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Abstract

Infections caused by the bacterial pathogen Acinetobacter baumannii are a mounting concern for
healthcare practitioners as widespread antibiotic resistance continues to limit therapeutic treatment
options. The biological processes used by A. baumanniito cause disease are not well-defined, but
recent research has indicated that secreted proteins may play a major role. A variety of
mechanisms have now been shown to contribute to protein secretion by A. baumannii and other
pathogenic species of Acinetobacter, including a type Il and type VI secretion system,
autotransporter, and outer membrane vesicles. In this review, we summarize the current knowledge
of secretion systems in Ac/netobacter species, and highlight their unique aspects that contribute to
the pathogenicity and persistence of these emerging pathogens.
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Acinetobacter baumannii: a Drug-Resistant Pathogen

Hospital-acquired infections caused by opportunistic bacterial pathogens are a significant
contributor to patient death and a major healthcare burden [1]. Coupled with an alarming
increase in antibiotic resistance, and few new antibiotics in development, drug-resistant
bacterial pathogens have quickly established themselves as a global threat to healthcare
security. These infections are estimated to directly or indirectly claim the lives of 100,000
people and result in an additional $34 billion in health care costs each year in the US alone
[2]. Due to the evolutionary capabilities of microorganisms, resistance to antibiotics is
expected to occur; indeed, resistance has been detected since the beginning of widespread
antibiotic use [3]. However, the sheer number of bacterial species that are now displaying
multidrug resistance (MDR) to some of the ‘last line of defense’ antibiotics is of great
concern [4]. Compared with decades past, there is no longer a fresh supply of novel
antibiotics in the developmental pipeline, and thus the threat of a ‘post-antibiotic era’ is a
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real concern [4, 5]. Pan-drug resistant bacteria, which are resistant to every clinically
relevant antibiotic, have already been isolated [6, 7]. In the absence of clear progress in
advancing antimicrobial discovery, it is imperative to understand the molecular mechanisms
used by bacteria to persist in hospital environments and cause infection so that alternative
treatment strategies can be designed.

Acinetobacter baumannii has recently emerged as a one of the most concerning Gram-
negative pathogens to infiltrate the hospital setting, and is among the few pathogens that
have significantly increased as a cause of infection in US hospitals [8]. A. baumanniiis
responsible for more than 12,000 infections per year in the US and is considered a “serious”
threat to healthcare systems (www.cdc.gov/drugresistance/threat-report-2013/). This threat is
compounded by the frequent occurrence of MDR A. baumanniiisolates. Patients who are
immunocompromised are most at risk for contracting A. baumannii, with infections most
commonly manifesting as pneumonia [9, 10]. New strategies for treating and managing
MDR A. baumannif infections are urgently needed. Unfortunately, relatively little is known
about the basic biological processes that have driven A. baumanniito successfully infiltrate
the healthcare environment and cause disease.

Protein secretion through dedicated cell surface structures is essential for interactions of A.
baumannii with the environment and host tissues, and therefore represent attractive targets
for antibiotics and vaccines [11]. Here, we summarize the current knowledge on the
secretory systems that have been studied in A. baumannii and other clinically relevant
species of Acinetobacter. We particularly focus on the recently characterized type Il and
type VI secretion systems, as well as outer membrane vesicles and secretion of proteins that
have been implicated in virulence but for which no dedicated secretory apparatus has been
identified.

Type Il Secretion

The type 1l secretion system (T2SS) is widespread among Gram-negative pathogens as well
as environmental species capable of living in a variety of conditions [12, 13]. The T2SS is a
two-step process, where proteins with an N-terminal secretion signal are translocated across
the inner membrane by the general secretory pathway (Sec) or the Twin-arginine (Tat)
system to the periplasmic space [13]. Following removal of the secretion signal, folded
proteins are then secreted to the extracellular space by the T2SS machinery. The T2SS
promotes /n vivo survival and virulence of several pathogens, including Vibrio cholerae,
enterotoxigenic Escherichia coli, Pseudomonas aeruginosa and Legionella pneumophila,
through the activities of secreted toxins and hydrolytic enzymes aiding in nutrient
acquisition [14-20]..

