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Abstract: Burkholderia cepacia complex infections remain life-threatening to cystic fibrosis patients,
and due to the limited eradication efficiency of current treatments, novel antimicrobial therapies are
urgently needed. Surface proteins are among the best targets to develop new therapeutic strategies
since they are exposed to the host’s immune system. A surface-shaving approach was performed
using Burkholderia cenocepacia J2315 to quantitatively compare the relative abundance of surface-
exposed proteins (SEPs) expressed by the bacterium when grown under aerobic and microaerophilic
conditions. After trypsin incubation of live bacteria and identification of resulting peptides by liquid
chromatography coupled with mass spectrometry, a total of 461 proteins with ≥2 unique peptides
were identified. Bioinformatics analyses revealed a total of 53 proteins predicted as localized at the
outer membrane (OM) or extracellularly (E). Additionally, 37 proteins were predicted as moonlight
proteins with OM or E secondary localization. B-cell linear epitope bioinformatics analysis of the
proteins predicted to be OM and E-localized revealed 71 SEP moieties with predicted immuno-
genic epitopes. The protegenicity higher scores of proteins BCAM2761, BCAS0104, BCAL0151, and
BCAL0849 point out these proteins as the best antigens for vaccine development. Additionally,
10 of the OM proteins also presented a high probability of playing important roles in adhesion to host
cells, making them potential targets for passive immunotherapeutic approaches. The immunoreactiv-
ity of three of the OM proteins identified was experimentally demonstrated using serum samples
from cystic fibrosis patients, validating our strategy for identifying immunoreactive moieties from
surface-exposed proteins of potential interest for future immunotherapies development.

Keywords: Burkholderia cenocepacia; cystic fibrosis; surfomics; microaerophilic conditions; aerobic conditions

1. Introduction

Burkholderia cepacia complex (Bcc) is a group of more than 26 related species, well known
as opportunistic pathogens that can cause lethal respiratory tract infections among immuno-
compromised patients, particularly in cystic fibrosis (CF) patients [1]. In 2021, in Europe, the
prevalence of Bcc chronic infections in CF adults (higher than 18 years) who have never had a
transplant was around 2.4% [2]. However, in some European countries, Bcc belongs to the
emerging respiratory pathogens with increasing prevalence, with the maximum prevalence
observed at 13.8% in Serbia [2]. In Portugal, a higher prevalence of 7.4% was observed [2].
Additionally, Bcc bacteria are common contaminants of pharmaceutical and disinfectant
products, causing several nosocomial outbreaks in immunocompromised individuals [3].

Vaccines 2024, 12, 398. https://doi.org/10.3390/vaccines12040398 https://www.mdpi.com/journal/vaccines

https://doi.org/10.3390/vaccines12040398
https://doi.org/10.3390/vaccines12040398
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vaccines
https://www.mdpi.com
https://orcid.org/0000-0002-3484-3474
https://orcid.org/0000-0001-8944-3235
https://orcid.org/0000-0002-8744-7045
https://orcid.org/0000-0002-4906-676X
https://orcid.org/0000-0001-8850-274X
https://orcid.org/0000-0001-9291-9169
https://doi.org/10.3390/vaccines12040398
https://www.mdpi.com/journal/vaccines
https://www.mdpi.com/article/10.3390/vaccines12040398?type=check_update&version=1


Vaccines 2024, 12, 398 2 of 20

All species of the Bcc are able to cause infections, but the more frequently isolated from
CF patients are Burkholderia cenocepacia and Burkholderia multivorans [4,5]. These infections
often evolve into chronic infections characterized by a decline in pulmonary function and
exacerbation periods. One of the major threats to CF patients, principally associated with B.
cenocepacia infections, is the development of the cepacia syndrome, a rapid and often fatal
necrotizing pneumonia [6]. These bacteria are known for their intrinsic resistance to most
of the clinically available antibiotics [7]. This resistance, coupled with the patient-to-patient
rapid spread of highly transmissible strains and the vast assortment of virulence factors,
renders these chronic infections highly unpredictable, hazardous, and nearly untreatable [7,8].
Recently, the CFTR modulator TRIKAFTA®, has been approved to treat CF patients with
one copy of the F508del mutation and revealed good results in improving patients’ lung
function [9]. The sputum pathogen load, including Bcc infections, was lower in the first month
of treatment and was followed by a 6-month steady state of lung function and bacterial load [9].
However, in some CF patients, Pseudomonas aeruginosa and Bcc infections were persistent after
treatment, and it is still unclear if effective eradication after long-term treatment is possible.

To date, no effective strategy to eradicate Bcc bacteria from CF patients is available [10].
Strategies that allow the eradication or control of these devastating infections are required,
and strategies non-reliant on antimicrobials, as in the case of immunotherapies, are gaining
attention. Immunotherapies like active vaccination or passive immunization have several
characteristics ideal for tackling of multidrug-resistant bacteria like Bcc, due to their specific
activity and unlikelihood to lead to the development of new antimicrobial resistance [11].
The development of these new strategies for Bcc is still in its early stages, with a variety of
antigens and approaches currently under study. In an endeavor to increase the number of
potential antigens for these developments, our previous work focused on the optimization of a
surfomics approach never used before in Bcc [12]. This approach involved the use of a protease
to “shave” protein surface moieties from living bacterial cells, purification of these moieties,
followed by liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis. This
methodology overcomes the limitations associated with membrane protein poor solubility and
gel-dependent methods [13]. The methodology allows the identification of surface-exposed
proteins, an essential class of proteins for therapeutic strategies against bacterial infections, due
to their ability to interact with the environment and exposure to the host immune system [14].
Additional information is also obtained, as the recovered peptides comprise the surface-
exposed moieties of the identified proteins, the most accessible to the host immune system.
The success of this approach impelled us to compare the surface-exposed proteins of the
highly virulent and transmissible epidemic strain B. cenocepacia J2315 [15] when grown in
conditions mimicking those found in the CF lung under aerobic or microaerophilic conditions.
A low oxygen environment is an important environmental condition present in the CF lung,
since during the advancement of the CF disease, the patient’s lungs become filled with a dense
and sticky mucus layer, generating microaerophilic environments within the lung [16,17]. In
fact, concentrations of oxygen present in infected CF lungs vary severely from atmospheric
to almost zero, as demonstrated by the isolation of strict anaerobes at high densities in the
sputum of these patients [18]. Furthermore, Bcc bacteria can thrive intracellularly in host cells,
where the pathogen can face low pH inside phagolysosomes, deficiency of nutrients, and
limiting levels of oxygen [19]. These unique conditions of reduced oxygen levels contribute
to the decline of the lung function and to the persistence of infections, as the bacteria in this
hypoxic environment have been found to differently express virulence factors and exhibit
increased resistance to antimicrobials [16,20,21]. The significance of these environmental
conditions in the context of the CF lung infection underscores the importance of detailed
knowledge about surface-exposed proteins for the proper tailoring of immunotherapies. In
the present work, a surface-shaving approach was used on B. cenocepacia J2315 cells grown
under aerobic or microaerophilic conditions. The strain was chosen since it is the reference
strain of the epidemic ET12 lineage, and its genome is publicly available [15]. This approach
led to the identification of a total of 461 proteins. The proteins with predicted subcellular
localization as outer membrane or extracellular were further analyzed, their predicted B-cell
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epitopes were compared to the surface-exposed moieties found, and their levels of expression
under both aerobic and microaerophilic conditions were compared. Additionally, sera samples
from CF patients with a clinical history of Bcc infection were tested for immunoreactivity
against three selected OM proteins predicted to have surface-exposed moieties with predicted
immunogenic B-cell linear epitopes and protegenicity higher than 90.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The B. cenocepacia J2315 CF isolate was used in this work and maintained on PIA (Pseu-
domonas Isolation Agar, Becton Dickinson, Heidelberg, Germany) plates. The Escherichia coli
LMG194 (Invitrogen, Carlsbad, CA, USA) was maintained in LB-Miller broth (containing in
g/L, tryptone, 10; yeast extract, 5; NaCl, 10). The strains were cultivated at 37 ◦C in shaking
flasks (250 rev/min) containing liquid LB-Miller with the appropriate antibiotics or on the
surface of the previously described Artificial Sputum Medium (ASM) agar plates [22].

2.2. Surface Shaving of Live B. cenocepacia Cells and Peptide Extraction

The “shaving” and recovery of peptides from B. cenocepacia J2315 cells using trypsin
were performed as described by Sousa et al. (2020) with slight adaptations [12]. Bacteria
were inoculated with an initial optical density at 600 nm (OD600) of 0.1, and after four hours
of growth, the OD600 was normalized to 0.5. 100 µL aliquots of the normalized bacterial
suspensions were inoculated on the surface of ASM agar plates. The plates were incubated
for 22 h at 37 ◦C under both aerobic and microaerophilic conditions. Microaerophilic con-
ditions were attained using the CampyGenTM Compact Sachet in an OxoidTM Compact
Plastic Pouch (Oxoid, Basingstoke, UK). To confirm the desired conditions, a plate contain-
ing Mueller Hinton agar (Sigma Aldrich) inoculated with Campylobacter jejuni ATCC 33560
was used as a control. After cultivation for 22 h, the cells were gently collected from the
plate surface, washed thrice, and digested with trypsin, as previously described [12]. Then,
the mixtures were centrifuged (3500× g, 5 min, 4 ◦C), and the supernatants were filtered
using 0.22 µm-pore-sized syringe filters (WhatmanTM, Buckinghamshire, UK). The filtrate
is the surfome that was re-digested with 1 µg/mL trypsin overnight at 37 ◦C with gentle
agitation and then stored at −80 ◦C until further processing. Three biological replicates of
each total exoproteome were performed.

