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Abstract

Burkholderia pseudomallei complex and B. cepacia complex are two evolutionary distinct clades of
pathogens causing human disease. Most vaccine efforts have focused on the former group largely
due to their biothreat status and global disease burden. It has been proposed that a vaccine could be
developed that simultaneously protects against both groups of Burkholderia by specifically targeting
conserved antigens. Only a few studies have set out to identify which antigens may be optimal targets
for such a vaccine. We have previously assessed the ability of three highly conserved B. pseudomallei
antigens, OmpAl, OmpA2, and Pal coupled to gold nanoparticles (nanovaccines), to protect mice
against a homotypic B. pseudomallei challenge. Here, we have expanded our study by demonstrating
that antibodies to each of these proteins show varying levels of reactivity to homologs in B. cepacia
complex, with OmpA2 antibodies exhibiting the highest cross-reactivity. Remarkably, some
immunized mice with our nanovaccines, particularly those that received OmpA?2, produce antibodies
that bind Pseudomonas aeruginosa, which harbor distantly related homologous proteins. T cells elicited
to Pal and OmpA2 responded to stimulation with B. cepacia complex-derived proteins. Our study
supports incorporation of these antigens, particularly OmpA2, for the development of a pan-
Burkholderia vaccine.

Keywords: Burkholderia pseudomallei; melioidosis; Burkholderia cepacia complex; Pseudomonas
aeruginosa; vaccines; cross-reactivity; antibodies; T cells

1. Introduction

The Bukholderia genus consists of obligately aerobic, rod-shaped, Gram-negative bacteria which
can be found near-ubiquitously across the globe in soil, water-based environments, and colonizing
the plant rhizosphere [1,2]. Many Burkholderia species benefit humanity through their contribution to
nutrient cycling in the soil of crops and by catabolizing manmade environmental pollutants [1-3].
However, within this diverse genus, two clades exist that are associated with human disease: the B.
pseudomallei complex and the B. cepacia complex.

Within the B. pseudomallei complex, two species are predominantly responsible for cases of
human disease: B. mallei (Bm) and B. pseudomallei (Bpm). While these pathogens exhibit a high degree
of genomic conservation, they shared virulence mechanisms, and similar disease manifestations, but
Bpm contributes far more to the total global human disease burden [4-7]. Melioidosis, the disease
caused by Bpm, most commonly presents with pneumonia-like symptoms often coinciding with
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bacteremia [4,5]. This acute, respiratory form of disease is associated with staggeringly high mortality
rates ranging from 10% in regions where medical interventions are readily available to upwards of
40% in areas without ready access to effective diagnostics and antibiotic treatment [4,5,8,9]. Bpm is
found in tropical and subtropical climates, with focal hotspots of human disease in Northern
Australia and Southeast Asia [4-6]. However, it has become increasingly evident in recent years that
melioidosis cases are significantly underdiagnosed in South and Central America, the Middle East,
and Western Sub-Saharan Africa [4-6]. Furthermore, global climate change has sparked concerns of
increasing disease incidence and spread of Bpm to new regions [10,11], fears that have been
potentially validated by recent reports of autochthonous melioidosis cases in the U.S.A. [12,13] and
in Southern Queensland, Australia [14], areas previously not known to harbor the bacteria.

The B. cepacia complex consists of over 20 closely related species that are found in a wide range
of climates and environments [15,16]. B. cepacia complex species are highly resilient to stressors
including nutrient deprivation and biocides, making them relatively common bacterial contaminants
of pharmaceuticals and hospital equipment [15]. As a result, B. cepacia complex species are common
culprits of product recalls and nosocomial outbreaks [17,18]. While these species are known to
occasionally infect individuals without any apparent underlying conditions, they are generally
regarded as opportunistic pathogens primarily affecting those with cystic fibrosis, chronic
granulomatous disease, or weakened immunity [15]. Disease manifestations can vary based on the
underlying patient condition, route of transmission, and species- or strain-specific properties of the
infecting organism, though respiratory involvement is relatively common [15,19]. While many of
these 20+ species have been isolated from clinical cases, B. multivorans (Bmv) and B. cenocepacia (Bcc)
are two of the biggest contributors to incidence and mortality, particularly in cystic fibrosis patients
[20,21].

While vaccines to Bpm and Bm have been developed largely on account of their status as
potential biothreat agents [5,22-24], there are only a small number of publications on B. cepacia
complex vaccines [25-28], which can likely be attributed to the smaller population who could benefit
from a prophylactic vaccine, the scarcity of animal models that recapitulate human disease, and the
inherent complexity of designing a vaccine to >20 species [29]. Interestingly, we and others have
previously reported that antibodies and T cells elicited to specific antigens expressed by one species
of Burkholderia can cross-react to or even protect against other Burkholderia species, highlighting the
possibility of developing a pan-Burkholderia vaccine consisting of highly conserved Burkholderia
antigens [30-35]. However, only a few such studies have looked at inter-clade cross-reactivity of B.
pseudomallei complex-specific immune responses to B. cepacia complex or vice-versa [32,34,35], leaving
it an open question as to which antigens can be effective in such vaccine. Curiously, one group
reported as far back as 1995 that serum antibodies derived from Pseudomonas aeruginosa (Pa) colonized
cystic fibrosis patients cross-react with B. cepacia complex outer membrane proteins [36], though only
recently have researchers started to delineate the key cross-reactive antigens, with one group
generating a monoclonal antibody capable of reacting to flagellin of both Bym and Pa [37] and another
that generated polyclonal antibodies to the Bcc protein, BCAL2645, capable of functionally cross-
reacting to Pa [33].

We aim to build upon this initial work by examining three such highly conserved Bpm outer
membrane proteins that we have previously identified and expressed: BPSL0999 (BpmOmpAl),
BPSL2522 (BpmOmpA2), and BPSL2765 (BpmPal) [34]. While we were previously only able to
validate the protective properties of nanovaccines containing BpmOmpAl and BpmOmpA?2 in an
intranasal C57BL/6 mouse model of melioidosis [34], others have characterized BpmPal as a
protective antigen in the BALB/c mouse model [38-40], thus warranting further investigation of all
three proteins. Herein, we have recombinantly expressed the closest homologs of these proteins from
Bcc and Pa to measure the extent of antibody and T cell cross-reactivity using ELISAs and ex vivo
splenocyte antigen recall assays, respectively. We further validated the ability of antibodies to
respond to the natively expressed homolog proteins on the surface of a range of bacteria, including
Bpm, Bm, Bmv, Bcc, and Pa. The identification of such broadly conserved surface proteins has far-
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reaching implications ranging from pan-Burkholderia vaccine design to the identification of new
broadly conserved targets to improve specificity of diagnostic tests.