Eijkelkamp et al. were the first to report the presence of T2SS components in A. baumannii
[21]. Subsequently, the T2SS of A. baumannii ATCC 17978, a commonly used laboratory
strain, was shown to be active [22]. Mutagenesis of the assembly ATPase, gsp£1, or secretin,
gspD, in this strain abolished secretion of a putative lipase, LipA, identifying it as a T2SS
effector. Biochemical characterization of LipA showed it possessed serine hydrolase activity,
capable of hydrolyzing 4-nitrophenyl myristate. LipA was required for growth in minimal
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media supplemented with long-chain fatty acids as the sole carbon source, indicating an
important role in nutrient acquisition [22]. Furthermore, the T2SS and T2SS-dependent lipid
utilization were required for competitive colonization of a neutropenic murine model of
infection [22]. Interestingly, A. baumannii ATCC 17978 encodes two assembly ATPase
orthologs, where gspE1 is required for LipA secretion under laboratory conditions and
gspEZis dispensable [22]. The gene encoding inner membrane platform protein GspN is
absent from many bacterial species with functional T2SS and is not required for secretion of
the type Il pullulanase in Klebsiella oxytoca[23, 24]. Neither gsp/V, encoding an inner
membrane platform protein, nor gspE2 were required for secretion of LipA, suggesting they
are not involved in the A. baumannii T2SS [22]. Additionally, an A. baumannii mutant
lacking gsp/V was not defective for virulence in a mouse model of pneumonia [25]. This may
suggest that GspE2 and/or GspN may play a role in T2SS under different conditions or may
impact secretion of other effectors.

Harding et al. demonstrated T2SS activity in Acinetobacter strains A. nosocomialis M2
(formerly A. baumannii M2), A. pittii, A. calcoaceticus, and A. juniias well as A.
baumannii, through heterologous expression and secretion of A. nosocomialis T2SS
effectors [26]. Interestingly A. nosocomialis M2 encodes one prepillin peptidase, pi/D, that
is shared by the type IV pilus system and the T2SS. PilD cleaved leader peptides from both
pre-pilins and pseudopilins, allowing formation of functional pilus structures [26].
Proteomic comparison of supernatants from wildtype A. nosocomialis M2 and an outer
membrane secretin gspD mutant revealed numerous putative effector proteins, all with
predicted N-terminal Sec signals [26]. Three of these effectors, CpaA, LipA and LipH, were
confirmed as T2SS effectors, and LipA and LipH were confirmed as lipases through their
ability to cleave para-nitrophenol palmitate. CpaA was previously shown to be a secreted
zinc-dependent metallo-endopeptidase that was capable of degrading fibrinogen and factor
V, deregulating blood coagulation [27]. The T2SS of A. nosocomialis was required for full
virulence in Galleria mellonella and pulmonary murine models of infection [26].
Additionally, the T2SS-deficient strain did not disseminate to the liver or spleen as
efficiently as the wildtype or complemented strains, suggesting it plays an important role in
virulence. Other putative A. nosocomialis T2SS effectors include hypothetical proteins and a
rhombotarget A protein. Confirmation that these proteins are secreted in a T2SS- dependent
manner, characterization of their biochemical activities, and investigation into the specific
role of each effector for pathogenicity of A. nosocomialis and other Acinetobacter spp.
should be the focus of future work.

Two Acinetobacter T2SS effectors, LipA and CpaA, were found to require membrane bound
chaperones, LipB and CpaB respectively, for their secretion [26, 28]. Topological prediction
servers and bioinformatic analysis of these membrane bound chaperones suggested that their
N-terminal transmembrane domains are imbedded in the inner membrane, with the C-
terminal globular portions present in the periplasm. The requirement of T2SS chaperones is
reminiscent of type 111 secretion systems, where the chaperones are soluble cytoplasmic
proteins that interact with a specific effector or multiple effectors and aid in folding,
stabilization, and regulating secretion of these effectors [29]. CpaB is the first membrane
bound chaperone required for secretion of a T2SS protease. CpaB and LipB appear to be
specific for CpaA and LipA, as neither was required for the secretion of LipH by various
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Acinetobacter species [26]. The impact of these chaperones on the entire secretome of A.
nosocomialis remains elusive. LipB is similar to the Burkholderia glumae membrane bound
chaperone lipase-specific foldase (Lif), which is required for production of enzymatically
active lipase. The transmembrane domain of Lif is not required for its steric chaperone
activity [30]. Understanding what the role of these membrane bound T2SS chaperones are,
and specifically whether the membrane anchor is required for their function warrants
investigation. There are several hypothetical mechanisms by which the chaperone may
influence secretion of its effector (Figure 1). These chaperones could aid in the proper
folding of their cognate effectors, sequester the effectors thereby regulating their secretion
and/or impact effector secretion through protein-protein interactions with the Sec or T2SS
machinery. Some chaperones bind effectors to protect the host bacterium against its
enzymatic activity. It is possible that CpaB binds CpaA in order to protect periplasmic
proteins from proteolysis. Alternatively, CpaA may be very specific for eukaryotic proteins
such as fibrinogen and Factor V, eliminating the necessity of immunity. Understanding the
extent of T2SS chaperones across bacterial genera is a necessary goal as they may have been
overlooked in well-characterized T2SS of Pseudomonas, Vibrio, and Burkholderia species.

