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Abstract

Acinetobacter baumannii is a rising public health concern worldwide due to its broad drug-resistant
phenotypes and clonal spread. Developing efficient methods to reduce the effects of antimicrobial
resistance requires an understanding of the dynamics of A. baumannii populations. Clonal lineages,
which are genetically linked groups of bacteria, are crucial for determining the spread of antimicrobial
resistance. Outer membrane vesicles, iron acquisition systems, and biofilm-associated proteins of A.
baumannii are important virulence factors that work together to increase its pathogenicity. Intolerance
to multiple drugs and the capacity to produce biofilms make A. baumannii a serious treatment
problem. A. baumannii has been found in an increasing number of environmental niches, such as soil,
rivers, and treatment facilities. Additionally, it has been found in a variety of dietary items, including
vegetables and meat, as well as in domestic pets like cats, dogs and agricultural animals. As humans,
animals, and the environment are all interrelated in the spread of antimicrobial resistance, this review
discusses the groundwork for creating focused treatment approaches to combat multidrug-resistant A.
baumannii infections. The purpose of this study is to present a thorough and current global scenario of
A. baumannii to investigate virulence mechanisms, therapeutic challenges and molecular pathogenesis.
In addition to discussing the current advancements in the epidemiology of A. baumannii and accessible
antimicrobial treatments, this study provides an overview of the ubiquitous nature of A. baumannii
in the form of the most commonly reported sequence types globally.
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INTRODUCTION

In healthcare settings, especially in
intensive care units, bloodstream infections (BSls)
contribute to higher morbidity and approximately
60% mortality rates worldwide. Accurate and
rapid identification of the causative infections is
essential for both efficient therapy and better
patient outcomes.? Antimicrobial resistance
(AMR) or multidrug resistance (MDR) is the
most prominent characteristic, which enables
A. baumannii to endure an environment of
antimicrobial stress, making the microbe pose a
hazard to individuals and making handling more
complicated.??

A. baumannii is a ubiquitous, strictly
aerobic bacterium that generally prefers humid
environments, especially hospitals and municipal
wastewater, to grow.*® It is a non-fermentative,
non-motile, Gram-negative coccobacillus with
non-lactose-fermenting, catalase-positive and
oxidase-negative characteristics, posing a serious
risk to individuals in critical condition.® It is now
a significant opportunistic infection not only in
immunocompromised patients but also causes
nosocomial infections, often among patients
with high-risk conditions, including advanced age,
prolonged hospital and/or intensive care unit (ICU)
stays, excessive antibiotic usage, and indwelling
catheters.” Within the Acinetobacter genus, more
than 68 species have been identified via Genomic
methods, and among them A. nosocomialis, A.
baumannii, A. pittii, A. lactucae (Earlier known
as Acinetobacter dijkshoorniae), and A. seifertii
are the most clinically relevant species.® 56 new
tentative Acinetobacter species were found in a
study, bringing the total count to 144. Of them,
68 were identified at the species level, and 76
were unidentified taxonomic groups.® Moreover,
they are phenotypically and evolutionarily
indistinguishable (showing phenotypic and
genotypic features) from the other conserved
species A. calcoaceticus, although they belong
to a species intricate which is called the A.
calcoaceticus baumannii (ACB) complex. Among
the other species, A. baumannii is a vital pathogen
from the ACB complex.’ As a primary reservoir, it is
most frequently identified in nosocomial settings.
A. nosocomialis, A. seifertii, and A. pitti have been

progressively reported as carbapenem-resistant
and MDR.2

By having the substantial microbial
resistance, A. baumannii has been becoming
MDR with having the intrinsic capability to obtain
novel resistant elements either enzymatic or non-
enzymatic mechanism such as carbapenemases
(carbapenem-hydrolyzing B-lactamases), and
efflux pumps like; ABC, MATE, MFS and RND,
and impermeability resulting from the loss of
major outer membrane proteins porins (Figure
1).* In addition to its innate natural resistance
to antibiotics, A. baumannii’s rapid transition
from highly susceptible to multidrug-resistant
phenotypes is caused by the growth of its
genomic resistance islands owing to antibiotic
pressure in hospitals. The horizontal acquisition
of ARGs (Antibiotic Resistance Genes) by the
promiscuous action of mobile genetic elements
further complicates this.’ It can also endure
dry climates. Its virulence is influenced by
biofilm formation, adherence to abiotic surfaces,
motility, outer membrane proteins, oxidative
stress mechanisms, drug efflux, and serum
resistance.'®* In GNB, conjugation promotes the
spread of genes conferring antibiotic resistance.
Although several studies have investigated this,
few studies have shown the efficient transmission
of resistance genes containing integrons from
clinical Acinetobacter spp. to environment-
specific isolates. bla ., bla,,., bla,, and bla,,
are important resistance genes in A. baumannii.
Plasmid-located genes that correlate with B-lactam
resistance (bla .. ), carbapenem resistance (bla
bIaOXA-Z3' blawm' blaOXA-ZA’ bIaOXA-SS' and bIaNDM-l)’
sulfonamide (sul2), and streptomycin (strAB).**!>
In A. baumannii, transposable elements, such as
insertion sequences and transposons, contribute
to AMR. Significant insertion sequences linked
to the expression of the carbapenemase gene
include ISAbal, ISAba3, ISAba2, ISAba4, and
IS18.* Transposons, which range in size from 3-40
kb, can include many genes and are categorized
as either complex transposons (which have
more complicated architectures) or composite
transposons (which have resistance genes
surrounded by insertion sequences). bla,, ,, was
connected to Tn2006, Tn2007, and Tn2008. In
Tn2006, the bla,, . gene is flanked in opposing

IMP?

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Kumar et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.4.24

orientations by two homologous ISAbal insertion
sequences.”

Numerous A. baumannii infection
outbreaks linked to epidemic clones have been
documented in hospitals worldwide, primarily in
the critical care units. The bacterium is well known
for being resistant to several antibiotic families,
including the last-resort drugs, carbapenems and
colistin. As a result, the treatment of A. baumannii
infections is extremely difficult.?

A. baumannii can cause a wide range
of nosocomial infections and diseases, such as
urinary tract infections (UTI), septicemia, wound
and skin infections, pneumonia, meningitis, and

DNA gyrase
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endocarditis (Figure 2).% It is highly responsible
for ventilator-associated pneumonia (VAP),
which has higher rates of morbidity and mortality
than non-infected neonates.'®'® Moreover, A.
baumannii is presumed to be one of the ESKAPE
pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, A. baumannii,
Pseudomonas aeruginosa, and Enterobacter
spp.) conducting epidemiological investigations
globally have been advised. A. baumannii strains
to antimicrobial drugs is mostly attributed to
the adeABC efflux pump. A higher prevalence of
different efflux pumps and porin genes, especially
AdeA and AdeB, has been reported, which are the

Decreased antibiotic uptake

Figure 1. Antimicrobial Resistance Mechanisms of A. baumannii

Figure 2. Infectious Diseases caused by A. baumannii

major genes significantly affecting the resistance
pattern of A. baumannii.®®

A. baumannii is not only found in
humans but also isolated from different sites
such as food industries, animals, water, sewage,
and soil.?* In 2015, the WHO introduced the
Global Antimicrobial Resistance & Surveillance
System (GLASS) to monitor and control AMR.
Using a “One Health” program, which considers
the interdependence of animal, environmental,
and human health, this program seeks to limit
AMR globally. It acknowledges the need to locate
every possible cause of the spread of antibiotic
resistance.?? The One Health concept states that
germs, especially those that may carry multiple
ARGs, might transmit between species when pets
and their owners are physically close. Regarding
companion animals, long-term hospital stays,
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anesthesia, intubation and mechanical ventilation,
urine catheterization, previous antibiotic therapy,
previous surgery, and immunosuppression are
risk factors for A. baumannii infection.”®> MDR
A. baumannii strains that infect the respiratory
systems of dogs and cats can spread throughout
the community and pose a zoonotic danger
without requiring hospital stays.?* Bacterial AMR is
one of the most significant and widespread health
problems in the world from a personal health
perspective.?

