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Lipid droplets and the host-pathogen dynamic:

FATal attraction?

Marta Bosch'?, Matthew J. Sweet>**@®, Robert G. Parton**@®, and Albert Pol*?’®

In the ongoing conflict between eukaryotic cells and pathogens, lipid droplets (LDs) emerge as a choke point in the battle for
nutrients. While many pathogens seek the lipids stored in LDs to fuel an expensive lifestyle, innate immunity rewires lipid
metabolism and weaponizes LDs to defend cells and animals. Viruses, bacteria, and parasites directly and remotely
manipulate LDs to obtain substrates for metabolic energy, replication compartments, assembly platforms, membrane blocks,
and tools for host colonization and/or evasion such as anti-inflammatory mediators, lipoviroparticles, and even exosomes. Host
LDs counterattack such advances by synthesizing bioactive lipids and toxic nucleotides, organizing immune signaling
platforms, and recruiting a plethora of antimicrobial proteins to provide a front-line defense against the invader. Here, we
review the current state of this conflict. We will discuss why, when, and how LDs efficiently coordinate and precisely execute a
plethora of immune defenses. In the age of antimicrobial resistance and viral pandemics, understanding innate immune
strategies developed by eukaryotic cells to fight and defeat dangerous microorganisms may inform future anti-infective

strategies.

Introduction

Most eukaryotic cells, from the simplest green algae to the
tireless cardiomyocytes of the heart, survive environmental
fluctuations using saved nutrients in the form of fat. Lipids are
water-insoluble biomolecules that provide cells and organisms
with unique resources (Muro et al., 2014). Three lipid classes
will be emphasized throughout this review. First, phospholipids
and cholesterol are critical membrane components that allow
compartmentalization of organelles. Second, various lipids are
essential structural components of second messengers (e.g., di-
acylglycerol and ceramides), inflammatory mediators (e.g., ei-
cosanoids and resolvins), and molecules with key physiological
roles (e.g., lipoproteins, bile salts, and ketones). Finally, fatty
acids are highly reduced molecules that, when esterified in tri-
acylglycerol (esters of one glycerol and three fatty acids), con-
stitute the main energy reservoirs of eukaryotic cells (containing
high energy per unit of storage mass).

The “cell’'s pantry” storing these and other lipids are the
atypical organelles called lipid droplets (LDs; Olzmann and
Carvalho, 2019). Surrounded by a single monolayer of phos-
pholipids, LDs organize as spherical assemblies to optimize the

size of the valuable core of hydrophobic lipids within the cell’s
aqueous environment (Fig. 1, A and B). The surface of LDs ac-
commodates a plethora of resident proteins that exquisitely
manage these resources. When needed, for example during
fasting, LDs are activated by key energetic sensors to progres-
sively deliver lipids to be locally transformed by LD proteins or
crafted by other organelles into new membranes or signaling
molecules. Also, during fasting, fatty acids are supplied by LDs to
mitochondria through specific contact sites, enabling them to be
oxidized by B oxidation. This, coupled to the citric acid cycle and
oxidative phosphorylation, generates the metabolic energy in-
vested by cells in obtaining new nutrients (Bosch et al., 2020a).

Hence, it is not surprising that these rich organelles repre-
sent an attractive source of nutrients for microorganisms that
subsist within cells. Pathogenic bacteria, viruses, and parasites
guarantee their survival by chronically persisting or rapidly
multiplying within the host. Lacking all (viruses) or key (bac-
teria) biosynthetic pathways, pathogens can mimic cellular or-
ganelles by using ingenious strategies to exploit LDs. Since
Rudolf Virchow’s pioneering description in 1863 of fat-laden
cells in biopsies of Mycobacterium leprae-infected patients (de
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Figure 1. Biogenesis and metabolism of LDs. (A and B) The biogenesis of LDs. (A) Schematic representation of the processes occurring in the ER
membranes during LD biogenesis. After esterification, a neutral lipid lens separates in the ER bilayer. The lens laterally moves into nascent LDs, which
progressively grow into mature LDs. Neutral lipid synthesis also occurs locally on LDs. LD proteins access the LD monolayer laterally from the ER membranes
(red) or from the cytosol (blue) to regulate LD function. Accessory proteins, such as seipin, cooperate during the process. (B) The image illustrates LD formation
(red) on ER membranes (green) in COS-7 cells that were treated for 7.5 min with oleic acid to induce LD formation. A specific marker for nascent LDs, a peptide
formed by Aldi’s hydrophobic domain and caveolin-1 LD-targeting motif, was used to visualize LDs. Adapted with permission from the Journal of Cell Biology.
(C) Main metabolic pathways involved in LDs biogenesis and metabolism. Fatty acids obtained from the extracellular environment or formed de novo by
lipogenesis are esterified into triacylglycerols and stored within LDs in cells. Cholesterol is esterified into cholesteryl esters and accumulated within LDs. When
these nutrients are needed, lipolysis is activated by the actions of LD lipases that produce fatty acids to be oxidized in mitochondria to generate ATP or produce
molecules such as phospholipids or inflammatory mediators. Enzymes (detailed in boxes) are written with blue letters and intermediate molecules with gray
letters. Blue arrows indicate fluxes during LD biogenesis and red arrows reactions occurring during LD catabolism.

Mattos et al., 2012; Virchow, 1867), the list of pathogens related
to LDs has grown exponentially (Table S1, Table S2, and Table
S3). Indeed, LDs accumulate in cells infected by some of the most
medically significant pathogens, including infections caused by
bacteria (e.g., tuberculosis), viruses (e.g., hepatitis), and para-
sites (e.g., malaria). The most widely accepted view is that host
LDs are first induced and then hijacked by influential virulence
factors secreted by pathogens to support a demanding lifestyle.
However, successful innate immunity has been critical for
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survival, and eukaryotic cells have coevolved with invaders to
develop a plethora of generic defense mechanisms. In this
warlike scenario, the pathogen’s attraction for LDs emerges as
a strategic location to organize a first line of cellular defense.
In this review, we will revisit classical studies and highlight
new findings from this point of view. We discuss evidence
that LDs are not simply hijacked organelles but can be immune
hubs regulating immunometabolism and immune defense.
10 recent and relevant publications to illustrate the multifaceted
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relationship of host lipids with pathogens, impossible to address
here in all of its complexity, are recommended for further
reading (Supplemental box).

LDs are nutrient storage organelles

LDs: Delivering flexibility for the eukaryotic lifestyle

The capacity to save nutrients in the face of environmental
fluctuations represented a decisive advantage for eukaryotic
cells. Triacylglycerol was adopted early as the preferred energy
source, and cells developed LDs as the organelles to manage this
resource. Very few prokaryotes (see under LDs and bacteria) can
save nutrients in LDs, being totally conditioned for environ-
mental fluctuations or being entirely dependent on the capacity
of their hosts for nutrient acquisition. In contrast, the LD is
an ancient organelle already present in the last eukaryotic
common ancestor (Leyland et al., 2020; Lundquist et al., 2020).
Triacylglycerol-enriched LDs are found in the simplest unicel-
lular representatives of the three main eukaryotic clades, in-
cluding green algae, diatoms, and yeast. LDs also accumulate
molecules particularly relevant for some of those cell types such
as pigments or vitamins (Davidi et al., 2015; Wake, 1974). Al-
though the major structural LD proteins vary among eukaryotic
clades, oleosins in plants and perilipins (Plins) in animals
(Greenberg et al., 1991; Huang et al., 2013), ancestral mecha-
nisms for triacylglycerol partitioning into LDs are envisaged by
conservation of key regulatory proteins. For example, the ER-
resident integral membrane protein seipin regulates the chan-
neling of triacylglycerols into the LDs of plants, protists, fungi,
and animals (Salo et al., 2019; Taurino et al., 2018).

