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Abstract: Acinetobacter baumannii has been a major cause of nosocomial infections for decades. The absence
of an available vaccine coupled with emerging multidrug resistance has prevented the medical community
from effectively controlling this human pathogen. Furthermore, the ongoing pandemic caused
by SARS-CoV-2 has increased the risk of hospitalized patients developing ventilator-associated
pneumonia caused by bacterial opportunists including A. baumannii. The shortage of antibiotics
in the development pipeline prompted the World Health Organization to designate A. baumannii a
top priority for the development of new medical countermeasures, such as a vaccine. There are a
number of important considerations associated with the development of an A. baumannii vaccine,
including strain characteristics, diverse disease manifestations, and target population. In the past
decade, research efforts have revealed a number of promising new immunization strategies that could
culminate in a safe and protective vaccine against A. baumannii. In this review, we highlight the recent
progress in the development of A. baumannii vaccines, discuss potential challenges, and propose
future directions to achieve an effective intervention against this human pathogen.

Keywords: Acinetobacter baumannii; antimicrobial resistance; SARS-CoV-2; outer membrane vesicles;
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1. Introduction to A. baumannii

Acinetobacter are non-motile Gram-negative coccobacilli that are found ubiquitously in nature,
but are predominantly found in soil, water, and sewage [1]. There are over 50 different species of
Acinetobacter, most of which are non-pathogenic [2]. Of the few pathogenic species, a cluster of
phylogenetically related species, known as the A. calcoaceticus-baumannii (ACB) complex, cause the
majority of infections [3]. Because A. baumannii is considered the most prominent and virulent,
infections caused by the ACB complex are often simply referred to as A. baumannii infections [3].
A. baumannii is predominately a nosocomial, opportunistic pathogen that has the potential to cause
severe disease and death. For decades, the medical community has observed A. baumannii develop
new mechanisms to resist antimicrobial treatments, leading to fewer clinically-effective therapeutics.
Because of its extensive multidrug resistance, development of prophylactic vaccines to protect at-risk
populations has received considerable investigation with several promising vaccine platforms reported
in pre-clinical studies during the last decade. In this review, we will briefly summarize the disease
manifestations, transmission, and antimicrobial resistance mechanisms of A. baumannii, followed by an
in-depth review of the aforementioned vaccine studies.
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1.1. Disease Manifestations

A. baumannii is primarily considered an opportunistic pathogen that most commonly affects
hospitalized patients, immunocompromised individuals, and military personnel with battlefield
wounds [4-9], especially in humid climates [10]. A. baumannii infections are associated with organs
and organ systems that have a high fluid exchange rate such as the urinary tract, respiratory tract,
and peritoneal system [11]. The bacteria will most commonly cause pneumonia, sepsis, skin and
soft tissue infections, and meningitis [11]. It has been estimated that A. baumannii is responsible for
nearly 12% of all hospital-acquired infections worldwide, but rates for individual countries can be
as low as 1-2% in some northern European countries and as high as one third of all cases in Asian
countries [12-15].

Hospital-acquired pneumonia is one of the most common clinical manifestations of A. baumannii
infections and occur most commonly in patients receiving mechanical ventilation in an intensive care
setting [6,15-18]. These pneumonia cases can be difficult to treat, especially because of the prevalence of
antibiotic resistance. A recent meta-analysis of 126 studies encompassing 29 countries determined that
multidrug-resistant A. baumannii was present in 80% of all hospital-acquired and ventilator-associated
pneumonia cases worldwide [19]. Serious Covid-19 cases result in hospitalizations and patients
requiring mechanical ventilation. A number of retrospective studies have identified a noteworthy
percent of Covid-19 patients suffering from co-infections either before or after developing Covid-19
symptoms and hospital admission. The most common culturable bacterial pathogens in Covid-19
patients appear to be Klebsiella pneumonia [20-22], Legionella pneumophilia [21-23], Enterobacter cloacae [24],
Staphylococcus aureus [22,25], Streptococcus pneumoniae [25], and A. baumannii [20-22,24-28].

Sepsis is another serious complication associated with A. baumannii infections [29-31]. For every
hour treatment is delayed, septic patients infected with A. baumannii have a 5-10% increase in
mortality [31]. Sepsis cases caused by Acinetobacter species accounted for the third highest crude
mortality rates in ICUs, with mortality rates exceeding 50% in some studies and were only surpassed
by Pseudomonas aeruginosa and Candida species infections [32]. A retrospective cohort study determined
that approximately 1% of all sepsis cases analyzed from a hospital had a blood culture that was positive
for A. baumannii [29]. Of those cases, 82.3% of cultures were considered multi-drug resistant and 16.8%
were extensively drug resistant [29,30].

