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Abstract: Lipid droplets (LDs) are cytosolic lipid storage organelles that are important for cellular
lipid metabolism, energy homeostasis, cell signaling, and inflammation. Several bacterial, viral and
protozoal pathogens exploit host LDs to promote infection, thus emphasizing the importance of LDs
at the host—pathogen interface. In this review, we discuss the thus far reported relation between host
LDs and bacterial pathogens including obligate and facultative intracellular bacteria, and extracellular
bacteria. Although there is less evidence for a LD—extracellular bacterial interaction compared to
interactions with intracellular bacteria, in this review, we attempt to compare the bacterial mechanisms
that target LDs, the host signaling pathways involved and the utilization of LDs by these bacteria.
Many intracellular bacteria employ unique mechanisms to target host LDs and potentially obtain
nutrients and lipids for vacuolar biogenesis and/or immune evasion. However, extracellular bacteria
utilize LDs to either promote host tissue damage or induce host death. We also identify several areas
that require further investigation. Along with identifying LD interactions with bacteria besides the
ones reported, the precise mechanisms of LD targeting and how LDs benefit pathogens should be
explored for the bacteria discussed in the review. Elucidating LD-bacterial interactions promises
critical insight into a novel host—pathogen interaction.

Keywords: obligate intracellular bacteria; facultative intracellular bacteria; extracellular bacteria;
lipid droplets; PGE2; microbiota

1. Introduction

Lipid droplets (LDs) are lipid storage organelles comprising a phospholipid monolayer
surrounding a hydrophobic core of neutral lipids: cholesterol esters (CEs) and triacylglycerols (TAGs).
LD biogenesis occurs in the endoplasmic reticulum (ER) when the enzymes Acyl-CoA:cholesterol
acyltransferase (ACAT) and Acyl-CoA:diacylglycerol acyltransferase (DGAT) esterify excess cholesterol
and free fatty acids [1-3]. The newly formed LDs carry several proteins in the phospholipid monolayer
including the perilipin (Plin) family and, lipid biosynthetic and lipolytic enzymes [4]. Plinl and Plin2
are important LD coat proteins which regulate LD formation and breakdown [5]. During cell starvation,
two lipolytic enzymes mediate LD breakdown: adipose triacylglycerol lipase (ATGL) converts TAG
to diacylglycerol (DAG) [6], and hormone-sensitive lipase (HSL) converts DAG to monoacylglycerol
(MAG) [7]. The enzyme phospholipase A (PLA), important for LD homeostasis, also hydrolyzes fatty
acids. PLA2 particularly mobilizes arachidonic acids (AA) from the cellular phospholipid bilayer
as well as the LD phospholipid monolayer to produce eicosanoid lipid immune mediators, such as
leukotrienes, lipoxins, and prostaglandins [8]. LDs are important for many cellular processes including
but not limited to lipid metabolism, membrane trafficking and cell signaling [9]. They are involved
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in the pathogenesis of metabolic diseases such as diabetes, obesity, atherosclerosis [10], as well as
cancer development [11] and neurodegenerative diseases [12,13]. They also play an important role
in leukocytic inflammatory responses [14,15] and are emerging as key players during host—-pathogen
interactions. Numerous studies in the past decade increasingly support the notion that various
parasites, fungi, viruses and bacteria target host LDs to enhance both immune evasion and microbial
proliferation [16-19]. Thus far, several reviews have comprehensively described the importance of
LDs during host-pathogen interactions [16-18,20-24]. A recent review on parasite-LD interactions
outlines that host and parasite LDs serve as a source of lipids and energy, maintain parasite homeostasis
through heme detoxification and provide eicosanoids to promote immune evasion, thereby supporting
parasite survival [24]. Various other reviews discuss the importance of host LDs for viral replication,
assembly, and infection [16,25-27]. While several bacteria target host LDs to facilitate infection and
survival, most reviews thus far predominantly focus on the role of LDs in intracellular pathogen
Mycobacterium species pluralis (spp.) and Chlamydia spp. pathogenesis [16-18,22,28,29]. Since Rudolf
Virchow’s description in 1863 of LD-laden foam cells in lepromatous lesion biopsies from Mycobacterium
leprae-infected patients [28,30], many bacteria have been reported to interact with host LDs. However,
their importance and specific roles in bacterial pathogenesis is still being elucidated. Our review
comprehensively discusses the role of LDs during infection with (1) intracellular bacteria which
reside within the host cell (Chlamydia spp, Coxiella burnetii, Anaplasma phagocytophilum, Rickettsia spp.,
Mycobacterium spp., Salmonella spp.) and, (2) extracellular bacteria which do not invade host cells and
reside in the extracellular matrix (Pseudomonas aeruginosa, Streptococcus pyogenes and Vibrio cholerae) [31].
Although many bacteria share mechanisms to target host LDs, differences in their infectious cycle and
lifestyle do allow for unique host LD-bacterial interactions.

2. Intracellular Bacteria

Intracellular bacteria establish contact with a susceptible host and multiply within the cells [32], a
strategy employed to escape the humoral immune components (complement proteins and antibodies),
as well as antibiotics to facilitate survival [33]. Intracellular bacterial pathogens infect a wide range
of host cells, professional phagocytes like macrophages and non-professional phagocytes including
epithelial cells, endothelial cells, and hepatocytes [32,34]. Classically, intracellular pathogens are
further categorized as facultative intracellular or obligate intracellular [32] based on their ability or
inability, respectively, to multiply in a cell-free environment. Some examples of obligate intracellular
bacteria include Chlamydia spp. and Rickettsia spp., whereas Francisella tularensis, Listeria monocytogenes,
Salmonella spp. and Mycobacterium spp. are examples of facultative intracellular bacteria [31,32]. In this
section, we will discuss the currently reported LD—pathogen interactions of obligate and facultative
intracellular bacteria while also assessing the mechanisms and physiologic role of LD manipulation
during their distinct lifecycles.

2.1. Obligate Intracellular Bacteria

Similar to viruses, obligate intracellular bacteria lack the ability to live outside the host cells.
On host cell entry, each intracellular bacterium follows a different lifestyle; while some modify
the phagosome to form a pathogen-containing vacuole (vacuolar pathogens, e.g., Chlamydia spp.,
Coxiella burnetii and Legionella pneumophila), some escape the vacuole and multiply in the cytoplasm
(cytoplasmic pathogens, e.g., Listeria monocytogenes, Shigella flexneri, Burkholderia spp, Rickettsia spp.
etc.) [35]. Despite differences in multiplication sites, these bacteria depend on the host cell for energy
and nutrients owing to the lack of many biosynthetic pathways and inability to perform energy
metabolism. Many intracellular bacteria manipulate host cell lipids for entry, avoidance of phagosome
formation, vacuolar biogenesis, and intracellular multiplication [23,36]. As LDs are lipid storage
organelles and a crucial component of cellular lipid metabolism, understanding the role of LDs in
vacuolar and cytoplasmic intracellular bacterial pathogenesis is imperative.
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2.1.1. Chlamydia spp.

The Chlamydia spp. are a group of Gram-negative, obligate intracellular bacteria that cause
a wide range of acute and chronic diseases such as trachoma, conjunctivitis, pelvic inflammatory
disease (C. trachomatis) and atypical pneumonias (C. psittaci, C. pneumoniae). While C. psittaci can
infect humans as well as birds, C. trachomatis and C. pneumoniae are primarily human pathogens.
Despite varied disease presentations, all Chlamydiae share a similar life cycle wherein they alternate
between two forms: the extracellular, infectious elementary body (EB) and the intracellular, replicative
reticulate body (RB). The metabolically inert EBs infect the host mucosal cells, prevent phagolysosomal
fusion, and establish a parasitic vacuole, also known as an inclusion; this inclusion is enclosed by
a phospholipid bilayer creating a niche for Chlamydial intracellular survival. In the inclusion, EBs
differentiate into RBs and, after several rounds of replication, RBs re-differentiate into EBs before
being released from the host cell to infect neighboring cells. Chlamydia spp. lack several metabolic
and biosynthetic pathways, resulting in their host cell dependence for the intermediates necessary for
intracellular growth. To obtain host nutrients, the bacterium translocates effector proteins across the
inclusion membrane into the host cytosol via its type 3 secretion system (T3SS); these effector proteins
manipulate host cell processes, thereby obtaining host amino acids, iron, and lipids. More specifically,
for inclusion membrane biogenesis, Chlamydia spp. intercept both host endocytic vesicles as well as
secretory membrane trafficking vesicles [37,38]. C. trachomatis and C. pneumoniae also manipulate
host LDs to promote infection; however, there are significant differences in Chlamydiae-LD interaction
between species. Hence, we will discuss C. trachomatis and C. pneumoniae separately.

