate cytokine
production. Specifically, influenza infection was found to up-regulate microRNA-155 in macrophages,
which has been found to down-regulate IL-17 and make the host more susceptible to bacterial
infection [57]. Another classic example of immune subversion is found in the periodontal diseases
gingivitis and periodontitis [58]. Research shows that the more aggressive periodontitis (associated
with attachment, bone, and tooth loss) is the result of interactions between three herpes virus species
(Epstein-Barr virus type 1 (EBV-1), human cytomegalovirus (HCMV), and herpes simplex virus
(HSV)) with the common periodontal bacteria Porphyromonas gingivalis and Dialister pneumosinte [59,60].
The collaboration between virus and bacteria is two-fold: through an impaired immune system and
lesion development [28]. HSV and HCMV both infect monocytes, macrophages, and T-lymphocytes,
whereas EBV-1 targets B-lymphocytes. Virally infected immune cells cause inflammation and
cytopathic effects within host tissues, while providing a diminished capacity to defend against
periodontal bacteria. This inflammation provides the starting point for periodontal lesions.
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Furthermore, the viral proteins present on these infected but intact host cells act as receptors for
periodontal bacteria, while destroyed host cells also provide attachment points at newly exposed
surfaces [59]. These lesions progress until the rapid loss of connective tissue attachment and alveolar
bone loss characteristic of periodontitis occurs. Thus, immune system subversion is a dynamic that
must be considered when understanding virus-bacteria dynamics with regards to pathogenesis.

The interactions mentioned thus far provide localized instances where viruses and bacteria aid
each other to infiltrate surrounding tissues. Some viruses, however, not only act on one location
within the body, but rather directly impact the immune system, allowing for bacterial co-infections
to arise separately from the viruses’ area of impact. For instance, HIV targets helper T lymphocytes,
macrophages, and dendritic cells. By targeting a wide variety of cells within the immune system,
its pathogenesis promotes highly complex polymicrobial interactions characterized by bacterial
co-infections within the entire human microbiome [61]. The gastrointestinal tract bears the brunt
of the attack, where the virus contributes to increased bacterial translocations, injured immune system
components (i.e., anti-inflammatory and pathogen recognition pathways), and depleted commensal
flora. Additionally, HIV immune system disruption changes the overall composition of certain host
microbiomes, causing once static bacterial ratios in the oral cavity and gastrointestinal tract to diversify
with new inhabitants [32]. This phenomenon contributes to hallmark symptoms such as oral lesions,
chronic lung disease, and pneumonia [32,62]. While the exact mechanisms of these effects are unknown,
depletion of immune cells commonly found at highly populated host-bacteria interfaces leads to
barrier breakdowns and increased bacterial colonization. In some cases, this results in pathogen
infiltration, like that observed with increased M. tuberculosis infections, but often times the impact may
be more subtle. Measles is a persistent virus often recovered from T-lymphocytes, B-lymphocytes, and
macrophages, while also permeating the central nervous system and lymph nodes. While measles
viruses rarely result in mortality, they increase susceptibility to secondary bacterial infections. Measles
viruses suppress the antibacterial responses of both the innate and adaptive immune systems, proving
ample opportunities for opportunistic pathogens to invade. Reports associate Listeria monocytogenes,
S. aureus, and M. tuberculosis infections with measles viruses, and likely other bacterial agents also
capitalize on the immunocompromised host [30,31,63]. One specific example of measles-related
immunosuppression occurs when measles viruses bind their receptor human signaling lymphocyte
activation molecule (hSLAM) and infect dendritic cells. Such infection down-regulates expression of a
number of different surface molecules on the cells, including CD40, which is involved in the proliferation
of CD8+ T cells. Additionally, dendritic cells are inhibited from differentiating into mature effector
dendritic cells by the infection and the rate of apoptosis of these cells were found to be elevated [30].
Thus, the examples listed here provide strong evidence that systemic effects of viral infection on the
immune system must be taken into account in relation to potential co-infection of bacteria.

