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Humans and animals are infected by multiple endogenous and exogenous viruses but
few agents cause overt tissue damage. We review the circumstances which favor overt
disease expression. These can include intrinsic virulence of the agent, new agents
acquired from heterologous species, the circumstances of infection such as dose
and route, current infection with other agents which includes the composition of the
microbiome at mucosal and other sites, past history of exposure to other infections as
well as the immune status of the host. We also briefly discuss promising therapeutic
strategies that can expand immune response patterns that minimize tissue damaging
responses to viral infections.
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INTRODUCTION

Humans are perpetually infected with multiple endogenous and exogenous viral agents and
estimates suggest that some of us generate up to 1012 new virus particles per day (Virgin et al.,
2009). Moreover, thanks to astonishing advances in technology we are constantly discovering
new viruses that are present somewhere on or in our bodies. However, few exogenous viruses
cause overt disease and when this does occur usually only a minority of individuals are affected.
Since viruses are obligate intracellular parasites that require host cells to replicate and assemble
infectious progeny, the question arises as to the nature of factors which impact on whether or
not infections are unobserved or develop into some form of overt cell and tissue damage. Some
viruses do have high intrinsic levels of pathogenicity and mediate notable, often lethal, tissue
damage in a high proportion of infected individuals. Smallpox was the poster child of this situation
in mankind. These days, Ebola virus and some other viruses that cause hemorrhagic fevers have
high intrinsic pathogenicity causing dramatic effects that include death in most infected persons
(Feldmann and Geisbert, 2011).

In animal populations, highly virulent viruses also occur from time to time. For example, when it
first occurred in the 1950s, myxomatosis killed more than 95% of the rabbit population in parts of
Europe and Australia (Kerr, 2012). Every so often new virulent strains of influenza (Flu) appear
after reformulation usually in birds or swine. These variants can be devastating to humans, as
happened in 1918–1919 and often occurs with concentrated poultry flocks (Taubenberger and
Morens, 2006; Peiris et al., 2007). This has occurred a few times in southern China and was of great
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concern when strain H5N1 came onto the scene since spread
to humans was anticipated (Peiris et al., 2007). The likelihood
that any virus infection can cause disease is increased if the host
has a clear-cut defect in one or more components responsible
for immune protection, but this situation is uncommon. A more
common cause of tissue damage is that the circumstances
of infection result in an imbalanced host response with one
or more components that are proinflammatory dominating
over regulatory activities. In these situations, the host response
to the infection, which in many instances is persistent and
difficult to remove, is the main cause of tissue damage. Most
commonly the main cellular orchestrators of such lesions are
certain subsets of T cells with antigen non-specific inflammatory
cells and various mediators causing the actual tissue damage
(Rouse and Sehrawat, 2010).

EXOTIC INFECTIONS CAN BE HIGHLY
TISSUE DAMAGING

Several circumstances during a viral infection can set the stage
for tissue damage (Belkaid and Rouse, 2005; Rouse and Sehrawat,
2010). Foremost of these is infection by an exotic agent invariably
derived from another species where the virus may be an
asymptomatic natural infection. Indeed, we believe that many
of our common virus infections were originally introduced at
the time when human populations came to live more closely
together and along with animals. This happened when many
humans became agriculturalists rather than being more solitary
hunters and gatherers. Several infections were acquired from
their newly domesticated livestock such as measles, likely derived
from rinderpest infected cattle and sheep (Pearce-Duvet, 2006).
However, it is surmised that most human virus pathogens were
acquired from rodents (>60) and about the same number from
bats (Luis et al., 2013). We are still acquiring exotic infections
particularly from other primates, and when this occurs they are
often clinically severe and sometimes lethal. Most famous of these
exotic infections was the occurrence of AIDS in the early 1980s
now known to be caused by human immunodeficiency virus
(HIV) derived from a non-human primate (Sharp and Hahn,
2011). More recently primate derived Ebola and Zika viruses have
been a cause for concern and bat derived Nipah virus is a frequent
problem in Bangladesh (Faria et al., 2016; Malvy et al., 2019;
Nikolay et al., 2019). The dog communities received a pathogenic
gift from cats-parvovirus which caused major clinical problems
worldwide, but now well controlled by vaccines (Parrish et al.,
1985). The aforementioned myxomatosis virus which killed so
many European rabbits was originally a natural well tolerated
pathogen in Brazilian wild rabbits (Arthur and Louzis, 1988).
The current devastating epidemic of African swine fever virus
in Chinese pigs is an inapparent infection in its original host-
warthogs and bush pigs in Africa (Meng et al., 2009).

Whereas exotic infections can cause severe clinical
consequences when they first emerge, in most instances the
virus-host relationship undergoes genetic changes on both sides
and the interaction evolves to become less tissue damaging.
This happened remarkably quickly with myxomatosis in the fast

breeding rabbit population. Adaptation also occurs successfully
if the exotic agent induces protective immunity as happened with
the flaviviruses Zika and yellow fever. In contrast, adaptation
is prolonged with agents that induce inferior immunity such
as with the flavivirus hepatitis C virus (HCV). Exotic virus
infections which fail to induce protective immunity and at the
same time may be immunosuppressive, such as HIV, are proving
difficult to control with vaccines.

INFECTION BY VIRUSES THAT BLUNT
COMPONENTS OF IMMUNITY

Another situation which sets the stage for tissue damage is
when the virus has properties that blunt the efficacy of one
or more components of host defense. This immune blunting
property, more commonly referred to as immune evasion, may
also impact on the response to heterologous infections as is
discussed in a subsequence section (the influence of previous
and concomitant infections). The topic of immune evasion has
received intense study and has received many excellent reviews
(Ploegh, 1998; Alcami and Koszinowski, 2000). Blunting the
efficacy of protective immunity is particularly consequential
with HIV, but all members of the herpesvirus family possess
strategies that interfere with effective host immunity (Kumar
et al., 2018). In their natural hosts, herpesviruses usually
persist, resist immune removal and usually cause minimal
disturbance in immunocompetent hosts (Ploegh, 1998; Sehrawat
et al., 2018). The most genetically complex of all herpesviruses,
human cytomegalovirus (HCMV), has an abundance of immune
blunting activities and seldom causes relevant tissue damage
in immunocompetent hosts (Nolan et al., 2017; Picarda and
Benedict, 2018). Like all herpesviruses, HCMV can establish an
alternative replication pattern called latency where the virus can
persist for prolonged times and may make them invisible to the
immune system (Picarda and Benedict, 2018). This is the state of
affairs with herpes simplex virus (HSV), but with this herpesvirus
periodic recurrences often result in tissue damaging episodes
which can be more of consequence when the immune system
is dysfunctional or unbalanced (Van de Perre et al., 2008). In
part because of the many ways by which herpesviruses avoid and
manage host immune responses, we have few effective vaccines
and antivirals against these agents.

INFLUENCE OF AGE AT TIME OF
INFECTION

Whether or not a virus infection causes significant tissue
damage often depends on the age at which the infection occurs.
Generally speaking, young children and elderly people are
more susceptible to the tissue damaging consequences of virus
infection than healthy adults. For instance, several respiratory
viral infections such as Flu and respiratory syncytial virus (RSV)
and some gastrointestinal infections cause more severe disease
in young persons, particularly infants (Collins and Graham,
2008). Old individuals can also suffer more severe problems
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with Flu as well as with RSV, especially if they reside in
community centers. Some infections are particularly damaging
if they infect the fetus especially in those species that transfer
minimal or no maternal antibody across the placenta during
pregnancy. Thus, in utero infection of non-antibody protected
calves with bovine diarrhea virus or bovine herpesvirus can
either result in abortion or congenital abnormalities (Baker,
1995). A similar outcome can occur in foals when infected
in utero with equine herpes virus and lambs infected in utero
with bluetongue virus (Clarke and Osburn, 1978; Walter et al.,
2013). The recent global concern that happened when Zika
virus first appeared in Brazil causing congenital and other
problems has now receded (Faria et al., 2016). Thus, Zika
has become endemic and many women are infected and
develop protective immunity before they become pregnant.
Moreover, other flaviviruses also cross-react with Zika and these
may also confer cross-protection or potentially could increase
pathogenicity (Stettler et al., 2016).

The situation with Zika recalls the past consequences of
maternal infection with rubella in the pre-vaccination era.
Thus, if seronegative women were infected with rubella during
pregnancy their children could have a range of congenital lesions
that often involved the nervous system (Bouthry et al., 2014).
Today HCMV infection remains a problem if infection occurs
in utero or around the time of birth. Children can develop
congenital CMV, a syndrome that mainly affects the nervous
system. The most common problem is hearing loss, but problems
with vision and cognition also occur (Schleiss, 2018). A small
minority develop microcephaly the major sign noticed when Zika
first occurred. Curiously, infants can develop congenital CMV
when born to seropositive mothers (Britt, 2018) since adaptive
immunity does not preclude herpesvirus infection–bad news
for vaccinologists.

The observation that young animals infected with some
viruses can develop more tissue damaging responses than do
adults can have multiple explanations. For instance, several
aspects of the immune system are not fully functional in utero and
even after birth. For example, the type-I interferon response and
the activity of some subsets of dendritic cells (DC) are less active,
the specific immune repertoire may be lacking some reactivities,
the immune reactivity pattern lacks regulatory components and
many signaling pathways may be not fully functional. This topic
has been reviewed by others (Samuel, 2001; García-Sastre, 2002;
Katze et al., 2002). Older animals too may develop more severe
responses to virus infections because of senescence changes to the
immune system. This subject will not be further discussed but is
under intense investigation with many excellent reviews available
(Nikolich-Žugich, 2008; Maue et al., 2009).

Finally, of some interest is that some virus infections that
persist and cause no tissue damage for decades may suddenly
become very consequential. This may happen with varicella
zoster virus (VZV) which years after causing chicken pox in
children (or even vaccination against chickenpox) persons may
develop distressing and painful dermal lesions called shingles
(John and Canaday, 2017). This represents reactivation from
VZV latency and it usually occurs in only one or a few ganglia
of the far greater number of ganglia that are latently infected. The

lesions represent T cell-mediated immunopathological reactions,
and ultimately the recurrent infection is controlled by the
immune system. Among the unsolved mysteries of shingles
are explaining the circumstances of its occurrence, why only
a minority of the many infected ganglia reactivate and why a
vaccine that largely induces only antibody-mediated immunity
appears to be so efficacious to prevent shingles.

THE INFLUENCE OF DOSE AND ROUTE
OF INFECTION

Several additional circumstances during viral infection can
influence the outcome in terms of being subclinical or tissue
damaging. Exposure dose and route of infection are relevant
variables. In fact, it is likely that the majority of persons who
escape clinical infections during Flu outbreaks could in part
be explained by a lifestyle that limits the level of infection.
Those of us who have few close interactions with others, and
especially if we adopt a non-affectionate behavior pattern, are
less likely to receive high dose infections. However, quantitative
effects of infection can only be assessed by control studies in
experimental animals. Influenza virus infections in mice have
been used for this purpose (Legge and Braciale, 2005). In such
studies, animals given a high dose all developed disease and this
could be lethal. The deaths seemed to be the consequence of
the otherwise protective CD8 T cell response being suppressed.
The suppression was explained by plasmacytoid DC, which
express Fas-ligand upon Flu infection, making contact with Fas-
expressing CD8 effector T cells causing these otherwise protective
cells to undergo apoptosis. A similar form of plasmacytoid
DC/leucocyte interaction could explain the lymphopenia which
occurs with virulent H5N1 flu infection (Langlois and Legge,
2010). At lower doses of flu infection, other types of DC were
preferentially infected but these cells fail to express Fas-ligand
permitting protective T cells to survive. At even lower doses
of virus one can assume the virus is fully controlled by innate
defenses and adaptive aspects of immunity may not be induced.

A few years back when infection experiments in chimpanzees
were still permitted, some remarkable observations on the
infection dose effects was reported by the Chisari group (Asabe
et al., 2009). They showed that when animals were infected with
between 104 to 108 virions of hepatitis B virus, animals developed
mild hepatitis and readily controlled the disease. However,
infection at a higher dose resulted in damaging chronic active
hepatitis thought to be an immuno-pathological response to the
infection. Surprisingly, infecting chimpanzees with a minimal
dose which could be as low as 100 virions gave the same outcome
as those infected with greater than 108 virions. Explanations for
these observations were not at hand but it could have related
to the virus avoiding contact and elimination by some aspect of
innate immunity, but still able to present antigens to induce an
unbalanced T cell response that mediated tissue damage.

