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T H E  MU LT I FAC E T E D  RO L E  O F  P I 4 P  I N  P I CO R N AV I R U S  I N F E C T I O N 

As obligate intracellular parasites, viruses are dependent on the cells they infect for their propaga-

tion. In addition to hijacking cellular systems like endocytosis for virus entry and the ribosomal ma-

chinery for translation, individual host factors are utilised to support different processes through-

out the virus life cycle.

In uninfected cells PI4P is a lipid with diverse functions, including the mediation of cholesterol ex-

change at the ER-Golgi interface via OSBP. Many of the viruses that utilise PI4P, including enterovi-

ruses and cardioviruses, recruit PI4Ks to sites of replication to increase local PI4P levels (1-4), where 

it facilitates local cholesterol exchange (2, 5-8). A role for PI4P in modulating proteolytic processing 

of the viral polyprotein has also emerged from experiments in poliovirus (9, 10), where PI4P appears 

to mediate cleavage at the 3AB junction. In Chapter 3, we establish that this role is conserved in 

another enterovirus, CVB3. The mechanism underlying this effect in either enterovirus species has 

yet to be determined, but may relate to the influence of lipid composition on the orientation of 3A 

precursors within the membrane. Indeed, PI4KB resistant mutations in both poliovirus (3A-A70T) 

and CVB3 (3A-H57Y) lie within or proximal to the putative membrane-spanning hydrophobic do-

main of the 3A protein (11, 12). Interestingly, OSBP inhibition also impairs 3A-3B cleavage (10), sug-

gesting that this effect could be mediated by low membrane cholesterol levels rather than low PI4P 

levels directly.  In Chapter 3 we also outline a new function of PI4KB. Utilising a CVB3 resistant to 

PI4KB inhibition, low local concentrations of PI4P were found to delay the formation of CVB3 ROs to 

beyond the phase of exponential viral RNA synthesis. ROs that appear to be morphologically typical 

formed only late in infection under PI4KB inhibition, and these structures appeared to be devoid 

of the high levels of PI4P associated with ROs in wt CVB3 infection. Thus, high PI4P levels are not 

strictly required for the development of ROs, but do expedite their formation. Inefficient cleavage 

of viral proteins has been suggested to affect RO formation in HCV (13), as well as in coronaviruses 

(14). However, poor polyprotein processing under low-PI4P conditions did not explain the delay in 

CVB3 RO formation we observed, as polyprotein processing of the PI4KB resistant CVB3 3A-H57Y 

was not impaired under PI4KB inhibition. This suggests that the role of PI4P in polyprotein process-

ing and its role in expediting RO formation are independent in enterovirus-infected cells.

While the mechanism that underlies the role of PI4P in RO formation remains uncertain, it is likely to 

be more nuanced than for other host factors that influence RO development, like the ESCRT pro-

teins and reticulons that shape virus-induced membrane modifications during infections of other 

+RNA viruses (15, 16), and perhaps also of enteroviruses (17). PI4P may in fact have a semi-redundant 

function during RO formation, rather than an intrinsic structural role. This is supported by find-

ings in Chapter 5, in which an analogous PI4KA-resistant cardiovirus, EMCV 3A-A32V, was found to 

produce ROs under PI4KA inhibition at a similar time point post-infection to uninhibited wild-type 

virus. One tantalising possibility is that the effect of PI4P on RO formation stems from its role in 

OSBP-mediated cholesterol recruitment, as cholesterol has a direct effect on the formation of lipid 

domains and on membrane morphology (18-20). Indeed, enteroviruses have been shown to utilise 

other routes for cholesterol recruitment, for instance via endosomal transfer (21). These alternative 

routes may be more effectively harnessed, when PI4P levels are suppressed. However, while cho-

lesterol is essential for replication and, like PI4P, has been shown to be important for polyprotein 

processing (21, 22), a role for cholesterol in RO formation has yet to be directly demonstrated.
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M E M B R A N E  U T I L I SAT I O N  F O R   RO  F O R M AT I O N  I S  R E M A R K A B LY  F L E X I B L E

While our understanding of the viral and host components that engender enterovirus ROs is broad-

ening, fundamental questions about their origin remain unanswered. Putative donor organelles 

have been identified for many +RNA viruses using electron microscopy, but connections between 

a donor organelle and ROs have been elusive in ultrastructural studies of enterovirus infection. 

