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During bacterial infections, one or more virulence factors are required to support
the survival, growth, and colonization of the pathogen within the host, leading to
the symptomatic characteristic of the disease. The outcome of bacterial
infections is determined by several factors from both host as well as pathogen
origin. Proteins and enzymes involved in cellular signaling are important players
in determining the outcome of host—pathogen interactions. phospholipase C
(PLCs) participate in cellular signaling and regulation by virtue of their ability to
hydrolyze membrane phospholipids into di-acyl-glycerol (DAG) and inositol
triphosphate (IP3), which further causes the activation of other signaling
pathways involved in various processes, including immune response. A total of
13 PLC isoforms are known so far, differing in their structure, regulation, and
tissue-specific distribution. Different PLC isoforms have been implicated in
various diseases, including cancer and infectious diseases; however, their roles
in infectious diseases are not clearly understood. Many studies have suggested
the prominent roles of both host and pathogen-derived PLCs during infections.
PLCs have also been shown to contribute towards disease pathogenesis and the
onset of disease symptoms. In this review, we have discussed the contribution of
PLCs as a determinant of the outcome of host-pathogen interaction and
pathogenesis during bacterial infections of human importance.

KEYWORDS

bacterial infections, cell signaling, phospholipase C, tuberculosis, phospholipids (PL),
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Introduction

In all living organisms, phospholipids are present as a major component of all cellular
membranes, along with cholesterol and glycolipids. The phospholipid membrane separates
the extracellular and intracellular environments and serves as a scaffold for the
membrane-associated proteins. Membrane phospholipids and their hydrolytic products
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play a significant role in cellular signaling (Pelech and Vance, 1989;
Exton, 1990; Kumari et al., 2018). Phospholipids have structural
variation in the hydrophilic head group [such as phosphatidylinositol
(PI) or phosphatidylcholine (PC)] and are attached to fatty acid
chains of varying length and saturation. Variability in the structure of
phospholipids enables them to play different functions in the cell
membrane and cell signaling (Verkleij et al., 1973).

Phospholipases (PLs) are the ubiquitous group of enzymes that
catalyze the hydrolysis of phospholipids by cleaving the ester bond.
After hydrolysis, secondary messengers are generated, which are
further involved in cell signaling, membrane trafficking, cell
proliferation, etc (Barrett-Bee et al., 1985; Cox et al., 2001; Sato
et al,, 2016). PLs have different sites of cleavage on phospholipid
molecules, therefore the PLs are classified as PLA, PLB, PLC, and
PLD (Figure 1). The PLA are acyl hydrolases and are further
classified into two subtypes: PLA1 and PLA2. PLAI cleaves the
acyl ester bond at the sn-1 position to produce free fatty acids and
lysophospholipids, whereas PLA2 cleaves at the sn-2 position to
produce arachidonic acid and lysophosphatidic acid (Scandella and
Kornberg, 1971; Vasquez et al., 2018). PLB can hydrolyze both the
acyl groups, and its lysophospholipase activity is responsible for
cleaving the bond between the fatty acid and the lysophospholipid
(Leidich et al., 1998; Wilton, 2008). PLCs cleave the phosphodiester
bond between the glycerol backbone and the phosphate group to
produce diacylglycerol (DAG) and a phosphate-containing head
group (Suh et al, 2008). PLD catalyzes the removal of the
phospholipid head group on the polar side to produce
phosphatidic acid and alcohol. Therefore, PLC and PLD are
phosphodiesterases (Suh et al., 2008; Abdulnour et al., 2018). In
this review, we mainly focus on the role of PLCs in
bacterial infections.

R,—C—3-O—H o
|
HZC—O—IL—O—X
T
PLD
PLC
FIGURE 1

phospholipase cleavage sites on phospholipid substrates:
phospholipase Al (PLA1) and phospholipase A2 (PLA2) cleave the
ester bond at the sn-1 and sn-2 positions of phospholipids,
respectively. Phospholipase B (PLB) can also hydrolyze at both the
sn-1 and sn-2 positions. phospholipase C (PLC) hydrolyzes the
phosphodiester bond between the glycerol backbone and the
phosphate group. Phospholipase D (PLD) hydrolyzes the
phosphodiester bond on the polar side to remove the head group.
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On the basis of the type of organisms, the PLCs are categorized
as bacterial PLCs and mammalian PLCs. In 1941, Macfarlane and
Knight were the first to demonstrate that the o.-toxin of Clostridium
perfringens was a PLC. Since then, PLCs have been recognized as
potential virulence factors required during the pathogenesis of
several bacteria (Titball, 1993; Songer, 1997; Kumari et al., 2018).
While PLCs are produced by several pathogenic and nonpathogenic
bacteria, the focus of this review is on the PLCs of some of the most
important human pathogens (Titball, 1993; Songer, 1997). PLCs
can be further grouped on the basis of the preferred substrates they
utilize (Titball, 1993). Accordingly, PLCs can be PI-PLCs, PC-PLCs,
and nonspecific PLCs (Aloulou et al., 2018). PI-PLCs have been
detected in a wide variety of organisms, including bacteria, plants,
and animals. Prokaryotic PI-PLCs consist of a single domain of 30-
35 kDa and act as a virulence factor in several pathogenic bacteria.
Eukaryotic PI-PLCs are large (80-150 kDa) and consist of several
distinct domains that play predominant roles in signal transduction
and generate inositol 1,4,5-triphosphate (IP3) and DAG by the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2). Thus,
PLCs regulate the concentrations of PIP2, IP3, and DAG within the
cell, which play critical roles in cellular signaling (Heinz et al., 1998;
Kadamur and Ross, 2013). For optimal catalytic activity, bacterial
and mammalian PLCs require calcium ions (Ca®") and zinc ions
(Zn2+), respectively, as cofactors (Heinz et al., 1998; Aurass et
al., 2013).

Mechanism of PLC activation

PLC in association with Ca®' is recruited to the plasma
membrane, where it interacts with the hydrophilic domain of
PIP2 (specifically with the inositol ring), which is flanked toward
the cytosol (Fukami et al., 2010; Sekiya, 2013). The active site of PLC
has positively charged conserved amino acid residues, which are
critically required to interact with the four and five positions of the
inositol ring in PIP2 (Kim et al., 1991; Fanning and Anderson, 1996;
Gifford et al., 2007; Wang et al., 20105 Sekiya, 2013). The interaction
of PLC with PIP2 activates the 2-hydroxy group of the inositol ring,
which further attacks 1-phosphate, leading to the formation of 1,2-
cyclic phosphate and DAG intermediates. These cyclic
intermediates get converted into an acyclic inositol derivative,
which is referred to as IP3 (Sckiya, 2013). DAG, being a
hydrophobic molecule, resides within the plasma membrane
(Figure 2). IP3 and DAG act as secondary messengers and
participate in downstream signaling processes (Titball, 1998;
Williams, 1999; Wilton, 2008; Kadamur and Ross, 2013; Sekiya,
2013; Stahelin, 2016).

