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ABSTRACT

Acinetobacter baumannii is an emerging nosocomial, opportunistic pathogen with growing clinical significance. Acinetobacter
baumannii has an exceptional ability to rapidly develop drug resistance and to adhere to abiotic surfaces, including medical
equipment, significantly promoting bacterial spread and also limiting our ability to control A. baumannii infections.
Consequently, A. baumannii is frequently responsible for ventilator-associated pneumonia in clinical settings. In order to
develop an effective treatment strategy, understanding host–pathogen interactions during A. baumannii infection is crucial.
Various A. baumannii virulence factors have been identified as targets of host innate pattern-recognition receptors, which
leads to activation of downstream inflammasomes to develop inflammatory responses, and the recruitment of innate
immune effectors against A. baumannii infection. To counteract host immune attack, A. baumannii regulates its expression
of different virulence factors. This review summarizes the significance of mechanisms of host–bacteria interaction, as well
as different bacteria and host defense mechanisms during A. baumannii infection.

Keywords: inflammasome; host–pathogen interaction; innate immunity; Acinetobacter baumannii; toll-like receptors; outer
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INTRODUCTION

Bacterial infections are a leading cause of morbidity and mortal-
ity worldwide. Although the discovery of antibiotics successfully
controlled bacterial infections, overuse and misuse of antimi-
crobials escalated the selection of difficult-to-treat multi-drug
resistant (MDR) organisms. Acinetobacter baumannii belongs to
a group of antibiotic-resistant bacteria with significant clinical
prevalence, termed ‘ESKAPE’ pathogens. ESKAPE pathogens are
comprised of A. baumannii, Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa and Enter-
obacter spp (Rice 2008). The ESKAPE bacteria were classified due
to their ability to effectively escape antibiotic treatments, lead-
ing to a high mortality rate in vulnerable patients (Rice 2008).

Notably, Gram-negative A. baumannii infections are increas-
ing in prevalence in hospitals and combat zones worldwide
(Antunes, Visca and Towner 2014). For example, during 2002
to 2004 military medical facilities reported that 83%, a total
of 102 identified cases, of A. baumannii bloodstream infections
were associated with combat zone operations, far exceeding the
three cases reported during 2000 to 2002, with 80% of these
A. baumannii isolates showing resistance to the last-line antibi-
otic carbapenem (Acinetobacter baumannii 2004). The increased
prevalence of nosocomial A. baumannii infections can be largely
attributed to the remarkable ability of A. baumannii to colo-
nize and form biofilms on abiotic surfaces, including medical
devices. This subsequently promotes bacterial contamination
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and host infection from opportunistic pathogens (Greene et al.
2016). Studies in nine European countries indicated a high inci-
dence rate of A. baumannii in ICU patients, with A. baumannii
present in 17.9% of patients with bacteremia and in 22.9% of
trauma patients (Koulenti, Tsigou and Rello 2016). In a Turkish
hospital, A. baumannii was the most frequent pathogen (69.5%)
of 417 patients with ventilator-associated pneumonia during
2010 to 2015. Remarkably, these A. baumannii isolates are highly
resistant to antibiotics, including broad-spectrum penicillin,
cephalosporin, aminoglycoside, quinolone and carbapenem (But
et al. 2017), which are routinely used to treat A. baumannii infec-
tion. More recently, during December 2016 to June 2017, in a Fiji
hospital, nosocomial outbreaks of MDR A. baumannii affected
1.8% pediatric and 10.6% neonatal ICU patients, causing fatal-
ity of up to 68% of affected patients. It was further identified
that nearly all patients (97%) received ventilator support (Zim-
merman, Lyman and Andersson 2017), emphasizing the ability
of A. baumannii to colonize abiotic medical surfaces facilitating
movement of MDR bacteria between rooms and patients.

The therapeutic options for these highly resistant pathogens
are very limited and as such, physicians have been forced to
use the last resort antibiotics, including colistin, which may
induce nephrotoxicity and select for colistin-resistant A. bau-
mannii (Moffatt et al. 2010; Henry et al. 2012; Boll et al. 2016). To
effectively treat and limit the spread of MDR A. baumannii, while
protecting the host from further damage from the treatments,
a thorough understanding of the molecular and cellular mecha-
nisms of host–pathogen interactions is crucial.

It is well-characterized that neutrophils and macrophages
are essential for host defense during A. baumannii infection
(van Faassen et al. 2007; Qiu et al. 2012; Garcia-Patino, Garcia-
Contreras and Licona-Limon 2017), with host soluble factors,
including the complement cascade and antimicrobial peptides
also participating in the killing of A. baumannii (Maisetta et al.
2006; Routsias et al. 2010; Lin et al. 2015; Garcia-Patino et al. 2017).
The role of different effector cells and soluble antimicrobial fac-
tors during A. baumannii infection has been reviewed recently
(Garcia-Patino et al. 2017), and will not be discussed in detail
in this review. Furthermore, while a number of studies exam-
ine the mechanisms of antibiotic resistance, epidemiology and
virulence factors such as biofilm formation of A. baumannii (Lee
et al. 2017; Rodrigo-Troyano and Sibila 2017), there are limited
number of studies focusing on how bacteria interact with the
host, and subvert cellular defense mechanisms to survive and
persist. This review will be discussing the A. baumannii compo-
nents that enhance bacterial virulence, and how A. baumannii
modulates the expression of these components to evade host
immune responses, ultimately promoting bacterial survival and
propagation in the host. Understanding both sides of this story
may identify potential therapeutic targets to control A. bauman-
nii infection in the future. Figure 1 and Table 1 depict all bac-
terial features described in this review, whereas all host innate
immune factors discussed in this review are summarized in Fig-
ure 2.

Biology of A. baumannii

Acinetobacter baumannii present many unique components to
assist its invasion into the host, evasion of host immune attack
and persistence in the host. The most studied components of
A. baumannii are its outer membrane proteins ‘Omps’. Acine-
tobacter baumannii Omps are the most abundant surface pro-
teins of A. baumannii and they form pores on the outer mem-
brane to regulate membrane permeability. Several A. bauman-
nii Omps have been identified, including OmpA (also known

as Omp38), Omp33-36 and Omp22 (Lee et al. 2017). OmpA is a
well-characterized virulence factor of A. baumannii (AbOmpA),
responsible for a wide range of bacterial activities from pro-
moting adhesion (Choi et al. 2008) to inducing host cell apop-
tosis (Choi et al. 2005). In addition to Omps, the A. bauman-
nii membrane also contains membrane-bound lipopolysaccha-
ride (LPS)—a highly immunogenic endotoxin present in all
species of Gram-negative bacteria—capable of causing lethal
shock (Ramachandran 2014). LPS is a well-characterized, highly
immunogenic microbial molecule and evokes extensive host
immune responses (Kim et al. 2013). Being the two predominant
components of A. baumannii virulence, AbOmps and LPS may be
potential host receptor targets to sense invading bacteria (Knapp
et al. 2006; Kim et al. 2013; Kim et al. 2014). To counteract this,
A. baumannii express various levels or structural modification of
Omps (Sato et al. 2017) and/or LPS (Boll et al. 2016).

