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Microbes, the tiny creatures with huge complexity have been the topic of interest in microbiology which has to be
explored with a double-edged sword approach. Pseudomonas aeruginosa is the most problematic, opportunistic
human bacterial pathogen that has to be addressed with high priority. Understanding their microenvironments at a

molecular level becomes important for deciphering the puzzle of their adoptable and virulent behavior in the host cell.
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The current review attempts in highlighting the secretion systems, especially the Type III secretion system (T3SS)
in P. aeruginosa as a potential target to block virulence. This is mainly facilitated through the potent phytochemicals
or their formulations (phyto-quoromones) for a synergistic mode of action on T3SS. These phyto-inhibitors will
hamper cell signaling through T3SS thus affecting the growth, survival, and replication of the pathogen. The
prospects mentioned in the review will provide a newer dimension for the design and development of better and
smart therapeutics against Pseudomonas infections.

1. INTRODUCTION

Pseudomonas aeruginosa a Gram-negative rod-shaped bacterium
is inclusive of the genus Pseudomonadaceae known for its highly
versatile metabolic activity [1]. P aeruginosa is an opportunistic
pathogen that can be isolated from the environmental samples of water,
soil, plants, and fruits. Humans can get infected with the urinary tracts,
airways, blood, burns, wound injuries, and even found in outer ear
infections. The characteristic feature of this organism is its ability to
survive in two different models of growth systems namely planktonic
(free-floating) and biofilm (sessile) forms. P. aeruginosa has a genetic
makeup of almost 5021 genes, with 4000 genes common in all the
strains [2]. During the biofilm stage an elemental phenomenon that
occurs in bacteria, especially in P. aeruginosa, is quorum sensing
that is cell-to-cell density-dependent community cross-talk [3.4].
It is observed that quorum sensing is responsible to facilitate
thiol oxidative stress-related metabolism of the bacterium [5-8].
Pseudomonas bacteria are prone to become resistant to antibiotics
due to the formation of biofilms that complicates any treatment or
infections. The two major signal molecules that are involved in the
quorum-sensing mechanism of P. aeruginosa include 4-quinolones
and N-acyl-homoserine lactones [9,10]. Initially, the planktonic form
of these bacteria adheres to a solid surface forming microcolonies,
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followed by cell migration onto the substratum forming a flat mat-like
heap of microcolonies resembling a mushroom-like structure called
the biofilm. There are 140 species of Pseudomonas, of which 25 are
associated with human infection. Although these rarely cause diseases,
they are a major threat in hospitalized patients with cancer and cystic
fibrosis [11]. The cellular morphology of P. aeruginosa is made up
of three layers: the outer membrane, the peptidoglycan layer, and the
inner cytoplasmic membrane, respectively [Figure 1].

The outer membrane of the bacteria is made up of protein,
lipopolysaccharide, and phospholipid. The lipopolysaccharide
layer is composed of 2-keto-3-deoxyoctonic acid, heptose, core
polysaccharides, and hydroxyl fatty acids. Many virulence factors are
produced by P. aeruginosa including endotoxin that causes terminal
shocks, leukocidin that causes depression of host defenses, heat-
stable hemolysis that is toxic to alveolar macrophage, toxin-A that
causes lethality and inhibition of host defenses, phospholipase C
that hydrolyzes lecithin, and Exoenzyme S (ExoS) that causes local
and systemic toxicity [10,12,13]. The main essential function of
the prokaryotic cell is to transport proteins to the environment,
compartments of cells, and other bacteria cells in pure culture or
co-culture and mixed culture populations [6,14]. This mechanism is
executed by a protein-mediated cascade known as the protein secretion
system. There are different types of secretion systems, including Type I
secretion system, Type Il secretion system, Type III secretion system
(T3SS), Type IV secretion system, Type V secretion system, Type VI
secretion system, and Type VII secretion system. In P. aeruginosa the,
T3SS, plays a pivotal role in virulence and could be majorly targeted
to block bacterial signal trafficking. The bacterial flagellum and the

