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SUMMARY Negative-sense RNA virus populations are composed of diverse viral compo-
nents that interact to form a community and shape the outcome of virus infections. At
the genomic level, RNA virus populations consist not only of a homogeneous population
of standard viral genomes but also of an extremely large number of genome variants,
termed viral quasispecies, and nonstandard viral genomes, which include copy-back viral
genomes, deletion viral genomes, mini viral RNAs, and hypermutated RNAs. At the particle
level, RNA virus populations are composed of pleomorphic particles, particles missing or
having additional genomes, and single particles or particle aggregates. As we continue dis-
covering more about the components of negative-sense RNA virus populations and their
crucial functions during virus infection, it will become more important to study RNA virus
populations as a whole rather than their individual parts. In this review, we will discuss
what is known about the components of negative-sense RNA virus communities, speculate
how the components of the virus community interact, and summarize what vaccines and
antiviral therapies are being currently developed to target or harness these components.

KEYWORDS negative-sense RNA virus, virus community, viral quasispecies,
nonstandard viral genomes, copy-back viral genomes, deletion viral genomes,
filamentous particles, semi-infectious particles, multiple genome packaging, virion

aggregation, antiviral immunity, copy-backs, virus
Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

INTRODUCTION Address correspondence to Carolina B. Lopez,
. . . clopezzalaquett@wustl.edu, or Sébastien A.
ecades of research have enhanced our understanding of RNA virus biology and pro- Felt. felt@wustledu.

vided a solid ground for the development of therapies to fight important human Tire awiliers cledie fe confile: of inieEs:,
pathogens and reduce disease burden. However, the diversity within a virus population Published 23 June 2022

and how this diversity shapes the outcome of RNA virus infections is often overlooked. As

September 2022 Volume 86 Issue 3 10.1128/mmbr.00086-21 1


https://orcid.org/0000-0003-3994-9291
https://orcid.org/0000-0002-7669-6572
https://orcid.org/0000-0003-2942-7203
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/mmbr.00086-21
https://crossmark.crossref.org/dialog/?doi=10.1128/mmbr.00086-21&domain=pdf&date_stamp=2022-6-23

Diversity within Negative-Sense RNA Virus Populations
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FIG 1 Functions of diverse viral genomes found in negative-sense RNA virus populations. Overview
of the known effects of quasispecies and nonstandard viral genomes, such as copy-back viral
genomes, deletion viral genomes, mini viral RNAs, and hypermutated RNAs, on the standard virus,
host cells, and pathogenesis.

molecular virology methods have improved over the years, we are beginning to appreciate
how incredibly diverse RNA virus populations are in vitro and in the clinic. RNA virus popu-
lations consist not only of identical viral genomes packaged in uniform particles, but also
of large numbers of genome variants and nonstandard viral genomes packaged in pleo-
morphic particles that may contain several genomes. Although many studies have focused
on understanding the role these viral components play during infection, they have done
so by looking at these roles individually and not as a whole virus community. We propose
that by integrating the role these various viral components have during infection, we can
enhance our understanding of how RNA viruses establish infections, promote transmission
to other hosts, and are maintained within the host population. In this review, we will sum-
marize the functions of each component of the population, speculate how all components
could be acting together as a community, and discuss how we could manipulate this com-
munity to our benefit. Although diversity in virus populations has been described to exist
in many virus families, we will restrict this review to discussing negative-sense RNA viruses.

DIVERSITY OF VIRAL GENOMES WITHIN NEGATIVE-SENSE RNA VIRUS
POPULATIONS

Negative-sense RNA viruses generate a diverse population of viral genomes (Fig. 1). This
population can consist of replication-competent standard viral genome variants that differ
from the consensus sequence only by a few nucleotides and can include nonstandard viral
genomes which are viral RNAs unable to complete full viral life cycles in the absence of a
standard viral genome. Nonstandard viral genomes include copy-back viral genomes, dele-
tion viral genomes, mini viral RNAs (mvRNAs), and hypermutated RNAs. In this section, we
will review how diversity at the genome level within negative-sense RNA virus populations
can affect replication, host interactions, antiviral responses, and infection outcomes.

Viral Quasispecies

A common component of RNA virus populations is viral quasispecies, which consist
of closely related but nonidentical standard viral genome variants, also referred to as
mutant spectra, mutant swarms, or mutant clouds (1, 2). Viral quasispecies result from
the high error rate and lack of proofreading capacity of the RNA-dependent RNA poly-
merase encoded by RNA viruses (3, 4). Studies over several decades have established
that the fitness of viral populations is often not determined by the predominant ge-
nome variant but by viral quasispecies, underpinning the influence of nonpredominant
genome variants on viral populations. Viral quasispecies can shape infection outcomes
and affect viral fitness through two types of interactions between variants: (i) negative
interactions, such as interference/suppression and (ii) positive interactions, such as
complementation or cooperation (1, 2).

Early studies using vesicular stomatitis virus (VSV) show that variants that replicate
worse at an individual level can suppress variants that replicate better at a population
level, demonstrating that variants can affect each other’s fitness within a virus popula-
tion (5). Additionally, negative interactions can also impact host responses, as it is in
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the case of VSV, where viral populations that do not induce interferons (IFNs) can
contain IFN-inducing VSV variants. These data suggest that non-IFN-inducing VSV var-
iants suppress IFN-inducing VSV variants (6). Negative interactions between variants in
a population can also drive disease outcome, as it is in the case of lymphocytic chorio-
meningitis virus (LCMV) (7). LCMV infections can lead to growth hormone deficiency
syndrome or persistent infections (8, 9). Although LCMV populations will usually con-
tain variants that are more pathogenic, they will only cause severe disease when
they are the predominant variant within the population (9, 10). These data show that
negative-sense RNA viruses can maintain pathogenic variants within virus populations
without causing disease. Collectively, these studies suggest that viral quasispecies keep
pathogenic variants in check, although one could imagine that transmission bottlenecks
could lead to stochastic selection for pathogenic variants. Why a virus population would
maintain a pathogenic variant is not known, but it suggests that pathogenic variants
could provide an advantage to the virus population.

Positive interactions between variants within viral populations were also described for
negative-sense RNA viruses. A measles virus (MeV) study showed that two different MeV
variants that cannot mediate membrane fusion individually can do so when present to-
gether (11). Interestingly, these genomes were both packaged in the same viral particle,
suggesting that, in addition to a cooperative mechanism at the genome level, there is
cooperation at the particle level (discussed later) (11). Cooperation between two H3N2
influenza variants was also shown to increase viral population fitness (12). This increase in
fitness was attributed to one variant improving cell entry, whereas the other variant
improved budding from the cell. The presence of both variants in the viral population led
to more efficient viral growth in cell culture. These data demonstrate that cooperation in
the presence of variants conferring fitness at different stages of the virus life cycle is impor-
tant for successful infections.