2. Materials and Methods

2.1. In silico methodology

Protein sequence FASTA files were obtained from UniProt from the following reference strains:
Bpm strain K96243, Bm strain ATCC 23344, Bmv strain ATCC 17616, Bcc strain J2315, and Pa strain
PAO1. Homologs of BpmOmpA1l, BpmOmpA2, and BpmPal were identified by inputting the
associated Bpm-derived FASTA file into NCBI's BLASTp webtool using the Refseq Select protein
database with default blastp parameters (expected threshold of 0.05, word size of 5, BLOSUM62
matrix) [41,42]. For multiple sequence alignment analysis, each of the 15 protein FASTA files were
input into Clustal Omega [43]. The resulting alignment file was visualized with Jalview v2.11.5.0 and
residues were colored according to their BLOSUMS62 alignment score [44].

2.2. Bacterial strains and growth conditions

Genes encoding the proteins of interest were cloned and transformed into Escherichia coli
BL21(DE3) (New England Biolabs) or Rosetta 2(DE3) pLysS (MilliporeSigma) for recombinant protein
production. Transformed E. coli strains were maintained in Luria-Bertani (LB) medium
supplemented with 50 pg/mL kanamycin (Sigma-Aldrich) and, for Rosetta 2(DE3) pLysS, with
34 ug/mL chloramphenicol (Sigma-Aldrich). The attenuated strains Bpm Bp82 [45], and Bm CLH001
[46], and the wild type strains Bmv ATCC 17616, Bcc K56-2, and Pa PA103 were used for all whole
bacteria ELISAs. Bpm was propagated in LB supplemented with 100 pg/mL adenine (Sigma-Aldrich)
and 5 pg/mL thiamine hydrochloride (Sigma-Aldrich). Bm was propagated in LB supplemented with
4% glycerol (Thermo Fisher Scientific) and 200 uM FeSOa (Sigma-Aldrich). Bmv, Bec, and Pa were
cultured in LB without additional supplementation. E. coli plates were cultured for 18-24 h at 37°C
prior to its use, while Burkholderia and Pa plates were cultured for 36-48 h.

2.3. Cloning and Recombinant Protein Expression

The cloning, expression, and purification of the Bpm proteins was previously reported [34]. The
BecPal gene lacking the signal peptide encoding region was PCR amplified from Bcc train K56-2
genomic DNA. Due to technical challenges arising from the high GC content of Burkholderia and Pa
genomic DNA, E. coli codon optimized gBlocks were instead used for the BccOmpA1, BccOmpA2,
PaOmpA1l, PaOmpA2, and PaPal genes (Integrated DNA Technologies). To mimic the cloning of the
Bpm proteins [34], the gBlocks encoding BccOmpA1, PaOmpA1, and PaPal did not include the signal
peptide encoding sequence while BccOmpA2 and PaOmpA2 gBlocks lacked most of the N-terminal
domain. The amplified BccPal gene, gBlocks, and purified pET-30a(+) plasmid were separately
digested with Ndel (New England Biolabs) and XhoI (New England Biolabs) overnight at 37°C before
inactivating the enzymes at 65°C for 20 min using a S1000 Thermal Cycler (Bio-Rad). Antarctic
phosphatase (New England Biolabs) was added to the linearized plasmid at 37°C for 30 min and then
inactivated at 80°C for 2 min. Digested plasmid and amplified gene/gBlocks were ran on 0.7% and
1.5% agarose gels, respectively, and the appropriate bands were excised from the gel and processed
using a QIAquick Gel Extraction kit (Qiagen) according to manufacturer instructions. Digested
amplified gene/gBlocks and linearized plasmid were then mixed at a molar ratio of 3:1 and were
ligated with T4 ligase (New England Biolabs) overnight at 16°C. Five uL of the resulting assembled
plasmid was transformed into BL21(DE3) for BccOmpA1 and BccOmpA1l or Rosetta 2(DE3) pLysS
for BccOmpA?2 and the P. aeruginosa gene-encoding plasmids. Gibson Assembly primers and codon
optimized gBlock sequences for the Bcc and Pa genes are reported in Table S1.

For protein induction, single colonies were transferred to 20 mL LB with appropriate antibiotic
selection. Cultures were incubated for 12-18 h at 37°C with constant shaking at 200 rpm. Cultures
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were then diluted 1:100 in 1-2 L of fresh, antibiotic-supplemented LB and were grown to an ODew of
0.6, approximately 3-5 h. Protein expression was induced by addition of isopropyl p-D-1-
thiogalactopyranoside (GoldBio) at a final concentration of 1 mM. After 4 h of additional culture, the
bacteria were centrifuged at 4,000 x g for 10 min at 4°C, supernatant was discarded, and pellets were
stored at -80°C.

2.4. Recombinant Protein Purification

E. coli pellets were reconstituted in lysis buffer [50 mM Tris hydrochloride (MilliporeSigma),
500 mM sodium chloride (Thermo Fisher Scientific), 20 mM imidazole (Sigma-Aldrich), 10% (v/v)
glycerol (Thermo Fisher Scientific), 1% (v/v) Triton X-100 (Sigma-Aldrich), 1X cOmplete Protease
Inhibitor Cocktail (Roche Life Science), 1X DNase I (Sigma-Aldrich), pH 7.5] on ice with a magnetic
stir bar. Lysing of the bacteria was further facilitated by a probe sonicator. The resulting lysate was
centrifuged at 22,000 x g for 1 h at 4°C and the supernatant was collected and filtered through a 0.45
um PES membrane. Filtrate was then applied to a HisTrap HP column (Cytiva) connected to an
AKTA pure liquid chromatography system (Cytiva) using a running buffer consisting of 50 mM Tris
hydrochloride, 500 mM sodium chloride, 20 mM imidazole, 10% (v/v) glycerol, pH 7.5. The column-
bound recombinant protein was then eluted by slowly increasing the imidazole concentration to 500
mM and collecting 5 mL fractions. Fractions predominantly consisting of the protein of interest, as
ascertained by SDS-PAGE with Coomassie staining, were combined and dialyzed overnight into
Dulbecco's phosphate buffered saline (PBS; Gibco) at 4°C. The protein was then concentrated to >
1.25mg/mL and applied to a Pierce High-Capacity Endotoxin Removal Column (Thermo Fisher
Scientific) for 1 h at room temperature to reduce E. coli endotoxin levels. Protein was then diluted to
1 mg/mL in PBS to a final glycerol concentration of 10% (v/v) and aliquots were flash-frozen in liquid
nitrogen before storing at -80°C.