© 2023 Avinash, et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike

Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).


https://orcid.org/0000-0002-4868-1111
http://crossmark.crossref.org/dialog/?doi=10.7324/JABB.2023.36700&domain=pdf

Avinash, et al.: T3SS in pseudomonas and phytomodulators 2023;11(3):28-37 29

Pilus
(attachment)

Flagellum

(motility) \

Alginate r'ed

(Isolates of cystic
fibrosis)

““““““ Q O Toxin A
. Leukocidin
. Other Hemolysis

Endotoxin
(shock)

. products Exoenzyme S

. ‘ .PhospholipaseC
® o

Figure 1: Structure and pathogenic machinery of Pseudomonas aeruginosa.

injectisome are composed of conserved machinery known as the
T3SS. T3SS in the flagellum functions to transport the distal flagellar
components to build the extracellular filament, whereas T3SS in the
injectisome is the center of the transport machinery that helps in the
formation of the extracellular needle and also to direct the transfer of
substrates into the host cell from the cytosol of the bacteria. T3SS is
composed of 9 highly conserved core proteins, of which 8 proteins
are found in the flagellar apparatus. Substrates of T3SS are generally
known as effector proteins. Pseudomonas produces effector proteins
where the secretion signals are embedded. T3SS is made up of 3 major
components: basal body, needle component, and the translocon [15].
The basal body is composed of cytoplasmic components that form
a socket-like structure with a center rod surrounded by several rings
spanning around the inner and the outer membrane. There are many
systems available for epidemiological studies such as phage, pyocin,
serologic, and DNA fingerprinting [13,16]. P. aeruginosa has become
resistant to many antibiotics [11]; therefore, the use of phytobioactives
will play a vital role in treating infections. P. aeruginosa is accepted
worldwide as a public health risk because of health-care-acquired
infections and its ability to acquire resistance to multiple antibiotics.
This review, attempts to explore the possibilities of the application
of phytobioactives to hamper the T3SS virulence mechanisms
involved in P. aeruginosa at different phases of growth, survival,
biofilms formation, and pathogenesis, which could be corroborative
of the related genes, proteins, and/or the epigenetic machinery
involved. Since herbal treatment is booming lately all the possible
plants and their derivatives have been enlisted that could be used as
potential blockers to inhibit this long-lasting problematic superbug.
Deciphering these multi-factorial mechanisms would require a well-
orchestrated approach which could lead to deeper penetration of the
bioactive into the micro and macro environments primarily disrupting
the signaling cascades hampering the ability of cell-to-cell crosstalk
and demoralizing the bacterial community preventing pure, coculture,
or mixed culture survival.

1.1. Formation of P. aeruginosa Biofilm

Acute infections, the inter-relationship between the pathogen and the
host is two-way devastating since the virulent cytotoxic molecules
produced by the bacteria damage the host cell response whereas the

host immune system secretes reactive oxygen species (ROS), reactive
nitrogen species, antimicrobial compounds, and increases phagocytic
processes [17]. Motile P. aeruginosa is found to be more virulent
and is easily detected by the host via the flagella or other motility
apparatus. This induces inflammatory responses and triggers signaling
pathways and enhances phagocytosis [10,13,18]. To survive, the
bacterium opts for a sessile lifestyle with a low virulence capability
so that it could avoid adverse stress conditions. They lose their
motile function and adhere to surfaces to form microcolonies that
are embedded in the extracellular polymeric substances to defend
themselves from the fencing environment [Figure 2]. These biofilm
structures are predominately mediated through complex cascading
systems resembling the neural networks that confer endurance
against ROS, phagocytosis, antimicrobial agents, and interspecies
competitions [11,19,20]. Biofilms almost contribute to 90% of the
total mass of the bacteria and these are formed on biotic and abiotic
surfaces [Figure 2]. The matrix provides an intense niche to the biofilm
with nutrients and energy supply for its survival during unfavorable
conditions [21]. The matrix is composed of proteins, polysaccharides,
lipids, and extracellular DNA as illustrated in Table 1 [22,23].