Viral quasispecies also allow for quick adaptation of the virus to new environments.
This has been shown, for example, during MeV infections. MeV is known for initiating
replication in lymphatic tissues and later transitioning to epithelial cells. This transition
in tropism is driven by a switch from variants deficient in the V protein dominating the
infection to V-competent variants (13). Similar results were observed with rabies virus,
where certain variants accumulated when the virus was passaged in kidney cells,
whereas others accumulated when the virus was passaged in brain cells (14). This
switch of variant accumulation in different host environments could be a mechanism
that allows negative-sense RNA viruses to adapt and overcome barriers that affect
spread and overall survival, both within the host and between hosts. Viral quasispecies
could therefore serve as a “toolbox” consisting of a large group of variants necessary
for adaptation to the different environments a virus might encounter.

Copy-Back and Deletion Viral Genomes

Negative-stranded RNA virus populations also consist of nonstandard viral genomes, vi-
ral RNAs unable to complete full viral life cycles in the absence of a standard viral genome.
The most studied nonstandard viral genomes are copy-back viral genomes (cbVGs) and de-
letion viral genomes (delVGs) (15, 16). cbVGs are generated when the polymerase detaches
from the template and resumes elongation downstream by copying the 5 end of the nas-
cent strand (17). Some cbVGs consist of complementary regions representing almost the
entire sequence, sometimes referred to as snap-back viral genomes (15, 16). delVGs have
internal truncations while retaining the viral 3’ and 5’ untranslated regions (17).
Interestingly, mosaic nonstandard viral genomes consisting of combinations of cbVGs and
delVGs have been reported (18). Viral particles containing cbVGs and delVGs were first
termed defective interfering particles (DIPs) due to their observed interference with the
replication of the standard virus. cbVGs and delVGs have also received other names
through the years, including defective interfering RNA or defective viral genomes (DVGs)
(19). Although cbVGs have only been identified in negative-sense RNA viruses, delVGs can
be generated by both negative- and positive-stranded RNA viruses, double-stranded RNA
viruses, and retroviruses (17). Within the negative-sense RNA virus phylum, cbVGs and
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delVGs have been identified in every order (recently reviewed in reference 17) and are con-
tinually being identified in additional negative-sense RNA viruses (20-24). The presence
and maintenance of the nonstandard viral genome population within so many RNA
viruses, along with the functions that have been attributed to nonstandard viral genomes
(discussed below), suggests that they play a pivotal role during RNA virus infections.

Early studies identified cbVGs and delVGs by passaging viruses multiple times at a
high multiplicity of infection (MOI) in vitro. cbVGs and delVGs were later detected in
vaccines and natural infections, demonstrating that, contrary to what was previously
thought, they are not cell culture artifacts (23, 25-33). Furthermore, the presence of
identical delVGs in individuals in close contact suggests that delVGs are transmitted
(31). In turkeys, transmission efficiency of influenza A virus (IAV) is affected by delVGs
(34). Although it is well established that high replication levels are associated with
accumulation of cbVGs and delVGs, the specific mechanism that leads to this accumu-
lation is unknown. Interestingly, delVGs have been identified in negative-sense seg-
mented viruses such as arenaviruses and orthomyxoviruses, while cbVGs are observed
in negative-sense nonsegmented viruses of the order Mononegavirales (17). These dif-
ferences in the class of nonstandard viral genomes detected in different RNA viruses
may reflect a natural preference by different virus families to produce one or another
type of nonstandard viral genomes. However, better analysis of the whole population
of nonstandard viral genomes using unbiased tools is needed to support this claim,
given that most of the work reported focuses on one type of nonstandard viral ge-
nome or another. Regardless, the reason for and the consequences of generating ei-
ther predominantly cbVGs or delVGs, or a combination of both, are unknown.
Moreover, segmented negative-sense RNA viruses such as IAV preferentially generate
delVGs in specific segments, particularly PB2, PB1, and PA, and the reason and conse-
quence of this selectivity remain unclear (35-37). There can also be differences in the
deleted segments of IAV when comparing intracellular versus supernatant samples,
suggesting that differences in the packaging of delVGs can affect the detection of non-
standard viral genomes (38).

Nonstandard viral genomes have three well-described functions: interfering with the
standard virus replication, stimulating the innate immune response, and promoting the
establishment of persistent infections (17). Interference with the standard virus replication
was demonstrated in studies that compare virus titers of stocks with or without nonstan-
dard viral genomes. These studies observed a reduction in the titer of the standard virus
primarily during infections in the presence of cbVGs and delVGs. This reduction in virus ti-
ter is thought to occur due to competition for the replication machinery among standard
and nonstandard viral genomes (39-43). Nonstandard viral genomes are usually shorter
than the standard viral genome, and in the case of cbVGs, their flanking trailer promoters
have a higher affinity for the viral polymerase than the leader promoter present at the 3’
end of the standard genome, thereby providing a replication advantage to cbVGs (44, 45).
In segmented negative-sense RNA viruses, such as IAV, it has been shown that specific
noncoding sequences on each segment lead to a segment-specific competition for pack-
aging between delVGs and standard segments (e.g., PA delVGs interfere with PA segments)
(46). These results imply that packaging of IAV viral RNA is not random and shows that
delVGs have an impact intracellularly and influence transmission as they affect the content
of viral particles (discussed later). It is possible that generation and packaging of certain IAV
delVGs attenuates the virus, which increases its ability to persist in the host, or it could
affect reassortment with other IAV strains. These mechanisms remain to be studied.

Nonstandard viral genomes also potently induce the antiviral response in cells, con-
tributing to the replication interference observed during infections with high contents of
nonstandard viral genomes (47). Multiple studies have consistently demonstrated that
the IFN response is induced when cells are infected with virus stocks that contain high
levels of nonstandard genomes. This has been especially true for negative-sense RNA
viruses that generate cbVGs, such as human metapneumovirus (HMPV) (48), Sendai virus
(SeV) (49, 50), respiratory syncytial virus (RSV) (47), parainfluenza virus 5 (51, 52), MeV

September 2022 Volume 86 Issue 3

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00086-21

4


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00086-21

Diversity within Negative-Sense RNA Virus Populations

(53), and VSV (54, 55). The dependence on cbVGs to trigger the antiviral response was
also observed in mice and in humans (47, 56, 57). The immunostimulatory ability of
cbVGs also leads to the activation of dendritic cells, a crucial player in linking innate and
adaptive immune responses, further establishing the role of cbVGs in driving not only
the host innate immune response but also the adaptive immune response to the virus
(53, 57, 58). For example, SeV cbVGs enhance activation of T cells by increasing the anti-
gen presentation capacity of dendritic cells (59). A role for IAV delVGs in inducing a
potent adaptive immune response has also been suggested (60, 61).

