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Abstract: Infections led by Acinetobacter baumannii strains are of great concern in healthcare en-
vironments due to the strong ability of the bacteria to spread through different apparatuses and
develop drug resistance. Severe diseases can be caused by A. baumannii in critically ill patients, but
its biological process and mechanism are not well understood. Secretion systems have recently been
demonstrated to be involved in the pathogenic process, and five types of secretion systems out of the
currently known six from Gram-negative bacteria have been found in A. baumannii. They can promote
the fitness and pathogenesis of the bacteria by releasing a variety of effectors. Additionally, antibiotic
resistance is found to be related to some types of secretion systems. In this review, we describe
the genetic and structural compositions of the five secretion systems that exist in Acinetobacter. In
addition, the function and molecular mechanism of each secretion system are summarized to explain
how they enable these critical pathogens to overcome eukaryotic hosts and prokaryotic competitors
to cause diseases.
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1. Introduction

Acinetobacter baumannii is a strictly aerobic, non-fermenting, Gram-negative coccobacil-
lus with pili and capsule, but no flagella. It is ubiquitous in nature, and used to be
considered to be of negligible significance due to its low virulence [1]. However, the rapidly
increasing nosocomial infections and high mortality caused by A. baumannii, as well as its
strong drug resistance, have raised people’s attention [2]. Taken together with Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumonia, Pseudomonas aeruginosa, Enterobacter,
Acinetobacter baumannii has been enrolled as a member of ESKAPE by the Infectious Dis-
eases Society of America (IDSA) in order to emphasize the importance of these pathogens in
causing hospital infections and resisting the effects of a variety of antimicrobial drugs [3,4].

The high frequency of A. baumannii nosocomial infections is closely related to its strong
environmental persistence. A. baumannii can survive in nutrient-limited and desiccation
environments, and is capable of resisting disinfections [5]. Moreover, it is able to survive for
long periods of time on both biotic and abiotic surfaces [6]. Based on these advantages, A.
baumannii can be easily transmitted patient to patient by air, water, and contact with medical
personnel’s hands and equipment, thus colonizing multiple sites and finally leading to a
variety of infections, such as pneumonia, septicemia, urinary tract infections, meningitis,
and skin and wound infections [7–9].

Antibiotic resistance is another key factor that contributes to A. baumannii infections
and outbreaks. The increasing rate of infections caused by drug-resistant A. baumannii is a
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significant issue in hospitals all over the world [10]. The continued overuse and misuse
of antibiotics enable A. baumannii to develop different types of resistance mechanisms,
e.g., the acquisition of multiple antibiotic resistance genes to produce degradative enzymes,
a decrease in bacterial membrane permeability, the alteration of antibiotic targets, the over-
expression of efflux pumps, a change in metabolic status, and the formation of biofilms [11].
Therefore, this bacterium can escape the killing of antibiotics and conquer the stress condi-
tions, further leading to infections. A. baumannii has an extraordinary genetic plasticity that
results in a high capacity to acquire antimicrobial resistance traits [2], thus producing many
multidrug-resistant (MDR), extensively drug-resistant (XDR), and even pan-drug-resistant
(PDR) strains, representing a significant challenge for therapy in clinics.

Infections are also dependent on virulence factors. Various genes have been revealed
to be involved in the pathogenic procedures of iron acquisition, nutrient uptake, adhesion,
biofilm formation, invasion, hemolytic activity, and cytolytic activity [12,13]. Among them,
protein secretion systems have received much attention. They can transport the virulence
factors produced by bacteria into extracellular environments, meaning that the latter will
manipulate the host’s defenses and facilitate pathogen infection [14,15]. Until recently, six
secretion systems from Gram-negative bacteria have been revealed and studied; namely,
type I secretion system (T1SS) to type VI secretion system (T6SS). Some of these have been
characterized and reported to have specific roles in the pathophysiology of A. baumannii,
whereas the gene and protein structures of some secretion systems in A. baumannii are still
not clear and are being explored. Moreover, the association between secretion systems
and drug resistance has been discovered in some bacteria, e.g., the T3SS in Pseudomonas
aeruginosa correlates with a fluoroquinolone resistance phenotype, and the T4SS in many
Gram-negative pathogens mediates antibiotic resistance via conjugation [16–18]. Mean-
while, the contribution of secretion systems to antibiotic resistance in A. baumannii is poorly
understood. Here, an overview of the progress of the research on the structure, composition,
pathogenicity, and relation to antibiotic resistance of the secretion systems in A. baumannii
is presented.

2. Type I Secretion System (T1SS)

The T1SS is a highly conserved secretion system in pathogenic Gram-negative bacte-
ria. However, it is less reported in A. baumannii. In 2017, the T1SS was first identified in
the pathogenic Acinetobacter nosocomialis strain M2 upon bioinformatic analysis by Hard-
ing et al. [19]. Until now, only two reports have described the structure and function of the
T1SS in Acinetobacter [19,20].

2.1. Gene and Structure

The locus that is homologous to the prototype T1SS of Escherichia coli containing the
tolC, hlyB, and hlyD genes is found in the M2 chromosome, as well as in A. baumannii. In
contrast to E. coli, these genes are found in three gene clusters, and are most likely in an
operon, given that the open reading frame (ORF) for hlyB overlaps with both tolC and
hlyD [19] (Figure 1a).

This tolC-hlyB-hlyD gene cluster produces three proteins with high molecular weights
of 130 kDa, 250 kDa, and 70 kDa. They form a secretion system with the elements of TolC,
which is localized in the outer membrane, HlyB, which is anchored in the inner membrane
as an ATP-binding cassette transporter, and HlyD as a periplasmic adaptor [19] (Figure 1b).
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Figure 1. Composition and structure of the type I secretion system (T1SS) in A. baumannii: (a) Bioin-
formatic analysis has led to the identification of the T1SS in genomes of A. baumannii. Gene locus 
tags are cited from ATCC 17978. Genes predicted to encode proteins required for the biogenesis of 
the T1SS are found in three gene clusters, with hlyB overlapping with tolC and hlyD. (b) The three 
components of the T1SS act together to facilitate the secretion of effectors. TolC is a trimeric outer 
membrane protein with the α-helical barrel forming a tunnel through the periplasm, and it interacts 
with HlyD. HlyD has a large periplasmic domain linked by a single transmembrane helix, which 
anchors in the inner membrane. The energy required for the export of specific T1SS substrates is 
provided by HlyB, which is an ATP-binding protein. Two putative T1SS effectors, namely, Repeats-
in-Toxin (RTX)-serralysin-like toxin and biofilm-associated protein (Bap), are involved in the for-
mation and stability of biofilm. 
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2.2.1. Secretion of Putative Effectors 

The T1SS facilitates the secretion of two putative effectors from the cytoplasm to the 
extracellular milieu, including Repeats-in-Toxin (RTX)-serralysin-like toxin and the bio-
film-associated protein (Bap) [19]. The former belongs to the RTX family, which is a het-
erogeneous group of proteins translocated out of Gram-negative bacteria by the T1SS. 
They are commonly involved in bacterial adhesion, pathogenesis, and biofilm formation 
[21], but the role that RTX-serralysin-like toxin plays in Acinetobacter is not yet entirely 
understood. By contrast, Bap has been well studied. The Bap protein identified from clin-
ical A. baumannii isolates that lead to bloodstream infections is homologous to Staphylo-
coccus aureus, with nucleotide sequences consistent with cell surface adhesion molecules. 
It is one of the largest bacterial proteins that localize on the surface of A. baumannii and 
has a remarkably low isoelectric point (pI) at 2.9, making it one of the most acidic bacterial 
proteins [22,23]. Bap was found to be necessary for mature biofilm formation on medically 
relevant surfaces, demonstrating the importance of the three-dimensional tower structure 
and water channel formation. Moreover, it was also involved in the adherence of A. bau-
mannii to eukaryotic cells, including human bronchial epithelial cells and neonatal 
keratinocytes, which is a key step in the biofilm formation of this bacterium in the host 

Figure 1. Composition and structure of the type I secretion system (T1SS) in A. baumannii: (a) Bioinfor-
matic analysis has led to the identification of the T1SS in genomes of A. baumannii. Gene locus tags are
cited from ATCC 17978. Genes predicted to encode proteins required for the biogenesis of the T1SS
are found in three gene clusters, with hlyB overlapping with tolC and hlyD. (b) The three components
of the T1SS act together to facilitate the secretion of effectors. TolC is a trimeric outer membrane
protein with the α-helical barrel forming a tunnel through the periplasm, and it interacts with HlyD.
HlyD has a large periplasmic domain linked by a single transmembrane helix, which anchors in
the inner membrane. The energy required for the export of specific T1SS substrates is provided
by HlyB, which is an ATP-binding protein. Two putative T1SS effectors, namely, Repeats-in-Toxin
(RTX)-serralysin-like toxin and biofilm-associated protein (Bap), are involved in the formation and
stability of biofilm.

2.2. Function
2.2.1. Secretion of Putative Effectors

The T1SS facilitates the secretion of two putative effectors from the cytoplasm to
the extracellular milieu, including Repeats-in-Toxin (RTX)-serralysin-like toxin and the
biofilm-associated protein (Bap) [19]. The former belongs to the RTX family, which is a het-
erogeneous group of proteins translocated out of Gram-negative bacteria by the T1SS. They
are commonly involved in bacterial adhesion, pathogenesis, and biofilm formation [21], but
the role that RTX-serralysin-like toxin plays in Acinetobacter is not yet entirely understood.
By contrast, Bap has been well studied. The Bap protein identified from clinical A. bau-
mannii isolates that lead to bloodstream infections is homologous to Staphylococcus aureus,
with nucleotide sequences consistent with cell surface adhesion molecules. It is one of the
largest bacterial proteins that localize on the surface of A. baumannii and has a remarkably
low isoelectric point (pI) at 2.9, making it one of the most acidic bacterial proteins [22,23].
Bap was found to be necessary for mature biofilm formation on medically relevant surfaces,
demonstrating the importance of the three-dimensional tower structure and water channel
formation. Moreover, it was also involved in the adherence of A. baumannii to eukaryotic
cells, including human bronchial epithelial cells and neonatal keratinocytes, which is a key
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step in the biofilm formation of this bacterium in the host [24]. The absence and mutations
of Bap diminished both the biovolume and thickness of the biofilm in A. baumannii [23].
Interestingly, a stronger biofilm formation was correlated with the overexpression of Bap
under the condition of a low iron concentration [25]. As Bap was secreted via the T1SS,
Harding et al. further verified that the Acinetobacter T1SS was required for biofilm forma-
tion [19]. Additionally, the acidic protein Bap may influence the physical and chemical
properties of a variety of antibiotics, thus resulting in drug resistance [26].

2.2.2. Cross-Talk with other Secretion Systems

The T1SS has also been revealed to cross-talk with other secretion systems [19]. For
example, compared with the wild-type Acinetobacter strain, several T2SS-associated proteins,
such as CpaA, LipH, a rhombosortase, and a rhombotarget, were found in lower quantities
in the T1SS mutant. Moreover, the activity of the T6SS in minimal medium was repressed
by the deletion of the T1SS system. This was due to the significantly lower level of the
T6SS-associated proteins, VgrG and Hcp, in the T1SS mutant. Specifically, mutations in any
component of the T1SS reduced Hcp secretion under nutrient-limited conditions, whereas
that in PilD, which is a prepilin peptidase necessary for both T4P and T2SS systems, did not
alter Hcp secretion, suggesting a specific association between the T1SS and T6SS. Lastly, two
distinct functioning contact-dependent inhibition (CDI) systems were found in pathogenic
A. baumannii strains. CDI systems are independent from the T1SS and T6SS that facilitate
inhibition of the growth of neighboring bacteria and are found to be conserved in medically
relevant Acinetobacter. However, in the T1SS mutant, a predicted CDI-associated protein
was identified at a significantly lower level, indicating the cross-talk between them.