2.5. Gold Nanoparticle Vaccine Synthesis

Proteins were conjugated to ~15 nm spherical gold nanoparticles (AuNP) with a
heterobifunctional polyethylene glycol (PEG) linker using our previously established protocol [34].
Unreacted protein in the reaction supernatant was measured via MicroBCA kit (Thermo Fisher
Scientific) to back-calculate the amount of conjugated protein.

2.6. Mouse Immunizations and Tissue Collection

Six-to-8-week-old female BALB/c mice were purchased from Charles River Laboratories
(Wilmington, MA) and were allowed to acclimate for 1 week prior to experimentation. Animals were
housed in microisolator cages under pathogen-free conditions under a 12 h light cycle. Standard
rodent chow and water were provided ad libitum. All procedures were reviewed and approved by
the Institutional Animal Care and Use Committee of the University of Texas Medical Branch (protocol
0503014F).

Mice were immunized intranasally (under light isoflurane sedation) every two weeks for a total
of 3 doses with 50 uL (25 puL per nare) of PBS diluted AuNP-conjugated BpmOmpAl (N=15),
BpmOmpA2 (N=15), BpmPal (N=15), PaOmpA1 (N=10), PaOmpA2 (N=10), or PaPal (N=10). Vaccine
formulations contained 20 ug/dose VacciGrade CpG ODN 2395 (Invivogen) and ~1.5 ug/dose
conjugated protein. Saline control animals (N=10) were administered the same volume of PBS while
adjuvant control animals (N=5) were given an equivalent concentration of PEGylated AuNPs without
protein along with 20 ug/dose VacciGrade CpG ODN 2395. Ten days after the final immunization,
mice were again sedated and then bled retro-orbitally using microcapillary tubes (Fisher Scientific).
Microvette tubes containing blood were left at room temperature for 30 min to allow the blood to
clot. The tubes were then centrifuged at 2,000 x ¢ for 10 min at 4°C, and supernatant was collected
and stored at -80°C. Five of the mice immunized with the Bpm-derived proteins and the adjuvant
control group were humanely euthanized at the same time point and spleens were collected in 5 mL
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PBS + 2% (v/v) heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific) and kept onice. A
syringe plunger was used to homogenize the spleens on a 70 um nylon cell strainer, which was
subsequently washed with 10 mL PBS + 2% FBS. Cells were centrifuged at 300 x g for 10 min at 4°C
and supernatant was discarded. Pellets were then resuspended in 5 mL ACK lysing buffer (Thermo
Fisher Scientific) for 5 min and then 20 mL PBS was added. Cells were pelleted again and in 15 mL
complete RPMI 1640 [cRPMI; 10% (v/v) FBS, 100 units/mL penicillin (Thermo Fisher Scientific), 100
pg/mL streptomycin (Thermo Fisher Scientific), 1X Glutamax (Thermo Fisher Scientific), 1X non-
essential amino acids (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific),
and 50 pM cell culture grade {3-mercaptoethanol (Sigma-Aldrich)]. An aliquot of splenocytes was
stained with trypan blue (Thermo Fisher Scientific) and counted on a hemacytometer to measure
viable cell concentration. Cells were centrifuged again into a pellet and resuspended at > 107 live
cells/mL in 90% (v/v) FBS + 10% (v/v) cell culture grade dimethyl sulfoxide (Sigma-Aldrich). One mL
aliquots in cryotubes were slowly brough to -80°C overnight and were then transferred to liquid
nitrogen for long-term storage.

2.7. Serum Enzyme-Linked Immunosorbent Assays (ELISAs)

For recombinant protein ELISAs, the indicated proteins (BpmOmpAl, BpmOmpA2, BpmPal,
BccOmpAl, BccOmpA2, BecPal, PaOmpAl, PaOmpA2, PaPal) were coated onto high-binding 96-
well plates at 2 ug/mL overnight at 4°C. Plates were washed four times with PBS + 0.1% (v/v) Tween
20 (Sigma-Aldrich). Plates were then blocked for 2 h with PBS + 1% (m/v) bovine serum albumin
(Sigma-Aldrich) at room temperature with constant shaking. After another washing step, serial
dilutions of vaccination serum were added to the plate for 1.5 h at room temperature. Plates were
washed again and then subsequently stained with 1:5,000 diluted goat anti-mouse IgG (Southern
Biotech) for 1.5 h at room temperature. PBS + 1% BSA was used as the diluent for both the serum and
the secondary antibody. After a final wash step, plates were developed with 3,355
tetramethylbenzidine (TMB) substrate (SeraCare) for 5 min at room temperature and then stopped
with 0.18 M sulfuric acid (Sigma-Aldrich). The absorbance was measured at both 450 nm and 650 nm,
and Ases values were subtracted from Aaso values to correct for the background absorbance of different
wells. Endpoint titers were calculated as the highest dilution at which Asso-450 values were higher than
equivalently diluted saline-immunized mouse serum average signal plus three standard deviations.

Whole bacteria ELISAs were conducted similarly to above, though the Tween 20 concentration
of the wash buffer was reduced to 0.025% and the TMB incubation step increased to 30 min. To coat
bacteria on the plates, liquid cultures of Bpm strain Bp82, Bm strain CLH001, Bmv strain ATCC 17616,
Bcc strain K56-2, or Pa strain PA103 were grown to stationary phase (12-18 h) at 37°C with constant
shaking at 200 rpm. Bacteria were then centrifuged at 3,200 x ¢ for 10 min and supernatant was
discarded. The pellet was then washed once with PBS and then subsequently resuspended to an ODsoo
of 0.4-0.6 in PBS. Finally, 100 pL of bacteria was added to each well of a 96-well high binding plate,
which was allowed to dry overnight in a 37°C incubator. ELISAs were then carried out as described.