In both cells and mice infected with stocks containing high levels of nonstandard
genomes, nonstandard genomes are protective by inducing a robust immune response,
which leads to faster control of the virus (47, 56, 62). This effect was also observed in
patients infected with IAV, where strains that generate fewer delVGs were found to be
more pathogenic (32). However, our own study of RSV revealed that disease outcome in
patients depends on when and how long cbVGs are present (33). If cbVGs were present
early after infection (such as with in vitro and mouse experiments when virus stocks with
high levels of cbVGs are used), we observed reduced viral titers and better clinical out-
comes (33). However, if cbVGs were present late after infection or over several days, we
observed higher viral loads, overexpression of many inflammatory genes, and worse out-
comes in patients (33). Because the latter patients were symptomatic and sicker for longer,
one could speculate that late and sustained generation of cbVGs might be advantageous
for the virus, as it has more time to establish the infection within the host, transmit to other
people, and potentially persist within the host.

The immunostimulatory ability of cbVGs and delVGs is dependent on triggering the
intracellular viral sensors Retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), as
inhibition of melanoma differentiation-associated protein 5 (MDA5) (57), RIG-I (63-65),
or mitochondrial antiviral-signaling protein (MAVS) (47, 63) inhibits induction of IFN in
infections containing nonstandard viral genomes. Direct interaction of cbVGs with RIG-I
was shown for SeV, MeV, and VSV (63, 66-68). MeV cbVGs were also shown to interact
with Laboratory of Genetics and Physiology 2 (LGP2), another RLR, and PACT, a double-
stranded RNA-binding protein that functions as a cellular activator of RIG- (65, 69). Initially,
the double-stranded RNA (dsRNA) part (stem) of cbVGs was thought to be critical for the
immunostimulatory ability of cbVGs. However, this has been disproved by the lack of
dsRNA detection during SeV infections, along with unaffected immunostimulatory activity
when SeV cbVGs lacking the complementary ends are transfected into cells, suggesting
the dsRNA stem of cbVGs does not play a major role in stimulating innate immune
responses (54, 63, 67, 70, 71). Of note, the 5’ triphosphate RNA of SeV cbVGs is important
for RIG-I activation, as SeV cbVGs treated with phosphatase lose their immunostimulatory
potential (56). This is consistent with data demonstrating that 5’ triphosphate RNA is a
ligand for RIG- and is crucial to induce type | IFN signaling (72, 73). Moreover, it was shown
that in a strongly stimulatory SeV cbVG, a unique stem-loop secondary structure that is
formed where the poylmerase detaches and re-attaches facilitates its binding to RIG-l and
MDA?5, inducing their polymerization and signaling. Activation of RIG-l and MDA5 occurs
even in the absence of complementary ends but requires the 5’ triphosphate for potent
immune stimulation (63).

cbVGs from many negative-sense RNA viruses, including VSV, HMPV, and MeV, were
found to be highly edited (48, 74-76). How this editing affects cbVGs’ immunostimula-
tory ability and which host proteins edit the RNA is not fully understood. Changes
from adenosine (A) to inosine (l), which are made by the host protein adenosine deam-
inases acting on RNA 1 (ADAR1), are often found in cbVGs, suggesting a role of ADAR1
in editing cbVGs (48, 74-76). A direct interaction of cbVGs with ADART has not been
shown yet, but a recent study showed that MeV cbVGs were more edited after replica-
tion in ADAR1 expressing than in ADART KO cells (76). Although RNA editing by
ADART was shown to have both proviral and antiviral effects (77), how ADAR1 editing
of cbVGs could affect cbVGs' functions remains unknown. It is possible that ADAR1
editing of cbVGs affects their immunostimulatory ability or leads to more diverse cbVG
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populations with different immunostimulatory profiles. Further research is necessary to
assess how ADART1 affects cbVGs’ diversity and functions during infection and whether
there are other RNA editing enzymes with similar roles.

Nonstandard viral genomes also play a role in establishing viral persistence. In vitro,
this has been observed for many negative-sense RNA viruses, including IAV (78), SeV
(79, 80), Ebola virus (EBOV) (81), LCMV (82, 83), human parainfluenza virus 3 (84, 85),
MeV (86), mumps virus (87, 88), RSV (89), VSV (90, 91), and rabies virus (92, 93). In vivo,
MeV cbVGs were found in brain tissues of patients with subacute sclerosing panence-
phalitis (94, 95), and EBOV cbVGs were found in testes of rhesus macaques, where
EBOV seems to persist in humans (20, 96). The mechanisms by which nonstandard viral
genomes drive persistence are poorly understood. In the context of SeV infections in
vitro, cells that harbor predominantly cbVGs are protected from tumor necrosis factor
(TNF)-mediated cell death by expressing TNF receptor-2 (TNFR2) and TNF receptor-
associated factor 1 (TRAF1), allowing for the survival of standard viruses within these
cells and the establishment of persistence (97). Cells that harbor predominantly stand-
ard virus instead express TNFR1, resulting in TNF-mediated cell death. Both the early
antiviral response (IFN response) and late proviral response (TRNFR2/TRAF1) triggered
by SeV cbVGs are dependent on RLR/MAVS signaling (47, 97). These observations sug-
gest that the antiviral response induced by cbVGs, although counterintuitive, aids in
maintaining an infected cell subpopulation alive. The surviving cells are specifically
those that accumulate high levels of cbVGs, while those accumulating high levels of
standard genomes and actively producing virus die. In vivo, cbVGs could ensure the
survival of the host by limiting the amount of cell death, while also maintaining the vi-
rus within the host. Because many RNA viruses have been shown to persist in patients
(98), understanding how cbVGs lead to persistent infections could allow us to combat
persistent infections in the clinic.

Other Nonstandard Viral Genomes

Although cbVGs and delVGs have been extensively studied, other nonstandard viral
genomes have been described, albeit with limited literature only focused on IAV. IAV
generates short aberrant RNAs (mini viral RNAs, or mvRNAs) during replication (99). IAV
mvRNAs differ from other IAV nonstandard viral genomes by their shorter size and abil-
ity to replicate in the absence of IAV nucleoprotein. IAV mvRNAs do not form canonical
ribonucleoprotein complexes (99). Another novel type of nonstandard genome was
found during IAV infection, called OP7. OP7 is a hypermutated RNA with 37 point
mutations in the genomic viral RNA of segment 7, which affects promoter regions,
encoded proteins, and genome packaging signals; hence, it cannot replicate without
the presence of a standard viral genome (100). Further research on these types of non-
standard viral genomes in IAV and other negative-sense RNA viruses will be required
to better understand what function they play during infection and how they affect
RNA virus populations. As tools and methods become more accurate and sensitive, we
will likely discover new nonstandard viral genomes and their contributions to nega-
tive-sense RNA virus communities.