1.2. Quorum Sensing in P. aeruginosa

Density-dependent, cell-to-cell communication through biochemical
signals is a capability of bacteria known as quorum sensing. Several
interconnected pathways are involved in regulating the social behavior
of the bacteria through the quorum sensing mechanism [11,24].
Quorum sensing regulates biological processes required for bacterial
adaptation and survival, expression of certain genes to a critical
threshold of signaling molecules called autoinducers (Als). Quorum
sensing regulates community survival by mediating population
density-dependent collective responses and increases the fitness and
the chance of survival, thus enhancing their ability to escape during
pathogenesis [25]. P. aeruginosa infections more than 10% of the
genes are regulated by a quorum-sensing mechanism that plays
a critical role in the progress of infection from acute to chronic.
A cascade of genes and proteins are involved in virulence, biofilms
development, regulating metabolic pathways during stress responses,
and antibiotic resistance mechanisms [6,13,26]. The four major
pathways that are involved in quorum-sensing dependent signaling in
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Figure 2: Formation of Pseudomonas aeruginosa.
Table 1: Polymeric components involved in biofilm formation by P. aeruginosa.
Name Chemistry Functions Property References
Psl Exopolysaccharide Psl explores surfaces for attachment and initiates biofilm formation by Neutral charged [18]
increasing cell motility, and cell-to-cell communication. They protect the cell
against phagocytosis and oxidative stress during infections
Pel Exopolysaccharide Pel along with Psl initiates biofilm formation and maintains cell-to-cell Positively charged [20]
interaction. It is the main structural component of the biofilm stalk where it
replaces Psl in its absence and cross-links with eDNA. Pel also protects the
bacteria from aminoglycoside antibiotics
Alginate Exopolysaccharide Alginate behaves as a protective agent and provides the biofilm a slimy nature, Negatively charged [22]
they enhance viscoelastic character, cell density, architecture, surface adhesion,
and cell aggregation
eDNA Nucleic acid eDNA is a structural component of biofilms stalk that forms cations like Mg*", Negatively charged [51]
Mn?", Ca*', and Zn**during starvation as a nutrient source
Type 4 pili ~ Multiprotein complex  Type 4 pili are important during maturation of the biofilm, they play an No charge [13]
important role in cell adhesion in the early stage of biofilm formation
Flagella Multiprotein complex  Flagella along with type 4 pili help in migration/motility necessary for biofilms ~ No charge [23]

formation

P. aeruginosa include Rhl, Las, IQS, and Pgs. On sensing certain Als
the first category of proteins PqsR, RhIR, and LasR are activated, these
act as transcriptional activators for the second category of proteins.
The second category of proteins includes the Al synthases that are
PgsABCDH, RhllI, and Lasl. These proteins act as an activated circuit
traveling in and out of the cell by membrane transporters, membrane
vesicles, and free diffusion systems [27].

P aeruginosa secretes specific virulence factors to evade the host
immune defense system at an early stage of attachment, colonization, and
acute infection. All low-molecular-weight and high-molecular-weight
compounds are considered important in the progression of infection
and colonization. Although these virulence factors promote bacterial
development and survival they result to cause a disastrous effect on the
host tissues and cause changes in the immune responses [28]. Virulence
factors require community involvement and they are metabolically
costly hence they are produced under the regulatory control of the
quorum-sensing system [Figure 3] [29].

