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Lipid Droplets Grease Enterovirus Replication
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Replication complexes of (+)RNA viruses of eukaryotes are associated with specialized membranous
domains, termed replication organelles. How these structures develop is poorly understood. In a recent
Cell paper, Laufman et al. (2019) reveal that enteroviruses recruit lipid droplets to support lipid synthesis
required for the structural development of replication organelles.
(+)RNA viruses are by far the largest group

of viruses of eukaryotic hosts. Many of

them are associated with human, animal,

and plant diseases incurring multibillion

economic losses and posing global health

challenges. (+)RNA viruses actively build

a unique membrane environment to har-

bor their replication complexes, rather

than just occupy membranes available

before infection. Since infection relies on

specific changes in cellular membrane

metabolism, targeting infection-specific

membrane synthesis and trafficking path-

ways may open directions for creating

safe and effective broad-spectrum anti-

viral therapeutics.

Enteroviruses, a group of viruses

belonging to the Picornaviridae family,

include important human pathogens,

such as poliovirus, enteroviruses A71

and D68, coxsackieviruses, and rhinovi-

ruses. These viruses code for just

a handful of proteins and rely on

simple but effective mechanisms to trick

the highly elaborate cellular controls of

membrane homeostasis. In a recent

issue of Cell, Laufman et al. (2019)

provided a comprehensive picture of

recruitment of lipid droplets (LDs) that

support the development of replication

organelles (ROs) of enteroviruses (Lauf-

man et al., 2019).

Enterovirus infection dramatically

changes intracellular membrane architec-

ture. Distinct ROs appear early in infection

and soon occupy a large volume of the

cytoplasm. This rapid expansion of ROs

is due to massive activation of structural

phospholipid production supported by

the virus-induced release of the nuclear

depot of CCTa, an enzyme controlling a

rate-limiting step in phosphatidylcholine

synthesis (Viktorova et al., 2018). At the
same time, viral protein 3A coordinates

the recruitment of several ER and

Golgi factors (e.g., phosphatidylinositol

kinase PI4KB, sterol transporter OSBP,

and ArfGEF GBF1), and triggers the for-

mation of membrane contact sites in

which lipids are shuttled between these

compartments and ROs. This imparts a

specific PI4P- and cholesterol-enriched

lipid signature to the ROs and provides

an optimal environment for the func-

tioning of the replication machinery (van

der Schaar et al., 2016).

LDs are dynamic cellular organelles

coordinating synthesis, storage, and

mobilization of neutral lipids. They are

composed of a triglyceride and choles-

teryl ester core surrounded by a mono-

layer of phospholipids derived from the

ER membrane. The lipids stored in LDs

can be mobilized by a complex of LD-

associated lipases, or by a specific

branch of autophagy, lipophagy, which

delivers the LD-derived lipids to lyso-

somes. The long-chain fatty acids (FAs)

released by lipase activity serve as sub-

strates in multiple biosynthesis pathways,

including those generating structural

phospholipids, or support cellular energy

metabolism. Basic LD metabolism is

similar in different cell types, yet cell-spe-

cific variations in LD biogenesis and utili-

zation have been reported (Olzmann and

Carvalho, 2019).

In a series of papers published in the

last years, LDs emerged as crucial partic-

ipants of the enterovirus life cycle. It has

been demonstrated that LDs provide the

bulk of cholesterol required to maintain

the cholesterol-rich environment of the

ROs of several rhinoviruses (Roulin et al.,

2014). It was also found that the phospho-

lipid synthesis activated upon poliovirus
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and rhinovirus infection is mostly sus-

tained by FAs released from LDs through

LD-associated lipases, including hor-

mone-sensitive lipase (HSL) (Viktorova

et al., 2018; Roulin et al., 2014). Further-

more, electron microscopic analysis of

rhinovirus-infected cells (Roulin et al.,

2014) and whole-cell tomography of cox-

sackievirus-infected cells (Melia et al.,

2019) revealed that ROs form contact

sites and develop in close association

with LDs.

