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Abstract

Positive strand RNA viruses are the largest group of RNA viruses on the planet and include many
human, animal and plant pathogens. Cellular membranes are key players in all aspects of their life
cycle, from entry and replication to assembly and exit. In particular, membranes are virally
harnessed to serve as platforms for replication and as carriers to transmit viruses to other cells
either as the envelope of a single virus or as the vesicle transporting a population of viruses.
Studies have revealed significant convergence among different viruses to utilize membranes with
specific lipid blueprints for replication and transmission. For replication many animal/human
viruses utilize membranes enriched phosphatidylinositol 4-phosphate/cholesterol whereas many
plant and insect-vectored animal viruses exploit ones with phosphatidylethanolamine/cholesterol.
For transmission, phosphatidylserine enriched membranes are widely used as carriers for RNA and
DNA viruses. Here we discuss the role of these membranes for viral pathogenesis and therapeutic
development.
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Introduction

Single positive strand or so called sense strand RNA [(+) ssSRNA] viruses encompass many
important pathogenic and non-pathogenic human, animal and plant viruses including
poliovirus (PV), hepatitis C virus (HCV), rhinovirus, norovirus, Dengue virus, Zika virus,
hoof and mouth disease, tobacco mosaic and tomato bushy stunt viruses. Perhaps more than
any other family of viruses, they rely on intracellular membranes for a// aspects of their
lifecycle, from entry and replication to exit [1,2]. Once the sense strand RNA slips into the
cytoplasm of the host cell, it is rapidly translated into structural and non-structural proteins.
The non-structural proteins which make up the machinery for viral RNA replication are
assembled on intracellular organelle membranes which then become platforms for viral
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RNA synthesis. Even though preexisting cellular organelles are harnessed, viral proteins,
either alone or in conjunction with coopted host proteins, rapidly transform the protein/lipid
composition and structure of these organelles to ones gptimized for replication. Furthermore,
after replication and assembly into new viral particles, all (+) sSRNA viruses can coopt
membranes as carriers to be transported out of cells non-lytically and be transmitted to other
susceptible hosts. These newly synthesized viruses can emerge as single membrane
enveloped particles or as populations of viral particles, transported together to the next cell
within membrane-bound vesicles [3,4]. In particular, the latter which enables trafficking of
viral populations en masse from cell to cell can significantly enhance viral infectivity and
replicative fitness [3,4].

Building viral replication organelles

Viral replication organelles originate from nearly every eukaryotic intracellular membrane.
PV, Coxsackievirus B3 (CVB3), rhinovirus, norovirus, West Nile virus, Dengue Virus, Zika
virus, HCV, hepatitis A virus (HAV) typically harness secretory pathway membranes
including the endoplasmic reticulum (ER), the Golgi apparatus and the trans-Golgi network
(TGN) [12,13] whereas rubella virus, brome mosaic virus (BMV) and tomato bushy stunt
virus (TBSV) use the plasma membrane, the outer membrane of the mitochondria and
peroxisomal membranes respectively [1,14]. Viral replication machinery is assembled on the
cytoplasmic leaflet of organelle membranes prior to viral RNA synthesis. Replication on the
surface of membrane platforms has several distinct advantages over replication in the
cytoplasm. First, by being on a membrane, viral protein movement becomes restricted to a
two dimensional plane, thus potentially saving time for proteins to find each other and form
a complex, a significant advantage to getting replication going in the early stages of
infection when viral proteins are a minority in the host cell [5]. Secondly, docking on
membrane lipids can modulate enzymatic activity [6,7,8]. Lastly the architecture of the
membranes can facilitate replication by generating pockets in which to concentrate viral
machinery and protect from host innate immune defenses [2,9-11].

Electron microscopic studies of replication organelles reveal complex vesiculo-tubular
structures with both positive and negative curvature membranes that resemble little the
parental organelles from which they derived [9,15]. Host ESCRT proteins play critical roles
in shaping replication organelle membranes during BMV and TBSV infections. For
example, the combined actions of host ESCRT and BMV viral 1a proteins generate the
negative curvature needed to form spherules in the outer mitochondrial membrane where
subsequently BMV replication machinery is concentrated and BMV RNA is synthesized
[16]. Similarly, in TBSV infections the peroxisomal membrane is remodeled into spherules
by a combination of viral p33 and host ESCRT1 and ESCRTIII protein complexes [17].
Furthermore, host reticulon proteins are frequently recruited by viral machinery to stabilize
the resulting positive curvature domains generated by negative curvature induction [18,19].
Notably the size of an individual membrane spherule is partly regulated by the size of the
genomic RNA replicating within it. For example, spherules with a diameter of 66nm are
generated when replicating full-length 4.8kB genomic TBSV RNA, whereas smaller
spherules are generated with smaller replicating RNA molecules [17].
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Hijacked host proteins appear to be also virally exploited to regulate access to and protect
the viral replication complexes. In HCV and HAV infections, nuclear pore complex proteins
have been shown to span replication organelle membrane tubule necks and impede nuclear
localization signal (NLS) lacking innate immune effectors RIG-1 and MDAS from accessing
replication sites [20] while letting through NLS containing viral replication proteins and
accessory host nuclear factors including NF90 and NF110 [21]. This type of gating may also
help regulate the levels of replication complexes at the organelles.

