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Abstract 

Enterococcus faecium and Staphylococcus aureus, the Gram-positive pathogens of the 

ESKAPE group, are known to represent a great threat to human health, especially due to their 

presence in the healthcare setting where they often present with high virulence and multiple 

resistances to antibiotics. Together, S. aureus and E. faecium account for 45% of annual 

antimicrobial resistance related-deaths in the US. 

In this study, we combined several techniques for antigen discovery in an effort to reduce the 

number of identified proteins to only promising candidates. We used a subtractive proteome 

analysis that we combined with a false positive analysis of peptides obtained by trypsin 

shaving. Briefly, the subtractive proteome analysis was conducted on proteins extractions 

obtained by lysostaphin digestion, SDS boiling or sonication that were run through SDS-PAGE 

in triplicates. Two of the gels were blotted onto a membrane and detected with either pooled 

human sera previously tested for the presence of opsonic antibodies, or with the same sera 

previously depleted of S. aureus-specific antibodies. Bands identified with the pooled sera but 

not with the depleted one were reported to the remaining gel and matching bands were excised 

for protein identification by mass spectrometry. The false positive analysis was performed 

using trypsin shaving: bacteria were incubated with or without trypsin in a hypotonic solution 

and the resulting supernatant was run through mass spectrometry, leading to a list of proteins 

enriched by the treatment with the enzyme. Combination of the results obtained with both 

techniques formed a list of 40 potential antigens which was narrowed down to 10 candidates 

after removal of already described antigens, cytoplasmic and non-immunogenic proteins.  We 

picked five of them: the DUF5011 domain-containing Fe/B12 transporter, and Fe(3+) dicitrate 

ABC transporter; and two having an amino acid sequence really close to two already 

discovered antigens in enterococci: PrsA and AdcAau. Cross-opsonic effect was investigated 

and showed that antibodies raised against the two enterococcal antigens can mediate the 

killing of S. aureus. We showed that our selected proteins are able to elicit specific and opsonic 

antibodies against the S. aureus strain MW2. We also demonstrate that PrsA and AdcAau can 

cross-bind to their homologs and cross-opsonize several S. aureus, E. faecium and E. faecalis 

strains.  

These findings show that the novel experimental approach for antigen discovery can lead to 

the identification of promising candidates that can induce the production of opsonic antibodies. 

We showed that three of the investigated candidates could mediate the killing of S. aureus. 

Also, two of the identified proteins are antigens that could be considered for vaccine 

formulation against both Gram-positive ESKAPE pathogens.  
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I.1 Generalities on ESKAPE pathogens 

The ESKAPE pathogens group, comprising of Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter spp, first described in 2008 (1), clusters bacterial organisms able to “escape” the 

lethal effect of antibiotics (Figure 1A). They can cause a variety of infections, such as lung, 

blood, urinary tract or cutaneous infections (2,3). ESKAPE bacteria share many common 

characteristics. For example, they are all now found in the environment, and they are 

opportunistic pathogens that are part of the normal microflora (4). All of them present a great 

concern in the clinical setting, not only because that is where pathogens can spread easily 

among vulnerable patients, but also because it is where most antibiotic-resistant strains can 

be found (Figure 1B).  

 

Figure 1. ESKAPE pathogens. (A) Organisms grouped under the ESKAPE acronym. (B) 
Common characteristics of bacteria pertaining to the ESKAPE group.  

I.1.1 Presence in the environment 

Bacteria belonging to the ESKAPE group can usually be found in environmental niches and 

cause community-acquired infections. These bacteria have been commonly isolated from soil, 

food, water sources, plants or sewage (5). For example, enterococci are easily found in the 

environment, whether it is in the beach sand, aquatic vegetation, soil or sediments. Their 

presence in recreational water is even used as an indicator of fetal contamination (6). S. aureus 

can be isolated from a wide variety of places in the community, especially where people gather. 
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Most of the time, the S. aureus found are methicillin-resistant S. aureus (MRSA), even if they 

are isolated from non-hospital related environments (7). Also, multi-drug resistant (MDR) S. 

aureus were isolated from beach water and sand in South Africa (8). The study shows that 

over 50% of the tested S. aureus presented a phenotypic resistance to methicillin and 100% 

of the isolates showed multiple antibiotic-resistances. MDR K. pneumoniae were isolated from 

several environmental sources, such as rivers and farms (9), MDR A. baumannii were found 

in the soil of damp sites in Croatia (10). As for P. aeruginosa, it has been found in multiple 

environmental habitat such as soil (11), water (12), oil-contaminated environments (13), sinks 

and drains (14). It can be defined as ubiquitous, or a common soil and water bacterium (15). 

Enterobacter spp are also ubiquitous, found in plants but also in the intestinal tracts of animals, 

leading to their dissemination to soil, water and sewage (16).   

I.1.2 Commensal bacteria 

In the early 20th century, the notion of “microbiota” was first explained (17). It was found that 

microorganisms, especially bacteria, yeasts and viruses were coexisting within the human 

body (18). Since then, multiple studies have investigated its composition, its implication in our 

health and the diseases we might face during our lives, as well as how to use it to treat and 

prevent such diseases (19). It was found that the living bacteria, yeast or viruses were present 

all over our bodies and the microbiota was even defined as “the hidden organ”, with over 100 

trillion microorganisms per person (20). It is now acknowledged that microorganisms profile 

found in an individual’s microbiota, especially the gut microbiota, can be associated with his 

health. Different patterns have been associated with healthy people, as well as correlated with 

diseases including obesity, inflammatory bowel disease, hypertension, autism, cancer and 

rheumatoid arthritis (21–26). 

One characteristic that ESKAPE bacteria share is that they are all found in the human 

microbiota where they are non-pathogenic but often present with antibiotic resistances (4). 

Enterococci are mainly found in the gastrointestinal (GI) tract (27,28), but they also colonize 

the oral cavity and genital tract (29). S. aureus is present on the skin and mucous membranes. 

In fact, humans are the main reservoir for this bacteria (30). It is acknowledged that the bacteria 

have colonized the nasal cavity of 20-80% of humans (31). These asymptomatic carriers can 

be divided into two categories: the persistent carriers, which accounts for up to 20% of the 

world’s population and are colonized with a high bacterial load throughout their entire life; and 

the non-persistent, who represent the people that were either never colonized (about 20% of 

the population) or only intermittently with a lower number of bacteria (60%) (32,33). S. aureus 

can also be found in the throat (34), vagina (35) or GI tract (36), though its presence in the 

anterior nares is the main source of dissemination to other sites via hand transfer (37). K. 

pneumonia colonize the nasopharynx, as well as the mucosal epithelium of the gut (38,39). 
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The prevalence of gut colonization by K. pneumonia varies greatly in between the different 

world’s region: from 4-6% in the US, 40-65% in Senegal and Madagascar and up to 75-87% 

in Taiwan and Malaysia (40–43). A. baumannii is commonly colonizing the GI tract and it can 

also be found on the skin or in the respiratory tract (44). P. aeruginosa could be considered a 

commensal bacterium, though it generally is not. It is rarely dangerous and often do not cause 

disease in people with a healthy immune system (45). Oral ingestion of the bacteria do not 

cause any symptoms in healthy individuals and could even be used as a probiotic to 

prevent/delay infections in the respiratory tract (46). Enterobacter spp also rarely cause 

diseases in healthy people. It can be found on human skin and in the GI tract of animals and 

humans (16). 

I.1.3 Opportunistic pathogens 

ESKAPE bacteria are part of the normal microflora in human and they can be found in a variety 

of places, from the skin to the vagina or respiratory tract. They can often be found in the GI 

tract, consistent with the fact that the gut microbiota is the colonization site presenting with the 

highest numbers of microorganisms, as well with the highest difference in the variety of 

microorganisms (28). Also, to this date,  the gut microbiota is the most studied among 

scientists, mainly because of its many implications in our health (47–49). Additionally, every 

bacteria pertaining to the ESKAPE group is either a common environmental bacterium, or has 

been encountered in the environment. Therefore, our exposition to this pathogenic group is 

high and constant throughout our lives. Nevertheless, most of the time, contact with these 

bacteria doesn’t lead to the development of infections. This is because the ESKAPE bacteria 

are opportunistic pathogens (50). They are microorganisms that can cause serious infectious 

diseases in weaken individuals such as the elderly, newborns or patients presenting with a 

compromised immune system, or in individuals where a perturbation occurred, whether it is a 

disease, wound, ageing or surgery (51–53). Opportunists usually arise from the normal 

microflora or the environment, two places in which the ESKAPE bacteria are typically found. 

They can be separated into two categories, (i) the commensal opportunists, such as 

enterococci and S. aureus; (ii) the environmental opportunists, like P. aeruginosa (54). Studies 

have shown that the ESKAPE bacteria found in our microbiota or in the environment often 

contain antibiotic resistance genes or even express a phenotype consistent with antibiotic 

resistances (55). The combination of those characteristics explains the danger of the ESKAPE 

group.  

I.1.4 Responsible for hospital-acquired infections 

Thanks to their opportunistic profile, the ESKAPE bacteria are responsible for many hospital-

acquired infections (HAI). They are considered nosocomial pathogens and thrive in clinical 
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settings, which comprise vulnerable individuals (56,57). HAI are defined as infections acquired 

during a stay in a hospital or health-care facility. They are often associated with clinical 

procedures, such as surgeries and invasive procedures, and materials such as prosthetic 

devices and catheters (58). The different types of HAI are usually categorized into several 

groups: (i) central line-associated bloodstream infections (CLABSI); (ii) catheter-associated 

urinary tract infections (CAUTI); (iii) surgical site infections (SSI); (iv) ventilator-associated 

pneumonia (VAP) (59). A study showed that in the United States (US), between 2011 and 

2014, the most common nosocomial infection was CAUTI, with 37.8% of the reported HAI, 

followed closely by SSI (36.4%), especially abdominal surgeries. CLABSI represented 23.5% 

and VAP 2.2% (3). A similar study conducted between 2015 and 2017 showed slightly different 

results with HAI associated with SSI mostly (43.2%), followed by CAUTI and CLABSI, 

respectively accounting for 29.7% and 25% of the HAI. VAP still being far behind with 2.8% 

(60). Nosocomial infections represent a great challenge in the clinical setting and are affecting 

patients considerably, as they have been associated with a higher morbidity and mortality. 

They also increase greatly the duration of hospital stay and treatments, becoming a financial 

burden on patients, families, and healthcare systems (61,62). The most common causative 

agent are bacteria, especially opportunistic organisms such as the ESKAPE bugs. The six 

microorganisms are among the most frequent bacteria responsible for HAI worldwide (59,63). 

Five of them are among the top 10 most commonly isolated pathogens associated with HAI in 

Europe, as reported by a study conducted between 2016 and 2017 (see Figure 2). They 

detailed the percentage of each bacteria responsible for HAI: S. aureus (12.3%), Klebsiella 

spp. (11.4%), P. aeruginosa (7.1%), Enterococcus spp. (4.8%), Enterobacter spp. (2.1%) (64).  
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Figure 2. ESKAPE pathogens in HAI. The pie chart shows the percentage of five of the 
ESKAPE pathogens that were associated with HAI in Europe between 2016 and 2017. 
Adapted from Suetens et al. 2018 (64). 

As previously explained, the main criteria for grouping the ESKAPE pathogens together is their 

ability to develop antibiotic resistances. This specific characteristic is the one making the 

ESKAPE bugs so dangerous, especially in the context of nosocomial infections. It has been 

reported that pathogens responsible for HAI are generally resistant to antibiotics (65).  

I.1.1 Antibiotic resistances and global challenge 

The discovery of antibiotics was one of the greatest achievement in modern medicine (66). 

Before humans began to add those molecules to their treatment options, over 50% of the 

deaths were related to infections (67). This percentage dropped considerably after the 

introduction of antibiotics in our lives. It is considered that since 1950, the use of antibiotics 

has saved millions of lives (68). Not only are they used to treat and cure infectious diseases, 

but they also provide means of infection control, enabling the practice of life-saving medical 

procedure such as surgeries or organ transplantation (69). In consequence, thanks to the plural 

influence of antibiotics on global well-being, the health and life expectancy of humans improved 

dramatically over the 20th century. Between 1900 and 1999, the average human life span grew 

by 30 years, 25 of which are attributable to advance in public health (70).  

However, our extensive use of antibiotics led to the emergence of a worldwide acknowledged 

threat: the antimicrobial resistance (AMR). Antibiotic-resistant pathogens can be found all over 
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the world and are responsible for a rising number of infections (71). In 2019, death across the 

world related to AMR accounted for 1,27 million. It was also reported that by 2025, AMR-related 

deaths are estimated to rise up to 10 million (72). In 2022, The Lancet published the first 

comprehensive assessment of the global burden of AMR and report six leading pathogens 

responsible for 1 million deaths attributable to AMR. Among those six leading pathogens, four 

are part of the ESKAPE group (S. aureus, K. pneumoniae, A. baumannii and P. aeruginosa) 

(73). 

To tackle this rising issue, the World Health Organization (WHO) published in 2017 three lists 

classifying pathogens that are to be prioritized in the research and development of new 

antimicrobial treatments (74–76). The Gram-negative ESKAPE pathogens A. baumannii, P. 

aeruginosa, and Enterobacter spp are listed in the first priority list, named “Critical priority”, 

while the two Gram-positive ESKAPE pathogens E. faecium and S. aureus are part of the 

second list annotated as “High priority”. The classification into such lists was performed while 

taking into account several criteria, including mortality, treatability, transmissibility as well as 

the ability to prevent infections in the clinical setting and within the community (77).  

The risk of AMR infections, as well as the severity of the symptoms induced, are greater in 

health-care environment where vulnerable patients stay and undergo medical procedures with 

high infection risks (e.g. surgeries), but the transmission rate is higher than within the 

community (78). Also, the use of antibiotics is frequent, leading to the thriving of antibiotic 

resistance development (79).  AMR accounts for a rising number of deaths worldwide and 

especially in the clinical setting, but it is also associated with increases of the hospital stay and 

treatment costs (80). In the study published in 2020 by Weiner-Lastinger et al, they described 

the percentage of non-susceptible bugs identified in device-associated HAI (Figure 3). The 

study shows that 48% of tested S. aureus are MRSA, 7% of E. faecalis and 82% of E. faecium 

are VRE (vancomycin-resistant E. faecium), 21% of Klebsiella spp were non-susceptible to 

ESC, 7% to carbapenes and 13% were MDR, just like 6% of Enterobacter spp, 14% of P. 

aeruginosa and 43% of Acetinobacter spp. 
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Figure 3. Non-susceptible ESKAPE isolates involved in HAI. The graph shows the percentage 
of non-susceptible isolates tested in device-associated hospital-acquired infections (DA-HAI) 
and surgical site infections (SSI) between 2015 and 2017 in the US. The values indicate the 
percentage of VRE, MRSA, Klebsiella spp resistant to cephalosporins, multi-drug resistant 
Acetinobacter spp, P. aeruginosa resistant to carbapenems and Enterobacter spp resistant to 
cefepime. Adapted from Weiner et al. 2020 (60). 

Bacterial pathogens, including the ones pertaining to the ESKAPE group, employ different 

mechanisms to evade the effect of antibiotics. Such mechanisms can include, (i) the alteration 

of the drug target, for example the modification of topoisomerase enzymes or ribosomal 

subunits; (ii) the production of biofilms; (iii) production of enzymes degrading/inactivating the 

antibiotics like the beta-lactamases especially for Gram-positive bacteria; (iv) the expulsion of 

the drug through efflux pumps that are overexpressed, particularly in the case of Gram-

negative pathogens; (v) the decrease of drug uptake by modification of the outer membrane 

transporters (porins) (81). Given the plurality of mechanisms of resistance that bacteria 

possess, it is known that ESKAPE pathogens are able to escape lethal effects of several major 

classes of antibiotics, such as macrolides, tetracyclines, oxazolidinones, β-lactams, 

lipopeptides, β-lactam-β-lactamase inhibitor combinations, as well as last-line antibiotics such 

as glycopeptides, carbapenems and polymyxins (79). 
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I.2 Staphylococcus aureus 

I.2.1 Generalities 

The word Staphylococcus comes from the Greek “staphyle”, which means grapes, and 

“kokkos” for berry. It was first described in 1880 by the Scottish physician Sir Alexander Ogston 

who found in pus from a surgical abscess “masses that looked like bunches of grapes” (82). 

