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   Chapter 1 

 

General introduction and scope of the thesis 

 

The genus Staphylococcus consists of more than 40 Gram-positive coccoid 

bacterial species of which S. epidermidis, S. haemolyticus and S. aureus are the 

most abundant representatives in the microbiomes of humans and animals 

(1,2). In human beings, S. aureus is usually present as a commensal in the 

nostrils, but it can also be found in other niches, such as the oral cavity, the 

skin, the perineum and in the gastrointestinal tract. The group of persistent 

nasal carriers of S. aureus ranges between 12 and 30%, while the percentage of 

intermittent carriers seems to vary from 16 to 70% (3). In itself carriage of S. 

aureus is asymptomatic but, upon invasion of the body, this bacterium shows 

its true nature as a dangerous pathogen. To survive and thrive in the human 

body, S. aureus produces many virulence factors, including cell surface located 

proteins, which are responsible for the interaction with the host (4). Once the 

mucosal barrier or the skin are damaged, the bacterium can reach and infect 

almost every organ and tissue. This can cause mild, severe or even fatal 

infectious diseases, like sepsis, endocarditis, and osteomyelitis, if not treated 

properly. 

Most infections caused by S. aureus are treated with antibiotics. In the 1940s 

the first antibiotic used for treatment was penicillin. After only two years of 

clinical use, S. aureus strains were detected that had developed resistance 

against penicillin (5,6). This history repeated itself upon the clinical introduction 

of the antibiotic methicillin in the 1960s, where resistance development was 

observed within a year (7) resulting in the currently well-known methicillin 

resistant S. aureus (MRSA). Since then, MRSA has become notorious for causing 

difficult-to-treat outbreaks in hospitals and the community (8). Over time other 

antibiotics, like vancomycin (2002) (9), linezolid (2001) (10), mupirocin (1985) 

(11), and daptomycin (2005) (12) were introduced to treat patients with MRSA 

infections but, unfortunately, the emergence of S. aureus lineages resistant 

against such new antibiotics has been observed within several years. Notably, 

antibiotic resistance frequently originates in hospitals where the selective 

pressure for resistance is the greatest. Subsequently, resistant bacteria may 
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spread into the community (8). As a consequence, multi-drug resistant S. 

aureus lineages and strains have now appeared in many places all over the 

world by transmission from individual to individual. According to a recent 

report of the World Health Organization, infections with antibiotic resistant 

microbes are expected to be the number one cause of death in 2050 (13; 

https://amr-review.org/), and MRSA has very recently been ranked in 5th 

position amongst the “WHO priority pathogens list” for the development of 

new antimicrobial therapies (http://www.who.int/mediacentre/news/ 

releases/ 017/ bacteria-antibiotics-needed/en/). 

Immunotherapy is a classical alternative to the use of antibiotics for prevention 

or treatment of infections. Accordingly, active or passive immunization are also 

considered as alternative possibilities to prevent or treat infections with drug-

resistant S. aureus. The results of studies in different animal models indicate 

that, indeed, vaccination or treatment with antibodies can also be applied 

successfully to fight S. aureus infections (14-17). In active immunization (i.e. 

vaccination), the induction of immunity after exposure to antigens of an 

inactivated or attenuated pathogen may result in the development of a long-

lasting protective immune response. In contrast, in a passive immunization, a 

person is protected against a pathogen by administering specific antibodies 

that are nowadays in most cases produced biotechnologically. Good targets for 

active or passive immunization strategies need to have particular properties. 

First of all, the target needs to have antigenic determinants that provoke an 

effective immune response in the host. Factors exposed to the bacterial cell 

surface, such as polysaccharides and proteins, often comply with this 

requirement (18) and their efficacy can be enhanced with appropriate 

adjuvants. Furthermore, it is important that the targets are expressed at high 

levels by all lineages of a pathogen, and preferably they are also necessary for 

survival or fitness of this pathogen in the human body. The latter may preclude 

a so-called seroshift where pathogens stop producing the target and thereby 

evade the host’s immune responses. Targets specifically involved in virulence, 

such as toxins, can also be attractive for immunization as the respective 

antibodies might neutralize the virulence function (19). 

Like all Gram-positive bacteria, staphylococci are surrounded by a thick cell wall 

which serves as an exoskeleton that protects the bacteria against osmotic, 

chemical and mechanical insults from their environment (Fig. 1). 
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The main component of the cell wall is peptidoglycan (PG). Other components 

of the staphylococcal cell wall are proteins, lipo-teichoic acids (LTA), wall 

teichoic acids (WTA) and polysaccharides (4). Electron microscopic analysis 

showed that the S. aureus cell wall can be divided into an inner zone with a 

low-density and an outer zone of high-density (Fig. 1). This implies that there 

are areas of different composition within the cell wall, which possibly have 

different physical and chemical properties. It has been proposed that the low 

density inner wall zone mimics the periplasmic space present between the 

inner and outer membranes of Gram-negative bacteria (20). Notably, even 

though the cell wall is a thick and rigid structure, it is highly dynamic due to 

continuous degradation and biosynthesis that are needed in order to allow cells 

to grow and divide. 

Specifically, the cell wall of S. aureus is made up of multiple PG layers of which 

the strands consist of alternating disaccharide N-acetylmuramic acid (β1-4)-N-

acetylglucosamine (MurNac-GlcNac) units of different lengths that are stacked 

on top of each other (Fig. 1).  

 
Figure 1. Schematic representation of exported proteins and their localization in the 

membrane (M), and the inner- (IWZ) or outer wall zones (OWZ) of the Gram-positive 

bacterial cell-wall (CW).  

 

Proteins with one or more transmembrane-spanning domains can be inserted 

into the membrane. Lipoproteins are anchored to the membrane by a lipid 

modification. Proteins with wall retention signals are retained in the cell wall 

via covalent or high-affinity binding to cell-wall components, such as wall 

teichoic acids (WTA) or lipid teichoic acids (LTA). Exported proteins without a 

membrane or cell-wall retention signal can be secreted into the extracellular 

milieu (adapted from 22). 
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Glycan strands are one part of the three-dimensional structure of the cell wall, 

while the second part consists of cross-linked wall penta-peptides. These 

penta-peptides become linked via a penta-glycine cross bridge, while a D-Ala 

residue on position 5 of the second peptide is removed (21). Notably, cross-

linking does not occur for all cell wall peptides. The cell wall peptides which are 

not cross-linked carry an extra D-alanine. LTA and WTA are cell wall 

glycopolymers, which are covalently attached to membrane glycolipids or PG, 

respectively. These long molecules have a negative charge, allowing ions to 

move through the cell wall. Besides peptidoglycan, (L)TAs and polysaccharides, 

the staphylococcal cell wall contains many different proteins. These proteins 

are exported from the cytoplasm and translocated across the bacterial C 

cytoplasmic membrane via different specific export pathways (21,22). After 

passing the cytoplasmic membrane, the exported proteins can either be 

released (i.e. secreted) into the surrounding environment, or they may remain 

attached to the membrane or the cell wall by different mechanisms. Proteins 

that remain attached can be classified as membrane proteins, lipoproteins, and 

covalently or non-covalently attached proteins (Fig. 1). The membrane proteins 

and lipoproteins remain anchored to the cytoplasmic membrane by 

hydrophobic amino acid sequences (i.e. membrane anchors) or lipid 

modifications, respectively. Covalently cell wall-bound proteins contain an 

LPXT-G or NPQT-N motif which is cleft C-terminally of the Thr residue and 

connected to the peptidoglycan layer by sortase-mediated transpeptidation 

(21). The non-covalently cell wall-bound staphylococcal proteins contain 

particular domains that interact with specific cell wall components. Currently 

identified domains for non-covalent cell wall binding are the LysM motif (Lysin 

Motif, Pfam PF01476), and the SH3-5 (PF08460) and SH3-8 (PF13457) cell wall-

binding domains. The LysM motif consists of 45 to 65 amino acid residues, 

which enable binding to the N-acetylglucosamine moiety of the peptidoglycan 

(23,24). The LysM motif is present in one or more copies in six different cell 

wall proteins of S. aureus (21,25). In contrast, SH3 domains bind to the 

staphylococcal pentaglycine interpeptide bridge (26,27). Collectively, the wall-

located proteins that are exposed to the bacterial cell surface are referred to as 

the ‘surfacome’. These staphylococcal proteins can potentially serve as targets 

for antimicrobial therapy as they are easily accessible for drugs and antibodies. 

For this reason, the surfacome has become of major interest in the 
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development of novel passive or active immunotherapies against S. aureus 

(21,25). 

To discriminate between wall-embedded and surface-exposed proteins, several 

different protein extraction approaches have been developed. For example, 

non-covalently attached proteins have been liberated from the cell wall by 

treatment of whole cells with LiCl2, KSCN or SDS prior to their identification by 

proteomic techniques involving Mass Spectrometry (MS). Covalently attached 

proteins have been identified by isolation of cell wall fragments, removal of the 

non-covalently bound proteins and wall degradation with lysostaphin, followed 

by trypsin cleavage and identification by MS. The surface-exposed proteins or 

protein domains have been identified by surface shaving. The latter approach 

involved the incubation of cells with beads containing immobilized trypsin, and 

the subsequent collection and MS analysis of peptides liberated from the cell 

surface. Alternatively, surface-exposed proteins and protein domains were 

identified by a cross-linking approach with a membrane-impermeable 

biotinylated cross-linker, which allowed the affinity purification of biotinylated 

wall proteins from whole cells (28). Together, these approaches led to the 

identification of a fairly large number of different proteins associated with the 

staphylococcal cell wall (21,29,30). Not surprisingly, peptidoglycan hydrolases 

as listed in Table 1 form an important class of identified cell wall-associated 

proteins of S. aureus as such enzymes are responsible for the turnover of the 

Gram-positive bacterial cell wall during cellular growth and division. 

As summarized in Table 1, several different studies identified the peptidoglycan 

hydrolases IsaA, Atl, SceD, Aly, LytM, Sle1 ( also known as Aaa ), SA0620 ( SsaA-

homolog ), and SA2353 ( SsaA1 ) as being localized to the S. aureus cell wall 

and/or surface. Interestingly, different peptidoglycan hydrolases were 

identified in different studies and also their identified relative abundances were 

variable (19,25,33,38,44,45). These differences may partly relate to the 

different approaches that were applied to identify these proteins. However, 

another explanation is that different studies were based on different S. aureus 

laboratory strains or clinical isolates, which is corroborated by comparative 

analyses in which different S. aureus strains were used (25,33). Overall, it 

appears from the so far published data that Atl, IsaA and LytM are among the 

most abundant surface-exposed peptidoglycan hydrolases of S. aureus with 

IsaA being most frequently identified (Table 1). 
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Table 1: Overview of surface-located and secreted peptidoglycan hydrolases of S. aureus 

identified using different types of proteomic techniques. 

Name1     IsaA            Atl    SceD     Aly  LytM   Sle-1 

 SsaA 

homolog SsaA1 

GenBank2 SA2356 SA0905 SA1898 SA2437 SA0265 SA0423 SA0620 SA2353 

Surface                 

Becher 2009 x x x x x       

Dreisbach 2011 x x             

Glowalla 2009 x x x x x       

Hempel 2011 x x x   x       

Liu 2014 x x x x x x   x 

Solis 2014 x x x x x x x X  

Ventura 2010 x x   x   x     

Vytvytska 2002 x               

                  

Secreted                 

Enany 2012 x x x x x x x   

Kolata 2011   x       x     

Pasztor 2010 x x   x         

Ravipaty 2010 x x x x x x x   

Rogasch 2006 x   x x x   x   

Ziebandt 2004  x   x x x   x   

Ziebandt 2010 x x x x x x x   

 
1 Names of the identified peptidoglycan hydrolase, 2Genbank numbers based on the S. 

aureus N315 genome annotation. In the first column, the proteomic studies that led to 

identification of the different S. aureus proteins at the cell surface or extracellular locations 

are listed. Of note, these studies were based on the following approaches: isolation of 

secreted proteins (Kolata 201131, Ziebandt 200432, 201033, Rogasch 200634, Enany 201235, 

Pasztor 201036, Ravipaty 201037), isolation of surface proteins from cells using treatment 

with trypsin (Dreisbach 201121, Solis 201438, Ventura 201019), lysostaphin (Vytvytska 200239), 

urea or LiCl2 (Liu 201440, Glowalla 200941). Alternatively, cell wall proteins were identified by 

biotinylation (Becher 200942, Hempel 201128,44). 

 

It is presently not entirely clear why the cell surface proteome of S. aureus is so 

heterogeneous in this respect, but this variability may be part of this 
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pathogen’s many strategies to evade the human immune system (25). Further, 

especially for studies carried out by different groups, one cannot exclude the 

possibility that variations relate to differences in growth, growth stage at the 

time of harvesting and other experimental conditions. This view is underpinned 

by a recent study where the S. aureus HG001 transcriptome was investigated 

under a range of different growth conditions, which showed substantial 

condition-dependent variations in genome-wide gene expression (46). On top 

of this, some strains appear to be more susceptible to cell lysis than others, 

which may lead to different outcomes in the proteomic analyses with respect 

to the extracellular identification of typical cytoplasmic proteins (43). Notably, 

data obtained from several studies showed that plasma samples from different 

individuals contained relatively high antibody titers against purified 

peptidoglycan hydrolases from S. aureus, especially IsaA, Atl, Aly, and LytM 

(47,48). Compared to plasma samples from healthy individuals, patients with 

the genetic blistering disease epidermolysis bullosa (EB) showed particularly 

high antibody levels against IsaA and LytM (47), suggesting that the respective 

antibodies might contribute to the apparent protection of these patients 

against invasive staphylococcal disease. In this respect it is noteworthy that 

patients with EB rarely suffer from invasive S. aureus infections despite the fact 

that they often have chronic wounds that are heavily colonized with this 

pathogen (49). 

 

Scope of this thesis 

 

The research described in the present thesis was aimed at exploring 

possibilities for future active or passive immunization approaches to protect 

frail individuals against infections with S. aureus. Particular attention was 

attributed to peptidoglycan hydrolases, like IsaA, LytM and Atl, as potential 

targets for immunotherapy in view of the fact that these enzymes were 

previously shown to elicit relatively high antibody titers in healthy individuals 

and EB patients. In this context it is also important to bear in mind that 

peptidoglycan hydrolases have critical roles in cell wall turnover, cell 

separation, antibiotic resistance, protein secretion, and virulence (50), which 

are additional features that make them interesting targets for novel 

immunotherapies. This general concept has been introduced in Chapter 1 of 



Chapter 1 

8 
 

this thesis, and an outline for the respective investigations as presented in this 

thesis is schematically represented in Fig. 2. 