C. trachomatis

Depending on the serovar, C. trachomatis causes a wide range of diseases which, all together,
carry a remarkably large disease burden worldwide. Serovars Ab, B, Ba, C (trachoma biovar) cause
trachoma, which is the leading cause of non-congenital blindness worldwide. Conversely, serovars
D-K (genital tract biovar) cause the most prevalent bacterial sexually transmitted infection in the
United States and, lastly, the lymphogranuloma venereum biovar causes invasive urogenital and
anorectal infections. Although these infections can be treated with antibiotics, there is still a lack of
cost-effective treatments and efficacious vaccines, thus emphasizing the need for better understanding
of C. trachomatis pathogenesis. Due to its intracellular nature, it is clear that C. trachomatis manipulates
host lipid metabolism. Several studies suggested that C. trachomatis induces host LD accumulation,
supported not only by direct microscopic visualization but also increased CE levels in infected HeLa
epithelial cells and mouse embryonic fibroblasts (MEFs) [39—41]. LDs associated with the inclusion
membrane during early stages of infection, eventually translocating into the inclusion, and situating
themselves between the inclusion membrane and the bacterial outer membrane [42]. Additionally,
during murine infection with C. muridarum, a model organism used to study human C. trachomatis
infections, LDs translocated into the inclusion, suggesting this phenomenon is not restricted to the
human pathogen [43]. The distinct localization of the host LDs inside the inclusion suggests that, rather
than assisting inclusion membrane biogenesis, host LDs potentially provide nutrients and lipids to the
replicating bacteria [39,42].

C. trachomatis employs several proteins to intercept and utilize LDs as a substrate during bacterial
multiplication. IncA, a Chlamydial inclusion membrane protein important for homotypic vesicle
fusion [44], marked the inclusion membrane segments in HeLa epithelial cells and remained transiently
associated with LDs, suggesting its role in LD translocation [42]. Although the role of LD-associated
Chlamydial proteins, Ldal and Lda2, is unknown [39], overexpression of Lda3 in C. trachomatis-infected
HelLa cells decreased the expression of plin2, a gene coding for a LD coat protein; this LD “uncloaking”
may assist in LD lipolysis and lipid availability. Ectopically expressed Lda3 sequentially colocalized
to the cytoplasmic side of the inclusion, host LDs, and, finally, within the inclusion, suggesting Lda3
also plays a role in translocating LDs through the inclusion membrane [42]. Although IncA and
ectopically expressed Lda3 are proposed to colocalize and assist in LD translocation, a proteomic
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study in C. trachomatis-infected HeLa cells demonstrated absence of endogenous IncA, Ldal, and
Lda3 colocalization with LDs [40]. Further, only ectopically expressed Ldal and Lda3 were detected
on LDs [40], thus questioning the importance of the LD-associated proteins in LD translocation
to the bacterial inclusion. Although the role of Lda3 and IncA remains unclear, the proteomic
analysis highlighted that C. trachomatis enriches the LD proteome with host lipid metabolism and
biosynthesis-related proteins. Additionally, the study demonstrated distinct host LD colocalization with
bacterial inclusion proteins Cap1 (CT529), CTL0882 (CT618), and IncG (CT118) [40]. Although these
findings support a strong interaction between C. trachomatis and host LDs, a thorough identification of
the specific proteins involved in LD translocation, their role and at what stage post-infection they are
important requires further investigation.

While it is clear that C. trachomatis actively manipulates host LDs, their contribution to C. trachomatis
growth is a topic of ongoing debate. In HeLa cells, pharmaceutical inhibition of LD formation enzymes
fatty acyl-CoA synthetase [39,45] and ACAT [46] decreased bacterial growth. Notably, the inhibitor
triacsin C used in these studies not only blocked host fatty acyl-CoA synthetase but also Chlamydial
acyl-ACP (acyl carrier protein) synthase [47], indicating that growth inhibition could be an off-target
effect. However, infection of DGAT1/DGAT2 double knockout mouse embryonic fibroblasts (MEFs)
which lack the ability to form TAG-rich LDs demonstrated significantly reduced growth when compared
to wild-type MEFs [40]. Several other studies also reported a partial reduction in bacterial growth with
LD inhibition [42,46,48], emphasizing that LDs are not absolutely essential but do allow for optimal
C. trachomatis growth. Supporting this claim, MEFs devoid of LDs, showed delayed inclusion and
infectious progeny expansion, lagging behind their wild-type counterparts by 24 h [41], indicating that
LDs support intracellular growth especially during the early phases of infection. In fact, LDs could be the
first lipid source for metabolic processes required during replication. Several bacterial and host proteins
are hypothesized to participate in this LD-mediated metabolic boost. C. trachomatis expresses a putative
cholesterol esterase, CT149, which may hydrolyze CEs and TAGs, freeing cholesterol and free fatty
acids from the LDs for bacterial use [49]. Further, intimate LD-RB association in HeLa cells suggested
LDs as a source of phospholipids such as phosphatidylcholine (PC) and lyso-PC for the replicating
bacterial progeny [42]. A host ER bound PC reacylation enzyme acyl-CoA:lysoPC acyltransferase 1
(hLPCAT) localized to the lipid network surrounding the inclusion during C. trachomatis infection,
but did not enter the inclusion, suggesting its importance in modifying host PC to contain branched
chain fatty acids for bacterial assimilation and support the expansion and lipid remodeling of the
inclusion membrane [48]. Similarly, CT775, a membrane bound chlamydial lysophosphatidylcholine
acyltransferase (CLPCAT) associated with LDs in oleic acid (OA), treated C. trachomatis-infected HeLa
cells [50]. However, the interaction between cLPCAT and hLPCAT remains unknown. Interestingly,
another host protein, human acyl-CoA carrier 6 (hACBD®6) associated with LDs and its expression
was directly proportional to cLPCAT, suggesting a synergistic activity of the host and the bacterial
protein to potentially facilitate acquisition of membrane lipids [50]. Two other Chlamydial proteins,
phosphatidyl serine decarboxylase CT699 and acyl-ACP synthase CT776, also putatively conferred C.
trachomatis the ability to utilize host lipids [47]. Thus, C. trachomatis employs multiple strategies to
use LD-derived lipids to promote faster replication and larger inclusions at least during the first 24 h
post-infection [41].

In addition to directly providing lipids as a metabolic resource, LDs in C. trachomatis-infected
cells could potentially deliver the host TAG lipase ATGL to mediate LD lipolysis which may aid
bacterium pathogenicity [42]. Free fatty acids, such as arachidonic acids, released during LD lipolysis
are a source of lipid immune mediators, including prostaglandin E2 (PGE2). Notably, C. trachomatis
infection of HeLa cells upregulated PGE2 synthesis enzyme cyclooxygenase-2 (cox-2) expression as well
as PGE2 protein levels, which consequently induced mononuclear leukocyte accumulation and host
tissue damage [51]. Thus, LDs potentially contribute to the disease exacerbation during C. trachomatis
infection. However, this process remains unexplored.
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C. pneumoniae

Although it primarily causes pneumonia, C. pneumoniae infection also results in the chronic
inflammatory disease atherosclerosis [52,53], characterized by abnormal cellular lipid build-up, leading
to LD-containing foam cell formation within arteries of the host [54]. In C. pneumoniae-infected mice,
carotid artery segments demonstrated the presence of bacteria-containing macrophage foam cells [55].
In vitro, the induction of LD-containing foam cells in infected murine and human macrophages [56-58],
and adipocytes [59], indicated that LDs play an important role in C. pneumoniae pathogenesis. In the
low-density lipoprotein (LDL)-treated human macrophage-like cell line, THP-1, C. pneumoniae infection
increased the CE to total cholesterol (TC) ratio and subsequently LD accumulation to form foam
cells [57,58]. This LD accumulation was dependent on the cholesterol esterification enzyme, ACAT,
supported by the fact that ACAT inhibition reduced the CE/TC ratio in infected cells. This suggests that
C. pneumoniae infection alters host lipid metabolism to facilitate LD accumulation and hence foam cell
formation. Along with ACAT, the nuclear receptors, PPARx and PPARY, seemed to play an important
role in C. pneumoniae-induced foam cell formation [56,58]. Treatment of C. pneumoniae-infected
cells with the PPARx and PPARy agonists, fenofibrate and rosiglitazone, respectively, significantly
inhibited foam cell formation, suggesting that the bacterium downregulates these nuclear receptors to
facilitate bacterial intracellular survival. PPARo« and PPARy are important regulators of fatty acid and
cholesterol metabolism [60-62] which, when activated, induce expression of an important cholesterol
efflux regulatory protein, ATP-binding cassette transporter A1 (ABCA1), promoting macrophage
cholesterol efflux [62,63]. This suggests that C. pneumoniae hinders PPARx and/or PPARYy expression
in order to block cholesterol efflux, thereby inducing the abnormal lipid accumulation needed for
the synthesis of LD-laden foam cells, a characteristic of atherogenesis. Additionally, C. pneumoniae
-stimulated phosphorylation of mitogen-activated protein kinases (MAPK) including JNK1/2 and
ERK1/2 [56] also contributed to LD accumulation and atherogenesis [64]. Thus, C. pneumoniae
manipulates host cell lipid metabolism to induce LD-laden foam cell formation.