1.3. Genome Assembly in P. aeruginosa

The genome of P. aeruginosa is 6.3 Mbp which was sequenced using
whole-genome-shotgun sampling, and the genes were annotated. The
open reading frames (ORFs) in the genome were found to contain
66.6% of G + C content, but in almost ten regions of 3 kilobases, there
was lower G + C content. 5,570 ORFs were predicted in P. aeruginosa.
The genome consists of four longest rDNA loci and one duplicated gene
cluster repeat, including PA4210-PA4216 and PA1899—PA1905 which

spans a few thousand base pairs. The ORFs predicted were curated
individually to identify and annotate genes of P. aeruginosa with others
in GenBank, to identify any similarities of these genes with other
bacteria, and to identify functional motifs. For about 54.2% of the ORFs,
functions were assigned. The functions assigned to the 372 ORFs of
P. aeruginosa include virulence factors, lipopolysaccharide biosynthetic
enzymes, exoenzymes, and proteins responsible for adhesion and
motility. Since P. aeruginosa could be grown on minimal media, the
genes responsible for the biosynthesis of nucleic acids, cofactors, and
amino acids were identified [30]. Virulence factors such as proteases,
toxins, and lipases are secreted by P. aeruginosa. Out of the four types
of protein secretion pathways involved in Gram-negative bacteria, three
were evident in P. aeruginosa. Type 1 secretion system secretes alkaline
protease encoded by aprA, composed of ABC transport protein AprD,
OprM-family outer membrane protein AprF, and membrane fusion
protein AprE. Type II secretion systems also known as the general
secretion pathway are encoded by xcp gene cluster and the unlinked
pilD/xcpA gene [31]. T3SS are responsible for the contact-dependent
delivery of proteins into the host cells found in plants and animal
pathogens. P. aeruginosa is composed of one single T3SS PA1690-
PA 1725 that secretes virulence factor ExoS, Y, and T [32,33].

1.4. T3SS

T3SS is the primary virulence determinant of P aeruginosa that
promotes tissue destruction and escapes phagocytosis by secreting
numerous toxins that are translocated into host cells [34]. ExsA is the
primary regulator of T3SS gene expression that binds to promoters
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Figure 3: Regulation of virulence factors and hierarchical quorum sensing network in Pseudomonas aeruginosa.

of T3SS activating transcription. AraC/XylS is a huge family of
transcriptional regulators of which ExsA is a member. The structure
of these proteins is composed of a conserved 100-amino-acid
helix-turn-helix DNA binding domain that is positioned at the
C-terminal and the N-terminal or the ligand-binding domain [35].
ExsA-dependent promoter’s transcriptional start sites are mapped
with primer extension [36]. 6”° dependent promoters transcriptional
start sites for P, P4, and P, are located downstream from
near-consensus -10 (TATAAT) and -35 (TTGACA) recognition
hexamers [37]. The —47 and —45 positions, ExsA consensus binding
site is identified that is located in the highly conserved guanine and
cytosine nucleotides [38]. Further ExsA at the -51 position consists of
conserved adenine-rich areas and other conserved regions at the —35
position [39]. T3SS consists of five major families: Inv-Mxi-Spa, Ssa-
Esc, and Ysc families that belong to animals, and Hrp T3SS of plant
pathogens. T3SS of P. aeruginosa was first identified in 1996 whereas
the structure was visualized in 2005 [Figure 4] [13,40-42].

1.5. P. aeruginosa T3SS Gene Expression

ExoS secreting strains of P. aeruginosa cause deferred apoptotic cell
death whereas rapid cell lysis of host cells was caused by Exoenzyme
U (ExoU). Other effector proteins include flagellar filament protein
(F1iC), PemA/PemB, and nuclear diphosphate kinase [Figure 4].
The T3SS expression system is controlled by various environmental
factors including serum albumin/casein ratio, host cell contact, and
lower concentrations of Ca?" in the extracellular space [43]. Direct
transcriptional activation by ExsA a transcription factor belonging
to the family AraC controls the primary gene expression of T3SS.
Many plant phenolic compounds such as salicylic acid, its analogs,
and its precursors are found to activate or inhibit gene expression of
T3SS [44]. T3SS is a secretion system that protects P. aeruginosa from
any predators from amoebae to human neutrophils, it immediately gets
expressed with host cell contact and highly applicable signals [42].
T3SS gene expression due to various environmental factors leads to
an optimal bistable group of the population providing an advantage for
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Figure 4: Role of T3SS in pathogenicity.

cells that express or repress T3SS gene expression [13,45].