4. Influence of Bacteria and Virus Features on Interactions

The interactions described above do not appear to be exclusive to Gram-positive or Gram-negative
bacteria. Within the direct interactions category, both types of bacteria (and their LPS and/or
peptidoglycan components) stabilize poliovirus, while only Gram-positives aid influenza viruses.
Other enteric virus studies have preferentially investigated Gram-negative bacteria or their membrane
component (LPS), possibly due to their abundance in the intestines. In the case of norovirus, it is likely
that Gram-negative bacterial interactions were studied because of previous research suggesting the
presence of HBGA-like antigens on their surfaces, but evidence of norovirus binding to Gram-positive
bacteria and the presence of HBGA-like moieties has recently been reported [15]. For the studies
observing interactions within the entire gastrointestinal microbiome (e.g., murine norovirus), it is
unclear if other bacterial species in addition to Enterobacter cloacae support infection. For the indirect
interactions, both Gram-negative and Gram-positive bacteria have been reported to be positively
affected by the virus interaction(s). This is not surprising, as the virus directly affects the host rather
than the bacterium, suggesting a less specific, broader reaching mechanism. Both enveloped and
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non-enveloped viruses are capable of interacting with commensal or pathogenic bacteria, but the means
by which this occurs is virus-specific. Influenza, an enveloped virus, utilizes an exogenous bacterial
enzyme to cleave hemagglutinin and render itself infectious. Conversely, the non-enveloped viruses
(i.e., norovirus, poliovirus, and reovirus) bind directly to bacterial glycoconjugates. In fact, the use
of glycosphingolipids as cellular receptors is actually well documented in both non-enveloped and
enveloped viruses [64]. However, the extent to which such viruses attach to the corresponding bacterial
rather than host motif requires further examination. Although it should be taken into consideration,
the structural features of bacteria should not exclude the possibility that a dynamic exists with a virus
where pathogenesis of either could be promoted.

Mechanistically there are differences between the polymicrobial interactions observed in the
different host tissues. Within the intestine, the enteric viruses have been more commonly observed
in direct interactions with the bacteria (e.g., poliovirus), whereas the infections within the lung have
been more commonly reported to capitalize on microbial scarcity (for the initial viral infection) and
then cellular damage for the bacteria to gain a foothold (e.g., respiratory syncytial virus). Although
there are differences between the types of interactions within each host region, both of them involve
manipulating the current host status to the benefit of the organism, rather than hijacking and subverting
the other microorganism. While this synergism does not always exist (for more information read [65]),
this review highlights multiple examples where bacteria and viruses work together to promote
pathogenesis. Therefore, dynamics between viruses and bacteria should be a consideration in
understanding pathogenesis.

5. Conclusions

As our understanding grows, polymicrobial interactions move from the exception to the norm,
and researchers must realize viruses and bacteria are no longer mutually exclusive disease-causing
agents. While evidence suggests potential antagonistic effects where the bacterial microbiome protects
the host from viral infection [66], this review highlights the increased pathogenicity occurring as a
consequence of virus-bacteria interactions in areas inhabited by normally benign members of the native
microflora. Viruses are utilizing bacterial components to enter target cells, while bacteria capitalize
on the destructive nature of virus replication to gain footholds into previously inaccessible regions.
Throughout the body these microorganisms can collaborate to better each other, to the detriment of the
host. Further elucidation and discovery of virus-bacteria relationships and mechanisms involved in
infection is crucial. Although technically challenging, such advancement may require development
or improvement of new in vitro or in vivo models. Certainly, advances in metagenomics and the
microbiome will play an important role in better understanding these environments and interactions.
By focusing on microbial interactions instead of solely on the causative disease agent, it may be possible
to exploit these pathways in an effort to identify new therapeutic targets.

Acknowledgments: This material is based upon work that is supported by the National Institute of Food and
Agriculture, U.S. Department of Agriculture, under award number 1111-2011-0494, under the NoroCORE project.
Support was provided by an US Air Force Institute of Technology Civilian Institute Program Scholarship (EAA).
The views expressed in this article are those of the author and do not reflect the official policy or position of the
United States Air Force, Department of Defense, or the U.S. Government. Additionally, we would like to thank
B. Berry for her input on creation of the manuscript.

Author Contributions: E.A.A. wrote original draft of manuscript. M.D.M., L.-A.J., and E.A.A. edited and altered
this work.