Studies demonstrate that besides foam cell formation, LDs may bolster C. pneumoniae intracellular
growth. In murine bone marrow-derived macrophages (BMM), C. pneumoniae exploited the host
innate immune signaling NLRP3 inflammasome for intracellular growth. Infected BMMs from nlrp37/~
mice altered LD numbers, indicating that C. pneumoniae utilizes NLRP3 to acquire host lipids [65].
Further, C. pneumoniae also required host toll-like receptor-2 (TLR2) signaling to induce LD formation
in macrophages [66], suggesting that the bacterium exploits host innate immune response to induce LD
accumulation. However, the contribution of LDs to bacterial growth and pathogenesis is still unclear.
In adipocytes, C. pneumoniae replication was dependent on the LD breakdown enzyme, HSL, and lipid
transport protein fatty acid binding protein (FABP4) activity [59]. These proteins liberate host free fatty
acids which undergo (3-oxidation to generate ATP. Thus, C. pneumoniae potentially uses host LDs to
generate energy and promote intracellular growth.

C. trachomatis and C. pneumoniae employ different mechanisms to induce LD accumulation and
utilize LDs as an energy and lipid source for optimal intracellular growth. Despite inducing LD
accumulation, it is unclear why C. trachomatis lacks atherogenic ability similar to C. pneumoniae.
Since PGE2 contributes significantly to C. trachomatis [51] as well as C. pneumoniae [67] pathogenesis,
LD contribution to lipid immune mediator production merits further investigation.

2.1.2. Coxiella burnetii

C. burnetii, a Gram-negative obligate intracellular pathogen, is the causative agent of Q fever which
presents as an acute debilitating flu-like illness or chronic endocarditis. The bacterium spreads via
aerosol transmission and preferentially infects alveolar macrophages. After entering the host cell via
phagocytosis, the bacterium directs the formation of a parasitophorous vacuole (PV), a lysosome-like
compartment essential for C. burnetii growth [68]. The bacterial PV is highly fusogenic and expands
through homotypic fusion with early and late endosomes, lysosomes, and autophagosomes; these
organelles contribute membranes, proteins, and lipids for PV biogenesis [69]. C. burnetii employs its
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type 4 secretion system (T4SS) to release effector proteins into the host cell cytoplasm and manipulate
cellular processes for successful PV formation and maturation [70]. For example, a C. burnetii T4SS
effector, Coxiella vacuolar protein B (CvpB), binds host lipid phosphatidylinositol 3-phosphate PI(3)P
to assist in membrane trafficking and homotypic fusion for PV biogenesis [71]. Further, the C. burnetii
PV membrane is sterol-rich [72] and, despite coding for two unique eukaryote-like sterol reductase
homologs [73,74], C. burnetii does not appear to synthesize the predominant sterol, cholesterol, and
instead obtains cholesterol from the host cell. Interestingly, elevated PV cholesterol levels during
the early stages of infection are bactericidal for C. burnetii, suggesting that the bacterium reduces PV
cholesterol during early stages of infection and increases it later for PV maintenance [75]. As LDs
store esterified cholesterol and fatty acids, they are an attractive source of lipids for C. burnetii
intracellular growth.

Several LD metabolism-related genes such as plin2, acat and fabp4 were differentially regulated
in C. burnetii-infected human [76,77] and mouse alveolar macrophages [78]. Intriguingly, similar to
Virchow’s observation in leprosy patients, the heart valves of Q fever endocarditis patients showed
the presence of C. burnetii-infected, LD-filled foam cells [79]. LDs were also observed in the bacterial
PV lumen of infected human alveolar macrophages [80]. Additionally, in C. burnetii-infected mouse
alveolar macrophages, increased LD numbers were dependent on the bacterial T4SS [78], indicating
that C. burnetii actively manipulates host LDs. Moreover, alteration of host LD homeostasis affects
bacterial intracellular growth. Treatment of infected monkey kidney epithelial cells with a broad
spectrum antiviral molecule ST699, which localizes to host cell LDs, inhibited bacterial growth [81].
siRNA depletion of the LD breakdown enzyme, ATGL, increased the number of C. burnetii PVs in
HeLa epithelial cells [78]; however, its effect on bacterial growth is not known. Exploring this further,
infection of mouse alveolar macrophages demonstrated that blocking ATGL activity almost completely
inhibited bacterial growth, indicating LD breakdown is essential for C. burnetii intracellular growth [78].
Conversely, blocking ACAT and DGAT-mediated LD formation increased bacterial growth. Thus, LD
breakdown could potentially serve as a source of free fatty acids and cholesterol to support C. burnetii
PV biogenesis. However, specifically inhibiting DGAT-mediated TAG formation abolished all LDs
from C. burnetii-infected mouse alveolar macrophages. This suggests that the primary role of LDs
during infection is TAG and not CE mobilization [78]. The ATGL-mediated breakdown of TAG-rich
LDs releases fatty acids, suggesting that LD-derived lipids could serve as a nutrient source for C.
burnetii instead of providing cholesterol for bacterial growth.

Recently, Stead et al. reported that C. burnetii phospholipase A (P1dA), an enzyme which catalyzes
the removal of an acyl chain from a phospholipid to produce free fatty acids, is important for bacterial
intracellular growth [82]. In axenic media, when C. burnetii is in the non-replicating stationary small
cell variant (SCV) phase, PIdA assisted the accumulation of free fatty acids. These lipids potentially
provide nutrients to the intracellular replicating logarithmic phase large cell variant (LCV) during
initial stages of infection when the PV is limited in nutrients [82]. Additionally, similar to C. trachomatis
and C. pneumoniae, PGE2 plays an important role during C. burnetii pathogenesis. PGE2 mediated
immunosuppression in vitro in C. burnetii-infected cells and in vivo in patients [83-85] to promote
bacterial intracellular growth. As LDs are a source of arachidonic acids, precursors for PGE2 synthesis,
LD breakdown could result in PGE2-mediated immune modulation during C. burnetii infection. Thus,
LDs could serve as a nutrient and/or immune modulator source to facilitate C. burnetii intracellular
growth. However, the mechanism and the bacterial effector proteins employed to manipulate host LD
homeostasis and the contribution of LDs to C. burnetii pathogenesis remains unknown.

