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REVIEW

An Ecological Framework of the Human
Virome Provides Classification of Current
Knowledge and Identifies Areas of

Forthcoming Discovery

Michael T. Parker, M.Sc.

Department of Immunobiology, Yale University School of Medicine, New Haven, CT, USA

Recent advances in sequencing technologies have opened the door for the classification of the human vi-
rome. While taxonomic classification can be applied to the viruses identified in such studies, this gives no
information as to the type of interaction the virus has with the host. As follow-up studies are performed to
address these questions, the description of these virus-host interactions would be greatly enriched by apply-
ing a standard set of definitions that typify them. This paper describes a framework with which all members
of the human virome can be classified based on principles of ecology. The scaffold not only enables cate-
gorization of the human virome, but can also inform research aimed at identifying novel virus-host interac-

tions.

INTRODUCTION

The term “microbiome” was coined by Whipps,
Lewis, and Cooke in 1988, defined as “a characteristic
microbial community occupying a reasonably well de-
fined habitat which has distinct physico-chemical prop-
erties” [1]. Many attribute the popularization of the term
to Nobel laureate Joshua Lederberg, where he (anthro-
pocentrically) defined the microbiome as “the ecological
community of commensal, symbiotic, and pathogenic
microorganisms that literally share our body space and
have been all but ignored as determinants of health and
disease” [2]. The community of microorganisms refer-
enced in these definitions includes viruses, bacteria,
fungi, protozoa, and archaca. Within this community
there is an inherent plasticity arising from the interaction
of organisms with one another and with their environ-
ment. Such meta-interactions lead to complex repercus-
sions for each level of life, and this review will focus on
the consequences that have implications for human
health.

The viral component of the microbiome, termed the
“virome” [3] is a poorly understood facet of the micro-
biome, despite having the potential to significantly im-
pact human health. From a philosophical perspective,
viruses were likely integral to the very existence of man
as the primordial precursor to all current life on earth [4].
More tangibly, during the course of human evolution, the
viruses in and around humans not only drove evolution
via selective pressure, but also contributed novel genetic
material. In fact, approximately 42 percent of the human
genome is composed of viral sequence [5]. This role as a
major agent driving horizontal (i.e., non-reproductive)
gene transfer between biomes [6-9] and the fact that the
diversity, complexity, and abundance of viruses sur-
passes any other biological entity make it apparent that
understanding viromes will impart unparalleled under-
standing of the organisms they inhabit [10].

However, the obvious importance of viruses in the
composition of all biomes has not (yet) been met with an
appropriate fervor for the characterization of the viral
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component of microbiomes. The original explosion of mi-
crobiome information was spurred by the utilization of
16S sequencing technology, which can give vast infor-
mation about microbial communities using universal
primers [11]. However, this technique is specific to or-
ganisms with ribosomes, so early research focused on
analysis of bacterial sequences rather than much more
technically challenging viral sequences [12]. Thankfully,
recent advances in next generation sequencing technolo-
gies are making virome characterization more technolog-
ically and financially possible and will ensure an
explosion of virome description in the near future [13,14].

In an effort to facilitate such classification of the
human virome, it is prudent to use basic ecological inter-
actions both to organize current knowledge as well as
identify areas where new information may be found. This
review will build a framework of the human virome from
an ecological perspective, identify currently underappre-
ciated and possibly undiscovered roles of the virome, and
apply these principles to analysis of the role of the virome
in human health. Such a systematic conception of the
structure of these ecological interactions can also facilitate
the application of similar conventions to the other com-
ponents of the microbiome.

AN ECOLOGICAL FRAMEWORK OF THE
HUMAN VIROME

While appreciation of the possible benefits of the
human microbiome accumulated in the latter half of the
20th century, a concordant acknowledgement for the
human virome was not so quickly realized [15]. It is likely
this was because human viruses rely on invasion of host
cells to replicate and this provokes an overwhelmingly
negative impression. However, all interactions of viruses
with their hosts are symbioses in the classical sense [16]
and fall along a spectrum from exclusively antagonistic
to exclusively mutualistic [17]. In general, these interac-
tions are facultative for the human and obligate for the
virus, but cases like the presence of viral sequences in
human genomes exemplify where this simplistic view
breaks down [5]. While the position of a particular virus
along this spectrum is not fixed, it is obvious that many
viruses have varied, intimate relationships with their
hosts.