Bacteria are the main cause of the 14 million outpatient and 850,000 inpatient skin and soft-tissue
infections (SSTIs) each year [33]. Members of the ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) family
make up the bulk of SSTIs, with A. baumannii a leading cause of SSTIs that occur within a military
environment [4,31,34]. Over the last 10-15 years, the U.S. military has recorded a significant increase in
MDR A. baumannii infections with up to 83% of SSTIs caused by A. baumannii associated with combat
zone operations [4,31]. Multidrug-resistant (MDR) A. baumannii infections are present in both trauma
and burn victims as these injuries often result in secondary infections [31].

Finally, meningitis is another serious complication of A. baumannii infections. Nosocomial cases
of A. baumannii meningitis are often caused by head trauma, leaking cerebrospinal fluid, or external
ventricular drainage [35-37]. Mortality rates of nosocomial meningitis caused by Acinetobacter species
can reach 40% in developed countries and up to 70% in developing countries [38].

1.2. Transmission

A. baumannii can be spread via aerosol droplets, person-to-person contact through sloughing of
skin, sputum, urine, or feces, or through contact with a fomite [39-43]. Fomite spread is particularly
problematic in a hospital setting. A study that observed over 250 patient interactions discovered
culturable A. baumannii on the hands or gloves of healthcare workers in 30.3% of interactions [44].
Further, both antibiotic-resistant and antibiotic-susceptible A. baumannii strains are easily transferred
from examination gloves made of nitrile to polypropylene plastic surfaces where the bacteria
can be transferred to another healthcare worker or to a patient [45]. A separate study found
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carbapenem-resistant Acinetobacter baumannii (CRAB) present in the sputum of ventilator patients
suggesting that, despite the closed nature of a ventilation system, the bacteria could still be readily
spread in droplets emitted by CRAB patients [40].

The ease of A. baumannii spread is largely due to three separate traits: resistance to desiccation,
the ability to form biofilms on abiotic surfaces, and aptitude for adhering to host cells. In fact,
A. baumannii has been found to be viable after 2 months on an abiotic surface in a controlled laboratory
setting, but endemic strains are believed to be able to survive for up to three years in inhospitable
environments [46,47]. The ability of A. baumannii to survive for long periods of time without hydration
is largely attributed to its outer polysaccharide capsule [48-51] and its ability to form biofilms to resist
desiccation [52-55]. The thick polysaccharide capsule enables the bacteria to develop biofilms which
retain moisture and persist for long periods of time [51]. The A. baumannii capsule is produced from
a rich diversity of capsule loci, with over 100 distinct capsule types identified to date. The capsules
can contain unique glycans with atypical acetylation sites or may be exclusively decorated with
aminosugars [56,57]. The presence of RecA, a main player in homologous recombination and SOS
mutagenesis, also contributes to the ability of A. baumannii to survive desiccation [58]. Bacterial DNA
is routinely damaged during desiccation and RecA is known to repair DNA during rehydration and
to confer selective advantages to the bacteria [58]. It was previously shown that a single round of
desiccation and rehydration, or heat-shock of A. baumannii resulted in a 50-fold increase in the number
of genomic mutations which was dependent on the presence of RecA [58].

1.3. Antimicrobial Resistance

Antimicrobial resistance (AMR) among bacteria has become a global crisis due to innate or
acquired resistance mechanisms and has caused an estimated two million illnesses and 23,000 deaths
to date [59]. By 2050, at least 10 million individuals are expected to die from multidrug-resistant
organisms unless the medical and scientific communities make a substantial investment in research
focused on understanding antibiotic resistance and developing new or alternative therapies [59].
While AMR is quickly becoming an issue for many bacteria, it is especially dire for A. baumannii.
The CDC recently reclassified CRAB from its previous status of Hazard Level Serious to Hazard Level
Urgent, meaning that the level of antibiotic resistance requires aggressive action and poses a notable
threat to public health [59]. According to the CDC, CRAB alone has resulted in $281 million dollars in
healthcare costs and contributed to an estimated 8,500 hospitalizations and 700 deaths in the US in
2017 [59]. In the absence of new medical interventions, the number of cases will certainly continue
to grow.

During its initial discovery approximately half a century ago, all A. baumannii isolates were
characterized as being a member of either global clone 1 (GC1) or global clone 2 (GC2) families [60-62].
These clonal groups were initially known to only possess genes that conferred resistance to tetracycline,
sulfonamides, and aminoglycosides but eventually went on to develop resistance to carbapenems,
fluoroquinolones, and some third generation cephalosporins, but how and when these resistance
traits developed varied between clonal groups. Eventually, there was considerable genetic variation
in the genes responsible for the structures of A. baumannii lipooligosaccharide (LOS) and capsule,
allowing researchers to genetically distinguish between clonal groups and to determine antibiotic
resistance [60,63-65]. For example, there are a group of GC1 A. baumannii strains that became resistant
to third generation cephalosporins through the insertion of Tn6168, a ISAbal-bounded transposon that
contains a second copy of an ampC gene [66]. In addition, another GC1 clade possess a OCL3 variant
that alters the structure of LOS compared to other strains that possess the OCL1 variant which conferred
carbapenem resistance [63,65]. These variants, along with many others, highlight the extraordinary
clonality associated with A. baumannii isolates.

