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ABSTRACT

Lipids are complex organic compounds made up of carbon, oxygen, and hydrogen. These play a diverse
and intricate role in cellular processes like membrane trafficking, protein sorting, signal transduction, and
bacterial infections. Both Gram-positive bacteria (Staphylococcus sp., Listeria monocytogenes, etc.) and
Gram-negative bacteria (Chlamydia sp., Salmonella sp., E. coli, etc.) can hijack the various host-lipids and
utilize them structurally as well as functionally to mount a successful infection. The pathogens can deploy
with various arsenals to exploit host membrane lipids and lipid-associated receptors as an attachment for
toxins' landing or facilitate their entry into the host cellular niche. Bacterial species like Mycobacterium sp.
can also modulate the host lipid metabolism to fetch its carbon source from the host. The sequential
conversion of host membrane lipids into arachidonic acid and prostaglandin E2 due to increased activity
of cPLA-2 and COX-2 upon bacterial infection creates immunosuppressive conditions and facilitates the
intracellular growth and proliferation of bacteria. However, lipids’ more debatable role is that they can
also be a blessing in disguise. Certain host-lipids, especially sphingolipids, have been shown to play
a crucial antibacterial role and help the host in combating the infections. This review shed light on the
detailed role of host lipids in bacterial infections and the current understanding of the lipid in ther-
apeutics. We have also discussed potential prospects and the need of the hour to help us cope in this race
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against deadly pathogens and their rapidly evolving stealthy virulence strategies.

Introduction

Lipids are a class of complex organic compounds usually
made up of carbon, oxygen, and hydrogen (nitrogen and
phosphorous are present as well). These are soluble in an
organic solvent, but they are either insoluble or partially
soluble in water due to their hydrophobic or amphipathic
nature. Lipids comprise fatty acids, glycerophospholipids,
sphingolipids, glycolipids, prenol lipids, sterols, polyketides,
and ether-linked glycerophospholipids. They have diverse
cellular functions such as cell-membrane components,
energy storage, signaling, and cellular trafficking.
Moreover, it is well known that lipid homeostasis is lost
during various cardiovascular and other metabolic diseases,
indicating that they are crucial in maintaining a healthy
state [1].

In correlation to host lipid interactions and hijacking, the
pathogen’s invasion into the host cells to maintain the intra-
cellular niches has been well documented. The cell mem-
brane harbors distinct lipid microdomains, composed of
cholesterols and sphingolipids and membrane proteins
known as Lipid Rafts. On the membrane, these rafts guide
protein-protein and lipid-protein interactions, based on their

properties to determine interacting proteins and the ability to
knit together to generate a broader domain. Physiologically,
they are reported to play a role in diverse cellular processes
such as membrane trafficking, protein sorting, and signal
transduction events. Thus, it also interplays with apoptosis,
proliferation, adhesion, and migration [2]. A substantial
amount of literature is available on lipid rafts’ role in viral
infection [3,4]. There has been an increase in reports relating
to bacterial, fungal, and protozoan infections as well.
Successful adhesion of bacteria to the host cell mem-
brane leads to colonization of host tissue, followed by inva-
sion, intracellular —multiplication, and ultimately
dissemination [5,6]. The adhesion and uptake of bacteria
by the host cell membrane depends upon the structural
modification of membrane lipids. Most of the gram-nega-
tive pathogenic bacteria synthesize and transport numerous
virulent factors, effector proteins into the cytoplasm of the
host cells by T3SS. These effectors change the host cell
membrane’s morphology by modulating actin filaments,
etc [5,6]. The extracellular bacteria use cholesterols or
GMI1 receptors present on the eukaryotic membrane to
bind and form pores on the host cell membrane. One of
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the notable examples includes AB toxins that use GM1
ganglioside receptors for attachment. Lipid microdomains
also mediate bacterial entry into the host cells. Bacteria
being a prokaryote, do not possess cellular tools to synthe-
size cholesterols and sphingolipids but have evolved to
acquire the same from the eukaryotic host. These host lipids
impart various roles in prokaryotic systems such as escap-
ing host defense mechanisms, maintaining cell permeabil-
ity, membrane fluidity, energy or nutrient sources, and
signaling processes. Intracellular bacteria such as
Chlamydiaceae  sp., Salmonella sp.,  Shigella  sp.,
Mpycobacterium sp., Listeria sp., and Enteropathogenic
E. coli acquire host lipids to avoid the deleterious defense
mechanism of the host and thus helps to maintain intracel-
lular niches [7-13]. Host lipids are not only hijacked, but
their metabolism is also altered during infection. One of the
classic examples remains Mycobacterium spp., which mod-
ulates host lipid metabolism and manages to use it as their
sole carbon source during chronic infections [14].
Extracellular bacteria such as Mycoplasma sp., H. pylori,
on the other hand, have also been reported to incorporate
host lipids, primarily cholesterols, and convert them to
glycol-cholesterol complex [15-17].

Lipids also have major functions as first and second
messenger molecules in host defense signaling. Thus,
bacteria usually modulate these to escape host immune
signaling and thereby promoting their survival inside
the host. One of the most important lipid mediators of
the cell, PGE, elicits an immune response during
chronic and acute infections [18]. It also promotes
host protection against mitochondrial inner membrane
disruption and limits bacterial spreading because of
necrosis [19]. PGE, plays a role in the clearance of
bacteria from the system by increasing the apoptosis
of infected host cells and protecting against inner mito-
chondrial damage [20]. Another example of lipid in
host protection remains the redistribution of glycero-
phospholipids in the membrane to mediate the
Mpycobacterium infected cells’ efferocytosis and limit
the growth [21]. Various host sphingolipids enhance
bacteria’s maturation containing phagosome into acid-
ified lysosome upon its phosphorylation [22]. Active
metabolites of vitamin D also help prevent bacteria’s
clearance by inducing paracrine signaling of macro-
phage and epithelial cells to enhance the release of
antimicrobial peptides [22]. Hence, it can be concluded
that host lipids are among the major targets of bacterial
invasion among other host molecules.

Macrophages, the professional phagocyte, and anti-
gen-presenting cells are the host immune system’s
front-line defense and a link between innate and adap-
tive immunities. They are well known to be polarized
either into inflammatory or anti-inflammatory

macrophages. Increasingly, it is evident that lipids
play an equitably important role in macrophages’ func-
tion during polarization, thus influencing the outcome
[23]. At different stages of infection, the inflammatory
and anti-inflammatory responses are strictly regulated
and pathogen-specific [24-26]. Perturbance of this
equilibrium usually results in either excessive inflam-
mation or failure to activate an immune response.
Hence, various intracellular bacteria perturb this to
thrive inside these otherwise bactericidal cells
successfully.

Lately, a major therapeutic strategy domain has been
explored using lipids as a delivery agent. The amphipathic
nature of lipids has been harnessed to encapsulate drugs
inside the lipid layer called liposomes. These liposomes
show better drug retention and excellent circulation of
encapsulated drugs in the body. As a substitute for conven-
tional lipid carriers like liposomes and emulsions, solid lipid
nanoparticles (SLNs) have been developed recently. They
have several advantages that confer them better stability
[27]. Apart from SLN, there is another set of lipid carriers
with a more structured framework called nanostructured
lipid carriers (NLC), enhancing the drug’s oral bioavailabil-
ity [28]. Besides being an excellent carrier, lipids of bacterial
origin and host origin (hijacked by bacteria) can be effective
targets for antibiotics. So, therapeutic ventures have been
made to tweak the in-vivo scenario, preventing pathogens
[29]. One of the lipids playing inhibitory roles is sphingo-
sine-1-phosphate, which has been extensively studied for
potential therapeutic aspects [30]. There is also a marked
difference between virus-infected individuals’ lipid profile
than that of bacteria-infected ones; these have been used as
markers for quick probing and detection of the diseases and
further analysis [31].

This review will be dissecting various roles of lipids,
both during facultative and obligate intracellular bac-
terial infection. It is interesting to know that lipids
exploitation by these two groups of bacteria is quite
diverse; intracellular bacteria use host lipids to avoid
phagosome maturation while extracellular bacteria use
host lipids for their membranes’ integrity. However,
bacterial species’ host lipid acquisition, especially cho-
lesterol, is increasingly important in bacterial pathogen-
esis in recent literature.

