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Abstract

Lipids form an integral, structural, and functional part of all life forms. They play a significant role in various cellular pro-
cesses such as membrane fusion, fission, endocytosis, protein trafficking, and protein functions. Interestingly, recent studies
have revealed their more impactful and critical involvement in infectious diseases, starting with the manipulation of the host
membrane to facilitate pathogenic entry. Thereafter, pathogens recruit specific host lipids for the maintenance of favorable
intracellular niche to augment their survival and proliferation. In this review, we showcase the lipid-mediated host pathogen
interplay in context of life-threatening viral and bacterial diseases including the recent SARS-CoV-2 infection. We evaluate
the emergent lipid-centric approaches adopted by these pathogens, while delineating the alterations in the composition and
organization of the cell membrane within the host, as well as the pathogen. Lastly, crucial nexus points in their interaction
landscape for therapeutic interventions are identified.
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Lipids act as critical determinants of bacterial and viral pathogenesis by altering the host cell membrane structure and
functions.
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CL Cardiolipin cPLA2a Cytosolic phospholipase A2a

TLR Toll-like receptors LD Lipid droplets

MD Myeloid differentiation factor HMGCR 3-Hydroxy-3-methylglutaryl-CoA

GUV Giant unilamellar Vesicles reductase

Stx Shiga toxin OSBP Oxysterol-binding protein

Gb, Globotriaosylceramide

FRET Fluorescence resonance energy transfer

GSL Glycosphingolipids Lipids in Bacterial Infections

DRM Detergent-resistant membranes

MV Microvesicles Bacterial cell membranes are specialized structures with

EHEC Enterohemorrhagic Escherichia coli specific spatiotemporal arrangement of complex lipids and

EPEC Enteropathogenic Escherichia coli proteins. They harbor all the components that enable bac-

UPEC Uropathogenic Escherichia coli terial survival and allows for selective bidirectional pas-

PDIM Phthiocerol dimycocerosate sage of nutrients and waste products. Numerous bacterial

TDM Trehalose Dimycolate lipid-virulence factors are recognized by the human innate

SL Sulfoglycolipid immune response, such as lipopolysaccharide (LPS) in

PIM Phosphatidylinositol mannoside Gram-negative bacteria, lipoteichoic acid in Gram-positive

Man-LAM Mannose capped lipoarabinomannan bacteria, and lipoglycans in mycobacteria (Larrouy-Maumus

PGL Phenolic glycolipid 2018). These underscore the role of lipids and their intri-

DAG Diacylglycerol cate interplay with the host cell machinery during bacterial

DPPG Dipalmitoyl phosphatidylglycerol infection. Below, we focus on lipids derived from two main

DMPG Dimyristoyl phosphatidylglycerol disease-causing bacteria: (a) Escherichia coli (E.coli) and

PAL Peptidoglycan associated lipids its pathogenic variant shiga toxin producing E.coli (STEC)

CLR C-type lectin receptor responsible for bloody diarrhea and Hemolytic uremic syn-

CR Compliment receptor drome (HUS), and (b) Mycobacterium tuberculosis (Mtb)

MALDI-TOF Matrix-assisted laser desorption ioniza- that causes tuberculosis (TB). Both E.coli and Mtb differ
tion-time of flight vastly in their cell envelope composition and organization

AFM Atomic force microscopy (Fig. 1), as well as their cell wall-associated lipid compo-

HCoV Human corona virus nents, which serve as virulent factors causing disruption of

HIV Human immunodeficiency virus host cellular signaling and manifestation of their respective

l, Liquid-ordered domains diseases.

I Liquid-disordered domains

CD Cluster of differentiation Structural and Functional Role of Lipids in E. Coli

PM Plasma membrane

PIP, Phosphatidylinositol-4,5-biphosphate Escherichia coli is a Gram-negative bacterium that is com-

gp Glycoprotein monly found in the gut of humans and warm-blooded ani-

Gag Group-specific antigen mals. It has been extensively studied and served as a role

dSTORM Direct stochastic optical reconstruction model for understanding of diverse fundamental biological
microscopy processes.

MVB Multivesicular bodies

TEM Tetraspanins-enriched microdomains The Bacterial Envelope

SARS Severe acute respiratory syndrome

MERS Middle-East respiratory syndrome A typical Gram-negative bacterial cell wall consists of

ACE 2 Angiotensin-converting enzyme 2 three principal layers: an outer membrane (OM), a pepti-

nsps Non-structural membrane spanning doglycan cell wall, and a cytoplasmic or inner membrane
proteins (IM) (Fig. 1). The aqueous cellular compartment delimited

RTC Replication/transcription complexes by the concentric IM and OM is called the periplasm. It is

DMV Double-membrane vesicles more viscous than the cytoplasm (Mullineaux et al. 2006)

M Convoluted membrane and is densely packed with proteins, essentially degradative

VP Vesicle pockets enzymes like RNase and other periplasm-binding proteins

LPS Lysophospholipids that help in chemotaxis. The IM is essentially a phospholipid

UPLC-MS Ultra-performance liquid chromatography- bilayer comprising of various membrane proteins that regu-
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Fig. 1 Schematic representation of the cell membrane architectures in E. coli and M. tuberculosis along with structures of key virulence-associ-

ated lipids

and transport (Silhavy et al. 2010). The most abundant phos-
pholipids in E. coli IM are phosphatidyl ethanolamine (PE)
and phosphatidylglycerol (PG), and to a lesser extent, phos-
phatidylserine (PS) and cardiolipin (CL) (Raetz and Dowhan
1990). OM is a lipid bilayer that consists of phospholipids
limited to the OM inner leaflet. The OM outer leaflet is
composed of complex glycolipids, and LPS, (Fig. 1) which
impart low fluidity and permeability. Overall, this asymme-
try authors the impeccable barrier functions of OM (Shriv-
astava and Chng 2019). Rowlett et al. (2017) elucidated the

precise roles played by membrane phospholipids in bacterial
physiology and stress adaptation by means of genetically
altered E. coli strains (i.e., having manipulated phospholipid
contents). They inferred that membrane phospholipids have
a global impact on both the membrane structure and the key
metabolic pathways. For example, the cells lacking PE and
CL result in changed LPS structure and affect the assembly
and folding of OM proteins. Further, Rowlett et al. revealed
alteration in phospholipids to impede global dehydroge-
nase activity, decreasing the levels of ATP, and increasing
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the intracellular oxidative stress. They observed metabolic
changes in the upper glycolytic pathway, pentose phosphate
pathway, and amino acid utilization, with altered membrane
phospholipid synthesis and turnover. These results highlight
the importance of proper membrane phospholipid composi-
tion in the maintenance of bacterial morphology, homeo-
stasis, and adaptation to environmental factors. Through
molecular genetics-based approaches, it is known that the
absence of PE alters cell division and affects IM protein
folding and assembly (Dowhan and Bogdanov 2009), thus
emphasizing the role of PE in the localization, structure, and
function of several IM bacterial proteins.

Lipopolysaccharides (LPS): The “Stageholder” Lipid
Endotoxin

LPS is a notorious lipid macromolecule; it serves as a
toxin inducing stimulation of the eukaryotic host cells, and
also, protects the bacteria by providing essential perme-
ability barrier against various antimicrobial peptides and
clinical antibiotics (Di Lorenzo et al. 2019). LPS structure
is highly conserved across bacterial species and consist of
a covalently linked lipid component known as Lipid A, a
core hydrophilic oligosaccharide and a O-antigen polysac-
charide with repeating units of varying lengths (Fig. 1)
(Wu et al. 2013). Lipid A, the key component of LPS,
serves as the membrane anchor, with the polysaccharide
component interacting with the external environment. The
core oligosaccharide component is further divided into
outer and inner core. The inner core, situated close to lipid
A, is composed of rare sugars such as 2-keto-3-deoxyoct-
ulosonate (Kdo) and 1-glycero-d-manno-heptose and the
outer core, that extends beyond lipid A, consists of com-
mon sugars such as hexoses and hexosamines. Attached
to the outer core is the O-antigen that has either linear or
branched arrangement of repeating saccharide units (Err-
idge et al. 2002). Wu et al. (2013) studied the structural
dynamics of LPS through NMR and molecular dynamics
simulation and inferred that water can penetrate through
the inner core region and that the hydration is crucial for
maintaining the bilayer structure. The core oligosaccha-
ride and lipid A are negatively charged, resulting in strong
affinity for divalent cations such as Ca*. This strong elec-
trostatic interaction is crucial for maintaining LPS struc-
ture—function integrity. The human-p-defensins and its
analogues are cationic antimicrobial peptides that target
LPS by electrostatic interactions and subsequently cause
its disintegration leading to cell hemolysis (Krishnakumari
et al. 2020). In fact, electrostatic interactions also play
a role in communicating with the host cells. Through in
silico studies and biophysical characterization, Bahl et al.
(2011) showed that hemoglobin, which is a frontline host
defense molecule, possesses evolutionarily conserved
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surface of cationic patches that function as potential LPS-
binding sites. Through surface plasmon resonance (SPR),
the high binding affinity regions in both the subunits of
hemoglobin molecule responsible for LPS binding were
revealed.

Lipid A is the endotoxin responsible for the toxic effects
such as fever, diarrhea, and septic shock associated with
the LPS-mediated bacterial infections (Erridge et al. 2002).
Lipid A is recognized by different receptors on the host cell
membranes. For instance, recognition by toll-like receptors
(TLR)-4 and -2 leads to the stimulation of inflammatory
responses by activation of caspase-4, caspase-5 as well as
secretion of inflammatory cytokines. The process underlying
the immune response signaling involves binding of LPS with
TLR-4/MD-2 complex, with subsequent dimerization that
initiates the signal transduction (Maeshima and Fernandez
2013). E. coli lipid A comprises of a bis-phosphorylated glu-
cosamine disaccharide backbone decorated by six fatty acids
with a 442 distribution, with 14:0 (3-OH) as the primary,
14:0 and 12:0 as the secondary acyl substituents (Fig. 1).
X-ray crystallography studies of human TLR-4/MD-2 with
E. coli hexa-acylated lipid A proved that five of the six acyl
chains are buried within the MD-2 binding pocket, and
the sixth acyl chain is partially exposed and interacts with
TLR-4 (Park et al. 2009). This specific binding pattern facili-
tates the dimerization of LPS/TLR-4/MD-2 complex and
suggests that the primary structures, as well as the confor-
mation of LPS lipid, are important features that govern the
immunopotency of LPS.