DIVERSITY OF VIRAL PARTICLES WITHIN NEGATIVE-SENSE RNA VIRUS
POPULATIONS

Heterogeneity at the viral genome level often translates into heterogeneity at the viral
particle level, influencing host adaptation and infectivity due to the virus’ increased ability
to enter cells and resist immune pressure. For negative-sense RNA viruses, differences in
particle morphology, genomic packaging, and particle aggregation modulate the outcome
of the infection and can ensure that the virus survives within the host (Fig. 2). Below, we
compile evidence demonstrating mechanisms that negative-sense RNA viruses employ at
the particle level to enhance overall fitness and survival.

Filamentous Particles
Many negative-sense RNA viruses are pleomorphic and are described to form both
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FIG 2 Functions of diverse particles found in negative-sense RNA virus populations. Overview of the
known effects of filamentous particles, semi-infectious particles, multiple-genome packaging, and
particle aggregation on the virus population.

spherical and filamentous particles. Within these viruses are some clinically relevant re-
spiratory viruses such as RSV, influenza A, B, and C viruses, and human parainfluenza vi-
rus type 2 (HPIV2), as well as filoviruses such as EBOV and Marburg virus (101-106).
Differences in virus particle morphology are often observed between strains isolated
from different hosts, with filamentous particles commonly identified in clinical isolates
and spherical particles in cell culture or mouse-adapted strains (107). Differences in
particle morphology are also observed at a cellular level, where polarized epithelial
cells favor the production of filamentous particles, while nonpolarized cells favor spher-
ical particles (108). Because filamentous particles are predominant in clinical isolates, it is
thought that filamentous particles confer an advantage over spherical particles in vivo.
Indeed, studies have demonstrated that isolates dominated by IAV filamentous particles
have better growth when passaged in guinea pigs compared to isolates dominated by
spherical particles (107). However, this view has been challenged by the identification of
an avian IAV HON7 isolate from chicken outbreaks in China with predominantly spherical
particles that showed increased infectivity and disease severity in chickens (109). Thus,
the advantage conferred by filamentous particles could be driven primarily by the host
environment. Nevertheless, the selection of either form of particle morphology in differ-
ent host environments highlights the importance of maintaining diversity in particle
morphology within the virus community.

Filamentous particles confer an advantage to the virus by allowing resistance to the
host immune pressure and facilitating cell entry (110). An example of this advantage
was recently demonstrated in the context of complement activation during RSV infec-
tion. In this study, the researchers found that opsonization of viral particles through
complement activation, an important immune response activated during RSV infec-
tions, mainly affects spherical particles over complement-binding-resistant filamentous
particles (111). This difference is suggested to be due to the conformation of the viral F
protein, spherical particles having more of the postfusion F conformation than the fila-
mentous particles, which contain more prefusion F. It was demonstrated that the post-
fusion F conformation induced higher complement activation (111). This suggests that
changes in the morphology of the particles could serve different roles: spherical par-
ticles being beneficial during infections where the virus has adapted to the host, and
filamentous particles being beneficial when the virus is less adapted to the host and
immune responses are stronger (110, 112). A balance between spherical and filamentous
particles then needs to be established as the infection proceeds, maintaining a filamentous
population to combat immune pressure but also a spherical population to enhance replica-
tion, as it was demonstrated that IAV strains containing more filamentous particles have
growth disadvantages compared to spherical particles (113). In this context, it was shown
that the differences in growth were related to the ability of the IAV M protein to bind more
tightly to the ribonucleoprotein in strains dominated by spherical particles than in strains
dominated by filamentous particles (113). Additionally, the motility of influenza C virus fila-
mentous particles is also reduced compared to spherical particles, which could have impli-
cations on the infectivity rates (114).
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It has also been demonstrated that the mechanism of entry for IAV filamentous and
spherical particles is different (115, 116). While spherical particles can enter the cell via
endocytosis and macropinocytosis, filamentous particles seem to be restricted to enter
only via macropinocytosis (115). How these differences confer advantages to the virus
remains to be elucidated, but it could provide further understanding of viral entry dur-
ing natural infections. Because filamentous particles are commonly found in clinical
samples, the restriction of cell entry via macropinocytosis could be selected to enhance
overall fitness. The selection for this type of cell entry by filamentous particles also pro-
vides a route for therapeutic intervention via macropinocytosis inhibition (115).

Most of the work to determine what controls the particle morphology has been done
with influenza viruses, and several mutations in the M1 and M2 protein have been shown
to be involved in controlling these different phenotypes (117-122). However, the accumu-
lation of these mutations, together with the speed at which the switch from either spheri-
cal or filamentous morphology occurs during passaging in different hosts, demonstrates
that control of particle morphology is a complex process that involves adaptation to the
host (107). Interestingly, the M segment of the highly pathogenic and transmissible 1AV
H5N8 strain isolated from the 2016 European clade 2.3.4.4B correlated with increased for-
mation of filamentous particles, suggesting that filamentous particle formation could be a
determinant for virulence (123). Additionally, introducing the M segment of an 1AV H1N1
isolate from the 2009 pandemic into a IAV PR8 strain was sufficient to increase filamentous
morphology and enhance transmission in a guinea pig model (124). Because the M seg-
ment introduced in the PR8 strain also conferred increased neuraminidase activity, whether
the increase in transmissibility was due to filamentous morphology, neuraminidase activity,
or both is yet to be determined.

Host factors are also involved in the formation of filamentous particles, as cells infected
with IAV and HPIV2 treated with actin polymerization inhibitors show low levels of filamen-
tous particles being produced (105, 108, 125). The involvement of actin in producing fila-
mentous particles is most likely controlled by the M protein, which has roles in recruiting
actin within the virion (126). However, in the context of RSV infection, actin polymerization
is dispensable for filament formation during infection (127). Instead, RhoA, a GTPase
involved in many essential biological processes, is an important cellular factor for filamen-
tous particle formation, as inhibition of RhoA reduces the ratio of filamentous to spherical
particles produced during infection (128).

Variability in particle morphology is also shown to be dependent on the particle
surface proteins, as the amounts of hemagglutinin (HA) to neuraminidase (NA) protein
present in AV particles influence the size of the virion. The differences in protein com-
position are accompanied by functional differences where viruses with higher NA con-
tents are smaller and detach from the cell easily, while viruses containing higher HA
contents are bigger and are deemed to be better at adhering to cells (129).
Additionally, changes in pH correlate with less filamentous particle formation and
cause changes in the matrix layer of the viral particle (130). The ability of IAV to confer
flexibility in particle assembly and shape that is not driven by genetic changes could
be beneficial, specifically at earlier times of infection in a new host, where genetic
changes might be limited due to low replication levels (129). In the context of RSV
infection, change in particle morphology was demonstrated to be controlled by the
attachment of the matrix protein to the viral membrane (111).