Phosphatidylinositol 4-phosphate (P14P)- discovery of a panviral lipid required for

replication

Replication organelles differ from their parental host organelles not only in terms of
structure but also protein and lipid composition. Many different (+) ssSRNA viruses appear to
exploit a common replication organelle lipid blueprint. Using live cell imaging
methodologies in combination with lipidomic and proteomic approaches, investigations into
the lipid composition of PV, CVB3 and HCV replication organelles have revealed
membranes that are highly enriched in phosphatidylinositol 4-phosphate (P14P) lipids
[22,23]. Significantly, these findings have been confirmed for the membranes of replication
organelles formed during rhinovirus, echovirus, Aichi virus, enterovirus 71, and
encephalomyocarditis virus (EMCV) infections among others [22-27] (Figure 1).

Studies of PV and CVB3 infections, revealed P14P to be generated /n situ at replication
organelles, through viral recruitment and stimulation of preexisting pools of host Type 11
phosphatidylinositol-4-kinase p (P14KI1I1B) enzymes [22,28]. This resulted in nearly 6-fold
increase in whole cell P14P levels within a matter of hours post infection. PI4KIIIB was also
the source of PI4P lipids in human rhinovirus [7,26] and Aichi virus infections [24], whereas
HCV and EMCYV infections largely relied upon another member of the P14K family,
P14Kllla, to generate the PI4P lipids at their replication organelles [23,27-31].

It is notable that all of these viruses have evolved to harness type 111 P14 kinases rather than
type 11 P14 kinases, which are also present in mammalian cells. Although both type Il and
type 111 enzymes catalyze PI14P production from phosphatidylinositol, type Il enzymes are
smaller and differ from type Il enzymes in their catalytic domains [28]. Potentially the
larger type 111 kinases afford more interaction sites for regulation by viral proteins. Type IlI
kinases also have effectors, such as Rab11 (see below) that enable viruses to recruit other
molecules, including other lipids such as cholesterol to replication organelle membranes. In
addition, while there is some overlap in subcellular distribution, type 1l enzymes mainly
localize to and regulate host endocytic pathways [28] and thus may provide a much smaller
membrane surface area for establishing viral replication platforms then the secretory
pathway membranes, not to mention maintaining endocytic pathways may be vital for the
viral lifecycle, giving viruses access to extracellular nutrients and other factors.