In addition to the immune-regulatory role, the lipid phase
behavior and membrane organization of LPS modulates
bacterial cell membrane properties toward drugs and host
defense factors. In this regard, supramolecular assemblies
of LPS such as spherical, lamellar, cubic and hexagonal
or inverted hexagonal have been identified. These further
depend on the LPS molecular geometry and environmen-
tal factors such as hydration, temperature, and presence of
ions (Seydel et al. 1993; Wilkinson 1996). Studies examin-
ing the effect of structural and environmental factors on the
phase transition behavior of LPS have revealed the following
major observations: the main phase transition temperature
(T,,) of LPS reduces upon removal of the polysaccharide
unit and increases in the presence of divalent cations such
as Mg?" (Brandenburg and Seydel 1990; Nikaido 2003). In
2011, (Kubiak et al. 2011) Kubiak et al. examined the lateral
organization of LPS in giant unilamellar vesicles (GUVs)
reconstituted from E. coli polar lipid extracts. Rhodamine-
DPPE—vprobe that preferentially partitions into fluid/dis-
ordered regions of the lipid membrane—labeled GUVs
showed the existence of micrometer sized lipid domains at
10 mol % LPS concentration. Fluorescence correlation spec-
troscopy (using fluorescently labeled LPS) and Laurdan gen-
eral polarization experiments corroborated the co-existence
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of fully disordered and gel-like lipid domains. These results
indicated that LPS forms gel-like lipid clusters, with sizes
depending on various LPS structural attributes.

Lipid-Dependent Pathogenic Manifestations in E. coli

Escherichia coli is generally considered a harmless, friendly
bacteria residing in the gastro-intestinal tract of humans and
other warm-blooded animals, but the pathogenic strains
cause diseases such as severe dysentery, urinary tract infec-
tions, meningitis and septicemia. The pathogenic strains dif-
fer from other commensal strain in their ability to express
certain virulence factors, which disrupt the normal host
physiology, and thus manifest diseased phenotypes (Donnen-
berg and Whittam 2001). Shiga toxin producing Escherichia
coli (STEC) is one such strain among diarrheagenic E. coli
that produces Shiga toxins (Stx) type 1 and type 2 virulence
factors and is responsible for bloody diarrhea and HUS.
Shiga toxins are ribosomal-inactivating proteins and are
referred as “verotoxin-producing” or “verocytotoxin-produc-
ing” E. coli (VTEC), due to their ability to exert cytotoxic
effect on the Vero monkey kidney cell line (Hunt 2010).
The Stxs belong to a group of bacterial AB5 proteins (about
70 kDa) that inhibit protein synthesis in sensitive eukaryotic
cells. Stxs preferentially target the microvascular endothelial
cells of human kidneys and the brain (Melton-Celsa 2014;
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Bauwens et al. 2013). The pentamer of identical B subunits
mediates toxin binding to the cellular receptor globotria-
osylceramide (Gb;) (Melton-Celsa 2014), followed by endo-
cytosis and retrograde trafficking of the toxin to the target
organelle; the endoplasmic reticulum, ER (Fig. 2). Once at
ER, the A1 fragment of the bacterial toxin (upon cleavage)
exerts its ribotoxic effect resulting in the inhibition of protein
biosynthesis followed by cell death (Legros et al. 2018). The
precise molecular mechanism involves a complex interac-
tion of the bacterial effector molecules and host lipids that
manipulates the host signaling networks, such as apoptotic
pathways (Karpman et al. 1998; Clements et al. 2012; Bur-
laka et al. 2013). The entry process of shiga toxins through
the Gb; receptors and the associated cellular effects are out-
lined in Fig. 2.

Gb; have been shown to cluster in the host lipid rafts
with host glycosphingolipid, Gy,;, on the apical surface of
(Kovbasnjuk et al. 2001), rendered using fluorescence reso-
nance energy transfer (FRET) microscopy studies. Lipid
rafts are specialized domains in the host plasma membrane
(PM) that are enriched in cholesterol, glycosphingolipids,
sphingomyelin, and raftophilic proteins (Fig. 2). Fluctua-
tions in local PM lipid composition leads to lipid raft domain
formation, which act as major signaling hotspots, regulating
cellular processes. In addition, lipid rafts also house actin
anchoring (signaling) lipids such as phosphatidylinositol
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phosphates (PIPs) that regulate the structuring of the host
cytoskeleton and hence are exploited by pathogens for their
uptake. It has been shown that lipid rafts disruption sig-
nificantly decreases the internalization of Stx 1 B-subunit.
Although raft disruption by cholesterol depletion does not
affect the amount of bound Stx 1 B-subunit, host lipid rafts
are necessary for the toxin uptake across the apical host
membrane. Consistently, functional hijacking of host lipid
rafts and the associated cytoskeletal machinery have been
implicated in infections by also other enterohemorrhagic E.
coli strains. For instance, Riff et al. (2005) assessed the mod-
ulation of the host cytoskeleton during toxin invasion upon
adherence of enterohemorrhagic E. coli (EHEC) O157:H7
strain CL56 and enteropathogenic E. coli (EPEC) O127:H6
strain E2348/69 to the epithelial cells. It was observed that
upon cholesterol depletion from the PM, the cytoskeletal
rearrangement was inhibited and the same was restored
upon exogenous cholesterol addition. This indicates that
host membrane cholesterol within lipid rafts is necessary
for the cytoskeletal rearrangement following infection with
attaching-effacing E. coli strains. Furthermore, the role of
lipid rafts in invasion of colonic epithelial cells by Shiga tox-
igenic E. Coli O113:H21 is also documented (Rogers et al.
2012). Prior to this study, Duncan et al. (2004) elucidated
the molecular basis for the invasion of uropathological E.
coli (UPEC), responsible for urinary tract infection, into
the bladder epithelial cells. They found that the signaling
molecule required for E. coli invasion was located within
the host lipid rafts and associated with caveolin-1, as the
disruption of lipid rafts or lowering of caveolin expression
inhibited the bacterial invasion.

Gb; receptors belong to a diverse group of Glycosphin-
golipids (GSLs), which along with cholesterol and sphingo-
myelin, regulate the stabilization and spatial organization of
PM microdomains. Recently, Legros et al. (2018) carried out
a comprehensive study on the composition of Stx-binding
glycosphingolipids (GSLs) in Madin-Darby canine kidney
(MDCK) II epithelial cells. They demonstrated that the
distribution of GSLs was limited to the detergent-resistant
membranes (DRMs), while ascertaining the lipid compo-
sition of DRM and non-DRM preparations. Despite the
high cellular content of the GSLs in MDCK cells, the cells
showed a lack of Stx-binding GSLs in the apical PM, and,
as a result, displayed high resistance toward the shiga toxins.
The authors reasoned that this could be either a masking
effect or structural modification such as a tilt of GSL polar
head group by other membrane components like cholesterol,
consistent with other studies (Lingwood 2011). Or could
be a manifestation of the different routes of intercellular
trafficking, though this hypothesis awaits verification. The
authors finally concluded that the cellular content of GSLs
and their biochemical detection in DRM preparations are
not the only determinants of cellular sensitivity toward Stxs.
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Lipid Microvesicle-Mediated Trafficking of Toxins

The bacterial virulence factors can direct their way to the
target organs by gaining access to the bloodstream, causing
widespread target organ damage, such as renal failure or
brain damage (Villysson et al. 2017). One of the main mech-
anisms of toxin-induced systemic and targeted organ injury
involves the transport of bacterial toxin through microvesi-
cles (MV). In fact, Shiga toxin circulate within host MVs
originating from neutrophils, monocytes, platelets and red
blood cells, followed by uptake by glomerular endothelial
cells leading to cell damage and thrombocytopenia (Stahl
et al. 2015). MVs are small lipid vesicles (100—1000 nm)
that ubiquitously contribute to infection and immunity
depending on their origin, i.e., the pathogen or host (Fig. 2).
Host MVs expose PS on their outer surface, which are oth-
erwise present in the inner leaflet of the membrane, and this
flipping involves calcium-mediated activation of enzymes
such as floppase (facilitating movement of lipids toward the
outer leaflet) and scramblase (bidirectional activity). Inhi-
bition of flippase (facilitating movement of lipids toward
the inner leaflet) leads to host membrane remodeling, and
perturbs the phospholipid asymmetry (Nagata et al. 2020).
In acute cases of STEC-HUS infections, the MVs, mostly
from platelets and monocytes bearing tissue factor, binds to
annexin V through PS. The presence of tissue factor and PS
on MVs contribute to the formation of microthrombi during
the acute phases of infection (Villysson et al. 2017).

Apart from the transport of bacterial effectors through
host-derived MVs, bacteria itself releases MVs transport
proteins, lipids and genetic material directly into the host
cells. For example, UPEC strain 536 produces MVs that
contain the protein toxin hemolysin (Balsalobre et al. 2006),
cytotoxic necrotising factor type 1 (Kouokam et al. 2006)
and a range of RNA species (Ghosal et al. 2015; Blenkiron
et al. 2016). Yaron et al. (2000) demonstrated the MV iso-
lated from the E. coli O157:H7 to mediate the transfer of
virulent genes, which are then expressed by the recipient
Salmonella enterica serovar Enteritidis or E. coli JM109.
MVs transport molecular cargos and dispatch them to
the target cells by either direct fusion with the cytoplas-
mic membrane and/or by endocytosis, modifying the host
physiology (Fig. 2). Though understanding the molecular
mechanisms of MV biogenesis is still at a nascent stage,
modulation of lipid composition has been shown to enhance
membrane curvature—a perquisite for the emergence of
these extracellular vesicles (Gill et al. 2019). In fact, asym-
metric distribution of phospholipids between the inner and
outer leaflets of the OM enhances membrane curvature aid-
ing in hypervesiculation. Thus, identification of the mecha-
nism controlling the asymmetric distribution of lipids across
the bacterial membrane is a guiding factor for the future
research focused on MVs.
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Pathogenic role-play of mycobacterial lipids

Mycobacteria belongs to the Actinobacteria genus that con-
sists of over 170 different species. M. tuberculosis and M.
leprae constitute the human pathogens, while others cause
diseases in animals (M.bovis, M. avium) and some are gener-
ally non-pathogenic (M.kansasii, M. smegmatis). Tubercu-
losis (TB), caused by obligate human pathogen, Mycobac-
terium tuberculosis (Mtb), persists as one of the most fatal
infectious disease involving multidrug resistance phenotype
and therefore warrants development of novel therapies and
preventive strategies. TB is a pulmonary disease and the
infection initiates when Mtb is inhaled in the form of lig-
uid aerosol droplets and infiltrate deeply into the lungs of
a host. The lung alveolar macrophages are the host’s first
line of defense that eradicates pathogens through a system-
atic receptor-mediated phagocytosis. In this regard, M1b is
peculiar as it evades the immune system by blocking the
maturation of the phagosome (Fig. 2) and stays concealed
within host cells or within the granulomatous caseous
necrotic centers (Barry et al. 2009). This enables Mtb to
resist degradation and eventually create a favorable niche in
the phagosome for its replication. The most distinguishing
feature of this bacillus is that it can persist during the long
phase of latency.

