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Abstract

The membrane landscape of a cell often changes drastically upon infection by a virus. In the case 

of the well-studied positive strand RNA virus poliovirus, the short infection cycle induces vesicles 

and tubular structures early in infection, and double-membraned vesicles late in infection. In this 

review, the current understanding of membrane changes in a PV-infected cell, the host and viral 

factors that facilitate these changes, and how these changes may promote virus replication will be 

discussed. Host factors involved in membrane rearrangement during infection include components 

of the COPI and COPII secretory pathways, lipid kinases, and the autophagy pathway. The roles 

of cellular membranes include acting as a scaffold for the RNA replication complex and roles in 

exit of mature virus. Finally, recent studies suggesting that not all picornaviruses are truly “non-

enveloped” are discussed in the context of the field, raising the possibility that cell-derived 

membranes play a role in delivering poliovirus particles to the extracellular space.
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Introduction

Poliovirus (PV), the causative agent of poliomyelitis, is a picornavirus, traditionally 

described as a non-enveloped particle containing a short positive-sense RNA genome. Like 

all positive-strand RNA viruses, PV physically alters the organelle composition of host cells 

to support its replication. Models of nucleic acid replication tend to describe virtually all 

steps taking place “in solution.” For the RNA-dependent RNA replication of viruses such as 

poliovirus, however, this is not the case. PV RNA replication complexes are membrane 

associated, although we do not understand the benefit this affords to the virus. [1,2] The 

membrane association is achieved through multiple interactions. The small poliovirus 3A 

protein has a transmembrane domain, and the vast majority of the protein is oriented toward 
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the cytosol. [3] Many other poliovirus proteins, including 2BC and the 3D polymerase, are 

associated with membranes, presumably through interactions with transmembrane proteins 

or, perhaps, in the case of 3D, specific classes of lipid. [3–11]

The scope and focus of this review will be to describe what is known about how poliovirus 

effects changes in cellular membrane composition and organization. The limited space 

makes it difficult to incorporate all data from other picornaviruses; however, the review 

would not be complete without comparing and contrasting some of what has been learned 

about other picornaviruses, especially, in recent years, coxsackievirus B3 (CVB3). Several 

key questions have been raised by the literature, and answers are beginning to be found. 

First, how are the proliferating membranes in PV-infected cells generated? Are they 

primarily new synthesis, or are they derived from existing membranes? More importantly, 

why does the cell need to be so dramatically rearranged to support RNA virus replication?

Ultrastructural studies

Electron microscopy remains the most reliable way to study cellular ultrastructure. One 

early electron microscopy study of fragments from PV-infected cells was carried out in 

1959. Although the study is largely focused on the virions themselves, bounding membranes 

around the virions are frequently observed and commented upon by the authors. [12] In 

1965 Dales and Palade performed a seminal study focused on the effect of poliovirus 

infection on intact HeLa cells, revealing a dramatically altered cytoplasm. [13] At three 

hours post-infection, large numbers of polysomes are observed near the ER and nucleus, and 

some vesicles, with an interior density consistent with cytoplasm, are observed. This time 

point roughly correlates with the peak of viral RNA replication. [14] Viral particles, some of 

which are identified as empty capsids, are observed near and within these vesicles by five 

hours post-infection. Images taken at seven hours post-infection reveal vesicles delineated 

by two lipid bilayers, many of which have virus within the interior membrane. In or near 

these double-membraned vesicles are large groups of viral particles. The dramatic and 

synchronous rearrangements observed at distinct time points post-infection have been a 

consistent feature of PV membrane studies, and have sometimes led to confusion as 

different groups compare studies at different stages of the virus infection cycle.

Almost fifty years after the Dales and Palade paper, the Ehrenfeld group performed similar 

studies using modern EM tomography, examining cells at three, four, and seven hours post-

infection. [15] The 3D-reconstructions reveal that at least some of the early “vesicles” 

observed in two dimensions are in fact convoluted tubular structures at both three and four 

hpi, with the structures appearing more invaginated and convoluted at 4hpi. At seven hpi, 

double-membraned structures, similar to those seen by Dales and Palade, are observed. 