2.1.3. Anaplasma phagocytophilum

A. phagocytophilum, a member of the Anaplasmatacae family, is a Gram-negative, pleiomorphic,
obligate intracellular tick-borne pathogen that causes human granulocytic anaplasmosis [86,87].
It preferentially infects neutrophils, utilizes caveolae to enter the host cell, and then multiplies within
vacuoles called inclusions or morulae [88]. A. phagocytophilum is an obligate intracellular pathogen
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for multiple reasons: first, the structural integrity of the inclusion membrane and therefore bacterial
intracellular growth depends on host cell cholesterol level maintenance [88,89]. Additionally, due
to the lack of typical cell wall constituents, lipid A and peptidoglycan, the bacterium itself depends
on host cholesterol for cell wall structural integrity [88]. To make up for its lack of cholesterol
biosynthesis genes [90], the bacterium essentially hijacks the host cell LDL trafficking and recruits
cholesterol to the inclusion membranes [89]. While it is clear that A. phagocytophilum manipulates
this host cell lipid delivery system to its advantage, specific mechanisms that it utilizes to recruit
host cell cholesterol are yet to be elucidated. Recent studies demonstrate that plin1 is essential for A.
phagocytophilum infection and multiplication [91,92], suggesting LDs may play an important role in
cholesterol recruitment. In infected promyelocytic human HL-60 cells, plin1 mRNA and protein levels
were directly proportional to bacterial multiplication and increased plinl expression was beneficial to
the bacterium [91]. How the bacterium increased plin1 levels is unclear, although A. phagocytophilum
possesses a functional T4SS which secrets effectors known to modulate host cell autophagosome
formation and SUMOylation [93,94]; whether these T4SS effectors modulate plin expression requires
further elucidation. Additionally, how increased Plin1 levels facilitate A. phagocytophilum growth
is still unknown. One hypothesis posits that because Plinl regulates LD lipolysis, change in its
expression leads to host cell cholesterol and fatty acid release to support bacterial intracellular growth
and survival [95,96]. Comparing relative changes in Plin and cholesterol levels in infected cells will
address this hypothesis. Although LDs seem to be important for A. phagocytophilum infection, in order
to establish a direct LD—pathogen relationship, future studies should quantify LD accumulation in
infected cells. Additionally, the mechanisms A. phagocytophilum employs to target host LDs and their
contribution to bacterial growth should be investigated.

Interestingly, despite a similar intracellular lifestyle, no reports suggest LD interaction with
Ehrlichia chaffeensis, a bacterium that also belongs to the Anaplasmatacae family [97]. E. chaffeensis causes
human monocytic ehrlichiosis and, similar to A. phagocytophilum, depends on host cell cholesterol for
intracellular survival [88]; this commonality highlights an opportunity for future studies to explore the
role of LDs during E. chaffeensis infection.

2.1.4. Orientia tsutsugamushi

Unlike the obligate intracellular bacteria discussed thus far, O. tsutsugamushi resides in the host
cell cytoplasm rather than a parasitophorous vacuole. This Gram-negative coccobacillus belongs to
the genus Rickettsia and is transmitted to humans by arthropods [98], ultimately resulting in scrub
typhus. In humans, O. tsutsugamushi spreads hematogenously, mainly infecting the endothelial
cells [99] via a clathrin-mediated endocytic pathway [100]. Once endocytosed, the bacterium escapes
the endosomal vacuole and replicates freely in the cytoplasm. It then buds in a viral-like process and
egresses from the host cell [101,102]. Although O. tsutsugamushi departure from the cell requires host
cell cholesterol [103], little is known about its lipid—pathogen interactions [21], with especially less
evidence for LD involvement. Thus far, only one report demonstrated a time-dependent LD increase in
O. tsutsugamushi-infected L929 fibroblasts [103]. Furthermore, there was a direct correlation between
the size and number of host LDs and bacterial multiplication [103]. Based on cellular lipid analysis, TAG
concentration increased in infected cells but cholesterol and phospholipid levels remained unchanged;
this indicates that the LDs are TAG-rich [103]. Although the increase in cellular TAG suggested LDs as
a potential energy and nutrient source similar to Chlamydia spp.-infected cells, their contribution to
O. tsutsugamushi infection remains unknown. Elucidation of how LD accumulation affects bacterial
growth or egress will clarify the importance of LDs during O. tsutsugamushi pathogenesis.

Thus far, O. tsutsugamushi is the only member of the genus Rickettsia reported to demonstrate a
LD-pathogen interaction. R. prowazekii and R. typhi, the causative agents of human epidemic typhus
and murine typhus, respectively, were reported to express proteins that exhibit phospholipase A2
(PLA2) activity which mobilizes LDs to release fatty acids [104]. R. prowazekii protein, RP534 [105], and
R. typhi proteins, RT0590 and RT0522 [106], are homologous to the Pseudomonas aeruginosa, protein
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ExoU [105,106], which hydrolyzed host cell LDs to produce PGE2. ExoU-mediated PGE2 subsequently
prevented P. aeruginosa clearance from the host [107-109] (reviewed later). Rickettsial infection also
induced PGE2 production in endothelial cells [110,111], suggesting that RP534, RT0590, and RT(0522
might interact with host LDs to potentially produce PGE2. Further investigation is required to
determine the existence and importance of LD-Rickettsia spp. interaction. Contrary to reports thus far,
O. tsutsugamushi may not be the only Rickettsia spp. that utilizes LDs to facilitate intracellular growth.

2.2. Facultative Intracellular Bacteria

Several pathogens including Mycobacterium spp., Legionella pneumophila, Listeria monocytogenes,
Burkholderia spp., Francisella tularensis and Salmonella spp. possess the ability to survive and replicate
intracellularly as well as extracellularly. Like obligate intracellular bacteria, these pathogens are present
extracellularly before invading the host cells, followed by an intracellular phase which provides a shield
from the host humoral immune response and facilitates bacterial replication. However, facultative
intracellular bacteria possess an additional extracellular phase in the host which represents a particular
disease stage. For example, Salmonella’s escape from its initial intracellular niche back into the gut
lumen occurs during this stage of its infectious cycle [112]. This extracellular phase within the host uses
additional virulence factors to produce specific disease pathologies and provides the pathogen with a
survival advantage. Classically, sepsis is a common outcome of a facultative intracellular bacterial
dissemination [113]. Thus, both the replicative intracellular and disseminative extracellular phase
are crucial for pathogenesis [113,114]. Although facultative intracellular bacteria are studied quite
extensively, only Mycobacterium spp. and Salmonella have been reported to interact with host LDs.

2.2.1. Mycobacterium spp.

Mycobacterium spp. cause diseases of global importance such as tuberculosis and leprosy.
M. tuberculosis, M. leprae, and M. bovis infections all characteristically result in the formation of
foamy, LD-filled macrophages [115-117]. This section focuses on the three Mycobacterium spp. and
their interaction with LDs.

M. tuberculosis (Mtb)

Mtb causes severe pulmonary disease tuberculosis (TB) which has afflicted humans for nearly
70,000 years [118]. Despite increasing availability of antibiotics, TB continues to be one of the
top 10 causes of death worldwide and poses a great public health burden [119]. Humans acquire
Mtb via inhalation; once in the respiratory tract, Mtb preferentially infects alveolar macrophages,
escapes phagolysosomal fusion, and matures within the phagosome in order to evade host immune
response-mediated clearance [120]. The bacterium can persist in the lungs latently for several years
without manifesting as clinical TB. In latent TB, infiltration of the alveolar macrophages results in
granuloma formation, a structure that includes the infected cells, differentiated macrophages, and
LD-laden macrophages, all surrounded by T lymphocytes [81,82]. While the granuloma is capable of
limiting Mtb growth, it is also hypothesized to provide a niche for bacterial survival [115]. Studies
implicate that LDs are an important component of the foamy macrophages that allow for Mtb persistence
within the host [reviewed in [23,116]]. Although several studies thus far use the non-pathogenic
M. smegmatis to identify the role of LDs, in this section we only discuss data obtained for the more
virulent and most commonly used Mtb H37Rv strain.

Mtb manipulates host cell lipid metabolism through various mechanisms to form foamy
macrophages. In an in vitro granuloma model, Mtb very-long-chain fatty acids, namely oxygenated
mycolic acids, triggered the differentiation of human monocyte-derived macrophages into LD-laden
foamy macrophages [117]. Conversely, in caseous TB granulomas, LD metabolism genes plin2 and
acyl-CoA synthetase (acs) expression were responsible for LD accumulation [121]. Mtb infection
induced LD formation in murine and human macrophages [117], which could also be visualized in the
newly developed in vitro lung alveolar macrophage model using the primary Max Planck Institute
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(MPI) cells [122]. On a cellular level, Mtb dysregulated host lipid metabolism primarily through
manipulation of PPAR nuclear receptors to induce host LD accumulation. While the adipogenic
ability of PPARy induced LD formation and thereby bacterial growth [123], PPAR«x activation however
promoted LD catabolism and fatty acid 3-oxidation, thus reducing the bacterial load [124]. A similar
difference in PPAR family member activity was observed in M. bovis-infected cells discussed later.
While the activation of transcription factor EB (TFEB) was essential for PPAR«x activation [124], PPARy
activation relied on vitamin D receptor activity. Vitamin D treatment of Mtb-infected macrophages
downregulated PPARY activation, abating the infection-induced LD accumulation and ultimately
reducing bacterial growth [123]. Thus, the PPAR family plays an important role in Mtb-induced
LD accumulation.

