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Abstract 15 

Introduction: Exotoxin A and pili are key virulence factors of Pseudomonas aeruginosa, and 16 
their neutralization is a promising strategy to prevent or attenuate infections caused by this 17 

pathogen.  18 

Objective: To evaluate the immunogenicity of recombinant exotoxin A and pilin A (PilA) 19 
fragments as conserved antigens against different P. aeruginosa serotypes.  20 

Materials and Methods: Genomic DNA was extracted from P. aeruginosa using the 21 
phenol–chloroform method, and exoA and pilA genes were amplified by PCR with specific 22 

primers. Purified PCR products were cloned into the pGEM vector and transformed into 23 
Escherichia coli DH5α. After confirmation by restriction digestion with BamHI and XhoI, 24 

the inserts were subcloned into the pET-26b expression vector and introduced into E. coli 25 
BL21 (DE3). Recombinant proteins were expressed, purified, and analyzed by SDS-PAGE, 26 

which showed bands of approximately 21–23 kDa for EXO and PILI. Expression of 27 
pET-26b/PilA in E. coli BL21 (DE3) yielded about 12% (v/v) protein after 5 h of IPTG 28 

induction. Purified proteins were injected into BALB/c mice with experimental burn injuries. 29 
Humoral immune responses were assessed by antigen-specific ELISA, and protein expression 30 

and antigenicity were confirmed by dot blot and Western blot.  31 

Results: Immunization with recombinant exotoxin A and PilA induced robust 32 
antigen-specific antibody responses in mice, indicating strong immunogenicity.  33 
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Conclusion: Recombinant exotoxin A and PilA produced in this study showed promising 34 
potential as vaccine candidates against P. aeruginosa. Immunization with these conserved 35 

components may offer an effective strategy for preventing infections caused by multiple P. 36 
aeruginosa serotypes. 37 

Keywords: Exotoxin A, Immunogenicity, Pili P, Pseudomonas aeruginosa, Vaccine. 38 

 39 

1. Introduction 40 

Pseudomonas aeruginosa is a common environmental Gram-negative bacterium belonging to 41 
the family Pseudomonadaceae. It is aerobic, motile, non-spore-forming, and ubiquitous due 42 

to its ability to survive in a wide range of environments. Its global distribution reflects 43 
substantial genetic and physiological flexibility in response to environmental changes. P. 44 

aeruginosa is also one of the most important human opportunistic pathogens associated with 45 
nosocomial infections. In 2017, the World Health Organization classified P. aeruginosa as a 46 

critical priority pathogen, and the development of new treatments against this bacterium is 47 
considered essential [23]. P. aeruginosa can evade host innate immunity and is highly 48 

resistant to a wide spectrum of antimicrobial agents, which makes its infections particularly 49 
difficult to treat [32]. Although the discovery of new antibiotic drugs may offer temporary 50 

solutions, resistance to newly introduced agents can rapidly emerge [24]. Consequently, 51 
increasing attention has been directed toward anti-virulence strategies that focus on 52 

attenuating bacterial pathogenicity rather than killing the bacteria [20]. Because these 53 
approaches do not directly affect bacterial survival, they are thought to impose lower 54 

selective pressure and thus may reduce the emergence of resistant strains [14]. 55 

P. aeruginosa employs at least five secretion systems (types I, II, III, V, and VI) to deliver a 56 
wide variety of toxins and hydrolytic enzymes into the extracellular milieu and host cells. 57 

Among these, the type III secretion system (T3SS) is crucial for subverting host defenses 58 
through the injection of four cytotoxic effectors (ExoU, ExoT, ExoS, and ExoY) [17]. 59 
Exotoxin A (ETA) is considered the most potent toxin secreted by P. aeruginosa; it inhibits 60 

host protein synthesis via its ADP-ribosyltransferase activity, ultimately leading to 61 
irreversible cell death [10]. The bacterium also expresses a broad range of outer membrane 62 

proteins (OMPs) involved in nutrient uptake, antibiotic resistance, and adhesion, many of 63 
which remain poorly characterized [19]. 64 

