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Summary
With our capabilities to culture and sequence the commensal bacteria that dwell on and within a
host, we can now study the host in its entirety, as a supraorganism that must be navigated by the
pathogen invader. At present, the majority of studies have focused on the interaction between the
host’s microbiota and bacterial pathogens. This is not unwarranted, given that bacterial pathogens
must compete with commensal organisms for the limited territory afforded by the host. However,
viral pathogens also enter the host through surfaces coated with microbial life and encounter an
immune system shaped by this symbiotic community. Therefore, we believe the microbiota cannot
be ignored when examining the interplay between the host and viral pathogens. Here we review
work that details mechanisms by which the microbiota either promotes or inhibits viral replication
and virally-induced pathogenesis. The impact of the microbitota on viral infection promises to be a
new and exciting avenue of investigation, which will ultimately lead to better treatments and
preventions of virally-induced diseases.
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Introduction
With the current explosion in publications that examine the interactions between higher
organisms and their microbiota, one might think these associations only began a decade ago.
However, in reality this relationship has been fine tuned over the last 1.2 billion years, and
we have only now developed tools powerful enough to dissect its contribution to host
physiology (1). Of the vast beneficial contributions that have been uncovered, protection
from invading pathogens is one of the most critical to the health of the host.

Commensal organisms protect the host from pathogenic assault by competing for sites of
attachment and nutrients and by producing antimicrobial substances, a phenomenon known
as colonization resistance (2). The presence of a dense microbial community on exposed
surfaces hinders the ability of pathogenic bacteria to take root and establish a niche.

Microbial colonization not only affords protection from pathogens by limiting real estate,
but also confers protection by mediating the maturation and regulation of the immune
system. To date, the microbiota have been implicated in the development of secondary
lymphoid tissues; such as the gut associated lymphoid tissue, isolated lymphoid follicles,
Peyer’s patches, mesenteric lymph nodes, and splenic white pulp (3). Furthermore, they
promote immune homeostasis by driving both pro- and anti-inflammatory T cell responses
(4). In addition, commensal bacteria contribute to production of IgA and antimicrobial
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peptides (5). Importantly, unlike colonization resistance, the microbiota’s multifaceted
influence on the immune system has far-reaching implications for all pathogenic infections:
bacterial, fungal, parasitic, and viral.

Viruses are predominantly transmitted through mucosal surfaces: be it fecal-oral
transmission, where the virus transits through the gastrointestinal tract; sexual transmission,
where the virus contacts the genital mucosa; or aerosol transmission, where the virus
encounters commensals occupying the upper airways. In addition, blood-borne viruses that
require arthropod vectors to disseminate encounter diverse commensal communities, not
only within the mammalian host but also within their insect distributors. Given that nearly
all viral pathogens encounter the host’s microbiota, it is likely that these communities
modulate viral infection.

The host’s microbiota can potentially influence viral infections in three ways: their presence
could be neutral, their presence could hinder viral infection, or their presence could promote
viral infection. In our eyes, the latter two scenarios are of primary interest. Therefore, we
have chosen to examine foundational work that describes the means by which the
commensal population aids or abets viral replication, transmission, and pathogenesis. Given
that this field is in its infancy, a consensus has not been reached on the majority mechanisms
that we will discuss, but this makes a review of the field ever more valuable.

To study the role of microbiota in viral infections, one needs to compare virus replication/
transmission/pathogenesis in organisms with and without commensal bacteria. There are two
commonly used approaches that allow ablation of commensals: treatment with the broad-
spectrum antibiotics and the production and maintenance of animals under sterile conditions
(germ free, GF). Ideally, both approaches should be used in parallel, as each has its unique
strengths and weaknesses. Antibiotics can have adverse effects on the host independent of
microbial ablation and promote the selection of resistant bacterial species, making it difficult
to achieve a truly aseptic system. However, GF animals have immature secondary lymphoid
tissues, which can complicate the interpretation of immunological studies. Unfortunately,
even with these two approaches in hand, we are restricted to studying the role of the
microbiota in viral infections with established animal models.

The microbiota hinder viral replication and virally-induced disease
Influenza virus

In 2009, the World Health Organization made the identification of host factors that influence
the severity of influenza infection a priority of its research agenda. As of now, the vast
majority of studies have concentrated on the genetic determinants of susceptibility (6–8).
However, disease outcome is not solely dictated by the host’s genetic makeup, but also by
the commensal community it harbors. Do these commensal constituents govern the host’s
susceptibility to influenza infection? Indeed, there is compelling evidence that disruption of
the host’s microbiota increases its vulnerability to influenza (9, 10).

