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ABSTRACT

Acinetobacter baumannii is a common cause of healthcare-associated infections and hospital
outbreaks, particularly in intensive care units. Much of the success of A. baumannii relies on its
genomic plasticity, which allows rapid adaptation to adversity and stress. The capacity to acquire
novel antibiotic resistance determinants and the tolerance to stresses encountered in the hospital
environment promote A. baumannii spread among patients and long-term contamination of the
healthcare setting. This review explores virulence factors and physiological traits contributing to
A. baumannii infection and adaptation to the hospital environment. Several cell-associated and
secreted virulence factors involved in A. baumannii biofilm formation, cell adhesion, invasion, and
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persistence in the host, as well as resistance to xeric stress imposed by the healthcare settings, are
illustrated to give reasons for the success of A. baumannii as a hospital pathogen.

Introduction

Bacteria belonging to the genus Acinetobacter are Gram-
negative coccobacilli that emerged in the last three dec-
ades as an increasingly frequent cause of healthcare-
associated infections [1-3]. To date, genomic methods
have identified 72 species within the Acinetobacter genus
(https://pubmlst.org/bigsdb?db=pubmlst_abaumannii_
isolates&page=query&genomes=1; accessed on
2 February 2023). Of these, A. baumannii,
A. nosocomialis, A. pittii, A. seifertii, and A. lactucae, for-
merly A. dijkshoorniae, are the most clinically relevant
species [1,2,4] They are evolutionarily related and pheno-
typically almost indistinguishable from the environmen-
tal species A. calcoaceticus and are therefore grouped into
a species complex called A. calcoaceticus-A. baumannii
(ACB) complex [1,2,4]. A. baumannii is the most impor-
tant pathogen of the ACB complex and is responsible for
various healthcare-associated infections, including pneu-
monia, bloodstream infection, urinary tract infections,
and wound infections, and less frequently for commu-
nity-acquired infections among predisposed patients
[1,5]. Although A. baumannii is frequently isolated from
the nosocomial environment, which is widely recognized
as its primary reservoir [1], extra-hospital reservoirs have
also been identified: Indeed, A. baumannii has been

isolated from soil, freshwater [6-9], animals, foods, poul-
try livestock, wild birds, and human lice [10-12].

A. baumannii represents a showcase example of an
antibiotic-resistant pathogen, as demonstrated by the fre-
quent isolation of multidrug-resistant (MDR) or exten-
sively drug-resistant (XDR) strains. The majority of these
isolates are resistant to carbapenems and a fraction of them
are also resistant to tigecycline and/or colistin [5].
Therefore, many A. baumannii infections show limited
treatment options and high mortality, especially in inten-
sive care unit patients [1,5], and this has led the World
Health Organization to classify carbapenem-resistant
A. baumannii as a “critical” pathogen among the antibiotic-
resistant bacteria of global priority [13]. Accordingly,
a recent comprehensive assessment of the global burden
caused by drug-resistant bacteria in 2019 identified
A. baumannii as one of the six leading pathogens for anti-
biotic resistance-associated deaths [14].

A. baumannii genomic epidemiology

Several studies investigated the phenotypic and gen-
otypic characteristics of A. baumannii isolates and
demonstrated the spread of MDR isolates in health-
care facilities at the national and international levels
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[1,13,15-18]. The availability of two multilocus
sequence typing (MLST) schemes allowed to discri-
minate genetically distinct clonal lineages [18]. The
global epidemiology of A. baumannii highlighted
a clonal population structure dominated by three
major international clonal lineages (ICLs), namely
ICL I, II, and III, and 5 to 8 additional epidemic
clonal  lineages  [15,16,18]. The  epidemic
A. baumannii lineages are frequently resistant to
a broad range of antimicrobials, including carbape-
nems [15-17]. Moreover, they possess virulence traits
which stimulate biofilm growth on abiotic surfaces,
tolerance to desiccation, and adherence to human
epithelial cells, and contribute to their persistence
in the hospital environment and spread among
infected patients [19]. However, an elevated pheno-
typic heterogeneity has recently been documented
among recent MDR clinical isolates and reference
A. baumannii strains, which show differences in col-
ony morphology, capsule production, natural trans-
formability, and virulence [20].

The high number of A. baumannii genomes currently
available in the NCBI database highlighted the elevated
genome plasticity of the species, witnessing the propensity
to acquire exogenous genetic information through horizon-
tal gene transfer and genomic recombination, and indicat-
ing that A. baumannii has an open pan-genome [17,21].
For example, Mangas et al. showed that the A. baumannii
pan-genome consists of approximately 20,000 different
genes, the majority of which (ca. 16000) are present in less
than 20 % of the strains [22].

Acinetobacter baumannii virulence

The aim of this review is to provide an overview of recent
insights into the pathogenicity and virulence of
A. baumannii. Model systems designed to investigate
A. baumannii-host interactions are discussed in relation
to the impact of cell-associated and secreted extracellular
virulence factors on pathogenicity. Additionally, this review
explores the molecular responses implicated in desiccation
and oxidative stress tolerance, since they are expected to
contribute to the adaptation of A. baumannii to the hospital
environment.

Cell-associated virulence factors
Lipooligosaccharide

A. baumannii surface appendages, adhesins, and glyco-
conjugates, like capsular polysaccharides, glycosylated
proteins, lipooligosaccharide (LOS), and peptidoglycan
are important virulence determinants [23] (Figure 1).

The most abundant constituent of the Gram-negative
bacterial outer membrane is lipopolysaccharide (LPS)
or, alternatively, LOS. Like Campylobacter and
Neisseria species, A. baumannii possesses a LOS con-
sisting of a hepta-acylated disaccharide (lipid A) linked
to an oligosaccharide core without the addition of
repeat-unit polysaccharides known as O-antigen [23].
The hepta-acylated lipid A moiety of A. baumannii
LOS has been demonstrated to stimulate the host
innate immune response through activation of the pat-
tern recognition receptor Toll-like receptor 4 (TLR4)
and to promote resistance to cationic antimicrobial
peptide and desiccation [24]. The structure of the LOS
can undergo alterations to enable A. baumannii to
withstand stressful conditions. Indeed, A. baumannii
adapts to cold temperatures through the increased
expression of the LpxS acyltransferase, which incorpo-
rates a short C 8:0 chain fatty acid instead of a C12:0
fatty acid at position 2 of the lipid A in order to
maintain outer membrane fluidity and permeability
during cold stress [25].

Capsule

A polysaccharide capsule consisting of high-molecular-
weight carbohydrate repeats with a variable composi-
tion surrounds A. baumannii cells [23,26] and plays
a major role in bacterial virulence [23,27,28]
(Figure 1). The capsular polysaccharide is critical for
growth in human ascites and resistance to the comple-
ment-mediated killing of A. baumannii AB307-0294
[27]. The transition from virulent opaque (VIR-O)
highly capsulated to avirulent translucent (AV-T) low
capsulated colony variants in A. baumannii AB5075
demonstrated that the capsule is essential for causing
pulmonary infection of mice, while increasing
A. baumannii resistance to antimicrobials, hospital dis-
infectants, and desiccation. A Tet-R type “master” tran-
scriptional regulator is responsible for the switch from
the VIR-O to the AV-T phenotype; its overexpression
abrogates virulence and resistance to lysozyme,
a cathelicidin-related antimicrobial peptide, and reac-
tive oxygen species (ROS) [28]. Deletion of the wzc
gene required for capsule production decreased the
tolerance of A. baumannii AB5075 to disinfectants,
lysozyme, and desiccation [29]. Further studies demon-
strated that the switch from the VIR-O to AV-T phe-
notype in A. baumannii AB5075 and other clinical
isolates is mediated by the stochastic activation of dif-
ferent TetR-type transcriptional regulators [30,31] and
that the switching frequency from VIR-O to AV-T is
positively influenced by the small RNA SrvS [31]. The
activation of different combinations of TetR-type
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Figure 1. A. baumannii cell-associated virulence factors. negatively charged capsular polysaccharides hinder interactions with
negatively charged surfaces of neutrophils and macrophages and protect against complement-mediated killing, peptidoglycan
degradation by lysozyme, and ROS. Hepta-acylation of lipid A in LOS strengthens the outer membrane (OM) and protects
A. baumannii from cationic antimicrobial peptides (CAMPs) and lysozyme. Csu pilus, BAP, BLP1, BLP2, and type IV pilus are the
main proteins involved in biofilm formation. The OM protein A (OmpA) inhibits complement-mediated killing. Other abbreviations: P,

periplasm; IM, inner membrane. Figure created with Biorender.

transcriptional regulators in the VIR-O state may gen-
erate distinct translucent subpopulations, whose unique
phenotypic properties should confer survival advan-
tages in various environments [31]. Overall, these stu-
dies point to the coordinated regulation of capsule
production during invasive infection and the environ-
mental persistence of A. baumannii [28-31].
Increasing evidence indicates that the capsule carbo-
hydrate structure is responsible for the difference in
virulence among A. baumannii clinical isolates. Loss
of an N-acetyl-p-D-glucosamine group in the capsule
carbohydrate due to a spontaneous transposon inser-
tion in the gtr6 glycosyltransferase gene protects from
CR3 receptor-mediated phagocytosis and increases the
virulence in a bacteraemia mouse model of the clinical
isolate HUMCI assigned to ICL II [32]. Similarly, the
clonal shift observed among A. baumannii clinical iso-
lates assigned to epidemic ICL II in Portugal has been
ascribed to the occurrence of ST2180xf isolates

displaying a peculiar KL7 capsular locus, containing
legionaminic acid [33].