Motility and adhesion structures are key virulence determinants of P. aeruginosa. Its unipolar 65 

flagellum is essential for host colonization and is primarily responsible for swimming and 66 
swarming motility, closely linked to chemotactic signaling. Type IV pili (T4P) are polar, 67 

retractable appendages that play a critical role in the initiation of infection by mediating 68 
surface attachment and twitching motility [18]. Flagella, T4P, and other adhesins are major 69 

contributors to the development of robust P. aeruginosa biofilms, which exhibit high levels 70 
of tolerance to antibiotics, disinfectants, and host immune responses, posing a significant 71 

challenge for treatment [29]. Exopolysaccharides such as alginate, Psl, and Pel are important 72 
components of the biofilm matrix, further impairing bacterial clearance and promoting 73 

chronic, highly resistant infections. 74 

Extensive research on the pathogenic mechanisms of P. aeruginosa has led to the 75 
identification of numerous virulence factors that can serve as potential vaccine targets. These 76 
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include lipopolysaccharide, exotoxin A, ribosomal components, flagella, pili, 77 
high-molecular-weight polysaccharides, alginate, outer membrane proteins, multicomponent 78 

DNA vaccines, and T3SS proteins [2]. Among them, exotoxin A is one of the most 79 
extensively studied antigens. ETA consists of several functional domains: domain I mediates 80 

binding of the toxin to its cellular receptor and is subdivided into Ia (amino acids 1–252) and 81 
Ib (amino acids 365–404), while domain III (amino acids 405–613) is the enzymatic domain 82 

with ADP-ribosyltransferase activity that inhibits protein synthesis and leads to cell death 83 
[26]. It has been shown that antibodies directed against exotoxin A can significantly increase 84 

the survival of infected hosts [8]. Therefore, the development of anti-exotoxin A antibodies is 85 
of considerable interest for the prevention and treatment of Pseudomonas infections. 86 

To evaluate the immunogenicity of exotoxin A, recombinant DNA technology is commonly 87 

used to generate defined toxin fragments, which are subsequently purified and characterized 88 
to ensure their structural integrity and functional properties [4]. These fragments are then 89 

administered to animal models, typically mice, to assess humoral and cellular immune 90 
responses [22]. In addition to exotoxin A, PilA (the major pilin subunit of type IV pili) is 91 

another critical virulence factor of P. aeruginosa. PilA mediates adhesion to host cells and 92 
subsequent colonization and has also been proposed as a promising vaccine candidate. The 93 

immune response to PilA-based antigens can be evaluated by measuring the production of 94 
specific antibodies as well as T cell-mediated responses, including T cell proliferation and 95 

cytokine production following stimulation with PilA fragments [32]. By analyzing these 96 
responses in animal models, the protective potential of exotoxin A and PilA fragments 97 

against P. aeruginosa infection can be determined, providing a basis for the development of 98 
novel vaccines or immunotherapies [30]. 99 

Despite significant progress, further research is required to optimize immunization protocols, 100 

evaluate long-term immune responses, and assess the efficacy of these antigens in human 101 
clinical trials. In this context, investigating the immunogenicity of exotoxin A and PilA 102 

fragments and their ability to induce protective immunity is of particular importance. The aim 103 
of the present study was to prepare recombinant fragments of exotoxin A and PilA and to 104 

evaluate their immunogenicity in an animal model. 105 

2. Material and Methods 106 

2.1. Preparation and Cultivation of Bacteria 107 

First, a pair of primers for domains I and II (binding region to receptor and transporter) of 108 

exotoxin A and pili A nucleotide sequences were designed based on the exoA gene sequence 109 

of P. aeruginosa recorded in the NCBI database. The designed primers were checked using 110 

Gene Runner software, ensuring adherence to the principles and conditions of designing 111 

suitable primers, such as avoiding loops, dimers, hairpins, ensuring compatibility and 112 

closeness of Tm and % G+C, appropriate length, etc. 113 

Then, the stock of P. aeruginosa bacteria was prepared from the research department of Razi 114 

Vaccine & Serum Research Institute-Khorasan razavi (Mashhad). 115 

2.2. DNA Extraction 116 

Genomic DNA extraction was carried out using the phenol-chloroform method. In this 117 
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technique, cells were lysed using a lysis buffer containing sodium dodecyl sulfate. Proteinase 118 

K was used for enzymatic digestion of proteins and non-nucleic acid cellular components. In 119 

the next step, a combination of phenol and chloroform/isoamyl alcohol was added to denature 120 

the proteins. After centrifugation, the phenol collected at the bottom of the tube, and the DNA 121 

was separated into the aqueous phase. Subsequently, the DNA was washed twice with 70% 122 

ethanol to precipitate it [9]. The quantity and quality of the extracted DNA were assessed 123 

through methods involving optical absorption measurements at 260 and 280 nm, 124 

electrophoresis on agarose gel, and PCR reactions for ExoA and PilA with DNA Genomics. 125 