2.3. LC-MS/MS Analysis

The peptides were separated, as described previously [12], using a Dionex Ultimate
3000 nano UPLC (Thermo Scientific, San Jose, CA, USA), equipped with a reverse-phase
C18 75 µm × 50 Acclaim Pepmap Column (Thermo Scientific), in 85 min chromatograms us-
ing a flow rate of 300 nL/min and 40 ◦C. Previously, the peptide mixture was concentrated
and purified using a 300 µm × 5 mm Acclaim Pepmap cartridge (Thermo Scientific) in 2%
ACN/0.05% formic acid for 5 min, at a flow of 5 µL/min. Chromatographic separation
was accomplished using Solution A (0.1% formic acid) and Solution B (80% ACN, 0.1%
formic acid) as the mobile phase, according to the following elution conditions: 4–35%
solution B for 60 min; 35–55% solution B for 3 min; 55–90% solution B for 3 min. Then, an
8 min wash with 90% solution B, followed by re-equilibration for 12 min with 4% solution
B, was carried out. Peptides were eluted and ionized by a nano-electrospray ionization
source and were further evaluated using a trihybrid Thermo Orbitrap Fusion (Thermo Sci-
entific) mass spectrometer working in positive mode, in Top30 Data Dependent Acquisition
mode. Peptide precursors were attained in single MS mode, within a 400–1500 m/z range at
120,000 resolution (at 200 m/z) with a 4 × 105 ion count target threshold. For MS/MS, pre-
cursor ions were formerly isolated in the quadrupole at 1.2 Da, and then CID-fragmentation
occurred in the ion trap with 35% normalized collision energy. Monoisotopic precursor
selection was turned on. Ion trap parameters were: (i) automatic gain control at 2 × 103;
(ii) 300 ms for maximum injection time; and (iii) sampling of only precursors with charge
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states 2–5 for MS/MS. A dynamic exclusion time was set to 15 s, with a 10 ppm tolerance
around the selected precursor and its isotopes to avoid redundant fragmentations.

2.4. Protein Identification by Database Searching

Proteome Discoverer (version 2.5.0.400, Thermo Scientific) was used to process raw
data from mass spectrometry without applying charge state deconvolution and deisotoping.
The SEQUEST engine was used to examine MS/MS spectra against the B. cenocepacia J2315
genome database downloaded from Uniprot (www.uniprot.org; accessed at 22 March 2022).
Search parameters applied were one missed cleavage after trypsin digestion; methionine
oxidation as a variable modification; 10 ppm mass tolerance of precursor ions; and 0.1 Da
of tolerance of product ions. Peptide identifications were accepted when higher than the
filter parameter Xcorr score vs. charge state with SequestNode Probability Score (+1 = 1.5,
+2 = 2.0, +3 = 2.25, +4 = 2.5). Validation of peptide spectral matches (PSM) was performed
at a 1% FDR using percolator based on q-values.

2.5. Bioinformatic Analysis of Protein Sequences

Initial predictions of subcellular localization were achieved using PsortB v3.0 (https:
//www.psort.org/psortb/; accessed at 23 March 2023). When subcellular localization was
unknown (U), a different analysis using LocTree3 was performed [23]. The presence of
features like signal peptides was obtained using SignalP—6.0 (https://services.healthtech.
dtu.dk/services/SignalP-6.0/; accessed at 23 March 2023). Proteins previously identified as
cytoplasmic (C), cytoplasmic membrane (CM), or periplasmic (PM) were further analyzed
for the probability of being moonlight proteins with secondary functions at the outer
membrane or extracellularly. This analysis was performed using the Databases MoonProt
3.0 and MultitaskProtDBII. Proteins bioinformatically identified as extracellular (E) or
outer membrane (OM) were selected for further analysis of B-cell linear epitopes using
BepiPred-2.0, within the immune epitope database (IEDB), using a 0.5 threshold [24]. This
threshold was chosen since it maximizes BepiPred-2.0 sensitivity and specificity. Only
peptides ranging from 5 to 25 amino acids were considered, as this is the typical range
of B-cell epitopes [24]. Vaxign2 (https://violinet.org/vaxign2; accessed at 27 April 2023)
was used to predict the potential of the identified proteins as vaccine candidates using
the principle of reverse vaccinology [25], and adhesion probability was calculated on the
vaxign2 page using SPAAN software [26].

2.6. Production of Anti-Hfq2 and Anti-GroEL Polyclonal Antibodies

Nucleotides 350 to 538 of the hfq2 (BCAL1538) gene and nucleotides 1192 to 1461 of
the groEL (BCAL3146) gene were amplified from the B. cenocepacia J2315 genome with the
primer pairs AMG1_Fw (GAATTCGCCGCGTGAAGGCTACGGTT) / AMG1_Rv (GTCGAC-
TACTGGCCGTCCGGCACGAT) and AMG3_Fw (GAATTCGACGCACTGCACGCAACC)
/ AMG3_Rv (TTGTCGACGTACTCGCCCGTTGCT), respectively. The resulting amplicons,
ranging in size from 228 to 284 bp, were digested with EcoRI and SalI and cloned into the same
cloning sites of the pMAL-c2X vector (New England Biolabs, Ipswich, MA, USA), generating
the plasmids pMAL-Hfq2 and pMAL-GroEL. These plasmids allowed the expression of the C-
terminal Hfq2 or GroEL peptides, fused to Maltose-binding protein (MBP) at the N-terminus.
The plasmids were sequenced to confirm correct insertion of the cloned products and trans-
formed into E. coli LMG194. In order to produce polyclonal antibodies against Hfq and GroEL
proteins, the constructions were sent to the commercial company SICGEN (Portugal), where
the recombinant peptides were overexpressed, purified, and used to produce polyclonal goat
antibodies. The antibodies were purified by immunoaffinity, and their specificity was tested
by Western blot against total cell extracts of B. cenocepacia J2315.

2.7. Fractionation of Cell Proteins

B. cenocepacia J2315 cultures were grown as described for surface shaving. After 22 h,
the cells were collected using PBS 1X. A volume of bacterial suspension corresponding to
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approximately an OD600 of 80 was harvested by centrifugation (7000× g, 4 ◦C for 30 min).
The pellet was used for the fractionation of cytoplasmatic and outer membrane proteins,
and the bacterial supernatant was used for the extraction of extracellular proteins, following
a procedure derived from Wickramasekara et al. (2011) and Sandrini et al. (2014) [27,28].

For extracellular proteins, 12 mL of the bacterial supernatant was centrifuged under
the same conditions and was mixed with ice-cold 10% (w/v) Trichloroacetic acid (TCA,
Sigma) and incubated at 4 ◦C for 30 min. After centrifugation (14,000× g for 30 min), precip-
itated proteins were washed with cold acetone, the pellets were air-dried and dissolved in
75 µL of SDS sample buffer (100 mM Tris base pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol,
0.2% (w/v) bromophenol blue, 200 mM DTT), followed by heating for 5 min at 95 ◦C. For
cytoplasmatic and outer membrane proteins, the pellet was washed twice with 10 mM
Tris buffer (pH 7.5) and resuspended in 10 mL of this buffer. The sample was then frozen
at −80 ◦C. The sample was thawed and lysed by ultrasonic vibration using a Branson
sonifier 250 (Branson Ultrasonics, Brookfield, CT, USA), using 6 cycles of sonication of 30 s
each at a 40% duty cycle. Cell debris and unlysed cells were removed by centrifugation
(6700× g, 15 min, 4 ◦C), and the proteins of the supernatant were separated by ultracen-
trifugation (108,726× g, 15 min at 4 ◦C) using a Beckman XL-90 Ultracentrifuge. The pellet,
containing total membrane proteins, was washed with 10 mM Tris buffer (pH 7.5). The
supernatant, containing cytoplasmatic proteins, was also mixed with 0.2 volumes of SDS
sample buffer and heated for 5 min at 95 ◦C. To separate the outer membrane proteins, the
total membrane protein pellet was resuspended in 10 mM Tris buffer supplemented with 2%
(v/v) Triton, and after 30 min of incubation, the mixture was ultracentrifuged (108,726× g,
15 min at 4 ◦C). The outer membrane pellet was washed with 10 mM Tris buffer (pH 7.5)
and resuspended in SDS sample buffer.

2.8. Western Blot Analyses

Extracellular, cytoplasmatic, and outer membrane proteins were separated using 12.5%
SDS-PAGE. A Trans-Blot® SD (BIORAD, Hercules, CA, USA) device was used to transfer
the proteins from the gel to NC membranes (PALL corporation). The membranes were then
blocked overnight at 4 ◦C with 3% (w/v) Albumin (BSA) fraction V (PanReac AppliChem) in
PBS 1×. The membrane was probed with the primary Goat antibody of interest, anti-HFQ2
(1:1500 dilution), anti-GroEL (1:3500 dilution), or anti-BCAL2645 [29] (1:4000 dilution)
for 2 h at room temperature. Then, the secondary antibody HRP-conjugated Mouse anti-
Goat IgG antibody diluted 1:10,000 (SANTA CRUZ biotechnology, Dallas, TX, USA) was
added. After 1 h of incubation at room temperature, the membranes were treated with the
peroxidase substrate ECL (Sigma, St. Louis, MO, USA). Chemiluminescence signals were
detected using a FUSION Solo device (Vilber Lourmat, Collégien, France).

2.9. Cloning and Overexpression of B. cenocepacia J2315 bcal1985, bcal2645, and bcam1931

The genes bcam1931 and bcam1985 PCR products were obtained using the primers
pairs UP-BCAM1931 (5′-CGCCATATGAACAAGACTCTG -3′) and LW-BCAM1931 (5′-
TATCTCGAGGAAGCGGTGACG-3′), and UP-BCAL1985 (5′-CGCCATATGATCCTGACATC-
3′) and LW-BCAL1985 (5′-CTTCTCGAGCTGGATCTTGGC-3′), respectively. The NdeI and
XhoI target sequences are underlined in each primer pair. The 1080 bp (bcam1931) and
783 bp (bcal1985) PCR products were digested with the restriction enzymes NdeI and
XhoI, and the restriction fragments were ligated into the NdeI/XhoI-digested pET23a+,
yielding pJMM01 and pJMM02, respectively. To confirm if the gene was present in the
constructed plasmid without errors, plasmid DNA was extracted and sequenced using the
T7 primer. With Blastn suite-2 sequences software, the nucleotide sequences of the genes
bcam1931 and bcal1985 were fully aligned with the sequencing results, as shown in Figure 1.
The constructed plasmids pJMM01 and pJMM02 allow for the controlled expression of
C-terminus 6× His-tag derivatives of the proteins BCAM1931 and BCAL1985, respectively.
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1 

 

 

Figure 1. Schematic representation of the cloning of bcal1985 and bcam1931 genes in pET23a+, yielding
the plasmids pJMM1 and pJMM2, respectively. In the middle, the agarose gel of the PCR products
bcam1931 and bcam1985 is represented. M—Gene Ruler 1kb Plus DNA ladder (20,000–75 bp). The
sequencing results from the pJMM1 and pJMM2 using the T7 promoter primer are represented in the
bottom boxes.