 

      

Figure 2. Schematic representation of the pipeline for the development and testing of 

passive and active immunization strategies against S. aureus infections in mouse models. 

A. Route for the development of an active immunization strategy. Identification of 

invariant surface-exposed or secreted antigenic proteins from S. aureus isolates from healthy 

carriers or infected patients was achieved by proteomics. Subsequently, several of such 

antigens were produced in Escherichia coli- or Lactococcus lactis-based expression systems. 

Lastly, the purified recombinant antigens were tested, individually or in combination, for 

their potential use in active immunization against S. aureus infection using different mouse 

models. 

B. Route for the development of a passive immunization strategy. B-cells producing 

antibodies against the S. aureus IsaA protein were isolated from blood of a healthy S. aureus 

carrier using the fluorescently labeled IsaA protein. Subsequently, immunoglobulins specific 

for IsaA were cloned and tested for protection against S. aureus infection in a mouse model. 

Lastly, the epitopes recognized by non-protective and potentially protective antibodies 

binding to IsaA were compared. 
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A first prerequisite for the development of active or passive immunization 

approaches is the identification and production of appropriate targets. In a 

previous study, the extracellular proteomes of 25 clinical S. aureus isolates 

from the University Medical Center Groningen were compared, which led to 

the identification of seven apparently invariant immunogenic determinants 

(33). Interestingly, five of these were peptidoglycan hydrolases, namely LytM, 

IsaA, Aly, SA0620 and SA2097. Chapter 2 of this thesis describes the 

development and use of expression systems to produce these enzymes along 

with the invariant staphylococcal nuclease (Nuc). Specifically, the Gram-

negative bacterium E. coli and the Gram-positive bacterium L. lactis were used 

for antigen production. The results show that L. lactis can be applied as an 

attractive production host for staphylococcal antigens, especially by setting 

limits to autolysis and product degradation. The latter was achieved by 

respectively deleting the acmA gene for the major autolysin of L. lactis and the 

htrA gene for the major extracellular protease of this bacterium. A clear 

advantage of the use of L. lactis was that the overproduced antigens can be 

secreted directly into the growth medium, allowing their easy one-step 

purification with the aid of a hexa-histidine tag (His6-tag) and metal affinity 

chromatography. This technology was further enhanced by the development of 

an improved set of expression vectors as described in Chapter 3. These vectors 

facilitate the inducible secretory production of N- or C-terminally His6-tagged 

proteins in L. lactis. 

 

Chapter 4 reports on the application of purified S. aureus antigens in an active 

immunization approach. Specifically, an octa-valent antigen mixture containing 

three different peptidoglycan hydrolases (i.e. IsaA, Atl, LytM), Nuc, and the four 

phenol-soluble modulins α (PSMα1-4) of S. aureus was used to vaccinate mice. 

These antigens were selected, because they are invariantly produced by S. 

aureus, are immunogenic in humans, and have been implicated in 

staphylococcal virulence (21,33). Subsequently, protection against clinical 

methicillin sensitive S. aureus (MSSA) and MRSA was tested using murine 

bacteremia and skin infection models. The vaccinated mice showed high IgG 

responses against all antigens. However, compared to placebo-immunized 

mice, immunization with the octa-valent antigen mixture did not reduce the S. 

aureus load in blood, lungs, spleen, liver, and kidneys in either of the two 
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applied infection models. These findings show that the applied antigens are 

immunogenic in both humans and mice, but that the respective immune 

responses may not necessarily be protective against S. aureus infection. 

 

In view of the fact that active immunization approaches as described in Chapter 

4 have, thus far, not resulted in a protective vaccine against S. aureus 

infections, the possibility of developing a passive immunization approach was 

explored. To this end, IsaA was selected as a target. The results of this analysis 

are documented in Chapter 5 of this thesis. Specifically, a fully human 

monoclonal antibody (huMab) named 1D9 was developed, which binds to IsaA 

with high affinity. In fact, 1D9 was shown to bind to all 26 clinical S. aureus 

isolates tested, including both MSSA and MRSA. Importantly, the prophylactic 

treatment with a single dose of 1D9 in a murine bacteremia model improved 

the survival of mice infected with the clinical S. aureus isolate P. On the other 

hand, therapeutic treatment with the same dose of 1D9 did not improve 

survival of the mice. Also, no protection was observed when the mice were 

challenged with the highly virulent community-associated S. aureus strain 

USA300. Altogether, this study shows that the huMab 1D9 is potentially 

protective against S. aureus infections, but that there is a need to further 

enhance its activity. 

 

The finding that mice actively immunized with IsaA were not protected against 

S. aureus infection, whereas the anti-IsaA humAb 1D9 did provide some 

protection against S. aureus infection was apparently paradoxical (Chapters 4 

and 5). Moreover, patients with the genetic blistering disease EB were 

previously shown to have high IsaA-specific IgG levels in their blood of which it 

was proposed that they may be protective against invasive staphylococcal 

diseases (47,49). To explain these differences in IsaA-specific immune 

responses and the possible protection against S. aureus infection, an epitope 

mapping analyses was performed as described in Chapter 6 of this thesis. The 

results show that humAb 1D9 recognizes a conserved 62-residue N-terminal 

domain of IsaA and that the same region is recognized by the potentially 

protective IgGs from EB patients. In contrast, the non-protective anti-IsaA IgGs 

from mice immunized with IsaA were found to bind mostly to the C-terminal 

region of IsaA. Together, these findings imply that especially the N-terminal 
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region of IsaA could be a suitable target for future immunization approaches to 

protect patients against S. aureus infections. 

 

Lastly, in Chapter 7 the results described in this thesis are evaluated, and an 

outlook on future perspectives for the development of antistaphylococcal 

immunotherapy is presented. 
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Abstract 

 

Cell surface-exposed and secreted proteins are attractive targets for 

vaccination against pathogenic Gram-positive bacteria. To obtain sufficient 

amounts of such antigens, efficient protein production platforms are needed. 

In this study a pipeline for the production and purification of surface-exposed 

and secreted antigens of the Gram-positive bacterial pathogen Staphylococcus 

aureus is presented. Cytoplasmic or extracellular production of S. aureus 

antigens was achieved using the Lactococcus lactis strain PA1001, which lacks 

the major extracellular protease HtrA and the autolysin AcmA to minimize 

proteolysis and cell lysis, respectively. For most tested S. aureus antigens, 

secretory production directed by the signal peptide of the major secreted 

protein Usp45 of L. lactis resulted in higher yields than intracellular production 

without a signal peptide. Additionally, secretory production of His-tagged 

antigens allowed their facile one-step purification from the growth medium by 

metal affinity chromatography. For three of the purified antigens biological 

activity was confirmed through enzyme activity assays. We furthermore show 

that the present pipeline can be used to produce staphylococcal antigens with 

an N-terminal AVI-tag for site-specific labeling with biotin, or a C-terminal cell 

wall-binding domain for cell surface display. We conclude that our L. lactis-

based pipeline allows the efficient production of S. aureus antigens and their 

subsequent purification in one step. 
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Introduction 

 

For the production of vaccines against Gram-positive bacterial pathogens, the 

application of surface-exposed proteins has been shown to be very efficient (1). 

For the pathogen Staphylococcus aureus many studies to develop protective 

vaccines or antibodies based on the recognition of a surface protein have been 

undertaken (2). Using different proteomics approaches potentially invariant 

target proteins have been identified. These are either surface-exposed, 

secreted or both (3-5). Immuno-proteomics approaches have been applied to 

determine variations in the specific immune responses to these proteins in 

healthy and infected humans (6). This information pinpoints potential targets 

for immunotherapy against resistant S. aureus strains that now need to be 

validated through Enzyme-Linked Immuno Sorbent Assay, Luminex Flow 

Cytometry (7,8) protein arrays (9) or electrical protein array chips (10). All these 

techniques have in common that potential target proteins need to be 

overproduced and purified, which underscores the need for suitable expression 

systems. 

In most previous studies, protein targets have been (over-)produced in E. coli 

using the IPTG-inducible T7 promoter (9). Overexpression of heterologous 

proteins in E. coli can be very efficient, but problems such as low yields, the 

formation of inclusion bodies and protein degradation are often encountered 

(11,12). To avoid such problems, different solutions have been proposed, 

including the use of specific growth regimen to increase expression, the 

solubilization of inclusion bodies with urea or other denaturing compounds, 

and the use of specific strains with reduced proteolytic activity. Furthermore, E. 

coli produces lipopolysaccharide (LPS), generally referred as endotoxin, which 

needs to be removed before produced proteins can be used in clinical 

applications (12). 

Besides E. coli, several Gram-positive bacteria have been used for heterologous 

protein production, such as various Bacillus species (11,12) and Lactococcus 

lactis. The latter bacterium offers several advantages. L. lactis is a facultative 

anaerobe that is easy to culture. Importantly, compared to Bacillus species, L. 

lactis is barely proteolytic as it produces only one major extracellular protease, 

designated HtrA (13), and it secretes only one abundant protein known as 

Usp45 (unidentified secreted protein of ~45 kDa) (14). Furthermore, 
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heterologous proteins can be secreted from L. lactis in a folded and active state 

(15,16), which facilitates easy downstream processing. Lastly, the generally-

regarded as safe status, the availability of the complete genome sequence and 

a wealth of genetic tools for cloning and strain optimization make L. lactis 

ideally suited for the expression of heterologous proteins (17,18). This is 

exemplified by the efficient production and secretion of His-tagged proteins 

from Listeria monocytogenes in L. lactis (19). 

Different L. lactis expression systems have been developed of which the Nisin-

Controlled Expression (NICE) system has been shown to be most efficient 

(20,21). In this system, the lantibiotic Nisin is used as an inducer, which is 

sensed by the NisK histidine protein kinase located in the cell envelope (Fig. 1). 

NisK subsequently phosphorylates the response regulator NisR, which 

subsequently activates the transcription of (heterologous) genes that have 

been cloned downstream of the nisA promoter (14,21). Various vectors have 

been produced for use in the NICE system, some of which include the signal 

sequence of the secreted Usp45 protein (14,22). 

 

 
 

Figure 1. Schematic representation of nisin-induced expression and secretion of tagged S. 

aureus antigens by L. lactis PA1001. NisK is the sensor protein that phosphorylates (Pi) the 

response regulator NisR and activates the expression of the target gene. The expressed 

antigen is C-terminally fused to a His-tag (H) and can be N-terminally fused to an AVI-tag for 

enzymatic biotinylation. The antigen will be secreted into the growth medium via the 

general secretion (Sec) pathway when fused to the signal peptide (SP) of the Usp45 protein 

of L. lactis. Instead of the His-tag a protein anchor (PA) can be fused to the antigen for cell 

surface display. 

 

The proteolytic degradation of heterologous proteins can be a problem for 

stable protein production in L. lactis (22), but this can be overcome by deletion 

of the htrA gene (23). Another potential problem is autolysis of protein-

producing cells, which leads to the release of cytoplasmic proteins into the 
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medium and poses a challenge for the purification of secreted target proteins. 

Autolysis in L. lactis is mainly caused by the peptidoglycan hydrolase AcmA 

(24). Accordingly, deletion of the acmA gene was shown to result in a complete 

loss of autolysis even after 7 days of culturing (25). 

The aim of this study was to develop a pipeline for the expression and 

purification of tagged surface-exposed and secreted proteins from S. aureus. 

For this purpose, we used the S. aureus proteins Aly (SA2437), LytM (SA0265), 

Nuc (SA0746), SA0620, SA2097, and IsaA (SA2356) as reporters. These 

staphylococcal proteins are potentially relevant antigens, because in a previous 

study it was shown that they are invariably present in the exoproteomes of 25 

different clinical S. aureus isolates (3). Specifically, we compared the 

efficiencies of cytoplasmic and secretory production of these reporter proteins 

in acmA htrA double mutant L. lactis cells. In brief, the results show that such 

double mutant cells allow the efficient secretion of S. aureus proteins. 

 

Materials and Methods 

 

Bacterial strains and growth conditions 

Strains and plasmids are listed in Table 1. L. lactis strains were grown at 30ºC in 

M17 broth (Oxoid Limited, Hampshire, United Kingdom) with 0.5% glucose 

(w/v) (GM17). When necessary, the medium was supplemented with 

chloramphenicol (5 g/ml). The S. aureus strains N315 and Newman were 

grown overnight at 37oC as standing cultures using Tryptone Soy Broth (TSB, 

Oxoid Limited). 

 

General molecular biology 

Enzymes and buffers were from New England Biolabs (Ipswich, United 

Kingdom) and Fermentas (Landsmeer, The Netherlands). For cloning 

experiments T4 DNA ligase was used. Genomic DNA of S. aureus N315 was 

isolated with the Genelute bacterial genomic DNA kit (Sigma-Aldrich, 

Zwijndrecht, The Netherlands) according the manufacturer’s protocol with the 

following modifications. S. aureus cells were lysed using Lysostaphin (5 U/μl, 

Ambi Products, Lawrence, USA) in Gram-Positive Lysis Buffer for 20 min at 37 

ºC, followed by addition of the lysis solution both provided with the kit.  
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Table 1: Bacterial strains and plasmids used in this study 

 
Cm

r
, chloramphenicol resistance; Kan

r
, kanamycin resistance; PnisA, nisin-inducible promoter; usp45ss, signal 

sequence of usp45  

 

PCR reactions were performed with a DNA Engine Tetrad (MJ Research Inc., St. 