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

References

1. Charlson, E.S.; Bittinger, K.; Haas, A.R.; Fitzgerald, A.S.; Frank, I.; Yadav, A.; Bushman, F.D.; Collman, R.G.
Topographical Continuity of Bacterial Populations in the Healthy Human Respiratory Tract. Am. J. Respir.
Crit. Care Med. 2011, 184, 957–963. [CrossRef] [PubMed]

http://dx.doi.org/10.1164/rccm.201104-0655OC
http://www.ncbi.nlm.nih.gov/pubmed/21680950


Viruses 2017, 9, 58 8 of 10

2. Wardwell, L.H.; Huttenhower, C.; Garrett, W.S. Current Concepts of the Intestinal Microbiota and the
Pathogenesis of Infection. Curr. Infect. Dis. Rep. 2011, 13, 28–34. [CrossRef] [PubMed]

3. Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, stability and resilience of
the human gut microbiota. Nature 2012, 489, 220–230. [CrossRef]

4. Sommer, F.; Bäckhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol.
2013, 11, 227–238. [CrossRef] [PubMed]

5. Murphy, T.F.; Bakaletz, L.O.; Smeesters, P.R. Microbial Interactions in the Respiratory Tract. Pediatr. Infect.
Dis. J. 2009, 28, S121–S126. [CrossRef] [PubMed]

6. Bosch, A.A.T.M.; Biesbroek, G.; Trzcinski, K.; Sanders, E.A.M.; Bogaert, D. Viral and Bacterial Interactions in
the Upper Respiratory Tract. PLoS Pathog. 2013, 9, e1003057. [CrossRef] [PubMed]

7. Hendaus, M.; Jomha, F.; Alhammadi, A. Virus-induced secondary bacterial infection: A concise review.
Ther. Clin. Risk Manag. 2015, 11, 1265–1271. [CrossRef] [PubMed]

8. Berkhout, B. With a Little Help from my Enteric Microbial Friends. Front. Med. 2015, 2, 30. [CrossRef]
[PubMed]

9. Karst, S.M. The influence of commensal bacteria on infection with enteric viruses. Nat. Rev. Microbiol. 2016,
14, 197–204. [CrossRef] [PubMed]

10. Abt, M.C.; Osborne, L.C.; Monticelli, L.A.; Doering, T.A.; Alenghat, T.; Sonnenberg, G.F.; Paley, M.A.;
Antenus, M.; Williams, K.L.; Erikson, J.; et al. Commensal Bacteria Calibrate the Activation Threshold of
Innate Antiviral Immunity. Immunity 2012, 37, 158–170. [CrossRef] [PubMed]

11. Al Kassaa, I.; Hober, D.; Hamze, M.; Chihib, N.E.; Drider, D. Antiviral potential of lactic acid bacteria and
their bacteriocins. Probiotics Antimicrob. Proteins 2014, 6, 177–185. [CrossRef] [PubMed]

12. Wilks, J.; Golovkina, T. Influence of microbiota on viral infections. PLoS Pathog. 2012, 8, e1002681. [CrossRef]
13. Jones, M.K.; Watanabe, M.; Zhu, S.; Graves, C.L.; Keyes, L.R.; Grau, K.R.; Gonzalez-Hernandez, M.B.;

Iovine, N.M.; Wobus, C.E.; Vinjé, J.; et al. Enteric bacteria promote human and mouse norovirus infection of
B cells. Science 2014, 346, 755–759. [CrossRef] [PubMed]

14. Miura, T.; Sano, D.; Suenaga, A.; Yoshimura, T.; Fuzawa, M.; Nakagomi, T.; Nakagomi, O.; Okabe, S.
Histo-blood group antigen-like substances of human enteric bacteria as specific adsorbents for human
noroviruses. J. Virol. 2013, 87, 9441–9451. [CrossRef] [PubMed]

15. Almand, E.A.; Moore, M.D.; Outlaw, J.; Jaykus, L.-A. Human norovirus binding to select bacteria
representative of the human gut microbiota. PLoS ONE 2017, 12, e0173124. [CrossRef] [PubMed]

16. Rubio-del-Campo, A.; Coll-Marqués, J.M.; Yebra, M.J.; Buesa, J.; Pérez-Martínez, G.; Monedero, V.;
Rodriguez-Diaz, J. Noroviral P-Particles as an In Vitro Model to Assess the Interactions of Noroviruses with
Probiotics. PLoS ONE 2014, 9, e89586. [CrossRef] [PubMed]

17. Baldridge, M.T.; Nice, T.J.; McCune, B.T.; Yokoyama, C.C.; Kambal, A.; Wheadon, M.; Diamond, M.S.;
Ivanova, Y.; Artyomov, M.; Virgin, H.W. Commensal microbes and interferon-λ determine persistence of
enteric murine norovirus infection. Science 2015, 347, 266–269. [CrossRef] [PubMed]