Acinetobacter spp. can be found in the environment, the hospital setting as well as colonize
the human host. It would be interesting to investigate whether secretion of specific effectors
is dependent upon key environmental signals and what the specific contribution of each
effector is on virulence, dissemination and/or survival of Acinetobacterin various
environments. Little is known about the regulation of T2SS in Acinetobacter spp. The T2SS
is active under laboratory conditions at mid-log phase in several species of Acinetobacter
[22, 26], however the regulatory mechanism controlling this system and/or its effectors
remains unknown. T2SS and/or production of effector proteins in 2 aeruginosa and
Burkholderia cepacia are regulated through quorum sensing [13, 31, 32]. The T2SS
components are constitutively expressed in V/ cholerae under laboratory conditions, however
expression of the effectors is growth phase dependent [33]. In A. baumannii, expression of
the T2SS was found to be slightly up regulated during exponential phase, and the presence
of human serum increased expression of the LipH effector, suggesting environmental factors
as well as growth phase may impact the regulation of T2SS in this organism [34]. It would
be interesting to know whether the stress induced by human serum resulted in the change in
gene expression, or if a component of the serum induced LipH expression due to altered
nutrient availability.

It is clear that the Acinetobacter T2SS plays an important role in colonization and infection
of mice. Whether T2SS effectors inducing tissue damage, aiding in nutrient acquisition, and
fighting the human host defenses during colonization, or a combination of these
mechanisms, causes this impact on virulence is yet to be elucidated.

Type VI Secretion

The export of antibacterial effectors by bacteria has recently emerged as a common
mechanism for killing competitors [35, 36]. Many Gram-negative bacteria encode a type VI
secretion system (T6SS), a multi-component secretion machine capable of mediating lethal
injections of protein toxins into other bacteria in a contact-dependent manner [37-39]. The
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13 “core’ structural proteins of the machinery are usually encoded in a single genetic locus
and are generally well conserved across bacterial species [40]. Additional accessory
components can be present, and frequently participate in regulatory aspects [41]. After
assembly, the T6SS undergoes a rapid contraction event, releasing its effector cargo [42].
The majority of characterized T6SS effectors target other bacteria, with protection from self-
intoxication provided by immunity proteins encoded nearby the effector [43]. Two structural
components, Hep and VVgrG, are hallmarks of the T6SS, and both can be found in culture
supernatants from bacteria with an active secretion system [44]. Detection of Hcp secretion
is commonly used as a marker for T6SS activity. VgrG's can additionally encode effector
functions, although this is not a universal property [45].

The core components of the Acinetobacter T6SS are well conserved and found in a single
chromosomal locus, with vgrG, effector/immunity, and other accessory genes sporadically
distributed across the chromosome [21, 46, 47]. Orthologs of the genes implicated in the
biogenesis and assembly of the T6SS in other well-studied organisms are present in the main
Acinetobacter T6SS locus. These include genes encoding the priming protein TssA [48],
sheath components TssB and TssC [49], the tubule protein Hep [50], baseplate components
TssE, F, G, and K [51], membrane complex proteins TssL and M [52], and the ATPase ClpV
[53]. A single PAAR protein, which, like VgrG's, can play both a structural and effector role
[54], is present in the main cluster, with others distributed across the chromosome. One
notable exception is the apparent absence of TssJ, a lipoprotein that has been shown to
interact with TssL and TssM as part of the T6SS membrane complex [51, 55, 56]. A
complete mutational analysis of the main T6SS cluster in A. baylyihas confirmed these core
genes as being essential for T6SS function [46]. In addition to the 13 core components, the
T6SS clusters of Acinetobacterspp. contain additional genes that play a role in T6SS
function. Based on results from the mutational analysis in A. baylyi, at least three other
genes in the T6SS cluster are essential for Hep secretion. Two of these encode for
hypothetical proteins, while the third encodes for the newly identified protein named TagX,
which may be required for transit of the T6SS apparatus through the peptidoglycan layer. A
second set of three additional genes, beyond the core components, seem to be important for
regulatory aspects of T6SS, as mutation of these three genes resulted in increased Hep
secretion. Two of these genes are homologs of the previously identified T6SS accessory
genes fagF and fag, while the third does not seem to have any homologs outside of
Acinetobacter [57, 58].