Botanists and entomologists were among the first to
notice the intricacy of virus-host interactions, which chal-
lenged the purely parasitic dogma of virus-host interac-
tion (reviewed in [17-20]). For example, parasitoid wasps
harboring polydnavirus genomes utilize virally packaged
host genes to prevent rejection of wasp eggs introduced
into the parasitized caterpillar [21]. In a more benign ex-
ample, the white clover suppresses nodulation in condi-
tions of sufficient nitrogen in a manner dependent on viral
coat proteins of a persistently infecting cryptic virus [22].
While the breadth of knowledge of interactions types is
surely incomplete, their presence in other organisms al-
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ludes to the possibility of the existence of similar interac-
tions between humans and viruses.

Recent reviews have addressed the issue of the cur-
rent, primarily negative, view of the human virome
[18,23-26]. Virologists are beginning to realize that the
viruses within us may be more important than previously
appreciated. The discovery of intimate interactions of
viruses with humans, like the role of endogenous retro-
virus (ERVt) syncytins in placentation [27], are categor-
ically dissimilar to the classical view of viruses only as
parasites and brings to issue how scientists are approach-
ing the study of the virome. A lack of structure in this en-
deavor has arguably hindered the true understanding of
non-pathogenic consequences of human-virome interac-
tions.

To address this issue, an ecological framework can
be constructed for more informative classification of the
virome based on how viruses fill niches in humans. Here,
I describe a conception of the human virome with three
general classifications of virus types: Parasitic, Commen-
sal, and Mutualistic (Figure 1). Within these groupings
are subcategories containing more specific characteristics
germane to different viral groups. Table 1 illustrates how
representative members of the human virome spanning a
vast array of families, replication schemes, genome ar-
chitectures, and tropisms can be succinctly classified with
this scheme. This arrangement provides functional infor-
mation about the nature and plasticity of virus-host inter-
action, the most critical defining characteristic of a virus
in the context of human health, in a way absent in the
more classical types of organization mentioned above. In
the rest of this review, I will characterize each grouping
and provide examples from the literature supporting this
classification. The application of this scaffold will not
only deepen the understanding of known virus-host inter-
actions in the ecological context of the virome, but will
also identify logical next steps and gaps in current knowl-
edge that are tantalizing areas for future exploration.

THE PARASITIC VIROME

The canonical classification of viruses is as parasites.
In general, parasitic viruses are transmitted horizontally
from host to host, and this process is necessary for the
virus’ survival. Their obligate life cycles necessitate ma-
nipulation of cellular processes and have been classically
linked to disease manifestation. While the role of viruses
in human disease was not appreciated until the 19th cen-
tury [28], throughout human history, the diseases caused
by particularly pathogenic viruses have been some of the
most feared and deadly. Currently, there are 129 known
human viral pathogens [29] and at least 219 viruses that
can infect humans [30], with more being discovered every
year [31,32]. The apparent bias toward pathogenic species
is undeniably because phenotype (read: pathogenesis) has
traditionally been a major factor in the discovery of new
viruses.
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PARASITIC

Deleterious to host

Acute symptoms, then
resolution or chronicity

Acquired primarily
horizontally

VIROME

MUTUALISTIC

Beneficial to host and virus
Non-self genetic material utilized by host

Acquired vertically (including
via germ line) and horizontally

COMMENSAL

No direct effect on host

Can have non-
human tropism

Acquired vertically
and horizontally

Figure 1. An Ecological Framework of the Human Virome. The human virome can be partitioned into three main
groups: Parasitic, Commensal, and Mutualistic. Each of these sections of the virome exhibit traits delineating them
from one another and are described in each respective sector. These classifications are not static, as disturbance of
homeostasis can destabilize the yin and yang between virus and host. Such disruption can lead to pathology associ-
ated with viruses typically classified as Commensal or Mutualistic, or can even ascribe benefit to typically Parasitic

viruses.

While parasitic viruses are a morose facet of human
history, they have contributed to man’s evolution as a
species. The biologist’s viewpoint includes the selective
pressure on man in which viruses kill susceptible hosts,
leading to the emergence of fitter genotypes. Some viruses
play a similar role by limiting an infected host’s repro-
ductive fitness [33]. The presence of deadly viruses has
also supplied pressure for behavioral and psychological
adaptation via influence on practices in mate selection,
food preparation, and sanitation [34]. A modern example
of such behavioral adaptation is the development of vac-
cination, kick-started by Edward Jenner’s famous work
with cowpox [35].