Apart from dose effects of infection, the route of exposure can
also be critical. With HIV, for example, infection is more likely
to occur when virus infects the rectal compared to the vaginal
epithelium (Tebit et al., 2012). With experimental HSV infections
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in mice, route critically influences consequences. Thus, if animals
are infected subcutaneously or intramuscularly, the outcome is
usually subclinical and a full range of adaptive immune responses
are induced. However, intradermal infection on the flank gives
rise to a so-called zosteriform reaction in the whole dermatome
which innervates the site of infection (Simmons and Nash, 1984).
These lesions resemble those which occur in human shingles.
The skin lesions represent host immunopathological reactions to
virus reemerging at nerve endings after first replicating in the
innervating nerve ganglion. Similar immunopathological lesions
occur in the eye when virus gains access to the cornea. This
lesion is referred to as stromal keratitis and it is a common
cause of vision impairment in humans (Pepose et al., 1996).
Curiously, if HSV is delivered to the anterior chamber of the eye
some aspects of adaptive immunity are induced but not others.
The consequences of anterior chamber administration may be
retinitis which occurs in the contralateral but not in the ipsilateral
retina which is thought to be protected by an interferon response
(Vann and Atherton, 1991).

Infection by the mucosal route often results in minimal tissue
damage, in part because infection by this route preferentially
induces regulatory T cells and cytokine responses such as IL-
10 producing macrophages (Rezende and Weiner, 2017). This
induction of oral or nasal tolerance is usually accomplished
using soluble antigens at a critical dose level and although
viruses when given orally were suspected to induce a form
of tolerance but because most infections induce an inflamed
environment the idea is no longer in favor (Rezende and Weiner,
2017). Some enteric virus infections, however, can terminate
oral tolerance induced against autoantigens and allergens likely
by establishing a more inflammatory less regulatory immune
environment (Rezende and Weiner, 2017).

INFLUENCE OF HOST GENETICS

The outcome of a virus infection can be profoundly influenced
by host genetics especially by genes that encode major innate
or adaptive components of immunity. Thus, animals lacking
the ability to generate T lymphocytes become highly susceptible
to many virus infections (Dropulic and Cohen, 2011). Some
infections that are usually inconsequential can be severe or even
lethal in those with T cell defects. Infections by herpesviruses
illustrate this scenario (Ruffner et al., 2017). By way of
contrast, genetic defects which affect antibody production usually
result in more clinical problems with bacterial than viral
infections (Carneiro-Sampaio and Coutinho, 2007). Humans
have approximately 23,000 genes and many of these can influence
the efficacy of virus control. However, usually the deletion or
changed function of a single gene product has only a partial
effect on responses and then only under certain circumstances of
infection. For example, the phenotype of the chemokine receptor
gene CCR-5 may be associated with greater resistance to HIV
infection, but this resistance is readily overcome at higher doses
of HIV exposure (Wilkin and Gulick, 2012). Curiously, the same
phenotype of CCR-5 that increases resistance to HIV renders
persons more susceptible to West Nile virus (Glass et al., 2006).

In addition to CCR-5, many other genes that influence innate
immune function can impact on the severity of virus infections.
For example, several genes that affect interferon or interferon
receptor functions can also result in more severe responses to
several virus infections. Well studied examples are defects in
genes such as toll like receptor (TLR) 3 and UNC93B (Casrouge
et al., 2006). Both defects result in defective cytokine production
especially interferon alpha and beta in response to infection. If
babies with the defects are infected with HSV they can readily
develop herpes simplex encephalitis (Casrouge et al., 2006).
Defects in natural killer (NK) cell function may also result in
more severe herpesvirus infections in humans (Biron et al.,
1989; Orange, 2002). Countless functional defects in innate as
well as adaptive immune activity have been produced in mouse
models and many have been studied for effects on susceptibility
to a wide range of viral infections. For example, studies on
the pathogenesis and immunology of dengue and Zika virus
in mice only became possible using mice when the interferon
receptor was knocked out (IFN-R−/−) making them susceptible
to infection (Lazear et al., 2016).

INFLUENCE OF THE MICROBIOME

Whereas dysfunctions or deletions of host genes can affect the
efficacy of antiviral defense, the far more abundant genetic
material present in the form of microbes acting as passengers
within or on the body surfaces may also influence the outcome
of infection by a pathogen. The focus of attention has been on
the microbiome of the gut and skin whose combined genetic
material can exceed 1013 gene and hence far exceeds the number
of host genes (Bik et al., 2006). The microbiome, particularly of
the gut, impacts on the disease pattern of numerous syndromes.
Many excellent reviews have been written and we shall comment
only briefly emphasizing effects of the microbiome on responses
to virus infections (Honda and Littman, 2012; Belkaid and
Harrison, 2017). The microbiome consists of several families of
bacteria (1011 per gram/contents), fungi, viruses, eukaryotes such
as the protozoan Blastocystis as well as helminths. The actual
composition of the microbiome differs during development and
is strongly influenced by diet, previous exposure to infections
and other factors (Honda and Littman, 2012; Thomas et al.,
2017). Evidence accumulates to show that the composition of
the microbiome can markedly affect how the host responds
to exogenous viral pathogens. Most studies have measured the
effects of the bacterial microbiome. If this is diminished by
treatment with broad spectrum antibiotics, or removed by germ
free procedures, responses to several viral infections are changed.
Overall, the manipulated animals generate more tissue damaging
responses to several infections compared to controls. One of
the first to be studied was lymphocytic choriomeningitis virus
(LCMV) which becomes more severe or prolonged in antibiotic
purged mice (Abt et al., 2012). The outcome was explained by
a reduced antibody and CD8 T cell response in treated mice
perhaps associated with diminished TLR induced cytokine and
chemokine responses involved in immune induction (Abt et al.,
2012). Influenza virus infections can also be more severe in
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antibiotic treated animals because of increased viral replication in
lungs perhaps mainly a consequence of a reduced inflammasome
response in treated animals which led in turn to reduced T cell
priming (Ichinohe et al., 2011). Experimental flavivirus infections
in IFN-R−/− mice may also be more severe in antibiotic treated
mice, an effect explained also by a reduced innate and adaptive
response to the infection (Thackray et al., 2018).

Antibiotic purging can also cause some virus infections to
become less tissue damaging. This pattern of events can occur
with mouse rotavirus and norovirus infection (Uchiyama et al.,
2014; Baldridge et al., 2015). The subject is currently of high
interest since it has become evident that the resident microbiome
may influence how many viruses are controlled and how well
persons respond to vaccines. For example, the lesser effectiveness
of rotavirus vaccines in some developing countries could be
explained by the composition of their microbiome.

The mechanisms by which the resident microbiome could
influence the outcome of other disease syndromes is under
intense investigation. Ideas include effects on the expression or
access of cell receptors required for viral entry, the production
of microbial products that bind to viruses and influence their
infectability and, perhaps of most relevance, the effect the
microbiome has on the pattern of immune responsiveness to
both mucosal and systemic infections. As regards effects on viral
receptors one study showed that the bacterial product flagellin
affected susceptibility to rotavirus and to a lesser extent reovirus
infection (Uchiyama et al., 2014). The flagellin was shown to
act via TLR5 and nucleotide oligomerization domain (NOD)-
like receptor 4 engagement to induce IL-22 and IL-18 which
likely caused apoptosis of the target cells that normally support
virus replication. Thus, pre-exposure of mice to flagellin could
prevent rotavirus infection and even accelerate cure of established
infections. Additionally, the observation that the presence of
Staphylococcus aureus in the lungs of mice prior to Flu infection
resulted in reduced mortality was explained by changing TLR2
induced recruitment of inflammatory cells which inhibited the
Flu infection (Wang et al., 2013; Zhang et al., 2014).

An example of the effect of a microbial product on the
efficiency of infection by a virus was observed with poliovirus
where optimal infectivity was observed to depend on the virus
binding to bacterial surface polysaccharides and peptidoglycans
(Kuss et al., 2011; Robinson et al., 2014). The bound virus was also
more stable which facilitated transmission. Human norovirus
infections also become more infectious when bound to bacterial
surface glycans (Norman et al., 2014). Another example is vertical
infection with mouse mammary tumor virus. Here the binding
of bacterial lipopolysaccharides (LPS) to the maternal-derived
virus caused the production of immunosuppressive IL-10 in the
pups and this facilitated their infection (Kane et al., 2011). The
microbiome might also play a role in dengue virus (DENV)
infection. Here too LPS can enhance disease acting by increasing
the production of platelet activating factor (PAF), TNF-alpha and
IL-6 from DENV infected monocyte derived macrophages which
worsened disease expression (Kamaladasa et al., 2016; Malavige
and Ogg, 2017). The outcome occurred in part by PAF mediating
increased vascular leakage, a significant component of dengue
lesions (Kamaladasa et al., 2016).

Products from the microbiome can also help protect against
the pathogenic effects of virus infections. For example, factors
released from the microbiome residents Lactobacillus casei and
Bacteroides thetaiotaomicron can bind to cell surface glycans
and preclude infection by rotaviruses (Varyukhina et al.,
2012). Indeed, rotavirus-associated diarrhea can be reduced by
feeding Lactobacillus (Guandalini et al., 2000). Another recently
reported example where microbiome-derived products decreased
viral susceptibility was with herpes simplex encephalitis where
a polysaccharide derived from the gut resident Bacteroides
fragilis induced IL-10 producing protective B and T cells
(Ramakrishna et al., 2019).

It is likely that the most common mechanistic explanation
for the influence of the microbiome on the outcome of virus
infections involve effects on the induction and activity of
both innate and adaptive immune responses. The balance of
microbiome constituents is in turn affected by many factors
which include diet, stage of development and antibiotic use
(Belkaid and Harrison, 2017). It is also curious to note that the
gut microbiome of children born by natural delivery compared
to caesarian section can show marked differences and this could
influence their responses to viral infections (Mueller et al., 2015).
With regard to dietary effects, a diet rich in fiber causes the
production of short-chain fatty acids (SCFA) such as acetate,
butyrate and propionate which favors the expansion of regulatory
T cells in the mucosa and as well as systemically (Smith et al.,
2013). This would provide an anti-inflammatory environment.
On the contrary, diets low in fiber, such as we prefer in the
United States, favor the expansion of segmented filamentous
bacteria such as Clostridia species. These bacteria set the scene
for a proinflammatory T cell responses, especially induction of
the Th17 subset (Atarashi et al., 2011; Honda and Littman, 2012).
The effect of diet on the outcome in terms of susceptibility to
virus infection is under active investigation. Studies have revealed
that Flu susceptibility can be affected by diet, although it is
not clear if such effects proceed by affecting the composition
of the microbiota. For example, mice fed a high fat diet led
to a change in the balance of several immune parameters to
favor inflammatory components (Milner et al., 2015). High fat
recipients suffered more lung epithelial cell damage because
of increased inflammatory cytokine (TNF-a, IL-6, INF-gamma,
and IL-1 beta) responses and reduced regulatory T cells, M2
macrophages as well as decreased numbers of NK cells. Moreover,
death rates were higher than animals fed a normal chow diet
(Honce and Schultz-Cherry, 2019). High fat diets can result in
obesity and there is also some epidemiological evidence that
obesity could increase human susceptibility to Flu although the
mechanisms involved are poorly understood (Gill et al., 2010).
Conceivably, the observation that obese individuals had reduced
ability to activate and perform functional CD4 and CD8 T
cell responses as compared to healthy individuals could be one
explanation (Paich et al., 2013).