Structure of different PLC isoforms

In mammals, 13 different PLC isozymes have been reported and
are divided into six different subfamilies, namely 3, v, &, €, {, and 0|
(Suh et al,, 2008; Bunney and Katan, 2011). The structural
organization of PLC isozymes consists of various domains and
motifs (Sekiya, 2013). However, the pleckstrin homology (PH)
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Mechanism of PLC activation: ligand binding induces conformational changes in the receptor, leading to the activation of associated PLC. Activated
PLC hydrolyzes the membrane-associated phosphatidylinositol 4,5-bisphosphate (PIP2) into di-acyl-glycerol (DAG) and inositol triphosphate (IP3).
DAG, being a hydrophobic molecule, remains in the membrane and activates the protein kinase C (PKC)/transient receptor potential channel (TRPC)/
chimeric (Rho GAP) proteins, resulting in the phosphorylation of several downstream effector molecules that are involved in regulating the relay of
cellular functions (such as proliferation, polarity, learning, memory, and many more). DAG may also be cleaved to form another signal molecule, i.e.,
arachidonic acid. IP3 is released in the cytoplasm and binds to its receptor present on the smooth endoplasmic reticulum (SER) membrane (IP3
receptor), as a result of which Ca" is released in cytosol from the SER. PLC, in association with intracellular Ca®*, is recruited to the plasma
membrane, where it interacts with and cleaves the PIP2 molecule. Two positively charged amino acid residues are present in the active site of PLC
and play a critical role in interaction with the four and five positions of the inositol ring to hydrolyze the PIP2 molecule. Furthermore, the 2'-hydroxyl

group attacks the 1'-phosphate in order to release IP3 in the cytosol.

domain, EF-hand motifs, X and Y domains, and C2 domains show
more than 40%-50% similarity (Fukami et al., 2010). Core domains
are present in all isoforms, whereas PLC-{ is the only exception that
does not contain the PH domain (Figure 3) (Bunney and
Katan, 2011).

PH domains

The N-termini of PLCs (except PLC-{) have the PH domain,
which consists of ~120 amino acids. Several other protein families
involved in signal transduction commonly have the PH domain in
their structure (Harlan et al,, 1994). The PH domain of PLC, in
association with Ca®', is recruited to the plasma membrane to
establish the interaction with phosphoinositides (Sekiya, 2013).

EF-hand motifs

The catalytic core of PLCs is composed of the EF-hand motifs, X
and Y domains, and C2 domain (Rhee and Choi, 1992).
Crystallographic analysis of PLC-81 reveals that EF-hand motifs
are helix-loop-helix motifs, generally present in calcium-binding
proteins like calreticulin, calmodulin, and troponin (Essen et al.,
1996). The binding of Ca®" leads to a conformational change in the
EF-hand motif, as a result of which PLC stabilizes and then exposes
the binding site for other proteins to further initiate the calcium-
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regulated functions and helps in signal transduction (Rhee and
Choi, 1992). The binding of Ca** promotes the interaction of the
PH domain of PLC with PIP2 (Essen et al., 1997; Otterhag et al.,
2001). However, it is not yet clear whether EF-hand motifs actually
bind the Ca** (Sekiya, 2013).

X and Y domains

Crystallographic studies of PLC-81, PLC-f2, and PLC-B3
revealed that the X and Y domains are composed of ~300 amino
acids, which lie at the C-terminal of EF-hand motifs (Essen et al.,
1996; Jezyk et al, 2006; Waldo et al., 2010). An alternative
arrangement of o-f structures in the X and Y domain forms a
BoPoPoPo motif with a triose phosphate isomerase (TIM) barrel-
like structure (Essen et al., 1996). The X-region contains histidine
(His®"" and His>>®) as catalytic residues, which are required for the
generation of 1,2-cyclic inositol 4,5-bisphosphate (Ellis MV and
Katan, 1995; Essen et al.,, 1996; Bunney and Katan, 2011). These
His®"!' and His>*® residues are highly conserved across the PLC family
members (Ellis MV and Katan, 1995). Structurally, the Y-region
belongs to residues from 489 to 606 and plays an important part in
substrate recognition (Ryu et al., 1987; Williams, 1999; Nagano et al.,
2002). The X domain represents the first half while the Y domain
represents the second half, of the TIM barrel-like structure (Ellis MV
and Katan, 1995; Nagano et al,, 2002). In PLC-y, the X and Y regions
are separated by the two src homology 2 (SH2) domains at the N-
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Domain architecture present in different isoforms of PLC: all PLC isoforms have the core domains consisting of pleckstrin homology (PH) domain, EF-
hand motifs, X and Y domains, and C2 domain (except in PLC-{). Additionally, CC and PDZ domains are present in PLC-f isoform. In PLC-y, X and Y
domains are separated by two src homology 2 (SH2) domains followed by one src homology 3 (SH3) domain, which are present in between the
additional PH domains. PLC-8 comprises only the core domains. The Ras guanine exchange factor (GEF) domain is at the N-terminal tail, and the two
RA domains are present at the C-terminal tail in PLC-¢e. PLC-{ does not contain a PH domain. PLC-n consists of the core domains followed by the

PDZ domain at the C-terminal tail.

terminal, followed by the src homology 3 (SH3) domain. The SH2
domain of PLCy serves as a docking site for phosphorylation and is
activated by the tyrosine kinase growth factor receptor (Wahl et al,
1988; Meisenhelder et al., 1989; Margolis et al., 1990). The SH3
domain is responsible for the cellular localization of signaling
proteins (Bar-Sagi et al., 1993; Gout et al., 1993).

C2 domains

More than 40 different proteins involved in signal transduction
and membrane interactions are reported to have the C2 domain. It
consists of ~120 amino acids and has binding sites for several
proteins, through which they are engaged in signal transduction
and membrane interaction processes. These domains form an eight-
stranded antiparallel B sandwich complex (Essen et al., 1996). Three
to four C2 domains were reported in PLC-6 family members. The C2
domain operates in combination with Ca**-mediated binding of PLC
to anionic phospholipids and conducts signal transduction as well as
membrane trafficking. Multiple binding sites for Ca®>* on PLCs act
synergistically to mediate diverse functions (Essen et al., 1997).

PDZ domains (postsynaptic density-95,
Drosophila disc large tumor suppressor,
and Zonula occludens-1 protein)

The PDZ domain is present at the C-terminal tail of PLC-f3 and
PLC-n (Fanning and Anderson, 1996; Vines, 2012; Sekiya, 2013).

Frontiers in Cellular and Infection Microbiology

The PDZ binding motifs are formed by two c-helices and five or six
B-strands. PDZ domains are found in several signaling proteins
other than PLCs (Fanning and Anderson, 1996). The PDZ domain
serves as the binding site for large molecular complexes (Wang
etal, 2010). Crystallographic and biochemical studies revealed that
PDZ domains have two distinct mechanisms through which they
interact either with the protein having the PDZ domain or bind
with the C-terminal of an unrelated protein (Fanning and
Anderson, 1996).