Bacterial and host lipids

Lipids are the most common yet one of the differentiating
biomolecules across all life domains; Eukarya, Archaea, and
Bacteria. They are essentially and broadly two kinds: storage
lipids (triglycerides-TAG) and membrane lipids (glycero-
phospholipids). Just a handful of bacteria can only synthe-
size storage lipids and, thus, are mostly limited to



eukaryotes. On the contrary, it has been shown by several
reports that those handfuls of bacteria such as
Mpycobacterium, Nocardia, Rhodococcus, Micromonospora,
Dietzia, and Gordonia are often associated with harboring
even neutral lipid bodies (LD), mainly comprising of TAG
and wax esters (WE) [32,33]. On the other hand, glycero-
phospholipids or membrane lipids are part of every life
domain [34]. However, there are striking differences
between the membrane lipids of these three domains. In
Eukarya and Bacteria, the fatty acyl side chains are linked to
the sn-glycerol-3-phosphate backbone via an ester bond. In
Archaea, there are ether linkages between isoprenoid
hydrocarbon side chains and sn-glycerol-1-phosphate
backbone [35]. In bacterial cell membranes, there are
three major classes of phospholipids; phosphatidylethano-
lamine (PE), phosphatidylglycerol (PG), and cardiolipins
(CL). Zwitterionic PE accounts for about 75% of the mem-
brane lipids, anionic PG about 20%, and the rest 5% is CL
[36]. However, these percentage contributions often vary,
depending on which growth stage bacteria are in; for exam-
ple, during the stationary phase in E. coli, the CL percentage
is higher [37]. Apart from glycerophospholipids, various
bacteria are capable of synthesizing diacylglycerols (DAG)-
derived membrane lipids; these lack phosphorus in their
structure, typical examples of these are glycolipids (GL),
sulfolipids (sulfoquinovosyl diacylglycerol -SQDG), and
diacyl-glyceryl trimethyl-homoserine (DGTS) lipids [38].
There are also membrane lipids which completely lack
glycerol backbones, such as isoprenoids and hopanoids;
these serve a specialized function in bacterial membranes
and are a structural surrogate for sterols. Necessarily sug-
gesting that bacteria have immense lipid diversity and all
kinds of lipids exist in various bacterial species. It is widely
known that apart from proteinaceous virulence factors,
bacteria also harbor a set of lipids accounting for their
virulence. These lipids are generally expressed on their
surface, capable of modulating the host lipid metabolism
and triggering an immune response. A major component of
the Gram-negative bacterial cell wall is lipopolysaccharide
(LPS), which comprises lipids A, core oligosaccharide
region, and variable carbohydrate [39]. LPS has been exten-
sively studied concerning orchestrating host lipid biosynth-
esis dynamics upon infection, discussed in detail later [40].
Also, it has been reported that LPS is often self-modulated
by various pathogenic bacteria as a part of escaping strate-
gies from the host immune system [41]. Apart from LPS,
another bacterial lipid capable of host immune and meta-
bolism modulating function is Trehalose-6,6"- di-mycolate
(TDM). TDM is expressed copiously on the cell wall of
bacteria containing mycolic acid such as Mycobacterium,
Nocardia, Corneybacterium species. TDM harbors treha-
lose as sugar esterified to two residues of mycolic acid, and
the length of mycolic acid residue varies from 20-80, based
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on the bacterial species. It has been reported in several
studies done in Mycobacterium that TMD is responsible
for upregulating multiple cytokines (TNF-a, IL-1f3, IL-1 m,
IL-10, and MCSF-1) and chemokines (CCL3, CCL4, CCL7,
CCL12, CCR12,CXCL1, CXCL2, and CXCL10). TMD also
elicits the foamy cell formation and trigger activated foreign
body and hypersensitivity-type granulomas in mice. There
are vast literature and many detailed reviews available on
the synthesis, structures, and functions of these lipids
[37,38,42]

Like bacterial lipids, host or eukaryotes also have
lipids such as PE, PG, and CL, along with phosphati-
dylserine (PS). However, PG and CL are synthesized
and confined to the mitochondrial membrane, primar-
ily due to its prokaryotic origin. Apart from these,
eukaryotic membranes also harbor phosphatidylcholine
(PC) and phosphatidyl-inositol (PI) as glycerophospho-
lipids. The cellular distribution of these membrane
lipids is also based on individual lipid species’ curvature
and the given sub-cellular organelle requirement.
Besides this, the endoplasmic reticulum (ER) serves as
the main site for the synthesis of lipids, producing a lot
of structural phospholipids and cholesterols, along with
a decent amount of TAG and cholesteryl esters (having
non-structural roles) [43,44]. ER also make ceramide
(Cer), the precursor of sphingolipids, and GalCer is
only produced in the epithelial and myelinating cell’s
ER. Apart from all of these lipids, ER also harbors
various minor lipids playing a pivotal role in intermedi-
ates and end products of certain pathways (this
includes: DAG, lysophospholipids, and dolichol) [45].
The other class of eukaryotic lipids, called sphingoli-
pids, has an amino-alcohol backbone. Previously, these
were only associated with membrane microdomains or
rafts; however, more recent scientific development in
the last decade shows that these are also involved in
regulating several cellular functions such as autophagy
and apoptosis. Sphingolipids are synthesized in the
Golgi complex, producing sphingomyelin (SM)
GlcCer and lactosylceramide (LacCer) and other
higher-order glycerol-sphingolipids (GSL) [46,47]. The
plasma membrane majorly comprises higher density
glycerophospholipids, sphingolipids, sterols, and PI
for various cell signaling cascades to sustain mechanical
stress [48]. Besides this, there is a lot of dynamic fission
and fusion of eukaryotic membranes in the endocytic
pathways; those are mostly regulated by a dedicated
system of phosphoinositide specific kinases and phos-
phatases. Essentially this manages the pool of phospha-
tidylinositol phosphates such as phosphatidylinositol
3-phosphate (PI3P), phosphatidylinositol 4-phosphate
(PI4P), and phosphatidylinositol (4,5)- bisphosphate
[PI(4,5)P2] on the target and vesicular membranes.
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Examples are PI4P in the Golgi, phosphatidylinositol
3-phosphate (PI3P) in endosomes, and [PI(4,5)P2] in
plasma membranes [48,49].

Host lipids and bacterial toxins

Toxins is a soluble protein known to have receptor-specific
interactions present on the putative rafts [2]. Bacterial
exotoxins are broad of two classes; (1) extracellularly acting
and (2) intracellularly acting. Further, the extracellularly
acting bacterial exotoxin are divided into two broad cate-
gories: a) non-membrane damaging and b) membrane
damaging; there is a further division into different sub-
categories based on the enzymatic activity possessed by
the toxin. Since membrane damaging and intracellular act-
ing toxins are involved in the interaction with host lipids,
this section mainly focuses on them. The membrane dama-
ging bacterial toxins, also known as pore-forming toxins
(PFT), has three classes a) hemolysins, b) leukocidins, and
¢) phospholipases. PFTs account for 20-30% of all bacterial
exotoxins, predominantly function to perforate the plasma
membrane but can also act on intracellular organelle mem-
branes [50,51]. The preliminary step for any toxin to act on
the host cell is to identify and interact with its cell’s either
membrane-spanning or GPI-anchored-proteins or lipids
microdomains. It has been well demonstrated that bacterial
toxins have exploited the lipid microdomain of host cell
membranes as binding and concentrating devices for toxins
(Refer to Table 1) [52,53]. Lipid rafts help in inducing toxin
oligomerization to form pores in the host cell membrane.
Aerolysin from Aeromonas hydrophila is a water-dwelling,
gram-negative rod-shaped bacterium, majorly causing
diarrheal illness and sometimes necrotizing skin and soft
tissue infections in individuals with immunocompromised
conditions [54]. Upon binding to lipid rafts, Aerolysin
undergoes the heptamerization process followed by pore
formation [55,56]. Similar mechanisms of toxin oligomer-
ization on lipid rafts of the host cell membrane have also
been found in Staphylococcus sp. leukotoxin (octameric
pore) and E. coli. ClyA (13-meric pore) [57]. The alpha-
toxin produced by Clostridium sp., most potent of them is
produced by Clostridium perfringens, harbors phospholi-
pase C (PLC) activity [58], and the N-terminal domain
retains only lecithinase activity and has a lower potency
than the holoenzyme [59].