OmpA

The outer membrane protein A (OmpA) of
A. baumannii is an abundant surface protein that
plays a multifaceted role during bacterial infection
[34-39] (Figure 1). OmpA has been demonstrated to
bind host epithelial cells and primary monocyte-
derived macrophages, translocate to the nucleus by
a novel monopartite nuclear localization signal, and
induce cell death of host cells in vitro [34]. OmpA has
also been shown to stimulate ROS production originat-
ing from mitochondria and induces early-onset apop-
tosis and delayed-onset necrosis in dendritic cells [37].
Further studies demonstrated that A. baumannii ATCC
19606" OmpA induces biofilm growth on abiotic sur-
faces, adhesion, and invasion of host epithelial cells by
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a zipper-like mechanism, which involves microfilament
and microtubule-rearrangements of the cytoskeleton
[35,38].

The important role of OmpA during infection has
been documented in different animal models
[35,38,39]. In a murine pneumonia model, wild-type
A. baumannii ATCC 19606" caused severe lung pathol-
ogy and induced bacteraemia, whereas an OmpA-
deficient mutant showed a significantly lower bacterial
burden in blood [35]. Likewise, a knockout mutant in
the ompA gene of ATCC 17978 showed greater lethal
doses and reduced invasion, with a lower bacterial
concentration in the spleen and lungs in a murine
peritoneal sepsis model, relative to the wild-type coun-
terpart [38]. Moreover, the ompA gene is expressed at
higher levels in A. baumannii isolates from patients
with pneumonia as compared to those from colonized
patients, and isolates from bacteraemic patients showed
higher ompA expression than those from nonbactere-
mic patients, suggesting that ompA overexpression
positively contributes to pneumonia, bacteraemia, and
A. baumannii-associated mortality [39].

Virulence determinants involved in biofilm
formation

Biofilm formation has been associated with
A. baumannii virulence [1,2,40]. The ability to form
biofilm favours the colonization of host mucosa and
growth of bacteria on abiotic surfaces, thus contribut-
ing to medical device-associated infections and survival
in the environment [1,2,40]. A. baumannii epidemic
strains show high biofilm-forming capacity on abiotic
surfaces, which may contribute to their persistence in
the hospital environment [19].

Biofilm formation is a multifactorial process, and
several  cell-associated  factors  contribute  to
A. baumannii sessile growth and adherence to host
epithelial cells (Figure 1). An archaic chaperone-usher
pili is the surface appendage that mediates the adhesion
and sessile growth of A. baumannii [41,42]. The Csu
pilus comprises the CsuA/B pilus rod, the CsuA and
CsuB adaptor subunits, and the two-domain tip adhe-
sin CsuE complexed with its CsuC chaperon, which
binds to various abiotic surfaces through hydrophobic
finger-like loops, thereby initiating biofilm formation
[42,43]. The type IV pili is an additional surface appen-
dage implicated in twitching motility, natural transfor-
mation [44], and adhesion to biotic or abiotic surfaces,
or between bacterial cells [45]. The surface electro-
statics of the major protein subunit PilA variants of
type IV pilus modulate the equilibrium between moti-
lity and Dbiofilm formation. Increasing the

electronegativity of the alpha-beta group of PilA variant
in A. baumannii AB5075, promotes repulsion between
cells and twitching motility while decreasing the elec-
tronegativity of the alpha-beta group of PilA variant in
A. baumannii ACICU promotes biofilm growth [45].
The above data are concordant with a previous study
demonstrating that A. baumannii isolates assigned to
ICL 1II, including the strain ACICU, show higher bio-
film growth compared with A. baumannii isolates
assigned to ICL I [19]. On the other hand, differences
in surface electrostatics of PilA variants do not affect
bacterial adhesion to host epithelial cells [45].

Most A. baumannii strains express at the cell surface
a large multidomain protein, which is composed of
distinct and repetitive immunoglobulin-like domains,
named BAP (biofilm-associated protein) for its homol-
ogy to the staphylococcal biofilm-associated protein
BAP [46] (Figure 1). BAP induces biofilm growth and
adherence to host epithelial cells [47]. In addition to
BAP, A. baumannii strains express two other proteins,
BLP1 and BLP2 (BAP-like proteins 1 and 2), which
share with BAP immunoglobulin-like repeats and
a sequence motif at the N-terminus, and positively
regulate biofilm formation and adherence to epithelial
cells [48] (Figure 1). The expression of BAP, BLP1, and
BLP2 is very low during the exponential phase, while it
is induced during the stationary growth phase [48].

Mounting evidence indicates that the expression of
virulence factors involved in biofilm growth and adher-
ence is finely tuned at the transcriptional level.
A transcriptomic analysis comparing planktonic and
biofilm growth in vitro of A. baumannii ATCC 17978
showed that the genes overexpressed in biofilm-
forming cells are implicated in quorum-sensing regula-
tion, and in the synthesis of Csu pilus proteins and BAP
[49]. On the other hand, the expression of types I and
IV pili, quorum sensing components, and other genes
regulating biofilm formation was reduced in
A. baumannii ATCC 17978 during systemic infection
of mice [50]. This suggests that differential expression
of genes relevant to biofilm formation likely occur
in vivo, depending on the site and type of infection.

Biofilm formation in A. baumannii is regulated by
several factors, including transcriptional regulators and
efflux systems. The LysR-type transcriptional regulator
LeuO has been demonstrated to downregulate the genes
within the csuA/BABCDE chaperon-usher pili system
and the genes involved in iron acquisition, and act as
a repressor of biofilm synthesis. In fact, disruption of the
leuO gene in A. baumannii ATCC 17987 increased bio-
film formation and pathogenicity during systemic infec-
tion in neutropenic mice. Also, mutations within the
leuO gene were observed in clinical A. baumannii isolates



showing hyper-biofilm phenotype [51]. Similarly, the
expression of Csu pili that are assembled through the
archaic chaperone-usher pathway and biofilm growth are
positively regulated by the phenylacetic acid produced in
response to folate stress induced by subinhibitory con-
centrations of trimethoprim and sulfamethoxazole [52].
Coherently, inhibition of the phenylacetic acid degrada-
tion pathway resulted in attenuated virulence of
A. baumannii in a murine catheter-associated urinary
tract infection model [52]. Several A. baumannii strains
were shown to form a tenacious biofilm, called surface
pellicle, at the solid-liquid interface [53]. The over-
expression of AdeABC and AdelJK resistance-
nodulation-cell division (RND)-type efflux systems have
been demonstrated to negatively regulate biofilm and
surface pellicle formation in A. baumannii BM4587
[54]. Along the same lines, a recent study demonstrated
that the MacAB-TolC efflux pump is involved in the
envelope stress response occurring in mature biofilm to
maintain bacterial membrane rigidity and provide toler-
ance to high osmolarity conditions [55].

Impact of secretion systems on A. baumannii
virulence

To date, four protein secretion systems have been iden-
tified in A. baumannii, and a contribution to infectivity
has been proposed or experimentally validated for all of
them. The genetics, biochemistry, and structural prop-
erties of these systems have previously been reviewed
[56-58]. In this paragraph, we discuss the advances in
the knowledge of the substrates secreted by these sys-
tems, along with the direct or indirect evidence of the
role they play in A. baumannii pathogenicity. The type
IV secretion system (T4SS) is not discussed as it has
been only identified in conjugative plasmids [59,60],
and there are no reports showing or suggesting its
involvement in functions other than horizontal gene
transfer in A. baumannii.

Type | secretion systems (T1SSs)

T1SSs are tripartite secretion systems consisting of an
integral ATP-binding cassette (ABC) transporter in the
inner membrane, which energizes the system, an inner
membrane-anchored protein that protrudes into the
periplasm (membrane fusion protein or MFP), and an
outer membrane B-barrel protein [61]. These compo-
nents form a transmembrane tunnel that spans the
entire cell envelope of Gram-negative bacteria and
transports unfolded protein substrates from the cytosol
outside the cell (Figure 2). T1SSs are widespread in
Gram-negative bacterial pathogens and, overall, can
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secrete different effectors, such as adhesins, lipolytic
or proteolytic enzymes, iron-scavenger proteins, or
pore-forming toxins [61]. Some bacteria possess multi-
ple T1SSs, each dedicated to the secretion of specific
protein substrates [62]. T1SS substrates are generally
recognized via a C-terminal secretion domain that is
not cleaved after transport [61].

Thus far, two papers have investigated the presence
and role of the T1SS in Acinetobacter [63,64]. Harding
and collaborators identified in A. nosocomialis M2 (for-
merly named A. baumannii M2) a homolog of the
HlyBD-TolC T1SS of Escherichia coli and attempted
to verify its functionality through the construction of
T1SS-defective mutants. The comparison of the secre-
tome of wild-type and mutant strains highlighted sev-
eral proteins whose secretion was directly or indirectly
affected by the lack of the T1SS. Two components of
the secretome, namely a serralysin-like protein with
a repeats-in-toxin (RTX) domain and the biofilm-
associated protein BAP, carry a C-terminal secretion
domain characteristic of T1SS substrates, leading to
the proposal that the TISS of A. nosocomialis can
secrete two different effectors [63]. T1SS-deficient
mutants were slightly attenuated in virulence in the
Galleria mellonella insect model of infection and
showed significant defects in biofilm formation [63],
in line with the important role of BAP in promoting
biofilm maturation and maintenance in A. baumannii
[46,47,65]. In contrast, the function of the RTX toxin
has not yet been evaluated in any Acinetobacter species.