As demonstrated by Abt et al, influenza pathogenesis was greatly exaggerated in both
antibiotic-treated and GF mice (Figure 1A). Specifically, these mice exhibited an increase in
viral titer, which correlated with a precipitous decrease in survival. Furthermore, their lung
epithelium displayed morphological features of degeneration and necrosis, a hallmark of
disease severity that was not evident in specific pathogen free (SPF) animals. The
administration of a purified innate immune agonist (poly I:C) only partially rescued the
mortality of antibiotic treated mice (10), suggesting that full protection against influenza
likely requires activation of more than one innate immune pathway (Figure 1A).
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Like antibiotic-treated mice, GF mice infected with influenza also demonstrated exacerbated
lung pathology and increased mortality (10), which indicates the microbiota play a role in
protection against the disease. However, the disease exacerbation in influenza-infected GF
and antibiotic-treated SPF mice may be due to the loss of different protective mechanisms in
these two groups of mice. Whereas antibiotic treatment caused a significant decrease in
virus-specific IgG antibodies (Abs) in SPF mice, virus-specific IgG responses were not
affected in GF animals (10). It is not clear whether such a disparity was reflected in the cell-
mediated immune response; as virus-specific cytotoxic T lymphocyte (CTL) responses,
which were significantly decreased in antibiotic-treated mice, were not reported for infected
GF mice (10).

Surprisingly, the aggravated disease phenotype observed in mice treated with sterilizing
antibiotic cocktail (10) was identical to the disease phenotype seen in SPF mice treated with
a non-sterilizing concentration of antibiotics (9). In the latter study, the exacerbated disease
phenotype was attributed to a significant decrease in virus-specific IgG Abs and CTLs,
which was associated with a reduction in neomycin sensitive bacteria and a bloom in
enterobacteria (9). Thus, the increased virus pathogenesis could be due to either a drastic
depletion of the total microbial population or a dysregulation of the microbiota.
Consequently, a more detailed comparison of antibiotic-treated SPF and GF infected
animals is required to uncover how the microbiota modulate the host’s susceptibility to this
pathogen.

It must be noted that the most severe and fatal cases of influenza are associated with
pneumonia induced by bacterial co-infection (11–13). Patients that arrive at the hospital with
symptoms indicative of pneumonia receive antibiotic treatment independent of their
influenza status (13). Given that either the dysregulation or ablation of commensal
organisms enhances disease severity, it is worth evaluating the consequences and benefits of
administering antibiotic therapy in the context of influenza virus infection. To date, there has
not been a comprehensive investigation comparing the affects of such therapy on disease
outcome in co-infected individuals.

Human Immunodeficiency Virus
Per exposure event, the probability of women becoming infected with HIV-1 via vaginal
intercourse is significantly lower than that of rectal or parenteral transmission (14).
However, imbalance in the vaginal flora due to bacterial vaginosis (BV) increases the risk of
acquiring and transmitting HIV-1(15) (16). This suggests the balanced microbial consortium
associated with a healthy vagina plays a protective role in HIV-1 acquisition.

A healthy vaginal flora is dominated by lactobacilli that acidify the vagina with lactic acid, a
known antimicrobial agent (17, 18). Lactobacilii generate L-lactic acid as a metabolic
byproduct while hydrolyzing glycogen stored by mucosal epithelial cells. Two studies
provide strong evidence that L-lactic acid has broad-spectrum HIV virucidal activity at low
pH. Lai et al established that lactic acid-acidified cervicovaginal mucus (CVM) trapped
HIV-1 within the vaginal mucus layer (Figure 1A), where the virus diffused approximately
100 times more slowly than in neutralized mucus (19). This phenomenon required the
presence of the lactic acid molecule, as acidified conditions alone did not alter the rate of
HIV-1 diffusion. Recent studies published by Aldunate et al. reported that L-lactic acid was
also capable of inactivating both HIV-1 and HIV-2 in vitro (20). The HIV virucidal activity
of lactic acid was pH dependent, as neutralized L-lactic acid lost its ability to inhibit HIV-1
infectivity (Figure 1A). Thus, lactic acid produced by lactobacilli can directly suppress HIV
infectivity. In addition, lactic acid kills BV-associated bacteria under physiological
conditions (21). Therefore, lactic acid can also have an indirect impact on HIV transmission
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by preventing BV, which is associated with an increased risk of HIV acquisition (15, 16,
22).