Isoforms of PLC

PLC-B (1/2/3/4)

Several physical and chemical stimuli are received by the cells
via receptors that are coupled to heterotrimeric G-protein (G, Gg,
and G,). These stimuli lead to the activation of G, causing PLC-3
activation and the hydrolysis of PIP2 (Sekiya, 2013). There are four
different isoforms of PLC-f3, and the size varies from 130 to 152 kDa
(Vines, 2012). PLC-B isoforms are stimulated by G-proteins and
Ca®". PLC-f3 is expressed in a tissue-specific manner and shows
different sensitivities toward G-protein-mediated activation
(Kadamur and Ross, 2013). Each B isoform has many splice
variants, but the functions of many of these variants are unknown
(Lagercrantz et al., 1995; Mao et al., 2000; Vines, 2012). The C-
terminal of PLC-f isoforms shows some differences, and the PLC-3
subfamily has a unique 450-amino acid long C-terminal extension,
but the significance of this difference is unknown. This extension
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contains signals for nuclear and cytoplasmic localization of PLC-
B1b and PLC-fla, respectively (Vines, 2012). Regulation of PLC-
isoforms involves regulation by phosphatidic acid, a small GTP-
binding protein (Rac), and site-specific phosphorylation by several
kinases (Kadamur and Ross, 2013). Furthermore, PLC-f isoforms
are involved in some physiological conditions such as epilepsy,
abnormal functioning of neutrophils and platelets, hyper-
responsiveness to opioid stimulation, ataxia, and impairment in

visual perception (Vines, 2012).

PLC-v (1/2)

Two isoforms of PLC-y are known as PLC-y1 and PLC-y2, with
an approximate molecular weight of 140 kDa (Vines, 2012; Sekiya,
2013). Both isoforms are characterized by a large, unique
multidomain X-Y linker that plays a significant role in its
regulation and a split PH-domain including two SH2 domains
(nSH2 and ¢SH2) and one SH3 domain. The structure and
regulation of PLC-yl and PLC-y2 seem to be similar in most
cases (Kadamur and Ross, 2013). PLC-yl is expressed
ubiquitously and appears to be important for controlling cell
growth and differentiation. PLC-Y2 is primarily expressed in the
cells of the hematopoietic lineage (Bonvini et al., 2003). Disruption
of the PLC-y1 gene in mice is fatal at an early embryonic stage. Loss
of the PLC-Y2 gene is not fatal but results in impairment of B-cell
maturation, leading to immunodeficient conditions and defective
Fc-receptor-mediated signaling in platelets and mast cells
(Sekiya, 2013).

PLC-8 (1/3/4)

PLC-8 was originally identified in bovine as PLC-82, but later it
was found to be homologous to humans and mouse PLC-64 (Irino
et al., 2004; Sekiya, 2013). Three isoforms of PLC-8 (PLC-81, PLC-
83, and PLC-84) have been identified with an approximate
molecular weight of 90 kDa. PLC-0 isoforms have simpler
structures compared to the other PLC isozymes (Meldrum et al,
1991; Irino et al., 2004; Sekiya, 2013). PLC-8 isoforms show greater
sensitivity to Ca®" in comparison to B and y isozymes, suggesting
Ca®" is essential for §-isozyme activity (Sekiya, 2013). PLC-8 is
activated following an increase in the cytoplasmic Ca*"
concentration. The PH domain of PLC-8 binds PIP2 on the
plasma membrane (Allen et al, 1997; Kim et al., 1999; Sekiya,
2013). After substrate hydrolysis, PLC-§ also interacts with IP3 with
a higher affinity, causing the dissociation of membrane-bound
PLC-6 and making it inactive, thus acting as a negative feedback
regulation system (Sekiya, 2013). Although PLC-§ is not essential,
misregulation of certain isoforms leads to some abnormal
conditions. Deregulation of PLC-81 has been associated with
Alzheimer’s disease and hypertension (Shimohama et al., 1991;
Yagisawa et al.,, 1991). PLC-31 deficiency in mice caused them to
look like nude mice. Expression of the PLC-81 was reportedly
higher in hair follicles, and homozygous gene deletion resulted in
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hair loss (Ichinohe et al., 2007; Nakamura et al., 2008). Deletion of
PLC-33 or PLC-34 genes showed no phenotypic effects in mice, but
sperms from PLC-04-deficient mice showed a defective acrosomal
reaction, a process required for fertilization (Fukami et al., 2001;
Fukami et al., 2003).

PLC-¢

PLC-¢, first identified in Caenorhabditis elegans, is the largest
PLC isoform cloned to date, with a molecular weight of 250 kDa.
The N-terminal of PLC-¢ contains CDC 25-like guanine exchange
factor (GEF) domain followed by core elements and the C2 domain
followed by two copies of Ras binding (RA) domains. Later, this
PLC isoform was cloned from human cells, where it has been
recognized as a Ras-activated isoform that works in association with
the RA domain. The RA domain of PLC-¢ directly interacts with
Ras, Ras family GTPases, and Rho (Kelley et al., 2001; Song et al.,
2001). Regulation of the activity of PLC-¢ by Ras and Rho suggests
its role in the proliferation and migration of cells (Vines, 2012).
Unlike other isoforms of PLC, it is activated not only by
heterotrimeric G-protein but also by small GTPases (Song et al.,
2001; Vines, 2012). Knockout of PLC-¢ in mice showed impaired
development of the heart and its functioning (Sekiya, 2013).

PLC-{

PLC-C was first reported in the sperm head, where it serves a
crucial role in the activation of oocytes during fertilization (Jones
et al., 2000; Cox et al., 2002; Saunders et al., 2002; Fujimoto et al.,
2004). Sperm-specific PLC-{ regulates the oscillation of Ca™ in the
cytoplasm of fertilizing eggs (Cox et al., 2002; Saunders et al., 2002;
Swann et al., 2006). PLC-{ is the only PLC isoform without the PH
domain and shows the closest homology with PLC-81 (Swann et al.,
2006). The PH domain is not required for the membrane
localization of PLC-{. However, it is not yet known how PLC-{
associates with the cell membrane without the PH domain and
catalyzes the reaction (Vines, 2012). Loss of PLC-{ affects male
fertility (Yoon et al., 2008; Heytens et al., 2009).

PLC-n (1/2)

Two isoforms of PLC-7, i.e., PLC-n1 and PLC-12 have been
reported with an apparent molecular weight of 115 kDa and 125
kDa respectively (Hwang et al., 2005; Stewart et al., 2005; Zhou
et al., 2005). Both show ~ 50% sequence homology with each other
and are expressed in neurons and the brain (Hwang et al., 2005;
Nakahara et al., 2005). PLC-n shows extremely higher sensitivity
towards changes in the Ca”* level, even when compared with PLC-§
(Zhou et al.,, 2005). In humans, deletion of chromosomal region
encoding for PLC-12 might be linked to intellectual disability (Lo
Vasco, 2011).
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Role of PLC in bacteria

PLCs are essential virulence factors in many bacteria as they
contribute to the avoidance of phagosomal maturation or
phagosomal escape, tissue colonization, establishment of
infection, and pathogenesis. In this section, we will discuss the
specific roles of PLCs in various infections caused by
pathogenic bacteria.

Role of PLC in Clostridium perfringens
infection

Clostridium perfringens (C. perfringens) is an anaerobic spore-
forming bacterium extensively distributed in nature. C. perfringens
is found in soil, sewage, and the gastrointestinal tract of humans and
other animals (Flores-Diaz and Alape-Giron, 2003; Kiu and Hall,
2018). C. perfringens causes various human diseases such as gas
gangrene or myonecrosis and represents the most severe, sudden
onset gram-positive bacterial infection. Gas gangrene is a
pathological condition when healthy, viable tissues are damaged
rapidly. Amputation of the affected tissue is the only option to save
the life of an infected individual (Monturiol-Gross et al., 2014).