The PCR reactions were conducted in a 25 µl volume under the specified conditions. 126 

2.3. Primer design 127 

The Domains I and II of exotoxin A (non-toxic parts) and type A pili were amplified using 128 

the polymerase chain reaction (PCR) method with specifically designed primers. ExoA gene 129 

primers are registered in the NCBI Gene Bank with various sizes and codes. The gene in 130 

question was identified with the code JX026663.1 for the P. aeruginosa strain ATCC 25619 131 

exotoxin A (toxA) gene, complete coding sequence. 132 

Pili P gene primers with the code EF418191.1 for the P. aeruginosa isolate CF72 PilA (pilA) 133 

gene, complete coding sequences, were retrieved from the GenBank site as the most 134 

comprehensive gene registered. Subsequently, domains I and II of exotoxin A (non-toxic 135 

parts) and type A pili were amplified through the polymerase chain reaction (PCR) method 136 

using specifically designed primers. For exotoxin A, the forward primer was 137 

5΄CCGAGGAAGCCTTCGAC3΄ and the reverse primer was 138 

5΄GCCGTCGCCGAGGAACTC3΄. For Pili A, the forward primer was 139 

'AATCCATGGCCTTGACCGTCAACACC3' and the reverse primer was 140 

5'ATAAAGCTTGATGCCGACGCTGATG. The PCR cycles and timings for these primers 141 

were determined based on the program outlined in Table 1 & 2. Subsequently, the PCR 142 

reaction product was electrophoresed on a 1% agarose gel. Both selected genes were 143 

compared separately using BLAST software. Identical parts were then evaluated to identify 144 

antigenic regions using CLC 5.5 software and online tools [9]. 145 

Table 1. Thermal program of polymerase chain reaction for fragment amplification [Pili] 146 

primary Denaturation 94 4 min 

secondary Denaturation 94 1 min 
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Annealing 53 1 min 

Primary Extension 72 1 min 

secondary Extension 72 5 min 

Cycle 31  

 147 

Table 2. Thermal program of polymerase chain reaction for fragment amplification [Exo] 148 

primary Denaturation 94 4 min 

secondary Denaturation 94 1 min 

Annealing 58 1 min 

Primary Extension 72 1 min 

secondary Extension 72 5 min 

Cycle 31  

 149 

 150 

2. Materials and Methods 151 

2.1. Bacterial Strain and Preparation 152 

Primers for domains I and II (receptor-binding and translocation regions) of exotoxin A and 153 

for the pilA gene were designed based on P. aeruginosa exoA and pilA nucleotide sequences 154 
available in the NCBI database. The designed primers were evaluated using Gene Runner 155 

software to ensure compliance with standard primer design criteria, including the absence of 156 
secondary structures (loops, dimers, hairpins), appropriate and compatible melting 157 

temperatures (Tm), suitable GC content, and optimal primer length.  158 

A stock culture of P. aeruginosa was obtained from the Research Department of Razi 159 

Vaccine and Serum Research Institute, Khorasan Razavi (Mashhad, Iran). 160 

 161 

2.2. Genomic DNA Extraction 162 

Genomic DNA was extracted using the phenol–chloroform method. Briefly, bacterial cells 163 

were lysed in a lysis buffer containing sodium dodecyl sulfate (SDS), and Proteinase K was 164 
added for enzymatic digestion of proteins and other non-nucleic acid components. A mixture 165 

of phenol and chloroform/isoamyl alcohol was then added to denature proteins. After 166 
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centrifugation, the organic phase (containing phenol) settled at the bottom of the tube, while 167 
DNA remained in the aqueous phase. DNA was precipitated and washed twice with 70% 168 

ethanol [9].  169 

The concentration and purity of the extracted DNA were determined by measuring 170 
absorbance at 260 and 280 nm. DNA integrity was evaluated by agarose gel electrophoresis 171 

and by PCR amplification of exoA and pilA. PCR reactions were performed in a final volume 172 
of 25 µl under the conditions described below. 173 

 174 

2.3. Primer Design and PCR Amplification 175 

Domains I and II of exotoxin A (non-toxic regions) and pilA were amplified by polymerase 176 
chain reaction (PCR) using specific primers. The exoA gene sequence was obtained from 177 