Dengue virus
Dengue viruses, the causative agents of dengue fever in humans, are predominantly
transmitted by the Aedes aegypti mosquito (23). The virus, taken up with dengue laden
blood, first infects the mosquito gut tissue and then migrates to the salivary glands, where it
can be transmitted to another host during feeding (23). The fact that both the virus and
microbiota inhabit the arthropod midgut prompted the investigation of the microbiota’s role
in dengue virus replication/transmission.

It was observed that the commensal microbiota of Aedes aegypti is capable of controlling
Dengue virus replication, as virus titers were significantly increased in mosquitoes whose
commensals were ablated by antibiotics (Figure 1A) (24). In addition, the virus resistance
phenotype in aseptic mosquitos was rescued by colonization with a single commensal
isolate, Proteus sp. (Figure 1A) (24), indicating that a single bacterial species can mitigate
virus infection.

To gain insights into the microbiota-mediated virus restriction, the authors compared the
transcript abundance in the midgut of mosquitos fed on dengue-infected or naïve blood. This
analysis revealed an elevation in expression of Toll pathway-regulated antimicrobial peptide
genes in septic but not aseptic mosquitoes, suggesting that the endogenous bacterial flora
were stimulating immune gene expression in response to the virus. Repression of the Toll
pathway through MyD88 gene silencing resulted in elevated dengue titers, which mirrored
those of the aseptic MyD88-sufficient mosquitos (Figure 1A) (24).

The fact that the virus alone was a poor activator of Toll and that the bacterial flora did not
influence virus infectivity in vitro (25) indicates that the microbiota have an indirect role in
modulating dengue virus infection, possibly through basal level stimulation of the Toll
immune pathway. However, how this bacterial community mediates the anti-viral immune
response remains to be elucidated.

The host’s microbiota facilitate viral replication and pathogenesis
Picornavirus/reovirus

Throughout its transmission, poliovirus is intimately associated with the microbiota of the
human host, as it is spread via the fecal-oral route. Remarkably, this association is required
for the success of virus transmission and also influences subsequent pathogenesis (26).

Before we delve into the results of this study, it is imperative to address the species tropism
of poliovirus. Poliovirus is tropic for the human species; only humans express the receptor
required for virus attachment, poliovirus receptor (PVR). However, using transgenic mice
expressing the human PVR (PVRtg) can circumvent this tropism, which allows investigators
to examine the virus in a tractable system. Consequently, the authors utilized PVRtg mice in
conjunction with antibiotic therapy to address whether the intestinal microbiota effect
poliovirus infection.

Antibiotic treated mice exposed to poliovirus via the oral route exhibited a significant
decrease in mortality relative to their untreated counterparts (Figure 1B). Notably, this effect
was not unique to poliovirus; as antibiotic treatment decreased the pathogenesis of reovirus,
an enteric pathogen from a divergent viral family. In addition, colonization of antibiotic
treated mice with a single antibiotic resistant bacterium made the animals susceptible to
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poliovirus infection, recapitulating the phenotype observed in mice colonized with their
natural flora.

The enhanced susceptibility of microbially replete animals was a result of increased
poliovirus replication. To gain insight into the microbiota-enhanced virus replication, the
authors utilized an in vitro assay where susceptible cells were exposed to poliovirus
pretreated with fecal material with or without microbiota. The virus that came in contact
with commensal organisms was significantly more infectious than that exposed to fecal
material lacking a microbial population (derived from GF mice), indicating that microbiota
directly impact virus infectivity. Furthermore, exposure of poliovirus to a broad spectrum of
individual bacteria recapitulated the enhanced infectivity phenotype. Further experiments
showed that N-acetylglucosamine (GlcNAc)-containing surface polysaccharides such as
peptidoglycan and Lipopolysaccharid (LPS) increased virus infectivity. These bacterial
products, bound to virus particles, enhanced virus attachment to the target cells (26) and
increased virus stability (Dr. Pfeiffer, personal communication). Additionally, GlcNAc
containing compounds of non-bacterial origin could also promote virus infectivity (Dr.
Pfeiffer, personal communication). The exact mechanism by which GlcNAc containing
molecules abet viral infectivity however, is yet to be determined.