C. perfringens PLC, also referred to as o-toxin, is a 42.5-kDa
protein with 370-amino acid residues. Clostridial PLC is an
extracellular Zn>" metalloenzyme that mainly hydrolyzes PC and
sphingomyelin (Naylor et al., 1998; Naylor et al., 1999; Alape-Giron
etal., 2000). The o-toxin is a critically important virulence factor for
the pathogenesis of gas gangrene. The «-toxin causes the
aggregation of platelets and has myotoxic and cytotoxic lethal
effects (Alape-Giron et al, 2000). 3-D structure analysis of o-
toxin revealed that it is composed of two domains joined together
by a short hinge region. The N-terminal domain (246 residues)
comprises the active site consists of 10 tightly packed o-helices
while the C-terminal domain (124 residues) is composed of four-
stranded sandwiched B-sheets (Naylor et al., 1998; Naylor et al,
1999). The N-terminal domain is the catalytic domain for which
Zn** is essential. The C-terminal domain shows strong structural
similarities with the C2 domain of eukaryotic PLCs and is
responsible for the binding of o-toxin to phospholipids on
membranes in Ca’’-dependent manner. Such domains are
frequently present in protein functioning as a secondary
messenger (Naylor et al., 1998).

Some researchers suggest that o-toxin can be present in two
conformations: the first one is an open conformation in which three
Zn®" ions are bound to make the active site accessible, while the
second one is a closed conformation in which two Zn>* ions are
bound and the active site is masked by 135-150-amino acid residues
(Alape-Giron et al.,, 2000; Flores-Diaz et al., 2005). Specific binding
of the C-terminal domain to the target membrane leads to
conformational changes within the structure of o-toxin. Through
these changes, the active site is exposed, allowing catalysis to occur
(Naylor et al., 1999).

C. perfringens enters inside the host via wounds and starts
growing rapidly, producing o-toxin. o-toxin plays a key role in
spreading the infection by suppressing the host’s immune response.
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o-toxin also triggers the release of inflammatory mediators and
changes the intracellular Ca’" level (Naylor et al,, 1999). Calcium
and zinc ions are essential for the o-toxin to bind with lipids on the
cell membrane and hydrolyze the substrate, respectively (Moreau
et al,, 1988). The binding of calcium ions allows the formation of a
hydrogen bond between Tyr62 of the N-terminal domain with
Asn294 of the C-terminal domain, which is required for the C-
terminal domain to communicate with the active site (Naylor
et al., 1999).

Higher cellular levels of c-toxin disrupt the plasma membrane,
causing cytolysis, while at low levels perturb phospholipid
metabolism, impair various signal transduction processes, and
induce the unregulated generation of secondary messengers
(Flores-Diaz et al.,, 2004). Mutants with insertional inactivation of
the o.-toxin gene were not able to produce an active form of toxin
and are unable to cause gas gangrene (Awad et al, 1995).
Immunization of mice with a fragment of o-toxin consisting of
the C-terminal domain protects them from a lethal myonecrosis
infection (Naylor et al., 1999). These findings suggest that o.-toxin
of C. perfringens play a critical role in its pathogenesis (Awad
et al., 1995).

o-toxin shows diverse roles depending on the cell types. In
intestinal epithelial cells, it induces the release of arachidonic acid
by activating the host-specific phospholipase A2; because of this
event, PI gets degraded and the activation of protein kinase C (PKC)
and calmodulin takes place. a-toxin elevates the levels of
intracellular free Ca®*, which may be responsible for PKC
activation (Gustafson and Tagesson, 1990). In rabbit neutrophils,
o-toxin interacts with the tropomyosin receptor kinase A (TrkA
receptor) and host PLC. While its interaction with TrkA
phosphorylates the 3-phosphoinositide-dependent protein kinase
1 (PDK1), its interaction with the host PLC induces the formation
of DAG. DAG and the PDKI1 synergistically activate the PKC to
produce the superoxide anions (O;) through the activation of the
MEK/extracellular signal-regulated kinases (ERK) pathway (Oda
et al., 2006).

o-toxin induces the recruitment of neutrophils on vascular
endothelium, especially in the lungs and liver (Oda et al., 2012),
leading to the formation of blood clots. This results in the reduced
supply of oxygen in the tissues, favoring anaerobic conditions. This
enhances the outspread of C. perfringens within the host tissues
(Flores-Diaz et al., 2004).

o-toxin signal is communicated through membrane receptors
and their nuclear or cytoplasmic targets via various pathways,
including the MAPK pathway (Wortzel and Seger, 2011). The o-
toxin simultaneously activates the ERK1/2-nuclear factor-kB (NF-
kB) and p38 mitogen-activated protein kinases (MAPK) cascades,
which promote the expression and stabilization of interleukin-8,
respectively (Oda et al., 2012). Many cellular processes are regulated
by the ERKI1/2 signaling cascade, such as proliferation,
differentiation, survival, and apoptosis, as well as the stress
response (Wortzel and Seger, 2011). Deregulation of the ERK1/2
signaling cascade is associated with various diseases like
neurodegenerative diseases, developmental diseases, diabetes, and
cancer (Tanti and Jager, 2009; Tidyman and Rauen, 2009; Kim and
Choi, 2010; Wortzel and Seger, 2011).
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In diabetic animals, the UDP-glucose levels are low in tissues,
and these tissues are hypersensitive to the cytotoxic effects of o-
toxin through some unknown mechanism (Flores-Diaz et al., 1998).
Gangliosides protect cell membrane disruption induced by o.-toxin.
Muscles generally have a lower amount of complex gangliosides
among mammalian tissues, explaining their higher susceptibility to
rapid and extensive damage caused by o-toxin and the release of
creatine kinase in plasma (Flores-Diaz et al., 2005). The mechanism
of ganglioside-mediated protection from c-toxin and the higher
sensitivity of tissues with low UDP-glucose for a-toxin-mediated
cytotoxicity remain to be explored.

PLC regulates phagocytosis, intracellular
survival, and immune response during
mycobacterial infections

Mpycobacterium tuberculosis (Mtb) is an acid-fast, rod-shaped,
nonmotile, nonspore-forming, catalase-positive bacteria that ranges
from 0.2 to 0.6lum in diameter and 1.0 to 10 im in length. Different
mycobacterial strains produce distinct morphological colonies
varying from smooth to rough surfaces (Gordon and Parish,
2018). They also have distinct colony colors ranging from white
to orange or pink (Ilivanainen et al, 1999). Most of the
mycobacterial strains are aerobic in nature, while some of them
are microaerophilic (Falkinham, 1996).

Approximately 130 mycobacterial species are harmless to
humans, but a few of them are among the major threats to
human health and life. Mtb survives and multiplies inside the
host macrophages by manipulating their machinery, leading to
active tuberculosis (TB) development. Lipid metabolism is
thought to be the central metabolic pathway among
mycobacterial species (Bakala N'goma et al., 2010). Mycobacterial
pathogens conceal themselves from the host’s defense system and
harmonize their gene expression according to the intracellular
environment (Sundararajan and Muniyan, 2021).

