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Abstract

Cytoplasmic lipid droplets are important organelles in nearly every
eukaryotic and some prokaryotic cells. Storing and providing
energy is their main function, but they do not work in isolation.
They respond to stimuli initiated either on the cell surface or in
the cytoplasm as conditions change. Cellular stresses such as star-
vation and invasion are internal insults that evoke changes in
droplet metabolism and dynamics. This review will first outline
lipid droplet assembly and then discuss how droplets respond to
stress and in particular nutrient starvation. Finally, the role of
droplets in viral and microbial invasion will be presented, where
an unresolved issue is whether changes in droplet abundance
promote the invader, defend the host, to try to do both. The chal-
lenges of stress and infection are often accompanied by changes in
physical contacts between droplets and other organelles. How
these changes may result in improving cellular physiology, an
ongoing focus in the field, is discussed.
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Introduction

Cytoplasmic lipid droplets are components of virtually all eukary-

otic and some prokaryotic cells (Waltermann et al, 2005; Fuji-

moto & Ohsaki, 2006). They are efficient (high calories per gram

ratio) depots of energy that can be released as required, either

for the hosting cell or the organism at large. The neutral lipids

stored in droplets can also contain precursors of more complex

molecules such as sphingolipids, signaling molecules (e.g., eicosa-

noids), and hormones (retinoic acid and steroids). While the

control of storage and release of fatty acids from triacylglycerols

have been well studied, the corresponding importance of the

stored component of signaling molecules and lipophilic hormones

is largely unknown.

Droplet neutral lipids are enveloped by a phospholipid mono-

layer into which is embedded proteins. Many of these are unique

to the droplet compartment (Yang et al, 2012). The perilipins in

animals and fungi, and the oleosins in plants, provide physical

stability to the droplet and a barrier to adventitious lipolysis

(Schmidt & Herman, 2008; Gao et al, 2017; Sztalryd & Brasaemle,

2017). Enzymes of neutral lipid synthesis and hydrolysis also

reside on droplets and can be modulated by perilipins (Sztalryd &

Brasaemle, 2017). Organelle trafficking molecules, particularly Rab

proteins, are also droplet components, the functions of which at

the droplet surface have begun to be understood (Li et al, 2017).

Recent theoretical and physical studies indicate that the droplet

surface may be unique in providing a more hydrophobic environ-

ment than that of a normal phospholipid bilayer (Thiam et al,

2013; Kory et al, 2016). This may explain the dependence of viral

assembly [for hepatitis C, dengue, and rotaviruses, among others

(Herker & Ott, 2012), and see below] and the storage of particular

proteins [such as insect histones (Welte & Gould, 2017)] at this

site.

Much has been learned about the function of droplets as energy

storage organelles, their most important function. However,

droplets are emerging as intermediaries in, or platforms for, more

complex cell biological functions. There are several excellent

recent reviews that discuss the multiplicity of known droplet func-

tions (Barbosa & Siniossoglou, 2017; Gluchowski et al, 2017;

Roingeard & Melo, 2017; Welte & Gould, 2017). Here, we focus on

the role of droplets in cell stress and related challenges, including

starvation, infection, and the immune response. Their roles in

cancer and liver steatosis have been recently covered elsewhere in

comprehensive reviews (Gluchowski et al, 2017; Tirinato et al,

2017). The lipid droplet can be an indicator, a vehicle, and a facili-

tator for stress responses. Droplets are attuned to and respond to

starvation, the unfolded protein response, and oxidative stress.

They are the vehicle of choice for viral assembly, but, in an ironic

twist, they also signal the cell to mount immune responses. Before

we cover these behaviors in more detail, we present an outline of

droplet assembly.

Steps in droplet assembly

The state of knowledge of droplet assembly is addressed in a

comprehensive recent review (Walther et al, 2017). This following

section outlines the process, adding a few hypothetical details
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regarding the nature of the ER–droplet interface and the notion of

droplet release. The steps outlined below correspond to the diagram

illustrated as in Fig 1.

1) Lens formation – Terminal enzymes in neutral lipid synthesis

reside largely in the ER. Newly generated neutral lipid molecules are

presumed to be deposited among the acyl chains of the lipid bilayer,

sequestered from the polar head groups of phospholipids. As their

concentration increases, molecules of neutral lipid, laterally dif-

fusing, coalesce to form a lens, the energy cost for interaction with

each other is less than their interaction with phospholipid acyl

chains (Thiam & Foret, 2016). Such lenses, hypothetical for many

years, have been observed recently in yeast by electron microscopy

following a brief induction of droplet formation (Choudhary et al,

2015). At some point in the growth of the lens, fluorescent probes of

neutral lipid such as BODIPY 493/503 or Nile Red can visualize

these neutral lipid accumulations as diffraction-limited punctae,

although their sensitivity—the number of triacylglycerol molecules

at their detection limits—has not been determined. However, before

puncta representing nascent droplets are detectable by fluorescent

dyes, they can be revealed with specific fluorescently conjugated

proteins or peptides. In animal cells, these include a fluorescently

tagged-amphipathic helix derived from GPAT4, termed LiveDrop

(Wang et al, 2016) and a fusion product, termed HPos, consisting of

the hydrophobic domain of associated with lipid droplet protein 1

(ALDI) and the droplet targeting signal of caveolin-1 (Kassan et al,

2013). Similarly, the perilipin Pln1p (formerly Pet10p) can often be

visualized at punctae before they stain with BODIPY (Gao et al,

2017).