While Omps and LPS promote the virulence of A. baumannii,
a third membrane-bound component, capsular polysaccharide
(CPS)—an outer-membrane polymer with a theorized involve-
ment in virulence—enables the bacteria to evade host immune
attack during infection. The conserved gene cluster (K locus) dis-
covered in A. baumannii, determines the production of CPS, with
antibiotic exposure inducing CPS expression through gene regu-
lation (Geisinger and Isberg 2015). Capsular polysaccharide has
been related to biofilm formation, avoidance of both phagocy-
tosis and complement, and antibiotic resistance of A. bauman-
nii (Russo et al. 2010; Lees-Miller et al. 2013). To further enhance
A. baumannii adherence and spread, the bacteria also presents
biofilm-associated protein (Bap), and Csu pili as well as type IV
pili. Unsurprisingly, A. baumannii demonstrates ability to regu-
late the expression of these adherence components. This review
will briefly introduce these components. For a comprehensive
review, we refer the readers to the recent review from Harding,
Hennon and Feldman (2018).

Apart from membrane-bound components, A. baumannii also
presents various transmembrane secretory systems and nutri-
ent acquisition systems, which secrete proteins outside of the
cell, to either promote bacterial virulence or assist bacteria
in acquiring nutrients essential for growth. This includes the
secreted outer membrane vesicles (OMVs), transmembrane type
VI secretory system (T6SS) or efflux pumps, all together mod-
ulating bacterial resistance to host immune responses (Hood
et al. 2012; Repizo et al. 2015), antibiotic resistance (Rumbo et
al. 2011) or assisting intra-species competition (Carruthers et al.
2013; Repizo et al. 2015), ultimately resulting in A. baumannii sur-
vival. Like other structures of A. baumannii, the expression of
these secretory components may be altered by A. baumannii gene
regulation.

In the following section, we discuss how these A. bauman-
nii components contribute to bacterial virulence, potentially
through expression of different components, ultimately pro-
motes A. baumannii persistence during infection.

BALANCING BACTERIAL INVASION,
VIRULENCE AND SURVIVAL

Fierce A. baumannii—AbOmps and OMVs

Acinetobacter baumannii OmpA (AbOmpA) is critical for bacte-
ria virulence. In vitro, AbOmpA promotes the adherence and
invasion of A. baumannii into epithelial cells, elucidated from a
95% reduction in cell invasion by OmpA-deficient A. bauman-
nii, compared to wild-type bacteria (Choi et al. 2008). Further-
more, purified OmpA triggers epithelial cell apoptotic responses
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Figure 1. Components of A. baumannii and their mechanisms to promote bacteria survival. A. baumannii outer membrane proteins (Omps) form pores on the outer
membrane, facilitating generation of OMVs and bacterial adherence (biofilm formation). Omps and CPS both assist A. baumannii to evade host immune responses

such as complement attack. CPS and LPS are present on bacterial outer membranes. LPS are essential for maintaining bacterial membrane integrity, yet the lipid A
component of LPS (inset) is highly immunogenic to host receptors. Acinetobacter baumannii can modify LPS structures to evade host immune recognition. Secretory
systems of A. baumannii include OMV and type VI secretory system (T6SS). OMVs act as a carrier of antibiotic resistance genes between different strains of A. baumannii.
T6SS promotes A. baumannii competitiveness against other bacteria species, subsequently enhancing A. baumannii colonization. Acinetobacter baumannii also presents

metal acquisition systems and the related siderophores to ensure acquisition of essential nutrients for bacterial growth. Acinetobacter baumannii can up- or down-
regulated these different components in response to antibiotic stress, yet the impacts of the regulations on A. baumannii fitness remains unknown.

Table 1. Summary of all A. baumannii components, their functions and conditions of regulation mentioned in this review.

Virulence factor Functions Found in Modulation

OmpA Induce cell apoptosis (Choi et al.
2005), complement resistance (de
Leseleuc et al. 2014), biofilm
formation, cell invasion (Choi et
al. 2008), OMV biogenesis (Moon
et al. 2012)

Most A. baumannii strains
(Beveridge 1999)

Unknown

CPS Complement resistance
(Geisinger and Isberg 2015),
biofilm formation (Russo et al.
2010)

Most A. baumannii strains
(Lees-Miller et al. 2013)

Up-regulated upon antibiotic or
ROS exposure (Geisinger and Isberg
2015; Chin et al. 2018)

OMVs Transferring OmpA (Kwon et al.
2009), toxin delivery (Jha et al.
2017),

Most A. baumannii strains
(Beveridge 1999)

Up-regulated upon antibiotic
exposure (Koning et al. 2013)

LPS Membrane integrity (Boll et al.
2016), induce cell apoptosis
(Beceiro et al. 2014), antibiotic
resistance (Moffatt et al. 2010)

Most A. baumannii strains
(Beveridge 1999)

Loss during colistin resistance
development (Boll et al. 2016)

T6SS Interspecies competition
(Carruthers et al. 2013; Weber et
al. 2013)

Most A. baumannii strains (Weber
et al. 2013)

Activate upon contact with
competing bacteria (Weber et al.
2015)

Micronutrient acquisition
systems

Nutrient acquisition (Wang et al.
2014; Gebhardt et al. 2015)

Most A. baumannii strains
(Mortensen and Skaar 2013)

Up-regulated under
nutrient-deprived conditions
(Zimbler et al. 2009; Kroger et al.
2016)

Type IV pili Twitching motility (Harding et al.
2013)

Most A. baumannii strains
(Piepenbrink et al. 2016)

Up-regulated during growth in
human serum (Jacobs et al. 2012)

Bap Biofilm formation (Brossard and
Campagnari 2012)

Most sequenced A. baumannii
strains (Goh et al. 2013)

Up-regulated while growing under
low iron conditions (Azizi et al.
2016)

Csu Pili Biofilm formation (abiotic surface
only) (Tomaras et al. 2008)

Most A. baumannii strains (Moriel
et al. 2013)