The plasticity of LDs

Fundamental questions about LD biogenesis are still being ad-
dressed (Klemm and Tkonen, 2020). LD formation is triggered by
lipids formed de novo (lipogenesis) and by lipids arriving to cells
from the extracellular environment (Fig. 1 C). Fatty acids and
cholesterol are esterified into neutral lipids by coordinated en-
zymatic cascades and cycles functioning on/around the ER (Pol
et al., 2014). The accumulation of neutral lipids in ER bilayers
promotes a gradual “demixing” of neutral lipids from membrane
phospholipids and the formation of a neutral lipid “lens” be-
tween the leaflets of the bilayer (Renne et al., 2020; Fig. 1, A and
B). As more lipid arrives and esterifies, the lens progressively
grows into the cytosol to finally generate a phospholipid-
surrounded spherical organelle with a hydrophobic core of
neutral lipids. Structural proteins such as fat storage-inducing
transmembrane 2, seipin, and Plins cooperate with the biosyn-
thetic enzymes during this process (Olzmann and Carvalho,
2019). Once they are formed, LDs become regulatory metabolic
hubs that ensure efficient delivery of lipids. Coordinated by
energetic sensors, LD-resident proteins such as Plins (details in
Box 1), acyl-CoA synthetases (ACSL), and lipases (ATGL, HSL,
and monoacylglycerol lipase [MAGL]) regulate triacylglycerol
hydrolysis and adjust the fatty acid and cholesterol supply to
meet cellular demands (Fig. 1 B; Bosch et al., 2020a). In turn,
Plins and lipases become signaling platforms by delivery fatty
acids that activate key transcription factors and signaling
molecules, such as peroxisome proliferator-activated receptor a
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(PPARa), the PPARY coactivator 1-a (PGCla), and the NAD-
dependent lysine deacetylase sirtuin-1 (Sirtl), that are coordi-
nated to increase the cellular mitochondrial content for coupling
oxidative capacity to levels of substrates being generated (Najt
et al.,, 2020).

LD formation exhibits remarkable plasticity, a trait needed to
rapidly respond to unpredictable changes in nutrient availabil-
ity. Arriving fatty acids are recruited into preexisting LDs within
seconds after entering cells and, if needed, new LDs are formed
in ~10 min to accommodate more arriving lipids (Fig. 1 B; Kassan
et al., 2013). The high efficiency of this process is achieved by
forming platforms of functionally connected enzymes at sites of
biogenesis (Pol et al., 2014).

Diatoms form and use LDs in nocturnal/diurnal cycles (Jallet
et al., 2016) or when deprived of elements such as phosphorus,
nitrogen, and silicon (Jaussaud et al., 2020). Yeast assemble LDs
during the early stationary phase when nutrients such as ino-
sitol become limiting (Loewen et al., 2004). In metazoans, es-
pecially vertebrates, the formation of LDs is synchronized by
endocrine cues to involve different cell types such as adipocytes,
hepatocytes, myocytes, and cardiomyocytes (Bosch et al., 2020a).
Fats and carbohydrates that are absorbed after feeding are
partially converted into fatty acids, esterified in triacylglycerols,
and stored in the LDs of adipocytes. During caloric restriction,
adipocytes supply fatty acids to the liver, muscle, and heart
(oxidative cells). These fatty acids are rapidly reesterified into
the local LDs, which can then progressively supply lipids in
nutrient-poor conditions (Bosch et al., 2020a).

While central in bioenergetics, unexpected LD functions be-
yond nutritional responses have been proposed in recent years
(Welte and Gould, 2017). The remarkable plasticity of LD for-
mation, distribution, and consumption could participate in the
rapid response to a variety of stresses including the unfolded
protein response (e.g., accumulating toxic proteins), oxidative
damage (e.g., accumulating oxidized lipids), or when cells are
challenged with pathogens (Henne et al., 2018). For example,
hepatic LDs are essential for liver regeneration, a complex cel-
lular process occurring in response to chemical, traumatic, and
infectious injuries (Ferndndez et al., 2006). Indeed, accumula-
tion of LDs is a phenotype commonly observed in cells and or-
gans during systemic inflammation, polymicrobial sepsis, or
endotoxic shock. Here, we discuss the role of LDs during mi-
crobial infections.

Accumulation of LDs in infected cells

Excellent reviews have been published recently to describe in
detail formation of host LDs in cells infected with viruses, bac-
teria, and parasites (Libbing et al., 2019; Monson et al., 2021;
Vallochi et al., 2018). A brief overview for selected microbes is
provided next.

LDs and viruses

At the boundary between living and nonliving entities, viruses
parasitize host lipids in all steps of their life cycle (Ketter and
Randall, 2019). Despite having an extremely simple genome,
viruses trigger massive alterations in host metabolism to es-
tablish a permissive environment for (i) genome amplification,
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Box 1. An overview of Plins

The discovery of Plins in the 1990s started to change the notion that LDs are simply cytosolic fat inclusions (Greenberg et al., 1991). Plins constitute a family of
proteins that exclusively or majorly reside on LDs (Kimmel and Sztalryd, 2016; Sztalryd and Brasaemle, 2017). Plins (1-5) are encoded by different genes and show
complementary tissue expression. Plins have the capacity to physically interact and modulate the activity of a plethora of LD proteins. Plin-protein interactions are
finely regulated by phosphorylation, at several residues, by key energetic sensors such as protein kinase A (PKA) and 5" adenosine monophosphate-activated
protein kinase (AMPK).

The primary role of Plins is to coordinate inactivation/activation of LD lipases with the cellular energetic status (Bosch et al., 2020a). Under fed or insulin-
stimulated conditions, Plins are nonphosphorylated, increasing the crowding on LDs and limiting the access and activity of the lipases ATGL and HSL, which are
largely cytosolic. Plinl in adipocytes (Subramanian et al., 2004); Plin2 and Plin3 in the majority of tissues (Yamaguchi et al., 2004); and Plin5 abundantly expressed
in oxidative cells such as hepatocytes, type | myocytes, and cardiomyocytes (Wang et al., 2015) sequester CGI58, an essential coactivator of ATGL (Lass et al.,, 2006).
During fasting, PKA becomes active to phosphorylate Plinl (Tansey et al., 2003), Plin5 (Pollak et al., 2013), CGI58 (Sahu-Osen et al., 2015), ATGL (Pagnon et al,,
2012), and HSL (Egan et al,, 1992). After phosphorylation, Plinl and Plin5 release CGI58, which activates ATGL. Further, phosphorylation of Plin1 and Plin5 facilitates
the recruitment and activation of HSL (Sztalryd et al, 2003; Whytock et al., 2018). Consequently, stimulated lipolysis becomes active to produce fatty acids.
Lipolysis is also regulated by chaperone-mediated autophagy. The AMPK-mediated phosphorylation of Plin2, which is not phosphorylated by PKA, activates its
degradation by chaperone-mediated autophagy. Plin3 is degraded by similar mechanisms. Displacement of Plin2 and Plin3 from the LD surface reduces crowding
and facilitates the recruitment of ATGL (Kaushik and Cuervo, 2015; Kaushik and Cuervo, 2016). In addition, Plins (especially Plin5) mediate formation of LD-
mitochondrial contact sites (Boutant et al.,, 2017; Rogne et al., 2018; Varghese et al.,, 2019; Wang et al., 2011; Zhang et al., 2019). Finally, Plin5 can translocate to the
nucleus to activate mitochondrial biogenesis via Sirtl and PGCla (Gallardo-Montejano et al.,, 2016; Najt et al., 2020).