Mtb infects the macrophages by exploiting their phagocytic
nature and is able to persist the infection in a state of dormancy by
forming granulomas within the host (Wayne and Sohaskey, 2001).
Before entering the dormant stage, Mtb starts to accumulate the
lipids derived from the host cell membrane degradation and later
hydrolyze them to reactivate the infection process. Lipolytic
enzymes such as PLCs might be required for the degradation of
the macrophage’s membrane (Cotes et al., 2008). Various studies on
PLCs derived from both the host and the pathogen showed their
significant role during bacterial pathogenesis (Songer, 1997;
Raynaud et al., 2002; Poussin et al., 2009).

Mtb contains four closely related genes encoding putative PLCs;
PLC-A, PLC-B, PLC-C, and PLC-D (Raynaud et al, 2002; Le
Chevalier et al., 2015). PLC is a critical virulence factor and is
important for persistent infection. Genetic studies using PLC
mutant strains established that all four PLC genes encode
functional enzymes that are capable of hydrolyzing their PC-like
substrates (Raynaud et al., 2002).

Mpycobacterium smegmatis (MS) was used as the expression
system to produce active soluble recombinant PLC from Mtb that
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was expressed at very low levels, therefore the biochemical
properties and the substrate specificity of Mtb’s PLCs are yet to
be determined (Johansen et al., 1996). To analyze the role of
mycobacterial PLC in macrophage cytotoxicity, Assis and co-
workers used two different groups of isolates. Group A consisted
of Mtb isolates expressing PLC, while group B consisted of Mtb
isolates that do not express PLC; 24 h postinfection, groups A and B
isolates of infected rat alveolar macrophages showed a 40% and 20%
reduction in cell viability, respectively. This indicates that
mycobacterial PLC has cytotoxic effects. Group A-infected host
cells were detected with a higher number of kinase phosphorylated
proteins, which are known to play several roles in intracellular
signaling pathways. It was also observed that group A-infected cells
released significantly higher levels of proinflammatory cytokines
and nitric oxide (NO) as compared to group B-infected or
noninfected cells. These data suggest that the alveolar
macrophage activation and the production of pro-inflammatory
cytokines might be induced by the PLC of mycobacterial origin. To
evaluate the role of PLC in subverting host biosynthetic pathways as
a strategy employed by mycobacteria to evade the host immune
response, the mRNA expression of host enzymes and receptors
involved (eicosanoid biosynthesis pathways like cyclooxygenase-2
(COX-2), prostaglandin E, receptor 2 (EP-2) and prostaglandin E,
receptor 4 (EP-4), and leukotriene B4 (LTB4)) were analyzed.
Expression of COX-2, EP-2, and EP-4 was found to be lower in
group A-infected cells as compared to group B-infected cells, while
higher expression of LTB4 was observed in group A-infected cells.
These data suggest impairment of the eicosanoid biosynthesis
pathway by mycobacterial PLC, which may help Mtb escape from
the host’s immune response. No difference in apoptotic activity was
observed in both groups A and B isolates, while necrosis was
significantly higher in group A-infected macrophages. This effect
was abolished by the treatment of group A isolates with PLC
inhibitors—D609 and U73122, suggesting the possibility that
mycobacterial PLC might induce necrosis in host cells (Assis
et al, 2014). Host-derived PLC plays a very important role in
mycobacterial infections and pathogenesis (Sukumaran et al., 2003;
Bandyopadhaya et al., 2009). Knockdown of host PLC-Y1 using si-
RNA caused increased phagocytosis and reduced intracellular
survival of both MS and Mtb in J774A1 cells. PLC-yl-deficient
cell also expressed higher levels of tumor necrosis factor-o (TNF-or)
and RANTES during Mtb infection. These observations suggest an
important role of PLC-y1 in mycobacterial infection (Paroha et al.,
2020). Another study conducted by the same group also reported
that the knockdown of host PLC-y2 in J774A1 cells increased
phagocytosis and reduced intracellular survival of Mtb. PLC-y2-
deficient cells also show increased expression of pro-inflammatory
cytokines during Mtb infection. In the same study, increased PLC-
Y2 phosphorylation during Mtb but not in MS was also reported.
These studies suggest that different PLC isoforms may be involved
in the regulation of mycobacterial infection (Paroha et al., 2019;
Paroha et al.,, 2020). However, the mechanism of PLC
phosphorylation during Mtb infection remains to be determined
and represents a promising area of investigation.

It was reported that when human neutrophils were infected
with Mtb Ra, an avirulent derivative of Mtb H37Rv, it promoted the
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production of reactive oxygen intermediate (ROI) through tyrosine
phosphorylation of PLC-y2 by a tyrosine kinase. Inhibition of PLC-
Y2 results in reduced ROI production induced by Mtb (Perskvist
et al, 2000). To regulate the cytokine production in alveolar
macrophages and epithelial cells, transient receptor potential
channel-1 (TRPC-1) and its associated endogenous Ca>* channel
play an important role. TRPC-1 allows the entry of Ca*" inside the
macrophage, which leads to an intense inflammatory response and
increases infection susceptibility as compared to the TRPC-1-
deficient cells. Activation of PLC-y in these cells induces the
phosphorylation of PKC-a, leading to the translocation of NF-kB
and Jun N-terminal protein kinase (JNK) inside the nucleus,
resulting in increased production of inflammatory cytokines
(Figure 4). Thus, an increased level of inflammatory cytokines
might provide protection from invading pathogens (Zhou
et al., 2015).

After recognition of mycobacteria by macrophages, the
secretion of pro-inflammatory cytokines (like TNF-o and
RANTES) and chemokines is an important step to mediate the
immune response against the bacilli. Treatment with PLC inhibitors
showed an inhibitory effect on the secretion of pro-inflammatory
cytokines, suggesting that PLC signaling in macrophages might
regulate the immune response against the mycobacteria (Yadav
et al.,, 2006; Paroha et al., 2020).

During infection of macrophages by Mtb, the expression of the
plc operon in Mtb was significantly upregulated for 24 h of infection
(Raynaud et al.,, 2002). Available literature suggests that the PLC of
mycobacterial origin is involved in pathogenicity, but some
contrary studies are also reported, and further investigations are
required to clearly understand the role of PLC in the virulence of
Mtb (Le Chevalier et al.,, 2015).

Mtb
NV
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Listeria monocytogenes PLC is required
to protect pathogens from host
autophagy destruction and promote
cell-to-cell transmission

Listeria monocytogenes (L. monocytogenes) is a facultative
intracellular gram-positive, rod-shaped pathogen that can cause
serious infections in humans and domestic animals (Dabiri et al.,
1990; Smith et al., 1995; Songer, 1997; Schlech and Acheson, 2000).
This pathogen has a remarkable capability to multiply and spread
from cell to cell without exposure to the extracellular environment.
To gain entry into host cells, L. monocytogenes induces the
phagocytic as well as nonphagocytic cells for its internalization
(Tattoli et al., 2013).

The practice of living as a pathogen within the host can be
divided into six junctures, including (i) the association of bacterium
with microvilli on the plasma membrane, (ii) internalization by
professional and non-professional phagocytes, (iii) escape from the
entry vacuole, (iv) replication in the cytosol, (v) propelled to the cell
surface with the help of host actin filaments and form pseudopod-
like structure, and (vi) spread through the cell to cell, forming a
double-membrane vacuole (Figure 5) (Tilney and Portnoy, 1989;
Poussin et al., 2009; Tattoli et al., 2013).