Other studies that explore co-localisations between viral and host factors, or hunt for the locations 

of early viral RNA synthesis, have generated a sprawling and at times contradictory picture of where 

the first enterovirus ROs are formed. Much of the available evidence suggests that membranes of 

the Golgi apparatus contribute to enterovirus RO biogenesis (1, 23-25). This idea is supported by 

the chronological correspondence between Golgi apparatus disintegration and RO formation ob-

served in EM (26), and in live-cell imaging data (Chapter 2) of infected cells, and by the association 

of viral replication with the Golgi in the absence of ROs found in Chapter 3. However, alternative 

origins have also been suggested, including the ER and the autophagy pathway (1, 23, 27-29). In-

terpretation of data that suggest potentially conflicting origins is confounded by the differenc-

es in virus species, the times post-infection assessed, and the experimental methodologies used 

across these studies. In Chapter 4 we present compelling evidence that membrane utilisation by 

enteroviruses is diverse, revealing connections between ROs and both ER and Golgi membranes in 

SBF-SEM and TEM data. In addition to uniting disparate ideas about the origins of enterovirus ROs, 

these data highlight the surprising flexibility with which viruses can exploit cellular membranes for 

RO formation. This flexibility may extend to other +RNA viruses, as suggested by key experiments 

using tombusviruses and nodaviruses, where RO formation could be directed to specific organelles 

using localisation signals, or was found to occur at alternative organelles in the absence of the typ-

ical membrane target (30, 31).

Our observations further demonstrate that morphologically similar ROs can be derived from differ-

ent membrane sources. This suggests that the host factors that drive or contribute to enterovirus 

RO biogenesis, and those that have a role in the transformation of single- into double-membrane 

structures, are not specific to the membrane origin, or can be recruited. These criteria are well met 

by PI4P, which is ubiquitous in the cell and produced by kinases that are readily recruited to spe-

cific cellular compartments. In uninfected cells PI4KB is recruited primarily to the Golgi apparatus, 

while PI4KA is responsible for PI4P generation at the plasma membrane and ER (32, 33). While PI4KB 

recruitment to the Golgi apparatus is enhanced during enterovirus infection, where it contributes 

to rapid RO formation (Chapter 3), the role of PI4P in ER-derived RO formation is less clear. PI4P 

production may be stimulated by the selective recruitment of PI4KB to the ER, else existing ER 

pools of PI4P generated by PI4KA may be sufficient (e.g. at ER exit sites (34)). Another possibility is 

that ROs of ER origin form independently of PI4P. Live-cell imaging data (Chapter 3) suggest that, 

under PI4KB inhibition, the 3A protein accumulates almost exclusively in the Golgi region rather 

than first forming in peripheral/ER-associated clusters, pointing to a role for PI4KB in ER-derived 

RO formation.

In Chapter 5 this idea that characteristic picornavirus RO morphologies are not tied to a specific 

membrane origin was reinforced following the characterisation of the 3D morphology and devel-

opment of EMCV ROs. Despite significant differences in cardiovirus and enterovirus host factor 

utilisation during replication, EMCV was found to produce ROs that bore a striking resemblance to 
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those of enteroviruses, producing initially single-membrane structures that developed into DMVs. 

Connections between endomembranes and early ROs were readily found during EMCV infection, 

suggesting that the ER is the exclusive donor organelle for cardiovirus ROs. Together with the re-

sults in Chapter 4, these data suggest that the donor organelle is not deterministic of the resulting 

RO morphology for enteroviruses and cardioviruses, and perhaps picornaviruses more generally. 