18. Kuss, S.K.; Best, G.T.; Etheredge, C.A.; Pruijssers, A.J.; Frierson, J.M.; Hooper, L.V.; Dermody, T.S.; Pfeiffer, J.K.
Intestinal microbiota promote enteric virus replication and systemic pathogenesis. Science 2011, 334, 249–252.
[CrossRef] [PubMed]

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

20. Uchiyama, R.; Chassaing, B.; Zhang, B.; Gewirtz, A.T. Antibiotic treatment suppresses rotavirus infection
and enhances specific humoral immunity. J. Infect. Dis. 2014, 210, 171–182. [CrossRef] [PubMed]

21. Tashiro, M.; Ciborowski, P.; Klenk, H.D.; Pulverer, G.; Rott, R. Role of Staphylococcus protease in the
development of influenza pneumonia. Nature 1987, 325, 536–537. [CrossRef] [PubMed]

22. Scheiblauer, H.; Reinacher, M.; Tashiro, M.; Rott, R. Interactions between Bacteria and Influenza A Virus in
the Development of Influenza Pneumonia. J. Infect. Dis. 1992, 166, 783–791. [CrossRef] [PubMed]

23. Böttcher Friebertshäuser, E.; Klenk, H.D.; Garten, W. Activation of influenza viruses by proteases from host
cells and bacteria in the human airway epithelium. Pathog. Dis. 2013, 69, 87–100. [CrossRef] [PubMed]

24. Goletti, D.; Weissman, D.; Jackson, R.W.; Graham, N.M.; Vlahov, D.; Klein, R.S.; Munsiff, S.S.; Ortona, L.;
Cauda, R.; Fauci, A.S. Effect of Mycobacterium tuberculosis on HIV replication. Role of immune activation.
J. Immunol. 1996, 157, 1271–1278. [PubMed]

http://dx.doi.org/10.1007/s11908-010-0147-7
http://www.ncbi.nlm.nih.gov/pubmed/21308452
http://dx.doi.org/10.1038/nature11550
http://dx.doi.org/10.1038/nrmicro2974
http://www.ncbi.nlm.nih.gov/pubmed/23435359
http://dx.doi.org/10.1097/INF.0b013e3181b6d7ec
http://www.ncbi.nlm.nih.gov/pubmed/19918134
http://dx.doi.org/10.1371/journal.ppat.1003057
http://www.ncbi.nlm.nih.gov/pubmed/23326226
http://dx.doi.org/10.2147/TCRM.S87789
http://www.ncbi.nlm.nih.gov/pubmed/26345407
http://dx.doi.org/10.3389/fmed.2015.00030
http://www.ncbi.nlm.nih.gov/pubmed/26029695
http://dx.doi.org/10.1038/nrmicro.2015.25
http://www.ncbi.nlm.nih.gov/pubmed/26853118
http://dx.doi.org/10.1016/j.immuni.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22705104
http://dx.doi.org/10.1007/s12602-014-9162-6
http://www.ncbi.nlm.nih.gov/pubmed/24880436
http://dx.doi.org/10.1371/journal.ppat.1002681
http://dx.doi.org/10.1126/science.1257147
http://www.ncbi.nlm.nih.gov/pubmed/25378626
http://dx.doi.org/10.1128/JVI.01060-13
http://www.ncbi.nlm.nih.gov/pubmed/23804639
http://dx.doi.org/10.1371/journal.pone.0173124
http://www.ncbi.nlm.nih.gov/pubmed/28257478
http://dx.doi.org/10.1371/journal.pone.0089586
http://www.ncbi.nlm.nih.gov/pubmed/24586892
http://dx.doi.org/10.1126/science.1258025
http://www.ncbi.nlm.nih.gov/pubmed/25431490
http://dx.doi.org/10.1126/science.1211057
http://www.ncbi.nlm.nih.gov/pubmed/21998395
http://dx.doi.org/10.1016/j.chom.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24439896
http://dx.doi.org/10.1093/infdis/jiu037
http://www.ncbi.nlm.nih.gov/pubmed/24436449
http://dx.doi.org/10.1038/325536a0
http://www.ncbi.nlm.nih.gov/pubmed/3543690
http://dx.doi.org/10.1093/infdis/166.4.783
http://www.ncbi.nlm.nih.gov/pubmed/1527412
http://dx.doi.org/10.1111/2049-632X.12053
http://www.ncbi.nlm.nih.gov/pubmed/23821437
http://www.ncbi.nlm.nih.gov/pubmed/8757635