Later, in 1884, a German physician named Friedrich Julius Rosenbach described the 

Staphylococcus aureus (gold in Latin), thanks to its golden colonies (83). First believed to be 

part of the family Micrococcaceae, molecular and phylogenetic analysis revealed many 

differences and called for a separation of the two families, creating the Staphylococcaceae 

(84). The genus Staphylococcus comprises catalase-positive, facultative anaerobic, Gram-

positive bacteria, shaped as cocci of 1 µm in diameter, which can be observed in grape-like 

shape under a microscope. This bacteria does not possess a flagella and do not form spores 

(85,86). It has a polysaccharide capsule that can help evading the immune system (87). 

Nowadays, 36 species are recognized within the genus Staphylococcus, though the main 

species encountered are S. aureus and S. epidermis (88). S. aureus can grow with harsh 

growth conditions, from temperature ranging between 15°C to 45°C, to environments with a 

high osmolarity, or containing detergents or even alcohol (89). Though its ideal growth 

conditions are a temperature of 37°C and pH 7.4 (90). Most S. aureus strains are hemolytic 

and can form a transparent ring around the colony on blood agar plates (91). Its identification 

relies on those specific characteristics and also include deoxyribonuclease tests and the 

assessment of their ability to ferment mannitol (92). 

I.2.2 Pathogenicity 

I.2.2.1 Harmless bacteria to dangerous nosocomial pathogen 

As explained before, S. aureus can be found in the environment or in the normal human 

microflora. The bacteria can be isolated from a various number of environmental places, such 

as marine waters, beach waters and sand (93,94). It is also widely distributed in sewage, 

untreated water or even raw milk (95–97). Its presence in the community can also be linked to 

dissemination from asymptomatic human carriers that can spread the bacteria, especially in 

crowded living spaces with poor hygiene and/or lack of sufficient healthcare (98). It has been 

shown that S. aureus can be found in a variety of normal human microflora such as mucous 

membranes, skin and skin gland, and is even permanently carried in the nasal cavity of about 

20% of the population (99).  
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Dissemination of this opportunistic pathogen can lead to community-acquired (CA) infections 

that can be particularly menacing when the bacteria present antibiotic resistances like many 

S. aureus do. Indeed, this opportunistic pathogen that can become dangerous and infect 

susceptible individuals, making it an even bigger threat when infections are hospital-acquired 

(HA) (100). This pathogen can cause a wide range of infections such as bacteremia, 

endocarditis, osteoarticular, skin and soft tissue, pleuropulmonary and device-associated 

infections (101,102). It was reported to be the second most isolated nosocomial pathogen in 

HA infections in the US between 2015 and 2017 with an identification in 11.8% of adult HAI 

(60). The same study shows the proportion of each pathogen in the different type of HAI. For 

CLABSI, S. aureus ranked 1st, as the most isolated pathogen associated in hospital wards 

(15.5%), 3rd in hospital intensive-care units (ICU) and long-term acute-care hospitals (LTACH) 

with 9.1% and 11.2% respectively. In VAP, S. aureus was the most isolated pathogen in 

hospital ICU (28.8%) and 2nd in hospital wards (20.1%) and LTACH (21.2%). S. aureus was 

also the 1st cause of SSI with 17.5%. The pathogen was also associated with CAUTI for about 

2% of infections occurring in hospital wards, ICU or LTACH. Importantly, 48.4% of tested S. 

aureus that were responsible for device-associated HAI, as well as 41.9% of tested pathogens 

isolated in SSI, were found to be resistant to oxacillin, cefoxitin, or methicillin. 

I.2.2.2 Antibiotic resistances 

Not only is S. aureus responsible for many CA and HA infections, but when it does spread and 

create a life-threatening infectious disease, it is often difficult to treat as it presents many 

antibiotic resistances. Even back in 1978, a study already reported that only 7% of tested S. 

aureus strains were still sensitive to penicillin and 40% to cloxacillin (103). These pathogenic 

bacteria can acquire antibiotic resistances via the transfer of antibiotic-resistance genes but it 

also possesses intrinsic resistance mechanisms. Some strains, like the aminoglycoside-

resistant strains, can reduce the drug uptake by decreasing the outer membrane permeability 

(104). Others can degrade the antibiotics such as the penicillin, thanks to a large β-lactamase 

production that can hydrolyze the β-lactam bond present in the molecule, resulting in its 

inactivation (105–107). Efflux systems are also known as resistance mechanisms naturally 

present in certain S. aureus strains (108,109). The pathogens can also acquire resistance 

mechanisms via gene transfer, mutation that induce resistance or by forming biofilms. The 

presence of persistent cells also contributes to the antibiotic resistance dissemination. 

Acquisition of those resistances by S. aureus strains led to the emergence of MRSA, VRSA 

(vancomycin-resistant S. aureus) and other resistant strain that cannot be treated with the 

newer antimicrobial agents daptomycin and linezolid anymore (110,111). 

In 1959, clinicians started to use a modified penicillin, the methicillin, to treat infections by 

penicillin-resistant bacteria. This new molecule was resistant to the hydrolysis of the β-
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lactamase (112,113). But not later than two years after, in 1961, methicillin resistance in S. 

aureus was reported for the first time. While HA-MRSA incidence is decreasing, with 52% of 

tested isolates related to HAI in the US between 2011 and 2014 and 48% between 2015 and 

2017, CA-MRSA infections are rising significantly (3,60,114,115). CA-MRSA are typically 

acquired via a breach in the skin and are therefore associated with skin and soft tissue 

infections, while HA-MRSA are generally associated with dangerous conditions such as 

pneumonia and bloodstream infections (116). However, it is becoming difficult to differentiate 

CA- and HA-MRSA as some typical CA-MRSA strains are now found in HA bloodstream 

infections (117,118). Whether the strain is supposedly HA or CA, all MRSA add health care 

burdens to normal hospital stay with an association with higher morbidity, mortality, length of 

hospital stay, healthcare costs and quality of life (119). Last-resort treatments started to be 

used, like vancomycin which became one of the last options to treat MRSA. However, no later 

than 2002, VRSA appeared, leaving us with very few possible treatments. Additionally, VRSA 

do not only resist the biocidal effect of methicillin and vancomycin, but can also be resistant to 

a broad range of antibiotics (120). In 2019, MRSA killed over 121,000 people because of its 

plurality of antibiotic resistance (121).  

I.2.2.3 Immune system evasion 

S. aureus also possess a large variety of mechanisms to escape the immune system. In order 

to undergo the phagocytosis process, performed mostly by phagocytes such as neutrophils or 

macrophages, the bacteria must be highlighted as a particle to engulf by binding of opsonins 

to its surface. Opsonins comprises mainly immunoglobulin G (IgG) and the protein iC3b, 

formed after activation of the complement system. Each of those protein can then be 

recognized by the Fcγ receptor (for IgG) or integrin CR3 (for iC3b) that are present at the 

surface of phagocytes. The recognition will enhance the internalization process (122). S. 

aureus owns several immune-modulatory mechanisms that help to prevent the phagocytosis 

(123). The pathogen produces proteins that can either inhibit the recognition of IgG by the Fcγ 

receptors, the FLIPr; or even modulate the binding of IgG to the surface of the bacteria, protein 

A and Sbi. S. aureus also secretes proteins that can block the complement’s activation, 

preventing the formation of iC3b. To avoid recognition by molecules from the immune system, 

the pathogenic bacteria also developed strategies to shield itself, thanks to a capsular 

polysaccharide structure that surrounds the bacteria; or by secreting the extracellular 

fibrinogen binding protein, a protein that can bind to both the iC3b that covers the bacterial 

surface and to fibrinogen, therefore creating a layer of this plasma protein and covering the 

bacteria (87,124). S. aureus typically expresses two capsular polysaccharides (CP), creating 

the associated serotypes: CP5 and CP8. Both serotypes are constituted of trisaccharide 

repeating units of N-acetyl mannosaminuronic acid, N-acetyl L-fucosamine and N-acetyl D-
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fucosamine but differ because of the linkage type in between the molecules and the sites of 

O-acetylation (125). Expression of a polysaccharide capsule has been linked to increased 

virulence and persistence in vivo (126). However, its expression and size highly depends on 

the environment in which the bacteria evolves, and therefore depends on its location within the 

body (127). 

I.3 Enterococcus 

I.3.1 Generalities 

The word Enterococcus, from the Greek “enteron”, which means gut, was first employed by 

Thiercelin in 1899 who described a new Gram-positive diplococcus of intestinal origin and 

capable of causing infection (128). Still in 1899, another organism was identified from a lethal 

case of endocarditis: the bacteria now known as E. faecalis (129). However, several years 

later, in 1906, its name changed to Streptococcus faecalis, thanks to Andrewes and Horder 

who saw its ability to form short or long chains (130). Enterococci kept being classified as 

group D streptococci until 1984, creating a long-lasting confusion between the two genus. 

Thanks to molecular analysis, the two most common enterococci recovered their original 

names that we still use nowadays: E. faecalis and E. faecium (131). The genus Enterococcus, 

part of the Enterococcaceae family, comprises catalase-negative, facultative anaerobic, lactic 

acid, Gram-positive bacteria, shaped as non-motile cocci of 0.5-1 µm in diameter, which can 

be observed under a microscope as single cocci or associated in pairs or short chains 

(132,133). The bacteria can grow in difficult conditions, surviving a wide pH range (4.6-9.9) 

and temperatures (5-50°C). Currently, there are 44 species comprised in the Enterococcus 

genus but the most common are E. faecalis and E. faecium (134).  

I.3.2 Pathogenicity 

I.3.2.1 Harmless bacteria to dangerous nosocomial pathogen 

Enterococcal species are present in the environment, in our microbiota and also in food. They 

can be isolated from natural sources such as soil, water, sewage or arable land. We can also 

find them in the digestive systems of humans, animals or insects, as well as in the oral cavity 

and genital tract (29,135–139). Their presence in fermented products such as cheese, 

sausages and olives has also been proven and can even be used to enhance flavor taste 

(140–143). We can find approximately 106 to 107 Enterococcus in the human intestine, most 

of them being E. faecalis (105–107 colony-forming units (CFU)/gr feces) or E. faecium (104–105 
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CFU/gr feces). They help to maintain the pH, participate in the nutrient metabolism, stimulate 

the immune system and participate in controlling the growth of potential pathogens (144–146).  

However, when the fine equilibrium in the microbiota is disturbed, enterococci can become 

dangerous pathogens. Those commensal opportunists are responsible for a huge variety of 

infections, from endocarditis, bacteremia, urinary tract and wound infections (133,147,148). 

They represent a particularly important threat in the healthcare environment. Indeed, a study 

conducted in the US between 2015 and 2017 reports that E. faecalis and E. faecium ranked 

5th and 8th as the most isolated pathogens in HAI with the two enterococci found in 7.9% and 

3.8% of the infections respectively (60). For CLABSI, E. faecalis was the most common 

pathogen in LTACH with 12.1%, it was also associated with 7.6% of infections occurring in the 

hospital ward and 7.7% in ICU, making it the 4th and 5th most common pathogen for CLABSI 

in those environments. E. faecium was found in 4.8%, 7.2% and 6.4% of CLABSI in hospital 

wards, ICU and LTACH respectively, making it rank between 6th and 8th. Importantly, it was 

found to be the 3rd most common pathogen associated with CLABSI in oncology units. For 

CAUTI, E. faecalis was found in about 10% of infections in hospital wards, ICU and oncology 

services, making it the 4th most observed pathogen. E. faecium was isolated less frequently in 

CAUTI, though it still accounts for 6.7% in LTACH, ranking as the 5th most found pathogen for 

this category. Both enterococci were found in SSI, E. faecalis ranked 3rd (8%) and E. faecium 

11th (2.9%). Though E. faecium was less frequently than E. faecalis, it is important to note that 

82.1% of tested E. faecium in device-associated infections, and 55.6% in SSI, were resistant 

to vancomycin, while vancomycin-resistant E. faecalis were seen in only 7.2% in device-

associated HAI and 3.4% in SSI. 

I.3.2.2 Antibiotic resistances 

Just like the other Gram-positive ESKAPE pathogen, enterococci, and especially E. faecium, 

often present with antibiotic resistances. They possess intrinsic resistance mechanisms such 

as resistance to penicillin, cephalosporin, low levels of aminoglycosides, and low levels of 

clindamycin. They can also acquire resistances mechanisms, including resistance to 

chloramphenicol, erythromycin, high levels of clindamycin, tetracycline, high levels of 

aminoglycosides, penicillin by means of penicillinase, fluoroquinolones, and/or vancomycin 

(149,150). VRE represent a huge concern in healthcare environment and have been identified 

as the most common MDR enterococci in the clinical setting (151). New therapeutics are now 

used to combat VRE, for example daptomycin, which is the antibiotic of choice against 

vancomycin-resistant enterococci (152). However, daptomycin-resistant enterococci have 

already been observed in hospital and in the environment (153,154). While CA-VRE infections 

are rarely reported, it has already been observed via a burn wound in Malaysia (155).  
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I.4 Treatment options against S. aureus and 

enterococci 

I.4.1 Antibiotics 

As previously explained, S. aureus and enterococci possess intrinsic resistance mechanisms 

and are also masters at acquiring new antimicrobial resistances. S. aureus was rapidly 

resistant to penicillin so the methicillin was introduced, but its effectiveness lasted all but two 

small years before MRSA emerged. Methicillin-susceptible S. aureus can still be treated with 

drugs in the β-lactam class, such as cephalosporins, oxacillin or mafcillin. However, for MRSA, 

treatments include the use of vancomycin, which also rapidly became ineffective. Since then, 

several new classes of antibiotics have been studied and are either already commercialized or 

under study in clinical trials (79). VRE emerged in the 1980s in the US and were associated 

with the introduction of third-generation cephalosporins. Since then, the antibiotic-resistant 

pathogen has spread all over the world. VRE can still be treated, however the handling of 

infected patients calls for specific and expensive measures such as isolation rooms, contact 

precautions and dedicated room cleaning. Second-line antibiotics can still be used against 

VRE (tigecycline and daptomycin), although their costs and risk of toxicity are higher than 

routinely used antibiotics. 

The pharmaceutical industry invests less and less in the discovery of new drugs as finding new 

potent molecules is still possible, but much less frequent than before the 1960s. However, new 

hope can be placed in the repurposing of already existing drugs. Indeed, this strategy helps 

reducing the time, cost and risk associated with the investigation of otherwise newly discovered 

molecules (79). However, development of AMR will always be a lingering threat (156).  

I.4.2 Non-drug therapies 

To overcome the rising antibiotic resistances, new antimicrobial therapies were studied in the 

pre-clinical and clinical research and development. Among other, the use of bacteriophages, 

fecal microbiota transplantation and vaccines are the most promising alternatives to antibiotics.  