E. coli BL21 (DE3) transformed with pJMM01 or pJMM02 was cultured at 18 or 30 ◦C,
respectively, in shake flasks, using SB supplemented with 150 µg/mL ampicillin. Induction
with IPTG (0.4 mM), bacterial harvesting after 18 h (pJMM01) or 2 h (pJMM02) of cultivation,
processing, and recombinant protein purification and western blot analysis were performed
based on previously described methods [12].

2.10. Purification of His-Tagged Proteins BCAL1985, BCAL2645, and BCAM1931

Bacterial cell suspensions were disrupted by ultrasonic vibration using a Branson
sonifier 250 (Branson Ultrasonics, Brookfield, CT, USA), with 5 cycles of 25 s each at 40%
duty cycle. Before the last sonication cycle, 2% (v/v) Triton X-100 (BCAM1931) or Triton
X-114 (BCAL1985) and 0.5 mM Phenylmethylsulfonyl fluoride (PMSF) were added to the
bacterial suspensions for protein solubilization and inhibition of protein degradation by
proteases, respectively. Non-soluble cell debris was removed by centrifugation for 30 min
at 12,000× g and 4 ◦C. The cleared supernatants were collected and maintained at 4 ◦C until
further processing. Both recombinant proteins were purified by affinity chromatography
using HisTrap FF columns (GE Healthcare, Chicago, IL, USA). The columns were initially
equilibrated with 10 mL of Buffer I supplemented with 1% (v/v) Triton X-100 (BCAM1931)
or without detergent (BCAL1985) and 0.5 mM PMSF. Proteins were eluted with 5 mL of
Buffer I containing increasing imidazole concentrations of 50, 60, 80, 100, and 200 mM
(BCAM1931) or 60, 100, 200, 300, and 500 mM (BCAL1985). Aliquots of 1 mL were collected
for each protein, followed by SDS-PAGE analysis. Western blot using a monoclonal anti-
polyhistidine peroxidase conjugate clone HIS-1 antibody (diluted 1:2000, Sigma, St. Louis,
MO, USA) was performed, as previously described [12]. BCAL2645 purification was carried
out, as previously described [12].

2.11. CF Patients’ Blood Sera Immunoreactivity Assay against BCAL1985, BCAL2645, and
BCAM1931 Proteins

The purified 6 × His-tagged BCAL1985, 6 × His-tagged BCAL2645, 6 × His-tagged
BCAM1931, and BSA were loaded into 12.5% SDS-PAGE gels and electrophoresed at
160 V. Western blot and chemiluminescence signal detection were performed, as described
previously [12]. Serum samples SCF1 and SCF2 were gathered from two CF patients with
positive cultures of Bcc bacteria who received treatment at Hospital Santa Maria (Lisbon,
Portugal). Serum samples SCF3 and SCF4 were acquired from two CF patients with positive
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cultures of Bcc at Hospital de D. Estefania (Lisbon, Portugal). The serum samples were
obtained from the blood samples collected, as previously described [12].

2.12. Data and Statistical Analysis

Peptide extractions from both the microaerophilic and aerobic conditions were per-
formed in triplicate from three independent cultures and “shaving” experiments. Proteins
considered had to be identified in at least two of the samples, with proteins found in
only a single sample being discarded from the overall count of identified proteins. Ex-
cel (Microsoft Excel 2021 v16.72 for Mac, Microsoft, Redmond, WA, USA) was used for
means and standard deviations calculations to perform quantitative analysis. Values were
z-scored prior to heatmap analysis. Heatmaps were made with the ClustVis web tool
(https://biit.cs.ut.ee/clustvis/; accessed at 7 November 2023) using default parameters.
A 0 value was assigned to non-detected proteins in samples to avoid processing unavail-
able data. PCA analysis was performed with Proteome Discoverer (version 2.5.0.400,
Thermo Scientific).

3. Results and Discussion
3.1. “Shaving” of Surface-Exposed Proteins of B. cenocepacia J2315 Live Cells

B. cenocepacia J2315 live cells were cultured on ASM under either microaerophilic or
aerobic conditions, with the first condition being more closely related to the environment
found in the CF lung at later stages of the disease. The cells were submitted to trypsin
digestion using previously optimized conditions that minimize cell lysis and contamination
with cytoplasmic proteins [12]. This short digestion time may result in large protein
fragments that are not identifiable by MS/MS. Therefore, a re-digestion step was performed
in which the supernatant containing the proteins’ digested fragments was digested for
a longer period of time (overnight). The resulting peptides (surfome) were recovered
and analyzed by LC-MS/MS. A total of 461 proteins with ≥2 unique peptides that were
identified in at least two independent duplicates were found in the collective samples under
aerobic and microaerophilic conditions, with 459 found under microaerophilic conditions
and 438 under aerobic conditions (Figure 2, Tables S1–S5).
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Figure 2. Schematic representation of the subcellular localization of the proteins identified using the
surface-shaving approach, with the number of proteins identified in each environmental condition
represented. The programs PsortB v3.0 and LocTree3 were used to predict the subcellular localization.
Moonlight proteins with secondary functions at the outer membrane or extracellularly were identi-
fied using the Databases MoonProt 3.0 and MultitaskProtDBII. Localization: (C) cytoplasm; (CM)
cytoplasmic membrane, (PM) periplasm; (U) unknown; (OM) outer membrane; (E) extracellular.

https://biit.cs.ut.ee/clustvis/
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A total of 53 proteins were predicted to be surface-exposed based on their outer mem-
brane (OM) or extracellular (E) localization after the analysis of subcellular localization
using PsortB v3.0 combined with LocTree3 prediction programs (Figure 2; Tables 1 and 2;
Tables S2 and S4). In the surfome, a total of 408 proteins were found to be in silico pre-
dicted to be not exposed on the bacterial surface. The analysis of subcellular localization
using PsortB v3.0 combined with LocTree3 programs predicted 267 proteins to be only
localized in the cytoplasm (C), 24 proteins on the cytoplasmic membrane (CM), 116 pro-
teins in the periplasm (PM), and 1 protein with unknown (U) localization (Tables S3 and
S4). The genome of B. cenocepacia J2315 has a total of 7117 coding sequence (CDS), with
3138 predicted to be localized in the C fraction, 1518 in the CM fraction, 235 in the PM
fraction, and 289 localized on the bacterial surface or extracellularly [30]. Considering the
total number of CDS for each subcellular fraction, the surfome samples have 8.5% of the
C fraction, 1.6% of the CM fraction, 49.4% of the PM fraction, and 18.3% of the bacterial
surface or extracellular fraction. These results shown minor contamination with the C
and CM fractions; however, a high number of PM proteins appear in the surfome samples
extracted. Nevertheless, these values do not take into consideration the protein expression
profile under each tested environmental condition.

To validate the subcellular localization of the proteins identified in the surfome ob-
tained through the surface-shaving approach, the subcellular fractionation technique was
employed to determine the localization of GroEL, BCAL2645. and HFQ2 proteins. The
GroEL and HFQ2 proteins were predicted in silico to be localized in the C fraction, while
the OmpA-like protein BCAL2645 was predicted to be localized on the OM. The GroEL and
BCAL2645 peptides were identified in the surfome analysis by LC-MS/MS under all tested
environmental conditions, while the HFQ2 protein was not detected (Table S1). To confirm
these results, the B. cenocepacia J2315 cells were grown in ASM medium under aerobic con-
ditions and fractionated into the subcellular fractions C, OM, and E. The obtained proteins
were size-separated by SDS-PAGE, electroblotted onto nitrocellulose, and detected using a
goat IgG antibody specific for each protein (Figure 3). The BCAL2645 protein was found in
the C and OM, as expected for an OmpA-like protein and as described in other bacteria [31].
The RNA chaperone HFQ2 was exclusively detected in the C fraction [32]. This result was
anticipated, since the Hfq2 protein was not detected in the extracted surfome samples.
However, in contrast with the in silico prediction, the molecular chaperone GroEL was
found in all protein subcellular fractions tested. In fact, this cytoplasmic protein was found
in the surfome samples under both conditions tested. The intracellular chaperone GroEL,
associated with protein folding, has been found in several bacteria on the cell surface
or secreted during host cellular invasion, being recognized by the host immune system
as an antigen [33]. In the Burkholderia genus, GroEL has been previously found in the
extracytoplasmatic fraction and was able to elicit the host immune system [34–36].

The results obtained for the GroEL protein suggest that other surfome-identified
proteins predicted in silico to be in the C, cytoplasmatic membrane (CM) fraction, periplasm
(PM), or unknow (U) subcellular fraction can have moonlight functions on the bacterial
surface. Therefore, the 408 proteins were analyzed using the Databases MoonProt 3.0
and MultitaskProtDBII. A total of 37 proteins, comprising 29 from the C and 8 from
the PM fraction, were identified as putatively possessing moonlight functions on the
bacterial surface of other bacterial species and with roles in the adhesion or invasion
of host cells (Table S5). The majority of the moonlight proteins found have canonical
function as metabolic enzymes (29 proteins). Six Enzyme Commission (EC) groups are
represented among the proteins identified as possessing putative moonlight activity, with
8 enzymes from group 1 (oxidoreductases), 7 from group 2 (transferases), 4 from group
3 (hydrolases), 2 from group 4 (lyases), 7 from group 5 (isomerases), and 1 from group 6
(ligases). One group of these enzymes is involved in cell redox homeostasis (peroxiredoxins
BCAL1070, BCAL3192, and BCAL2013, and SodB). Other moonlight proteins identified are
molecular chaperones/heat shock proteins (GroEL, DnaK, ClpA, ClpB, GrpE), involved in
protein synthesis (TufA, FusA) or in the bacterial secretion system (SecA). Non-moonlight
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periplasmic and cytoplasmic proteins most probably arose in surfomic samples as a result
of cell lysis during the incubation of living cells with trypsin.
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Figure 3. Subcellular localization of B. cenocepacia J2315 BCAL3146 (GroEL), BCAL2645 (OmpA), and
BCAL1538 (HFQ2). After bacterial growth in ASM medium under aerobic conditions, cells were
harvested and divided into the following fractions: Cytoplasmic proteins (Lane 1), Outer Membrane
proteins (Lane 2), and Extracellular proteins (Lane 3). These fractions were analyzed by SDS-PAGE
(A) and by Western blot using the goat IgG antibodies anti-BCAL3146, anti-BCAL2645, or anti-Hfq2
(B). M-PageRulerTM unstained broad-range protein ladder (Thermo Scientific).