Another way to evaluate microbiome effects on susceptibility
to virus infection is to manipulate the diet in some way. This
approach has received minimal study in humans and livestock
and when any effects were observed they were not related to
microbiota changes. The topic is certainly well worth further

Frontiers in Microbiology | www.frontiersin.org 5 October 2019 | Volume 10 | Article 2314

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02314 October 3, 2019 Time: 18:0 # 6

Sumbria et al. Host and Viral Factor Aggravating the Disease

investigation. Thus, it would be curious to explain why the high
consumption of fruits and vegetables seems to reduce the risk
of upper respiratory viral infections in pregnant women (Li and
Werler, 2010) and how feeding high levels of soya beans to pigs
lowers their susceptibility to the important disease reproductive
and respiratory porcine viral syndrome (Rochell et al., 2015).
More diet manipulation studies have been done in experimental
animals such as mice. For example, in a recent study a diet rich
in the fermentable fiber inulin protected against Flu-induced
pathology (Trompette et al., 2018). The mechanism proposed
involved Bacteroidetes present in the gut which fermented the
dietary inulin to produce SCFA. These SCFA were advocated
to enhance protective CD8 T cell effectors and to reduce lung
inflammatory effects by favoring M2 macrophages and reducing
neutrophils (Trompette et al., 2018).

The bacterial microbiome is not the only component that can
affect the outcome of virus infections. Thus enteric helminths
infection can increase susceptibility to norovirus infection acting
by inhibiting the protective CD8 T cell response (Osborne et al.,
2014). Moreover, helminths are well known to influence patterns
of immune responsiveness toward the Th2 pattern (Reese et al.,
2014). This likely explains how helminth infection via inducing
IL-4 and IL-13 can causes the breakdown of latency with some
herpesviruses (Reese et al., 2014). Helminth infection might also
impact on the severity of childhood RSV infection when the
tissue damage is associated with a type II inflammatory response
(McFarlane et al., 2017).

INFLUENCE OF THE VIROME

There is mounting evidence that other viruses which constitute
the so-called virome also influence the consequences of
pathogenic virus infections. Thanks to advances in sequencing
and analysis of meta-genomic data many new viruses have
been discovered especially in the intestinal tract. The great
majority of these viruses are DNA bacteriophages and these
may reach 1015 in number (Carding et al., 2017). Many of
the rest are RNA containing plant viruses and about 1% are
many types of passenger animal viruses that belong mainly
to the anellovirus, parvovirus, adenovirus and papilloma virus
groups (Neil and Cadwell, 2018). Added to the virome are the
endogenous retroviruses which can account for up to 8% of the
human genome as well as several DNA and RNA viruses in
the body which act as chronic, but usually non-disease causing
infections. Several of these latter agents belong to the herpesvirus
family all of which can persist in the host in a non-replicating
state referred to as latency.

It is strongly suspected that many components of the virome
could influence the nature of the host response made to infection
by an exogenous potential pathogen. For example, persistent
infection with a non-pathogenic norovirus can reduce the extent
of CD8 T cell responses which acts as major defense mechanisms
against several viruses (Tomov et al., 2013). In homozygous
twins discordantly infected with HCMV, those infected with
the herpesvirus suffer more severe reactions to Flu infection
(Brodin et al., 2015; Picarda and Benedict, 2018). There is

gathering evidence that persistent infection with HCMV can
impact on immune system function (Picarda and Benedict, 2018).
Thus, the virus possesses numerous proteins that blunt immune
response to infected cells and some of these activities could
have general paracrine effects. Several additional resident viruses
present in normal animals could also impact on the outcome
pathogenic virus infections. So far the effects of the virome
have mainly focused on their influence on the outcome of non-
viral pathogens. For instance, an early report from the Virgin
group noted that that mice latently infected with the herpesvirus
HV68 or MCMV were more resistant to bacterial infection with
Listeria monocytogenes and Yersinia pestis (Barton et al., 2007).
These protective effects were attributed to systemically activated
macrophages and upregulation of cytokines such as interferon-
gamma. Additionally, mouse norovirus infection may increase
the survival of mice challenged in the respiratory tract with
Pseudomonas aeruginosa, an effect caused by a reduced IL-6 and
TNF-alpha response to infection (Thépaut et al., 2015).

It is also curious to note that mice raised in pet stores (often
referred to as a dirty environment) rather than in vivariums
are infected with several viruses and other microbes and had
antibodies to more agents than laboratory-raised animals (Beura
et al., 2016; Masopust et al., 2017). The pet store mice also
had more abundant naïve and memory T cells in lymphoid
and non-lymphoid tissues (Beura et al., 2016; Masopust et al.,
2017). Particularly striking was the high levels of tissue-resident
memory cells in the tissues of dirty compared to lab-raised
mice. Of interest, mice raised in the dirty state had immune
cell response patterns that more resembled the human situation
than occurred with laboratory-raised animals (Reese et al., 2016).
Thus when performing pathogenesis and immune protection
studies in mice using human viruses, perhaps we should be
using pet store rather than laboratory-raised animals for such
studies. In support of this idea, the Masopust group compared
the response pattern to yellow fever virus vaccination in normal
laboratory mice with those subjected to sequential infection with
unrelated pathogens such as herpesviruses Flu and intestinal
helminths. The dirty/co-infected mice compared to laboratory
mice had enhanced baseline and vaccination responses measured
by several assays and by metagenomic analysis had a response
pattern resembling that observed in human adults frequently
exposed to infections.

THE INFLUENCE OF PREVIOUS AND
CONCOMITANT INFECTIONS

The impact of a virus infection can be markedly affected by past
or ongoing infection. The subject is a complex and the story is
still unfolding. When different infections occur closely together
the pattern of innate immune responsiveness to one or both
agents critically affect the outcome. However, when infections are
separated by several days, the response pattern of the adaptive
immune response to the first infection also plays a crucial role.
Older studies by the McKanass group in the early 1960s had
observed that infection with one intracellular pathogen provided
resistance for a few days to infection by an unrelated agent.
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The effect was attributed at that time when cellular immunology
was still in its infancy, to non-specific protective effects of
activated macrophages (Mackaness, 1962). More recently, the
Chisari group showed that infection with LCMV caused reduced
liver immunopathology caused by hepatitis B virus infection an
effect also attributed to enhanced responses of innate aspects of
immunity (Cavanaugh et al., 1998). With regard to the outcome
of sequential infections with different viruses, the subject has been
carefully studied for many years in mice models by the Selin and
Welsh group (Welsh et al., 2010). Their studies have identified
mechanistic circumstances which result in the second infection
either being effectively controlled or to result in a tissue damaging
immunopathological reaction that is more severe than would
occur in a naïve infected animal. We shall discuss the highlights
of their results later.

Closely spaced infections with different agents most
commonly involve viral with non-viral infections. This happens,
for example, with Flu which is usually accompanied by
respiratory bacterial infections. When Flu becomes a severe
clinical problem with even lethal results, secondary bacterial
infections usually contribute to the severe tissue damage (Goka
et al., 2015). Indeed, patients with severe Flu are normally
treated with antibiotics and one assumes that this therapy
is valuable. When coinfections with different viruses occurs,
the outcome is affected by interference phenomena. The
most common mechanisms of interference involve several
types of interferon proteins which act to make infected
cells antiviral and to influence the function of other cells,
especially cells involved in immune reactions (Kumar et al.,
2018). The functional effects include activation of immune
cells, changes of signaling pathways and modulation of
function via the induction of a large number of interferon-
stimulated gene products. This topic has received many
reviews (Dianzani, 1975; Otto, 2015). In instances where
different viruses happen to infect the same cells, additional
mechanisms of interference come into play. These so-called
intrinsic interference phenomena, which was first studied with
Newcastle disease virus (Marcus and Carver, 1967), include
defective interfering particles, trans-acting proteases, non-
specific double-stranded RNA and some others were recently
reviewed in depth by Kumar et al. (2018). This review also lists
many examples of co-infections along with their outcomes.
One of the more notable consequences of two virus strains
infecting the same cell is the production of viral recombinants
which may have enhanced pathogenicity. This mechanism is
at play when antigenic shift variants occur with influenza virus
infection. The shift variants are often responsible for major
Flu pandemics. Genetic reassortments also occur with other
infections (Becher et al., 2001).

One major example from the veterinary world occurs when
cows are persistently infected with bovine virus diarrhea (BVD)
virus. This virus can recombine with other BVD strains, including
vaccine strains, to generate highly lethal recombinants which
causes a lethal mucosal disease in cattle (Becher et al., 2001).
Intrinsic interference can also occur between unrelated viruses
which may explain how enterovirus infection can inhibit the
effectiveness of poliovirus vaccination (Becher et al., 2001).

The best studied examples where prior infections affect
the outcome of a subsequent virus infection involves changes
imposed on the adaptive immune responsive pattern that resulted
from the first infection. This is often referred to as heterologous
immunity (Welsh et al., 2010). In human disease situations,
there are a few notable examples although actual mechanistic
understanding is less forthcoming than is available from
experimental situations with mouse models. A current relevant
example involves the flaviviruses dengue and Zika. In dengue,
where there are 4 major viral serotypes, some infected persons,
usually children, develop a severe inflammatory reaction. This
represents a cytokine storm and is called dengue hemorrhagic
fever/dengue shock syndrome (DHF/DSS) (Halstead, 2007).
The often lethal syndrome involves fever, hypotension, vascular
leakage, thrombocytopenia and damage to several organs. Most
of the time (but there are exceptions) DHF/DSS occurs in
young persons who had already been infected with a different
strain of dengue than the current infection. Some time ago
Scott Halstead hypothesized that DHF/DSS represented the
consequence of non-neutralizing antibody facilitated infection
of inflammatory cells such as macrophages which mediate the
pronounced inflammatory reaction (Halstead and O’Rourke,
1977). This was called antibody-induced enhancement (ADE).
ADE still holds sway but other explanations have been advocated.
These include the involvement of low avidity CD8 T cells which
act to mediate immunopathology rather than controlling the
infection (Mathew and Rothman, 2008).

More recently interest has focused on the relevance of
heterologous immunity with the cross reactive flaviviruses
dengue and Zika (Langerak et al., 2019). In vitro studies have
provided evidence for ADE in vitro in both directions (Littaua
et al., 1990; Bardina et al., 2017). However, the situation in vivo
remains in debate although more convincing results show that
pre-infection with Zika makes subsequent responses to dengue
more consequential than the obverse situation where data are
inconsistent (Langerak et al., 2019). Persons seropositive for
dengue may be more likely to transmit Zika virus across the
placenta to infect the fetus especially in late trimesters when
placental transfer does not usually occur (Langerak et al., 2019).
Prior infection with Zika can result in more severe lesions in
persons subsequently infected with dengue, but this is by no
means a regular occurrence and overt DHF/DSS is unusual
(Langerak et al., 2019). The main relevance of unraveling
whether or not heterologous severe responses occurs with double
infections impacts on vaccine use. Thus, already a vaccine
against the 4 strains of dengue has been withdrawn because
of the increased incidence of DHF/DSS in some vaccines who
were seronegative when vaccinated (Aguiar et al., 2016; Plotkin,
2019). A vaccine against Zika might also have adverse effects in
some persons subsequently exposed to dengue. Similarly, dengue
vaccines might cause more severe reactions when exposed to Zika
as well as to some other cross-reacting flaviviruses such as West
Nile virus (Bardina et al., 2017). A particular concern is that
dengue vaccines could make Zika infected women more likely to
transmit virus to the fetus.

Heterologous damaging immune reactions have been reported
with other human viral diseases. One such example could be
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infectious mononucleosis (IM) occurring in young adults upon
primary infection with the gamma herpesvirus Epstein Barr
virus (EBV) (Aslan et al., 2017). Thus in HLA2 positive persons
cross reactivity of CD8 T cells occurs between T cells that
recognize epitopes from a Flu virus matrix protein and the
protein BMLF1280 of EBV. The cross reactive T cells generated
in response to Flu, which can be shown by in vitro studies
to react with EBV, were proposed to be inadequate to control
EBV infection, but instead contributed to inflammatory reactions
upon EBV infection (Aslan et al., 2017). This concept of one
virus inducing non-protective T cell responses that are expanded
by the second infection which then mediate tissue damaging
reactions was carefully studied by Selin and Welsh in mice using
the cross-reacting arenaviruses LCMV and Pichinde virus and an
unrelated virus Vaccinia (Selin et al., 1998). They focused on the
numbers, specificity and avidity characteristics of the memory T
cell repertoire induced by primary and secondary infection. Of
interest, the nature of the memory response to the first infection
impacted on the type of response made to the subsequent cross
reacting pathogen. The T cell repertoire responding to the first
infection consisted of multiple different specificities and binding
efficiencies. Exposure to the heterologous second infection served
to expand only the cross-reactive cells, many of which had
low avidity and produced minimal protective cytokines such as
interferon-gamma. Consequently, the second infection was not
promptly controlled. However, these non-protective T cells could
help orchestrate a tissue damaging inflammatory reaction.