As key LD components, Plins have been related to different aspects of immunity. Changes in Plin expression have been consistently reported in infected
cells (see text). Plin levels are directly regulated by cytokines such as type Il IFN and TNF, and it was suggested that Plin2 could organize complex clusters of
defensive proteins on LDs (Bosch et al., 2020b). Indeed, Plin2 physically interacts with IFN-inducible proteins such as IGTP (IRGM3), a complex essential for cross-
presentation of phagocytosed antigens by MHC class | in dendritic cells (Bougnéres et al.,, 2009). The key role of Plins in the control of lipolysis is essential for
proinflammatory molecule production. Adipocytes of the Plinl knockout mice show a sustained inflammation (Sohn et al., 2018). Plins are also manipulated by
pathogens to exploit LDs. The Chlamydia trachomatis LDA3 protein displaces Plin2 to promote an apparent translocation of host LDs into the bacterial inclusion
(Cocchiaro et al., 2008). PV targets PV2BC, -2B and -2C proteins into LDs to displace Plin3, promoting LD (Zhang et al., 2019) clustering, dysregulated lipolysis, and
production of fatty acids to generate phospholipids for the assembly of peplication compartments (Laufman et al.,, 2019). The HCV NS5A protein interacts with
Plin3 to form and coordinate viral assembly platforms on LDs (Vogt et al., 2013).

(ii) virion assembly, and (iii) reorganizing the secretory path-
way to egress. As key metabolic organelles, LDs are directly
involved in generating these environments.

Positive-strand RNA viruses are by far the largest group in-
fecting eukaryotic hosts, with many of them inducing and
targeting LDs (Table S1). These viruses remodel intracellular
membranes to generate viral replication compartments (Strating
and van Kuppeveld, 2017). Enriched in cholesterol obtained from
the ER and endosomes, replication compartments enable local
concentration of RNA synthesis components and reduce their
exposure to the innate immune sensors. The replication com-
partments formed by enteroviruses, such as the poliovirus (PV),
are generated through membrane contact sites that recruit host
LDs (Laufman et al., 2019). The viral proteins PV-2BC, -2B, and
-2C are targeted to LDs to displace Plin3 and promote LD clus-
tering. On LDs, the viral proteins PV-3A and -3AB interact with
ATGL and HSL, which channel fatty acids into the phospholipids
needed to form replication compartments. Indeed, inhibition of
HSL abrogates replication compartment biogenesis and PV rep-
lication (Laufman et al., 2019).

Hepatitis C virus (HCV) also utilizes LDs to form replication
compartments (Lee et al., 2019). In addition, LDs are assembly
platforms for HCV. The HCV core interacts and activates di-
glyceride acyltransferase-1 (DGATI) to increase triacylglycerol
synthesis and LD formation (Vieyres and Pietschmann, 2019).
DGAT!1 inhibition impairs production of infectious virions
(Herker et al., 2010). The dengue virus (DENV)-NS3 protein
binds the small GTPase Rabl8 on LDs and recruits fatty acid
synthase (FASN, a key lipogenic enzyme; Heaton et al., 2010;
Tang et al., 2014). HCV-NS5A interacts with DGATI, Plin3, and
Rab18, suggesting that viral components are bridged together
by targeting abundant LD proteins (Camus et al., 2013; Salloum
et al.,, 2013; Vogt et al., 2013). Because HCV-NS5A has RNA-
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binding properties, the protein may also transport viral RNAs
from the replication compartments into LDs, facilitating inter-
actions with the HCV core and virion encapsidation (Salloum
et al., 2013). The affinity of RNAs for LDs was demonstrated
many years ago (Dvorak et al., 2003), yet has remained poorly
understood. The unique biophysical properties of the LD mono-
layer in combination with the underlying hydrophobic lipid core
(Dhiman et al., 2020) could favor accretion and assembly of viral
components.

The last step of HCV replication consists in the formation
of lipoviroparticles occurring also in the proximity of LDs
(Miyanari et al., 2007). Other viruses such as DENV and West
Nile virus could follow similar mechanisms for producing in-
fectious particles. By incorporating LD-triacylglycerol and in-
teracting with very low-density lipoproteins, virions finally
egress following the exocytic pathway (Faustino et al., 2014;
Filipe and McLauchlan, 2015; Martins et al., 2019). Viral repli-
cation is a highly expensive process in terms of metabolic en-
ergy. Lipophagy provides fatty acids for the mitochondrial
production of the ATP needed for DENV and HCV replication
(Heaton and Randall, 2010). The DENV-NS4A exploits the ac-
yltransferase activity of ancient ubiquitous protein 1 (AUPI) to
trigger the autophagic degradation of LDs (Zhang et al., 2018).
Intriguingly, in some cases, autophagy seems to be a host-driven
defensive mechanism (Gassen et al., 2019), which is likely co-
ordinated by host LDs (Schulze et al., 2017). In any case, infected
cells accumulate antiviral proteins on LDs, reflecting an ongoing
conflict.

LDs and bacteria

Only a limited number of bacterial species are known to be
able to form LDs. The list includes some actinobacteria, such
as the genera Rhodococcus or Mycobacterium, and cyanobacteria,
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including Anabaena (Zhang and Liu, 2017). Prokaryotes have
developed a variety of nutrient acquisition strategies including,
in a few cases, parasitizing eukaryotic cells. Obligate and fac-
ultative intracellular, Gram-positive and -negative, and even
cytosolic bacteria induce and target LDs in host cells (Table S2).
Host LDs are also affected by extracellular bacteria, including
those that contribute to the gut microbiota (Tazi et al., 2018).
Two representative examples of these are briefly summarized
below.

C. trachomatis is a Gram-negative obligate intracellular hu-
man pathogen. Infection by C. trachomatis results in the accu-
mulation of LDs in different cell types (Kumar et al., 2006; Saka
et al., 2015). To manipulate LDs, C. trachomatis secretes into the
cytosol proteins such as lipid metabolizing enzymes and LD-
associated proteins (LDAs; Kumar et al., 2006; Soupene et al.,
2015). On LDs, Ct-LDA3 displaces Plin2 and promotes, by un-
known mechanisms, translocation of host LDs into the bacterial
inclusion (Cocchiaro et al., 2008), with some host LD proteins
completely translocating and other remaining on the phag-
olysosomal membrane (Soupene et al., 2012). Host LDs also
provide cholesterol and fatty acids to produce membrane blocks
(Peters and Byrne, 2015; Yao et al., 2015). Further, the fatty acids
obtained from LDs are used for the synthesis of prostaglandin E2
(Fukuda et al., 2005), an immune suppressor induced by bac-
teria such as C. trachomatis, Chlamydia pneumoniae, and Coxiella
burnetii to evade the immune response (Libbing et al., 2019).
Suggesting that LDs support chlamydial replication, reducing LD
formation by chemical inhibition of ACSL or acyl-CoA:choles-
terol acyltransferase 1 (ACAT1) limits bacterial growth (Kumar
et al., 2006; Peters and Byrne, 2015). However, the possibility
that these drugs have off-target effects on key bacterial enzymes
has been raised (Soupene and Kuypers, 2017).

Studies using cells genetically unable to form LDs dem-
onstrate that LDs are not needed for C. trachomatis growth
(Recuero-Checa et al., 2016). On the contrary, C. trachomatis-
infected DGAT1/DGAT2 double knockout fibroblasts (unable to
form LDs) showed more bacterial progeny at 48 h after infec-
tion (Sharma et al., 2018). Likewise, C. burnetii-infected ACATI
knockout macrophages (unable to form LDs) also showed more
bacterial progeny at 4 d after infection (Mulye et al., 2018).
Perhaps supporting an antibacterial effect of LDs on chlamydial
replication, Chlamydia muridarum inclusions interacting with
the LDs of mouse polymorphonuclear leukocytes contain a
higher number of aberrant reticulate bodies, which are remi-
niscent of the reticulate bodies produced in vitro when cells are
treated with type II IFN or penicillin (Rank et al., 2011). The
possibility that LDs directly function as antibiotic organelles is
discussed later.