While studies in tombusviruses (35, 36) provide evidence that the viral replication machinery can 

be successfully diverted to different organelles, it is unclear whether virus-induced membrane re-

arrangements form at these sites and, if so, whether these structures have typical morphologies.

While viruses appear to target specific membrane compartments upon infection, these findings 

altogether raise the question of what defines an appropriate membrane platform for replication, or 

an appropriate membrane donor for RO formation. While viruses have typical membrane targets 

from which they derive ROs for genome replication, it is clear that the core requirements for rep-

lication are not tied to specific membrane compartments in all cases. Membrane utilisation may 

instead be decided by the localisation and dynamics of early replication events, the requirements 

for protein folding and processing, or be the result of favourable positioning or proximity to aux-

iliary organelles utilised during but not essential for replication, like lipid droplets or endosomes.

T H E  S I T E S  O F  R N A  SY N T H E S I S  R E P R E S E N T  A  N E W  R O  P H E N OT Y P E

The archetypal RO morphologies produced by +RNA viruses are broadly characterised as forming 

secluded compartments; the spherules of FHV (37), Zika virus (38), and DENV (39, 40) and the DMVs 

of SARS- and MERS- coronaviruses (41, 42), EAV (43), HCV (44), CVB3 (26), PV (25) and EMCV (Chap-

ter 5). However, our findings from studies of EMCV (Chapter 5) and similar data from enterovirus 

studies ((25, 26), Chapter 3) suggest that, for the picornaviruses, the primary sites of RNA synthesis 

are single-membrane ROs with positive curvature. While the 3D structures of other picornavirus 

ROs remain to be explored, the 2D profiles found in EM cell-sections of other genera, like the aph-

thoviruses, also resemble those of the enteroviruses and cardioviruses (45). While putative DMVs 

identified in FMDV-infected cells could be found at the mid-point of infection, the predominant 

ROs at early and intermediate points in infection were single-membrane structures. Rather than 

the DMVs then, it is single-membrane structures that appear to be the primary support for picor-

navirus RNA synthesis. For this reason, single-membrane structures with positive curvature must 

be considered a third archetypal RO morphology produced by +RNA viruses. Unlike the spherules 

and DMVs utilised for genome replication in other +RNA virus families, these single-membrane 

tubule ROs of picornaviruses do not enclose cytosolic space.

T H E  A DVA N TAG E S  O F  G E N E R AT I N G  RO S  F O R  P I C O R N AV I R U S  I N F E C T I O N

In Chapter 3 we present an example of +RNA virus replication at a morphologically intact cellu-

lar organelle. These data effectively demonstrate that ROs are not strictly required for sustained 

enterovirus RNA synthesis, raising questions over the advantages of RO formation during replica-

tion. While a causative relationship between the delayed enterovirus RO formation and reduced 

replicative efficiency observed under PI4KB inhibition has not been established, this observation 

aligns with one of the prevailing hypotheses regarding the role of ROs; that they contribute to 
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effective RNA synthesis. The advantages conferred by RO formation in this regard may include the 

expansion of suitable membranes for genome replication, or the provision of an optimal environ-

ment for the RNA replication machinery to assemble and function. For FHV (46), poliovirus (47) 

and SARS-coronavirus (48) there is evidence to suggest that intact membranes are required for 

efficient viral RNA synthesis, supporting this notion. 

Intact membranes may also prove beneficial by protecting viral RNA from sensors of the innate 

immune system. In vitro studies of FHV (46), and poliovirus (49) show a link between (intact) RO 

membranes and RNAse access to RO-associated viral RNA. Given that enterovirus replication com-

plexes are thought to reside on the cytosolic face of ROs (28), this apparent protective function 

could serve to shield viral replication intermediates from cellular innate immune sensors in vivo. 