I.4.2.1 Bacteriophages 

Bacteriophage discovery happened in 1915 by William Twort and their first use of lytic 

bacteriophages was first applied in 1917 by Felix d’Herelle. Primarily disregarded in profit of 

the newly discovered antibiotics, their potential use is now investigated (157). The idea is to 

use those biological agents to selectively destroy the targeted bacteria. The phage acts as a 

“virus for bacteria”; it can infect specifically a host, replicate inside this same host and, induce 
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its lysis while releasing virion progenies that can restart the infection-lysis cycle all over again 

(158). Several phages have already been successfully used as therapies against S. aureus 

infections and are described in case reports, especially in bone and joint infections (159), skin 

and soft tissue infections (160) or in heart and pulmonary infections (161). Mainly because of 

the lack of laws framing the research on phages, very few clinical trials using phages against 

infections by S. aureus were and will be performed in the near future. For enterococci, different 

case reports have shown the effects of bacteriophage therapy against the pathogen but very 

few clinical trials are being carried out (162). So far, no serious adverse effects were observed, 

confirming the use of bacteriophages as a good option against infectious diseases. However, 

the emergence of resistance to bacteriophage therapies is a possibility that must be 

considered. Several strategies can be used to prevent this outcome, like the combination of 

phages and antibiotics that would kill the pathogens faster than they can replicate (and 

therefore develop and pass on to daughter cells a resistance mechanism). Another aspect to 

consider is the potential immune response developed against phage antigens. Phage 

immunogenicity depends greatly on the phage type, dosage, mode of administration and 

especially the immunological condition of the host. Little information is available, making the 

subject a source of conflicting opinions (163). 

I.4.2.2 Fecal microbiota transplantation  

When treating a patient with broad-spectrum antibiotics, most susceptible bacteria in the 

microbiota are eradicated. This is particularly true for patients in LTACH that end up with an 

altered microbiota. Eradication of antibiotic-susceptible bacteria leaves the space for antibiotic-

resistant bacteria to thrive. The idea behind fecal microbiota transplantation is to protect 

against this colonization and a study showed that patients which received this treatment 

present with a decrease in GI tract colonization by VRE (164). 

I.4.2.3 Vaccine development 

Vaccination was used before we even knew the biological mechanisms it relies on. In the 

1100s, the variolation technique was used in Turkey, Africa, China and Europe. After observing 

the smallpox survivors never got infected again, physicians started to inoculated children with 

dried scab material from infected patients. Much later, in 1798, Edward Jenner continued the 

quest for immunity against smallpox and postulate that protection could be obtained by 

inoculation with a related and much less dangerous virus: cowpox. He showed that inoculation 

of an 8-year old boy with liquid recovered from a pustule of a milkmaid offered protection 

against smallpox. Over 80 years later, Louis Pasteur created the first live attenuated bacterial 

vaccine. Ever since, vaccine formulations have evolved dramatically, and the source of the 
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pathogen that we want to be immune from can now be as small as mRNA or proteins and 

polysaccharides (sub-unit vaccines) (165).  

The principle of vaccination rests on the activation of the immune system by an antigen and 

the creation of an immunological memory. The purpose is to mimic an infection that elicits an 

immune response and the consequent immunological memory. This memory will help when 

our body encounters the pathogen again and shorten the associated response, enhancing the 

immune system to act fast (166). Vaccination is considered one of the most effective method 

against infections. Its success to prevent polio, smallpox, measles, diphtheria, tetanus, rabies, 

etc., testify to its potential at reducing the global burden of infectious diseases (167). The 

scientific and medical community places great hope in vaccine development to combat AMR. 

However, no effective vaccine formulations are available against ESKAPE pathogens. Many 

candidates have been studied in clinical trials, but all failed to elicit a protective effect (168).  

I.4.2.3.1 Vaccine formulations enrolled in clinical trials 

Recent advances in the landscape of S. aureus vaccine development comprise the current 

assessment of four vaccine formulations in clinical trials (see Table 1). However, an important 

event was the failure of Pfizer’s formulation SA4Ag in phase IIb. The formulation contained 

four staphylococcal antigens, the proteins MntC and ClfA and the capsular polysaccharide 

CP5 and CP8, all conjugated to a detoxified form of diphtheria toxin (169,170). In the phase I, 

a single dose could elicit high titers of antibodies whose functionality was successfully proved 

by opsonophagocytic assays. Yet unfortunately, the formulation did not prove any reduction in 

BSI, SSI or mortality (171). Other vaccines failed to pass phase II of the clinical trials, like V710 

or StaphVax (172,173). Despite the identification of several antigens in enterococci, no clinical 

trials are currently on-going. 

Table 1. Vaccine formulation against S. aureus currently tested in clinical trials. 

Clinical trial 

number 

Vaccine 

name 
Composition Phase Company 

NCT04420221 SA-5Ag ClfA, Hla, SpA, CP I: Recruiting GSK 

NCT00974935 
1. Stebvax 

2. IBT-V02 

1. SEB + alum 

2. SEB, SEA, TSST-1, LukS, 

LukF, LukAB, Hla + alum 

I: Completed 

I: Scheduled 

Integrated 

Biotherapeutics 

NCT03455309 NDV-3A 
Als-3 (C. albicans cross reactive 

cell wall protein) + Alum 
II: Ongoing 

Novadigm 

Therapeutics 

NCT03966040 rFSAV 
Hla, SpA, SEB, IsdB, MntC + 

Alum 
II: Ongoing Olymvax 
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I.4.2.3.2 Antigens identified in S. aureus and enterococci 

Antigens are molecules that can trigger an immune response and be recognized by specific 

antibodies. They can be of various chemical background such as proteins, lipids or 

glycoconjugates. Table 2 presents a non-exhaustive list of vaccine candidates of protein origin 

against S. aureus and enterococci (174,175).  

Table 2. Vaccine antigens of protein origin against S. aureus and enterococci. 

Name Description Reference 

S. aureus antigens   

ClfA clumping factor A (176) 

ClfB clumping factor B (176) 

CNA collagen adhesin (177) 

EsxA Ess extracellular A (178) 

EsxB Ess extracellular B (178) 

FnBPA fibronectin binding protein A (179) 

FnBPB fibronectin binding protein B (179) 

Hla alpha-hemolysin (180) 

IsdA iron-regulated surface determinant protein A (181) 

IsdB iron-regulated surface determinant protein B (181) 

LukF leukocidin-F (182) 

LukS leukocidin-S (182) 

MntC manganese transport protein C (183) 

SdrC serine-aspartate repeat protein C (184) 

SdrD serine-aspartate repeat protein D (184) 

Enterococcal antigens   

Ace collagen adhesin (185) 

Acm collagen adhesin (186) 

AdcAfm zinc ABC transporter substrate-binding lipoprotein (187) 

DdcP D-alanyl-D-alanine carboxypeptidase (188) 

EbpA endocarditis- and biofilm-associated pili A (189) 

GelE gelatinase (190) 

LysM peptidoglycan-binding protein (188) 

PBP5 penicillin-binding protein 5 (188) 

PpiC peptidyl-prolyl cis-trans isomerase (188) 

PsaAfm manganese ABC transporter substrate-binding lipoprotein (187) 

SagA secreted antigen a, bacterial growth and biofilm formation (191) 
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II.1 Context 

ESKAPE pathogens are a great concern for the global health of our society. Because of their 

presence in the environment and the normal human microbiota, they can easily disseminate 

and infect weakened individuals. Those opportunistic pathogens threaten the integrity of our 

health and their presence in our hospitals can disrupt our safety while receiving care. Adding 

to those characteristics, they have the ability to escape the biocidal effect of antibodies, which 

enhance their dangerousness (79).  

Since their introduction in our treatment procedures, antibiotics have saved millions of lives. 

Their discovery is without doubts one of the greatest achievements in modern medicine. 

However, AMR emerged really quickly and is now widely spread. Clinically available therapies 

can often be ineffective, especially when treating infections caused by ESKAPE pathogens. 

The use of broad-spectrum antibiotics is often the only choice as we still lack rapid diagnostic 

methods to identify infective agents and the presence of AMR genes. Unfortunately, in the 

case of infections with AMR bacteria, such treatment usually selects resistant bacteria over 

sensitive ones, contributing to the rise of resistances (73).  

While it is clear that urgent solutions must be provided to win back our fight against bacteria, 

we are still unsure on how to proceed for our next steps. Many hopes can be placed in the 

discovery of novel antimicrobial molecules, but while we kept discovering more and more drugs 

during the golden era of antibiotic discovery, between 1945 and 1980, we have entered a 

“discovery void” and are now struggling to identify new candidates. Bacteriophage therapy, 

which use phages that can selectively destroy bacteria, has shown some promising results. It 

presents many advantages such as pathogen selectivity, few side effects and self-

multiplication at the infection site. However, the production processes are long, as well as 

safety control for commercialization. Also, the potential development of AMR will always be a 

pending threat for these two strategies (153).  

We believe that another great achievement in modern medicine can be the answer to this rising 

problem: vaccines. We strongly think that prevention of bacterial infections by vaccination will 

not only create a safer environment for every individual in the world, but also prevent the use 

of antibiotics and the ensuing development of AMR. Vaccination has been used routinely in 

the last decades and has proven its effectiveness in combatting infectious diseases (168).  

Identification of potent vaccine antigens is the key to develop effective vaccine therapies. Not 

only can they be placed in a vaccine formulation to induce an active immunity but they could 

also be the target of monoclonal antibodies that can provide immediate protection to high-risk 

patients (168).  
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II.2 Objectives 

This study aimed to work on novel techniques to identify potential vaccine antigens against S. 

aureus and investigate the potential of selected candidates to prevent infections.  

In order to narrow down the list of identified proteins to only those that show promise, we 

combined a number of antigen discovery approaches in this work. We integrated a false 

positive analysis of peptides generated by trypsin shaving with a subtractive proteome 

analysis. To summarize, proteins extracted using lysostaphin digestion, SDS boiling, or 

sonication were processed in triplicate through SDS-PAGE (Sodium Dodecyl Sufalte-

PolyAcrylamide Gel Electrophoresis) and underwent a subtractive proteome analysis. Two of 

the gels were blotted onto a PVDF (polyvinylidene fluoride) membrane and detected using 

either pooled human sera that had previously been examined for the presence of opsonic 

antibodies or the same sera previously depleted of S. aureus-specific antibodies. Bands that 

were detected by the pooled serum but not by the depleted one were reported on the remaining 

gel, and bands that matched were excised in order to perform protein identification by mass 

spectrometry (§ IV.1.1.1). Trypsin shaving was used to do the false positive analysis. Bacteria 

were placed in a hypotonic solution with or without trypsin, and the resulting supernatant was 

subjected to mass spectrometry (§ IV.1.1.2). A comparison between the proteins identified in 

the treated and non-treated samples led to a list of proteins that were enriched by the 

enzymatic treatment. A list of 40 putative antigens was obtained by combining the results of 

the two approaches and narrowed down to 10 candidates after removal of proteins that were 

cytoplasmic, non-immunogenic, and previously identified antigens (IV.1.1.3). Five candidates 

were picked according to the criteria explained in § IV.1.3. The proteins were recombinantly 

produced and purified to perform the immunization of rabbits (§ III.6.2). A study of the 

effectiveness of the selected candidates was conducted by an immunological study of 

polyclonal sera: antibodies were assessed for binding and specific opsonic functions (§ IV.3). 
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III.1 Material 

Table 3. Chemicals and reagents.  

Item Company 

Bacterial media: Brain Heart Infusion (BHI), Tryptic Soy Agar 

(TSA), Tryptic Soy Broth (TSB), Luria Bertani (LB) 
Carl Roth 

Kanamycin Sigma 

Ampicillin Sigma 

Tris Base Carl Roth 

Acetate Carl Roth 

Ethylenediamine tetraacetic acid (EDTA) Sigma 

Midori Green Nippon 

Generuler 1kb DNA Ladder Thermo Fisher Scientific 

Glycerol Sigma 

Phosphate Buffer Saline (PBS) Merck Millipore 

Sucrose Carl Roth 

Sodium Dodecyl Sulfate (SDS) Sigma 

Loading buffer 5X Sigma 

Coomassie blue Sigma 

Acrylamide Sigma 

Ammonium Persulfate (APS) Sigma 

Tetramethylethylenediamine (TEMED) Sigma 

Glycine Carl Roth 

Methanol Sigma 

Bovine Serum Albumin (BSA) Carl Roth 

Milk powder Carl Roth 

Tween 20 Sigma 

Ammonium bicarbonate (AB) Sigma 

Acetonitrile (ACN) Sigma 

Formic acid  Sigma 

Trifluoroacetic acid  Sigma 

Isopropyl-ß-D-thiogalactopyranoside (IPTG) Carl Roth 

NaH2PO4 Merck Millipore 

NaCl Carl Roth 

Imidazole Merck Millipore 

Ortho-Nitrophenyl-β-galactoside (ONPG) Sigma 

 



Materials and Methods  39 

 Vaccine antigen identification against dangerous Gram-positive ESKAPE pathogens 

Table 4. Kits, enzymes antibodies. PCR, Polymerase Chain Reaction; ECL, Enhanced 
chemiluminescence. 

Item Company 

MasterPure™ Gram Positive DNA Purification Kit Biozym 

Q5 High-Fidelity DNA Polymerase kit New England Biolabs, NEB 

Wizard SV Gel and PCR Clean-Up System Promega 

Restriction enzymes: BamHI, KpnI NEB 

Monarch PCR and DNA Cleanup kit NEB 

ElectroLigase NEB 

GoTaq G2 Hot Start Master Mix kit Promega 

PureYieldTM Plasmid Miniprep System Promega 

Lysostaphin Sigma 

Trypsin Promega 

PierceTM ECL Western kit Thermo Fisher Scientific 

Goat anti-human IgG coupled with horseradish peroxidase (HRP) Southernbiotech 

Alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G Sigma 

III.2 Bacterial strains and cultures 

The project used a variety of strains from S. aureus, E. faecalis, E. faecium and Escherichia 

coli species. Each strain and a brief description are detailed in Table 5. 

We used BHI plates and broth to grow S. aureus at 37°C. Liquid cultures were agitated to 

enhance the growth speed. Enterococci were grown in TSB and TSA at 37°C without agitation. 

E. coli M15 containing pREP4 were cultivated in LB and grown at 37°C under agitation. To 

keep the pressure on pREP4, kanamycin was added to the media at 25 µg/ml. After 

transformation with pQE30, ampicillin was added at 100 µg/ml to the culture for selection of 

positive transformants. 
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Table 5. Bacterial strains used in this study. CA, Community-acquired; MRSA, Methicillin-
resistant S. aureus; VRE, Vancomycin-resistant enterococci. 

Strains Description Reference 

Staphylococcus aureus   

S. aureus MW2 CA-MRSA isolate from the USA (North Dakota) (192) 

S. aureus LAC CA-MRSA isolate from the USA (Los Angeles) (193) 

S. aureus Reynolds Clinical isolate (194) 

S. aureus MN8 Clinical isolate (195) 

S. aureus 194 Isolate from food environment (196) 

S. aureus SF8300 CA-MRSA isolate from the USA (San Francisco) (193) 

Enterococci   

E. faecium VRE11236/1 VRE isolated from a patient in Germany (Munich) (197) 

E. faecalis 12030 Isolated from a patient in the USA (Cleaveland) (198) 

E. faecalis Type 2 Isolated from a patient in Japan (Sapporo) (199) 

Escherichia coli   

E. coli M15 pREP4 M15 harboring pRep4 plasmid Invitrogen 

E. coli M15/pQE30PpiC M15 harboring pRep4 and pQE30PpiC plasmids (188) 

E. coli M15/pQE30AdcAfm M15 harboring pRep4 and pQE30AdcAfm plasmids (187) 

E. coli M15/pQE30PrsA M15 harboring pRep4 and pQE30PrsA plasmids This study 

E. coli M15/pQE30AdcAau M15 harboring pRep4 and pQE30AdcAau plasmids This study 

III.3 Molecular biology  

III.3.1 Extraction of genomic DNA from S. aureus MW2 

Genomic DNA (gDNA) was extracted for S. aureus MW2 using the commercial kit 

MasterPure™ Gram Positive DNA Purification Kit and following the manufacturer’s 

instructions. 