L. monocytogenes has evolved to subvert the autophagy flux in
the infected cells through PLC activity (Tattoli et al., 2013). PLC
produced by L. monocytogenes plays a significant role in escaping
from the entry vacuole and also helps the pathogen spread from one
cell to another cell (Smith et al., 1995). PI-PLC and PC-PLC are
encoded by plcA and plcB genes, respectively (Camilli et al., 1993;
Smith et al., 1995; Tattoli et al., 2013). PI-PLC is secreted in an
active form, whereas PC-PLC is secreted as an inactive proenzyme
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FIGURE 5
PLC-A and PLC-B promote cell-to-cell spread during Listeria monocytogenes infection: After internalization by the host immune cells, L.
monocytogenes is present inside the primary vacuole. The L. monocytogenes (WT) has the ability to lyse the primary vacuole and escape into the
host cytosol, where it is free to propel to the host cell surface through the host-specific actin filament and form pseudopod-like structures, allowing
them to spread from one cell to another via insert forming double-membrane vacuole. Again, the L. monocytogenes lyses the double-membrane
vacuole to further infect the nearby cells. While the L. monocytogenesAplcA shows an impaired ability to escape from the primary vacuole, L.
monocytogenes AplcB shows reduced potential to escape from the double-membrane vacuole.

in the cytosol of infected host cells and rapidly degraded by the
proteasome. PC-PLC is activated by metalloprotease, another
enzyme secreted by the pathogen (Marquis et al., 1997).

For the pathogenesis of L. monocytogenes, several contiguous
genes are reported to be required, which are organized in the
following sequence on the regulon: prfA plcA, holy, mpl, actA, and
pleB (Table 1) (Portnoy et al, 1992). PI-PLC has a dual role in
pathogenesis. It positively regulates the expression of the prfA gene,
the product of which regulates the expression of genes imperative
for efficient cell-cell spread (Mengaud et al., 1989; Mengaud et al.,
1991). PI-PLC is also required for bacterial growth in the murine

liver. In vivo, the precise molecular events occurring during the
action of PI-PLC are not yet clear, but some studies suggest that PI-
PLC mediates the systematic lysis of host phagolysosome (Camilli
et al., 1993).

Intracellular pathogens like L. monocytogenes exploit the host
processes to progress pathogenesis in a regulated manner.
Depending on the subcellular localization of bacteria, two types of
regulation may occur (Marquis et al., 1997). The proteolytic
activation of the inactive form of PC-PLC in vacuoles occurs by
bacterial proteases, leading to the acidification of the vacuole,
whereas the host proteases degrade inactive PC-PLC in the

TABLE 1 Several genes and their functions are involved during the pathogenesis of L. monocytogenes.

Gene function References
1. inlA Responsible for the internalization of the bacteria. (Roche et al.,
2009)
2. hly Encodes the listeriolysin-O (pore-forming cytolysin, evolved for activity in a phagosome having low optimum pH) and helps (Glomski et al.,
the bacterium to escape from the vacuole. 2002)
3. actA Surface protein induces the host cell to polymerize the actin filament. (Roche et al,,
2009)
4. plcA Might help to escape the bacterium from the phagolysosomal vacuole. (Camilli et al.,
1993)
5. plcB Might help the bacterium to escape from the double-membraned structure and also helps in cell-to-cell spread. (Roche et al.,
2009)
6. prfA Positive regulatory factor acts as a transcription factor. (Camilli et al.,
1993)
7. mpl Encodes the metalloprotease, which converts the 33-kDa inactive form of PC-PLC into the 28-kDa active form of PC-PLC. (Camilli et al,,
1993)
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cytosol. As a result of this, PC-PLC shows a short half-life (<15 min)
and is essentially present in its inactive form within the cytosol.
Interestingly, when the degradation of the inactive form of PC-PLC
was inhibited, no mature PC-PLC was detectable in the cytosol
(Rock et al,, 1994; Marquis et al., 1997. There may be two
mechanisms through which the production of active PC-PLC in
the cytosol can be prevented: degradation or lack of activation
(Marquis et al, 1997). Thus, these observations suggest that the
activity of PC-PLC is restricted to the vacuolar compartment (Smith
et al., 1995).

Regulated proteolysis and the optimum pH are required by the
bacterial virulence factors to easily execute the cell-cell spread,
causing the least damage to the host cell otherwise caused by
listeriolysin-O cytotoxicity (Jones et al., 1996).

Both the phospholipases, plcA and plcB, have overlapping
functions in the pathogenesis of L. monocytogenes infections. plcA
mutant showed a slightly reduced capability to escape from the
primary vacuole and three-fold less virulence than its wild-type
counterpart plcB mutant was reported to have decreased potential
to escape from the double membraned vacuole structure with 20-fold
less virulence and has no measurable defects in escape from a primary
vacuole. Indeed, the mutant lacking both PLCs was severely impaired
in its ability to escape from the primary vacuoles and cell-cell spread
and was 500-fold less virulent (Smith et al., 1995).

Levels of DAG and ceramide were substantially increased in the
host cells 4 to 5 h postinfection with L. monocytogenes. Such an
increase in the levels of DAG and ceramide may be attributed to
PLCs derived from pathogens, as the plcA:plcB double mutant of L.
monocytogenes failed to increase the levels of DAG and ceramide
(Smith et al., 1995).

PLC promotes pathogen colonization and
lung inflammation during Pseudomonas
aeruginosa infection

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative,
opportunistic pathogen that causes a wide array of acute (sepsis) and
chronic infections (pulmonary), including cystic fibrosis (CF), chronic
wound infections, and postsurgical infections, especially in
immunocompromised individuals (Vasil et al., 2009; Wargo et al,
2011; Wu et al, 2015; Diggle and Whiteley, 2020). PLCs contributed
to multiple aspects of P. aeruginosa pathogenesis (Berk et al,, 1987). P.
aeruginosa expresses three extracellular PLCs: the hemolytic PLC known
as PIcH and the nonhemolytic PIcN and PlcB (Ostroff and Vasil, 1987;
Barker et al., 2004; Wargo et al., 2009; Klockgether and Ttimmler, 2017).
While PIcH and PIcN are secreted through the twin-arginine translocase
(TAT) secretory system, PlcB is secreted through the Sec pathway
(Ochsner et al.,, 2002; Barker et al., 2004; Snyder et al.,, 2006). All the
PLCs from P. aeruginosa can cleave PC, but only PlcB can hydrolyze
phosphatidylethanolamine (Esselmann and Liu, 1961; Ochsner et al,
2002; Barker et al., 2004; Snyder et al., 2006).

The heterodimeric complex of novel PIcHR consists of two
subunits: PIcH as the active center and PIcR as a chaperone protein
that modulates the enzymatic activity and is required for the PIcH
secretion itself (Stonehouse et al., 2002).
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The PLC of P. aeruginosa has been shown to induce aggregation
in platelets derived from platelet-rich human plasma in a
concentration-dependent manner, and the enzymatic activity of
PLC was required for platelet aggregation (Coutinho et al., 1988).
Thus, PLC is heat-labile by nature (Berka et al., 1981). Some studies
suggest that P. aeruginosa may have two hemolytic virulence factors
that might cause paralysis, dermonecrosis, footpad swelling,
vascular permeability, and death in mice (Berk et al., 1987).