Bruno, Canada) or a Bio-rad C1000 Thermal cycler (Richmond, CA). Primers 

used in this study were obtained from Eurogentec (Maastricht, The 

Netherlands) (Table 2). The polymerases Taq (Life Technologies, Bleiswijk, The 

Netherlands), PWO (Roche, Woerden, The Netherlands), Phusion Hot Start 

(Thermo Fisher Scientific, Wilmington, Delaware USA) were used according to 

the manufacturer’s protocols. PCR products were purified using the High Pure 

PCR product purification kit from Roche. L. lactis cells were lysed with 

Lysozyme (4 mg/ml, Sigma-Aldrich) in kit solution A, 10 min at 55ºC, followed 

Strain or plasmids Relevant phenotype(s) or genotype(s) Source or reference 

Strains   

L. lactis NZ9700 Nisin producer [38] 

L. lactis NZ9000 MG1363 pepN::nisRK, allows nisin inducible expression [27] 

L. lactis PA1001 Derivative of NZ9000 lacking acmA and htrA [16] 

E. coli BL21DE3 Allows IPTG-inducible expression of T7-promoter Novagen 

S. aureus N315 MRSA [39] 

S. aureus Newman NCTC 8178 clinical isolate [40] 

Plasmids   

pNZ8048 Cm
r
, containing PnisA and a transcription terminator [20] 

pNG400 Cm
r
, pNZ8048 derivative with PnisA usp45ss followed by a MCS and a transcription 

terminator 

[16] 

pNG400::lytM::his6 pNG400 containing lytM with C-terminal his6  This study 

pNG400::nuc::his6 pNG400 containing nuc with C-terminal his6  This study 

pNG400::aly::his6 pNG400 containing aly with C-terminal his6  This study 

pNG400::sa0620::his6 pNG400 containing sa0620 with C-terminal his6  This study 

pNG400::sa2097::his6 pNG400 containing sa2097 with C-terminal his6  This study 

pNG400::avi::isaA::his6 pNG400 containing isaA with N-terminal AVI and C-terminal his6 This study 

pPA180 Cm
r
, pNZ8048 derivative containing PnisA and his6 [41] 

pPA180::lytM::his6 pPA180 containing lytM with C-terminal his6 [7] 

pPA180::nuc::his6 pPA180 containing nuc with C-terminal his6 [7] 

pPA180::aly::his6 pPA180 containing aly with C-terminal his6 [7] 

pPA180::sa0620::his6 pPA180 containing sa0620 with C-terminal his6 This study 

pPA180::sa2097::his6 pPA180 containing sa2097 with C-terminal his6 This study 

pPA224 pNZ8048 derivative with PnisA, usp45ss and 3 LysM repeats of acmA (PA-domain)  [42]  

pPA224::his6 pPA224 containing N-terminal his6 fused to PA-domain This study 

pPA224::lytM pPA224 containing lytM with C-terminal PA-domain This study 

pPA224::nuc pPA224 containing nuc with C-terminal PA-domain This study 

pPA224::aly pPA224 containing aly with C-terminal PA-domain This study 

pPA224::sa0620 pPA224 containing sa0620 with C-terminal PA-domain This study 

pPA224::sa2097 pPA224 containing sa2097 with C-terminal PA-domain This study 

pET24d::isaA::his6 Kan
r
, pET24d containing isaA with C-terminal his6  Laboratory collection 

pET24d::avi::isaA::his6 Kan
r
, pET24d containing isaA with N-terminal avi and with C-terminal his6  This study 
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by addition of the lysis buffer provided with the Invisorb Spin Plasmid Mini Two 

kit (Invitek GmbH, Berlin, Germany). Nucleotide sequence analyses were 

performed by Eurofins DNA (Ebersberg, Germany). Electrotransformation of L. 

lactis was performed using a Gene pulser (Bio-Rad Laboratories) as described 

by (26). 

 

Table 2: Primers used in this study 

Primers 5’→3’ nucleotide sequence Restriction enzyme 

His_PA.fw 

P_His_PA.rev 

2097.fw 

CATCACCATCACCATCACAGAGACCTTACCAGAAGACAAGGAAATAC 

GTCAGCGTAAACACCTGACAACGGG 

CCCCGTCTCCCATGGGAGCTGAAAATTATACAAATTAC  

 

 

BsmBI
a
 

0620.fw CCCGTCTCCCATGGGATCTACACAACATACAGTACAATC  BsmBI
a
 

pPA180.rev GCCTTGGTTTTCTAATTTTGGTTCAAAG  

Avi-tag.fw CATGAGTGGTTTAAACGATATTTTCGAGGCTCAGAAAATCGAATGGC

ACGAAAT 

 

Avi-tag.rev CATGATTTCGTGCCATTCGATTTTCTGAGCCTCGAAAATATCGTTTAA

ACCACT 

 

AVIIsaA.fw CCCCGTCTCCCATGAGTGGTTTAAACGATATTTTCGAGGC BsmBIa 

AVIIsaA.rev 

Aly224.fw 

Aly224.rev 

0620224.fw 

0620224.rev 

2097224.fw 

2097224.rev 

Nuc224.fw 

Nuc224.rev 

LytM224.fw 

LytM224.rev 

CGGCCGCAAGCTTAGTGATGGTG 

CTGACAGGTCTCATGACGATACACCTCAAAAAGATACTACAGC 

CCAGAAGACGTTTCCTTTACCTGTAATATATGATAATTCTTCAG 

CTGACAGGTCTCATGACTCTACACAACATACAGTACAATCTGG 

CCAGAAGACGTTTCCATGGATGAATGCATAGCTAGAAACTTCTG 

CTGACAGGTCTCATGACGCTGAAAATTATACAAATTACAACAAC 

CCAGAAGACGTTTCCAATATGGATGTAGTTGTAGTTACCTGCTT 

CTGACAGGTCTCATGACTCACAAACAGATAACGGCGTAAATAG 

CCAGAAGACGTTTCCTTGACCTGAATCAGCGTTATCTTCGCTCC 

CTGACAGGTCTCATGACGCAGAAACGACAAACACCCAACAAGC 

CCAGAAGACGTTTCCTCTACTTTGCAAGTATGACGTTGGGTCTAC 

HindIII 

BsaI 

BbsI 

BsaI 

BbsI 

BsaI 

BbsI 

BsaI 

BbsI 

BsaI 

BbsI 

AlyHis.fw CACTCAGGTCTCCCATGGGAGATACACCTCAAAAAGATACTACA BsaIb 
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AlyHis.rev GATGTCGGTCTCGAATTCCTTTCCTGTAATCTCTGATAATTCTTC BsaI
c
 

0620His.fw CACTCAGGTCTCCCATGGGATCTACACAACATAGTACAATCT BsaI
b
 

0620His.rev GATGTCGGTCTCGAATTCCATGGATGAATGCATAGCTAGAAACTT BsaI
c
 

2097His.fw CACTCAGGTCTCCCATGGGAGCTGAAAATTATACAAATTACAAC BsaI
b
 

2097His.rev GATGTCGGTCTCGAATTCCAATATGGATGTAGTTGTAGTTACC BsaI
c
 

NucHis.fw CACTCAGGTCTCCCATGGGATCACAAACAGATAACGGCGTAAAT BsaI
b
 

NucHis.rev GATGTCGGTCTCGAATTCCTTGACCTGAATCAGCGTTGTCTTCGC BsaIc 

LytMHis.fw CACTCAGGTCTCCCATGGGAGCAGAAACGACAAACACCCAACAA BsaIb 

LytMHis.rev ATGTCGGTCTCGAATTCCTCTACTTTGCAAGTATGACGTTGGGTC BsaIc 

a, BsmBI site underlined, resulting in 5’ NcoI overhang  in italic; bBsaI site underlined, resulting in 5’NcoI 

overhang in italic; c, BsaI sit underlined, resulting in 5’EcoRI overhang in italic 

 

Construction of expression plasmids 

For construction of pPA224::his primer His_PA.fw was used in combination 

with P_His_PA.rev, using pPA224 as template. The resulting PCR product was 

ligated and transferred to L. lactis PA1001. 

For extracellular production of Aly, LytM, Nuc, SA0620 and SA2097 fused to the 

PA cell wall anchor (i.e. three tandem LysM repeats of L. lactis AcmA), the 

respective genes where amplified using primer combinations 

Aly224.fw/Aly224.rev, LytM224.fw/LytM224.rev, Nuc224.fw/Nuc224.rev, 

SA0620224.fw/SA0620224.rev and SA2097224.fw/SA2097224.rev. The 

resulting PCR products and receiving plasmid pPA224 were cut with the 

restriction enzymes BsaI and BbsI. After ligation, the resulting vectors were 

used to transform L. lactis PA1001. 

C-terminally His-tagged fusions for intracellular production of Aly, LytM, Nuc, 

SA0620 and SA2097 were PCR-amplified with primer combinations 

AlyHis.fw/AlyHis.rev, LytMHis.fw/LytMHis.rev, NucHis.fw/NucHis.rev, 

0620His.fw/0620His.rev and 2097His.fw/2097His.rev using chromosomal DNA 

of S. aureus N315 as the template. Amplified DNA fragments were cleaved with 

BsaI resulting in NcoI and EcoRI overhangs. The receiving plasmid pPA180 was 

cleaved with NcoI and EcoRI. After ligation, the resulting plasmids were used to 

transform L. lactis PA1001. 

A C-terminal His-tag fusion of Aly for extracellular production was constructed 

by cleaving pPA180::aly::his6 with NcoI and HindIII and ligation into pNG400 cut 
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with the same enzymes, resulting in pNG400::aly::his6. For construction of 

pNG400::lytM::his6 the same strategy was used. The construction for 

extracellular production of Nuc-His6 was made by digestion of 

pPA180::nuc::his6 with XhoI and NcoI and ligation into pNG400 cut with the 

same enzymes. For construction of C-terminally His-tagged fusions of S. aureus 

SA2097 and SA0620, PCR reactions were performed on pPA180::sa2097::his6 

and pPA180::sa0620::his6 using primers 2097.fw and 0620.fw, respectively in 

combination with pPA180.rev. The amplified DNA fragment was cut with HindIII 

and BsmBI and ligated into pNG400 cleaved with NcoI and HindIII. 

For N-terminal fusion of avi to isaA::his in pET24d::isaA::his6, primers Avi-tag.fw 

and Avi-tag.rev were diluted in ligation buffer (Fermentas) and heated to 90ºC 

for 15 min. The temperature was decreased slowly to room temperature 

resulting in annealing of the primers generating NcoI overhangs. 

pET24::isaA::his6 cut with NcoI was ligated with avi resulting in removal of the 

NcoI site, and the respective ligation mixture was used to transform E. coli 

BL21DE3. Subsequently the avi::isaA::his6 fusion was cloned into pNG400 using 

primers AVIIsaA.fw and AVIIsaA.rev with pET24::avi::isaA::his6 as a template. 

The resulting PCR product was cut with BsmBI and HindIII and ligated into 

pNG400 cut with NcoI and HindIII. 

 

Protein production, detection, isolation and quantification 

Cultures of L. lactis were diluted 1:20 in fresh GM17 medium. Induction of PnisA 

was performed at OD600 ~0.5 for 16 hours by adding the culture supernatant 

(1:1000) from an overnight culture of the nisin-producing strain L. lactis 

NZ9700 as described (16). Cells and growth medium were separated by 

centrifugation. Proteins in the growth medium fraction were precipitated with 

10% trichloroacetic acid (TCA; 10% w/v final concentration) and dissolved in 

LDS buffer (Lithium Dodecyl Sulfate, Life Technologies). Cells were resuspended 

in LDS buffer and disrupted by bead-beating with 0.1 um glass beads (Biospec 

Products, Bartlesville, USA) using a Precellys24 bead beater (Bertin 

Technologies, Montigny-le-Bretonneux, France). Protein samples were 

incubated at 95ºC for 10 min, separated by LDS-PAGE using precast 10% 

NuPage gels (Invitrogen) and stained with SimplyBlueTM SafeStain (Life 

Technologies). For Western Blotting analyses, proteins separated by LDS-PAGE 

were blotted onto a nitrocellulose membrane (Protran®, Schleicher & Schuell, 
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Dassel, Germany). Immunodetection was performed using anti His-tag 

antibodies (Life Technologies), rabbit polyclonal antibodies raised against PA 

(Eurogentec), or polyclonal antibodies against AVI (Genscript, Piscataway, USA). 

Bound antibodies were visualized using fluorescently labeled secondary 

antibodies (IRDye 800 CW from LiCor Biosciences, Nebraska, USA). Membranes 

were scanned for fluorescence at 800 nm using the Odyssey Infrared Imaging 

System (LiCor Biosciences). 

For protein isolation cells were disrupted by bead-beating in binding buffer (20 

mM NaPi, pH7.4, 0.5 M NaCl2, 50 mM Immidazole). Extracellular production of 

proteins were precipitated with TCA. Cleared lysate or supernatant fractions 

were applied to Ni-Sepharose Fast Flow (GE Healthcare Life Sciences, Diegem, 

Belgium) and washed with 3 column volumes of binding buffer. His-tagged 

proteins were eluted with 3 column volumes of binding buffer containing 500 

mM imidazole. Fractions containing the purified His-tagged proteins were 

pooled and dialyzed against PBS. 

Protein concentrations were determined with the DC Protein Assay (BioRad) 

using Bovine Serum Albumin (Sigma Aldrich) as a standard or with the 

Nanodrop ND-1000 (Thermo Fisher Scientific) using calculated extinction 

coefficients (http://www.biomol.net/en/tools/proteinextinction.htm). 

 

Protein activity assays 

Peptidoglycan hydrolase activity was detected by a zymogram staining as 

described previously (25). Nuclease activity was tested by mixing ~50 ng of 

Nuc-His6 or 200 ng DNAse (Roche) with 25 μg of chromosomal DNA of S. aureus 

in buffer L (10 mM Tris-HCl, 10 mM MgCl2, 1 mM dithioerythritol, final 

concentration) for restriction endonucleases (Roche). Mixtures were incubated 

for 5 min at room temperature. Enzyme activity was stopped by adding DNA-

loading buffer and DNA degradation was monitored using 1.0% agarose gels. 

Peptidoglycan-degrading activity of LytM was determined by measuring the 

reduction in OD600 after 90 min incubation of S. aureus Newman cells (diluted 

to an OD600 of 0.5 in PBS) with 50 μg of purified LytM at 37°C. S. aureus cells 

used were grown in TSB and washed with and dissolved in PBS. As a control, 

the cells were incubated with PBS. 
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Biotinylation assay 

For biotinylation of AVI-IsaA-His6 produced in L. lactis, medium fractions of 

overnight induced cell cultures were 10-fold concentrated using TCA 

precipitation. As a negative control His6-FtsL was used. The precipitated protein 

pellets were biotinylated at 30°C for 1 hour using BirA500 (Avidity, Aurora, 

USA) according to the manufacturer’s instructions. Biotinylation was analyzed 

using LDS-PAGE combined with Western Blotting. After blocking the 

nitrocellulose membrane in 5% BSA in TBS (50 mM Tris, 150 mM NaCl, pH 8), 

the biotinylated proteins were targeted with Streptavidin conjugated to 

Alkaline Phosphatase (AP; Sigma-Aldrich) in 1:5,000 dilution. Streptavidin 

binding was visualized using a 50x diluted NBT/BCIP (nitro-blue tetrazolium 

chloride/5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt) stock solution 

(Roche) in AP-buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2). 

As a control also the His-tag was detected as described above. 

 

Results 

 

Reduced lysis and protein degradation using an autolysis and proteolysis 

deficient strain of L. lactis as a production host. 