The work by Laufman and colleagues in

large part confirms and significantly ex-

tends these findings. By quantitative anal-

ysis of microscopy images, they demon-

strated clustering of LDs upon poliovirus

infection. LDs were found to often form

membranecontact siteswith theROmem-

branes, and sometimes engage a nearby

ER membrane, likely facilitating exchange

of lipids and proteins among these struc-

tures. The authors demonstrated that

poliovirus proteins 2B, 2C, and their pre-

cursor 2BC associate with LDs, and that

both 2B and 2Cpossess amphipathic helix

(AH) domains mediating LD targeting. The

capacity of 2C to oligomerize, previously

known to be important for viral RNA repli-

cation, was responsible for clustering of

LDs (Figure 1). The development of polio-

virus infection was accompanied by

displacement of a cellular protein, TIP47,

fromthesurfaceofLDs,whichwas recapit-

ulated by ectopic expression of 2BC, and

which may contribute to the increased

accessibility of the neutral lipid core to li-

pases. Accordingly, co-immunoprecipita-

tion (coIP) experiments revealed that viral

protein 3A is engaged in interactions with

LD-associated lipases, adipose triglycer-

ide lipase (ATGL) and HSL. As 3A localizes

to ROs rather than to LDs, these
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Figure 1. Enteroviruses Engage Lipid Droplets to Support the Development of the
Replication Organelles
Lipid droplets (LDs) are formed in association with the ER membrane and support basic cellular meta-
bolism in uninfected cells. Neutral lipids are hydrolyzed by LD-associated lipases, including ATGL and
HSL. Upon enterovirus infection viral proteins 2B, 2C, and precursor 2BC associate with LDs, and olig-
omerization of 2C results in LD clustering. Viral protein 3A, localized on the membranes of replication
organelles (ROs), facilitates recruitment of lipases HSL and ATGL to LDs, likely by stimulating establish-
ment of membrane contact sites between ROs, LDs, and ER, and/or interactions with the lipases.
Increased lipase activity releases long-chain fatty acids (FAs) promoting synthesis of structural phos-
pholipids (PCs), leading to massive expansion of the membranes of ROs.
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interactions were suggested to promote

the recruitment of the lipolysis machinery

to the membrane contact sites between

LDs and ROs (van der Schaar et al.,

2016). In line with these findings, inhibitors

of ATGL or HSL activity, but not lipophagy,

prevented development of ROs and sup-

pressed viral replication. Importantly, the

key findings were replicated with other en-

teroviruses, such as enterovirus A71 and

coxsackievirus B3, indicating shared

mechanisms of LD recruitment and lipase

activation, which can be targeted for the

development ofbroad-spectrumantivirals.

This fundamental work highlights the in-

genuity of enteroviruses and their ability to

profoundly manipulate cellular meta-

bolism. Additionally, it raises many ques-

tions and opens perspectives for

research. Many cellular LD metabolism

proteins cycle on and off the LDs upon

different stimuli, and their recruitment is

often also attributed to the AH domains,

which may sense changes in lipid pack-

aging at the surface of LDs. The AH in

2C belongs to the apolipoprotein class

of AHs and strongly resembles that in

NS5A in hepatitis C virus (HCV), which is

also involved in associating with LDs,
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whereas that in 2B groups to the lytic

polypeptide class of AHs, implying

different modes of interactions with LDs.

It is also not clear if 2B and 2C are re-

cruited simultaneously to the same LD,

or if they may be acting sequentially,

thus promoting the transition of LDs

from a quiescent to activated state.

Furthermore, high-resolution microscopy

is needed to distinguish if 2B and 2C

localize at the LD phospholipid monolayer

or at ER(-derived) membranes that sur-

round the LDs, as has been observed for

a subpopulation of HCV NS5A (Lee

et al., 2019).