A few years later, the contribution of the T1SS to viru-
lence was further addressed using a recent urinary isolate of
A. baumannii (UPABI1). This clinical isolate has the cap-
ability to persist and replicate inside macrophages, and
genomic analysis revealed that it carries two operons pre-
dicted to encode for T1SSs [64]. The generation of single
and double mutants in these operons led to the demonstra-
tion that both are required for replication inside macro-
phages. Notably, proteomic analysis of culture supernatants
showed that the two T1SSs influence the secretion of dif-
ferent sets of proteins. One system (defined T1SSa) was
found to be required for the secretion of RTX toxin and
BAP, suggesting that it is the ortholog of the T1SS pre-
viously identified in A. nosocomialis. Many other proteins
were less abundant in the supernatants of T1SS-defective
mutants, including proteases, phosphatases, glycosidases,
and a putative invasin [64]. Since the inactivation of the
T1SS in A. nosocomialis resulted in the downregulation of
other secretion systems [63], further experiments are
needed to verify whether these proteins are true T1SS
effectors and their actual role in cell invasion and intracel-
lular replication. Notably, our search for T1SS genes in
a large collection of completely sequenced genomes
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revealed that the presence of two T1SSs appears to be an
exception in A. baumannii, as most isolates (>95%) have
a single system (Table S1), as observed in A. nosocomialis
M2 [63].

Type Il secretion system (T2SS)

The T2SS is a complex macromolecular protein
machinery for the release in the extracellular milieu of
folded protein effectors which are translocated into the
periplasm by the general secretory (Sec) or the twin-
arginine translocation (TAT) pathway (Figure 2). T2SS
substrates include toxins, lipases, metalloproteases, and
digestive enzymes, and have been demonstrated to con-
tribute to virulence and host adaptation in different
bacterial pathogens [66-68].

The presence of a T2SS in A. baumannii was first
proposed in 2014, based on bioinformatics and com-
parative genomic analyses [69]. Its role in virulence was
experimentally proven through the demonstration that
a T2SS-defective mutant of the reference strain ATCC
17978 was outcompeted by the wild-type strain when
co-inoculated in a leucopenic mouse model of septicae-
mia [70]. Similar colonization and/or persistence
defects in vivo were observed for an isogenic mutant
unable to produce the LipA lipase, which was demon-
strated to be a T2SS substrate [70], suggesting that this
lipase may represent one of the main virulence factors
secreted by the T2SS in A. baumannii. While LipA was
required in vitro for A. baumannii ATCC 17978 growth
with long-chain fatty acids as the sole carbon source
[70], the mechanism by which LipA influences the
in vivo fitness of A. baumannii remains unknown.



The contribution of the T2SS in the pathogenicity of
the A. baumannii strain ATCC 17978 was further con-
firmed in a murine model of pneumonia, as mice
infected with a T2SS-defective mutant showed
a significant reduction in the mean CFUs in the lung
as compared to mice infected with the wild-type strain
[71]. Concurrently, it has been demonstrated that the
T2SS is also present and functional in other
Acinetobacter species, including A. nosocomialis,
A. pittii, A. calcoaceticus, and A. junii, and that is
required in A. nosocomialis M2 for full lethality in
G. mellonella larvae and for optimal lung colonization
in a murine pulmonary infection model [72]. In con-
trast to most Gram-negative species, the structural and
functional T2SS genes of Acinetobacter spp. are dis-
persed throughout the chromosome rather than being
clustered in a single genetic locus [70,72]. More
recently, the T2SS has also been reported to affect the
virulence of the urinary isolate A. baumannii UPABLI in
a mouse model of catheter-associated urinary tract
infection, as the T2SS-defective mutant exhibited a 10-
fold decreased ability to bind to the catheter and colo-
nize the bladder [73].

Several proteomics studies revealed that the T2SS
has a major impact on the secretome of
A. nosocomialis M2 and different A. baumannii strains,
with dozens of proteins showing reduced levels in the
supernatants of T2SS-defective mutants as compared to
wild-type strains [71-74]. However, the direct role of
the T2SS in secretion has only been validated for a few
substrates. Besides LipA, the metallopeptidase CpaA,
the lipases LipH and LipAN, and the adhesin InvL
were confirmed as T2SS substrates in Acinetobacter
spp [71-73]. Artificially induced overexpression of
LipAN in A. baumannii ATCC 17978 was shown to
slightly promote colonization of the murine lung upon
intranasal infection [71], suggesting that this enzyme
represents a T2SS-dependent virulence factor of
A. baumannii. However, LipAN is encoded by the
plasmid pAB2 which appears to be restricted to the
ATCC 17978 strain [71], thus limiting its clinical rele-
vance. While the role of LipH in virulence-related traits
has not yet been investigated, the possible functions of
CpaA and InvL during pathogenesis have been pro-
posed based on in vitro and in vivo studies. InvL is
predicted to be a surface-exposed lipoprotein that binds
to several extracellular matrix components, facilitates
A. baumannii UPAB1 adhesion to urinary tract cell
lines, and promotes uropathogenesis in the murine
model of catheter-associated urinary tract infection
[73]. InvL homologs were observed in about 70% of
isolates belonging to different Acinetobacter spp., with
a very high prevalence (almost 100%) in the
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A. baumannii ICL II [73], a lineage of great clinical
success [1,15,18,19]. CpaA was thoroughly character-
ized at the molecular and biochemical levels. It is
a zinc-dependent metalloendopeptidase originally iden-
tified in some A. baumannii clinical isolates [75], and
later demonstrated to be secreted by different medically
relevant Acinetobacter species [76]. CpaA cleaves sev-
eral O-linked human glycoproteins, some of which are
involved in complement activation, thus affecting the
intrinsic coagulation pathway [75,77,78]. The contribu-
tion of CpaA to virulence has been confirmed for
A. nosocomialis M2, as a CpaA-deficient mutant
showed a significantly reduced lethality in the
G. mellonella model of infection, similar to that of
a T2SS-defective mutant, and a slightly impaired ability
to disseminate to the spleen after intranasal infection in
mice [76].

Opverall, evidence has been gained that A. baumannii
and other medically relevant Acinetobacter species have
a functional T2SS that significantly contributes to viru-
lence by secreting a number of protein effectors. Some
of them have been proven to play a role during experi-
mental infections, but many others have not yet been
investigated. Moreover, the specific contribution of
each T2SS effector to virulence varies among different
strains/species and/or models of infection.

Type V secretion system (T5SS)

The T5SS, also known as the autotransporter system, is
a simple secretion mechanism based on a protein (the
autotransporter) which consists of three major
domains, namely the N-terminal signal peptide for
transport across the cytoplasmic membrane through
the Sec pathway, the extracellular “passenger” domain,
and the “translocator” B barrel domain into the outer
membrane. T5SSs have been classified into different
subtypes based on differences in topology, domain
order, and oligomeric states. The passenger is either
anchored to the translocator domain and protrudes
from the bacterial surface or it is released into the
environment through an autoproteolytic mechanism
or by a separate protease. Passenger domains can have
a plethora of functions, including adhesion, cell-cell
aggregation, biofilm formation, intracellular motility,
and haemolysis, or be endowed with enzymatic activ-
ities, such as protease and lipase [79-81].

The first T5SS identified in A. baumannii belongs to
the trimeric autotransporter family (type 5c¢) and was
therefore named Ata (Acinetobacter trimeric autotran-
sporter) (Figure 2). The Ata passenger domain is an
adhesin that can bind to multiple proteins of the host
extracellular matrix in vitro [82]. More recently, it has
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been proposed that the protein-binding activity of Ata
is due to the ability to bind glycans, which are present
on many of the proteins bound by Ata [83]. Genetic
inactivation of the ata gene in A. baumannii ATCC
17978 drastically reduced biofilm formation on a plastic
surface and abrogated the lethality of systemic infection
in immunocompetent mice [82]. Similar results were
obtained in A. baumannii ATCC 19606", in which the
loss of Ata reduced the adhesion to epithelial and
endothelial cells and the pathogenicity in the
G. mellonella [84]. Different studies have provided
in vitro and in vivo evidence that Ata - or its
C-terminal extracellular region - might represent
a promising antigen for the development of anti-
A. baumannii vaccines [85-87]. However, phyloge-
nomic analyses revealed that Ata is present in most
but not all (about 80%) A. baumannii isolates [84].