2.2.3. Virulence

The virulence of A. baumannii is associated with the T1SS. As observed by Hard-
ing et al., T1SS mutants showed attenuated virulence in a Galleria mellonella infection
model [19]. Moreover, in a recent work, Sycz et al. [20] reported a clinical urinary A.
baumannii isolate, UPAB1, which was able to replicate in macrophages and escape from
them by lysing the host cells. The T1SS was demonstrated to be required for UPAB1 in
the process of intracellular replication by secreting two common T1SS-dependent effectors,
BapA and RTX2, as well as some additional effectors including proteases, phosphatases,
glycosidases, and a putative invasion. Interestingly, the orthologs of this invasion from
other bacteria were required to induce bacterial entry and to suppress reactive oxygen
species (ROS) generation by the host macrophages [20,27].

3. Type II Secretion System (T2SS)

The T2SS is a multiprotein secretion system that is widely distributed in Gram-negative
bacteria, including enterotoxigenic Escherichia coli, Legionella pneumophila, Vibrio cholerae,
Pseudomonas aeruginosa, and Klebsiella pneumoniae [28–34]. It was first reported in A. bauman-
nii in 2014 and was subsequently shown to be active in ATCC 17978 by Johnson et al. [35,36].
Further, the T2SS is found in the majority of A. baumannii genomes.

3.1. Gene and Structure

In Acinetobacter spp., the T2SS is encoded by 12 essential genes, namely, gspC-M
and pilD, and forms an apparatus spanning both the inner membrane and outer mem-
brane [37,38] (Figure 2). In contrast to other Gram-negative pathogens, the core gsp genes
are not organized in one or two operons, but are grouped into five distinct gene clusters
scattered throughout the Acinetobacter genome [39] (Figure 2a).
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Figure 2. Type II secretion system (T2SS) structure of A. baumannii and its protein secretion mecha-
nism: (a) As shown in the ATCC 17978 genome, the gsp genes required for the T2SS are located in five
distant loci, and a single prepilin/pre-pseudopilin peptidase homolog is located in the pilBCD cluster.
(b) The T2SS is composed of an outer membrane (OM) complex (GspD), a periplasmic pseudopilus
(GspG, GspH, GspI, GspJ, and GspK), and an inner membrane (IM) platform (GspC, GspF, GspL, and
GspM), which relates to the cytoplasmic ATPase GspE. In A. baumannii, the T2SS shares a processing
protein, PilD, with type IV pili. The T2SS secretes a large number of effectors required for virulence,
including the metallopeptidase CpaA (chaperone CpaB), the lipoyl synthases LipA (chaperone LipB),
LipH, and LipAN, and a novel lipoprotein, InvL. (c) The T2SS-dependent proteins are first exported
across the IM to the periplasm via the Sec or Tat pathways in A. baumannii. The Sec pathway primarily
translocates unfolded proteins, relying on a hydrophobic signal sequence at the N-terminus. On
the contrary, the Tat pathway, consisting of TatA, TatB, and TatC, primarily secretes folded proteins.
Afterwards, the signal sequence is cleaved, followed by the folding of proteins. Finally, the folded
proteins are expelled extracellularly through the OM channel.
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In general, the T2SS consists of four parts: (1) an outer membrane (OM) complex;
(2) a periplasmic pseudopilus; (3) an inner membrane (IM) complex called the assembly
platform (AP); and (4) a cytoplasmic ATPase [40]. The OM complex is composed of GspD,
which forms a secretin channel across the outer membrane to transport substrates from
the periplasm to the extracellular milieu [41]. The IM platform is composed of GspC,
GspF, GspL, and GspM, in which GspC is joined to the periplasmic domains of GspD,
thereby connecting the IM platform with the OM complex. In between the OM and IM
complexes, the periplasmic pseudopilus, a structure homologous to the type IV pilus, is
attached to the IM platform with the composition of major pseudopilin GspG and minor
pseudopilins GspH, GspI, GspJ, and GspK. Before the assembly of these subunits, PilD is
involved in the cleavage and methylation procedure. Additionally, the cytoplasmic ATPase
is formed by a hexamer protein, GspE, to provide ATP to the T2SS for the secretion of
effector proteins [40,42] (Figure 2b).

3.2. Function
3.2.1. Secretion of Enzymes and Toxins

The T2SS is an important virulence factor that can secrete multiple degradative en-
zymes and toxins that associate with the fitness of A. baumannii in various conditions,
including the external environment and mammalian host [43]. The secretion by the T2SS
undergoes a two-step process (Figure 2c). Firstly, the substrates of the T2SS, commonly pos-
sessing an N-terminal signal peptide, are translocated from the cytoplasm to the periplasm
via the general export (Sec) pathway or twin arginine translocation (Tat) pathway. Secondly,
after the cleavage of the signal sequence, the proteins fold into a tertiary and/or quaternary
structure and exit the bacterial cell through the OM channel [34,43]. After investigation
through bioinformatics, proteomics, and mutational analyses, Acinetobacter was found to
export several substrates through the T2SS, including lipases LipA, LipH, and LipAN, as
well as the protease CpaA and lipoprotein InvL [39,44–46].

LipA, after being transferred extracellularly, was reported to be required by A. bau-
mannii for utilizing exogenous lipids to obtain nutrients and benefit for colonization in a
murine bacteremia model [36]. Its secretion and activity are also related to the chaperone
protein LipB, except in the T2SS [34]. Similar to LipA, the secretion of LipH is depen-
dent on a functional T2SS. LipH was discovered to mediate lipase activity as there was
residual lipase activity of the culture supernatants in the absence of LipA. Additionally,
LipH was found to be secreted by not only the A. nosocomialis strain M2, but also a panel
of Acinetobacter clinical strains, including A. baumannii [39]. LipAN is a newly discovered
T2SS-dependent phospholipase from A. baumannii ATCC 17978, found in 2016. It locates on
the plasmid and contributes to the lung colonization of A. baumannii, as investigated in a
mouse pneumonia model [44].

CpaA, a zinc-dependent metallo-endopeptidase, was first purified from the culture
supernatant of an A. baumannii clinical isolate in 2014. It is conserved in most clinical
isolates of A. baumannii, but it does not exist in ATCC 17978 or ATCC 19606 [45]. Along
with LipA and LipH, the potential virulence factor CpaA is also secreted by the T2SS [39].
CpaA is composed of four glycan-binding domains that facilitate this protease to display
glycoprotein-targeting activity [47]. It can cleave two O-linked glycoproteins, factors V
and XII, finally leading to the deregulation of the human blood coagulation system [45,48].
In a recent work, more O-linked human glycoproteins were shown that could be cleaved
by CpaA, such as CD55 and CD46, that are involved in complement activation, and its
activity is unaffected by sialic acid [49]. Similarly to LipA, the chaperone CpaB is essential
for the stability and secretion of CpaA. CpaB is a membrane-bound T2SS chaperone that
strongly interacts with CpaA in a CpaAB complex with the stoichiometry of 1:1, where
the protease (CpaA) surrounds the chaperone (CpaB). However, the proteolytic activity of
CpaA is not blocked by the binding of CpaB. This complex structure is a novel model for
chaperone–protease interaction [47].
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A newly discovered lipoprotein, InvL, is identified as the first effector of the T2SS
belonging to the intimin-invasion family. InvL was primarily found in the insoluble
fractions of the supernatant of a urinary isolate, UPAB1, and further revealed to be surface-
localized. InvL is found to be closely related to international clone (IC) 2 [46]. Its secretion
and surface exposure were found to be dependent on the T2SS, since InvL-His6 expressed
in the gspD+ strain was readily degraded by proteinase K, whereas the degradation in the
∆gspD mutant failed [46].

3.2.2. Pathogenesis

The T2SS plays an important role in infections of A. baumannii, primarily by secreting
numerous effector substrates, such as the above-mentioned lipases and proteases, to the
cell surface or extracellular space. These proteins act on the external environments or target
cells, and contribute to the acquisition of nutrients, thus maintaining the survival and
colonization of bacteria in the host [50]. Johnson et al. [36] revealed that A. baumannii ATCC
17978 mutants lacking either T2SS components GspD and GspE, or its secretion substrate
LipA, were unable to grow in vitro when long-chain fatty acids were supplemented as the
sole source of carbon. A negative impact on the in vivo fitness of these mutants was also
observed in immune-deficient mice.

Moreover, T2SS contributes to the pathogenesis of A. baumannii through LipAN, which
is a phosphatidylcholine-degrading phospholipase C that displays phospholipase activity
and benefits for the improved colonization of A. baumannii in the lungs of infected mice [44].
Indeed, by comparing the secretome of A. baumannii ATCC 17978 with that of the highly
virulent MDR strain 5075, Elhosseiny et al. verified that the T2SS and its secretion substrates
provided a colonization advantage to A. baumannii 5075 over ATCC 1797, but was more
important to the latter for biofilm formation [51]. Similarly, the T2SS-dependent protease
CpaA is necessary for the dissemination of A. nosocomialis from the initial infection site in
the lungs to a distal site in the spleen [52]. The invasion-like adhesin InvL is capable of
binding to extracellular matrix (ECM) components, in which fibrinogen shows the highest
affinity with it, thus mediating the adhesion to urinary tract cells. Moreover, the invL
mutant is attenuated in the catheter-associated urinary tract infection (CAUTI) model,
verifying that the T2SS plays an important role in the uropathogenesis of A. baumannii
through InvL [46].

Furthermore, the T2SS and its substrates also participate in the immune escape effect.
Waack et al. [43] noticed that the loss of gspD resulted in a remarkable reduction in bacterial
survival in human serum lacking factor C1q, which is a component of the classical comple-
ment pathway; however, it had no such effect in the absence of factor B, which mediates
the alternative complement pathway. These findings indicate that the T2SS mediates the
outer membrane translocation of an effector protein, thus contributing to in vivo fitness by
protecting A. baumannii from the human alternative complement pathway [43].

In conclusion, A. baumannii mediates the release of various virulent substances through
the T2SS and facilitates the adaptation of this organism to the environments and hosts, thus
enhancing its ability to cause diseases.

3.2.3. Antibiotic Resistance

Drug resistance is a less mentioned topic in the T2SS field. However, Elhosseiny et al. [51]
recently discovered that the T2SS was involved in the resistance of the fluoroquinolone antibi-
otic ciprofloxacin in AB5075, where an eight-fold increase in the MIC value of ciprofloxacin
was detected in the gspD loss mutant, and the value was restored upon mutant complementa-
tion. The altered expression of outer membrane porins or efflux pumps that are controlled
by the T2SS may contribute to antibiotic resistance; however, further research is required to
confirm this speculation.
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4. Type IV Secretion System (T4SS)

T4SSs are multiprotein nanomachines, widespread in Gram-negative and Gram-
positive bacteria, that deliver macromolecules, e.g., DNA and protein, to bacterial recipients
or eukaryotic target cells [53]. They are generally divided into three groups; namely, type F
and P (IVA), IVB, and GI systems [54,55]. However, T4SSs are less reported in A. baumannii.
The information can be summarized from five studies, as discussed below. By using the
high-density pyrosequencing method, the elements homologous to the Legionella/Coxiella
T4S apparatus were first discovered in A. baumannii ATCC17978 [56]. Later, in a pathogenic
isolate, ACICU, the plasmid pACICU2 was found harboring a complete tra locus, which
encoded the conjugative apparatus and an F-type T4SS (based on the F-plasmid of Es-
cherichia coli) [57]. However, the structure and function of the A. baumannii T4SS were not
illustrated in these two studies. Furthermore, the plasmid replicase (rep) gene repAci6 from
pACICU2 was found widely distributed in A. baumannii clinical strains, which carried the
T4SS protein TraC coding gene [58,59]. Thus, repAci6 served as a candidate for screening
the F-type T4SS, and the plasmid carried the genes required for the biogenesis of the T4SS,
such as traC, traD, and traU, which were identified in clinical carbapenem-resistant A.
baumannii (CRAB) isolates [60].