Inflammation is one of the hallmark features of pulmonary
infections caused by P. aeruginosa (Titball, 1998). PIcH has been
shown to induce an inflammatory response in human neutrophils
and polymorphonuclear cells in vitro. Treatment of neutrophils with
PIcH but not PIcN increased the production of inflammation markers
such as oxygen metabolites, leukotriene-B4 (LTB4), and histamine
(Konig et al., 1997). Furthermore, PLC from P. aeruginosa induced an
inflammatory response in mice in an enzyme activity-dependent
manner. Intraperitoneal injection of PLC resulted in the induction of
an inflammatory response in mice characterized by the accumulation
of plasma proteins, inflammatory cells, and arachidonic acid
metabolites such as LTB4, LTC4, LTD4, prostaglandin E2 (PGE2),
PGF2-alpha, and thromboxane B2 (Meyers and Berk, 1990). While
LTB4 acts as a strong stimulator for chemotactic aggregation of
granulocytes, leukotriene-C4 and leukotriene-D4 cause the wheal and
flare response (Camp et al.,, 1983; Meyers and Berk, 1990). PGE2 is
known to be a powerful vasodilator believed to cause edema,
erythema, and pain (Williams, 1979). Granstrom et al.
demonstrated that the level of PLC antibodies was elevated in CF
patients chronically infected with P. aeruginosa, suggesting that it
helps in chronic infection (Granstrom et al, 1984). Several in vitro
studies with human bronchial cells suggest a role for P. aeruginosa
PLC in exacerbated inflammation in CF lungs, which is responsible
for the poor prognosis (Sener et al., 1999; Wargo et al,, 2011). There is
a scientific consensus that neutrophils and pulmonary macrophages
play a pivotal role in clearing pathogenic bacterial infections from the
human host (Sener et al.,1999). Despite the abundance of neutrophils
in the lung tissues, PIcHR helps P. aeruginosa survive in such
detrimental conditions by suppressing respiratory neutrophil burst
response (Terada et al,, 1999). Other than playing a role in inducing
an inflammatory response in the lungs, PLC may also contribute to
lung function by destroying lung surfactants. The PlcH of P.
aeruginosa has been reported to act as a destructive determinant
for lung surfactant. The wild-type strain of P. aeruginosa significantly
impairs the functioning of the lung surfactants, whereas the PIcHR
mutant strain is remarkably less potent to cause infection (Montes et
al., 2007). PLC helps hydrolyze PC, an abundant phospholipid in the
lung surfactant, which can then be converted to glycine betaine. The
accumulation of glycine betaine within the bacterial cell is thought to
protect against the high osmolarity conditions found in the lung
tissue, further helping bacteria to colonize the lung (Shortridge et
al.,1992; Fitzsimmons et al.,, 2012). PLC also plays a role in biofilm
formation in vitro and in animal models, further suggesting its central
role in P. aeruginosa-associated morbidity and mortality in CF
patients (Wargo et al., 2011; Jackson et al., 2013).

PIcH also contributes to P. aeruginosa virulence by stimulating
the activity of the anaerobic respirational regulator Anr by releasing
choline (Fitzsimmons et al., 2012; Jackson et al., 2013). Microarray
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analysis revealed that the nonfunctional form of PIcH had decreased
levels of Anr-regulated transcripts compared with that of the wild-
type strain. PIcH promotes the Anr activity, which contributes to
the severity of the disease even in acute phase infection, where the
oxygen level is believed to be high. Thus, Anr’s activity promotes
colonization in the host (Jackson et al., 2013). An increase in Anr
activity activates numerous pathways involved in P. aeruginosa
virulence, respiration, and biofilm formation. The anr mutant was
severely impaired in its ability to colonize lung tissue and was
cleared from the lung much faster compared to the wild-type strain
(Yoon et al,, 2002; Worlitzsch et al., 2002). These findings suggest
that Anr could be a good target for developing new therapies. Other
pathogens have also been reported to require Anr homologs for
their virulence (Baltes et al., 2005; Mattoo et al.,2004; Bartolini et al.,
2006; Marteyn et al., 2010). This way, it is also possible to devise
some beneficial approaches for the treatment of other diseases.
Angiogenesis (formation of blood vessels) helps in the wound
healing process, in which endothelial cells play a significant role.
PIcHR2 has been reported as a factor that decisively induces
cytotoxicity in endothelial cells, affecting angiogenesis (Vasil et al., 2009).

PLC induces hemolysis and apoptosis
in host cells during Helicobacter
pylori infection

Helicobacter pylori (H. pylori) is a spiral-shaped, gram-negative,
microaerophilic bacteria that colonizes the gastric mucosa of humans
(Warren and Marshall, 1983; Brown, 2000; Atherton, 2006). Initially,
H. pylori was classified under Campylobacter; later, in 1989, it was
classified under a new genus called Helicobacter and was named
Helicobacter pylori (Goodwin et al., 1989). It was recognized as the
common causative agent of chronic gastritis and duodenal ulcers
(Warren and Marshall, 1983; Hemalatha et al., 1991; Marshall and
Warren et al., 1984). H. pylori adheres to the antrum’s mucosal lining
and releases urease to protect itself from the acidic environment
(Hemalatha et al., 1991; Nakshabendi et al., 1996).

Several phospholipases are reported to be produced by H. pylori,
including PLC, which might help the bacteria to cause ulcerogenic
activity. H. pylori-mediated hemolysis might be related to their
capability for the production of PLC. Studies conducted on
erythrocytes derived from humans, horses, sheep, and guinea pigs
showed variable degrees of hemolytic activity induced by H. pylori.
It was also reported that the strains isolated from the patients with
duodenal ulcers showed a higher efficiency in producing elevated
levels of PLC compared to those with gastritis (Wetherall and
Johnson et al., 1989; Daw et al., 1994). These observations suggest
that PLC activity might be required for hemolytic activity and
virulence during the pathogenicity of H. pylori.

Lipopolysaccharide (LPS) from H. pylori has been recognized as
a potent virulence factor, causing an inflammatory response in
mucosal epithelial cells, leading to gastritis and duodenal ulcers
(Piotrowski et al,, 1997; Rieder et al,, 2003). Ghrelin, a peptide
hormone, is an endogenous factor that regulates the intensity of
gastric mucosal inflammation in response to H. pylori infection
(Kojima et al., 1999; Osawa et al., 2005; Waseem et al., 2008). Both,
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the LPS of the bacterium and the ghrelin of the host rely on the
activation of different signaling pathways involving PI-PLC in order
to exert their effects the gastric mucosal inflammation (Figure 6)
(Slomiany and Slomiany, 2015a).

Following toll-like receptor 4 (TLR4)-mediated phagocytosis of
the bacterium, LPS from H. pylori induces the activation of Racl and
causes gastric mucosal inflammation (Kong and Gee, 2008; Slomiany
and Slomiany, 2015b). It has been reported that Racl activation
significantly increases the activities of host-specific PLC-y2 and PKC
and the increase in ghrelin further increases PKC activity. Slomiany
et al. reported that activation of host PLC-}2 during infection with H.
pylori is dependent on racl and is modulated by the ghrelin hormone
(Figure 6) (Slomiany and Slomiany, 2015b).