In addition to inducing host cell LDs, Mtb also synthesized its own TAG-containing LDs,
hypothesized to support the bacterium during dormancy [125-128]. The fatty acid composition of
Mtb and host TAG is nearly identical, suggesting that the bacterium utilized its own TAG synthase
in conjunction with host TAGs to form bacterial LDs [129]. Mtb also preferentially migrated towards
host LDs in foamy macrophages, ultimately engulfing these LDs and accumulating the lipids within.
This observation suggested that host LDs may serve as a source of nutrients for bacterial long-term
persistence [117]. Mtb is reported to express a gene cluster mec4 that codes for a cholesterol import
system, supporting the claim that Mtb may use lipids, in this case cholesterol, as a carbon source.
Although cholesterol was not required for murine infection or growth in macrophages, it appeared
to be essential for bacterial persistence within the murine lungs [130]. Further, Mtb is reported to
code for phospholipase C, an enzyme that catalyzes the release of stored free fatty acids, a carbon
and energy source [131]. Therefore, most available studies primarily propose that LDs provide both
carbon substrates for replication and an energy source for Mtb survival. However, a recent study
demonstrated that in resting macrophages devoid of LDs, the bacterium readily accumulated host
lipids from other sources [132]. This suggests that LDs are not the primary lipid source during Mtb
infection. The authors demonstrated that LD formation during Mtb infection in vitro and in vivo
required IFN, a host cytokine important for bacterial control [133]. Hence, LD formation in this model
appears to be an immune response which subsequently promoted the production of host protective
eicosanoids, suggesting that LDs are predominantly beneficial for the host and not the bacterium.
Notably, the Mtb strain used in this study, Erdman, is less virulent compared to the H37Rv strain used
in all other studies discussed [134], potentially altering the macrophage response.

Another recent study also proposed that host-induced LD formation contributes to a
proinflammatory response during Mtb pathogenesis [135]. In the guinea pig model of pulmonary TB,
necrotic granulomas exhibited increased proinflammatory TNF« levels directly proportional to TAG
accumulation. Similarly, during in vitro Mtb infection of human macrophages, host TAG synthesis
increased during necrosis, a process that classically upregulates the pro-inflammatory cytokine response.
The authors suggested that, using lipase mediated degradation, the macrophages potentially obtain
lipids from the necrotic cells and subsequently differentiate into LD-rich foamy macrophages [135].
Thus, LDs formed during necrotic TB could serve as a source of proinflammatory cytokines, thereby
exacerbating rather than promoting pathogen survival. Although much is known about Mtb and LDs,
the intricate host—pathogen interplay indicates a need for further investigation as well as validation of
results through more consistent model and strain usage.

M. bovis

M. bovis is the causative agent of bovine tuberculosis and infects humans who consume
undercooked meat. It is also the progenitor of the M. bovis bacillus Calmette-Guerin (BCG) strain used
in the tuberculosis vaccine. M. bovis infection induced LD accumulation in murine peritoneal [136] and
bone marrow-derived macrophages [124], the newly established Galleria mellonella infection model [137],
and C57BL/6 mice [138]. In murine infection, M. bovis BCG induced early neutrophil recruitment to the
site of inflammation followed by neutrophil apoptosis. Phagocytosis of apoptotic neutrophils resulted
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in LD formation and the subsequent production of the anti-inflammatory mediators PGE2 and TGF3,
which facilitated bacterial survival [138]. In M. bovis-infected murine peritoneal macrophages, the
increase in LDs and PGE2 production required PPARYy activation via a TLR-2 dependent pathway [136].
Independently, IL-6 promoted M. bovis BCG-induced LD formation and bacterial survival [139].
Although PPARY activation inhibits the production of IL-6 [140], the involvement of TLR2-mediated
PPARy activation in IL-6 production specifically in BCG-infected macrophages should be investigated.
Interestingly, PPAR activation in M. bovis-infected macrophages induced LD catabolism and promoted
an antimicrobial response [124]. Similar to Mtb, each PPAR family member exhibits a distinct role
during M. bovis infection based on the tissue, cell type, experimental conditions. Thus, LDs are essential
for M. bovis infection, but their contribution to pathogenesis remains elusive.

M. leprae

Although M. leprae appears to have evolved from the common M. tuberculosis ancestor,
it preferentially invades the Schwann and glial (macrophage) cells of the peripheral nervous system to
cause nerve damage and leprosy. Two major manifestations of the disease include tuberculoid leprosy,
resulting in granuloma formation, and Schwann cell death, and lepromatous leprosy characterized by
LD-rich foam cell-containing lesions. Elamin et al. [30] have extensively reviewed the long-standing
LD-M. leprae association Rudolf Virchow first described in 1863 [28,30]. LDs were observed in skin [141]
and nerve [142] biopsies from lepromatous leprosy patients as well as in vitro in infected murine
peritoneal macrophages [141], human PBMC-derived macrophages [141], human macrophage-like
THP-1 cell line [143] and Schwann cells [142,144]. Further, M. leprae infection induced plin1 and plin2
upregulation in murine and human macrophages [141,143] in vitro and in lepromatous leprosy skin
biopsies [141]. In THP-1 cells, this upregulation required TLR2 receptor signaling [143]. Usually,
the TLR2 ligand peptidoglycan attenuates plin2 expression. However, in THP-1 cells, M. leprae
infection appeared to override this blockage, causing LD accumulation [143]. Notably, TLR2 and
TLR6 deletion only partially affected LD formation in human and murine peritoneal macrophages,
suggesting involvement of alternative receptors [141]. In infected Schwann cells, the deletion of TLR6
and not TLR2, completely abolished LD accumulation. The difference in macrophage and Schwann
cell TLR2 dependence could be attributed to their different immune capabilities. In Schwann cells,
LD localization to M. leprae-containing phagosomes also relied on cytoskeletal rearrangement and
PI3K signaling [142]. Infection of Schwann cells with recombinant M. bovis BCG that expresses a
M. leprae phenolic glycolipid I (PGLI), important for bacterial entry into host cell induced expression of
a PPARy-dependent endocytic mannose receptor (MR/CD206) required for LD accumulation. Blocking
MR/CD206 decreased bacterial entry and survival suggesting the importance of the mannose receptor
in infected Schwann cell LD accumulation [145]. These studies highlight the differences in receptor
signaling required for LD accumulation in M. leprae-infected macrophages and Schwann cells.

Reduced bacterial growth in Schwann cells [142] and macrophages devoid of LDs demonstrated
the importance of LD accumulation for M. leprae pathogenesis [30]. However, the specific mechanisms
LDs employ to assist M. leprae growth have not been elucidated. Besides contributing to the foamy
appearance of lepromatous leprosy lesions, LDs provide nutrients and substrates for innate immune
response mediators [reviewed extensively in [28]]. Notably, while M. leprae infection increased plin2
expression in macrophages, it downregulated the LD lipolysis enzyme hsl! to facilitate LD accumulation.
Treatment of macrophages with clofazimine, an antibiotic used to treat leprosy, attenuated plin2 mRNA
and protein levels while increasing hsl in THP-1 cells and clinical samples. This correlated with reduced
LD accumulation and M. leprae growth [146], suggesting that HSL inhibition and LD accumulation is
important for M. leprae survival.

Bacterial infection significantly increased PGE2 in human and murine macrophages [141] and
Schwann cells [147]. Additionally, in Schwann cells, LD biogenesis is correlated with increased
PGE2 and IL-10 secretion, as well as reduced IL-12 and NO production, all together, downregulating
the immune response [147]. Nerve biopsies from lepromatous leprosy patients demonstrated the
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colocalization of M. leprae, LDs, and COX-2 in Schwann cells, pointing to LDs as possible PGE2 synthesis
sites in vivo [147]. Moreover, LD formation and PGE2 production was also induced in Schwann
cells infected with the recombinant M. bovis BCG expressing the M. leprae PGLI. This CD206-PPARYy
crosstalk-mediated effect favored intracellular bacterial persistence with concomitant secretion of
inflammatory mediators such as IL-8, a possible inducer of neuroinflammation [145]. Thus, in
macrophages and Schwann cells, M. leprae-induced LDs favor inhibition of bactericidal activities and
downregulation of the immune response along with providing nutrients. PGE2 production requires
free fatty acids derived from LD breakdown. The M. leprae genome codes for two lipases and one
phospholipase which could potentially promote LD lipolysis [148]. In addition, overexpression of
host lipases and phospholipases in lepromatous leprosy lesions suggested that host enzymes may
complement these bacterial genes [149]. Beside free fatty acids for PGE2 production, LDs could also
provide nutrients for bacterial growth. However, the time of LD lipolysis post-infection would identify
the precise use of LDs.