However, not all parasitic viruses are deadly. In fact,
excessive pathogenicity is an evolutionarily poor strategy
for a virus’ survival unless balanced with a number of
other trade-offs such as transmission rate and recovery rate
[36]. Most parasitic infections occur horizontally (though
there are rare exceptions [37]) and the equilibrium be-
tween pathogenicity and other trade-offs is crucial to en-
suring continuation of the viral lineage. While parasitic

viruses by definition have some level of pathogenic effect
on their host, it is not the intent of the virus to do so, be-
cause viruses don’t have intentions. Viral genomes (par-
ticularly those of RNA viruses) exist as a pool of
non-identical, related sequences, termed quasispecies, and
are constantly adapting in response to selective pressures
[38]. In some cases, the virus’ environment can select for
changes that create a balance of the above-mentioned
trade-offs where pathogenicity may be a successful, or at
least not detrimental, strategy [39]. In this light, I will de-
fine types of parasitic viruses according to both their de-
gree of pathogenesis and the way in which they interact
with their host.

Pathogenic Viruses

The key characteristic of pathogenic viruses is that
they cause an acute disease in which the host either lives
or dies, with the virus simply using it as a vessel to move
to the next host. In these interactions, hosts typically
mount strong immune responses and literally fight for
their lives. This is not to say that all pathogenic infections
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are deadly or resolved immediately, since the degree of
pathogenicity and time to resolution vary widely, as will
be discussed in following sections. Rather, the virus-host
interactions classified here as “pathogenic” represent per-
turbations of homeostasis for which the only resolution is
that one side must prevail. Either the host completely
clears its body of the virus, or it succumbs to infection.

While this sounds like a poor transmission strategy,
history has shown it can be quite effective, as long as the
proper trade-offs are satisfied (see The Parasitic Virome,
above). Influenza virus is a prime example of the success
of a pathogenic strategy. Most humans can expect to be
infected with at least one influenza virus per year, and in
general they will observe a fairly robust set of symptoms
including, but not limited to, fever, chills, headache, nasal
congestion, and coughing [40]. While infection can be se-
vere and even cause death, this is typically limited to hosts
in an immunocompromised state, as selective pressure
typically drives virus evolution to less virulence [41]. In
general, virus is shed one to two days after infection, with
symptoms usually presenting one day later, ensuring that
a person shedding virus will be out and about among cur-
rently uninfected individuals [42]. Severe symptoms may
be due to viral replication and destruction of tissue; how-
ever, over-reaction of the immune system is often the
cause [41]. This is exemplified by secondary bacterial
pneumonia where blooms of pathogenic and/or commen-
sal bacteria can result in severe disease or death [38-41].
However, by the time a person has become ill, they have
likely spread the virus by direct contact with an uninfected
individual, contaminated fomites, or acrosolized respira-
tory droplets [46].

The fact that many pathogenic viruses have circulated
in humans for hundreds to thousands of years, despite our
best efforts to eliminate them, speaks to their success. As
far back as the 16th-11th centuries B.C., there is evidence
of poliomyelitis caused by poliovirus in Egypt [47]. A
more recent example is measles virus, which appears to
have diverged from rinderpest sometime in the 11th or
12th century B.C. [48]. The long histories of human dis-
ease caused by these and other pathogenic viruses made
them low hanging fruits for study in the new field of mi-
crobiology in the early 19th century [47]. This can explain
much of the bias of current knowledge toward pathogenic
viruses. While it can be argued that in the majority of
human history these viruses were the most formative in
terms of social, cultural, and behavioral characteristics of
humans, it cannot be overlooked that this point may also
be similarly biased. The notion that some viruses could
live in relative homeostasis with the organisms they in-
fect is very recent, and such interactions may prove to be
a renaissance in the thinking of the importance of differ-
ent portions of the virome. In fact, some of the most clin-
ically important viruses of the last century were not
classically pathogenic, but rather, persist within the host
in relative silence for long periods of time.
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Persistent Viruses

The characteristic strategy of persistent viruses is one
of immune evasion and long term interaction with the
host. Typically, these viruses exhibit mild and short-lived
acute phase infections followed by establishment of a long
term niche within a host. In this niche, the virus may go
through stages of dormancy and reactivation, or slow
replication for a long period of time [50]. This ability to
progress to persistence for months, years, or the entire life
of the host clearly delineates these viruses from the path-
ogenic viruses [51]. These relationships straddle the bor-
der somewhere between symbiosis and pathogenesis,
traditionally making it difficult to classify them. In this
context, [ will typify long-term infections with well-de-
scribed detriment to the host as persistent, and other long-
term interactions as either commensal or mutualistic (see
respective sections, below).