The observation that 3A interacts with

ATGL and HSL is intriguing. This finding

implies that 3A has a central role in the for-

mation of membrane contact sites not

only between ROs and the Golgi (van

der Schaar et al., 2016), but also between

ROs, LDs, and ER. How 3A interacts with

ATGL and HSL is unclear. These lipases

co-precipitated with ectopically ex-

pressed 3A, but no evidence for a direct

interaction has yet been presented. This

small viral protein interacts with several

cellular partners, including GBF1, a gua-

nine nucleotide exchange factor for small
9

GTPAses Arf, containing a lipid-binding

domain that can mediate association

with LDs. Hence, it cannot be excluded

that 3A indirectly pulled down lipase-con-

taining LDs through an interaction with

GBF1. More insight into the nature of the

interaction of 3A with LD-associated pro-

teins is awaited.

Enterovirus proteins 2B, 2C, and 3A

have been implicated in several mem-

brane-modifying processes and to

interact with multiple host factors.

The identification of their role in LD

recruitment by Laufman and colleagues

underscores the multi-functionality of

enterovirus proteins and stimulates re-

evaluation of the prevalent view that all

viral proteins are more or less present at

the same time at the same place, due to

their polyprotein-based expression strat-

egy. Clearly, the viral proteins associated

with LDs represent a distinct population,

raising a question of how they are deliv-

ered to LDs. One possibility is the engage-

ment of an existing GBF1/Arf controlled

cellular pathway of recruitment of some

proteins to LDs. Viral protein 3A specif-

ically recruits GBF1 to ROs, thus

providing the possibility to organize local

trafficking and LD targeting of viral pro-

teins (van der Schaar et al., 2016). Viral

exploitation of this pathway has been

observed in Dengue virus-infected cells,

where structural proteins are delivered to

LDs in a GBF1-dependent manner (Igle-

sias et al., 2015). However, since individu-

ally expressed viral proteins could target

to LDs, a passive lateral diffusion in ER

or RO membranes juxtaposed to LDs

cannot be excluded, similar to the mech-

anism proposed for LD-associated repli-

cation and assembly complexes of HCV

(Lee et al., 2019). Still, the data with

expression of individual proteins should

be interpreted with caution because

such systems do not recapitulate all the

complexity of the changes of the mem-

brane organization in infected cells.

It has long been assumed that ROs are

mandatory for viral genome replication.

However, recent data demonstrate that

inhibition of the structural development

of enterovirus ROs does not significantly

affect the first cycle of replication (Melia

et al., 2017; Viktorova et al., 2018). In

contrast, Laufman and colleagues

observed that inhibition of lipases not

only strongly interfered with RO formation

but also reduced virus replication. These



Cell Host & Microbe

Previews
different results may reflect the specifics

of the experimental systems used.

Furthermore, they suggest that during

infection in a natural host, enteroviruses

may demonstrate different sensitivity to

manipulation of membrane metabolism

in different cell types and/or under

different conditions, which may have

important implications for therapeutic ap-

proaches. The dependence on LD meta-

bolism seems to be an evolutionarily

conserved feature of diverse RNA viruses.

Picornaviruses, flaviviruses, and even

double-stranded RNA rotaviruses, a

group of important enteric pathogens,

depend on them for one or another step

in their life cycle (Cheung et al., 2010; Igle-

sias et al., 2015; Laufman et al., 2019; Lee

et al., 2019; Melia et al., 2019; Viktorova

et al., 2018). Thus, understanding the

mechanism of LD functioning in normal

and infected cells may open unexpected

perspectives to control diverse viral path-

ogens by broad-range antiviral therapy,

and the work by Laufman and colleagues

is an important step in this direction.
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In this issue of Cell Host & Microbe
HIV-1 capsid oligomers. In an accom
determine how the capsid engages

The HIV-1 capsid undergoes a number of

transformative changes during the viral

replicative cycle. The infectious form, a

fullerene cone produced following a pro-

cess of metamorphosis inside budded vi-

rions, is perhaps one of the most iconic of

viral structures (Ganser et al., 1999). It is

assembled from a single viral protein.
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structures can be formed both in vitro

and in virio, including partial cones,

spheres, and tubes; but control of this

morphology and its importance is still

largely unclear.
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