Cholera toxin (CT) is an AB toxin, which possesses
a single A subunit and five B subunits in a pentameric
ring fashion [60]. CT has been shown to interact with
these lipid microdomains cluster of GM1 ganglioside
receptors for attachment like Velcro mechanisms [61].
The A subunit’s catalytic activity solely depends upon
internalization into the host cell, resulting in the efflux
of ions and water from the cells [62,63]. H. pylori

classified as a group 1 carcinogen and one of the
handfuls of bacteria that are directly linked to cancer
[64]. VacA, from H. pylori, has been known to affect
host cells by inducing cytoplasmic vacuoles, which sup-
port the survival of bacteria by increasing permeability
of the host cell [65]. It has also been reported that the
host sphingomyelin and depletion of cholesterol might
have a role in toxin functionality, thus proposing strong
pieces of evidence for the role of host lipid rafts in the
activity of VacA [66]. Consequently, the selection of
receptors harbored in rafts is critical in bacterial toxin-
induced hyper-inflammatory responses, host defense,
or endotoxin tolerance [67]. The diphtheria toxin is
reported to enter the cell via clathrin-coated pits
(COP-I), classically known to function independently
of lipid rafts [68-70]. On the contrary, it has been
shown that the depletion of sphingolipid facilitates the
entry of Diphtheria toxins [71]. Anthrax, another toxin,
also invades the cell via the clathrin-dependent process.
This is mediated by a receptor called tumor endothelial
marker 8 (TEM8, ANTXR1) and capillary morphogen-
esis gene 2 (CMG2, ANTXR?2) but, the receptor-toxin
cluster in the lipid raft and disruption of the same leads
to a subsequent defect in toxin internalization [72,73].
Shiga toxin (Stx1/2), another AB5 toxin, interacts with
amphipathic glycosphingolipid (GSL), which are globo-
triaosylceramide, and globotetraosylceramide. These
are embedded in membrane lipid microdomains or
lipid rafts [53,74].

Other sets of toxins have also been seen to utilize the
lipid microdomains for attachment and entry into the
cell; these are given as a tabulated form (Refer table 1).
Few toxins help in survival inside the intracellular
niches. Upon entry into the host cell, bacteria end up
having two options: either to escape the vacuole or to
deviate phagolysosome maturation, thereby securing an
intracellular replicative niche. One classic example is
employed by L. monocytogenes. To escape the vacuole
and come into the cytoplasm, L. monocytogenes secretes
pore-forming cytolysin, called listeriolysin O. It has
been shown to interact with lipid rafts, and it belongs
to the cholesterol-dependent cytolysin(CDC) family
[75]. Besides this, Listeriolysin O also heightens the
release of proinflammatory cytokines via the NF-KB
pathway in macrophages [76]. This helps recruit
a larger number of prospective host cells to the infec-
tion site and further helps the pathogen disseminate.
Targeting the toxins’ binding to the host cell by inhibit-
ing the host lipid-binding sites serves as a potent ther-
apeutic strategy against the toxins known to cause life-
threatening conditions in the host. Recent literature in
this field is vast, and many excellent reviews focus on
each toxin’s detailed mechanism [77-79]. This review



has limited our focus to a more holistic aspect of the
host-lipids race during bacterial infection.

Host lipids and bacterial endocytosis

Plasma membrane domains (enriched in cholesterol/
sphingosine) function to sort the protein (based on
the apical and basolateral side) of epithelial cells that
mediate selective bacterial entry into the cell [80].
CD55, located in the apical membrane, acts as
a receptor for various bacteria and viruses, causing
mucosal infections [81-84]. Bacteria exclusively enter
through the raft domain even when the entry receptors
are available throughout the host cell membrane.
Marnes et al. proposed that raft-mediated entry has
two advantages: firstly, it activates cellular modulation
for cytoskeleton remodeling along with membrane ruf-
fling, and secondly, to circumvent intracellular degra-
dative pathway [85]. Acquiring host lipid rafts to form
phagosome also helps survive various intracellular bac-
teria, notably obligate intracellular such as
Chlamydiaceae, and facultative intracellular such as
Salmonella sp., Shigella sp., Mycobacterium sp. inside
phagocytic cells [61]. E. coli K1 mediated infection
causes meningitis. The route of access of E. coli K1
into the cells depends upon the integrity and choles-
terol content of lipid rafts [86]. The Chlamydia tracho-
matis is the most common cause of all sexually
transmitted diseases (causing urogenital trachoma and
conjunctivitis infection) and has been reported to have
lipid-mediated entry into the cell [85,87,88]. Lipid rafts
mediate attachments, followed by the entry in the host
cells of C. trachomatis. Some reports show that
C. trachomatis serovars E and F enter through
a membrane area rich in GMI, a lipid raft marker,
along with caveolinl and caveolin2 (Refer Figure 1)
[89-92]. A study done using chelator of cellular cho-
lesterol has shown that the elementary body (infecting
stage) of C. trachomatis serovars L2, D, E, and
K attaches to the cholesterol-rich site in the membrane
of epithelial cells [93]. On the contrary, C. trachomatis
serovars A and C enter the cell through clathrin-
mediated endocytosis and are uninhibited by choles-
terol depletion [91]. Apart from this, Chlamydia spp.
also traffic to the Golgi apparatus to hijack sphingoli-
pids rich vesicles, thereby preventing lysosomal fusion
(Refer Figure 1)[90]. However, recent reports suggest
that Chlamydia sp. utilizes heparan sulfate proteogly-
cans (HSPGs) on the host cell membrane for initial
attachment followed by high-affinity binding to
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a battery of host cell receptors and thereby mediating
entry into the host cells [94-96].

Salmonella  sp. and Shigella sp. are two
Enterobacteriaceae that utilize type 3 secretion system
(T3SS), a molecular syringe to inject effector protein
into the membrane and cytosol the host cell that facil-
itates the entry in non-phagocytic cells and survival.
T3SS has two effector proteins, which are part of these
apparatus both in Shigella (IpaB and IpaC, invasion
plasmid antigens) and in Salmonella (SipB and SipC)
that are encoded by Salmonella pathogenicity islands
(SPI). They are preassembled, but the T3SS does not get
activated to translocate the effectors until the bacterium
is in contact with the host lipid raft. IpaB and SipB are
cholesterol-binding proteins, and it has been shown
that membrane insertion of IpaB relies on lipid raft
domains(Refer Figure 1)[97,98]. However, experiments
that were done using cells lacking the ability to form
lipid rafts have shown that invasion and intracellular
survival of Salmonella enterica serovar Typhimurium
and C. trachomatis (certain serovars) is not dependent
on cholesterol, unlike Coxiella burnetii [99]. A bacterial
invasion is a complex event, and thus, not only lipids
but also cholesterol/sphingosine associated membrane
proteins play equally important roles.

Similarly, in Mpycobacterium spp. it has been
reported that to hide from adaptive immune responses,
they have incorporated or modified host lipids and
proteins from rafts in their phagosome, thereby escap-
ing antigen processing and presentation apparatus-pha-
gosome containing Mycobacterium spp. The host cell
actively binds TACO (tryptophan-aspartate-containing
coat protein), which prevents the fusion of bacteria-
containing phagosome to the lysosome [100]. This
interaction of TACO with phagosome is cholesterol-
dependent(Refer Figure 1)[101].

Brucella abortus, which is Gram-negative, intracellu-
lar, zoonotic infection-causing bacteria, harbors Vir-B
that requires macrophages’ plasma membrane cholesterol
for mediating internalization(Refer Figure 1)[102]. Class
A scavenger receptor, cholesterol, and ganglioside GM1
facilitated entry in macrophages is reported for B. ovis
and B. canis (Refer Figure 1)[103]. Another intracellular,
zoonotic, Gram-negative, and facultative pathogen,
Francisella tularensis, has been reported to have inhibited
entry upon removal of GPI-anchored protein due to the
destabilization of cholesterol/sphingosine [104].

Pseudomonas aeruginosa, a Gram-negative, opportunis-
tic pathogen, causing nosocomial infection apart from
causing chronic pulmonary infection in immunocompro-
mised or cystic fibrosis patients [105-108]. Studies on
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Figure 1. Host lipid raft in bacterial entry and phagosomal trafficking: Mycobacterial spp. incorporated raft-associated TACO
(tryptophan-aspartate-containing coat protein) of the host cell and thus inhibit lysosomal fusion. Chlamydia trachomatis serovars
E and F enter the host cell through lipid rafts associated with GM1 ganglioside receptor, caveolin 1/2 heteromeric complex. Upon
entry, it recruits ceramide transfer to facilitate the transfer of ceramide to the Golgi bodies. Further upon conversion of ceramide to
sphingolipid and cholesterol, it is recruited onto bacteria containing phagosome and thus escape fusion with Lysosome. Other
species of Chlamydia, Brucella spp., E. coli, Salmonella sp., and Legionella sp. enters through lipid raft region rich in cholesterol.
Chlamydia trachomatis 2 serovars A and C enters the cell through clathrin-dependent endocytosis which functions exclusive of lipid
rafts. Pseudomonas aeruginosa enters and mediates an uptake by raft remodeling via CFTR, CD40, and CD95 dependent pathway.