4.1. Gene and Structure

The F-type T4SS in A. baumannii contains a series of tra operon genes, including traA,
traB, traC, traD, traE, traF, traG, traH, traI, traK, traL, traM, traN, traU, traV, and traW, as well
as another two genes, trbC and finO. Through the alignment of seven F-like A. baumannii
plasmids, it was observed that the core genes involved in pilus biosynthesis (traA, traB,
traC, traF, traH, traK, traU, traV, traW, and trbC), nicking (traI), the initiation of transfer
(traM and traD), mating aggregate stabilization (traN and traG), and regulation (finO) were
highly conserved [60] (Figure 3a).
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and two other genes, trbC and finO. (b) The T4SS is a highly sophisticated nanomachine spanning
the entire bacterial cell envelope in A. baumannii. The F-like T4SS apparatus is composed of a pilus
assembly component (TraA), a core complex (TraK, TraV, TraN, and TraH) embedded in the outer
membrane (OM), an inner membrane (IM) platform (TraF, TraB, TraG, TraU, TraW, and TrbC), and
components of the cytoplasm (TraC and TraD).

According to the analysis of Liu et al. [60], the T4SS of A. baumannii is a symmetrical
barrel-shaped structure that is divided into the following units: (1) the pilus assembly
component localized in the extracellular space across the OM (TraA); (2) the core complex
embedded in the OM (TraK, TraV, TraN, and TraH); (3) the constituents of an IM platform
(TraF, TraB, TraG, TraU, TraW, and TrbC); and (4) the components of the cytoplasm (TraC
and TraD). This structure is similar to that of the typical VirB/D4 T4SS, which exists on
the Agrobacterium tumefaciens Ti plasmid, and has gene consistency with tra operons as
traB/virB10, traC/virB4, and traD/virD4 [53,61] (Figure 3b).

4.2. Function

Although there has not been any empirical evidence demonstrating the function of
the T4SS in A. baumannii, it is rational to speculate that it has similar performances to the
universal T4SSs in other bacteria, as they share similar structures [60,62].

4.2.1. DNA Exchange and Antibiotic Resistance

Generally speaking, T4SSs are ancestrally related to bacterial conjugation machines,
which mediate the transfer of genes and proteins across membranes [61]. T4SSs can
recognize DNA substrates and translocate them to recipient bacterial cells by conjugative
transfer. In this way, horizontal gene transfer is performed to disseminate mobile genetic
elements, such as antibiotic resistance genes, virulence genes, and other fitness traits,
to benefit bacteria by enhancing their survival in various environments and promoting
the evolution of infectious pathogens [61]. The spreading of antibiotic resistance genes
will lead to the rapid development of drug-resistant bacteria and even cause outbreaks
of nosocomial infections. The conservation of most T4SS genes between A. baumannii
and E. coli K-12 indicates that the function of the T4SS could be essential and unique in
conjugation-mediated gene transfer [60].

Moreover, instead of connecting with the donor cells, T4SSs can either release naked
DNAs to the milieu, or take up DNAs from the extracellular environments, therefore
fulfilling the exchange of DNAs with the milieu [62,63].

4.2.2. Virulence

T4SSs can also act as effector translocator systems that deliver bacterial effector pro-
teins across both the membrane of bacteria and eukaryotic target cells, finally contributing
to bacterial pathogenicity by assisting the colonization and propagation of bacteria in the
eukaryotic host, as well as the activation of pro-inflammation, apoptosis, and cytoskeleton
rearrangements of host cells [54,64,65]. In addition, T4SSs are able to deliver a killing toxin
to the bacterial neighbors to maintain the advantage of survival [62]. The T4SS may, to
a large extent, contribute to the pathogenesis of A. baumannii. However, further research
needs to be performed to investigate its exact functions.

5. Type V Secretion System (T5SS)

The T5SS, also known as the autotransporter, is a series of simple protein export
pathways that are distributed in a large range of Gram-negative bacteria [66]. They are
classified into monomeric autotransporters (MA), trimeric autotransporters (TA), and two-
partner secretion systems (TPSS), with the composition of a single polypeptide for MA and
TA, and separate polypeptide chains for TPSS [67,68]. Depending on the different structural
features and domain organization, the T5SS is divided into five known subclasses, so-called
types Va to Ve, and possibly another recently identified type, Vf [68]. However, only two
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types, Vb and Vc, have been identified in A. baumannii [34]. Therefore, type Vb and type Vc
will be the focused of this review.

5.1. Gene and Structure

In contrast to other types of secretion systems that span the entire cell envelope
with a syringe-shape structure, the T5SS only spans the OM. The T5SS consists of three
major regions; namely, a signal sequence at the N-terminus, an extracellular secreted
passenger, and a β-barrel domain (transporter) at the C-terminal that anchors the protein
to the bacterial OM [68,69] (Figure 4a). Being produced in the cytoplasm, the protein is
recognized at the N-terminal signal peptide, which targets the Sex complex to mediate
the inner-membrane translocation of the protein to the periplasm [34]. Thereafter, the
C-terminal transporter domain inserts into the OM and secretes the protein to the external
environment through its OM pore. Finally, the passenger domain located between the
signal peptide and the β-barrel domain displays the specific effector function extracellularly
after proteolytic cleavage [40].

Type Vc is the most popular T5SS in the A. baumannii chromosome that belongs to the
TA family. Therefore, the protein of type Vc in this bacterium is designated as the Acineto-
bacter trimeric autotransporter (Ata) [70]. Encoded by the ata gene, the autotransporter Ata
contains a long signal peptide followed by an N-terminus, a surface-exposed passenger
domain, and a C-terminal domain encoding four β-strands [70] (Figure 4b).

In contrast to classical autotransporters, type Vb belongs to TPSS, where the passenger
and translocator (β-barrel) domains locate in two distinct polypeptide chains that are
formed by TpsA and TpsB [67]. TpsA and TpsB are encoded in one operon, and the former
connects at the polypeptide transport-associated (POTRA) domain of the latter for secretion
through the OM to either be surface-displayed or transported extracellularly [71]. In this
way, when releasing the passenger out of the cells after being transported by the β-barrel
domain, there is no need for release by proteolytic cleavage [68]. In the A. baumannii strain
AbH12O-A2, AbFhaB and AbFhaC were found to represent TpsA and TpsB, respectively,
due to the highly conserved structure of these proteins [72] (Figure 4c).

Another type of Vb recently observed in A. baumannii is the CDI system composed
of CdiA and CdiB. CdiA is a large multi-domain protein that forms a filament folded as
a β-helix, similarly to TpsA, and has a C-terminal toxin domain. The CdiA protein in
the periplasm is released to the cell surface by the OM transporter CdiB, and its β-helix
presents the toxin domain to the neighboring bacteria, finally inhibiting their growth [73].
A cytoplasmic immunity protein, CdiI, is also expressed by the CDI operon to protect
bacteria from fratricide and auto-inhibition by CdiA toxins [74–76] (Figure 4c).

5.2. Function

T5SSs play crucial roles in the virulence of Gram-negative bacteria. The function of
the passenger domain from different bacteria is highly diverse, where it can be enzymatic,
proteolytic, toxic, or adhesive, thus contributing to bacterial virulence in colonization,
intracellular mobility, nutrient acquisition, immune evasion, the alteration of host cell
processes, and biofilm formation [68,77].
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secreted passenger in the extracellular milieu, and a transporter at the C-terminal. β-Barrels are
displayed in blue; linkers and the two-partner secretion (TPS) domains are in green; passenger
regions are in orange; polypeptide transport-associated (POTRA) domains are labeled as P; and
the N- and C-termini are indicated. The translocation of substrates for subclasses of T5SS from the
cytoplasm to the periplasm relies on the Sec pathway. (b) Type Vc is the most frequently identified
T5SS in A. baumannii. It is formed by a trimeric protein, Ata, which contains a signal peptide at the
N-terminus, a surface-exposed passenger domain, and a C-terminal domain. (c) Two forms of type
Vb are found in A. baumannii. The one belonging to the TPSS is constructed of AbFhaB and AbFhaC,
which represent TpsA and TpsB in other Gram-negative bacteria, respectively. AbFhaB (TpsA) is
the passenger domain that is secreted out of cells through the outer membrane (OM) by AbFhaC
(TpsB), which is the translocator domain located in the OM. Another one is the contact-dependent
inhibition (CDI) system composed of CdiA and CdiB. Similar to TpsA, the toxin CdiA is released
from the periplasm to the cell surface by the OM transporter CdiB.

5.2.1. Function of Type Vc System

In A. baumannii, the type Vc autotransporter, Ata, is present in many clinical isolates,
and is reported to be produced at the highest level during the very early exponential phase.
Ata is critical for biofilm formation, binding to various extracellular/basal matrix proteins,
including collagen types I, III, IV, and V and laminin. The biofilm formed on adherent
cells was significantly lower in the ata deletion mutant. In addition, Ata mediates the
virulence of A. baumannii by binding to collagen type IV, which promoted the survival of
strains in a mouse model of lethal infection [70]. Further study revealed that Ata bound to
host glycans with high affinity, including galactose, N-acetylglucosamine, and galactose
(β1-3/4) N-acetylglucosamine. This ability was crucial for Ata to recognize human plasma
fibronectin during host adherence, as deglycosylated fibronectin had no interaction with
Ata [78]. In addition to adhesion, Ata also mediates the in vivo invasion of A. baumannii
and induces the apoptosis of the host cells [79].

5.2.2. Function of Type Vb Systems

The type Vb systems, including AbFhaB/FhaC and CdiA/CdiB, also play potential
roles in the pathobiology of A. baumannii. The AbFhaB/FhaC system is involved in the
attachment and fibronectin-mediated adherence to host cells. Moreover, these systems
participate in the virulence of A. baumannii, where higher fertility and survival rates were
monitored in Caenorhabditis elegans and mouse infection models, respectively, when fhaC
was absent [72]. In contrast, the CDI system is reported to inhibit the growth of non-immune
neighboring cells and, on the other hand, to favor the formation of biofilm structures, thus
promoting social interactions between CDI+ cells to facilitate biofilm formation [80].

6. Type VI Secretion System (T6SS)

The T6SS is a multiprotein transmembrane nanomachine discovered in numerous
Gram-negative bacteria, including Vibrio cholerae, Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Francisella tularensis, and Yersinia pseudotuberculosis [81]. It is syringe-
shaped and is commonly used by bacteria to inject toxic effectors into competitors or
host cells [82]. Several parts of this secretion system are structurally and functionally
homologous to the T4 bacteriophage tail, suggesting a common evolutionary origin of this
apparatus [83]. In recent years, an increasing number of studies have reported various
aspects of the T6SS from A. baumannii, including its composition, structure, regulation, and
function, confirming it as an important virulence factor.