Biogenesis of PI4P lipid enriched replication platforms

In all eukaryotic cells, secretory pathway membranes are highly dynamic as demonstrated
by the Golgi apparatus: at steady state it is maintained through continual membrane flux,
anterograde and retrograde, between itself and the ER. Arfl, a small ras family GTPase,
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plays a major role in the maintenance of organelles within the secretory pathway. Upon
activation (by swapping GDP for GTP), it recruits to membranes of the ER, Golgi and TGN
a variety of effectors including lipid modifying enzymes PI14KI11B and phospholipase D,
membrane shaping coat proteins and their adaptors including coatomer, clathrin and GGA
proteins, cytoskeletal proteins and regulators etc. The combined activities of these effectors
create specialized membrane domains, sort, move and target cargo containing membranes,
and in essence helping generate and maintain the secretory pathway [32-34]. While the
spatio-temporal regulation of effector selection and recruitment is still not well understood
[32-34], PV and CVB3 3A proteins were found to modulate this process [22,35]. Early in
infection, when viral 3A levels are low, PV and CVB3 use preexisting Golgi and TGN
membranes as sites of viral RNA synthesis presumably because their preexisting PI4P lipids
levels are relatively high compared to other cellular organelles [22,36]. But increasing 3A
production (due to positive feedback between viral RNA synthesis and viral RNA
translation) results in a selective enhancement of PI4KIIIB enzymes to Arfl containing
membrane sites which include the ER-Golgi intermediate compartment, the Golgi apparatus
and the TGN, all the while suppressing the recruitment of Arfl dependent membrane coat
proteins and many other effectors [22]. Consequently, the dynamics of membrane trafficking
among the secretory organelles is profoundly disrupted and the Golgi and TGN are
eventually disassembled with the Golgi membranes being resorbed back into the ER.
Without coat proteins and other Arfl effectors to sort and traffic out secretory cargo and
rebuild the secretory organelles, the membranes emerging from ER exit sites become instead
organelles to replicate viral RNA, highly enriched in host PI4KI1IB enzymes and P14P lipids
as well as viral replication proteins including the 3A protein and the viral RNA polymerase
[22]. Remarkably ectopic expression of viral 3A proteins alone is sufficient to bring about
this dramatic reorganization of the secretory pathway membranes [22] and is mediated by
interactions among 3A, Arfl, the guanosine exchange factor GBF1 of Arfl [22,35], the
Golgi adaptor protein acyl-coenzyme A binding domain containing protein 3 (ACBD3)
[37-39] and PI4KIIIB [40]. In HCV infections the secretory pathway is largely unaffected
and viral NS5A proteins recruit host PI4KIlla enzymes directly to ER domains that lie
outside of ER exit sites from where membranes are trafficked out to secretory organelles.
Although Arfl and GBF1 have also been implicated in HCV replication and nucleocapsid
assembly their precise roles are currently unclear.

An unexplored area of investigation is what if any the impact of disrupting secretory
pathway dynamics and/or high levels of P14P lipids are on cellular physiology. In chronic or
persistent viral infections, such as those observed with CVB3 or HCV, replication at some
level is maintained over many years with higher levels of PI4P lipids being reported in
infected tissues in vivo [23]. While in vivo secretory activity is largely unchanged for HCV,
the degree of in vivo secretory perturbation is unknown for PV, CVB3 and rhinovirus
infections and has been speculated that if present may be beneficial to viruses by inhibiting
the cell surface presentation of MHC class | molecules to the immune system [41].
Alternatively, non-lytic and chronically infecting viruses may be able to maintain secretory
activity in vivo and still obtain sufficient quantities of PI4P lipids to sustain replication by
potentially setting up a negative feedback loop among PI4K enzyme recruitment/activation,
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secretory suppression and viral RNA synthesis/viral protein translation pathways, where the
latter will become attenuated when PI4P levels get too high and/or secretion is blocked.

Type lll Pl4 kinases as panviral therapeutic targets

The exploitation of host Type 111 P14 kinases by multiple different viruses, makes them
attractive panviral therapeutic candidates [29] and targeting a host protein rather than a viral
protein, decreases the likelihood of developing resistance quickly. Indeed, /in vitro studies,
acutely inhibiting P14KIIIp or PI4KIlla kinases with small molecules such as PIK93,
depleting them from the host cell, overexpressing kinase dead mutants or ectopically
expressing phosphatases to lower P14P levels, have all been shown to be successful in
blocking viral RNA synthesis in many different types of infections [22,23,31,42,43], while
not significantly affecting cell viability. The latter is likely due to compensation of host P14P
needs by redundant enzymatic activities provided by other, such as type Il, P14 kinase family
members [28]. In contrast to /n vitro studies, results from /in vivo studies have been harder to
interpret. In some studies, animals treated with PIK93 or closely related small molecules,
while protected from viral replication, have manifested gut epithelial toxicity and lymphoid
cell proliferation while other studies have found little to no adverse effects [42,44]. Some of
the toxicities observed appear to be due to cross reactivity of PIK93 or its structural analogs
with Class 111 PI3 kinases and Class 1B PI3Ky, whose catalytic sites are closely related to
type 111 P14 kinase catalytic sites [45]. Given the potential significance of developing a
single panviral therapeutic that can be effective against many types of viral infections, it will
be important to continue to develop and test new type 111 P14K inhibitors such as the
recently developed class of PI14KIIIB inhibitors that have significantly less cross reactivity
with other lipid kinases [45].