M. tuberculosis, or Koch’s bacilli, is a facultative intracellular
bacterium. Macrophages infected with M. tuberculosis accumu-
late LDs (Peyron et al., 2008). Accumulation of host LDs is the
result of PPAR dysregulation and correlates with enhanced
bacterial growth (Kim et al., 2017). As observed for C. tracho-
matis, host LDs apparently migrate toward and are engulfed by
the M. tuberculosis inclusion (Peyron et al., 2008). M. tuberculosis
can persist latently for several years, forming granulomas in
the lungs without manifesting clinical symptoms (Ehlers and
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Schaible, 2013). To support dormancy, M. tuberculosis synthe-
sizes its own LDs. M. tuberculosis uses host triacylglycerols and
bacterial neutral lipid synthesis enzymes (Daniel et al., 2011). In
addition, M. tuberculosis expresses a complex cholesterol import
system for persistence in murine lungs (Pandey and Sassetti,
2008). It was assumed that LD-laden macrophages support the
maintenance and growth of persistent M. tuberculosis (Kim et al.,
2010). However, as in the case of C. trachomatis, recent studies
have challenged this view by their demonstration that host LDs
are not needed for M. tuberculosis growth (Knight et al., 2018).0n
the contrary, host-driven LD formation, mediated by type II IFN,
was essential to produce defensive eicosanoids (Knight et al.,
2018). Further, in animal models of tuberculosis, the LDs of
foamy macrophages mediate production of defensive cytokines
(Jaisinghani et al., 2018). The hypothesis that LDs facilitate an-
timycobacterial responses forcing M. tuberculosis to shift into fat-
saving survival mode has been proposed (Laval et al., 2021). The
key role of LDs for production of inflammatory mediators and
cytokines will be discussed in detail.

LDs and protozoan parasites

LDs also accumulate in cells infected by protozoan parasites
(Table S3; Vallochi et al., 2018). As detailed for bacteria, mech-
anisms of docking and engulfment of LDs into the para-
sitophorous vacuole have been suggested for parasites such as
Toxoplasma gondii and Leishmania major (Nolan et al., 2017; Rabhi
et al., 2016). Intriguingly, host LD proteins such as Rabl8 and
Rab7 have been described within the parasitophorous vacuole
(Nolan et al., 2017; Sant’Anna et al., 2009). In addition, like other
eukaryotic cells, protozoans generate their own LDs, often in
nutrient-rich conditions. LDs are commonly observed in the
cytosol of animal and plant pathogens including Plasmodium
falciparum (malaria), Trypanosoma cruzi (Chagas disease), Leish-
mania infantum chagasi (leishmaniasis), and Plasmodiophora
brassicae (cabbage clubroot; Vallochi et al., 2018). Proteomic
studies illustrate the complexity of protozoan LDs (Bi et al., 2016;
Sant’Anna et al., 2009). T. gondii releases lipases into the cytosol
to divert and use host LD resources (Charron and Sibley, 2002).
T. gondii and P. falciparum express the necessary enzymes for
neutral lipid synthesis (TgACATI1, TgACAT?, and PfDGAT; Lige
et al., 2013; Vielemeyer et al., 2004). In addition to being a
source of structural lipids, protozoan LD could accumulate toxic
metabolites, such as heme-derived hemozoin in Plasmodium-
infected cells, for detoxification or prevent the lipotoxicity
caused by high concentrations of imported cholesterol (Vallochi
et al., 2018). Lipid analogues with anti-proliferative properties
are voraciously taken up by the parasites, resulting in parasite
membrane defects, and ultimately, death (Coppens, 2006).

LDs and innate immunity

Mechanisms of innate immunity

All forms of life have some capacity for innate defense against
environmental threats. In eukaryotic cells, front-line defense
has been organized around rapid and generic mechanisms
collectively defined as innate immunity (Paludan et al., 2021).
Lower eukaryotic organisms, such as Caenorhabditis elegans and
Drosophila, lack adaptive immunity and thus rely completely on
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innate immunity to fight against invaders (Salminen and Vale,
2020; Engelmann and Pujol, 2010). In higher organisms, innate
immunity has developed complex endocrine and paracrine
communication systems to synchronize host defense in a variety
of professional and nonprofessional cell types.

To sense the presence of pathogens, eukaryotic cells have
evolved receptors that detect essential microbial components,
collectively referred to as pathogen-associated molecular pat-
terns (PAMPs; Paludan et al., 202; Fig. 2 A; and details in Box 2).
Selected PAMPs include a variety of proteins, lipids, and nu-
cleotides commonly found in pathogens. PAMPs are detected by
pattern recognition receptors (PRRs), which are strategically
positioned on the plasma membrane, on endocytic membranes,
and in the cytosol of virtually all cell types. When activated by
specific PAMP(s), each PRR recruits a set of accessory proteins
and transduces danger signals into signaling molecules that re-
lay responses through a series of intricate post-translational
modifications (Fig. 2, B-D; Iwasaki and Medzhitov, 2015;
Paludan et al., 2021). In the case of TLRs, activated signaling
molecules in turn activate transcription factors, such as NF-«B,
AP-1, IRF3, and IRF7, promoting expression of inflammatory
cytokines, type I IFN, and a range of antimicrobial defense genes
such as antimicrobial peptides (AMPs; Stocks et al., 2018).

Are LDs part of innate immunity?

It is still debatable whether the accumulation of LDs in infected
cells reflects the induction of LDs by invaders for nutritional
purposes and/or to subvert immune responses, or on the con-
trary, that LDs actually contribute to effective host defense. With
much of the research pursuing the hijacking of LDs (Roingeard
and Melo, 2017), it is increasingly evident that innate immunity
strongly depends on different aspects of lipid metabolism (Jarc
and Petan, 2020).

LD formation follows the fundamental premises of innate
immunity being a rapid, generic, and conserved reaction trig-
gered by local and paracrine signals, suggesting that it is an
integral part of the defense program. This hypothesis is sup-
ported by a number of observations including the following: (i)
infected cells accumulate LDs within minutes after infection
(Monson et al., 2020; Rabhi et al., 2016); (ii) LDs are formed in
response to numerous PAMPs and by activation of many PRRs,
including those of insects (Barletta et al., 2016); (iii) the accu-
mulation of LDs also occurs in cells treated with killed pathogens
(Chen et al., 2008; Nicolaou et al., 2012); (iv) LDs are formed not
only in infected cells but also in uninfected neighboring cells
(Chen et al., 2020; Rabhi et al., 2016); and finally, (v) LDs recruit
a plethora of innate immune antimicrobial proteins when cells
are activated with PAMPs, IFNs, or pathogens (Bosch et al.,
2020b; Hinson and Cresswell, 2009a).

The proteomic characterization of LDs formed in response to
Gram-negative bacterial lipopolysaccharide (LPS, a TLR4 ago-
nist), demonstrated that at least 30% of the LD proteome is
regulated by LPS (Bosch et al., 2020b). Thus, innate immunity
has developed a defense program that includes an extensive
remodeling of the organelle. The in silico analysis of these LPS-
regulated proteins suggested that LDs are innate immune hubs
involved in several intra- and extracellular immune responses
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including (i) acting as signaling platforms, (ii) direct killing of
pathogens, (iii) regulating immunometabolism, and (iv) pro-
viding fatty acids for pro- and anti-inflammatory molecules.

Innate immunity rewires lipid metabolism to form LDs

As part of their defense mechanisms, infected cells need to
rapidly rewire lipid metabolism, accumulate lipids, and form
LDs. Obviously, not all cells have the same lipogenic abilities and
regulatory circuits. Thus, the capacity for, and nature of, LD
formation relies on the cell type. While LDs in macrophages are
enriched in cholesterol esters, LDs in hepatocytes mainly con-
tain triacylglycerols (Olzmann and Carvalho, 2019). Further-
more, triacylglycerols in LDs in mastocytes are highly enriched
in arachidonic acid (Dichlberger et al., 2011). The described
mechanisms by which innate immunity rewires lipid metabo-
lism in response to danger are (i) reduced cholesterol biosyn-
thesis, (ii) reduced cholesterol efflux and increased cholesterol
uptake, (iii) increased de novo synthesis and desaturation of
fatty acids, (iv) increased fatty acid uptake, and (v) expression of
key enzymes and LD proteins to administrate the resources.
Below we highlight some key research to support these general
statements.