Genomic analysis of the A. baumannii AbH120-A2
outbreak isolate led to the identification of a genomic
island, which is present (complete or partial) in some
A. baumannii strains, harbouring genes encoding
a two-partner secretion (TPS) system, named
AbFhaB/AbFhaC, belonging to the T5bSS family [88].
AbFhaB is an extracellular filamentous haemagglutinin-
adhesin that requires the outer membrane [-barrel
protein AbFhaC for transport across the outer mem-
brane. Genetic inactivation of FhaC strongly impaired
the ability of A. baumannii AbH120-A2 to adhere to
lung epithelial cells and slightly reduced the mortality
associated with AbH120-A2 intraperitoneal infection
in mice [88]. A similar TPS system (named FhaB1/
FhaCl) was previously identified in A. baumannii
ATCC 19606". FhaB1/FhaCl was reported to promote
cell adhesion and biofilm formation when ectopically
expressed in E. coli and to confer protection from
A. baumannii infection when used to immunize mice
[89]. Sequence analysis confirms that AbFhaB/AbFhaC
and FhaB1/FhaCl have a low sequence identity (30—
40%; Table S2), suggesting that different A. baumannii
strains may have different TPS systems.

Finally, the majority of A. baumannii strains express
functional contact-dependent inhibition (CDI) systems.
These are TPS systems in which the outer membrane
pore-forming CdiB protein mediates the translocation
of a CdiA toxin to the cell surface. CdiA binds to
specific receptors on susceptible bacteria and then deli-
vers its toxin domain located at the C-terminus (CdiA-
CT) into target cells. CDI systems are widely distribu-
ted among Acinetobacter species of the ACB complex
and are used for intraspecies competition to eliminate
bacteria that do not express the cognate immunity
protein [63,90,91]. Two different CDI system groups
were identified in A. baumannii strains, which differ in

CdiA protein structure. Type II CdiA are large proteins
(ranging from 3,700 to 5,700 residues) with a long array
of 20-mer repeats, while type I CdiA are smaller
(1,900-2,400 residues) with a central heterogeneity
region [91]. At present, there is no evidence that CDI
systems play a role in A. baumannii pathogenesis.

Type VI secretion system (T6SS)

The T6SS is a complex, bacteriophage-like protein
machinery that spans the entire cell envelope of Gram-
negative bacteria and injects proteins into neighbouring
cells [92,93] (Figure 2). T6SS effectors are generally
involved in killing or inhibiting the growth of prokar-
yotic cells, but some of them can also affect eukaryotic
cell functions. Although the T6SS is mainly involved in
interspecies competition among bacteria, it can also
directly contribute to infectivity in many pathogenic
bacteria by allowing them to colonize host tissues, dis-
seminate, enter host cells, and evade the host immune
response [94-96].

Bioinformatic analysis suggested that the T6SS is
present in many but not all Acinetobacter species and
that it is overall conserved in A. baumannii isolates
[97]. However, the functionality of the A. baumannii
T6SS in interbacterial competition varies depending on
the strain. Indeed, while some strains did not show any
T6SS-dependent killing in vitro, others employ the
T6SS to efficiently out-compete different bacterial
strains or species [97-99]. Expression of the T6SS varies
significantly among different A. baumannii isolates
[97,100] and is also affected by the presence of negative
regulators of the T6SS in some conjugative resistance
plasmids [101,102]. However, it has been shown that
the activity of the T6SS in bacterial competition assays
does not always correlate with the expression of T6SS
genes [99]. Comparative genomic studies highlighted
significant diversity in the range of putative T6SS effec-
tors among A. baumannii isolates, many of which have
unknown functions [103-105], leading to speculation
that the different functionality of the T6SS might be
related to the different sets of T6SS effectors carried by
each strain. Such strain-dependent variability also
makes it difficult to evaluate the impact of the T6SS
on pathogenicity. An early report showed that the T6SS
does not affect the virulence of the reference strain
A. baumannii ATCC 17978 towards the amoeba
Dictyostelium discoideum, the insect G. mellonella, and
in a mouse model of pneumonia [97]. In contrast,
delayed killing of G. mellonella larvae or decreased
mortality in a mouse bacteraemia model were observed
for T6SS-deficient mutants of A. baumannii DSM30011
and ATCC 196067, respectively [99,106]. Moreover, the



analysis of a large panel of A. baumannii isolates from
patients with bacteraemia showed that strains with
higher expression/activity of the T6SS better survive
in human serum and were isolated more often from
patients with catheter-related bloodstream infection
and transplant recipients, arguing for the involvement
of T6SS in A. baumannii pathogenicity [100]. Very
recently, an A. baumannii T6SS effector with DNase
activity (TafE) was demonstrated to be responsible for
the T6SS-mediated killing of fungi [107]. However,
TafE appears to enter the nucleus of fungal but not
mammalian cells, consistent with its inability to affect
human cell viability [108]. Thus, to what extent and by
which mechanism(s) the T6SS contributes to
A. baumannii fitness during infection remains an
open question.

Outer membrane vesicles (OMVs)

Like other Gram-negative bacteria, Acinetobacter spe-
cies release OMVs. Several studies have analysed the
proteome of OMVs from different A. baumannii iso-
lates, collectively identifying hundreds of OMV pro-
teins [108-111]. As expected, many cell-associated
virulence factors have been detected in OMVs, in
line with the capability of A. baumannii OMVs to
induce cytotoxicity and elicit pro-inflammatory
responses in human cell lines [109,112]. The OmpA
porin is the most abundant protein in A. baumannii
OMYVs. OmpA is important for OMV biogenesis and
can be delivered by OMVs into the cytoplasm of host
cells causing cytotoxicity [112-114], providing further
evidence of the important role of this protein in
A. baumannii pathogenicity. Notably, OMVs were
also detected in lung tissues of mice with
A. baumannii pulmonary infection [109], implying
that OMVs could contribute to A. baumannii viru-
lence in vivo. Finally, A. baumannii OMVs have also
been shown to carry genetic material and efficiently
mediate horizontal gene transfer, including the trans-
mission of resistance plasmids [115,116], thus poten-
tially contributing to the spread of antibiotic
resistance.

Role of quorum sensing in A. baumannii
pathogenicity

The population density and coordinated control of
gene expression in A. baumannii are regulated by an
intercellular communication quorum sensing (QS) sys-
tem, that is homologous to the LuxI/LuxR QS system
found in other Gram-negative bacteria. A. baumannii
can release distinct N-acyl-homoserine lactones (AHLs)
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acting as QS signal molecules, that vary in length and
oxidation state of the acyl chain and are likely produced
by a single synthase, named Abal. These signal mole-
cules activate the intracellular cognate receptor AbaR,
which controls at the transcriptional level the expres-
sion of QS-regulated genes, including the synthase gene
abal [117-119].

Several independent works have demonstrated that
A. baumannii mutants defective in abal or abaR are
impaired in surface motility and in biofilm and pellicle
formation [117-122], in line with the evidence that QS
genes are overexpressed in biofilm cells [49]. Also, the
phase-variable mechanism identified in A. baumannii
AB5075, which results in the interconversion between
the VIR-O and AV-T opaque and translucent colony
phenotypes, was found to be affected by cell density
and a diffusible extracellular signal, suggesting the
involvement of QS system [123]. Recently, a genus-
wide comparative genomic analysis found that the
abalR genes belong to an evolutionarily stable gene
cluster (ESGC) that is conserved within the ACB com-
plex, suggesting that the QS regulatory system might
have played a role in the evolution of Acinetobacter
towards pathogenicity [124].

On the other hand, the role of QS in A. baumannii
virulence gene regulation is less clear. Several studies
demonstrated that A. baumannii strains defective in QS
signal production (abal mutants) are less virulent in
different animal models, including G. mellonella larvae,
zebrafish embryos, and a mouse model of bacteraemia
[122,125,126]. However, recent transcriptomic studies
of the QS regulon in different A. baumannii strains
(ATCC 17978, AB5075, and ATCC 19606"), showed
that QS primarily controls a plethora of metabolic
genes and the csu operon rather than well-known viru-
lence determinants [126-128]. The only exception is
the T6SS, which however was found to be downregu-
lated only in the abal mutant of ATCC 19606 [128].
Based on available evidence, the importance of QS for
A. baumannii pathogenicity may be mainly due to its
role in modulating bacterial physiology, biofilm forma-
tion, and in vivo fitness, rather than controlling the
expression of secreted virulence factors as it is in
other Gamma-proteobacteria.

Importance of metal metabolism for A. baumannii
survival in vivo and pathogenicity

Transition metals, such as iron and zinc, are essential
for the survival of all living organisms including bacter-
ial pathogens. Metal ions, in addition to their structural
and catalytic roles in proteins involved in various bio-
logical ~processes such as DNA replication,
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transcription, respiration, and oxidative = stress
responses, also exert a role in virulence gene regulation
[129]. During infection, vertebrates undergo drastic
alterations in metal metabolism, aiming to sequester
and deprive pathogens of essential trace metals in
a process recognized as nutritional immunity. To coun-
teract the metal starvation imposed by the host, bac-
teria have evolved sophisticated strategies to withhold
essential ions from the host metal-binding pro-
teins [130].

Iron uptake systems

The complexity of A. baumannii iron uptake mechan-
isms reflects the exceptional adaptability of this organ-
ism in coping with iron limitation in various
environments, including the host’s tissues and biologi-
cal fluids. Up to six iron-acquisition gene clusters have
been identified in A. baumannii, namely the Feo sys-
tem, responsible for the ferrous iron uptake, three side-
rophore synthesis/transport systems, and two haem
uptake systems [131-133].