GenBank under accession number JX026663.1 (P. aeruginosa strain ATCC 25619 exotoxin 178 
A [toxA] complete coding sequence). The pilA gene sequence was obtained under accession 179 

number EF418191.1 (P. aeruginosa isolate CF72 PilA [pilA] complete coding sequence).  180 

For exotoxin A, the primers used were:  181 

 Forward: 5′-CCGAGGAAGCCTTCGAC-3′  182 

 Reverse: 5′-GCCGTCGCCGAGGAACTC-3′ 183 

For pilA, the primers used were:  184 

 Forward: 5′-AATCCATGGCCTTGACCGTCAACACC-3′  185 
 Reverse: 5′-ATAAAGCTTGATGCCGACGCTGATG-3′ 186 

PCR cycling conditions and times for each primer pair are summarized in Tables 1 and 2. 187 
PCR products were analyzed by electrophoresis on 1% agarose gel. The amplified exoA and 188 

pilA sequences were compared with reference sequences using BLAST software. Conserved 189 
regions were then analyzed to identify antigenic epitopes using CLC 5.5 software and 190 

relevant online tools [9]. 191 

 192 

2.4. Cloning and Subcloning of exoA and pilA Fragments 193 

The exoA and pilA gene fragments were initially cloned into the pTZ57R vector and 194 

transformed into Escherichia coli DH5α using a T/A cloning strategy according to the 195 
manufacturer’s instructions (Ins T/A Clone™ PCR Product Cloning Kit).  196 

To screen for recombinant pTZ57R-exoA and pTZ57R-pilA clones, white colonies growing 197 

on LB agar plates containing ampicillin, X-Gal, and IPTG were selected and re-streaked on 198 
LB agar with ampicillin to obtain pure cultures. Positive colonies were verified by colony 199 

PCR and restriction enzyme digestion using BamHI and XhoI.  200 

For subcloning into the expression vector, the recombinant plasmid pTZ57R-exoA (carrying 201 
the exoA and pilA inserts) and the expression plasmid pET-22b(+) were digested separately 202 
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with EcoRI and SalI. Digested products were analyzed by agarose gel electrophoresis, 203 
purified, and ligated. The ligation mixtures were then transformed into E. coli BL21(DE3), 204 

used as the expression host. 205 

 206 

2.5. Expression of Recombinant Proteins 207 

Recombinant protein expression was induced and analyzed by SDS-PAGE. A single 208 

confirmed recombinant colony was inoculated into LB broth containing ampicillin and 209 
incubated at 37°C with shaking. When the culture reached an optical density of 210 

approximately 0.5 at 600 nm, 1 ml was collected and centrifuged at 9,000 rpm for 3 min; the 211 
resulting pellet was used as the non-induced control sample [12].  212 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added to the remaining culture at a 213 

final concentration of 1 mM, and incubation was continued for an additional 2 h. 214 
Subsequently, another 1 ml sample was collected and centrifuged at 9,000 rpm for 3 min; the 215 

pellet was used as the induced sample. Protein expression was evaluated by SDS-PAGE.  216 

To optimize expression conditions and maximize recombinant protein yield, expression was 217 
further assessed at different time points (1, 2, 3, 4, and 24 h post-induction), using IPTG 218 

concentrations of 0.125, 0.25, 0.5, 1, 2, and 3 mM, and incubation temperatures of 28°C and 219 
37°C.  220 

To determine whether the recombinant proteins were expressed in soluble form or as 221 
inclusion bodies, 100 ml of induced culture was centrifuged at 7,000 rpm for 10 min. The cell 222 

pellet was resuspended in 3 ml of lysis buffer and subjected to sonication [16]. Sonication 223 
was performed 10 times for 20 s each at 80% power while maintaining the samples on ice. 224 

The lysate was then centrifuged at 8,000 rpm for 10 min. The supernatant (soluble fraction) 225 
and pellet (insoluble fraction) were collected separately and analyzed by SDS-PAGE. 226 

 227 

2.6. Extraction and Purification of Recombinant Proteins and Immunization 228 

Following expression, bacterial cells were lysed and the cell wall disrupted (heat shock and 229 
mechanical lysis), and the supernatant was collected by centrifugation at 5,000 rpm for 10 230 

min [12]. Proteins were precipitated from the cytoplasmic fraction using ammonium sulfate. 231 
Solid ammonium sulfate was slowly added to the clarified lysate under gentle stirring on a 232 

magnetic shaker to reach 75% saturation. After complete dissolution, the mixture was 233 
centrifuged at 11,000 rpm, and the resulting pellet containing total proteins, including 234 

recombinant exotoxin A and PilA, was collected [27].  235 

A non-recombinant E. coli BL21 culture was processed in parallel as a negative control and 236 
analyzed by SDS-PAGE. Following purification, recombinant exotoxin A and PilA proteins 237 

were formulated for immunization by mixing with an appropriate amount of ammonium 238 
hydroxide as an adjuvant [16].  239 