primary human nasal and murine tracheal epithelial cells
showed that it triggers lipid microdomain transformation
into large platforms of insoluble membranes to stimulate its
internalization [109], the stimulation of CD95 and CD40
trigger membrane reorganization subjecting acid sphingo-
myelinase (ASM) toward the extracellular leaflet. Thus,
leading to the breakdown of sphingomyelin to ceramide
[110,111]. This is further required to reorganize these
microdomains into larger signaling platforms [112].
A T3SS mediated upregulation of CD95 is reported in
Pseudomonas infection, which helps to internalize bacteria,
induce apoptosis, and regulate cytokines release; and mice
that are deficient in CD95 show higher susceptibility to
Pseudomonas infection [109]. The other role of sphingosine
and derivatives in infection with Mycobacterium sp. has
been discussed later. Asialylated ganglioside receptor,
namely asialoGM1, another sphingolipid, expressed on
the surface of cystic fibrosis patients’ respiratory epithelial
cells enhances binding and invasion of Pseudomonas aeru-
ginosa [113]. It can also be concluded that cholesterol/
sphingosine and overall membrane integrity is vital for
host defense mechanisms. Lipid rafts also cluster
a chlorine channel CFIR (nonfunctional in Cystic
Fibrosis), which colocalizes with GM1 marker [114];

a study using human corneal epithelial cells shows that
P. aeruginosa enters via CFTR [7]. CFTR-mediated
Pseudomonas infection activates the NF-KB pathway fol-
lowed by cytokine release; however, methyl-3-cyclodextrin
administration inhibits this NF-KB activation (Refer
Figure 2)[114]. Macrophage-mediated bacterial endocyto-
sis by CFTR dependent lipid rafts is inhibited in stress
conditions, thus challenging one of the immune system’s
potent arsenals [115].

Host lipids and intracellular bacteria

Host lipid remodeling on to phagosome of intracellular
bacteria helps to maintain growth and viability.
A considerable amount of investigation regarding the
same has been done. The fusion of pathogen containing
vacuole with lipid droplets which are enriched with neutral
lipids like TAG, sterol esters (SE) along with proteins like
perilipin family proteins, adipose differentiation-related
proteins (ADRP), tail interacting protein (TIP47), etc and
surrounded by phospholipid hemimembrane facilitates the
nourishment of bacterial pathogens such as Chlamydia
trachomatis, M. tuberculosis, M. leprae, etc by supplying
adequate amount of nutrients [116]. In the case of
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remains knitted with lipid rafts clustering and activation of
downstream signaling to inhibit IL-13 expression and thus
again inducing CD95 dependent apoptosis.

Chlamydiaece, upon entry, the elementary body, which is
bound to the inclusion bodies derived from the host cell
membrane, differentiates into reticulate bodies and estab-
lishes a replicative niche [117]. During this phase, the
inclusion bodies avoid lysosomal fusion and are trans-
ported to the peri-Golgi region, where it interacts with
various cellular components and trafficking routes to gain
access to nutrients. Even though C. trachomatis can synthe-
size their membrane lipids; they have been found to harbor
host-derived lipids such as sphingomyelin and cholesterol
on their membranes. Chlamydia inclusion hijacks sphingo-
myelin and cholesterol-containing exocytic vesicles by
avesicular trafficking pathway which is Brefeldin A(inhibits
activation of Arfl- crucial in vesicle formation) sensitive
[8,118]. Ceramide is a precursor of sphingomyelin.
Conversion from ceramide to sphingomyelin takes place
in the Golgi. This further accumulates within the inclusion
membrane at the early time points of infection [118,119].
Nonetheless, not all lipids are acquired from Golgi depen-
dent pathway, and it is limited to only particular lipids. Rab-
GTPase and SNARE proteins, which are key players of
vesicle fusion in physiological conditions, could be involved
in the acquisition of lipid from the host [95,120-124]. Apart
from these mechanisms, Chlamydia also recruits neutral
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lipids from either de novo synthesis or lipid droplets
through IncA (effector protein) rich site [8,125,126].

Chlamydia inclusion protein IncD facilitates the
recruitment of ceramide-transfer protein (CERT) and
channelizes ceramide trafficking from the endoplasmic
reticulum into the inclusion membrane [127-130]. The
CERT also executes the transfer of ceramide to the
Golgi. Inhibiting the CERT leads to lesser recruitment
of sphingomyelin to the inclusion membrane [130].
Disruption of host cellular organelles (such as Golgi
fragmentation) can heighten lipids’ uptake into the
Chlamydia  inclusion, resulting in  increased
C. trachomatis replication. This process is also gov-
erned by both host (Golgin-84) and Chlamydia pro-
teases (chlamydial protease-like activity factor-
CPFA) [131].

Abundant intracellular cholesterol levels trigger the
esterification and packaging of Cholesterol ester into
lipid droplets (LD). Chlamydia translocates various
host proteins such as perilipin, Rab18, and ATGI, pre-
sent on LD’s membrane to the inclusion membrane.
Conversely, many bacterial proteins on the inclusion
membrane are trafficked to adjacent LD membranes
[125]. This results in organelle mimicry and thus
deceiving host machinery of lysosomal fusion.

Mycobacterium spp. which are facultative intracellular
pathogens, efficiently thrive in macrophages, also require
cholesterol for their survival and uptake [101]. High polar-
ity lipid derived from M. avium has been shown to interact
with lipid rafts present on murine macrophages [132]. The
ability to induce lipid droplet formation inside host cells is
an important virulence factor for pathogenic
Mpycobacterium sp [133-135]. M. bovis BCG or
M. tuberculosis derived LAM’s cell wall component can
induce lipid droplet formation in time and the dose-depen-
dent manner by mimicking the host.

Salmonella sp. upon entry mediated by T3SS encoded by
SPI-1 in the non-phagocytic cell, maintain its intracellular
replicative niche inside a vacuole called Salmonella contain-
ing vacuole (SCV) with the help of Salmonella pathogeni-
city island-1 and 2 (SPI-1 & 2) encoded T3SS and effector
molecules both in non-phagocytic and phagocytic cells
[136,137]. Remodeling of the outer membrane (OM) dur-
ing Gram-negative bacterial infection helps intracellular
survival and replications in tissue [10,138]. S. enterica ser-
ovar Typhi and S. enterica serovar Typhimurium both
survive in acidified phagosomes facilitated by PhoPQ,
ArcAB, mgtCB, and other regulons, a two-component reg-
ulator [139]. The genes are responsible for modifying OM
in terms of increasing hydrophobicity and decreasing nega-
tive charge, resulting in the prevention of cationic antimi-
crobial peptide (CAMP) binding [9]. One recent report has
shown that PbgA, under the control of the PhoPQ two-
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component system, traffics the cardiolipin from the inner
membrane to the OM of Salmonella Typhimurium by
binding to cardiolipin itself [140]. Sse], another effector of
SPI-2 having a glycerophospholipid cholesterol acyltrans-
ferase activity, localizes to the cytoplasmic face of SCV and
esterifies the cholesterols. Sse] activity, along with localiza-
tion, depends on the host protein, RhoA (GTPase) [141].
Cholesterol accumulation and CD55 protein recruitment
on SCV suggests an important role for cholesterol in intra-
cellular survival [11]. Another molecular complex of host
CD44, the hyaluronan receptors, and IpaB (bacterial inva-
sion) in the case of enteroinvasive Shigella infection parti-
tions in the lipid rafts. Invasion of bacteria is reduced in the
cells deficient for sphingolipids as it is utterly predictive of
the possible roles lipid rafts play in shigellosis [142].

In L. monocytogenes, cholesterol is not required for
entry into the cells. However, cholesterol plays a vital
role in the event downstream to invasion, such as
F-actin polymerization [12]. One of the reports demon-
strates that, during enterohemorrhagic E. coli (EHEC)
and enteropathogenic E. coli (EPEC) infection, cytoske-
leton rearrangement was inhibited upon cholesterol
depletion. Also, cholesterol depletion hampered adher-
ence to epithelial cells in EPEC infection but not EHEC
infection [13]. Coxiella burnetii genome has been
reported to encode enzymes for the synthesis of fatty
acids and phospholipids. Still, it lacks enzymes for de-
novo synthesis of cholesterol [143]. However, it also
encodes sterol reductase homolog, reducing double
bonds of sterol to cholesterol in the final step. One of
the studies showed that this enzyme was active in the
yeast model system. Thus, it was proposed that
C. burnetii could hijack and act on host sterols for
their intracellular growth [144].