Mouse bone marrow-derived macrophages infected with
murine y herpesvirus-68 decrease expression of genes encoding
enzymes of the cholesterol biosynthetic pathway and increase
expression of genes encoding lipid importers (York et al., 2015).
This transcriptional signature was reproduced when these cells
were treated with type I IFN or the synthetic TLR3 agonist Poly:
IC. Despite the reduction in cholesterol synthesis, infected
macrophages accumulate LDs. This is partially caused because
type I IFN both increases cholesterol influx via scavenger
receptor-A (SR-A) and decreases ATP binding cassette subfamily
A member 1 (ABCAl)-mediated cholesterol efflux (Boshuizen
et al., 2016). The transcriptional signature of L. major-infected
bone marrow-derived macrophages confirmed that cells in-
fected with parasites also decrease cholesterol efflux while in-
creasing cholesterol uptake and de novo synthesis of fatty acids.
Heat-killed promastigotes identically trigger the transcriptional
program, indicating that rewiring of lipid metabolism is a host-
driven process (Rabhi et al., 2012; Rabhi et al., 2016).

Different studies have showed that LDs are formed in re-
sponse to type I and II IFNs and by the action of hypoxia-
inducible transcription factor-1 a (HIF-la), which is induced
by NF-«B (Knight et al., 2018; Mylonis et al., 2019). Considerable
differences in the lipogenic genes involved have been described,
with this depending on the system and the nature of the chal-
lenge (e.g., different PAMPS and pathogens). Nonetheless, ex-
pression of enzymes related to fatty acid synthesis (FASN),
desaturation (stearoyl-CoA desaturase-1 [SCD]), uptake and
transport (fatty acid transport protein [FATP] or fatty acid
translocase CD36), and esterification (ACSL, ACAT, and DGAT),
together with the expression of LD-resident proteins (Plins),
have been consistently observed (Castoldi et al., 2020; Nicolaou
etal., 2012; Nolan et al., 2017; Rabhi et al., 2012). Accumulation of
LDs could also be the result of the reduction in fatty acid oxi-
dation described in LPS- and type II IFN-treated macrophages,
hepatocytes, and pancreatic B cells (Bosch et al., 2020b; Castoldi
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well as nucleic acid-sensing cytosolic PRRs such as RIG-1, MDA5, cGAS, and AIM2 are some of the most widely studied PRRs. Selected PAMPs include a variety
of proteins, lipids, and nucleotides frequently found in pathogens. PAMPs include molecules such as peptidoglycan (PGN), triacyl and diacy! lipopeptides (TLP
and DLP), lipoteichoic acid (LTA), lipoarabinomannan (LAM), glycosylphosphatidylinositol (GPI)-anchored mucins (tGPI-mucin), LPS, single stranded (ss) and ds
nucleotides (ss and dsRNA and DNA), and CpG-containing DNA (CpG DNA). (B) Innate immunity signaling. Schematic representation of PRR signaling during
innate immune activation. Only specific PRRs directly mentioned in this review are shown (TLR4 on the plasma membrane and endocytic vesicles; TLR9 in
endosomes; and cGAS in the cytoplasm). When activated by a specific PAMP(s), each PRR recruits a set of accessory proteins and transduces danger signals
into signaling molecules that relay responses through a series of intricate post-translational modifications. Activated signaling molecules, in turn, activate
transcription factors (yellow boxes) promoting expression of inflammatory cytokines, type | IFN, and a range of antimicrobial defense genes. Cytokines (in-
cluding ILs, TNF, and IFNs) function in autocrine, paracrine, and endocrine communication networks to activate other receptors, accessory proteins, kinases,
and transcription factors in neighboring or distant cells (C and D). Recommended reviews to seek further details of these pathways have been included in the
text. (C) IFN signaling. Binding of IFNs to their cognate receptors, IFNAR-1and -2 (for type | IFN) and IFNGR1 and 2 (for type Il IFN), transduces signals into
kinases and transcription factors (yellow boxes) to promote expression of ISGs via ISREs or y IFN activation sites (GASs) in their promoters. Proteins such as
IRFs, PRRs, and viperin are expressed in response to IFNs (Schneider et al,, 2014). LD proteins such as Plin2 and Plin5 are also regulated by IFN (Bosch et al,,
2020b). (D) Cytokine signaling. Two representative examples of cytokines are included. IL-1 and TNFa bind to their specific receptors on the plasma membrane

to activate the signaling machinery and transcription factors, for inflammatory gene expression.

et al.,, 2020; Truong et al., 2020). This metabolic reprogramming
could be the consequence of the physical disconnection of LDs
and mitochondria observed in proteomic analysis of LDs in LPS-
treated hepatocytes and C. trachomatis-infected epithelial cells
(Bosch et al., 2020b; Saka et al., 2015).

Rewiring of lipid metabolism is needed for effective

innate immunity

The rewiring of lipid metabolism in innate immune cells gen-
erates a positive signaling feedback. Type I IFN signaling re-
duces cholesterol biosynthesis, which in turn enhances the
production of type I IFN to potentiate antiviral defense (York
et al., 2015). STING is somehow able to detect cholesterol levels
in ER membranes, such that the level must be low for STING to
signal to TBK1 (O’Neill, 2015). Thus, low cholesterol levels in the
ER heighten the activation of the cGAS-STING-TBKI-IRF3 axis to
drive type I IFN production (Fig. 2; York et al., 2015). Genetic
approaches to inhibit cholesterol biosynthesis in macrophages
resulted in enhanced resistance to murine y herpesvirus-68 in
mouse macrophages, as well as influenza A and human immu-
nodeficiency virus 1 (York et al., 2015). In addition, intermediate

lanosterol, cooperate to confer resistance to bacterial infections
by regulation of an axis involving the transcription factors
STAT1/STAT2, which activate type I IFN-stimulated gene ex-
pression (Araldi et al., 2017).

LD formation seems to be needed for some innate immune
signaling responses. Hepatic cells with a reduced content of LD
had a concomitant reduction in type I and III IFN production in
response to double-stranded (ds) DNA, dsRNA, and Sendai virus
(Monson et al., 2018). The presence of LDs correlates with IFN
production and resistance to Herpes simplex virus 1 and Zika
virus (Monson et al., 2020). Inhibitors of de novo lipogenesis
markedly attenuated expression of anti-viral gene driven by type
I IFN in pancreatic B cells (Truong et al., 2020). In macrophages,
SREBP-1a activates not only genes required for lipogenesis but also
the gene encoding NLRPla, which is a core inflammasome com-
ponent (Im et al., 2011). The possibility that LDs are functioning as
signaling platforms that recruit and coordinate adaptors and
kinases downstream of different PRRs is increasingly accepted
(Monson et al., 2021). Accumulation of many IFN-inducible pro-
teins on LDs supports the notion that LDs are tightly regulated by
IFNs (Bosch et al., 2020b). Some examples of IFN-stimulated genes

molecules of the cholesterol biosynthetic pathway, such as (ISGs) functioning on LDs will be detailed later.