While the virus has a safe home during persistence,
the question arises that if a virus is not replicating, or is
present at very low levels, how is it transmitted to the next
host? The answer lies in the spread of virus via close intra-
host interactions that may occur many times during the
host’s life. The most conventional method by which per-
sistent viruses are transmitted is contact between mucous
membranes. This includes kissing and sexual intercourse,
but can also include transmission vertically from mother
to child, in rare cases [37]. The prototypical example is
herpes simplex virus 1 (HSV-1) which, after an initial
acute or subclinical infection, moves into a sensory neu-
ron and enters a period of latency [52]. Later in life the
virus can break latency, move down the neuron to the
skin, and begin to replicate, the prototypical presentation
of which is a cold sore. These lesions release infectious
virus that can be transmitted to a new host. After a short
time, the virus returns to latency and the lesion will heal
[52]. The success of this strategy of latency and mild path-
ogenic effect is made obvious by the fact that approxi-
mately two-thirds of the world’s population is infected
with HSV-1 [53].

Non-conventional methods of inoculation have arisen
concomitant with certain human tendencies and interac-
tions. The most common examples include intravenous
drug use, blood transfusion, and organ transplantation, all
of which break typically impassable barriers [54]. For
viruses like hepatitis C virus (HCV) and human immun-
odeficiency virus (HIV) that circulate in the blood of their
host, these disruptions of natural barriers created a hey-
day for transmission. An important development of mod-
ern medicine was the implementation of standard blood
screening for these and other persistent viruses and has
led to a decrease in medically acquired disease [55,56].

Because of the longevity of asymptomatic interac-
tion, those who are infected with persistent viruses may
not know for years. This has consequences not only for
transmission to others, but also for eventual progression to
disease, as treatment is delayed until symptoms emerge
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when the damage is often irreparable. For HIV, the con-
dition of Acquired Immune Deficiency Syndrome (AIDS)
weakens the immune system drastically, allowing oppor-
tunistic microbes to cause fatal disease [57]. HCV is the
most common cause of chronic liver disease, cirrhosis,
and liver cancer in the form of Hepatocellular Carcinoma,
all caused by years of persistent viral presence [58,59].

The delayed onset and long-term homeostasis of per-
sistent viruses within their hosts makes them a unique
class within the human virome. Understanding the biol-
ogy of these viruses and the development of methods to
control and eliminate them is an area of much importance
in future medical science. Additionally, further character-
ization of the human virome is likely to uncover more
viruses that persistently infect humans [31], and such dis-
coveries could pave the way for the treatment of diseases
of currently unknown etiology.

Atypically Pathogenic Viruses

As will be discussed in later sections, not all viruses
are pathogenic. Herein, I classify viruses that impact host
physiology without directly eliciting a disease state as
atypically pathogenic viruses. For example, some viruses
infect humans without ever causing disease while others
inhabit and change the composition of the human micro-
biome without ever infecting human cells. Since our im-
mune system can’t tell the difference between harmful or
benign viral signatures, the mere presence of these viruses
harbors potential to cause disease. So far, this type of in-
teraction has not been defined as a facet of the virome, but
in this section I will review examples from the scientific
literature that hint at such scenarios.

Endogenous retroelements (EREs) represent a unique
class of human-colonizing viral material that is resident
in the germ line and include endogenous retroviruses
(ERVs), retrotransposons, and retrotranscripts [60]. While
the general classification of these genetic elements will be
defined in this work as mutualistic (see The Mutualistic
Virome, below), it is evident from a number of studies that
they can sometimes contribute to pathogenesis. In the au-
toimmune disease Multiple Sclerosis (MS), human en-
dogenous retrovirus (HERV) syncytin expression is
upregulated in lesions and leads to an increase of cellular
protein oxidation and destruction of oligodendrocytes
[61]. Another possible autoimmune contribution of EREs
is by their engagement of nucleic acid pattern recognition
and downstream immune activation during both their
RNA and cDNA synthesis [62,63]. Carcinogenesis may
also occur, as exemplified by the Rec protein of HERV-
K(HML2), which can facilitate tumorigenesis when ex-
pressed in mice [64]. A final example of deleterious
consequences conferred by EREs is their ability to desta-
bilize the genome via insertion, rearrangement, and dele-
tion [65]. Continued exploration is necessary to expand
upon these data to elucidate the mechanisms behind the
negative impacts of EREs on human health.
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Bacteriophages (from here, referred to as phages),
which are canonically classified as commensals (see The
Commensal Virome, below), may also play an atypically
negative role. While these viruses do not infect human
cells, the estimated 10'° phages present in the human gut
[66] and those elsewhere on the body are not likely to be
completely benign. While it is known that phages can be
co-opted for benefit to the host [66], I postulate that the
presence of this amount of genomic and proteinaceous
material is unlikely to be immunologically inert.