Evidence of active RNA replication can be observed on both early single-membraned and 

late double-membraned structures. These data, and images of membrane loops that appear to 

be near-fusion (as illustrated in Fig. 1, “PAS”) lead the authors to suggest that the early 

structures may develop into the later multi-lamellar structures.

Individual expression of PV proteins has been investigated as a way to understand the roles 

of the proteins in cellular changes during infection. Expression of PV 2B, for example, leads 

Jackson Page 2

Curr Opin Virol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to Golgi complex disassembly in Vero, NRK, and COS-7 cells, a phenomenon also observed 

during infection of a variety of cells. [7,16] Expression of 2C or its precursor, 2BC, induces 

a variety of dramatic changes in the cytosol of HeLa and COS-1 cells, including formation 

of smooth single-membraned vesicles with electron-light contents. [10,17] 2C expression 

also induces changes to the ER, resulting in densely packed, anastomotic regions. [6] 

Double-membraned vesicles resembling those formed during infection can be induced by 

co-expression of PV 3A and 2BC, indicating that these vesicles are unlikely to be a cellular 

response to infection but specifically induced by the presence of virus proteins. [17] The 

wide variety of observations, dependent upon the time point post-infection, technique used, 

and viral proteins being expressed, indicate that the host-virus interactions leading to 

membrane rearrangements are complex and dynamic.

PV and COPII-like membranes

Poliovirus efficiently inhibits ER-to-Golgi trafficking. This led to a hypothesis that PV 

might divert anterograde COPII-dependent trafficking vesicles for use as sites of RNA 

replication. A light microscopy approach was taken to observe vesicle formation at ER exit 

sites in poliovirus-infected cells. [18] This study generated maximal-intensity projections of 

images first captured by confocal microscopy, then subjected to deconvolution. The 

resulting images showed proteins of the COPII complex co-localizing with antibody against 

the poliovirus protein 2B on vesicles budding from the ER. Sec13 and Sec31, two outer coat 

component proteins involved in ER exit site budding, co-localized with 2B. 2B, although not 

a transmembrane protein, has been shown to be almost entirely membrane-associated. [10] 

[19] [1] [11] More recently it was shown that COPII budding increases during the early part 

of the poliovirus replication cycle. [20] Furthermore, expression of a dominant negative 

mutant form (T39N) of the Sar1 ER-resident GTPase confirmed that PV replicons require 

functional ER exit sites for normal levels of RNA production and expression. [21] These 

data, following up on the earlier studies, have been interpreted to indicate that PV 

replication vesicles are derived from a precursor pool including, among other things, COPII 

vesicles.

However, studies with any virus protein, be it 3A, 2B, or another, do not necessarily identify 

active RNA replication. Recently a pan-double stranded RNA antibody has been developed 

(English and Scientific Consulting). dsRNA is a necessary intermediate in virus RNA 

replication as positive strands are copied to negative strands and vice versa, but no 

significant dsRNA signal is present in uninfected cells. Neither Sec31 nor β-COP, another 

component of the COPII coat complex, co-localize with the dsRNA signal associated with 

active RNA-RNA replication during PV infection. [22] On a western blot, Sec31 shifts to a 

higher mobility form late in poliovirus infection, and this change can be inhibited with the 

proteasome inhibitor MG132. This suggests that a proteasome-dependent Sec31 cleavage 

event takes place. Although increased ER exit site activity may contribute to a membrane 

pool that generate RNA replication organelles, the recent evidence argues against the model 

that “standard” COPII vesicles are the sites of RNA replication. Several questions about 

COPII components and PV membranes remain. For one, why is 2B associated with COPII 

membranes as they bud? Does 2B association alter the fate of COPII vesicles, or otherwise 

redirect them in the cell? Is the Sec31 imaged in the Rust et. al paper full-length, or the 
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faster-migrating form seen in Richards et. al? Do poliovirus RNA replication complexes 

partially form on precursor membranes before becoming active?