III.3.2 Cloning 

III.3.2.1 Genes of interest 

The genes sequences encoding for potential antigen candidates in S. aureus MW2 were 

retrieved from the National Center for Biotechnology Information database (NCBI, 

http://www.ncbi.nlm.nih.gov/gene/).  
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III.3.2.2 Plasmid pQE30 

The plasmid pQE30 from Qiagen (Figure 4) was used because of its ability to overexpress 

6xHis-tagged proteins. The vector presents ideal features for production of recombinant 

proteins. It contains an optimized promoter–operator element which consists of phage T5 

promoter that can be recognized by the RNA polymerase from E. coli and two lac operator 

elements which increase lac repressor binding and ensure efficient repression of the powerful 

T5 promoter in absence of IPTG. It also has a ribosome-binding site (RBS) placed ahead of 

the start codon, the his-tag and the multiple cloning site (MCS) which allows the insertion of 

the gene of interest. The presence of the ampicillin resistance gene also permits the successful 

selection of bacteria effectively transformed. The plasmid was used to clone the genes 

encoding for the proteins PrsA (UniProt number: P60749), AdcAau (UniProt number: 

A0A0H3K1H9), the DUF5011 domain-containing protein (Uniprot number Q2FZJ7), Fe/B12 

transporter (Uniprot number Q2FVW9) and Fe(3+) dicitrate ATP-binding cassette (ABC) 

transporter (Uniprot number Q2FW75). 

 

Figure 4. Plasmid pQE30 from Qiagen. PT5, T5 promoter; lac O, lac operator element; RBS, 
ribosome binding site; ATG, start codon; 6xHis, tag composed of six histidines; MCS, multiple 
cloning sites. 

III.3.2.3 Primers 

The Table 6 presents the primers purchased in Eurofins. Some were used to get amplicons 

from the gDNA of MW2 and effectively create an expression vector containing the genes of 

interest; and others were used to check the integrity of the insert. 
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Table 6. Primers used in this study. Fw, forward; Rv, reverse. Bases in orange lowercase 
letters correspond to the restriction site. Underlined green bases are not complementary to the 
target sequence. 

Name Sequence 5’-3’ RS Use 

PrsA_ 

BamHI_Fw 
GACTCAggatccGCTTGTGGCGCTAGTGCC BamHI 

Production of the recombinant 

protein PrsA 

PrsA_ 

KpnI_Rv 
GACTCAggtaccTTATTGGCTCATGCCGGATTG KpnI 

Production of the recombinant 

protein PrsA 

AdcAau_ 

BamHI_Fw 
GACTCAggatccTGTGGGAATGATGATGGAAAAG BamHI 

Production of the recombinant 

protein AdcAau 

AdcAau_ 

KpnI_Rv 
GACTCAggtaccTTAATGCGCTAACATTTCTTCTTTG KpnI 

Production of the recombinant 

protein AdcAau 

pQE30_Fw GTGAGCGGATAACAATTTCAC - Verification of the insert’s integrity 

pQE30_Rv GAGTTCTGAGGTCATTACTG  - Verification of the insert’s integrity 

 

III.3.2.4 Amplification of the genes by polymerase chain reaction 

The genes encoding for our candidate antigens were amplified by polymerase chain reaction 

using the Q5 High-Fidelity DNA Polymerase kit and following the manufacturer’s instructions. 

10 ng of gDNA were used as template DNA primers were added at a final concentration of 0.5 

µM. The PCR products were run by electrophoresis in a 1% agarose gel in Tris Acetate EDTA 

buffer (TAE: 40 mM Tris Base, 0.1% Acetate, 1 mM EDTA) containing 1 µl of Midori Green at 

120 V and 400 mA during 35 min (200). The size of amplicons was verified using Generuler 1 

kb DNA Ladder. Successfully amplified PCR products were purified using Wizard SV Gel and 

PCR Clean-Up System following the manufacturer’s instructions. 

III.3.2.5 DNA digestion by endonucleases 

Inserts and vectors were digested by the corresponding restriction enzymes for one hour at 

37°C following the manufacturer’s instruction. After the enzymatic digestion, products were 

purified with the Monarch PCR and DNA Cleanup kit following the manufacturer’s instruction. 

III.3.2.6 Ligation  

Digested and purified vector and inserts were mixed at a ratio 1:3 and ligated using the 

ElectroLigase following the manufacturer’s instruction. The ligation was conducted for an hour 

at room temperature and the reaction was stopped by inactivation for 15 minutes at 65°C. To 

assess the yield of the ligation, a 1:10 dilution of the ligated products was run by PCR with 

GoTaq G2 Hot Start Master Mix kit and primers at a final concentration of 0.5 µM. 
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III.3.3 Transformation 

III.3.3.1 Preparation of electrocompetent E. coli M15 

The electrocompetent E. coli cells were prepared following a previously described protocol 

(201). Briefly, 500 ml of liquid LB media were inoculated with 10 ml of an overnight culture, 

placed at 37°C under agitation and let to grow until the culture reached an optical density at 

600nm (OD600nm) of 0.8. The bacterial suspension was centrifuged for 30 minutes at 5,000 x g. 

The pellet was washed twice with 50 ml and then 250 ml of cold sterile ultra-pure water, 

followed by two washes with 100 ml of cold sterile glycerol 10%. Finally, cells were 

resuspended in 1 ml of cold sterile glycerol 10% and aliquoted in 100 µl portions before storage 

at -80°C. 

III.3.3.2 Electroporation of competent E. coli M15 

E. coli M15 were transformed with pQE-30 previously modified to contain the gene of interest. 

100µl of electrocompetent cells and 2 µl of the ligated plasmid were mixed. Bacteria were 

transformed by electroporation with BTX Harvard Apparatus using a resistance of 200 Ω, a 

capacitance of 25 F, and a voltage of 2.5 kV in an ice-cold cuvette (2 mm, ROTH). Immediately 

after the pulse, bacteria were incubated for 45 min at 37°C in LB with agitation at 220 rpm.  

III.3.3.3 Selection of positive clones 

Transformants were plated on LB agar containing ampicillin and kanamycin. After an 

incubation overnight at 37°C, grown CFU were screened to test the presence of the modified 

plasmid. Each CFU were resuspended in 10 µl of LB containing antibiotics and used as a DNA 

source for PCR. The GoTaq G2 Hot Start Master Mix kit was used with the same parameters 

and primers described before. PCR products were analyzed by electrophoresis with a 1% 

agarose. Liquid cultures of positive colonies were incubated overnight (ON) at 37°C with 

shaking. 

III.3.3.4 Verification of the insert’s quality 

To verify that the inserts cloned into the plasmid did not undergo any mutation during the 

cloning process, plasmid preparation were performed from the selected positive transformants 

using the PureYieldTM Plasmid Miniprep System following the manufacturer’s instructions. 

Minipreps were sent to Eurofins Genomics who performed the sequencing based on the 

Sanger method (202). After assessment of the correct insertion of the insert and integrity of 

the sequence, the clones were stored at -80°C until further use. 
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III.4 Biochemical methods 

III.4.1 Protein extraction methods 

III.4.1.1 Protein extraction by lysostaphin 

A protocol already described was adapted and followed (203): S. aureus MW2 and MN8 were 

grown in 200 ml of BHI, inoculated with an overnight liquid culture diluted at OD600nm of 0.05. 

Once OD600nm reached 0.6, the bacterial culture was harvested by centrifugation at 5,000 x g 

for 10 minutes at 4°C. The pellet was washed twice in cold PBS, followed by one wash with 

cold digestion buffer (PBS, 30% sucrose). Bacteria were resuspended in 2 ml of cold digestion 

buffer containing 200 µg of lysostaphin and incubated for one hour at 37°C under light 

agitation. Supernatant-containing protein was obtained by centrifugation at 2,500 x g for 15 

minutes at 4°C and clarified of potential residues by centrifugation at top speed for two minutes 

and filtration with 0.22 µM filters (Carl Roth).  

III.4.1.2 Protein extraction SDS boiling 

Preparation of protein extracts by SDS boiling was performed following a protocol already 

described by Nandakumar et al in 2005 (204). Briefly, bacteria were grown in 100 ml of BHI 

until mid-exponential phase (OD600nm 0.6). Cultures were harvested and washed twice with 

cold PBS by centrifugation at 5,000 x g for 10 minutes at 4°C. The pellet was resuspended in 

extraction buffer (PBS pH 8.0 + 2% SDS) at 10 µl per milligram of wet pellet. The suspension 

was heated at 95°C for three minutes and then placed back on ice. The proteins were isolated 

from the cells by centrifugation at 5,000 x g for 15 minutes at 4°C. The supernatant was 

centrifuged at top speed and run through a 0.22 µM filter to be clarified of potential residues.  

III.4.1.3 Total protein extraction by sonication 

A procotol already published in PLoS One was adapted to perform the total protein extractions 

by sonication (205). 100 ml of bacterial culture to mid-exponential phase were harvested by 

centrifugation at 5,000 x g for 10 minutes at 4°C. The pellet obtained was washed twice in cold 

PBS and resuspended in 4 ml of cold PBS. The suspension was sonicated at 30% amplitude 

(750-Watt Ultrasonic processor) for a duration of 20 minutes including on/off pulses of 9 

seconds. Centrifugation at 10,000 x g for 20 minutes at 4°C was used to separate cell residues 

to extracted proteins. Further clarification was performed by filtration through a 0.22 µM filter. 
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III.4.1.4 Trypsin shaving 

Preparation of peptide extracts by trypsin shaving was performed as previously described 

(206). Briefly, 40 ml of bacterial culture was cultivated from OD600nm 0.05 to 0.6. Cells were 

harvested, washed twice with cold PBS and once with cold digestion buffer (PBS, 30% 

sucrose) thanks to centrifugation at 5,000 x g for 15 minutes at 4°C. The pellet was 

resuspended in 2 ml of cold digestion buffer and the subsequent bacterial suspension was 

separated in two equal volumes. One volume was kept as it was and the other was used to 

resuspend 20 µg of trypsin. Both tubes were incubated for 15 minutes at 4°C with light 

agitation. Supernatants were collected by pelleting bacteria by centrifugation at 1,000 x g for 

15 minutes at 4°C. Potential residues were removed by centrifugation of the supernatants at 

top speed and by filtration through a 0.22 µM filter. 

III.4.2 Subtractive proteome analysis (SUPRA) 

III.4.2.1 Separation of proteins by SDS-PAGE 

SDS-PAGE to separate the proteins present in protein extractions were performed according 

to an already described protocol (207). Gels were prepared as explained in Table 7, the 

stacking gel was poured on top of the resolving gel once it was polymerized. Protein samples 

were mixed with 5X loading buffer, heated at 95°C for 5 minutes and 10 µl of each were loaded 

similarly on three identical gels following a similar pattern presented in Table 8. Gels were run 

at 100 V until the protein samples reached the resolving gel and then at 120 V for about 1,5 h. 

One gel was kept for staining with Coomassie blue and the two others were further analyzed 

by western immunoblotting.  

Table 7. Composition of acrylamide gels. 

Components 12% acrylamide resolving gel Stacking gel 

1.5 M Tris base (ml) 4.8 1 

10% SDS (µl) 300 75 

30% acrylamide (ml) 12 1 

10% APS (µl) 300 75 

1:1 TEMED (µl) 30 7.5 

Water (ml) 9.6 5.4 
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Table 8. Loading layout. MM, molecular maker; S, sonication; L, lysostaphin 

Well 1 2 3 4 5 6 7 8 

Sample MM S L SDS MM S L SDS 

Strain             S. aureus MW2                 S. aureus MN8     

 

III.4.2.2 Immunoblotting 

The two gels kept for immunoblotting were transferred onto Immobilon-P® PVDF membranes 

(Merck Millipore). The membranes were activated by incubation in methanol for 30 seconds 

and 5 seconds in dH2O. After equilibration in transfer buffer (0.2 M Glycine, 25 mM Tris base, 

20% methanol), the blotting was performed for 16-18h at 4°C and 30 mA (Bio-rad wet/tank 

blotting system) in wet conditions. 

III.4.2.3 Depletion of S. aureus-specific antibodies from pooled sera 

from healthy human donors 

Sera isolated from eight healthy human donors was pooled and is thereafter mentioned as 

“HS” for human sera. The volume of pooled antibodies was separated in two and half of it was 

used to create sera depleted of S. aureus-specific antibodies “dHS” (depleted-HS). Firstly, 

bacteria were grown overnight in 50 ml of media, pelleted by centrifugation and washed twice 

with PBS. The washed pellet was resuspended in 5 ml of serum previously diluted to 1:10 in 

PBS and incubated overnight at 4°C under a light agitation with either S. aureus MW2 or MN8. 

The following day, the suspension was centrifuged and the collected supernatant was filtered 

to remove any potential remaining bacteria. 

III.4.2.4 Immunodetection 

After the transfer of the proteins from the gels, the membranes were incubated with blocking 

buffer (5% BSA, 3% milk powder in PBS) overnight at 4°C to avoid unspecific binding. After 

three successive one-minute incubation with washing buffer (0.02% Tween 20), the 

membranes were incubated for four hours at 4°C with either HS or dHS for attachment to the 

recognized proteins. Membranes were then washed again and incubated for one hour at 4°C 

with the secondary antibody: goat anti-human IgG coupled with HRP. After washing in the 

abovementioned conditions, membranes were detected by chemiluminescence on a Vilber 

Fusion Fx (Vilber, France) imaging system using the PierceTM ECL Western kit, according to 

manufacturer’s instructions. The bands revealed by chemiluminescence were compared in 

between the two membranes and bands identified with HS, but not with dHS were matched 

with the corresponding protein bands observed after destaining the associated gel. 
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III.4.2.5 Gel excision 

The interesting bands were then excised to identify the proteins present in the bands of interest 

by liquid chromatography-mass spectrometry. Briefly, bands were excised using a clean 

scalpel, incubated in 100 mM AB/ACN (1:1) for 30 min-incubation and occasionally vortexed 

for destining. The resulting distained gels pieces were incubated in neat ACN until they shrank 

and then incubated in trypsin buffer (13 ng/µL trypsin in 10 mM AB containing 10% ACN) for 

two hours on ice. 100 mM AB were added and the mixture was incubated overnight at 37ºC to 

digest the proteins within the gel into peptides. The remaining pieces were then incubated with 

extraction buffer (5% formic acid/ACN (1:2)) at 37°C for 15 minutes to extract the digested 

peptides from the gel pieces. To exchange the buffer containing the digested peptides, 

supernatants were transferred to new tubes, dried in a vacuum and redissolved in 0.1% 

trifluoroacetic acid. To properly get a solution and no remaining pieces of dried peptides, the 

solution was sonicated for five minutes and centrifuged for 10 min at 10,000rpm, then finally 

dried in a vacuum Eppendorf Concentrator 5301 (208). 

III.4.3 Mass spectrometry analyses 

Protein extracts obtained by trypsin shaving and peptides obtained by band excision and in-

gel digestion were analyzed by mass spectrometry (MS) to determine the identity of proteins 

in each sample.  

III.4.3.1 MS analysis of trypsin shaving extracts 

Results for protein identities in control and treated samples obtained by trypsin shaving were 

compared by calculation in order to see which proteins were enriched by treatment with the 

trypsin. Four different types of calculation were performed from the data obtained for each 

identity found: difference in number of peptides, in percentage of peptides, in intensity and in 

label-free quantification (LFQ) intensity. Each type of calculation led to a list that was then 

ranked from highest to lowest difference and only the five top percent of each four lists were 

kept for further analysis and considered as surface-exposed. 

III.4.3.2 MS analysis of protein identified in excised bands from 

SUPRA technique 

A table for each sample run through MS was given by the platform where the analysis was 

conducted. Out of this table, all potential contaminants or proteins identified with a sequence 

overage under 15% were removed. Then, by comparison to where the band was excised, 

proteins identified with a molecular weight variation over 20% were removed from the list of 
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potential candidates. The remaining candidates were considered as proteins recognized by 

opsonic antibodies. 

III.4.3.3 Combination of results obtained by both techniques and 

short-listing 

The frequency of identification for each candidate was analyzed. Proteins found in both false-

positive analysis and SUPRA, as well as in both bacterial strains, were kept for further analysis. 