Overall, the ability of negative-sense RNA viruses to shape particle morphology to
increase fitness under different host pressures demonstrates how maintaining a diverse
virus community confers evolutionary advantages that allow the virus to prevail despite
the environment in which it exists. These changes in particle morphology were attrib-
uted to bet-hedging-like strategies, where the virus utilizes multiple strategies that,
although they can compromise fitness in permissive conditions, enhance fitness during
more stressful conditions (112). More work is needed to characterize the mechanisms
that control particle morphology and the effect this has during infection with other neg-
ative-sense RNA viruses. The fact that pleomorphic particles are observed for so many of
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these important human pathogens points to the relevance particle morphology has in
ensuring the success of the virus.

Semi-Infectious Particles

Semi-infectious (also called incomplete) particles arise due to inefficient packaging of all
the genomes of segmented viruses. The prevalence of semi-infectious particles in IAV
stocks has been debated and is mostly due to differences in experimental approaches and
interpretations. Some groups have consistently shown that semi-infectious particles are
predominant during IAV infection by looking at viral protein expression or the presence of
intracellular RNA segments. By doing this, they observe that most cells do not express all
viral proteins, nor do they contain all eight segments (129, 131-133). This is contrary to the
observation that only a minority of viral particles are missing segments, and most IAV viri-
ons contain all eight segments as seen through electron microscopy and fluorescent in situ
hybridization (FISH) (134, 135). The absence of certain segments and protein expression
intracellularly could be due to the loss of the genomes as the ribonucleoprotein travels to
the nucleus (132). Nevertheless, whether the segments were absent in the particle or were
lost after cell entry, complementation by more than one particle during 1AV infection is
widely reported and is suggested to be an integral part of the IAV life cycle.

Semi-infectious particles may provide an evolutionary advantage that allows host adap-
tation of segmented viruses by enhancing genome reassortment (132, 136). Indeed, IAV is
characterized by the ability of different strains to combine and exchange the HA or NA
genomes that give rise to a new strain, known as antigenic shift (137). This recombination
of segments has been proposed to be controlled and promoted by the complementation
of semi-infectious particles (136, 138).

Incomplete genome packaging has also been described for other segmented viruses of
the Bunyavirales order, such as Rift Valley fever virus (RVFV) and Schmallenberg virus (139).
For both viruses, complete packaging of all segments was observed in less than 10% of
the virus particles produced during infections in mammalian cells, with the remaining per-
cent being empty and incomplete particles (139). Studies with the tri-segmented virus
RVFV have demonstrated great flexibility in the packaging processes, showing successful
rescue of virus stocks containing particles with more or less than 3 segments (140, 141).
Interestingly, packaging of RVFV was more efficient in insect cells than in mammalian cells,
with particles containing all three segments occurring three times more often in insect cells
(139). The higher packaging efficiency could be selected in insect cells to enhance viral rep-
lication and facilitate transmission from insects to vertebrates. Although it is unknown
what drives this difference in genome packaging, it suggests that genome packaging effi-
ciency depends on the virus adaptation to the host environment, which could potentially
have implications on the virus life cycle.

Multiple-Genome Packaging

Many nonsegmented negative-sense RNA viruses can carry multiple genomes in
their virions to ensure productive infection. This phenomenon has been observed for
various viruses, including Newcastle disease virus (NDV), MeV, Junin virus, EBOV, and
SeV (142-148). Multiple-genome packaging is often thought of as a mechanism to
ensure establishment of infections, enhance efficient packaging, and promote mainte-
nance of nonstandard genomes within the virus population (149). The ability of a virus
to introduce multiple genomes into a single cell can ensure that a cell is infected, ei-
ther by competing with the negative effects of the antiviral responses induced in the
cell or by allowing at least one genome to overcome the chances of degradation inside
the cell (149, 150). This mechanism also overcomes the detrimental effects replication
defective genomes have during infection if copackaging with a replication competent
genome occurs (11, 151). This co-packaging mechanism enhances the number of
genomes entering a cell leading to a more productive infection.

Multiple-genome packaging can also ensure that nonstandard viral genomes are
maintained in the virus population by ensuring that at least one standard viral genome
is present in the cell to support nonstandard viral genome replication. Multiple-virion
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packaging should then be regulated to prevent the detrimental effects nonstandard vi-
ral genomes can have during infection (149). Regulation of multiple genome packag-
ing would also be important because larger particles are less stable and require more
viral proteins and genomic material to form (150). Indeed, studies in NDV have shown
that although multiple-genome packaging is observed, it is not the majority of the par-
ticle population, revealing that a balance between virions carrying single and multiple
genomes exists (150).

Virion Aggregation

It is thought that, during viral infections, each viral particle acts as an independent
entity able to enter the cell and carry out replication. However, this view has been chal-
lenged by the observation that viral particles can come together to form aggregates to
increase the number of viral particles that enter the cell and promote cotransmission
of virus variants (152-154). Studies that combine wild-type viruses with VSV tagged
viruses lacking surface proteins required for cell entry showed that the deficient viruses
can successfully enter the cell, demonstrating that the deficient virus gained entry
through aggregation with the wild-type virus (152). Aggregation of VSV is driven by
the presence of saliva (152, 155), which is also a route of transmission for the virus. It is
thus tempting to hypothesize that virion aggregation occurs in vivo and that this facili-
tates the establishment of infection and transmission.

Virion aggregation is a mechanism used by viruses to ensure initial infection and to
enhance the chance of complementation. Virion aggregation may be important for virus ge-
nome mixing, introduction of multiple virions into the same cell, and maintenance of non-
standard viral genomes in the virus population. Indeed, aggregation during VSV infection
causes higher infection rates and leads to the accumulation of nonstandard particles (156).
Whether virion aggregation is a process that must be controlled to prevent overaccumula-
tion of nonstandard particles and how this process is controlled is still an understudied
question. Additional studies must be done to determine if the aggregation of other nega-
tive-sense RNA viruses has similar roles, if the aggregation state of the virions changes
depending on the environment the virus is physically present in, and how this mechanism
could be regulated as the virus shifts from tissues within the host.

HOW DO NEGATIVE-SENSE RNA VIRUS POPULATIONS INTERACTAS A
COMMUNITY?

Much work has been done to demonstrate the heterogeneity of negative-sense
RNA virus populations and how each component of the population may influence the
outcome of the infection. However, how all the components of the virus community
work together to shape the establishment of infection, adaptation, transmission, and
overall fitness is less studied. Below, we will piece together the knowledge gathered
from the previous sections to hypothesize how the different components of a nega-
tive-sense RNA virus population could be interacting as a community.