2.8. Antigen Recall of Splenocytes

For the ELISpots, 2 x 105 live splenocytes were dispensed into pre-coated 96-well mouse IFNy
or IL17A ELISpot plates (R&D Systems). Cells were stimulated for 24 h at 37°C with 20 pug/mL of
indicated recombinant protein in 100 uL of cRPMI such that splenocytes from the BpmOmpA1l
immunization group were stimulated with BpmOmpA1, BccOmpA1, or PaOmpAl, splenocytes from
the BpmOmpA2 group were stimulated with BpmOmpA2, BccOmpA2, or PaOmpA2, and
splenocytes from the BpmPal group were stimulated with BpmPal, BecPal, or PaPal. As controls,
splenocytes from the immunization groups were left for 24 h in cRPMI + 2% (v/v) PBS or splenocytes
from the adjuvant control group were stimulated with the individual proteins. Plates were then
processed according to manufacturer instructions and then imaged on a CTL ImmunoSpot S6
Universal M2 ELISpot Reader.
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For the flow cytometry experiment, cells, in technical replicates of 5, were stimulated as
described above for 19 h in 96-well tissue culture-treated plates. Negative controls consisted of
unstimulated (cRPMI + 2% PBS) splenocytes from the adjuvant control and vaccinated groups.
Brefeldin A (Thermo Fisher Scientific) and monensin (Thermo Fisher Scientific) were added to a final
concentration of 1X and incubation proceeded for another 5 h. The technical replicates were then
combined into a single well of a new 96-well plate. Plates were centrifuged at 300 x g for 10 min at
4°C and supernatant was decanted. Cells were washed with PBS, centrifuged, and decanted again.
Anti-mouse CD16/32 (BioLegend) was added a concentration of 5 pug/mL for 10 min at 4°C. Plates
were again centrifuged and decanted, before adding 100 pL/well of surface staining cocktail for
30 min at 4°C. Surface stain cocktail consisted of experimentally titrated concentrations of anti-mouse
CD3e-BUV315 (BD Biosciences; clone 145-2C11), anti-mouse CD44-BUV805 (BD Biosciences; clone
IM7), anti-mouse CD4-BV510 (BioLegend; clone RM4-5), anti-mouse CD69-BV605 (BioLegend; clone
H1.2F3), anti-mouse/human B220-BV785 (BioLegend; clone RA3-6B2), anti-mouse CD8a-
PerCP/Cy5.5 (Thermo Fisher Scientific; clone 53-6.7), anti-mouse CD25-PE/Fire700 (BioLegend; clone
PC61), anti-mouse CD62L-PE/Cy7 (BioLegend; clone MEL-14), and Zombie NIR fixable viability dye
(BioLegend) diluted in FACS buffer (BioLegend). Controls of unstained and fluorescence minus one
(FMO) were included. The plates were again washed before adding fixation buffer (BioLegend) for
20 min at 4°C. Plates were washed in 1X permeabilization buffer (BioLegend) and then incubated
overnight at 4°C in intracellular staining cocktail. The intracellular staining cocktail consisted of
experimentally titrated concentrations of anti-mouse IL-17A-BV711 (BioLegend; clone TC11-
18H10.1), anti-mouse IL-2-BV421 (BioLegend; clone JES6-5H4), anti-mouse IL-4-PE (BioLegend; clone
11B11), and anti-mouse IFNy-APC (BioLegend; clone XMG1.2) diluted in 1X permeabilization buffer.
The next morning, cells were washed in 1X permeabilization buffer and resuspended in FACS buffer
immediately prior to application on a BD FACSymphony A5 SE. All data analysis was performed
with Flow]Jo v10.10.

3. Results

3.1. Identification and Sequence Analysis of OmpA C-like Homologs in Bm, Bmv, Bcec, and Pa

The OmpA family of outer membrane proteins is a group of genetically related, and surface-
exposed porin proteins, that consist of an N-terminal (3-barrel porin domain that is embedded in the
outer membrane and a C-terminal periplasmic domain that non-covalently interacts with bacterial
peptidoglycan [47]. Numerous Gram-negative species express small, globular proteins that bear
strong structural similarity to the OmpA C-terminal domain and exhibit peptidoglycan-binding
capacity, sometimes referred to as OmpA C-like proteins [34,38,48-52]. While peptidoglycan
associated lipoprotein (Pal) is perhaps the most well-studied example [53], other OmpA C-like
proteins have also been identified [38,51,52] and evidence exists that this class of proteins can be
expressed on the surface of the bacteria where they can be recognized by antibodies [48-50,54-56].
BpmOmpA1l, BpmOmpA2, and BpmPal all belong to this class of OmpA C-like proteins [34,38,49].

We first identified the closest homologs of BpmOmpA1, BpmOmpA?2, and BpmPal in Bm, Bmv,
Bcc, and Pa using protein BLAST (Table 1) [41,42]. For simplicity, we refer to these homologs as
BmOmpAl (BMA0711), BmOmpA2 (BMA0436), BmPal (BMA2082), BmvOmpAl (Bmul_0858),
BmvOmpA2 (Bmul_2265), BmvPal (Bmul_2588), BccOmpA1 (BCAL2645), BccOmpA2 (BCAL2958),
BecPal (BCAL3204), PaOmpA1l (PA0833), PaAOmpA2 (PA3692; more commonly referred to as LptF),
and PaPal (PA0973; more commonly referred to as OprL). The Bm and Bpm homologs were all
identical at the protein sequence level while B. cepacia complex homologs exhibit full or near full
(299%) sequence coverage and a high degree of sequence identity to their corresponding Bpm
sequences, ranging from 84.12% to 93.87% (Table 1). Predictably, the Pa proteins exhibited markedly
lower conservation to their Bpm counterparts due to a lack of significant sequence similarity in their
N-terminal regions and lower overall sequence identity of the C-terminal domains at 53.08% for
PaOmpAl, 39.32% for PaOmpA2, and 46.67% for PaPal (Table 1).
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Table 1. BLASTp comparisons of Bpm proteins to closest homologs in B. mallei (Bm), B. multivorans (Bmv), B.
cenocepacia (Bcc), and P. aeruginosa (Pa).