Epidemiology

Intensive care unit (ICU) infection statistics
show how frequently A. baumannii outbreaks
occur throughout many continents, mostly in
North and South America, and Europe (Table 1).
Three MDR clones were primarily responsible
for these outbreaks, but new strains are now
widespread in several regions of the world, with
cases documented in the US, South America,
Canada, Europe, the Middle East, Southeast Asia,
Australia and Africa.?®?” A. baumannii caused
2%-10% of all infections in a global evaluation
of antibiotic action against MDR Gram-negative
bacteria; resistance rates increased in 2017, with
a global rise of >40% in resistance over 2004 and
2014. North America had the lowest total MDR
among A. baumannii isolates when broken down
by continental region (31%), whereas >50% of
isolates from Africa, the Middle East, and Latin
America had MDR. Furthermore, A. baumannii
isolates had the highest overall MDR rates, with
44% of them being MDR.?

Healthcare-associated infections are
frequently caused by A. baumannii. Up to
50% of A. baumannii isolates are resistant to
carbapenems, which has worsened the issue
of carbapenem-resistant A. baumannii (CRAB)
infections. Research conducted in the United States
revealed that individuals with CRAB infections had
a 26% mortality rate. Because of the organism’s
propensity to pollute the healthcare environment,
form biofilms, and colonize and infect those who
are vulnerable, CRAB most frequently manifests in
ICU patients and those with indwelling equipment
or materials. A. baumannii infections are most
frequently caused by pneumonia; more than
half of A. baumannii infections manifest as
pneumonia. Ventilator usage is frequently linked

to nosocomial bacterial pneumonia caused by A.
baumannii.***° A recent meta-analysis found that
MDR A. baumannii, particularly CRAB, account
for the majority of cases of ventilator-associated
pneumonia/hospital-acquired pneumonia (VAP/
HAP) worldwide, with a pooled global prevalence
rate of 79.9% (95% Cl 73.9%-85.4%).3* While CRAB
is still a cause of VAP in less than 25% of cases in
some parts of the world, like the United States and
Europe, it has become one of the most common
causes of HAP/VAP in other parts of the world,
like Southeast Asia, since carbapenems were
introduced as a common treatment for VAP in
the 2000s and 2010s.*? Infection and respiratory
failure at the time of hospitalization, maintaining
mechanical ventilation and an endotracheal
tube, a recent central venous catheter insertion,
bacteremia caused by other microbes after
colonization by MDR A. baumannii, and previous
antimicrobial therapy were each independent
predictors of MDR A. baumannii BSI in one study
of ICU patients in South Korea.*?

Furthermore, several epidemic clones
currently dominate the worldwide distribution
of A. baumannii clinical isolates, particularly
international clones (IC) 1 and 2, also known
as global clones 1 and 2. According to recent
surveillance investigations, IC2 is more common
outside Latin America.?* IC6, IC7, and IC8 are
widely used worldwide. In Latin America, which
has a unique epidemiology, IC4 and IC5 are often
recognized as important epidemic lineages. 1C9
and IC11 are clones that have been discovered
more recently; IC3, which was once common
along with IC1 and IC2, is now rarely detected.®
Higher occurrences have been observed by global
surveillance networks in North America, Europe,
Asia, and the Middle East; in certain ICUs in the
Mediterranean and Middle East, carbapenem
resistance rates exceed 80% of all A. baumannii
isolates. Moreover, Multicenter research carried
outin Asian critical care units found that 35%-85%
of A. baumannii isolates showed carbapenem
resistance, with the highest rates found in
Thailand, Pakistan, and India.*® Middle East and
North Africa (MENA) tertiary care centers have
recorded rates of above 70%-90% in Egypt, Iran,
and Lebanon.¥ Military conflicts and instances
of large casualties have been connected to the
spread of CRAB. During the conflicts in Irag and
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Table 1. Global spread of A. baumannii Resistance genes and Mortality rate

No. Resistance Resistance Sequence Type/ Country Mortality  Ref.
Antibiotics Gene International Rate
clone

1.  Carbapenem OXA-23 ST208/1C2 China >60% 67

2. Carbapenem OXA-23 1C2 Greece 74% 68,69
3. Carbapenem OXA-23, OXA-40 ST2/1C2 France 17.7% 70

& OXA-58

4. MDR OXA-23 ST79 & ST25 Brazil 34.1% 71

5. MDR & XDR blaOXA-72 - Ecuador 35% 72

6. Carbapenem MDR OXA-23 ST1816, ST 128/1C2 India 74.6% 73,74
7. MDR OXA-23blalMP - Saudi Arabia  47.6% 75,76
8. XDR OXA-23, NDM-1 & ArmA  ST2/IC2 Brazil 75% 77

9. Carbapenem OXA-23 IC1&IC2 USA 20% 78
10. MDR OXA-23, NDM ST1 & ST2 South Africa  52.2% 79

Afghanistan, troops who had suffered severe
injuries were exposed to CRAB infections from field
and evacuation hospitals.®® In a study, Lin Lee et
al. found that CRABs are more common than 30%
worldwide, with rates exceeding 50% in places
such as southern and eastern Europe and over
80% in other parts of Asia.*

A. baumannii has also been obtained
from several species, such as mink, cattle, pigs,
and falcons.* While some animal-derived A.
baumannii isolates, such as those from dogs
and cats, have multiple AMR, the majority
appear to show minimal AMR. A. baumannii is
also commonly found in a variety of non-animal
sources, including food, soil, plants, and different
water bodies.***It is concerning that CRAB strains
have spread to non-clinical settings outside of
hospitals. Indeed, strains of A. baumannii that
produce OXA-23 have been found in hospital
wastewater in a number of nations.**° wastewater
treatment.*®%0°1 facilities as well as naturally
occurring waterways like rivers.>>**However, since
the existence of healthcare-relevant clones in
aquatic settings poses a threat to the intertwined
human-animal-environment interaction, genomic
and corresponding environmental data are still
rare and tremendously useful.>*°® Moreover,
numerous investigations have shown that hospital
wastewater and other wastewater sources
worldwide include both carbapenem-susceptible
and CRADb.>157-%° The identification of clinically
significant bacterial lineages of A. baumannii

in sewage may serve as a helpful indication of
pathogens spreading in the human population in
addition to offering information on the possible
danger of CRAB spreading through wastewater.5%:62
In India, AMR continues to be a major public health
concern, leading to high rates of morbidity and
death, especially in children. The public health
issue has increased due to the rapid appearance
and spread of resistant bacteria, particularly
resistance to last-resort antibiotics such as
colistin and carbapenems.®*% Animal farms are
important but little-studied habitats for the
spread of AMR bacteria and ARG because of the
intimate interactions between people, animals,
and environmental reservoirs. Despite their
significance, there are few systematic studies on
the incidence of AMR in cattle and related human
populations in India, and the majority of the data
come from small, regional studies. The danger
is increased, and the necessity of integrated
monitoring is highlighted by the uncontrolled use
of antibiotics in cattle and the lack of thorough
surveillance systems.®>® Mastitis in conventional
dairy cattle and buffaloes, a prevalent clinical
issue, harbors a variety of bacterial communities,
including multidrug-resistant strains, highlighting
livestock as a significant reservoir of AMR.®®