An example of how a phage could affect human
health is as an endogenous ligand for immune activation.
It is known that humans harbor antibodies to phage pro-
teins [67-70] and that phagocytic cells of the immune sys-
tem can ingest phages [71], but whether this has any
negative impact on health is unknown. Toll-like Recep-
tors (TLRs) -7 and -9 play key roles in the production of
autoantibodies, presumably via sensing of nucleic acid
containing immune complexes (reviewed in [72]). These
autoantibodies could be derived from any number of en-
dogenous sources, including those of phages. Interest-
ingly, identifying the particular nucleic acids responsible
for this activation in vivo has been challenging, though
functional work has vetted this mechanism with immune
complexes containing nucleic acids [73,74]. It is possible
that B-cell Receptor (BCR)-mediated endocytic or plas-
macytoid dendritic cell (pDC) phagocytic internalization
of phages could deliver ligands necessary for these re-
sponses. In this light, I would argue that correlating phage
localization and expression with disease state is a partic-
ularly intriguing area of research moving forward. Such
research may also elucidate mechanisms by which spe-
cific bacteria (and their viral cargo) are linked to autoim-
mune, allergic, and pathogenic phenotypes.

Protozoan parasite-associated viruses have emerged
as another source of atypically pathogenic effects in hu-
mans [75]. Such interactions are reminiscent of the uses of
viruses as agents for forwarding their host’s survival in
parasitoid wasps and plants (see An Ecological Frame-
work of the Human Virome, above). The recognition of the
Leishmania-infecting LRV 1 virus by human macrophages
can promote inflammation, subvert the immune response,
and ultimately promote persistence of the parasite [76].
Trichomonas vaginalis harbors a Trichomonasvirus that
triggers IFN responses via TLR-3, leading to inflamma-
tory sequelae [77]. At present, there is insufficient data as
to whether these are evolutionarily adapted mechanisms
meant to perturb host immunity to benefit the parasite, but
the extensive literature of such interaction in insects and
plants makes this a tantalizing conjecture. Additional char-
acterization should explore the nature of the interactions of
protozoan viruses with humans.

While all the above postulates are conjecture on the
limited knowledge base regarding atypically pathogenic
virus-host interactions, it must be noted that these are cer-
tainly not overlying principles. Associated pathologies
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likely require particular genetic dispositions and/or exter-
nal stressor states. It cannot be understated, however, that
a better understanding of the viruses that typically inhabit
humans will likely lead to a concomitant rise in the cases
of viruses identified as atypically pathogenic.

THE COMMENSAL VIROME

The term commensal was originally coined to de-
scribe an organism that benefitted from being on or in a
host but did not have any direct detriment or benefit for the
host [78]. As the field of microbiome research blossomed,
it became clear that many of the microbes that had origi-
nally been considered commensal truly did have direct ef-
fects on host health (reviewed in [79]). These organisms
may be more accurately defined as atypically pathogenic
or mutualistic (see sections above and below, respectively)
if these effects are common or stable, but in general, sci-
entists have followed the practice of innocence until
proven guilty. However, it is likely that many commen-
sals exist that either rarely or never have effects on the
host. While at the local level some commensal viruses
may have detrimental effects on individual cells, many eu-
karyotic and prokaryotic viruses are associated with
healthy human tissues [80-87].