Bpm Locus Bm Sequence Bmuv Sequence  Bcc Sequence Pa Sequence Pa Sequence

Tag* Identity (%) Identity (%) Identity (%) Coverage (%) Identity (%)
BPSL0999 100 93.87 93.49 60 53.08
BPSL2522 100 91.52 90.58 52 39.32
BPSL2765 100 86.47 84.12 87 46.67

*Footnote: BPSL0999 (BpmOmpA1l); BPSL2522 (BpmOmpA2); BPSL2765 (BpmPal).

Given that each of these proteins predominantly consist of the same OmpA C-like domain
[34,38], there is a high probability that they arose from a common ancestor. As such, we opted to
perform multiple sequence alignment of all 15 protein sequences using Clustal Omega (Figure 1, S1)
[43]. As expected, the OmpA1 sequences were grouped together, as were the Pal sequences (Figure
1, S1). While the Burkholderia OmpA2 sequences similarly share a clade, PaOmpA2, which notably
exhibits the lowest degree of sequence conservation to its closest Bpm homolog (Table 1), formed an
external branch that shares a common node with the Pal and Burkholderia OmpAZ2 clades (Figure 1).
This would suggest that Pa lacks a direct homolog of BpmOmpA2, and PaAOmpA2 is instead a distinct
lineage of the OmpA C-like proteins (Figure 1, S1). Regardless, because it is the most similar Pa
protein to BpmOmpA?2 and for clarity in the text, we opted to continue referring to the protein as
PaOmpA2 herein.

BpmOmpA2 0.00000
%BmOmpAZ 0.00000
BmvOmpAZ 0.00576
% BccOmpAZ 0.00776
- PaPal 0.28774
BpmPal 0.00000
%}BmPaI 0.00000
. {} BmvPal 0.01493

- BeePal 0.02649

- PaOmpA2 0.32979

- PaOMpAL 0.27418
BpmOmpAL 0.00000

+Bm@mpm 0.00000

BmvOmpAl 0.02207

BccOmpAl 0.01999

Figure 1. Phylogram of Burkholderia and Pa OmpA C-like protein amino acid sequences. Created with Clustal
Omega [43].

3.2. Antibodies Elicited to the Bym Homologs Exhibit Varying Levels of Cross-Reactivity to Bcc and Pa

To assess cross-reactive immunity elicited by these related proteins, we recombinantly expressed
BpmOmpA1l, BpmOmpA2, BpmPal, BccOmpA1, BccOmpA2, BecPal, PaOmpA1l, PaOmpA2, and
PaPal (Figure S2). BALB/c mice were immunized with the Bpm-derived proteins conjugated to an
immunogenic gold nanoparticle (nanovaccine) delivery system that we have extensively
characterized (Figure 2) [31,34,57]. We opted to use BALB/c mice for this study instead of the
previously utilized C57BL/6 strain because C57BL/6 mice exhibited a relatively poor immune
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response to BpmPal [34], in contrast to previous reports of its immunogenicity in BALB/c [38,40]. As
predicted, immunization of BALB/c mice resulted in more comparable antibody titers to the
BpmOmpA1 and BpmOmpA?2 vaccines, though BpmPal titers were still slightly lower (Figure 3c).

Furthermore, antibodies elicited to all three Bpm proteins exhibited indistinguishable reactivity
to their Bcc homologs, indicating a high degree of cross-reactivity (Figure 3). In comparison, reactivity
to PaOmpA1 and PaOmpA2 was markedly lower, in accordance with their lower degree of sequence
conservation (Figure 3a, b). However, despite BpmPal and PaPal having a similar level of sequence
conservation as BpmOmpA1l and PaOmpA1l, cross-reactivity to the Pa homologs was markedly
higher in the former, indistinguishable from the homotypic reactivity (Figure 3c). We also probed
serum from animals that were immunized with the Pa-derived proteins and determined that
antibodies elicited to PaOmpA1 and PaPal exhibited consistent but reduced reactivity to the Bpm-
and Bcc-derived homologs (Figure S3). Only 3 of the 10 mice immunized with PaOmpA2 exhibited
detectable serum cross-reactivity to the Bcc- and Bpm-derived homologs (Figure S3), in accordance
with PaOmpA2’s reduced sequence conservation (Figures 1, S1 and Table 1).
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Figure 2. Timeline of mouse immunizations and tissue collection. Made with BioRender.
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Figure 3. ELISAs using serum from BALB/c mice immunized with (a) BpmOmpA1, (b) BpmOmpA2, or (c)
BpmPal. For each vaccination group, three separate ELISAs were performed which differed only in the protein
that was coated on the ELISA plates. The BpbmOmpA1l group serum was probed against BpmOmpA1, Bcc
OmpAl, and PaOmpA1l; the BpmOmpA2 group serum was probed against BpmOmpA2, BccOmpA?2, and
PaOmpA2; and the BpmPal group serum was probed against BpmPal, BccPal, and PaPal. Endpoint titers
correspond to the highest dilution at which signal from the immunization serum was >3 SD of the mean signal
intensity of the equivalently diluted saline control serum. The limit of detection, represented by the dotted line,
was the highest dilution tested, a factor of 100. Endpoint titers were compared via Friedman test with Dunn’s
post hoc tests. (***) p <0.001, (****) p < 0.0001.