In 2019 alone, 49.5 lakhs deaths were
caused by bacterial infections and AMR. The
finding that resource-constrained low- and
middle-income countries (LMICs) have the highest
incidence of AMR is concerning. Moreover, A.
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Table 2. Prevalence of A. baumannii in Environmental settings

No. Geographical Origin  Animal Species Sample Source Ref.
1. United Kingdom Pig, Cattle Meat 88
2. Republic of Korea Cattle, Pig Workers, Pork, Pig, 89
Cattle, Carcasses, Beef
3. Spain Pork, Beef, Chicken, Turkey Meat 22
4, Italy Dog Canine auricular swabs 90
5. Iraq Turkey, Chicken Meat 91
6. Zambia Chicken Pooled cloacal, Meat samples 92
7. Pakistan Broiler, Fish Broiler, Fish sample 93
8. Egypt Sheep, Chicken, Cow, Camel Meat 94
9. Iran Chicken, Turkey, Bovine, Ovine, Camel Meat 95
10.  Chile Pudu Swab 96

baumannii’s genome flexibility of A. baumannii
allows it to accumulate ARGs (Antimicrobial
Resistance Genes) linked to mobile genetic
elements (MGEs). Recent studies have shown
that plasmids also help human clinical strains
of A. baumannii acquire and propagate ARGs.?*
Because AMR is an increasing, growing and
crucial global health concern, and keeping this
in view, Liu et al., estimated that by 2050, due
to the high rates of mortality and morbidity, it
will cause 10 million deaths.®® The antibiotics
that were typically successful in combating A.
baumannii infections such as, polymyxins B and E
(also known as colistin), piperacillin/tazobactam,
aminoglycosides, carbapenems, and tigecycline,
some of among them are typically used as a last
resort to treat.®! But nowadays, MDR strains of A.
baumannii have become progressively prevalent,
which is limiting the efficacy of conventional
antibiotic therapy; furthermore, resistance to these
antibiotics is the most alarming. Consequently,
the WHO stated that A. baumannii is a prime
target for research and the development of new
antimicrobials. To combat these infections, new
antimicrobials or improved combination therapies
are urgently needed.®>® The resistance of CRAB
is caused by a number of mechanisms, such as
biofilm development, resistance acquisition, efflux
pumps, and changes to its outer membrane. 587

There is little information available on
the worldwide epidemiological overview of how
companion animals contribute to the spread of A.
baumannii (Table 2).

Mechanism of carbapenem resistance

Reports have shown that CRAB can be
detected on the hands of ICU staff members
as well as on environmental samples 94% and
55%, respectively. CRAB infections rank fourth
globally in terms of antimicrobial resistance.®”®
Carbapenem resistance in A. baumannii can
be mediated by various mechanisms, including
permeability following the loss of major porins
and efflux pumps. In A. baumannii three types
of RND efflux systems, AdeFGH, AdelJK and
AdeABC, of which AdeABC is a vital efflux pump
that contributes to resistance to carbapenems
and other medicines (last-resort antibiotics).
Moreover, this pump is controlled by a two-part
mechanism, that are AdeRS.% According to the
copious research, genes have been playing a
dynamic contributing factor to any bacterium’s
resistance to antibiotics and in the CRAB strains
OXA-type B-lactamase genes (class-D oxacillinases)
that is a drug’s enzyme and hydrolyze were found
in carbapenem.?° Although, they are deprived
carbapenem hydrolysers, but when these enzymes
overexpressed, they deliver resistance to the
bacterium because they directly bind to powerful
promoter that is mobile elements like ISAbal.
Among the OXA types genes, OXA-51 and OXA-23
are significant factors that influence carbapenem
resistance.2 Worldwide, carbapenem resistance
has been gradually increasing; however, Qui
et al. analyzed the resistance mechanism of A.
baumannii using transcriptome analysis, and
they showed that the transcriptome delivered a
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hypothetical basis to regulate A. baumannii. Qiu
et al. showed in their report that the creation of
chaperonins, peptidoglycans, efflux pumps, and
biofilms were all implicated in A. baumannii’s
resistance to carbapenem antibiotics.’®* Imipenem
is frequently one of the only available treatment
options, which has been worsened in the last few
years by the global spread of A. baumanniiisolates
that are resistant to carbapenems.*®

Penicillin-binding protein (PBP)
overexpression, enhanced efflux pump function,
reduced production of OMPs, and [B-lactamase
synthesis are the main mechanisms behind
carbapenem resistance in A. baumannii. classes
A-D are used to classify B-lactamases. Production
of class D (OXA-type carbapenemases) and class
B (metallo-B-lactamases), as well as less common
classes. The main mechanisms of carbapenem
resistance in CRAB include class A enzymes, such
as KPC/GES.* Antibiotics can enter bacterial
cells by altering the bacterial outer membrane,
usually porin channels. However, A. baumannii
has the ability to change or decrease these
porins, which lowers the availability of the
medication. Consequently, even strong antibiotics
are unable to reach the parts of the cell where
they are supposed to. Efflux pumps significantly
contribute to resistance. Antibiotics are forcefully
eliminated from bacterial cells by these protein
systems. As the bacterium continuously removes
the antibiotic, it maintains a low intracellular
concentration, making antibiotics less effective.
MDR microorganisms are more susceptible to
efflux-mediated resistance. In addition to these
mechanisms, A. baumannii can alter the locations
of antibiotic targets.®

Except for monobactams, MBLs exhibit
pan-B-lactam catalytic activity when carried by
transmissible genetic vehicles, such as plasmid
vectors and integron systems. Using conserved
protein architecture analyses, these Zn**-requiring
hydrolases are evolutionarily divided into three
subgroups: B1 (clinically common), B2 (limited
catalytic range), and B3 (uncommon ecological
isolates).’®® While imipenemase (IMP), Verona
integron-encoded metallo-B-lactamases (VIM),
and New Delhi metallo-B-lactamases (NDM)
predominate in the worldwide B-lactamase
distribution, their frequencies are reduced in
clinical CRAB specimens.*”

Mechanism of colistin resistance

Colistin is a naturally occurring
positively charged peptide that attaches to
the negatively charged phosphate groups of
lipids. A lipopolysaccharide (LPS) component,
or lipooligosaccharide (LOS) in the case of
A. baumannii, causes cell lysis and rupture
of the envelope. To boost their resistance to
antimicrobial peptides, GNB have developed
various ways to alter the lipid A component of
LPS/LOS. Mutations in the pmrCAB operon are
the primary source of colistin resistance in A.
baumannii. The two-component PmrAB cassette
regulates the expression of many genes, including
the pmrC and naxD operons, in response to low
pH and certain divalent cations (Fe*, Zn*, and
A|3+)_108—110

A. baumannii exhibits multifactorial
colistin resistance associated with various
molecular pathways. Changes in the genes
IpxA, IpxC, and IpxD, which are involved in the
manufacture of lipopolysaccharide (LPS), can
compromise the integrity of the outer membrane
and decrease the ability to bind colistin.!*%112
Mutations in any one of the first three genes
involved in lipid A biosynthesis—IpxA, IpxC, and
IpxD—cause the loss of LPS, particularly its lipid
A anchor. Each of these three lipid A biosynthesis
genes has a unique mutation, according to
an analysis of 21 independently generated
colistin-resistant mutants of A. baumannii
strain ATCC 19606.1%%113114 The main cause
of A. baumannii’s ability to resist macrolide—
lincosamide—streptogramin (MLS) antibiotics is
erm genes, which alter the ribosome’s antibiotic-
binding site, rendering the medications ineffective.
MLS resistance in A. baumannii is increased by
the frequent transmission of these resistance
mechanisms via MGEs.”