Lipids that decorate the Mtb OM are complex non-
covalently attached glycolipids (Fig. 1) and are intricately
involved in regulating specific events of host—pathogen
interaction like: penetration into the host cells, escaping the
eradication machinery of the macrophages, proliferation,
alteration of host cell membrane properties upon insertion
and finally modulation of host signaling networks (Mishra
et al. 2019; Dadhich et al. 2020), Fig. 2. These underline
Mztb lipids as major virulence factors, in addition to much
investigated Mtb proteins (Forrellad et al. 2013). Further,
these outer membrane lipids are also responsible for the inef-
fectiveness of various drugs underscored by their limited
passage across the Mtb OM. As an important fact, mycobac-
terium has about 250 genes encoding for lipid biosynthesis
and metabolism, which further stresses upon the importance
of lipids in the life cycle of Mtb (Smith 2003). This high-
lights the unmet need to investigate the various facets of
Mtb lipids detailing their structural make-up, involvement
in host interaction as well as their functional role in forming
a robust permeability barrier against therapeutics.

Mycobacterial Lipid Cell Envelope: Avenues for Therapeutic
Membrane Targeting

Mycobacterium tuberculosis has a complex cell membrane
architecture (Fig. 1) with its IM consisting of conventional
glycerophospholipids and phosphatidyl-dimannosides
(Bansal-Mutalik and Nikaido 2014). Attached to IM is the

cell wall core composed of peptidoglycan (PG) with cova-
lent linkages to the heteropolysaccharide arabinogalactan
(AG). AGs are further esterified at their non-reducing ends
to a-alkyl, B-hydroxy long-chain (Cg;-Cy,) mycolic acids
(MAs). The covalently bound MAs of the cell wall core
form the inner leaflet of OM, while the outer leaflet of
OM is constituted by non-covalently exposed lipids such
as phthiocerol dimycocerosate (PDIM), Trehalose Dimy-
colate (TDM), sulfoglycolipids (SL), phosphatidylinositol
mannosides (PIMs), lipoarabinomannan (man-LAM), phe-
nolic glycolipid (PGL), and diacylglycerol (DAG) along
with some phospholipids (Bansal-Mutalik and Nikaido
2014; Layre et al. 2011), Fig. 1. Asymmetric OM is also
referred to as mycomembrane and imparts an exception-
ally high impermeability barrier, and therefore, character-
istic resistance to many therapeutic agents (Brennan and
Nikaido 1995). Investigating the molecular organization of
mycobacterial cell membrane has been the focus of numer-
ous studies based on the structural characterization through
Cryo-electron microscopy (Hoffmann et al. 2008; Sani et al.
2010; Zuber et al. 2008) and lipidomic determination (Layre
et al. 2011; Sartain et al. 2011). It is extremely important to
understand the lateral organization of Mtb’s long-chained
lipids within the membrane plane to gain a clearer perspec-
tive of the associated structural and dynamic attributes that
regulate mycobacterial membrane functions implicated in
drug interactions and virulence.

Cell membrane organization controls cellular functions
by regulating the lipid domain dynamics as well as biomo-
lecular interactions within the membrane and thus depends
on the structural properties of the constituent lipids. Lack of
our knowledge on the physicochemical aspects of mycobac-
terial lipid greatly thwarts efforts directed toward therapeutic
targeting of Mtb membranes. In this regard, recently, our
group elucidated the lipid membrane properties of compo-
sitionally and spatially distinct mycobacterial IM and OM
lipids as well as the functional significance of Mtb trans-
membrane bilayer arrangement (Adhyapak et al. 2020). In
this work, the authors reconstituted the protein-free lipid
extracts of IM and OM from M. smegmatis into model mem-
branes in vitro and, characterized these using atomic force
microscopy (AFM), fluorescence, infrared spectroscopy,
and two-photon microscopy. These experiments revealed
the existence of distinct lipid domains in mycobacterial IM
and OM membranes with varying levels of membrane pack-
ing, order, hydration, and fluidity. The major observations
were: (a) existence of loose acyl chain packing with high
fluctuations and interfacial hydration of the branched and
long-chained lipid in OM, (b) tighter packing at the hydro-
phobic lipid acyl chain region in IM, attributed to the satu-
rated nature of IM lipid chains. Addition of peptidoglycan
associated lipids (PAL) and lipoarabinomannan (LAM) to
OM, fine-tuned the lipid-lipid interactions governed by the
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conformational heterogeneity in the meromycolate chains
of MA within PALs. Further, the highly branched network
of complex sugars in LAM negated the effect of MA, high-
lighting LAM’s involvement in attuning the morphologi-
cal organization and lipid dynamics in the M. smegmatis
mycomembrane. These findings could inspire designing
of suitable therapeutic agents that can leverage the distinct
biophysical properties of mycobacterial lipid membranes to
enhance drug uptake. Design of selective small molecules
exhibiting selective interactions with Mtb membrane over
host membranes, thus obviating toxicity issues, is also fore-
seen from this study.

In line with above, a well-characterized mycobacterial
membrane mimic can find openings in myriad technologi-
cal applications, e.g., a cell-free drug screening platform
and drug-delivery (Zhang et al. 2019). Aligning with the
approach of lipid-guided drug screening in tuberculosis,
Dadhich et al. developed membrane scaffolds specific to
mycobacterial OM and demonstrated them as selective
and novel platforms for investigating anti-tubercular drug
interactions (Dadhich et al. 2019). Designed membrane
scaffolds such as TDM:DAG:DPPG (9.1:18.2:72.7 mol %),
TDM:DAG (33.3:66.6 mol %) and TDM were characterized
for their interaction with antituberculotic drug, rifabutin.
These scaffolds were also compared with DMPG, a pan-
bacterial model lipid extensively used for examining drug
interactions, and a negatively charged eukaryotic membrane
mimic (DOPC:DOPG:DPPC:DPPG:Chol::20:5:45:5:25) to
probe the specificity of drug interactions. Properties such
as membrane order, lateral organization, lipid dynamics
and fluidity were evaluated upon drug binding, followed by
determination of the drug’s partitioning coefficients. It was
revealed that the TDM-containing membrane systems show
altered bilayer hydration governed by the MA chain dynam-
ics/conformations, trehalose head group-water interactions,
and molecular interactions induced by DAG and DPPG.
Employing GUVs stained with n-Rh-DHPE (that selectively
partitions into the fluid disordered lipid domains), authors
elucidated the co-existence of ordered and disordered lipid
domains within TDM-containing membrane mimics. Nota-
bly, the apparent phase transition (7,,) for TDM:DAG:DPPG
agreed well with the thermodynamic behavior of mycobac-
terial cell wall, (Liu et al. 1995, 1996). This implies the
suitability of the novel TDM-containing lipid systems to
recapitulate the physical properties of native Mtb outer
mycomembranes. Rifabutin was shown to remodel the
domain architecture of Mtb model membranes by disrupting
the ordered and disordered lipid domains. It was reasoned
that the hydrophobic chain length mismatch governed by
the line tension was the main driving force for the observed
lateral phase segregation (Garcia-Saez et al. 2007). And in
the presence of the drug, this interfacial energy or line ten-
sion at the periphery of the domains was either depleted or
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redistributed, leading to modulated lateral domain organiza-
tion. Interestingly, attenuated interaction of rifabutin with
DMPG and eukaryotic membranes highlighted the lipid
composition specificity during drug-membrane interactions,
and the same should be accounted for in drug discovery
efforts tailored toward TB to increase specificity and reduce
toxicity. Finally, deepened understanding of drug-Mtb mem-
brane interaction would foster designing efficient liposomal
drug-delivery systems, which have been therapeutically most
successful till date.

Lipid Landscape in Mtb-Host Interactions

Mycobacterium tuberculosis synthesizes various atypical
lipids (outlined in Fig. 1) with structural features that are
unique to this species. These include trehalose head group,
methyl branches, cyclopropane rings and long-chain lengths.
Among all the Mrb lipids, the free-exposed lipids within the
bacterial OM are of utmost interest as their location pre-
disposes them to interact with the host cell membrane upon
contact. These surface exposed bacterial lipids influence
host functions either by binding to the host membrane recep-
tors or upon insertion by altering the physicochemical prop-
erties of the host membranes (largely understudied). The
latter modulates host membrane-associated cellular signal-
ing and trafficking events. In the former mode of interaction,
pathogen-associated molecular patterns (PAMP) on bacte-
rial surface are recognized by the corresponding pattern
recognition receptors (PRRs) on the host cells such as TLR,
C-type lectin receptors (CLR), Fc receptors (FcR), scav-
enger receptors (SR), and cytosolic DNA sensors (Queval
et al. 2017). As an outcome, various cellular processes are
activated including apoptosis, antigen processing/presenta-
tion, inflammasome activation, phagosome maturation, and
autophagy (Lugo-Villarino et al. 2011; Mortaz et al. 2015).
Once phagocytosed inside the host, Mtb resides inside the
macrophagal endosomes with its intracellular survival rest-
ing upon the ability to prevent phagosome-lysosome fusion,
and related host processes.

Mycobacterium tuberculosis adopts a lipid-centric
approach to maneuver its entry into the host followed by
opportunistic alteration of various host cellular processes
and is described below in a lipid specific fashion (Fig. 2).