Other interpretations for the untoward outcome of
heterologous infections includes effects on the balance of
several immune components preferentially expanded by the
second infection. Thus, if the response is non-inflammatory,
it could be explained by the dominance of regulatory aspects
of immunity expanded by the second infection. These include
regulatory T cells and anti-inflammatory cytokines such as IL-10
and TGF-beta. Inflammatory responses would accrue from the
preferential expansion of Th1 and Th17 cells, M1 macrophages
and cells producing IL-6, TGF-beta, and other inflammatory
molecules. This concept has been discussed in detail in other
reviews (Gil et al., 2015; Souquette and Thomas, 2018).

In this current world where measles has re-emerged as
a problem infection and we still suffer the onslaughts of
HIV infection, it is pertinent to point out that some virus
infections are highly suppressive to the immune system such
that multiple infections, including several viruses that in normal
persons are well controlled become significant pathogens.
Measles virus is one of the most immunosuppressive of all
infections and persons with clinical measles readily suffer
problems with other infections, some of which can be lethal
(Griffin et al., 2012). HIV infection is always persistent and it
takes many months in untreated persons for them to become
markedly immune suppressed. Once this happens, normally non-
troubling infections by herpesviruses and other agents become
problematic. For example, the normally inapparent HCMV
infection can cause a blinding retinitis (Alan, 1988; Salzberger
et al., 2005). In addition, the usually silent Kaposi sarcoma
herpesvirus infection can cause Kaposi sarcomas and primary or
reactivation of HSV can result in severe dermal lesions which

can disseminate to the brain and cause encephalitis (Sepkowitz,
2001; Rezaee et al., 2006). This topic has received several reviews
including one by our own group (Sehrawat et al., 2018).

HOW CAN WE RESET IMMUNE
RESPONSE PATTERNS TO MINIMIZE
TISSUE DAMAGING RESPONSES TO
VIRUS INFECTIONS?

We have argued that in many instances where a viral infection
causes overt tissue damage rather than being controlled without
notice happens because of some defect or imbalance in the
host response to the infection. Accordingly, controlling such
events would require immune replacement or rebalance of the
immune response pattern. The traditional approach to control
virus induced lesions is to combine specific antiviral drugs or
monoclonal antibodies (few viruses can be controlled in this
way) along with counteracting the inflammatory response. The
latter is commonly achieved with steroids, non-steroidal anti-
inflammatory drugs and occasionally other approaches such as
immunosuppressants, specialized pro-resolving mediators, and
some other novel approaches (Spite et al., 2014; Bhela and Rouse,
2018). There is a need for additional approaches particularly
to control inflammatory lesions associated with persistent viral
infections. We shall briefly discuss three approaches we consider
to be promising.

The general approach that currently enjoys the most attention
is checkpoint blockade. The strategy is being widely used to
improve immunity to several cancers (O’Sullivan and Pearce,
2015). Its success depends on using mAb that engage and inhibit
costimulatory molecules expressed at the surface of T cells which
when bound to their normal ligand act to inhibit the protective
function of T cells. The popular parlance is to describe the
inhibited T cells is exhaustion (Roy et al., 2018). Such exhausted
T cells were first noted in the chronic virus infection LCMV
(Barber et al., 2006), but the phenomenon has now been observed
in several other infections (Wherry, 2011). Indeed, there is a
tendency to exaggerate the relevance of exhaustion as explaining
the failure to control chronic tissue damaging infections. In the
best studied system, which remains LCMV, exhaustion appears
real and when it is reversed, as can be done with mAb against
several molecules that include PD1, PDL1, TIM3, CTLA4, LAG-
3, and perhaps others the course of inflammatory events can be
inhibited and the virus better controlled (Barber et al., 2006; Roy
et al., 2018). Many entertain the idea that reversing exhaustion
could be useful to help control HIV, HSV, HCV, and hepatitis B
virus (Saeidi et al., 2018). For instance, reversing the function
of putative exhausted T cells was shown to reduce the severity
of lesions following herpesvirus recurrences (Allen et al., 2011).
Moreover, the approach was advocated as a potential means
to facilitate the efficacy of therapeutic vaccines against HSV,
HIV as well as a way to prevent human papilloma induced
cancers in already infected persons (Palefsky, 2009). The value of
the approach was recently reported to protect against recurrent
ocular HSV lesions (Roy et al., 2018). The use of checkpoint
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blockade to control chronic virus disease and potentiate vaccine
merits further evaluation paying attention to side effect than
might occur such as increasing the consequences of some
inflammatory diseases (Johnson et al., 2018).

A second viable approach that might prove useful to change
the course of tissue damaging virus infections is to manipulate
miRNA expression. Thus several reports indicate that the
expression of either host or viral miRNA can influence aspects
of viral pathogenesis (Gottwein and Cullen, 2008; Ressel et al.,
2019). For example, in a HSV model of immunopathology
mice that lacked the expression of miR155, because of gene
knockout, had markedly reduced lesions of herpetic stromal
keratitis (SK) (Bhela et al., 2014). Similarly, inhibition of miR155
using an antagomer approach also reduced lesion severity. The
effects occurred because miR155 is necessary for the function
of proinflammatory Th1 and Th17 T cells that orchestrate
the ocular lesions. A similar outcome was also observed in
a model of inflammatory encephalitis caused by Japanese
encephalitis virus (JEV) (Thounaojam et al., 2014). In this
JEV model, knockdown of miR155 with antagomers resulted
in less encephalitis (Thounaojam et al., 2014). Modulation of
other miRNA such as miR-15b and 19-3b, both involved in
inflammatory responses, were also studied in the JEV system.
In such studies therapy with antagomers diminished lesions and
levels of the inflammatory mediators IL-1β, IL-6, and CCL2 were
decreased apparently a consequence of reduced RIG-1 signaling
(Zhu et al., 2015; Ashraf et al., 2016).

Other miRNA whose modulated expression could impact
on viral lesions include those critical for angiogenesis such as
miR132 (Mulik et al., 2012), those such as miR-10a, miR-146a,
and miR-17 which might act by enhancing Treg function, as
well as those that can promote the resolution of inflammation
by regulating specialized pro-resolving mediators (Mulik et al.,
2013). miRNAs can also control the production of pro and anti-
inflammatory cytokines from innate immune cells (Tahamtan
et al., 2018). In this regard our own unpublished data indicates
that miR-142 acts as an anti-inflammatory miRNA by potentially
targeting proinflammatory cytokine IL-6, thereby preventing an
early onset of SK.

With some viruses their replication and consequent tissue
damage is facilitated by host miRNA species. This is true for HCV
which uses host miR122 to facilitate its replication (Janssen et al.,
2013). In fact, drugs which target miR122 such as the antagomer
miravirsen which inhibits HCV replication are currently in
clinical trials.

We can surmise that manipulating disease associated miRNAs
hold promise but there are many problems to solve. These
include targeting to appropriate sites and realizing that each
miRNA may have additional functions giving rise to unwanted
off-target effects.

A so far poorly explored, but potentially valuable approach
to make responses to virus infections less tissue damaging
is to take advantage of the fact that cells of the immune
system differ in their metabolism. Thus, as lucidly reviewed
by O’Neill et al. (2016), cells of the immune system employ
6 major metabolic pathways to support their functions, but
these are used differentially by cells that participate in immune

processes. Accordingly, drugs that target metabolic pathways to
increase or decrease their activity should act differentially on
the various cells involved in immune defense or tissue damage.
Using drugs that target metabolic pathways was pioneered
in the cancer field exploiting the fact that cells involved in
reacting to tumors rely on different pathways to support their
energy and other metabolic requirements (Pearce et al., 2013).
For example, pro-inflammatory T cell subsets (Th1, Th17),
inflammatory M1 macrophages, activated neutrophils (Loftus
and Finlay, 2016) rely mainly on aerobic glycolysis (Warburg
Effect) and the pentose phosphate pathway to provide their
energy. In contrast, the counter inflammatory components such
as Treg and M2 macrophages obtain their energy using oxidative
phosphorylation and fatty acid oxidation (O’Neill and Hardie,
2013; Galván-Peña and O’Neill, 2014). Limited studies have
so far been done using metabolic pathway inhibitor drugs to
modulate viral pathogenesis. However, one study showed that
if oxidative glycolysis was inhibited using 2-Deoxy-D-glucose
(2DG) in a model of viral immunopathology then lesions were
markedly diminished (Varanasi et al., 2017). The outcome was
explained by a selective inhibitory effect on proinflammatory
CD4 T cells permitting uninhibited regulatory T cells to remain
active (Varanasi et al., 2017). The effects of 2DG has also been
studied in a rhinovirus model of lung damage. Here too 2DG
resulted in reduced lesions (Gualdoni et al., 2018).

Using 2DG during a viral infection can result in untoward
effects especially in situations where virus replication in non-
immune cells is the primary cause of pathology. For example, in
the HSV model in mice, therapy with 2DG in the acute phase
of infection resulted in suppression of the protective aspects of
defense. This allowed the virus to spread to the brain to cause
lethal encephalitis (Varanasi et al., 2017). In an influenza model
too, 2DG therapy in the early phases of infection resulted in
higher levels of mortality (Wang et al., 2016).

Additional metabolic pathways such as amino acid
metabolism are beginning to be studied for effects on the
outcome of viral infections. In Sindbis virus infected mice,
for example, treatment of mice with the drug 6-Diazo-5-oxo-
L-norleucine (DON), which inhibits glutamine metabolism,
diminished the immunoinflammatory lesions in the brain and
spinal cord which result in paralysis and mortality (Manivannan
et al., 2016; Baxter et al., 2017). Changing the fatty acid synthesis
metabolic pathway as can be done using the drug PF-05175157
has also led to reduced viral immunoinflammatory lesions
caused by West Nile virus infection (Jiménez de Oya et al.,
2019). Modulating different metabolic pathways could also
turn out to be a viable approach to influence the expression of
some persistent infections such as herpesvirus latency. Examples
include suppressing viral reactivation by manipulating glutamine
availability (Wang et al., 2017) and modulating fatty acid
oxidation which can influence the breakdown of latency in vitro.

CONCLUSION

We are constantly exposed to viruses but few of them have the
intrinsic pathogenicity to cause significant damage to normal
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hosts. We have reviewed the circumstances of infection and the
status of the host which does favor tissue damage. Understanding
the details of virus-host interaction which leads to disease is
expected to result in developing novel approaches to prevent the
untoward effects of infections.

AUTHOR CONTRIBUTIONS

BR conceptualized the manuscript. BR, DS, and EB
wrote the manuscript.

FUNDING

This work was supported by the NIH Grant R01
EY 005093.

ACKNOWLEDGMENTS

We appreciate the input of Kevin Legge, Lbachir
BenMohamed, and Mehul Suthar for their information and
constructive criticism.