The prototypical examples of commensal viruses are
phages that infect bacteria [88]. No phages are known to
infect human cells and therefore their presence may be pri-
marily innocuous. The effect of phages on the composition
of the microbiome, in that they may kill or inhibit growth
of some bacteria, could be considered a possible detriment
or benefit depending on the situation, albeit indirect. In
fact, the targeted utilization of phages to eliminate un-
wanted bacterial pathogens (phage therapy) was intro-
duced in the early 1900s and has many potential benefits
including, but not limited to, low toxicity, treatment of an-
tibiotic resistant infections, and rapid discovery/genera-
tion [89]. However, concern over unknown health
implications and the rise of antibiotics stalled the field,
though a renaissance has been building since the 1990s
[90]. Many different levels of this application exist, such
as treatment of animals and plants with phages to ensure
better yield as well as to kill human pathogens that may
grow on or in these food sources [91]. Phages are also
known to be able to stimulate and/or modulate immune
action in humans at multiple levels including antibody
generation, development of adaptive immune cells, and
innate pattern recognition (reviewed in [88]), and the pos-
sible applications of phages in these contexts are intrigu-
ing. In the future, sections of this group may be able to
re-classified as atypically pathogenic or mutualistic if their
presence can be linked to roles in specific disease pheno-
types, but for now they are most appropriately classified
as commensal.

Viruses can also infect fungal members of the human
microbiome (mycoviruses) and protozoa of the human
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macrobiome [77,92-98]. While much less is known about
these particular types of viruses, similar conjectures have
been made as for phages in regard to their potential as both
atypical pathogens and mutualists. Direct effects on
human health are likely rare, though they have been ob-
served for protozoan parasite viruses (see Atypically Path-
ogenic Viruses, above). The presence of these viruses may
ultimately have an indirect effect on human health of un-
known consequence. Investigation of the breadth and im-
pact of such viruses is an interesting and important area of
future research, particularly for the benefit of the im-
munocompromised and those in developing countries who
are most affected by diseases caused by fungi and proto-
zoa. There is also an abundance of prototypically plant-
tropic viruses found in the human gut [99]. It is likely
these viruses have been acquired via agricultural crops in
the diet and the effect of their presence is unknown, but as-
sembly of plant viral particles in Escherichia coli has been
exhibited, so it is possible that these viruses may interact
with gut bacteria [100].

Some commensal viruses can infect human cells and
use the human as a vessel for transmission. These viruses
establish asymptomatic infections that do not result in a
change in host health or behavior. This represents a veri-
table antithesis to the strategy of parasitic human viruses
(see The Parasitic Virome, above), wherein viruses have
prioritized trade-offs other than pathogenicity to ensure
their transmission to a new host. The most well docu-
mented examples of asymptomatic infection of humans
by commensal viruses are the rhinoviruses and other in-
fections of the nasopharynx and upper respiratory tract
[80,101-104]. Many of the Human Papilloma Viruses
(HPVs) interact with human cells as an asymptomatic in-
fection of mucous membranes or skin [105].
Anelloviruses are also well described human commensals
[106-110]. While immune detection of non-human tropic
commensal viruses is avoided by physical separation, the
human-tropic commensal viruses assuredly engage with
host innate and adaptive immune responses, and so must
avoid or subvert these mechanisms to maintain their im-
munological silence. Description of the viral techniques
enabling this evasion is an important direction for future
research on these viruses, as this may point to novel av-
enues of therapeutic intervention for suppression or acti-
vation of immune responses.

While commensal viruses do not have any direct ef-
fect on human health during homeostatic equilibrium, per-
turbation of homeostasis may cause them to contribute to
pathogenesis (see Atypically Pathogenic Viruses, above).
Contrarily, the presence of viruses from the final major
group of the human virome, mutualistic viruses, exhibit
positive effects on host health via an assortment of mech-
anisms.
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THE MUTUALISTIC VIROME

Perhaps the most underappreciated portion of the vi-
rome are those viruses that have a positive health benefit
for humans. A mutualistic interaction is one that benefits
both organisms involved [111]. It is reasonable to assume
that it may be beneficial for a virus to encourage and aid
in its host’s health to facilitate a longer lasting and
amenable environment for survival. But this is a bit coun-
terintuitive considering that above I discussed that viruses
are intrinsically parasitic. This can be rationalized with the
assertion that nearly all mutualistic interactions were prob-
ably at some point a form of parasitism, then passed
through a commensal stage, and finally adjusted to mutu-
alistic harmony through co-evolution. This stipulation is
based on the reasoning that the amount of evolutionary
change necessitated in the virus and/or the host to switch
interaction types requires significant adaptation and thus
is more likely to proceed stepwise [112]. A relationship
must become sufficiently non-pathogenic to allow inter-
action without rejection as well as develop benefit for both
sides, and an intermediate state seems a logical platform
for this. Indeed, this postulation seems bolstered by the
spectrum of mutualistic relationships that exist, spanning
obligate to conditional mutualistic benefits [18].