Albeit with differences in mechanisms of accumulation, LDs interact with the three mycobacterial
species at the interphase of nutrient acquisition and/or the host immune response evasion. Notably,
LDs also contribute to foam cell formation and hence the disease pathology of the discussed
mycobacterial species infections.

2.2.2. Salmonella spp.

Salmonella, a Gram-negative, facultative intracellular enteric bacterial pathogen can infect a
variety of hosts including birds, reptiles and mammals. Salmonella enterica serovar Typhimurium
(S. Typhimurium) causes human gastroenteritis and a murine typhoid-like disease associated with
systemic infection. The closely related Salmonella enterica serovar Typhi (S. Typhi) causes human
typhoid fever, a frequently fatal systemic disease. Altogether, Salmonella causes more than one billion
new human infections each year, with a significant mortality rate [150]. Of note, the emergence of
multi-drug resistant strains renders Salmonella spp. as a major public health concern [151]. Salmonella
spp. can infect and survive in non-phagocytic cells as well as professional phagocytes, preferentially
macrophages [152]. Once inside the cell, the bacterium multiplies in a Salmonella-containing vacuole
(SCV) and, similar to C. trachomatis, employs its Type 3 secretion systems (T3SS) to translocate bacterial
effectors into the cell cytoplasm to manipulate host processes [152,153]. The S. typhimurium T3SS
effector SseJ, with acyltransferase activity [154-157], assisted in membrane lipid modification and
vesicular fusion during SCV biogenesis [157]. Infection of HeLa epithelial cells and the murine RAW
264.7 macrophage cell line with the Sse] mutant resulted in reduced cholesterol esterification and LD
accumulation [156], suggesting the importance of LDs during SCV biogenesis. As Sse] is important
for SCV membrane dynamics [157], it is thought to esterify cholesterol in order to maintain SCV
membrane fluidity, signaling, and vesicular transport. Additionally, reduced virulence of Sse] mutants
in murine infection models [157-159] suggested that Sse]-mediated host cholesterol esterification and
LD accumulation might play an important role in bacterial virulence. Contrary to Sse], infection
with the T3SS effector SseL. mutant accumulated large amounts of LDs in the in vivo murine gall
bladder infection model, an effect restored with complementation [160]. The SseL-mediated reduction
in LD accumulation was dependent on its deubiquitinase activity [160], suggesting that Salmonella
directly modifies cellular ubiquitination patterns to manipulate host lipid homeostasis. Although, SseL
deficiency rendered the bacterium elongated and filamentous, it did not alter bacterial intracellular
growth [160]. As the alteration of host lipid metabolism was essential for Salmonella infection in the
intestinal tract and liver [161], SseL may provide access to the host lipid stores and/or may prevent
cellular LD buildup to avoid host inflammatory or stress responses. The two studies discussed provide
evidence of Salmonella—LD interactions. However, the benefits of their association remain unclear.
Although Salmonella actively targets host LDs via its T3SS, the role of LDs could be variable depending
on the effector and the infection model.
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Intracellular bacteria represent a pathogen group that displays many diverse interactions with LDs.
These bacteria manipulate LDs for immune modulation and/or to obtain energy and nutrients required
to propagate infection. The diverse mechanisms of LD accumulation and utilization emphasize the
common theme of incomplete understanding. Due to the large disease burden of intracellular bacteria,
further elucidation of the LD-intracellular pathogen interaction could help explore novel pathways
and proteins that could be targeted in future.

3. Extracellular Bacteria

Unlike intracellular bacteria, extracellular bacteria can move within the body and organs but
do not invade cells. While they can proliferate in the host extracellular environment, they lack the
ability to either facilitate their own cellular uptake or to survive the intracellular environment. Some
extracellular bacteria like Vibrio cholerae [162] and Bordetella pertussis [163] adhere to epithelial surfaces
and secrete toxins to cause disease. Alternatively, Escherichia coli and Pseudomonas aeruginosa spread
rapidly to various interstitial spaces in the body after entering the host [164]. Even though extracellular
bacteria have a significantly different lifestyle compared to intracellular bacteria, they also utilize
host cell lipids during infection [reviewed in [23]]. For example, B. burgdorferi, the causative agent
of Lyme disease, cannot synthesize cholesterol and requires host cholesterol to support its growth
and multiplication [165]. Similarly, Helicobacter pylori, the causative agent of chronic atrophic gastritis
and stomach and duodenal ulceration, destroys host lipid rafts to liberate host cholesterol [166].
Several extracellular bacteria incorporate host lipids into their membrane to maintain structural
integrity. However, the mechanism extracellular bacteria employ to acquire host cell lipids remains
elusive. As LDs are a significant source of lipids for intracellular bacteria, it is imperative to discuss
LD-extracellular bacterial relationship and identify LD importance. Thus far, only P. aeruginosa and V.
cholerae have shown direct evidence suggesting a potential role of LDs during their pathogenesis. We
will also explore the putative LD-Streptococcus pyogenes interaction.

3.1. Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative, rod-shaped, opportunistic pathogen which causes chronic
infections in cystic fibrosis patients, diabetics, and burn patients [167]. It is responsible for an estimated
51,000 nosocomial infections in the United States each year. Additionally, the emerging multidrug
resistance of P. aeruginosa increases the burden to the healthcare industry [168], emphasizing the need to
understand its pathogenesis. To successfully invade the host, P. aeruginosa utilizes an array of virulence
factors including flagella, pili and lipopolysaccharide. The bacterium releases effector proteins via its
T35S to manipulate the host and establish infection [169]. The effector proteins identified so far include
ExoS, ExoT, ExoY, and ExoU. While ExoS and ExoT inhibit actin polymerization, prevent phagocytosis,
and promote apoptosis [170], ExoY increases cell membrane permeability [171] and ExoU is reported to
possess cytosolic PLA2 activity [172,173] and interact with host cell LDs. In infected airway epithelial
cells, ExoU PLA2 induced PGE2 production which then interfered with neutrophil migration [174,175],
thereby enhancing bacterial survival within the host suggesting the importance of ExoU-dependent
PGE2 in P. aeruginosa pathogenesis [107-109]. Furthermore, when compared to uninfected and ExoU
mutant-infected airway epithelial cells, wild-type bacterium-infected cells showed decreased LD
numbers, suggesting an ExoU-dependent decrease in cellular LD numbers [176]. This is unlike the
increased LD accumulation observed in most intracellular pathogen-infected cells. Additionally, the
deleterious effect of blocking PLA?2 activity on the bacterium indicated that P. aeruginosa infection
reduces LD accumulation via the ExoU PLA2 activity [176]. Overall, these studies suggest that
P. aeruginosa secretes the T35S protein ExoU in order to hydrolyze host LDs to increase PGE2 levels,
thereby preventing neutrophil infiltration and supporting bacterial growth [177].

Along with ExoU, a P. aeruginosa quorum sensing-associated molecule, N-(3-oxododecanoyl)-1-
homoserine lactone (AHL-12), also interacted with host cell LDs [178]. AHL-12 activated mammalian
cells, induced chemotaxis, up-regulated the leukocyte receptor CD11b expression, and enhanced



Cells 2019, 8, 354 13 of 27

polymorphonuclear neutrophil phagocytosis [179-181]. Interestingly, AHL-12 colocalized with the
bitter receptor T2R38 present on neutrophil LD membranes [178], suggesting T2R38 is a receptor for
P. aeruginosa AHL-12. It was proposed that this interaction may influence neutrophil activation in a
way that sustains bacterial pathogenesis [178]. Additionally, because LDs contain several proteins
within their phospholipid monolayer [182], they may act as a hub of receptors for bacterial virulence
proteins to bind to, a currently unique role of LDs that requires further elucidation.