Viruses 2017, 9, 58 9 of 10

25. Pawlowski, A.; Jansson, M.; Sköld, M.; Rottenberg, M.E.; Källenius, G. Tuberculosis and HIV Co-Infection.
PLoS Pathog. 2012, 8, e1002464. [CrossRef] [PubMed]

26. Kane, M.; Case, L.K.; Kopaskie, K.; Kozlova, A.; MacDearmid, C.; Chervonsky, A.V.; Golovkina, T.V.
Successful transmission of a retrovirus depends on the commensal microbiota. Science 2011, 334, 245–249.
[CrossRef] [PubMed]

27. Wilks, J.; Lien, E.; Jacobson, A.N.; Fischbach, M.A.; Qureshi, N.; Chervonsky, A.V.; Golovkina, T.V.
Mammalian Lipopolysaccharide Receptors Incorporated into the Retroviral Envelope Augment Virus
Transmission. Cell Host Microbe 2015, 18, 456–462. [CrossRef] [PubMed]

28. Kamma, J.J.; Contreras, A.; Slots, J. Herpes viruses and periodontopathic bacteria in early-onset periodontitis.
J. Clin. Periodontol. 2001, 28, 879–885. [CrossRef] [PubMed]

29. Dai, L.; DeFee, M.R.; Cao, Y.; Wen, J.; Wen, X.; Noverr, M.C.; Qin, Z. Lipoteichoic acid (LTA) and
lipopolysaccharides (LPS) from periodontal pathogenic bacteria facilitate oncogenic herpesvirus infection
within primary oral cells. PLoS ONE 2014, 9, e101326. [CrossRef] [PubMed]

30. Hahm, B.; Arbour, N.; Oldstone, M.B.A. Measles virus interacts with human SLAM receptor on dendritic
cells to cause immunosuppression. Virology 2004, 323, 292–302. [CrossRef] [PubMed]

31. Servet-Delprat, C.; Vidalain, P.-O.; Bausinger, H.; Manié, S.; le Deist, F.; Azocar, O.; Hanau, D.; Fischer, A.;
Rabourdin-Combe, C. Measles Virus Induces Abnormal Differentiation of CD40 Ligand-Activated Human
Dendritic Cells. J. Immunol. 2000, 164, 1753–1760. [CrossRef] [PubMed]

32. Saxena, D.; Li, Y.; Yang, L.; Pei, Z.; Poles, M.; Abrams, W.R.; Malamud, D. Human Microbiome and HIV/AIDS.
Curr. HIV/AIDS Rep. 2012, 9, 44–51. [CrossRef] [PubMed]

33. Korppi, M.; Leinonen, M.; Mäkelä, P.H.; Launiala, K. Bacterial Involvement in Parainfluenza Virus Infection
in Children. J. Infect. 1990, 22, 307–312. [CrossRef]

34. Ruohola, A.; Pettigrew, M.M.; Lindholm, L.; Jalava, J.; Räisänen, K.S.; Vainionpää, R.; Waris, M.;
Tähtinen, P.A.; Laine, M.K.; Lahti, E.; et al. Bacterial and viral interactions within the nasopharynx contribute
to the risk of acute otitis media. J. Infect. 2013, 66, 247–254. [CrossRef] [PubMed]

35. Talbot, T.R.; Poehling, K.A.; Hartert, T.V.; Arbogast, P.G.; Halasa, N.B.; Edwards, K.M.; Schaffner, W.;
Craig, A.S.; Griffin, M.R. Seasonality of invasive pneumococcal disease: Temporal relation to documented
influenza and respiratory syncytial viral circulation. Am. J. Med. 2005, 118, 285–291. [CrossRef] [PubMed]

36. Van Ewijk, B.E.; Wolfs, T.F.W.; Aerts, P.C.; van Kessel, K.P.M.; Fleer, A.; Kimpen, J.L.L.; van der Ent, C.K. RSV
mediates Pseudomonas aeruginosa binding to cystic fibrosis and normal epithelial cells. Pediatr. Res. 2007,
61, 398–403. [CrossRef] [PubMed]

37. Avadhanula, V.; Wang, Y.; Portner, A.; Adderson, E. Nontypeable Haemophilus influenzae and Streptococcus
pneumoniae bind respiratory syncytial virus glycoprotein. J. Med. Microbiol. 2007, 56, 1133–1137. [CrossRef]
[PubMed]