Contrary to the host lipid’s role in the survival of intra-
cellular pathogens trapped inside the vacuole, it also
restricts bacterial proliferation. The attachment of ER-resi-
dent immune-related GTPase Irgm3 (47 kDa) with ADRP
helps the dendritic cells cross-present phagocytosed exo-
genous antigen exogenous CD8" T cells [145]. High-reso-
lution single-cell Raman microscopy has revealed the
association of arachidonate enriched lipid bodies with pha-
gosomes in neutrophils, which finally activates NADPH
phagocytic oxidase [146]. The derivatives of glyceropho-
spholipid, phosphatidylinositol (PI) of host cells play
adivergent role in the maturation of phagolysosome during
bacterial infection [147]. Salmonella enterica uses SopB
protein to dephosphorylate PI (3,5) P2, PI (4,5) P2, and PI
(3:4,5) P3 of the host cell to prevent the maturation of
phagolysosome [148,149]. The engagement of phosphati-
dylinositol-3-phosphate or PI (3) P on the phagosomal
membrane recruits p40°"* that further activates NADPH
phagocytic oxidase during FcylIA receptor-mediated

phagocytosis of IgG coated RBCs in COS7 cell line [150].
M. tuberculosis can restrict the acidification of the phago-
some by secreting SapM phosphatase that dephosphory-
lates PI (3) P of host cells [151-153]. The intracellular
proliferation of Mycobacterium strain lacking PIP phospha-
tase MptpB that dephosphorylates PI (3) P, PI (4) P, PI(5)
P, and PI (3,5) P2 is significantly attenuated in guinea pig
macrophage [154,155]. Host cell lipids such as arachidonic
acid, ceramide, sphingosine, sphingomyelin, and phospha-
tidylinositol-4,5-bisphosphate can restrict the intracellular
proliferation of  Mpycobacterium  tuberculosis  and
Mpycobacterium avium by triggering the actin assembly,
phagosome maturation, phagolysosome fusion, and acidi-
fication in J774A.1 macrophage cell [156].

Host lipids and extracellular bacteria

Extracellular bacteria have also been reported to incor-
porate host lipids. Specifically, Mycoplasma spp. has
been known to acquire free cholesterol from serum
lipoprotein and modify it to glycolipids, cholesteryl
ester to be specific [15-17]. Although lipid auxotrophy
is not a surprising concept in biology, the spirochete
also depends on external cholesterol reservoirs for
replication and multiplication because it cannot synthe-
size cholesterols. However, they show hallmark charac-
teristics of eukaryotic lipid rafts (containing
phosphatidylcholine, phosphatidylglycerols, and lipo-
proteins) on their cell membrane [157-160]. Besides
these, it also has free cholesterols and two cholesterol
glycolipids, acylated cholesteryl galactoside (ACGal)
and cholesteryl-galactoside (CGal), along with non-
cholesterol glycolipid and mono-galactosyl
diacylglycerol(MGalD) [161-164]. Sterols that help in
lipid raft formation and many detergent resistance
membranes are vital for B. burgdorferi membrane’s
integrity [157]. Although the mechanism of cholesterol
acquisition from the host cell to spirochetes is not very
clear, it is proposed to be mediated by lipid rafts-lipid
rafts interactions [165].

Extracellular bacterial species H. pylori also incorpo-
rates cholesterols and converts it into the glucosyl-cho-
lesterol complex. Glycolipids identified in cholesteryl
glucosides are cholesteryl-a-D-glucopyranoside, choles-
teryl-6-O-tetra-decanoyl-a-D-glucopyranoside, and
plausibly cholesteryl-6-O-phosphatidyl-
a-D-glucopyranoside. It has been known for a long
time that H. pylori have a preference specific to choles-
terols [166]. One study found that bacteria grown in
the absence of cholesterol were more susceptible to
antimicrobial peptides and antibiotics [167]. The pre-
sence of cholesterol on the H. pylori membrane helps
modify the membrane to facilitate the colonization of



bacteria in gastric mucosa without hampering the Lewis
antigen’s expression [168].

Host lipid serving as nutrients for bacteria

Bacterial pathogens can use host lipid as a carbon source,
and for energy as well, they efficiently hijack the host lipid
metabolism to develop convenient reservoirs that help the
pathogen to survive in the host during infection.
Mycobacterium sp. is well known to establish infection via
hijacking host lipids out of all intracellular pathogens. It is
well reported that Mycobacterium sp. uses host lipid as
a primary source of carbon in- vivo [14,169]. Based on
their lipid composition and metabolism, M. tuberculosis
and other genus members are one of a kind. They harbor
a variety of lipids such as glycolipids, mycolic acids, and
polyketides in the cell wall [170], the genes for biosynthesis
is encoded in their genome. They possess approximately
250 enzymes, which are linked to fatty acid metabolism
[171]. In different mouse models, it has been shown that the
enzyme that governs the direction of degraded fatty acid
product to a pathway also dictates the phenotype of the
bacterium [172-174]. Interestingly M. tuberculosis does not
depend on a single lipid source, shows plasticity in lipid
utilization, and can co-catabolize different lipids as carbon
sources [175]. M. tuberculosis makes use of host fatty acids
as 1) substrates for B-oxidation, 2) acyl-primers for polyke-
tide synthesis, and 3) incorporation into phospholipids and
triacylglycerol (TAG) [176,177].M. tuberculosis has
a dedicated cholesterol import system that allows the bac-
terium to use lipid as a sole source of carbon and energy
during persistent chronic infection inside activated macro-
phages. M. tuberculosis gene cluster mce4 encodes an
importer of cholesterol, which serves as the sole carbon
source for the pathogen inside the host cell [178].

The cholesterol usage comes with an added draw-
back for the bacterium, the terminal product of choles-
terol catabolism being propionyl-CoA [179], a toxic
compound that requires further metabolism. To ame-
liorate this toxic effect, M. tuberculosis has acquired
various strategies to metabolize propionyl-CoA as an
energy source and as building blocks for cell wall
synthesis. They convert propionyl CoA into pyruvate
and succinate via methyl citrate cycle and subsequently
incorporate these into the tricarboxylic acid (TCA)
cycle to produce energy [180]. It is perhaps due to the
presence of Methyl-isocitrate lyase enzymatic activity.
Another pathway utilized by Mycobacterium sp. is the
conversion of propionyl- CoA into methyl-malonyl-
CoA by the action of propionyl-CoA carboxylase, and
further assimilated into the vitamin B12 mediated
methyl-malonyl pathway that results in the production
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of succinyl CoA, that is used in the TCA cycle as well
[181]. Finally, they have polyketide synthase, which can
convert propionyl CoA into methyl-malonyl CoA and
incorporate it into the bacterium’s cell wall [182].

M. tuberculosis encodes for four phospholipase
C proteins among them plcA, plcB and plcC are in an
operon, and plcD is placed in a distant genomic region.
These enzymes hydrolyze phospholipids, resulting in
free fatty acids [171], and are essential for the patho-
gens’ virulence [183]. They metabolize fatty acids via
two pathways: B -oxidation or glyoxylate shunts. Even
though the B -oxidation pathway involves only five
enzymes, M. tuberculosis is known to have approxi-
mately 100 genes encoded for enzymes having
a redundant function in this cycle [184]. The glyoxylate
shunt has been long known as an anabolic pathway
essential for carbon synthesis among prokaryotes. It
has been reported in a proteomic and genomic-based
study on Mycobacterium sp. that one of the key
enzymes isocitrate lyase (ICLs) of glyoxylate shunt is
upregulated during infection in macrophages [185,186].
There are two homologous genes for ICL, namely iclI
and icl2; studies on mutant lacking ic/ll have demon-
strated that it affects bacterium survival inside the acti-
vated macrophages. The double mutant of the icl mice
model has also shown rapid clearance from the lungs of
infected mice, thus, providing evidence for the essenti-
ality of the icl gene and glyoxylate pathway in
M. tuberculosis pathogenesis [187].

It is well known that M. tuberculosis can persist as
a dormant infection within mononuclear cells with
a  characteristic and  pathological  hallmark.
Granulomas are generally an assemblage of immune
cells, comprising of different types of macrophages
such as multinucleated enlarge cells, epithelioid cells,
and foamy cells, enclosed by a border of lymphocytes.
Foamy cells are one of the granulomas hallmarks and
can be defined as macrophages enriched with lipid
droplets [134,172]. To maintain the latency in host
M. tuberculosis derives host triacylglycerol from these
foamy cells and utilizes it as a carbon source [176]. In
foamy cells, bacteria are responsible for diverting the
glycolytic pathway toward ketone body synthesis [188],
and various mycobacterial molecules are involved in
accumulating lipids in foamy cells [189].