3.2. Streptococcus pyogenes

S. pyogenes is a Gram-positive bacterium that can cause superficial infections (pharyngitis and
pyoderma), invasive infections (necrotizing fasciitis and streptococcal toxic shock syndrome), and
post-infectious diseases (rheumatic fever) [183]. S. pyogenes is reported to express the protein SlaA,
which exhibited PLA2-like activity, similar to the P. aeruginosa ExoU protein. Although the presence of
SlaA increased the severity of S. pyogenes infection [184], its mechanism for bolstering bacterial virulence
remains unknown. Interestingly, bacterial infection induced upregulation of PGE2 synthesis enzyme
cyclooxygenase-2 (cox-2) which correlated with increased severity of infection in patients as well as
murine experimental models [185,186]. Further, COX-2-mediated PGE2 production suppressed host
cell phagocytic capacity and prevented S. pyogenes clearance similar to P. aeruginosa [186], suggesting
an anti-inflammatory role of PGE2. Although SlaA exhibits PLA2 activity similar to P. aeruginosa ExoU,
whether SlaA contributes to PGE2 production during S. pyogenes infection is not known. Based on
the known contribution of PLA2 activity exhibiting bacterial virulence factors in LD-derived PGE2
production, the role of LDs in S. pyogenes infection is worth investigating.

3.3. Vibrio cholerae

Infection with the Gram-negative, facultative anaerobe, V. cholerae, results in a potentially
life-threatening diarrhea most often seen in the developing world. During infection, the bacterium
secretes cholera toxin, which continually stimulates adenylate cyclase within enterocytes, thus resulting
in a characteristically profuse, watery diarrhea [187]. Along with the most well-known cholera toxin,
the bacterium’s virulence also depends on its ability to acquire fatty acids from the environment and
assimilate them into the cell membrane. The bacterium uses these fatty acids to endure the toxic
reactive oxygen species it encounters while entering a host and initiating infection. As V. cholerae is an
extracellular pathogen present in contaminated water, it utilizes the polyunsaturated fatty acids from
the aquatic organisms to maintain membrane structural integrity [188]. Vibrio spp. possess machinery
to accumulate either host or environmental fatty acids in order to alter their fatty acid composition and
minimize bacterial membrane disturbances [188,189]. The presence of these protective mechanisms
emphasizes the importance of fatty acids in Vibrio spp. pathogenesis. However, whether the bacteria
manipulate host LDs to acquire fatty acids remains elusive. LDs accumulated in V. cholerae-infected
Drosophila melanogaster [187,190] as well as in human embryonic kidney (HEK 293) cells, both commonly
used models to mimic human infection [187]. In infected Drosophila, LD accumulation in enterocytes
directly correlated with host death [190] and was dependent upon the bacterial two-component system
CrbRS (carboxylic acid regulator and sensor). CrbRS activates acetyl-CoA synthase (acs-1) transcription
to facilitate bacterial transition from host acetate excretion to assimilation [190]. As acetate contributes
significantly to host intestinal and systemic health [191], bacterial CrbRS-mediated sequestration of
acetate deactivated host insulin signaling, resulting in altered lipid accumulation within the enterocytes,
which caused intestinal steatosis and ultimately host death [190]. The accumulated large-sized LDs
could be due to TAG accumulation within the enterocyte or LD coalescence to compensate for the
limited supply of short chain phospholipids. Although LC-MS/MS lipidomic analysis revealed no
change in TAGs in the V. cholerae-infected Drosophila intestine, it detected a significant decrease in both
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) species with total fatty acid carbons
totaling less than or equal to 30. This suggested that phospholipid catabolism results in LD coalescence
contributing to their large appearance [187]. Whether V. cholerae utilizes these short chain fatty acids
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for bacterial membrane remodeling remains unknown. LD coalescence resulted from V. cholerae
consumption of dietary methionine sulfoxide (MetO) in the Drosophila intestinal lumen [187]. The lack
of dietary MetO activated host methionine sulfoxide reductase A (MsrA) to reduce protein-associated
MetO and activated host proteins involved in phospholipid degradation; lipid depletion thus caused
LD coalescence and ultimately host death. Besides acetate supplementation [190], knockdown of MsrA
expression in enterocytes or infection with V. cholerae unable to consume dietary MetO increased host
survival [187]. When less MsrA is available for host protein repair, the phospholipid degradation
cascade is blocked, and the host survives. These studies indicated that V. cholerae consumption of
dietary MetO promotes host protein functions essential for bacterial virulence [187]. Thus, LDs play
a unique role during V. cholerae infection of Drosophila, where the accumulation of large LDs in the
enterocytes indicates host death. However, LDs have not been reported in V. cholerae human infection.
Future studies should investigate whether V. cholerae utilizes the catabolized host phospholipids to
maintain their membrane structural integrity.

LDs play a distinct role in extracellular bacterial infections compared to intracellular bacteria.
Similar to certain intracellular bacteria, P. aeruginosa utilizes LDs to induce PGE2 production. However,
it reduces cellular LD accumulation via its effector protein, contrary to other intracellular bacteria
such as Chlamydia spp., C. burnetii and Mycobacterium spp. Moreover, in P. aeruginosa-infected cells,
proteins present on LDs serve as potential receptors for bacterial ligands; this role has not yet been
studied in intracellular bacterial pathogenesis. Uniquely in V. cholerae pathogenesis, LD accumulation
is deleterious to the infected host, rather than a gauge of bacterial infectivity observed for several
intracellular bacteria. Thus, LDs serve distinct roles during extracellular bacterial pathogenesis
compared to intracellular bacteria which could be attributed to the differences in their lifestyles and
infection cycle.

4. Gut Microbiota

The gut microbiota is comprised of several commensal bacteria which maintain energy homeostasis
and contribute significantly to nutrient absorption and enterocyte lipid metabolism to maintain overall
host health. Thus, while not pathogenic, it is important to discuss gut microbiota influence on the host
LD homeostasis. In zebrafish (Danio rerio) intestinal epithelium, LD accumulation decreased in germ-free
and antibiotic-treated larvae compared to conventional larvae [192,193]. This observation indicated
that zebrafish intestinal microbiota has a significant influence on LD accumulation. Furthermore,
in Caenorhabditis elegans, the foodborne microbiota influenced LD accumulation [194]. C. elegans fed
with lactic acid bacteria (LAB) obtained from Mozzarella di Bufala Campana (MBC), a traditional
Italian cheese, showed higher LD accumulation compared to commercial probiotic strain, L. rhamnosus
GG (LGG)-fed worms. In contrast to the LGG-fed worms, the Lactobacillus delbrueckii, L. fermentum,
and Leuconostoc lactis-containing LAB displayed larger LDs and reduced C. elegans longevity [194].
This suggests that foodborne microbial consortium impacts host fat metabolism and subsequent LD
accumulation. However, the specific contribution of LDs to C. elegans life span remains unknown [194].
Similarly, in mice and cellular models, different commensals influence enterocyte lipid absorption in the
small intestine under normal diet conditions. While Escherichia coli colonization was associated with
reduced enterocyte LD size, Lactobacillus paracasei induced a shift toward larger-sized LDs [195]. It is
speculated that E. coli colonization may cause the host to derive less energy from carbohydrates, instead
utilizing dietary fat absorption and subsequent fatty acid (3-oxidation to fuel metabolic processes.
Conversely, L. paracasei gut colonization could result in a higher level of energy extraction from
complex polysaccharides and, consequently, lower level of fat absorption [195]. Therefore, E. coli and
L. paracasei might have distinct effects on lipid metabolism, resulting in enhanced lipid catabolism and
increased lipid storage in cytosolic LDs, respectively [195]. As the gut microbiota influences LDs in the
intestine, it is important to investigate the gut microbiota—LD relationship at the interphase of host
gastrointestinal health maintenance and obesity as well as intestinal pathogen infections.
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5. Conclusions

Various bacteria manipulate host lipid metabolism to promote infection [36]. Particularly,
the eukaryotic neutral lipid storage organelles, LDs, are emerging as important players of host—pathogen
interactions. Both intracellular as well as extracellular bacteria target host LDs for successful infection.
However, the inconsistencies in the in vivo and in vitro models and techniques used, and the mere
dearth of reported studies has resulted in deficient knowledge regarding host LD-bacterial interactions.
Based on the current data, the appreciable differences in bacterial lifestyles seem to allow for unique
host LD-intracellular and —extracellular bacterial interactions while also exhibiting some similarities
(Figure 1, Table 1). Nonetheless, future investigations should identify the precise mechanisms bacteria
use to target host LDs, the host and/or bacterial proteins involved, and the LD contribution to bacterial
growth and disease pathology.
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Figure 1. Overview of host LD-bacterial interactions. (A) Intracellular bacteria employ different host
(black) and bacterial proteins (grey) to induce LD accumulation or LD lipolysis to generate free fatty
acids (FFA) as a source of energy, nutrients or prostaglandin E2 (PGE2). However, the function of LDs is
still unclear for most pathogens as indicated by the dotted arrows. Salmonella is hypothesized to utilize
LDs for Salmonella-containing vacuole (SCV) biogenesis and host LDs translocate to the C. tachomatis
vacuole. Mtb is the only bacterium known thus far to synthesize bacterial LD. (B) Extracellular pathogen
P. aeruginosa utilizes LDs to either increase PGE2 production or uses receptors on LDs for bacterial
protein binding. LD coalescence in V. cholerae-infected host enterocyte is an indicator of host death.