A. baumannii’s remarkable ability to develop resistance to numerous classes of antibiotics
occurs through multiple mechanisms, including the acquisition of mutations in antibiotic targets;
modification of the antibiotic itself; decreased outer membrane permeability to limit the entrance
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of antibiotics, and multi-drug efflux pumps. For example, A. baumannii contains an abundance
of membrane transporters from the resistance-nodulation-cell superfamily. These transporters are
known to contribute to chloramphenicol, macrolide, trimethoprim, fluoroquinolone, aminoglycoside,
and p-lactam resistance [67,68]. In addition, numerous reports have documented A. baumannii
clinical strains with resistance to colistin, an antibiotic typically used as a last resort treatment [69].
This is particularly concerning as the rate of new antibiotics entering the market has steeply declined
over the past several decades. This drop off is largely due to an increase in costs necessary to navigate
regulatory agency approval processes; the relatively short lifespan of an antibiotic due to rapid
development of antibiotic resistance; and the high profit margins associated with pharmaceutical
companies switching to developing and manufacturing drugs used for chronic conditions including
cancer, heart disease, and persistent viral infections such as HIV and Hepatitis [70].

While select antibiotics retain some effectiveness against A. baumannii, including the cephalosporin
Cefiderocol and newer tetracyclines like Eravacycline and TP-6076, there is a real threat that emerging
antimicrobial resistance will eventually render these novel antibiotics useless [71]. This uphill
battle against A. baumannii stresses the importance of shifting the medical community’s focus from
therapeutics to strategies that can prevent infections in the first place.

2. Vaccine Candidates for A. baumannii

Vaccination represent a promising and plausible strategy for preventing A. baumannii infections.
Moreover, the large degree of clonality observed among A. baumannii clinical isolates may result in
broad vaccine coverage if conserved antigens are targeted. In this regard, a multitude of vaccine
candidates have been explored for A. baumannii over many decades with varying degrees of success.
In the past decade, a number of multivalent vaccines including live attenuated strains, bacterial ghosts,
outer membrane vesicles/complexes, and DNA or subunit vaccines have been explored with promising
outcomes (Table 1). In this review, we will examine each of these platforms and summarize the
immunogenicity and protective efficacy observed in rodent models. To our knowledge, none of the
candidates discussed in this review have advanced beyond pre-clinical evaluation.

2.1. Live-Attenuated Strains

Live-attenuated vaccines are composed of bacteria that have been altered to reduce or eliminate
pathogenicity, allowing the immune system to encounter the pathogen without the risk of disease.
The main benefit of using live-attenuated strains for vaccination is that the mutant strain presents
multiple antigens that mirror many of those presented by fully virulent strains, producing both
antibody and cellular immune responses to multiple targets [72]. The drawbacks of live attenuated
vaccines is the possibility of reversion to virulence, either through horizontal gene transfer or
spontaneous mutations [72]. It is also unclear if live attenuated vaccines would be approved for use in
immunocompromised populations, such as those at greatest risk for A. baumannii infection. Few vaccine
studies utilizing live attenuated strains of A. baumannii have been performed in recent years, but a
D-glutamate strain of A. baumannii was recently created and evaluated as a live attenuated vaccine [73].
The mutations introduced in the murll and murl2 genes created a strain of A. baumannii that was
less virulent in BALB/c mice but still generated both antibody- and cell-mediated immunity and
conferred increased survival to immunized animals after challenge with multiple, pathogenic strains
of A. baumannii [73]. A similar study examined the protection elicited by a thioredoxin-deficient
A. baumannii strain (AtrxA) [74]. Thioredoxins are crucial for bacteria to counter oxidative stresses and
redox regulations. Vaccination with the AtrxA strain led to full protection against infection with a
clinical A. baumannii isolate [74,75].

2.2. Bacterial Ghosts

Bacterial ghosts (BG) begin as live bacteria but are processed to remove all cytosolic components to
leave behind only the outer membrane of the bacteria. The use of BGs present a few inherent advantages
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as they are nonliving and therefore incapable of reverting to a pathogenic phenotype [72]. In addition,
BGs are self-adjuvanting and can be modified to carry a unique combination of proteins, DNA, drugs or
other small molecules, and have been demonstrated to be efficiently taken up by antigen presenting
cells in specific tissues [72]. However, because BGs contain the original bacterial outer membrane,
there is some risk of excessive inflammation caused by the presence of native LPS [72]. A. baumannii
BGs (strain Ali190) were used to vaccinate Sprague-Dawley rats orally, subcutaneously, intramuscularly,
or intraperitoneally before being challenged with 108 CFU of the homologous A. baumannii strain [76].
A. baumannii BGs were highly effective at protecting the vaccinated rats via all routes of administration,
with the exception of oral vaccination that conferred only 67% survival [76]. While this initial study
yielded positive results, it is imperative to test the ability of A. baumannii BGs to protect against a variety
of A. baumannii strains, especially distinct clades to determine if protection is serotype-dependent or
independent for BGs.