3.2. Surfome Proteins Predicted to be Located at the Outer Membrane

Of the 53 proteins identified to have subcellular localization at the bacterial surface,
21 were predicted to be localized in the OM or to belong to the fimbriae or flagella structures
(Table 1).

Vaxign-ML was used to estimate the protegenicity (protective antigenicity) scores
of the identified proteins. The majority of proteins included in approved vaccines al-
ready licensed or in clinical trials have a protegenicity score higher than 90 [25]. Using
this criterion, we predict that all the proteins identified, except for BCAS0522, are good
antigen candidates for vaccine development. The proteins BCAM2761 and BCAS0104 pre-
sented the highest scores (>95). BCAM2761 encodes the pilus major subunit CblA in ET12
B. cenocepacia strains, which is associated with a 22 kDa adhesin, shown to be involved in
the persistence of infection and the development of severe inflammation in CF patients [37].
BCAS0104 encodes the structural component of the flagella, the cap protein FliD2, which is
a paralog of BCAL0113 [30]. In addition, flagellar cap proteins can bind to mucins, which is
important for the colonization step of the CF lung.

When considering the predicted B-cell epitopes, 15 of these OM proteins were shown
to have at least one B-cell epitope with more than 5 consecutive amino acids in the
surface-exposed moieties of the protein, reinforcing their probability of eliciting a B-cell
immune response during infection. Most of the proteins identified have exposed B-cell
epitopes in both growth conditions tested (10 proteins). However, 3 of them have only
B-cell epitopes under aerobic conditions (BCAL0304, BCAL0349, BCAM2549) and 2 of
them under microaerophilic conditions (BCAL0565, BCAS0104). The proteins BCAL0577,
BCAL1893, BCAL2820, BCAM2418, BCAS0236, and BCAS0522 have no exposed B-cell
epitopes predicted.
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Table 1. Summary of B. cenocepacia J2315 proteins identified with the surface-shaving strategy followed by LC-MS/MS (threshold score ≥ 2 peptides), with a
subcellular localization of OM, fimbrial, or flagellar. Data show the number of unique peptides identified, Vaxign-ML score, adhesin probability, and identified
surface-exposed protein moieties containing predicted immunogenic epitopes, which are shown in bold. HP—Hypothetical protein.

ORF 1 Product 1 PSMs 2 Unique
Peptides 2

Vaxign-ML
Score 3

Adhesin
Probability (Pad) 4

Surface-Exposed Protein Moieties with Predicted
B-Cell Linear Epitopes 5

BCAL0304 VacJ-like lipoprotein 9 2 90.9 0.513 195ANLLGAGDVLDAAALDK211 #

BCAL0349 * Type VI secretion system-associated protein TagL 5 2 94.8 0.756
195VSASEQGVLDQTLANR210 #

257TSNIALSQAR266 #

BCAL0565 Flagellar basal body rod protein (FlgC) 6 3 90.9 0.852 47QVVFATDPMGGARTASGQGVGGVR70 •

BCAL0577 Flagellar hook-associated protein (FlgL) 18 4 94.3 0.846 -

BCAL1893 Family M23 peptidase 7 3 91.3 0.645 -

BCAL1985 Putative exported isomerase 26 6 90.9 0.517
77EGIPNRPDVK86 H#

235AQIAQQLVQQKLQAFEEGLR254 H#

BCAL2022 PspA/IM30 family protein 19 5 90.9 0.406
13GLLNDAADSVQDPS R27 H#

150DVAASALGGIGGKNLSEDFQK170 H#

BCAL2413 HP 17 3 90.9 0.639
70QMLFVDTVSASGAR83 H#

102DEIADPK108 H#

BCAL2645 Putative OmpA family membrane protein 22 3 90.9 0.623
79LAPSAAQTGTQVTEQPDGSLK99 •
178LSAQGMGASNPIADNATEAGR198 H#

BCAL2820 RND-4 efflux system outer membrane protein (oprM) 6 3 94.9 0.537 -

BCAL2958 Putative ompA family protein 78 9 92.8 0.581

93ITYQADALFDFDKATLKPLGKQKLDELASK122 H#

140IGSDKYNDR148 H#

203RVEVEVVGTQQVQK216 H#

BCAL3203 # Tol-Pal system protein (TolB) 16 4 93.7 0.832 176YQLQISDSDGQNAR189 H#

BCAL3204 Putative OmpA family lipoprotein 25 4 90.9 0.391 97HVLIQGNTDERGTSEYNLALGQK119 H#

BCAL3426 Putative lipoprotein (SlyB) 12 3 90.6 0.798
56IQSDGGGSAIGTLGGGALGAVAGSAIGGGK85 #

128SITQAASGEAFR139 H#

BCAM1931 Putative porin 62 10 92.5 0.915

44SLWSMGSGIDQSR56 H#

61GSEDLGGGLK70 H#

199LGAAYSQANLGDGTNANGATNIAAQGR225 H#

BCAM2418 # Trimeric autotransporter adhesin 26 3 93.05 0.898 -
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Table 1. Cont.

ORF 1 Product 1 PSMs 2 Unique
Peptides 2

Vaxign-ML
Score 3

Adhesin
Probability (Pad) 4

Surface-Exposed Protein Moieties with Predicted
B-Cell Linear Epitopes 5

BCAM2549 Multidrug efflux system outer membrane protein (OpcM) 17 6 92.5 0.305
185ADQAQSEALFR195 #

253AKNELASAQADAVGVAR269 #

BCAM2761 Giant cable pilus (cblA) 49 6 95.9 0.929 80LATAPALKNQTSPGAAEIPLSVK102 H#

BCAS0104 A-type flagellar hook-associated protein 2 (HAP2) (fliD2) 30 9 96.6 0.884
52VATLAASQASGNTR65 •
481MNTNSQYLTRLFGGANSNGTLSK503 •

BCAS0236 # Trimeric autotransporter adhesin 6 2 92.2 0.917 -

BCAS0522 HP 14 2 82.2 0.471 -
1 Burkholderia Genome Database. 2 Data retrieved from LC-MS/MS analysis using Proteome Discoverer Program. PSM—Peptide Spectrum Matches. 3 Vaxign-ML score is the percentile
rank score from the final Machine Learning classification model—recommended threshold: 90.0. 4 Calculated using SPAAN program with default settings—recommended threshold:
0.51. 5 Peptides identified by LC-MS/MS were analyzed for B-cell linear epitopes using http://tools.iedb.org/bcell/ (accessed at 29 May 2023). Threshold of 0.5. B-cell epitopes shorter
than 5 or larger than 25 amino acids were not considered. * Subcellular classification of outer membrane using LocTree3. # Protein with multiple localization sites. # Only found under
aerobic conditions. • Only found under microaerophilic conditions. H# Found under both conditions.

http://tools.iedb.org/bcell/
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Flagellar hook-associated protein FlgL (BCAL0577) homologs have been used as carrier
proteins in gold nanoparticle-vectored LPS glycoconjugates vaccines against melioidosis
and glanders [38]. However, their protective efficacy was dubious. BCAM2418 homolog
protein BimA was also used as an antigen in a vaccine study using BCALB/c mice and
B. mallei orB. pseudomalleichallenge[39]. In these studies, it was shown that all vaccinated
animals survived 21 days post-challenge compared with only 12.5% in the control animals.
Later, using BimA with cationic liposome-DNA complex andB. pseudomalleichallenge,
these authors revealed ~80% protection in the acute phase of infection and ~20% long-
term protection. TheBCAL3204 homolog Pal (BPSL2765) was previously shown to be
involved inB. mallei’sability to resist complement-mediated killing and to replicate inside
host cellsin vitro.The protein was also able to induce host antibodies during the course of
infection and contributed to the bacterium’s virulence in a mouse model of infection[40].
In this study, the authors also showed that Pal protein administration to mice led to an 80%
survival over a period of 40 days post-challenge withB. mallei.

To achieve successful colonization, bacterial pathogens encode adhesins to mediate
their adherence to host cell surface receptors and extracellular matrix components [41].
Using the minimum threshold of 0.51, 17 proteins were identified with possible roles in
adhesion to host cells. To identify top-scoring novel adhesins with high confidence using
the SPAAN program, we used a stringent criterion of Pad > 0.7 to reduce the detection of
false positives. Using this criterion, only 10 proteins were identified, being associated with
flagella (BCAL0565, BCAL0577, BCAS0104), pilus (BCAM2761), type VI secretion systems
(BCAL0349), protein transport (BCAL3203), transmembrane transport (BCAM1931), OM
integrity (BCAL3426), or trimeric autotransporter adhesins (BCAM2418, BCAS0236). High
levels of mRNA corresponding to BCAM2418 and BCAS0236 were found in cells of B.
cenocepacia K56-2 after physical contact with bronchial epithelial cells [42]. In addition,
an anti-BCAM2418 antibody was shown to inhibit cellular adhesion of B. cenocepacia
strains to bronchial cells and mucins and to exert an inhibitory effect when the bacterium
infected Galleria mellonella [43]. The anti-BCAM2418 antibody used specifically targets
the passenger domain of BCAM2418 (aa 100–234), which is extracellular and normally
involved in virulence. In fact, in the surfome samples analyzed, only the amino acid
residues 205–282 of the total 2775 amino acids of the BCAM2418 protein were identified
(Table S6). As expected, these results indicate that under conditions mimicking the CF lung,
the BCAM2418 passenger domain was extracellularly located.

Blocking the initial stages of infection, namely, bacterial attachment to host cells
or/and the mucosal surface, can be an effective strategy to avoid bacterial infections.
Further studies on these 10 identified proteins could pave the way to the development of
new immunotherapeutic strategies targeting the proteins involved in the initial stages of
infection and abolishing the colonization process [44].

3.3. Surfome Proteins Predicted as Extracellular

Of the 53 proteins identified to have subcellular localization at the bacterial surface,
32 were predicted to be E (Table 2).

Using a protegenicity threshold of 90, 20 proteins were predicted as good candidates
for vaccine development, with the proteins BCAL0151 and BCAL0849 having the highest
scores (>95). BCAL0151 is an extracellular ligand-binding protein, and BCAL0849 is
an M48B metallopeptidase. BCAL0849 was previously demonstrated to be upregulated
in B. cenocepacia J2315 grown in CF sputum samples, with possible roles in host tissue
destruction [45].