Lipid- a blessing in disguise

Besides their roles in the augmentation of bacterial
infection in host eukaryotic cells, which majorly include
adhesion, invasion, and survival of bacterial pathogens,
many times host lipids such as sphingolipids
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orchestrate significant inhibitory role during bacterial
infection. Tuberculosis caused by Mycobacterium tuber-
culosis has been challenging humankind with its wrath
since time immemorial. After several decades of
decline, at present, tuberculosis cases are on the rise
again. One of the reasons is its co-infection with HIV,
and another reason is the emergence of MDR-strains.
Also, TB treatments are prolonged (for six months),
complex and expensive. At present, there is a dire need
for new therapies to treat TB. M tuberculosis’s success
as an intracellular pathogen is attributed to its property
to resist killing by fusion of lysosome with phagosome
containing it. It has been found to employ multiple
mechanisms for this purpose, including inhibition of
phagosomal localization of vacuolar H*/ATPase that
acidifies the phagolysosome, modulations of the vesi-
cular soluble N-ethylmaleimide attachment protein cel-
lubrevin, and alterations of the regulatory GTPases of
the Rab family and its early endosomal marker Agl.
Sphingosine-1-phosphate, which is produced from cer-
amide by the consecutive catalytic activity of cerami-
dase and sphingosine kinase, has been reported to exert
an inhibitory effect on the intracellular proliferation of
nonpathogenic Mycobacterium smegmatis and patho-
genic Mycobacterium tuberculosis H37Rv strains in
human monocyte-derived macrophages (h(MDM) and
THP-1 cells [30,190,191]. The translocation of sphin-
gosine kinase to the phagosomal membrane is inhibited
by Mycobacterium tuberculosis, further diminishing the
intracellular level of sphingosine-1-phosphate and ulti-
mately resulting in the reduction of intracellular Ca2"
level required for the acidification of phagolysosome
[192,193]. Sphingosine-1-phosphate can express iNOS
in macrophages, differentiate the latter toward M1
phenotype, secretion of IFN-y during infection, and
enhance pulmonary infiltration CD11b* macrophages.
Also, treatment with  Sphingosine-1-phosphate
enhances the expression of key signaling proteins of
inflammatory response like phosphor-MAPK(pp38),
phospho-NF-kp, phospho-STAT3 in the lungs of
6-8 week old C57BL6 mice infected with Mtb [194].
Overexpression of Sphingosine Kinase (SphK-1) con-
ferred resistance against M. smegmatis infection due to
the enhanced generation of NO, iNOS species, pp38
LAMP-2 [195]. Burkholderia pseudomallei, the causa-
tive agent of melioidosis, improves its intracellular pro-
liferation in murine macrophage by avoiding fusion
with lysosome with the help of sphingosine-1-phos-
phate lyase, which is secreted into the host cytosol
upon infection to degrade cellular pool of Sphingosine
1 Phosphate [196]. Shigella flexneri can evade the NFKB
dependent proinflammatory immune response in adult
mice’s gut by reducing the level of sphingosine-

1-phosphate with heightened activity S1P lyase and
S1P phosphatase [197]. A recent study has illustrated
that hydrolysis of sphingomyelin into ceramide and
phosphorylcholine activates NADPH dependent phago-
cytic oxidase to generate ROS in macrophage and helps
in the clearance of Salmonella Typhimurium and
Pseudomonas aeruginosa [198,199].

Despite their bactericidal functions, a wide array of
pro-bacterial roles of sphingolipids have also been
extensively studied. The mice’s enhanced resistance
against the infection caused by Pseudomonas aerugi-
nosa upon deleting sphingosine kinase 2, the enzyme
required to synthesize sphingosine-1-phosphate, clearly
indicates the contribution of sphingosine to the estab-
lishment of bacterial pathogenesis [200].

Legionella pneumophila lacking LegS2 gene coding
for a novel sphingosine-1-phosphate lyase becomes
hyper-proliferative in bone marrow-derived macro-
phages and hMDMs by downregulating the expression
of proinflammatory cytokines [201].

Apart from sphingolipids, cholesterol has also been
reported to possess antibacterial activity. As discussed
earlier, cholesterol has a substantial role in supporting
the survival of intracellular pathogens. On the contrary
to this, it has been demonstrated that a high level of
cholesterol in the parasitophorous vacuole (PV) either
by supplementation or by treatment of UI8666A,
a drug that traps cholesterol in the parasitophorous
vacuole, enhances the acidity of PV and successfully
inhibits intracellular bacterial growth in both mouse
embryonic fibroblast and THP1 macrophage cell lines
[202]. A recent study has proved that oxysterol 25
hydroxycholesterol (25HC) can rapidly internalize the
accessible fraction of cholesterol from the plasma mem-
brane by activating acyl-CoA: cholesterol acyltransfer-
ase (ACAT) enzyme and builds up protection against
invading bacterial pathogens such as Shigella flexneri,
Listeria monocytogenes, etc [203]. As already discussed,
ceramides are a group of sphingolipids that have been
shown to have an antibacterial effect.

Macrophages are front line soldiers associated with
host defenses against foreign pathogens. They are one
of the professional phagocytes and antigen-presenting
cells of the host immune system and harbor various
pathogen recognition and signaling receptors on their
outer membrane’s surface. They can efficiently uptake
pathogens, digest them, and present them to T cells.
Macrophages are generally classified into proinflamma-
tory macrophages (classically activated, M1 macro-
phages) or anti-inflammatory macrophages
(alternatively activated, M2 macrophages) based on
their physiological features and state of polarization.
They undergo polarization upon encountering foreign



bodies/invading bacteria [204]. Proinflammatory cyto-
kines such as IFN-y and TNF-a are responsible for the
induction of the M1 phenotype, further characterized
by higher antigen presentation and heightened expres-
sion of IL-12, IL-23, reactive nitrogen species, and
reactive oxygen species, etc.

On the other hand, macrophages’ M2 phenotype is
augmented by anti-inflammatory cytokines like IL-4, IL-
10, and IL-13 [205]. An increasing amount of research is
going on, which demonstrates dynamic lipid remodeling
during host defense mechanisms. M1 and M2 macrophages
show two distinct metabolic pathways for energy genera-
tion; the former uses aerobic glycolysis, whereas the latter is
skewed toward fatty acid oxidation.

There is also a plethora of genes associated with the
metabolism of fatty acids, which are upregulated and
downregulated in each of these polarized states. For M1
macrophages, the upregulation of COX-2 and down-
regulation of COX-1, leukotriene A4 hydrolase, throm-
boxane A synthase 1, and arachidonate 5-lipoxygenase
(5-LO) have been reported (Refer Figure 3). Contrary
to this, in the M2 state, there is an upregulation of
COX-1 and arachidonate 15 lipoxygenases (15-LO)
[39]. Generally, it has been observed that the effects of
eicosanoids in the intimate relation of host-pathogen
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can be categorized into two parts: proinflammatory and
anti-inflammatory. Eicosanoids such as PGE2 and
lipoxin A4 (LXA4) are the products from the oxidation
reaction of arachidonic acid and other polyunsaturated
fatty acids and extremely active lipid mediators of the
immune response during bacterial infection [206,207].
These lipid mediators help the host by different
mechanisms. During the infection of avirulent
M. tuberculosis, PGE2 has been found to modulate
host survival strategies against the perturbation of the
inner mitochondrial membrane via EP2 receptors,
which further restrict the pathogen’s spread [19].
Interestingly it has also been reported that PGE2
activates synaptotagmin 7, a calcium-sensing protein
that plays a pivotal role in lysosome-mediated mem-
brane repair to reseal the host plasma membrane [208].
This re-joining process is vital to prevent necrosis and
promote apoptosis, leading to pathogen’s clearance,
thus helping the host. Strikingly the opposite role of
PGE2, which potentiates the survival of intracellular
pathogens in the host, has also been documented in
great detail. PGE2 has been reported to acquire the
ability to inhibit macrophage maturation and reduce
the activation of NADPH oxidase and thus facilitates
mycobacterial survival [209,210]. With the help of SPI-

Gram positive bacteria
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[Salmonelia sp., Escherichia sp.]