2. TARGETING BIOLOGICAL ACTIVITIES OF
P. AERUGINOSA THROUGH PHYTO-MODULATORS

P. aeruginosa has different modes of movement including twitching,
swimming, and swarming. Swarming is a motility mode for the
surface movement that takes place in semi-solid media and it is one
of the fastest modes of movement that involves both flagella and
type IV pili [Figure 5]. Swarming bacteria are found to be more
virulent and also more resistant to antibiotics [46]. Many genes and
pathways are involved in the swarming motility of bacteria including
quorum sensing [11,47]. Swarming cells when compared with the
vegetative parts overexpress T3SS genes, and use this system to
inject toxic effector proteins causing cytotoxicity in the host cell.
T3SS effector proteins including ExoS, ExoT, ExoU, and ExoY
are responsible for causing cytotoxicity and also induce apoptosis
in P. aeruginosa [48]. Naturally obtained plant compounds like
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Figure 5: Mechanistic targeting of phytochemicals on T3SS machinery and their related pathways.

tannins, and cis-2-dodecenoic acid inhibits the swarming motility
and downregulates virulent genes or effector proteins and quorum
sensing genes in T3SS [49,50]. The study claims to screen plants and
their derivatives to identify compounds that can inhibit the swarming
motility of P. aeruginosa. Alpinia officinarum belonging to the family
Zingiberaceae is widely used in India and other Asian countries as
a medicinal plant due to its diverse compounds [51]. The plant is
known to possess anti-bacterial [52], anticancer, antioxidant [53],
and antiemetic properties [54,55]. Rhizomes of the plant were
commercially obtained and P. aeruginosa MTCC 3541 was collected
from a microbial-type culture collection center. Powdered rhizomes
were subjected to different solvent extraction out of which methanol
extract exhibited the best activity in the swarming inhibitory
assay. From the results obtained it was found that 4. officinarum
rhizomes inhibited the swarming motility of P. aeruginosa. The
phytomolecules responsible to cause the inhibition was found to be
1-(3,4-dihydroxyphenyl)-2-(methylamino)ethan-1-one. ~ Enhanced
expressions of virulent genes are connected with swarming motility
therefore they analyzed the effect of the phytomolecules against
the virulent genes. The virulent genes of the T3SS include exoS,
exoT, gacS, vfi, fleQ, and fliC where the expression of exoT, exoS,
gacS, and fleQ was downregulated significantly on exposure to the
phytomolecule. The fleQ was more significantly down-regulated
when compared to all other genes. fleQ is the master regulator gene
of flagella synthesis that controls motility and biofilm formation.
The actual mechanism of inhibition of action needs a much more
comprehensive study to be determined [13,56].

Antibiotic treatment is the most usually utilized system to control
pathogenic contaminations; in any case, it has added to the age of
antibiotic-resistant bacteria. T3S system consists of 43 genes that
include T3 effectors, regulatory functions, effector chaperones, and T3
machinery [42,57]. T3SS is transcriptionally controlled by ExsA where
ExsA is regulated by three interacting proteins ExsC, ExsD, and ExsE.
T3SS of P. aeruginosa is one of the significant destructiveness factors
by which it secretes and moves T3 effector proteins into human host
cells. Since P. aeruginosa is also known to infect plants, plant-derived
defense signaling phenolic compounds were screened to identify T3
inhibitors [13,58]. Out of 72 compounds that were analyzed TS103
and TS134 were identified as the best inducers of T3 on the other hand

TS027 and TS101 inhibited T3. These compounds exhibited their effect
by regulating the expression levels of small RNAs RsmY and RsmZ
that altered exoS transcriptional activity. These compounds were found
to act on these RNAs through GacSA-RsmYZ-RsmA-ExsA regulatory
pathway [42,44].