When considering predicted B-cell epitopes, 24 of these proteins were shown to
have at least 5 consecutive amino acids coinciding between their B-cell epitopes and
the peptides found through the surface-shaving approach, reinforcing their probability
of eliciting a B-cell immune response during infection. Most of the proteins identified
have predicted exposed B-cell epitopes under both growth conditions tested (19 proteins).
However, epitopes could only be predicted under microaerophilic conditions for 5 of them
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(BCAL0360, BCAL0562, BCAL0849, BCAL1390, BCAL1938). Eight of these proteins have
no predicted exposed B-cell epitopes; 6 of them are classified as hypothetical proteins.

BCAL0343 homolog protein Hcp6 has been studied as a potential melioidosis vac-
cine antigen [46].It was shown that recombinant Hcp6 protected 50% of mice against B.
pseudomallei challenge.

Table 2. Summary of predicted extracellular B. cenocepacia J2315 proteins identified using the surface-
shaving strategy and LC-MS/MS (threshold score ≥ 2 peptides). The numbers of unique peptides
identified, the Vaxign-ML score, and identified protein moieties containing predicted immunogenic
epitopes (in bold) are shown. HP—Hypothetical protein.

ORF 1 Product 1 PSMs 2 Unique
Peptides 2

Vaxign-ML
Score 3

Surface-Exposed Protein Moieties with Predicted B Cell
Linear Epitopes 4

BCAL0076 * Putative lipoprotein 7 2 48.2 86QEANDMSAQHNGGLSGDEQR105 H#

BCAL0151 # Extracellular ligand
binding protein 90 15 98.9

73ITLQLDPQDDAADPRQATQVAQK95 H#
119IYSDAGVVQISPSATNPAYTQQGFK143 H#

199VMSHDATNDKAVDFR213 #
325ANSTDPAKILAAMPATKYTGVIGTTTFDS353 H#

BCAL0343 Putative type VI secretion
system protein (TssD) 9 4 90.9

30SWDHSIVQPR39 •
40SATASTAGGHTMTR53 H#

BCAL0360 * HP 12 3 81.7
48DNAPLDER55 •

72AANHQVIGTSETYSSVQAR90 •

BCAL0389 #
Thiol:disulfide

interchange protein
(DsbC)

5 2 91.9
40LGNDAPIK47 H#

224RLPGAVSADQLNQALASSK242 #

BCAL0562
Flagellin synthesis

anti-sigma-28 factor
(FglM)

8 4 90.9 22APSGTAQSSAQAGDAGSTGGDTTVNLSGLSGQLR55 •

BCAL0849 Metallo peptidase,
subfamily M48B 13 2 95.9 159SAAGAASPGVAALSSSQLGDITEK182 •

BCAL1105 * HP 10 2 90.4 37DAMGHDAMAK46 H#

BCAL1390 * Glucanase 3 2 90.9
267ADPLAAPLLAK277 •
365FGADGTLDTR374 •

BCAL1848 * HP 6 2 87.0 98APQALVVTTRSAGSGGYVGAQAYVTTSR125 H#

BCAL1849 * HP 13 4 90.9
72GGGTGQLEYTVK83 H#

153GVANVQLSFQAAAPK167 H#

BCAL1938 * Cysteine peptidase,
family C40 3 2 90.9 346TSTADDPIAR355 •

BCAL1961 * HP 51 11 91.4

58LDPNTLAPNGDPILVIAAR76 H#
82VAAAIATTPNVDLEK96 #

82VAAAIATTPNVDLEKEDK99 H#
174GNHASTVTLLLDQGADPQ

VK193 #
194NQLGITALEFAK205 H#
223IGASTPADAQK233 H#

BCAL2229 * HP 36 11 90.9 292VGIIDLASRKLVQTIAVGR310 H#

BCAL2476 * HP 11 4 80.8 72KFIIDDNLK80 H#

BCAL3149 # HP 10 4 77.0 122NVHALQQGGATVTEGEEAVGGR143 H#

BCAL3311 BcnA 35 8 94.4
64AAQGSAQMTIDVASFDLGDKMYNDQVAGK92 H#

157SAFNVGTGEWKDTSIVADEVQIK179 H#

BCAL3394 * Putative exported
ribonuclease 9 4 84.7 -

BCAL3427 * Histone H1-like protein
(HctB) 16 2 90.8 -

BCAM0900 * HP 31 8 82.8 -

BCAM1242 * HP 12 5 90.9 -
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Table 2. Cont.

ORF 1 Product 1 PSMs 2 Unique
Peptides 2

Vaxign-ML
Score 3

Surface-Exposed Protein Moieties with Predicted B Cell
Linear Epitopes 4

BCAM1576 Phosphoesterase family
protein 29 14 93.7

145ITDAQGKPLPNGVITR160 #
256VEGDDPAGTR265 H#

268LADDSPASALDGPPK282 H#

BCAM1761 * Putative lipoprotein 14 2 84.9
52LSGTEQSQHNGVTDIAVGSNSYFVTLTPSGNGSVIK87 #

91GSGSEPAEEAMR102 H#

BCAM1876 * HP 15 4 89.7 -

BCAM1920 * HP 7 3 90.9 13ATLSSDSGSIR23 H#

BCAM1921 * Putative phage
membrane protein 13 2 90.9 330LGGQVSNDVVYAR342 H#

BCAM1933 * Putative cyclase 28 5 88.7
33DLAAEEANRQLVLTFYDR50 H#

138IVEHWDVIQPVPETSANR155 H#

BCAM2181 * HP 4 2 85.9 150VEALLADESTAAR162 H#

BCAM2603 * HP 15 4 56.0
19YDGLTALNAYDEDGR33 #

37YAITEGPYAGAK48 H#
73ATVVHIDDFAAGTSR87 H#

BCAM2686 * HP 8 3 90.9 -

BCAS0151 * HP 14 3 90.9 -

BCAS0750 HP 28 3 90.9 -

1 Burkholderia Genome Database. 2 Data retrieved from LC-MS/MS analysis using Proteome Discoverer Program.
PSM—Peptide Spectrum Matches. 3 Vaxign-ML score is the percentile rank score from the final Machine Learning
classification model—recommended threshold: 90.0. 4 Peptides identified by LC-MS/MS were analyzed for B-cell
linear epitopes using http://tools.iedb.org/bcell/ (accessed at 29 May 2023). Threshold of 0.5. B-cell epitopes
shorter than 5 or larger than 25 amino acids were not considered. * Subcellular classification of outer membrane
using LocTree3. # Protein with multiple localization sites. # Only found under aerobic conditions. • Only found
under microaerophilic conditions. H# Found under aerobic and microaerophilic conditions.

3.4. Quantitative Analysis of Proteins Predicted as Outer Membrane or Extracellular Proteins

The relative abundance of the 53 proteins with predicted function or localization at
the bacterial surface or extracellularly was analyzed (Figure 4). Nine out of the 53 proteins
are highly abundant (>30 PSMs), with four of them belonging to the OM group (BCAL2958,
BCAM1931, BCAM2761, and BCAS0104) and five with predicted E localization (BCAL0151,
BCAL1961, BCAL2229, BCAL3311, and BCAM0900).

Most of the proteins had more PSMs in surfomic samples from cells grown under
microaerophilic conditions, with the most abundant proteins being BCAL0343, BCAL0360,
BCAL0562, BCAL0577, BCAL0849, BCAL2645, BCAM1920, BCAM2761, BCAS0104, and
BCAS0151. BCAL0565 was only present in surfomic samples under microaerophilic condi-
tions, while BCAL0349 was only present under aerobic conditions. BCAL0349 was present
in samples A1 and A2; however, it was only possible to quantify sample A1. BCAL0849
and BCAL1390 could only be quantified in one sample from aerobic surfomic replicates;
therefore, the presence of these proteins in cells grown under aerobic conditions is not clear.

In the work of Sass et al. (2013) [19], the transcriptomic profiling of B. cenocepacia
J2315 revealed the upregulation of BCAL0577, BCAL2645, and BCAL0562 under low oxygen
concentration growth conditions. These authors also reported that BCAL0349 was down-
regulated under low oxygen concentration growth conditions. These results reinforce that
higher surface-exposed moieties of these proteins are available in the surfomic samples
under microaerophilic or aerobic growth conditions due to higher expression of these
proteins. However, the majority of the proteins with higher PSMs were not detected as
overexpressed under microaerophilic conditions by Sass et al. (2013) [19]. Therefore, the
higher number of PSMs can be also due to a higher exposure of the protein moieties to
trypsin under microaerophilic conditions.

http://tools.iedb.org/bcell/
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Figure 4. Heatmaps of z-scored abundances of identified OM, fimbrial, and flagellar proteins (A),
and extracellular proteins (B) in the surface-shaving approach. Proteins are shown in rows, and the
surfomics samples are shown in columns in each heatmap. A1, A2, A3 refer to aerobic environment,
and M1, M2, M3 refer to microaerophilic environment. The numbers next to the growth condition
tested represent each of the three biological replicates. Increasing intensity in the positive range
(Orange) exemplifies abundances that are greater than the mean abundance resulting from both
conditions relative to the standard deviation associated with the mean. Increasing intensity in the
negative range (Blue) represents abundances that are lower than the mean abundance derived from
both conditions relative to the standard deviation associated with the mean. * Surfomic samples with
no peptide identified for the protein in the analysis.

3.5. Characterization of B. cenocepacia BCAL1985, BCAL2645, and BCAM1931
Proteins’ Immunoreactivity

To validate the findings obtained through our surfomics approach, we randomly
selected three OMP proteins with a protegenicity score higher than 90 and with surface-
exposed protein moieties containing predicted B-cell linear epitopes. The selected pro-
teins were BCAL1985, a putative exported isomerase, BCAM1931, a putative porin, and
BCAL2645, an OmpA-like protein. These details can be found in Table 3. The imunore-
activity of BCAL1985 and BCAM1931 was tested using sera samples from CF patients
with a clinical history of Bcc infection, using BCAL2645 as a positive control, which was
previously immunoreactive against sera samples SCF2 and SCF3 [12]. BSA was used as a
negative control.