2.3. Outer Membrane Vesicles or Complexes

Outer membrane vesicles (OMVs) are small, non-infectious particles secreted by Gram-negative
bacteria, including A. baumannii, that range in size from 10-300 nm in diameter [77]. OMVs are
composed of a wide variety of bacterial components, including DNA, RNA, lipo- and polysaccharides,
and proteins. Assuch, OMVs are multivalent in nature and provide multiple antigens that can elicit both
antibody and T cell responses against numerous bacterial targets [78]. Previous studies have already
validated OMV-based vaccines using a diverse array of bacteria including Escherichia coli [79-81],
Bordetella pertussis [82,83], Burkholderia pseudomallei [84-87], and even a commercially available vaccine
for Neisseria meningitidis serogroup B [88,89].

Multiple studies have evaluated the efficacy of OMV-based A. baumannii vaccines. In one study;,
mice vaccinated in a prime-boost fashion demonstrated increases in overall IgG, 1gG1, IgG2, and IgM
titers, significantly lower bacterial loads, and a significantly higher survival rate compared to their
unvaccinated counterparts [90]. The serum obtained from vaccinated mice recognized many of the
proteins predicted to be present in OMVs, including OmpA, CarO, OmpW, and a multitude of other
putative outer membrane proteins [90]. In a second study, mice vaccinated with A. baumannii OMVs
produced anti-A. baumannii IgG antibodies and displayed increased sensitivity to levofloxacin in an
otherwise resistant A. baumannii strain [77]. The exact mechanism behind this observation is unknown,
but the authors speculated that the vaccine-induced antibodies may target the porins used to export
antibiotics from the bacterial cytoplasm, thus increasing susceptibility to quinolone antibiotics.

A potential concern with any OMV-based vaccine is the role LPS plays in immunogenicity and the
potential adverse side effects caused by an abundance of endotoxin. These concerns were addressed,
in part, by isolating OMVs from the IB010 A. baumannii [91]. The IB010 strain possesses a mutated IpxD
gene making it incapable of producing LPS [91]. Compared to mice vaccinated with OMVs from the
parental ATCC19606 strain, the LPS-negative OMVs elicited a similar IgG1, IgG2a, and IgM responses
and mice vaccinated with either OMV type had almost identical bacterial loads [91]. However,
the LPS-negative OMVs only protected 75% of the mice challenged with A. baumannii compared to
complete survival of mice vaccinated with a similar amount of WT OMVs [91]. Mice vaccinated with
LPS-negative OMVs were completely protected when the concentration of OMVs used was increased
10-fold per mouse or when combined with exogenous LPS [91]. The same bacterial strain was also
used in a study to evaluate protection elicited from outer membrane complexes (OMCs) isolated from
LPS- A. baumannii. Similar to the LPS- negative OMVs, there was little to no toxicity associated with the
LPS-deficient OMCs and mice vaccinated with LPS-deficient OMCs had a 60% survival rate at day 7 of
the study compared a 95% survival rate of mice vaccinated with LPS-deficient OMCs supplemented
with exogenous LPS [92]. Both groups faired significantly better when compared to the 0% survival of
control mice [92]. Results from these studies would suggest that, while the absence of LPS may guard
against excessive inflammation, the presence of LPS antigen within an OMV-based vaccine appears to
contribute to protection.
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Finally, it is well-appreciated that the bacterial culture conditions and OMYV purification methods
will affect final OMV composition. To evaluate this, three different OMV isolation protocols
were compared with surprising results. OMVs harvested from supernatants using a series of
ultracentrifugation and filtration steps (sOMVs), OMVs harvested through sonicating bacterial cultures
(suOMVs), and OMVs obtained by shearing live bacteria using a high-speed disperator (nOMVs) had
appreciably different protein profiles. OmpA was the major protein in all OMVs and each purification
method resulted in the presence of LPS [93]. More importantly, however, was the variation in immune
responses elicited by each type of OMV. Following vaccination, mice given suOMVs had the highest
IgG titers, followed by sOMVs, and nOMVs [93]. Not surprisingly, the survival rates of mice challenged
with A. baumannii LAC-4 followed the same trend with 70% of mice given suOMYVs surviving while only
60%, 50%, and 20% of sOMYV vaccinated, nOMYV vaccinated, or naive mice surviving, respectively [93].
Collectively, these studies suggest that Acinetobacter OMV-based vaccines show promise, but more
research is warranted in order to identify which OMV components are critical for vaccine protection.