As a first approach to determine whether an acmA htrA double mutation can 

be beneficial for the production of S. aureus antigens, the His-tagged fusion 

protein LytM-His6 was used. This reporter protein was furthermore fused to the 

signal peptide of Usp45 for secretion into the growth medium by expression 

from pNG400. As shown in Figure 2, the LytM-His6 fusion protein was 

effectively produced and secreted both by L. lactis NZ9000 (acmA- and htrA-

proficient) and L. lactis PA1001 (acmA- and htrA-deficient). Notably, about 50% 

of the fusion protein was retained in the cell probably due to cell wall retention 

by the cell wall-binding of LytM (29). Western blotting analysis of the cell and 

growth medium fractions showed that the LytM-His6 fusion protein is subject 

to proteolytic degradation in strain NZ9000 as bands with a higher 

electrophoretic mobility than that of the full-size fusion protein were detected 

(Fig. 2, lanes marked N). No degradation of the LytM-His6 protein was observed 

in the cell and growth medium fractions of L. lactis PA1001 (Fig. 2, lanes 

marked P). Furthermore, comparison of the growth medium fractions of 

NZ9000 and PA1001 showed that fewer background bands were present in the 
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medium of strain PA1001, suggesting that this strain is less prone to autolysis 

(Fig. 2A). Taken together, these results show that the L. lactis PA1001 strain is 

preferable over the NZ9000 strain for the secretory production of S. aureus 

antigens, like LytM-His6. Therefore this strain was also selected for the 

expression of the other His-tagged S. aureus proteins used in this study. 

 

  

Figure 2. Reduced degradation of LytM-His6 and loss of cell lysis upon expression in L. lactis 

PA1001. Cell and growth medium fractions of L. lactis NZ9000 (N) or L. lactis PA1001 (P) 

producing LytM-His6 were analyzed by LDS-PAGE. Gels were either stained with Simply blue 

safe stain (a) or used for Western blotting (b) with anti-Histidine antibodies. Grey arrow 

heads indicate mature LytM-His6, black arrow heads indicate LytM-His6 dimers, white arrow 

heads indicate degradation products detectable after secretion by strain NZ9000. The 

molecular weight of marker proteins is indicated (in kDa). 

  

Efficient intracellular or secretory production of His-tagged staphylococcal 

antigens in L. lactis. 

To further explore the potential of L. lactis PA1001 for the production of S. 

aureus antigens, the genes for the Aly, LytM, Nuc, SA0620, SA2097 and IsaA 

proteins were cloned in the NICE system using plasmid pPA180 for intracellular 

production, or plasmid pNG400 for secretory production driven by the Usp45 

signal peptide. Notably, for cloning in either vector, the authentic signal 

sequences of the different S. aureus proteins were removed. Furthermore, the 

genes were cloned in such a way that the expressed S. aureus antigens were 

provided with a C-terminal His-tag. As shown by LDS-PAGE and subsequent 

Simply Blue staining (Fig. 3A) or Western Blotting with antibodies against the 
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His-tag (Fig. 3B), the intracellularly produced His6-tagged fusion proteins (lanes 

marked ‘Cytoplasmic’) were exclusively detectable in the cell lysates. Only in 

case of the SA0620-His6 fusion, a degradation product of ~17 kDa was detected. 

Furthermore, expression of SA2097-His6 was found to be relatively low 

compared to the other S. aureus antigens. 

When the His-tagged S. aureus proteins were fused to the signal peptide of 

Usp45, all His-tagged S. aureus proteins were secreted into the growth medium 

except for SA0620-His6 (Fig. 3, lanes marked ‘+ssUsp45’). In addition, 

substantial amounts of these proteins were detectable in the cell lysates. A 

similar degradation product of the SA0620-His6 fusion protein as observed 

upon intracellular production was observed also upon secretory production. 

Western analysis using anti-His antibodies showed that the full size SA0620-

His6 is present in the cell lysate but not in the supernatant. Relatively high 

levels of production and secretion were observed for LytM-His6 and Nuc-His6, 

while relatively inefficient secretion was observed for Aly-His6. The SA2097-His6 

fusion protein was produced at relatively low levels but its secretion was 

efficient (Fig. 3). Interestingly, for all secreted fusion proteins we detected 

slowly migrating bands, which possibly represent multimeric forms (Fig. 3B). 

Altogether, these results show that L. lactis can be used for intracellular and 

secretory production of antigens that are naturally secreted by S. aureus. 

Importantly, secretory production leads to higher yields and is therefore the 

preferred option to produce the investigated S. aureus antigens. 

 

Efficient production and secretion of staphylococcal antigens tagged with a 

cell wall anchor in L. lactis. 

In a next series of experiments the Aly, LytM, Nuc, SA0620, SA2097 and IsaA 

proteins were cloned in the NICE system using pPA224. By doing so, these 

proteins were fused to the PA cell wall anchor sequence, which allows their cell 

surface display in L. lactis (16,30). Upon nisin induction, clear production and 

secretion of Aly-PA, LytM-PA and Nuc-PA was observed upon LDS-PAGE and 

Simply Blue staining of the separated proteins (Fig. 3A). A somewhat lower 

production and secretion level was observed for SA2097-PA. In contrast, the 

full-size SA0620-PA fusion protein of 51 kDa remained undetected in the 

supernatant fraction.  
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a 

 
b 

 
 

Figure 3. Analysis of cytoplasmic and secreted production of His-tagged or PA-tagged S. 

aureus antigens by L. lactis PA1001. (a) Cells and growth medium fractions of L. lactis 

PA1001 expressing cytoplasmic (-ssUsp45) or secreted (+ssUsp45) His-tagged or PA-tagged 

staphylococcal antigens were analyzed by LDS-PAGE. Gels were stained with Simply blue safe 

stain. An additional band of approximately 37 kDa is indicated by a star. Usp45 in the growth 

medium fraction is marked. Control, samples of an uninduced L. lactis PA1001 strain. The 

molecular weight of marker proteins is indicated (in kDa). (b) Cells and growth medium 

fractions of L. lactis PA1001 expressing His-tagged cytoplasmic (-ssUsp45) or secreted 

(+ssUsp45) staphylococcal antigens were analyzed by Western Blotting using anti-Histidine 

antibodies. Grey arrow heads indicate the produced fusion proteins, black arrow heads 

indicate dimers, white arrow heads indicate degradation products of the produced proteins. 
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Instead, a specific degradation product of around 37 kDa was observed upon 

LDS-PAGE. Western Blotting analysis using specific anti-PA antibodies showed 

the presence of multiple degradation products for this fusion protein (Fig. 4), 

indicating that it is prone to proteolysis even in the PA1001 strain. It should be 

noted that in all supernatant fractions the Usp45 protein (~50 kDa) and an 

additional band of approximately 37 kDa (marked with a star in Fig. 3A) were 

detectable. No signal was obtained for proteins of this size in the Western 

analysis using antibodies raised against the PA anchor (Fig. 4), indicating that 

the 37 kDa band does not contain the PA domain or fragments thereof. 

 

 

Figure 4. Western analysis of expressed and secreted PA-fusions of staphylococcal proteins 

produced by L. lactis PA1001. Cell lysates and culture supernatant samples of L. lactis 

PA1001 expressing the PA-fusions shown in Figure 3 were analyzed by Western 

Blotting using anti-PA antibodies. Grey arrow heads indicate the produced fusion proteins. 

The molecular weights of marker proteins are indicated (in kDa). 

 

Comparison of the cell lysates and the supernatant fractions of the strains 

producing the PA-fusions showed that nearly 50% of each produced PA-fusion 
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protein is located in the respective cell lysate (Fig. 4). This is most likely due to 

the presence of the PA-domain as a PA-His6-tag fusion composed of only the PA 

anchor and a His-tag showed a similar distribution in the growth medium and 

cell fractions upon expression in the PA1001 strain (Fig. 5). Moreover, the cell-

associated PA-His6 fusion could be stripped from the cells by boiling the 

bacterial cell pellet in LDS loading buffer, which indicates that this fusion was 

associated to the cell wall. Although more proteins are released from the cells 

upon boiling in LDS loading buffer, the PA-His6 fusion is the most abundantly 

released protein, indicating that its release is not due to cell lysis. Together, 

these observations indicate that the S. aureus proteins fused to the PA anchor 

are translocated across the cell membrane. Subsequently, about 50% of each 

produced PA-fusion protein is retained in the cell wall while the other 50% is 

released into the growth medium. 

 

 

Figure 5. Secretion and cell wall binding of His6-PA produced by L. lactis PA1001. LDS-PAGE 

analysis of His6-PA produced by L. lactis PA1001 and subsequent protein detection with 

Simply Blue staining. Lane 1, TCA-precipitated supernatant of L. lactis PA1001 producing 

His6-PA. Lanes 2 and 3, cell lysates of PA1001 producing His6-PA before (lane 2) or after (lane 

3) stripping the cells with LDS buffer. Lane 4, Proteins released from the cell wall upon 

stripping with LDS buffer. 

 

Secretion of soluble AVI-IsaA-His6 by L. lactis. 

To be able to label staphylococcal antigens at a specific site, for example with a 

fluorescent dye, the possibility to use an AVI-tag was explored by fusing this tag 

to the N-terminus of the IsaA-His6 protein. The AVI-tag is a unique 15 amino 

acid peptide (GLNDIFEAQKIEWHE) to which biotin can be coupled by the biotin 

ligase (BirA) from E. coli. As shown by LDS-PAGE the AVI-IsaA-His6 fusion 
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protein was efficiently secreted from L. lactis PA1001 (Fig. 6A). Furthermore, 

the secreted protein contained both the AVI-tag and the His-tag as verified by 

Western Blotting using specific antibodies (Fig. 6A). Next, the AVI-IsaA-His6 

protein produced by L. lacis was tested for biotinylation (Fig. 6B). To this end, 

cells and growth medium were separated by centrifugation, and the growth 

medium fraction was TCA precipitated. Next, the AVI-IsaA-His6 protein was 

resuspended in biotinylation buffer containing biotin and incubated with BirA. 

Biotinylation was assayed using streptavidin conjugated with alkaline 

phosphatase.  

 

 

Figure 6. Extracellular production and biotinylation of AVI-IsaA-His6 in L. lactis PA1001. 

(a) For the detection of extracellularly produced AVI-IsaA-His6 by L. lactis PA1001, cells (C) 

and TCA-precipitated growth medium fractions (S) of non-induced (-) and induced (+) cell 

cultures were separated by LDS-PAGE. Subsequently, the gel was stained with Simply Blue 

(SB), or used for Western Blotting with Anti-Histidine or Anti-AVI antibodies. The molecular 

weight of marker proteins is indicated. (b) TCA precipitations of AVI-IsaA-His6 (IsaA) and His6-

FtsL (FtsL) were incubated without (-) or with (+) BirA. Proteins were separated on an LDS-

PAGE gel and blotted on nitrocellulose membranes. Biotinylation was analyzed by binding of 

Streptavidin-AP and visualized using NBT/BCIP. As a control Western Blotting was performed 

using anti-Histidine antibodies. 
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As shown by alkaline phosphatase activity assays, this procedure resulted in 

efficient detection of the biotinylated AVI-IsaA-His6 (Fig. 6B). In contrast, the 

His-tagged control protein FtsL, which lacked the AVI-tag, was not detectable 

with the streptavidin-alkaline phosphatase conjugate. A background signal of 

approximately 25 kDa was detected in all TCA precipitated medium fractions, 

both in the BirA treated and untreated samples indicating that this signal is not 

obtained due to biotinylation of a naturally secreted lactococcal protein. 

Together, these findings show that even S. aureus proteins with multiple tags 

can be efficiently secreted using L. lactis. 

 

Facile protein purification from cytoplasmic or supernatant fractions of L. 

lactis. 

To assess whether the intracellularly or secreted S. aureus antigens could be 

readily purified from overproducing L. lactis cells grown in 500 ml of GM17 

broth, we performed metal affinity chromatography. As shown in Figure 7, the 

overproduced LytM-His6 was successfully isolated from either disrupted cells or 

the growth medium.  

 

 
 

Figure 7. Purification of LytM-His6 from L. lactis cells or the growth medium.  

Intracellularly produced LytM-His6 protein was isolated from cells (C), and extracellularly 

produced LytM-His6 from the growth medium (M) as detailed in the Materials and Methods. 

The flow through (F) fractions, wash and elution fractions were analyzed by LDS-PAGE. The 

position of the LytM-His6 protein is indicated by the arrow. 

 

Subsequent quantification of the amounts of purified protein showed that 

about 4-fold more LytM-His6 was purified from the growth medium than from 

LytM

C  F|   wash |  elution M F|  elution
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the cells (Table 3). Similar amounts of Nuc-His6 were obtained from the growth 

medium of overproducing cells, but in this case the amount of protein purified 

from the cells was about 1.5-fold higher than observed for LytM-His6. 

Compared to LytM-His6 and Nuc-His6, significantly lower amounts of Aly-His6, 

SA0620-His6 and SA2097-His6 were isolated from the growth medium fractions 

(Table 3). 

 

Table 3 Overproduction of heterologous proteins 

 
a SA number based on NCBI annotations of genome S. aureus strain N315; b the number and 

location (both indicated between brackets) of specific domains according the Pfam database 

(http://pfam.sanger.ac.uk/search); c signal peptide (SP) according to SignalP 3.0 

(http://www.cbs.dtu.dk/services/ SignalP/); d surface location of protein according to (1) (4); 
(2) (43); (3) (33); (4) (44); (5) (45); (6) (34,); (7) (46); e Isoelectric point and molecular weight (f) of 

the secreted protein including the His-tag or PA-fusion; g amount of protein (mg) isolated 

from 500 ml of culture; nd not determined. 

 

Lastly, we investigated whether intracellularly or extracellularly produced and 

subsequently purified proteins were active. As shown in Fig. 8, the Nuc-His6 

purified from cells or the growth medium efficiently degraded chromosomal 

DNA of S. aureus N315. The peptidoglycan-degrading activity of LytM-His6 

purified from cells or the growth medium was tested by incubation with cells of 

S. aureus Newman. After 90 min incubation at 37°C, a 14.0% reduction of the 

OD600 was observed for the S. aureus cells incubated with LytM-His6, isolated 
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from L. lactis cells. Similarly, a reduction of 16.4% in OD600 was observed when 

LytM-His6 purified from the L. lactis medium was used. In contrast, the OD600 

decreased merely by 6.2% in the absence of LytM-His6. Activity of Aly-His6 

purified from L. lactis growth medium was enzymatically active, as visualized 

with zymograms using M. lysodeikticus as a substrate (Results not shown). 

From these results, we conclude that biological active His-tagged 

staphylococcal proteins can be efficiently isolated from overproducing L. lactis 

cells or the L. lactis growth medium using affinity chromatography. Notably, 

purification from the growth medium involves only a one-step procedure 

where the growth medium is directly used for metal affinity purification. 