All the candidates identified were studied to short-list according to specific criteria. First, 

proteins that were already studied as antigens in S. aureus were removed from the list as their 

potential was already known. Then, bibliographic research and bioinformatics techniques were 

used to gather information on each remaining candidate. Information on the sub-cellular 

location and the immunogenicity were characteristics collected bioinformatically for each 

candidate to short-list the proteins identified by MS. 
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III.4.4 Production of recombinant proteins 

III.4.4.1 Information on proteins cloned 

Table 9. Information on proteins cloned 

Name 
Uniprot 

number 

Accession 

number 
Sequence 

Fe/B12 

transporter 
Q2FVW9 WP_182257875.1 

 

MKKLLLPLIIMLLVLAACGNQGEKNNKAETKSYKMDDGKTVDIPKDPKRIAVVAPTY

AGGLKKLGANIVAVNQQVDQSKVLKDKFKGVTKIGDGDVEKVAKEKPDLIIVYSTD

KDIKKYQKVAPTVVVDYNKHKYLEQQEMLGKIVGKEDKVKAWKKDWEETTAKDG

KEIKKAIGQDATVSLFDEFDKKLYTYGDNWGRGGEVLYQAFGLKMQPEQQKLTAK

AGWAEVKQEEIEKYAGDYIVSTSEGKPTPGYESTNMWKNLKATKEGHIVKVDAGT

YWYNDPYTLDFMRKDLKEKLIKAAK 

 

Fe(3+) 

dicitrate ABC 

transporter 

Q2FW75 WP_001214661 

MRGLKTFSILGLIVALLLVAACGNTDNSSKKESSTKDTISVKDENGTVKVPKDAKRI

VVLEYSFADALAALDVKPVGIADDGKKKRIIKPVREKIGDYTSVGTRKQPNLEEISKL

KPDLIIADSSRHKGINKELNKIAPTLSLKSFDGDYKQNINSFKTIAKALNKEKEGEKR

LAEHDKLINKYKDEIKFDRNQKVLPAVVAKAGLLAHPNYSYVGQFLNELGFKNALS

DDVTKGLSKYLKGPYLQLDTEHLADLNPERMIIMTDHAKKDSAEFKKLQEDATWK

KLNAVKNNRVDIVDRDVWARSRGLISSEEMAKELVELSKKEQK 

DUF5011 

domain-

containing 

protein 

Q2FZJ7 MBG1315796 
MNKLLQSLSALGVSATLVTPNLNADATTNTTPQIKGANDIVIKKGQDYNLLNGISAF

DKEDGDLTDKIKVDGQIDTSKSGKYQIKYHVTDSDGAIKISTRYIEVK 

Foldase 

protein PrsA 
Q2G2S6 WP_000782123 

MKMINKLIVPVTASALLLGACGASATDSKENTLISSKAGDVTVADTMKKIGKDQIAN

ASFTEMLNKILADKYKNKVNDKKIDEQIEKMQKQYGGKDKFEKALQQQGLTADKY

KENLRTAAYHKELLSDKIKISDSEIKEDSKKASHILIKVKSKKSDKEGLDDKEAKQKA

EEIQKEVSKDPSKFGEIAKKESMDTGSAKKDGELGYVLKGQTDKDFEKALFKLKD

GEVSEVVKSSFGYHIIKADKPTDFNSEKQSLKEKLVDQKVQKNPKLLTDAYKDLLK

EYDVDFKDRDIKSVVEDKILNPEKLKQGGAQGGQSGMSQ 

 

Zinc ABC 

transporter 

AdcA 

Q2G1U8 WP_000727762 

MKKKLGMLLLVPAVTLSLAACGNDDGKDKDGKVTIKTTVYPLQSFAEQIGGKHVK

VSSIYPAGTDLHSYEPTQKDILSASKSDLFMYTGDNLDPVAKKVASTIKDKDKKLSL

EDKLDKAKLLTDQHEHGEEHEHEGHDHEKEEHHHHHGGYDPHVWLDPKINQTFA

KEIKDELVKKDPKHKDDYEKNYKKLNDDLKKIDNDMKQVTKDKQGNAVFISHESIG

YLADCYGFVQKGIQNMNAEDPSQKELTKIVKEIRDSNAKYILYEDNVANKVTETIRK

ETDAKPLKFYNMESLNKEQQKKDNITYQSLMKSNIENIGKALDSGVKVKDDKAESK

HDKAISDGYFKDEQVKDRELSDYAGEWQSVYPYLKDGTLDEVMEHKAENDPKKS

AKDLKAYYDKGYKTDITNIDIKGNEITFTKDGKKHTGKYEYNGKKTLKYPKGNRGV

RFMFKLVDGNDKDLPKFIQFSDHNIAPKKAEHFHIFMGNDNDALLKEMDNWPTYY

PSKLNKDQIKEEMLAH 
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III.4.4.2 Bacterial culture and cell lysis 

The bacteria E. coli M15 containing pREP4 and the modified pQE30/protein-gene was 

cultivated in 1 L of LB supplemented with antibiotics at 37°C with agitation. At early exponential 

phase (OD600nm of 0.5), IPTG was added to the culture at 0.5 mM and the induction took place 

for two hours at 37°C. Bacteria were harvested by centrifugation at 5,000 x g for 15 minutes at 

4°C and subsequently washed with PBS. The bacteria were resuspended in 5ml of PBS per 

gram of pellet. Lysozyme at 1 mg/ml was added to the bacterial suspension and the lysis was 

performed for 30 minutes at 4°C. To further improve the yield, a mechanical lysis was carried 

out by adding glass beads (Biospec products) to the sample and following a vortexing cycle (6 

times 0.5 min vortex/4 min rest). The lysate was recovered by centrifugation at 20,000 x g for 

15 minutes at 4°C and clarified by filtration through a 0.45 µM filter (Carl Roth). 

III.4.4.3 Affinity purification through a nickel resin 

The His-tagged proteins were purified through a nickel resin, Protino® Ni-NTA Agarose resin 

(Macherey-Nagel). Equilibration of the resin was done by three consequent washes with 4 bed 

volumes of equilibration buffer (50 mM NaH2PO4, 300 mM NaCl). Binding of His-tagged 

proteins was achieved by incubation of the lysate with the resin for one hour at 4°C with light 

shaking. After incubation the mix was poured into a Pierce column (Thermo Fisher Scientific) 

and allowed to drain by gravity. The flowthrough was re-circulated once more, followed by two 

washes with 10 bed volumes of equilibration buffer and two similar washes with equilibration 

buffer containing 20 mM of imidazole. The elution was performed by circulating 10 x 2 ml of 

elution buffer (equilibration buffer, 250 mM imidazole) and the purity of the fraction was 

assessed by SDS-PAGE. Protein-containing fractions were pooled and concentrated using a 

10,000 MWCO Amicon® Ultra 15 mL (Merck Millipore) following the manufacturer’s 

instructions and the proteins were stored at -20 °C. 

III.5 Bioinformatics 

III.5.1 Pairwise alignments 

The sequence alignments of PpiC with PrsA and AdcAfm with AdcAau was conducted with 

EMBOSS Needle (209). 

III.5.2 Prediction of protein subcellular localization  

The subcellular localization was obtained on the UniProt website (https://www.uniprot.org/) by 

accessing information for each candidate through their UniProt number. Further bioinformatical 
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analysis were conducted using prediction tools: CELLO v.2.5 (http://cello.life.nctu.edu.tw/) 

(210) and Gpos-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/Gpos-multi/) (211). 

III.5.3 Prediction of immunogenicity  

The Vaxijen tool was used for antigenicity prediction, which uses algorithms based on principal 

amino acid properties of a protein sequence (212).  

III.6 Immunological assays 

III.6.1 Immunodotblot 

Protein samples obtained by the different protein extractions were diluted using a factor 2 until 

1:256 in PBS. 2 µl of each dilution were applied to a PVDF membrane and left to dry for 15 

minutes. The membrane was then blocked overnight at 4°C with blocking buffer (PBS 

containing 3% BSA), washed thrice and incubated with 10 ml of HS or dHS at 4°C for one 

hour. After washing, the membrane was incubated at 4°C for one hour with a secondary 

antibody, a goat anti-human IgG coupled with HRP and diluted at 1:1000. After washing, 

membranes were detected by chemiluminescence on a Vilber Fusion Fx (Vilber, France) 

imaging system using the PierceTM ECL Western kit (Thermo Fisher), according to 

manufacturer’s instructions. 

III.6.2 Production of polyclonal antibodies by rabbit 

immunization 

Recombinant proteins were used to immunize New Zealand rabbits and produce polyclonal 

antibodies. The animals were previously selected by assessment of their level of pre-existing 

opsonic antibodies by opsonophagocytic assay (OPA). Later, as described in Table 9. Briefly, 

they were immunized by subcutaneous injections containing the recombinantly produced 

protein and a proprietary adjuvant from Biogenes. At day 1, pre-immune serum was collected, 

and the animals received 200 µg of pure protein. At day 7, day 14 and day 42, they received 

three additional injections containing 100 µg of protein. The anti-protein sera were collected 

on day 49 and heat-inactivated for 30 minutes at 56°C. The different rabbit sera used in this 

study are listed in Table 10. 
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Table 10. Immunization schedule. 

Day Manipulation Product 

- 14 Selection 1,5ml of pre-immune serum 

1 
Pre-bleeding  

Immunization: 200µg of protein 
10ml of pre-immune serum 

7 Boost: 100µg of protein  

14 Boost: 100µg of protein 20ml of antiserum 

42 Boost: 100µg of protein  

49 Terminal bleeding 50ml of terminal bleed 

 

Table 11. Sera used in this project. 

Name Description Reference 

Pre-PpiC Pre-immune serum collected from rabbits immunized with PpiC (188) 

Anti-PpiC Anti-protein serum collected from rabbits immunized with PpiC (188) 

Pre- AdcAfm Pre-immune serum collected from rabbits immunized with AdcAfm (187) 

Anti- AdcAfm Anti-protein serum collected from rabbits immunized with AdcAfm (187) 

Pre-PrsA Pre-immune serum collected from rabbits immunized with PrsA This study 

Anti-PrsA Anti-protein serum collected from rabbits immunized with PrsA This study 

Pre- AdcAau Pre-immune serum collected from rabbits immunized with AdcAau This study 

Anti- AdcAau Anti-protein serum collected from rabbits immunized with AdcAau This study 

 

III.6.3 Immunodetection by enzyme linked immunosorbent 

assays (ELISA) 

ELISA was carried out as previously described by Franco et al (213). To coat Nunc-immuno 

MaxiSorp 96-well plates (Haus), recombinant proteins were diluted at 1 µg/ml in coating buffer 

(0,2 M sodium carbonate/bicarbonate, pH 9.4) and incubated overnight in the wells. After 

washing, plates were blocked for one hour with PBS-BSA (phosphate buffer saline containing 

3% bovine serum albumin). Sera were diluted in PBS-BSA, then added to the plate and 

incubated for one hour. Following washing, incubation for one hour was performed by adding 

alkaline phosphatase conjugated goat anti-rabbit immunoglobulin G diluted to 1:1000. Finally, 

the plates were washed five times and 1mg/ml of ONPG was added to each well. After two 

hours, the absorbance was measured at 405 nm. 



Materials and Methods  53 

 Vaccine antigen identification against dangerous Gram-positive ESKAPE pathogens 

III.6.4 Opsonophagocytic assays  

Table 12. Chemicals and reagents used in OPA. 

Item Company 

Roswell Park Memorial Institute (RPMI) 1640 Medium Life Technologies 

FBS Gibco 

Lyophilized baby rabbit serum Cedarlane Laboratories 

Dextran Sigma 

Heparin-sufate sodium salt Sigma 

Ammonium chloride Carl Roth 

Intravenous immunoglobulin (IVIG) Biotest 

 

The in vitro OPAs were performed as described elsewhere (191,198). This experiment 

comprises four components: (i) a source of antibodies, either human sera or polyclonal 

antibodies raised in rabbits; (ii) baby rabbit complement; (iii) polymorphonuclear neutrophils 

(PMNs) freshly isolated from healthy human donors; (iv) bacteria. (i) Antibodies were diluted 

in sterile RPMIF (RPMI 1640 Medium, 15% FBS previously heat inactivated for 30 min at 56°C) 

to a chosen dilution depending on the experiment. (ii) Lyophilized baby rabbit serum was 

resuspended in sterile RPMIF and diluted to 1:15 or 1:30, in the same medium, for use in OPA 

against enterococci and S. aureus respectively. Potentially present IgG were adsorbed by 

incubation with bacteria freshly taken from an agar plated grown overnight and incubation for 

one hour at 4°C under light agitation. The suspension was centrifuged and filtered sterilized 

before use in the assay. (iii) PMNs were freshly isolated form blood of healthy human donors 

as follow: 25 ml of blood was incubated for 45 minutes at 37°C with 25 ml of heparin-dextran 

buffer (4.5 g NaCl, 10 g dextran, 32.8 mg heparin-sulfate sodium salt in 500 ml injectable 

water). The upper phase was kept for further isolation, transferred into a new tube and 

centrifuged (2,700 rpm, 10 min, 10°C). The supernatant was discarded, the pellet of leukocytes 

was washed with 10 ml of RPMIF and incubated for 20 minutes at RT in 10 ml of lysis buffer 

(1% ammonium chloride solution). After centrifugation, the remaining cells were washed once 

more with RPMIF and resuspended to get a concentration of 18.106 cells/ml. (iv) A 7 ml-culture 

of bacteria was set at OD600 0.1 from isolated colonies on plates and grown until OD600 reached 

0.4. 1ml of the culture was harvested by centrifugation, washed and resuspended with an equal 

volume of RPMIF. The bacterial suspension was then diluted to a chosen dilution dependent 

on the organism studied and the particular strain.  

100 µl of each four prepared components were incubated to get a final incubation volume of 

400 µl. For each antibodies’ dilution tested, the mixture was made in duplicated, one with the 

PMNs, and one replacing the PMNs by RPMIF. The samples were incubated for 90 minutes 
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at 37°C with gentle shaking and diluted to 1:100 before plating on agar plates. The next day, 

the percentage of killing mediated by each antibodies’ dilution was calculated as follow:  

 

Four controls were always applied to the assay to verify the behavior of each biological material 

in the said experiment. Number of colonies counted for each control was compared to a 

number of colonies obtained from a sample containing bacteria incubated with no other 

component. Three negative controls assessed the complement-associated lysis, the sensitivity 

to PMNs and the complement-mediated phagocytosis. One positive control tested the capacity 

of each other component to play their role in the phagocytosis by incubation with either IVIG 

or with anti-protein sera already described to mediate killing of the studied strain.  

III.6.5 Opsonophagocytic inhibition assays (OPiA) 

To evaluate the specificity of the mediated killing observed when incubating the anti-protein 

sera in OPA, we performed a similar assay that aims to test the inhibition capacities of the 

antigenic determinants. The recombinant proteins used in the immunization schedule were 

diluted in RPMIF at different concentrations ranging from 200 to 8 µg/ml and incubated 

overnight at 4°C under gentle shaking with the anti-protein sera diluted at 1:25 in RPMIF. The 

following day, the inhibited sera were used as a source of antibodies in the classical OPA 

protocol. The inhibition of each sample was assessed by counting the CFU on the nextday and 

applying a slightly different formula: 

 

III.6.6 Statistical analysis 

The statistical analyses were conducted using the GraphPad PRISM software version 5.00. 

Bars in the bar graphs are expressed as the mean values and whiskers represent the standard 

error of the mean (SEM). Statistical differences between biological conditions to compare; for 

example, between pre- and anti-protein sera, or with or without inhibitors in OPiA; were 

calculated using an unpaired two-tailed T-test with a 95% confidence interval. A p-value (P) 

superior to 0.05 was considered non-significant and is annotated “ns” in graphs. A p-value 

inferior or equal to 0.05 was considered significant and significance degree were attributed as 

follow: * P ≤ 0.05, ** P ≤0.01, *** P≤0,001. 