Genetic and functional studies have begun to unravel both the similar and unique aspects of
the Acinetobacter T6SS (Figure 2). Hcp was detected in culture supernatants from wild type
A. baummnnii ATCC 19606T, but was absent from a lipooligosaccharide (LOS) deficient,
colistin resistant derivative of this strain [59]. Loss of Hcp secretion was concomitant with
the down-regulation of several other T6SS genes, as well as the up-regulation of genes
associated with membrane stability, suggesting an inability to form a functional apparatus in
the membrane-compromised, LOS-deficient strain. Genetic analyses undertaken in A.
baumannii ATCC 17978, A. baumannii DSM30011, and A. nosocomialis M2 confirmed the
importance of structural genes #ssMand ¢ssC for Hep secretion [60-62]. Additionally, the
levels of Hcp secretion were shown to vary among different strains of A. baumannii [60]. As
in other bacteria, the T6SS of A. nosocomialis M2 was shown to be essential for killing £.
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coliin a contact-dependent manner [61]. However, loss of essential T6SS genes in A.
baumannii ATCC 17978 did not have an effect on anti-bacterial activity, although this result
has now been clarified in a more recent study, which showed this strain could outcompete
other bacteria when a fully T6SS active variant was isolated [63]. In addition to killing £.
coli, A. baumannii with an active T6SS have been shown to Kill K. pneumoniae and P,
aeruginosa, and different strains of A. baumannii are also able to kill each other [62, 63]. A.
baylyi ADP1 has also been determined to possess an active T6SS with anti-bacterial activity,
and requires PAAR proteins for proper T6SS function [54]. These PAAR proteins are
proposed to sit atop VVgrG proteins and mediate cell puncturing, and in some case also
encode effector functions. A. baylyi possesses 3 of these PAAR proteins, and although none
are essential for T6SS activity when mutated alone, mutation of all 3 PAAR's results in a
non-functional T6SS [54]. Whether these PAAR proteins are effectors, structural elements,
or both remains to be determined. A recent bioinformatics analysis has shown that the
number of paar genes varies among different strains of A. baumannii, similar to the variation
seen in the number of vgrG genes [21]. The four vgrG genes encoded by A. baumannii
ATCC 17978 play different roles in T6SS function and effector delivery. A single VgrG,
VgrGl, plays an essential role for Hcp secretion, while the other three VgrG's seem to be
important for mediating effector delivery [46]. These effectors include a putative nuclease
(Tde) and cognate immunity protein (Tdi) pair, which require VgrG2 for T6SS-mediated
killing of E. coli. Furthermore, this study identified the novel T6SS component TagX, which
acts as an LD-endopeptidase that cleaves between L-Ala-D-Glu of peptidoglycan. TagX was
essential for Hep secretion in both A. baumanniiand A. baylyi, and therefore was proposed
to allow T6SS transit through the cell wall of the encoding organism. Analogous enzymes
have been described for other secretion systems, but TagX represents the first peptidoglycan
hydrolase required for T6SS biogenesis [46, 64].

Several high-throughput screens to identify A. baumanniivirulence factors have failed to
implicate the T6SS in pathogenicity [25, 65, 66]. It remains to be determined what, if any,
benefit the T6SS may provide to A. baumannii during infection. Galleria mellonella infected
with a #ssM mutant of A. baumannii DSM30011 did not succumb to infection as quickly as
worms infected with wild-type, but ultimately were killed to the same extent at later time
points [62]. In some recent clinical isolates of A. baumanniithe T6SS cluster is absent or
degraded, suggesting that it is not essential for causing disease [67]. It has also been noted
that a general correlation exists between multi-drug resistance and an inactive T6SS, as
multidrug resistant strains tend to repress the expression of their T6SS [62, 63]. We, and
others, have suggested that this may represent a fitness trade-off between the two
phenotypes: the cost of producing and firing the T6SS may be prohibitive when a strain also
carries several antibiotic resistance genes [63, 67]. In environments where antibiotic
resistance is key for survival, perhaps in a patient being treated for infection, it seems to be
advantageous to either repress T6SS or delete the cluster altogether. A hypothetical model
describing this scenario is presented in Figure 3. This may reflect a scenario where A.
baumanniiis less likely to encounter competitors under these conditions (due to high
antibiotic levels), and therefore does not require T6SS-mediated killing. In this case,
expression of antibiotic resistance genes provides the most fitness benefit to the organism.
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A few studies have addressed the regulation of the T6SS in A. baumannii. An hns deficient
strain of A. baumannii ATCC 17978 was found to differentially express a number of genes,
including genes for T6SS [68]. This report was prior to the finding that A. baumannii ATCC
17978 also contains a large plasmid, that, when lost, resulted in T6SS activation. The
contribution of Ansto T6SS regulation in the presence or absence of this plasmid, called
pAB3, remains to be determined, but could represent an additional level of regulation. This
large plasmid has been found in several recently isolated clinical strains, and in all cases
tested thus far, can be lost under laboratory culture without selection [63]. The presence of
the plasmid invariably resulted in T6SS repression, and when lost resulted in T6SS
activation. Repression of T6SS was found to be linked to the presence of two plasmid-
encoded zetR-like genes, which when expressed heterologously silenced T6SS in numerous
A. baumannii strains and other species. Interestingly, the plasmid found in A. baumannii
ATCC 17978, a strain isolated in the early 1950s, carried a single resistance cassette to
sulfamethoxazole. The plasmids identified from more recent clinical isolates have acquired
many additional resistance genes, with nearly a dozen identified on plasmid pAB04-1 from
A. baumannii Ab04. The insertion of antibiotic resistance genes on this T6SS-controlling
plasmid may therefore represent an alternative evolutionary strategy to maintain both the
T6SS and multidrug resistance, rather than deleting the T6SS cluster. This could allow A.
baumanniito transition from a “survival” mode when antibiotics are present, to a more
aggressive “killing” mode when antibiotics are absent and other competing bacteria may
encroach on its territory. The finding that this T6SS-controlling, resistance plasmid is
conjugative may further allow the subset of cells that lose the plasmid to regain the plasmid,
and antibiotic resistance, from sister cells later on. This also raises the interesting hypothesis
that the plasmid acquired T6SS repressors in order to allow for its own propagation, as an
active T6SS would Kill potential recipients, inviting a more plasmid-centric view .
Nonetheless, under laboratory conditions, when starting with an isogenic population of
plasmid-containing cells, approximately 1-5% of the bacteria will lose the plasmid. Due to
this frequent plasmid loss, we urge other researchers to carefully test their strains for the
presence of this plasmid in order to avoid working with heterogeneous populations. This is
particularly important for the commonly used laboratory strain A. baumannii ATCC 17978.