REFERENCES
Abt, M. C., Osborne, L. C., Monticelli, L. A., Doering, T. A., Alenghat, T.,

Sonnenberg, G. F., et al. (2012). Commensal bacteria calibrate the activation
threshold of innate antiviral immunity. Immunity 37, 158–170. doi: 10.1016/j.
immuni.2012.04.011

Aguiar, M., Stollenwerk, N., and Halstead, S. B. (2016). The risks behind dengvaxia
recommendation. Lancet Infect. Dis. 16, 882–883. doi: 10.1016/S1473-3099(16)
30168-2

Alan, G. P. (1988). Clinical aspects of cytomegalovirus retinitis. Rev. Infect. Dis. 10,
S515–S521. doi: 10.1093/clinids/10.Supplement_3.S515

Alcami, A., and Koszinowski, U. H. (2000). Viral mechanisms of immune evasion.
Trends Microbiol. 8, 410–418. doi: 10.1016/S0966-842X(00)01830-8

Allen, S. J., Hamrah, P., Gate, D., Mott, K. R., Mantopoulos, D., Zheng, L., et al.
(2011). The role of LAT in increased CD8+ T cell exhaustion in trigeminal
ganglia of mice latently infected with herpes simplex virus 1. J. Virol. 85,
4184–4197. doi: 10.1128/jvi.02290-10

Arthur, C., and Louzis, C. (1988). A review of myxomatosis among rabbits in
France. Rev. sci. Tech. Off. Int. Epiz 65, 937–976. doi: 10.20506/rst.7.4.385

Asabe, S., Wieland, S. F., Chattopadhyay, P. K., Roederer, M., Engle, R. E., Purcell,
R. H., et al. (2009). The size of the viral inoculum contributes to the outcome of
hepatitis B virus infection. J. Virol. 83, 9652–9662. doi: 10.1128/jvi.00867-09

Ashraf, U., Zhu, B., Ye, J., Wan, S., Nie, Y., Chen, Z., et al. (2016). MicroRNA-19b-
3p modulates japanese encephalitis virus-mediated inflammation via targeting
RNF11. J. Virol. 90, 4780–4795. doi: 10.1128/jvi.02586-15

Aslan, N., Watkin, L. B., Gil, A., Mishra, R., Clark, F. G., Welsh, R. M., et al.
(2017). Severity of Acute infectious mononucleosis correlates with cross-
reactive influenza CD8 T-Cell receptor repertoires. MBio 8:e1841-17. doi: 10.
1128/mBio.01841-17

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al.
(2011). Induction of colonic regulatory T cells by indigenous Clostridium
species. Science 331, 337–341. doi: 10.1126/science.1198469

Baker, J. C. (1995). The clinical manifestations of bovine viral diarrhea infection.
Vet. Clin. North Am. Food Anim. Pract. 11, 425–445. doi: 10.1016/S0749-
0720(15)30460-6

Baldridge, M. T., Nice, T. J., McCune, B. T., Yokoyama, C. C., Kambal, A.,
Wheadon, M., et al. (2015). Commensal microbes and interferon-λ determine
persistence of enteric murine norovirus infection. Science 347, 266–269. doi:
10.1126/science.1258025

Barber, D. L., Wherry, E. J., Masopust, D., Zhu, B., Allison, J. P., Sharpe, A. H.,
et al. (2006). Restoring function in exhausted CD8 T cells during chronic viral
infection. Nature 439, 682–687. doi: 10.1038/nature04444

Bardina, S. V., Bunduc, P., Tripathi, S., Duehr, J., Frere, J. J., Brown, J. A., et al.
(2017). Enhancement of Zika virus pathogenesis by preexisting antiflavivirus
immunity. Science 356, 175–180. doi: 10.1126/science.aal4365

Barton, E. S., White, D. W., Cathelyn, J. S., Brett-McClellan, K. A., Engle, M.,
Diamond, M. S., et al. (2007). Herpesvirus latency confers symbiotic protection
from bacterial infection. Nature 447, 326–329. doi: 10.1038/nature05762

Baxter, V. K., Glowinski, R., Braxton, A. M., Potter, M. C., Slusher, B. S., and Griffin,
D. E. (2017). Glutamine antagonist-mediated immune suppression decreases
pathology but delays virus clearance in mice during nonfatal alphavirus
encephalomyelitis. Virology 508, 134–149. doi: 10.1016/j.virol.2017.05.013

Becher, P., Orlich, M., and Thiel, H.-J. (2001). RNA recombination between
persisting pestivirus and a vaccine strain: generation of Cytopathogenic Virus
and induction of lethal disease. J. Virol. 75, 6256–6264. doi: 10.1128/jvi.75.14.
6256-6264.2001

Belkaid, Y., and Harrison, O. J. (2017). Homeostatic immunity and the microbiota.
Immunity 46, 562–576. doi: 10.1016/j.immuni.2017.04.008

Belkaid, Y., and Rouse, B. T. (2005). Natural regulatory T cells in infectious disease.
Nat. Immunol. 6, 353–360. doi: 10.1038/ni1181

Beura, L. K., Hamilton, S. E., Bi, K., Schenkel, J. M., Odumade, O. A., Casey, K. A.,
et al. (2016). Normalizing the environment recapitulates adult human immune
traits in laboratory mice. Nature 532, 512–516. doi: 10.1038/nature17655

Bhela, S., Mulik, S., Reddy, P. B. J., Richardson, R. L., Gimenez, F., Rajasagi, N. K.,
et al. (2014). Critical role of microRNA-155 in herpes simplex encephalitis.
J. Immunol. 192, 2734–2743. doi: 10.4049/jimmunol.1302326

Bhela, S., and Rouse, B. T. (2018). Are miRNAs critical determinants in herpes
simplex virus pathogenesis? Microbes Infect. 20, 461–465. doi: 10.1016/j.micinf.
2017.12.007

Bik, E. M., Eckburg, P. B., Gill, S. R., Nelson, K. E., Purdom, E. A., Francois,
F., et al. (2006). Molecular analysis of the bacterial microbiota in the human
stomach. Proc. Natl. Acad. Sci. U.S.A. 103, 732–737. doi: 10.1073/pnas.050665
5103

Biron, C. A., Byron, K. S., and Sullivan, J. L. (1989). Severe herpesvirus infections
in an adolescent without natural killer cells. N. Engl. J. Med. 320, 1731–1735.
doi: 10.1056/NEJM198906293202605

Bouthry, E., Picone, O., Hamdi, G., Grangeot-Keros, L., Ayoubi, J. M., and
Vauloup-Fellous, C. (2014). Rubella and pregnancy: diagnosis, management
and outcomes. Prenat. Diagn. 34, 1246–1253. doi: 10.1002/pd.4467

Britt, W. J. (2018). Maternal immunity and the natural history of congenital human
cytomegalovirus infection. Viruses 10:E405. doi: 10.3390/v10080405

Brodin, P., Jojic, V., Gao, T., Bhattacharya, S., Angel, C. J., Furman, D., et al. (2015).
Variation in the human immune system is largely driven by non-heritable
influences. Cell 160, 37–47. doi: 10.1016/j.cell.2014.12.020

Carding, S. R., Davis, N., and Hoyles, L. (2017). Review article: the human intestinal
virome in health and disease. Aliment. Pharmacol. Ther. 46, 800–815. doi:
10.1111/apt.14280

Carneiro-Sampaio, M., and Coutinho, A. (2007). Immunity to microbes: lessons
from primary immunodeficiencies. Infec. Immun. 75, 1545–1555. doi: 10.1128/
iai.00787-06

Casrouge, A., Zhang, S.-Y., Eidenschenk, C., Jouanguy, E., Puel, A., Yang, K.,
et al. (2006). Herpes simplex virus encephalitis in human UNC-93B deficiency.
Science 314, 308–312. doi: 10.1126/science.1128346

Cavanaugh, V. J., Guidotti, L. G., and Chisari, F. V. (1998). Inhibition of
Hepatitis B virus replication during adenovirus and cytomegalovirus infections
in transgenic mice. J. Virol. 72, 2630–2637.

Clarke, G. L., and Osburn, B. I. (1978). Transmissible congenital
demyelinating encephalopathy of lambs. Vet. Pathol. 15, 68–82.
doi: 10.1177/030098587801500109

Collins, P. L., and Graham, B. S. (2008). Viral and host factors in human respiratory
syncytial virus pathogenesis. J. Virol. 82, 2040–2055. doi: 10.1128/jvi.01625-07

Dianzani, F. (1975). Viral interference and interferon. Ric. Clin. Lab. 5, 196–213.
Dropulic, L. K., and Cohen, J. I. (2011). Severe viral infections and primary

immunodeficiencies. Clin. Infect. Dis. 53, 897–909. doi: 10.1093/cid/cir610

Frontiers in Microbiology | www.frontiersin.org 10 October 2019 | Volume 10 | Article 2314

https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/S1473-3099(16)30168-2
https://doi.org/10.1016/S1473-3099(16)30168-2
https://doi.org/10.1093/clinids/10.Supplement_3.S515
https://doi.org/10.1016/S0966-842X(00)01830-8
https://doi.org/10.1128/jvi.02290-10
https://doi.org/10.20506/rst.7.4.385
https://doi.org/10.1128/jvi.00867-09
https://doi.org/10.1128/jvi.02586-15
https://doi.org/10.1128/mBio.01841-17
https://doi.org/10.1128/mBio.01841-17
https://doi.org/10.1126/science.1198469
https://doi.org/10.1016/S0749-0720(15)30460-6
https://doi.org/10.1016/S0749-0720(15)30460-6
https://doi.org/10.1126/science.1258025
https://doi.org/10.1126/science.1258025
https://doi.org/10.1038/nature04444
https://doi.org/10.1126/science.aal4365
https://doi.org/10.1038/nature05762
https://doi.org/10.1016/j.virol.2017.05.013
https://doi.org/10.1128/jvi.75.14.6256-6264.2001
https://doi.org/10.1128/jvi.75.14.6256-6264.2001
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1038/ni1181
https://doi.org/10.1038/nature17655
https://doi.org/10.4049/jimmunol.1302326
https://doi.org/10.1016/j.micinf.2017.12.007
https://doi.org/10.1016/j.micinf.2017.12.007
https://doi.org/10.1073/pnas.0506655103
https://doi.org/10.1073/pnas.0506655103
https://doi.org/10.1056/NEJM198906293202605
https://doi.org/10.1002/pd.4467
https://doi.org/10.3390/v10080405
https://doi.org/10.1016/j.cell.2014.12.020
https://doi.org/10.1111/apt.14280
https://doi.org/10.1111/apt.14280
https://doi.org/10.1128/iai.00787-06
https://doi.org/10.1128/iai.00787-06
https://doi.org/10.1126/science.1128346
https://doi.org/10.1177/030098587801500109
https://doi.org/10.1128/jvi.01625-07
https://doi.org/10.1093/cid/cir610
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02314 October 3, 2019 Time: 18:0 # 11

Sumbria et al. Host and Viral Factor Aggravating the Disease

Faria, N. R., Azevedo, R., Kraemer, M. U. G., Souza, R., Cunha, M. S., Hill, S. C.,
et al. (2016). Zika virus in the Americas: early epidemiological and genetic
findings. Science 352, 345–349. doi: 10.1126/science.aaf5036

Feldmann, H., and Geisbert, T. W. (2011). Ebola haemorrhagic fever. Lancet 377,
849–862. doi: 10.1016/S0140-6736(10)60667-8

Galván-Peña, S., and O’Neill, L. A. J. (2014). Metabolic reprograming in
macrophage polarization. Front. Immunol. 5:420. doi: 10.3389/fimmu.2014.
00420

García-Sastre, A. (2002). Mechanisms of inhibition of the host interferon α/β-
mediated antiviral responses by viruses. Microbes. Infect. 4, 647–655. doi: 10.
1016/S1286-4579(02)01583-6

Gil, A., Kenney, L. L., Mishra, R., Watkin, L. B., Aslan, N., and Selin, L. K. (2015).
Vaccination and heterologous immunity: educating the immune system. Trans
R Soc. Trop. Med. Hyg. 109, 62–69. doi: 10.1093/trstmh/tru198

Gill, J. R., Sheng, Z. M., Ely, S. F., Guinee, D. G., Beasley, M. B., Suh, J., et al. (2010).
Pulmonary pathologic findings of fatal 2009 pandemic influenza A/H1N1 viral
infections. Arch. Pathol. Lab. Med. 134, 235–243. doi: 10.1043/1543-2165-134.
2.235

Glass, W. G., McDermott, D. H., Lim, J. K., Lekhong, S., Yu, S. F., Frank, W. A.,
et al. (2006). CCR5 deficiency increases risk of symptomatic West Nile virus
infection. J. Exp. Med. 203, 35–40. doi: 10.1084/jem.20051970

Goka, E. A., Vallely, P. J., Mutton, K. J., and Klapper, P. E. (2015). Single, dual and
multiple respiratory virus infections and risk of hospitalization and mortality.
Epidemiol. Infect. 143, 37–47. doi: 10.1017/S0950268814000302

Gottwein, E., and Cullen, B. R. (2008). Viral and cellular microRNAs as
determinants of viral pathogenesis and immunity. Cell Host Microbe 3, 375–387.
doi: 10.1016/j.chom.2008.05.002

Griffin, D. E., Lin, W.-H., and Pan, C.-H. (2012). Measles virus, immune control,
and persistence. FEMS Microbiol. Rev. 36, 649–662. doi: 10.1111/j.1574-6976.
2012.00330.x