2) Nascent droplet stabilization – In wild-type Drosophila S2 cells

subjected to oleic acid, new LiveDrop punctae quickly appeared and

within a few minutes became visible with BODIPY, indicating

growth (Wang et al, 2016). These BODIPY-stained particles were

relatively immobile. Without seipin, which is required for adipo-

genesis and normal droplet morphology (Cartwright & Goodman,

2012), however, the small LiveDrop particles usually failed to stain

with BODIPY and were mobile (Wang et al, 2016). This elegant

experiment suggests that seipin stabilizes the nascent droplets and

permits them to mature. How seipin performs this activity early in

the droplet life cycle is still uncertain. It is known to regulate protein

and lipid trafficking into the droplet (see below). We propose that
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Figure 1. Steps in lipid droplet assembly.
See text for details. Both seipin, involved in nascent droplet stability, and perilipin(s), which can deformmembranes, have been shown to bind early in the pathway, and they
may not bind in the order indicated. Maturation of junctions is considered irreversible, while both droplet release and rebinding have been postulated.
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seipin also destabilizes the ER lipid bilayer to allow a growing lens

to deform it.

3) Vectorial membrane deformation – Lipid droplets bud toward

the cytosol. The control of this vectorial budding is not fully under-

stood although recent progress has been made. Both phospholipids

and proteins are involved. The shape and packing of phospholipids

at the ER outer leaflet–bud interface likely play a role. Outward

wedge-shaped lipids such as diacylglycerol (DAG) or phosphatidic

acid (PA) would be permissive for this distortion. There is mounting

evidence that both of these lipids are indeed involved in droplet

budding (Skinner et al, 2009; Adeyo et al, 2011; Grippa et al, 2015;

Han et al, 2015; Wolinski et al, 2015; Gaspar et al, 2017). Relatedly,

slight differences in surface tension between the ER leaflets are suffi-

cient to induce vectorial budding in model systems (Chorlay &

Thiam, 2018).

Proteins likely play key roles in vectorial budding, with recent

work focusing on two protein families in particular. One of them,

the ER protein FIT2, binds directly to diacylglycerol (DAG) and tria-

cylglycerol (TAG; Gross et al, 2011), and deletion of the two yeast

FIT2 orthologs Yft2p and Scs3p results in a failure of droplets to

emerge from the ER (Choudhary et al, 2015). FIT2 has weak PA

activity that is tied to its function (Hayes et al, 2017). Perilipins,

especially mammalian Plin3 and yeast Pln1p, bind early to nascent

droplets from the cytosol, and their abundance makes them good

candidates for the membrane deformation that must accompany

budding (Skinner et al, 2009; Gao et al, 2017). This idea is

supported by the ability of purified Plin3 to deform bilayers (Bulank-

ina et al, 2009).

Proteins that control ER shape play an important role in droplet

budding. The reticulons, REEP proteins, and atlastins, which

promote tubular ER morphology and connections (Voeltz et al,

2006; Hu et al, 2009; Shibata et al, 2010), are important for normal

droplet morphology. Loss of function of atlastin led to smaller lipid

droplets and less TAG, while overexpression results in large droplets

(Klemm et al, 2013). Relatedly, a REEP1 null mouse displays a

partial lipodystrophy reminiscent of the absence of seipin (Renvoise

et al, 2016). This work also showed co-precipitation of REEP1 and

seipin, reinforcing the idea that manipulation of ER dynamics may

be essential to appropriate droplet budding. However, knockdown

of reticulon-1C resulted in accumulation of lipid droplets; this may

be secondary to disturbed communication between ER and mito-

chondria (Reali et al, 2015).

4) Droplet growth – As the nascent droplet grows, the core of

neutral lipid becomes largely surrounded by phospholipids from the

ER outer leaflet. The surface area of the ER outer leaflet thus

expands, and it is unclear how the cell accommodates this increase.

Relevant questions include the following two: Is there an increase in

total ER phospholipids? Is there an increase in flippase activity

between the leaflets, and is there local synthesis of new phospho-

lipids at the developing ER/droplet junction? To our knowledge,

there have been no studies of the localization or recruitment of

phospholipid-terminal enzymes on the ER during active droplet

formation. However, in insect cells the rate-limiting initial enzyme

in PC synthesis, CTP: phosphocholine cytidylyltransferase (CTT),

associates with growing droplets from the nucleus (Krahmer et al,

2011). This association may promote PC formation at the droplet

bud site not by recruitment of the terminal enzyme but by providing

a pipeline of substrate to the enzyme localized nearby. Interestingly,

the enzyme targets instead to the ER in mammalian cells, perhaps

reflecting a different ratio of phospholipids in the droplet monolay-

ers of the two cell types attracting the enzyme (Aitchison et al,

2015).

The extrusion of neutral lipid from the ER into the bud does not

typically result in total sequestration of neutral lipid away from the

ER bilayer. If newly synthesized droplet proteins are diverted to the

ER lumen instead of the cytosol, they still are able to target to

droplets (Mishra et al, 2016). The simplest interpretation of this

result is that the luminal ER surface apposed to the droplet is still

bathed in neutral lipid that is continuous with the corresponding

droplet and as such is recognized by droplet proteins. Other possible

topologies, such as extended phospholipid bilayer necks connecting

droplets to the outer ER leaflet, would not be compatible with these

data. The result may indicate that much of the droplet surface

normally faces the lumen. While maintaining a close relationship

with the ER has been a hallmark of droplets since early studies

(Blanchette-Mackie et al, 1995), the extent to which the surface of

an attached droplet is exposed normally to the ER lumen is not

known; it may be different depending upon metabolic state and cell

type.