Another +RNA virus, HCV, appears to have developed an alternative or additional mechanism to 

shield viral RNA species from cellular sensors, by integrating nucleoporins into its membranous 

web to regulate protein access (50). It should be noted that, while these studies show that intact 

membranes confer protection, it remains unknown whether this effect is dependent upon specific 

ROs morphologies. For spherule-forming viruses, the morphology of ROs may provide a straight-

forward shielding mechanism. Given that only a small, neck-like opening bridges the space be-

tween cytosol and spherule interior, these compartments are relatively isolated from the remain-

der of the cytosol, limiting the availability of viral products for detection by cellular sensors. Unlike 

spherules, the tubules and vesicles produced by picornaviruses, and (if their outer membrane is 

utilised for genome replication) the DMVs generated by nidoviruses and flaviviruses replication, 

represent a large, exposed surface area vulnerable to sensing. For these viruses, the concept that 

the morphology of their ROs is adapted to shield RNA is less intuitive. In fact, an absence of ROs at 

the peak of RNA synthesis in CVB3 3A-H57Y infection was found to have no significant impact on 

the measured IFN-b response across infection, or the state of the innate immune sensors MAVS 

and PKR, as described in Chapter 3. While it remains to be established whether viral RNA is also 

physically shielded (e.g. from RNases) in these conditions, these data could suggest that any pro-

tective function is unrelated to RO morphology, and that replication at a morphologically intact 

Golgi apparatus is similarly protective to replication at ROs. Protection could feasibly be conferred 

by the viral replication machinery within the replication membrane. Viral dsRNA must be available 

to the C terminus and helicase domain of the RIG-I-like receptor MDA5 for its activation (51), and 

the juxtaposition of membrane and replicating RNA, or the viral machinery surrounding it, may 

limit accessibility. It may also be that membranes, morphology-dependent or otherwise, serve at 

best a semi-redundant function in innate immune evasion, given the efficacy of viral proteases that 

cleave innate immunity recognition and signalling molecules (52, 53).

ROs may also facilitate other processes during infection, by co-ordinating different events during 

the viral life cycle. For enteroviruses, genome replication at ROs is directly coupled to genome 

encapsidation (54, 55). This mechanism may have developed as a means of increasing the efficacy 

of nascent virion production by eliminating the need for RNA diffusion ahead of packaging. If RO 

membranes represent a protective environment for viral products, then diffusion of ssRNA away 

from ROs would also expose the virus to cellular innate immune proteins like RNAse L (56) in virus-

es like CVB3 whose genomes are vulnerable to its endonuclease activity (57). The direct coupling 

of viral genome synthesis and encapsidation also ensures specificity of RNA packaging, and rep-

resents part of the ‘higher order proof-reading’ mechanism inherent in the successful translation, 
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replication and packaging of viral genome (58). That these processes are coupled implies that virus 

particles also assemble at ROs, and may in some way utilise the membrane platform they provide to 

co-ordinate assembly. Alternatively, particles may assemble in the cytosol and aggregate at ROs. In 

accordance with these possibilities, a striking spatial proximity between ROs and virus particles was 

observed in EMCV-infected cells in Chapter 5, which could reflect a similar association between 

RNA synthesis and virion packaging in cardioviruses. 

T H E  R O L E  O F  D MV S  I N  P I CO R N AV I RU S  R E P L I C AT I O N

Enteroviruses DMVs have also been reported to serve as vehicles for the en bloc transfer of mature 

virions (59-61), which may increase the likelihood of a viable infection if complementary viral qua-

sispecies are exported together. However, the analysis of EMCV virion distribution in Chapter 5 

demonstrated that only a small fraction of DMVs contain virus particles. While this does not exclude 

the possibility that these DMVs are exported, it suggests that en bloc transfer is not a prominent 

mechanism of viral export in cardioviruses. 