Gualdoni, G. A., Mayer, K. A., Kapsch, A.-M., Kreuzberg, K., Puck, A., Kienzl,
P., et al. (2018). Rhinovirus induces an anabolic reprogramming in host cell
metabolism essential for viral replication. Proc. Natl. Acad. Sci. U.S.A. 115,
E7158–E7165. doi: 10.1073/pnas.1800525115

Guandalini, S., Pensabene, L., Zikri, M. A., Dias, J. A., Casali, L. G., Hoekstra,
H., et al. (2000). Lactobacillus GG administered in oral rehydration solution
to children with acute diarrhea: a multicenter European trial. J. Pediatr.
Gastroenterol. Nutr. 30, 54–60. doi: 10.1097/00005176-200001000-00018

Halstead, S. B. (2007). Dengue. Lancet 370, 1644–1652. doi: 10.1016/S0140-
6736(07)61687-0

Halstead, S. B., and O’Rourke, E. J. (1977). Antibody-enhanced dengue virus
infection in primate leukocytes. Nature 265, 739–741. doi: 10.1038/265739a0

Honce, R. R., and Schultz-Cherry, S. (2019). Impact of obesity on influenza A
virus pathogenesis, immune response, and evolution. Front. Immunol. 10:1071.
doi: 10.3389/fimmu.2019.01071

Honda, K., and Littman, D. R. (2012). The microbiome in infectious disease
and inflammation. Annu. Rev. Immunol. 30, 759–795. doi: 10.1146/annurev-
immunol-020711-074937

Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S.,
et al. (2011). Microbiota regulates immune defense against respiratory tract
influenza A virus infection. Proc. Natl. Acad. Sci. U.S.A. 108, 5354–5359. doi:
10.1073/pnas.1019378108

Janssen, H. L. A., Reesink, H. W., Lawitz, E. J., Zeuzem, S., Rodriguez-Torres, M.,
Patel, K., et al. (2013). Treatment of HCV Infection by Targeting MicroRNA.
N. Engl. J. Med. 368, 1685–1694. doi: 10.1056/NEJMoa1209026

Jiménez de Oya, N., Esler, W. P., Huard, K., El-Kattan, A. F., Karamanlidis, G.,
Blázquez, A.-B., et al. (2019). Targeting host metabolism by inhibition of acetyl-
Coenzyme A carboxylase reduces flavivirus infection in mouse models. Emerg.
Microbes. Infect. 8, 624–636. doi: 10.1080/22221751.2019.1604084

John, A. R., and Canaday, D. H. (2017). Herpes zoster in the older adult. Infect. Dis.
Clin. North Am. 31, 811–826. doi: 10.1016/j.idc.2017.07.016

Johnson, D. B., Chandra, S., and Sosman, J. A. (2018). Immune checkpoint
inhibitor toxicity in 2018. JAMA 320, 1702–1703. doi: 10.1001/jama.2018.13995

Kamaladasa, A., Gomes, L., Jeewandara, C., Shyamali, N. L. A., Ogg, G. S., and
Malavige, G. N. (2016). Lipopolysaccharide acts synergistically with the dengue
virus to induce monocyte production of platelet activating factor and other
inflammatory mediators. Antiviral. Res. 133, 183–190. doi: 10.1016/j.antiviral.
2016.07.016

Kane, M., Case, L. K., Kopaskie, K., Kozlova, A., MacDearmid, C., Chervonsky,
A. V., et al. (2011). Successful transmission of a retrovirus depends on the
commensal microbiota. Science 334, 245–249. doi: 10.1126/science.1210718

Katze, M. G., He, Y., and Gale, M. (2002). Viruses and interferon: a fight for
supremacy. Nat. Rev. Immunol. 2, 675–687. doi: 10.1038/nri888

Kerr, P. J. (2012). Myxomatosis in Australia and Europe: a model for emerging
infectious diseases. Antiviral. Res. 93, 387–415. doi: 10.1016/j.antiviral.2012.
01.009

Kumar, N., Sharma, S., Barua, S., Tripathi, B. N., and Rouse, B. T. (2018).
Virological and immunological outcomes of coinfections. Clin. Microbiol. Rev.
31, e00111–e00117. doi: 10.1128/cmr.00111-17

Kuss, S. K., Best, G. T., Etheredge, C. A., Pruijssers, A. J., Frierson, J. M., Hooper,
L. V., et al. (2011). Intestinal microbiota promote enteric virus replication
and systemic pathogenesis. Science 334, 249–252. doi: 10.1126/science.
1211057

Langerak, T., Mumtaz, N., Tolk, V. I., van Gorp, E. C. M., Martina, B. E., Rockx,
B., et al. (2019). The possible role of cross-reactive dengue virus antibodies in
Zika virus pathogenesis. PLoS Pathog. 15:e1007640. doi: 10.1371/journal.ppat.
1007640

Langlois, R. A., and Legge, K. L. (2010). Plasmacytoid dendritic cells enhance
mortality during lethal influenza infections by eliminating virus-specific CD8
T cells. J. Immunol. 184, 4440–4446. doi: 10.4049/jimmunol.0902984

Lazear, H. M., Govero, J., Smith, A. M., Platt, D. J., Fernandez, E., Miner, J. J.,
et al. (2016). A mouse model of Zika virus pathogenesis. Cell Host Microbe 19,
720–730. doi: 10.1016/j.chom.2016.03.010

Legge, K. L., and Braciale, T. J. (2005). Lymph node dendritic cells control CD8+
T Cell Responses through regulated FasL expression. Immunity 23, 649–659.
doi: 10.1016/j.immuni.2005.11.006

Li, L., and Werler, M. M. (2010). Fruit and vegetable intake and risk of upper
respiratory tract infection in pregnant women. Public Health Nutr. 13, 276–282.
doi: 10.1017/S1368980009990590

Littaua, R., Kurane, I., and Ennis, F. A. (1990). Human IgG Fc receptor II mediates
antibody-dependent enhancement of dengue virus infection. J. Immunol. 144,
3183–3186.

Loftus, R. M., and Finlay, D. K. (2016). Immunometabolism: cellular metabolism
turns immune regulator. J. Biol. Chem. 291, 1–10. doi: 10.1074/jbc.R115.693903

Luis, A. D., Hayman, D. T., O’Shea, T. J., Cryan, P. M., Gilbert, A. T., Pulliam, J. R.,
et al. (2013). A comparison of bats and rodents as reservoirs of zoonotic viruses:
are bats special? Proc. Biol. Sci. 280:20122753. doi: 10.1098/rspb.2012.2753

Mackaness, G. B. (1962). Cellular resistance to infection. J. Exp. Med. 116, 381–406.
doi: 10.1084/jem.116.3.381

Malavige, G. N., and Ogg, G. S. (2017). Pathogenesis of vascular leak in dengue
virus infection. Immunology 151, 261–269. doi: 10.1111/imm.12748

Malvy, D., McElroy, A. K., de Clerck, H., Gunther, S., and van Griensven, J. (2019).
Ebola virus disease. Lancet 393, 936–948. doi: 10.1016/s0140-6736(18)33132-5

Manivannan, S., Baxter, V. K., Schultz, K. L. W., Slusher, B. S., and Griffin, D. E.
(2016). protective effects of glutamine antagonist 6-Diazo-5-Oxo-l-norleucine
in mice with alphavirus encephalomyelitis. J. Virol. 90, 9251–9262. doi: 10.1128/
jvi.01045-16

Marcus, P. I., and Carver, D. H. (1967). Intrinsic interference: a new type of viral
interference. J. Virol. 1, 334–343.

Masopust, D., Sivula, C. P., and Jameson, S. C. (2017). Of mice, dirty mice, and
men: using mice to understand human immunology. J. Immunol. 199, 383–388.
doi: 10.4049/jimmunol.1700453

Mathew, A., and Rothman, A. L. (2008). Understanding the contribution of cellular
immunity to dengue disease pathogenesis. Immunol. Rev. 225, 300–313. doi:
10.1111/j.1600-065X.2008.00678.x

Maue, A. C., Yager, E. J., Swain, S. L., Woodland, D. L., Blackman, M. A., and
Haynes, L. (2009). T-cell immunosenescence: lessons learned from mouse
models of aging. Trends Immunol. 30, 301–305. doi: 10.1016/j.it.2009.04.007

McFarlane, A. J., McSorley, H. J., Davidson, D. J., Fitch, P. M., Errington, C.,
Mackenzie, K. J., et al. (2017). Enteric helminth-induced type I interferon
signaling protects against pulmonary virus infection through interaction with
the microbiota. J. Allergy. Clin. Immunol. 140, 1068.e6–1078.e6. doi: 10.1016/j.
jaci.2017.01.016

Meng, X. J., Lindsay, D. S., and Sriranganathan, N. (2009). Wild boars as sources
for infectious diseases in livestock and humans. Philos. Trans. R Soc. Lond. B
Biol. Sci. 364, 2697–2707. doi: 10.1098/rstb.2009.0086

Frontiers in Microbiology | www.frontiersin.org 11 October 2019 | Volume 10 | Article 2314

https://doi.org/10.1126/science.aaf5036
https://doi.org/10.1016/S0140-6736(10)60667-8
https://doi.org/10.3389/fimmu.2014.00420
https://doi.org/10.3389/fimmu.2014.00420
https://doi.org/10.1016/S1286-4579(02)01583-6
https://doi.org/10.1016/S1286-4579(02)01583-6
https://doi.org/10.1093/trstmh/tru198
https://doi.org/10.1043/1543-2165-134.2.235
https://doi.org/10.1043/1543-2165-134.2.235
https://doi.org/10.1084/jem.20051970
https://doi.org/10.1017/S0950268814000302
https://doi.org/10.1016/j.chom.2008.05.002
https://doi.org/10.1111/j.1574-6976.2012.00330.x
https://doi.org/10.1111/j.1574-6976.2012.00330.x
https://doi.org/10.1073/pnas.1800525115
https://doi.org/10.1097/00005176-200001000-00018
https://doi.org/10.1016/S0140-6736(07)61687-0
https://doi.org/10.1016/S0140-6736(07)61687-0
https://doi.org/10.1038/265739a0
https://doi.org/10.3389/fimmu.2019.01071
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1073/pnas.1019378108
https://doi.org/10.1056/NEJMoa1209026
https://doi.org/10.1080/22221751.2019.1604084
https://doi.org/10.1016/j.idc.2017.07.016
https://doi.org/10.1001/jama.2018.13995
https://doi.org/10.1016/j.antiviral.2016.07.016
https://doi.org/10.1016/j.antiviral.2016.07.016
https://doi.org/10.1126/science.1210718
https://doi.org/10.1038/nri888
https://doi.org/10.1016/j.antiviral.2012.01.009
https://doi.org/10.1016/j.antiviral.2012.01.009
https://doi.org/10.1128/cmr.00111-17
https://doi.org/10.1126/science.1211057
https://doi.org/10.1126/science.1211057
https://doi.org/10.1371/journal.ppat.1007640
https://doi.org/10.1371/journal.ppat.1007640
https://doi.org/10.4049/jimmunol.0902984
https://doi.org/10.1016/j.chom.2016.03.010
https://doi.org/10.1016/j.immuni.2005.11.006
https://doi.org/10.1017/S1368980009990590
https://doi.org/10.1074/jbc.R115.693903
https://doi.org/10.1098/rspb.2012.2753
https://doi.org/10.1084/jem.116.3.381
https://doi.org/10.1111/imm.12748
https://doi.org/10.1016/s0140-6736(18)33132-5
https://doi.org/10.1128/jvi.01045-16
https://doi.org/10.1128/jvi.01045-16
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.1111/j.1600-065X.2008.00678.x
https://doi.org/10.1111/j.1600-065X.2008.00678.x
https://doi.org/10.1016/j.it.2009.04.007
https://doi.org/10.1016/j.jaci.2017.01.016
https://doi.org/10.1016/j.jaci.2017.01.016
https://doi.org/10.1098/rstb.2009.0086
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02314 October 3, 2019 Time: 18:0 # 12