A significant downside of recombinant protein ELISAs is that they do not account for structural
differences between the recombinant and native proteins, the native protein’s surface topology, or
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the presence of other bacterial surface molecules that may physically block the interaction of
antibodies with the specific protein. To determine if the serum antibodies elicited by our vaccines can
respond to immunologically relevant and exposed epitopes on the surface of the bacteria, we
conducted whole bacteria ELISAs (Figure 4, Table S2). Serum from the BpmOmpAl and
BpmOmpA2 groups were consistently detected against Bpm, Bm, and Bmv, indicating our vaccination
antibodies are consistently capable of recognizing these bacteria (Figure 4, Table S2). By comparison,
BpmPal serum showed inconsistent reactivity to each of these bacteria, including Bpm, indicating that
the poorer reactivity has to do with protein-specific properties, such as surface exposure, and not the
degree of sequence conservation of the Pal homologs. (Figure 4, Table S2). Cross-reactivity of the
BpmOmpA1 and BpmPal groups drops markedly against Bcc with only a minority of mice exhibiting
bacteria-specific reactivity. However, serum from 12 of the 15 BpmOmpA?2 animals were still capable
of reacting to Bcc (Figure 4, Table S2). Finally, reactivity to Pa was limited, with only a minority of
mice in all groups exhibiting any detectable reactivity, in contrast to the recombinant ELISA results
(Figures 3 and 4, Table S2). However, irrespective of the immunization antigen, 11 of the 13 animals
that exhibited serum reactivity to Pa also exhibited detectable serum reactivity to each of the
Burkholderia species, including Bcc, which suggests that these mice are responding to one or more
specific, highly conserved epitopes (Figure 4, Table 52).
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Figure 4. Whole bacteria ELISAs using serum from the immunized BALB/c mice. ELISA plates were coated with
intact bacterial cells from Bpm strain Bp82, Bm strain CLHO001, Bmv strain ATCC 17616, Bcc strain K56-2, or P.
aeruginosa strain PA103. Endpoint titers correspond to the highest dilution at which signal from the
immunization serum was >3 SD of the mean signal intensity of equivalently diluted saline control serum.
Endpoint titers were compared via Kruskal-Wallis with Dunn’s post hoc tests. (*) p < 0.05, (**) p <0.01, (***) p <
0.001, (****) p < 0.0001.

3.3. BpmOmpA2- and BpmPal-specific T Cells Cross-React to Their Direct Bcc Homologs

Spleens were collected from the immunized mice and were processed into single cell
suspensions (Figure 2). The recovered splenocytes were then incubated for 24 h with the recombinant
protein they were immunized with or its closest homolog in Bcc or Pa. Cells were then harvested,
stained for various lymphocyte markers, and then analyzed on a flow cytometer (Figures 5, S4, S5).
In contrast to our previous study with C57BL/6 mice, the BALB/c animals immunized with
BpmOmpA1l did not mount a detectable splenic T cell response to BpmOmpA1, so the degree of T
cell cross-reactivity elicited by this antigen could not be assessed [34]. However, splenocytes from
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BpmPal and BpmOmpA2 immunization groups exhibited a marked increase in the proportion of
CD25+ and CD69+ helper and cytotoxic T cells, indicating a robust, antigen-specific T cell response
(Figure 5).

More importantly, upregulation of these activation markers was also observed in the splenocytes
incubated with the Bcc-derived homologs, indicating that these T cells cross-react to a significant
degree (Figure 5). Interestingly, stimulation with BecPal consistently resulted in higher proportions
of CD25 and CD69 expressing T cells than stimulation with the homotypic BpmPal (Figure 5).
Stimulation with the Pa-derived proteins did not result in detectable levels of T cell activation (Figure

5).
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Figure 5: Flow cytometric measurement of the proportion of CD25+ and CD69+ helper T cells (a, b) and
cytotoxic T cells (c, d) from antigen recalled splenocytes of immunized mice. Proportions of CD25+ and CD69+
T cells were compared via two-way repeated measures ANOVA with Tukey post hoc tests. (*) p <0.05, (**) p <
0.01, (***) p <0.001.

To provide confirmatory evidence of this T cell cross-reactivity, we also assayed the stimulated
splenocytes via IFNy and IL17A ELISpots (Figure 6). While splenocytes from the BpmOmpAl
immunization group predictably did not produce meaningful numbers of spot-forming cells (SFC),
we were intrigued to find that cells from the BpmPal group also did not produce detectable levels of
SFCs to any of the stimulations. Regardless, IFNvy- and IL17A-producing-cells were detected for the
BpmOmpA2 immunization group and followed the same trend as the flow cytometric measurement
of activation markers, with comparable levels of SFCs in both the BpmOmpA2 and BccOmpA2
stimulation conditions and minimal SFCs in the negative controls or the PaOmpA2-stimulated group
(Figures 5 and 6). The IL17A ELISpot results are mirrored in the flow cytometry dataset, with CD4+
T cells in the OmpA2 but not Pal group exhibiting higher staining for intracellular IL17A when
stimulated with the Bpm- or Bcc-derived recall antigen (Figure S5).
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Figure 6. IFNy (a) and IL17A (b) ELISpots of antigen recalled splenocytes from the immunized mice. Spot-
forming cells (SFC) of from the different groups were compared via two-way repeated measures ANOVA with
Sid4k post hoc tests. (*) p < 0.05, (**) p <0.01.

4. Discussion

OmpA1, OmpA2, and Pal belong to the same class of OmpA C-like proteins, which are widely
expressed across different Gram-negative species [38,48,50-52]. Over the years, such proteins have
been consistently identified as potential vaccine and therapeutic targets in various bacterial
pathogens [51,52,58-60], including in Burkholderia species [33,34,38-40,49,61]. However, few of these
studies have directly addressed the relatively high degree of sequence conservation observed in this
class of proteins, which may have important implications for their application as vaccine/therapeutic
targets. Herein, we have confirmed that antibodies and T cells elicited to these Bpm-derived proteins
have the capacity to cross-react to more distantly related homologs in B. cepacia complex and Pa
(Figures 3-6, S5). The most evident potential benefit is that vaccines and mAbs targeting these
proteins may confer broad protection to multiple species, thereby supporting their use as pan-
Burkholderia antigens as we previously hypothesized [34]. On the other hand, the fact that antibodies
could react to much more distantly related Pa homologs could indicate that these antibodies may
exhibit some reactivity to innocuous bacteria in the environment or as part of the commensal
microbiota. For example, the healthy human gut microbiome harbors more closely related bacteria
within the Burkholderiales order, including the genera Sutterella, Parasutterella, and Oxalobacter [62]. A
quick BLASTp search for the BpmOmpA1l, BpmOmpA2, or BpmPal sequences in these genera
identifies putative homologs for each with modestly higher sequence conservation than those in Pa,
indicating that cross-reactivity towards such commensals is a possibility [41,42] . However, given that
live-attenuated vaccines, inactivated vaccines, and outer membrane vesicle-derived vaccines would
also be expected to harbor such highly conserved antigens, this may not be of particular concern from
a safety standpoint. Regardless, future work will need to carefully assess the pros and cons of
targeting such highly conserved proteins.