W
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Figure 3 Role of host membrane lipid in immunomodulation during bacterial infection. After invading the host cell, bacteria
(both gram positive and gram negative) synthesize and secrete effector proteins. Bacterial effector proteins/virulent factors
aggravate the catalytic activity of cytosolic calcium-dependent phospholipase A2 (cPLA-2). As a result of which Arachidonic Acid
is released from membrane glycerophospholipids into the cytoplasm. Subsequently, host cellular Cyclooxygenase-2 (COX-2) present
in the cytoplasm 5 converts this AA into Prostaglandin H2 (PGH2) which represent a precursor of PGE2. Ultimately, PGH2 is
transformed into PGE2 by the catalytic activity of the enzyme PGE2 Synthase. PGE2 performs a pivotal role in cytokine secretion &
activation of several innate immune cells (like- macrophage, neutrophil, etc.). The production of PGE2 can elicit an immune response
via any one of the four eicosanoid receptors termed as EP1, EP2, EP3, EP4. Interestingly, EP2 and EP4 represent the key players in
developing the immunosuppressive response of PGE2, thus helping in survival and proliferation of bacteria inside immune cells.
Downstream signaling by both EP2 and EP4, activate phosphatidylinositol 3- Kinase (PI3K) pathway. PI3K, in turn, activates ERK-1/2

to initiate immunosuppression.
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2 encoded virulent factor SpiC  Salmonella
Typhimurium can upregulate the expression of COX-
2, which produces PGE2 in macrophages. PGE2 can
enhance the production of IL-10 in a protein kinase
A-dependent manner, which further accelerates
Salmonella’s intracellular survival [210]. During infec-
tion, the virulent strain of Mycobacterium sp. abrogates
the expression of PGE2 and aggravates the expression
of lipoxin A4 (LXA4), which is anti-inflammatory and
produced by the catalytic activities of 5-LO and 15-LO
[207]. The enhanced expression of lipoxin A4 promotes
necrosis and mediates the pathogen’s rapid
spread [211].

Lipid and therapeutics

Since the 20th century, the liposome or the phospholi-
pid bilayer capsule has received quite some attention
due to its potential to carry bio-active molecules into
the living system. Liposomes are formed by allowing
phospholipids to swell in an aqueous solution, whereby
they form concentric layers of lipids. A liposome can
entrap an aqueous phase inside it, and if a solute
remains dissolved in the aqueous phase, it can also
entrap it. The initial experimentation had started with
the administration of enzymes using liposomes, but
later the work was extended by using liposomes as
carriers for drugs and other therapeutic materials
[212], including actinomycin D [213] and methotrexate
[3]. When these drugs were administered via liposome
in rats, they were retained more in the body than when
injected in free solution. Also, a larger fraction of the
drugs reached the liver and spleen. Solid Lipid nano-
particles (SLNs) are colloidal carriers developed in the
past decade as an alternative to traditional lipid carriers
like emulsions and liposomes. They constitute a new
generation of submicron-sized emulsions where the
solid lipid has replaced the liquid lipid (oil). The use
of SLNs is advantageous because they offer better sta-
bility and upgradability to the production scale than
liposomes [27]. The use of SLNs to administer antitu-
bercular drugs like rifampicin, isoniazid, pyrazinamide
reduced their dosing frequency and increased patient
compliance [214]. SLNs have also been used to transfer
mRNA to the cells, a promising strategy for vaccine
development. Entrapping RNA within SLNs acts to
protect it from degradation by RNases [215].
However, few disadvantages regarding SLNs include
poor drug loading capacity, drug expulsion after poly-
meric transition during storage periods, etc. The lipid
matrix also governs the drug loading capacity of SLNs.
If the lipid matrix is made of similar lipids, a perfect
crystal structure with few imperfections is formed.

Drugs are incorporated in the crystal imperfections,
between lipid layers, and between fatty acid chains.
Due to the less amount of crystal imperfections, drug
loading capacity decreases. To address these problems,
nanostructured lipid carriers (NLC) were developed.
The idea was to mix different lipids with varying fatty
acid chains, such that there is quite some distance
between the fatty acid chains, which leads to the for-
mation of imperfect crystals and can accommodate
more drug molecules, thereby improving the drug load-
ing scenario. In recent years, research is being con-
ducted to characterize NLCs.

NLCs demonstrated the faster release of the
entrapped drug clotrimazole than low drug-loading
SLNs, although there was no significant difference at
high-drug loading [216]. NLCs were more stable than
SLNs at 25°C. Also, the drug release profile of NLCs did
not change after three months of storage, whereas there
was a decline for SLNs [217]. NLCs have been tested to
enhance the oral bioavailability of drugs like clotrima-
zole, apomorphine, ketoprofen, and lovastatin [28].
NLCs can be used for the targeted delivery of anti-
tubercular drugs by the pulmonary route [218]. In
addition to the oral route and pulmonary route, drug
administration using NLCs is possible using the topical
and intravenous routes. Administration through each
route has its own set of advantages and shortcomings.
Although very few NLCs have been used in clinical
practice, they are promising candidates for lipid-nano-
carrier mediated drug delivery [219].

Till now, we have dealt with how lipids can be used
as carriers for drugs. From now, we will deal with how
lipids can be used as targets for drugs. Lipid synthesis
has been a significant target for antibiotic classes like
lantibiotics, mannopeptimycins, and ramoplanins
(Refer table 2) [220]. Lipid II has an extensively char-
acterized role in cell wall synthesis. The cell wall of
bacteria is composed of alternating units of n-acetyl-
glucosamine (GIcNAc) and n-acetylmuramic acid
(MurNAc), with these glycan chains cross-linked with
a pentapeptide sequence [221]. The pentapeptide cross-
linking confers strength and rigidity to the cell wall.
The formation of a cell wall occurs in an extensive
process involving the cytoplasmic face and the plasma
membrane’s periplasmic face. The assembly of the cell
wall subunits starts from the plasma membrane’s cyto-
plasmic side, where the assembly of UDP- MurNAc-
pentapeptide is coupled to bactoprenol phosphate,
yielding Lipid I. Next, the coupling of GluNAc occurs
by peripherally membrane-attached protein MurG to
yield Lipid II, the precursor of the cell wall, which is
then translocated to the plasma membrane’s exterior by
an unknown mechanism. Different types of antibiotics



form different types of interactions with lipid II [220].
Their roles have been summarized in (Table 2).

Two new peptide antibiotics, katanosins, and plus-
bacins have been isolated from different bacterial
strains Cytophaga and Pseudomonas, and they are
found to have potent antibacterial activity against
MRSA and Vancomycin-resistant  Enterococci.
Although their function has not been extensively char-
acterized, they function Lipid-II mediated [222,223].
However, almost all these antibiotics have developed
resistance against them, which raises the need to iden-
tify novel drug targets, and most importantly, identify
novel therapeutic molecules. Lipid A is present mainly
in Gram-negative bacteria where it is present as
a hydrophobic anchor to lipopolysaccharide present
exterior to the outer membrane. Inhibition of lipid
A in LPS-deficient mutants led to growth defects,
which indicate that lipid A is essential for the bacter-
ium. Picomolar lipid A levels are seen to trigger TLR4/
MD activation leading to acute inflammation in the
mammalian immune system, thereby proving its
potency as an endotoxin [224,225]. The biosynthetic
pathway of Lipid A can be used to develop drugs.
One such drug target is LpxC, the second enzyme in
the biosynthetic pathway [226]. Several hydroxamates
containing candidates are being developed, and clinical
trials are on. This pathway can be further used for
therapeutic purposes. As seen in the Kdo2-lipid mole-
cule from E.coli, there are two phosphate groups, which
are important for TLR4/MD2 activation [227]. Mono-
phospholipid A can be prepared and used as an adju-
vant due to its capability to partially activate TLR4/
MD2 [228].

Some species of bacteria, like Francisella tularensis, pro-
duce amino-phospholipid A due to phosphatases like LpxE
and LpxF, which remove the phosphates of Lipid A. The
LpxE gene was chemically engineered into a Salmonella
strain that acts as a potent oral vaccine candidate [229].
Lipid A itself cannot have any therapeutic application,
although its modified form, like Lipid IV-A, can have ther-
apeutic applications [230]. Lipid IV-A is an antagonist of
TLR4 in humans and agonists in murine cells. Lipid IV-A
could not be utilized due to its instability upon storage,
leading to synthetic analogs like E5531 and E5564 [231].
Although E5564 was not able to reduce the mortality of
septic patients, it protected mice from lethal influenza infec-
tion, showing that TLR4 can be one possible drug target in
viral infection [232]. Numerous sphingolipids extracted and
purified from natural sources have been known to have
bactericidal activity against various microorganisms, includ-
ing Gram-positive bacteria, Gram-negative bacteria, fungi,
or microalgae. Ceramides, as discussed earlier too, are
a group of sphingolipids that are structurally heterogeneous
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and complex, containing derivatives of fatty acids in amide
linkage with a variety of fatty acids. Short-chain C6- cera-
mides and a functionalized w-azido C6-ceramide were found
to have antimicrobial properties against Neisseria meningiti-
dis and Neisseria gonorrhoeae.