Polyclonal antibodies were generated in mice. Four mice per group were immunized 240 
subcutaneously with the purified recombinant exotoxin A or PilA proteins in three injections 241 
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administered at 1-week intervals. As additional controls, two mice were injected with 242 
heat-killed P. aeruginosa (treated with chloroform), and two mice received E. coli BL21 243 

lysate as a negative control. In the fourth week, mice were bled, and blood samples were 244 
allowed to clot and then centrifuged at 4,000 rpm for 30 min. The sera containing antibodies 245 

were collected and stored.  246 

The quantity and quality of antibodies raised against the recombinant proteins were evaluated 247 
by indirect ELISA. 248 

 249 

2.7. Western Blot Analysis 250 

Proteins separated by 15% SDS-PAGE were transferred onto polyvinylidene difluoride 251 
(PVDF) membranes using a semi-dry or wet transfer system. Membranes were blocked with 252 

3% (w/v) skim milk in phosphate-buffered saline (PBS) and then washed three times for 10 253 
min each with PBST (PBS containing 0.1% Tween-20) [15].  254 

Blocked membranes were incubated with rabbit polyclonal primary antibodies diluted 1:1000 255 

in PBST for 1.5 h at room temperature. After incubation, membranes were washed three 256 
times with PBST (10 min each) and then incubated for 1 h with an appropriate horseradish 257 

peroxidase (HRP)-conjugated secondary antibody diluted 1:5000 in PBST [1]. After final 258 
washes, protein bands were visualized using a suitable chromogenic or chemiluminescent 259 

substrate. 260 

3. Results 261 

Cultures grown on cetrimide agar produced characteristic colonies of P. aeruginosa (Figure 262 

1). Smears prepared from single colonies and examined by Gram staining showed 263 
Gram-negative bacilli with no detectable contamination. 264 

 

 

Figure 1. Cultivation of Pseudomonas aeruginosa bacteria  

3.1. Molecular Analysis of exoA and pilA Genes 265 

The nucleotide sequences of exotoxin A (exoA) and pilin A (pilA) from P. aeruginosa were 266 

retrieved from the NCBI (GenBank) database and supplemented with information from 267 
previous studies. Both genes were analyzed separately using BLAST to identify homologous 268 
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regions, and conserved segments were examined with CLC 5.5 software and online tools to 269 
predict antigenic regions.  270 

Selection criteria included correct open reading frame and translation, predicted secondary 271 

structure, antigenicity profiles, and hydrophobicity patterns of the encoded proteins. In 272 
addition, enzyme recognition sites, potential proteolytic cleavage sites, and repetitive gene 273 

segments were evaluated (Figures 2). 274 

 275 

Figure No 2. shows the sequence blast results of Pseudomonas aeruginosa exotoxin A at 276 

NCBI 277 

3.2. PCR Amplification and Initial Analysis of exoA and pilA  278 

PCR amplification of the selected exoA and pilA fragments produced bands of the expected 279 
sizes when analyzed on 1% agarose gel electrophoresis, confirming successful amplification 280 

of the designed fragments and the absence of non-specific products (Figure 3). 281 

 282 
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Figure 3. shows the results of the band analysis of the designed fragments after PCR on a 

1% agarose gel (1. pili-ladder-exo) 

3.3. Cloning of exoA and pilA Fragments into pTZ57R 283 

Following ligation into the pTZ57R vector and transformation into E. coli DH5α, colonies 284 
were grown on LB agar containing ampicillin, IPTG, and X-Gal. After incubation and 285 

refrigeration of plates to improve color distinction, both blue and white colonies were 286 
observed. White colonies, indicative of successful insertional inactivation, were selected for 287 

further screening (Figure 4). 288 

   

Figure 4. Formation of white colonies containing cloned plasmid among blue bacteria 

The orientation of the inserted fragments was examined using M13 universal primers in 289 

combination with fragment-specific primers. Out of approximately 40 white colonies 290 

screened, only a subset contained inserts in the correct orientation for subsequent subcloning 291 

into the pET expression vector. As predicted, correct orientation was confirmed when the 292 

forward M13 primer paired with the reverse exoA or pilA primers yielded amplification 293 

products of approximately 564 bp and 519 bp, respectively (Figure 5). 294 
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Figure 5. Agarose gel electrophoresis of plasmids extracted from pTZ57R clones 

containing exoA and pilA inserts with correct orientation. 