Other panviral lipids regulating viral replication

Phosphatidylethanolamine

Many plant as well as some insect-vectored animal (+) sSRNA viruses appear to be
dependent on phosphatidylethanolamine (PE) enriched membranes for replication and
depletion of PE significantly inhibits viral RNA synthesis [6,8, 46,47]. The plant viruses
TBSV, Cymbidium ring spot virus and Cucumber Necrosis Tombus virus all generate their
PE enriched replication organelles from primarily peroxisome membranes while Carnation
Ring Spot virus and the insect-vectored animal viruses Nodamura and flock house exploit
the mitochondrial outer membrane for this purpose [6, 47]. In uninfected cells, both
peroxisomes and mitochondria already are already high in PE but PE levels are further
enhanced upon infection, largely as a consequence of redistribution from other subcellular
organelles. Although the mechanism of this redistribution is unclear, a single TBSV protein,
p33, is sufficient to accomplish it [46], akin to the roles played by 3A proteins in PV and
CVB3 infections [22] and NS5A proteins in HCV infections [23].

PE is one of the most abundant lipid species in bacterial membranes. To date only very few
bacterial (+) sSRNA viruses have been discovered, mostly members of the Leviviridae
family. While the Leviviridae QP replicase can replicate RNA in solution /n vitro it will be
important to determine whether in vivo its activity is facilitated by membranes (i.e., bacterial
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cytoplasmic membrane) and particularly PE lipids. Although the pool of investigated plant
and insect-vectored animal (+) sSRNA viruses is small, findings point to a preference for PE
enriched membranes as replication platforms (and hence use of mitochondrial and
peroxisomal membranes) (Figure 1). It remains to be determined if PE preference is more
widespread among these viruses and whether it suggests an evolutionary proximity between
these viruses and current or ancestral bacterial (+) sSRNA viruses.

Frequently cholesterol is also found enriched along with P14P or PE at replication organelles
[7,48-50]. Cholesterol is well known to regulate protein and lipid packing and recent
investigations have revealed that it is required for the formation of large (i.e., more than a
few nanometers) and stable phosphoinositide or PE enriched lipid domains [51]. Unlike
phospholipids, cholesterol does not have a large head group protruding from the membrane
and is hypothesized to act as a spacer to reduce the intermolecular electrostatic repulsive
forces among phosphoinositide lipids [51,52] as well as ordering acyl chains of PE lipids
and thereby stabilizing the negative curvature membrane domains induced by it [53] (Figure
1). Consistent with this idea, depleting cholesterol from PV, CVB3 or rhinovirus replication
organelles results in smaller P14P enriched replication organelles and significantly reduced
viral RNA synthesis [7].

In PV, CVB3, rhinovirus and echovirus infected cells, >90% of the plasma membrane
cholesterol pools are redistributed to the replication organelles within 2 hours of infection
[7]. These cholesterol pools are internalized and transferred to Rab11 positive recycling
endosomes, which then traffic to replication organelles to deliver the cholesterol cargo
[7,50]. Rab11 is itself an effector of PI4KIIIp in all eukaryotic cells [54] and physical
complex formation between Rab11 and PI4KIIIB is found to be highly enhanced (> 4 fold)
over uninfected cells during infection with PV or CVB3, even though the levels of either
Rab11 or P14KII1B are unchanged [7]. Thus by increasing the levels of PI14KIIIp at
replication organelles and exploiting the existing affinity between PI4KIIIp and Rab11,
these viruses appear to target cholesterol filled recycling endosomes to ER-based replication
organelles [7,54]. These findings raise the possibility of the development of novel
therapeutics that disrupt the interaction interface between PI4KIIIp and Rab11, rather than
targeting catalytic domains and as such they may exhibit less toxicity /n vivo.

Non-vesicular cholesterol transfer proteins, Osh and oxysterol binding protein (OSBP), also
play roles in enriching for cholesterol at viral replication organelles [55]. Osh proteins have
been shown to transfer cholesterol to TBSV replication sites and stimulate replication
[47,56] and OSBP depletion leads to some inhibition of HCV, PV, CVB3 and rhinovirus
replication [25,57]. OSBP proteins have been previously demonstrated in uninfected cells to
swap PI14P for cholesterol, in order to transport cholesterol against its concentration gradient
[58]. Similarly, in P14P-dependent viral infections, OSBP proteins may also facilitate the
transfer of cholesterol against its concentration gradient, from cholesterol rich Rab11
endosomes to replication organelles, in exchange for P14P from the latter. Since PI4P is
produced in large quantities continually throughout infection [22], its levels at the replication
sites would likely not be significantly depleted. Further support for feedback between P14P
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and cholesterol levels during infection comes from inhibition of PI4KlIla recruitment in
HCV infected cells, which leads to a decrease in both P14P and cholesterol pools at the
replication organelles [48].