P aeruginosa quorum-sensing system is a hierarchical network
that regulates the activity of rhlI/R through lasl/R system [59]. The
expression of protease and elastase isregulated by the las system whereas
pyocyanin and rhamnolipids are produced by rhl system. Two acyl-
homoserine lactone signaling molecules: N-butanoyl-L-homoserine
lactone and N-(3-oxododecanoyl)-L-homoserine lactone are produced
by P. aeruginosa. These two signaling molecules are responsible
for activating lasl/R and rhlI/R systems in turn activating the
virulent nature [42,60]. Excessive host inflammatory responses
lead to harmful effects such as generalized hyperthermia, severe
tissue edema, and organ dysfunction. Anti-inflammatory drugs will
interrupt chronic infection therefore a huge number of plant-derived
compounds are widely used in the treatment of microbial infections
and decrease inflammation due to their less toxic nature [61]. This
study, Andrographis paniculata belonging to the family Acanthaceae
was harnessed due to its antibacterial, antiviral, antioxidant,
anti-inflammatory, and hepato-stimulant activities [62]. Methanol and
chloroform extract of 4. paniculata exhibited significant anti-quorum
sensing activity. 4. paniculata extracts at a concentration lower than
minimum inhibitory in a dose-dependent manner lowered biofilm
formation, virulent product production, and swarming motility of
P. aeruginosa without affecting its growth. The last system was found
to play a role in colonizing host tissues whereas rhl system contributed
to the virulent nature of the pathogen by chelating the attached iron
from transferring [63]. A. paniculata extracts were found to inhibit the
free planktonic cells to attach to abiotic surfaces thus preventing the
first step of biofilm formation. It was concluded that the chloroform
extract of A. paniculata exhibited potent anti-inflammatory activity at
a very low concentration by inactivating p38- and ERK1/2-signaling
pathways [13,64]. Table 2 represents plants that could be used as anti-
pseudomonal agents.

Biofilms are bacterial colonies that have a high tolerance to stress,
antimicrobial compounds for a better adaptive habitat [65].
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Table 2: Represents plants that could be used as anti-pseudomonal agents.
Plant name Organism Dosage Mode of action References
Santalum album, Bergenia ciliata, P. aeruginosa 100-300 pg/disc Inhibition of bacterial growth in disc diffusion [4]
Jasminum officinale assay
Stereospermum kunthianum, Bridelia, P. aeruginosa 80 uL/disc Minimum inhibitory concentration and minimum [13]
Cassia tora, Acacia acuminata, bactericidal concentration were determined for all
Anthocephalus cadamba, Schleichera the 10 timber-yielding plants
oleosa, Eugenia jambolana, Mimusops
elengi, Tectona grandis, Pterocarpus
santalinus
Aegle marmelos P. aeruginosa, 2-10 pg/mL Prevention of formation of biofilm with highest [13]
Escherichia colli, activity
Salmonella typhii
Moringa oleifera P. aeruginosa, 0.05 mg/mL Preventing the free planktonic cells to attach [19]
Staphylococcus aureus to surfaces, disrupting the pre-formed biofilm,
reduction of metabolic activity
Dendrophthoe falcata P, aeruginosa 1 mg/well Anti-biofilm activity, reduction of quorum sensing [91]
mechanism
Anacardium occidentale, Coffee P. aeruginosa, 50 uL Inhibition of fucophilic lectin PA-IIL, Reduces [87]
Arabica, Lycopersicon esculentum, Chromobacterium intestinal and other human infections by blocking
Theobroma cacao, Curcubita violaceum lectin-dependent bacterial adhesion
Pongamia pinnata P. aeruginosa 100400 pg/disc Supression of TNF-o and IL-6 and enhanced [32]
IL-10 increasing anti-bacterial effect
Cassia alata P. aeruginosa 0.4 mg/mL Attenuation of virulence factors such as elastase [91]
and protease. Reduction of swarming motility of
the bacteria
Alpinia officinarum P. aeruginosa 250 uM Expression of exoT, exoS, gacS, and fleQ were [44]
down-regulated
Andrographis paniculata P. aeruginosa 5 mg/mL Inhibition of free planktonic cells to attach to [92]
abiotic surfaces thus preventing the first step of
biofilm formation
Crataeva nurvala P, aeruginosa 15 pg/mL Suppression of quorum sensing mediated [4]
virulence factors such as hemolysin, pyocyanin,
protease and biofilm formation
Vitex negundo P. aeruginosa 30-60 ug/100 uL  Inhibition of bacterial growth [91]
P. aeruginosa: Pseudomonas aeruginosa
P. aeruginosa is one of the bacterial families that are considered the
most sinister pathogen that forms biofilms in the human host [66]. ANTIBIOTICS
Biofilms contribute eloquent barriers to several antibiotics therefore
identifying new compounds, and drugs that can inhibit the attachment
process are present of great interest [67]. Juglans regia is a temperate
forest tree that is known for its nutritional importance and its
therapeutic effects. J. regia extract is known to possess anti-diabetic,
anti-carcinogenic, anti-inflammatory, anti-helminthic, and anti-
ENHANCEMENT OF