Growth of nascent lipid droplets in yeast is accompanied by

recruitment of the neutral lipid terminal enzymes Dga1p to the

droplet surface from the ER (Jacquier et al, 2011). However, in fly

and mammalian cells, a subset of droplets expand (“eLDs”) while

others stay small (“iLDs”; Wilfling et al, 2013). The reason for

maintaining a pool of small droplets is still unclear, but may reflect

functional differences, as small droplets in flies accumulate the peri-

lipin LSD2 and are enriched near the cell periphery in the fat body,

the adipose tissue of insects (Bi et al, 2012). As in yeast, these eLDs

contain enzymes of neutral lipid synthesis, notably GPAT4 and

DGAT2. The factors or forces that direct these enzymes to the eLDs

and not the iLDs are not clear, but hydrophobic hairpins in their

structures are targeting motifs that likely are retained by the unique

environment of the droplet phospholipid monolayer (Kory et al,

2016).

Droplets are often seen to be connected at the end of ER tubules,

termed ER/droplet bridges (Wilfling et al, 2014). The transfer of

GPAT4 from ER to droplets has been seen to occur through such

structures (Wilfling et al, 2013). The origin of bridges is not clear.

They may form by elongation of the region between ER and the

initial droplet bud (perhaps such droplets would not be accessible to

luminally expressed perilipins), or simply represent a new droplet

that forms at the tip of an ER tubule, the tip becoming the “bridge”.

Bridges have also been hypothesized to represent re-attachment of a

droplet to the ER following an increase in droplet surface tension as

a result of nano-droplet release by COPI from an existing isolated

droplet (Wilfling et al, 2014).

5a) Formation of an extended ER/droplet junction – Lipid droplets

are typically seen closely associated with the ER over a significant

fraction of their surface (Blanchette-Mackie et al, 1995). Junctions

of considerable length (150 nm in human A431 cells, ~1 lm in

Drosophila S2 cells) and electron density have been observed,

suggesting a robust communication link between the two organelles

(Wilfling et al, 2013; Salo et al, 2016). Several proteins have been

identified at ER/droplet junctions, including seipin (Szymanski et al,

2007; Fei et al, 2008; Salo et al, 2016), the acyl-CoA synthetase

FATP1 (Xu et al, 2012), and Rab18 and the associated NRZ tethering
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complex (Xu et al, 2018). While the junction can give the impres-

sion of an intact droplet lying on the surface of the ER, we hypothe-

size multiple fenestrations in the ER, through which neutral lipids,

phospholipids, and proteins can flow from the ER to the droplet, as

shown in Fig 1 panel 5A. This notion is consistent with seipin, an

ER protein which transports substrates in this direction, existing at

many points at the junction (Fei et al, 2008; Salo et al, 2016).

5b) Droplet release? In most models of lipid droplet maturation,

droplets are shown to separate from the ER. Evidence for droplet

release is strongest in mammary tissue, where cytoplasmic lipid

droplets are released from cells as milk fat globules, enveloped

by apical plasma membrane of the mammary epithelial cells

(McManaman, 2014). Although important proteins for the interac-

tion of plasma membrane and droplet have been identified—Plin2,

butyrophilin, and xanthine dehydrogenase (McManaman, 2009)—

how these bring about globule secretion is still unclear. The stage at

which the ER is separated from the droplet in mammary epithelia,

whether early in secretion or as it is enveloped by plasma

membrane, is unknown. In the developing Drosophila oocyte, lipid

droplets move from nurse cells into the oocyte by cytoplasmic

streaming, and later, in the early embryo, they undergo bidirectional

migrations between yolk and apical surface, catalyzed by motors on

microtubules (Welte, 2015). These processes may occur independent

of the ER, but this has not been formally shown. In Drosophila S2

cells, depletion of a COPI constituent, bCOP, resulted in lack of traf-

ficking of GPAT4 to droplets (Wilfling et al, 2014). Addition back of

this protein subsequent to fusion of the cell with one containing

intact COPI resulted in repopulating droplets with GPAT4 through

the bridges discussed above. The authors concluded that COPI (and

ARF) were necessary to reattach droplets to the ER upon depleting

phospholipids from dis-attached droplets (Wilfling et al, 2014).

Although there was much supporting evidence for this hypothesis

from elegant model systems, the absence of COPI could prevent traf-

ficking of ER proteins to droplets by more indirect means, such as

depletion of critical trafficking factors. We have failed to observe this

process in the yeast system (Cartwright et al, 2015 and unpublished

data); 85% of droplets in COS-7 cells were clearly localized with the

ER, suggesting that a small number of droplets were indeed unteth-

ered from its organelle of origin (Valm et al, 2017). Nevertheless, the

field still lacks convincing evidence that droplets regularly separate

from the ER in metazoan cells. The alternative is that droplets

remain connected to membranes, sometimes marking a highly

specialized region of the ER, or, under some conditions discussed

next, ER junctions with other organelles.

Lipid droplets in cellular stress responses

Cells constantly sense and respond to external stresses. Cellular

adaptations to stress are often manifested in metabolic remodeling,

and one of the most universally observed adaptations is the

increased production of lipid droplets. Recent studies are revealing

why: Droplets serve a multi-faceted role as nutrient reservoirs, as

cytoplasmic chaperones for toxic proteins and lipids, and as signal-

ing platforms for immune response pathways. Not surprisingly,

cancer cells have recently been observed to take advantage of the

many benefits droplets provide, implicating droplet homeostasis in

cancer onset and progression. In this section, we dissect the many

ways that lipid droplets contribute to adaptive stress responses and

cell survival.