Results  55 

 Vaccine antigen identification against dangerous Gram-positive ESKAPE pathogens 

 

 

 

 

 

 

 

 

 

IV.  Results 

  



Results  56 

 Vaccine antigen identification against dangerous Gram-positive ESKAPE pathogens 

IV.1 Antigen identification in S. aureus 

The commonly used approaches for antigen identification frequently result in an extensive 

number of possible candidates whose testing for antigenic potential is time-consuming, labor-

intensive, and costly. In order to reduce the number of identified protein antigen candidates in 

S. aureus as much as possible, we opted to combine multiple strategies that had previously 

been shown to be beneficial, either with the organism we tested or in other bacterial species.  

IV.1.1 Subtractive proteome analysis combined with false-

positive analysis of trypsin shaving protein extractions 

IV.1.1.1 Subtractive proteome analysis 

Our approach to the well-known subtractive proteome analysis was novel. Three distinct 

methods of extracting proteins were used: boiling in a buffer containing SDS, lysostaphin 

digestion of the peptidoglycan in hypotonic solution, or conventional sonication. We opted to 

perform subtractive immunoblotting using antibodies from healthy individuals that we pooled 

together and split in half to use as it is or after incubation with the whole bacterium to deplete 

of S. aureus-specific antibodies. 

IV.1.1.1.1 Depletion of S. aureus-specific antibodies 

Human sera from healthy donors were depleted of S. aureus-specific antibodies by incubation 

with the whole bacteria. Bacteria and human sera were mixed in a tube and incubated 

overnight at 4°C to allow the antibodies that recognize surface-exposed proteins to bind. 

Centrifugation was used to separate antibody-bacterium complexes from the unbound 

antibodies, leaving only unspecific antibodies in the supernatant.  

Immunodot blot was used to assess the effectiveness of the depletion. Briefly, a 2 µl drop of 

each protein extractions (paragraph (§) III.4.1.1/2/3) previously diluted from 1:1 to 1:256 was 

placed on two separate membranes. Each membrane was blocked with BSA, incubated with 

either HS or dHS, then with anti-human IgG coupled with HRP and finally revealed using ECL 

chemiluminescence kit. The figure 5 presents the results obtained.  

The intensity of the spots in the membranes presenting dilutions of S. aureus MW2 protein 

extractions differs greatly between the one incubated with HS and the one incubated with dHS 

(Figure 5A). As we can see that the intensity is higher when the immunodetection is done with 

HS when compared to dHS, it means that the recognition of protein is reduced with dHS, 

especially for protein extracted by the sonication technique. Indeed, with HS, spots are 

detected up to a dilution of the protein extract of 1:128, while no spots are detected when 
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incubating with dHS. For, SDS boiling, with dHS, spots are no longer detected when diluting 

the protein extracts more than 1:32 but can be detected up to 1:256 when incubating with HS. 

For protein extracts obtained by peptidoglycan digestion with lysostaphin, detection with HS 

goes up to 1:128 and up to 1:8 with dHS. The results indicate that the S. aureus-specific 

antibodies depletion is not complete with the strain MW2, but it is still efficient as the incubation 

with the whole bacteria did reduce greatly the number of antibodies able to bind to the protein 

extracts. However, for the strain MN8 (Figure 5B), the depletion was even more effective. Not 

only did the incubation with the whole bacteria reduced the quantity of binding antibodies but 

it completely removed them. Indeed, no detection was possible using dHS, while each protein 

extract can be detected by HS, up to 1:64 for the lysostaphin-mediated extraction, 1:16 for 

SDS boiling and 1:32 for sonication. 

 

Figure 5. Human sera depletion of specific antibodies – Immunodotblot. A drop of each diluted 
protein extractions was placed on the PVDF membranes and left to dry. After blocking, 
membranes were incubated with either HS or dHS, then with a conjugated anti-human IgG and 
revealed. (A) Proteins extracted from S. aureus MW2. (B) Proteins extracted from S. aureus 
MN8. 

To investigate the in vitro efficiency of the antibodies present in human sera and also verify the 

depletion’s success, opsonophagocytic assays were performed against S. aureus MW2 and 

MN8 (Figure 6A and B). The killing mediated by antibodies in HS ranged from 60 to 17% for 

MW2 and between 47 and 4% against S. aureus MN8. When using dHS as a source of 
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antibodies in the assay, the killing dropped to a 42-7% range against MW2 and 32-3% range 

against MN8. The results show a dose-dependent mediated-killing while using either of the 

sera and against both strains. At 1:100 dilution, the depletion reduced the mediated killing by 

approximately 16.5% for both strains. Statistics show a killing significantly lower with dHS when 

compared to the same dilution of HS.  

Overall, the results show that the depletion protocol was successful in reducing the binding 

antibodies and opsonic killing mediated by the antibodies present in the human sera. 

 

Figure 6. Human sera depletion of specific antibodies – OPA. OPA against (A) S. aureus MW2 
and (B) S. aureus MN8 using HS (plain bars) or dHS (white squares). Values from the same 
dilution of HS and dHS were compared statistically using an unpaired two-tailed T-test with a 
95% confidence interval. Bars and whiskers represent mean values ± standard error of the 
mean. NS, not significant (P > 0.05), *P ≤ 0.05. 

IV.1.1.1.2 Identification of protein targets 

In order to perform the identification of interesting bands for potential protein targets, three 

SDS-PAGE were run simultaneously using the same protein extractions obtained by either 

sonication, lysostaphin digestion or SDS boiling. After being blotted onto a PVDF membrane, 

two of the triplicates were incubated using either the HS or dHS while the third was stained 

using Coomassie blue (Figure 7). Much less bands were detected by incubation with dHS 

when compared to HS, which was expected given the previous results obtained by 

immunodotblot. Comparison between the two membranes obtained was carried out to highlight 

bands identified with the non-depleted serum but not with the depleted serum. In the case of 

S. aureus MW2, comparison of both membranes showed two positive hits while a similar 

comparison for MN8 led to the detection of seven bands showing a signal with HS but not dHS. 

The proteins found using this matching technique were reported to the gel and the respective 
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bands were excised (orange rectangles). After in-gel digestion with trypsin and extraction, the 

samples were analyzed by MS to identify the proteins present in the excised bands, 

supposedly proteins that are the targets of opsonic antibodies, and therefore good vaccine 

candidates. 

 

Figure 7. Identification of potential protein targets – SUPRA. (A) SDS-PAGE and the 
associated blotted PVDF membranes incubated with (B) human sera or (C) depleted-human 
sera. Line 1, molecular marker. Line 2, sonication. Line 3, lysostaphin. Line 4, SDS boiling. 

IV.1.1.1.3 Mass spectrometry data analysis 

The list of proteins identified by MS from samples obtained by gel excision of interesting bands 

were analysed as explained in § III.4.3.2. The resulting list of proteins was considered to 

summarize proteins potentially recognized by opsonic antibodies. 

IV.1.1.2 False-positive analysis 

Using the trypsin shaving procedure, we were able to better expose surface-exposed proteins 

for the enzyme to break them down by swelling up the bacteria in a hypotonic solution. After 

performing a false-positive analysis, which compares the treated sample with the control to 

reveal protein enrichment in the supernatant due to trypsin digestion, the peptides released 
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were analyzed by mass spectrometry. Aiming to show the enrichment of proteins due to the 

trypsin activity, we performed a set of four calculations to highlight the differences as explained 

in § III.4.3.1. The goal of this technique was to find surface-exposed proteins, which are a 

feature of possible vaccine candidates. 

IV.1.1.3 Short-listing of potential candidates 

The results obtained by SUPRA showing proteins potentially recognized by opsonic antibodies 

were combined to the results obtained with the false-positive analysis that identified surface-

exposed proteins. Short-listing of the candidates was performed as described in the Materials 

and Methods section in § III.4.3.3. Table 13 shows the characteristics of all candidates 

remaining after removing cytosolic proteins and proteins already described as possible vaccine 

antigens. It is important to note that many already identified antigens were uncovered using 

this novel approach, proving its effectiveness in identifying vaccine antigens. This was the case 

for IsdA, the iron-regulated surface determinant protein A or the protein MntC, manganese 

transport protein C, for example. 

Table 13. Summary of the identified candidates and their associated characteristics. 
Subcellular location given by Uniprot website (https://www.uniprot.org/) or predicted using 
CELLO v.2.5 (http://cello.life.nctu.edu.tw/) and Gpos-mPLoc 
(http://www.csbio.sjtu.edu.cn/bioinf/Gpos -multi/). Ext, extracellular; Mem, membrane; Cyt, 
cytosol; OMBPS, outer membrane bounded periplasmic space; OM, outer membrane; Per, 
periplasmic. I, Immunogenicity is given as Vaxijen score with a threshold of 0.40. 

   Subcellular location  

Protein name 
Uniprot 

number 

Accession 

number NCBI 
Uniprot 

CELLO 

v.2.5 

Gpos-

mPLoc 
I 

Neutral metalloproteinase Q2FUX4 WP_142352938 Ext Ext Ext 0.61 

Lipoteichoic acid (LTA) synthase Q2G093 WP_000098285 Mem OM-Per Ext 0.51 

Fe/B12 transporter Q2FVW9 WP_182257875.1 OMBPS Mem-Ext Mem 0.61 

Thermonuclease Q2G010 AIU85438 Mem Per Ext 0.68 

Fe(3+) dicitrate ABC transporter Q2FW75 WP_001214661 OMBPS Cyt-Per Mem 0.48 

Quinol oxidase Q2FZJ9 WP_000032835 Mem Per Mem 0.69 

DUF5011 domain-containing protein Q2FZJ7 MBG1315796 Unknown Ext-Per Ext 0.83 

Molybdenum ABC transporter Q2FVX4 WP_000782818.1 OMBPS Per Cyt-Ext 0.58 

Foldase protein PrsA Q2G2S6 WP_000782123 Mem Per Cyt 0.77 

Zinc ABC transporter AdcA Q2G1U8 WP_000727762 Mem Per Mem 0.70 
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IV.1.2 Investigation of cross-opsonic activity  

IV.1.2.1 Sequence homology between two candidates and already 

described antigens in enterococci 

A bibliographic research showed that two of the identified proteins were playing the same role 

and having the same function as two other proteins in enterococci that were already studied 

and described as effective antigens against enterococcal infections. Indeed, the foldase 

protein PrsA is a parvulin-like peptidyl-prolyl cis-trans isomerase protein (PPIase), which plays 

an essential role in protein folding and catalyzing the isomerization of peptide bonds in S. 

aureus. In enterococci, the protein PpiC also has the same function and was described by 

Romero-Saavedra and colleagues as an antigen present in both E. faecium and E. faecalis 

(188). Additionally, the zinc ABC transporter AdcA identified by our combination of antigen 

discovery techniques is a ZinT domain-containing protein that takes part of zinc intake. A 

protein with similar function and bearing the same name (AdcAfm) was also already described 

as an efficient antigen for both E. faecium and E. faecalis by Romero-Saavedra and colleagues 

(187). 

Because of the similarities in the effector function of our candidates with already studied and 

characterized antigens in another Gram-positive ESKAPE pathogen, we decided to compare 

their amino acid sequences (Figure 8). The overall pairwise sequence identity of the PrsA and 

PpiC, computed using EMBOSS Needle is 24.9% (Figure 8A). However, a strongly conserved 

regions is observed between residues 219-232 (210-223 in PpiC, sequence identity – 71.4%, 

similarity 92.9%), followed by the region 71-82 (73-84 in PpiC, sequence identity 58.3%, 

similarity 83.3%). These regions are located on the parvulin domain and in the NC domains, 

respectively. For AdcAau and AdcAfm, the total sequence alignment using EMBOSS Needle 

has shown sequence identity of 41,2% (Figure 8B). Highly conserved regions are located on 

the ZinT and ZnuA domains of those proteins and are observed between the residues 342-

376 of AdcAau (334-368 in AdcAfm, sequence identity – 85.7%, similarity 85.7%) and the region 

131-147 (125-141 in AdcAfm, sequence identity – 52.9%, similarity 64.7%). 

Antigen prediction was performed on the whole protein sequences and the specific conserved 

sequences using Vaxijen (Table 14). Consistent with our experimental results, all proteins are 

predicted to be strong antigens, with high antigenicity scores according to Vaxijen. Significantly 

stronger antigenicity scores characterize the identified sequence regions in the homologs. 
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Figure 8. Pairwise alignments between protein sequences. EMBOSS Needle was used to 
perform pairwise alignment between (A) PrsA and PpiC and between (B) the zinc ABC 
transporter AdcA from S. aureus and AdcAfm. 
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Table 14. Antigenicity prediction of full length proteins and conserved regions. Immunogenicity 
is given as Vaxijen score with a threshold of 0.40). 

Sequence Immunogenicity 

Full length PrsA 0.77 

Full length PpiC 0.86 

PrsA 219-232 (ALFKLKDGEVSEVV) 1.06 

PpiC 210-223 (AAFKLKDGEISDVI) 1.21 

PrsA 71-82 (KYKNKVNDKKID) 1.92 

PpiC 73-84 (KYGDKVTDKQVD) 1.67 

Full length AdcAau 0.70 

Full length AdcAfm 0.56 

AdcAau 342-376  (GYFKDEQVKDRELSDYAGEWQSVYPYLKDGTLDEV) 0.43 

AdcAfm 334-368 (GYFKDADVKDRELSDYTGEWQSVYPLLKDGILDEV) 0.42 

AdcAau 131-147(EHEHEGHDHEKEEHHHH) 1.7 

AdcAfm 125-141 (GSEEEDHDHGEEDHHHE) 1.57 

 

IV.1.2.2 Cross-opsonic activity 

Given the closeness of PpiC’s and AdcAfm’s sequence to proteins in S. aureus identified by 

our antigen identification technique and the presence of highly conserved antigenic regions, 

we decided to test whether a cross-opsonic effect could be seen. As the two enterococcal 

homologs had been previously studied in our lab, we decided to use the polyclonal sera from 

those studies (187,188). Using opsonophagocytic assays, we tested whether rabbit sera raised 

against PpiC (anti-PpiC) or against AdcAfm (anti-AdcAfm) could mediate opsonic killing of S. 

aureus (Figure 9). Three staphylococcal strains were used in OPA with the anti-protein sera. 

Whether against MW2 (Figure 9A,D), LAC (Figure 9B,E) or Reynolds (Figure 9C,F), the killing 

mediated by anti-protein sera was dose-dependent and always significantly higher when 

comparing with the killing seen by incubation with pre-immune sera (pre-PpiC and pre- 

AdcAfm). The observed killing was up to approximately 65% with the lowest tested dilution of 

1:12.5. Those data show that anti-PpiC and anti-AdcAfm are able to cross-opsonize 

staphylococcal strains and strengthen our belief that both pairs of proteins share relevant 

epitopes. 



Results  64 

 Vaccine antigen identification against dangerous Gram-positive ESKAPE pathogens 

 

Figure 9. Cross-opsonic activity of anti-PpiC and anti-AdcAfm – OPA. Various S. aureus strains 
were tested for cross-opsonic activity: MW2 (A,D), LAC (B,E) and Reynolds (C, F). The graphs 
show the opsonic killing observed using anti-PpiC (green) and anti-AdcAfm (yellow), previously 
obtained by immunization of rabbits with the associated recombinant protein. The graphs also 
present results obtained by incubation with pre-PpiC (light green) and pre-AdcAfm (light yellow), 
pre-immune sera isolated from rabbit blood before any immunization. Statistical differences 
between pre-immune sera and anti-protein sera at similar concentrations were tested by 
unpaired two-tailed T-test with a 95% confidence interval. Bars and whiskers represent mean 
values ± standard error of the mean (SEM). *P ≤ 0.05, ** P ≤0.01, *** P≤0,001. 