6.1. Gene and Structure

The T6SS in A. baumannii is found in a cluster located in the genome that contains
18 genes, arranged as asaA-tssBC-hcp(tssD)-tssEFG-asaB-tssM-tagFN-asaC-tssHAKL-asaDE,
while genes of vgrG, also known as tssI, which are scattered in various numbers throughout
the genome [84,85]. In these genes, 12 encode the core T6SS proteins (Tss, Hcp, and VgrG),
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two encode the TagF and TagN that are associated with the T6SS in other bacteria, and five
encode the Asa proteins that only appear in Acinetobacter spp. [84] (Figure 5a). Based on
the Tss core proteins, the T6SS is composed of three main parts: a membrane complex, a
cytoplasmic baseplate, and a contractile tail tube/sheath complex (Figure 5b).
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Figure 5. Biogenesis and regulation of the type VI secretion system (T6SS) in A. baumannii. The T6SS
is a class of macromolecular secretion machines, which translocate proteins into a variety of recipient
cells: (a) A single gene cluster carries 18 putative genes that are predicted to encode components
of the T6SS. Among them, 12 core genes (tss) are coded on the chromosome of A. baumannii ATCC
17978. (b) The T6SS is composed of three main parts: a membrane complex (TssJ, TssL, and TssM), a
cytoplasmic baseplate (TssK, TssF, TssG, TssE, VgrG, and PAAR), and a contractile tail tube/sheath
complex (Hcp, TssB, TssC, and TssA). The expression of the T6SS is negatively regulated by the TetR-
like proteins encoded on the large, conjugative plasmid pAB3 and proteins within the H-NS family.

Normally, in a wide range of bacteria, the membrane complex consists of the TssJ,
TssL, and TssM proteins that span the cell envelope, with the complex anchored in the IM
and the tip embedded in the OM, but not crossing it [86]. Notably, TssJ, an OM lipoprotein
interacting with TssM, is absent in A. baumannii [85]. TssM and TssL have strong homology
with the T4bSS proteins IcmF and IcmH (or DotU), respectively [87,88]. TssM is a core
component of the T6SS that anchors to the IM through three transmembrane segments [88].
Similarly, the cytoplasmic protein TssL is also bound to the IM, but through a single
transmembrane helix. Two residues of TssL in A. baumannii, Asp98 and Glu99, are strongly
conserved among T6SS-encoding Gram-negative bacteria, and remarkably impact the
dynamics, expression, and functionality of this protein [89]. TssM and TssL are involved in
the recruitment and secretion of Hcp, and are important for the activity of the T6SS [90].

The baseplate complex is a central piece of the T6SS machinery that consists of six
(TssK)6-(TssF)2-(TssG)1-(TssE)1 wedges around a central (VgrG)3-PAAR spike. It connects
the tail to the membrane complex and initiates the polymerization of the tail tube/sheath
complex [91]. TssG is the core component of a baseplate wedge, where its C-terminal
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domain acts as an adaptor to interact with both TssF and TssK. VgrG, which binds to the
PAAR-repeat protein at its distal extremity, is essential for the assembly of the Hcp tube,
thus significantly contributing to the structure of the T6SS in various bacteria, including
A. baumannii [92–94].

The tail tube/sheath complex is a contractile structure formed by the Hcp tube, TssBC
sheath, and TssA cap. Although VgrG locates in the center of the baseplate complex, it is
identified as an extension of the Hcp tube, as the central density of the latter is uniform
from the first ring docked on top of the (VgrG)3-PAAR spike [93]. Normally, the inner Hcp
tube assembles onto the base of VgrG and extends into the cytoplasm. Simultaneously,
the TssBC helical sheath polymerizes around the Hcp tube in an extended, high-energy
“primed” conformation [95]. Additionally, its proximal ring has been suggested to interact
with the TssK-TssF-TssG complex [92]. After contraction, the sheath is disassembled by the
AAA+ ATPase ClpV for a new assembly cycle of an extended sheath [96]. Lastly, TssA is
involved in the assembly of Hcp-TssBC, and caps the distal end of this structure [95,97].

In addition to the core components, additional auxiliaries are required for the A.
baumannii T6SS to ensure the correct assembly and full activity. For example, TagF and
TagN were identified to negatively regulate the activity of the T6SS, where the absence of
these two proteins increased the secretion of Hcp [98]. Moreover, AsaA was demonstrated
to localize in the periplasmic space and affect the assembly or stability of the T6SS by
interacting with TssM [99]. Additionally, a novel peptidoglycan hydrolase, TagX, was
proposed to be required for the transit of the T6SS machinery across the peptidoglycan
layer, thus finally allowing the assembly of the T6SS [98].

6.2. Function
6.2.1. Virulence

Similarly to other Gram-negative bacteria, the T6SS is a multifunctional apparatus in
A. baumannii. Bacterial virulence is the most concerning effect raised by the T6SS. First of
all, outcompeting other bacterial competitors is one critical factor to evaluate the virulence.
As observed by Kim et al., clinical A. baumannii isolates causing bacteremia were shown
to outcompete E. coli in a T6SS-dependent manner [100]. This is primarily due to the
injection of toxic effectors into target cells, which may have bacteriostatic or bactericidal
activities [84]. The T6SS effectors that have been characterized to date include NAD(P)+

glycohydrolase, ADP-ribosylating toxins, (p)ppApp synthetase, and Rhs [101–104]. Current
research has found a synergistic effect of D-lysine on the peptidoglycanase activity of the
T6SS effector Tse4 in A. baumannii. Additionally, the T6SS-mediated killing effect on Gram-
positive bacteria was also seen with the lethal combination of D-lysine and Tse4 [105].
Moreover, the significantly enhanced efficacy of the T6SS can be induced by toxins that
not only kill, but also quickly lyse, competitor bacteria [82]. The injection procedure was
revealed to be reliant upon TssB, Hcp, and TssM [84,106].

Secondly, the T6SS is involved in pathogenicity in eukaryotic hosts. Repizo et al.
reported that the T6SS was required for the host colonization of A. baumannii in the G.
mellonella model [106]. Furthermore, T6SS-active clinical strains were found to survive
better in the presence of human serum and were more frequently detected in patients
with a catheter-related bloodstream infection, hematopoietic stem cell transplantation, and
immunosuppressive agent therapy [100]. Higher hcp expression was found in invasive
A. baumannii isolates under the status of respiratory infection and could be triggered by
the acid environment [107]. VgrG is also involved in the virulence of A. baumannii. It was
found to be beneficial to cellular adherence and systemic infection in hosts. The number of
vgrG deletion mutants adhering to human lung epithelial cells was much lower than that of
the wild-type strain, and the lethal ability of this mutant to mice was also decreased [108].

6.2.2. Antibiotic Resistance

Antibiotic resistance is also found to be closely related to the T6SS. Dong et al. revealed
that the presence of the T6SS in XDR A. baumannii isolates was significantly higher than
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that in MDR strains, followed by that in sensitive isolates [109]. Compared with the wild-
type A. baumannii strain, an increased resistance to ampicillin/sulbactam and a decreased
resistance to chloramphenicol were detected in a vgrG-lacking mutant [108]. The T6SS
may be a contributor to inter-species horizontal gene transfer (HGT), which is one of the
critical drug resistance mechanisms in bacteria. It was revealed to promote HGT by lysing
the neighboring E. coli cells, whose genes were subsequently gained by Acinetobacter [110].
Indeed, when hcp was missing from T6SS+ A. baumannii A152, the ability of this strain
to acquire antimicrobial resistance plasmids from E. coli was reduced remarkably [109].
Nevertheless, the function of the T6SS in A. baumannii is instead repressed during the intra-
species dissemination of multidrug-resistant plasmids. As discovered by Weber et al., the
T6SS was negatively regulated by a large resistance plasmid containing TetR-like regulators,
which presented in a wide range of A. baumannii [111]. Additionally, the dissemination and
conjugation of MDR plasmids among A. baumannii isolates relied on their distinctive ability
to repress the function of the T6SS [112].

7. Conclusions and Future Perspectives

Although six types of secretion systems have been well characterized in numerous
Gram-negative bacteria over the past decades, the study in this field is in the initial stage
for A. baumannii. This bacterium is commonly regarded as a low-grade pathogen, whereas,
based on the current knowledge, five types of secretion systems have been discovered in
this species, including the T1SS, T2SS, T4SS, T5SS, and T6SS. Among them, the T2SS, T6SS,
and Ata from the T5SS are the most frequently reported secretion systems in A. baumannii,
and can coexist in the majority of isolates. They share high similarity with the composition
and structure of the secretion systems in other bacteria and are involved in different aspects,
such as pathogenicity and antibiotic resistance.

Virulence, mediated by this mechanism, is mainly achieved via the secretion of various
effectors, which not only promote the fitness of A. baumannii in different environments, but
also alter the physiology of its hosts. Further research to investigate additional effectors,
as well as their enzymatic activity, will provide more information on the contribution of
secretion systems during human infections.

Secretion systems are normally considered to be involved in bacterial virulence, but
less is known about their relationship with antibiotic resistance. A few studies have
begun to reveal the changes in antibiotic susceptibility in the mutants of some types of
secretion systems, such as the T2SS and T6SS in A. baumannii. However, the mechanism
for drug resistance mediated by secretion systems is not fully understood. Additional
work is necessary to confirm the role that various secretion systems play in the antibiotic
resistance in A. baumannii. Additionally, more functional components and effectors should
be genetically investigated to facilitate a deeper understanding of the mechanism.

Treatment and prevention strategies based on secretion systems can be considered.
Currently, sulbactam, carbapenems, aminoglycosides, polymyxins, tigecycline, and tetra-
cycline are recommended for the therapy of Acinetobacter infections [113]. Among them,
carbapenems are known as the “last line of defense” against Gram-negative bacteria and
have been the preferred remedy choice for MDR A. baumannii infections in the past few
decades. However, an increased incidence of resistance towards this sort of antibiotic
has been reported in recent years, and carbapenem-resistant A. baumannii (CRAB) has
become a global threat to human health, as it is commonly associated with a broad range
of co-resistance to other antibiotic classes [114–116]. Consequently, the World Health Or-
ganization (WHO) lists CRAB in the critical group for the research and development of
new antibiotics [115]. In addition, its resistance to other antimicrobials also continues to
increase. Therefore, new drugs are in urgent need, and those that target secretion systems
could be a good choice.

The T2SS and T6SS are the most frequently discovered secretion systems in A. bau-
mannii, demonstrating their key roles in this bacterium. Some medicines, such as Orlistat,
have been reported to be able to prevent the growth of A. baumannii by inhibiting LipA [36],
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while blocking the function of GspD or the pathways of Sec and Tat can contribute to
the inhibition of virulence mediated by the T2SS [117]. Conserved sequences of VgrG
were identified to be antigenic in various strains of A. baumannii; thus, it could be used
to develop multivalent vaccines [118,119]. In addition, the T5SS protein, Ata, has been
reported to be a potential candidate vaccine by many researchers because of its outstanding
protection effect against the lethal challenges of various A. baumannii strains [120–122].
Additionally, further investigations on more effectors of the T2SS and T6SS, as well as other
less reported secretion systems, may offer further opportunities to control the infections
caused by drug-resistant A. baumannii.

Author Contributions: Conceptualization, L.H.; writing—original draft preparation, P.L. and L.H.;
writing—review and editing, L.H., P.L., S.Z., J.W., M.M.A.-S., B.H., Y.C. and S.H.; visualization, P.L.;
supervision, L.H.; funding acquisition, L.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (81702043), the
Fundamental Research Funds for the Central Universities (xzy012020050), and the “Basic-Clinical”
Fusion Innovation Project of Xi’an Jiaotong University (YXJLRH2022020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Giamarellou, H.; Antoniadou, A.; Kanellakopoulou, K. Acinetobacter baumannii: A universal threat to public health? Int. J.