Lipid regulation of viral RNA synthesis

Although much remains to be known about how PI4P, PE, and cholesterol facilitate viral
replication, recent findings have begun to shed some light. Though positive strand RNA
replication takes place on membranes, many viral replication components including the
RNA dependent RNA polymerases (RdRp) of PV, CVB3, rhinovirus, flock house virus and
TBSV are soluble proteins. Thus it has been suggested that specific lipids may facilitate
membrane recruitment of these proteins [22]. Investigations with PV and CVB3 RNA
polymerases have revealed a highly selective binding site for PI4P lipids [22] and studies
with TBSV replication proteins have also shown that the viral p33 and p92 RNA polymerase
binding to PE helps them form a membrane associated complex [46]. In addition, the
clustered PI4P or PE lipid enriched domains may facilitate concentration and even
polymerization of viral replication proteins that in turn can enhance viral RNA synthesis.
Indeed, electron microscopic studies of isolated replication organelles from PV infected cells
have revealed two-dimensional membrane associated viral RNA polymerase arrays [59].

Secondly PI4P and PE has been shown to modulate viral enzymatic activities. The
autocatalytic cleavage of the RNA priming PV 3CDPO! proteins, which are the precursors of
the polymerase (3DP°!) and protease (3C), is significantly attenuatedwhen it is bound to
PI4P lipids [7]. As RNA priming is a pre-requirement for RNA elongation, docking 3CDP°!
proteins on PI4P lipids may be a mechanism by which these viruses regulate the rate of
proteolytic cleavage (in c/sor trans) and thus ensure that there will always be sufficient
levels of primed viral RNA for elongation. Similarly, binding to PE lipids has been shown to
directly stimulate the enzymatic activity of TBSV RNA polymerase’ and facilitate their
association with viral RNA [8] whereas binding to phosphatidylglycerol molecules can
inhibit TBSV polymerases enzymatic activities [47].

While ESCRT and reticulon proteins play important roles in sculpting replication organelles,
lipids themselves either alone or through interactions with host and viral proteins can also
induce particular organelle morphologies that are potentially conducive to replication. For
example, in PI4P lipid enriched membrane monolayers, the large headgroup to acyl chain
ratio of PI14P lipids bends the monolayer away from the headgroups to form positive
curvature membrane domains, whereas the conical PE lipids with their small headgroups
bend the membrane monolayer towards each other to form negative membrane curvature
domains (Figure 1) [60]. Along with host P14P binding FAPP2 proteins, which are found at
replication organelles, the PI14P enriched positive curvature tubular domains may be further
pronounced and stabilized [61] to generate complex three dimensional membrane bound
spaces that both concentrate as well as spatially segregate viral replication machinery.
Indeed, depleting either PI4P lipids or FAPP2 proteins from PV infected cells dramatically
alters the morphology of replication organelles and inhibits viral replication [23,31,62].
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Widespread role for membranes in facilitating non-lytic viral exit and
transmission

Convention has long dictated that enveloped viruses (i.e. those with a membrane around
their nucleocapsids) escape the cell by budding out from the surface or by budding into an
exocytic compartment and that cell lysis is not a pre-requisite for their exit and/or
transmission to the next cell, although lysis may occur eventually due to stress from the viral
infection or being cleared by the immune system. Instead, for so-called non-enveloped
viruses such as PV, CVB3, rhinovirus, norovirus, rotavirus, HAV (among many others), cell
lysis has always been considered to be a prerequisite for exit and transmission. However,
recent discovery of an enveloped form of HAV, in cell culture and in sera from infected
patients, has blurred this separation between enveloped and non-enveloped viruses [63].
HAV after replication and assembly on endoplasmic reticulum derived membranes has been
shown to be internalized in multivesicular bodies (MVB) and released to the extracellular
environment, in small vesicles, so-called exosomes (Figure 2) [63]. This MVB to plasma
membrane pathway exists in uninfected cells as well [64] and is an important source of
extracellular vesicles for cellular communication at a distance [64,65]. However, in contrast
to the conventional MVB to lysosome maturation pathway, this plasma membrane targeted
secretory MV/B pathway is poorly understood and much of what is known is focused on the
processes regulating the biogenesis of the exosomes at the MVBs (e.g. ESCRT, tetraspannins
proteins) rather than their release, with the exception of a potential role for Rab27 GTPases
[64]. Soon after the discovery of an exosomal HAV, other non-enveloped viruses, including
Hepatitis E virus (HEV), PV, CVB3 and rhinovirus [3,66-68], were also found to be released
from cells in extracellular vesicles and all prior to cell lysis [3,67]. The discovery of non-
enveloped viral particles released from cells non-lytically and transmitted in membrane-
bound vesicles, much like bona fide enveloped viral particles, suggest that membranes have
a universally central role in viral exit and transmission.