Lipid droplets as nutrient reservoirs

As a major organelle for energy storage, droplets are closely linked

to the metabolic adaptations that cells initiate when responding to

changes in nutrient availability. In fact, their role as nutrient reser-

voirs may represent the most ancient function of droplets, as even

simple eukaryotes such as budding yeast use droplets to survive in

nutrient-poor environments. This is exemplified by the observation

that yeast grown in nutrient-rich media exhibit high phospholipid

production and rapid cell growth, and correspondingly low levels of

neutral lipids and droplets (Fig 2A; Radulovic et al, 2013; Markgraf

et al, 2014). As nutrients such as amino acids and sugars become

exhausted, yeast sense this imminent starvation and decrease their

phospholipid production, shunting precursor lipids such as sterols

and DAG into the synthesis of TAG and sterol esters at the ER,

which are ultimately packaged into droplets that bud from this orga-

nelle. This transition phase is defined as the diauxic shift, the phase

of growth where yeast shift from fermentation to respiration, and

corresponds to a burst of LD biogenesis that will promote cell

survival in the ongoing nutrient-poor environment (Wang et al,

2014; Barbosa et al, 2015). Consistent with this, droplet-deficient

yeast are less capable of long-term growth in nutrient-deficient

media (Seo et al, 2017).

Lipid droplets and neutral lipids in “sensing” and responding

to starvation

How is nutritional stress sensed, and the decision to create droplets

made by cells? Emerging evidence suggests that droplets and the

precursor lipids used to make TAG play key roles in both sensing and

responding to nutritional stresses. In fact, both DAG and its direct

precursor PA function as signaling lipids, the levels of which quickly

change in response to nutritional demands. In yeast, this is regulated

through Opi1p, a PA-binding transcription factor and master regulator

of inositol metabolism. In rapidly growing yeast, phosphoinositide

metabolism and phospholipid production are highly active. However,

this sustained growth is dependent upon the availability of exogenous

inositol, which is required for the production of phosphatidyl inosi-

tides from the precursor PA. If cells are starved of inositol, the PA

concentration in the ER rises, with a fraction converted into DAG and

subsequently to TAG, which is then stored in lipid droplets. The ER-

localized PA, along with the ER protein Scs2p, sequesters Opi1p at

the membrane. This prohibits Opi1p from translocating into the

nucleus and silencing genes required for de novo inositol synthesis

(Carman & Zeimetz, 1996; Loewen et al, 2004). In a remarkable

switch, when exogenous inositol is added, PA is rapidly consumed

from the ER surface to make phospholipids, Opi1p is released from

the ER, and it enters the nucleus to repress key inositol synthesis

genes. Thus, the new flood of exogenous inositol drives membrane

biosynthesis, and DAG is shunted away from TAG and droplet

production to phospholipid and membrane biogenesis via the CDP-

DAG pathway (Han et al, 2008). Neutral lipids and PA in particular

therefore serve as important signaling factors modulating cell growth,

with droplets serving as lipid storage organelles when general

biomembrane production is low.

Beyond its role in transcriptional regulation, PA itself also serves

as a physico-chemical “pH sensor” that signals starvation stress to
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various stress–response pathways. Indeed, glucose-starved yeast

exhibit a significant drop in cytoplasmic pH from ~7 to ~6 (Martinez-

Munoz & Kane, 2008). At this lower pH, the electrostatic charge of the

monoester PA headgroup favors �1 rather than �2, thereby reducing

its affinity for PA-effector proteins, allowing them to relocalize from

the ER to other cellular sub-regions to drive stress responses (Young

et al, 2010; Barbosa et al, 2015). Indeed, droplet production is up-

regulated as part of this general metabolic remodeling. Consistent
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Figure 2. Lipid droplet behaviors.
Schematic cartoons of droplets in yeast in ambient growth (A) and under various stresses including ER stress induced by protein mis-folding or toxic lipid accumulation (B),
and nutrient stress induced by the onset of glucose starvation (C). Long-term nutrient deprivation can also promote vacuolar micro-autophagy (lipophagy) of lipid
droplets (D).
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with this, experimentally lowering the cytoplasmic pH is sufficient to

drive droplet biogenesis (Gubern et al, 2009).

Lipid droplets in starvation stress response in metazoa

Following their production, droplets serve important pro-survival

roles in fasting and long-term starvation in both insects and

mammals. As a consequence, droplet dynamics are tightly regulated

by the metabolic status of the organism. Amino acid starvation, or

treatment with the mTOR inhibitor rapamycin, suppresses TORC

signaling and stimulates TAG synthesis and droplet production

across eukaryotes, being observed in yeast as well as in both Droso-

phila and cultured mammalian cells (Dubots et al, 2014). Indeed,

the increased TAG observed from treating Drosophila flies with

rapamycin can be subsequently mobilized if these flies are starved,

and blocking this initial droplet biogenesis causes extreme starva-

tion sensitivity in Drosophila (Bjedov et al, 2010). Similarly,

mammalian cells exhibit a burst of droplet biogenesis in the hours

following the removal of amino acids from their culture media

(Nguyen et al, 2017). Thus, droplet production following the initial

phases of starvation represents a highly conserved metabolic

program to survive the unknowns of a nutrient-poor future.