Antimicrob. Agents 2008, 32, 106–119. [CrossRef] [PubMed]
2. Ramirez, M.S.; Bonomo, R.A.; Tolmasky, M.E. Carbapenemases: Transforming Acinetobacter baumannii into a Yet More

Dangerous Menace. Biomolecules 2020, 10, 720. [CrossRef] [PubMed]
3. Boucher, H.W.; Talbot, G.H.; Bradley, J.S.; Edwards, J.E.; Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett, J. Bad bugs,

no drugs: No ESKAPE! An update from the Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 48, 1–12. [CrossRef]
[PubMed]

4. Pogue, J.M.; Kaye, K.S.; Cohen, D.A.; Marchaim, D. Appropriate antimicrobial therapy in the era of multidrug-resistant human
pathogens. Clin. Microbiol. Infect. 2015, 21, 302–312. [CrossRef]

5. Espinal, P.; Marti, S.; Vila, J. Effect of biofilm formation on the survival of Acinetobacter baumannii on dry surfaces. J. Hosp. Infect.
2012, 80, 56–60. [CrossRef]

6. Longo, F.; Vuotto, C.; Donelli, G. Biofilm formation in Acinetobacter baumannii. New Microbiol. 2014, 37, 119–127.
7. Harris, A.D.; Johnson, J.K.; Pineles, L.; O’Hara, L.M.; Bonomo, R.A.; Thom, K.A. Patient-to-Patient Transmission of Acinetobacter

baumannii Gastrointestinal Colonization in the Intensive Care Unit. Antimicrob. Agents Chemother. 2019, 63, e00392-19. [CrossRef]
8. Bayuga, S.; Zeana, C.; Sahni, J.; Della-Latta, P.; El-Sadr, W.; Larson, E. Prevalence and antimicrobial patterns of Acinetobacter

baumannii on hands and nares of hospital personnel and patients: The iceberg phenomenon again. Heart Lung 2002, 31, 382–390.
[CrossRef]

9. Nasr, P. Genetics, epidemiology, and clinical manifestations of multidrug-resistant Acinetobacter baumannii. J. Hosp. Infect. 2020,
104, 4–11. [CrossRef]

10. Nowak, P.; Paluchowska, P. Acinetobacter baumannii: Biology and drug resistance—Role of carbapenemases. Folia Histochem.
Cytobiol. 2016, 54, 61–74. [CrossRef]

11. Lee, C.R.; Lee, J.H.; Park, M.; Park, K.S.; Bae, I.K.; Kim, Y.B.; Cha, C.J.; Jeong, B.C.; Lee, S.H. Biology of Acinetobacter baumannii:
Pathogenesis, Antibiotic Resistance Mechanisms, and Prospective Treatment Options. Front. Cell. Infect. Microbiol. 2017, 7, 55.
[CrossRef]

12. Gheorghe, I.; Barbu, I.C.; Surleac, M.; Sarbu, I.; Popa, L.I.; Paraschiv, S.; Feng, Y.; Lazar, V.; Chifiriuc, M.C.; Otelea, D.; et al.
Subtypes, resistance and virulence platforms in extended-drug resistant Acinetobacter baumannii Romanian isolates. Sci. Rep.
2021, 11, 13288. [CrossRef] [PubMed]

13. Smiline Girija, A.S.; Ganesh, P.S. Virulence of Acinetobacter baumannii in proteins moonlighting. Arch. Microbiol. 2021, 204, 96.
[CrossRef] [PubMed]

14. Wong, D.; Chao, J.D.; Av-Gay, Y. Mycobacterium tuberculosis-secreted phosphatases: From pathogenesis to targets for TB drug
development. Trends Microbiol. 2013, 21, 100–109. [CrossRef]

http://doi.org/10.1016/j.ijantimicag.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18571905
http://doi.org/10.3390/biom10050720
http://www.ncbi.nlm.nih.gov/pubmed/32384624
http://doi.org/10.1086/595011
http://www.ncbi.nlm.nih.gov/pubmed/19035777
http://doi.org/10.1016/j.cmi.2014.12.025
http://doi.org/10.1016/j.jhin.2011.08.013
http://doi.org/10.1128/AAC.00392-19
http://doi.org/10.1067/mhl.2002.126103
http://doi.org/10.1016/j.jhin.2019.09.021
http://doi.org/10.5603/FHC.a2016.0009
http://doi.org/10.3389/fcimb.2017.00055
http://doi.org/10.1038/s41598-021-92590-5
http://www.ncbi.nlm.nih.gov/pubmed/34168184
http://doi.org/10.1007/s00203-021-02721-9
http://www.ncbi.nlm.nih.gov/pubmed/34964919
http://doi.org/10.1016/j.tim.2012.09.002


Antibiotics 2023, 12, 195 17 of 21

15. Gerlach, R.G.; Hensel, M. Protein secretion systems and adhesins: The molecular armory of Gram-negative pathogens. Int. J. Med.
Microbiol. 2007, 297, 401–415. [CrossRef]

16. Sawa, T.; Shimizu, M.; Moriyama, K.; Wiener-Kronish, J.P. Association between Pseudomonas aeruginosa type III secretion,
antibiotic resistance, and clinical outcome: A review. Crit. Care 2014, 18, 668. [CrossRef]

17. Boudaher, E.; Shaffer, C.L. Inhibiting bacterial secretion systems in the fight against antibiotic resistance. Medchemcomm 2019, 10,
682–692. [CrossRef]

18. Ding, M.; Ye, Z.; Liu, L.; Wang, W.; Chen, Q.; Zhang, F.; Wang, Y.; Sjoling, A.; Martin-Rodriguez, A.J.; Hu, R.; et al. Subinhibitory
antibiotic concentrations promote the horizontal transfer of plasmid-borne resistance genes from Klebsiellae pneumoniae to
Escherichia coli. Front. Microbiol. 2022, 13, 1017092. [CrossRef] [PubMed]

19. Harding, C.M.; Pulido, M.R.; Di Venanzio, G.; Kinsella, R.L.; Webb, A.I.; Scott, N.E.; Pachon, J.; Feldman, M.F. Pathogenic
Acinetobacter species have a functional type I secretion system and contact-dependent inhibition systems. J. Biol. Chem. 2017, 292,
9075–9087. [CrossRef]

20. Sycz, G.; Di Venanzio, G.; Distel, J.S.; Sartorio, M.G.; Le, N.H.; Scott, N.E.; Beatty, W.L.; Feldman, M.F. Modern Acinetobacter
baumannii clinical isolates replicate inside spacious vacuoles and egress from macrophages. PLoS Pathog. 2021, 17, e1009802.
[CrossRef]

21. Satchell, K.J. Structure and function of MARTX toxins and other large repetitive RTX proteins. Annu. Rev. Microbiol. 2011,
65, 71–90. [CrossRef] [PubMed]

22. Rahbar, M.R.; Rasooli, I.; Mousavi Gargari, S.L.; Amani, J.; Fattahian, Y. In silico analysis of antibody triggering biofilm associated
protein in Acinetobacter baumannii. J. Theor. Biol. 2010, 266, 275–290. [CrossRef] [PubMed]

23. Loehfelm, T.W.; Luke, N.R.; Campagnari, A.A. Identification and characterization of an Acinetobacter baumannii biofilm-
associated protein. J. Bacteriol. 2008, 190, 1036–1044. [CrossRef]

24. Brossard, K.A.; Campagnari, A.A. The Acinetobacter baumannii biofilm-associated protein plays a role in adherence to human
epithelial cells. Infect. Immun. 2012, 80, 228–233. [CrossRef]

25. Azizi, O.; Shahcheraghi, F.; Salimizand, H.; Modarresi, F.; Shakibaie, M.R.; Mansouri, S.; Ramazanzadeh, R.; Badmasti, F.; Nikbin,
V. Molecular Analysis and Expression of bap Gene in Biofilm-Forming Multi-Drug-Resistant Acinetobacter baumannii. Rep.
Biochem. Mol. Biol. 2016, 5, 62–72.

26. Yang, C.; Huang, Q. Regulation of Acinetobacter baumannii biofilm formation. Chin. J. Infect. Control. 2012, 11, 228–235.
27. Teymournejad, O.; Rikihisa, Y. Ehrlichia chaffeensis Uses an Invasin To Suppress Reactive Oxygen Species Generation by

Macrophages via CD147-Dependent Inhibition of Vav1 To Block Rac1 Activation. mBio 2020, 11, e00267-20. [CrossRef]
28. Ho, T.D.; Davis, B.M.; Ritchie, J.M.; Waldor, M.K. Type 2 secretion promotes enterohemorrhagic Escherichia coli adherence and

intestinal colonization. Infect. Immun. 2008, 76, 1858–1865. [CrossRef]
29. Baldi, D.L.; Higginson, E.E.; Hocking, D.M.; Praszkier, J.; Cavaliere, R.; James, C.E.; Bennett-Wood, V.; Azzopardi, K.I.; Turnbull,

L.; Lithgow, T.; et al. The type II secretion system and its ubiquitous lipoprotein substrate, SslE, are required for biofilm formation
and virulence of enteropathogenic Escherichia coli. Infect. Immun. 2012, 80, 2042–2052. [CrossRef] [PubMed]

30. McCoy-Simandle, K.; Stewart, C.R.; Dao, J.; DebRoy, S.; Rossier, O.; Bryce, P.J.; Cianciotto, N.P. Legionella pneumophila type II
secretion dampens the cytokine response of infected macrophages and epithelia. Infect. Immun. 2011, 79, 1984–1997. [CrossRef]

31. Sikora, A.E.; Zielke, R.A.; Lawrence, D.A.; Andrews, P.C.; Sandkvist, M. Proteomic analysis of the Vibrio cholerae type II
secretome reveals new proteins, including three related serine proteases. J. Biol. Chem. 2011, 286, 16555–16566. [CrossRef]
[PubMed]

32. Jyot, J.; Balloy, V.; Jouvion, G.; Verma, A.; Touqui, L.; Huerre, M.; Chignard, M.; Ramphal, R. Type II secretion system of
Pseudomonas aeruginosa: In vivo evidence of a significant role in death due to lung infection. J. Infect. Dis. 2011, 203, 1369–1377.
[CrossRef] [PubMed]

33. Tomas, A.; Lery, L.; Regueiro, V.; Perez-Gutierrez, C.; Martinez, V.; Moranta, D.; Llobet, E.; Gonzalez-Nicolau, M.; Insua, J.L.;
Tomas, J.M.; et al. Functional Genomic Screen Identifies Klebsiella pneumoniae Factors Implicated in Blocking Nuclear Factor
kappaB (NF-kappaB) Signaling. J. Biol. Chem. 2015, 290, 16678–16697. [CrossRef] [PubMed]

34. Elhosseiny, N.M.; Attia, A.S. Acinetobacter: An emerging pathogen with a versatile secretome. Emerg. Microbes. Infect. 2018, 7, 33.
[CrossRef]

35. Eijkelkamp, B.A.; Stroeher, U.H.; Hassan, K.A.; Paulsen, I.T.; Brown, M.H. Comparative analysis of surface-exposed virulence
factors of Acinetobacter baumannii. BMC Genomics 2014, 15, 1020. [CrossRef]

36. Johnson, T.L.; Waack, U.; Smith, S.; Mobley, H.; Sandkvist, M. Acinetobacter baumannii Is Dependent on the Type II Secretion
System and Its Substrate LipA for Lipid Utilization and In Vivo Fitness. J. Bacteriol. 2015, 198, 711–719. [CrossRef]

37. Korotkov, K.V.; Sandkvist, M.; Hol, W.G. The type II secretion system: Biogenesis, molecular architecture and mechanism. Nat.
Rev. Microbiol. 2012, 10, 336–351. [CrossRef]

38. Thomassin, J.L.; Santos Moreno, J.; Guilvout, I.; Tran Van Nhieu, G.; Francetic, O. The trans-envelope architecture and function of
the type 2 secretion system: New insights raising new questions. Mol. Microbiol. 2017, 105, 211–226. [CrossRef]