Murine Leukemia Virus
Murine Leukemia Virus (MuLV) is a gammaretrovirus, which causes leukemia/lymphomas
in mice from susceptible backgrounds. Exogenous virus can be transmitted either through
the blood (birth, bites, and scratches), or through the oral route via the milk of an infected
mother. Interestingly, the oral route appears to be the most efficient for virus transmission.
This is best exemplified by a recent study that compared post-partum and intra-partum
transmission rates of MuLV (27). The key message to take away from this work is when
pups born to an uninfected mother were transferred to an infected lactating female, the rate
of transmission was 97% compared to 78% observed in mice born to an infected female and
transferred to an uninfected lactating female (27).

Like many retroviruses, which induce malignancies, MuLV does not encode an appreciated
oncogene in its genome. Tumor induction by these viruses is explained by proviral
integration in the proximity of a cellular proto-oncogene, which activates its expression.
Activation of an oncogene leads to immortalization of the target cell. However, the
malignant transformation of immortalized cells requires additional steps, often referred to as
‘second hits’.

MuLV-induced leukemia requires a series of events beginning with early infection of
hematopoietic stem cells (HSCs) in the bone marrow and development of spleen
hyperplasia. The latter is the consequence of a compensatory hematopoiesis resulting from
diminished normal hematopoiesis in the infected bone marrow (28, 29). The preleukemic
HSC that has undergone an initial transformation event (up-regulation of an oncogene, for
example) will have acquired additional mutations necessary to progress to leukemia (30).

Given the most successful route of infection houses an abundant microbial population, is
there evidence that the microbiota plays a role in MuLV infection and subsequent
pathogenesis? Two papers (31, 32), and our own unpublished study, examined the
contribution of the microbiota to MuLV-induced leukemia in mice susceptible to infection.
Accordingly, conventionally raised and germ-free BALB/c mice were infected with MuLV
via intraperitoneal injection, and the disease process was monitored. In all studies, GF mice
were significantly more resistant to MuLV-induced leukemia and exhibited a lower
mortality rate than their conventionally raised counterparts (31, 32) (Figure 1B).
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Importantly, the level of viremia was as much as 10-fold lower, relative to SPF mice, during
the period preceding the development of leukemia (32).

MuLV requires dividing cells for successful replication. Therefore, Kouttab et al proposed
that the relative resistance of GF mice to leukemogenic effects of MuLV could be due to
either decreased frequency or low permissiveness of target cells. To test this possibility, they
stimulated the immune system of MuLV-infected GF mice via injection of sheep
erythrocytes (SRBC) and monitored their survival. Although infected SRBC-injected GF
mice died at the same rate as their conventionally raised infected counterparts, none of them
developed symptoms of leukemia (31) (Figure 1B). Whether the microbiota modulates
MuLV-induced disease directly, by influencing virus replication, or indirectly, by
contributing to the ‘second hit’ in the transformation pathway, is yet to be determined.

Mouse Mammary Tumor Virus
Mouse Mammary Tumor Virus (MMTV) is a betaretrovirus that has been circulating in
mice for over 20 million years. Exogenous MMTV is passed from mothers to their offspring
through milk and infects lymphoid cells before spreading to mammary epithelial cells where
is causes mammary tumors (33). In 1985, Outzen et al found that C3H/HeJ mice carrying a
mutation in the innate immune Toll-like 4 (TLR4) gene exhibited a delay in mammary
tumor development (34). However, the underlying cause for this decrease in pathogenesis
remained elusive until our discovery of a TLR4-dependent mechanism used by MMTV to
evade the anti-virus immune response (35). In the course of our studies, we found that
MMTV interacts with TLR4 and triggers production of the immunosuppressive cytokine,
interleukin 10 (IL-10), which blocks the anti-viral response (35). MMTV-induced signaling
through TLR4 required bacterially produced LPS, a well-characterized TLR4 ligand. In fact,
LPS-free MMTV stocks failed to induce IL-10 production. Furthermore, SPF mice deficient
in either TLR4 and IL-10, as well as GF wild type mice, were unable to transmit infectious
virus through successive generations (36).