Sumbria et al. Host and Viral Factor Aggravating the Disease

Milner, J. J., Rebeles, J., Dhungana, S., Stewart, D. A., Sumner, S. C., Meyers, M. H.,
et al. (2015). Obesity increases mortality and modulates the lung metabolome
during pandemic H1N1 influenza virus infection in mice. J. Immunol. 194,
4846–4859. doi: 10.4049/jimmunol.1402295

Mueller, N. T., Bakacs, E., Combellick, J., Grigoryan, Z., and Dominguez-Bello,
M. G. (2015). The infant microbiome development: mom matters. Trends Mol.
Med. 21, 109–117. doi: 10.1016/j.molmed.2014.12.002

Mulik, S., Bhela, S., and Rouse, B. T. (2013). Potential Function of miRNAs in
herpetic stromal keratitis potential function of miRNAs in herpetic stromal
keratitis. Invest. Ophthalmol. Vis. Sci. 54, 563–573. doi: 10.1167/iovs.12-11094

Mulik, S., Xu, J., Reddy, P. B. J., Rajasagi, N. K., Gimenez, F., Sharma, S., et al.
(2012). Role of miR-132 in angiogenesis after ocular infection with herpes
simplex virus. Am. J. Pathol. 181, 525–534. doi: 10.1016/j.ajpath.2012.04.014

Neil, J. A., and Cadwell, K. (2018). The intestinal virome and immunity.
J. Immunol. 201, 1615–1624. doi: 10.4049/jimmunol.1800631

Nikolay, B., Salje, H., Hossain, M. J., Khan, A., Sazzad, H. M. S., Rahman, M., et al.
(2019). Transmission of Nipah Virus - 14 Years of investigations in bangladesh.
N. Engl. J. Med. 380, 1804–1814. doi: 10.1056/NEJMoa1805376

Nikolich-Žugich, J. (2008). Ageing and life-long maintenance of T-cell subsets in
the face of latent persistent infections. Nat. Rev. Immunol. 8, 512–522. doi:
10.1038/nri2318

Nolan, N., Halai, U.-A., Regunath, H., Smith, L., Rojas-Moreno, C., and Salzer,
W. (2017). Primary cytomegalovirus infection in immunocompetent adults in
the United States–A case series. IDCases 10, 123–126. doi: 10.1016/j.idcr.2017.
10.008

Norman, J. M., Handley, S. A., and Virgin, H. W. (2014). Kingdom-agnostic
metagenomics and the importance of complete characterization of enteric
microbial communities. Gastroenterology 146, 1459–1469. doi: 10.1053/j.gastro.
2014.02.001

O’Neill, L. A., Kishton, R. J., and Rathmell, J. (2016). A guide to
immunometabolism for immunologists. Nat. Rev. Immunol. 16, 553–565.
doi: 10.1038/nri.2016.70

O’Neill, L. A. J., and Hardie, D. G. (2013). Metabolism of inflammation limited by
AMPK and pseudo-starvation. Nature 493, 346–355. doi: 10.1038/nature11862

Orange, J. S. (2002). Human natural killer cell deficiencies and susceptibility to
infection. Microbes Infect. 4, 1545–1558. doi: 10.1016/S1286-4579(02)00038-2

Osborne, L. C., Monticelli, L. A., Nice, T. J., Sutherland, T. E., Siracusa, M. C.,
Hepworth, M. R., et al. (2014). Virus-helminth coinfection reveals a microbiota-
independent mechanism of immunomodulation. Science 345, 578–582. doi:
10.1126/science.1256942

O’Sullivan, D., and Pearce, E. L. (2015). Targeting T cell metabolism for therapy.
Trends Immunol. 36, 71–80. doi: 10.1016/j.it.2014.12.004

Otto, H. (2015). Jean Lindenmann: from viral interference to interferon and
beyond (1924–2015). J. Interferon. Cytokine Res. 35, 239–241. doi: 10.1089/jir.
2015.1500

Paich, H. A., Sheridan, P. A., Handy, J., Karlsson, E. A., Schultz-Cherry, S.,
Hudgens, M. G., et al. (2013). Overweight and obese adult humans have a
defective cellular immune response to pandemic H1N1 influenza A virus.
Obesity 21, 2377–2386. doi: 10.1002/oby.20383

Palefsky, J. (2009). Human papillomavirus-related disease in people with HIV.
Curr. Opin. HIV AIDS 4, 52–56. doi: 10.1097/COH.0b013e32831a7246

Parrish, C. R., O’Connell, P. H., Evermann, J. F., and Carmichael, L. E. (1985).
Natural variation of canine parvovirus. Science 230, 1046–1048. doi: 10.1126/
science.4059921

Pearce, E. L., Poffenberger, M. C., Chang, C.-H., and Jones, R. G. (2013).
Fueling immunity: insights into metabolism and lymphocyte function. Science
342:1242454. doi: 10.1126/science.1242454

Pearce-Duvet, J. M. (2006). The origin of human pathogens: evaluating the role of
agriculture and domestic animals in the evolution of human disease. Biol. Rev.
Camb. Philos. Soc. 81, 369–382. doi: 10.1017/S1464793106007020

Peiris, J. S., de Jong, M. D., and Guan, Y. (2007). Avian influenza virus (H5N1): a
threat to human health. Clin. Microbiol. Rev. 20, 243–267. doi: 10.1128/CMR.
00037-06

Pepose, J., Leib, D., Stuart, P., Easty, D., Pepose, J. S., Holland, G. N., et al. (1996).
“Herpes simplex virus diseases: anterior segment of the eye,” in Ocular Infection
and Immunity, (St. Louis, MO: Mosby), 905–932.

Picarda, G., and Benedict, C. A. (2018). Cytomegalovirus: shape-Shifting the
Immune System. J. Immunol. 200, 3881–3889. doi: 10.4049/jimmunol.1800171

Ploegh, H. L. (1998). Viral Strategies of Immune Evasion. Science 280, 248–253.
doi: 10.1126/science.280.5361.248

Plotkin, S. A. (2019). Dengue Vaccine, A Double-Edged Sword. J. Pediatric Infect.
Dis. Soc. doi: 10.1093/jpids/piy140 [Epub ahead of print].

Ramakrishna, C., Kujawski, M., Chu, H., Li, L., Mazmanian, S. K., and Cantin,
E. M. (2019). Bacteroides fragilis polysaccharide A induces IL-10 secreting B
and T cells that prevent viral encephalitis. Nat. Commun. 10:2153. doi: 10.1038/
s41467-019-09884-6

Reese, T. A., Bi, K., Kambal, A., Filali-Mouhim, A., Beura, L. K., Burger, M. C.,
et al. (2016). Sequential Infection with common pathogens promotes human-
like immune gene expression and altered vaccine response. Cell Host Microbe
19, 713–719. doi: 10.1016/j.chom.2016.04.003

Reese, T. A., Wakeman, B. S., Choi, H. S., Hufford, M. M., Huang, S. C., Zhang, X.,
et al. (2014). Helminth infection reactivates latent γ-herpesvirus via cytokine
competition at a viral promoter. Science 345, 573–577. doi: 10.1126/science.
1254517

Ressel, S., Rosca, A., Gordon, K., and Buck, A. H. (2019). Extracellular RNA in
viral-host interactions: thinking outside the cell. Wiley Interdiscip. Rev. RNA 10,
e1535. doi: 10.1002/wrna.1535

Rezaee, S. A. R., Cunningham, C., Davison, A. J., and Blackbourn, D. J. (2006).
Kaposi’s sarcoma-associated herpesvirus immune modulation: an overview.
J. Gen. Virol. 87, 1781–1804. doi: 10.1099/vir.0.81919-0

Rezende, R. M., and Weiner, H. L. (2017). History and mechanisms of
oral tolerance. Semin. Immunol. 30, 3–11. doi: 10.1016/j.smim.2017.
07.004

Robinson, C. M., Jesudhasan, P. R., and Pfeiffer, J. K. (2014). Bacterial
lipopolysaccharide binding enhances virion stability and promotes
environmental fitness of an enteric virus. Cell Host Microbe 15, 36–46.
doi: 10.1016/j.chom.2013.12.004

Rochell, S., Alexander, L., Rocha, G., Van Alstine, W., Boyd, R., Pettigrew, J., et al.
(2015). Effects of dietary soybean meal concentration on growth and immune
response of pigs infected with porcine reproductive and respiratory syndrome
virus. J. Anim. Sci. 93, 2987–2997. doi: 10.2527/jas.2014-8462

Rouse, B. T., and Sehrawat, S. (2010). Immunity and immunopathology to viruses:
what decides the outcome? Nat. Rev. Immunol. 10, 514–526. doi: 10.1038/
nri2802

Roy, S., Coulon, P.-G., Srivastava, R., Vahed, H., Kim, G. J., Walia, S. S., et al.
(2018). Blockade of LAG-3 immune checkpoint combined with therapeutic
vaccination restore the function of tissue-resident anti-viral CD8+ T Cells and
protect against recurrent ocular herpes simplex infection and disease. Front.
Immunol. 9:2922. doi: 10.3389/fimmu.2018.02922

Ruffner, M. A., Sullivan, K. E., and Henrickson, S. E. (2017). Recurrent and
sustained viral infections in primary immunodeficiencies. Front. Immunol.
8:665. doi: 10.3389/fimmu.2017.00665

Saeidi, A., Zandi, K., Cheok, Y. Y., Saeidi, H., Wong, W. F., Lee, C. Y. Q., et al.
(2018). T-Cell exhaustion in chronic infections: reversing the state of exhaustion
and reinvigorating optimal protective immune responses. Front. Immunol.
9:2569. doi: 10.3389/fimmu.2018.02569

Salzberger, B., Hartmann, P., Hanses, F., Uyanik, B., Cornely, O. A., Wöhrmann, A.,
et al. (2005). Incidence and prognosis of CMV Disease in HIV–Infected patients
before and after introduction of combination antiretroviral therapy. Infection
33, 345–349. doi: 10.1007/s15010-005-5050-z

Samuel, C. E. (2001). Antiviral actions of interferons. Clin. Microbiol. Rev. 14,
778–809. doi: 10.1128/cmr.14.4.778-809.2001

Schleiss, M. R. (2018). Congenital cytomegalovirus: impact on child health.
Contemp. Pediatr. 35, 16–24.

Sehrawat, S., Kumar, D., and Rouse, B. T. (2018). Herpesviruses: harmonious
pathogens but relevant cofactors in other diseases? Front. Cell Infect. Microbiol.
8:177. doi: 10.3389/fcimb.2018.00177

Selin, L. K., Varga, S. M., Wong, I. C., and Welsh, R. M. (1998). Protective
heterologous antiviral immunity and enhanced immunopathogenesis mediated
by memory T cell populations. J. Exp. Med. 188, 1705–1715. doi: 10.1084/jem.
188.9.1705

Sepkowitz, K. A. (2001). AIDS–the first 20 years. N. Engl. J. Med. 344, 1764–1772.
doi: 10.1056/nejm200106073442306

Sharp, P. M., and Hahn, B. H. (2011). Origins of HIV and the AIDS pandemic.
Cold Spring Harb. Perspect. Med. 1, a006841–a006841. doi: 10.1101/cshperspect.
a006841