Box 2. Mechanisms of innate immunity

Toll-like receptors (TLRs) are evolutionarily conserved PRRs expressed by a variety of professional immune cells (leukocytes) such as monocytes, macrophages,
dendritic cells, neutrophils, and mast cells, as well as a variety of nonimmune cells including hepatocytes, adipocytes, myocytes, and cardiomyocytes. TLR1, 2, 4, 5,
and 6 are initially located on the cell membrane, whereas TLR3, 7, 8, and 9 are located on endolysosomal compartments (Iwasaki and Medzhitov, 2015; Fig. 3).
Intracellular PRR pathways sensing and responding to viral RNAs and DNAs include (i) the axis formed by the retinoic acid inducible gene-I (RIG-I)/melanoma
differentiation associated gene 5 (MDAS5)-mitochondrial antiviral-signaling protein (MAVS, located in in the outer mitochondrial membrane, peroxisomes, and the
ER), (i) those formed by cyclic GMP-AMP synthase (cGAS)—stimulator of IFN genes (STING, located in the ER; Ni et al., 2018), and (iii) those absent in melanoma-2
(AIM2)/caspase-1/inflammasome pathway, which is located in the cytosol (Lugrin and Martinon, 2018). When activated by its specific PAMP(s), each PRR recruits
a set of accessory proteins and transduces danger signals into signaling molecules that relay responses through a series of intricate post-translational mod-
ifications (Fig. 2 B; lwasaki and Medzhitov, 2015; Paludan et al., 2021). Different classes of PRR generate biological responses through distinct molecular
mechanisms. For example, inflammasomes initiate proteolytic cleavage of substrates to enable cytokine release and/or cell death, whereas TLRs primarily function
through regulated gene expression. In the case of TLRs, activated signaling molecules in turn activate transcription factors, such as NF-kB, AP-1, IRF3, and IRF7,
promoting expression of inflammatory cytokines, type | IFN, and a range of antimicrobial defense genes such as AMPs (Stocks et al,, 2018). Cytokines (including ILs,
TNF, and IFNs) function in autocrine, paracrine, and endocrine communication networks to activate other receptors, accessory proteins, kinases, and transcription
factors in neighboring or distant cells (Fig. 2, C and D). This cytokine network must be tightly regulated to kill pathogens but to avoid host damage. Resolution of
this response is a key task of innate immunity, also mediated by cytokines, transcription factors, and specific signaling lipids.

During infection, the intensity of each immune branch relies on multiple factors such as the cell type, the nature of the PAMP, and the affected organ(s).
Importantly, these PRRs have the capacity to distinguish not only danger signals of invaders, but also the host’s own components that are presented when
homeostasis is dysregulated. These are often referred to as damage-associated molecular patterns. For example, circulating fatty acids and oxidized lipids are
damage-associated molecular patterns that have been widely implicated in PRR activation, thus connecting metabolic diseases with inflammatory phenotypes
(Saltiel and Olefsky, 2017).
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LDs are hubs of innate immunity

The state of the conflict

The studies we have discussed demonstrate that LDs are pro-
duced in response to defined pathogenic stimuli to function as a
conserved antimicrobial hub that has been heightened during
eukaryotic evolution, from the histones on Drosophila LDs pro-
tecting embryos and adults to complex clusters of immune
proteins described on hepatic LDs (Fig. 3 A; details in Box 3;
Anand et al., 2012; Bosch et al, 2020b). In macrophages,
LD-mediated defense involves association of LDs with phag-
olysosomal membranes and, presumably, transfer of antibacte-
rial agents to contact bacterial membranes (Fig. 3 D). Relocation
of LDs to interact with intracellular Mycobacterium has been
described as early as 10 min after phagocytosis (Barisch and
Soldati, 2017). This possibility, observed for bacteria and para-
sites (Cocchiaro et al., 2008; Nolan et al., 2017; Peyron et al.,
2008; Rabhi et al., 2016; Soupene et al., 2012), suggests a spe-
cific docking between the two structures, but the mechanisms
involved await dissection. In oxidative cells, such as hepatocytes,
Plin5 is down-regulated during inflammation to decrease LD-
mitochondrial contacts and oxidative metabolism while increasing
LD-bacteria interactions (Bosch et al., 2020b). However, not only
direct killing but also additional LD-centered defenses are in place.

Viperin and the formation of immune signaling platforms on LDs
Viperin is considered to be an ancient core factor of IFN-mediated
innate immunity in vertebrates (Rivera-Serrano et al., 2020).
Viperin (RSDA2) is a broad-spectrum antiviral protein and a key
transducer of the type I IFN-mediated response. Viperin is
constitutively expressed in many cell types such as hepatocytes,
cardiomyocytes, adipocytes, and macrophages. Its expression is
also further induced by viruses, bacteria, IFNs, and different
PAMPs such as LPS and nucleotide analogues (Rivera-Serrano
et al., 2020). The viperin promoter contains two sequential IFN-
stimulated response element (ISRE) sites, thus enabling in-
ducible expression when the IFNAR-JAK-STAT-IRF9 axis is
activated (Fig. 2 C; Severa et al., 2006).

After expression, viperin is targeted to the cytoplasmic face
of the ER and to LDs via an N-terminal amphipathic a-helix
(Hinson and Cresswell, 2009b). The C-terminal domain of vi-
perin contributes to its antiviral activity (Van der Hoek et al., 2017)
and facilitates viperin binding to iron (Upadhyay et al., 2014). Vi-
perin on LDs interacts with viral components such as the HCV
NS5A protein and the NS3 and DENV-2 capsid, and with viral RNAs
(Helbig et al., 2013; Helbig et al., 2011). Viperin inhibits replication
of a variety of highly pathogenic viruses including HCV, DENV, Zika
virus, West Nile virus, and influenza A virus (Rivera-Serrano et al,,
2020). In the case of HCV, the antiviral activity of viperin strongly
relies on its location on LDs (Helbig et al., 2011).

The antiviral activity of viperin is multifaceted. Viperin is a
radical S-adenosyl-L-methionine (SAM) enzyme that catalyzes
conversion of CTP to ddhCTP, a ribonucleotide that functions as
a chain terminator of viral RNA synthesis by viral polymerases
(Gizzi et al., 2018). In addition, viperin is able to inhibit protein
secretion in the ER (Hinson and Cresswell, 2009b) and to reduce
the release and replication of the influenza virus by reducing
isoprenoid biosynthesis (Wang et al., 2007).
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During the last decade, studies centered on viperin functions
have led to the hypothesis that LDs are important signaling
platforms that regulate and amplify the IFN-mediated immune
response. When dendritic cells are challenged with different
insults that activate TLR7 and TLR9, cells robustly expressed
viperin via IRF3 and IRF7 activation (Fig. 2 B). Loss of viperin
reduces TLR7- and TLR9-promoted production of type I IFN,
indicating a positive feedback mechanism by which newly
synthesized viperin contributes to signal transduction (Saitoh
et al., 2011). On LDs, viperin recruits IRAK1 and TRAF6 to fa-
cilitate IRAK1 ubiquitination and to induce the nuclear translo-
cation of IRF7 (Fig. 2 B). Further, interaction with IRAKI and
TRAF6 increases the activity of viperin to produce ddhCTP
(Dumbrepatil et al., 2019). Thus, LDs coordinate signals arriving
from TLR7 and TLR9 to increase the type I IFN-mediated re-
sponse and locally produce antiviral nucleotides.

In addition, following activation with dsDNA, viperin on LDs
binds STING to enhance ubiquitination of TBK1 and the type I
IFN response that limits HBV viability (Fig. 2 B; Crosse et al.,
2020). The capacity of viperin to inhibit cholesterol biosynthesis
by interacting with key enzymes of the biosynthetic pathway
that reside on LDs (Grunkemeyer et al., 2021) could function
synergistically to activate STING (York et al., 2015) or to reduce
the viral replication compartment formation (Ilnytska et al.,
2013; Strating et al., 2015). In conclusion, these studies indi-
cate that viperin on LDs nucleates signaling platforms, produces
antiviral molecules, and reduces cholesterol biosynthesis to en-
hance the synthesis of type I IFN and antiviral defenses. Similar
regulatory mechanisms for other signaling pathways have been
suggested by manipulation of LDs and concomitant reduction in
the production of several cytokines (Jaisinghani et al., 2018;
Knight et al., 2018; Monson et al., 2018; Truong et al., 2020).