Resistance to colistin can result from post-
translational modification or damage to the LPS
molecules that form the OM’s outer leaflet.*>11¢
Moreover, it occurs via modification of LPS by
regulating is the pmrAB Systems of regulation with
two components, IpxACD (specific mechanism
in A. baumannii) or efflux pump mechanisms.!!®
The causes of colistin resistance might be caused
by mobile plasmid genes termed mcr, that can
be transferred horizontally across bacteria, or
chromosomal changes (such pmrB, IpxACD, and
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pmrA).**7 According to Srisakul et al., a combination
of colistin and sulbactam demonstrated a synergy
rate of 86.7% against colistin-resistant A. baumannii
(CoR-AB) isolates compared to sulbactam (85.89%)
or colistin (15.14%) alone. The treatment of
CoR-AB infections may be possible due to the
exceptional synergistic activity of the combination
of colistin and sulbactam.'*® Khoshbayan et al.,
detected mutation in IpxA, IpxC, IpxD, pmrA,
and pmrB, and they also demonstrated that the
primary mechanism linked to colistin resistance
was the two-component PmrAb system.' In
first three stages of lipid A synthesis IpxA, IpxC,
& IpxD genes are involved and based on the
reports, the IpxC or IpxA genes are silenced by
mutations, which resulted in colistin resistance.
Farajnia et al. identified in their research that
the colistin-resistant bacteria along with novel
alterations in IpxA, IpxC, IpxD and pmrB genes
also leads to novel mechanisms of resistance
in the A. baumannii clinical isolates.!® Srisakul
et al., demonstrated that, in the clinical isolates,
Lipid A and colistin have a lower binding affinity
when LPS is modified by phospho-ethanolamine
(pEtN), which is linked to important resistance.
Moreover, pEtN-induced alterations in lipid A,
linked to pmrCAB operon mutations, are the
primary colistin resistance mechanism in CoR-AB.
Although the insertion or mutational inactivation
of the IpxC, IpxA, and IpxD genes is impacted by
LPS production and most probably related to
colistin resistance in A. baumannii.**® Furthermore,
Yamada et al. demonstrated that in A. baumannii,
PmrAB not only regulating genes that are crucial
for antimicrobial resistance but also engaged in
reactions to environmental cues including pH and
metal ions, which causes LOS modification.*

Mechanism of aminoglycosides resistance

A. baumannii produces aminoglycoside-
modifying enzymes (AMEs) that make it resistant
to aminoglycosides. Based on their chemical
actions, these enzymes can be categorized into
various groups, such as adenyl-transferase,
acetyltransferase, and phosphotransferase.
Moreover, AMEs enhance the capacity of bacteria
to attach to the antibiotic’s intended ribosome
locations. Although aminoglycoside resistance can
occur through an alternative mechanism involving
the production of specific 16S rRNA genes,

such as rmtA, armA, rmtC, rmtB, and rmtD.*?*°
For susceptible CRAB isolates, aminoglycosides
are now advised as part of a combination
treatment. Noticeably, there was limited evidence
regarding the impact of newly licensed or
approved B-lactamase inhibitors/B-lactam on
infections fetched by GNB, which are resistant
to carbapenem.'? Seifert et al., found that the
most of the strains of A. baumannii that remained
resistant to meropenem worldwide, were also
resistant to aminoglycoside (amikacin) North
America’s 58.7% and the other areas’ 82.1%-
87.9% whereas, levofloxacin 98.8%, moreover,
the worldwide resistance rate is approximately
>80%.1%

Mechanism of 3-lactams resistance

As per Ambler’s classification, there
are 4 types of beta-lactamases: A, B, C, and D;
while referring to their biochemical role, Jacoby’s
categorisation places them into four groups.
Sulbactam is an inhibitor of class A B-lactamase
with inherent whole-cell activity against a
limited range of bacterial species. Moreover,
it works against A. baumannii by inhibiting the
penicillin-binding protein (PBP), PBP3, PBP1a,
and PBP1b.'2 Furthermore, cefiderocol resistance
is a result of some B-lactamases. Over time, the
clinical usefulness of sulbactam for A. baumannii
infections has diminished because it is cleavable
by numerous B-lactamases, such as TEM-1, OXAs
(OXA-24/72, OXA-23, and OXA-58 families), and
Acinetobacter-derived cephalosporinase (ADC-
30)_123

Over 90% of A. baumannii are resistant to
carbapenems in several nations, including Belarus,
Montenegro, Serbia, and Turkey. There are several
ways that A. baumannii develops carbapenem
resistance, but the main one is by the acquisition
of OXA-23 and OXA-24, two Ambler class D
enzymes. Although there have also been reports
of other carbapenemases, including KPC, OXA-58,
IMP, and NDM. Additionally, PER-type extended-
spectrum B-lactamases (ESBLs) effectively
hydrolyze cephalosporins and penicillins.**7:124
Intrinsic resistance to cephalosporins, penicillins,
and first-generation B-lactam-B-lactamase
inhibitor combinations is caused by bla, _genes,
which are encoded on the chromosomes of A.
genomospecies 3 and ABC. In contrast to its
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Gram-negative bacilli relatives, bla, . cannot be
generated in Acinetobacter species. When bla,
overexpression takes place, insertion sequences
(1S) deployed upstream are required.*® In ABC,
a number of acquired bla_,, gene groups with
carbapenemase activity have been found. In 1985,
a clinical A. baumannii collected from a patient
in Scotland was found to contain the first bla_,,
gene, which codes for a protein with carbapenem-
hydrolyzing activity. Initially known as bla,, ,
the encoding gene was subsequently renamed
bla,, ... It appears that bla,, . originates from
Acinetobacter radioresistens, where a variation of
this group was found on the chromosome next to
the ATPase gene.**'*The bla_, ,. .. group, which
is often found on a plasmid as part of transposons
and is preceded by ISAbal or ISAba4, has been
widely identified among A. baumannii isolates
worldwide. Furthermore, a shortened ATPase
gene derived from A. radioresistens was found
afterthebla_,, .. . gene.bla . _genesarestill
quite common in resistant isolates. According to
recent research, 39.5% and 74.5% of ABC isolates
from the US and Europe, respectively, contained
blaOXA-B-Iike genes_123—131
Mechanism of polymyxin resistance

Polymyxins (colistin and polymyxin B) are
a typical class of cationic antimicrobial peptides
(AMPs) that are used as last-resort antibiotics
against MDR GNB. Worldwide, polymyxin
resistance has been increasing, which is most
commonly regulated by two-component systems,
such as PmrAB (PmrA and PmrB) and PhoPQ.
Polymyxins are considered last-resort antibiotics
for MDR GNB treatment; however, to promote
resistance toward cationic antimicrobial peptides,
GNB can alter the structure of their LPS."3? The
deacetylase NaxD and phosphoethanolamine
transferase PmrC, which are implicated in A.
baumannii’s polymyxin resistance, are crucially
regulated by PmrAB TCS. PmrAB has been linked to
a reduction in biofilm forming capability, average
rate of growth, fitness, and pathogenicity in
addition to its function in polymyxin resistance.*

PmrCis related to bacterial pathogenicity
and survival and is essential for preserving
the integrity of the outer membrane (OM).
Additionally, NaxD is essential for in vivo
pathogenicity, replication inside macrophages, and

resistance to the antimicrobial peptide polymyxin
B.13#13Some bacterial strains, including E. coli, S.
enterica, and K. pneumoniae, have a Pmr operon
that includes the PmrA, PmrB, and PmrC genes,
as well as an additional gene that codes for a tiny
adaptor protein termed PmrD. Notably, PmrD
controls the activity of the PmrA-PmrB system at
the post-transcriptional level.’®

The pmr operon in A. baumannii
comprises PmrA, PmrB, and PmrC as essential
components. The lack of PmrD suggests that other
proteins may be involved in the activation of the
PmrA-PmrB system. It is possible that alternate
coordinated mechanisms may control this system
in the absence of PmrD. It is important to note,
however, that while the fundamental elements of
the pmr operon are shared by other Acinetobacter
species, A. baumannii exhibits differences in
sequence and evolutionary traits compared to
PmrA found in other bacterial species.’”