Regarding cross-reactivity, antibodies elicited towards BpmOmpA1, BpmOmpA?2, and BpmPal
each exhibited indistinguishable cross-reactivity to their direct, recombinantly expressed Bcc
homologs (Figure 3). By comparison, antibody responses to the natively expressed proteins on the
surface of the bacteria were generally more varied (Figure 4, Table S2). Given that native proteins
may be present on the surface of the bacteria in a consistent orientation, and the fact that other surface
proteins and polysaccharides may be physically blocking portions of the native proteins from binding
antibodies, we expect that animals that lack serum reactivity to a given species are not producing
antibody clones that target conserved and accessible amino acid residues.

Interestingly, only antibodies to BpmOmpA2 showed near-ubiquitous reactivity to all
Burkholderia species tested, with just 3 of 15 mice showing no reactivity to Bcc (Figure 4, Table S2).
By comparison, antibodies to BpmOmpA1 exhibited full cross-reactivity to Bm and Bmv, but only 2
of 15 animals showed serum reactivity to Bcc (Figure 4, Table S2). We noted that BccOmpA1 harbors
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two unique surface-exposed amino acid substitutions compared to the BpmOmpA1l reference
sequence: A174N and N176G (Figure S1). It is possible that this region of the protein is an
immunodominant, surface-exposed epitope, and its mutation in Bcc leads to the abrogation of
antibody reactivity, though we cannot rule out other factors unique to Bcc. Antibodies to BpmPal
exhibit inconsistent binding to Bpm, indicating it may not be as readily available for binding on the
bacteria’s surface or surface-exposed epitopes are not particularly immunodominant, resulting in
antibodies predominantly responding to masked epitopes (Figure 4, Table S2). Regardless of this, in
the mice where Bpm reactivity is observed, cross-reactivity followed the same trend as BpmOmpA1l,
where serum reacts fairly consistently with Bm and Bmv but sharply drops off when probed against
Bcc (Figure 4, Table S2). While BecPal does harbor a few unique amino acid substitutions compared
to BpmPal and BmvPal (Figure S1), none are predicted to be on the surface of the protein, suggesting
that other factors may be at play. Regardless, these findings provide strong support for the use of
these antigens, particularly BpmOmpA?2, as potential pan-Burkholderia vaccine targets.

Surprisingly, antibodies to all three Bpym proteins also showed a consistent capacity to cross-react
to their closest recombinant Pa homologs (Figure 3). Cross-reactivity to PaOmpA2 was particularly
surprising given that it does not appear to be a true direct homolog of BpmOmpA?2 (Figure 1) and its
relatively low degree of sequence conservation (Table 1, Figure S1). Furthermore, while most mice
did not exhibit serum cross-reactivity to Pa, a minority of animals in each group that showed broad
reactivity to all Burkholderia species also exhibited serum cross-reactivity to Pa (Figure 4, Table S2).
One potential explanation for this result is that these mice may be producing antibodies to the most
conserved region of the proteins, that being the peptidoglycan-binding domain broadly found in
OmpA C-like proteins [63]. However, given that gut microbes also harbor this conserved
peptidoglycan-binding motif and are known to induce immune tolerance [64], it may be expected
that such regions are poorly immunogenic, which would align with the fact that only a fraction of
animals show such broad cross-reactivity (Figure 4, Table S2). Future studies will need to conduct
epitope mapping experiments to confirm which regions of the proteins are being bound by cross-
reactive antibodies. Given that B. cepacia complex and Pa are both species of particular concern for
cystic fibrosis patients [65], targeting both with a single vaccine or therapeutic monoclonal antibody
(mAD) merits further exploration.

Because this class of proteins has the ability to induce highly cross-reactive antibodies (Figures
3 and 4) and the evidence that they can be exposed on the surface of many Gram-negative bacterial
species (Figure 4) [48,50,54,56,66], it begs the question as to whether mAbs to conserved epitopes on
these proteins could be developed for therapeutic application. Indeed, the Tol-Pal system, which is
vital for maintaining cell envelope integrity in Gram-negative bacteria, has recently emerged as a
promising target for novel antibiotics [53]. While we have thus far been unable to show direct or
complement-dependent bactericidal activity using mouse serum antibodies to any of these proteins
in the absence of immune cells (unpublished data), Gourlay et al., previously developed a BpmPal-
specific mAb capable of opsonizing Bpm for subsequent killing by neutrophils via Fc-mediated
activity [49]. Given that our current understanding of the Tol-Pal system seems to indicate that Pal
predominantly carries out its function while oriented towards the periplasm [53], and it is unclear for
what purpose Pal flips its orientation to the outer leaflet of the outer membrane [48,50,54], it is
plausible that such Pal-specific antibodies may only mediate protection through Fc- or complement-
dependent pathways and not through inhibition of Tol-Pal, though further evaluation will be
required to confirm if this is indeed the case. While the function of the OmpA1l and OmpA?2 proteins
remains to be definitively characterized, Seixas et al., recently showed that polyclonal antibodies to
BccOmpALl are capable of reducing biofilm formation and adherence of Bcc to a human cystic fibrosis
epithelial cell line, indicating other potential mechanisms of protection that do not solely rely on
direct bactericidal/bacteriostatic activity [33,61]. Furthermore, this group showed that such
antibodies exhibit similar cross-functionality to Pa [33], providing direct evidence that antibodies to
this protein could be of value as broadly acting therapeutics.
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Outside the scope of vaccine and therapeutic development, these results may also carry
important implications for the development of antibody-based diagnostics. In fact, each of these
proteins has been studied to varying degrees as diagnostic markers in human melioidosis [67-72],
horse and human glanders [73-75], or B. cepacia complex colonization in cystic fibrosis patients [76].
In particular, BpmOmpA?2 has consistently been reported as a promising diagnostic antigen for
melioidosis and glanders over the years [67,69,70,72,74,75]. Interestingly, while recent work by Settles
et al., also concluded that BpmOmpA2 holds strong serodiagnosis potential based on the finding that
melioidosis-positive human donors have significantly higher levels of BpmOmpA2-specific
antibodies than melioidosis-negative patients, their data also indicates that melioidosis-negative
donor samples had relatively high background reactivity to BpmOmpA2 compared to most of the
other 46 antigens that were tested [72], which may align with our own finding of interspecies cross-
reactive antibodies to this protein (Figures 3 and 4). While the original assessment by Felgner et al.,
of >1,200 Bpm antigens as serodiagnosis markers contended that BpmOmpA1l and BpmPal would
make for poor antigenic markers based on a high level of background reactivity in healthy donors,
which they speculated was due to exposure to other Burkholderia species [67], two recent studies have
contended that BpmPal has serodiagnostic potential for human melioidosis [71] and B. cepacia
colonization of cystic fibrosis patients [76]. The former study by Wagner et al., reported that BpmPal
is a serodiagnosis marker of melioidosis infection, with pooled melioidosis-positive patient serum
exhibiting roughly 24-fold higher signal intensities than pooled healthy control serum; however, the
use of pooled serum may have masked any individual control samples with high baseline reactivity
[71], which could affect test specificity. Similarly Peri et al., identified antibodies to BpmPal-derived
peptides as potential serodiagnostic markers of B. cepacia complex colonization in cystic fibrosis
patients, leveraging their sequence conservation between the two Burkholderia clades [76]. While the
authors ultimately reported a significant difference in reactivity to these peptides in B. cepacia
complex culture-positive cystic fibrosis patients compared to cystic fibrosis patients colonized with
either Pa (N=6), Achromobacter xylosoxidans (N=4), or Stenotrophomonas maltophilia (N=1), their data
also indicates that serum from this latter group had sporadic reactivity to the BpmPal peptides, while
healthy control samples remained consistently low [76]. Again, this largely aligns with our finds that
antibodies elicited to BpmOmpA1, BpmOmpA?2, and BpmPal can cross-react to their closest Pa
homologs (Figures 3 and 4), and we suggest that this sporadic reactivity reported by the authors may
be due to cross-reactive antibodies elicited by the patients with P. aeruginosa colonization [76].