A classic non-viral example that illustrates this point
is the integration of the mitochondrion into the cells of an-
cient prokaryotes or eukaryotes. This kind of relationship
is considered symbiogenic, meaning that once separate or-
ganisms have now fused into a distinct new species [18].
Either by phagocytosis or infection, an endosymbiosis was
established in which the mitochondrial bacterial progeni-
tor supplied some benefit to its host. Millions of years
later, mitochondria are part of all eukaryotic organisms
with functions spanning energy production, innate immu-
nity, and membrane potential, to name a few [113,114].

It is now appreciated from data on the microbiome
that it would be to the host’s benefit if the power of the ge-
netic information in and around them could be harnessed
as an evolutionary (and medical) tool for self-betterment
[115-117]. This could occur in a number of ways, either
through encouraging colonization by beneficial microbes
or even by integrating the genetic material of these mi-
crobes into the human genome. A small body of literature
characterizing virus-human mutualism has given a
glimpse into this facet of the virome. In the next sections,
[ will review two levels of symbiotic relationships and dis-
cuss important gaps in knowledge important for the un-
derstanding and possible utilization of these interactions
for human health.

Primary Symbiotic Viruses

Symbiotic viruses that are transmitted vertically from
parent to child in the germ line are considered primary
symbionts [118]. These relationships are often ancient and
obligate for both parties [119]. The most obvious example
is the EREs that have integrated themselves into human
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genomes at many points throughout millions of years of
evolution. While some have been inactivated by recom-
bination, deletions, and random mutations, many still ap-
pear to be expressed [65]. It is also obvious the control of
these elements is an important challenge for the host, as
many strategies have evolved to control replication and
reinfection of inserted EREs [120,121]. To date, the role
of most EREs in the human genome is unknown, but a few
human and mammalian examples indicate that their pres-
ence confers a number of benefits.

Some of the most important effects of ERE coloniza-
tion come in the form of genomic diversity and plasticity.
EREs can not only insert new genetic material, including
protein coding genes, but also play roles in genetic mo-
bility and control. The recombinatorial ability of EREs is
conferred upon insertion and has facilitated recombina-
tion and duplication of large swathes of genomic material
[122,123]. Where an ERE inserts itself can be an impor-
tant factor in how it affects the genome, as insertion into
a protein coding gene could be innocuous or catastrophic.
Alternatively, insertion in or near promotion and regula-
tory elements can result in changes in transcriptional con-
trol [124], as can the native regulatory sequences in the
EREs themselves [125,126]. Of course, all of these bene-
fits can have similarly damaging consequences, as desta-
bilization of the genome or particular genes could have
profound negative effects on the host (see Atypically Path-
ogenic Viruses, above). However, natural selection dic-
tates such effects will not successfully continue in the host
lineage.

EREs also have important immunologic and devel-
opmental roles. Building off of the transcriptional control
effects mentioned in the last paragraph, EREs appear to
have a role in gene upregulation via pattern recognition
during the initiation of adaptive immune responses
[127,128]. Adaptive responses to EREs can also play a
role in restricting viruses by neutralizing incoming ex-
ogenous virus via antibody development against ERE sur-
face glycoprotein antigens [129]. Examples from mice
also indicate that the expression of the ERV glycoprotein
env can competitively bind surface receptors important for
exogenous virus entry and that a short product of an ERV
gag gene can inhibit the nuclear translocation of incoming
capsids. [130,131]. Developmentally, the acquisition of
ERYV syncytins has been a critical step in the evolution of
placentation in humans [27,132,133]. The presence of
retroviral nucleic acids in human cells also suggests that
ERE reverse transcription may be able to activate host in-
nate immunity [62].

Whether humans can harness the beneficial proper-
ties of EREs is of much scientific import. For years it has
been debated whether gene therapy using retroviral vec-
tors for insertion of genes into an individual would be of
more help than harm. Overall the utility of such methods
have been tempered by the observed oncogenic potential
of such therapies [ 134]. Recently, studies with retroviral-
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modified Chimeric Antigen Receptor T-cells (CAR T-
cells) have shown impressive application for the activa-
tion of adaptive immunity against cancers, though there
have also been morbid failures in this field [135]. The ap-
plication of retroviral-modified CAR T-cells could pre-
sumably be expanded to infectious disease as well. These
progressive areas of medical science will continue to be
explored and debated well into the future, and better un-
derstanding the relationship of EREs with their human
hosts will be indispensable for these studies.