LAM is a well-recognized Mtb effector molecule regulat-
ing the intracellular trafficking network, as well as immune
responses in infected host cells (Mishra et al. 2011). The
distinguishing immunological ramifications of mannose
capped LAM, Man-LAM, in virulent Mtb appears to be
linked to the distinct and well-defined structural character-
istics of this molecule. These include degree of acylation,
lengths of D-mannan, D-arabinan cores, and mannose caps,
as well as the presence of other acidic constituents such as
succinates. For example, existence of 5-methylthioxylosyl
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(MTX), a substituent present in the arabinan core of LAM
is associated with its anti-oxidative effect (Turnbull et al.
2004). Man-LAM of the virulent Mtb strains interferes with
the maturation of the phagosomes (Fig. 2). Recognition of
man-LAM by mannose receptor, Dectin-2 (belonging to the
CLR family), induces anti-inflammatory cytokine produc-
tion leading to subdued oxidative response (Yonekawa et al.
2014), Fig. 2. Man-LAM interferes with the phosphatidylin-
ositol 3-phosphate machinery—known to serve as a docking
molecule by the lysosome peripheral proteins (J6zefowski
et al. 2008)—by blocking its formation and accumulation,
and thus arresting phagosome maturation (Fratti et al. 2003;
Vergne et al., 2003). Recently, Turner and Torrelles (2018)
reviewed the subtle relationship between structure and bio-
logical functions of Man-LAM, dissecting its impact on the
host—pathogen interactions. The structural motif in the tri-
partite structure of Man-LAM, which is composed of an
MPI (Man-LAM phosphatidyl-myo-inositol) anchor, D-man-
nan and immunodominant D-arabinan cores, has been linked
to its physical and biological properties (Fig. 1). The nature,
number, and position of acyl chains in the MPI anchor add
to the characteristic heterogeneity of Man-LAM. The unique
biological functions involving host cell interference has been
mainly derived from D-arabinan core motifs involving the
mannose-cap units, succinate residue and the MTX residue.

Mycobacterial cord factor or trehalose-6,6-dimycolate
(TDM) is another Mtb glycolipid involved in the biogen-
esis of phagolysosome. The Mincle receptor, belonging to
another sub-family of CLRs specifically recognizes TDM
(Ishikawa et al. 2017) and this interaction induces several
responses such as production of pro-inflammatory cytokines,
generation of Th1/Th17 immune responses and induction
of granuloma-genesis (Ishikawa et al. 2009; Mishra et al.
2017), Fig. 2. In an earlier study by Spargo et al. (1991),
TDM was shown to inhibit calcium-induced vesicle fusion,
suggesting a role of TDM in the inhibition of fusion between
the phagosome and lysosomes. A detailed description of
macrophage receptors for Mtb has been reviewed by Ernst
(1999).

Phthiocerol dimycocerosate (PDIM) is a widely investi-
gated Mtb virulent lipid (Camacho et al. 2001). The mode
of action of DIM/PDIM includes modulation of phagocy-
tosis and is correlated to cholesterol-linked CR (Compli-
ment Receptor)-3 receptors (Astarie-Dequeker et al. 2009).
Of most interest is the ability of PDIM to directly impact
biophysical properties of the host membrane upon interac-
tion—a field rapidly gaining attention (Astarie-Dequeker
et al. 2009; Augenstreich et al. 2019; Mishra et al. 2019).
DIM incorporates into the host membranes and modulates
its organization by increasing the membrane rigidity. More
recently, Augenstreich et al. (2019) corroborated the incor-
poration of DIM into the host THP-1 cell membrane by
MALDI-TOF mass spectroscopy. The proposed mechanism

involves either direct insertion of free DIM into the host
membrane, or vesicle-mediated transfer and/or endocyto-
sis. Further, using multi-scale molecular modeling and 3!P-
NMR, they revealed that DIM adopts a conical shape in
host membranes. DIM also aggregates in the stalks formed
between two opposing lipid bilayers, leading to formation of
non-bilayer (inverted hexagonal) structures that act as fusion
intermediates. Conical shape of PDIM helps the vesicle to
attain the required curvature for the formation of fusion
intermediates and finally fusion with the host membrane
(Chernomordik and Kozlov 2008). In fact, formation of
the non-bilayer structures is associated with the ease of the
fusion process (Zick et al. 2014). In the work by Augenst-
riech et al., infection of macrophages pre-treated with lipids
of various shapes uncovered a general role for conical lipids
in promoting phagocytosis. Thus, the conical shape of DIM
and its effect on disorganizing the membrane may play a
role in the induction of phagosomal membrane rupture and
apoptosis (Augenstreich et al. 2017). Many Mtb glycolipids
extend their inhibitory effect via interaction of their sugar
moiety with the target receptors (Astarie-Dequeker et al.
2010). However, as DIM lacks such a polysaccharide unit
(Fig. 1), the molecular mechanism involving DIM may be
affiliated to a wide ranging effect on the physical proper-
ties of the host cell membrane, such as fluidity, membrane
order and hydration (Fig. 2). In addition, PDIM aids the
escape of Mtb from its intracellular vacuole into the cytosol,
leading to host cell necrosis and macro-autophagy (Quig-
ley et al. 2017). In a very recent report, Augenstreich et al.
(2020) investigated the membrane perturbation by DIM
using polarity sensitive fluorophore, C-Laurdan, and multi-
photon microscopy. A decrease in the membrane polarity at
the site of contact between the bacilli and host membranes
was observed and this decrease extended over distance of
1-1.5 pm around the bacterium. This is in corroboration
to their earlier MD simulation findings that revealed diffu-
sion of DIM across the host membrane (Augenstreich et al.
2019). Since DIM induces membrane curvature; its effect
on the activity of membrane-associated proteins like CR-3
(receptor for Mtb phagocytosis) and EsxA (virulence fac-
tor) was evaluated. The authors observed that DIM caused
an enhancement in activity of both CR-3 and EsxA. All-
together, DIM disperses and remodels lipid organization
within the host cell membrane influencing the activity of
host cell receptors and bacterial effectors and consequently
alters the cell signaling pathways. These outcomes reveal the
molecular mechanisms by which Mtb exploit DIM to rewire
the host cells (Augenstreich et al. 2020).

Sulfoglycolipid-1 (SL-1), a tetra-acylated glycolipid is
the most abundant sulfatide in Mtb OM (Fig. 1). It features
a sulfated trehalose headgroup with four acyl chains with
CH; branches of distinct stereochemistry. It is uniquely
expressed in the virulent strains of Mtb and is present as a
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non-covalently bound free lipid on the OM surface (Dome-
nech et al. 2004; Blanc et al. 2017). SL-1 mediated effects in
the host cell include disruption of the phagosome-lysosome
fusion, disarray of the mitochondrial phosphorylation and
activation as well as suppression of cytokine levels in human
leukocytes (Gilmore et al. 2012), Fig. 2. Mishra et al. (2019)
specifically addressed the ability of SL-1 to alter host cell
membrane properties, akin to PDIM, to validate the host
cell membrane insertion as a “generic” mode of action of
Mtb virulent lipids. The authors characterized the biophysi-
cal, nanomechanical and cell biological properties of live
THP-1 macrophage cell membranes upon insertion of SL-1
(Mishra et al. 2019). SL-1 was demonstrated to remodel the
host cell membrane organization with higher effects on the
ordered lipid raft regions. Moreover, SL-1 increased the
membrane fluidity in a spatiotemporal fashion. Further,
SL-1 decreased the elastic modulus of host cell membrane
by approximately twofold. Interestingly, the authors dem-
onstrated the SL-1 effect to percolate to the underlying
actin cytoskeleton leading to autophagy activation (Fig. 2).
Inspired by these results, the same group adopted a chemical
biology approach, wherein they synthesized various SL-1
analogues to explore the functional role of specific chemi-
cal moieties of SL-1 lipid structure during host membrane
interactions. Biophysics, cell biology and molecular dynam-
ics simulations furnished insights into the structure—function
relationship of SL-1 to elucidate a direct correlation between
host membrane structure modification and modulation of
membrane-associated autophagy and cytokine signaling
(Dadhich et al. 2020). It was revealed that the fatty acid acyl
chains at 6,6’ position on SL-1 headgroup are crucial for
membrane ordering during interaction with host membranes,
leading to host lipid raft modulation. The sulfate group was
shown to have a role in blocking autophagosome maturation
and modulating host autophagy flux during signaling. SL-1
exhibited distinct conformational states of its acyl chains,
which markedly differed from TDM, thus underlining the
observed differences in biological output with distinct Mtb
lipids. These findings highlight a mechanism whereby Mtb
uses specific chemical moieties on its lipids to fine-tune host
lipid interactions and regulate the downstream host signaling
by modifying cell membrane structure and function. These
results are expected to foster development of chemothera-
peutics against Mtb by counteracting the effects of Mtb lipids
on host cell membrane. The authors also reported a hitherto
unknown existence of phase heterogeneity in single compo-
nent SL-1 lipid GUVs. The phase co-existence was corrobo-
rated with the fluorescence lifetime measurements, infrared
spectroscopy and AFM imaging. Finally, MD simulation
attributed the observed phase co-existence to the distinct
conformational states of Mtb SL-1 acyl chains.

Apart from Mtb lipids, the host lipid components such as
cholesterol are also involved in facilitating the optimum lipid
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interface for the entry of the mycobacterium through lipid
rafts (Gatfield and Pieters 2000). For example, cholesterol-
dependent CR-3 has not been observed in entry mechanism
of other bacteria. Entry of M. kansasii into the host neutro-
phil cells is through the cholesterol-rich raft domains with
the involvement of CR-3 receptors, associated with GPI-
anchored proteins. Viswanathan et al. (2015) reported the
inhibition of M. smegmatis entry into the host macrophages
upon depletion of cholesterol and the effect was reversed
upon replenishment of membrane cholesterol. More recently,
the same group (Viswanathan et al. 2018) also assessed
the specific role-play of macrophage sphingolipids in the
internalization of M. smegmatis. The authors divulged that
metabolic depletion of sphingolipids in host macrophages
lead to a significant reduction in the entry of M. smegmatis,
where, on the other hand, the entry of Escherichia coli into
host macrophages under similar conditions remains unaf-
fected. These imply the specificity for the requirement of
sphingolipids in mycobacterial entry.