38. McCullers, J.A. Insights into the interaction between influenza virus and pneumococcus. Clin. Microbiol. Rev.
2006, 19, 571–582. [CrossRef] [PubMed]

39. Wang, J.H.; Kwon, H.J.; Jang, Y.J. Rhinovirus enhances various bacterial adhesions to nasal epithelial cells
simultaneously. Laryngoscope 2009, 119, 1406–1411. [CrossRef] [PubMed]

40. Håkansson, A.; Kidd, A.; Wadell, G.; Sabharwal, H.; Svanborg, C. Adenovirus infection enhances in vitro
adherence of Streptococcus pneumoniae. Infect. Immun. 1994, 62, 2707–2714. [PubMed]

41. Murrah, K.A.; Turner, R.L.; Pang, B.; Perez, A.C.; Reimche, J.L.; King, L.B.; Wren, J.; Gandhi, U.; Swords, W.E.;
Ornelles, D.A. Replication of type 5 adenovirus promotes middle ear infection by Streptococcus pneumoniae
in the chinchilla model of otitis media. Pathog. Dis. 2015, 73, 1–8. [PubMed]

42. Karst, S.M.; Wobus, C.E. A working model of how noroviruses infect the intestine. PLoS Pathog. 2015, 11,
e1004626. [CrossRef] [PubMed]

43. Racaniello, V.R. One hundred years of poliovirus pathogenesis. Virology 2006, 344, 9–16. [CrossRef] [PubMed]
44. Springer, G.F.; Williamson, P.; Brandes, W.C. Blood group activity of gram-negative bacteria. J. Exp. Med.

1961, 113, 1077–1093. [CrossRef] [PubMed]
45. Li, D.; Breiman, A.; le Pendu, J.; Uyttendaele, M. Binding to histo-blood group antigen-expressing bacteria

protects human norovirus from acute heat stress. Front. Microbiol. 2015, 6, 659. [CrossRef] [PubMed]
46. Böhm, R.; Fleming, F.E.; Maggioni, A.; Dang, V.T.; Holloway, G.; Coulson, B.S.; von Itzstein, M.; Haselhorst, T.

Revisiting the role of histo-blood group antigens in rotavirus host-cell invasion. Nat. Commun. 2015, 6, 5907.
[CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.ppat.1002464
http://www.ncbi.nlm.nih.gov/pubmed/22363214
http://dx.doi.org/10.1126/science.1210718
http://www.ncbi.nlm.nih.gov/pubmed/21998394
http://dx.doi.org/10.1016/j.chom.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26468748
http://dx.doi.org/10.1034/j.1600-051x.2001.028009879.x
http://www.ncbi.nlm.nih.gov/pubmed/11493359
http://dx.doi.org/10.1371/journal.pone.0101326
http://www.ncbi.nlm.nih.gov/pubmed/24971655
http://dx.doi.org/10.1016/j.virol.2004.03.011
http://www.ncbi.nlm.nih.gov/pubmed/15193925
http://dx.doi.org/10.4049/jimmunol.164.4.1753
http://www.ncbi.nlm.nih.gov/pubmed/10657621
http://dx.doi.org/10.1007/s11904-011-0103-7
http://www.ncbi.nlm.nih.gov/pubmed/22193889
http://dx.doi.org/10.3109/00365549009027052
http://dx.doi.org/10.1016/j.jinf.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23266462
http://dx.doi.org/10.1016/j.amjmed.2004.09.016
http://www.ncbi.nlm.nih.gov/pubmed/15745727
http://dx.doi.org/10.1203/pdr.0b013e3180332d1c
http://www.ncbi.nlm.nih.gov/pubmed/17515861
http://dx.doi.org/10.1099/jmm.0.47086-0
http://www.ncbi.nlm.nih.gov/pubmed/17761473
http://dx.doi.org/10.1128/CMR.00058-05
http://www.ncbi.nlm.nih.gov/pubmed/16847087
http://dx.doi.org/10.1002/lary.20498
http://www.ncbi.nlm.nih.gov/pubmed/19434681
http://www.ncbi.nlm.nih.gov/pubmed/8005661
http://www.ncbi.nlm.nih.gov/pubmed/25251686
http://dx.doi.org/10.1371/journal.ppat.1004626
http://www.ncbi.nlm.nih.gov/pubmed/25723501
http://dx.doi.org/10.1016/j.virol.2005.09.015
http://www.ncbi.nlm.nih.gov/pubmed/16364730
http://dx.doi.org/10.1084/jem.113.6.1077
http://www.ncbi.nlm.nih.gov/pubmed/19867191
http://dx.doi.org/10.3389/fmicb.2015.00659
http://www.ncbi.nlm.nih.gov/pubmed/26191052
http://dx.doi.org/10.1038/ncomms6907
http://www.ncbi.nlm.nih.gov/pubmed/25556995