Lastly, we also determined that T cells elicited to the BpmPal and BpmOmpA?2 are capable of
robustly cross-reacting with their Bec-derived homologs (Figures 5, 6 and S5). Such inter-clade T cell
cross-reactivity has scarcely been reported previously, though Musson et al., producing T cell
hybridomas to a specific epitope of Bpm-derived FliC that cross-reacted to peptides matching FliC
sequences in Bmwv, Bcc, and B. cepacia [35]. Given that Thl responses are a known correlate of
protection in human melioidosis [77], and Th17 responses are generally regarded as important in
mediating protection to respiratory infections such as those caused by Bpm and the B. cepacia complex
[4,15,78], the ability of T cells to cross-react strongly to these evolutionarily distinct Burkholderia
species adds further support for their use as pan-Burkholderia vaccine antigens. Despite antibodies
exhibiting consistent cross-reactivity to the recombinant Pa proteins (Figure 3), we were unable to
detect T cell cross-reactivity to them (Figures 5, 6 and S5). It is possible that specific linear epitopes
within the proteins are conserved enough to stimulate cross-reactivity (Figure S1); however, such
specific clones of T cells would likely be too rare to be detected using the approaches herein, and
instead future work would need to incorporate MHC tetramers into the flow cytometry staining
panel or generate T cell hybridomas like those in Musson et al [35]. On the other hand, while BpmPal-
specific antibodies exhibited indistinguishable cross-reactivity to PaPal (Figure 3), this protein did
not cause detectable levels of T cell activation (Figure 5). This may be explained by the differing
nature of T cell epitopes, which are always linear, and B cell epitopes, which may be linear or non-
contiguous (i.e., “conformational”) [79]. As such, B cells can potentially respond to more varied
combinations of surface-exposed amino acids, which may increase the odds of antibody clones being
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produced that can react to these conserved regions. Additionally, T cell epitopes are limited by what
peptides can be presented by the MHC/HLA haplotype of each individual, thus limiting the number
of potential T cell clones to a greater extent than B cell clones.

In summary, we have demonstrated that the previously described melioidosis nanovaccine
antigens BpmOmpA1, BpmOmpA2, and BpmPal can elicit cross-reactive antibodies and T cells to the
B. cepacia complex, supporting their potential use as pan-Burkholderia vaccine antigens. Future work
will need to assess whether this cross-reactivity translates to cross-protection.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Multiple sequence alignment of BpmOmpA1 (BPSL0999), BpmOmpA2
(BPSL2522), BpmPal (BPSL2765), BmOmpAl (BMAO0711), BmOmpA2 (BMA0436), BmPal (BMA2082),
BmvOmpAl (Bmul 0858), BmvOmpA2 (Bmul 2265), BmvPal (Bmul _2588), BccOmpAl (BCAL2645),
BccOmpA2 (BCAL2958), BecPal (BCAL3204), PaOmpA1l (PA0833), PaOmpA2 (PA3692), and PaPal (PA0973).
Figure S2: SDS-PAGE gel with Coomassie stain of the recombinant proteins used for assessing antibody and T
cell cross-reactivity. Figure S3: ELISAs using serum from mice immunized with PaOmpA1, PaOmpA2, or PaPal.
Figure S4: Gating strategy employed to analyze the flow cytometry data from the splenocyte antigen recall
experiment. Figure S5: Intracellular IL17A fluorescent staining of antigen recalled splenocytes. Table S1: Primers

and E. coli codon optimized gBlocks used for cloning. Table S2: Whole bacteria ELISA endpoint titers.
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Abbreviations

The following abbreviations are used in this manuscript:

Bm Burkholderia mallei

Bpm Burkholderia pseudomallei

Bmov Burkholderia multivorans

Bee Burkholderia cenocepacia

Pa Pseudomonas aeruginosa

NCBI National Center for Biotechnology Information

BLASTp Basic Local Alignment Search Tool (proteins)
BLOSUM  Blocks Substitution Matrix

LB Luria-Bertani

PCR Polymerase Chain Reaction

PES Polyethersulfone

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
PBS Dulbecco's Phosphate Buffered Saline
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AuNP Gold Nanoparticle
PEG Polyethylene glycol
BCA Bicinchoninic Acid Assay

FBS Fetal Bovine Serum

cRPMI Complete Roswell Park Memorial Institute Media
ELISA Enzyme-Linked Immunosorbent Assays

IgG Immunoglobulin G

TMB 3,3',5,5'-tetramethylbenzidine

OD Optical Density

ELISpot Enzyme-Linked Immunospot

FACS Fluorescence-Activated Cell Sorting

SFC Spot-Forming Cell

mAb Monoclonal Antibody
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