Secondary Symbiotic Viruses

Similar to the primary symbionts, secondary sym-
bionts form mutualistic relationships with their host, but
are instead acquired via non-germline vertical transmis-
sion or horizontally during the post-natal life of the host.
A popular example is that of phages. Beginning with the
microbial colonization of a child during birth, phages hitch
a ride with their host bacteria. Phages can regulate bacte-
rial species in the gut, as it is known that phages can be co-
opted into mucosal surfaces for this purpose [136]. Free
phages may also serve a similar role as sentinels main-
taining a balanced microbiota. These benefits have been
studied extensively as possible medical tools in phage
therapy (reviewed in [137,138]) and there has recently
been a resurgence of interest as the problem of antimicro-
bial resistance has become more dire [139]. These same
principles can likely be extended to viruses that parasitize
other microbes and macrobes as well.

Other examples of secondary symbiotic viruses are
isolated, but numerous. In general, these viruses likely
compete for receptors, cellular resources, or niches within
hosts to confer protection. Hepatitis G Virus (HGV) is
known to slow development of HIV infection to AIDS
pathogenesis [140,141] and Human Cytomegalovirus
(HCMV) infection can suppress HIV infection by limit-
ing availability of the coreceptor CCR5 on macrophages
[142]. Infection with Hepatitis A Virus (HAV) can sup-
press infection with HCV and may actually promote clear-
ance [143]. Evidence from mice supports the assertion that
viruses can confer resistance to non-viral disease as well,
as infection with murine gammaherpesvirus results in pro-
tection from challenge with Listeria [144] and Type 1 Di-
abetes can be prevented in mice infected with
lymphotropic viruses [145]. Oncolytic viruses, which
specifically target, infect, and kill tumor cells are also no-
table in both their novelty and their clinical utility (re-
viewed in [146-148]). Viruses may even be able to provide
developmental and immunological benefits not unlike that
of the bacterial microbiota, as evidenced by the establish-
ment of gut homeostasis in mice colonized with norovirus
[149]. Endogenous retroelements could also presumably
be included here in the case of their population of a non-
germline subset of cells within an individual and confer-
ral of benefit to the host.
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One of the main functions of secondary symbionts
may be to help maintain a baseline of immune activation
in order to give the host a head start upon challenge with
incoming pathogens. It has been estimated that healthy hu-
mans are infected with > 10 viral infections at any given
time [51]. This constant barrage of immunogenic material
presumably drives a smoldering activation of both innate
and adaptive immunity. From this, it may be concluded
that a state of continual challenge may be integral for the
immune system to be fortified against incoming
pathogens.

While there is a plethora of research about secondary
symbiotic bacteria, similar attention must to be paid to the
virome. The examples outlined above point to incredible
benefit derived from the interaction of humans with these
mutualists, and significant effort must be made to discover
and harness such potentially impactful relationships.

CONCLUSIONS AND OUTLOOK

Moving forward, consideration of the effects of the
human virome will be crucial in disease treatment and dis-
covery of disease etiologies. From purely pathogenic
viruses to those mutualists helping humans adapt to their
world, the human virome has the potential to lend insight
into the basic and applied biology of human health. In
light of this, further exploration into the composition, tro-
pism, and evolution of the human virome will undoubt-
edly make way for innovations in the treatment of human
disease.

Throughout this manuscript, I have assembled the
components of the human virome into broad classifica-
tions of Parasitic, Commensal, and Mutualistic. While
these definitions are logical, the intermixing of the groups
and exceptions to rules drives home the point that the vi-
rome has inherent plasticity. Disruption of the yin and
yang of virus-host interactions can contribute to this tran-
sitory nature and may blur the lines that delineate the three
main groups. This acknowledgement of convention and
the departures from it gives both structure and flexibility
to this conception of the human virome. The culmination
of these ideas provides a template that identifies gaps in
our current knowledge, postulates interactions that are cur-
rently unknown, and describes future areas of research,
the results of which can then be classified in this same
manner. | look on with anticipation to the continuation of
the scientific soul search that is the exploration of the vi-
rome, where as we learn more about viruses, we come to
better know ourselves.
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