PV and COPI components

Even more extensive studies have gone into the Golgi resident proteins involved in initiation 

of retrograde traffic from the Golgi to the ER. One reason for this is that the lactone 

antibiotic Brefeldin A has been shown to be a potent inhibitor of poliovirus RNA 

replication. [23] Brefeldin A acts by restricting retrograde (COPI) protein transport, largely 

by inhibiting the activity of GBF1, a Guanine nucleotide exchange factor (GEF) for the 

Golgi-resident) small G protein Arf1 (ADP-ribosylation factor 1.) [24] Membrane 

association of Arf1 can be induced either by PV infection, or by individual expression of PV 

3A or 3CD proteins. [25] This membrane association is thought to be mediated by 

recruitment of three different Arf1 GEFs: GBF1, BIG1, and BIG2. The PV 3A protein is 

responsible for membrane association of GBF1, and PV 3CD is responsible for BIG1 and 

BIG2 recruitment. [4,26–28] This led to a hypothesis that Arf1 and all three associated 

GEFs are critical for generating PV replication membranes, possibly through its role in 

generating COPI vesicles. GBF1 briefly and transiently co-localizes with dsRNA signal at 

2.5hpi, while the signals are close but separate at later time points. [22]

However, PV does not appear to require the catalytic activity of GBF1 for replication. [29] 

In addition, BFA-resistant viruses, which do not require GBF1 for replication, are readily 

obtained using in vitro selection of poliovirus, indicating that the viral requirement for 

GBF1 is easily bypassed. [30] It is, of course, possible that in vitro-selected BFA-resistant 

viruses would be unsuccessful in vivo, and the requirement for GBF1 fills a role that has not 

yet been explored. One possibility is that 3A may interact with GBF1 as part of a virus 

strategy to inhibit cellular secretion. Although GBF1 is involved in retrograde trafficking, 

shutting down retrograde flow results in a block of anterograde flow as well due to inhibited 

recycling of trafficking components. [31] The 3A-GBF1 interaction would therefore blunt 

immune responses by reducing secretion of cytokines and presentation of viral antigens at 

the infected cell surface. [32,33] If this is significant in vivo, then the virus may have 

multiple reasons for interacting with and recruiting members of the Arf1 complex, and tissue 

culture studies are only revealing a small part of the story.

Lipids and PI4P

Until recently, studies of PV-induced membrane changes focused on the protein components 

of the membranes. However, wholesale changes in cellular lipid metabolism and content 

have long been known to occur during PV infection. [34–37] Recently, however, 

investigations have begun to identify specific lipid components of PV replication 

membranes. One major Arf1 effector, phosphoinositol-4-kinase IIIβ (PI4KIIIβ), is 

responsible for the production of PI4P lipids from PI. [38] Due to the relationship between 

the Arf1 complex and PV, this pathway has been extensively studied during virus infections. 

[39]

Inhibition of PI4KIIIβ by the small molecule inhibitor PIK90 blocks PV replicon production 

efficiently. [21] PI4P co-localizes with dsRNA signal throughout infection, and is the only 
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major cellular marker studied so far to do so. [22] PI4P binds to the PV RNA-dependent 

RNA polymerase, 3D, in in vitro binding assays, providing a hypothesis for the function of 

PI4P in PV replication membranes: to induce and maintain association of polymerase with 

particular membranes. [21] More extensive PI4KIIIβ experiments have been carried out with 

coxsackievirus, and it remains unclear if some, most, or all of the findings will prove 

consistent between PV and CVB3. As with Brefeldin A, CVB3 mutant viruses resistant to 

PI4KIIIβ-inhibiting drugs can be obtained in vitro, calling into question the essential nature 

of PI4P in virus replication membranes. However, it is unclear if the resistant strains would 

be attenuated in vivo. {[40]