Mechanism of tigecycline resistance

CRAB infections are currently treated
with sulbactam, polymyxins, tigecycline (TGC),
and the B-lactamase inhibitor.?® TGC resistance
has been progressively increasing in recent
years, despite the fact that TGC is one of the
primary drugs used to treat CRAB infections,
either alone or in combination.*° However, a
new-generation tetracycline called eravacycline
(ERV) exhibits potential as a cutting-edge therapy
for these illnesses. The difference in resistance
mechanisms between TGCand ERV is unclear. TGC
resistance in A. baumannii is primarily caused by
RND efflux pumps, such as AdeFGH, AdeABC, and
AdelJK, which are overexpressed and regulated
by the transcriptional regulators Adel, AdeRS,
and AdeN, respectively.’* Chen et al. reported
that in A. baumannii, TGC is less effective in
clinical isolates than ERV. The ISAbal insertion in
either adeN or adeS in A. baumannii is associated
with TGC resistance, while the ISAbal insertion
in adeS is associated with ERV resistance.’® ERV
is a new fluorocycline antibacterial agent that
shares structural similarities with TGC but differs
in two ways in the tetracycline core’s D-ring. These
changes significantly increased its bioavailability,
resulting in stronger in vitro efficacy against CRAB
than TGC.
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The most common and widely dispersed
mechanism linked to TGC resistance was disruption
of adeN, which codes for the repressor of the RND
efflux pump AdelJK, either by deletions mutation
resulting in premature termination codons or IS
elements.’* One of the studies demonstrated that
TGC continues to exhibit strong antibacterial action
against A. baumannii in vitro globally; however,
the treatment of A. baumanniiin a medical setting
is challenging due to a lack of effective choices
for therapy and difficulties with antimicrobial
susceptibility testing.*??

According to an international study, the
regulatory genes for RND efflux pumps, adeN
and adeRS, were mutated in at least 30% of
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Figure 3. Virulence Factors Fostering AMR in A. baumannii
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isolates that exhibited common TGC resistance
in 113 molecularly characterized CRAB isolates
with tigecycline MICs greater than 2 mg/L.}%
Furthermore, Hua et al. showed that TGC
resistance in A. baumannii is associated with
alterations in the adeS, rpoB, and rrf genes.'*?

Virulence factors

The unique features of A. baumannii
include its capacity to acquire or upregulate
a range of resistance determinants, including
horizontal gene transfer or other prospects, such
as antibiotic target site modifications, reduced
permeability of the outer membrane, upregulation
or overexpression of efflux pumps, altered
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Figure 4. Role of quorum sensing in biofilm formation and mechanisms of biofilm formation, maturation and

propagation
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Table 3. A. baumannii Literature reports of Sequence Typing, Virulence Factors and the Resistance Genes from

different sources

No. MLST Virulence Resistance Source Ref.
Factors Genes
1. ST2,ST267,ST942, bap, abaR, bauA OXA-51, OXA-66, Clinical, Hospital 170
ST1050, ST2058 OXA-180, blaADC-25, environments,
aadAl, aph(3”)-1b, Non-hospital
aac(3)-la, aph(6)-1d, environment, Soil
aph(3’)-la
2. ST1, ST2,ST32, ST85, KL, OCL OXA-23, OXA-58, Hospital 171
ST208, ST745, ST1363, OXA-24/40
ST1474
3. ST2, ST10, ST40, ST129, KL1, 2, 3,6,9, 10, OXA-23, OXA-23+24, Hospital 172
ST398, ST1277, ST1500 14, 22,49, 52, 81 OXA58+bIaWIp
4. ST2,ST191, ST195, KL128, 518, OXA-51/66, OXA-24/40, Hospital 173
ST208, ST369, ST540 0CL475, 518 OXA-23, OXA-143, OXA-58
5. ST938, ST469, ST369, OCL1, KL2, 3,7, OXA-23, OXA-66, Hospital 174
ST208, ST195, ST136 9,45,77,210 ADC-25, TEM-1D, gyrA,
parC, mph(E), msr(E)
6. ST2, ST25, ST81, ST150, NA OXA-23, OXA-51, OXA-58 Hospital 175
ST164, ST642, ST643
7. ST2, ST15, ST78, ST106, IC2, 1C4, IC6, KL2, 9, OXA-51, OXA-72, OXA-90, Hospital 176
ST193, ST498, ST1574 37,49,52,127,128, OXA-120, OXA-23, OXA-64,
141, 168, OCL1, 7 OXA-66, OXA-699,
OXA-88, TEM-1
8. ST2, ST10, ST32, ST52, IC2,1C3, IC9 blaADHg, OXA-23, OXA-66, Hospital, 177
ST85, ST149, ST267, bla,... ., aph(3”)-1b Environment,
ST409, ST2243 Human source
9. ST208, NA blaVIM, OXA-51, Hospital 178
AmpC, OXA-23
10. ST2,ST136, ST195, KL2,3,7,9, 21, 45, OXA-23, OXA-66, ADC-25, Hospital 179

ST208, ST369,
ST469, ST938

77, OCL1, ISAbal,
ISAba26, 1S26,
ISVsa3, ISAba22,
ISAba24, ISEc28,
ISAba45, ISAbal3,
ISAbal9, ISAba31,
Tn6022, Tn2006

TEM-1D, ANT (3")-llc,
aph(3")-1b, aph(3')-1a,
aph(6)-1d

targets, and intrinsic and acquired -lactamases.
Additionally, it can survive in harsh environments
because of molecular traits that promote
environmental persistence, such as motility,
resistance to desiccation, and biofilm formation.
Moreover, antibiotic misuse has resulted in a surge
in CRAB.1°*12* Adhesins, lipopolysaccharides, pili,
OMPs, autotransporters, iron uptake systems,
phospholipases, secretion systems, and other
virulence factors are responsible for A. baumannii

pathogenicity (Figure 3). These components
enable the bacterium to attach to and enter host
cells, evade the host’s immune system, and cause
tissue destruction. UTI, SSI, BSI and pneumonia
are among the human pathophysiological
conditions that are significantly influenced by its
infection.’* A. baumannii is found in hospitals
and natural settings worldwide, according to
several investigations, and their prevalence in the
environment appears to be connected to human
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associated sources. Table 3 shows the sequence
typing, virulence factors, and ARGs of A. baumannii
retrieved from different sample sources.