The purified fraction of each protein was employed to identify IgG antibodies’ reac-
tivity against each protein in 4 serum samples from CF patients with active Bcc infection
(Figure 5). BCAL2465 protein exhibited strong immunoreactivity as it reacted with all
tested sera, indicating that the protein is highly exposed to the host in different infections
settings. On the other hand, the BCAM1931 protein showed high immunoreactivity against
SCF3, lower immunoreactivity against SCF4, and no reactivity against the other two sera.
As this gene is highly conserved in Bcc, these results suggest that although this protein is
immunoreactive, its expression and surface exposure are not common traits during Bcc bac-
terial infection of CF patients. Unfortunately, no information regarding the strain causing
the infection or the general wellbeing of the patients is known for any of the sera; as such,
no correlation can be suggested. Previously, the BCAM1931 homolog OpcP was tested asa
gold nanoparticle-coupled LPS glycoconjugate carrier protein[47]. OpcP was able to elicit
significant levels of protection with a 77% survival rate. However, the surviving animals
exhibited colonization of the lungs, liver, and spleen, suggesting that dissemination was
not prevented.
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Table 3. Summary of B. cenocepacia J2315’s selected surface-associated proteins using the surface-shaving
strategy followed by LC-MS/MS. The numbers of unique peptides identified, Vaxign-ML score, and
identified protein moieties containing predicted immunogenic epitopes (in bold) are shown.

ORF 1 Product 1 MW
(kDa) 1 PSMs 2 Unique

Peptides 2
Vaxign-ML

Score 3
Surface-Exposed Protein Moieties with

Predicted B Cell Linear Epitopes 4

BCAL1985 Putative exported
isomerase 28.6 26 6 90.9

77EGIPNRPDVK86 H#

235AQIAQQLVQQKLQAFEEGLR254 H#

BCAL2645
Putative OmpA

family membrane
protein

21.5 22 3 90.9
79LAPSAAQTGTQVTEQPDGSLK99 •

178LSAQGMGASNPIADNATEAGR198 H#

BCAM1931 Putative porin 37.5 62 10 92.5

44SLWSMGSGIDQSR56 H#

61GSEDLGGGLK70 H#

199LGAAYSQANLGDGTNANGATNIA
AQGR225 H#

1 Burkholderia Genome Database. 2 Data retrieved from LC-MS/MS analysis using Proteome Discoverer Program.
PSM—Peptide Spectrum Matches. 3 Vaxign-ML score is the percentile rank score from the final Machine Learning
classification model—recommended threshold: 90.0. 4 Peptides identified by LC-MS/MS were analyzed for B-cell
linear epitopes using http://tools.iedb.org/bcell/ (accessed at 29 May 2023). Threshold of 0.5. B-cell epitopes
shorter than 5 or larger than 25 amino acids were not considered. • Only found under microaerophilic conditions.
H# Found under both conditions.
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Figure 5. SDS-PAGE and Western blot of purified recombinant proteins BCAM1931, BCAL1985,
and BCAL2645 from B. cenocepacia J2315 probed with the human serum samples SCF1, SCF2, SCF3,
SCF4 obtained from CF patients infected with Bcc bacteria or a pool of human serum sample from
healthy donors, SH. Lanes: M—PageRuler Unstained Broad Range Protein Ladder (Thermofischer);
1—purified BCAM1931 recombinant protein; 2—purified BCAL1985 recombinant protein; 3—purified
BCAL2645 recombinant protein; 4—BSA.

Lastly, the BCAL1985 protein was also tested, but no immunoreactivity was detected
against any of the tested sera. This suggests that despite the presence of this protein on the
surface of the bacteria, during the infection process, it might not be recognized by the host
immune system due to differential expression or surface exposure in the infection setting.
Another possible reason for the observed results may be related to the incorrect folding of
the protein during its expression in E. coli, thereby hiding possible epitopes. Using samples
of a pool of sera from healthy individuals, no reactivity against the tested proteins was
observed (Figure 5).

These results demonstrate that this method proved to be effective, enabling the iden-
tification of putative immunogenic proteins. It should be noted that even though the
immunoreactivity of only three proteins was tested in this work, some of the identified
proteins have already been proven to be exposed to the host in an infection setting, as is the

http://tools.iedb.org/bcell/


Vaccines 2024, 12, 398 17 of 20

case of BCAL2958, BCAL2022, BCAL3204, BCAL3146, BCAL1893, and BCAL2820 [12,35,36].
While this method enables the identification of new immunogenic bacterial surface-exposed
proteins, it is important to note that not all identified proteins are necessarily always ex-
pressed or exposed to the host during infection, as demonstrated by the lack of immunore-
activity of BCAL1985.

4. Conclusions

Bcc chronic infections remain a life-threatening concern for CF patients, with no
current available treatment. The discovery of new strategies for the prevention of Bcc
chronic infections is vital. Bacterial surface-exposed proteins have been studied as potential
antigens for antibody-based therapy development. So, this study was centered on the
identification of immunogenic surface-exposed proteins, with the aim of finding good
candidates for active and passive immunotherapies. With this aim, a surface-shaving
experimental technique using trypsin combined with protein moieties analysis by LC-
MS/MS was conducted under both aerobic and microaerophilic growth conditions to
gain further insights into possible immunotherapy candidates. A total of 90 proteins with
predicted function or localization at the bacterial surface or extracellularly were identified
using this approach. In silico analysis of these proteins revealed several proteins with high
protegenicity scores and other proteins with a high probability of having important roles in
bacterial attachment to host cells or/and the mucosal surface. A total of 71 surface-exposed
B-cell linear epitopes were also identified.

However, the present work was performed using only 1 strain of B. cenocepacia, so
future work using a similar methodological approach with several clinical CF strains
will be helpful to validate the selection of the best bacterial protein targets for the future
development of active and/or passive immunization strategies. A larger screen with a
higher number of serum samples from CF patients with a clinical record of Bcc infection
against some of the identified surface-shaved proteins will be also helpful in validating
the target bacterial surface exposition under the host immune response. Furthermore,
validation of the present target proteins’ bacterial surface exposition under other important
CF lung environment conditions, such as in the presence of other common CF pathogens
or after prolonged CF lung colonization, will be important.

In summary, this work allowed for a deeper understanding of surface protein ex-
pression in Bcc strains under conditions mimicking some of the CF lung environment
conditions, and the surface-exposed moieties of these proteins were identified. This infor-
mation will be valuable for the future development of highly specific antibodies capable
of targeting Bcc colonization steps and the establishment of chronic infection or for the
development of active immunization strategies for the prevention of Bcc infection. It is also
worth mentioning that the identification of immunogenic proteins does not warrant the
success of a vaccine or therapeutic antibodies. Further studies are required to exploit this
information and develop such protective therapies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/vaccines12040398/s1, Supplementary File S1 including Table S1: Total
proteins identified in B. cenocepacia J2315 using the “surface shaving” strategy followed by LC-MS/MS
and analysis of the obtained protein moieties using Thermo Proteome Discoverer 2.5.0.400; Table
S2: Proteins identified in B. cenocepacia J2315 using the “surface shaving” strategy followed by LC-
MS/MS (Threshold score: ≥2 unique peptides) and predicted to be localized in the outer membrane
(OM), extracellular (E), fimbrium, or flagella; Table S3: Proteins identified in B. cenocepacia J2315
using the “surface shaving” strategy followed by LC-MS/MS (Threshold score: ≥2 unique peptides)
and predicted to be localized in the periplasm (PM), cytoplasmic membrane (CM), or cytoplasm
(C); and Table S4: Proteins identified in B. cenocepacia J2315 using the “surface shaving” strategy
followed by LC-MS/MS (Threshold score: ≥2 unique peptides) and predicted to be localized as
unknown (U) by PSORTb. Supplementary File S2 including Table S5: Predicted moonlight proteins
identified in B. cenocepacia J2315 using the “surface shaving” strategy followed by LC-MS/MS
(Threshold score: ≥2 peptides); and Table S6: Predicted surface-exposed proteins identified in
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B. cenocepacia J2315 using the “surface shaving” strategy followed by LC-MS/MS (Threshold score:
≥2 peptides) and their predicted B-cell epitopes.

Author Contributions: Conceptualization, A.M.M.S., S.A.S. and J.H.L.; methodology, A.M.M.S., C.S.,
P.M., J.M.M.M., M.J.R.-O., J.R.F. and S.A.S.; supervision, J.H.L. and S.A.S.; writing—original draft
preparation, A.M.M.S. and S.A.S.; writing—review and editing, A.M.M.S., J.H.L. and S.A.S.; funding
acquisition and project administration, J.H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by FCT—Fundação para a Ciência e a Tecnologia, I.P. (Portugal)
within the scope of the projects UIDB/04565/2020 of the Research Unit Institute for Bioengineering
and Biosciences—iBB and the project LA/P/0140/2020 of the Associate Laboratory Institute for
Health and Bioeconomy—i4HB. The authors also acknowledge FCT for the PhD fellowship awarded
to AMMS (PhD Program in Applied and Environmental Microbiology, PD/BD/150420/2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data is available as Supplementary Materials and also upon request
to the corresponding authors.

Acknowledgments: The authors acknowledge André Grilo for construction of the plasmids pMAL-
Hfq2 and pMAL-GroEL.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References
1. Velez, L.S.; Aburjaile, F.F.; Farias, A.R.G.; Baia, A.D.B.; Oliveira, W.J.; Silva, A.M.F.; Benko-Iseppon, A.M.; Azevedo, V.; Brenig, B.;

Ham, J.H.; et al. Burkholderia semiarida Sp. Nov. and Burkholderia sola Sp. Nov., Two Novel B. cepacia Complex Species Causing
Onion Sour Skin. Syst. Appl. Microbiol. 2023, 46, 126415. [CrossRef] [PubMed]

2. Zolin, A.; Orenti, A.; Jung, A.; van Rens, J.; Prasad, V.; Fox, A.; Krasnyk, M.; Mayor, S.L.; Naehrlich, L.; Gkolia, P.; et al. ECFSPR
Annual Report 2021; European Cystic Fibrosis Society: Karup, Denmark, 2023.