Despite exhibiting overall similarities, the phenotypes of these SPF and GF mice were not
identical. Whereas GF mice eliminated the virus in one generation, it took multiple
generations of IL-10- and TLR4-deficient SPF mice to eradicate the virus, even though the
virus titer was reduced with each passage (36). Since GF mice were infected via peritoneal
injection (a single virus dose) and SPF mice ingested the virus with mother’s milk (suckled
for 17 days), the differences in the phenotypes between GF and SPF mice could be
explained by the different routes of infection or by variation in virus dose. To discriminate
between these two possibilities, we limited the exposure of TLR4-deficient or TLR4-
sufficient newborn mice to milk-borne virus by only allowing them to suckle for 2 days on
infected mothers. They were aged and screened for infection. Whereas 100% of TLR4-
sufficient mice maintained the virus, 70% of TLR4-deficient mice were virus-free (Figure
2). Thus, the reduction in the dose of orally-transmitted virus resulted in accelerated virus
eradication in resistant SPF mice, indicating the dose rather than the route of infection
determines successful virus transmission.

Virus persistence in naturally infected mice (dependent on the functional TLR4 and
microbiota) correlated with their inability to respond to viral antigens upon immunization
later in life (Figure 2) (36). These data suggest that the virus may induce tolerance to itself
by exploiting the tolerogenic properties of the microbiota. Interestingly, TLR4-deficient
mice which maintained infectious virus remained virus tolerant (Figure 2). The ability of
orally transmitted MMTV to induce tolerance in TLR4-defficient mice indicates the
existence of a TLR4-independent pathway capable of suppressing anti-MMTV immunity.
This pathway, however, is less potent than that triggered by bacterial LPS, because TLR4-
deficient mice reduced virus titers within each consecutive generation (36).
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HIV
One major hallmark of HIV infection is chronic immune activation (37). This phenomenon
is a powerful predictor of disease outcome, as immune activation correlates with a
precipitous decrease in survival (38). Notably, immune activation is not entirely dependent
on viral replication, but on a stimulus that is uniquely present in HIV-1-infected individuals.

Infected individuals have a compromised gastrointestinal epithelium [reviewed in (37)],
which is partially attributed to virally encoded gp120Env, as purified envelope protein is
capable of disrupting the epithelial barrier (39). It has been proposed that barrier disruption
leads to the translocation of microbial ligands, which results in aberrant immune activation.
This hypothesis is corroborated by the presence of LPS, a potent immunostimulus, in the
sera of HIV-1 infected patients (40).

LPS has been directly visualized in the mesenteric lymph nodes of Simian
Immunodeficiency Virus (SIV)-infected rhesus macaques (41). Within the lymph node, LPS
was surrounded by a suite of macrophages and dendritic cells, all of which expressed high
levels of the proinflammatory cytokine IL-18, a primary indicator of activation of these cell
subsets. Thus, disruption of the gastrointestinal epithelial barrier allows LPS to traverse the
epithelium and disseminate throughout the infected macaques, promoting systemic immune
activation.

While there is strong evidence for LPS translocation, there is scant evidence to support the
translocation of Gram-negative commensal microbes, producers of LPS, across the intestinal
epithelial barrier. Though LPS was visualized in the aforementioned study, there was no
evidence for the dissemination of commensal bacteria in any of the major organs or the
mesenteric lymph nodes of infected macaques (41). Moreover, sepsis in HIV-infected
individuals is typically reported as a result of co-infection with an enteric pathogen, rather
than the translocation of commensal organisms (42). Therefore, it is likely that the term
‘microbial translocation’ primarily refers to the systemic influx of microbial products, and
not the microbiota.

Does the translocation of microbial products and the resulting immune activation benefit
HIV-1? Even though non-proliferating quiescent T cells can be infected by HIV-1, they
harbor the virus in an inactive state, and transition to productive infection is dependent upon
mitogenic stimulation of these cells (43, 44). Thus, it is possible that the immune activation
coinciding with HIV-1 infection is required for productive infection of the target cells.
Furthermore, there may be a direct interaction between the virus and LPS, as HIV-1
gp120Env binds LPS in vitro (45). Therefore, it is possible that HIV and SIV may also take
advantage of commensal bacteria to assure successful propagation and spread. However, to
test such a hypothesis, HIV-1 must be isolated from infected individuals and the associated
LPS must be determined.