2.4. DNA-Based Vaccines

OmpA has received considerable attention as a vaccine antigen because of its ubiquity across
A. baumannii clinical isolates and its numerous roles in infection including antimicrobial resistance,
biofilm formation, and adherence to host cells [94]. Recently, OmpA was the subject of a DNA-based
vaccine that was evaluated in BALB/c mice [94]. The OmpA gene was inserted into the eukaryotic
expression pBudCD4.1 vector and injected intramuscularly into mice in a prime-boost fashion [94].
One month after vaccination, IgM and IgG, and the cytokines IL-2, IL-4, IL-12, and IFN-y levels
were significantly increased in vaccinated mice compared to mice vaccinated with an empty vector
control [94]. Mice vaccinated with the OmpA DNA vaccine faired considerably better than their negative
control counterparts, with 60% of vaccinated mice surviving compared to 0% of the non-immunized
mice after intranasal challenge with a lethal dose of A. baumannii [94].

A second group expanded on the initial OmpA DNA vaccine by incorporating the pal gene into
an OmpA DNA-based vaccine [95]. Pal, a lipoprotein found in both the bacterial membrane and
peptidoglycan layer, was chosen as a vaccine antigen because of its ubiquity in A. baumannii isolates
and high level of immunogenicity during natural infection [95]. Both genes were inserted into the
pVAX1 expression plasmid and injected into C57BL/6 mice intramuscularly and eventually challenged
with A. baumannii intratracheally [95]. All unvaccinated mice died within 3 days of the infection while
60% of mice vaccinated with the Pal/OmpA DNA vaccine survived the length of the study and had
lower bacterial burdens 24 h after infection compared to other groups [95]. While these two studies
support the idea of pursing DNA vaccines, additional research may be necessary to improve delivery,
potency, and eventual licensure of DNA-based vaccines.

2.5. Purified or Recombinant Subunit Vaccines

Surface or outer membrane antigens of A. baumannii represent plausible targets for vaccine-induced
opsonizing or bactericidal antibodies. One of the complicating factors in targeting components of
the A. baumannii outer membrane is the presence of a dense polysaccharide capsule that shields
most outer membrane antigens from immune recognition [96]. In fact, monoclonal antibodies raised
against the A. baumannii K1 capsular polysaccharide were shown to decrease Kl-positive strain
burdens in mice while having no effect on Kl-negative strains, suggesting that immunotherapies
using monoclonal antibodies against capsular polysaccharides could be effective against A. baumannii
infections if clinicians are able to rapidly identify and target the correct capsule profile [97]. Nonetheless,
A. baumannii does utilize effector proteins to interact with the extracellular environment and a portion
of each protein may extend through the capsule where it can be recognized by the immune system.
Identifying those proteins and, more specifically, the regions of those proteins that extend into the
environment can provide novel vaccine targets. This strategy has been employed for a number of
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A. baumannii virulence determinants, including BAP (biofilm-associated protein), BAP-like protein 1
(Blp1), OmpA, Omp22, and CSU/Pili.

BAP and Blp1 are distinct proteins that contribute to A. baumannii biofilm formation and adherence
to biotic and abiotic surfaces, and both are necessary to establish infection [98,99]. In one study,
Blp1l-specific antiserum was raised in mice and subsequently shown to neutralize and promote
opsonophagocytic killing of A. baumannii pandemic strains (international clonal lineages I (IC I) and
II (IC II)) [99]. Mice vaccinated with the C-terminal region of the Blpl protein had an increased
survival rate compared to their unvaccinated counterparts, which suggests immune recognition of the
C-terminal region of Blp1 could serve as a starting point for a purified recombinant vaccine against
A. baumannii [99]. Similar to the Blp1 study, recombinant BAP was used as a vaccine antigen in mice to
induce a robust antibody response [100]. In addition to the antibody response, mice vaccinated with
recombinant BAP had decreased bacterial burdens and increased survival compared to controls [100].
These studies serve as proof of concept that immunizing with proteins necessary for A. baumannii
pathogenesis, specifically biofilm formation, may constitute a protective vaccine.