Further studies have shown that these molecules were
incorporated into the bacterial cell membrane and its func-
tionality by dissipating its membrane potential [233]. As we
know, Cystic fibrosis patients are predisposed to infection
by Pseudomonas aeruginosa. Inhalation of mice with sphin-
gosine or acid ceramidase helped in the recovery of this
condition. This treatment successfully inhibited other
pathogens that affected cystic fibrosis patients, including
Acinetobacter  baumannii, Moraxella  catarrhalis,
Hemophilus influenzae, Burkholderia cepacia opening
a new horizon for treatment of lung infection by inhalation
of sphingosine or ceramidase [234]. Administration of
myriocin in intestinal epithelial SW480 cells, an inhibitor
of de novo biosynthesis of sphingolipids, facilitates the
intracellular ~ proliferation of wildtype Salmonella
Typhimurium by inhibiting autophagy and HBD-2 depen-
dent response [235]. Also, ceramide analogs with modified
1-position, e.g., 1-O-methyl modification, have been found
to have potent inhibition on Chlamydia trachomatis 12
strain with IC50 being in the micromolar or sub-micromo-
lar range. The exact mechanism is yet to be elucidated, but it
is speculated that these compounds may target a host mole-
cule that the bacteria is using for its sphingosine acquisition
[236]. The coating of hydroxyapatite surfaces with sphin-
gosine and its derivatives decreased the adherence and
biofilm-forming potential of Streptococcus mutans [237].
The supplementation of susceptible cystic fibrosis mice
with C18-sphingosines by inhalation provided them
a survival advantage against the infection caused by pul-
monary Staphylococcus aureus [238]. As we already know,
sphingosine-1 phosphate plays a critical role in inhibiting
Mtb pathogenesis. Enhanced levels of Sphingosine-1-phos-
phate can be used as a novel therapeutic strategy to combat
mycobacterial infections by boosting overall host
immunity.

Another common application of lipids is in sanitizers
used for fresh poultry animal carcass sanitization to
decrease human pathogens’ bacterial burden, including
Salmonella enterica. Cetyl pyridinium chloride (CPC) is
a quaternary sanitizer that produces loss of membrane
integrity in Salmonella, leading to loss of electrostatic repul-
sion between cells cytoplasmic content leakage and emulsi-
fication of the cytoplasmic contents by membrane lipids
[239]. Lipids as emerging as a potential biomarker to differ-
entiate between bacterial and viral infections. Detecting
these infections molecular and culture-based techniques is
available, but they take 24-48 hours to give results and are
associated with many false-positive and false-negative cases.
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Also, antibiotics are administered as a precautionary mea-
sure, leading to the rampant misuse of these drugs. Hence,
a more reliable and faster diagnostic test is the necessity of
the moment. Comparing the lipidomic profile of two
groups of febrile children with confirmed bacterial and
viral infection revealed some glycerophosphoinositol spe-
cies, sphingomyelin, lysophosphatidylcholine, and choles-
terol sulfate that were higher in the virus-infected group. In
contrast, some species of glycerophosphocholine, fatty
acids, lactosylceramide, and bilirubin were higher in the
confirmed bacterial group. The increase in cholesterol sul-
fate during viral infection might reflect its necessity in
cellular lipid biogenesis and T cell signaling during viral
infection. The elevated levels of lysophosphatidylcholine
might be attributed to its role inducing membrane curva-
ture needed for virus budding. Lactosylceramide LacCer
(d18:1/24:1) and LacCer (d18:1/16:0) were higher in
a bacteria-infected group than in a virally infected group.
This might be due to lactosyl-ceramides’ property to act as
Pathogen Recognition Receptors (PRRs) to Pathogen
Associated Molecular Patterns (PAMPs). Lactosyl-cera-
mide with long fatty acid chains, i.e., LacCer(d18:1/24:1),
increased as it is essential for the formation of LacCer-Lyn
complexes on neutrophils, which happen to be responsible
for aMB2- mediated phagocytosis. Sulfatides were higher in
the group with bacterial infection as they are known for
immune system regulation during infection. Five species of
glycerophosphocholine, i.e., PC(16:0/18:2), PC(18:0/18:1),
PC(18:0/18:2), PC (16:0/16:0), PC(16:0/18:1), and bilirubin
were higher in case of bacterial infection, although their role
in infection is still unclear. This study had been confined to
children within the age of 1 month to 9 years, and as
metabolism changes with age, further studies need to be
done in adult groups [31]. Recent studies have also revealed
that infection and inflammation can induce metabolic
changes and changes in lipidomics. Infection and inflam-
mation can induce the Acute-Phase Protein Response
(APR) that can alter lipid and lipoprotein metabolism to
neutralize invading microorganisms and participate in the
local immune response. A notable increase in the plasma
triglyceride levels can result from increased VLDL secretion
due to adipose tissue lipolysis, suppression of fatty acid
oxidation, and increased de novo fatty acid synthesis. In
animals, this hyper-triglyceridemic effect is brought about
by LPS and Lipoteichoic acid (LTA, also a component of the
cell wall in Gram-positive bacteria) and is influenced by
multiple cytokines. LPS and cytokines’ hyper-triglyceri-
demic effect is rapid, start within 2 hours of administration,
and continue till 24 hours. Also, it is seen that more severe
infection leads to decreased VLDL clearance following
decreased lipoprotein lipase and apolipoprotein E in
VLDL. In rodents, increased hepatic cholesterol synthesis
and decreased LDL clearance, conversion of cholesterol to

bile acids, and cholesterol secretion to bile attribute to
hypercholesterolemia. There are marked alterations in pro-
teins important for HDL metabolism, leading to decreased
reverse cholesterol transport and cholesterol delivery to
immune cells increase. There is an increase in the oxidation
of LDL and VLDL. HDL becomes a proinflammatory
molecule. Lipoproteins become enriched in ceramide, glu-
cosylceramide, and sphingomyelin, enhancing uptake by
macrophages. Thus, it can be understood that molecular
mechanisms that decrease the synthesis of many proteins
during APR decrease several nuclear hormone receptors
like liver X receptor and farnesoid X receptor. Thus, it can
be understood that APR acts through lipid metabolism to
protect the host cell from bacteria and viruses. Animals
showed improved survival when infusions of synthetic
chylomicrons or triglyceride-proteins were administered
30 mins after exposure to LPS, indicating that lipoprotein
may have a therapeutic role during endotoxemia.
Hypolipidemic mice were more sensitive to LPS-induced
lethality, which was reversed by increasing serum lipid
concentration to the physiological range [240]. Once fully
characterized, these studies hold immense potential to be
applied in laboratories as one important and reliant diag-
nostic test.

Conclusion and future perspective

Lipid plays many crucial roles in maintaining the cellular
structure and function homeostasis, including cell mem-
brane fluidity, endocytosis, signaling, energy reserve, and
membrane trafficking. A vast amount of literature suggests
distinct microdomains (enriched with cholesterols and
sphingosine) that maintain proper receptor interaction,
subsequently inducing signaling cascade inside the cell, as
we know that these are time and again exploited by various
pathogens. Various bacterial toxins utilize these plasma
membrane microdomains to aid in its entry into the host
cells. Pathogens that survive intracellularly employ various
host-derived lipids for their entry into the cell. Also,
Mycobacteria sp. is foremost to exploit host lipids because
they often feed off host lipids as their sole carbon source.
Few small lipid molecules play a role in immune signaling
to escape the immune surveillance of bacteria such as
Mycobacteria sp., Salmonella enterica, Enteropathogenic
E. coli, Streptococcus pneumoniae, and Pseudomonas aeru-
ginosa have developed stealthy strategies which bypasses
the signaling via EP receptor-mediated pathway and hence
mediate immunosuppression which in turn increases the
bacterial proliferation. However, lipids such as sphingo-
sine-1-phosphate have a much more debatable role in limit-
ing or flaring up bacterial infections and can act in both
ways. So, in cases where limiting the infection can be used
as a therapeutic enhancement of the S1P function. There



has been an increase in research to deduce the exact mole-
cular mechanism employed by bacteria to execute these
above-stated functions. This would not only help us to
understand molecular pathogenesis but would also have
implications on therapeutic target designing. As the anti-
biotic resistance era is a current emerging concern, target-
ing these host lipids hijacked by bacteria can be an excellent
antibacterial molecule [241,242]. However, these will pose
a greater overall risk to the host because targeting any host’s
intrinsic homeostatic biomolecules might significantly
enhance side effects. Therefore, research around host
lipid- bacterial infection dynamics is all the more important
and demands more attention to the open-ended questions
in this field. Hence, this review will be of benefit and interest
to this field of research.
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