Porins

Gram-negative bacteria have a thin layer
of peptidoglycan in their cell walls, shielded by
an outer membrane. These components function
as a barrier, preventing hydrophobic materials
from entering the cell due to their decreased
permeability. Porin, a B-barrel protein that helps
small hydrophilic and amphiphilic molecules flow
through cells, makes up more than half of the
proteins that comprise bacterial outer membranes.
In particular, for antibiotics, the difference in
permeability is caused by the differentiation of
porin components or their changes. Furthermore,
A. baumannii has a 29-KD outer membrane protein
called carbapenem-associated outer membrane
protein (CarQ).*** Mutations compromise porins,
which carry antibiotics into the periplasmic
area where penicillin-binding proteins (PBP) are
located.

Omp are excellent candidates for creating
new therapeutic targets and antimicrobial tactics.
Generally, Omp are essential for preserving the
permeability and osmolarity of cells. The main
protein in A. baumanniiis OmpA, which is essential
for AMR. OmpA communicates with host cells,
promoting invasion, triggering apoptosis, and
allowing the bacteria to continue.'* Some studies
have also shown that a novel monopartite (single)
nuclear localization signal, OmpA translocates
to the nucleus and encourages cell mortality.
In epithelial cells OmpA, acts as a key part in
adhesion besides incursion and leads to additional
virulence attributes, such as antimicrobial
hindrance and resistance to oscillate complement
by interacting with the H factor. Furthermore,
it enhances the persistence and survival of A.
baumannii by forming biofilms and enabling
surface motility. Initially, CarO was shown to
be a porin that allowed imipenem to enter A.
baumannii cells. Eight B-barrel structures make up
the OM channel, allowing tiny molecules to flow
through. Six CarO variants with varying imipenem
specificities have been identified in A. baumannii
strains; remarkably, Hfg (master regulator) post-
transcriptionally regulates carO expression to
better fit the bacterial environment.*#

Capsular polysaccharide and lipopolysaccharide
(LPS)

In A. baumannii, the formation of capsular
polysaccharides is regulated by a conserved area
called the Klocus. LPS, a general structural element
in GNB, comprises three separate domains: lipid A,
core oligosaccharide, and O antigen. Macrophages
are stimulated by the O antigen, which produces
inflammatory mediators, including interleukin-8
and tumor necrosis factor, which initiates an
inflammatory response, and lipid A functions as an
endotoxin. Moreover, the expression of locus K is
controlled through the two-component regulatory
structure bfmRS (TCS), in persistence with the
model of pneumonia in mice, wherea bfmS is a
virulence factor which take part in adhesion to
eukaryotic organism, biofilm formation, although
it is also resistant to human blood serum.#®
Significant virulence factors of A. baumannii are
glycoconjugates, adhesins and surface appendages
such as peptidoglycan, glycosylated proteins, lipo-
oligosaccharide and capsular polysaccharides.9
By affecting several facets of biofilm development
and operation, including as initial adhesion,
microcolony formation, and matrix stability, CPS
significantly contributes to biofilm formation in
A. baumannii.*>* The extracellular matrix (ECM)
of biofilms contains CPS, which like other ECM
constituents such extracellular DNA, proteins, and
polysaccharides, contributes to the composition
and structure of the biofilm. By strengthening
the cross-linking between biofilm constituents, it
also increases the resilience of the biofilm matrix.
The hepta-acylated lipid of A. baumannii LOS may
enhance resistance to desiccation and cationic
antimicrobial peptides, as well as activate the Toll-
like receptor 4 (TLR4) pattern recognition receptor
(PRR) to boost the host’s innate immune response.
The structure of LOS can be changed to help A.
baumannii endure stressful situations.

Phospholipase

Phospholipase is a virulence factor
and lipolytic enzyme as well, which is essential
for phospholipid metabolism. There are three
classes of phospholipases have been defined
like as phospholipase D (PLD), phospholipase A
(PLA), and phospholipase C (PLC), according to the
cleavage site. Phospholipase Cand phospholipase
D are also produced by A. baumannii, which are
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responsible for phospholipid hydrolysis, and these
enzymes further break down host cell membranes
causes to deteriorate.'® New treatment options
are needed to address the global public health
issue of bacterial resistance. Phospholipases A2
(PLA2), which are animal toxins extracted from
snake venom and have significant antibacterial
properties, are one possible solution to this
issue.’® Because of the way their cell walls are
structured, GNB are more resilient to the effects
of harmful substances, which is likely why some
phospholipases in them have lower bactericidal
activity than those in Gram-positive bacteria
(GPB).2s4

Outer membrane vesicles

Various pathogenic GNB outer membranes
secrete outer membrane vesicles (OMVs), which
are small, spherical, and 20-300 nm in diameter.***
Additionally, A. baumannii releases OMVs, which
include phospholipases, proteases, and OmpA,
among other virulence factors. These OMVs have
deadly consequences when they interact with
host cells by binding to epithelial cells and target
organelles (such as mitochondria), bacterial
biofilm formation, immunomodulation, and
antibiotic resistance. Furthermore, OMVs facilitate
horizontal gene transfer by acting as vehicles for
plasmids carrying carbapenem ARGs.**® OMVs are
known as carriers for bacterial effectors to host
cells and are generally composed of the outer
membrane, LPS, phospholipids, proteins found in
the periplasm, and nucleic acids.*’ Furthermore,
OMVs carry out a number of vital biological
functions that help bacterial cells survive. They
carry enzymes that produce carbon sources from
complex macromolecules, perform transport
tasks, and eliminate misfolded proteins. Although
there are important hints about the physiological
significance of OMVs, there is no solid proof
of their biogenesis.*® Moreover, A. baumannii
OMVs act in the dissemination of plasmids
containing bla_, ., and bla, (carbapenem
resistance genes). Numerous investigations
have examined the proteome of OMVs from
various isolates of A. baumannii, resulting in the
identification of hundreds of OMV proteins.*’
Transporting nutrients, including copper, nickel,
iron, and complex carbohydrates, through the
energy-depleted OM is a critical function of TonB-

dependent transporters (TonRs). Owing to their
unique structural characteristics membrane, TonRs
can move nutrients across the outer membrane
while capturing them in an energy-independent
manner by harvesting energy from the inner
membrane. OMV-associated TonRs seem to be
vital for A. baumannii, a priority pathogen, to
persist in nutrient-deficient environments.**