Infection with H. pylori in normal human gastric mucous
epithelial cells alters the intracellular Ca”* levels in PLC-
dependent manner (Marlink et al., 2003). Infection of gastric
adenocarcinoma cells with H. pylori induces apoptosis in these
cells. Apoptosis was shown to be associated with an increase in
intracellular Ca®>*. An increase in intracellular Ca®" levels and
induction of apoptosis by g-glutamyl transpeptidase (GGT) was
abolished with the treatment of a PLC inhibitor (U71322) and IP3
antagonist (xestospongin). These observations suggest the
requirement of PLC in H. pylori-induced apoptosis in the host
cell (Park et al., 2014; Ricci et al., 2014; Boonyanugomol et al., 2012).
Studies discussed above strongly establish PI-PLC as an important
virulence factor in the pathogenesis of H. pylori.
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Helicobacter pylori (H. pylori) infection modulates the expression of
host-derived PLC-y2 along with several other host proteins
following the toll-like receptor 4 (TLR-4)-mediated phagocytosis by
host cells, H. pylori releases the PLC in the cytosol, causing lysis of
the host cells. H. pylori also induces the y-glutamyl transpeptidase
(GGT)-mediated apoptosis of the host cell. Lipopolysaccharide (LPS)
from H. pylori activates the Rac-1, which increases the expression of
both host-specific PLC-y2 and PKC. Ghrelin further increases PKC
activity and also has a modulatory effect on Rac-1 activation, which
leads to inflammation.
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PLCs in other bacterial infections

Different PLC isoforms are also reported to play crucial roles
during several other bacterial infections, such as those caused by
Legionella pneumophila (L. pneumophila), Staphylococcus aureus
(S. aureus), Burkholderia cepacia (B. cepacia), and reproductive
tract-associated bacterial infections. L. pneumophila is a gram-
negative bacillus and the causative agent of Legionnaires. This
pathogen contains three PLC (PLC-A, PLC-B, and PLC-C) genes
identified in its genome. These PLCs are reported to be released
inside the host cell through the secretory systems, where they
manipulate host transcription, translation, phospholipid pool, and
vesicle trafficking pathways. Furthermore, these PLCs also
influence the host phagosome maturation and cell death
pathways (Hiller et al., 2018). The role of PLCs in Legionnaires
is not yet clearly understood and requires further investigation. S.
aureus has been reported to release PI-PLC with the ability to
hydrolyze the PI and glucosyl phosphatidyl inositol (GPI)-linked
proteins present on the host cell surface (Daugherty and Low,
1993). These PI-PLCs are involved in the regulation of accessory
gene regulator quorum sensing systems. The overexpression of
secreted PI-PLC in S. aureus caused more severe disease,
suggesting its role as a virulence factor. In line with these
observations, a PLC mutant of S. aureus exhibits defective
survival in human blood and neutrophils suggesting that PI-
PLC might contribute to the survival of S. aureus in the host
(White et al., 2014). Two PLC isoforms have been identified in B.
cepacia, one with hemolytic (PLC-H) activity and the other
without hemolytic (PLC-N) activity (Weingart and Hooke,
1999a; 1999b). In Bacillus anthracis, three PLC genes have been
identified, which are homologous to the PLCs from L.
monocytogenes. The functions of these PLCs are not understood
so far, but it is speculated that these PLCs might act as virulence
factors (Heffernan et al., 2006; Heffernan et al., 2007). Several
aerobic and anaerobic bacteria associated with reproductive tract
infection show PLC activities, which may be linked directly or
indirectly with localized cells/tissue damage and contribute to the
virulence of the microorganisms (McGregor et al., 1991).

Conclusion

Phospholipids have both hydrophilic and hydrophobic domains
and function as the main constituent of all biological membranes. Cell
surface-specific receptors receive extracellular stimuli and transmit
them inside the cell in order to produce cellular effects. Thirteen
different PLC isoforms with unique structures mediate the diverse
signaling functions. Several extracellular signals activate the PLC
enzyme, resulting in the cleavage of phospholipids into the bi-
products, which in turn modulate the activities of various targets to
contribute to context-specific cellular functions. PLC plays a crucial
role in the pathogenesis of several bacteria and exerts a variety of effects
that contribute to the disease-specific perturbation in host cells. The
PLC enzyme as a virulence factor needs to be further investigated in
other bacterial infections. It is important to understand how the cells
discriminate between the signals and activate signal-specific PLC/PLCs
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whether the PLC isoforms work independently or work in a
coordinated manner. Some chemical inhibitors are used to inhibit
PLC’s functions. Several studies reported that 1-[6-(17b-3-
methoxyestra-1,3,5 (10)trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-
dione (U71322) blocks the recruitment of PLC to the membrane and
may be used as a pan PLC inhibitor. Klein et al. reported that the
U71322 directly activates the PLC-yl, PLC-B2, and PLC-33 of humans
instead of inhibiting them (Klein et al,, 2011). Some other inhibitors,
like 2-nitro-4-carboxyphenyl N,N-diphenylcarbamate (NCDC) and 1-
O-octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine (ET-18-
OCH3), are also used to inhibit PLCs. Inhibiting PLCs with different
approaches, including chemical inhibitors, may be a promising strategy
to manipulate the outcome of bacterial infections.
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Glossary
Anr anaerobic respiration
Asn** asparagine residue at 294™ position
B. cepacia Burkholderia cepacia

C. perfringens

Clostridium perfringens

Ca** calcium ion

CF cystic fibrosis

COX-2 cyclooxygenase-2

DAG di-acyl-glycerol

EP-2 prostaglandin E2 receptor-2

EP-4 prostaglandin E2 receptor-4
ET-18-OCH3 1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine
GEF guanine exchange factor

GGT A-glutamyl transpeptidase

GPI glucosyl phosphatidyl inositol

H. pylori Helicobacter pylori

His™"! histidine residue at 311th position
His** histidine residue at 356th position
JNK Jun N-terminal protein kinase

L. Listeria monocytogenes
monocytogenes

L. Legionella pneumophila
pneumophila

LPS lipopolysaccharide

LTB4 leukotrine B4

MAPK mitogen activated protein kinases
MS Mpycobacterium smegmatis

Mtb Mycobacterium tuberculosis
NCDC N,N-diphenylcarbamate

NFxB nuclear factor-xB

NO nitric oxide

0, superoxide anions

IP3 inositol triphosphate

P. aeruginosa

Pseudomonas aeruginosa

PC phosphatidylcholine

PDK 1 3-phosphoinositide-dependent protein kinase 1
PI phosphatidylinositol

PIP2 phosphatidylinositol 4,5 bisphosphate

PKC protein kinase C

PL phospholipase

PLA phospholipase A
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Continued
PLB phospholipase B
PLC phospholipase C
PLD phospholipase D
PH domain Pleckstrin homology domain
S. aureus Staphylococcus aureus
TNF-a. tumor necrosis factor-o
TLR Toll-like receptor
U71322 1-[6-((17B-3-methoxyestra-1,3,5(10)trien-17 yl)amino)hexyl]-
1H-pyrrole-2,5-dione
Rac 1 Ras-related C3 botulinum toxin substrate 1
ROI reactive oxygen intermediates
SH2 domain Src homology 2 domain
SH3 domain Src homology 3 domain
TAT Twin arginine translocase
TB tuberculosis
TIM triose phosphate isomerase
TrkA tropomyosin receptor kinase A
TRPC-1 transient receptor potential channel 1
Tyr®? tyrosine residue at 62nd position
WT wild type
Zn** zinc ion
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