Lipids in Viral Infections

Lipids are critically involved in the life cycle of viruses,
right from the membrane fusion for entry, to the envelop-
ment of the replicated viral genetic material for release. In
more recent times, the role of lipids in viral infections has
gained considerable recognition. Viruses not only manipu-
late cellular lipids and membranes inside host cells but also
induce global lipidic metabolic changes within infected
cells, facilitating viral multiplication (Heaton and Randall
2011; Martin-Acebes et al. 2013; Ketter and Randall 2019).
A viral life cycle essentially involves events like entry of
the viral genome, its integration with the host cell genome,
translation of viral proteins and finally, assembly and bud-
ding of new virus particles (Fig. 3). Below, we focus on the
effects of host and viral lipids on some of the above steps
involved in pathogenesis of two deadly infectious viruses,
human immunodeficiency virus (HIV-1) and Human Coro-
navirus (HCoV). Both these viruses are enveloped with dou-
ble membranes and have RNA as their genome. Enveloped
viruses have lipid bilayers as integral part of their structure,
and evoke fusion of the viral membrane with the membrane
of the target cell (Harrison 2015). In this way, both the
viruses share an analogous fusion mechanism for inserting
into the host membrane. It has also been reported that struc-
tural similarities exist between coronavirus fusion,4 protein
(S2) and HIV envelope fusion protein (gp 41) (Kliger and
Levanon 2003; Zhang and Yap 2004). The viral assembly
for multiplication and viral proliferation in both the cases are
distinct though; a common feature is the intricate membrane
rearrangement leading to recruitment of respective replicat-
ing factors.
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Fig.3 Schematic depicting HIV life cycle within the host cells. The
entry process begins with the binding of viral spike protein gp120 to
CD4 receptors and CCR5 and CXCR4 co-receptors situated within
the host lipid raft domains, followed by a conformational change that
exposes the fusion peptide of gp41. Upon fusion, the virus releases
its single-stranded RNA-genome along with its reverse transcriptases
for the formation of viral DNA, followed by integration with the host
DNA and replication leading to the release of m-RNA. In the cytosol,
the structural and enzymatic viral proteins are expressed including
Pr55%%, which are critical for the viral assembly and budding. HIV
RNA assembles at the inner leaflet of the cell membrane and form an

Lipid Involvement in HIV Pathogenesis

HIV is a complex RNA virus belonging to retroviridae fam-
ily with its nucleocapsid harboring two identical copies of
the 9.8 kb single-stranded positive polarity RNA gene. The
lipid bilayer enveloping the virus is decorated with external
spikes, formed by two major envelope (Env) glycoproteins:
gp120 and gp41.

Viral Binding and Membrane Fusion: The Grand Entry

The primary events during HIV infection (outlined in Fig. 3)
involves binding to the target cell receptors, followed by
membrane fusion with the cell membrane of macrophages
and T-lymphocytes leading to the viral capsid entry (Dumas
and Haanappel 2017). Membrane fusion itself is an intri-
cate process that broadly involves (a) bringing the two mem-
branes together in a way that they are closely apposed to
each other; a highly energy demanding process, (b) mix-
ing of apposing outer membranes to form a hemi-fusion or
stalk-like intermediate, followed by (c) reorganization of
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immature HIV virus. The subdomains of Gag protein are involved at
different stages of the budding process. The MA domain is anchored
to the cell membrane via a myristate along with basic amino acids
that preferentially interact with acidic lipids of the host raft domains.
The capsid domain (CA) contains amino acids that promote Gag-Gag
interactions (multimerization) that invaginate the membrane, initi-
ating the budding process. The nucleocapsid domain (NC) binds to
viral RNA that are packaged in the virus particle. Before release, viral
proteases cleave Gag to form a mature virus. Upon maturation, the
new virus buds out from the infected host cell along with a part of the
host cell membrane as its own viral membrane

inner leaflet lipids leading to pore formation and eventual
content mixing (Martens and McMahon 2008; Chernomor-
dik and Kozlov 2008). The fusion proteins facilitate bind-
ing of the viral envelope to the target host cell and catalyze
the fusion process. In case of HIV, the viral envelope gly-
coprotein gp120, is the docking protein that binds to CD4
receptors and G-protein coupled receptors CXCR4 or CCRS
(co-receptors) on the host PM (Fig. 3). This binding event
induces a conformational change in the viral envelope fusion
protein gp41 resulting in the fusion of the two membranes
(Lai et al. 2012). gp41 has a cholesterol binding domain
(Vincent et al. 2002) enabling anchorage to membrane and
hence ascertains that cholesterol plays a dominating role in
the viral entry process (Veiga and Castanho 2007; Lai et al.
2012; Yang et al. 2015). The conformational change in gp41
exposes its N-terminal hydrophobic fusion peptide (HIV-
FP), whose insertion into the target cell membrane causes
rearrangement of lipids leading to membrane softening
(Agrawal et al. 2016; Saez-Cirién et al. 2002). The sequence
of these events highlights that the lateral organization of
involved receptors and co-receptors on the host membranes
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depends on their lipid environment. The CD4 receptor are,
in fact, known to colocalize with the membrane raft domains
(Popik et al. 2002). Many studies have revealed that the pre-
ferred sites of viral fusion are liquid-ordered, /, domains
(raft domains) rich in cholesterol and sphingolipids (Waheed
and Freed 2009). But, thermodynamically, it would be ener-
getically challenging due to the stiff and efficiently packed
nature of /, domains owing to the fact that fusion mecha-
nism involves processes like membrane bending and non-
bilayer lipid intermediates requiring substantial flexibility
of membrane structures (Chernomordik and Kozlov 2008).
Thus, Yang et al. (2015) proposed the role of the edges of [,
domains, rather than the bulk region, to be the preferred sites
for fusion. Later-on, they verified the mechanism of fusion
to be driven by the effect of hydrophobic mismatch at the
edges of [,—I, (liquid-ordered-liquid-disordered) domains.
Thus, gp41-mediated fusion is driven by the line tension
energy at the lipid domain boundaries (Yang et al. 2016).
These findings bring to the forefront the potential application
of Linactins and related compounds against HIV. Linactins
or line-active compounds such as a-tocopherol or vitamin E
lower the domain line tension in heterogenous membranes
(i.e., [,—1, phase segregated) impeding membrane fusion,
and hence may be evaluated as natural inhibitors against
HIV.

The fusogenic property of the host membrane during
pathogen entry is controlled by the membrane composi-
tion and the resulting curvature it imparts. The role of lipid
composition in altering the conformation of class-I fusion
peptide in case of HIV, Influenza virus and SARS-CoV
been recently reviewed by Meher and Chakraborty (Meher
and Chakraborty 2019). Negatively charged lipids such
as phosphatidylethanolamine (PE) and phosphatidic acid
(PA) modulate the membrane curvature, which impacts
the structure and function of viral fusion peptides, and thus
strongly controls the fusion efficiency. Owing to the intrin-
sic inverted cone-shaped structure, PE confers spontaneous
negative curvature to the membrane and helps in stabiliz-
ing the early fusion intermediates, specifically the stalk-like
intermediates. The stress generated in the bilayer leaflet
due to the negative curvature promotes formation of mem-
brane defects which serves as the source of energy for the
fusion of the two membranes (Meher and Chakraborty 2019;
Kreutzberger et al. 2017). Additionally, PE is also known to
stabilize inverted hexagonal (Hj,) state and transition from
lamellar (L) to H; at the point of contact is an essential step
that governs efficient outer membrane mixing (Siegel and
Epand 1997).

HIV membranes are enriched in phosphoinositides (PI),
and if present on the inner leaflet, may provide positive cur-
vature required for fusion pore formation (Chan et al. 2008).
Despite the cholesterol and sphingomyelin rich composition,
HIV lipid envelope does not exist as a laterally homogeneous
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l,-like membrane. Huarte et al. (2016) experimentally dem-
onstrated the existence of lateral discontinuities in the highly
ordered viral membranes, while addressing the molecular
basis underlying the packing and lateral heterogeneity in
HIV model membranes. They identified the role of individ-
ual viral lipid components for the maintenance of high order
and lateral demixing. Deleterious effects of the membrane-
active compounds on the viral entry rendered by fluidifica-
tion of the disordered lipid regions along with aggregation
of ordered nanodomains were documented. These finding
highlight that perturbing the functional organization of the
viral membrane envelope may represent a lucrative strategy
for antiviral drug design. Importantly, membrane-targeted
antiviral approaches are less likely to select for antiviral
resistance due to the non-biogenic nature of viral lipid mem-
branes and hence their inability to correct for membrane
perturbations.

Dendritic cells (DCs) generate the initial immune
response and are critical for protection against pathogen
invasion. HIV virus, however, evades immune response
by proliferating within DCs without causing active infec-
tion. Eventually the infection disseminates into the more
susceptible CD4+T cells. HIV entry through DC involves
gp120-independent mechanism of viral binding and a non-
infectious endocytic mechanism (Izquierdo-Useros et al.
2007). It is known that sialyllactose on HIV-1 membrane
gangliosides serve as a novel recognition pattern that medi-
ates viral binding and internalization of HIV into mature
DCs (Izquierdo-useros et al. 2012). Gangliosides are acidic
glycosphingolipids carrying one or more terminal sialic acid
and are abundantly present in the PM raft domains, where
the HIV budding and assembly takes place (Fig. 3). Gan-
gliosides GM1, GM2 and GM3 are the key molecules that
mediate liposome uptake in mature DCs and hence serve as
viral attachment factors, in addition to their role as cellular
receptors for the pathogen entry.

Emerging Contributions of Lipids in Viral Assembly
and Budding

The assembly and release/ budding of viral particles involves
recruitment of Gag (Group-specific antigen) polyproteins
(encoded by the HIV genome) to the PM at the site of release
(Ono et al. 2004). Post translation, Gag recruits the dimeric
positive RNA viral genome in the cytoplasm and then assem-
bles them at the PM (Fig. 3). They are known to multimerize
at the PM to form nucleation sites composed of Gag-RNA
complexes (Finzi et al. 2007; Jouvenet et al. 2009; Kutluay
and Bieniasz 2010). Gag polyprotein Pr55°%, comprises of
four subdomains: the matrix (MA), capsid (CA), nucleocap-
sid (NC), and two small spacer peptides (SP1 and SP2)).
The N-terminal myristoylated portion of the matrix along
with a highly basic peptide region enables Gag-PM binding
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afforded by hydrophobic insertion of the lipid anchor as
well electrostatic interactions (Fig. 3); CA and NC motifs
facilitate Gag multimerization (Li et al. 2007). Lipidomic
characterization of HIV-1 viral membranes revealed choles-
terol and sphingomyelin (SM) to be enriched in the virus at
concentrations similar to detergent-resistant ordered mem-
branes (Briigger et al. 2006; Lorizate et al. 2013). Further, as
compared to the bulk PM, the viral membrane contains spe-
cific lipids, including aminophospholipids, dihydrosphingo-
myelin (DHSM), plasmenyl-phosphoethanolamine (pl-PE),
PI (Chan et al. 2008; Huarte et al. 2016). Most importantly,
acidic lipids such as PI, phosphatidylinositol-4,5-biphos-
phate [P1(4,5)P,] and PS play key roles in the specific bind-
ing of Gag to the inner PM leaflet (Ono et al. 2004). Apart
from cholesterol, there are several reports that identify
PI(4,5)P, as the most important determinant in targeting Gag
to PM, leading to Gag multimerization. This stresses the
importance of PM lateral domain architecture for the viral
exit, as Gag recognizes specific PM microdomains leading to
the exit events. On the contrary, there is another hypothesis
that argue that Gag leads to de novo lipid clustering instead
of binding to the already existing heterogenous PM domains.
The authors propose selective lipid recruitment by the bud-
ding viruses to form new domains. HIV membranes exhibit
high level of consistency—in their lipid composition despite
different origins (Chan et al. 2008). A Coarse-Grained simu-
lation study (Charlier et al. 2014) proposed that the matrix
domain of Gag proteins segregates and selectively clusters
PIP, due to electrostatic interactions, leading to acidic lipid-
enriched domains (Fig. 3). Another study further reinforced
that Gag self-assembly is responsible for the formation of
PIP, lipid nanoclusters and these nanodomains are enriched
in cholesterol, but not in SM (Yandrapalli et al. 2016).
Through FRET, it was established that Gag partitions into [,
domains of the model lipid membranes. These studies show
that instead of targeting pre-existing PM lipid domains, Gag
generates new cholesterol-PIP, enriched lipid nanodomains
at the inner PM leaflet during early events of virus assembly.