Ata Autotransporter

Acinetobacter spp. have also been shown to express a trimeric autotransporter, termed Ata,
which is a representative member of the type V¢ secretion system. Initial studies using A.
baumannii ATCC 17978 found that Ata was indeed surface exposed and acted as an adhesin,
binding multiple extracellular matrix components, particularly, collagen 1V, collagen Il and
collagen V [69]. Ata was also implicated in biofilm formation/maintenance and virulence
[69]. In a subsequent study, Ata from A. baumannii ATCC 19606 T was found to be required
for adherence to human endothelial cells under both static and dynamic flow conditions [70].
Interestingly, although most A. baumannii strains encode an Ata ortholog, Ata expression
was found to be highly heterogeneous amongst a panel of clinical isolates, highlighting a
complex regulatory network and the need for appropriate model strains [69]. In another
study, Ata expression was found to be partially dependent on an /ins-like gene as the
disruption mutant displayed a roughly 10-fold increase in afa expression [71]. Similar
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studies using a different Acinetobacter species, Acinetobacter spp. Tol 5, identified the
Acinetobacter trimeric autotransporter adhesin (AtaA) as an enormous nanofiber emanating
from the outer membrane that was readily observed via electron microscopy [72]. As
expected, AtaA was required for optimal adherence on many surfaces including collagen,
polystyrene, polyvinylchloride, glass, and stainless steel. To demonstrate the universal role
of AtaA in adherence to the aforementioned surfaces, AtaA was ectopically expressed in A.
baylyi ADP1, which has a low propensity for cellular association with any of the tested
substrata. ADP1 expressing AtaA demonstrated enhanced binding to all substrata tested
when compared to the parental and empty vector controls, emphasizing the significant
contribution AtaA can have on cellular adherence [72]. Subsequent structural and molecular
studies on AtaA have provided the crystal structure of the C-terminal passenger domain of
AtaA and identified a novel periplasmic protein, TpgA, required for anchoring AtaA to the
outer membrane [73, 74]. Collectively, Acinetobactertrimeric autotransporters appear to be
universally expressed by A. baumannii clinical isolates and many other Acinetobacter spp.,
playing a significant role in bacterial adherence and virulence.

Outer Membrane Vesicles and Other Secreted Proteins

Outer membrane vesicles (OMVSs) are spherical nanocompartments ranging in size from
20-300 nanometers. OMVs are readily purified from culture supernatants of many Gram-
negative bacteria, including Ac/netobacter species; yet, their assembly mechanisms and
cargo selection processes are contentious topics. Nevertheless, studies using Bacteroides,
Porphorymonas, Haemophilus influenza and Salmonella enterica serovar Typhimurium have
started to shed light on these dynamic processes [75-78]. Regardless of their biogenesis
mechanisms, the role of OMVs in bacterial pathogenesis has been well documented and
continues to be a topic of study [79].

Similar to many other Gram-negative bacteria, Acinetobacter species have been shown to
produce OMVs (Figure 4). Special emphasis has been placed on the role of A. baumannii
OMVs, however, OMVs produced by A. nosocomialis [80], A. radioresistans [81], and A.
baylyi[82] have also been studied for proteomic contents and virulence attributes. A.
baumannii OMVs were originally identified as the secretion platform for outer membrane
protein A (previously designated outer membrane protein 38), an important virulence factor
and one of the more abundant outer membrane proteins in A. baumannii [83, 84]. Initial
molecular and proteomic characterizations of A. baumannii OMVs defined their size range
as 20-160nm [85]; however, a diverse array of OMV sizes, shapes, and compositions can be
readily purified depending on what phase of growth the A. baumannii OMVs are captured.
Cryo-electron tomographic analysis of A. baumannii ATCC 19606T at different stages of
growth defined multiple sub-types of membrane vesicles, all of which may contribute to the
phenotypes observed in OMV focused studies [86]. The first membrane vesicles observed
were small prototypical outer membrane vesicles (less than 100 nm) budding from the outer-
membrane of log phase A. baumannii cells. These vesicles appear to be the most commonly
characterized OMVs from A. baumannii and seem to be the focus of many proteomic and
pathogenic studies discussed below. Larger vesicles (ranging from 200-500 nm) were also
observed emanating from the surface of A. baumannii, however, these large vesicles were
only observed at the septa of dividing bacteria indicating they may be products of anomalous
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cellular division. Vesicles from bacteria in stationary phase contained prototypical OMVs
but also displayed vesicles with both inner and outer membranes as well as a thin layer of
peptidoglycan. These Inner-outer membrane vesicles (IOMVs), which are larger than
prototypical OMVs (about 2.5 times larger), have yet to be fully characterized [86].