3.4. Subcloning into the pET22a(+) Expression Vector 295 

Recombinant pTZ57R-exoA and pTZ57R-pilA plasmids were digested with the appropriate 296 
restriction enzymes, and the released inserts were separated and purified from agarose gels 297 

(Figure 7). In parallel, the pET22a(+) expression vector was linearized with EcoRI and SalI 298 
to generate compatible ends (Figure 8). The purified exoA and pilA fragments were then 299 

ligated into the digested pET22a(+) vector for expression. 300 

 

Figure 6. Restriction digestion of pTZ57R plasmids carrying exoA and pilA, showing 

released fragments and their size confirmation on 1% agarose gel. 

 

Figure 7. Restriction digestion of the pET22a (+) expression vector with EcoRI and SalI, 

demonstrating complete linearization and appropriate fragment size. 

 301 
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3.5. Construction of Recombinant pET22a (+)-exoA and pET22a (+)-pilA and 302 
Transformation into E. coli BL21(DE3) 303 

Ligation mixtures containing exoA or pilA inserts and digested pET22a (+) were transformed 304 

into E. coli BL21(DE3). Transformants were selected on LB agar plates containing ampicillin 305 
(with or without IPTG/X-Gal, depending on the screening strategy). A sufficient number of 306 

white colonies were obtained, and putative recombinant clones were analyzed by colony PCR 307 
using T7 promoter and terminator primers specific to the pET22a (+) vector. 308 

Most screened colonies yielded amplification products corresponding to the predicted exoA 309 

and pilA insert sizes, indicating a high rate of successful cloning into the expression vector  310 

 311 

  

3.6. Expression and Analysis of Recombinant EXO and PILI Proteins 312 

Recombinant protein expression was induced in E. coli BL21(DE3) harboring the pET22a 313 

(+)-exoA or pET22a (+)-pilA constructs using IPTG. Cell lysates were analyzed by 314 
SDS-PAGE. Both recombinant EXO and PILI proteins were detected as prominent bands 315 

with molecular weights of approximately 21–23 kDa, consistent with the predicted sizes 316 
(Figure 10). 317 

Expression of r-PilA in E. coli BL21(DE3) harboring pET26b/pilA was also evaluated after 5 318 

h induction in the presence and absence of IPTG, confirming IPTG-dependent 319 
overexpression. Lane M contained the molecular weight marker; representative lanes showed 320 

pilA- and exoA-expressing samples alongside controls. 321 

 322 

 
 

Figure 8. Molecular weight of produced proteins 

 323 
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Crude recombinant proteins were obtained by cell disruption, followed by ammonium sulfate 324 

precipitation. The partially purified preparations were then subjected to size-exclusion 325 

chromatography on Sephadex G-50 columns to remove low-molecular-weight contaminants 326 

and further enrich the target proteins (Figures 11 and 12). The purification strategy aimed to 327 

obtain peptide preparations with minimal contaminating proteins suitable for immunological 328 

assays. 329 

 330 

 331 

Figure 9. SDS-PAGE pattern indicating the approximate molecular weight of the purified 332 

recombinant proteins (highlighted bands). 333 

 334 

 335 
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Figure 12. SDS-PAGE gel showing the purification steps of EXO and PILI proteins 336 

following ammonium sulfate precipitation (CS-AS) and Sephadex G-50 gel filtration. 337 

3.7. Antibody Production, Western Blotting, and Cross-Reactivity 338 

Following immunization of mice with purified EXO and PILI recombinant proteins, sera 339 
were collected and evaluated by Western blotting and ELISA. Western blot analysis of 340 

purified EXO and PILI preparations using their corresponding specific antisera demonstrated 341 
strong, specific recognition of the respective recombinant proteins. Cross-reactivity assays 342 

were performed using antisera raised against EXO, PILI, and whole P. aeruginosa antigens. 343 

The results indicated that each antibody preparation reacted strongly with its homologous 344 

antigen and showed limited cross-reactivity with heterologous antigens. Sera raised against 345 
whole P. aeruginosa displayed detectable reactivity with both EXO and PILI proteins. 346 