39. Harding, C.M.; Kinsella, R.L.; Palmer, L.D.; Skaar, E.P.; Feldman, M.F. Medically Relevant Acinetobacter Species Require a Type II
Secretion System and Specific Membrane-Associated Chaperones for the Export of Multiple Substrates and Full Virulence. PLoS
Pathog. 2016, 12, e1005391. [CrossRef]

http://doi.org/10.1016/j.ijmm.2007.03.017
http://doi.org/10.1186/s13054-014-0668-9
http://doi.org/10.1039/C9MD00076C
http://doi.org/10.3389/fmicb.2022.1017092
http://www.ncbi.nlm.nih.gov/pubmed/36419429
http://doi.org/10.1074/jbc.M117.781575
http://doi.org/10.1371/journal.ppat.1009802
http://doi.org/10.1146/annurev-micro-090110-102943
http://www.ncbi.nlm.nih.gov/pubmed/21639783
http://doi.org/10.1016/j.jtbi.2010.06.014
http://www.ncbi.nlm.nih.gov/pubmed/20600143
http://doi.org/10.1128/JB.01416-07
http://doi.org/10.1128/IAI.05913-11
http://doi.org/10.1128/mBio.00267-20
http://doi.org/10.1128/IAI.01688-07
http://doi.org/10.1128/IAI.06160-11
http://www.ncbi.nlm.nih.gov/pubmed/22451516
http://doi.org/10.1128/IAI.01077-10
http://doi.org/10.1074/jbc.M110.211078
http://www.ncbi.nlm.nih.gov/pubmed/21385872
http://doi.org/10.1093/infdis/jir045
http://www.ncbi.nlm.nih.gov/pubmed/21502078
http://doi.org/10.1074/jbc.M114.621292
http://www.ncbi.nlm.nih.gov/pubmed/25971969
http://doi.org/10.1038/s41426-018-0030-4
http://doi.org/10.1186/1471-2164-15-1020
http://doi.org/10.1128/JB.00622-15
http://doi.org/10.1038/nrmicro2762
http://doi.org/10.1111/mmi.13704
http://doi.org/10.1371/journal.ppat.1005391


Antibiotics 2023, 12, 195 18 of 21

40. Costa, T.R.; Felisberto-Rodrigues, C.; Meir, A.; Prevost, M.S.; Redzej, A.; Trokter, M.; Waksman, G. Secretion systems in Gram-
negative bacteria: Structural and mechanistic insights. Nat. Rev. Microbiol. 2015, 13, 343–359. [CrossRef]

41. Yan, Z.; Yin, M.; Xu, D.; Zhu, Y.; Li, X. Structural insights into the secretin translocation channel in the type II secretion system.
Nat. Struct. Mol. Biol. 2017, 24, 177–183. [CrossRef]

42. Naskar, S.; Hohl, M.; Tassinari, M.; Low, H.H. The structure and mechanism of the bacterial type II secretion system. Mol.
Microbiol. 2021, 115, 412–424. [CrossRef] [PubMed]

43. Waack, U.; Johnson, T.L.; Chedid, K.; Xi, C.; Simmons, L.A.; Mobley, H.L.T.; Sandkvist, M. Targeting the Type II Secretion System:
Development, Optimization, and Validation of a High-Throughput Screen for the Identification of Small Molecule Inhibitors.
Front. Cell. Infect. Microbiol. 2017, 7, 380. [CrossRef] [PubMed]

44. Elhosseiny, N.M.; El-Tayeb, O.M.; Yassin, A.S.; Lory, S.; Attia, A.S. The secretome of Acinetobacter baumannii ATCC 17978 type
II secretion system reveals a novel plasmid encoded phospholipase that could be implicated in lung colonization. Int. J. Med.
Microbiol. 2016, 306, 633–641. [CrossRef] [PubMed]

45. Tilley, D.; Law, R.; Warren, S.; Samis, J.A.; Kumar, A. CpaA a novel protease from Acinetobacter baumannii clinical isolates
deregulates blood coagulation. FEMS Microbiol. Lett. 2014, 356, 53–61. [CrossRef]

46. Jackson-Litteken, C.D.; Di Venanzio, G.; Le, N.H.; Scott, N.E.; Djahanschiri, B.; Distel, J.S.; Pardue, E.J.; Ebersberger, I.; Feldman,
M.F. InvL, an Invasin-Like Adhesin, Is a Type II Secretion System Substrate Required for Acinetobacter baumannii Uropathogene-
sis. mBio 2022, 13, e00258-22. [CrossRef] [PubMed]

47. Urusova, D.V.; Kinsella, R.L.; Salinas, N.D.; Haurat, M.F.; Feldman, M.F.; Tolia, N.H. The structure of Acinetobacter-secreted
protease CpaA complexed with its chaperone CpaB reveals a novel mode of a T2SS chaperone-substrate interaction. J. Biol. Chem.
2019, 294, 13344–13354. [CrossRef]

48. Waack, U.; Warnock, M.; Yee, A.; Huttinger, Z.; Smith, S.; Kumar, A.; Deroux, A.; Ginsburg, D.; Mobley, H.L.T.; Lawrence,
D.A.; et al. CpaA Is a Glycan-Specific Adamalysin-like Protease Secreted by Acinetobacter baumannii That Inactivates Coagulation
Factor XII. mBio 2018, 9, e01606-18. [CrossRef]

49. Haurat, M.F.; Scott, N.E.; Di Venanzio, G.; Lopez, J.; Pluvinage, B.; Boraston, A.B.; Ferracane, M.J.; Feldman, M.F. The Glycopro-
tease CpaA Secreted by Medically Relevant Acinetobacter Species Targets Multiple O-Linked Host Glycoproteins. mBio 2020,
11, e02033-20. [CrossRef]

50. Korotkov, K.V.; Sandkvist, M. Architecture, Function, and Substrates of the Type II Secretion System. EcoSal Plus 2019, 8.
[CrossRef]

51. Elhosseiny, N.M.; Elhezawy, N.B.; Attia, A.S. Comparative proteomics analyses of Acinetobacter baumannii strains ATCC 17978
and AB5075 reveal the differential role of type II secretion system secretomes in lung colonization and ciprofloxacin resistance.
Microb. Pathog. 2019, 128, 20–27. [CrossRef] [PubMed]

52. Kinsella, R.L.; Lopez, J.; Palmer, L.D.; Salinas, N.D.; Skaar, E.P.; Tolia, N.H.; Feldman, M.F. Defining the interaction of the protease
CpaA with its type II secretion chaperone CpaB and its contribution to virulence in Acinetobacter species. J. Biol. Chem. 2017, 292,
19628–19638. [CrossRef] [PubMed]

53. Costa, T.R.D.; Harb, L.; Khara, P.; Zeng, L.; Hu, B.; Christie, P.J. Type IV secretion systems: Advances in structure, function, and
activation. Mol. Microbiol. 2021, 115, 436–452. [CrossRef] [PubMed]

54. Christie, P.J.; Atmakuri, K.; Krishnamoorthy, V.; Jakubowski, S.; Cascales, E. Biogenesis, architecture, and function of bacterial
type IV secretion systems. Annu. Rev. Microbiol. 2005, 59, 451–485. [CrossRef]

55. Juhas, M.; Crook, D.W.; Dimopoulou, I.D.; Lunter, G.; Harding, R.M.; Ferguson, D.J.; Hood, D.W. Novel type IV secretion system
involved in propagation of genomic islands. J. Bacteriol. 2007, 189, 761–771. [CrossRef]

56. Smith, M.G.; Gianoulis, T.A.; Pukatzki, S.; Mekalanos, J.J.; Ornston, L.N.; Gerstein, M.; Snyder, M. New insights into Acinetobacter
baumannii pathogenesis revealed by high-density pyrosequencing and transposon mutagenesis. Genes Dev. 2007, 21, 601–614.
[CrossRef]

57. Iacono, M.; Villa, L.; Fortini, D.; Bordoni, R.; Imperi, F.; Bonnal, R.J.; Sicheritz-Ponten, T.; De Bellis, G.; Visca, P.; Cassone, A.; et al.
Whole-genome pyrosequencing of an epidemic multidrug-resistant Acinetobacter baumannii strain belonging to the European
clone II group. Antimicrob. Agents Chemother. 2008, 52, 2616–2625. [CrossRef]

58. Povilonis, J.; Seputiene, V.; Krasauskas, R.; Juskaite, R.; Miskinyte, M.; Suziedelis, K.; Suziedeliene, E. Spread of carbapenem-
resistant Acinetobacter baumannii carrying a plasmid with two genes encoding OXA-72 carbapenemase in Lithuanian hospitals.
J. Antimicrob. Chemother. 2013, 68, 1000–1006. [CrossRef]

59. Towner, K.J.; Evans, B.; Villa, L.; Levi, K.; Hamouda, A.; Amyes, S.G.; Carattoli, A. Distribution of intrinsic plasmid replicase genes
and their association with carbapenem-hydrolyzing class D beta-lactamase genes in European clinical isolates of Acinetobacter
baumannii. Antimicrob. Agents Chemother. 2011, 55, 2154–2159. [CrossRef]

60. Liu, C.C.; Kuo, H.Y.; Tang, C.Y.; Chang, K.C.; Liou, M.L. Prevalence and mapping of a plasmid encoding a type IV secretion
system in Acinetobacter baumannii. Genomics 2014, 104, 215–223. [CrossRef]

61. Juhas, M.; Crook, D.W.; Hood, D.W. Type IV secretion systems: Tools of bacterial horizontal gene transfer and virulence. Cell.
Microbiol. 2008, 10, 2377–2386. [CrossRef] [PubMed]

62. Grohmann, E.; Christie, P.J.; Waksman, G.; Backert, S. Type IV secretion in Gram-negative and Gram-positive bacteria. Mol.
Microbiol. 2018, 107, 455–471. [CrossRef] [PubMed]

http://doi.org/10.1038/nrmicro3456
http://doi.org/10.1038/nsmb.3350
http://doi.org/10.1111/mmi.14664
http://www.ncbi.nlm.nih.gov/pubmed/33283907
http://doi.org/10.3389/fcimb.2017.00380
http://www.ncbi.nlm.nih.gov/pubmed/28894700
http://doi.org/10.1016/j.ijmm.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27713027
http://doi.org/10.1111/1574-6968.12496
http://doi.org/10.1128/mbio.00258-22
http://www.ncbi.nlm.nih.gov/pubmed/35638734
http://doi.org/10.1074/jbc.RA119.009805
http://doi.org/10.1128/mBio.01606-18
http://doi.org/10.1128/mBio.02033-20
http://doi.org/10.1128/ecosalplus.ESP-0034-2018
http://doi.org/10.1016/j.micpath.2018.12.039
http://www.ncbi.nlm.nih.gov/pubmed/30578836
http://doi.org/10.1074/jbc.M117.808394
http://www.ncbi.nlm.nih.gov/pubmed/28982978
http://doi.org/10.1111/mmi.14670
http://www.ncbi.nlm.nih.gov/pubmed/33326642
http://doi.org/10.1146/annurev.micro.58.030603.123630
http://doi.org/10.1128/JB.01327-06
http://doi.org/10.1101/gad.1510307
http://doi.org/10.1128/AAC.01643-07
http://doi.org/10.1093/jac/dks499
http://doi.org/10.1128/AAC.01661-10
http://doi.org/10.1016/j.ygeno.2014.07.011
http://doi.org/10.1111/j.1462-5822.2008.01187.x
http://www.ncbi.nlm.nih.gov/pubmed/18549454
http://doi.org/10.1111/mmi.13896
http://www.ncbi.nlm.nih.gov/pubmed/29235173


Antibiotics 2023, 12, 195 19 of 21

63. Hamilton, H.L.; Dominguez, N.M.; Schwartz, K.J.; Hackett, K.T.; Dillard, J.P. Neisseria gonorrhoeae secretes chromosomal DNA
via a novel type IV secretion system. Mol. Microbiol. 2005, 55, 1704–1721. [CrossRef] [PubMed]

64. Schulein, R.; Guye, P.; Rhomberg, T.A.; Schmid, M.C.; Schroder, G.; Vergunst, A.C.; Carena, I.; Dehio, C. A bipartite signal
mediates the transfer of type IV secretion substrates of Bartonella henselae into human cells. Proc. Natl. Acad. Sci. USA 2005, 102,
856–861. [CrossRef]

65. Backert, S.; Meyer, T.F. Type IV secretion systems and their effectors in bacterial pathogenesis. Curr. Opin. Microbiol. 2006, 9,
207–217. [CrossRef] [PubMed]

66. Bernstein, H.D. Type V Secretion in Gram-Negative Bacteria. EcoSal Plus 2019, 8. [CrossRef]
67. Leo, J.C.; Grin, I.; Linke, D. Type V secretion: Mechanism(s) of autotransport through the bacterial outer membrane. Philos. Trans.