The analysis of the distribution of A. baumannii iron
uptake gene clusters on a large and representative gen-
ome dataset, composed of the most prevalent lineages,
highlights that more than 98% of A. baumannii gen-
omes have the Feo system, the clusters responsible for
the synthesis and acquisition of the siderophores acine-
tobactin and baumannoferrin, and the HemT system
for haem acquisition [133]

The Feo system is widely conserved among Gram-
negative bacteria [134]. It consists of FeoA,
a cytoplasmic protein with unknown function,
FeoB, an integral membrane protein responsible for
actively transporting of Fe** across the inner mem-
brane, and FeoC, a putative transcriptional repressor
(Figure 3). The contribution of the Feo system to
A. baumannii virulence is still controversial, as inde-
pendent studies provided apparently contrasting
results. In one study, the deletion of feoB in
A. baumannii ATCC 19606" resulted in a growth
defect in human serum but did not reduce the leth-
ality in G. mellonella larvae or intraperitoneally
infected mice [135]. In contrast, other studies have
demonstrated that the deletion of feoA in the ATCC
17978 strain significantly affects the capability of
A. baumannii to adhere to human alveolar epithelial
cells A549 and to kill intratracheally infected mice
[136,137]. A transcriptomic analysis conducted on
ATCC 17978 and the highly invasive MDR clinical
isolate AbH120-A2 also showed that the expression
of iron uptake genes, including feoA, is upregulated
during pneumonia in mice, supporting its role in

sustaining A. baumannii growth in vivo [137]. The
utilization of A. baumannii strains carrying different
repertoires of iron uptake systems [133], and/or
infection models can explain the apparently contrast-
ing results obtained with feo mutants.

Siderophores are high-affinity iron-chelators capable
of scavenging iron from a variety of environmental
sources. Besides acinetobactin and baumannoferrin,
a gene cluster involved in the synthesis and acquisition
of a third siderophore called fimsbactin has been iden-
tified in a few A. baumannii strains, including ATCC
17978 [131]. Although gene expression analysis in
a mouse model of bacteriaemia demonstrated that
A. baumannii ATCC 17978 expresses all siderophore
gene clusters during infection, only the acinetobactin
was found to be essential for the survival and prolifera-
tion in the host [51,138,139]. The crucial role of acine-
tobactin in A. baumannii virulence has also been
demonstrated by wusing an acinetobactin-deficient
ATCC 19606" mutant in G. mellonella larvae and
mouse sepsis models [140]. The acinetobactin cluster
consists of the genes basABCDEFGHI]J for the synthesis,
bauABCDEF for the uptake, and barAB for the export
of the siderophore [141] (Figure 3). Another essential
gene for acinetobactin biosynthesis, entA, maps outside
of the chromosomal region encompassing the acineto-
bactin gene cluster [141,142]. Acinetobactin is an extre-
mely versatile chelator since it binds a range of metals
in addition to iron, including Zn(II), Mn(II), Cu(II), Ni
(II), and Co(II) [143]. The siderophore is composed of
dihydroxybenzoic acid, threonine, and N-hydroxy his-
tamine and exists as two pH-dependent isomers, one
featuring oxazoline (Oxa), commonly called pre-
acinetobactin, which is prevalent under acidic condi-
tions, and the other with an isoxazolidinone (Isox),
defined as acinetobactin, which is favoured under neu-
tral and basic conditions [144]. Both isomers are cap-
able of scavenging iron from transferrin and lactoferrin,
thereby alleviating the nutritional challenge imposed by
these proteins during infection [143]. The ability to
prey iron from host proteins is not the only property
of acinetobactin, since this siderophore has recently
been shown to provide A. baumannii with
a competitive advantage over some respiratory tract
and skin commensal bacteria, such as Staphylococcus
hominis and  Corynebacterium  striatum  [145].
Interestingly, A. baumannii AB5075, a highly virulent
isolate commonly used in pathogenicity studies, was
able to inhibit the growth of the S. hominis and
C. striatum, whereas acinetobactin-deficient mutants
were not. In addition, purified acinetobactin exhibited
growth inhibitory activity on both S. hominis and
C. striatum [146]. Outcompeting commensal bacteria
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Figure 3. Iron acquisition, utilization, and storage mechanisms in A. baumannii. the haem scavenger HphA is translocated via the
sec-dependent pathway and secreted outside the cell by the haemophilin secretion modulator HsmA (step 1). The haemophilin
HphA delivers haem to its receptor, HphR, facilitating haem transport across the outer membrane by the concerted action of an
inner membrane TonB complex (step 2). The enzyme HemO causes iron release from haem for use by the cell (step 3). The
acinetobactin siderophore binds extracellular ferric iron (Fe[lll]) with high affinity, and uses the BauA TonB-dependent outer
membrane receptor and an inner membrane ATP-binding cassette (ABC) transporter composed of BauC, BauD, and BauE to deliver
iron inside the cell (step 4). Acinetobactin can be recycled by the BarA/BarB siderophore secretion system (step 5). The GTP-
dependent FeoAB system located in the cytoplasmic membrane is involved in the import of ferrous iron (Fe[lll) (step 6). NfuA is
a cytoplasmic Fe-S cluster protein needed for intracellular iron storage and utilization (step 7). Abbreviations: OM, outer membrane;

P, periplasm; IM, inner membrane. Figure created with Biorender.

through iron competition may help to sustain
A. baumannii colonization of the human host [145].
Most of the iron in the human body is retained by
haem-containing proteins, primarily haemoglobin and
other host proteins, such as serum albumin, haptoglo-
bin, and haemopexin [147]. Consequently, the ability
of pathogens to uptake haem from host proteins con-
fers a significant advantage during infections. Two
different haem uptake systems have been detected in
A. baumannii, namely HemT and HemO [131,133].
All A. baumannii strains appear to possess the hemT
genetic cluster, whereas the hemO cluster has only
been found in some strains [131,133]. Although widely
conserved in A. baumannii, the molecular properties
of the HemT system and its role in A. baumannii
pathogenesis remain elusive. On the other hand, sev-
eral pieces of evidence indicate that the hemO cluster

contributes to A. baumannii virulence. The hemO
cluster is composed of two operons and two monocis-
tronic genes. The monocistronic genes encode the
TonB-dependent receptor, HphR, and the haemo-
phore, a haem-scavenging secreted protein also
named haemophilin or HphA. One of the operons
encodes an extracytoplasmic function (ECF) sigma
factor and its anti-sigma factor, while the other one
encodes the haemophilin secretion modulator
(HsmA), essential for HphA secretion, a TonB-
related protein, the haem-degrading enzyme haem
oxygenase (HemO), and a hypothetical protein with
unknown function [148,149] (Figure 3). The role of
the hemO cluster in haem uptake has been proven in
the hypervirulent and MDR A. baumannii strain LAC-
4, which grows in an iron-poor medium using haemin
as the sole iron source, as opposed to A. baumannii
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ATCC 17978 which does not grow because lacking the
hemO gene cluster [150]. The strain LAC-4 was iso-
lated during a nosocomial outbreak in the Los Angeles
country hospital in 2008 along with other 19
A. baumannii strains, all carrying the hemO cluster
albeit belonging to different clonal lineages [151].
The pivotal role of the hemO cluster during infection
has recently been demonstrated in A. baumannii
AB5075, as it has been shown that an AB5075 knock-
out mutant in the TonB-dependent receptor gene
hphR was less virulent than the parental strain in
both mouse sepsis and pulmonary infection mod-
els [149].

Unlike the Feo system, siderophore and haem uptake
systems require the presence of a tripartite protein complex
(TonB, ExbB, and ExbD) localized in the inner membrane
and spanning the periplasmic space, called the TonB com-
plex. The TonB complex converts the transmembrane pro-
ton gradient into the energy required to internalize the iron
carrier (siderophore or haem) into the periplasm [152]
(Figure 3). The TonB system is an attractive target for
antimicrobials since its inhibition would impair growth
under low iron conditions, hence during infection.

Intriguingly, three paralogues of the tonB gene (fonBl,
tonB2, and tonB3) have been identified in A. baumannii
genomes. Two of them (fonBI and tonB3) are components
of exbB-exbD-tonB operons, while tonB2 is a monocistronic
gene. The analysis of individual fonB mutants in
A. baumannii ATCC 19606" revealed that only tonB3 is
essential for sustaining growth in conditions of limited iron
availability [135]. Accordingly, fonB3 inactivation comple-
tely abrogated A. baumannii virulence both in G. mellonella
and in a mice model of systemic infection, indicating that
the TonB3 system, and consequently the ability to uptake
iron from siderophores and/or haem, is essential for
A. baumannii pathogenicity. The role of the other TonB
systems is still elusive; it has been shown that TonB2 con-
tributes by an unknown mechanism to the adhesion of
A. baumannii to the human alveolar epithelial cells [153],
while no information is available on TonB1. Intriguingly,
while tonBI and fonB2 individually are not required for
virulence in the G. mellonella infection model, the disrup-
tion of both genes causes a significant reduction in the
A. baumannii ability to kill the larvae [153].

Finally, the screening of a transposon library aimed at
identifying genes essential for the growth of A. baumannii
ATCC 19606" under iron-depleted conditions showed that
the NfuA protein is also essential to ensure bacterial growth
when iron is scarce [154]. NfuA is involved in the biogen-
esis of Fe-S clusters and is important for the utilization of
intracellular iron and defence against oxidative stress [154].
Accordingly, the nfuA knock-out mutant showed reduced
infectivity in G. mellonella, confirming the importance of

intracellular iron metabolism for A. baumannii viru-
lence [154].