Viruses 2017, 9, 58 10 of 10

47. Paul, R.W.; Choi, A.H.; Lee, P.W. The alpha-anomeric form of sialic acid is the minimal receptor determinant
recognized by reovirus. Virology 1989, 172, 382–385. [CrossRef]

48. McCullers, J.A. The co-pathogenesis of influenza viruses with bacteria in the lung. Nat. Rev. Microbiol. 2014,
12, 252–262. [CrossRef] [PubMed]

49. Lillebaek, T.; Dirksen, A.; Vynnycky, E.; Baess, I.; Thomsen, V.Ø.; Andersen, A.B. Stability of DNA patterns
and evidence of Mycobacterium tuberculosis reactivation occurring decades after the initial infection.
J. Infect. Dis. 2003, 188, 1032–1039. [CrossRef] [PubMed]

50. Collins, K.R.; Quiñones-Mateu, M.E.; Toossi, Z.; Arts, E.J. Impact of tuberculosis on HIV-1 replication,
diversity, and disease progression. AIDS Rev. 2002, 4, 165–176. [PubMed]

51. Khosravi, A.; Mazmanian, S.K. Disruption of the gut microbiome as a risk factor for microbial infections.
Curr. Opin. Microbiol. 2013, 16, 221–227. [CrossRef] [PubMed]

52. McCullers, J.A.; Bartmess, K.C. Role of Neuraminidase in Lethal Synergism between Influenza Virus and
Streptococcus pneumoniae. J. Infect. Dis. 2003, 187, 1000–1009. [CrossRef] [PubMed]

53. Hament, J.M.; Kimpen, J.L.; Fleer, A.; Wolfs, T.F. Respiratory viral infection predisposing for bacterial disease:
A concise review. FEMS Immunol. Med. Microbiol. 1999, 26, 189–195. [CrossRef] [PubMed]

54. Ghoneim, H.E.; Thomas, P.G.; McCullers, J.A. Depletion of alveolar macrophages during influenza infection
facilitates bacterial superinfections. J. Immunol. 2013, 191, 1250–1259. [CrossRef] [PubMed]

55. Blevins, L.K.; Wren, J.T.; Holbrook, B.C.; Hayward, S.L.; Swords, W.E.; Parks, G.D.; Alexander-Miller, M.A.
Coinfection with Streptococcus pneumoniae negatively modulates the size and composition of the ongoing
influenza-specific CD8+ T cell response. J. Immunol. 2014, 193, 5076–5087. [CrossRef] [PubMed]

56. Mehta, D.; Petes, C.; Gee, K.; Basta, S. The Role of Virus Infection in Deregulating the Cytokine Response to
Secondary Bacterial Infection. J. Interferon Cytokine Res. 2015, 35, 925–934. [CrossRef] [PubMed]

57. Podsiad, A.; Standiford, T.J.; Ballinger, M.N.; Eakin, R.; Park, P.; Kunkel, S.L.; Moore, B.B.; Bhan, U.
MicroRNA-155 regulates host immune response to postviral bacterial pneumonia via IL-23/IL-17 pathway.
Am. J. Physiol. Lung Cell Mol. Physiol. 2016, 310, L465–L475. [CrossRef] [PubMed]

58. Han, Y.W.; Shi, W.; Huang, G.T.J.; Haake, S.K.; Park, N.-H.; Kuramitsu, H.; Genco, R.J. Interactions between
Periodontal Bacteria and Human Oral Epithelial Cells: Fusobacterium nucleatum Adheres to and Invades
Epithelial Cells. Infect. Immun. 2000, 68, 3140–3146. [CrossRef] [PubMed]

59. Contreras, A.; Slots, J. Herpesviruses in human periodontal disease. J. Periodontal Res. 2000, 35, 3–16.
[CrossRef] [PubMed]