While HEV much like HAV appears to harness secretory MVB's [63,66], PV,
Coxsackievirus and rhinovirus all exploit the host secretory autophagy pathway to exit cells
(Figure 2) [3,67-69]. Autophagy is primarily a degradative pathway, triggered in times of
cellular stress, where cytoplasmic cargo are selectively captured within double-membraned
autophagosomes, which can originate from a variety of cellular sources including the
endoplasmic reticulum [70,71], mitochondria [72] and even the plasma membrane [73].
Autophagy is a highly regulated process with cargo receptors for specific types of cargo
[71]. In canonical autophagy once autophagosomes have formed, they typically fuse with
lysosomes and their contents are degraded into protein, lipid and carbohydrate building
blocks for the cell [70,71]. However, in PV and CVB3 infected cells, the newly assembled
viral particles at the PI4P/cholesterol rich replication organelles are captured within ER-
derived autophagosomes [3] and rather than fusing with lysosomes they instead are
trafficked to and fuse with the plasma membrane [3]. PV carrying autophagosomes appear to
lack at least one of the SNARE machinery, syntaxin 17, required for lysosomal fusion [3].
Fusion with the plasma membrane results in releasing a vesicle (the inner membrane bound
compartment of the former autophagosome) filled with infectious virions to the extracellular
space. The secretory autophagy pathway is also exploited in uninfected cells to secrete IL1p
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[74,75], synuclein [76], amyloid B protein [77], bone morphogens and mineralizing agents
[78] and even whole intact organelles, the latter in reticulocytes undergoing maturation into
red blood cells [79]. Nevertheless, almost nothing is known regarding what molecular
machinery regulates whether an autophagosome becomes degradative or secretory and how
plasma membrane targeting and fusion is accomplished [74]. It will be important to
determine also if both secretory and degradative pathways co-exist in PV and CVB3 infected
cells and if any molecular cues exist on viral proteins that allow selective recognition by one
pathway over another.

Once the vesicles carrying viral cargo are released, the subsequent infection is virus-receptor
dependent and not simply mediated by membrane-membrane fusion between the vesicle and
host cell as at least for HAV, PV, CVB3 and rhinovirus pre-incubating the susceptible cells
with virus receptor blocking antibodies can inhibit infection [3,63]. This suggests that the
vesicle membranes are ruptured, during or after uptake into the new host cell, as prior to that
the viruses are also resistant to neutralizing antibodies [63,80], the latter a potentially
significant immune evasion mechanism for this mode of transmission by non-enveloped
viruses. Nevertheless, this raises the important question of how this membrane is eventually
ruptured. Recent evidence points to endosomal lipases and cholesterol transfer proteins such
as the Niemann-Pick transporter playing a role in the process [80]. In addition, the viral
cargo itself could facilitate this rupture as many non-enveloped viral capsid proteins
including the adenovirus protein VI, rotavirus VP5 and the VP4 proteins from rhinovirus
and HAV, under acidified conditions (such as those that would be encountered within
endosomes), undergo conformational changes that are sufficient to penetrate and disrupt
membranes [81-84].