Outer membrane proteins (Omps) are generally conserved across A. baumannii isolates and
contribute to a multitude of A. baumannii traits that complicate treatment including antibiotic resistance,
adherence to host cell, and pathogenesis. Omps are found in high abundance within bacterial outer
membranes, often protruding through the polysaccharide capsule, making the Omp family of proteins
an appropriate vaccine candidate. This has been the case with Oma87 [101], the N-terminal region
of Outer membrane porin F (OprF) [102], Omp22 [103], and OmpA [104-106]. Each of these outer
membrane protein-based vaccines elicited a robust IgG response and increased the survival rates of
mice compared to the naive control mice [101-106]. OmpA was combined with the secreted serine
protease PKF in an antigen cocktail and evaluated for protection against A. baumannii infection [107].
Individually, PKF- and OmpA-immunized animals displayed a 80% and 75% survival rate, respectively,
but when combined, OmpA and PKF protected 85% of the mice vaccinated with the duel-component
vaccine [107]. Finally, the outer membrane protein FilF, used by A. baumannii during the course of
pilus assembly, is exposed to the extracellular environment and was evaluated as a vaccine candidate.
Vaccination with FilF decreased the bacterial load in the lungs by 4 logs compared to the adjuvant only
control; reduced pro-inflammatory cytokine levels; and led to a 50% survival rate relative to the 0%
survival rate of control mice [108]. Of course, outer membrane proteins are transmembrane proteins
composed of hydrophilic and hydrophobic regions that impact native confirmation. These regions
complicate the purification process but can be overcome by including a series of hydrophilic amino
acids at the N-terminal region to increase solubility in hydrophilic environments [109]. Many strategies
have been developed to purify these complex proteins, but the overall complexity and costs associated
with Omp-based vaccines may prove to be difficult.

There are other proteins present in the A. baumannii outer membrane outside of the Omp family
of proteins, in particular the trimeric autotransporter adhesion (Ata), BamA, NucAb, SmpA, and the
components of A. baumannii pili. Ata is part of an autotransporter system unique to A. baumannii
that is used for adherence to eukaryotic cells or extracellular matrix proteins and contributes to
virulence [110,111]. When tested in a murine model, recombinant Ata vaccine elicited a robust
antibody response that prevented bacterial adherence, while simultaneously driving opsonophagocytic
and bactericidal activities and inducing protective immunity [112]. These results, coupled with the
knowledge that ata is a broadly conserved gene across all Acinetobacter species provides support for
pursing Ata as a future A. baumannii vaccine [112]. The outer membrane assembly factor BamA was
similarly identified as a potential vaccine candidate through in silico analysis. The highly conserved
protein elicited a high antibody titer and protected 80% of vaccinated mice when challenged with a
lethal dose of A. baumannii through intranasal challenge [113].

A reverse vaccinology approach identified an outer membrane nuclease designated as NucAb as a
potential vaccine target based on its non-homology to host proteins, location within the outer membrane,
prevalence among clinical isolates, and the presence of anti-NucAb antibodies in mice challenged with



Pathogens 2020, 9, 1066 8 of 19

A. baumannii [114]. Mice vaccinated with recombinant NucAb had suppressed inflammation levels
and reduced pro-inflammatory cytokines, with the majority of lung inflammation in vaccinated mice
resolved within 24 h compared to unvaccinated mice that still had an abundance of bacteria present
with necrotic exudates and robust inflammation [114]. However, only 20% of the vaccinated mice
survived compared to 0% survival of control mice [114]. Another reverse vaccinology paper predicted
the phospholipase D (PLD) produced by A. baumannii, along with an outer membrane lipoprotein
named small protein A (SmpA), could elicit a protective immune response [115]. Mice vaccinated
with both SmpA and PLD had the highest survival (66.7%), the lowest levels of pro-inflammatory
cytokines, the best histology scores following challenge, and the lowest bacterial loads at 3 days post
infection [115].

A common feature of many bacterial pathogens is the presence of pili. A. baumannii utilizes its
pili for twitching motility, host cell adherence, and natural competence [116]. Components of pili
are exposed to the extracellular environment and can be detected by the immune system. Two pilus
A. baumannii proteins, CsuA/B and FimA, are known to be recognized by the host’s immune system
during infection and stimulate antibody responses. Vaccination with either protein elicited a robust
antibody titer in BALB/c mice and, when used together in a vaccine cocktail, produced a 60% survival
rate compared to FimA (50%) or CsuA/B (35%) given alone [117].

Another group of vaccine candidates constitute elements used for nutrient scavenging by
A. baumannii. Numerous groups have hypothesized that blocking bacterial acquisition of iron or zinc
during infection could limit or prevent disease. ZnuD is a zinc outer membrane receptor that contains
four loops that are exposed to the extracellular environment and is necessary for A. baumannii survival
in the zinc-depleted environments inside host cells [118]. One study assessed vaccination of mice with
recombinant proteins containing one or all ZnuD loops. The loops were attached to the C-lobe of the
surface lipoprotein TbpB which served as a scaffold during the purification process [118]. The presence
of the TbpB scaffold provided no protection against A. baumannii in the mouse model, but the addition
of any one loop led to high antibody titers and 25-50% survival in vaccinated mice. However, 100% of
the mice survived an A. baumannii challenge when all four of the ZnuD loops were added to the TbpB
scaffold [118]. While the production of such a recombinant protein on a commercial scale could by
costly due to the intricacies of protein loop folding, these studies do indicate that specific residues
of surface-exposed A. baumannii factors can lead to recombinant vaccines that provide high levels of
protection in animal models.