Antibiotic exposure (K. H. Moon et
al. 2017; Farshadzadeh et al. 2018)
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Figure 2. Host innate immune responses to A. baumannii infection. The initial encounter of host cells and A. baumannii triggers signaling through recognition by
TLR4/CD14, TLR2; or TLR9 in the endosome, activating downstream mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NF-κB), leads to pro-
inflammatory cytokines and chemokines secretion. Pro-IL-1β is cleaved by activated caspase-1 or caspase-11 into mature IL-1β for release and promote systemic
inflammation. Recruited neutrophils, monocytes or macrophages contribute to bacterial clearance through ROS production and phagocytosis. IL: interleukin; TNFα:

tumor necrosis factor α. Red lightning bolt highlights A. baumannii-killing effectors. Figure not to scale.

similar to wild-type A. baumannii strain ATCC19606 (Choi et al.
2005), highlighting the crucial role of AbOmpA in host cell-
invasion by bacteria and triggering host cell death. Similarly, for
in vivo murine models, intra-tracheal inoculation of an isogenic
AbOmpA− mutant induces lower neutrophil infiltration, less
severe lung lesions and lower bacteremia compared with A. bau-
mannii ATCC19606 strain (Choi et al. 2008). The lower bacteremia
triggered by AbOmpA− mutant suggests that OmpA is responsi-
ble for A. baumannii dissemination into the bloodstream. Overall,
the lower immune response and less severe pathology elicited by
AbOmpA− mutant emphasizes the role of AbOmpA in bacterial
virulence in vivo.

Interestingly, AbOmps are crucial for the bacteria’s survival
by evading the host immune response, thus promoting bac-
terial virulence. Acinetobacter baumannii outer membrane frac-
tions along with other virulence factors including CPS, T6SS,
plasminogen-binding protein (CipA) and heme consumption are
all implicated in assisting A. baumannii in bacteriolytic comple-
ment evasion (de Leseleuc et al. 2014; Geisinger and Isberg 2015;
Repizo et al. 2015; Koenigs et al. 2016). One way they achieve this
is by subverting the host immune system. For example, outer
membrane fractions of A. baumannii isolate ATCC19606, specifi-
cally the Omps with size 38 (i.e. AbOmpA), 32 and 24 kDa, have
been identified as ligands for factor H, a soluble regulator which
patrols the bloodstream and binds to self-antigens, preventing
activation of the complement pathway (Ferreira, Pangburn and
Cortés 2010). When A. baumannii is pre-treated with trypsin to
cleave-off surface proteins, the survival of the bacteria in nor-
mal human serum significantly decreases (Kim et al. 2009), sug-
gesting that the complement evasion of A. baumannii is depen-
dent on the interaction between bacterial membrane proteins
and host soluble factors (i.e. factor H) found in serum. However,

King and colleagues (King et al. 2009) examined the relation-
ship between their clinical A. baumannii isolates and the alter-
native complement pathway, and elucidated that their clinical
complement-resistant A. baumannii isolate (LK41) avoids depo-
sition of complement factor C3, yet it does not bind to factor H.
To date, the exact role of factor H and AbOmpA in A. baumannii
serum resistance remains elusive.

This dissimilarity in susceptibility to complement, as
observed by King et al. (2009), is likely related to the different
expression of OmpA in the clinical isolates studied. Numerous
studies have suggested that A. baumannii shows different levels
of Omp expression across strains. Sato et al. (2017) compared the
level of Omp between five MDR clinical isolates from Teikyo Uni-
versity hospital during an outbreak around 2010 to the standard
A. baumannii ATCC19606 strain. It was observed that two of the
clinical isolates showed higher OmpA mRNA levels when com-
pared to the standard ATCC19606 strain. In addition to OmpA,
reduced mRNA levels of Omp33-36 in two clinical strains com-
pared to ATCC19606 isolate were also reported. This differen-
tial expression across strains was further supported by Dupont
and colleagues (2005) who showed that the expression of A.
baumannii Omp at 43 and 29 kDa were reduced in one clinical
strain (Ab1), compared to other strains (clinical Ab2, Ab3 and
ATCC19606) tested. Since Omps form porins and mediate the
permeability of the bacterial outer membrane, it is reasonable
to speculate that Omp expression can affect virulence, and it
follows that changes in Omp expression may be related to the
diverse antibiotic resistance of A. baumannii across strains.

Importantly, OmpA is involved in additional bacterial viru-
lence including biogenesis of OMVs, complement resistance and
biofilm formation (Gaddy, Tomaras and Actis 2009; Kim et al.
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2009; Moon et al. 2012). OMVs are a type of secretion system uti-
lized by Gram-negative bacteria to transfer microbial products or
bacterial toxins to induce host cell apoptosis. Acinetobacter bau-
mannii OMVs are associated with abundant expression of OmpA
and other virulence factors (Kwon et al. 2009). Unsurprisingly,
since AbOmpA is involved in OMV biogenesis, the OMVs from
AbOmpA mutant and wild-type strain (ATCC19606) show differ-
ent protein constituents (Moon et al. 2012). This suggests the vir-
ulence of A. baumannii is dependent not only on each separate
factor, but also to their interactions with each other and with
the host. Intra-tracheal administration to mice of A. bauman-
nii OMVs induced secretion of the cytokines IL-1β, IL-6 and the
chemokine ligand 2 (CCL2) (Jun et al. 2013). In vitro, A. baumannii
OMVs show phospholipase C, hemolytic and leukotoxic (ability
to induce shape change in granulocyte) activities, which, when
compared to ATCC19606 control strain, the OMVs derived from
clinical MDR-strains display enhanced hemolytic and leukotoxic
activities (Jha et al. 2017). The interaction between A. bauman-
nii OMVs and host cells, therefore induces both host immune
responses and host cell cytotoxicity.