Although iron is essential for bacterial growth and
proliferation, excessive iron catalyzes the Fenton reac-
tion, leading to the production of ROS that damage
cellular macromolecules [155]. For this reason, the
expression of genes involved in iron metabolism and
uptake is tightly regulated by the ferric uptake regulator
(Fur) repressor protein. Under iron-replete conditions,
the iron-loaded Fur repressor binds the promoter of its
target genes by recognizing a specific sequence called
Fur box and blocks their transcription [156]. In silico
analysis predicts the presence of Fur box in the pro-
moter of ca. 80 genes of the A. baumannii strain ATCC
17978, including the genes involved in siderophore
synthesis, tonB3, and in 15 genes encoding putative
siderophore receptors [157]. Gene expression analysis
in ATCC 17978 confirmed that the genes having the
Fur box are overexpressed when A. baumannii grows
under iron-depleted conditions [157].

Interestingly, two genes encoding phospholipases
(plcl and plc2) have been identified among the Fur-
regulated genes. These genes were detected in different
A. baumannii strains, including ATCC 19606, ATCC
17978, and AYE. The study conducted on ATCC
19606" showed that mutation in plcI or plc2 does not
affect the cytolytic activity against erythrocytes or A549
alveolar epithelial cells, while the double mutant lacking
both phospholipases has strongly reduced cytolytic
activity [158]. The in vivo experiments demonstrated
that only plcI significantly contributes to A. baumannii
ATCC 19606" virulence in G. mellonella caterpillars
[158]. Although phospholipases are not directly
involved in iron acquisition, their activity could result
in the lysis of erythrocytes and the subsequent release
of haemoglobin, which can be used to acquire haem as
an iron source. Of note, PLC1 and PLC2 are not the
only phospholipases identified in A. baumannii ATCC
19606", since other non-Fur regulated genes encoding
type D phospholipases were found (namely pldI, pld2,
and pld3). The contribution of these phospholipases to
host colonization has been investigated, demonstrating
that the combined activity of all three phospholipases is
required for the complete virulence of the
A. baumannii type strain. Indeed, only the pldI, pld2,
and pld3 triple knockout mutant exhibited reduced
invasion of A549 alveolar basal epithelial cells and
decreased virulence in G. mellonella [159].

Zinc metabolism

Zinc is the metal cofactor of numerous proteins
involved in many essential processes, including



transcription, amino acid biosynthesis, carbon metabo-
lism, and DNA repair [129]. As part of nutritional
immunity, zinc is sequestered by zinc-binding proteins
in mammals, such as calprotectin. In a murine model of
pneumonia using the A. baumannii strain ATCC
17978, it has been observed that calprotectin is present
in the lungs within 6hours following infection and
disappears after bacterial clearance, consistent with
the role of calprotectin in nutritional immunity [160].

A. baumannii overcomes zinc limitations by producing
a high-affinity zinc-acquisition system. The genetic locus
involved in zinc uptake consists of an operon, which
encodes the zinc uptake regulator Zur, the ATPase ZnuC
and the inner membrane transporter ZnuB, and two mono-
cistronic genes for the periplasmic protein ZnuA and the
TonB-dependent receptor ZnuD [161] (Figure 4). All these
genes are required for A. baumannii growth under low zinc
conditions or in the presence of calprotectin, except for
znuD2 [161,162]. In vivo studies using sepsis and pneumo-
nia mouse models demonstrated that deletion of the TonB-
dependent receptor znuD in A. baumannii ATCC 17978
determines a decrease of bacterial burdens in the spleen,
liver, and kidney, demonstrating the importance of zinc
uptake for A. baumannii dissemination within the
host [161].

The expression of zinc uptake genes is tightly regu-
lated by Zur to balance the nutritional need for zinc
with its toxicity. Similar to the role of Fur in iron
uptake regulation, Zur acts as a transcriptional repres-
sor of the zinc-regulated genes when the intracellular
concentration of the metal is high, while under zinc-
depleted conditions Zur repression is relieved and zinc
uptake genes are expressed [163]. Zur was found to be
essential for A. baumannii ATCC 17978 dissemination
in a mouse model of pneumonia, indicating that both
zinc-sensing and regulation of zinc acquisition are cri-
tical processes during infection [163]. Transcriptomic
analysis of a Zur-defective A. baumannii ATCC 17978
mutant revealed that this protein not only regulates the
Znu system but also other genes involved in zinc
homoeostasis [163]. Among them, the most upregu-
lated gene in the zur mutant or in the presence of
calprotectin was zigA (Zur-induced GTPase A). ZigA
binds zinc and has a zinc-stimulated GTPase activity.
The zigA gene is located near the genes encoding the
histidine utilization (Hut) system. This system consists
of a putative histidine importer (HutT), and enzymes
converting L-histidine to L-glutamate (HutH, HutU,
Hutl, HutG). Histidine coordinates free zinc in the
cells and ZigA stimulates histidine catabolism via
HutH during zinc starvation, making zinc free from
histidine chelation [164]. ZigA was shown to contribute
to A. baumannii growth under zinc-limiting conditions
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and the dissemination of bacterial cells in a mouse
model of pneumonia [164].

The transcriptomic analysis of the A. baumannii zur
mutant showed that Zur also regulates the expression
of the gene zrlA [163]. ZrlA (Zur-regulated lipoprotein
A) is a zinc-binding peptidase critical for cell envelope
maintenance and cell morphology [165,166] (Figure 4).
The role of ZrlA in virulence has been demonstrated in
a mouse model of pneumonia, in which a zrlA mutant
showed significantly reduced lung colonization [165].
Moreover, in line with the crucial role of ZrlA in the
maintenance of membrane integrity, the mutant defec-
tive in this gene showed susceptibility to carbenicillin
and vancomycin, whereas the wild-type strain was
completely resistant [165].

Metabolic adaptation to the human host

The high A. baumannii genomic plasticity parallels its
ability to utilize a broad spectrum of carbon and
nitrogen sources, showcasing its adaptation to differ-
ent environments, including the human host [167].
Although the complete list of potential carbon sources
for Acinetobacter spp. is currently unavailable, more
than 20 different metabolic pathways have been iden-
tified in the ACB complex [124], many of these shut-
tling metabolites that are prevalent in the human body
into the carbohydrate metabolism of the bacterium
[124]. Notably, despite the undisputed importance of
glucose in human physiology, glucose serves as
a carbon and energy source for a few environmental
species in the genus Acinetobacter (e.g., Acinetobacter
soli, Acinetobacter apis, and Acinetobacter baylyi),
while no pathways for glucose degradation were iden-
tified in the ACB pathogenic species [124]. However,
several A. baumannii strains that cannot utilize glu-
cose are still able to degrade glucose to gluconolac-
tone/gluconate [124], as demonstrated by the
acidification of the medium in the presence of glucose
[168,169].

Another example of human host adaptation is the
capability of A. baumannii to use carnitine as sole
carbon source [170,171], an amino acid essential for
the oxidative catabolism of fatty acids in humans [172].
However, the importance of carnitine metabolism in
A. baumannii virulence is only speculative, and no
direct evidence has been currently provided [171].

The use of aromatic carbon sources represents
a metabolic benefit for bacteria colonizing the human
host, due to the high abundance of aromatics, such as
hormones and amino acids [173]. Recent findings
demonstrated that A. baumannii strains AYE and
ATCC 19606" were able to grow on quinate, benzoate,



14 M. LUCIDI ET AL.

Extracellular milieu

Calprotectin

.Zn
0]

ZnuD

ExbB-ExbD

A/\

-Zn
complex

~~ S8

Histidine-zn  “+g¢
complex LV

0
. HutG Hutl HutU Zn
L-glutamate e e Trans-urocanic acid + NH, + @

Cytoplasm

Figure 4. A. baumannii zinc uptake system and mechanism of in vivo zinc uptake. during infections, zinc is sequestered mainly by
calprotectin (step 1). The A. baumannii TonB-dependent receptor ZnuD transports free zinc through the outer membrane (OM)
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cleaved into trans-urocanic acid, ammonia, and zinc by the Zn-dependent His ammonia-lyase HutH, activated by the metallocha-
perone ZigA with a still unknown mechanism (step 7). Trans-urocanic acid is eventually converted into L-glutamate by sequential
reactions catalysed by HutU, Hutl, and HutG (step 8). Figure created with Biorender.

kynurenic acid, and p-hydroxybenzoate as sole carbon
and energy sources [174]. Interestingly, A. baumannii
AYE mutants in pcaHG and catA, genes involved in
p-hydroxybenzoate and benzoate catabolism, were
impaired in complement resistance, underlying the
deep intertwining between utilization of aromatic com-
pounds and survival in the host [174]. Concerning the

degradation of other aromatic compounds, it is note-
worthy to mention the capability of A. baumannii to
catabolize the phenylacetic acid, an intermediate in
phenylalanine degradation. The paa operon involved
in the phenylacetic acid degradation was found to be
critical for antibiotic resistance and virulence in mice of
the wuropathogenic strain UPAB1 [52]. Similarly,



previous findings have linked phenylacetic acid catabo-
lism to virulence in the reference strains ATCC 19606"
and ATCC 17978 [175,176]. Indeed, it was demon-
strated  that phenylacetic acid produced by
A. baumannii is sensed by zebrafish neutrophils,
which are attracted to the site of infection, leading to
increased bacterial clearance and host survival [175].
Many genes putatively involved in the degradation
of taurine, xanthine, 2-aminoethylphosphonate, vanil-
lin/valinate, acyclic terpenes, and anthranilate were
identified in A. baumannii [124], although experimen-
tal evidence is currently needed to confirm the capabil-
ity to use these new potential carbon sources [124].
Overall, these results indicate that A. baumannii uses
various strategies to acquire nutrients, even in the face
of nutrient restriction by the host, and the intricate
metabolism of this species may reveal still unexplored
host-pathogen interaction mechanisms [167].