R. Soc. Lond B Biol. Sci. 2012, 367, 1088–1101. [CrossRef]
68. Meuskens, I.; Saragliadis, A.; Leo, J.C.; Linke, D. Type V Secretion Systems: An Overview of Passenger Domain Functions. Front.

Microbiol. 2019, 10, 1163. [CrossRef]
69. Jose, J.; Jahnig, F.; Meyer, T.F. Common structural features of IgA1 protease-like outer membrane protein autotransporters. Mol.

Microbiol. 1995, 18, 378–380. [CrossRef]
70. Bentancor, L.V.; Camacho-Peiro, A.; Bozkurt-Guzel, C.; Pier, G.B.; Maira-Litran, T. Identification of Ata, a multifunctional trimeric

autotransporter of Acinetobacter baumannii. J. Bacteriol. 2012, 194, 3950–3960. [CrossRef]
71. Thanassi, D.G.; Stathopoulos, C.; Karkal, A.; Li, H. Protein secretion in the absence of ATP: The autotransporter, two-partner

secretion and chaperone/usher pathways of gram-negative bacteria (review). Mol. Membr. Biol. 2005, 22, 63–72. [CrossRef]
[PubMed]

72. Perez, A.; Merino, M.; Rumbo-Feal, S.; Alvarez-Fraga, L.; Vallejo, J.A.; Beceiro, A.; Ohneck, E.J.; Mateos, J.; Fernandez-Puente, P.;
Actis, L.A.; et al. The FhaB/FhaC two-partner secretion system is involved in adhesion of Acinetobacter baumannii AbH12O-A2
strain. Virulence 2017, 8, 959–974. [CrossRef] [PubMed]

73. Guerin, J.; Botos, I.; Zhang, Z.; Lundquist, K.; Gumbart, J.C.; Buchanan, S.K. Structural insight into toxin secretion by contact-
dependent growth inhibition transporters. Elife 2020, 9, e58100. [CrossRef] [PubMed]

74. Aoki, S.K.; Pamma, R.; Hernday, A.D.; Bickham, J.E.; Braaten, B.A.; Low, D.A. Contact-dependent inhibition of growth in
Escherichia coli. Science 2005, 309, 1245–1248. [CrossRef]

75. Ruhe, Z.C.; Subramanian, P.; Song, K.; Nguyen, J.Y.; Stevens, T.A.; Low, D.A.; Jensen, G.J.; Hayes, C.S. Programmed Secretion
Arrest and Receptor-Triggered Toxin Export during Antibacterial Contact-Dependent Growth Inhibition. Cell 2018, 175, 921–933.
[CrossRef]

76. Ruhe, Z.C.; Nguyen, J.Y.; Xiong, J.; Koskiniemi, S.; Beck, C.M.; Perkins, B.R.; Low, D.A.; Hayes, C.S. CdiA Effectors Use Modular
Receptor-Binding Domains To Recognize Target Bacteria. mBio 2017, 8, e00290-17. [CrossRef]

77. van Ulsen, P.; Rahman, S.; Jong, W.S.; Daleke-Schermerhorn, M.H.; Luirink, J. Type V secretion: From biogenesis to biotechnology.
Biochim. Biophys. Acta. 2014, 1843, 1592–1611. [CrossRef]

78. Tram, G.; Poole, J.; Adams, F.G.; Jennings, M.P.; Eijkelkamp, B.A.; Atack, J.M. The Acinetobacter baumannii Autotransporter
Adhesin Ata Recognizes Host Glycans as High-Affinity Receptors. ACS Infect. Dis. 2021, 7, 2352–2361. [CrossRef]

79. Weidensdorfer, M.; Ishikawa, M.; Hori, K.; Linke, D.; Djahanschiri, B.; Iruegas, R.; Ebersberger, I.; Riedel-Christ, S.; Enders, G.;
Leukert, L.; et al. The Acinetobacter trimeric autotransporter adhesin Ata controls key virulence traits of Acinetobacter baumannii.
Virulence 2019, 10, 68–81. [CrossRef]

80. De Gregorio, E.; Esposito, E.P.; Zarrilli, R.; Di Nocera, P.P. Contact-Dependent Growth Inhibition Proteins in Acinetobacter baylyi
ADP1. Curr. Microbiol. 2018, 75, 1434–1440. [CrossRef]

81. Monjaras Feria, J.; Valvano, M.A. An Overview of Anti-Eukaryotic T6SS Effectors. Front. Cell. Infect. Microbiol. 2020, 10, 584751.
[CrossRef] [PubMed]

82. Hofer, U. T6SS: Shoot and scrub. Nat. Rev. Microbiol. 2020, 18, 412–413. [CrossRef] [PubMed]
83. Leiman, P.G.; Basler, M.; Ramagopal, U.A.; Bonanno, J.B.; Sauder, J.M.; Pukatzki, S.; Burley, S.K.; Almo, S.C.; Mekalanos, J.J. Type

VI secretion apparatus and phage tail-associated protein complexes share a common evolutionary origin. Proc. Natl. Acad. Sci.
USA 2009, 106, 4154–4159. [CrossRef] [PubMed]

84. Carruthers, M.D.; Nicholson, P.A.; Tracy, E.N.; Munson, R.S., Jr. Acinetobacter baumannii utilizes a type VI secretion system for
bacterial competition. PLoS ONE 2013, 8, e59388. [CrossRef]

85. Weber, B.S.; Miyata, S.T.; Iwashkiw, J.A.; Mortensen, B.L.; Skaar, E.P.; Pukatzki, S.; Feldman, M.F. Genomic and functional analysis
of the type VI secretion system in Acinetobacter. PLoS ONE 2013, 8, e55142. [CrossRef] [PubMed]

86. Rapisarda, C.; Cherrak, Y.; Kooger, R.; Schmidt, V.; Pellarin, R.; Logger, L.; Cascales, E.; Pilhofer, M.; Durand, E.; Fronzes, R. In
Situ and high-resolution cryo-EM structure of a bacterial type VI secretion system membrane complex. EMBO J. 2019, 38, e100886.
[CrossRef]

87. Nguyen, V.S.; Douzi, B.; Durand, E.; Roussel, A.; Cascales, E.; Cambillau, C. Towards a complete structural deciphering of Type
VI secretion system. Curr. Opin. Struct. Biol. 2018, 49, 77–84. [CrossRef] [PubMed]

88. Silverman, J.M.; Brunet, Y.R.; Cascales, E.; Mougous, J.D. Structure and regulation of the type VI secretion system. Annu. Rev.
Microbiol. 2012, 66, 453–472. [CrossRef]

89. Ruiz, F.M.; Lopez, J.; Ferrara, C.G.; Santillana, E.; Espinosa, Y.R.; Feldman, M.F.; Romero, A. Structural Characterization of TssL
from Acinetobacter baumannii: A Key Component of the Type VI Secretion System. J. Bacteriol. 2020, 202, e00210-20. [CrossRef]

http://doi.org/10.1111/j.1365-2958.2005.04521.x
http://www.ncbi.nlm.nih.gov/pubmed/15752195
http://doi.org/10.1073/pnas.0406796102
http://doi.org/10.1016/j.mib.2006.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16529981
http://doi.org/10.1128/ecosalplus.ESP-0031-2018
http://doi.org/10.1098/rstb.2011.0208
http://doi.org/10.3389/fmicb.2019.01163
http://doi.org/10.1111/j.1365-2958.1995.mmi_18020378.x
http://doi.org/10.1128/JB.06769-11
http://doi.org/10.1080/09687860500063290
http://www.ncbi.nlm.nih.gov/pubmed/16092525
http://doi.org/10.1080/21505594.2016.1262313
http://www.ncbi.nlm.nih.gov/pubmed/27858524
http://doi.org/10.7554/eLife.58100
http://www.ncbi.nlm.nih.gov/pubmed/33089781
http://doi.org/10.1126/science.1115109
http://doi.org/10.1016/j.cell.2018.10.033
http://doi.org/10.1128/mBio.00290-17
http://doi.org/10.1016/j.bbamcr.2013.11.006
http://doi.org/10.1021/acsinfecdis.1c00021
http://doi.org/10.1080/21505594.2018.1558693
http://doi.org/10.1007/s00284-018-1540-y
http://doi.org/10.3389/fcimb.2020.584751
http://www.ncbi.nlm.nih.gov/pubmed/33194822
http://doi.org/10.1038/s41579-020-0399-7
http://www.ncbi.nlm.nih.gov/pubmed/32514179
http://doi.org/10.1073/pnas.0813360106
http://www.ncbi.nlm.nih.gov/pubmed/19251641
http://doi.org/10.1371/annotation/7aa1688c-56c8-46ca-82ea-f86697f3c4fe
http://doi.org/10.1371/journal.pone.0055142
http://www.ncbi.nlm.nih.gov/pubmed/23365692
http://doi.org/10.15252/embj.2018100886
http://doi.org/10.1016/j.sbi.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29414515
http://doi.org/10.1146/annurev-micro-121809-151619
http://doi.org/10.1128/JB.00210-20


Antibiotics 2023, 12, 195 20 of 21

90. Ma, L.S.; Narberhaus, F.; Lai, E.M. IcmF family protein TssM exhibits ATPase activity and energizes type VI secretion. J. Biol.
Chem. 2012, 287, 15610–15621. [CrossRef]

91. Cherrak, Y.; Rapisarda, C.; Pellarin, R.; Bouvier, G.; Bardiaux, B.; Allain, F.; Malosse, C.; Rey, M.; Chamot-Rooke, J.; Cascales,
E.; et al. Biogenesis and structure of a type VI secretion baseplate. Nat. Microbiol. 2018, 3, 1404–1416. [CrossRef] [PubMed]

92. Park, Y.J.; Lacourse, K.D.; Cambillau, C.; DiMaio, F.; Mougous, J.D.; Veesler, D. Structure of the type VI secretion system
TssK-TssF-TssG baseplate subcomplex revealed by cryo-electron microscopy. Nat. Commun. 2018, 9, 5385. [CrossRef] [PubMed]

93. Nazarov, S.; Schneider, J.P.; Brackmann, M.; Goldie, K.N.; Stahlberg, H.; Basler, M. Cryo-EM reconstruction of Type VI secretion
system baseplate and sheath distal end. EMBO J. 2018, 37, e97103. [CrossRef] [PubMed]

94. Lopez, J.; Ly, P.M.; Feldman, M.F. The Tip of the VgrG Spike Is Essential to Functional Type VI Secretion System Assembly in
Acinetobacter baumannii. mBio 2020, 11, e02761-19. [CrossRef] [PubMed]

95. Coulthurst, S. The Type VI secretion system: A versatile bacterial weapon. Microbiology 2019, 165, 503–515. [CrossRef]
96. Forster, A.; Planamente, S.; Manoli, E.; Lossi, N.S.; Freemont, P.S.; Filloux, A. Coevolution of the ATPase ClpV, the sheath proteins

TssB and TssC, and the accessory protein TagJ/HsiE1 distinguishes type VI secretion classes. J. Biol. Chem. 2014, 289, 33032–33043.
[CrossRef]