Acinetobacter baumannii (ATCC19606) OMV morphology differs
between the stages of bacterial growth (Koning et al. 2013). Dur-
ing late log-phase of growth, A. baumannii OMVs are larger com-
pared to the OMVs generated during early log-phase, yet the
number of OMVs produced peaks during the stationary phase
of bacterial growth. Furthermore, a sub-lethal concentration of
ceftazidime induces OMV formation in A. baumannii (Koning et
al. 2013). It was not identified whether these secreted OMVs
contained the antimicrobial substance, nevertheless, this could
be a potential bacteria defense mechanism, where it secretes
antibiotic-containing OMVs, removing the antibiotic and thus,
enhancing its resistance. On the other hand, increased secre-
tion of OMVs may be an indirect consequence of the increased
formation of porins (i.e. Omps) by A. baumannii, resulting in
increased OMV biogenesis. It is critical for further studies to be
conducted to understand the correlation between A. baumannii
OMV morphology, composition, bacterial virulence and interac-
tion with the host, since these are clearly important in bacte-
rial pathology. Taken together, while these studies illustrate the
importance of Omps and OMV in the pathogenesis of A. bau-
mannii, it remains unclear how the bacteria achieve the trade-off
between decreasing expression of different Omps and increas-
ing bacterial virulence

Lipopolysaccharide—promoting virulence while
maintaining membrane integrity

The other major component of the A. baumannii cell wall is LPS in
addition to Ab Omps. LPS is composed of a hydrophobic lipid A
region, attached to a carbohydrate chain, and is believed to play
a role in A. baumannii virulence. It has previously been shown
that four LPS mutants of A. baumannii, derived from ATCC19606,
induce significantly lower cell death in the human lung epithe-
lial cell line (A549) in vitro compared to the wild-type ATCC19606
(Beceiro et al. 2014). Similarly, Lin et al. (2012) showed that inhi-
bition of LPS synthesis in hyper-virulent A. baumannii (HUMC1,
MDR) decreases mouse susceptibility to systemic infection, and
reduced overall bacterial burden in vivo, providing further sup-
port that expression of LPS enhances A. baumannii virulence and
pathology. Interestingly, no correlation was found between A.
baumannii strain virulence in vivo and its LPS content per bac-
terium in vitro (Lin et al. 2012), suggesting the inflammatory

response to A. baumannii is not solely dependent on the quantity
of LPS.

It is well known that A. baumannii alters either LPS structure
or LPS expression to evade host receptor recognition and antibi-
otic colistin binding (Boll et al. 2016). Unsurprisingly, since LPS is
highly immunogenic, the LPS-lacking A. baumannii examined by
Lin et al. (2012) elicits less pro-inflammatory cytokines, includ-
ing tumor necrosis factor α (TNFα) and interleukin-1β (IL-1β) in
vivo. Likewise, Moffatt and colleagues showed that LPS-deficient
A. baumannii evoked lower transcription factor NF-κB activation
through toll-like receptor 4 (TLR4) signaling, and therefore less
TNFα secretion in vitro (Moffatt et al. 2013). This means the bac-
teria are able to evade the host immune response since the host
no longer develops inflammatory responses through these path-
ways, and hence, these LPS-lacking A. baumannii are able to sur-
vive.

However, loss of A. baumannii LPS may result in a concomi-
tant change of surface molecule composition. Transcriptomic
analysis of LPS-deficient A. baumannii (ATCC19606R) compared
to the wild-type strain (ATCC19606), showed that the loss of
LPS was compensated via upregulation of transport lipoproteins
(Henry et al. 2012; Boll et al. 2016), which may induce perme-
ability changes such as those shown by Moffatt et al. (2010),
often reflecting associated changes in virulence and antibiotic
resistance. As previously mentioned, LPS-deficient A. baumannii
induces lower epithelial cell (A549) death in vitro (Beceiro et al.
2014) than wild-type strains, and while the loss of LPS in some
strains of A. baumannii allows them to evade the immune system
and increase their antibacterial resistance, increased permeabil-
ity must be considered a ‘cost’ to the bacteria, and it follows that
there must be a balance between the loss of LPS and the ability
of the bacteria to survive. Overall, these intricate relationships
between LPS expression, membrane permeability and bacterial
virulence in A. baumannii remain unclear.

While reports regarding A. baumannii LPS struc-
tural/expression variation and bacterial host immune evasion
are still lacking, another nosocomial gram-negative bacterium,
K. pneumoniae, avoids phagocytosis by both mouse alveolar
macrophages (MH-S) and amoebae Dictyostelium discoideum via
LPS lipid A palmitoylation (March et al. 2013). Since some highly
virulent A. baumannii isolates can also evade phagocytosis
(Bruhn et al. 2015), future research may validate, or refute,
a relationship between A. baumannii LPS modification and
bacterial evasion of phagocytosis.

EVADING HOST ATTACK AND PERSISTENCE
OF A. BAUMANNII IN THE HOST

The armor of A. baumannii—CPS

Many A. baumannii clinical isolates express inducible CPS poly-
mer encasing the bacterium to shield A. baumannii from host
responses including complement attack (Geisinger and Isberg
2015). The production of CPS is not only up-regulated by antibi-
otic exposure (Geisinger and Isberg 2015) but may also be influ-
enced by host defenses. Acinetobacter baumannii isolated from
lungs post-infection in mice lacking functional reactive oxygen
species (ROS) and lysozyme shows reduced capsule expression,
compared to A. baumannii isolated from wild-type lung (Chin et
al. 2018). This suggests that A. baumannii use CPS up-regulation
to protect themselves against ROS and lysozyme degradation,
and provides indirect evidence that these host factors play a role
in defense against A. baumannii.
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Previous studies have shown that CPS expression is associ-
ated with A. baumannii virulence. When infected with A. bau-
mannii with enhanced capsule production, inbred C57BL/6 mice
show decreased survival by up to 40%, as well as increased bac-
terial burden in the blood and spleen when compared to mice
infected with normal CPS-expressing A. baumannii (Geisinger
and Isberg 2015). This discovery is supported by Chin et al., who
showed that capsule-enriched A. baumannii (AB5075, clinical
MDR strain) exhibits greater dissemination in vivo and induces
higher lethality in mice (Chin et al. 2018). Furthermore, in rat
soft tissue, Russo and colleagues ( 2010) suggested that capsule-
positive A. baumannii show enhanced bacterial survival, impli-
cating a strong link between the CPS and bacterial virulence,
therefore improving bacterial persistence in vivo. CPS also facil-
itates A. baumannii colonization and biofilm formation by pro-
moting bacterial adherence to various surfaces (Russo et al.
2010), which is fundamental for A. baumannii to spread, and lim-
its our ability to eliminate Acinetobacter species.

It is also evident that different strains of A. baumannii not
only express CPS at different levels but also express different
CPS monosaccharide composition and/or acetylation pattern
(Shashkov et al. 2015; Wright et al. 2017), which provides further
intrigue into exactly what in CPS influences virulence, with this
research still being undertaken. It is also unknown if alternating
CPS expression or modification induces any fitness or virulence
costs to the bacteria, and is thus, a vital piece of information in
understanding their persistence and how we may harness this
for therapeutics.