Opsonophagocytic inhibition assays were used to verify that the killing observed was due 

specifically to the antibodies raised against the enterococcal proteins. Anti-PpiC and anti- 

AdcAfm were incubated overnight with several dilutions ranging from 200 to 8 µg/ml of the 

associated recombinantly produced proteins, allowing the antibodies to bind to their target. 

Those inhibited sera were used as a source of antibodies in a classical OPA. In figure 10A and 

B, the graphs show that the killing mediated by anti-PpiC and anti-AdcAfm is significantly 

reduced and therefore inhibited due to the previous incubation with their associated antigens. 

These data indicate that the antibodies specifically raised against both enterococcal proteins 

can mediate the killing of S. aureus.  
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Figure 10. Inhibition of the cross-opsonization mediated by anti-PpiC and anti-AdcAfm – OPiA. 
OPiA were performed against S. aureus MW2 using (A) anti-PpiC (green) and (B) anti- AdcAfm 
(yellow) diluted at 1:25 and previously incubated overnight with their associated recombinantly 
produced proteins at concentration ranging from 200 to 8 µg/ml (vertical stripes). The mediated 
killings observed for each antigen concentration were statistically compared to the positive 
controls, the anti-protein sera (empty bars). Statistical differences were calculated by unpaired 
two-tailed T-test with a 95% confidence interval. Bars and whiskers represent mean values ± 
SEM. NS, not significant (P > 0.05), ** P ≤0.01, *** P≤0,001. 

IV.1.3 Selection of worthy candidates to investigate 

The previous results identified 10 proteins as potential vaccine antigen candidates. Further 

bioinformatics analysis showed that two of them had an amino acid sequence close to already 

described protein antigens in E. faecium and E. faecalis. Therefore, both the foldase protein 

PrsA and the zinc ABC transporter AdcA (later referred as AdcAau) were selected for further 

analysis to determine their potential as a vaccine antigen against S. aureus infections. The two 

proteins were also investigated for their possible role as a vaccine antigen against enterococcal 

infections. 

Also, three other proteins were selected for further analysis, and studied to bring a stronger 

proof of concept to our novel antigen discovery method: the DUF5011 domain-containing 

protein, as it has the highest predicted immunogenicity score; as well as two transporters, 

Fe/B12 transporter and Fe(3+) dicitrate ABC transporter. 
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IV.2 Production of polyclonal sera 

IV.2.1 Rabbit selection 

As previously explained in § I.2.2.1 and § I.3.2.1, S. aureus and enterococci are ubiquitous in 

the environment, as well as present in the microbiota of humans and animals. Given those 

characteristics, it is easy for the two opportunistic pathogens to spread among animal facilities, 

either by being part of the animal’s microbiota or brought by animal handler or food. As the 

bacteria are mostly harmless to non-weakened organisms, it can be difficult to determine 

whether the animals carry the bacteria. When colonized, the animals may develop specific 

antibodies that could interfere with downstream experiments we may wish to carry out. For this 

reason, prior to immunization, rabbits were bled and pre-immune sera were collected to assess 

the presence of pre-existing antibodies. OPA were performed using those pre-immune sera as 

a possible source of antibodies. A first screening diluting the antibodies at 1:50 was performed 

(Figure 11). The killing mediated by antibodies present in the pre-immune sera of the twenty 

tested rabbits ranged from 0 to 45%. Seven rabbits were selected for further analysis by OPA.  

 

Figure 11. Initial screening for rabbit selection - OPA. Twenty pre-immune rabbit sera were 
diluted at 1:50 and screened for the presence of pre-existing antibodies mediating the killing 
of S. aureus MW2. White bars represent rabbits not selected for the next steps of selection 
while bars containing diamonds represent rabbits whose sera were further analyzed. 

The sera from rabbits 5, 6, 7, 8, 12, 14 and 20 were analyzed again to confirm the results 

obtained in the first screening and to assess the killing they can mediate at a lower dilution 

(Figure 12). As expected, and previously seen in figure 11, pre-immune sera from rabbits 5 

and 7 showed the highest killing obtained in the experiment. Other rabbits showed a killing at 

1:50 always lower to about 5% and most of the time less to 5% as well for pre-immune sera 

diluted at 1:25, except for the rabbit 6 who still showed a really low killing of 15%. The rabbits 

6, 8, 12, 14 and 20 were deemed suitable for use in further experiments as they showed a low 

level of opsonic pre-existing antibodies.  
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Figure 12. Final screening for rabbit selection - OPA. Pre-immune sera from rabbits 5, 6, 7, 8, 
12, 14 and 20 were tested in OPA against S. aureus MW2 at 1:25 and 1:50. 

IV.2.2 Rabbit immunization 

The selected rabbits were immunized as explained in § III.6.2, following the immunization 

schedule presented in table 9. The following antigens were produced for injection in the rabbit 

as defined in § III.4.4: PrsA, AdcAau, the DUF5011 domain-containing protein (later referred as 

“DUF”), the Fe/B12 transporter (later mentioned as “Fe”) and Fe(3+) dicitrate ABC transporter 

(referred as “ABC”). 

IV.3 Efficacy assessment of polyclonal sera in vitro 

IV.3.1.1 Immunoreactivity towards recombinantly produced proteins 

IV.3.1.1.1 Binding studies 

After immunization and collection of the anti-protein sera, the antibodies raised in each rabbit 

were tittered to verify the immunization efficacy and the presence of antigen-binding 

antibodies. Enzyme-linked immunosorbent assays were performed using the five different 

proteins, PrsA, AdcAau, Fe, DUF and ABC. The figure 13A-E shows the results obtained by 

incubation with a wide range of antibody dilutions. The S-like shape indicates that the 

antibodies are specifically binding to their associated proteins, as the dose-dependent profile 

means that the effect is due to the diluted compound. For each profile, we showed saturations 

of the binding and we also completely titered out the effect. The data for three dilutions, 1:3200, 

1:6400 and 1:12800, were plotted into bar graphs to perform statistical analyses (Figure 13a-

e). The results show that the binding observed with every anti-protein serum is significantly 

higher when compared to the binding obtained with pre-immune sera. This indicates that the 

immunization did succeed in raising protein-binding specific antibodies. The results obtained 

demonstrate that the candidates we chose are immunogenic, capable of raising specific 

antibodies that bind to their target when applying the immunization schedule followed in this 

study.  
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Figure 13. Immunoreactivity towards the selected candidates – ELISA. ELISAs were 
performed to verify that rabbit polyclonal sera raised against our antigens could bind to their 
target. Briefly, Nunc-Immuno MaxiSorp 96-well plates were coated with the recombinantly 
produced PrsA (Aa – orange), AdcAau (Bb – pink), Fe (Cc – blue), DUF (Dd – yellow/green) 
and ABC (Ee – red) and different dilutions of the polyclonal antibodies were added to the 
plates. Results show the absorbance after detection with anti-rabbit IgG and incubation with 
ONPG. A wide range of dilutions was tested to show the specificity (A-E) and three dilutions 
were picked to calculate statistical difference between pre-immune and anti-protein sera (a-e). 
An unpaired two-tailed T-test with a 95% confidence interval was used to statistically compared 
the absorbance values obtained for the same dilutions. Bars and whiskers represent mean 
values ± standard error of the mean (SEM). ** P ≤0.01, *** P≤0,001. 

IV.3.1.1.2 Cross-binding studies 

To investigate whether the sequence homology between the two pairs of homologs leads to 

the production of antibodies capable of recognizing both proteins, and to biologically assess 

the involvement of PrsA and AdcAau in the cross-reactive opsonic activity previously shown, 

we decided to perform binding studies using ELISA. The recombinantly produced proteins 

were used to coat Nunc-Immuno MaxiSorp 96-well plates and the associated anti-homolog 

sera was added at different dilutions: plates coated with PrsA were incubated with anti-PpiC 

(Figure 14A), and in reverse, anti-PrsA was incubated in plates previously coated with PpiC 

(Figure 14B); for the second pair of homologs, the immunoreactivity towards AdcAau (Figure 

14C) and AdcAfm (Figure 14D) was assessed by the anti-homologous protein sera anti-AdcAfm 

and anti-AdcAau respectively. The results show that each anti-homologous serum can react 

with its associated protein. Also, a dose-dependent effect is seen in graphs B, C and D, 

demonstrating that the antibodies present in the sera are responsible for the binding seen. The 

same diluting effect can be seen with anti-PpiC but the anti-protein sera needs to be diluted 

further (data not shown). Importantly, the comparison between the absorbance relating to the 

binding of the pre-immune sera and the absorbance obtained by adding the anti-protein sera 

to the plates is statistically significant. These data show that it is indeed the immunization with 

the candidate antigens that raised antibodies capable of binding to their homologs in other 

organisms. Altogether, these results proved that immunization with either protein led to the 

production of antibodies that can bind to both their intended target and other proteins from 

other organism that share a high sequence identity. The data also strengthen our hypothesis 

that both PrsA and AdcAau are the homologous protein in S. aureus responsible for the cross-

reactivity of anti-PpiC and anti-AdcAfm against both Gram-positive strains. It confirms that PrsA 

and PpiC share epitopes, as well as AdcAau does with AdcAfm, and that those epitopes are 

targets of antibodies binding to both proteins. 
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Figure 14. Immunoreactivity towards the homologs – ELISA. The binding capacities of 
antibodies to their homologs were assessed by ELISA. The recombinant proteins (A) PrsA, (B) 
PpiC, (C) AdcAau and (D) AdcAfm were used to coat Nunc-Immuno MaxiSorp 96-well plates by 
incubation overnight. After washing and blocking, the plates were placed with different dilutions 
of the anti-homolog sera. Values for the same dilution were statistically compared using an 
unpaired two-tailed T-test with a 95% confidence interval. Bars and whiskers represent mean 
values ± SEM. ** P ≤0.01, *** P≤0,001 

IV.3.1.2 Inhibition of the cross-opsonic activity of anti-PpiC and anti-

AdcAfm 

As sera raised against enterococcal proteins can bind to their homologs, we decided to test 

whether the recombinantly produced staphylococcal proteins could inhibit the killing of S. 

aureus by anti-PpiC and anti-AdcAfm observed in figure 9. Opsonophagocytic inhibition assays 

were performed using the anti-protein sera previously incubated overnight with several 

dilutions of their homologous proteins (from 200 to 8 µg/ml). Those potentially inhibited sera 

were used as a source of antibodies in a classical OPA (Figure 15). The results show that the 

killing mediated by anti-PpiC and anti-AdcAfm is significantly reduced with a previous incubation 

with PrsA and AdcAau, respectively. These data suggested that both staphylococcal proteins 

could bind to the antibodies and inhibit the killing they mediate. This shows that the antibodies 
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specifically raised against both enterococcal proteins can mediate the killing of S. aureus via 

opsonization through PrsA and AdcAau.  

 

Figure 15. Inhibition of the cross-reactive activity of anti-PpiC and anti- anti-AdcAfm with their 
homologs – OPiA. OPiA against S. aureus MW2 were performed to assess the inhibition of (A) 
anti-PpiC (green) diluted at 1:20 and previously incubated with the recombinantly produced 
protein PrsA diluted to final concentrations ranging from 200 to 8 µg/ml (vertical stripes) or (B), 
the inhibition of anti-AdcAfm (yellow) at 1:40 by incubation with AdcAau at similar 
concentrations (vertical stripes). Statistics were used to compare the killing seen without 
inhibition to each killing observed with previous incubation with homolog proteins. Statistical 
differences were calculated by unpaired two-tailed T-test with a 95% confidence interval. Bars 
and whiskers represent mean values ± SEM. NS, not significant (P > 0.05), ** P ≤0.01, *** 
P≤0,001. 

IV.3.1.3 Opsonic activity against S. aureus MW2 

To assess the efficacy of the polyclonal antibodies obtained by immunization with our 

candidates, OPA were performed against S. aureus MW2. For the two most promising 

candidates we identified as potential vaccine antigens, a large range of dilutions was tested 

(Figure 16AB). The results obtained by incubation with anti-PrsA ranged from 35 to 10% and 

35 to 20% with anti-AdcAau. The wide range of dilutions allowed to titer out the mediated killing 

and confirmed the antibodies in the sera were responsible for the effect seen. Also, the killing 

observed was significantly higher when comparing the anti-protein sera directed against PrsA 

or AdcAau to their corresponding pre-immune sera. These results show that the immunization 

of rabbits with our candidates led to the production of opsonic antibodies capable of mediating 

the killing of S. aureus MW2 in in vitro assays.  

As the study of the other three candidates was aiming to prove that the novel experimental 

approach to identify potential antigens was effective, we decided to perform a preliminary 

investigation on the opsonic function of polyclonal antibodies raised against these proteins. All 

sera were diluted at 1:25 and showed killing up to approximately 55% with anti-Fe and anti-
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ABC. The antibodies raised against DUF could mediate a killing up to 40% when diluted at 

1:25. Importantly, the values obtained with anti-protein sera were always significantly higher 

when compared to the values obtained with the pre-immune sera. Altogether, these data show 

that our three candidates used in a formulation to immunize rabbits leads to the production of 

polyclonal antibodies capable of opsonizing S. aureus MW2 and mediating its killing. Although 

these results are preliminary and need a deeper investigation to draw final conclusions, they 

strongly suggest that the three proteins, the two transporters, Fe/B12 transporter and the 

Fe(3+) dicitrate ABC transporter, as well as the DUF5011 domain-containing protein, seem 

like promising candidates for vaccine formulations against S. aureus. The data also show that 

the novel technique we used for antigen discovery can be effective, leading to a successful 

identification of potential antigens and therefore should be further used in the future. 

 

Figure 16. Opsonic functions of rabbit sera against S. aureus MW2 – OPA. The opsonic killing 
antibodies present in the polyclonal sera was assessed by OPA against MW2. The killings 
obtained by incubation with anti-protein sera (darker colors) were compared to the killings 
observed at the same dilution of pre-immune sera (lighter color). The figure represents the 
opsonic killing mediated by (A) anti-PrsA, (B) anti-AdcAau and (C) anti-Fe (blue), anti-DUF 
(yellow) and anti-ABC (red) diluted at 1:25. Statistical differences between pre-immune sera 
and anti-protein sera at the same dilution were determined using unpaired two-tailed T-test 
with a 95% confidence interval. Bars and whiskers represent mean values ± SEM. NS, not 
significant (P > 0.05). *P ≤ 0.05, ** P ≤0.01, *** P≤0,001. 

The specificity of the killing observed was tested by OPiA against S. aureus MW2 (Figure 17). 

Polyclonal sera raised against PrsA and AdcAau were incubated overnight with their associated 

proteins at concentrations ranging from 200 to 8 µg/ml. The next day, those potentially inhibited 

sera were used as a source of antibodies in OPA. The results show a decreased killing by 

incubation of the sera with the recombinant proteins that is dose-dependent. This 

demonstrates that the mediated killing can be inhibited by incubation with PrsA and AdcAau 

and is therefore specifically due to antibodies raised against these two proteins.  
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Figure 17. Specificity of anti-PrsA and anti-AdcAau – OPiA. OPiA were performed against S. 
aureus MW2 to check the specificity of (A) anti-PrsA and (B) anti-AdcAau. Anti-protein sera 
were used at 1:20 and 1:40 respectively and incubated with their associated proteins at 
concentrations ranging from 200 to 8 µg/ml (vertical stripes) or without any inhibitors (empty 
bars). The mediated killings observed for each antigen concentration were statistically 
compared to the mediated killing observed without protein. Statistical differences were 
calculated by unpaired two-tailed T-test with a 95% confidence interval. Bars and whiskers 
represent mean values ± SEM. NS, not significant (P > 0.05), *P ≤ 0.05, ** P ≤0.01, *** P≤0,001. 