Notably, P. aeruginosa antigens exhibited stronger reactivity with anti-PILI antibodies than 347 
with anti-EXO antibodies, suggesting differential immunodominance of surface-exposed pili 348 

compared to exotoxin A. 349 

Table 3. Cross-reactivity of anti-EXO and anti-PILI antibodies with different antigens. 350 

 351 
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Table 4. Comparison of specific antibody responses to EXO, PA, and PILI antigens within 352 
each immunized group. 353 

 354 

4. Discussion 355 

Pseudomonas aeruginosa is a leading cause of pneumonia and other severe infections and 356 
possesses numerous plasmid- and chromosome-encoded antibiotic resistance determinants, 357 

which make antimicrobial therapy particularly challenging [24]. Despite the introduction of 358 
new antibiotics, mortality associated with P. aeruginosa infection has not significantly 359 

decreased. Therefore, alternative approaches, such as immunotherapy and 360 
immunoprophylaxis, are being actively explored as complementary or replacement strategies. 361 

Several virulence factors of P. aeruginosa have been proposed as vaccine candidates, among 362 
which exotoxin A (ETA) is of particular interest because its neutralization can significantly 363 

reduce the severity of infection. Active and passive immunization against P. aeruginosa is 364 
increasingly considered a promising strategy in view of the widespread intrinsic and acquired 365 

resistance to antibiotics [1]. This is especially relevant in critically ill patients, such as burn 366 
patients, for whom rapid and effective control of infection is essential; in such cases, 367 

immunization may represent an optimal approach for both prevention and treatment. 368 

The selection of appropriate antigenic targets is a key step in rational vaccine design. 369 
Adhesins, including type IV pili (T4P), play a pivotal role during the early stages of infection 370 

by mediating attachment to epithelial cells and promoting subsequent colonization and 371 
invasion [6]. In the present study, we focused on the feasibility of producing recombinant 372 

exotoxin A and PilA under optimized conditions. We systematically evaluated parameters 373 
affecting protein expression, including induction time, incubation temperature, and IPTG 374 

concentration, and demonstrated that both antigens can be produced at high levels in a 375 
recombinant system, supporting their potential utility for large-scale production and 376 

downstream immunological applications. 377 

A substantial body of evidence indicates that pili represent highly attractive vaccine 378 
candidates [11]. Due to their central role in colonization, T4P have been widely studied as 379 

targets for antibody-mediated inhibition. Several studies based on monoclonal antibody 380 
binding have shown that the C-terminal domain of the pilin subunit contributes to receptor 381 

recognition and bacterial adherence to epithelial cells [20]. In addition, antibodies directed 382 
against receptor-binding domains (RBDs) on pili have been shown to block pilus-mediated 383 

adhesion, providing a strong rationale for pilus-based vaccine design [31]. Because adhesion 384 
and colonization are critical steps in pathogenesis, we designed and expressed recombinant, 385 

domain-specific PilA and exotoxin A constructs to evaluate their production and 386 
immunogenic potential. 387 

In this study, we successfully obtained a recombinant form of the P. aeruginosa PilA protein 388 
and a non-toxic fragment of exotoxin A using E. coli expression systems. The importance of 389 

exotoxin A as a virulence determinant has been extensively documented in both clinical and 390 
experimental models. Interestingly, some earlier animal studies reported that ETA-deficient 391 

P. aeruginosa mutants may display altered virulence phenotypes compared with parental 392 
strains, highlighting the complex interplay between different virulence factors [26]. In a 393 

non-toxigenic PAO1 background, cloned toxA genes can direct the synthesis of intact 394 
exotoxin A [5]. Douglas et al. expressed exotoxin A under the control of the tac promoter in 395 
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an expression vector in E. coli and reported that the recombinant protein localized 396 
predominantly in the periplasmic compartment [7]. Similarly, Lory et al. expressed the toxA 397 

gene in E. coli and, using immunoblotting, showed that exotoxin A mainly accumulated in 398 
the cytoplasmic fraction [3]. Expression of other P. aeruginosa extracellular enzymes, such 399 

as phospholipase C, in E. coli has also been investigated; Lory and Tai found that this 400 
enzyme was associated with the outer membrane, although its processing from the precursor 401 

form was not fully elucidated [28]. 402 

Consistent with these previous findings, our results showed that recombinant exotoxin A and 403 
PilA were not secreted into the culture medium by E. coli but accumulated intracellularly, 404 

requiring cell lysis for recovery [28]. Based on bioinformatics and immunoinformatics 405 
analyses, BLAST comparisons, and sequence alignments, we designed primers targeting 406 

immunologically relevant N- and C-terminal regions of the exoA and pilA genes. Given the 407 
high GC content and structural constraints of these sequences, specific restriction sites were 408 

engineered into the primers to facilitate cloning. The amplified fragments were first cloned 409 
into the pTZ57R vector and subsequently subcloned into an appropriate expression vector. 410 