Making A. baumannii fit—the secretory systems

Pathogenic bacteria express dedicated secretion systems to
deliver pathogenic factors into host cells, promoting bacterial
virulence through improved bacterial attachment or increased
ability to forage resources from the environment. Many other
mechanisms for delivery of pathogenic factors also exist. In par-
ticular, A. baumannii possess type II, V, VI secretion systems
and chaperon-usher pathways which are responsible for A. bau-
mannii survival on abiotic surfaces and in vivo (Lee et al. 2017).
Of these, the A. baumannii type VI secretory system (T6SS) is
the most characterized. Components of T6SS include secreted
hemolysin-co-regulated protein (Hcp) and valine-glycine repeat
protein G (VgrG); these two components assemble to form a tube
(Hcp) with spiky head (VgrG) that punctures the membrane and
facilitates delivery of bacterial effector proteins to target cells
(Lee et al. 2017). Additionally, A. baumannii T6SS also contains
a peptidoglycan hydrolase ‘TagX’ and other structural proteins,
which cooperate to facilitate T6SS biogenesis and functional-
ity (Weber et al. 2016). Genomic analyses identified conserved
T6SS loci and expression of Hcp among A. baumannii strains
(ATCC19606, 17978, SDF, AYE and three clinical isolates) (Weber
et al. 2013), implicating an essential role of T6SS for A. baumannii
infection.

Active T6SS contributes to bacterial virulence in vivo. For
instance, survival of Galleria mellonella larvae is significantly
increased if infected with A. baumannii with non-functional T6SS
(T6SS structural protein TssM mutant strain) compared to the
wild-type A. baumannii DSM30011 isolate (Repizo et al. 2015).
Moreover, A. baumannii shows T6SS-dependent ability to kill
Escherichia. coli in a poly-microbial environment to facilitate bac-
teria colonization and enhance the fitness of the pathogen, sub-
sequently promoting bacterial spread. The ability of A. baumannii
to target and kill E. coli is dependent on the strain’s secretion of

Hcp; detection of Hcp protein in culture supernatants of A. bau-
mannii culture (ATCC17978, non-clinical DSM30011 isolate) indi-
cates functional T6SS and is related to a strain’s ability to com-
pete against E. coli (Carruthers et al. 2013; Repizo et al. 2015). Fur-
ther study of the A. baumannii strain DSM30011 showed that A.
baumannii can also outcompete K. pneumoniae and P. aeruginosa
in a T6SS-dependent manner (Repizo et al. 2015). In addition to
promoting A. baumannii intra-species competition, the activity
of T6SS is highly versatile in enhancing bacterial fitness and/or
virulence, through improving biofilm formation and survival in
serum (i.e. complement resistance) in vitro, as observed in clini-
cal T6SS-positive A. baumannii isolates (strain unidentified) (Kim
et al. 2017). Altogether, the expression of T6SS by A. baumannii
substantially improves bacterial survival in the host.

With regard to the important role of T6SS in augmenting bac-
terial fitness through virulence, it is highly possible that A. bau-
mannii T6SS can counteract host attack mechanisms. A recent
study indicated that another gram-negative bacteria, Edward-
siella tarda, is able to inhibit the NLRP3 inflammasome in a ‘T6SS
effector E. tarda virulent protein P (EvpP)’ dependent manner
(Chen et al. 2017). However, even with evidence suggesting that
there are tetR-like repressors in A. baumannii plasmids that reg-
ulate expression of T6SS (Weber et al. 2015), we have limited
understanding of the ability of T6SS to protect A. baumannii
from host attack. Interestingly, the activation of T6SS expres-
sion was correlated to loss of antibiotic resistance genes includ-
ing β-lactams, aminoglycosides and tetracycline resistance of A.
baumannii. Nevertheless, it remains unclear how A. baumannii
acquire this T6SS-repressive plasmid (Weber et al. 2015).

Key to a healthy diet—nutrition acquisition systems

In order to acquire essential nutrients to proliferate within host
cells, A. baumannii employs various strategies, from high-affinity
siderophores that passively attracts the nutrient needed, to
more sophisticated acquisition systems, which actively harvest
the nutrients in the environment. The major siderophore found
in most A. baumannii strains is acinetobactin, which mediates
iron uptake (Gaddy et al. 2012). In A. baumannii ATCC19606 strain,
acinetobactin biosynthesis and transport are required for the
bacteria to grow under iron-restricted conditions (Zimbler et al.
2009).

These A. baumannii nutrient acquisition systems are essen-
tial for bacterial survival in vivo, proven by both Gebhardt
et al. (2015) and Wang et al. (2014) using genome-wide trans-
poson mutagenesis. More details of the regulations of these
micronutrient acquisition systems employed by A. baumannii
were reviewed by Harding, Hennon and Feldman (2018). Interest-
ingly, these nutrient acquisition systems not only ensure bacte-
rial survival but also promote pathogen virulence. For example,
A. baumannii acinetobactin expression can induce epithelial cell
(A549) apoptosis, as cell apoptosis decreases when infected with
an acinetobactin-deficient mutant, compared to the parental
control strain (ATCC19606) (Gaddy et al. 2012). In addition, both
murine models and G. mellonella larvae are less susceptible to
A. baumannii acinetobactin-deficient mutant compared to rele-
vant controls (Gaddy et al. 2012). Remarkably, it was suggested
that A. baumannii strain ATCC17978 expresses an acinetobactin-
independent gene cluster involved in iron acquisition under
iron-chelation conditions (Zimbler et al. 2009), highlighting the
importance of nutrient availability.

In addition to iron, zinc and manganese are also essential
for A. baumannii growth (Kroger et al. 2016). Therefore, A. bau-
mannii also expresses a zinc acquisition system (znuABC) and
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a manganese transporter. When wild-type mice were infected
with an equal mixture (1:1) of A. baumannii (ATCC17978) and the
zinc-acquisition system mutant strain (�znuB), the parental A.
baumannii outcompetes the �znuB mutant strain for lung col-
onization (Hood et al. 2012). Similarly, when wild-type mice are
intra-nasally infected with an equal mixture (1:1) of A. baumannii
(ATCC17978) and the manganese transporter (�mumT) mutant
strain, parental A. baumannii colonies in lung and liver are signif-
icantly higher than the mutant (Hood et al. 2012). Therefore, the
various metal acquisition systems of A. baumannii ensures the
availability of different nutrients to facilitate bacteria growth in
the host.