Concluding remarks and open questions
As we showed in this review, the microbiota of the host affects the replication and
transmission of a diverse array of viral pathogens. Therefore, it is tempting to speculate that
the composition of an individual’s microbiota can influence disease outcome during viral
infection, making it a potential target for therapeutic intervention. However, the dual role of
the microbiota in viral infection necessitates the development of therapies that are uniquely
tailored to the infectious agent. In the case of microbially-mediated anti-virus protection the
exploration of probiotic therapy might be beneficial. In the case of microbially-promoted
viral infection, one would need to develop a molecular scalpel to replace the unwieldy ax of
broad-spectrum antibiotics. Creation of both types of therapy would require identification of
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either the individual bacterial species or bacterial ligands responsible for anti- and pro-viral
effects.
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Figure 1. A) The host’s microbiota protect against viral infection
Influenza [based on (10)]. Influenza virus was administered intranasally to conventionally
raised, antibiotic-treated (+Abx), and Germ-free C57BL/6 mice. Compared to
conventionally raised mice, antibiotic-treated (sterilized conditions) and GF animals
exhibited an increase in viral titers within the lung, which correlated with augmented
mortality. This phenotype was partially rescued by the addition of the innate immune
agonist, poly I:C (+Abx, pIC).
HIV. Top panel [based on (19)]. The diffusion rate of HIV-1 was measured in
cervicovaginal mucus (CVM) isolated from healthy subjects. HIV was trapped in
lactobacilli acidified CVM compared to neutralized CMV, as the virus diffusion was slowed
by 1,000-fold. Bottom panel [based on (20)]. Infectivity of HIV-1 incubated with L-lactic
acid at acidic or neutral pH was assessed in an in vitro assay. When compared to neutralized

Wilks et al. Page 11

Immunol Rev. Author manuscript; available in PMC 2013 November 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



L-lactic acid, acidified L-lactic acid reduced HIV-1 infectivity by approximately 10,000
times.
Dengue. Top and middle panels [based on (25)]. Aedes aegypti were treated with an
antibiotic cocktail that ablated all cultivable bacteria (+Abx). After which, they were fed
dengue-infected blood meal. Mosquitos that had been treated with antibiotics exhibited a 3-
fold increase in viral titers within their midgut. Bottom [based on (24)]. Mosquitos treated
with antibiotics were colonized with a single commensal isolate (Proteus) (+Abx, Proteus).
The addition of Proteus to aseptic mosquitos returned the virus titer to levels observed in
those that were untreated.
B) The host’s microbiota enhance susceptibility to viral infection.
Poliovirus/Reovirus [based on (26)]. Mice expressing the human poliovirus receptor were
treated with an antibiotic cocktail that ablated cultivable bacteria (+Abx). After which, either
poliovirus or reovirus was administered via the oral route. Elimination of microbiota
resulted in a decrease in virus titers and -improved survival. Colonization of antibiotic-
treated mice with an antibiotic resistant bacterium (+Abx, Abx resistant bacteria) rescued
polivirus replication and virus-induced pathogenesis.
MuLV. Top and middle panels [based on (31) and (32)]. MuLV-infected GF mice
demonstrated higher viremia and resisted leukemia compared to infected conventionally
raised mice. Bottom (31). Immunization of germ free mice with sheep red blood cells
(SRBCs) increased the mortality of these mice upon MuLV infection. However, the cause of
death was unclear, as leukemia was not documented in these animals. MMTV [based on
(36)]. Transmission of MMTV was compared in conventionally raised, antibiotic-treated
(+Abx), and GF mice. While the virus persisted indefinitely in conventionally raised
animals, it was eliminated from both antibiotic-treated and GF mouse families. Notably,
ablation of the MyD88 immune adaptor (MyD88−/− mice) rescued the virus persistence in
GF mice. MyD88 functions within the TLR7 innate immune pathway, which senses
retroviruses (46).
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Figure 2. High virus titers can overcome host protective responses
Mice of indicated strains were fostered by MMTV(LA)-infected females (47) for 2 or 21
days. As all productively infected mice show deletion of superantigen (SAg) cognate T cells
(48), infection was evaluated by determining percentages of SAg cognate Vβ6+ T cells
among CD4+ T cells via FACS analysis at 8 weeks of age. Fostered and control mice were
immunized at 9 weeks of age with MMTV(LA) in complete Freund adjuvant as described
(49). Production of virus-specific Abs was tested by ELISA (49). Sera from six to twelve
mice were used per group. All graphs show mean of OD ± SD. B6 and B10 mice were used
interchangeably. Where 100% (7/7) of TLR4-sufficient mice fostered by viremic mothers
for 2 days became infected, only 3/11 (30%) of TLR4-deficient mice were infected. Virus-
free TLR4-deficient mice (8/11) were exclusively used in immunization studies.
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