From where do the lipids used to make these starvation-induced

droplets come? At least one source appears to be macro-autophagy,

which is stimulated in response to the reduced TORC signaling

following nutrient deprivation. Indeed, autophagy represents a

nearly universal cellular stress response, and the raw lipid metabo-

lites that are generated in autolysosomes appear to directly contri-

bute to droplet production (Rambold et al, 2015; Nguyen et al,

2017).

Spatial organization of lipid droplet sub-populations in the

starvation response

Although an increase in droplet biogenesis following starvation-

induced autophagy in mammalian cells has been observed, the

emerging picture in yeast is less clear. In yeast, starvation-induced

droplet production appears to precede large-scale autophagy (van

Zutphen et al, 2014; Seo et al, 2017). Indeed, yeast cells exhibit a

blooming of droplets shortly following initial starvation. Surpris-

ingly, this starvation-induced droplet production is highly spatially

organized such that droplets are quickly observed clustered around

the yeast ER–vacuole inter-organelle contact site, called the nuclear

ER–vacuole junction (NVJ; Barbosa et al, 2015; Hariri et al, 2018;

Fig 2C). The NVJ-tethering protein Mdm1p appears to play a critical

role in this droplet accumulation, as its overexpression is sufficient

to drive NVJ-associated droplet clustering even under exponential

growth conditions (Henne et al, 2015; Hariri et al, 2018). Indeed,

Mdm1p was sufficient to cluster droplets at ER–vacuole contacts

even in yeast devoid of other NVJ tethers, indicating that Mdm1p

functions in droplet dynamics at the NVJ. Following their produc-

tion, these NVJ-associated droplets will gradually be absorbed into

the yeast vacuole in a specialized form of micro-autophagy known

as lipophagy (Fig 2D). This process is required for long-term

survival during prolonged starvation, and it utilizes sterol-enriched

liquid-ordered domains on the vacuolar surface as sites for these

micro-autophagy events (Toulmay & Prinz, 2013; Wang et al, 2014;

Fig 2D). These observations in yeast suggest that droplets serve as a

major nutrient reservoir for cells facing long-term subsistence in a

nutrient-poor environment.

Several studies indicate that specific droplet sub-populations

with unique protein compositions exist within a single cell, suggest-

ing they play specific roles in cellular metabolism. The NVJ-

associated droplet sub-population is decorated with Pdr16p, a lipid

transfer protein and Sec14p homolog, implying a role for these

droplets in lipid trafficking. Recent studies also define proteins

required for targeting Pdr16p to these droplets. Ldo45p and Ldo16p

are two protein products of a unique intergenic splicing event and

encode ancillary subunits of the seipin protein complex (Eisenberg-

Bord et al, 2018; Teixeira et al, 2018). Intriguingly, Ldo45p is

required for targeting Pdr16p to droplets. Similar to the NVJ tether

Mdm1p, overexpression of Ldo45p also is sufficient to cluster

droplets at the NVJ, indicating that it controls aspects of both

droplet composition and spatial distribution (Fig 3). Similarly, loss

of Ldo16p reduces the number of droplets clustered at the NVJ in

stationary phase. Consistent with this, both Ldo45p and Ldo16p are

highly expressed in yeast undergoing exponential growth, but only

Ldo16p expression is maintained in stationary phase, implying a

role for the latter in stationary-phase droplet dynamics and vacuolar

turnover (Teixeira et al, 2018). Collectively, these studies suggest

the spatial distribution of droplets is highly dependent on the meta-

bolic status of the cell, as yeast entering stationary phase exhibit a

significant accumulation of NVJ-associated droplets that associate

with the NVJ tether Mdm1p (Hariri et al, 2018).

Further studies are needed to elucidate the specific spatial and

temporal events that govern droplet accumulation at the NVJ. Are

all NVJ-associated droplets made at the NVJ, or do some migrate

there from elsewhere in the ER network where they are produced?

Furthermore, what are the roles of these droplets beyond their even-

tual digestion in vacuolar lipophagy, and why are they enriched

with lipid transfer proteins like Pdr16p? One intriguing possibility is

that they may donate lipids such as sterol to the vacuole that aid in

the metabolic remodeling the vacuole must undergo in stationary

phase. Finally, do droplets also cluster at ER–lysosome contacts in

metazoan cells as they do in yeast? Several NVJ tethers including

Nvj1p are not conserved in metazoans, but Mdm1p exhibits clear

homologs in mammals. Consistent with this, Mdm1 homolog

SNX14, which is associated with pediatric cerebellar ataxia, was

recently shown to associate with droplets formed in oleate-treated

mammalian cells, suggesting a conserved role for this protein in

droplet dynamics (Bryant et al, 2018).

Lipid droplets in membrane and protein quality control

In addition to serving as nutrient reservoirs during starvation,

droplets also function as storage sites for otherwise-toxic lipids

and proteins that accumulate during metabolic stresses. Mamma-

lian cells undergoing active macro-autophagy accumulate mito-

chondrially derived toxic lipids such as acylcarnitine, which

droplets sequester to prevent lipotoxicity and subsequent apopto-

sis (Nguyen et al, 2017). Indeed, both yeast and mammalian cells

with defects in droplet biogenesis are sensitive to fatty acid (FA)-

induced lipotoxicity, indicating that the conversion of FAs to TAG

in droplets is generally protective (Fig 2B; Listenberger et al,

2003; Petschnigg et al, 2009). Similarly, yeast with defects in

pathways of phospholipid synthesis up-regulate droplet biogenesis

as a mechanism to control their lipid synthesis at the ER and

thus better maintain cellular lipid homeostasis (Vevea et al,

2015).
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A second way droplets function in protein quality control is by

regulating another major protein quality control pathway: autop-

hagy. Specifically droplets can serve as direct lipid donors in the

formation of autophagosomes and have been suggested to directly

contribute lipids for the formation of Atg8p-positive autophagic

compartments (Shpilka et al, 2015). Consistent with this idea, yeast

unable to produce droplets are viable, but display significant defects

in macro-autophagy and accumulate aberrant Atg8p foci in their

cytoplasm (Velazquez et al, 2016).