The host is able to restrict the growth of bacterial infections
by depriving of essential nutrients, including transition met-
als and amino acids. One mechanism of host nutrient restric-
tion is calprotectin, a neutrophil-derived protein that chelates
zinc and manganese. During A. baumannii infection, calpro-
tectin effectively limits A. baumannii (ATCC17978) dissemina-
tion and protects the host from A. baumannii-induced lethal-
ity, evidenced by Hood and colleagues’ study using calprotectin-
deficient mice (myeloid-related protein 14 deficient mice (MRP-
14−/−), also known as S100A9−/−) (Hood et al. 2012). Unfortu-
nately, A. baumannii had developed a way to counteract the
action of calprotectin. Under low zinc conditions, A. baumannii
upregulates different zinc-uptake mechanisms including znu-
ABC or Zn metallochaperone ZigA, to enhance zinc acquisition
(Kroger et al. 2016; Mortensen et al. 2014; Nairn et al. 2016). More
details of these zinc acquisition mechanisms were summarized
by Harding and colleagues (Ferreira, Pangburn and Cortés 2010).

Moreover, it was also demonstrated that zinc deprivation
not only targets A. baumannii growth, but also affects the zinc-
dependent hydrolyzation activity of carbapenemase, affecting
carbapenem resistance of A. baumannii. As a result of zinc
chelation, carbapenem-resistant A. baumannii (AB0057) shows
decreased minimal inhibitory concentration of imipenem,
under zinc-selective chelator (TPEN) treatment (Hood et al. 2012).
The decreased carbapenem resistance due to zinc chelation
is reversible with the addition of excessive zinc (Hood et al.
2012), showing that the bioavailability of zinc is the key fac-
tor. It is therefore reasonable to conclude that different A. bau-
mannii nutrient acquisition mechanisms also contribute to bac-
terial virulence, as the expression/regulation of these mecha-
nisms assists the bacteria in overcoming host nutrient limita-
tion, ensures bacterial survival and, subsequently allows the
bacteria to induce damage and cell lethality within the host.

The sticky A. baumannii

Apart from the afore-mentioned AbOmp, CPS and T6SS, A. bau-
mannii presents many additional components including biofilm-
associated protein (Bap), Csu pili and type IV pili to maintain
its biofilm formation, promoting bacterial persistence (Brossard
and Campagnari 2012; Harding et al. 2013; Tomaras et al. 2008).
While the Csu pili are thought to be responsible for A. bauman-
nii adherence on abiotic surfaces to facilitate its spread only
(Tomaras et al. 2008), the Bap is responsible for A. baumannii to
adhere not only to eukaryotic cells during infection, but also
enhancing bacterial adherence to abiotic surfaces (Brossard and
Campagnari 2012). Like other components of A. baumannii, both
Bap and Csu pili levels vary under different stimuli. For exam-
ple, Azizi and colleagues (2016) demonstrated the up-regulation
of Bap in A. baumannii growing under low iron conditions. More-
over, A. baumannii utilize a two-component regulatory system to
alter the expression of Csu pili (Tomaras et al. 2008), in response

to environmental factors such as antibiotic exposure (Moon,
Weber and Feldman 2017; Farshadzadeh et al. 2018).

On the other hand, type IV pili are known to play a role in
a range of processes from cell adhesion to bacterial motility.
Though most studies recognized the role of type IV pili in bacte-
rial adherence and movement (Harding et al. 2013), Jacobs et al.
reported up-regulation of genes responsible for type IV pili bio-
genesis during growth in human serum, indirectly suggesting
that type IV pili may be important in promoting the comple-
ment resistance or facilitating escape of A. baumannii (Jacobs et
al. 2012). In other gram-negative bacteria such as Pseudomonas
aeruginosa, type IV pili adhesion triggers a downstream signal-
ing cascade, subsequently enhancing bacterial virulence (Persat
et al. 2015). Additionally, in E. coli, Bieber and colleagues sug-
gested that presence of type IV pili bundle-forming pilus (bfp)
directly related to bacterial virulence, as inactivating bfp biogen-
esis reduces pathogenicity (Bieber et al. 1998). However, a direct
link between type IV pili-dependent twitching motility and the
virulence of A. baumannii is still lacking.

Innate host responses to A. baumannii

While different A. baumannii virulence factors are relatively
well-described, there is limited knowledge on how the host
responds to the various bacterial components of A. baumannii.
The first line of host defense involves innate immune pattern-
recognition receptors (PRRs) sensing conserved structures of
microbial organisms, called pathogen-associated molecular pat-
terns (PAMPs). Host cells also release damage-associated molec-
ular patterns (DAMPs), similar to PAMPs, that are also sensed
by PRRs. The most studied family of PRRs is toll-like receptors
(TLRs), with TLR2 and TLR4 being the predominant cell surface
sensors of bacterial infections (Ramstead et al. 2016). In this sec-
tion, we will describe the current knowledge of the major players
in the interaction of the host and the pathogen.

Recognition of different A. baumannii components by
TLRs

As described previously in this review, OmpA is an important
component of A. baumannii virulence. As a consequence, recom-
binant AbOmpA induces host TLR2 mRNA up-regulation and
cell surface expression in the human respiratory epithelial cell
line (HEp-2) (Kim et al. 2008). Additionally, in murine dendritic
cells, blocking the TLR2 signaling pathway reduces AbOmpA-
stimulated IL-12 production (Lee et al. 2007). Together, this data
implies a potential role of TLR2 in the recognition of AbOmpA,
contributing to host immune defense against A. baumannii infec-
tion.

However, the contribution of TLR2 recognition in host
defense during A. baumannii infection in vivo remains elusive.
Tlr2 knockout mice show decreased clearance of non-MDR A.
baumannii (ATCC15150) in the lung at early stages of infection,
despite having similar weight loss and lung pathology as wild-
type mice (Kim et al. 2014). In contrast, Tlr2−/− knockout mice
are protected against the carbapenem-resistant strain A. bau-
mannii RUH2037; exhibiting higher C-X-C motif chemokine lig-
and 2 (CXCL2) and CCL2 release, earlier immune effector cell (e.g.
granulocyte) recruitment to the lung and lower lung bacterial
load post A. baumannii RUH2037 infection compared with wild-
type mice (Knapp et al. 2006). This suggests that TLR2 is some-
how involved in the recognition and clearance of non-MDR, as
well as being responsible for the recruitment of some effector
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cells during MDR infection. Future work will clarify the interac-
tion between AbOmpA and TLR2 as well as the contribution of
TLR2 to host defence during A. bamannii infection with different
strains, and which other bacterial factors are invovled in these
interactions.