 

 

Figure 8. Detection of Nuclease activity of purified Nuc-His6. Chromosomal DNA of S. aureus 

N315 (1) was incubated for 5 min with commercial DNAse (2), Nuc-His6 isolated from the 

cytoplasmic fraction of L. lactis (pPA180::nuc::his6) (3) or the growth medium of L. lactis 

(pNG400::nuc::his6) (4). 

 

Discussion 

 

The present study was aimed at developing a pipeline for the expression and 

purification of tagged surface-exposed and secreted antigens from S. aureus. 

For this purpose, the L. lactis strain PA1001 was selected as an expression host 

that lacks both the major HtrA protease and the autolysin AcmA. The results 

show that all six tested S. aureus antigens were produced in L. lactis, either 

intracellularly or extracellularly, albeit to different levels. When provided with a 

C-terminal His-tag these antigens could be readily isolated using metal affinity 

M    1     2     3    4
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chromatography and, where tested, the purified proteins had retained their 

biological activity. Furthermore, our results show that S. aureus antigens can be 

expressed effectively in L. lactis with a PA-tag for cell surface display, or an AVI-

tag for labeling with biotin. 

In a previous study it was shown that the HtrA protease can interfere with 

efficient protein production in L. lactis (23). This view is supported by our 

observation that the S. aureus LytM-His6 protein was subject to proteolysis in 

an HtrA-proficient strain. Nevertheless, the htrA mutation did not completely 

preclude cleavage of produced S. aureus antigens. This degradation was 

particularly evident for SA0620-His6, but also in the case of Nuc-His6 a minor 

degradation product was detectable by Western Blotting. At present, we do 

not know which protease is responsible for the observed cleavage, but it could 

be the cytoplasmic ClpP protease since ClpP was previously implicated in Nuc 

degradation (31). 

Five of the investigated S. aureus antigens were expressed either with or 

without the signal peptide of the secreted L. lactis protein Usp45. Four of these 

five antigens, were efficiently secreted due to the presence of the Usp45 signal 

peptide. Only the secretion of SA0620-His6 remained undetectable. In contrast, 

all five investigated antigens were produced intracellularly in absence of the 

Usp45 signal peptide. This included SA0620-His6, which could subsequently be 

purified from the cells. The latter observation shows that for some S. aureus 

antigens, intracellular production may be an option if secretion cannot be 

achieved. 

The S. aureus antigens Aly-His6, LytM-His6, Nuc-His6 and SA2097-His6 were 

successfully secreted using the Usp45 signal peptide. Nevertheless, substantial 

amounts of each of these proteins were retained in the respective producing 

cells. For Aly-His6 and SA2097-His6, this relates most likely to the presence of 

domains for non-covalent cell wall-binding. Specifically, the Aly and SA2097 

proteins have so-called cysteine histidine dependent amidohydrolase/ 

peptidase (CHAP) cell wall-binding domains (5,32), which may be responsible 

for cell retention. Notably, a C-terminal CHAP domain is also present in SA0620 

and, moreover, this protein has two N-terminal LysM domains that also 

facilitate non-covalent cell wall-binding (5) . It is thus very well conceivable that 

this protein is completely retained in the L. lactis cell wall by its CHAP and LysM 

domains after protein translocation from the cytoplasm. Furthermore, the 
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LytM and Nuc protein have a dual localization in S. aureus, being present both 

in the cell wall and the growth medium (33,34). It is therefore not surprising 

that this is also the case when these proteins are exported from the L. lactis 

cytoplasm using the Usp45 signal peptide. Yet, the precise cell wall-binding 

mechanism(s) of LytM and Nuc are currently enigmatic. 

Importantly, the extracellular production of S. aureus antigens in L. lactis 

simplifies their isolation as exemplified with Aly-His6, LytM-His6, Nuc-His6 and 

SA2097-His6, which were all purified in one step from culture supernatants 

using metal affinity chromatography. For Aly-His6, LytM-His6 and Nuc-His6, the 

yields were clearly higher when these proteins were purified from the growth 

medium than from the cells. Only in the case of SA2097-His6, similar amounts 

of protein were isolated from cells or the growth medium but, clearly, the one-

step purification from the growth medium was easier. 

In conclusion, our present observations show that the non-lysing and 

proteolytically reduced L. lactis strain PA1001 is an excellent expression host 

for surface-bound and secreted antigens of S. aureus. While all tested antigens 

were produced and purified, for some antigens like SA0620 higher yields may 

be desirable. As was shown in previous studies this can potentially be achieved 

through the deletion of the gene for the major cytoplasmic protease ClpP (31), 

or deletion of the ybdD gene for a protein of unknown function, which was 

recently shown to enhance Nuc secretion by L. lactis (35). Alternatively, the 

secretion properties of L. lactis can potentially be enhanced by heterologous 

expression of the B. subtilis SecDF protein, a non-essential protein 

translocation machinery component that is absent from L. lactis, as was shown 

by Nouaille et al. (36).Lastly, it could be an option to improve the secretion of 

problematic antigens by mutating the signal sequence of Usp45, as was shown 

by Ng. and Sarkar [17], or by the use of alternative tags. Whether this will lead 

to gram per liter protein yields as obtained, for example, with Bacillus species is 

questionable. However, we believe that L. lactis will be suitable for producing 

sufficient amounts of protein for pilot studies and, if needed, bacilli could 

eventually be used for bulk production. However, this would then require 

mutated Bacillus strains with minimal protease and autolytic activity (37). 
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Abstract 

 

Recent studies have shown that the Gram-positive bacterium Lactococcus lactis 

can be exploited for the expression of heterologous proteins, however, a 

versatile set of vectors suitable for inducible extracellular protein production 

and subsequent purification of the expressed proteins by immobilized metal 

affinity chromatography was so far lacking. Here we describe three novel 

vectors that, respectively, facilitate the nisin-inducible production of N- or C-

terminally hexa-histidine (His6)-tagged proteins in L. lactis. One of these vectors 

also encodes a tobacco etch virus (TEV) protease cleavage site allowing 

removal of the N-terminal His6-tag from expressed proteins. Successful 

application of the developed vectors for protein expression, purification and/or 

functional studies is exemplified with six different cell wall-bound or secreted 

proteins from Staphylococcus aureus. The results show that secretory 

production of S. aureus proteins is affected by the position, N- or C-terminal, of 

the His6-tag. This seems to be due to an influence of the His6-tag on protein 

stability. Intriguingly, the S. aureus IsdB protein, which is phosphorylated in S. 

aureus, was also found to be phosphorylated when heterologously produced in 

L. lactis, albeit not on the same Tyr residue. This implies that this particular 

post-translational protein modification is to some extent conserved in S. aureus 

and L. lactis. Altogether, we are confident that the present vector set combined 

with the L. lactis expression host has the potential to become a very useful tool 

in optimization of the expression, purification and functional analysis of 

extracytoplasmic bacterial proteins. 
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Introduction 

 

Over the past decades, a wide range of bacterial expression systems for 

heterologous protein production has been developed (1). Today, the Gram-

negative bacterium Escherichia coli is one of the most commonly used 

organisms for large-scale heterologous protein production (2). This is due to 

the ease of handling, the multitude of available expression vectors and the 

relatively simple fermentation procedures for E. coli (1,3). Despite these 

advantages, some clear disadvantages of the use of E. coli are evident. In the 

first place, E. coli is not capable of efficiently secreting heterologous proteins 

into the growth medium since exported proteins usually remain confined in the 

periplasm. Secondly, overexpression of heterologous proteins in E. coli often 

leads to the formation of high-density aggregates of misfolded proteins known 

as inclusion bodies. Thirdly, the post-translational modification of proteins that 

are heterologously produced in E. coli is likely to be different from the 

modification that these proteins undergo in their original host. Lastly, the 

inherent production of the well known endotoxin lipopolysaccharide (LPS) is a 

major drawback for the clinical application of E. coli derived recombinant 

proteins (4-8). 

While E. coli has become a preferred host for the cytoplasmic production of 

structurally simple biotherapeutics, other bacterial species, especially Gram-

positive bacteria, are preferred hosts for the secretory production of 

structurally more challenging types of proteins. For example, Bacillus species 

are highly popular expression platforms for enzymes (2). Importantly, 

organisms such as Bacillus subtilis are generally regarded as safe (GRAS). 

Moreover, they can secrete proteins directly into the fermentation broth to 

high concentrations, thereby simplifying their downstream processing. 

However, bacilli often secrete endogenous proteases at high levels, which 

often requires the use of multiple protease-deficient strains (9,10). 

Alternatively, the Gram-positive bacterium Lactococcus lactis has been 

successfully applied for the secretory production of (11) protease-sensitive 

proteins (11,12). This relates to the fact that this GRAS organism produces only 

two proteases that can potentially interfere with protein production. These two 

proteases, the cytoplasmic ClpP protease and the extracytoplasmic HtrA 

protease, are completely dispensable and their removal strongly reduces 
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product degradation (11,13-15). Moreover, the unwanted autolysis of L. lactis 

cells is prevented by the removal of the major autolysin AcmA which, combined 

with an htrA deletion, leads to the stable and efficient production of secreted 

proteinaceous antigens of Staphylococcus aureus (8). 

Several inducible expression systems have been developed for L. lactis (11) of 

which the Nisin-inducible (NICE) system is the most efficient and extensively 

used (16). This system is based on the regulation of the nisA promoter by the 

food grade lantibiotic nisin, which activates the NisRK two component 

regulatory system (17). The NICE system has thus been used for production of a 

wide range of homologous and heterologous proteins, including vaccines (18). 

The purification of overproduced proteins can be facilitated by particular tags 

that bind with high affinity to a specific matrix. The hexa-histidine (His6)-tag is 

the most widely used tag and ensures efficient separation by metal affinity 

chromatography (19). However, the exact placement of these tags can 

influence the solubility and/or stability of overproduced proteins (20). To 

circumvent the latter problems changing the location of the His6-tag from the 

N- to the C-terminus or vice versa may prove beneficial. Notably, although the 

His6-tag has usually limited impact on protein structure or function (21), it is 

desirable to remove it prior to structure-function studies (22). Therefore, a 

specific protease cleavage site, e.g.  for the Tobacco Etch Virus (TEV) protease, 

is often placed between the target protein and the affinity-tag. 

In this study, we describe an expression vector set that facilitates convenient 

exploration of nisin-inducible protein production in L. lactis. As shown with a 

representative panel of extracytoplasmic proteinaceous antigens from 

Staphylococcus aureus, the overproduced proteins can be purified by metal 

affinity chromatography using N- or C-terminal His6-tags. The latter is useful 

since our present results show that, also in L. lactis, the exact postion of the 

His6-tag affects production efficiency and/or protein stability. In one vector 

configuration, the His6-tag can be removed from the expressed proteins by 

cleavage with the TEV protease. Of note, we show that L. lactis is capable of 

phosphorylating the IsdB protein of S. aureus. 
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Materials and Methods 

 

Bacterial strains and growth conditions 

Strains and plasmids are listed in Table 1. E. coli was grown at 37°C in Lysogeny 

Broth (LB; Becton Dickingson, Breda, The Netherlands) with ampicillin (100 

µg/ml) for plasmid selection. L. lactis was grown at 30°C in M17 broth (Oxoid 

Limited, Hampshire, UK) supplemented with 0.5% glucose (w/v) (GM17). 

Chloramphenicol (5 µg/ml) was added when needed. For nisin production, the 

L. lactis NZ9700 strain was cultured in GM17 and the cell-free supernatant was 

used for induction of the PnisA promoter in a 1:1000 dilution at OD600 ~0.5 (23). 

 

 

 
 

General molecular biology 

Enzymes and buffers were from New England Biolabs (Ipswich, UK) and 

Fermentas (Landsmeer, The Netherlands). PCR was performed using a Biorad 

C1000 Thermal Cycler (Richmond, CA). Primers were from Eurogentec 
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(Maastricht, The Netherlands) (Tables 2 and 3). The polymerases PFU 

(Fermentas, Landsmeer, The Netherlands), Pwo (Roche, Woerden, The 

Netherlands) and Taq (Life Technologies, Bleiswijk, The Netherlands) were used 

according to the manufacturer. PCR products were purified using the High Pure 

PCR purification kit from Roche (Woerden, The Netherlands). Plasmid 

purification was performed using the Plasmid Isolation kit from Analytik Jena 

AG (Jena, Germany); L. lactis was lysed by incubation with lysozyme (4 mg/ml; 

Sigma-Aldrich, Zwijndrecht, The Netherlands) for 10 minutes at 55°C in 

Resuspension Buffer followed by addition of Lysis Buffer. L. lactis was 

transformed by electroporation using a Gene Pulser (Biorad; (24). Nucleotide 

sequence analysis was performed by Eurofins DNA (Ebersberg, Germany). 
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Table 3: Primers used for cloning 

Primer 5’         3’Nucleotide sequencea Restriction site 

SA0620.f ATATGGATCCATGGGATCTACACAACATACAGTACAATCTGG BamHI 

SA0620.r1 ATATGCGGCCGCTCGAATTCCATGGATGAATGCATAGC NotI 

SA0620.r2 ATATGCGGCCGCTTATCGAATTCCATGGATGAATGCATAGC NotI 

FtsL.f ATATGGATCCAAAATGGATGCGTATGATACGCG BamHI 

FtsL.r1  ATATGCGGCCGCATTTTTTGCTTCGCCATTACTAC NotI 

FtsL.r2 ATATGCGGCCGCTTAATTTTTTGCTTCGCCATTACTACGC NotI 

ClfB.f ATATGGATCCTCAGAACAATCGAACGATACAACGC BamHI 

ClfB.r1 ATATGCGGCCGCGTCTGGGCTTGGTTCCGGTTC NotI 

ClfB.r2 ATATGCGGCCGCTTAGTCTGGGCTTGGTTCCGGTTC NotI 

SA2100.f ATATGGATCCTCTGAGCAAGATAACTACGGTTATAATCC BamHI 

SA2100.r1 ATATGCGGCCGCGTGAATGAAGTTATAACCAGCAGCTTGG NotI 

SA2100.r2 ATATGCGGCCGCTTAGTGAATGAAGTTATAACCAGCAGCTTGG NotI 

Pro-Atl.f ATATGGATCCGCTGAGACGACACAAGATCAAACTACTAATAAAAACG BamHI 

Pro-Atl.r1 ATATGCGGCCGCAGCGCTAAAAGTAGTTACTTTAGGTGTCGCTTCAGTTTT

AGC 

NotI 

Pro-Atl.r2 ATATGCGGCCGCTTAAGCGCTAAAAGTAGTTACTTTAGGTGTCGCTTCAGT

TTTAGC 

NotI 

IsdB.f ATATGGATCCGCAGCTGAAGAAACAGGTGGTACAAATAC BamHI 

IsdB.r1 ATATGCGGCCGCTGATTTTGCTTTATTTTCTTGTGTATTTTTATTG NotI 

IsdB.r2 ATATGCGGCCGCTTATGATTTTGCTTTATTTTCTTGTGTATTTTTATTG NotI 
aRestriction site underlined, stop codon in bold 

 

Construction of expression vectors 

The E. coli pEF vector set is based on plasmid pET302/NT. A total of three 

primer pairs were created (NHis_F/NHis_R for pEF110, CHis_F/CHis_R for 

pEF210, NHisTEV_F/NHisTEV_R for pEF111) (Table 2) containing an NdeI and 

BglII overhang at their 5’ and 3’ ends. These primers were annealed by 

incubation at a 1:1 ratio at 94 °C and stepwise controlled temperature drops to 

room temperature. The fragments were ligated into the NdeI and BamHI 

digested pET302/NT vector resulting in deletion of the original vector-derived 

BamHI site and introduction of a multiple cloning site comprising BamHI, EcoRI, 

XhoI and NotI restriction sites (Fig. 1). Following transformation in E. coli 

TOP10F cells the prepared constructs were sequence-verified. 