Efflux pumps

Multidrug efflux pumps are facilitated
by integral membrane transport proteins, which
are a common mechanism of AMR in bacterial
pathogens. These proteins are usually highly
promiscuous and can identify a variety of
antimicrobial substrates with varying valencies
and structures. They are primarily capable of
actively expelling substrates into the extracellular
environment or periplasmic space, obstructing the
substrate’s journey toits intracellular destination.
Because of this, efflux pumps are frequently the
primary defense mechanism against antimicrobial
therapy; however, additional defense mechanisms
such as target site mutation, drug enzymatic
alteration, and reduced membrane permeability
can also be triggered.*®® A, baumannii has
been found to contain a variety of Metallo-beta-
lactamases (MBLs), like; VIM (Verona integron-
encoded metallo-beta-lactamases), SIM (Seoul
imipenemase), IMP (imipenemases), GIM (German
imipenemase), SPM (Sao Paolo Metallo-beta-
lactamases), and NDM (New Delhi Metallo-beta-
lactamases). A. baumannii contains oxacillinases
that can hydrolyze carbapenems, including OXA-
24/40, OXA-23, OXA-58, OXA-235 and OXA143.%°
The proteobacterial antimicrobial compound
efflux family, resistance-nodulation-cell division
superfamily (RND), major facilitator superfamily
(MFS), small multidrug resistance family (SMR),
and multidrug and toxin extrusion family (MATE)
are among the six families of bacterial efflux
pumps that have been identified. In Acinetobacter,
AdeABC and Acel efflux pumps confer resistance
to aminoglycosides and biocide, respectively.16-163
In Acinetobacter species, AdellJK, AdeAB(C), and
AdeFGH RND are the most relevant RND pump
families with respect to AMR; moreover, among
the three, the overexpression of adeABC is
most frequently seen in MDR hospital samples,
whereas AdeFGH efflux pump overexpression
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resulted in hypersensitivity to abnormalities
in the homeostatic regulation of the outer
membrane, such as lesions that inhibited porin
production and decreased the biosynthesis of
lipo-oligosaccharides.82149161184 pgint mutations,
deletions, insertions, and genetic alterations in
regulatory systems can all result in the production
of efflux pumps. The AdeABD system is resistant
to trimethoprim, tetracycline, aminoglycosides,
fluoroquinolones, and chloramphenicol. It
has also been shown to reduce tigecycline
susceptibility. The AdeFGH system has been shown
to be resistant to trimethoprim, tetracyclines,
tigecycline, clindamycin, fluoroquinolones,
chloramphenicol, and sulfonamide. Furthermore,
Acel, a new efflux pump that confers chlorhexidine
resistance, was identified in A. baumannii in
2015. The newly discovered proteobacterial
antimicrobial compound efflux (PACE) family was
assigned to this pump.¢®

Siderophores

During A. baumannii-associated
pneumonia, iron availability may be crucial for
blood dispersion and is essential for bacterial
development and host defense (nutritional
immunity).**® Predominantly, pathogenic bacteria
face a shortage of freely accessible iron in their
host, which is also nearly unreachable in mammals
for invasive bacteria. Under iron shortage
conditions, siderophores are secreted, and the
binding of siderophores to ferric ions allows A.
baumannii to acquire iron. Moreover, through
specific protein receptors on the outer sheath
of bacterial cells, especially GNBs, siderophores
loaded with heme and Fe3* are internalized, driven
by the proton gradient of the bacterial inner
membrane as an energy source. Cefiderocol is a
recently developed cephalosporin siderophore;
similar to other B-lactam antibiotics, it attaches
to proteins that bind penicillin, particularly
PBP-3, and inhibits bacterial cell wall synthesis.
Moreover, the failure to cure infections caused
by MDR strains of A. baumannii demonstrates
how quickly these bacteria evolve adaptation
mechanisms. As a result, A. baumannii is now
acknowledged as a community well-being threat
that requires the development of new therapeutic
targets and antibacterial techniques.'#¢¢” Table
3 shows the prevalence of various virulence

factors, sequence types, and resistance genes
from various clinical specimens. Resistance to
cefiderocol in A. baumannii is triggered by several
processes, such as changes in PBP-3’s amino
acid composition, downregulation of the TonB-
ExbB-ExbD energy transfer pathway, and changes
in the transcription levels of genes encoding
iron transport proteins, including feoB, fiu, and
feoA.1%81%° The absorption of cefiderocol depends
critically on the ferric-enterobactin receptor PirA
and the TonB-dependent siderophore receptor
PiuA. Uskudar-Guclu et al. showed that the
genes bla bla,. ., mcr-1, bla_, .., bla ..,
bla bla and bla were screened and

OXA.-Sl’ OXA-58 § OXA-24 )
contributed to cefiderocol resistance.”

IMP/

Biofilm

Biofilm development is one of the
most crucial adaptation mechanisms used by A.
baumannii to survive in challenging environments,
particularly in hospital settings. By adhering
to biotic and abiotic surfaces, A. baumannii
may create structured microbial communities
encased in a self-assembled extracellular matrix,
unlike planktonic (free-living) bacteria. The
bulk of this matrix is composed of proteins,
polysaccharides, and extracellular DNA, which
collectively provide the bacterial population with
mechanical stability and protection.'®7® The
attachment, development, maturity, and removal
of the biofilm are all part of the biological cycle
that this process typically follows (Figure 4).
Planktonic cells first attach themselves reversibly
to a surface conducive to growth after identifying
environmental factors that lead to a sessile
existence. The cells then undergo (a) irreversible
attachment, (b) growth, and (c) development of
microcolonies encircled by the biofilm polymeric
matrix. Cell-cell and cell surface interactions are
part of these early attachment phases, which
enable biofilm formation. As bacterial colonies
grow, the microbes take over the uncolonized
areas and cover the entire surface.'®1# Biofilm
development is therapeutically relevant because
of the obvious link between treatment failure
and recurring infections. In hospital settings,
A. baumannii frequently colonizes medical
equipment, such as intravenous lines, ventilators,
endotracheal tubes, and urine catheters. These
surfaces are ideal for biofilm development,
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allowing germs to persist despite routine cleaning.
Once established, biofilms operate as a physical
and biochemical barrier that shields bacteria from
host-specific immune systems and significantly
reduces the adhesion of antimicrobial agents.* At
the molecular level, the high frequency of biofilm
formation is supported by the existence of certain
virulence genes, such as those encoding OmpA and
Bap, which enhance structural integrity, adhesion,
and resistance, increasing the organism’s potential
for pathogenicity.'® Extracellular RNA (eRNA),
Extracellular DNA (eDNA), proteins, signalling
molecules, polysaccharides, and other substances
make up the self-produced polymeric matrix that
bacterial cells are immersed in in the biofilm
form.!8%181 Because of its capacity to form
biofilms, A. baumannii may persist on abiotic
surfaces. Additionally, this way of living offers
protection against environmental threats, such as
biocides. Generally, the biofilm matrix physically
prevents biocides from diffusing, and its chemical
constituents may interact with biocides to lessen
their effectiveness.®

The biofilm matrix, which provides
protection and structural stability to the biofilm,
is mostly reliant on the type of bacteria that
make up the biofilm. Since the chemical makeup
of the biofilm matrix dictates the biophysical and
biochemical characteristics of the biofilm, it also
affects the microenvironment. While singular-
species biofilms are more frequent in infections
and on the surface areas of medical devices, mixed-
species biofilms predominate in most habitats. 88’
Biofilm production is mainly influenced by
adaptability to environmental variables and is
dependent on nutritional conditions and/or
bacterial species. This process typically involves the
adhesion, development, maturity, and removal of
biofilms as part of a biological cycle. 18*% Because
biofilms are colonies of bacteria surrounded
by a protective matrix, they are challenging to
remove. Moreover, biofilms are more resistant
to antibiotics, which is particularly concerning for
human health. The observed higher tolerance is
caused by persister cells, decreased development,
biofilm-specific defensive stress responses, and
decreased penetration of antimicrobial agents
into biofilms.?8%%° |t can create biofilms on biotic
and abiotic surfaces, which improves bacterial

survival, immunological evasion, and resistance to
antimicrobial treatments, and is a crucial virulence
factor. Infections linked to biofilms are frequently
persistent, recurring, and challenging to treat,
particularly when they involve devices. Treatment
results are further complicated by the interaction
between biofilm development and antibiotic
resistance.'®

Quorum sensing

Bacterial cells frequently use quorum
sensing (QS), a cell-to-cell communication
mechanism, to coordinate gene expression in a
way that is dependent on cell population density.**!
The QS circuit generally involves the following
stages: (i) QS signal molecules are synthesized;
(i) these signal molecules are secreted into the
external cellular environment; (iii) receptors
detect the signal molecules; and (iv) target gene
expression is modulated.'®* The AHL signaling
system, which contains two main components—
the signal synthase Abal and the matching
receptor AbaR—is the first QS system found in A.
baumannii. The classic Luxl/LuxR system observed
in other GNB is comparable to this system. The
abal gene encodes Abal, a synthase that produces
AHL signal molecules.’®%* A. baumannii secretes
moderate to long-chain AHLs (C6 to C14), and a
putative lux-box sequence (CTGTAAATTCTTACAG)
located 67 base pairs upstream of the starting
codon of the abal gene acts as a binding site that
initiates a positive feedback loop, increasing the
synthesis of further AHLs.19>1%