Budding of new viral particles implicate tetraspanins-
enriched microdomains (TEMs), especially CD9 and
CD81 (Dahmane et al. 2019). Tetraspanins are proteins,
which among other functions, act as molecular organizers
within host PM to form an efficient dynamic network of
protein—protein interactions inclusive of transmembrane pro-
teins. TEM co-localizes with Gag (Jolly and Sattentau 2007;
Grigorov et al. 2009) where tetraspanin components incor-
porate into retrovirus particles. In a very recent study by
means of correlative dASTORM/AFM (Dahmane et al. 2019),
the authors revealed that CD?9 is specifically trapped within
the nascent viral particles, especially at buds tips. This sug-
gests that Gag mediates release of CD9 and CD81 from the
PM leading to a differential membrane composition in the
viral particles compared with the host PM. They proved that

CD?9 is organized within small membrane assemblies, which
coalesce upon Gag expression. This disclosure, along with
the earlier studies based on co-localization and clustering
analysis by FRET, suggests that Gag induces integration of
clustered rafts and TEMs. In addition, the active involve-
ment of cytoskeleton to modulate Gag oligomerization and
subsequent coalescence of lipid domains to form a “single”
growing assembly has been documented (Rahman et al.
2014; Thomas et al. 2015).

Lipid Exosomes in HIV Proliferation

Exosomes are membrane-bound, extracellular vesicles (EVs)
produced in the endosomal compartment of eukaryotic cells,
followed by secretion into the extracellular environment.
Formation of multivesicular bodies (MVBs) involves inward
folding of the endosomal compartments through ESCRT
pathway (endosomal sorting complex required for transport),
and upon fusion with the PM, the MVBs are released as
exosomes. Interestingly, recent studies elucidate the role of
exosomes derived from infected cells in HIV pathogenesis,
and characterize their mechanisms underpinning cell-to-cell
transmission (Madison and Okeoma 2015; Chahar et al.
2015; Kulkarni and Prasad 2017). For instance, Chen et al.
(2018) observed that exosomes released from HIV-infected
T cells stimulate proliferation, migration, and invasion of
oral/oropharyngeal and lung cancer cells. Kulkarni and
Prasad 2017 demonstrated that the exosomes derived from
HIV-infected T cells and DCs differ in their efficiency to
trans-infect other healthy cells. They revealed that exosomes
derived from HIV-1 infected DCs are fourfold more viru-
lent than those from T cells or cell-free HIV-1. They also
observed upregulation of pro-inflammatory cytokine (IFN-y,
TNF-a, IL-1p) highlighting their potential as possible anti-
viral therapeutic targets.

Lipidic Crown of Coronavirus Infections

Coronaviruses (CoVs) belong to the family Coronaviridae,
which constitutes a group of enveloped, positive, single-
stranded RNA viruses (having largest genome; 26-32 kb).
Owing to the crown like appearance on their surface (Fig. 4),
as observed through electron microscopy, they are termed
as “CoV” (Su et al. 2016; Ye et al. 2020). Among the seven
CoVs which infect humans, HCoV-229E, HCoV-NL63,
HCoV-0C43, HCoV-HKU1, are responsible for mild con-
ditions like common cold, diarrhea, etc. (Yan et al. 2019).
As aresult, the HCoVs were considered harmless until 2003
when the severe acute respiratory syndrome coronavirus
(SARS-CoV) outbreak surfaced as the first well-documented
HCoV-caused pandemic in human history. This was fol-
lowed by the persistent Middle-East respiratory syndrome
coronavirus (MERS-CoV) epidemic in 2012. Currently, we
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Fig.4 Schematic representing major events in the SARS-CoV life
cycle in the host cell. Entry of SARS-CoV occurs through the bind-
ing of spike protein with the host ACE receptors facilitated by trans-
membrane serine protease 2 (TMPRSS2), embedded in the host cell
raft domains. Once the viral genome is released, transcription-repli-
cation complex (RTC) carries out the expression of viral structural
and non-structural proteins. The entire RTC is known to be situated in
the viral-induced compartments formed by the rearrangement of cel-

are witnessing the upsurge of SARS-CoV-2 (COVID-19)
causing global devastation and bringing CoVs to the center
stage again. SARS-CoV, MERS-CoV, and SARS-CoV-2 are
highly pathogenic viruses, causing severe lower respiratory
tract infection and are associated with extrapulmonary mani-
festations (Ye et al. 2020).

Viral Invasion: Receptor-Binding and Fusion

Lipids play indispensable roles in the coronavirus life
cycle by influencing steps such as insertion; assembly of
the replication machinery and budding of newly envel-
oped viral particles (Fig. 4). Viral entry involves binding
to the target cell’s cellular receptors, followed by fusion
of the viral envelope with the host PM (Millet and Whit-
taker 2018). Viral entry is also facilitated through the
pH- and receptor-dependent endocytic pathways, where it
involves fusion with the late endosomes. Previous reports
claim these pathways to be clathrin- and caveolae-inde-
pendent (Wang et al. 2008), which are otherwise com-
monly exploited by animal viruses. For both SARS-CoV
and SARS-CoV-2, glycoproteins S (spike proteins) binds
to the angiotensin-converting enzyme 2 (ACE2) recep-
tor on the human respiratory epithelial cells (Baglivo
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lular membranes. The schematic shows formation of DMVs (Double-
membrane vesicles), CMs (convoluted membranes) and VPs (vesicle
pockets) through rough endoplasmic reticulum (RER) in conjunc-
tion with a complex interplay of viral non-structural proteins, nsp3-
4-6. The presence of double-stranded RNA (dsRNA) as observed by
Knoops et al. is also shown within the compartments of the reticulo-
vesicular network

et al. 2020), Fig. 4. This binding is activated by another
enzyme, TMPRSS2 (transmembrane serine protease 2),
which is also a key player in the entry of the virus, and
presently considered as a potential drug target for SARS-
CoV2 (Hoffmann et al. 2020), Fig. 4. S-protein is a class-I
viral fusion protein (Bosch et al. 2003) that plays a critical
role in the viral entry by alleviating the kinetic barrier of
lipid fusion between the pathogen and host membranes
(Harrison 2015). Fusion of two membranes is a thermody-
namically favorable event, however, the “repulsive hydra-
tion force” creates a kinetic impediment, which increases
steeply as the distance between the surfaces of the two
bilayers fall below 20 A. Here, the fusion proteins act as
catalysts to overcome the strong hydration forces, allowing
the apposed membrane surfaces to fuse. The HIV envelope
proteins (gp120 and gp40) and influenza virus hemagglu-
tinins (HA1 and HA2) also appertain to the class-I fusion
proteins (Millet and Whittaker 2018). The S-protein is fur-
ther divided into the S1 receptor-binding subunit and S2
fusion domain, usually separated by a cleavage site (S1/
S2). S1 contains the receptor-binding domain by which the
coronavirus binds to the peptidase domain of the ACE2
receptor. This binding induces a conformational change in
the S2 fusion domain. The S2 fusion peptide is, thereafter,
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directly involved in mediating the membrane fusion reac-
tion by disrupting and connecting the inner leaflets of the
two bilayers.

As with HIV, lipid rafts are also associated with the
SARS-CoV entry. More specifically, cholesterol-rich host
microdomains provide a platform facilitating the productive
interaction of the S-protein with the cellular receptor ACE2
(Li et al. 2007; Lu et al. 2008), Fig. 4. Though discrepan-
cies exist regarding the membrane location of ACE2 (raft vs
non-raft regions) (Lu et al. 2008; Warner et al. 2005; Li et al.
2007), modulation of host cholesterol has been shown to
alter the fusion process. For instance, PM cholesterol deple-
tion by methyl-p-cyclodextrin (mpCD) attenuates the cross-
talk of fusion proteins with the membrane receptors for sev-
eral coronaviruses (Glende et al. 2008; Nomura et al. 2004,
Choi et al. 2005). Lu et al., through confocal bioimaging,
demonstrated co-localization of the ectodomain of the spike
protein with the raft markers such as GM1, thus supporting
the raft localization of ACE2. Natural small molecules such
as phytosterols and cyclodextrins, with cholesterol depletive
activity, represent effective antiviral agents as they inhibit
the spike protein-ACE2 interactions via disruption of the
host membrane lipid rafts (Baglivo et al. 2020).

Role of calcium (Ca*") during the fusogenic event in
SARS-CoV and MERS-CoV has been explored in recent
years (Straus et al. 2020; Lai et al. 2017). Through elec-
tron spin resonance (ESR), SARS-CoV fusion peptide was
shown to induce Ca®*-dependent membrane ordering upon
interaction with the lipid acyl chains. Straus et al. (2020)
showed that SARS-CoV fusion peptide binds to two Ca>*
ions as opposed to MERS-CoV fusion peptide which binds
to only one Ca?*; even though the role of Ca>* is more
critical for MERS-CoV entry. Increased ordering in the
headgroup region enhances dipolar interactions and lowers
electrostatic energy, thus providing the energy source for
membrane fusion (Ge and Freed 2009). Moreover, mem-
brane ordering also aids in enhancing the negative curvature
of the bilayer during the fusion process, thus depleting the
repulsive energy between two opposing membranes while
bending. Tang et al. (2020) reasoned that the greater mem-
brane ordering induced by the fusion peptide in the presence
of Ca®* can be attributed to Ca**-induced stabilization of
the fusion peptide conformation that re-organizes lipids in a
manner that promotes merging of the two membranes.