However, due to the high GC content and associated cloning difficulties, direct cloning in 411 
some constructs was not successful, and the sequence had to be synthesized and inserted 412 

directly into the expression plasmid. This observation is in agreement with the report by 413 
Goval et al. (2018), who showed that unusual sequence composition and elevated GC content 414 

can negatively affect replication, cloning, and expression efficiency [6]. 415 

In our system, the use of the pET22b(+) vector and the presence of multiple cysteine residues 416 
in the C-terminal fusion region facilitated purification by Ni-Sepharose affinity 417 

chromatography. Inclusion bodies formed during expression could be efficiently solubilized 418 
in 8 M urea. Although initial elution using only a pH gradient was not fully efficient, the 419 

addition of 250 mM imidazole markedly improved the recovery of the target proteins. 420 
Moreover, the use of E. coli BL21(DE3) producing T7 RNA polymerase enabled robust 421 

expression of the recombinant constructs upon IPTG induction, in line with previous studies 422 
employing T7-based systems for P. aeruginosa proteins [26]. 423 

Western blot analysis of sera from animals immunized with recombinant exotoxin A and 424 
PilA demonstrated the presence of specific antibodies against both antigens. This supports the 425 

importance of exotoxin A as a key pathogenic factor and underscores the relevance of 426 
neutralizing this toxin as part of an anti-P. aeruginosa strategy. The observed antibody 427 

responses indicate that the recombinant proteins produced in this study possess immunogenic 428 
epitopes capable of eliciting specific humoral responses. SDS-PAGE and Western blotting 429 

confirmed that the recombinant PilA migrated at approximately 17 kDa (theoretical 17.68 430 
kDa) under denaturing conditions, and the exotoxin A fragment migrated at approximately 20 431 

kDa (theoretical 20.12 kDa), which is consistent with the predicted molecular masses. 432 

Furthermore, dot blot, indirect ELISA (including cross-reactivity assays), and Western blot 433 
analysis using mouse antisera showed that anti-EXO, anti-PILI, and anti-P. aeruginosa sera 434 

each reacted strongly with their homologous antigens. Limited cross-reactivity was observed 435 
among heterologous combinations. In particular, whole-cell P. aeruginosa antigens exhibited 436 

stronger reactivity with anti-PILI antibodies than with anti-EXO antibodies, suggesting that 437 
pili are more prominently exposed on the bacterial surface and may be more 438 

immunodominant in natural infection. The detection of specific antibodies against both 439 
exotoxin A and PilA in sera underscores the contribution of these factors to P. aeruginosa 440 

pathogenicity and supports their potential as vaccine targets. 441 
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Collectively, these findings indicate that the recombinant exotoxin A and PilA proteins 442 
produced in this study are suitable for further immunization experiments. Future work should 443 

evaluate their efficacy in active and passive immunization models, explore their potential as 444 
components of multivalent vaccines, and assess their utility as antigens in diagnostic assays. 445 

Ultimately, clinical studies in human subjects will be required to determine their protective 446 
efficacy and safety in the context of P. aeruginosa infection. 447 

 448 

 449 
 450 

Conclusion 451 

Exotoxin A and recombinant PilA were successfully expressed in the pET22b (+) vector in E. 452 

coli BL21(DE3) under IPTG induction and were readily detectable by SDS-PAGE as distinct 453 

bands at the expected molecular weights. The optimized expression conditions (induction for 454 
up to 5 h at 37°C) enabled high-level production of these recombinant proteins. Our results 455 

demonstrate that exotoxin A and PilA can be efficiently produced at laboratory scale and are 456 
amenable to purification in a form suitable for immunological studies.  457 

Given their central roles in P. aeruginosa pathogenesis and their demonstrated 458 
immunogenicity in animal models, this recombinant, non-toxic exotoxin A and PilA 459 

constructs represent promising vaccine candidate antigens. Further preclinical evaluation, 460 
including detailed immunization and protection studies, is warranted to assess their potential 461 

use in active and passive immunization strategies against P. aeruginosa infections. 462 
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