Moreover, A. baumannii also uses an
indole QS system, which has been demonstrated
to modify its biological activity, in addition to the
AHL-based QS system. The second messenger of
bacteria, cyclic dimeric GMP (c-di-GMP) is the
main regulator of motility and biofilm formation.
Different amounts of c-di-GMP have been shown to
partially influence bacterial motility. For example,
c-di-GMP-mediated activities are associated with
infection and host-microbe symbiosis, and higher/
lower concentrations of c-di-GMP enhance sessility
and motility, respectively. Diguanylate cyclase
(DGC) and phosphodiesterase (PDE) are the two
enzymes primarily responsible for the production
and breakdown of c-di-GMP. According to several
research studies, bacteria contain several c-di-
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GMP-related enzymes, and their associated DGCs
and/or PDEs regulate different phenotypes, such
as motility and biofilm dispersion.!97-200

Therapeutic challenges

The pervasiveness of XDR and MDR A.
baumannii variants is increasing; thus, it is critical
to implement efficient antimicrobial measures to
stop the illness from spreading further. In light of
this, many attempts have been made to find novel
scaffolds or compounds to slow the rate at which
drug resistance to different traditional antibiotics
is growing. There is no obvious best antibiotic to
use when treating infections such as CRAB, which
have few treatment choices and high fatality
rates, and antibiotic combinations are common.
Porin channels are smaller and narrower, which
makes the outer membranes impermeable.’®
The long evolutionary exposure of A. baumannii
to soil organisms that produce antibiotics can
make it a reservoir of resistance genes. It can
create biofilms and persist for a longer duration in
the environment. Clinicians find it challenging to
choose an empirical antibiotic treatment because
of the escalated AMR, especially in MDR organisms
such as A. baumannii. Treatment of patients with
severe CRAB infections remains difficult. CRAB
resistance is caused by several processes, including
efflux pumps, biofilm development, resistance
acquisition, and changes in the outer membrane.
Patients should receive proper care right away
if they show symptoms of infection and there
is a strong clinical suspicion of CRAB infection.
Unfortunately, antimicrobial resistance limits
the effectiveness of existing CRAB therapeutic
methods. The effects of vaccinations and their
development in contemporary medicine have
allowed us to live longer and better. Because of
its capacity to withstand antibiotics on extremely
dry surfaces seen in hospitals, A. baumannii has
appeared as a successful pathogen.'??%! The
effectiveness of current antibiotic treatments for
multidrug resistance is limited, and there is little
chance that new medicines will be developed
for A. baumannii. There is an urgent need for
unconventional methods, and vaccination against
this menace may be one such option. Based on
the clinical symptoms induced by A. baumannii,
preventative immunization might benefit patients

with burns, wounds, and those on mechanical
ventilation.

CONCLUSION

Carbapenems continue to be among the
best alternatives for treating patients with severe
infections caused by GNB. GNB’s carbapenem
resistance is mostly caused by carbapenemases.
Worldwide, healthcare facilities face a significant
issue with CRAB, as it is the fourth most common.
According to the WHO’s 2024 list of bacterial
priority diseases, CRAB is classified as a priority
pathogen that is significant for public health and
should direct R&D initiatives to avoid and reduce
AMR. Notably, we have reviewed that a variety
of virulence-associated genes were present in
every A. baumannii isolate. Adhesion, enzymatic
activity, biofilm formation, iron acquisition,
immune system evasion, regulatory mechanisms,
and resistance to serum-mediated death are
some of the virulence factors encoded by these
genes. Additionally, the genomes showed different
levels of genes encoding csu pili and the biofilm-
associated protein (bap), which are known to play
arolein adhesion, motility, and biofilm formation.
Interestingly, Bap is essential for the development
and maturity of biofilms, and its role in intercellular
adhesion has been connected to acquired A.
baumannii nosocomial infections.

ST-2 is the most common ST among CRAB
clinical isolates from several areas, demonstrating
its broad occurrence and clinical importance.
ARGs have also been found in several plant and
animal isolates, indicating that the ongoing
problem of AMR in A. baumannii extends beyond
clinical isolates. Environmental isolates may act as
repositories for resistance determinants between
these different ecological settings, as they share
virulence genes with clinical pathogens. This
emphasizes the need for cutting-edge tactics
and transdisciplinary approaches. Moreover, the
k-mer-based process proved to be a dependable
method for MIC prediction in clinical situations
because of its excellent recall/sensitivity and
specificity. Machine learning algorithms can
interpret AMR processes from DNA sequence data
without prior knowledge. One Health strategy
to integrate animal, human, and environmental
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health, highlighting worldwide concerns over A.
baumannii’s developing resistance. There has been
a notable advancement in the comprehension
of the virulence potential of A. baumannii,
revealing new aspects of its pathogenicity and
environmental fitness, in tandem with the
organism’s remarkably rapid expansion of AMR
and its ever-increasing impact on healthcare
systems. Effective management of these infections
requires individualized patient care and thorough
antimicrobial stewardship. Further research
is required to optimize treatment plans and
reduce the likelihood of resistance development.
Because A. baumannii can thrive in hospital
settings, develop resistance quickly, and cause
serious infections with a high death rate, it has
become a major global health problem, especially
in its MDR and CRAB variants. The need for
novel techniques is highlighted by the fact that
traditional diagnostic and treatment procedures
are still sluggish, imprecise, and challenging to
use, particularly in settings with limited resources.
Therefore, developments in machine learning (ML)
and artificial intelligence (Al) provide effective
techniques to improve Acinetobacter infection
control at every step. Al-driven techniques
enable faster triage, more precise distinction
between colonization and genuine infection,
reliable resistance phenotype prediction, and
effective detection of synergistic combinations of
antibiotics. Furthermore, new drugs like abaucin
have recently been produced using Al-supported
drug discovery pipelines, proving the ability of
computational methods to investigate uncharted
chemical territory. Multi-epitope vaccines (MEVs)
for A. baumannii target several immunodominant
epitopes to limit the danger of immune evasion,
produce antibodies, overcome antigenic diversity,
and offer broad protection. Due to the variety of
germs, single-antigen vaccinations are insufficient,
necessitating multi-antigen strategies. Due to
their capacity to target a variety of A. baumannii
pathogenic pathways, MEVs have drawn interest
and may provide more protection over single-
epitope vaccines. Adding vaccine antigens to
OMVs has been found to be a viable method for
increasing vaccination effectiveness. OMVs are
useful platforms for developing vaccines against A.
baumannii because they improve antigen delivery

and boost immune responses. Moreover, artificial
glycoconjugates that resemble A. baumannii’s
capsular polysaccharides have been suggested as
an additional tactic to use the pathogen’s virulence
characteristics for protective immunity. Although
phage therapy has been extensively studied as a
potential treatment for MDR bacterial infections,
a significant obstacle is still the quick generation
of phage-resistant mutations. The long-term
effectiveness of phage monotherapy may be
limited by mechanisms that facilitate bacterial
resistance to phages, including restriction-
modification systems, CRISPR-Cas activation, and
receptor alteration.
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