Finally, it has been shown that high levels of homology across bacterial genera can lead to
cross-protective vaccines that protect against multiple bacterial genera. As an example, it was shown
that vaccination against Mycobacterium tuberculosis using Bacillus Calmette-Guérin can protect against
Staphylococcus aureus [119] and that a live recombinant attenuated Salmonella can protect against a
Moycobacterium tuberculosis infection [120]. It is less appreciated, however, that homology extends to
other animal kingdoms, specifically fungi. A computation modeling study identified a number of
similarities between the Candida albicans hyphal wall protein Hyrlp and multiple A. baumannii cell
surface proteins including hemagglutinin (FhaB) and OmpA [121]. Vaccination with Hyrlp led to a
50% survival rate compared to mice vaccinated with adjuvant alone, all of which died 10 days post
infection [121]. This study highlights the potential for Al and computational models to design vaccines
that may provide protection against not only multiple bacterial genera, but across different kingdoms
of pathogens.
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Table 1. Representative list of A. baumannii vaccine studies conducted over the past decade reported in NCBI.
Immunization Challenge
Vaccine Platform Antigens Adjuvant(s) Route Mouse Strain Strain Route Dose Survival Ref
Whole bacteria A b”””’”g‘yZZﬂAZm”” Tor - P BALB/c ATCC 17978 P 3 x 108 CFU 100% [73]
Clinical IP—100%
A. baumannii AtrxA - IP, SC C57BL/6 Isolate 79 P 10%-10” CFU ’ [74]
. SC—90%
(Ci79)
, Oral—67%
A. baumannii (Ali190)BGs ~ Lreund’s Oral, SC, M, Sprague-Dawley rats Ali190 P 108 CFU SC,IM, IP, SCA, [76]
adjuvant 1P, SCA, IMA (male) N
IMA—100%
Formalin-killed WT, Igh-Jtm1Dhu, o
A. baumannii LAC-4 cells - IN and Feerlgtm1Rav LAC 4 IN or IP 5 x 107 CFU Illlzlfi‘;llll:;‘g:fgg// [122]
(5 x 107 CFU) BALB/c 8 °
. . OMV vaccine
Outer membrane vesicles  OMVs isolated from Alum e C57BL/6 Abl12 P 107 CFU w/Levofloxacin—85% 771
or complexes A. baumannii strain 19606 . o
OMYV vaccine only—0%
) ATCC 19606, 19606 challenge—100%
A (ZMVS 159.1"‘:4 fri’;‘é‘o . Alum M C57BL/6 Ab-154, P 45 x10° Ab-154 challenge—90% [90]
- Daanm Strain Ab-113-16 Ab-113-16—100%
LPS-negative OMVs 6 o :
ssolated from IBO10 Alum M C57BL/6 ATCC 19606 P 1.8 x 10° CFU 70% [91]
OMCs isolated from
A. baumannii strain IB010 Alum ™M C57BL/6 ATCC 19606 Jigg 1.6 x 10° 60% [92]
(AlpxD)
SuOMVs, nOMVs, or IM—60-100%
sOMVs isolated from Alum IM and IN C57BL/6 LAC4 IT 2 x 107 CFU ° [93]
. IN—50-70%
strain 17978
OMVs isolated from
DH5a E.coli displaying Alum sC ICR Abl P 1.6 x 10° 100% [123]
A. baumannii Omp22
A. baumannii 1B010 Alum ™M C57BL/6 ATCC 19606 P 108 CFU 100% [124]
3 7 0,
OMVs isolated from Alum ™ ICR Abl IN or IP IN challenge—5 x 10 IN challenge—100% [125]

A. baumannii strain Ab1

IP challenge—5.5 x 10°

IP challenge—73%
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Table 1. Cont.
Immunization Challenge
Vaccine Platform Antigens Adjuvant(s) Route Mouse Strain Strain Route Dose Survival Ref
. MDR clinical
DNA encoding Alum M BALB/c A. baumannii IN 108 CFU 60% [94]
A. baumannii OmpA gene strain
DNA-based vaccine
DNA encoding genes for e— 809
A. baumannii OmpA and CpG ™ C57BL/6 LAC 4 IN or IT 3% 107 CFU IN challenge—80% [95]
Pal IT Challenge—50%
. Freund'’s .
rHis-Blp1(2652-3362) Adjuvant ™ BALB/c Abl jigg 10® CFU 60% [99]
rHis-Bap Freund’s ™M BALB/c Clinical isolate P 108 CFU 80% [100]
Purified or Recombinant Adjuvant
Subunit ,
rHis-Oma87 Freund’s sC BALB/c 19606 P 2 x 106 CFU 100% [101]
Adjuvant
rHis-OprF p5 200 BCA(lj’uxd SC Swiss Albino 9027 P 3.2 x10° CFU 50% [102]
rHis-Omp22 Alum SC ICR 17978 r 1.6 x 10° CFU 100% [103]
. Retired breeder or 7 Retired breeder—50% )
rHis-OmpA Alum SC juvenile BALB/c HUMC1 v 2 x 10/ CFU Juvenile—A5% [104]
rHis-OmpA Cholera toxin IN BALB/c 19606 Jigg 5 x 108 CFU 50% [106]
rHis-PKF with anti-
A. baumannii OmpA Alum jig C57BL/6 19606 P 108 CFU 85.71% [107]
antibodies
Freund’s
rHis-FilF Incomplete SC BALB/c 19606 IT 108 CFU 50% [108]
Adjuvant
rHis-BamA Alum SC BALB/c 19606 IN 10° CFU 70% [113]
Freund'’s
rHis-NucAb complete 1P BALB/c 19606 IT 10® CFU 20% [114]