Reticulo-Vesicular Network: Exclusive Sites for Virion
Assembly and Budding

CoV replication assembly is associated with the induction of
multiple distinct cellular membrane alterations. The ultras-
tructure characterization of SARS-CoV in vitro revealed, for
the first-time, existence of three distinct structural features:
double-membrane vesicle, nucleocapsid inclusion, and large

granular areas of cytoplasm (Goldsmith et al. 2004). These
features were also corroborated in vivo using bronchiolar
lavage specimens from SARS patients. It is now well known
that CoVs expropriate intracellular host cell membranes
to generate new compartments such as double-membrane
vesicles (DMVs) and convoluted membranes (CMs) for the
amplification of the viral genome (Hagemeijer et al. 2012),
Fig. 4. These rearranged cellular membranes of the host cell
provide a structural scaffold for the viral replication/tran-
scription complexes (RTCs) and also help evading the cellu-
lar factors generated through antiviral host response (Martin-
Acebes et al. 2013; Heaton and Randall 2011; Miller and
Krijnse-Locker 2008). DMVs are double-layered vesicular
structures that harbor viral proteins and a specific array of
imbibed host factors, thus integrating a unique lipid environ-
ment facilitating viral replication (Fig. 4). Through elec-
tron tomography of the cryofixed SARS-CoV infected Vero
E6 cells, Knoops et al. (2008) identified a unique reticulo-
vesicular network of modified endoplasmic reticulum (ER)
that conjoined: convoluted membranes, numerous intercon-
nected DM Vs (diameter 200-300 nm), and “vesicle pockets”
(VPs) arising from the DMV merger (Fig. 4). Formation of
the reticulo-vesicular network during the viral life cycle of
SARS-CoV within the infected host cell is depicted sche-
matically in Fig. 4.

CoV non-structural membrane spanning proteins (nsps) 3,
4 and 6, play critical roles in membrane rearrangement and
anchoring of RTCs (Hagemeijer et al. 2014, 2010; Angelini
et al. 2013). Previously, it was observed that the interac-
tion between nsp3 and nsp4 and their co-expression results
in their re-localization from ER into distinct perinuclear
foci (Hagemeijer et al. 2011). This correlates well with the
observation by Knoops et al. showing that with the progress
of infection, DM Vs largely concentrate in the perinuclear
region, often having mitochondria lying in between, Fig. 4.
Apparently, nsps regulate alterations in the double-layered
ER membranes leading to the formation of DMVs. The most
intriguing observation by both Goldsmith et al. and Knoops
et al. was the localization of double-stranded RNA in the
DMV interior, presumably revealing the site of viral RNA
synthesis. However, the authors could not discern a connec-
tion between DMV interior and cytosol, and hence some
pieces of the puzzle-regarding the actual site of SARS-CoV
RNA replication-remain missing. In this aspect, Moriel-
Carretero (2020) recently hypothesized the role of lipid
droplets (LD) for the above concerns while explaining the
mechanism of DMV formation.

LD are complex, dynamic, membrane-enclosed orga-
nelles formed within the hydrophobic core of the ER bilayer
and are composed of non-polar lipids such as triacylglycer-
ols and steryl esters. LDs are regularly exploited by patho-
gens, for example for virion assembly and immune modula-
tion (McLauchlan 2009; Cheung et al. 2010; Samsa et al.
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2009). At the initial stages of the infection, some of these
vesicles bear a single lipid layer and seem to be embed-
ded in the ER, thus resembling the nascent LD (Moriel-
Carretero 2020). Later during the infection, the interior of
the SARS-CoV-induced vesicles become dense, filled with
spider web-like contents. Certain lipids such as phospha-
tidic acid (PA) have a propensity to form cubic phase lipid
arrangement, where the bilayer bends and splits to form
curves, owing to its conical shape. This results in negative
curvature (Kooijman et al. 2003). Enhanced PA concentra-
tion at ER appears to drive the lamellar-to-cubic bilayer
transition facilitating LD formation. This process is a coor-
dinated effect of altered host lipid metabolism by the viral
effectors (as discussed ahead) and is well orchestrated by
the nsp3-4-6 viral proteins. CoVs nsps interact with each
other through their cytosolic domains and manipulate their
transmembrane segments to tether together and appose
ER membranes. Therefore, the structure of DMVs can be
described as thin, closed inner membranes suggestive of a
LD monolayer; the outer membrane is a bilayer common to
all vesicles and corresponds to the ER membrane itself. This
architecture can explain how the inner space of the DM Vs is
well shielded from cytoplasm, providing a protected niche
for viral amplification and assembly, but still cytoplasmic
(by definition), i.e., in the form of LDs entangled within the
cubic ER membranes (Moriel-Carretero 2020), also depicted
in Fig. 4. Though pending validation, this is the first report
showing involvement of LDs in SARS-CoV infection, but
unlike in HCV or Dengue, they are not colonized or hijacked
by the invading virus (Filipe and McLauchlan 2015; Samsa
et al. 2009). Instead there is a subversion of the LD birth
environment, providing a protective niche for SARS-CoV
replication. Chloroquine, which is considered as an effective
drug treatment against SARS-CoV2, is a specific inhibitor
of phospholipase-D that reduces PA levels; LDs exhibit high
levels of PA. This indicates that the virus indeed exploits this
lipid precursor for replication through LDs.

CM clusters (size 0.2—-2 pm) are continuous with the outer
membrane of DMVs and ER-cisternae suggesting a link to
RTC. During the later stages of viral insertion, DMV's merge
to form a large, single membraned cytoplasmic vacuole,
referred to as vesicle pocket (VP), (diameters 1-5 pm), that
facilitates the budding of new SARS-CoV particles, Fig. 4.
These distinct membrane reformations are endowed with
large curvatures and are attributed to the effect of lipid-mod-
ifying enzymes. Such enzymes may cause dynamic changes
in the lipid composition, thus presenting a suitable microen-
vironment, which recruits viral and cellular membrane shap-
ing proteins. In future, lipidomic analysis of viral DM Vs,
and CMs will enrich our understanding of the involvement
of host lipids to coronavirus assembly and budding. Such
studies are also expected to shed light on the specific viral
lipid repertoire necessary for the aforementioned events. By
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targeting the synthesis of the implicated lipids, distinct steps
in the coronavirus replication assembly may be inhibited.
Inhibition of LDs also appears as an attractive target candi-
date for therapeutic interventions against COVID-19.

HCoVs Evoke Reprogramming of Lipid Metabolism

Virion morphogenesis hugely depends on the enzymes
involved in lipid synthesis and is associated with signifi-
cant alterations in the cellular lipid metabolism. Miiller
et al. (2017) conducted lipidome analysis on HCoV-229E
infected cells to gain insights into the roles of lipids in coro-
navirus replication and DMV formation. They monitored
the abundances of 359 lipids of 14 classes. The lipid profile
analysis revealed no significant change in the total abun-
dance of membrane lipids and neutral lipids (triacylglyc-
erols, diacylglycerols, and cholesteryl esters); however, a
decrease in PA levels and increase in Cer were observed.
Most significant increase was observed with lysophospho-
lipids (LPL), prominent ones being lysophosphatidylethan-
olamine (LPE) and lysophosphatidylinositols (LPI). Next,
the role of cytosolic phospholipase A2a (cPLA2a), which
cleaves the sn-2 position of glycerophospholipids giving rise
to the lyso-lipid species (LPLs) was investigated, Fig. 4. The
impeding effect of cPLA2 inhibitor, pyrrolidine-2 (Py-2), on
coronavirus replication cycle was also studied. Transmis-
sion electron microscopy divulged that the DMV formation
in infected cells was severely impaired in the presence of
the inhibitor. Immunofluorescence microscopy analysis of
coronavirus RTCs exhibited typical punctate perinuclear
staining pattern pertaining to the detection of the double-
stranded RNA (dsRNA) and viral proteins. This pattern was
altered upon treatment of HCoV-229E infected cells with
Py-2. Their major observations were: (a) viral RTCs co-
localizes with LPL-containing membranes (b) cellular LPL
concentrations increase in coronavirus-infected cells, and
(c) LPL increase was diminished in the presence of cPLA2a
inhibitor, Py-2. Overall, their findings indicate that cPLA2a
is intricately involved in the viral life cycle, most likely by
generating LPL that form specialized membrane compart-
ments crucial for viral RNA amplification. Aptly, the authors
propose cPLA2a as a potential target for the antiviral drug
therapy. As lyso-lipid species induce membrane curvature,
it appears that the virus utilizes the phospholipase A2«
machinery, to its advantage, for production of highly curved
membranous structures. In another recent UPLC-MS based
lipidomic approach on HCoV-229E coronavirus by Yan et al.
(2019), a significant amount of remodeling of human host
lipid metabolism was revealed. Up regulation of lysophos-
pholipids (largely lyso-PCs and lyso-PEs) and fatty acids
such as linoleic acid, arachidonic acid, palmitic acid, etc.,
was observed. Through detailed pathway analysis, it was
revealed that linoleic acid and arachidonic acid metabolism
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axis were the most perturbed upon HCoV-229E infection in
VeroE®6 cells.

These recent studies clearly indicate critical and func-
tional involvement of lipids in coronavirus infections and
warrant more studies to configure the lipidic interaction
landscape of CoVs for identifying suitable lipid-centric
therapeutic intervention points.

Lipid-Inspired Therapeutics in Infectious Diseases

Emergence of drug resistance has created an unmet need
to identify novel drug targets for designing effective antivi-
rals and antibiotics. One key aspect underlining this effort
is to gain deepened understanding of the intricate web of
host—pathogen interactions, thus identifying therapeutically
actionable (pathogenic and host) targets. For many decades,
therapeutic efforts were centered on host and/or pathogenic
proteins; however, recent times have elucidated lipid mol-
ecules as critical regulators of host—pathogen interactions.
Hence, development of therapeutic strategies targeting
lipid-mediated cellular process, specifically lipid synthesis,
metabolism, localization and transport, implicated in infec-
tious diseases are gaining speed.

PS anionic lipids are present in many pathogenic viral and
bacterial membranes, wherein recognition by corresponding
PS receptors on host cells foster their uptake, also known
as “apoptosis mimicry” (Amara and Mercer 2015). Thus,
targeting exposed PS is a viable strategy. Bavituximab, a PS
targeting monoclonal antibody effectively blocks the infec-
tivity of enveloped viruses, both in vitro and in vivo (Corbin-
Lickfett et al. 2010; Soares et al. 2008). Further, inhibition
of phospholipid scramblase-1 with small molecule R5421
attenuates viral-induced exposure of PS on cell surface, thus
reducing viral infection (Cheshenko et al. 2018). As PS flip-
ping is also implicated in bacterial infections such as STEC-
HUS, particularly on multivesicles (MVs), extending the PS
targeting approaches may prove beneficial here.