A clear role for DMVs in picornavirus replication has yet to be identified. The peak of viral RNA 

synthesis in enteroviruses and cardioviruses (Chapters 4 and 5) occurs when single-membrane 

structures predominate, ahead of their transformation into DMVs, raising the question of why 

this transformation occurs. One possibility is that DMV formation, by enwrapping small volumes 

of cytosol, is a mechanism to shield a proportion of the RNA replication machinery or replicative 

products from innate immune sensors. This could be advantageous particularly at late stages of 

infection, when other viral mechanisms to evade the cellular innate immune system, like the viral 

protease-mediated cleavage of cellular sensors, may be overburdened. Evidence for the accumu-

lation of viral RNA within DMVs has been found in nidoviruses (41, 43), although it remains unclear 

whether the inner membrane of nidovirus DMVs, which do not have openings connecting the DMV 

interior to the cytosol, are the primary site of nidovirus RNA synthesis. A small proportion of en-

terovirus and cardiovirus DMVs were found in a vase-like configuration that connected the DMV 

interior and the cytosol ((26), Chapter 5). It is unclear whether these openings represent (semi-)

stable structures found in a low percentage of DMVs, or a transient late stage of DMV formation. 

Given that picornavirus RNA synthesis continues following the transformation of tubules into 

DMVs, open DMVs could represent a shielded environment for late-stage viral genome replication. 

Indeed, given the evidence for coupled genome replication and virion packaging, those DMVs that 

contain openings may correspond to those that accumulate nascent virions, perhaps ahead of pore 

fusion and en bloc transfer.

R E T H I N K I N G  T H E  V I R A L  R E P L I C AT I O N  M E M B R A N E

While categorisations based on morphology are contextually useful, archetypal RO morphologies 

are an incomplete picture of how viral replication membranes develop throughout infection. In-

deed, prior to the accumulation of RO-forming viral proteins, viral genome replication may occur 

at largely unmodified membranes.

It is also significant that, while the vast majority of viral RNA synthesis occurs at ROs under typical 

infection conditions, imposing specific modifications or conditions can produce exceptions to this. 
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In Chapter 3, extended enterovirus RNA synthesis was shown to occur at a morphologically intact 

Golgi apparatus under low PI4P conditions, without any apparent penalty to innate immune eva-

sion, but with a corresponding drop in RNA replication efficiency. In this case it is unclear whether 

low replication efficiency results directly from a lack of archetypal enterovirus ROs, or indirectly 

from (the incomplete rescue of) defects in polyprotein processing. Other evidence suggests that 

RO morphology can be dispensed without a cost to fitness. Manipulating the relative levels of the 

BMV 1a and 2a polymerase shifted the BMV replication membrane morphology from archetypal 

spherules to flat membrane sheets, without a reduction to replicative efficiency (62). This high-

lights again the surprising flexibility with which viruses can use membranes, and emphasises the 

pitfalls of defining the membranes utilised for replication by their morphology. Indeed, the evi-

dence thus far aligns with a scenario where specific membrane morphologies may be secondary 

for viral RNA synthesis. A holistic approach is required to understand the membrane composition 

that underlies the efficient, sustained viral RNA synthesis that is typically associated with ROs. Im-

proved procedures for the isolation and lipidomic or proteomic analysis of replication membrane 

fractions will allow for a more comprehensive understanding of the changing compositions of rep-

lication membranes at different stages of infection. This information can be coupled with powerful 

techniques to visualise native-state RO structures by cryo-electron microscopy, which can inform 

us regarding the conformation of intact replication complexes, and demonstrate how these as-

semble and function on the surface of replication membranes with changing compositions. The 

mechanism that drives the development of archetypal RO morphologies may well emerge from 

this enhanced understanding of their composition. It is this mechanism that lies at the heart of the 

question of RO function, and whether the morphologies that arise during infection represent the 

result of, or a prerequisite to, effective replication.
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