Frontiers in Microbiology | www.frontiersin.org 12 October 2019 | Volume 10 | Article 2314

https://doi.org/10.4049/jimmunol.1402295
https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1167/iovs.12-11094
https://doi.org/10.1016/j.ajpath.2012.04.014
https://doi.org/10.4049/jimmunol.1800631
https://doi.org/10.1056/NEJMoa1805376
https://doi.org/10.1038/nri2318
https://doi.org/10.1038/nri2318
https://doi.org/10.1016/j.idcr.2017.10.008
https://doi.org/10.1016/j.idcr.2017.10.008
https://doi.org/10.1053/j.gastro.2014.02.001
https://doi.org/10.1053/j.gastro.2014.02.001
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nature11862
https://doi.org/10.1016/S1286-4579(02)00038-2
https://doi.org/10.1126/science.1256942
https://doi.org/10.1126/science.1256942
https://doi.org/10.1016/j.it.2014.12.004
https://doi.org/10.1089/jir.2015.1500
https://doi.org/10.1089/jir.2015.1500
https://doi.org/10.1002/oby.20383
https://doi.org/10.1097/COH.0b013e32831a7246
https://doi.org/10.1126/science.4059921
https://doi.org/10.1126/science.4059921
https://doi.org/10.1126/science.1242454
https://doi.org/10.1017/S1464793106007020
https://doi.org/10.1128/CMR.00037-06
https://doi.org/10.1128/CMR.00037-06
https://doi.org/10.4049/jimmunol.1800171
https://doi.org/10.1126/science.280.5361.248
https://doi.org/10.1093/jpids/piy140
https://doi.org/10.1038/s41467-019-09884-6
https://doi.org/10.1038/s41467-019-09884-6
https://doi.org/10.1016/j.chom.2016.04.003
https://doi.org/10.1126/science.1254517
https://doi.org/10.1126/science.1254517
https://doi.org/10.1002/wrna.1535
https://doi.org/10.1099/vir.0.81919-0
https://doi.org/10.1016/j.smim.2017.07.004
https://doi.org/10.1016/j.smim.2017.07.004
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.2527/jas.2014-8462
https://doi.org/10.1038/nri2802
https://doi.org/10.1038/nri2802
https://doi.org/10.3389/fimmu.2018.02922
https://doi.org/10.3389/fimmu.2017.00665
https://doi.org/10.3389/fimmu.2018.02569
https://doi.org/10.1007/s15010-005-5050-z
https://doi.org/10.1128/cmr.14.4.778-809.2001
https://doi.org/10.3389/fcimb.2018.00177
https://doi.org/10.1084/jem.188.9.1705
https://doi.org/10.1084/jem.188.9.1705
https://doi.org/10.1056/nejm200106073442306
https://doi.org/10.1101/cshperspect.a006841
https://doi.org/10.1101/cshperspect.a006841
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02314 October 3, 2019 Time: 18:0 # 13

Sumbria et al. Host and Viral Factor Aggravating the Disease

Simmons, A., and Nash, A. A. (1984). Zosteriform spread of herpes simplex virus
as a model of recrudescence and its use to investigate the role of immune cells
in prevention of recurrent disease. J. Virol. 52, 816–821.

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly-y,
M., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate
colonic Treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.
1241165

Souquette, A., and Thomas, P. G. (2018). Past Life and future effects-how
heterologous infections alter immunity to influenza viruses. Front. Immunol.
9:1071. doi: 10.3389/fimmu.2018.01071

Spite, M., Clària, J., and Serhan, C. N. (2014). Resolvins, Specialized Proresolving
Lipid Mediators, and Their Potential Roles in Metabolic Diseases. Cell Metab.
19, 21–36. doi: 10.1016/j.cmet.2013.10.006

Stettler, K., Beltramello, M., Espinosa, D. A., Graham, V., Cassotta, A., Bianchi, S.,
et al. (2016). Specificity, cross-reactivity, and function of antibodies elicited by
Zika virus infection. Science 353, 823–826. doi: 10.1126/science.aaf8505

Tahamtan, A., Teymoori-Rad, M., Nakstad, B., and Salimi, V. (2018). Anti-
inflammatory MicroRNAs and their potential for inflammatory diseases
treatment. Front. Immunol. 9:1377. doi: 10.3389/fimmu.2018.01377

Taubenberger, J. K., and Morens, D. M. (2006). 1918 influenza: the mother of all
pandemics. Emerg. Infect. Dis. 12, 15–22. doi: 10.3201/eid1201.050979

Tebit, D. M., Ndembi, N., Weinberg, A., and Quiñones-Mateu, M. E. (2012).
Mucosal transmission of human immunodeficiency virus. Curr. HIV Res. 10,
3–8. doi: 10.2174/157016212799304689

Thackray, L. B., Handley, S. A., Gorman, M. J., Poddar, S., Bagadia, P., Briseño,
C. G., et al. (2018). Oral antibiotic treatment of mice exacerbates the disease
severity of multiple flavivirus infections. Cell Rep. 22, 3440.e6–3453.e6. doi:
10.1016/j.celrep.2018.03.001

Thépaut, M., Grandjean, T., Hober, D., Lobert, P.-E., Bortolotti, P., Faure, K., et al.
(2015). Protective role of murine norovirus against Pseudomonas aeruginosa
acute pneumonia. Vet. Res. 46:91. doi: 10.1186/s13567-015-0239-3

Thomas, S., Izard, J., Walsh, E., Batich, K., Chongsathidkiet, P., Clarke, G., et al.
(2017). The host microbiome regulates and maintains human health: a primer
and perspective for non-microbiologists. Cancer Res. 77, 1783–1812. doi: 10.
1158/0008-5472.can-16-2929

Thounaojam, M. C., Kundu, K., Kaushik, D. K., Swaroop, S., Mahadevan, A.,
Shankar, S. K., et al. (2014). MicroRNA 155 regulates Japanese encephalitis
virus-induced inflammatory response by targeting src homology 2-containing
inositol phosphatase 1. J. Virol. 88, 4798–4810. doi: 10.1128/jvi.02979-13

Tomov, V. T., Osborne, L. C., Dolfi, D. V., Sonnenberg, G. F., Monticelli, L. A.,
Mansfield, K., et al. (2013). Persistent enteric murine norovirus infection is
associated with functionally suboptimal virus-specific CD8 T cell responses.
J. Virol. 87, 7015–7031. doi: 10.1128/jvi.03389-12

Trompette, A., Gollwitzer, E. S., Pattaroni, C., Lopez-Mejia, I. C., Riva, E., Pernot,
J., et al. (2018). Dietary fiber confers protection against flu by shaping Ly6c-
patrolling monocyte hematopoiesis and CD8+ T cell metabolism. Immunity 48,
992.e8–1005.e8. doi: 10.1016/j.immuni.2018.04.022

Uchiyama, R., Chassaing, B., Zhang, B., and Gewirtz, A. T. (2014). Antibiotic
treatment suppresses rotavirus infection and enhances specific humoral
immunity. J. Infect. Dis. 210, 171–182. doi: 10.1093/infdis/jiu037

Van de Perre, P., Segondy, M., Foulongne, V., Ouedraogo, A., Konate, I., Huraux,
J. M., et al. (2008). Herpes simplex virus and HIV-1: deciphering viral synergy.
Lancet Infect. Dis. 8, 490–497. doi: 10.1016/s1473-3099(08)70181-6

Vann, V. R., and Atherton, S. S. (1991). Neural spread of herpes simplex virus after
anterior chamber inoculation. Invest. Ophthalmol. Vis. Sci. 32, 2462–2472.

Varanasi, S. K., Donohoe, D., Jaggi, U., and Rouse, B. T. (2017). Manipulating
glucose metabolism during different stages of viral pathogenesis can have either
detrimental or beneficial effects. J. Immunol. 199, 1748–1761. doi: 10.4049/
jimmunol.1700472

Varyukhina, S., Freitas, M., Bardin, S., Robillard, E., Tavan, E., Sapin, C., et al.
(2012). Glycan-modifying bacteria-derived soluble factors from Bacteroides
thetaiotaomicron and Lactobacillus casei inhibit rotavirus infection in human
intestinal cells. Microbes Infect. 14, 273–278. doi: 10.1016/j.micinf.2011.10.007

Virgin, H. W., Wherry, E. J., and Ahmed, R. (2009). Redefining chronic viral
infection. Cell 138, 30–50. doi: 10.1016/j.cell.2009.06.036

Walter, J., Seeh, C., Fey, K., Bleul, U., and Osterrieder, N. (2013). Clinical
observations and management of a severe equine herpesvirus type 1 outbreak
with abortion and encephalomyelitis. Acta Vet. Scand. 55:19. doi: 10.1186/1751-
0147-55-19

Wang, A., Huen, S. C., Luan, H. H., Yu, S., Zhang, C., Gallezot, J. D., et al. (2016).
Opposing effects of fasting metabolism on tissue tolerance in bacterial and viral
inflammation. Cell 151:e1512. doi: 10.1016/j.cell.2016.07.026

Wang, J., Li, F., Sun, R., Gao, X., Wei, H., Li, L. J., et al. (2013). Bacterial
colonization dampens influenza-mediated acute lung injury via induction
of M2 alveolar macrophages. Nat. Commun. 4:2106. doi: 10.1038/ncomms
3106

Wang, K., Hoshino, Y., Dowdell, K., Bosch-Marce, M., Myers, T. G., Sarmiento,
M., et al. (2017). Glutamine supplementation suppresses herpes simplex virus
reactivation. J. Clin. Invest. 127, 2626–2630. doi: 10.1172/jci88990

Welsh, R. M., Che, J. W., Brehm, M. A., and Selin, L. K. (2010). Heterologous
immunity between viruses. Immunol. Rev. 235, 244–266. doi: 10.1111/j.0105-
2896.2010.00897.x

Wherry, E. J. (2011). T cell exhaustion. Nat. Immunol. 12, 492–499. doi: 10.1038/
ni.2035

Wilkin, T. J., and Gulick, R. M. (2012). CCR5 antagonism in HIV infection: current
concepts and future opportunities. Annu. Rev. Med. 63, 81–93. doi: 10.1146/
annurev-med-052010-145454

Zhang, B., Chassaing, B., Shi, Z., Uchiyama, R., Zhang, Z., Denning, T. L., et al.
(2014). Prevention and cure of rotavirus infection via TLR5/NLRC4–mediated
production of IL-22 and IL-18. Science 346, 861–865. doi: 10.1126/science.
1256999

Zhu, B., Ye, J., Nie, Y., Ashraf, U., Zohaib, A., Duan, X., et al. (2015).
MicroRNA-15b modulates japanese encephalitis virus–mediated inflammation
via targeting RNF125. J. Immunol. 195, 2251–2262. doi: 10.4049/jimmunol.15
00370

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Sumbria, Berber and Rouse. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 October 2019 | Volume 10 | Article 2314

https://doi.org/10.1126/science.1241165
https://doi.org/10.1126/science.1241165
https://doi.org/10.3389/fimmu.2018.01071
https://doi.org/10.1016/j.cmet.2013.10.006
https://doi.org/10.1126/science.aaf8505
https://doi.org/10.3389/fimmu.2018.01377
https://doi.org/10.3201/eid1201.050979
https://doi.org/10.2174/157016212799304689
https://doi.org/10.1016/j.celrep.2018.03.001
https://doi.org/10.1016/j.celrep.2018.03.001
https://doi.org/10.1186/s13567-015-0239-3
https://doi.org/10.1158/0008-5472.can-16-2929
https://doi.org/10.1158/0008-5472.can-16-2929
https://doi.org/10.1128/jvi.02979-13
https://doi.org/10.1128/jvi.03389-12
https://doi.org/10.1016/j.immuni.2018.04.022
https://doi.org/10.1093/infdis/jiu037
https://doi.org/10.1016/s1473-3099(08)70181-6
https://doi.org/10.4049/jimmunol.1700472
https://doi.org/10.4049/jimmunol.1700472
https://doi.org/10.1016/j.micinf.2011.10.007
https://doi.org/10.1016/j.cell.2009.06.036
https://doi.org/10.1186/1751-0147-55-19
https://doi.org/10.1186/1751-0147-55-19
https://doi.org/10.1016/j.cell.2016.07.026
https://doi.org/10.1038/ncomms3106
https://doi.org/10.1038/ncomms3106
https://doi.org/10.1172/jci88990
https://doi.org/10.1111/j.0105-2896.2010.00897.x
https://doi.org/10.1111/j.0105-2896.2010.00897.x
https://doi.org/10.1038/ni.2035
https://doi.org/10.1038/ni.2035
https://doi.org/10.1146/annurev-med-052010-145454
https://doi.org/10.1146/annurev-med-052010-145454
https://doi.org/10.1126/science.1256999
https://doi.org/10.1126/science.1256999
https://doi.org/10.4049/jimmunol.1500370
https://doi.org/10.4049/jimmunol.1500370
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Factors Affecting the Tissue Damaging Consequences of Viral Infections
	Introduction
	Exotic Infections Can Be Highly Tissue Damaging
	Infection by Viruses That Blunt Components of Immunity
	Influence of Age at Time of Infection
	The Influence of Dose and Route of Infection
	Influence of Host Genetics
	Influence of the Microbiome
	Influence of the Virome
	The Influence of Previous and Concomitant Infections
	How Can We Reset Immune Response Patterns to Minimize Tissue Damaging Responses to Virus Infections?
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