More recently, droplets have been proposed to function in

protein quality control a third way: as cytoplasmic chaperones that

prevent toxicity associated with protein mis-folding. In fact, mis-

folded proteins have also been directly observed to accumulate in

the droplets of yeast cells exposed to proteotoxic heat stress, a major

driver of protein mis-folding (Fig 2B; Moldavski et al, 2015). Here,

droplets are thought to function similar to inclusion bodies of

prokaryotes, and these are ultimately turned over. In mammalian

cells, proteins such as apolipoprotein B (apoB) are targeted to

droplets for proteasomal degradation. In this case, they are thought

to serve as a reservoir for hydrophobic proteins destined for protea-

somal breakdown, which may also form toxic aggregates in the ER

before they can be digested (Ohsaki et al, 2006).

Lipid droplets in ER homeostasis

As droplets bud from the ER, they represent a convenient sequestra-

tion for otherwise-toxic lipids and proteins within the ER network.

Not surprisingly, the unfolded protein response (UPR), a major

stress response pathway, is intimately connected with droplet

production. In fact, cells with active UPR response such as hepato-

cytes manifest active droplet budding when UPR is active (Chen

et al, 2017). As mentioned above, droplets likely serve as cellular

chaperones for mis-folded proteins produced in the ER, providing a

convenient organelle for storing otherwise-toxic proteins and lipids.

Consistent with this, mice up-regulate UPR signaling and droplet

production in their liver and adipose tissues during nutritional

stresses when ER homeostasis is challenged.
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Figure 3. Lipid droplet interactome with other organelles.
Droplets form contacts with numerous other organelles, including the endoplasmic reticulum (ER) via the protein seipin (red). Mitochondria–droplet contacts promote the
transfer of fatty acids (FA) for b-oxidation in mitochondria, and these contacts may be stabilized by perilipin 5 (Plin5, green). Similarly, in yeast peroxisome–droplet contacts are
sites of FA transfer. Also in yeast, nuclear ER–vacuole junctions (NVJ) are sites of droplet budding. NVJ contact sites are maintained by the tethering proteins Nvj1p (green)
and Vac8p (purple). NVJ-associated droplets co-localize with the NVJ tether Mdm1 (black), and the droplets are decorated with specific proteins including Prd16p (pink) and
Ldo45p/16p (aqua). The PA phosphatase Pah1p (orange), which generates DAG from PA, is enriched at the NVJ periphery during the diauxic shift. NVJ-derived droplets may be
eventually digested via lipophagy at sterol-rich microdomains at the vacuole surface in an ATG14-dependent (gray) manner.
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Several secreted hormones have also been identified that aid in

mammalian metabolic adaptations to stress. In fasting mice, the

liver senses a decrease in blood circulating nutrients and secretes

hormones such as fibroblast growth factor-21 (Fgf21) to promote

droplet mobilization in neighboring adipose tissues (Potthoff et al,

2009). Fgf21 production is regulated by the XBP1 branch of the UPR

pathway and thus directly links cellular stress response at the ER to

organismal-level adaptations for nutritional stress (Jiang et al,

2014).

Lipid droplets in inter-organelle crosstalk

In addition to their roles as storage reservoirs for lipids and proteins,

droplets also directly contact and communicate with other orga-

nelles. Their network of organelle interactions places droplets at the

crossroads of numerous important metabolic pathways that drive

stress response. The most obvious droplet contact is with its mother

organelle, the ER. ER–droplet junctions are maintained by the

protein seipin (Sei1p in yeast) and control both droplet lipid and

protein composition (Fei et al, 2011; Grippa et al, 2015; Salo et al,

2016). During fasting, mitochondria require fatty acids as an energy

source and tap into fatty acid-rich lipids such as TAG to maintain

their homeostasis and ATP production via b-oxidation. Numerous

studies indicate that starvation-induced droplets are a major source

of these energy-rich lipids. Using fluorescently tagged FAs, Rambold

et al (2015) detected the net movement of FAs from droplets to

mitochondria over the course of sustained starvation. Indeed, peri-

lipin 5 (Plin5) appears to play a key role in creating droplet–mito-

chondrial junctions and in the exchange of fatty acids (Wang et al,

2011). While yeast perform b-oxidation only in peroxisomes, the

situation appears to parallel metazoan mitochondrial b-oxidation, as
clear droplet–peroxisome contact sites have been observed in yeast

undergoing stationary-phase growth (Binns et al, 2006). To date, no

droplet–peroxisomal tethers have been identified. Finally, as

mentioned above, droplets accumulate at ER–vacuole/lysosome

interfaces, forming a tri-organelle junction with proteins such as

Mdm1p that coordinate droplet biogenesis with eventual turnover in

lipophagy (Hariri et al, 2018).