L. lactis vectors were constructed based on the pEF vectors by amplifying the 

multiple cloning site together with the His6-tag and the TEV cleavage site 

(encoded by the specific amino acid sequence EQLYFOG (22) using the primers 

in Table 2. For construction of pNG4110 and pNG4111, the primer 

combinations pEF110.fw/pEF110.rev and pEF111.fw/pEF111.rev were used 

with plasmids pEF110 and pEF111 as templates, respectively. PCR products 
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were digested using HindIII and BsmBI resulting in HindIII and NcoI overhangs 

and ligated into plasmid pNG400 digested with HindIII and NcoI. For the 

construction of pNG4210 primers pEF210.fw/pEF210.rev were used with 

plasmid pEF210 as template DNA. The PCR products and receiving plasmid 

pNG400 were digested using NcoI and HindIII. After ligation, the resulting 

vectors were used to transform L. lactis PA1001. For expression of extracellular 

proteins of S. aureus in L. lactis, the respective genes were amplified by PCR 

with Pwo from chromosomal DNA of S. aureus strains USA300 or NCTC8325 

(see Table 3). Genes amplified with the f1/r2 primer sets were cloned in 

pNG4110 and pNG4111, and genes amplified with the f1/r1 primer sets in 

pNG4210 using the BamHI/NotI restriction sites (Table 3). Ligation mixtures 

were introduced into L. lactis PA1001.The resulting vectors were sequence-

verified. 

 

Table 4: S. aureus proteins used in this study 

 
a NCBI genome annotation of S.aureus strain USA300_TCH1516  (SAUSA300) or NCTC8325 

(SAOUHSC); b numbers of first and last amino acid residues of the proteins expressed in L. 

lactis; c isoelectric point; d molecular weight 

 

LDS-PAGE and Western blotting 

For lithium dodecyl sulphate (LDS) PAGE, cells were resuspended in LDS buffer 

(Life Technologies) and disrupted by bead-beating with 0.1 µm glass beads 
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(Biospec Products, Bartlesville, USA) using a Precellys24 (Bertin Technologies, 

Montigny-le-Bretonneux, France), while secreted proteins in the culture 

medium were precipitated with 10% TCA. Protein samples were incubated for 

10 min at 95ºC, separated by LDS-PAGE using 10% NuPage gels (Invitrogen) and 

stained with SimplyBlueTM SafeStain (Life Technologies). For Western blotting, 

proteins were transferred to a nitrocellulose membrane (Protran®, Schleicher & 

Schuell, Dassel, Germany). Immunodetection was performed using anti His-tag 

antibodies (Life Technologies). Bound antibodies were visualized using 

fluorescently labeled secondary antibodies (IRDye 800 CW from LiCor 

Biosciences, Nebraska, USA). Membranes were scanned for fluorescence at 800 

nm using the Odyssey Infrared Imaging System (LiCor Biosciences). 

 

Protein production and isolation 

Overnight cultures of L. lactis were diluted 1:20 in GM17 medium containing 

chloramphenicol. Induction of PnisA with nisin was performed for 16 h. Cells 

producing S. aureus protein SA0620 were resuspended in binding buffer (20m 

M sodium phosphate, pH 7.4, 0.5 mM NaCl, 50 mM imidazole) and disrupted by 

bead-beating. The S. aureus proteins SA2100 and pro-Atl were precipitated 

from the growth medium of L. lactis with 10% TCA. The SA0620 protein in cell-

free extracts and the TCA-precipitated SA2100 and pro-Atl proteins were 

purified by metal affinity chromatography with His Mag SepharoseTM Ni beads 

(Mag-beads; GE Healthcare, Little Chalfont, UK). Incubation with Mag-beads 

was performed for ~1 h at room temperature, unbound proteins were removed 

by washing with binding buffer, and bound proteins were eluted with elution 

buffer (20 mM sodium phosphate, pH7.4, 0.5 M NaCl and 500 mM imidazole). 

 

Protein activity assays 

To analyze the possibility of the TEV-cleavage, L. lactis culture medium 

containing His6-TEV-FtsL, was dialyzed against PBS and incubated 16h at 4°C 

with 10 U Turbo-TEV-protease (Eton Bioscience, Inc., San Diego, CA). Proteins 

were separated on a 10% NuPAGE gel and stained with SimplyBlue. 

Cell wall hydrolase activity of His6-tagged derivatives of the SA2100 protein was 

analyzed in zymograms using SDS-PAA gels (12.5%) containing 0.15% 

autoclaved, lyophilized Micrococcus lysodeikticus ATCC 4698 cells (Sigma-

Aldrich.), as described (25). 
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Clumping activity of ClfB was analyzed by growing induced PA1001 cells 

expressing clfB in a 12-well microtiter plate. After overnight induction with 

nisin, the plate was gently stirred. Cell clumping was visualized using a G-Box 

Chem XT16 (Syngene, Cambridge, UK). 

 

Analysis of phosphorylation 

Phosphorylation of His6-IsdB and His6-TEV-IsdB was visualized by LDS-PAGE and 

subsequent staining with Pro-Q® Diamond Phosphoprotein Gel Stain (Life 

Technologies). Cytosolic cell fractions were produced by bead-beating of 

overnight nisin-induced cells. Cell debris was removed by centrifugation. Prior 

to separation by LDS PAGE, cytosolic and secreted proteins were delipidated 

and desalted according to the instructions for use of the Pro-Q stain. Protein 

staining was visualized with the G-Box. 

Gel pieces containing putatively phosphorylated proteins were prepared for 

mass spectrometric (MS) analysis as described (26). Peptides were eluted and 

subjected to high resolution and high mass accuracy MS measurements on an 

Orbitrap Elite coupled online to a Proxeon EASY-nLC 1000. The Orbitrap Elite 

was operated in data-dependent MS/MS mode at a resolution of R = 60,000 in 

the MS1 with the lockmass option enabled. Data-dependent triggering of 

fragment scans was set on the twenty most intense precursor ions. Multistage 

activation (MSA) was used for enhanced fragmentation of putative phosphate-

group containing ions as described (27). MS/MS spectra were searched against 

a target-decoy database including all protein sequences of S. aureus USA300 

extracted from the UNIPROT database in addition to common laboratory 

contaminants and an appended set of the reversed sequences. Database 

searching was performed by Sequest (Thermo Fisher Scientific, San Jose, CA, 

USA; version v.27, rev. 11). Peptide hits were filtered with Scaffold (version 

Scaffold_4.3.4, Proteome Software Inc., Portland, OR). Mass tolerance for 

peptide identification on MS and MS/MS peaks were 10 ppm and 1 Da, 

respectively. Up to two missed tryptic cleavages were allowed. Methionine 

oxidation and cysteine carbamidomethylation, as well as phosphorylation at 

serine, threonine or tyrosine were set as variable modifications. Peptide 

identifications were accepted if they matched the following criteria: deltaCn 

scores of greater than 0.10; XCorr scores of greater than, 2.5, 3.5 and 3.5 for, 

doubly, triply and quadruply charged peptides. Protein identifications were 
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accepted if they contained at least 2 identified peptides. Proteins that 

contained similar peptides and could not be differentiated based on MS/MS 

analysis alone were grouped to satisfy the principles of parsimony. 

 

Results 

 

Development of a pNG vector set for heterologous protein production in L. 

lactis  

In previous studies, the pEF vector set was successfully used for heterologous 

protein expression in E. coli (28,29). This vector set offered convenient 

possibilities for N- or C-terminal His6-tagging of expressed proteins (pEF110 and 

pEF210, respectively) and for TEV-mediated tag removal (pEF111; Fig. 1a). We 

therefore implemented the respective cloning sites, His6-tag sequences and 

TEV cleavage site sequence in the pNG series of L. lactis expression vectors. In 

addition, the pNG vectors were provided with the nisA promoter and the signal 

sequence of Usp45 for nisin-inducible secretory protein production. 

Specifically, this resulted in pNG4110 for expression of N-terminally His6-tagged 

proteins, pNG4210 for expression of C-terminally His6-tagged proteins, and 

pNG4111 for expression of proteins with a TEV protease-removable N-terminal 

His6-tag (Fig. 1b). 

  

 

Figure 1. Expression cassettes present in the vectors for heterologous protein production 

in E. coli or L. lactis. (a) Expression cassettes of the E. coli pEF vectors, encoding an N-

terminal His6-tag (pEF110), a C-terminal His6-tag (pEF210), or a TEV-removable (TEV) N-

terminal His6-tag (pEF111). Restriction sites for cloning (BamHI/EcoRI or XbaI/NotI, 

respectively), start codons (M) and stop codons (*) are indicated. (b) Expression cassettes of 

the L. lactis pNG vectors, encoding an N-terminal His6-tag (pNG4110), a C-terminal His6-tag 

(pNG4210), or a TEV-removable (TEV) N-terminal His6-tag (pNG4111). Restriction sites for 

cloning (BamHI/EcoRI or XbaI/NotI, respectively), start codons (M), the Usp 45 signal 

sequence (SP Usp45) and stop codons (*) are indicated. 
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The versatility of the pNG vectors was tested by expressing six different 

extracytoplasmic proteins of S. aureus. Notably, these included a secreted 

protein (SA0620), a membrane-associated protein (FtsL), two covalently cell 

wall-bound proteins (ClfB and IsdB), a non-covalently cell wall-bound protein 

(SA2100), and the pro-peptide of the major autolysin Atl (Table 4). To express 

these proteins, the L. lactis strain PA1001 was used, which has an improved 

stability due to a deletion of the acmA gene and a reduced proteolytic activity 

due to deletion of the htrA gene (12). 

 

Position of the His6-tagging affects SA0620 production in L. lactis 

In a previous study, we observed that the secretory antigen SsaA homologue 

SA0620 was not produced in L. lactis PA1001 when expressed with a C-terminal 

His6-tag from plasmid pNG400 (8). To test whether this might be due to the 

location of the His6-tag, the gene for SA0620 was cloned in plasmids pNG4110, 

pNG4111 and pNG4210. After overnight induction with nisin, expression of the 

resulting His6-tagged proteins was analyzed by LDS-PAGE and Western blotting. 

This showed that effective expression of the full-length SA0620 precusor and 

mature proteins (30.4 and 27.7 kDa, respectively) was only achieved when this 

protein was synthesized with an N-terminal His6-tag as provided by pNG4110 

(Fig. 2a). Precursor forms of SA0620 were observed in low amounts when 

expressed from pNG4111 or pNG4210, and in the latter case also a degradation 

product of approximately 17 kDa was detectable (Fig. 2a). For the His6-TEV-

SA0620 variant produced from pNG4111, not even a degradation product was 

detectable. Notably, despite the fusion of SA0620 to the signal peptide of 

Usp45, no SA0620 or fragments thereof were detectable in the growth medium 

(Fig. 2a). Nevertheless, the pNG4110 did enabled purification of the mature 

SA0620 protein and a degradation product from cells disrupted by bead-

beating and subsequent treatment with 6M urea, as illustrated in Fig. 2b. 

Together, these data show that the N-terminal location of the His6-tag is critical 

for succesful production and subsequent isolation of the full-length S. aureus 

antigen SA0620. 
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Figure 2. Production and purification of the S. aureus SA0620 protein. 

(a) Cell lysates (Cells) and TCA-precipitated growth medium (Medium) of L. lactis PA1001 

expressing His6-SA0620 (4110), His6-TEV-SA0620 (4111) or SA0620-His6 (4210) were analyzed 

by Western blotting using anti-His6 antibodies. The black arrowhead indicates a potential 

precursor form of SA0620, the grey arrowhead indicates the mature-size SA0620 protein, 

and the white arrowhead indicates a degradation product. (b) The His6-SA0620 (4110) was 

purified form the disrupted cells in the presence of 6M urea. The start material (S), flow 

through fraction (F), wash fractions (W) and elution fractions (E) were analyzed by LDS-PAGE 

and separated proteins were detected by silver staining. The position of His6-SA0620 is 

indicated by an arrow and a co-purified degradation product of this protein is marked (*). 

The positions of Mw marker proteins are indicated. 

  

TEV protease-mediated His6-tag removal from the secreted His6-TEV-FtsL 

protein  

To determine whether the His6-tag can proteolytically be removed from 

proteins expressed from the pNG4111 vector, by means of the encoded TEV 

cleavage site, the  S. aureus cell division membrane protein FtsL was used. 

Specifically, the ftsL gene was expressed lacking the transmembrane helix. 
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After induction with nisin the His6-TEV-FtsL fusion protein was efficiently 

secreted into the culture medium of L. lactis (Fig. 3). 

 

Figure 3. TEV cleavage of His6-FtsL. Production of the His6-TEV-FtsL protein by L. lactis 

PA1001 pNG4111-ftsL was induced overnight with nisin. Growth medium containing His6-

TEV-FtsL was dialyzed against PBS and then the TurboTEV protease (52 kDa) was added. 

Fractions with or without TurboTEV were separated by LDS-PAGE and stained with 

SimplyBlue. The positions of Mw marker proteins are indicated. 

 

Upon removal of cells by centrifugation, dialysis against PBS, and incubation 

with the TurboTEV protease, cleavage of His6-TEV-FtsL was analyzed by LDS-

PAGE and SimplyBlue staining. In the samples incubated in absence of 

TurboTEV-protease the presumably complete fusion protein was detectable 

upon LDS-PAGE and SimplyBlue staining (Fig. 3). Of note, the apparent 

molecular weight (Mw) of the fusion protein judged by its mobility on LDS-

PAGE was ~12 kDa, while the predicted Mw is only 9.5 kDa. Upon incubation in 

presence of the TEV-protease, an additional protein band with an apparent Mw 

of ~10 kDa was detectable. This is in agreement with the predicted mass 

reduction of the His6-TEV-FtsL fusion by ~1.7 kDa upon cleavage at the TEV site. 