diarrheic activities [68]. In this study, J. regia leaves were collected to
analyze antibacterial and anti-biofilm properties. Methanolic extract
of the plant was subjected to 50 different samples of P. aeruginosa.
It prevented the biofilm formation exhibited antibacterial effect
against P. aeruginosa. The extract was further tested against different
bacterial strains including Streprococcus mutans, Staphylococcus
aureus, Streptococcus salivarius, and Streptococcus sanguis. J. regia
methanolic extract exhibited an antibacterial effect against all the
strains except S. mutans strain [13,69,70].

3. CURRENT THERAPIES AGAINST P. AERUGINOSA
INFECTION

At present, available new approaches for the development of anti-
pseudomonal therapies include antibiotics, vaccines, phage therapy,

HYGIENIC
MEASURES

HOST DEFENSES

Figure 6: Currently available therapies against Pseudomonas aeruginosa

infections.

hygienic measures, and enhancement of host defense [Figure 6].
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3.1. Antibiotics

Different strains of P. aeruginosa are liable to a broad spectrum
of antibiotics including carbapenems, penicillins, monobactams,
cephalosporins, and fluoroquinolones. The emergence of resistant
organisms has called for alternatives especially due to infections in
intensive care patients. An alternative treatment for P. aeruginosa was
the revival of abandoned old drugs such as polymyxin B and colistin.
But due to their significant side effects, and toxicity more therapeutic
strategies have been developed against the multiple drug-resistant
P. aeruginosa. Compounds that can overcome 3-lactamase antibiotic
resistance were developed as another strategy. Ceftolozane-tazobactum
and ceftazidime-avibactam are the new cephalosporin-f3-lactamase
inhibitors introduced [55,71]. Chromosomal (3-lactamase is inactivated
by avibactam in P. aeruginosa AmpC. Other B-lactamase inhibitors
are under clinical trial including vaborbactam [72], zidebactam [73],
nacubactam [74], and relebactum [75]. Cefiderocol is structurally similar
to cephalosporins, they are found to be the most potent in vitro drug against
multiple drug-resistant P. aeruginosa [76]. Two fluoroquinolones that
exhibit anti-pseudomonal activity delafloxacin [77] and finafloxacin
have recently become available. Murepavadin is a peptidomimetic
that targets the outer membrane protein it is found to be a new weapon
against P aeruginosa. Aerosolized anti-pseudomonal drugs were
developed to treat chronic respiratory infections in patients with cystic
fibrosis or bronchiectasis. Liposomal amikacin is one such aerosolized
drug that can penetrate P. aeruginosa biofilms and within the airway
secretions, long-term inhalation led to carcinogenicity therefore this
drug was barred for P. aeruginosa infections [78].