It was originally suggested that, at least for CVB3, the 3A-GBF1-Arf1 complex might be 

responsible for recruiting PI4KIIIβ to virus replication membranes. [21] Studies of another 

picornavirus, Aichi virus, suggest that Aichi proteins interact with the Golgi resident protein 

acyl-coenzyme A binding domain containing 3 (ACBD3), and that this interaction mediates 

PI4KIIIβ recruitment to membranes. [41,42] However, PI4KIIIβ is efficiently recruited to 

CVB3 replication organelles in the absence of GBF1, Arf1, or ACBD3. [43] It is unclear if 

these data will reflect PV or Aichi virus recruitment of PI4KIIIβ, but at a minimum, the 

mechanism and requirement for PI4P-enrichment at CVB3 membranes remains unclear.

It has recently been shown that the host endocytic pathway plays a role in altering the 

balance of cholesterol in the cell during infection with enteroviruses. [44] The PV 3AB 

protein co-localizes with cholesterol and PI4P during infection. Changes in the lipid and 

cholesterol landscape during positive strand RNA virus infection will be covered in more 

detail in other reviews in this issue; the reader is referred to those articles for more details on 

these events.

The Autophagy pathway and AWOL

Dales and Palade presciently suggested that the double-membraned vesicles they observed 

late in PV infection might be degradative compartments. [13] We now know that double-

membraned compartments strongly resemble autophagosomes, the hallmark vesicles of the 

constitutive degradative process known as autophagy, or “self-eating”. [45] Autophagy is an 

essential and constitutive cellular process that regulates turnover of organelles, lipid, and 

proteins, and plays a role in cell stress responses, human disease, and innate immunity. [46] 

It has been shown that a subset of viruses and bacteria, including many enteroviruses, do not 

succumb to the innate immune response of autophagy but subvert the pathway to promote 

their own replication. [47,48] Observations of autophagosomes were not limited to PV; by 

1972, in mice infected with CVB3, “autophagic vacuoles” are described in pancreatic acinar 

cells, and images of such vesicles appear throughout the literature. [49,50] Using high-

pressure freezing techniques to maximize resolution, the Kirkegaard group was able to 

identify double-membraned vesicles as early as 4hpi in COS-1 cells. [17,51] These vesicles, 

which are decorated with the PV 2C and 3A proteins, have apparent cytosolic contents and 

are in the range of 500nM in diameter. In images taken for both PV and CVB3 by multiple 

groups, the virions appear to be within the double-membraned vesicles. The autophagic 

marker LC3 and PV capsid are both associated with vesicles that appear to be in the act of 

budding from the cell surface during infection. [52]
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The presence of double-membraned vesicles in PV-infected cells led to two major questions. 

First, are these vesicles bona fide autophagosomes? The PV-induced double membraned 

vesicles, which begin to appear at the tail end of the peak of maximum viral RNA synthesis, 

contain protein markers, such as LC3, associated with autophagosomes. [52] RNA 

replication occurs on these double membraned vesicles. [15,22] In addition, active 

autophagic degradation occurs during PV infection, indicating that they are functional 

organelles. [53] It is interesting to note how different this is from coxsackievirus B3, which 

induces massive, immature autophagosomes but prevents them from maturing into 

functional degradative vesicles. [54,55] This difference highlights the danger in drawing 

conclusions from one picornavirus based on data from another.

The next question, then, is what role these vesicles play in the PV replication cycle. 

Increased autophagy promotes replication of PV, while autophagic inhibition reduces PV 

production. [52] Furthermore, exit of virus prior to cell lysis is dramatically enhanced when 

autophagy increases, a process we originally termed “AWOL” for autophagosome-mediated 

exit with out lysis. Autophagosomes are microtubule-associated and immobilized for much 

of infection, but if microtubules are disrupted, AWOL increases. [56] Vesicle acidification, 

a hallmark of autophagosome maturation, promotes the final cleavage maturation of PV. 