97. Dix, S.R.; Owen, H.J.; Sun, R.; Ahmad, A.; Shastri, S.; Spiewak, H.L.; Mosby, D.J.; Harris, M.J.; Batters, S.L.; Brooker, T.A.; et al.
Structural insights into the function of type VI secretion system TssA subunits. Nat. Commun. 2018, 9, 4765. [CrossRef]

98. Weber, B.S.; Hennon, S.W.; Wright, M.S.; Scott, N.E.; de Berardinis, V.; Foster, L.J.; Ayala, J.A.; Adams, M.D.; Feldman, M.F.
Genetic Dissection of the Type VI Secretion System in Acinetobacter and Identification of a Novel Peptidoglycan Hydrolase, TagX,
Required for Its Biogenesis. mBio 2016, 7, e01253-16. [CrossRef]

99. Li, L.; Wang, Y.N.; Jia, H.B.; Wang, P.; Dong, J.F.; Deng, J.; Lu, F.M.; Zou, Q.H. The type VI secretion system protein AsaA in
Acinetobacter baumannii is a periplasmic protein physically interacting with TssM and required for T6SS assembly. Sci. Rep.
2019, 9, 9438. [CrossRef]

100. Kim, J.; Lee, J.Y.; Lee, H.; Choi, J.Y.; Kim, D.H.; Wi, Y.M.; Peck, K.R.; Ko, K.S. Microbiological features and clinical impact of the
type VI secretion system (T6SS) in Acinetobacter baumannii isolates causing bacteremia. Virulence 2017, 8, 1378–1389. [CrossRef]

101. Whitney, J.C.; Quentin, D.; Sawai, S.; LeRoux, M.; Harding, B.N.; Ledvina, H.E.; Tran, B.Q.; Robinson, H.; Goo, Y.A.; Goodlett,
D.R.; et al. An interbacterial NAD(P)(+) glycohydrolase toxin requires elongation factor Tu for delivery to target cells. Cell 2015,
163, 607–619. [CrossRef] [PubMed]

102. Ting, S.Y.; Bosch, D.E.; Mangiameli, S.M.; Radey, M.C.; Huang, S.; Park, Y.J.; Kelly, K.A.; Filip, S.K.; Goo, Y.A.; Eng, J.K.; et al.
Bifunctional Immunity Proteins Protect Bacteria against FtsZ-Targeting ADP-Ribosylating Toxins. Cell 2018, 175, 1380–1392.e4.
[CrossRef] [PubMed]

103. Ahmad, S.; Wang, B.; Walker, M.D.; Tran, H.R.; Stogios, P.J.; Savchenko, A.; Grant, R.A.; McArthur, A.G.; Laub, M.T.; Whitney, J.C.
An interbacterial toxin inhibits target cell growth by synthesizing (p)ppApp. Nature 2019, 575, 674–678. [CrossRef] [PubMed]

104. Alcoforado Diniz, J.; Coulthurst, S.J. Intraspecies Competition in Serratia marcescens Is Mediated by Type VI-Secreted Rhs
Effectors and a Conserved Effector-Associated Accessory Protein. J. Bacteriol. 2015, 197, 2350–2360. [CrossRef] [PubMed]

105. Le, N.H.; Pinedo, V.; Lopez, J.; Cava, F.; Feldman, M.F. Killing of Gram-negative and Gram-positive bacteria by a bifunctional cell
wall-targeting T6SS effector. Proc. Natl. Acad. Sci. USA 2021, 118, e2106555118. [CrossRef]

106. Repizo, G.D.; Gagne, S.; Foucault-Grunenwald, M.L.; Borges, V.; Charpentier, X.; Limansky, A.S.; Gomes, J.P.; Viale, A.M.; Salcedo,
S.P. Differential Role of the T6SS in Acinetobacter baumannii Virulence. PLoS ONE 2015, 10, e0138265. [CrossRef]

107. Hu, Y.Y.; Liu, C.X.; Liu, P.; Wu, Z.Y.; Zhang, Y.D.; Xiong, X.S.; Li, X.Y. Regulation of gene expression of hcp, a core gene of the type
VI secretion system in Acinetobacter baumannii causing respiratory tract infection. J. Med. Microbiol. 2018, 67, 945–951. [CrossRef]

108. Wang, J.; Zhou, Z.; He, F.; Ruan, Z.; Jiang, Y.; Hua, X.; Yu, Y. The role of the type VI secretion system vgrG gene in the virulence
and antimicrobial resistance of Acinetobacter baumannii ATCC 19606. PLoS ONE 2018, 13, e0192288. [CrossRef]

109. Dong, J.F.; Liu, C.W.; Wang, P.; Li, L.; Zou, Q.H. The type VI secretion system in Acinetobacter baumannii clinical isolates and its
roles in antimicrobial resistance acquisition. Microb. Pathog. 2022, 169, 105668. [CrossRef]

110. Cooper, R.M.; Tsimring, L.; Hasty, J. Inter-species population dynamics enhance microbial horizontal gene transfer and spread of
antibiotic resistance. eLife 2017, 6, e25950. [CrossRef]

111. Weber, B.S.; Ly, P.M.; Irwin, J.N.; Pukatzki, S.; Feldman, M.F. A multidrug resistance plasmid contains the molecular switch for
type VI secretion in Acinetobacter baumannii. Proc. Natl. Acad. Sci. USA 2015, 112, 9442–9447. [CrossRef] [PubMed]

112. Di Venanzio, G.; Moon, K.H.; Weber, B.S.; Lopez, J.; Ly, P.M.; Potter, R.F.; Dantas, G.; Feldman, M.F. Multidrug-resistant plasmids
repress chromosomally encoded T6SS to enable their dissemination. Proc. Natl. Acad. Sci. USA 2019, 116, 1378–1383. [CrossRef]
[PubMed]

113. Fishbain, J.; Peleg, A.Y. Treatment of Acinetobacter infections. Clin. Infect. Dis. 2010, 51, 79–84. [CrossRef] [PubMed]
114. Nordmann, P.; Poirel, L. Epidemiology and Diagnostics of Carbapenem Resistance in Gram-negative Bacteria. Clin. Infect. Dis.

2019, 69, S521–S528. [CrossRef] [PubMed]
115. Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.;

Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 2018, 18, 318–327. [CrossRef] [PubMed]

116. Kyriakidis, I.; Vasileiou, E.; Pana, Z.D.; Tragiannidis, A. Acinetobacter baumannii Antibiotic Resistance Mechanisms. Pathogens
2021, 10, 373. [CrossRef]

http://doi.org/10.1074/jbc.M111.301630
http://doi.org/10.1038/s41564-018-0260-1
http://www.ncbi.nlm.nih.gov/pubmed/30323254
http://doi.org/10.1038/s41467-018-07796-5
http://www.ncbi.nlm.nih.gov/pubmed/30568167
http://doi.org/10.15252/embj.201797103
http://www.ncbi.nlm.nih.gov/pubmed/29255010
http://doi.org/10.1128/mBio.02761-19
http://www.ncbi.nlm.nih.gov/pubmed/31937641
http://doi.org/10.1099/mic.0.000789
http://doi.org/10.1074/jbc.M114.600510
http://doi.org/10.1038/s41467-018-07247-1
http://doi.org/10.1128/mBio.01253-16
http://doi.org/10.1038/s41598-019-45875-9
http://doi.org/10.1080/21505594.2017.1323164
http://doi.org/10.1016/j.cell.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26456113
http://doi.org/10.1016/j.cell.2018.09.037
http://www.ncbi.nlm.nih.gov/pubmed/30343895
http://doi.org/10.1038/s41586-019-1735-9
http://www.ncbi.nlm.nih.gov/pubmed/31695193
http://doi.org/10.1128/JB.00199-15
http://www.ncbi.nlm.nih.gov/pubmed/25939831
http://doi.org/10.1073/pnas.2106555118
http://doi.org/10.1371/journal.pone.0138265
http://doi.org/10.1099/jmm.0.000753
http://doi.org/10.1371/journal.pone.0192288
http://doi.org/10.1016/j.micpath.2022.105668
http://doi.org/10.7554/eLife.25950
http://doi.org/10.1073/pnas.1502966112
http://www.ncbi.nlm.nih.gov/pubmed/26170289
http://doi.org/10.1073/pnas.1812557116
http://www.ncbi.nlm.nih.gov/pubmed/30626645
http://doi.org/10.1086/653120
http://www.ncbi.nlm.nih.gov/pubmed/20504234
http://doi.org/10.1093/cid/ciz824
http://www.ncbi.nlm.nih.gov/pubmed/31724045
http://doi.org/10.1016/S1473-3099(17)30753-3
http://www.ncbi.nlm.nih.gov/pubmed/29276051
http://doi.org/10.3390/pathogens10030373


Antibiotics 2023, 12, 195 21 of 21

117. Ji, S.; Li, G. Advances in type II secretion system of Acinetobacter baumannii. Prog. Microbiol. Immunol. 2021, 49, 81–86. [CrossRef]
118. Alipouri, S.; Rasooli, I.; Ghaini, M.H.; Jahangiri, A.; Darvish Alipour Astaneh, S.; Ramezanalizadeh, F. Immunity induced by

valine-glycine repeat protein G imparts histoprotection of vital body organs against Acinetobacter baumannii. J. Genet. Eng.
Biotechnol. 2022, 20, 42. [CrossRef]

119. Pazoki, M.; Darvish Alipour Astaneh, S.; Ramezanalizadeh, F.; Jahangiri, A.; Rasooli, I. Immunoprotectivity of Valine-glycine
repeat protein G, a potent mediator of pathogenicity, against Acinetobacter baumannii. Mol. Immunol. 2021, 135, 276–284.
[CrossRef]

120. Hatefi Oskuei, R.; Darvish Alipour Astaneh, S.; Rasooli, I. A conserved region of Acinetobacter trimeric autotransporter adhesion,
Ata, provokes suppression of Acinetobacter baumannii virulence. Arch. Microbiol. 2021, 203, 3483–3493. [CrossRef]

121. Sun, P.; Li, X.; Pan, C.; Liu, Z.; Wu, J.; Wang, H.; Zhu, L. A Short Peptide of Autotransporter Ata Is a Promising Protective Antigen
for Vaccination Against Acinetobacter baumannii. Front. Immunol. 2022, 13, 884555. [CrossRef] [PubMed]

122. Ren, S.; Guan, L.; Dong, Y.; Wang, C.; Feng, L.; Xie, Y. Design and evaluation of a multi-epitope assembly peptide vaccine against
Acinetobacter baumannii infection in mice. Swiss Med. Wkly. 2019, 149, w20052. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.13309/j.cnki.pmi.2021.04.013
http://doi.org/10.1186/s43141-022-00325-4
http://doi.org/10.1016/j.molimm.2021.04.026
http://doi.org/10.1007/s00203-021-02343-1
http://doi.org/10.3389/fimmu.2022.884555
http://www.ncbi.nlm.nih.gov/pubmed/35493470
http://doi.org/10.4414/smw.2019.20052
http://www.ncbi.nlm.nih.gov/pubmed/31203576

	Introduction 
	Type I Secretion System (T1SS) 
	Gene and Structure 
	Function 
	Secretion of Putative Effectors 
	Cross-Talk with other Secretion Systems 
	Virulence 


	Type II Secretion System (T2SS) 
	Gene and Structure 
	Function 
	Secretion of Enzymes and Toxins 
	Pathogenesis 
	Antibiotic Resistance 


	Type IV Secretion System (T4SS) 
	Gene and Structure 
	Function 
	DNA Exchange and Antibiotic Resistance 
	Virulence 


	Type V Secretion System (T5SS) 
	Gene and Structure 
	Function 
	Function of Type Vc System 
	Function of Type Vb Systems 


	Type VI Secretion System (T6SS) 
	Gene and Structure 
	Function 
	Virulence 
	Antibiotic Resistance 


	Conclusions and Future Perspectives 
	References