A class of rigid amphipathic fusion inhibitors (RAFIs)
with inverted cone molecular geometry, block infectivity
of enveloped viruses by conferring a positive curvature
to their lipid membranes (Colpitts et al. 2013; St Vincent
et al. 2010). Lipids with large polar head groups such as
lyso-lipid species confer a positive curvature by bending the
membranes away from polar heads. The positive curvature
hinders the formation of fusion intermediates (hemi-fusion
state) prior to the formation of fusion pore. This is by virtue
of impeding the transition from a lamellar to an inverted
hexagonal phase, thereby raising the energy barrier for the
hemi-fusion stalk formation. RAFIs, by inhibiting fusion of
the viral membrane with the host PM, have an antagonizing
effect on the well-orchestrated action of viral fusion pro-
teins (Melikyan 2010). This renders an exciting proof-of-
concept for developing broad-spectrum (pan-CoV) inhibitors

that could block the fusion of most enveloped viruses. In
addition, this therapeutic approach possesses a high barrier
to resistance by targeting the lipid rearrangements in the
“virustatic or non-biogenic” viral membranes. The leading
RAFI, aUY11, has an ethynyl-perylene hydrophobic and an
uracil-arabinose polar moiety. aUY 11 intercalates in viral
envelope and inhibits virion-to-cell fusion in a broad spec-
trum of otherwise unrelated enveloped viruses (Speerstra
et al. 2018). Other antiviral compounds intercalate within
the viral membrane and modulate the membrane fluidity.
Glycyrrhizin decreases bilayer fluidity and is weakly active
against several enveloped viruses, including HIV (Harada
2005), and SARS (Cinatl et al. 2003).

Another broad-spectrum antiviral drug that selectively
targets viral membrane properties is LJOO1. It is a photosen-
sitizer and a membrane-binding compound (Wojcechowsky;j
and Doms 2010; Wolf et al. 2010). Its mechanism of action
involves enhanced unsaturated fatty acid hydroxylation that
primes the formation of a hydroxyl group in the middle of
the hydrophobic lipid bilayer (Vigant et al. 2013). This leads
to viral membrane disruption and hence attenuated infec-
tion. LJOO1 remarkably inhibits infection from a wide range
of enveloped viruses including HIV, influenza, and Ebola.
Interestingly LJOO1 does not affect host cellular membranes
due to active processes that protect against phospholipid
hydroperoxides. Newer membrane-intercalating photosen-
sitizing compounds such as oxazolidine-2,4-dithiones have
also been designed (Vigant et al. 2013), clearly highlighting
the potential of the viral membrane as antiviral targets.

Activation of acid sphingomyelinase (Asm), a hydrolase
that generates Cer from SM, produces Cer-enriched domains
(akin to lipid rafts) in the PM and is used by bacteria for
entering host cells. Chemical inhibition of Asm with imi-
pramine restricts the growth of pathogenic mycobacterial
species (Godbole et al. 2015). More directly, inhibition of
SM synthase with SPK-601, MS-209 and D609 or inhibition
of uridine diphosphate-glucose Cer synthase by N-butyl-
deoxynojirimycin reduces viral loads in infection models
(Khan et al. 2014; Martin-Acebes et al. 2016). Pathogens
exploit cholesterol within the raft and non-raft region of
host PM to trigger their internalization into host cells. Thus,
pharmacological disruption of cholesterol flows (e.g., by use
of statins) and synthesis not only impairs the assembly of
lipid rafts but also provides efficient strategies against bac-
teria by reducing their entry and replication. Consistently
cholesterol depletion studies (in vitro and in vivo), have
shown restricted entry of various pathogens such as myco-
bacteria, salmonella, Staphylococcus pneumoniae, aureus
and E. coli (Kaul et al. 2004; Parihar et al. 2014; Catron
et al. 2004; Huang 2011; Bergman et al. 2011; Jerwood and
Cohen 2008; Al-Kuraishy et al. 2018). The same approach
has been proven efficient against viral infections (at least
in laboratory), where statins are used to inhibit HMGCR
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(HMG-CoA reductase). Statins hamper the rate by which
HMGCR produces mevalonate, the next molecule in the
cascade that generates cholesterol (Stancu and Sima 2001).

PI-signaling is a major host signaling network tapped by
pathogens for modulating various host cell processes such
as membrane dynamics, cytoskeletal arrangements, etc.
Secreted virulent proteins alter host PI lipid levels by rewir-
ing the activity of kinases and phosphatases that maintain
an optimum PI abundance. In this regard, PI3K inhibitors
such as wortmannin and LY294002 curb bacterial infections
(Ireton et al. 1996). Non-vesicular modes of lipid transfer
are encountered during host—pathogen interactions and are
faster than vesicular trafficking in producing local lipid
enrichment with membrane asymmetry. The major mode of
non-vesicular lipid transfer involves the use of proteins that
shield the hydrophobic acyl anchor of lipids from water-rich
cytoplasm. One such protein is oxysterol-binding protein
(OSBP) that exchanges PI4P and cholesterol between golgi
and ER, wherein transport of cholesterol is dependent on
PI4KIII activity and PI4P levels at Golgi membranes. Itra-
conazole, OSW-1 and TTP-8307 are small molecules that
deter binding of cholesterol to OSBP and thus are active
against various viruses, such as enteroviruses, HCV, etc.
(Albulescu et al. 2015, 2017; Strating et al. 2015).

Targeting enzymes involved in biosynthesis of pathogenic
lipids is another promising anti-infective approach, though
the field is still in infancy. Particularly for mycobacterial
infections, proof-of-concept studies have focussed on elu-
cidating the functional role of specific lipids rendered by
genetic depletion studies. For instance, depletion of sul-
fotransferase, StfQ (that initiates Mtb SL-1 biosynthesis),
augments Mtb survival in human macrophages (Gilmore
et al. 2012), suggesting SL-1 to negatively regulate the intra-
cellular growth of Mtb. Furthermore, it has been shown that
removal of fatty acid chains in Mtb SL-1 at 6,6’ position
attenuates autophagy induction (Dadhich et al. 2020). As
such, targeting of enzymes involved in biosynthesis of SL-1,
specifically enzymes that add fatty acyl chains to diacylated
SL-1 intermediate (AC,SL) such as Chpl and Chp2 (Seel-
iger et al. 2012), might represent possible therapeutic
avenues to revamp autophagy and hence restrict pathogen
growth within the host. This is supported by the knowledge
that autophagy is a promising strategy adopted by invading
mycobacterial pathogens to create favorable intracellular
niches within the host to persist and survive with abundant
energy and food.

Finally, identification of the mechanism of host cell mem-
brane modification by virulent lipids is an emergent research
field. It has a high potential to furnish additional cues to
protect host cell membrane via selective incorporation of
membrane-active agents that may attenuate the membrane
perturbing effect of pathogenic lipids. More intensive work
is required to achieve actionable targets in this regard.
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It is worth mentioning here that apart from conventional
anti-infection strategies, nanotechnological advancements
have furnished cell membrane mimicking decoys such as
liposomes, reconstituted lipoproteins and cell membrane-
derived nanostructures that can trap and detail pathogens
(Rao et al. 2020). These lipid-based nanostructure-pathogen
complexes are being exploited as vaccine candidates. For
example, Hu et al. (2013) demonstrated spontaneous inter-
actions between red blood cell coated lipid nanodecoys and
pore-forming toxins, safely delivery the latter for immune
processing. Moreover, the nanoparticle-detained toxin show
better protective immunity compared with heat-inactivated
toxin.

Conclusions

Gaining a deepened mechanistic understanding of viru-
lence factors is imperative for developing innovative thera-
peutic strategies against infections. For many decades,
the host—pathogen interactions were focused on proteins
and nucleic acids. However, advances in lipidomics, lipid
chemical synthesis and analytical techniques have brought
to the forefront, the indispensable roles played by lipids in
the host—pathogen interactions. Lipids actively intervene in
cellular signaling, trafficking, membrane fusion, and protein
function, which form the “cornerstones” of the host—patho-
gen interaction landscape. The compositional variation in
the lipidome of host and/or the pathogen upon interaction
has been linked with de novo lateral reorganization of lipid
domains. This subsequently regulates lipid and protein
clustering that fine-tunes protein functions to impact mem-
brane-associated cellular processes in favor of the pathogen.
Moreover, host cell membrane insertion and modification
by pathogenic lipids is now a well-accepted mode of action.
This event induces changes in the host cell membrane bio-
physical properties such as fluidity, order, lateral organiza-
tion or dynamics. An altered membrane property in turn
affects protein localization, lipid/protein diffusion, lateral
membrane organization, and lipid-protein interactions, and
eventually their activity. Optimal membrane properties criti-
cally control the signaling efficiency in regulating various
cellular processes, thus it is harnessed by pathogens for their
survival and infection.

Given the above multifaceted role of lipids in infectious
diseases, agents disrupting the biosynthesis of lipid (such
as cholesterol, ceramide, and phospholipids), or small mol-
ecules inhibiting lipid-transporting proteins (e.g., OSBP)
have been shown to interfere with pathogenic growth.
Agents that alter lipid raft domains, such as statins, are
efficient in restricting lipid raft-associated process during
infections. Moreover, disruption of pathogenic membranes
by incorporation of wedge-shaped molecules impedes fusion
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processes during infection. Importantly, strategies that target
lipid membranes and their biophysical properties (instead of
a specific lipid/protein) are less likely to suffer from resist-
ance issues.

Finally, structural, metabolic and signaling functions of
lipids often arise from interactions with proteins, which are
validated nodes for drug action. The emerging functions of
lipids in mammalian biology have already furnished num-
ber of drug targets (lipid-binding proteins) for diseases such
as sclerosis, inflammation, cancer, and immunology. How-
ever, our understanding of the pathogenic lipid-host protein
interactions and its accessibility to pharmacological per-
turbation, remains limited. In this regard, development of
lipid-inspired chemical probes to inventory the landscape of
lipid-binding host proteins to identify novel drug targets in
viral and bacterial infection holds great potential.

Taken together, lipid-centric therapeutic approaches
based on specific aspects of host—pathogen interactions are
promising avenues against infectious diseases caused by
viruses and bacteria.
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