Resistance to xeric stress

Xeric stress, which is caused either by water evapora-
tion (desiccation or matric stress) or excessive solute
concentrations (hypertonicity or osmotic upshock) in
the surrounding environment, subtracts water from
cells [176-178], thereby triggering multiple mechanical
and structural alterations of the cell. The complex nat-
ure of the consequences of this stress complicated the
understanding of the main cause of death in bacteria
undergoing desiccation. Different studies showed that
the removal of water affects a wide array of macromo-
lecules [176-178]. Bacterial membranes, proteins, and
DNA endure modifications reflecting cellular stress in
many ways. In strictly aerobic bacteria, like
A. baumannii, mechanical shrinkage of membranes
due to water loss causes respiratory complexes’ mis-
function, leading to ROS formation. ROS can induce
the formation of Maillard reactions, disulphide bridges,
and oxidation of proteins. Moreover, due to crowding
and hydration shell removal, damaged proteins can
misfold or undergo denaturation, generating protein
aggregates [177,178].

Xeric stress induces several DNA damages such as
covalent modifications (e.g., the formation of hydantoin
rings), cross-linking, and double-strand breaks, impair-
ing DNA transcription and/or replication. At the same
time, several membrane modifications occur, including
i) transition from the liquid-crystalline to the gel phase,
which generates membrane discontinuities that cause
leakage of the cytoplasmic content, ii) aberrant interac-
tion between inner and outer phospholipid leaflets, and
iif) ROS-mediated chemical modifications of lipids
(peroxidation and de-esterification) [176-179].
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A. baumannii has evolved multiple strategies to sur-
vive when only scarce amounts of water molecules are
available, enough to be considered a Gram-negative
model organism to study osmostress responses
[40,180,181] (Figure 5). Interestingly, xeric stress resis-
tance has profound clinical implications, allowing
A. baumannii to persist in hospital settings, and facil-
itating its transmission from contaminated surfaces to
susceptible patients [182]. The intertwining between
resistance to water loss and colonization of the noso-
comial environment is testified by the fact that clinical
isolates usually present higher desiccation resistance
compared to laboratory-adapted strains [19,183,184].
However, the high variability in resistance to xeric
stress [19,183] suggests that some of the main resis-
tance mechanisms are not shared by all A. baumannii
strains, likely due to differences in their genetic
background.

During desiccation, A. baumannii AbH120-A2
increases its membrane permeability, as demonstrated
by the overproduction of the outer membrane proteins
Omp25, DcaP-like, and CarO [185], leading to
hypothesize that the increased water uptake represents
an attempt to recruit water molecules from atmo-
spheric moisture.

To counteract the water loss due to hypertonicity,
A. baumannii ATCC 19606" accumulates or synthe-
sizes de novo compatible solutes, ie., osmotically
active compounds that do not interfere with physiolo-
gical processes [186,187]. During hyperosmotic shock,
A. baumannii cells firstly internalize K" cations [188],
a strategy also known as “salt-in-cytoplasm” that
allows counterbalancing the extracellular osmolarity
[186,189]. On the other hand, facing prolonged salt
stress, A. baumannii accamulates, in the order, gluta-
mate, mannitol, and trehalose or, if present, takes up
glycine betaine from the environment [186,190,191].
The prominent role of compatible solutes in
A. baumannii ATCC 19606 resistance to osmostress
is corroborated by the fact that the growth of a Am¢ID
AotsB double mutant, a deletion mutant defective in
the biosynthesis of both mannitol and trehalose, is
significantly impaired at high NaCl concentrations
[186]. However, unlike salt stress where solutes play
a role in A. baumannii survival, not all compatible
solutes positively affect resistance to desiccation. In
fact, A. baumannii ATCC 19606" cells suspended in
trehalose-containing media before desiccation dis-
played a significant advantage over those suspended
in water or water supplemented with other compatible
solutes [186]. This indicates that the responses to
desiccation and hypertonicity overlap only in part,
since in the former condition cells are in contact
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with air and not immersed in a solution, thus sub-
stance uptake is probably ineffective, and compatible
solutes must be synthesized de novo. Moreover, while
water stress can be mimicked by introducing solutes
into a liquid environment, this method does not accu-
rately replicate the conditions microorganisms face
when exposed to dehydration. Dehydration entails
the transition of water from the liquid phase to the

gaseous phase, which this approach inadequately
simulates [176,186,192].

The intracellular accumulation of trehalose observed
in the A. baumannii type strain represents a common
phenomenon in microorganisms adapted to xeric stress
[177,178,193]. It was hypothesized that, when accumu-
lated intracellularly in large quantities, trehalose can
replace water molecules, determining a dramatic



decrease in diffusion rates inside the cell,
a phenomenon known as vitrification. Vitrification is
considered a critical mechanism for conferring resis-
tance to dehydration, with trehalose playing multiple
roles as a chemical chaperone, osmolyte, and metabo-
lite. Trehalose can directly or indirectly stabilize mem-
branes and preserve protein folding. Additionally, it
helps to slow down metabolic activity and prevent the
accumulation of ROS [177,178,193].

Resistance to ROS-induced damage represents one
of the main challenges that bacteria must overcome to
cope with low water availability. For this reason,
A. baumannii cells increase the expression of ROS-
detoxifying enzymes during xeric conditions. In line
with this observation, the two catalases KatG and
KatE, able to convert the ROS-producing agent hydro-
gen peroxide into water and oxygen, were demon-
strated to offer protection against desiccation
[184,185,194] and oxidative burst of macrophages in
different A. baumannii clinical isolates [195], highlight-
ing the interconnection between osmostress resistance
and  host-pathogen  interaction. In  addition,
A. baumannii ATCC 17978 has a superoxide dismutase
(Sod2343), which can convert the superoxide anion O,~
into the less toxic hydrogen peroxide, that was found to
play a key role in oxidative stress resistance, virulence,
and antibiotic susceptibility [196]. However, the role of
S0d2343 in xeric stress resistance is still undetermined.

Many intracellular proteins, especially those that are
denaturation-prone, lose their functional conformation
because of cell dehydration. To face protein misfolding,
different chaperones are upregulated in many
A. baumannii clinical isolates experiencing both oxida-
tive (GrpE, DnaK, GroES, GroEL) and desiccation (TF,
GrpE, GroES, DnaK, DnaJ, ClpB, ClpX,) stresses
(reviewed by Monem et al., 2020 [193]). Among the
upregulated chaperones, the two predicted intrinsically
disordered proteins (IDPs) DtpA and DtpB were found
to promote desiccation tolerance in the A. baumannii
strains ABUW 5075 and ATCC 17978, preventing pro-
tein denaturation or aggregation during dehydration
conditions [197]. These hydrophilins, which are hydro-
philic and highly charged, act as molecular shields
protecting proteins and other cellular components
from damage caused by desiccation and have been
identified to be associated with xerotolerance in diverse
organisms such as yeast, nematodes, tardigrades, and
plant seeds [197]. The investigation of dtpA and dtpB
orthologues in other members of the Acinetobacter
genus led to the discovery of a desiccation resistance
cassette [197]. This cassette contains genes encoding
DtpA, DtpB, KatE, and umuCD, the latter coding for
the error-prone DNA polymerase V (Pol V).
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Desiccation and rehydration cause various DNA
lesions, including oxidation, alkylation, base removal,
cross-linking, and strand breaks [176,177]. These DNA
lesions would result in elevated mutagenesis rates when
cells are rehydrated. To help prevent some of the DNA
damages induced by desiccation and rehydration,
A. baumannii relies on the protective role of the RecA
protein, required for homologous recombination and
recombination repair, and other proteins involved in
the repairing of DNA lesions, such as the error-prone
DNA polymerases Pol IV (encoded by dinB) and Pol
V [198,199]. Interestingly, A. baumannii ATCC 17978
subjected to desiccation generated a higher frequency
of rifampin-resistant mutants [198], leading to the pro-
vocative hypothesis that desiccation resistance impacts
antibiotic resistance. The association between antibiotic
resistance and desiccation tolerance is also supported
by the fact that MDR clinical isolates are commonly
more  resistant to  desiccation [19,183,184].
Interestingly, matric stress endurance is significantly
reduced when desiccation-resistant strains are sub-
jected to serial culturing in liquid media [184], corro-
borating the notion that environmental and clinical
isolates are more resistant to dehydration compared
to laboratory-adapted strains [19,183,184].
Furthermore, the A. baumannii biofilm-forming capa-
city, which is usually more pronounced in MDR clinical
isolates [19,200], strongly contributes not only to boost-
ing antibiotic resistance but also to desiccation survival
[201,202]. Likewise, matric stress induces the biofilm-
associated protein BAP [194], confirming the link
between biofilm formation and defence from water
loss.