Unlike AbOmp, a large body of evidence indicates that LPS
is highly stimulatory to host TLR4 receptors and its co-receptor
CD14. The activation of TLR4 on macrophages by A. bauman-
nii induces nitric oxide synthase (iNOS) to produce bacterici-
dal nitric oxide (NO) (Kim et al. 2013). Isolated A. baumannii LPS
elicits TLR4/CD14-dependent TNFα and IL-6 secretion as well as
immune effector cell recruitment in vivo from wild-type mice
(Knapp et al. 2006). Tlr4−/− mice show higher lung bacterial load
and a higher rate of bacterial dissemination compared to wild-
type C57BL/6 mice, post intra-nasal inoculation of carbapenem-
resistant A. baumannii (RUH2037) (Knapp et al. 2006). Thus, the
recognition of A. baumannii LPS by host TLR4 is indispensable for
host defense. As discussed previously in this review, the inflam-
matory response triggered by A. baumannii is not directly pro-
portional to LPS quantity, but may be dependent on LPS compo-
sition. It is suggested LPS lipid A modifications, through pmrC
gene up-regulation, is related to TLR4 sensing of LPS, and the
subsequent inflammatory responses elicited (Lin et al. 2012).

In contrast, only a few reports investigated other PRRs
involved in triggering host responses during A. baumannii infec-
tion. For instance, TLR9 receptors, found intracellularly in endo-
somes, are known to recognize both bacterial and viral CpG
DNA. In Tlr9−/− knockout mice, more severe lung lesions and
greater bacterial dissemination to liver and spleen was reported
compared to wild-type mice following intranasal inoculation of
A. baumannii (ATCC17978, non-MDR). In infected Tlr9−/− mouse
lungs, lower levels of TNFα and interferon-γ (IFNγ ) were also
observed (Noto et al. 2015). In vitro experiments showed that both
live and chemically-killed A. baumannii leads to NF-κB activation
in a TLR9-dependent manner (Noto et al. 2015). This implies that
TLR9 may participate in immune defense against A. baumannii,
and that activation of TLR9 is not dependent on bacterial activ-
ity, such as the release of virulence factors through its secretion
system. Furthermore, Noto and colleagues suggested purified A.
baumannii DNA does not result in TLR9-dependent NF-κB acti-
vation (Noto et al. 2015). However, it is the first report to indi-
cate that A. baumannii are able to invade human kidney epithelial
cells (HEK293) and induce TLR9 signaling. Together, A. bauman-
nii elicits protective TLR9 signaling in the host, yet the bacterial
component recognized by TLR9 remains to be identified.

Overall, TLRs plays an important role in recognizing differ-
ent A. baumannii components post bacterial invasion, trigger-
ing subsequent protective inflammatory response. While the
involvement of TLR2 and TLR4 were undeniable, the participat-
ing intracellular host receptors remains to be characterized in
more depth.

Host inflammasome activation and regulation of
inflammatory responses

In addition to the well-recognized roles of neutrophils and
macrophages, as well as soluble antimicrobial factors previ-
ously reviewed by Garcia-Patino et al. (2017), recent studies pro-
pose a role for downstream inflammasomes during A. bauman-
nii infection. The PRR signaling cascades triggered upon bac-
terial recognition lead to TNFα and pro-IL-1β secretion, ampli-
fying the inflammatory response. IL-1β is an important pro-
inflammatory cytokine, which tightly regulates levels of inflam-
mation in response to infection. The maturation of pro-IL-1β

into the secretory form of ‘IL-1β’ depends on the proteolytic
activity of caspase-1, which is activated by a multi-protein com-
plex called ‘inflammasome’. The families of inflammasomes
include NLRP3 (NLR family pyrin domain containing 3), NLRC4
(NLR family CARD domain-containing protein 4), AIM2 (absence
in melanoma 2) and more (Man and Kanneganti 2015). The
role of NLRP3 has been characterized comprehensively in var-
ious diseases, including microbial infections. Many stimuli are
known to activate the NLRP3 inflammasome, including bacte-
rial, viral or fungal factors, ROS, extracellular ATP, potassium
(K+) efflux or lysosomal damage as examples (Man and Kan-
neganti 2015). The assembly of the NLRP3 inflammasome follow-
ing PRR signaling and pathogen-associated molecular pattern
(PAMP)—including LPS or damage-associated molecular pattern
(DAMP) sensing- is termed the ‘canonical inflammasome path-
way’. In addition to caspase-1, caspase-11 is involved in non-
canonical NLRP3 inflammasome activation. Caspase-11 is acti-
vated upon binding to cytosolic LPS; activated caspase-11 leads
to both caspase-1-dependent and -independent release of IL-1β

(Py et al. 2014; Man and Kanneganti 2015).
Patients in surgical and respiratory intensive care units with

A. baumannii pneumonia (strain unidentified) show high IL-1β

levels from bronchoalveolar lavage fluid (BALF) (Wu et al. 2003),
suggesting an involvement of inflammasome pathways. Addi-
tionally, Nlrp3−/− mice infected intra-nasally with clinical MDR
strain (AB8879) showed higher bacterial burden and impaired
neutrophil recruitment to the lungs compared to wild-type mice
(Dikshit et al. 2017). However, the difference in bacterial burden
was not observed if wild-type and Nlrp3−/− mice were infected
with non-MDR A. baumannii (ATCC19606 or ATCC15150) (Dik-
shit et al. 2017; Kang et al., 2017). Dikshit and colleagues (2017)
identify that the clinical MDR isolate (AB8879) is more viru-
lent compared to the antibiotic-sensitive strain (ATCC19606), as
the MDR isolate induces less early lung neutrophil influx and
higher BALF IL-1β levels. The increased IL-1β levels suggests
further activation of NLRP3 by MDR A. baumannii which evades
first-line of host attack. This phenomenon is supported by the
clinical report of Wu et al., which indicates that patients with
a high bacterial burden show significantly higher BALF IL-1β

(Wu et al. 2003). This heightened inflammasome activation con-
tributes to additional neutrophil recruitment and bacteria clear-
ance during late stage of infection (Dikshit et al. 2017). Addition-
ally, caspase-11 also plays a role in the secretion of IL-1β in early
infection, and during A. baumannii clearance in vivo. Compared
with wild-type mice, Casp-11−/− mice exhibit higher susceptibil-
ity and more severe pathological lesions in response to MDR A.
baumannii (ATCC BAA1605) (Wang et al. 2017). The activation of
both caspase-11 and NLRP3 has been identify to be dependent
on type I interferon (IFN) signaling in vitro (Li et al. 2018). Recent
report by Li et al. indicate that clinical MDR A. baumannii (CN40)
induces TIR-domain-containing adapter-inducing interferon-β
(TRIF)-dependent type I IFN signaling and downstream histone
modification (H3K27ac), which subsequently increases caspase-
11 promoters (Li et al. 2018).