The cleavage product was not detected in  the control sampele, solely 

TurboTEV-protease, indicating the product is His6-TEV-FtsL derived (Fig. 3). 

Together, these findings show that efficient extracellular protein production 

15

10

20

25

37

50

75

- + + TEV

+ + - 4111-FtsL

TurboTEV



        Versatile vector suite for the extracytoplasmic production and purification of His-tagged proteins  

59 
  

can be achieved with pNG4111 and that the His6-tag can be removed from the 

secreted fusion product by cleavage with the TEV protease. 

 

Functional expression of ClfB in L. lactis 

To assess whether pNG4110, pNG4111 and pNG4210 facilitate expression of 

proteinaceous antigens in L. lactis that are covalently bound to the cell surface 

of S. aureus, the ClfB protein was used. Specifically, the clfB gene was 

introduced into the pNG expression vectors without the 3’ sequences that 

encode the LPxTG motif for sortase recognition and cleavage in the C-terminal 

transmembrane domain. Furthermore, the original signal peptide of ClfB was 

replaced with the Usp45 signal peptide. Remarkably, clumping of ClfB-

expressing L. lactis strains was detectable (Fig. 4a) in cultures upon overnight 

induction with nisin. Interestingly, this clumping phenotype was not observed 

for control cells not expressing ClfB, which suggests that ClfB lacking the LPxTG 

motif still associates to the cell surface. To verify ClfB production and possible 

secretion, the cells were separated from the growth medium and both 

fractions were analyzed by LDS-PAGE. Gels were then either stained with 

SimplyBlue (Fig. 4b) or used for Western blotting and immunodetection using 

anti-His6 antibodies (Fig. 4c). His6-tagged proteins were detectable both in the 

cellular and growth medium fractions (Fig. 4, b and c) indicating ClfB was 

efficiently expressed from all three vectors (pNG4110, pNG4111 and pNG4210). 

Notably, several degradation products of the C-terminally His6-tagged ClfB were 

detectable in the cell and growth medium fractions, while this was not the case 

for the N-terminally His6-tagged forms of ClfB. This suggests that C-terminal 

His6-tagging makes ClfB more prone to degradation by as yet unknown 

proteases of L. lactis. Furthermore, the results shown in Fig. 4 suggest that the 

location of the His6-tag may influence ClfB-mediated clumping of L. lactis cells, 

since cells expressing ClfB-His6 from pNG4210 showed a milder clumping 

phenotype than cells expressing His6-ClfB or His6-TEV-Clfb from pNG4110 or 

pNG4111, respectively. Whether this relates to differences in the produced 

amounts of His6-tagged ClfB is difficult to say since the position of the His6-tag 

seems to influence either the efficiency of SimplyBlue protein staining or of 

immunodetection with His6-specific antibodies. 
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Figure 4. Functional expression of the S. aureus ClfB protein in L. lactis. 

(a) Clumping of L. lactis PA1001 cells producing His6-ClfB (4110), His6-TEV-ClfB (4111) or ClfB-

His6 (4210) upon overnight induction with nisin. No clumping was observed in the absence of 

nisin, as shown under (C) for a non-induced control culture of L. lactis PA1001 harbouring 

pNG4110-clfB. (b and c) Cell and growth medium fractions of L. lactis PA1001 producing 

His6-ClfB (4110), His6-TEV-ClfB (4111) or ClfB-His6 (4210) were analyzed by LDS-PAGE. Gels 

were either stained with SimplyBlue SafeStain (b) or used for Western blotting (c) with anti-

Histidine antibodies. As a control non-induced L. lactis PA1001 pNG4110-clfB was included in 

the analysis (C). The positions of Mw marker proteins are indicated. 

 

 Peptidoglycan cleavage activity of SA2100  

To investigate whether non-covalently cell wall-bound proteins of S. aureus can 

be produced in L. lactis using pNG4110, pNG4111 and/or pNG4210, the gene 

encoding the S. aureus SA2100 protein was cloned in these vectors. In the 

process the native signal sequence of SA2100 was replaced with the Usp45 
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signal sequence. As shown in Fig. 5, cell-associated and secreted mature forms 

of SA2100 were only detectable by expression from pNG4110 or pNG4111, i.e. 

with N-terminal His6-tags, and not when expressed from the pNG4210 vector 

that encodes the C-terminally His6-tagged protein. Furthermore, a precursor 

from of His6-SA2100 was detectable in cells expressing this protein from 

pNG4110. Together, these observations support the view that the location of 

the His6-tag can be critical for effective protein production in L. lactis. 

 

 

Figure 5. Functional expression of the S. aureus SA2100 protein in L. lactis. 

(a) Cells (C) and growth medium (M) fractions of L. lactis PA1001 producing His6-SA2100 

(4110), His6-TEV-SA2100 (4111) or SA2100-His6 (4210) were analyzed by LDS-PAGE and 

stained with SimplyBlue SafeStain. The black arrowhead indicates a potential precursor form 

of His6-SA2100, and the grey arrowhead indicates matured SA2100. The positions of Mw 

marker proteins are indicated. (b) The cell wall  hydrolyzing activity of His6-SA2100 (4110) 

and His6-TEV-SA2100 (4111) was analyzed by zymography upon SDS-PAGE in gels containing 

M. lysodeikticus cell wall extract. Upon electrophoresis and renaturation of separated 

proteins the gel was stained with methylene blue as described in the Materials and Methods 

section. A zone of cell wall-degrading activity, which corresponds to the position of mature 

SA2100 in the gel upon electrophoresis is indicated with an arrow. 

 

Notably, SA2100 is homologous to the autolysin E protein of S. aureus and 

contains a C-terminal domain with similarity to the so-called lysozyme 

subfamily 2 (LYZ2, smart00047; see the CCD database of NCBI at 
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http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The latter protein 

family has a peptidoglycan-hydrolyzing activity that is comparable to 

muramidase activity [30]. To investigate whether the heterologously expressed 

and secreted form of SA2100 displays such an activity, a zymogram assay for 

the degradation of cell wall fragments from Micrococcus lysodeikticus was 

employed. As shown by zymographic analysis, the purified His6-SA2100 and 

His6-TEV-SA2100 were both capable of degrading cell wall fragments of M. 

lysodeikticus (Fig. 5b), which demonstrates that SA2100 is indeed a cell wall-

degrading enzyme. 

 

Expression of the Atl pro-peptide in L. lactis 

In a recent study the N-terminal propeptide of the bifunctional autolysin Atl of 

S. aureus is reported to be recognized by antibodies in the plasma of patients 

with the genetic blistering disease epidermolysis bullosa (31). This intriguing 

finding initiated an effort to express the pro-Atl (amino acids 29-199) in L. lactis 

using the three vectors; pNG4110, pNG4111 and pNG4210. As shown in Fig. 6a, 

the N-terminally His6-tagged pro-Atl as expressed from pNG4110 and pNG4111 

was efficiently produced and secreted (Fig. 6a). In fact, most of these His6-

tagged forms of pro-Atl were detected in the growth medium from which they 

were readily purified by metal affinity chromatography (Fig. 6b). Compared to 

the N-terminally His6-tagged pro-Atl, only a minute amount of C-terminally 

His6-tagged pro-Atl as expressed from pNG4210 was detectable by Western 

blotting (Fig. 6a). 
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Figure 6. Production and purification of the S. aureus pro-Atl propeptide. 

(a) Cells  and growth medium fractions of L. lactis PA1001 producing His6-ProAtl (4110), His6-

TEV-ProAtl (4111) or ProAtl-His6 (4210) were analyzed by LDS-PAGE and subsequent 

Western blotting using anti-His6 antibodies. As a control non-induced L. lactis PA1001 

pNG4110-pro-atl was included in the analsysis (C). Pro-Atl is indicated with an arrow. (b) 

Purification of His6-ProAtl and His6-TEV-ProAtl from the supernatant of cells that were 

induced with nisin overnight. The LDS-PAGE shows (1) induced cells producing His6-ProAtl, 

(2) the culture supernatant fraction of cells producing His6-ProAtl, (3) the culture 

supernatant fraction of cells producing His6-TEV-ProAtl, (4/5) the first two elution fractions 

of His6-ProAtl upon metal affinity chromatography, and (6/7) the first two elution fractions 

of His6-TEV-ProAtl upon metal affinity chromatography. The position of His6-tagged Pro-Atl is 

marked with an arrow, and the positions of Mw marker proteins are indicated. 

 

Secretion of phosphorylated IsdB by L. lactis 

Recent studies by Basell et al. have shown that residues Tyr440 or Tyr444 of 

the covalently cell wall-attached IsdB protein of S. aureus are phosphorylated 

(27). To determine whether IsdB produced and secreted by L. lactis PA1001 is 

also phosphorylated, a 3’-truncated isdB gene lacking the sequences encoding 

the sortase recognition site was expressed from pNG4110 and pNG4111. As 

shown in Fig. 7, the N-terminally His6-tagged forms of IsdB were efficiently 

produced by L. lactis and, in fact,  most of the protein is secreted into the 
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growth medium. Importantly, phosphorylated His6-tagged IsdB was clearly 

detectable by gel staining with the Pro-Q® Diamond Phosphoprotein Gel Stain, 

showing L. lactis facilitates this post-translational modification. Whether the 

cytoplasmic forms of His6-IsdB and His6-TEV-IsdB as observed by Western 

blotting are also phosphorylated is presently unclear due to limited sensitivity 

of the Pro-Q staining in these extracts. 

 

 
 

Figure 7. Extracellular production of phosphorylated S. aureus IsdB in L. lactis. 

Cytosolic (C) and growth medium (M) fractions of L. lactis PA1001 producing His6-IsdB (4110) 

and His6-TEV-IsdB (4111) were analyzed by LDS-PAGE and stained with SimplyBlue SafeStain 

(SB) or ProQ Diamond staining (ProQ). As a control Western blotting was performed, using 

anti-His6 antibodies (α-His). The arrow marks the position of mature IsdB, and the positions 

of Mw marker proteins are indicated. 

  

To pinpoint the site of IsdB phosphorylation in L. lactis, the secreted His6-TEV-

IsdB was purified by metal affinity chromatography and applied to an LDS-PAA 

gel. The His6-TEV-IsdB band was subsequently excised from the gel, destained, 

washed and cleaved overnight with trypsin. Liberated peptides were analysed 

by MS/MS, which showed that His6-TEV-IsdB was phosphorylated on the 

Tyr311(*) residue in the peptide KYMVMETTNDDY*WKDFMVEGQR 

(Supplementary Fig. S1; available for download at https://static-

content.springer.com/esm/art%3A10.1007%2Fs00253-015-6778-8/ 

MediaObjects/253_2015_6778_MOESM1_ESM.pdf). The same Tyr residue was 

also shown to be phosphorylated when TCA-precipitated His6-TEV-IsdB from 

the culture supernatant of L. lactis PA1001 containing pNG4111-IsdB was used 

for the MS/MS analysis. 
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Discussion 

 

In the present study we describe a set of three cloning vectors for heterologous 

protein expression in L. lactis. These vectors enable easy exchange of the gene 

of interest for expression of protein variants with (i) a N-terminal His6-tag , (ii), 

a C-terminal His6-tag and (iii) a TEV protease cleavable N-terminal His6 protein. 

Examples of the successful use of the three vectors are presented for 

expression of six extracytoplasmic proteins from S. aureus, two of which were 

subsequently purified in one step by metal affinity chromatography. 

Importantly, the position of the His6-tag purification label, either at the N- or 

the C-terminus, can have a major impact on the production level of S. aureus 

originated proteins expressed in L. lactis. This was particularly evident for 

SA0620, SA2100 and pro-Atl, which were only detectable when expressed as N-

terminal His6-tagged protein. In contrast, no effect of the His6-tag position was 

observed for the production of FtsL, ClfB and IsdB (data not shown for FtsL and 

IsdB). The reason(s) for the negative impact of a C-terminal His6-tag on the 

production of SA0620, SA2100 and pro-Atl is presently not clear. For the 

SA0620 protein the tag appears to interfere with the protein stability/folding as 

indicated by the presence of a degradation product. Similar degradation 

products are observed for the C-terminally His6-tagged ClfB, whereas these are 

not observed for the N-terminally His6-tagged ClfB. Similarly, the TEV cleavage 

site as encoded by pNG4111 may influence the protein production level. This 

was most evident  for SA0620, although effects of the TEV cleavage site on the 

levels of detected product were also observed for ClfB and pro-Atl. However, 

for the latter two proteins it is presently not entirely clear whether the TEV site 

interfered with protein production per sé, or with the immunedetection of the 

His6-tag with anti-His6-tag antibodies. The latter idea would be supported by 

the experiments on ClfB production, where there was a discrepancy between 

the ClfB levels detected by SimplyBlue gel staining and immunodetection. 

With the exception of SA0620, all S. aureus proteins expressed in L. lactis were 

secreted into the growth medium with the help of the vector-encoded Usp45 

signal peptide. The cause of the deviating behaviour of SA0620, which is part of 

the core exoproteome of S. aureus [32, 33], is unknown. Apparently, this 

protein has a particular unidentified feature that interferes with its secretion in 

L. lactis. This could, for example, relate to its targeting to the Sec secretion 
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machinery, pre-translocational control of folding by chaperones, or efficient 

post-translocational folding by dedicated folding catalysts that could be present 

in S. aureus but absent from L. lactis (6,34,35). 

The expression host strain used for the present studies was L. lactis PA1001, 

which lacks the major lactococcal proteases PrtP and HtrA (13,36). Despite the 

absence of these two proteases, our results show that proteolysis of expressed 

proteins can still occur. This focuses attention on the remaining proteases that 

could be responsible for this unwanted effect. Conceivably, the responsible 

protease could be located in the cytoplasm (e.g. ClpP; (37), the membrane (e.g. 

FtsH or a RseP-like protease; (38), or an as yet unidentified protease in the cell 

wall. The eleminiation of this remnant protease activity could be beneficial for 

further production strain improvement, similar to what was shown for 

heterologous protein production in B. subtilis where the deletion of multiple 

protease genes resulted in large improvements in the production of 

heterologous proteins (39,40). 

Lastly, our analysis of the production of S. aureus IsdB in L. lactis shows that 

this heterologous expression host does phosphorylate the IsdB protein as is the 

case in S. aureus (27). However, while in S. aureus either Tyr440 or Tyr444 are 

phosporylated, the IsdB protein expressed in L. lactis was found to be 

phosphorylated on Tyr311. At present, the molecular basis for this apparently 

different choice of phosphorylation sites in S. aureus and L. lactis is not clear. 