S. pyogenes is hypothesized to target LDs. * secretion system effector, , —Dbacterial phospholipases.
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Table 1. Effect of lipid droplets (LDs) on bacterial growth.

Obligate Intracellular Bacteria (Vacuolar)

Chlamydia trachomatis LD formation required for optimal growth
Chlamydia pneumoniae LD formation required for growth
Coxiella burnetii LD breakdown essential for growth
Anaplasma phagocytophilum LD formation increases growth

Obligate Intracellular Bacteria (Cytoplasmic)

Orientia tsutsugamushi LD formation increases growth

Facultative Intracellular Bacteria

Moycobacterium tuberculosis Contrasting roles
Mycobacterium bovis Contrasting roles
Mycobacterium leprae LD formation essential for growth

Salmonella spp. Unknown
Extracellular Bacteria

Pseudomonas aeruginosa Unknown

Vibrio cholerae Unknown

Since Virchow’s first observation of LD-containing foam cells in M. leprae-infected patients [28,30],
several intracellular bacteria have been reported to increase host cell LD numbers, esterified cellular
lipid concentrations or LD coat protein plin expression, suggesting association with host LDs. Unlike
several intracellular bacteria, P. aeruginosa infection reduces host LD accumulation and V. cholerae
induces LD coalescence, thus exhibiting unique extracellular bacteria—host LD interactions. Despite
distinct outcomes, the extracellular P. aeruginosa and the intracellular C. burnetii, C. trachomatis and
Salmonella spp. all employ secreted bacterial effector proteins to alter host LDs. However, the exact
mechanisms of action and which host proteins the effectors target is not known. For example, C. burnetii
requires functional bacterial T4SS and host ATGL-mediated LD lipolysis for optimal growth. However,
whether the T4SS effectors directly target host cell ATGL requires further investigation. Similarly,
Salmonella spp. T3SS effector Sse] uses a yet unknown mechanism to target host LDs. Future studies
should identify and elucidate the mechanism of action of bacterial proteins that alter host LDs.

The involvement of bacterial proteins suggests that host LDs are beneficial for the pathogens.
While the formation of LDs is important for some bacteria, LD lipolysis is essential for others (Table 1).
During latency, M. leprae and Mtb persist in the granuloma where LDs in the foamy macrophages
potentially assist dormant bacteria. Furthermore, the presence of C. pneumoniae and C. burnetii in
foam cells is also associated with atherogenesis and Q fever endocarditis respectively, suggesting
LD contribution to disease outcomes and bacterial survival. The importance of LDs to intracellular
bacterial growth and disease pathology, and the involvement of bacterial proteins suggests that host
LD alteration is a bacterium-driven process. However, other studies suggest that LDs are beneficial for
the host. LD coat protein Plin2 and LD-associated immunity-related GTPase Irgm3 assist in dendritic
cell cross-presentation to activate a CD8 T cell response [196], important for intracellular bacteria
Listeria monocytogenes [197], Mtb [198] and Salmonella [199] clearance. Additionally, bacterial ligands
promote the release of LD-associated histones which have an antibacterial effect on Gram-positive
Staphylococcus epidermidis and Gram-negative Escherichia coli [200]. Further, LD accumulation in
Mycobacterium spp. requires immune-activating bacterial ligands, host pattern recognition receptors
and proinflammatory cytokine IFNy suggesting host cell LD alteration as a host-driven process.
Interestingly, Mtb and M. leprae code for phospholipases which catalyze the release of fatty acids from
phospholipid membranes, a potential source of carbon and energy and may be a reciprocal response
to evade the host-driven LD accumulation. Determining the bacterial phospholipase expression, the
host LD turnover and the effect of LD formation or lipolysis on bacterial growth at various times
post-infection will help elucidate LD alteration as a host or a bacterium-driven process.
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Irrespective of how LDs are altered, they certainly seem to promote intracellular bacterial growth.
LDs are hypothesized to provide nutrients and energy for intracellular survival, lipids for bacterial
vacuolar membrane biogenesis, and modulators for immune evasion (Figure 1). C. pneumoniae, M. leprae
and Mtb, which reside in foam cells, potentially use host LD-derived free fatty acids to generate ATP via
-oxidation. Whether other intracellular bacteria use LDs as a source of energy should be investigated.
Notably, Mtb utilizes the host LD-derived TAGs and bacterial TAG synthase to form its own LDs
hypothesized to assist the bacterium during dormancy. Whether other bacteria synthesize their own
LDs remains unknown and should be explored as a potential bacterial mechanism to utilize the host LDs
as a nutrient source. Unlike intracellular bacteria, V. cholerae is not yet known to utilize LDs for nutrition.
However, bacterial consumption of host cell MetO results in host nutritional imbalance, affects host
lipid homeostasis, results in LD coalescence and subsequently host death. The role of LDs as an
indicator of V. cholerae-infected host death requires further investigation. Besides nutrients, the obligate
intracellular bacteria C. trachomatis, C. pneumoniae, C. burnetii, and A. phagocytophilum also require host
cell lipids and cholesterol to establish respective parasitophorous vacuoles, their intracellular niche.
Similar to Salmonella spp. which utilizes LD-derived lipids to assist Salmonella-containing vacuole
(SCV) biogenesis, other intracellular pathogens could utilize LD-derived lipids to assist in vacuolar
biogenesis. Although not for parasitophorous vacuole, extracellular V. cholerae is hypothesized to
use LDs to maintain bacterial membrane structural integrity. Thus, utilization of LD-derived lipids
appears to differ based on bacterial lifestyle.

In M. leprae-infected Schwann cells, LDs are associated with increased anti-inflammatory PGE2
and IL-10 and reduced proinflammatory IL-12 and NO secretion resulting in an immunosuppressive
environment. Since most intracellular bacteria evade the immune response to survive long-term in the
host, bacteria might manipulate host cell LDs to induce anti-inflammatory cytokine secretion. PGE2
contributes to an immunosuppressive environment in C. pneumoniae, C. burnetii and M. bovis-infected
hosts, and to host tissue damage and disease exacerbation during C. trachomatis and P. aeruginosa
infection. Since LDs are an active site for eicosanoid synthesis [201], their role as a PGE2 source should
be established for the discussed bacteria. Thus, the role of LDs during host-bacteria interactions largely
remains unclear.

Given the vast range of bacterial pathogens, very few have been demonstrated to interact with host
LDs, with especially limited information regarding extracellular bacterial pathogens. Escherichia coli,
Acinetobacter baumannii, Klebsiella pneumonia, Proteus vulgaris, and Staphylococcus aureus [20,202] are
suggested to interact with host LDs with very little direct evidence. Along with S. aureus [203],
Rickettsia spp. and S. pyogenes express bacterial phospholipases similar to P. aeruginosa, Mtb and M.
leprae. Since phospholipases are important for LD lipolysis, which provides free fatty acids as a
source of nutrients, energy and precursors for PGE2 production, identifying the interaction of these
pathogens with LDs is important. Interestingly, LDs also play an important role in gut microbiota
suggesting a potential interaction with intestinal pathogens. Hence, the role of LDs in other enteric
pathogens besides the discussed Salmonella spp. should be identified. Further, the relation between gut
bacteria-mediated LD accumulation and obesity should be explored.

Besides identifying new bacteria—LD interactions, better understanding of how the currently
reported bacteria associate with LDs is essential. Although LDs play an important role in bacterial
pathogenesis, even after so many years of research, the findings discussed here only scratch the
surface of LD-bacterial interaction. Several questions still remain unanswered; (1) Are there significant
differences in LD interactions between intracellular and extracellular bacteria? (2) Is LD alteration a
host-driven, a bacterium-driven or a dynamic phenomenon? (3) Which host and bacterial proteins
are involved and what is their mechanism of action? and (4) At what stage of bacterial growth
are LDs important? Answering these questions for each bacterium will provide critical insight into
the importance of LDs during bacterial infections, thus elucidating a novel host—bacterial pathogen
interaction pathway.
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