Matric stress resistance strictly depends on environ-
mental conditions, including relative humidity and
temperature. Moreover, the growth phase at which the
cells are harvested before dehydration can dramatically
change bacterial viability: when bacteria are taken from
the logarithmic phase, a dramatic reduction in their
ability to survive desiccation is observed compared to
those harvested from the stationary phase
[180,181,184]. These results suggest that factors impor-
tant for desiccation tolerance in A. baumannii are
regulated in a growth phase-dependent manner.
Among them, the two-component system BfmS/BfmR
controls the expression of stress-related proteins during
the stationary phase of growth [184]. Phosphorylation,
which leads to the activation of BfmR, is controlled by
the sensor histidine kinase BfmS and determines the
upregulation of different stress-related proteins such as
KatE, and the A. baumannii stress-related protein
A (AbsA), whose role is not yet defined [184].
Accordingly, isogenic mutants in bfmR are more
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sensitive to nutrient starvation, NaCl-induced hyperos-
motic shock, and desiccation compared to the wild-type
strain [184]. Intriguingly, otsB (coding for the treha-
lose-phosphatase involved in trehalose biosynthesis)
and bfmS mutants showed impaired virulence in
G. mellonella caterpillars [203], suggesting that
A. baumannii in vivo survival may depend on the
ability to cope with environmental stresses.

The importance of the BImR/BfmS two-component
system in bolstering desiccation resistance highlights
the critical role of gene expression reshaping, enabling
A. baumannii to mitigate the impacts of water loss
[204]. During desiccation, it was observed that several
genes responsible for transcription and translation pro-
cesses showed altered expression levels in A. baumannii
AbH120-A2 [185]. Specifically, the RNA polymerase
subunits RpoA and RpoC, proteins associated with
ribosomes, and the elongation factor Tu were found
to be downregulated [185]. Conversely, the ribosomal
recycling factor (RRF), the integration host factor
(IHF), and the histone-like protein HU exhibited upre-
gulation [185]. RRF plays a role in facilitating ribosome
disassembly upon completion of translation, while IHF
and HU are involved in transcriptional regulation, cru-
cial for maintaining DNA supercoiling and compaction
[185]. Taken together these observations indicate
a profound transcriptomic and proteomic readaptation
during xeric stress. However, other regulatory mechan-
isms have recently been identified in different
A. baumannii strains. In particular, the RNA-binding
protein CsrA (carbon storage regulator A, also known
as RsmA) is essential in desiccation resistance [194,205]
by modulating the mRNA half-life of genes associated
with xeric stress resistance such as katE, uspA (encod-
ing the universal stress protein A UspA that plays
a significant role in protecting A. baumannii from
hydrogen peroxide and low pH [206]), bap, dtpA, and
dtpB [194,199] (Figure 6).

Dehydration stops cell growth, as inferred from the
repression of genes involved in cell division in desic-
cated A. baumannii AbH120-A2 cells [185]. For
instance, the levels of FtsZ and MinD, proteins respon-
sible for the formation of cell division septum, rapidly
decrease during desiccation [185]. Moreover, matric
stress induces the upregulation of HipA/B, a bacterial
toxin—antitoxin system, responsible for the cell cycle
arrest by translation inhibition: the HipA toxin acts as
a kinase phosphorylating EF-TU, the translation elon-
gation factor, whose levels decrease during desiccation,
determining growth arrest [185,207]. These observa-
tions suggest that A. baumannii cells exposed to desic-
cation stress enter a dormant state [208]. Interestingly,
the entrance in the dormancy phenotype is usually

correlated with antibiotic persistence. Bacterial persister
cells constitute a small fraction of bacterial populations
able to survive to a bactericidal drug concentration
without being resistant and are responsible for host
clearance failure of the infection upon antibiotic treat-
ment [209]. Although no direct comparison between
antibiotic- and desiccation-induced metabolic quies-
cence mechanisms is available, the similarity between
these two conditions raises the intriguing hypothesis
that desiccation may induce the transition to
persistence.

Concluding remarks and outlook

The ever-growing impact of A. baumannii infection on
healthcare systems and the impressively rapid expan-
sion of antimicrobial resistance in this organism have
been paralleled by significant advances in the knowl-
edge of its virulence potential, unveiling new features of
its pathogenicity and environmental fitness.

A crucial feature of investigations of A. baumannii
pathogenicity is the strain-dependent variability of
virulence factors content. Many studies have been con-
ducted on the reference strains ATCC 19606 and
ATCC 17978, which were isolated from clinical speci-
mens almost 70 years ago, and still represent valuable
models to understand the biology of this pathogen.
However, it is now clear that these reference strains
do not possess the prototypical characteristics of cur-
rently circulating clinical A. baumannii strains. The use
of the hypervirulent strain AB5075 was proposed a few
years ago as a model to study A. baumannii pathogen-
esis and antibiotic resistance [146], but even this strain,
belonging to ICL I, cannot be considered representative
of the most successful clonal lineages circulating world-
wide [15,16,18]. The difficulty in identifying
a prototype strain for studying A. baumannii pathobiol-
ogy lies in the great genetic diversity found within the
A. baumannii species, as evidenced by the presence of
approximately 20,000 genes constituting its pangenome
[22], meaning that no single strain can be representa-
tive of the entire species. Such diversity poses the need
for comparative studies, at both genome and phenotype
levels, to assess the actual distribution and expression
of individual factors in the global A. baumannii popu-
lation [124]. Another critical issue in the assessment of
A. baumannii pathogenicity is the animal models used
to compare wild-type and attenuated isogenic mutants.
While G. mellonella is a universally recognized and
widely used animal model to verify the role of indivi-
dual virulence factors in vivo, different mouse models
of infection have also been proposed, and it is now
clear that the contribution of virulence factors to
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A. baumannii pathogenicity varies depending on the
animal model and the type of infection.

The success of A. baumannii in hospital settings is not
only based on its ability to infect and spread among pre-
disposed patients but also on its distinctive capacity to
persist in the environment. As for other opportunistic
pathogens, A. baumannii pathogenicity is multifactorial
and the clinical success of this species relies on
a combination of characteristics acting in concert to ensure
bacterial survival inside and outside the human host.

While several cell-associated and secreted virulence factors
have been shown to influence pathogenicity, it is still
difficult to define which A. baumannii virulence factors
contribute most to the severity of A. baumannii infection.

Protein secretion systems are important for
A. baumannii pathogenicity. Although proteomic stu-
dies demonstrated that these systems directly or indir-
ectly affect the secretion of many extracellular and cell-
associated virulence factors, the specific mechanism of
secretion has been experimentally demonstrated for



20 M. LUCIDI ET AL.

only a few of them. Moreover, experimental evidence
suggests that there is some variability among strains at
the level of secreted effectors, suggesting that each
system may differently contribute to virulence, depend-
ing on the isolate and/or the site of infection. Since
secretion systems have been proposed as targets for the
development of drugs against A. baumannii drugs [59],
their actual role in pathogenicity should be confirmed
for a larger number of isolates and in different infection
models.

Transition metals, particularly iron and zinc, have an
essential nutritional function also in vivo, and the ability to
acquire these metals during infection makes A. baumannii
able to grow and proliferate in the host. Experimental
evidence indicates that iron acquisition systems such as
the acinetobactin siderophore, the hemO gene cluster
implicated in haem uptake, and the TonB3 energy transdu-
cing system are crucial for A. baumannii pathogenicity in
both insect and mouse models. Likewise, zinc uptake via the
Znu system has experimentally been demonstrated to be
crucial for the proliferation of A. baumannii during infec-
tion. The expression of iron- and zinc-uptake genes are
controlled at transcriptional levels by Fur and Zur, respec-
tively. Interestingly both the transcriptional regulators also
modulate the expression of genes not directly related to the
metal uptake, but essential for A. baumannii pathogenicity,
such as phospholipases (Plcl and Plc2) and zinc-binding
peptidase (ZrlA), highlighting the interconnection between
metal homoeostasis and virulence gene expression. The key
role of metals in the pathogenicity and in the regulation of
virulence gene expression makes metal metabolism the
Achilles’ heel of A. baumannii that has already been
exploited to develop new antimicrobial compounds, like
siderophore-antibiotic conjugates, iron chelators, and iron
mimetics [210-215].

Resistance against xeric stress, including both
desiccation and hypertonicity, is crucial for the per-
sistence of A. baumannii in healthcare settings. The
increasing number of A. baumannii factors contribut-
ing to both host colonization and survival to xeric
stress should stimulate the research of common
mechanisms between these two processes. Proteins
implicated in persistence under xeric stress conditions
can represent promising targets for new inhibitory
agents. However, our current understanding of the
pathways and regulatory circuitry underlying this pro-
cess remains incomplete. Since the xeric stress is
inductive of A. baumannii dormancy [208] future
research should be directed to unveil the cellular and
molecular mechanisms behind the transition to the
dormant state. This research could pave the way to
the discovery of novel mechanisms of resistance to
disinfectants and antibiotics, which is of undisputed

importance for the prevention and control of
A. baumannii infections.
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