The presence of multiple types of viral genomes during infection could be a mechanism
for the virus to self-regulate and control the accumulation kinetics of each of its genomic
components, facilitating each step of the viral life cycle. For example, during infections
with VSV stocks that contain high levels of nonstandard viral genomes, variants resistant to
the replication inhibitory effects of nonstandard viral genomes are selected for (157, 158).
As the infection continues, emergence of new nonstandard viral genomes with stronger
replication inhibitory effects can then suppress the variants (157, 158). This cycling ensures
a balance between the proviral and antiviral effects nonstandard viral genomes have dur-
ing infection (i.e,, induction of the immune response, replication interference, and estab-
lishment of persistence). What drives the resistance of emerging variants to the inhibitory
effects of nonstandard viral genomes has not been explored. This resistance could be
mediated by changes in the new variants that have higher affinity for the viral polymerase
or that exhibit increased packaging efficiency. These resistant variants could also harbor
mutations that improve the virus-encoded antagonists of the immune response and there-
fore reduce inhibition of viral replication. The inverse could also be true, where newly
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generated nonstandard viral genomes could be more efficient at replicating due to
changes in size or higher affinity for the polymerase. It would also be interesting to deter-
mine if host factors such as ADAR1, which has been proposed to edit nonstandard viral
genomes, have a role in introducing changes that affect the efficiency of nonstandard viral
genome replication, activate the antiviral response, and/or are packaged (75, 76). The abil-
ity of the virus to regulate the content of standard and nonstandard viral genomes during
infection makes the virus adaptable and more likely to survive within the host. These
observations suggest that when we evaluate how variants interact with each other, we
must also consider how each variant affects the generation of nonstandard viral genomes.

In the case of influenza virus, the reported total viral particle to PFU ratio can range
from 10 to 100 (159-162). The fact that the noninfectious particles are consistently
maintained in virus populations during infections suggests that this component of the
population provides an evolutionary advantage to the virus. For semi-infectious par-
ticles, their roles have been associated with enhancing reassortment events (136),
which can result in fitter virus populations. These reassortment events, however, can
be reduced in the presence of nonstandard viral genomes (136). The accumulation of
nonstandard genomes could be a mechanism to control the number of semi-infectious
particles being produced during infection. Although semi-infectious particles enhance
the reassortment events and allow within-host spread, they can negatively affect trans-
mission to other hosts (132). In the context of transmission to other hosts, fully infec-
tious particles would be required for transmission to occur, as they would increase the
chance that a fully replicating genome will establish infection. One could then imagine
that, as replication levels and coinfection events increase within the host, nonstandard
viral genomes also begin to accumulate, reducing the chance for reassortment and
accumulation of semi-infectious particles. This would then lead to infected cells that
will begin generating fully infectious particles, allowing for transmission and establish-
ment of infection in other hosts.

Coinfection of semi-infectious particles may be facilitated by virion aggregation
(163), as it has been reported that aggregation increases coinfection and complemen-
tation in the context of VSV and IAV infection (156, 164). Enhancing virion aggregation
also enhances the accumulation of nonstandard viral particles, most likely by facilitat-
ing coinfection with a standard viral particle and ensuring that the nonstandard viral
genomes are in the presence of the necessary complementing viral proteins (156).
Aggregation then could be a mechanism employed by the virus to maintain nonstan-
dard viral genomes in the virus population, as well as to facilitate reassortment by
increasing coinfection of semi-infectious particles. This could also be applied in the
context of maintaining virus variants with different functions in the virus population.
Although virion aggregation has been well studied during VSV infection in the pres-
ence of saliva, it is tempting to hypothesize that respiratory viruses take advantage of
the mucosal environment in the lung to facilitate aggregation, as has been proposed
previously (163). Determining how the environment affects the kinetics of nonstandard
particle accumulation by enhancing virion aggregation could provide new insights
into how the host environment promotes changes in the virus population and possibly
enhances its fitness.

Multiple-genome packaging is also a mechanism thought to enhance delivery of
more than one genome in a cell. This mechanism, in addition to increasing the MOI,
could also be employed to deliver both standard and nonstandard genomes into a
cell. Although no studies have investigated this possibility, it is tempting to envision
this mechanism being employed to maintain nonstandard viral genomes in the virus
population. Combined packaging of a standard and nonstandard genome might be
more efficient if the nonstandard genome is smaller in size, as this would require fewer
resources to form the particle. This mechanism would also increase the chance for
coinfection of a nonstandard particle with a standard particle for efficient replication,
as the particle containing the nonstandard genome would also contain the standard
genome, which provides the necessary genes to undergo full cycles of replication.
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Filamentous morphology could also be involved in allowing multiple-genome packag-
ing. This has been speculated in studies demonstrating that filamentous particles are five
times more resistant to UV inactivation than spherical particles during IAV infection, suggest-
ing that filamentous particle preparations have more genomic content than spherical parti-
cle preparations (165). It has also been demonstrated that IAV filamentous particles have
higher contents of the nucleoprotein than spherical particles, further suggesting that fila-
mentous particles have higher genome contents (121). This could also have implications
during infections where filamentous particles are enriched and may give insights into why
these are selected for in vivo. As mentioned earlier, if filamentous particles are prone to
packaging more than one genome, then selection for this phenotype earlier during infec-
tion would be advantageous for the virus to enhance the MOI. This might be especially im-
portant at the initiation of infection in a new host, where a higher MOI will ensure successful
establishment of infection. Although a study analyzing fluorescent and electron microscopy
images could not determine if filamentous particles from IAV (A/Udorn/72) packaged extra
copies of segments compared to the spherical particles, it did observe differences in the
structure and organization of the ribonucleoproteins (166). Similar studies looking at the ge-
nome content of filamentous particles have also been unable to identify multiple-genome
packaging (166). More follow-up studies will be required to determine if particle morphol-
ogy can provide differences in genome packaging and how this mechanism of genome
delivery could be impacting the outcome of the infection.

More interesting questions emerge when we think about how selection of these dif-
ferent mechanisms could be impacting coinfection with other pathogens in the same
host. For instance, if a virus actively infecting a host generates nonstandard viral
genomes that induce the host immune responses, it could establish an antiviral envi-
ronment that will prevent incoming viruses from establishing an infection. Generation
of immunostimulatory nonstandard viral genomes could be a mechanism that evolved
to allow the virus to prevent competition with other viruses and dominate the infec-
tion. Later during the infection, the accumulation of nonstandard viral genomes could
be controlled by emergence of variants that are resistant to the replication inhibitory
effects of nonstandard viral genomes, which may prevent overstimulation and the det-
rimental effects the immune response could have on the virus population. This is inter-
esting to consider, for example, when thinking about how the emergence of COVID-19
prevented the occurrence of the typical annual influenza season. Although this is com-
monly attributed to changes in social behavior such as isolation and mask wearing, it
would be interesting to determine if components of the SARS-CoV-2 viral population
could have played a role in decreasing influenza infections at the beginning of the
COVID-19 pandemic.

Although our current knowledge of the diversity of negative-sense RNA virus popu-
lations allows us to grasp the importance the components of this population have in
shaping the outcome of the infection, we need more understanding of the kinetics of
their appearance together with how they interact with each other. This will give us a
broader understanding of how negative-sense RNA viruses successfully infect their
host and will provide insights to how we can target these components to reduce dis-
ease burden.

HOW COULD WE MANIPULATE VIRAL POPULATIONS TO OUR BENEFIT?