To start unraveling the roles of OMVs in Acinetobacter pathogenesis, specifically A.
baumannii pathogenesis, several groups have taken a proteomics approach to identify the
protein components associated with the OMVs. Multiple studies have characterized the
proteomes of A. baumannii OMVs, collectively identifying hundreds of proteins associated
with or in OMVs [85, 87-89]. As mentioned above, multiple sub-types of membrane vesicles
are known to be secreted by A. baumannii, however, for the proteomic studies published, the
majority of OMVs were prepared from bacteria grown to mid- to late log phase and were
expected to contain prototypical OMVs (20-200nm with no inner membrane). Naturally, a
preponderance of proteins known to associate with the outer membrane were localized to
OMVs, including outer membrane protein H (OmpH) and W (OmpW), outer membrane
protein/protective antigen OMAB87, a 33-36 kDa outer membrane protein, and multiple
putative outer membrane proteins [88]. Periplasmic, inner membrane, and cytosolic proteins
were also identified in or associated with OMVs, bringing in to question whether some of
these components are artifacts of dying cells or actively shepherded into OMVs [88, 89]. As
such, a more comprehensive understanding on the molecular mechanisms of OMV
biogenesis will help to unravel whether this is an active or passive process for Acinetobacter.

One of the most abundant proteins associated with OMVs is OmpA, which has been
extensively studied for its role in Acinetobactervirulence [90]. Interestingly, deletion of
ompA only marginally altered the outer membrane protein profile of A. baumannii ATCC
19606T, yet dramatically altered the protein composition of the OMVs, suggesting that
OmpA may also play a role in Acinetobacter OMV formation and/or cargo selection [87].
For this study however, complementation tests would have provided the supportive
information to conclude a direct role of OmpA in A. baumannii OMV biogenesis, as
deletion of outer membrane proteins can have pleiotropic effects on membrane homeostasis.
Nevertheless, it was shown that A. baumannii OMVs serve as the toxic protein delivery
platforms for OmpA; specifically, Jin et al. demonstrated that human cell lines treated with
A. baumannii OMVs were able to deliver the OmpA protein to the cytoplasm of these cells
and in some cases nuclear localization was also observed [84]. Importantly, cytotoxicity
associated with OMVs was dependent on the presence of OmpA as OMVs purified from an
ompA mutant did not elicit a cytotoxic response. Many other known/putative virulence
factors have also been identified in or associated with OMVs, like CsuA, a putative
hemolysin, and a putative serine protease to name a few [84]; however, a definitive link
between these proteins in OMVs and virulence has yet to be found.

As expected A. baumanniiand A. nosocomialis OMVs elicit a pro-inflammatory cytokine
response. Specifically, treatment of HEp-2 epithelial cells with A. baumannii OMVs also
elicits pro-inflammatory cytokine release, including, the release of 1L-1Beta, IL-6
MIP-lalpha, and MCP-1 [80, 91]. This response was found to be partially dependent on
intact proteins associated with OMVs as proteinase k treatment decreased cytokine
expression levels [91]. Lastly, OMVs intratracheally injected into mice were found to also
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elicit a pro-inflammatory cytokine response characterized by massive neutrophil infiltration
[91]; however, although OMV-like structures were observed in tissue sections during a
murine pulmonary infection model, the production of large quantities of OMVs /n vivo by
A. baumanniihas not been observed [84].

Although Acinetobacter OMVs elicit pro-inflammatory responses and function as virulence
factors delivering toxic proteins like OmpA to host cells, they also mediate bacterial survival
when populations are threatened by antibiotics. Specifically, Acinetobacter OMVs can serve
as plasmid delivery compartments transferring a carbepenamase-containing plasmid to other
Acinetobacterisolates [92]. Interestingly, this phenomenon seemed to be independent of
natural transformation as cultures treated with plasmid alone were unable to uptake the
DNA, however, natural competence in A. baumanniihas only been observed in a few strains.
Furthermore, Acinetobacter OMVs can also reduce extracellular beta-lactam antibiotic
concentrations through the action of both carabapenem-hydrolyzing class D beta-lactamases
(CHDL) [93] and AmpC-like beta-lactamases [84]. The degradation of extracellular
antibiotics is known as the “sheltering effect” and can protect susceptible bacteria from the
action of antibiotics, but only when the CHDL is expressed at high levels [94].