Phosphatidylserine lipids play a panviral role in facilitating viral infectivity

Anionic PS lipids are a major component of the host lipid repertoire. After de novo synthesis
from PC and/or PE at the ER, they can remain in the ER, be transferred to the mitochondria
[85,86], or to the inner leaflet of the plasma membrane, the latter in exchange for P14P lipids
[87-89]. From the plasma membrane they can then be trafficked to endosomes, MVBs and
lysosomes. PS lipids are present in the membrane of many bona fide enveloped (+) and (=)
ssRNA viruses including Dengue, West Nile and Chikungunya, Ebola, Marburg and
Vesiculo Stomatitis virus (VSV); retroviruses including human immune deficiency virus
(HIV); and even DNA viruses such as Vaccinia virus (Figure 2) [90]. They are also enriched
in the membranes carrying non-enveloped viral particles including the secretory
autophagosomes carrying PV, CVB3 and rhinovirus populations as well as the extracellular
vesicles derived from them [3] and the exosomes carrying HAV and HEV (Figure 2) [85].
While enveloped viruses pick up PS lipids by budding from the plasma membrane or into
the ER lumen [90]; the PS lipids of secretory autophagosomes potentially originate from
increased PS synthesis at the ER/replication organelles; from increased trafficking of PS
from the plasma membrane to the ER/replication organelles, possibly with the Rab11
carriers containing sterols [7]; and/or by decreased transfer of PS from the ER to the plasma
membrane as a consequence of high PI4P levels in the former [22].
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Presence of PS lipids in the membranes of many non-enveloped and enveloped viruses,
suggest there may be a significant role for them in viral pathogenesis. Indeed, PS lipids are
well known potent anti-inflammatory agents that modulate the immune responses of the host
[91]. As part of normal cell turn over in the body, apoptotic cells are recognized and
phagocytosed by both professional phagocytes (e.g. macrophages, monocytes) and non-
professional phagocytes (e.g. epithelial cells, fibroblasts). Apoptotic cells are sensed by
phagocytes because of their exposure of PS lipids from the inner leaflet to the outer leaflet of
the plasma membrane. These exposed PS lipids are recognized by PS receptors on
phagocytes, either through direct binding such as with the TIM1 receptor or by indirect
binding via bridging molecules to AXL receptors [91-93]. This results in phagocytic uptake
of PS-enriched membranes and in professional phagocytic cells like macrophages leads to
trigger of an anti-inflammatory response [92,93]. Growing evidence suggests that PS-
enriched enveloped and non-enveloped viruses exploit this pathway, so-called apoptotic
mimicry [94] to be internalized [3, 90]. Indeed, blocking TIM, AXL and other PS receptors
or masking PS with PS-binding proteins such as Annexin V significantly inhibits binding,
endocytosis and infection by Chikungunya, Dengue, West Nile Virus, Ebola, Marburg,
Arenaviruses, PV, CVB3 and rhinovirus [3,90]. But in addition to facilitating internalization,
the panviral exploitation of PS lipids may be to suppress inflammation and a wider immune
response to the virus. In vivo studies, in the context of the immune system will be needed to
test this hypothesis. In addition to internalization and anti-inflammation, PS lipids and
perhaps other molecular cues on the vesicles, may also play a role in determining viral
tropism in the host.

The presence of PS lipids across the membranes of so many different viruses also provides
an opportunity for the development of panviral therapeutics targeting these lipids.
Bavituximab, a PS-targeting moclonal antibody has shown success in blocking infectivity of
PS-enriched enveloped virions such as Ebola and Lassa fever viruses in in vitro assays and
in small animal studies (soares 2008; Dowall and Hewson 2015). Further studies, including
those with non-enveloped virions will be needed to evaluate its full clinical potential.

En masse viral transmission and increased infection efficiency due to

extracellular membrane vesicles

Finally, the exploitation of membranes for exit by non-enveloped viruses has also led to
reexamining the long held belief that viruses only travel between and infect cells as single
infectious units. Remarkably, each secretory autophagosome derived vesicle was found to
carry a population of infectious PV, CVB3 or rhinovirus particles at once [3,4,65]. Given a
single PV particle is ~ 30nm in size, an autophagosome of ~500nm diameter can in theory
pack many hundreds of PV particles. Even smaller vesicles, such as exosomes which are
typically ~100nm in diameter, have the capacity to traffic multiple HAV or HEV viral
particles [63]. While this novel type of viral transmission was first reported with (+) sSSRNA
viruses [3], recently a giant DNA virus, Marseille virus, has been discovered to also traffic
between cells within micrometer vesicles, with each vesicle carrying hundreds of viral
particles at once [95].
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One of the implications of this novel type of viral transmission is that it enables single cells
to be infected simultaneously with multiple viral particles (Figure 2). Significantly this type
of viral transmission appears to yield greater infection efficiency and higher replication rates
in a given population of cells compared to infection with similar numbers of free
independent viral particles [3,4,65,95]. For RNA viruses in general, collective travel and
infection may be an important mechanism to overcome the drawbacks of errors during
replication, due to many viral RNA polymerases lacking proofreading, that result in
heterogeneous populations of viral quasispecies [96]. Even small genetic differences among
quasispecies can manifest themselves, in the next infection cycle, in differing rates of RNA
translation, RNA synthesis, particle assembly, resistance to innate immune defenses, etc.
[97,98]. While these mutations might determine the replicative fate of viral particle infecting
a cell alone, delivered in a vesicle as part of a population, cooperative interactions among
quasispecies including sharing genetic templates, replication machinery, structural proteins
and innate immune defense modulators, could yield greater overall survival and long term
fitness for these genomes [98] (Figure 2). Future studies will determine which types of viral
cooperative interactions can enhance replicative fitness, what the relative contributions of
cooperativity versus competition are and whether vesicular travel of viral populations,
compared to free viral particles, leads to greater genetic diversity over time. Finally, there
may be an opportunity for developing new forms of therapeutics that decrease viral
replicative fitness and emergence of drug resistance by either blocking the cellular
membrane trafficking pathways that enable populations of viruses to be captured and
released (i.e., secretory autophagy, secretory MVBSs) or by disrupting the integrity of the
vesicle membranes after release from cells.