The more we learn about the different components of virus populations, what they
do, and how they interact with each other, the more we can manipulate these compo-
nents (e.g., inhibit, enhance, or manipulate ratios) for biomedical purposes. In this sec-
tion, we will review current vaccine approaches or therapies under development that
use the knowledge of the different components of negative-sense RNA virus popula-
tions to fight viral infections, along with how they work and their limitations.

Negative-sense RNA virus quasispecies arise due to the error-prone RNA-dependent
RNA polymerase, making them adaptable to new environments. However, mutation
rates that go beyond the error threshold (167) lead to lethal mutagenesis, where the
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number of mutations accumulated can be detrimental to the virus population (168).
This has led to the development of therapies using drugs that increase mutation rates,
which have been tested on many negative-sense RNA viruses, including IAV (169, 170),
LCMV (171), and VSV (172). A major class of these drugs is the nucleoside analogs such
as ribavirin, 5-azacytidine, and 5-fluorouracil (173, 174). Other drugs, such as the substi-
tuted pyrazine compound T-705, have also been tested (173). A cause of concern with
nucleoside analog therapy is the development of drug-resistant viruses. Different
reports show conflicting data in this regard. While some studies demonstrate no selec-
tion of drug-resistant mutants during treatment (175), others suggest the development
of antiviral drug resistance to be possible (176, 177). These discrepancies could be due
to differences in the viruses and MOIs used to test the effects of these drugs. For exam-
ple, LCMV and IAV have shown higher mutation rates at a low MOI, whereas positive-
sense RNA viruses showed higher mutation rates at a high MOl when treated with
nucleoside analogs (178). Complete understanding of the mechanisms that drive anti-
viral drug resistance together with the standardization of methods to test this resist-
ance will be critical.

Although the nucleoside analog ribavirin is being currently used in the clinic
against some viruses, such as RSV, the American Academy of Pediatrics does not rec-
ommend the routine use of ribavirin in children with RSV due to its complex delivery
system, high cost, and controversial efficacy (179). It will be important to continue
looking for novel nucleoside analogs, or other drugs, that can provide better safety fea-
tures to be used in the clinic (180). Some studies have also speculated that treatment
with nucleoside analogs, in addition to forcing viral populations toward extinction by
enriching for deleterious mutations, might also increase the generation of nonstandard
viral genomes such as delVGs and cbVGs, which can further lead the viral population
to extinction (169).

Other promising therapies to combat negative-sense RNA virus disease burden are
based on using nonstandard particles (commonly known as defective interfering par-
ticles [DIPs]) containing cbVGs or delVGs, which have been extensively evaluated as
potential antivirals (181). Although early studies focused on naturally occurring non-
standard particles, recently, most studies have developed synthetically engineered
nonstandard particles with more interfering potential, sometimes referred to as thera-
peutic interfering particles (182, 183). This therapy relies on the ability of nonstandard
particles to compete for the replication machinery of the virus and/or stimulate strong
immune responses (181-183). Because nonstandard particles depend on the standard
virus to replicate, they would be cleared out of the system once patients are cleared of
the virus. It has also been suggested that nonstandard particles could be a transmissi-
ble antiviral therapy that could selectively target patients infected with a specific virus
(184). Nonstandard particles from many negative-sense RNA viruses are currently being
tested such as for IAV (185-191), EBOV (192), and NiV (21).

Preparation of nonstandard particles stocks can be a challenge because they often con-
tain remainders of standard virus particles even after purification methods are used, which
can be problematic at a biosafety level. To overcome this challenge, methods using cell cul-
ture have been developed where only nonstandard particles are generated (182, 185, 193,
194). For example, coculturing 293T and MDCK cells stably expressing codon-optimized 1AV
PB2 allowed production of nonstandard particles from plasmids without the need of a
standard virus (193). Additionally, in vitro-transcribed cbVGs and delVGs can be packaged in
lipid nanoparticles instead of the natural virus particle (182). The complex interaction of
standard viral genomes with cbVGs and delVGs brings other challenges, such as determin-
ing the dose of nonstandard viral particles necessary for an effective therapy. Determining
the correct doses of nonstandard viral particles will require mathematical models and pre-
dictions, such as the ones developed to determine the ideal ratio of IAV nonstandard par-
ticles to standard virus (195, 196). One of these models, for example, predicted that to
restrict standard virus production, a ratio of about 10* nonstandard particles to 1 standard
virus is needed (195). Although most of the studies only use one type of nonstandard
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particle, one research group also tested if using two types would improve the antiviral effect
and showed no differences (197). Whether it is best to find the most interfering nonstandard
viral particle or to generate cocktails of different nonstandard particle species remains to be
investigated.

Nonstandard particle therapy assumes that, in patients, cbVGs and delVGs will pref-
erentially be replicated and packaged. However, some studies show that delVGs are
not efficiently packaged relative to the standard viral genomes (38, 192). This observa-
tion suggests that there might be viral mechanisms to counteract interference of
delVGs. Determining the timing of nonstandard particle treatment is also a factor to be
considered, as RSV patients that generate cbVGs early during infection were protected
from severe disease, whereas patients that generate cbVGs later and/or for several
days were sicker (33). How to use this information to enhance patient treatment and
whether patients can make it to the hospital in time for this therapy to work remains
to be determined. All these challenges are important to keep in mind when developing
these new therapies. It would also be important to address whether nonstandard parti-
cle therapy would lead to establishment of persistent infections, selection of resistant
virus mutants, or generation of new infectious viruses by complementation.

Other proposed applications of cbVG or delVG containing nonstandard particles are
their use as adjuvants for vaccines due to their potent immunostimulatory ability (198,
199). For example, SeV cbVGs are potent activators of dendritic cells and lead to a
strong induction of CD4* and CD8" T cell responses. When SeV cbVGs are used as
adjuvants with experimental vaccines against influenza virus, an improvement in anti-
body production and increased protection from virus challenge was observed (59,
200). Furthermore, our lab has developed SeV DVG-derived oligonucleotides (DDOs) to
improve vaccine efficacy (201). DDOs are shorter and consist of the major immunosti-
mulatory motif found in a cbVG isolated from SeV (201). Use of DDOs as adjuvants
biases the humoral and cellular responses toward type | immune responses against
both influenza inactivated and HA-subunit vaccines, causing an increase in antibodies
of the IgG2a/c isotypes, Th1 CD4* T cells, and cytotoxic CD8" T cells in mice (201).
Influenza nonstandard particles have also been shown to protect against the geneti-
cally unrelated respiratory virus, pneumonia virus of mice (202). These studies suggest
that using nonstandard particles or DDOs as adjuvants for vaccines could enhance pro-
tection against a wide array of viruses. Interestingly, nonstandard viral particles have
been found in some live attenuated vaccines (25-27). Although their role in these vac-
cines remains unknown, it is possible that they might improve vaccine efficacy. If that
is the case, we could develop methods to regulate nonstandard particle content within
vaccine preparations (203, 204). SeV nonstandard particles have also been proposed to
be used as antitumor therapies by inducing antitumor immunity and selectively killing
prostate cancer cells through apoptosis (205, 206). It has also been suggested that
nonstandard particles activate dendritic cells (DCs) and alert T cells of the presence of
tumor cells within the host (205, 206).