Recently, OMVs have been gaining traction as viable, efficient vaccine delivery platforms
given their endogenous adjuvanticity and ability to carry multiple, immunogenic proteins
[95]. McConnell and colleagues demonstrated that an acellular vaccine using OMVs from A.
baumannii elicited protective immunity in a murine sepsis infection model [96]. In depth
characterization of vaccinated mice demonstrated significantly lower bacterial burdens as
well as an attenuated pro-inflammatory cytokine response from OMV vaccinated mice. A
subsequent study led by Huang and colleagues further demonstrated that vaccination of mice
with OMVs from an A. baumannii clinical isolate was protective in a murine sepsis model,
significantly increasing mice survival [97]. Furthermore, OMV vaccinated mice challenged
intranasally with A. baumannii demonstrated reduced bacterial burdens, limited histological
changes, and decreased pro-inflammatory cytokines within the lung environment when
compared to non-vaccinated mice.

Acinetobacter spp. secrete several proteins that, as of yet, have not been associated with a
particular secretion mechanism. Whether these proteins use secretory pathways that have not
been studied in Acinetobacter, or are unidentified effectors of known systems, remains to be
determined. Nonetheless, many of these proteins have biologically important roles. (Figure
4). A serine protease, designated PKF, was identified in culture supernatants from A.
baumannii LK41 and subsequently shown to be partially required for resistance to human
serum. Interestingly, the pfk mutant was also found to have increased biofilm-forming
capabilities [98]. Another secreted protein identified in culture supernatants from A.
baumannii and A. nosocomialis strains is the Cif protein (the cystic fibrosis transmembrane
conductance regulator [CFTR] inhibitory factor), previously characterized in P, aeruginosa
[99]. In a similar fashion to AP aeruginosa Cif, Acinetobacter Cif was shown catalyze the
hydrolysis of multiple epoxide compounds and reduce apical levels of CFTR on polarized
bronchial epithelial cells. Lastly, multiple reports have identified phospholipases, many of
which are secreted in other Gram-negative bacteria, as important A. baumannii virulence
factors. Specifically, a phospholipase D from A. baumannii 98-37-09 was found to be to

Trends Microbiol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al. Page 11

mediate serum survival and epithelial cell cytotoxicity as well as being required for full
virulence in a murine pneumonia model [100]. Subsequently, three different phospholipase
D proteins were identified in A. baumannii ATCC 19606 T and shown to act in concert to
affect epithelial cell invasion efficiency and virulence in the Galleria mellonella model
[101]. The absence of complementation experiments for the phospholipase D mutants
however is required to assess the full potential of these proteins in A. baumannii virulence.
Finally, a phospholipase C protein was found to be significantly up-regulated upon exposure
to ethanol and also contributed to cytotoxicity of FaDu cells [102]. Although these
phospholipases were shown to be act as virulence factors none of them have directly been
shown through molecular techniques to be secreted.

Concluding Remarks

Decades of research has uncovered the clear importance of secretion systems for the survival
and virulence of bacteria. Despite this, we have only recently begun to understand the roles,
and mechanisms, of protein secretion for the genus Acinetobacter. Although infection-
causing Acinetobacter spp. are often considered relatively low-grade pathogens, the studies
detailed in this review show that these organisms possess multi-component secretion
systems that are important mediators of virulence. The requirement of a T2SS for
colonization and infection in mouse models suggests that effectors secreted by this
mechanism play an important role in altering host physiology. Future experiments to identify
additional effectors, and their enzymatic activity, will surely increase our understanding of
the contribution T2SS plays during human infection. The finding that A. calcoaceticus,
considered a non-pathogenic member of the genus, encodes a functional T2SS may suggest
additional roles for the T2SS and its effectors in bacterial survival.

Similarly, the distribution of the T6SS among many Acinetobacter spp. suggests it primary
function is for inter-bacterial interactions. We now know many of the genes which contribute
to T6SS biogenesis in these organisms, but several hypothetical proteins essential for T6SS
activity remain to be characterized. Effector/immunity proteins have mainly been
characterized or suggested for A. baumannii, and additional studies to define the full-range
of T6SS effectors and their roles are needed to understand the significance of this secretion
system for Acinetobacter spp. survival. The novel regulatory mechanisms for T6SS in A.
baumannii, and the loss of the T6SS in recent clinical isolates, suggests that this system may
not have a prominent role during infection. More work to genetically and biochemically
characterize additional secreted proteins and OMVSs, as well as their secretory mechanisms,
will facilitate a deeper understanding of the pathogenic potential of Acinetobacter.
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Trends box

-Known mechanisms for protein secretion by A. baumannii include a T2SS, T6SS,
autotransporters and OMVs.

-The T2SS secretes several effector proteins including lipases and proteases and is
required for pathogenesis.

-A new family of T2SS effector chaperones that appear to be widespread among
Gram negative pathogens has been identified.