Lipid droplets and infectious disease

Hijacking of lipid droplets by intracellular pathogens

Intracellular pathogens are polyauxotrophs and thus dependent on a

number of host nutrient resources for growth and replication. It is

therefore perhaps unsurprising that droplets, as concentrated

sources of lipids and cholesterol, can be hijacked by intracellular

pathogens. In fact, it appears that the majority of intracellular infec-

tious agents, be they viral, bacterial, or protozoan, rely on host

droplets for some portion of their life cycle (Table 1). For instance,

both the bacteria Chlamydia (Cocchiaro et al, 2008) and the proto-

zoan parasite Toxoplasma (Hu et al, 2017; Nolan et al, 2017) appear

to salvage lipids by trafficking host cell droplets to the vacuolar

spaces in which the pathogens replicate. Furthermore, Toxoplasma

actively induces an increase in DGAT catalytic activity, ensuring a

large supply of TAG droplets (Hu et al, 2017). In addition to provid-

ing essential lipid metabolites, these droplets also shuttle other

essential biomaterials to intracellular pathogens. For example,

Mycobacterium tuberculosis induces trafficking of host droplets to

the phagosomes containing replicating bacteria in infected macro-

phages, and these droplets function to concentrate and deliver cellu-

lar iron via lipophilic siderophores that are secreted by the bacteria

(Luo et al, 2005).

Enveloped viruses use host membranes as platforms for their

replication and structural organization, as well as an ample of

source lipids. For example, dengue (Samsa et al, 2009), hepatitis C

(Romero-Brey et al, 2012), poliovirus (Suhy et al, 2000), and

Table 1. Pathogens that are known interactors with lipid droplets.

Pathogen Interaction with droplets Effectors References

Bacteria

Chlamydia Droplets traffic to bacterial inclusion Unknown Cocchiaro et al (2008)

M. tuberculosis Droplets traffic to infected phagosome; iron acquisition via siderophores Mycobactins Luo et al (2005)

Orientia tsutsugamushi Up-regulates TAG synthesis Unknown Ogawa et al (2014)

Viruses

Hepatitis C Reduces ATGL localization on droplets; Viral assembly on droplet surface HCV core
protein

Harris et al (2011)

Dengue Induces lipophagy; C protein interacts with droplets Unknown;
Dengue C
protein

Jordan & Randall (2017),
Samsa et al (2009)

Polio Increases fatty acid import and synthesis, competes with TAG synthesis Unknown Nchoutmboube et al (2013)

Rotavirus Virus replicates at droplet contacts Unknown Cheung et al (2010)

Protozoa

Toxoplasma Droplets traffic to vacuole; infection up-regulates TAG synthesis Unknown Hu et al (2017), Nolan et al (2017)

Leishmania Transcriptional changes in genes associated with neutral lipid metabolism Unknown Lecoeur et al (2013)

Trypanosoma brucei Adipose tissue forms extracellular parasite reservoir Unknown Trindade et al (2016)

Trypanosoma cruzi Infects adipocytes, forming parasite reservoir Unknown Shoemaker et al (1970),
Ferreira et al (2011)
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rotaviruses (Crawford & Desselberger, 2016) all replicate at ER sites

in close proximity to droplets. Unsurprisingly, these interactions

alter droplet homeostasis, though the mechanisms and cellular

outcomes can vary widely, even among closely related viruses. For

instance, hepatitis C virus blocks ATGL localization to droplets, thus

inhibiting lipolysis and increasing droplet surface area to ensure its

replication (Harris et al, 2011). On the other hand, dengue infection

induces lipophagy to facilitate robust replication (Jordan & Randall,

2017). Poliovirus appears to interact with droplets in a more indirect

manner. Polioviral membranes are derived from autophagic remod-

eling of the host ER (Suhy et al, 2000), which, as noted above, are

likely regulated by interaction with droplets (Hamasaki et al, 2013;

Shpilka et al, 2015; Velázquez & Graef, 2016). In addition, polio-

virus infection increases long-chain fatty acid synthesis and import

into the host, but hijacks the increased fatty acids for creation of

its own membranes rather than deposition in host droplets

(Nchoutmboube et al, 2013).

Although there are now clear connections between droplet home-

ostasis and pathogen replication, the mechanisms by which host

droplets interact with the specialized structures that form patho-

gens’ replicative niches remain largely unknown. Pathogen survival

requires an interface with several host organelles, and these interac-

tions are driven by pathogen-derived proteins that have evolved to

manipulate fundamental host cellular processes. Elucidating the

molecular mechanisms of these organellar interactions has the

potential to shed light on droplet functions in both pathogenic and

normal contexts.

Lipid droplets as signaling platforms for regulating host responses

to infection

Given the diverse interactions between pathogens and droplets, and

the evolutionary pressure that infection represents to the host cell, it

is perhaps unsurprising that droplets are emerging as critical media-

tors of host immune response. Strikingly, Drosophila droplets were

found to sequester histones via the receptor Jabba (Li et al, 2012)

and to release them in response to bacterial infection (Anand et al,

2012). Droplets thereby mediate a direct antimicrobial response that

restricts bacterial infection in vivo. It is unclear whether this func-

tion is conserved in vertebrates, but this finding certainly raises the

possibility of additional roles for droplets in fighting pathogen

infection.