3.2. Vaccines

Researchers have made an agenda to devise an effective vaccine
against P. aeruginosa infections but to date, there are no licensed
vaccines available. Octavalent O-polysaccharide-toxin A conjugate
P. aeruginosa vaccine was developed by the Swiss Serum and Vaccine
Institute in the 1990s for the immunization of healthy patients with
cystic fibrosis. The vaccine significantly lowered the infection in cystic
fibrosis patients due to high-affinity antibodies among immunized
patients. In 2010, attenuated live Salmonella strains were administered
to human volunteers through systemic, nasal, or oral routes [79]. Nasal
and oral vaccines exhibited promising effects through a significant
increase in IgA and IgG antibodies. The authors concluded that by
inducing a specific antibody response in the lung the nasal and the
oral vaccines would serve as promising applicants for the development
of anti-pseudomonal immunization against P. aeruginosa. Globally,
researchers are trying to explore synthetic biology using CRISPR-Cas9
to have a viable solution [80].

3.3. Phage Therapy

Antibiotic resistance is not only a major threat to human health but
also affects the production of food and sustainable development.
Phage therapy has regained interest but it was abandoned in several
countries. Eastern European countries still develop phage therapy with
centers in Georgia, Poland, Thbilisi, and Warsaw [81]. Establish phage
therapy there needs to be an in-depth understanding of how there were
mutual descent and conflict between the phage and the bacterium. It
was observed that P. aeruginosa can remove all the phage receptors
and also cystic fibrosis lung was resistant to phages after 5 years.

3.4. Hygienic Measures

Control measures including education of personnel, environment
cleaning, and hand hygiene was demonstrated by the microbiological

monitoring to avoid the development of resistance to P. aeruginosa [82].
Prolonged uses of antibiotics are leading to multiple drug resistance;
therefore, antibiotics should be avoided when it is not necessary. In
hospitals, the sinks are majorly contaminated with P. aeruginosa,
which leads to contamination of hands during washing, medical
devices, detergents, soaps, and aqueous solutions [83]. Installing
filters prevented bacterial contamination of tap water and hands during
washing [84]. Transmission of pseudomonal infections was observed
in patients suffering from cystic fibrosis; therefore, P. aeruginosa
positive and negative patients were separated [85].

3.5. Enhancement of Host Defense

The intensive care units P. aeruginosa infections are high risk due to the
treatment of antibiotics and nosocomial lung infections. This infection
is caused due to antibiotic-associated secondary IgA deficiency;
treatment of IgA through the nasal route would serve as antibacterial
therapy against P. aeruginosa infected patients [86,87]. Since all these
therapies have one or the other side effects and disadvantages, using
naturally available herbal medicine would reduce the risk of side
effects and provide us better results and health stability [88-90].

4. CONCLUSION

P. aeruginosa is an opportunistic human pathogen that has evolved
with multiple mechanisms enabling them to grow, survive, and infect
its host with a higher success ratio. Further, it has also developed escape
strategies at a molecular level such as secretion systems, oxidative
cascades, advanced metabolic networking, intelligent, and alternative
regulatory master transcriptional factors which will facilitate its holistic
survival within and outside the host cell. Beyond this, it has developed
effective quorumone molecules for cell-density-dependent signaling
and microcolony trafficking. The exopolymeric substance provides a
shielding effect against antibiotics, changing microenvironments, and
potential anti-psuedomonal agents. Nanotechnology, green chemistry,
synthetic biology, and genome editing technologies have paved the
way to explore the possibilities of phytomolecules which can lead to
newer drug design and development. The available research updates
suffer from a major lacuna in explaining the mechanistic strategies
of P. aeruginosa pathogenicity. Hence, a complete revamping of the
current methods should be re-visited to understand this micro monster
and its various transitional forms (planktonic and biofilm) equipped
with nanotools which would ultimately lead to early detection and
diagnosis leading to better health and hygiene.
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