3. Tavares, M.; Kozak, M.; Balola, A.; Sá-Correia, I. Burkholderia cepacia Complex Bacteria: A Feared Contamination Risk in
Water-Based Pharmaceutical Products. Clin. Microbiol. Rev. 2020, 33, e00139–e00219. [CrossRef]

4. Drevinek, P.; Mahenthiralingam, E. Burkholderia cenocepacia in Cystic Fibrosis: Epidemiology and Molecular Mechanisms of
Virulence. Clin. Microbiol. Infect. 2010, 16, 821–830. [CrossRef] [PubMed]

5. Parfitt, K.M.; Green, A.E.; Connor, T.R.; Neill, D.R.; Mahenthiralingam, E. Identification of Two Distinct Phylogenomic Lineages
and Model Strains for the Understudied Cystic Fibrosis Lung Pathogen Burkholderia multivorans. Microbiology 2023, 169, 1366.
[CrossRef]

6. Daccò, V.; Alicandro, G.; Consales, A.; Rosazza, C.; Sciarrabba, C.S.; Cariani, L.; Colombo, C. Cepacia Syndrome in Cystic Fibrosis:
A Systematic Review of the Literature and Possible New Perspectives in Treatment. Pediatr. Pulmonol. 2023, 58, 1337–1343.
[CrossRef] [PubMed]

7. Scoffone, V.C.; Chiarelli, L.R.; Trespidi, G.; Mentasti, M.; Riccardi, G.; Buroni, S. Burkholderia cenocepacia Infections in Cystic
Fibrosis Patients: Drug Resistance and Therapeutic Approaches. Front. Microbiol. 2017, 8, 1592. [CrossRef]

8. Lyczak, J.B.; Cannon, C.L.; Pier, G.B. Lung Infections Associated with Cystic Fibrosis Lung Infections Associated with Cystic
Fibrosis. Clin. Microbiol. Rev. 2002, 15, 194–222. [CrossRef] [PubMed]

9. Martin, C.; Guzior, D.V.; Gonzalez, C.T.; Okros, M.; Mielke, J.; Padillo, L.; Querido, G.; Gil, M.; Thomas, R.; McClelland, M.; et al.
Longitudinal Microbial and Molecular Dynamics in the Cystic Fibrosis Lung after Elexacaftor–Tezacaftor–Ivacaftor Therapy.
Respir. Res. 2023, 24, 317. [CrossRef]

10. Regan, K.H.; Bhatt, J. Eradication Therapy for Burkholderia cepacia Complex in People with Cystic Fibrosis. Cochrane Database Syst.
Rev. 2019, 4, CD009876. [CrossRef]

11. Seixas, A.M.M.M.; Sousa, S.A.; Leitão, J.H. Antibody-Based Immunotherapies as a Tool for Tackling Multidrug-Resistant Bacterial
Infections. Vaccines 2022, 10, 1789. [CrossRef]

12. Sousa, S.A.; Seixas, A.M.M.; Mandal, M.; Rodríguez-Ortega, M.J.; Leitão, J.H. Characterization of the Burkholderia cenocepacia
J2315 Surface-Exposed Immunoproteome. Vaccines 2020, 8, 509. [CrossRef]

13. Olaya-Abril, A.; Jiménez-Munguía, I.; Gómez-Gascón, L.; Rodríguez-Ortega, M.J. Surfomics: Shaving Live Organisms for a Fast
Proteomic Identification of Surface Proteins. J. Proteomics 2014, 97, 164–176. [CrossRef] [PubMed]

14. Garcia-Quintanilla, M.; Pulido, M.R.; Carretero-Ledesma, M.; McConnell, M.J. Vaccines for Antibiotic-Resistant Bacteria: Possibil-
ity or Pipe Dream? Trends Pharmacol. Sci. 2016, 37, 143–152. [CrossRef]

https://doi.org/10.1016/j.syapm.2023.126415
https://www.ncbi.nlm.nih.gov/pubmed/36933352
https://doi.org/10.1128/CMR.00139-19
https://doi.org/10.1111/j.1469-0691.2010.03237.x
https://www.ncbi.nlm.nih.gov/pubmed/20880411
https://doi.org/10.1099/mic.0.001366
https://doi.org/10.1002/ppul.26359
https://www.ncbi.nlm.nih.gov/pubmed/36815622
https://doi.org/10.3389/fmicb.2017.01592
https://doi.org/10.1128/CMR.15.2.194-222.2002
https://www.ncbi.nlm.nih.gov/pubmed/11932230
https://doi.org/10.1186/s12931-023-02630-z
https://doi.org/10.1002/14651858.CD009876.pub4
https://doi.org/10.3390/vaccines10111789
https://doi.org/10.3390/vaccines8030509
https://doi.org/10.1016/j.jprot.2013.03.035
https://www.ncbi.nlm.nih.gov/pubmed/23624344
https://doi.org/10.1016/j.tips.2015.10.003


Vaccines 2024, 12, 398 19 of 20

15. Govan, J.R.; Deretic, V. Microbial Pathogenesis in Cystic Fibrosis: Mucoid Pseudomonas aeruginosa and Burkholderia cepacia.
Microbiol. Rev. 1996, 60, 539–574. [CrossRef] [PubMed]

16. Worlitzsch, D.; Tarran, R.; Ulrich, M.; Schwab, U.; Cekici, A.; Meyer, K.C.; Birrer, P.; Bellon, G.; Berger, J.; Weiss, T.; et al. Effects of
Reduced Mucus Oxygen Concentration in Airway Pseudomonas Infections of Cystic Fibrosis Patients. J. Clin. Investig. 2002, 109,
317–325. [CrossRef] [PubMed]

17. Bhagirath, A.Y.; Li, Y.; Somayajula, D.; Dadashi, M.; Badr, S.; Duan, K. Cystic Fibrosis Lung Environment and Pseudomonas
aeruginosa Infection. BMC Pulm. Med. 2016, 16, 174. [CrossRef] [PubMed]

18. Tunney, M.M.; Field, T.R.; Moriarty, T.F.; Patrick, S.; Doering, G.; Muhlebach, M.S.; Wolfgang, M.C.; Boucher, R.; Gilpin, D.F.;
McDowell, A.; et al. Detection of Anaerobic Bacteria in High Numbers in Sputum from Patients with Cystic Fibrosis. Am. J. Respir.
Crit. Care Med. 2008, 177, 995–1001. [CrossRef] [PubMed]

19. Sass, A.M.; Schmerk, C.; Agnoli, K.; Norville, P.J.; Eberl, L.; Valvano, M.A.; Mahenthiralingam, E. The Unexpected Discovery of a
Novel Low-Oxygen-Activated Locus for the Anoxic Persistence of Burkholderia cenocepacia. ISME J. 2013, 14, 1568–1581. [CrossRef]

20. Borriello, G.; Werner, E.; Roe, F.; Kim, A.M.; Ehrlich, G.D.; Stewart, P.S. Oxygen Limitation Contributes to Antibiotic Tolerance of
Pseudomonas aeruginosa in Biofilms. Antimicrob. Agents Chemother. 2004, 48, 2659–2664. [CrossRef]

21. Leeper-Woodford, S.K.; Detmer, K. Acute Hypoxia Increases Alveolar Macrophage Tumor Necrosis Factor Activity and Alters
NF-KB Expression. Am. J. Physiol. Lung Cell. Mol. Physiol. 1999, 276, L909–L916. [CrossRef]

22. Sriramulu, D.D.; Lünsdorf, H.; Lam, J.S.; Römling, U. Microcolony Formation: A Novel Biofilm Model of Pseudomonas aeruginosa
for the Cystic Fibrosis Lung. J. Med. Microbiol. 2005, 54, 667–676. [CrossRef] [PubMed]

23. Goldberg, T.; Hecht, M.; Hamp, T.; Karl, T.; Yachdav, G.; Ahmed, N.; Altermann, U.; Angerer, P.; Ansorge, S.; Balasz, K.; et al.
LocTree3 Prediction of Localization. Nucleic Acids Res. 2014, 42, W350–W355. [CrossRef] [PubMed]

24. Jespersen, M.C.; Peters, B.; Nielsen, M.; Marcatili, P. BepiPred-2.0: Improving Sequence-Based B-Cell Epitope Prediction Using
Conformational Epitopes. Nucleic Acids Res. 2017, 45, W24–W29. [CrossRef] [PubMed]

25. Ong, E.; Cooke, M.F.; Huffman, A.; Xiang, Z.; Wong, M.U.; Wang, H.; Seetharaman, M.; Valdez, N.; He, Y. Vaxign2: The Second
Generation of the First Web-Based Vaccine Design Program Using Reverse Vaccinology and Machine Learning. Nucleic Acids Res.
2021, 49, W671–W678. [CrossRef] [PubMed]

26. Sachdeva, G.; Kumar, K.; Jain, P.; Ramachandran, S. SPAAN: A Software Program for Prediction of Adhesins and Adhesin-like
Proteins Using Neural Networks. Bioinformatics 2005, 21, 483–491. [CrossRef] [PubMed]

27. Wickramasekara, S.; Neilson, J.; Patel, N.; Breci, L.; Hilderbrand, A.; Maier, R.M.; Wysocki, V. Proteomics Analyses of the
Opportunistic Pathogen Burkholderia vietnamiensis Using Protein Fractionations and Mass Spectrometry. J. Biomed. Biotechnol.
2011, 2011, 701928. [CrossRef] [PubMed]

28. Sandrini, S.; Haigh, R.; Freestone, P. Fractionation by Ultracentrifugation of Gram Negative Cytoplasmic and Membrane Proteins.
Bio-Protocol 2014, 4, e1287. [CrossRef]

29. Seixas, A.M.M.; Sousa, S.A.; Feliciano, J.R.; Gomes, S.C.; Ferreira, M.R.; Moreira, L.M.; Leitão, J.H. A Polyclonal Antibody Raised
against the Burkholderia cenocepacia OmpA-like Protein BCAL2645 Impairs the Bacterium Adhesion and Invasion of Human
Epithelial Cells In Vitro. Biomedicines 2021, 9, 1788. [CrossRef] [PubMed]

30. Holden, M.T.G.; Seth-Smith, H.M.B.; Crossman, L.C.; Sebaihia, M.; Bentley, S.D.; Cerdeno-Tarraga, A.M.; Thomson, N.R.; Bason,
N.; Quail, M.A.; Sharp, S.; et al. The Genome of Burkholderia cenocepacia J2315, an Epidemic Pathogen of Cystic Fibrosis Patients. J.
Bacteriol. 2009, 191, 261–277. [CrossRef]

31. Krishnan, S.; Prasadarao, N.V. Outer Membrane Protein A and OprF: Versatile Roles in Gram-Negative Bacterial Infections. FEBS
J. 2012, 279, 919–993. [CrossRef]