[53] This cleavage event, which is poorly understood, occurs on the interior of fully formed 

viral particles that contain an RNA genome. [57] In the past, models of PV release regularly 

described virus-containing vesicles as the agents of virus release prior to cell lysis, although 

this model has fallen out of favor, replaced by a model of virus release exclusively mediated 

by cell lysis. [58] Autophagy is known to feed into a pathway of non-canonical secretion, 

and AWOL may represent PV hitching a ride on this pathway. [59,60] The valosin-

containing protein (VCP), a cellular ATPase with roles in autophagy and the endocytic 

pathway, is a crucial host factor for PV replication and may provide a link between 

autophagy, cellular exit, and viral replication. [61,62]

Conclusion - Enveloped Picornaviruses, the new paradigm?

Historically, studies of PV-induced membranes have focused on their role as RNA 

replication scaffolds. While this is clearly one important role of membranes, we do not yet 

understand why this is important. Possibly there are genetic and/or energetic benefits of 

keeping genomic replication complexes close to one another and on a physical surface. 

Alternatively, keeping RNA replication in close proximity to membranes, particularly later 

in infection, could facilitate assembly, maturation, and exit of virions through a vesicle-

dependent pathway.

Enveloped viruses often bud from the plasma membrane or use the cell secretory pathway to 

facilitate viral exit and acquisition of membranes. In traditional models, non-enveloped 

viruses like PV do not bud or enter the secretory pathway because they do not acquire a 

membrane. Recently, however, two studies have challenged that notion. It was recently 

shown that a significant portion of the non-lytic picornavirus Hepatitis A Virus, long 

thought to be non-enveloped, is actually shed in exosome-like vesicles. [63] Formation of 

these vesicles is not dependent on the autophagy pathway, but it is dependent on proteins 

associated with endosomal-sorting complexes required for transport (ESCRT) complexes. 
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Another study showed that CVB3 is also released in vesicles, and that these vesicles are 

decorated with the autophagy marker LC3, indicating that something like AWOL may be 

occurring in CVB3. [64] Clearly the idea that picornaviruses are “non-enveloped” is being 

challenged on multiple fronts. Although there are, as yet, no reports of enveloped PV 

particles, the role of cellular vesicles in producing and releasing extracellular virus particles 

is an exciting future direction for the field.
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Highlights

• Ultrastructural studies observe distinct membrane rearrangements at early and 

late time points post-poliovirus infection.

• The lipid kinase PI4KIIIβ and its product PI4P are consistent features of virus-

induced membranes.

• Components of the COPI and COPII secretory pathways generate early single-

membraned RNA replication vesicles.

• Cell-derived autophagic membranes play a role in delivering poliovirus particles 

to the extracellular space.
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Figure 1. Model timeline of PV membrane-alteration events
Infection proceeds from left to right. At 2.5hpi, novel organelles form with contributions 

from COPII vesicles leaving ER exit sites and the Golgi COPI complex Arf1/BIG1/GBF1, 

recruited by PV 3A and 3CD proteins. The presence of PI4KIIIβ at the newly forming 

membranes enriches them for PI4P. Large numbers of polysomes can be observed near these 

vesicles, as viral translation proceeds, using the vast majority of the available ribosomal 

machinery. By 3hpi Arf1/GBF1/BIG1 are no longer directly associated with the membranes, 

which are often tubular and convoluted. RNA replication is associated with these 

membranes at this time, which is the peak of RNA replication. By 4hpi more invaginations 

can be seen in these vesicles as they begin to resemble pre-autophagosomal structures (PAS) 

and attract the lipidated form of the autophagy marker LC3. By 5h double-membraned 

autophagosome-like vesicles predominate, often containing virions. These vesicles remain 

associated with active RNA replication. Maturation of autophagosomes through acquisition 

of endosomal VTPase causes vesicle acidification (+) and promotes maturation of 

encapsulated virions. The autophagy pathway promotes exit of these virions though 

autophagosome-mediated exit with out lysis (AWOL) at the plasma membrane (PM).
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