60. De Rodrigues, P.M.S.; Teixeira, A.L.; Kustner, E.C.; Medeiros, R. Are herpes virus associated to aggressive
periodontitis? A review of literature. J. Oral Maxillofac. Pathol. 2015, 19, 348–355. [CrossRef] [PubMed]

61. Chun, T.W.; Engel, D.; Berrey, M.M.; Shea, T.; Corey, L.; Fauci, A.S. Early establishment of a pool of latently
infected, resting CD4(+) T cells during primary HIV-1 infection. Proc. Natl. Acad. Sci. USA 1998, 95,
8869–8873. [CrossRef] [PubMed]

62. Zar, H.J. Chronic lung disease in human immunodeficiency virus (HIV) infected children. Pediatr. Pulmonol.
2008, 43, 1–10. [CrossRef] [PubMed]

63. Slifka, M.K.; Homann, D.; Tishon, A.; Pagarigan, R.; Oldstone, M.B.A. Measles virus infection results in
suppression of both innate and adaptive immune responses to secondary bacterial infection. J. Clin. Investig.
2003, 111, 805–810. [CrossRef] [PubMed]

64. Taube, S.; Jiang, M.; Wobus, C.E. Glycosphingolipids as receptors for non-enveloped viruses. Viruses 2010, 2,
1011–1049. [CrossRef] [PubMed]

65. Moon, C.; Stappenbeck, T.S. Viral interactions with the host and microbiota in the intestine.
Curr. Opin. Immunol. 2012, 24, 405–410. [CrossRef] [PubMed]

66. Ichinohe, T.; Pang, I.K.; Kumamoto, Y.; Peaper, D.R.; Ho, J.H.; Murray, T.S.; Iwasaki, A. Microbiota regulates
immune defense against respiratory tract influenza A virus infection. Proc. Natl. Acad. Sci. USA 2011, 108,
5354–5359. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0042-6822(89)90146-3
http://dx.doi.org/10.1038/nrmicro3231
http://www.ncbi.nlm.nih.gov/pubmed/24590244
http://dx.doi.org/10.1086/378240
http://www.ncbi.nlm.nih.gov/pubmed/14513424
http://www.ncbi.nlm.nih.gov/pubmed/12416451
http://dx.doi.org/10.1016/j.mib.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23597788
http://dx.doi.org/10.1086/368163
http://www.ncbi.nlm.nih.gov/pubmed/12660947
http://dx.doi.org/10.1111/j.1574-695X.1999.tb01389.x
http://www.ncbi.nlm.nih.gov/pubmed/10575129
http://dx.doi.org/10.4049/jimmunol.1300014
http://www.ncbi.nlm.nih.gov/pubmed/23804714
http://dx.doi.org/10.4049/jimmunol.1400529
http://www.ncbi.nlm.nih.gov/pubmed/25311807
http://dx.doi.org/10.1089/jir.2015.0072
http://www.ncbi.nlm.nih.gov/pubmed/26308503
http://dx.doi.org/10.1152/ajplung.00224.2015
http://www.ncbi.nlm.nih.gov/pubmed/26589478
http://dx.doi.org/10.1128/IAI.68.6.3140-3146.2000
http://www.ncbi.nlm.nih.gov/pubmed/10816455
http://dx.doi.org/10.1034/j.1600-0765.2000.035001003.x
http://www.ncbi.nlm.nih.gov/pubmed/10791704
http://dx.doi.org/10.4103/0973-029X.174621
http://www.ncbi.nlm.nih.gov/pubmed/26980964
http://dx.doi.org/10.1073/pnas.95.15.8869
http://www.ncbi.nlm.nih.gov/pubmed/9671771
http://dx.doi.org/10.1002/ppul.20676
http://www.ncbi.nlm.nih.gov/pubmed/18041077
http://dx.doi.org/10.1172/JCI13603
http://www.ncbi.nlm.nih.gov/pubmed/12639986
http://dx.doi.org/10.3390/v2041011
http://www.ncbi.nlm.nih.gov/pubmed/21994669
http://dx.doi.org/10.1016/j.coi.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22626624
http://dx.doi.org/10.1073/pnas.1019378108
http://www.ncbi.nlm.nih.gov/pubmed/21402903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Direct Interactions: Viruses Exploiting Bacteria 
	Indirect Interactions: Bacteria Exploiting Viral Infections 
	Influence of Bacteria and Virus Features on Interactions 
	Conclusions 