This bacterial strain-specific role of inflammasome activa-
tion is less observed for in vitro studies. Upon A. baumannii
(ATCC15150) stimulation, wild-type murine macrophages show
activated caspase-1 and IL-1β secretion (Kang et al. 2017). In
Nlrp3−/− mouse macrophages, active caspase-1 is not detected
and IL-1β secretion is reduced (Dikshit et al. 2017; Kang et al.
2017; Li et al. 2018). In Casp-11−/− or Casp-1/11−/− macrophages,
low levels of active caspase-1, and limited to no IL-1β secre-
tion, is reported for different strains of A. baumannii infection
across different studies (Dikshit et al. 2017; Kang et al. 2017;
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Wang et al. 2017). The roles of additional mediators of NLRP3
during A. baumannii infection are also described. IL-1β secretion
in vitro is reduced when wild-type macrophages are pre-treated
with ROS inhibitor (NAC or APDC), K+ efflux inhibitor (KCl) or
cathepsin B inhibitor (CA074Me) (Dikshit et al. 2017; Kang et al.
2017). It is therefore concluded that A. baumannii induces IL-1β

secretion in both caspase-11 and NLRP3/caspase-1-dependent
manner. Upon A. baumannii infection, macrophages also release
additional mediators that contribute to the activation of NLRP3.

After inflammasome activation, it is important to uncover
the mechanisms of IL-1β regulation during A. baumannii infec-
tion and whether IL-1β signaling contributes to bacterial clear-
ance. The role of IL-1β signaling in vivo has been evaluate by
Kang and colleagues using IL-1 receptor-deficient mice (IL-1R−/−)
(Kang et al. 2017). It is indicated that IL-1β signaling does not play
a role in in vivo clearance of the bacteria, but it does propagate
lung injury during non-MDR A. baumannii (ATCC15150) infection
(Kang et al. 2017). Although the report suggested a redundant
role of IL-1β signaling, the importance of IL-1β during A. bau-
mannii infection remains to be fully characterized.

To avoid uncontrolled inflammatory responses and excessive
lung injury, signaling of IL-1 may be inhibited by the expres-
sion of IL-1 receptor antagonist (IL-1Ra), which competes with
IL-1 in binding to IL-1R, yet it does not generate downstream
signaling (Arend et al. 1998). The equilibrium between IL-1 and
IL-1Ra levels mediates the initiation and termination of the pro-
inflammatory response, and therefore important for the progno-
sis of diseases such as lethal E. coli septic shock, human immun-
odeficiency virus (HIV), arthritis, inflammatory bowel disease
and more (Arend 2002). Holub and colleagues identify an ele-
vated IL-1Ra level in patients with community-acquired bacte-
rial infection (Holub et al. 2013). Additional study by Hsu and
colleagues show that patients with MDR A. baumannii pneumo-
nia has higher IL-1Ra allele 1 frequency (i.e. allelic polymor-
phism) (Hsu et al. 2012), implying a regulation of IL-1 signal-
ing by IL-1Ra during A. baumannii infection. While in vivo ani-
mal studies on the IL-1Ra regulation during A. baumannii or
other bacterial infection is lacking, Borghi and colleagues exam-
ine the mechanism of IL-1/IL-1Ra balance during Candida albi-
can infection. In vaginal Candidiasis, the activation of NLRP3 and
downstream IL-1β production is counteracted by IL-22-triggered
NLRC4-dependent elevation of IL-1Ra (Borghi et al. 2015). Fur-
thermore, two studies suggest the use of IL-1Ra as treatment
to S. aureus infection might be deleterious, as the treatment
with IL-1Ra leads to decreased mice survival to staphylococcal
sepsis (Ali et al. 2015) and increased lung bacterial load in rab-
bits infected with Panton–Valentine leukocidin (PVL)+ S. aureus
(Labrousse et al. 2014). Collectively, much work is needed to
determine whether activation of the inflammasome complexes
is dispensable, as well as the regulation of downstream IL-1/IL-
1Ra signaling during A. baumannii infection.

CONCLUSION AND FUTURE DIRECTION

Infection with difficult-to-treat MDR A. baumannii presents a
worldwide threat. Understanding the molecular mechanisms
involved in A. baumannii infection enables the development of
novel therapeutic targets to potentially direct modifications that
induce bacterial fitness costs, or alter unwanted host inflamma-
tion responses. Most of these factors are studied in vivo but while
the use of murine models greatly improves our understanding of
host pathogenesis during A. baumannii infection, it does have its
limitations. Since the virulence, antibiotic resistance and bacte-
rial surface composition of A. baumannii varies between strains,

the host response is highly dependent on the bacterial strain
studied. The availability of various clinical isolates and com-
mercial strains can often lead to inconsistent outcomes, partic-
ularly if the infection data is analyzed in isolation of genomic
or proteomic data. In view of the arising genome-editing tech-
nologies such as Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR) screening, Transposon Directed Inser-
tion Sequencing (TraDIS), and High Throughput Screening (HTS),
editing either bacterial or host genomes will promote our under-
standing of host–pathogen interactions during different clinical
A. baumannii infections. These innovative tools may help in iden-
tifying a set of genes required for A. baumannii infection or per-
sistence across different clinical strains, and thus facilitate the
development of novel cross-protective vaccines or inhibitors.

In parallel, the link between A. baumannii expression of bac-
terial components and bacterial virulence remains unclear. Like-
wise, the fractions of A. baumannii responsible for the host–
pathogen interaction in various signaling pathways needs to
be further examined. Therefore, characterizing the extent of
inflammatory responses elicited by different clinical A. bau-
mannii strains, in conjunction with the bacterial genomic
sequence data, may provide more understanding of the extent
of different bacterial fraction contributing to triggering host
immune responses. Understanding how A. baumannii regulates
its gene expression in response to host immune attack is cru-
cial as this may be the primary cause of strain differences,
but it may also provide future drug targets utilizing bacterial
defense mechanisms to limit bacterial infection. Furthermore,
as inflammasomes are crucial in developing host inflamma-
tion responses during A. baumannii infection, therapies targeting
the inflammasome pathway to either promote bacterial clear-
ance through agonist injection, or reduce excessive inflamma-
tion with inhibitors may also be a promising option. In view of
the rising number of highly virulent MDR strains, it is impor-
tant to understand the mechanisms of host–pathogen interac-
tions so that novel therapies may be invented and implemented.
In this respect, we noted the current limited knowledge of the
host–pathogen interactions during A. baumannii infection and
proposed future research directions using innovative technolo-
gies.
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