The use of nucleoside analogs and nonstandard viral particles in medicine so far
focuses mainly on changing intracellular viral RNA content to a point that is detrimen-
tal to the virus population or to shape host responses. Less attention has been given
to the particles themselves and how they could be harnessed to develop therapies or
improve vaccines. One study, for example, addressed whether virus particle aggrega-
tion improves vaccine efficacy and, indeed, when an IAV vaccine was used in combina-
tion with an aggregating peptide, an enhancement in cell-mediated responses was
observed (207). It has also been suggested that as we learn more about the different
entry mechanisms of filamentous and spherical particles, we can develop new thera-
pies to target specific host proteins, depending on the particle characteristics of a
pathogen (110). For example, because evidence suggests filamentous particles use
macropinocytosis as a cell entry pathway during IAV infection, this could serve as a tar-
get to block particle entry and perhaps treat infections with strains that generate pre-
dominantly filamentous particles in natural infections (115). It is also important to keep
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FIG 3 Viral particles and viral genomes found in negative-sense RNA virus populations. On top, outside the cell, all types of viral particles discussed in the
review are represented. At the bottom, within the cells, all types of viral RNAs discussed in the review are represented. The stars represent point mutations.
The beginning and end structures of viral RNAs represent 3’ and 5’ sequences, respectively. Mini viral RNAs have very long deleted sequences and hence
are similar to deletion viral genomes but smaller. As mini viral RNAs have only been found in IAV infections, we represented it as a hairpin loop, as IAV 3’
and 5’ ends are complementary in IAV.

in mind that different vaccine and nonstandard viral particle stock preparations could
affect the ratio of filamentous to spherical particles, ratios of multiple genome packag-
ing and semi-infectious particles. This will need to be addressed in the future, as we
might need to standardize or at least characterize these stocks to improve their
efficacy.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Natural selection has allowed negative-sense RNA viruses to develop multiple strat-
egies to combat host pressure, and perhaps these strategies have led to the diversifica-
tion of virus populations. It is now more evident than ever that negative-sense RNA virus
populations do not consist of homogeneous viral particles packaging identical viral
genomes but rather they consist of diverse viral particles and viral RNAs that interact as
a community to enhance virus survival within the host (Fig. 3). We need to continue fo-
cusing on understanding how all the different components of negative-sense RNA virus
populations influence the outcome of the infection and even rethink previous studies
where this diversity was not appreciated. The development of new techniques will also
be vital, as it will help us address more questions about the complex interactions that
occur within a virus population.

Recently, and with the help of new methods, it was possible to assess the diversity of vi-
ral genomes at a population level and at a single-cell level. Techniques such as RNA
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fluorescent in situ hybridization and single-cell sequencing have shown that cbVGs and
delVGs are spread heterogeneously across a cell population (208-211). We have previously
demonstrated that SeV has distinct intracellular distributions of standard genomes and
cbVGs, which drives functional heterogeneity during infection. High content of cbVGs
within a cell can affect intracellular cargo trafficking and prevent the virus from generating
particles (208, 209). Cells with predominant levels of standard viral genomes, on the other
hand, can utilize the cellular trafficking machinery, making them the main producers of viri-
ons during infection (208, 209). Heterogeneity of non-standard virus segment expression
across the cell population has also been observed for IAV (210, 211).

Our ability to enhance our resolution and look at negative-sense RNA virus infec-
tions at a single-cell level has uncovered a level of understanding that is often lost
when we perform population analyses. Analysis at a single-cell level will become piv-
otal to understanding how the heterogenous virus population impacts the overall out-
come of the infection. Indeed, we have demonstrated that many genes and pathways
are differentially induced in cells with high cbVG content compared to cells with high
contents of standard viral genomes (97). Similar and deeper analyses can be performed
to look at how other genome components (i.e., variants, semi-infectious particles, etc.)
affect gene expression in cells and how this expression influences the infection. The
use and development of bioinformatic pipelines that allow us to detect nonstandard
viral genomes will also be important. Our own lab has developed Viral Opensource
DVG Key Algorithm (VODKA), which can detect cbVGs from RNAseq data (33, 212).
VODKA allowed us to detect RSV cbVGs both in in vitro samples and in nasal washes of
RSV-infected patients (33, 212). Similar tools such as VireMa and DI-detector, which can
detect cbVGs, delVGs, and other recombination events, have been developed (213,
214). By continuing developing tools that allow us to identify the different components
of the virus population, we will be better equipped to deepen our understanding of
the interactions that occur within a virus population and how this leads to differences
in disease burden.

Although the focus of this review is on negative-sense RNA viruses, diversity at the
genome and particle levels is also observed in positive-sense RNA virus populations. For
example, poliovirus forms quasispecies, and different polymerase mutants associate with
more or less quasispecies diversity. Interestingly, both high-fidelity and low-fidelity muta-
tions lead to attenuation of the virus and less pathogenesis (215, 216). These studies sug-
gest that an optimal quasispecies diversity for a positive-sense RNA virus population is
required for the virus to thrive. It would be interesting to determine how these muta-
tions that affect quasispecies diversity also affect generation of nonstandard viral
genomes and, if so, whether these are leading to an effect on the fitness of the virus.
Nonstandard viral genomes of the deletion type have been identified in positive-sense
RNA virus populations (e.g., Dengue virus, West Nile virus, and poliovirus), and these are
associated with standard viral genome interference and establishment of persistent
infections (17). At a particle level, mechanisms to improve viral fitness have also been
observed. Enterovirus particles use phosphatidylserine lipid-enriched vesicles to aggre-
gate and enhance infectivity (217). Poliovirus particles have also been shown to aggre-
gate in specific environments (218, 219). In the case of flaviviruses, differences in particle
morphology have been observed, and these differences are associated with adaptability
to different host environments (220-222). Taken together, positive-sense RNA virus pop-
ulations also act as a community by driving different functions that shape the outcome
of infection.

The complexity of RNA virus populations makes it a challenge to advance the devel-
opment of therapies to reduce disease burden caused by pathogenic viruses, but it
demonstrates the importance of studying viruses as a community and not as homoge-
neous entities. As a research community, we need to find ways to standardize and
characterize the virus stock preparations we use in our laboratories because variations
in the virus population in the stocks lead to misinterpretations of the results and affect
reproducibility. The more we expand our knowledge of the components of viral
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populations and their functions, the more we will learn about viral population dynam-
ics, virus-host interactions, and evolutionary processes. With this knowledge, we will
be able to develop more targeted therapies against viral pathogens but also use
viruses as tools to understand basic biological processes and advance the medical
field.
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