CAMP, histones, and the coordination of direct antibacterial
molecules on LDs

In addition to viperin, other defense proteins accumulate on the
LDs of challenged cells (Bosch et al., 2020b). AMPs are a large
family of evolutionarily conserved cationic molecules generally
functioning as antipathogenic compounds by disorganizing
pathogens membranes (Lazzaro et al., 2020). AMPs are effective
against Gram-negative and -positive bacteria, enveloped viruses,
fungi, and even transformed or cancerous cells. AMPs are syn-
thesized as pro-proteins that follow the exocytic pathway to be
cleaved and extracellularly released. Cathelicidin (CAMP) is a
broad-spectrum AMP with chemotactic and immunomodulatory
properties (Fabisiak et al., 2016). Proteolysis of CAMP generates
LL-37, the active peptide. Adipocytes secrete CAMP to protect
the skin during Staphylococcus aureus infection (Zhang et al.,
2015). However, a pool of CAMP is also intracellularly retained
for accumulation on LDs, at least in macrophages and hep-
atocytes (Bosch et al., 2020b). Like viperin, CAMP is bound to
LDs by a hydrophobic N-terminal domain with the C-terminal
containing LL-37 facing the cytosol. Cells expressing a geneti-
cally engineered LD-associated CAMP are more resistant to
different bacterial species including Escherichia coli, methicillin-
resistant S. aureus, and Listeria monocytogenes. Silencing of CAMP
in human monocyte-derived (HMD) macrophages significantly
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Figure 3. LDs and innate immunity. (A) Six examples highlighting key roles of LDs in innate immunity. LDs are emerging as key organelles in innate im-
munity. The figure includes selected examples of the multifaceted roles of LDs during host defense. Details and references are in Box 3. (B-D) LDs interact with
bacteria in infected cells. HMD macrophages from healthy donors were infected with E. coli for 4 h and analyzed by transmission electron microscopy. B-D are
unpublished images from Robert Parton. (B) Serial blockface scanning electron microscopy data reconstruction showing an infected macrophage. The plasma
membrane (pink), bacteria (blue), and LDs (green) in the 3D dataset have been colored and projected onto a single image. (C and D) Representative images of
the LD-bacteria interaction are pseudocolored blue (bacteria), green (LD), red (E. coli outer and inner membranes and periplasm), and yellow (phagolysosomal
membrane). The analysis reveals numerous contacts between LDs and E. coli. In the LD-E. coli contact sites, the LD monolayer (containing LD proteins)
produced an apparent discontinuity in the phagolysosomal membrane (yellow) and probably interacted with the bacterial outer membrane (contacts are

indicated with red arrows). FA, fatty acid; ss, single-stranded.

impaired LD-mediated defense against intracellular E. coli (Bosch
et al., 2020b). However, Pseudomonas aeruginosa was not affected
by LD-CAMP, suggesting evasion mechanisms. In this regard, C.
trachomatis, an obligate intracellular bacterium that targets LDs
(Kumar et al., 2006), produces PGP3, a virulence factor that neu-
tralizes the anti-chlamydial activity of CAMP (Hou et al., 2015).
Originally identified as antibacterial proteins (Hirsch, 1958;
Miller et al., 1942), histones participate in extracellular-mediated

Bosch et al.
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antimicrobial and inflammatory responses (Brinkmann et al.,
2004). For example, extracellular histones are important com-
ponents of neutrophil extracellular traps (Tan et al., 2020) and
have also been implicated in activation of TLR2 and TLR4 (Xu
et al., 2011). However, similarly to Camp, a pool of histones ac-
cumulates on cytosolic LDs of Drosophila embryos (Li et al., 2012)
and mammalian cells (Anand et al., 2012; Bersuker et al., 2018;
Bosch et al., 2020b). In Drosophila, histones are recruited on LDs
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Box 3. Highlighting key roles of LDs in innate immunity

As summarized in Fig. 3, LDs are emerging as key organelles in innate immunity. (1) Although constitutively expressed in many cell types, viperin is strongly
expressed in response to different PRRs, including TLR7/9 sensing of nucleic acids in endosomal membranes (Saitoh et al,, 2011) and TLR4 recognizing LPS on the
plasma membrane (Bosch et al.,, 2020b). After expression, viperin accumulates on LDs and recruits TRAF6 to facilitate IRAK1 ubiquitination and activation (Saitoh
et al,, 2011). IRAK1 phosphorylates IRF7, which migrates into the nucleus to induce expression of type | IFN. Type | IFN functions in an autocrine and paracrine
fashion to activate the expression of ISGs for host defense. (2) Viperin also recruits signaling molecules in the cGAS sensing pathway, directly binding STING to
mediate TBK1 polyubiquitination (Crosse et al., 2020). TBK1 phosphorylates IRF3, which migrates into the nucleus to promote expression of type I IFN. In parallel,
the capacity of viperin to inhibit cholesterol biosynthesis by interaction with lanosterol synthase and squalene monooxygenase (Grunkemeyer et al., 2021) could
function synergistically to activate STING (York et al., 2015) and to inhibit virus replication and virion release (Wang et al., 2007). (3) In addition to viperin, nu-
merous IFN-inducible proteins accumulate on LDs (Bosch et al., 2020b). Among them, IGTP (IRGM3) on LDs regulates cross-presentation of phagocytosed antigens
by MHC class | (Bougnéres et al., 2009). (4) The fatty acids produced by lipases on LDs (ATGL, HSL, and MAGL) play crucial roles in phagocytosis, phagosome
maturation, and synthesis of key pro- and anti-inflammatory mediators (Jarc and Petan, 2020). (5) LDs have been implicated in direct killing of bacteria by several
mechanisms. The highly lipophilic anti-tubercular antibiotic bedaquiline (BDQ) accumulates within LDs (Greenwood et al., 2019). LDs are a transferable reservoir
that enhances BDQ antibacterial efficacy. In addition, LDs accumulate antimicrobial molecules such as CAMP and histones, both with direct and synergistic
antimicrobial capacities (Bosch et al., 2020b; Doolin et al., 2020). (6) Viperin is an S-adenosyl-L-methionine (SAM) enzyme that produces 3'-deoxy-3',4"-didehydro-
CTP (ddhCTP), a ribonucleotide that functions as a chain terminator of viral RNA synthesis by viral polymerases (Gizzi et al., 2018). Interaction of viperin with IRAK1

and TRAF6 increases viperin activity to produce ddhCTP (Dumbrepatil et al., 2019).

by interaction with Jabba (Li et al., 2012). Although no Jabba
homologue has yet been found in mammals, histones have been
described in hepatic LDs when mice are challenged with LPS
(Anand et al., 2012; Bosch et al., 2020b). In experiments performed
in vitro with LDs purified from Drosophila embryos, histones are
released from LDs in the presence of bacterial LPS or lipoteichoic
acid to kill both Gram-negative E. coli and Gram-positive
S. epidermidis. Furthermore, Jabba mutant embryos and adults
are susceptible to a variety of bacteria (Anand et al., 2012).

Histones and CAMP can function synergistically, with CAMP
forming pores on bacterial membranes and histones depolariz-
ing the membrane potential and reorganizing bacterial chromo-
somal DNA to inhibit transcription of E. coli and S. aureus (Doolin
et al., 2020; Duong et al., 2021). The physiological relevance of this
synergy is perhaps illustrated by the fact that important human
pathogens, such as strains of the group A Streptococcus belonging to
the hypervirulent MIT1 serogroup, have developed virulence
factors to specifically bind and neutralize histones and CAMP
(Déhrmann et al., 2017; LaRock et al.,, 2015). Although crucial
during infection, histones and CAMP can be quite harmful for the
host and promote cell damage and inflammation (Martin et al.,
2015; Yamasaki et al., 2007). Thus, compartmentalization of toxic
antibacterial proteins on LDs is likely an important mechanism to
limit indiscriminate and dangerous cellular damage.