32. Feliciano, J.R.; Grilo, A.M.; Guerreiro, S.I.; Sousa, S.A.; Leitão, J.H. Hfq: A Multifaceted RNA Chaperone Involved in Virulence.
Future Microbiol. 2016, 11, 137–151. [CrossRef] [PubMed]

33. Fourie, K.R.; Wilson, H.L. Understanding GroEL and DnaK Stress Response Proteins as Antigens for Bacterial Diseases. Vaccines
2020, 8, 773. [CrossRef] [PubMed]

34. Woo, P.C.; Leung, P.K.; Wong, S.S.; Ho, P.L.; Yuen, K.Y. GroEL Encodes a Highly Antigenic Protein in Burkholderia pseudomallei.
Clin. Diagn. Lab. Immunol. 2001, 8, 832–836. [CrossRef] [PubMed]

35. Shinoy, M.; Dennehy, R.; Coleman, L.; Carberry, S.; Schaffer, K.; Callaghan, M.; Doyle, S.; McClean, S. Immunoproteomic Analysis
of Proteins Expressed by Two Related Pathogens, Burkholderia multivorans and Burkholderia cenocepacia, during Human Infection.
PLoS ONE 2013, 8, e80796. [CrossRef] [PubMed]

36. Sousa, S.A.; Soares-Castro, P.; Seixas, A.M.M.; Feliciano, J.R.; Balugas, B.; Barreto, C.; Pereira, L.; Santos, P.M.; Leitão, J.H. New
Insights into the Immunoproteome of B. cenocepacia J2315 Using Serum Samples from Cystic Fibrosis Patients. N. Biotechnol. 2020,
54, 62–70. [CrossRef] [PubMed]

37. Goldberg, J.B.; Ganesan, S.; Comstock, A.T.; Zhao, Y.; Sajjan, U.S. Cable Pili and the Associated 22 Kda Adhesin Contribute to
Burkholderia cenocepacia Persistence In Vivo. PLoS ONE 2011, 6, e22435. [CrossRef] [PubMed]

38. Badten, A.J.; Torres, A.G. Burkholderia pseudomallei Complex Subunit and Glycoconjugate Vaccines and Their Potential to Elicit
Cross-Protection to Burkholderia Cepacia Complex. Vaccines 2024, 12, 313. [CrossRef] [PubMed]

39. Whitlock, G.C.; Deeraksa, A.; Qazi, O.; Judy, B.M.; Taylor, K.; Propst, K.L.; Duffy, A.J.; Johnson, K.; Kitto, G.B.; Brown, K.A.; et al.
Protective Response to Subunit Vaccination against Intranasal Burkholderia mallei and B. pseudomallei Challenge. Procedia Vaccinol.
2010, 2, 73–77. [CrossRef] [PubMed]

https://doi.org/10.1128/mr.60.3.539-574.1996
https://www.ncbi.nlm.nih.gov/pubmed/8840786
https://doi.org/10.1172/JCI0213870
https://www.ncbi.nlm.nih.gov/pubmed/11827991
https://doi.org/10.1186/s12890-016-0339-5
https://www.ncbi.nlm.nih.gov/pubmed/27919253
https://doi.org/10.1164/rccm.200708-1151OC
https://www.ncbi.nlm.nih.gov/pubmed/18263800
https://doi.org/10.1038/ismej.2013.36
https://doi.org/10.1128/AAC.48.7.2659-2664.2004
https://doi.org/10.1152/ajplung.1999.276.6.L909
https://doi.org/10.1099/jmm.0.45969-0
https://www.ncbi.nlm.nih.gov/pubmed/15947432
https://doi.org/10.1093/nar/gku396
https://www.ncbi.nlm.nih.gov/pubmed/24848019
https://doi.org/10.1093/nar/gkx346
https://www.ncbi.nlm.nih.gov/pubmed/28472356
https://doi.org/10.1093/nar/gkab279
https://www.ncbi.nlm.nih.gov/pubmed/34009334
https://doi.org/10.1093/bioinformatics/bti028
https://www.ncbi.nlm.nih.gov/pubmed/15374866
https://doi.org/10.1155/2011/701928
https://www.ncbi.nlm.nih.gov/pubmed/22187530
https://doi.org/10.21769/BioProtoc.1287
https://doi.org/10.3390/biomedicines9121788
https://www.ncbi.nlm.nih.gov/pubmed/34944603
https://doi.org/10.1128/JB.01230-08
https://doi.org/10.1111/j.1742-4658.2012.08482.x
https://doi.org/10.2217/fmb.15.128
https://www.ncbi.nlm.nih.gov/pubmed/26685037
https://doi.org/10.3390/vaccines8040773
https://www.ncbi.nlm.nih.gov/pubmed/33348708
https://doi.org/10.1128/CDLI.8.4.832-836.2001
https://www.ncbi.nlm.nih.gov/pubmed/11427437
https://doi.org/10.1371/journal.pone.0080796
https://www.ncbi.nlm.nih.gov/pubmed/24260482
https://doi.org/10.1016/j.nbt.2019.08.006
https://www.ncbi.nlm.nih.gov/pubmed/31465856
https://doi.org/10.1371/journal.pone.0022435
https://www.ncbi.nlm.nih.gov/pubmed/21811611
https://doi.org/10.3390/vaccines12030313
https://www.ncbi.nlm.nih.gov/pubmed/38543947
https://doi.org/10.1016/j.provac.2010.03.013
https://www.ncbi.nlm.nih.gov/pubmed/24379895


Vaccines 2024, 12, 398 20 of 20

40. Dyke, J.S.; Huertas-Diaz, M.C.; Michel, F.; Holladay, N.E.; Hogan, R.J.; He, B.; Lafontaine, E.R. The Peptidoglycan-Associated
Lipoprotein Pal Contributes to the Virulence of Burkholderia mallei and Provides Protection against Lethal Aerosol Challenge.
Virulence 2020, 11, 1024–1040. [CrossRef]

41. Gerlach, R.G.; Hensel, M. Protein Secretion Systems and Adhesins: The Molecular Armory of Gram-Negative Pathogens. Int. J.
Med. Microbiol. 2007, 297, 401–415. [CrossRef]

42. Pimenta, A.I.; Mil-Homens, D.; Fialho, A.M. Burkholderia cenocepacia–Host Cell Contact Controls the Transcription Activity of the
Trimeric Autotransporter Adhesin BCAM2418 Gene. Microbiologyopen 2020, 9, e998. [CrossRef]

43. Pimenta, A.I.; Kilcoyne, M.; Bernardes, N.; Mil-Homens, D.; Joshi, L.; Fialho, A.M. Burkholderia cenocepacia BCAM2418 -induced
Antibody Inhibits Bacterial Adhesion, Confers Protection to Infection and Enables Identification of Host Glycans as Adhesin
Targets. Cell. Microbiol. 2021, 23, e13340. [CrossRef] [PubMed]

44. Thibau, A.; Dichter, A.A.; Vaca, D.J.; Linke, D.; Goldman, A.; Kempf, V.A.J. Immunogenicity of Trimeric Autotransporter Adhesins
and Their Potential as Vaccine Targets. Med. Microbiol. Immunol. 2020, 209, 243. [CrossRef] [PubMed]

45. Drevinek, P.; Holden, M.T.G.; Ge, Z.; Jones, A.M.; Ketchell, I.; Gill, R.T.; Mahenthiralingam, E. Gene Expression Changes Linked
to Antimicrobial Resistance, Oxidative Stress, Iron Depletion and Retained Motility Are Observed When Burkholderia cenocepacia
Grows in Cystic Fibrosis Sputum. BMC Infect. Dis. 2008, 8, 121. [CrossRef] [PubMed]

46. Burtnick, M.N.; Brett, P.J.; Harding, S.V.; Ngugi, S.A.; Ribot, W.J.; Chantratita, N.; Scorpio, A.; Milne, T.S.; Dean, R.E.; Fritz, D.L.;
et al. The Cluster 1 Type VI Secretion System Is a Major Virulence Determinant in Burkholderia pseudomallei. Infect. Immun. 2011,
79, 1512–1525. [CrossRef]

47. Tapia, D.; Sanchez-Villamil, J.I.; Stevenson, H.L.; Torres, A.G. Multicomponent Gold-Linked Glycoconjugate Vaccine Elicits
Antigen-Specific Humoral and Mixed Th1-Th17 Immunity, Correlated with Increased Protection against Burkholderia pseudomallei.
MBio 2021, 12, 10.1128/mbio.01227-21. [CrossRef]

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

https://doi.org/10.1080/21505594.2020.1804275
https://doi.org/10.1016/j.ijmm.2007.03.017
https://doi.org/10.1002/mbo3.998
https://doi.org/10.1111/cmi.13340
https://www.ncbi.nlm.nih.gov/pubmed/33822465
https://doi.org/10.1007/s00430-019-00649-y
https://www.ncbi.nlm.nih.gov/pubmed/31788746
https://doi.org/10.1186/1471-2334-8-121
https://www.ncbi.nlm.nih.gov/pubmed/18801206
https://doi.org/10.1128/IAI.01218-10
https://doi.org/10.1128/mBio.01227-21

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Surface Shaving of Live B. cenocepacia Cells and Peptide Extraction 
	LC-MS/MS Analysis 
	Protein Identification by Database Searching 
	Bioinformatic Analysis of Protein Sequences 
	Production of Anti-Hfq2 and Anti-GroEL Polyclonal Antibodies 
	Fractionation of Cell Proteins 
	Western Blot Analyses 
	Cloning and Overexpression of B. cenocepacia J2315 bcal1985, bcal2645, and bcam1931 
	Purification of His-Tagged Proteins BCAL1985, BCAL2645, and BCAM1931 
	CF Patients’ Blood Sera Immunoreactivity Assay against BCAL1985, BCAL2645, and BCAM1931 Proteins 
	Data and Statistical Analysis 

	Results and Discussion 
	“Shaving” of Surface-Exposed Proteins of B. cenocepacia J2315 Live Cells 
	Surfome Proteins Predicted to be Located at the Outer Membrane 
	Surfome Proteins Predicted as Extracellular 
	Quantitative Analysis of Proteins Predicted as Outer Membrane or Extracellular Proteins 
	Characterization of B. cenocepacia BCAL1985, BCAL2645, and BCAM1931 Proteins’ Immunoreactivity 

	Conclusions 
	References