adjuvant
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Table 1. Cont.
Immunization Challenge
Vaccine Platform Antigens Adjuvant(s) Route Mouse Strain Strain Route Dose Survival Ref
rHis-SmpA/PLD Alum SC BALB/c ST191 IT 108 CFU 66.7% [115]
. Freund'’s Csu-Fim—60%
rHl:;:_‘;?f Aa“d Complete sc BALB/c 19606 P 2 x 108 CFU Fim—50% [117]
Adjuvant Csu—33.3%
Loop 2—40%
rHis-ZnuD (loop 2, 5,7, Freund’s Loop 5—30%
or 11) attached to TbpA Complete sC BALB/c 19606 P 107 CFU Loop 7—50% [118]
scaffold Adjuvant Loop 11—35%
Loop 2,5,7,11—100%
rHyrlp-N (Candida Alum sc BALB/c HUMC1 Aerosol 5% 107 CFU 50% [121]
albicans)
rHis-OmpK/Omp22 MF59 1T BALB/c 19606 T 108 CFU 83.3% [126]
Freund'’s
rHis-OmpK/Omp22 complete SC BALB/c Abl Jicg 2 x 108 CFU 66.7% [127]
adjuvant
rHis-OmpW Alum SC ICR Abl P 10° CFU 100% [128]

BGs = Bacterial ghost. SC = subcutaneous. SCA = subcutaneous with adjuvant. IMA = intramuscular with adjuvant. IT = Intratracheal. IP = Intraperitoneal. IM = Intramuscular.

IN = Intranasal. IV—Intravenous. Aerosol = Aerosolization.
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3. Conclusions

A. baumannii will likely remain a difficult organism to treat clinically due to its remarkable ability
to develop antimicrobial resistance. However, a growing number of studies suggest that an effective
vaccine could be developed against this organism. Several of the vaccine studies summarized in this
review utilized computer learning and prediction software, and vaccine success in these pre-clinical
studies indicates that Al and computer modeling should help inform rationale vaccine design in the
future. Going forward, it will be important to identify which protective antigens are most highly
conserved among A. baumannii clinical isolates in order to formulate a broadly protective multivalent
vaccine. While some monovalent subunit vaccines successfully protected mice challenged with various
clinical strains of A. baumannii, it is highly likely that multiple antigens will be necessary for complete
vaccine protection. Analysis of the A. baumannii vaccine studies discussed in this review reveal the most
effective vaccines are multivalent in nature (composed of outer membrane vesicles, bacterial ghosts,
or multi-subunit) and are often composed of antigens present on the outer membrane of the bacteria
(OmpA, OmpW, OmpK, and Omp22) [73,91,103,122-128]. This observation suggests that a cocktail
of conserved surface proteins could be the most effective vaccine against a majority of A. baumannii
clinical strains and warrants further investigation. This is not particularly surprising given that there
are many FDA approved multicomponent vaccines on the market today, including the Diphtheria,
Tetanus, and Pertussis (DTaP) and Meningitis B (MenB) vaccines. Lessons from other opportunistic
bacteria, such as Streptococcus pneumoniae, highlight the importance of antigen choice to avoid the
development of vaccine escape strains. In addition, the target population will influence the type of
vaccine that is required as demonstrated by capsular polysaccharide-based vaccines for the elderly
versus conjugate vaccines for children to prevent infection with pneumococcus. In this regard, it is
important to determine which target populations require an A. baumannii vaccine. Although nosocomial
infections with A. baumannii are worrisome, it is difficult to predict whether an individual will become
hospitalized and require such a vaccine. Vaccination of healthcare workers could potentially limit
the abundance and/or spread of A. baumannii in the hospital setting, but this would require a vaccine
that eliminates bacterial colonization and carriage and may be difficult to accomplish. In the short
term, populations that are most at risk include members of the armed forces. A vaccine designed to
immunize military personnel must display an excellent safety profile, with minimal to no reactogenicity,
in order to preserve military readiness. In the long term, the antimicrobial resistance crisis may dictate
that all individuals require vaccination against A. baumannii, particularly if A. baumannii develops
complete drug-resistance and becomes untreatable.
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