LDs are reservoirs and suppliers of bioactive lipids
Lipases on LDs have key roles in immunity. Macrophages lack-
ing ATGL show reduced phagocytosis and impaired migration
(Aflaki et al., 2011; Chandak et al., 2010), which is only partially
restored by glucose supplementation, suggesting a role for ATGL
beyond the simple provision of substrates for energy production
(Chandak et al., 2010). The ATGL gene promoter has a putative
IFN-y-activated sequence (GAS) that likely interacts with Stat
family members (Fig. 2 C; Truong et al., 2020). Further, NF-kB
represses ATGL expression in Drosophila fat bodies by inhibition
of the transcription factor FOXO-1 (Molaei et al., 2019), indi-
cating that lipolysis is linked to innate immunity.
Triacylglycerol within LDs is a source of arachidonic acid, a
precursor for eicosanoid formation (Jarc and Petan, 2020). Ar-
achidonic acid accumulates in LDs during mastocyte maturation
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(Dichlberger et al., 2011). Key enzymes for eicosanoid biosyn-
thesis are located on LDs, and thus, synthesis of prostaglandins
occurs locally on LDs, at least partially (Bozza et al., 2011). In-
deed, genetic or pharmacological inhibition of ATGL results in
impaired production of eicosanoids in adipocytes, endothelia,
and immune cells (Dichlberger et al., 2014; Gartung et al., 2016;
Kuo et al., 2018). The fatty acids produced by MAGL (Fig. 1 A) have
also been related to eicosanoid formation and neuroinflammation
(Nomura et al,, 2011). The likely role of LDs in providing poly-
unsaturated fatty acids, such as eicosapentaenoic acid and doco-
sahexaenoic acid, for the synthesis of pro-resolution lipoxins,
resolvins, and protectins (Russell and Schwarze, 2014) or fatty
acids to activate key signaling molecules, such as Sirtl, that link
metabolism and inflammation (Chen et al., 2015; Najt et al., 2020)
deserves further investigation.

Targeting LDs for defense; LDs as antibiotic reservoirs

BDQ is a highly lipophilic antibiotic reducing M. tuberculosis vi-
ability by interacting with ATP synthase. In infected HMD
macrophages, BDQ accumulates within LDs (Greenwood et al.,
2019). LDs do not immobilize the antibiotic but constituted a
transferable reservoir to enhance its antibacterial efficacy
(Greenwood et al., 2019). Similarly, the broad-spectrum antivi-
ral compound ST-669 accumulates within LDs to restrict chla-
mydial inclusion development and C. burnetii growth (Sandoz
et al,, 2014). These studies clearly illustrate the potential of
LDs to deliver toxic molecules to invaders.

The capacity for sequestration in LDs of toxic molecules, in-
cluding lipophilic molecules, lipids, or harmful proteins is con-
served through evolution (Geltinger et al., 2020). For example,
toxin trapping in LDs confers resistance to fungi, being a
self-resistance mechanism for the toxin producer and a re-
sistance mechanism for the toxin recipient (Chang et al., 2015).
In an ACSL5- and DGAT2-dependent mechanism, LDs store acyl-
ceramides to reduce the pool of de novo ceramides and ceramide-
mediated apoptosis (Senkal et al., 2017). This capacity could be
beneficial or detrimental when cells are pharmacologically
treated with hydrophobic drugs. For example, lasonolide A is
a macrolide with antitumoral, antifungal, and antibacterial
capacity. It accumulates in LDs from where it is progressively
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cleaved by a LD-resident serine hydrolase, with this contributing
to drug efficacy (Dubey et al., 2020). In contrast, accumulation
of anti-tumoral drugs in LDs confers chemoresistance to different
cancer cells (Bacci et al., 2021).

Conclusions and future perspectives
The numerous studies discussed add the LD to the repertoire of
defense mechanisms of mammalian cells (Fig. 3 A and Box 3).
Different tissues vary in their LD content, with the adipose tis-
sue representing an extreme example. Animal adipose tissue has
acquired a central role in the regulation of systemic innate im-
munity, reinforcing the idea that eukaryotes organize a front-
line defense around nutrients (Schiffler and Schélmerich, 2010).
Lack (lipodystrophy) or malfunctioning (obesity) of adipose
tissue are both risk factors for infectious diseases (Falagas and
Kompoti, 2006; Lima et al., 2018). The nutritional status of in-
fected animals tightly determines the response to infection by
yet to be identified pathways (Wang et al., 2016). Dermal adi-
pocytes, a front line of the body’s defense, protect against inva-
sive S. aureus skin infection by secretion of CAMP, with its
expression being integrated within the adipogenesis program
(Zhang et al., 2015; additional reading in the Supplemental box).
The evidence discussed highlights that LDs can be antimi-
crobial vehicles, directly functioning to face and kill invaders.
However, it is yet unclear how association of LDs with phag-
olysosomal membranes is driven and executed (Fig. 3 B) and
why LDs are recruited to certain bacteria (such as E. coli) but not
others (such as Salmonella; Bosch et al., 2020b). By electron
microscopy, a distinct junction between the LD and enclosing
membrane is evident (Fig. 3, C and D), but the nature of this
junction and the mechanism of any protein, peptide, or lipid
transfer to the bacteria is completely unknown. In the case of
cytosolic bacteria, additional mechanisms could be operative on
LDs. Mysterin (RNF213) is an LD protein (Sugihara et al., 2019)
up-regulated in response to LPS (Bosch et al., 2020b) that par-
ticipates in the cellular defense against cytosolic Salmonella by
mediating LPS ubiquitination and triggering antibacterial au-
tophagy (Otten et al., 2021). Thus, the use of LDs as a first de-
fensive line could provide innate immunity with some biological
advantages: (i) it is a strategic location to attract a plethora of
pathogens, (ii) it allows synergy between different immune
systems operating simultaneously or coordinately against in-
vaders, and (iii) it provides safety for the rest of the cellular
organelles by sequestering potentially cytotoxic compounds.
Furthermore, the remarkable plasticity of LD formation,
distribution, and consumption could support immunity by or-
ganizing platforms of functionally connected immune enzymes,
adaptors, and kinases to timely boost signaling. Molecular
crowding on LDs, known to be important to control lipolysis
(Box 1), allows efficient regulation of protein-protein interac-
tions to rapidly switch on and off signaling cascades responding
to environmental fluctuations.. In parallel, the key role of LDs in
regulating key homeostatic cellular processes such as the ER
stress, cholesterol synthesis, autophagy, and oxidative metabo-
lism might contribute to locally generate the environment
conducive to host defense. Finally, lipases, Plins, and ACSLs on
LDs could not only determine production of pro-inflammatory
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lipids but also supply fatty acids species needed to generate
mitigation mediators or to activate key metabolic cascades to
control inflammation. Whether these mechanisms, only tested
for some pathogens, could be generic branches of innate im-
munity deserves further investigation.

Indeed, the diversity of pathogens and experimental systems
used to study LDs is vast, complicating the formulation of a
general model. The evolutionary arms race between hosts and
microbes is likely to lead to distinct scenarios, with LDs de-
feating the invader in some circumstances, and the pathogen
surpassing and/or exploiting this defense system in others. In
both cases, elucidating mechanisms evolved by eukaryotes to
protect valuable nutrients as well as understanding microbial
strategies for exploiting the resources for evasion and survival
will undoubtedly reveal strategic choke points to be enhanced or
corrected in future therapeutic interventions.

Online supplemental material

Table Sl lists viruses related to LD formation and interaction.
Table S2 lists bacteria related to LD formation and interaction.
Table S3 lists protozoans related to LD formation and interac-
tion. A supplemental box lists selected publications to illustrate
the multifaceted relationship of host lipids with pathogens.
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Supplemental material

Tables S1, S2, and S3 are provided online as separate files. Table S1 lists viruses related to LD formation and interaction. Table S2
lists bacteria related to LD formation and interaction. Table S3 lists protozoans related to LD formation and interaction. A
supplemental box lists selected publications to illustrate the multifaceted relationship of host lipids with pathogens.
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