-In some A. baumannii, T6SS is repressed by a plasmid that carries antibiotic
resistance genes, and this plasmid can be spontaneously lost leading to T6SS
activation with loss of resistance.

-A. baumannii T6SS assembly requires a dedicated peptidoglycanase named
TagX.

-A. baumannii OMVs contain virulence factors and may be useful as vaccines.

Trends Microbiol. Author manuscript; available in PMC 2018 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weber et al.

Page 18

Outstanding questions

-What is the full effector repertoire for the T2SS and T6SS? Are more recent
clinical isolates acquiring novel effectors and losing others?

-What are the roles of the T2SS chaperones?
-Is the T2SS a viable target for antibacterial therapy?

-Is there a fitness trade-off between antibiotic resistance and T6SS? Do certain
environments favor the T6SS over antibiotic resistance?

-Why is the T6SS apparently being lost or inactivated by some clinical isolates?

-What are the mechanisms of export for proteins with no clear association to
known secretion systems?

-Is there a need for an A. baumannii vaccine, and, if so, are OMVs a viable
option?

What would be the target population for an A. baumanniivaccine?
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Figure 1. T2SS chaperone and effector interactions in A. nosocomialis M2
In A. nosocomialis M2 the gsp genes required for T2SS are located in Six separate operons.

Secretion of type Il effectors, CpaA and LipA, require specific membrane associated
chaperones, CpaB and LipB. How these chaperones (C in figure) function in the secretion of
their cognate effectors (E in figure) is unknown. This figure depicts potential chaperone-
effector interaction mechanisms:

A) The effector is transported unfolded from the cytoplasm to the periplasmic space by the
Sec secretion system. Once in the periplasm, the chaperone interacts with the effector
initiating folding. The effector is then released into the periplasmic space, where it will
eventually be secreted to the extracellular space by the T2SS. Alternatively, the effector may
remain bound to the chaperone until it is released for secretion by the T2SS thereby
preventing activity of the effector protein.

B) Upon entering the periplasmic space through the Sec secretion system, the effector folds.
Once folded, it interacts with its chaperone. The interaction between the effector and
chaperone may block activity of the effector protein through sequestration of the effector
until it is released for secretion by the type Il secretion system. C) The chaperone may
function to guide the effector to the type Il secretion machinery, through a secondary
interaction with a component of the type Il secretion system. D) The chaperone may
function as a multimer when binding the effector protein.

OM: outer membrane, IM: Inner membrane.
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2) A15_0551 / ACX60_15365
3) A1S_1290 / ACX60_11695
4) A15_3363, A15_3902 / ACX60_00605

1) A15_0082 / ACX60_17665
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Figure 2. Biogenesis and Regulation of the T6SS in A. baumannii ATCC 17978
The predicted assembly process, and the proteins involved, in assembly of the T6SS are

shown. The single T6SS operon from A. baumannii ATCC 17978 is shown, which contains
the core genes for T6SS. The process of T6SS biogenesis has not been studied in detail for
A. baumannii, but likely proceeds with the assembly of a membrane-spanning complex
(TssL, M), baseplate components (TssE, F, G, K), and priming protein TssA followed by the
polymerization of the VgrG-tipped Hcp tubule wrapped in the TssB/C sheath. The newly
identified TagX peptidoglycan hydrolase may interact with the membrane complex to allow
for localized hydrolysis of the sacculus, allowing the T6SS to pass through the periplasm. To
date, only effectors secreted in a VgrG-dependent manner have been identified for A.
baumannii. Gene identifiers (right side of figure) are listed for the model A. baumannii
ATCC 17978 strain, but are conserved in other strains and species. The gene identifiers for
both the original 17978 (accession: CP00521, A1S_XXXX) and the resequenced 17978
(accession: CP012004, ACX60_XXXXX) are shown. The 7etR-like regulatory proteins
encoded by genes on pAB3 and an Hns protein have been shown to repress expression of the

T6SS in A. baumannii.
OM: outer membrane, PG: peptidoglycan, IM: inner membrane.
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Figure 3. Hypothetical Model for T6SS Deletion and MDR Maintenance in Clinical Isolates of A.
baumannii

The genome sequences of several MDR A. baumannii clinical isolates has shown they lack a
full T6SS cluster. This model proposes that pressure to maintain drug resistance by
antibiotic treatment may select for strains that either repress their T6SS or degrade the T6SS
cluster, permanently inactivating the secretion system in favour of antibiotic resistance.
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Figure 4. Alternative Mechanisms of Protein Secretion in Acinetobacter spp
Left: OMVs generated by formation of outer membrane blebs can contain hundreds of

proteins, including important virulence (OmpA) and antibiotic resistance factors (AmpC,
plasmid DNA). OmpA may additionally play a role in modulating protein packaging into
OMVs. Right: Proteins identified in culture supernatants that may contribute to virulence,
but have no described secretory mechanism, are shown on right.
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