Concluding Remarks

Recent investigations have revealed the novel ways by which membranes are central to the
viral lifecycle: from facilitating viral genome synthesis to enabling viral populations to be
transported out of cells and enhancing viral infectivity. Future studies will determine the
extent of dependence on specific lipids among viruses, including PI14P, PE, PS and others for
replication and transmission; evaluate the long term impact of manipulating lipid
metabolism on cell physiology; and identify the machinery regulating secretory autophagy
and secretory MVB pathways (see Outstanding Questions). Progress in these areas will not
only lead to novel antiviral therapeutics but also tools for manipulating these pathways in
uninfected cells, in particular for those that regulate the production of extracellular vesicles,
which are critical for cell to cell communication and tissue remodeling. Finally, with the
revolutionary new tools in microscopy, lipidomics, proteomics and genetics, this is a very
exciting time to be studying viruses, which so often ends up being the study of cellular life.
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Outstanding Questions

- How widespread is PI4P/cholesterol and PE/cholesterol dependence among
viruses?

- How does PI4P or PE docking regulate viral enzymatic activities?
- What is the long term impact of viral manipulation of lipid metabolism on cells?

-Do PS lipids in the membranes surrounding exiting viruses - either as a single
particle or as a population of particles- impact the /77 vivo host immune response?

- What are the cellular and viral components regulating secretory autophagy and
secretory MVB pathways?

- How are viral particles recognized by these pathways?

-How do the extracellular vesicles carrying viral particles transfer the viral
genomes to the cells?

- What types of viral cooperative interactions enhance replicative fitness?
-What are the relative contributions of cooperativity versus competition?

-Does vesicular transmission of viral populations, compared to free viral particles,
lead to greater genetic diversity?
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Trends Box

RNA viruses utilize membranes with specific lipid blueprints for replication and
transmission.

Phosphatidylinositol 4-phosphate, phosphatidylethanolamine and cholesterol are critical
lipids exploited by many RNA viruses to facilitate replication.

Membranes are critical for both enveloped and non-enveloped RNA viruses for exit and
transmission.

Membrane vesicles can transport multiple viral particles zogether from one cell to
another—a novel type of transmission which enhances infection efficiency.

Phosphatidylserine, a potent anti-inflammatory molecule, is frequently enriched in the
membranes exploited for exit and transmission.
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Figure 1. (+) ssSRNA viruses exploit PE and PI4P lipid enriched organelles for replication
Many plant and insect vectored animal (+) sSRNA viruses utilize the surface of PE/

cholesterol rich membranes for genome replication. Organelles with pre-existing pools of PE
and cholesterol such as mitochondria and peroxisomes are hijacked and further enriched in
these lipids. In contrast, many human and animal (+) sSRNA viruses appear to rely on P14P
and cholesterol enriched membranes for replication. Upon infection, these viruses hijack
host Type 111 P14 kinases and cholesterol trafficking pathways to transform the secretory
pathway membranes (ER, Golgi, TGN) into replication organelles that are highly enriched in
P14P and cholesterol. The PE/cholesterol and Pl14P/cholesterol enriched membranes
facilitate viral RNA synthesis by helping dock and concentrate viral replication proteins; by
stimulating viral enzymatic reactions; and by generating high curvature membrane pockets
that can concentrate and segregate viral replication machinery from the host innate immune
defenses.
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Figure 2. RNA viruses exit cells in PS lipid enriched membranes as single or populations of viral
particles

Both enveloped and non-enveloped viruses exploit PS-enriched membranes to be released
from cells either as single particles (Dengue, West Nile, Ebola, VSV, HIV) or as populations
(PV, CVB3, rhinovirus, HAV, HEV). PS lipids are obtained by budding into the ER; by
budding off from the plasma membrane; or by being captured in secretory autophagosomes
and multivesicular bodies (MVB) and subsequently released to the outside in extracellular
vesicles. The PS-enriched membranes can potentially suppress a widespread, adaptive
immune response against the virus. In addition, enhanced infection efficiency is observed by
viruses traveling as populations within vesicles (e.g. PV, CVB3, rhinovirus [3]). This is
potentially due to a vesicle being able to simultaneously deliver multiple viral genomes into
the host cell, allowing subsequent cooperative interactions to take place among viral
quasispecies that benefit replication.
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