IV.3.1.4 Cross-opsonic activity 

The capacity of polyclonal antibodies raised against PrsA (Figure 18A-D) and AdcAau (Figure 

18E) to mediate opsonic killing of other S. aureus strains was assessed by OPA. Anti-PpiC 

and anti-AdcAfm were used as well in the assay to see if the cross-activity previously shown 

was also true for a larger strain coverage. Rabbit sera raised by immunization with our 

candidates mediated a killing significantly higher when comparing to the antibodies present in 

the pre-immune sera. Also, in every strain tested, the opsonic killings mediated by antibodies 

contained in anti-PpiC or anti-AdcAfm were always slightly lower when compared to the 

percentage of killing observed with antibodies present in anti-PrsA or anti-AdcAau. Those 

results show that antibodies raised against both PrsA and AdcAau can mediate the opsonic 

killing of several S. aureus strains. 
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Figure 18. Cross-opsonization of other S. aureus strains – OPA. Several strains were tested 
to see if the raised polyclonal antibodies could mediate the opsonic killing of additional 
staphylococcal strains. The sera were diluted at 1:20 for use in OPA against all five strains: 
(A) LAC, (B) MN8, (C) 194, (D) SF8300 and (E) Reynolds. In A-D, the killings mediated by 
anti-PpiC (green, white bars) and pre- (light orange) and anti-PrsA (orange) were assessed 
and statistically compared. The figure E shows the killings measured by incubation with anti-
AdcAfm (yellow, white bars) or pre- (light pink) and anti-AdcAau (pink) which were also 
compared using statistics. An unpaired two-tailed T-test with a 95% confidence interval was 
used to calculate the statistical differences. *P ≤ 0.05, ** P ≤0.01, *** P≤0,001. 

As previously shown, the rabbit sera raised against the enterococcal proteins PpiC and AdcAfm 

were able to mediate the opsonic killing of bacteria pertaining to another family: S. aureus. 

Also, cross-binding studies have shown that each of the four sera; anti-PpiC, anti-PrsA, anti-

AdcAfm and anti-AdcAau; could bind in a dose-dependent manner to their associated homolog. 

Considering those results, we decided to test whether the polyclonal sera produced during this 

study, and directed towards staphylococcal proteins could also mediate the killing of 

enterococcal strains. OPA were performed against one vancomycin-resistant E. faecium 

11236/1 (Figure 19A,D) and two E. faecalis strains: Type 2 (Figure 19B,E) and 12030 (Figure 

19C,F). The polyclonal antibodies directed against PpiC and PrsA (Figure 19A-C) as well as 

against the iron transporters (Figure 19D-F) were diluted in RPMIF and used in the assay. The 

killings observed when incubating with anti-protein sera, raised by immunization, were always 

significantly higher when compared to the pre-existing antibodies collected in rabbits before 
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the injection of our candidates. Interestingly, anti-PrsA and anti-AdcAau mediate a killing that is 

either equal or slightly higher when compared to anti-PpiC and anti-AdcAfm. The data strongly 

suggests that both identified proteins, PrsA and AdcAau, are good antigens and could even 

be slightly better than the previously discovered enterococcal proteins. The results 

demonstrate that our candidates should be considered for vaccine formulation against the two 

Gram-positive pathogens of the ESKAPE group. 

 

Figure 19. Cross-opsonic activity against enterococcal strains – OPA. Three enterococcal 
strains were also tested for cross-opsonic function of polyclonal antibodies. Sera were diluted 
at 1:20 for use in OPA against (A,D) Enterococcus faecium 11236/1 and (B,E) Enterococcus 
faecalis Type 2, and at 1:50 while tested against (C,F) Enterococcus faecalis 12030. Each 
strain was probed for killing mediated by antibodies present in anti-PpiC (green) and anti-
AdcAfm (yellow). Also, the killing mediated by pre-PrsA (light orange, white bars), anti-PrsA 
(orange, white bars), pre-AdcAau (light pink, white bars) and anti-AdcAau (pink, white bars). 
Values for each pre-immune serum and its associated anti-protein serum were statistically 
compared using an unpaired two-tailed T-test with a 95% confidence interval. Bars and 
whiskers represent mean values ± SEM. *P ≤ 0.05, *** P≤0,001. 
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ESKAPE bacteria represent a great threat to the human health. They are opportunistic 

pathogens found in the environment, and in the microbiota of humans and animals (1). The 

two Gram-positive ESKAPE pathogens S. aureus and enterococci have intrinsic antimicrobial 

resistance but also acquired new mechanisms over time due to the overuse of antibiotics (79). 

Combined together, those characteristics explain why these pathogens are serious threat in 

the clinical setting, where vulnerable patients can be found. The ESKAPE pathogens are all 

around and over us, so they can infect people while procedures with a high risk of infection are 

performed, for example surgeries. As most of the time they also present with antimicrobial 

resistance, preventive measures are often ineffective and treatments difficult (5). These led 

the two Gram-positive pathogens of the ESKAPE group to represent 23.5% of HAI in the US 

between 2015 and 2017, S. aureus was the second most isolated pathogen with 11.8%, E. 

faecalis was associated with 7.9% of the HAI. While E. faecium represent only 3.8% of HAI, 

over 85 % of those isolated bacteria were resistant to vancomycin (60). Those results only 

highlight how big of a concern the two organisms represent to global health. Indeed, the "2019 

Antibiotic Resistance Threats Report," released in 2019 by the Centers for Disease Control 

and Prevention (CDC), includes the most recent information on deaths and infections caused 

by a list of 18 antimicrobial-resistant bacteria in the United States. The classification of these 

bacteria based on their level of risk for human health is indicated in the study. MRSA and VRE 

are both categorized as "Serious Threats" (214). According to the CDC, antimicrobial-resistant 

organisms cause around 2,8 million infections and 35,000 fatal infections annually in the United 

States. In 2017, MRSA was accountable for 10,600 deaths (30%) and VRE for 5,400 deaths 

(15%) (215,216). 

Given the ability of the pathogens to develop antibiotic resistances, new measures must be 

taken to tackle this issue. Effective vaccines can prevent dangerous diseases but have also 

been associated with reduced antibiotic use, cheaper treatment costs, and shorter hospital 

stays, all of which are enormous benefits to our society (80,217,218). Unfortunately, despite 

several trials and a huge number of discovered antigens, no vaccine has been successfully 

developed to prevent infections by enterococci or S. aureus (219–222).  

This study aims to discover new antigens in S. aureus and to assess the effectiveness of 

polyclonal sera raised against the identified proteins to determine their potential as antigenic 

determinants. We used a combination of already described methods in an effort to narrow 

down the list of candidates to only a small number of promising proteins to experimentally 

investigate. A false positive analysis of peptide digested from surface-exposed proteins was 

combined to a subtractive proteome analysis using protein extractions obtained by lysostaphin 

digestion of the peptidoglycan, SDS boiling and sonication which were detected using human 

sera from healthy donors and the same sera but previously depleted for S. aureus-specific 

antibodies.  
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The combination of both techniques led to a short list of 10 potential candidates. Out of those 

proteins, three were selected for further analysis, the DUF5011 domain-containing protein, 

Fe/B12 transporter and Fe(3+) dicitrate ABC transporter. Two other proteins in the list 

presented with a similar function as already described antigens in enterococci. We 

demonstrated that anti-protein sera raised against the enterococcal proteins was able to 

mediate the killing of S. aureus strains. We decided to further study this cross-opsonic effect 

and kept the two staphylococcal proteins for a deeper investigation.  

The candidates were produced in E. coli and purified by affinity purification. The recombinant 

proteins were used to immunize pre-selected rabbits and produce polyclonal sera. To show 

the potential of our candidates as antigens, we studied the antibodies raised in rabbits. We 

first checked the binding function of the raised antibodies by performing ELISA. We showed 

that the produced antibodies contained in the polyclonal sera could bind to their target, 

confirming the effectiveness of the immunization schedule, and mostly importantly, the 

immunogenicity of the candidates we selected. Then we decided to assess the effectiveness 

of the IgGs by OPA to check their capacity to mediate the opsonic killing of S. aureus MW2. 

We showed that the antibodies raised by immunization with our candidates can mediate 

specific opsonic killing of this staphylococcal strain.  

We were also curious and keen to investigate the cross-reactive effect seen of antibodies 

raised against the enterococcal proteins. We performed pairwise alignment which highlighted 

the sequence similarity between PrsA and PpiC, a previously described antigen in E. faecium, 

also interesting in formulations against E. faecalis (188), as well as between AdcAau and 

AdcAfm, also considered a great antigen against infections caused by E. faecium and E. 

faecalis (187). Especially some highly conserved regions showed a high immunogenicity score 

(obtained via analysis through Vaxijen). Taking into account that information, we decided to 

use anti-PpiC and anti-AdcAfm polyclonal sera in OPA against staphylococcal strains and the 

results showed that those antibodies could mediate a cross-opsonic killing of S. aureus. Later, 

after immunization of rabbits with PrsA and AdcAau, we showed that each four sera could bind 

to their homologous target. These data biologically confirmed that each pair share one epitope. 

Inhibition assays showed that both PrsA and AdcAau could inhibit the killing observed by anti-

PpiC and anti-AdcAau respectively and confirmed that the homologs pairs are responsible for 

the cross reactivity observed with anti-PpiC and anti-AdcAfm. Cross-opsonic studies were 

conducted using OPA and the results show that anti-protein sera raised against staphylococcal 

proteins not only mediate the opsonic killing of a large variety of S. aureus strains, but can also 

mediate the killing of both E. faecalis and E. faecium. 

These results are consistent with the function of each protein. Indeed, PpiC is a parvulin-like 

peptidyl-prolyl cis-trans isomerase protein, which plays an essential role in protein folding and 
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catalyzing the isomerization of peptide bonds. PPIase are proteins ubiquitous in all types of 

cells. In bacteria, they are known to be surface-exposed, involved in penicillin-binding protein 

folding, essential to bacterial growth, and involved in β-lactam resistance which makes them 

important virulence factors (223–226). They are usually composed of three domains: (i) the N-

terminal domain, which is covalently linked to a di-acyl glycerol and provides anchorage to the 

membrane (227); (ii) the parvulin PPIase domain, which catalyzes isomerization of peptide 

bonds preceding proline residues and limits the folding of proteins; and (iii) the C-terminal 

domain (228). Given those characteristics, it is not surprising that a protein from another 

organism could present with a sequence similarity with PpiC and that antibodies raised against 

PPIase could mediate the killing of several bacterial strains from different species.  

In addition to catalyzing the post-translocational folding of exported proteins, the membrane-

anchored foldase protein PrsA is involved in the physiology and pathogenicity of numerous 

bacteria, including Helicobacter pylori and Listeria monocytogenes (229–231). The prolyl 

isomerase activity of the PPIase proteins from S. aureus, B. subtilis, and L. monocytogenes 

was verified using protease-coupled PPIase tests (232–234). The PPIase domains of S. 

aureus and B. subtilis share a common parvulin fold, which is made up of four α-helices around 

a four-stranded antiparallel β-sheet (233). It has also been demonstrated that PrsA contributes 

to streptococci's pathogenicity (235). The discovery that penicillin-binding proteins are 

unstable in PrsA null mutants also indicates that PrsA is necessary for penicillin-binding protein 

folding and, consequently, for bacterial growth (224).  

In line with our findings, subtractive genomics and reverse vaccinology methods also 

suggested PrsA as a possible vaccine target in MRSA (236). In numerous organisms, it has 

been discovered that PPIase make intriguing targets for vaccines. By using reverse 

vaccination on Streptococcus sanguinis, a bacteria that can cause infective endocarditis, PrsA 

was found to be a good antigen candidate (237). Furthermore, it is known that bacterial 

Macrophage Infectivity Potentiator (MIP)-like PPIases may be potential candidates for 

vaccines that protect humans and animals. Neisseria gonorrhoeae and Neisseria meningitidis, 

which cause meningitis and sepsis, and the sexually transmitted disease gonorrhea, both 

express MIP-PPIase, which may be involved in the intracellular survival and aid in their immune 

system evasion. Moreover, MIP-PPIase-specific antibodies were found in the blood of N. 

gonorrhoeae-infected individuals, indicating the antigenicity of the pathogen and its possible 

application as a vaccine target. Several bacterial strains whose MIP-like PPIase has been 

successfully researched as a vaccine antigen are listed in the review by Humbert et al (238). 

The second pair of proteins in this study that were related to cross-reactive behavior, are ATP-

binding cassette transporter substrate-binding lipoproteins. In E. faecium, AdcAfm is a substrate 

binding protein in the ABC transport system and belong to the metal binding lipoproteins family 
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who regulates zinc (Zn) homeostasis (239). All life forms require zinc, a d-block transitional 

metal ion that is involved in numerous biological processes like carbon metabolism and DNA 

transcription control (240). It has a structural and catalytic role in about 5% of bacterial proteins. 

Zn is absorbed by bacteria through Zn-binding proteins, including AdcAfm, which helps them 

to overcome the host-derived restriction of the ion and live in the harsh environment (241,242). 

In a range of bacterial species, mutations in Zn-regulating genes consistently decrease 

virulence and increase vulnerability to host defensive mechanisms (243–247). Significant 

issues with growth and survival as well as reduced resistance to ampicillin, bacitracin, and 

daptomycin are also brought on by inactivating the gene encoding the protein (239). Zn is also 

linked to biofilm formation where SasG protein promotes adhesion between cells in a Zn-

dependent manner (248). It's interesting to note that the protein's expression has been 

demonstrated to rise during infection, and proteins with related functions have previously been 

studied in other Gram-positive pathogens as possible vaccine antigens or virulence factors 

(249,250).  

To summarize, our dual approach for antigen identification led to the discovery of several 

candidates. Five of them were investigated to biologically assess their antigenic potential. The 

study successfully showed that those five proteins should be further investigated for use in 

vaccine formulation against S. aureus. This approach proved to be fast and effective, two 

important qualities for the development of new medicines. Additionally, two of the antigenic 

determinants identified and studied showed a sequence homology with other dangerous 

opportunistic Gram-positive pathogens: E. faecalis and E. faecium. Our results show that both 

proteins can be considered for vaccine formulation against the two nosocomial pathogens.  

Further investigation should be undertaken to validate the potential of the antigens discovered 

for vaccine formulation. For example, the polyclonal sera used in this study could be used to 

perform passive immunization in animal experiments, which consist in the injection of the 

antibodies shortly before and after a challenge with bacteria. Additionally, active immunization 

could also be used to prove the effectiveness of the antigens. It is usually performed following 

an immunization schedule of three injections with the antigen and a challenge with bacteria. 

Depending on the bacterial species, different ways of challenging the animals after 

immunization can be employed. In the past, skin or muscle infection models were performed 

with S. aureus (251). Systemic infection models were also used with S. aureus and enterococci 

(221).  

In the case of PrsA and AdcAau, several highly conserved regions were identified in comparison 

with PpiC and AdcAfm respectively. These regions were also predicted to be highly 

immunogenic. One future direction for this investigation could be to produce these regions and 

investigate their potential for vaccine development.  
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The study could also be extended to several other pathogenic bacterial species as our 

candidates present with essential functions within the cells. As proven in this study, such 

characteristics can mean the presence of similar proteins in other organisms and lead to cross-

reactive effects. Targeting essential proteins could help to develop multivalent vaccines, 

especially if investigation only conserved and immunogenic regions. These potential epitopes 

were situated in the effective regions of the proteins in our study, so it would be interesting to 

study their potential against other pathogens which have proteins with similar functions.  

In 2021, Ismail and colleagues proposed an interesting strategy to better control WHO priority 

pathogens and address global antibiotic resistances; they talked about pan-vaccinomics 

whose aim is to create a universal vaccine targeting multiple pathogens (252). We believe this 

approach to be clever and strongly feel that study like ours could lead someday to the 

achievement of this goal. Indeed, we think that investigation of already-discovered antigens 

who are known to have essential function within bacterial cells and therefore to be ubiquitous 

is a great strategy to implement in the frame of pan-vaccinomics.  
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