There is additional evidence linking droplet homeostasis to host

immune antimicrobial pathways. The immune-related GTPases

(IRGs) are critical components of the non-primate vertebrate cell

autonomous immune responses (Hunn et al, 2011). Intriguingly, in

cells lacking the negative regulator of this system (a protein called

IRGM), activated IRGs preferentially mistarget to droplets, resulting

in drastically increased lipophagy (Haldar et al, 2013). In fact,

human IRGM is an important regulator of autophagy and lipophagy

(Grégoire et al, 2012; Lin et al, 2016). It is thus tantalizing to

hypothesize that the vertebrate effector IRGs evolved from a role in

autophagic regulation to target organisms known to hijack host

droplets, such as Chlamydia and Toxoplasma (Lilue et al, 2013),

precisely because droplets are so important to these pathogens. As

we begin to better understand the interplay between pathogens and

host lipid metabolism, it is likely that such evolutionary competition

will unveil new modes in which host immunity directly intersects

droplet function.

Lipid droplets and immune activation

The adipose tissue that surrounds lymph nodes is specialized to

provide both fuel and immuno-modulatory molecules to immune

cells, and is thus an important collaborator in tuning immune acti-

vation (Knight, 2008). In addition, immune cell differentiation and

activation require switching between specific metabolic programs

(Odegaard & Chawla, 2011; Buck et al, 2015). Through their inti-

mate connections with other organelles, droplets play an essential

role in modulating cellular metabolism and thus in innate immune

cell function and activation. For instance, macrophages lacking

ATGL are unable to efficiently use fatty acids as fuel for ATP genera-

tion and have a pronounced reduction in phagocytosis of bacteria

(Chandak et al, 2010). In fact, the inflammatory state of a macro-

phage is integrally linked to its metabolism. Pro-inflammatory “M1-

polarized” macrophages generate the majority of their ATP through

glycolysis rather than through oxidative phosphorylation

(Rodrı́guez-Prados et al, 2010). In anti-inflammatory, “M2-polar-

ized” macrophages, however, mitochondria have up-regulated

oxidative phosphorylation and drive the b-oxidation of fatty acids

(and thus to TAG turnover from droplets) as a fuel (Martinez et al,

2006). In fact, b-oxidation is not only required for alternative activa-

tion of macrophages, but can also divert an otherwise pro-inflam-

matory response toward M2-polarization (Vats et al, 2006). CD4+ T

cells exhibit similarly polarized metabolic programs as they differen-

tiate into effector T cells, fueled by glucose, or into regulatory T-

cells, fueled by fatty acid b-oxidation (Michalek et al, 2011). Finally,

a study in mast cells demonstrated that droplets can also serve as

the main storage site for arachidonic acid, which is the precursor to

eicosanoid hormones such as the prostaglandins and leukotrienes

that regulate inflammation and vasodilation (Dichlberger et al,

2014).

Lipid droplets as stress buffers and non-infectious disease

Through both their role in immune modulation and their diverse

functions in other cell types, droplets have also been implicated in

the pathogenesis of a number of non-infectious diseases. The role of

immune activation in metabolic diseases such as obesity and

diabetes has been reviewed elsewhere (Odegaard & Chawla, 2011),

though there is growing evidence for a specific role of droplets in

modulating these diseases. In particular, droplets are associated

with protection from reactive oxygen species (ROS) and sequestra-

tion of otherwise-toxic lipophilic species, and there is evidence that

tissues can be protected from stress by the accumulation of droplets

in specific cellular sub-populations (Herms et al, 2013). In fact, glial

droplets ensure normal Drosophila neuronal development by

protecting neural stem cells from oxidative stress (Bailey et al,

2015). Over time, the insults due to oxidative stress and increased

droplets can themselves cause disease. For instance, oxidative stress

due to mitochondrial dysfunction leads first to increased glial

droplets and finally to neurodegeneration in both Drosophila and

mouse models (Liu et al, 2015). Similarly, cancer cells often accu-

mulate droplets compared to normal cells, and droplets are associ-

ated with cancer resistance to ROS (Bensaad et al, 2014).

Furthermore, droplet accumulation has been suggested to be

tumorigenic as the fatty acid-binding proteins that assist droplet

function by shuttling fatty acids between membranes have been

implicated as oncogenes (Levi et al, 2013; Powell et al, 2015;

Kawaguchi et al, 2016).
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Given their close association with oxidative health of a cell,

disrupting the level of cellular droplets can be devastating to the

health of oxidative tissues. For instance, accumulation of droplets

in cardiomyocytes is associated with reduced cardiac function and

the development of severe heart disease (Goldberg et al, 2012).

Plin5 is highly expressed in oxidative tissues such as heart,

muscle, and liver, and it regulates b-oxidation through modulating

TAG storage and release (Fig 3; Wolins et al, 2006). Mice lacking

Plin5 have fewer TAG droplets in cardiac tissue, leading to

increased oxidative stress, which, in turn, causes age-related heart

defects (Kuramoto et al, 2012). Strikingly, the same lack of cardiac

droplets in PLIN5-knockout mice protect them from diabetes-

induced heart disease (Kuramoto et al, 2014). Thus, droplet home-

ostasis can be a critical factor in tipping the balance between cellu-

lar health and pathogenesis.

The involvement of droplets in a variety of infectious diseases

gives them the potential to be central (albeit presently understudied)

players in host–pathogen interaction. In particular, pathogenic

manipulation of droplet homeostasis may underpin comorbidity of a

number of infectious and non-infectious diseases. The molecular

mechanisms of the interactions between lipid droplets and the

diverse pathogeneses described above remain largely a mystery.

Given the breadth of the alterations to lipid droplet functions driven

by pathogenesis, uncovering the mechanisms will profoundly

impact a variety of biological fields.
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