One possible reason for the different results could be that the sample 

preparation was performed differently. While Basell et al (2014) applied a gel-

free proteomics analysis where phosphopeptides were enriched with TiO2, in 

the present analyses the IsdB protein was extracted from gel slices. Another 

perhaps more plausible reason could be that we expressed in L. lactis a 3’-

truncated isdB gene lacking the sequences encoding the sortase recognition 

site and encoding a TEV protease cleavabele N-terminal His6 tag. This may have 

resulted in an aberrant presentation of IsdB to the as yet unknown kinase 

responsible for phosphorylation of this protein. In contrast, the study in S. 

aureus addressed the authentic IsdB protein synthesized with the sortase 

cleavage site and, therefore, covalently anchored to the cell wall. A third 

possibility would be that the kinases responsible for IsdB phosphorylation in S. 

aureus and L. lactis have somewhat different specificities. A careful 
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comparative analysis of the mechanisms of IsdB phosphorylation in S. aureus 

and L. lactis may pinpoint possible host-specific differences. 

In conclusion, based on our present findings, we are confident that the newly 

developed vectors combined with the L. lactis expression host PA1001 have the 

potential to become very useful tools for the extracytoplasmic production and 

purification of bacterial antigens. Such a tool facilites structural and functional 

studies on previousely hard to produce proteins and may provide a starting 

point for vaccine development. 
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Abstract 

 

Proteomic studies with different Staphylococcus aureus isolates have shown 

that the cell surface-exposed and secreted proteins IsaA, LytM, Nuc, the 

propeptide of Atl (pro-Atl) and four phenol-soluble modulins α (PSMα) are 

invariantly produced by this pathogen. Therefore the present study was aimed 

at investigating whether these proteins can be used for active immunization 

against S. aureus infection in mouse models of bacteremia and skin infection. 

To this end, recombinant His-tagged fusions of IsaA, LytM, Nuc and pro-Atl 

were isolated from Lactococcus lactis or Escherichia coli, while the PSMα1-4 

peptides were chemically synthesized. Importantly, patients colonized by S. 

aureus showed significant immunoglobulin G (IgG) responses against all eight 

antigens. BALB/cBYJ mice were immunized subcutaneously with a mixture of 

the antigens at day one (5 μg each), and boosted twice (25 μg of each antigen) 

with 28 days interval. This resulted in high IgG responses against all antigens 

although the response against pro-Atl was around one log lower compared to 

the other antigens. Compared to placebo-immunized mice, immunization with 

the octa-valent antigen mixture did not reduce the S. aureus isolate P load in 

blood, lungs, spleen, liver, and kidneys in a bacteremia model in which the 

animals were challenged for 14 days with a primary load of 3 × 105 CFU. 

Discomfort scores and animal survival rates over 14 days did not differ between 

immunized mice and placebo-immunized mice upon bacteremia with S. aureus 

USA300 (6 × 105 CFU). In addition, this immunization did not reduce the S. 

aureus isolate P load in mice with skin infection. These results show that the 

target antigens are immunogenic in both humans and mice, but in the used 

animal models do not result in protection against S. aureus infection. 
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Introduction 

 

Staphylococcus aureus is a widespread Gram-positive bacterium that colonizes 

the skin and anterior nares of about 20–30% of the healthy human population 

(1). Although mainly a harmless colonizer, S. aureus can cause invasive diseases 

like skin and soft tissue infections, and can be responsible for severe infections 

in humans like pneumonia, endocarditis and osteomyelitis (1), which are 

frequently associated with S. aureus bacteremia (2). S. aureus in its methicillin-

resistant form (MRSA) is the most important cause of antibiotic-resistant health 

care-associated infections worldwide (3,4). In the case of MRSA, a single 

genetic element makes S. aureus resistant to the most frequently prescribed 

class of antimicrobials—the β-lactam antibiotics, including penicillins, 

cephalosporins, and carbapenems (5). A high incidence of MRSA is encountered 

in hospitals, resulting in prolonged hospital stays and in higher mortality rates 

(3,4), and limited effectiveness of alternative treatment regimens. 

Glycopeptides, especially vancomycin, are currently used as first-line treatment 

of MRSA infections. Unfortunately, this has led to the emergence of 

vancomycin-intermediate and vancomycin-resistant MRSA (6). In addition, 

there is raising concern that the current first-line treatment for MRSA infection 

will become increasingly ineffective. Since in the past 25 years no novel small-

molecule antibacterial drugs have been discovered (7), and the development 

pipeline of new antimicrobials remains lean (8), new ways of treatment of S. 

aureus infections such as immunization need to be explored. Several strategies 

of passive and active immunization in S. aureus infections have been studied in 

experimental infection models, but until now none of these have been proved 

to be effective in clinical studies (9–11). Insufficient power because of a low 

sample size in some clinical studies (12,13), as well as the heterogeneity of S. 

aureus strains causing infections in humans (14,15) may contribute to the 

failure of treatment through immunization in patients. Despite the lack of 

success so far, immunization approaches are still worth pursuing especially in 

patients admitted to the hospital for elective surgery. For this group of 

patients, there may be enough time for immunization prior to surgery. 

Novel target identification strategies have been applied to screen for new 

antigenic targets for immunization. Invariant immunogenic determinants of 

relevant S. aureus isolates have been successfully identified in previous studies 
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using a combination of proteomics, genomics, bioinformatics and 

immunological approaches (15–18). A complete inventory of predicted 

secreted proteins of sequenced S. aureus strains has been made (16). 

Proteomic analysis of the exoproteomes of 25 clinical S. aureus isolates showed 

that only seven of these secreted proteins (IsaA, Lip, LytM, Nuc, SA0620, 

SA2097, and SA2437) were produced by all clinical isolates studied (15). In a 

proteolytic shaving approach of S. aureus cells, multiple surface-exposed 

proteins were identified among which IsaA, Nuc, Atl and the phenol-soluble 

modulin (PSM) α1 peptide (17). 

In the present study, we used IsaA, LytM, Nuc, pro-Atl, and the PSMα1-4 

peptides as targets for active immunization in S. aureus-infected mice. These S. 

aureus antigens were all selected by the previous target identification 

strategies, and are all potential virulence factors of S. aureus. The PSMs are 

highly potent surfactants that facilitate the movement of S. aureus over moist 

surfaces by colony spreading, and they are involved in the metastatic escape of 

staphylococcal cells from biofilms thereby representing an enormous risk factor 

for serious invasive disease (19,20). High levels of PSM production are 

supposed to contribute to the high virulence and epidemic behavior of 

community-acquired MRSA lineages (21). 

Staphylococcal major autolysin (Atl) is a bifunctional autolysin composed of a 

signal peptide for protein secretion, a propeptide, and domains with amidase 

and glucosaminidase activity. After proteolytic cleavage, the active domains are 

involved in cell separation and they have been shown to be cell surface-

exposed (22). It is believed that the propeptide of Atl (pro-Atl) has a role in the 

folding and/or activation of Atl and that it would be degraded rapidly upon 

proteolytic processing of the Atl protein. 

Immunodominant staphylococcal antigen A (IsaA) and autolysin M (LytM) have 

been shown to be peptidoglycan hydrolases with transglycosylase and glycyl-

glycine endopeptidase specific activity, respectively (18). The secreted nuclease 

(Nuc) has been shown to limit the formation of biofilms due to the degradation 

of extracellular DNA (23). This protein also promotes resistance against 

neutrophil extracellular traps-mediated antimicrobial activity of neutrophils 

and thus contributes to disease pathogenesis in vivo (24). 

In previous studies, IsaA, LytM, Nuc, pro-Atl and PSMα1-4 have all been shown 

to be immunogenic. Using a multiplex assay to quantify antibody responses 
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against 26 staphylococcal proteins, we found that mice with a S. aureus 

USA300 pneumonia or skin infection showed good IgG responses against IsaA 

and Nuc, while anti-LytM levels were low (25). In contrast, in mice immunized 

with monovalent staphylococcal vaccines containing IsaA, Nuc or LytM, the 

highest IgG responses were obtained against the latter antigen. Using the same 

multiplex assay, it has been shown that 75% of the patients with the genetic 

blistering disease epidermolysis bullosa (EB), who were heavily colonized with 

multiple S. aureus types, have increased IgG responses against some secreted, 

cell wall and membrane-bound staphylococcal proteins (26,27). Importantly, EB 

patients do not frequently suffer from S. aureus bacteremia, which suggests 

that their high anti-staphylococcal antibody titers might be protective against 

invasive S. aureus infections. Within the EB patient group, the highest response 

was detected against IsaA, while for Nuc and LytM moderate responses were 

detected. These data show that both in mice and in human individuals a good 

IgG response is generated against IsaA, LytM and Nuc. Moreover, passive 

immunization of mice with murine anti-IsaA resulted in protection against 

staphylococcal infection both in a central venous catheter-related infection 

model and a sepsis survival model, most likely due to phagocytosis that 

resulted in killing of S. aureus (28). Holtfreter et al. showed in their review that 

Atl has been identified in different studies as a well-recognized target of the 

human immune system (29). Recently, we showed that pro-Atl is exposed on 

the outside of S. aureus cells and is recognized by antibodies from four out of 

six patients that were colonized with S. aureus (our unpublished observations). 

Within a patient group of hospitalized adults with an invasive S. aureus 

infection, in those patients who did not develop sepsis, higher levels of 

immunoglobulin G (IgG) responses were detected against exotoxins among 

which PSMα3 (30). 

In the present study in mice, we examined the protective efficacy of active 

immunization with an octa-valent antigen mixture containing IsaA-His6, LytM-

His6, Nuc-His6, His6-pro-Atl and the PMSα1–4 peptides. In mice immunized with 

a mixture of these antigens, the generated IgG response was determined by 

enzyme-linked immunosorbent assays (ELISA). Subsequently, the protective 

capacity of this immunization strategy was studied in mouse models of 

methicillin-sensitive S. aureus (MSSA) or MRSA bacteremia and in a mouse 
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model of MSSA skin infection, which are clinically highly relevant S. aureus 

infections (31). 

 

Materials and Methods 

 

Bacterial strains and growth conditions 

Strains and plasmids used in this study are listed in Table 1. Lactococcus lactis 

strains were grown at 30°C in M17 broth (Oxoid Ltd, Hampshire, UK) 

supplemented with 0.5% w/v glucose (GM17). When necessary the medium 

was supplemented with chloramphenicol (5 μg/mL) for plasmid selection. For 

in vivo studies, S. aureus isolate P and USA300 were used and grown in Brain 

Heart Infusion broth (Becton Dickinson, Breda, the Netherlands). S. aureus 

isolate P is a community-acquired MSSA strain recovered from the blood of a 

septic patient and was previously analyzed by proteomics (15). S. aureus  

USA300 is one of the most frequent causes of community-acquired infections 

in the United States of America (32). 

 

Construction of His6-pro-Atl expression plasmids 

For cloning of the DNA fragment coding for the propeptide of Atl (pro-Atl) in 

the plasmid pNG4110, the primers atlpro.F1 

(ATATGGATCCGCTGAGACGACACAAGATCAAACTACTAATAAAAACG) and 

atlproR2 

(ATATGCGGCCGCTTAAGCGCTAAAAGTAGTTACTTTAGGTGTCGCTTCAGTTTTAGC) 

were used with chromosomal DNA of S. aureus strain N315 as a template. 

Using this vector, a N-terminally His-tagged fusion protein can be secreted from 

L. lactis (33). PCR product and vector were digested using BamHI and NotI 

(cleavage sites are underlined in the primers sequences). After ligation the 

resulting plasmids were transferred into L. lactis PA1001 by electro 

transformation with selection on chloramphenicol. A nucleotide sequence 

analysis of the cloned inserts was performed by Eurofins DNA (Ebersberg, 

Germany). 
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Table 1.Bacterial strains and plasmids used in this study. 

Strain or plasmid Relevant phenotype(s) or genotype(s) 
Source or 

reference 

Strains 
  

E. coli BL21DE3 Allows IPTG-inducible expression of PT7 Novagen 

L. lactis NZ9700 Nisin producer [63] 

L. lactis PA1001 
MG1363 pepN::nisRK, allows nisin inducible expression, 

ΔacmA ΔhtrA 
[64] 

S. aureus isolate P Community-acquired MSSA patient isolate [15] 

S. aureus USA300 Community-acquired MRSA isolate [32] 

S. aureus N315 Hospital-acquired MRSA [65] 

Plasmids 
  

pET24d::isaA::his6 KanR, pET24d containing isaA with C-terminal his6 [34] 

pPA180::lytM::his6 CmR, pPA180 containing lytM with C-terminal his6 [25] 

pNG400::nuc::his6 
CmR, nisin inducible expression via PnisA of Nuc with C-

terminal his6 
[34] 

pNG4110::proAtl 
CmR, nisin inducible expression via PnisA of the pro-Atl 

peptide fused to SSusp45, and a N-terminal his6 
This study 

KanR, kanamycin resistance gene; CmR, chloramphenicol resistance gene; PT7, IPTG inducible 

T7-promoter; PnisA, nisin inducible promoter; his6, 6 histidine-tag; SSusp45, signal sequence of 

usp45. 

 

Protein isolation, purification and quantification 

For the production and isolation of IsaA-His6, an overnight culture of E. coli 

BL21DE3 (pET24d::isaA::his6) was diluted 1:100 in fresh lysogeny broth with 50 

μg/mL kanamycin (34). Induction was performed at OD600 ~ 0.5 for 4 h by 

adding 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Duchefa, Haarlem, 

the Netherlands). The culture was centrifuged and the pellet was resolved in 

binding buffer (20 mM Na-Phosphate, pH 7.4, 0.5 M NaCl2, 60 mM imidazole) 

containing 6 M urea. After sonification (Sonicator S-4000, Misonix, 

Farmingdale, USA) the supernatant was mixed with binding buffer (1:1) and 

HisLink beads (Promega, Madison, USA) for 1 h at 4°C under shaking conditions. 

Protein elution was performed with binding buffer containing 500 mM 

imidazole. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref064
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref032
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4339199/#pone.0116847.ref034
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For the production and isolation of LytM-His6 (25), Nuc-His6 (25) and His6-pro-

Atl, overnight cultures of L. lactis PA1001 were diluted 1:2 in GM17 medium. 

Nisin induction for protein expression was performed at OD600 ~ 0.5 for 16 h by 

adding the culture supernatant (1:1000) from an overnight culture of L. lactis 

NZ97000. For analysis of the extracellular production of His6-pro-Atl by L. lactis 

PA1001 (pNG4110::proAtl), proteins from the culture supernatant were 

precipitated using trichloroacetic acid (TCA; 10% w/v). The culture was 

centrifuged and the pellet was washed with acetone and dried. For the 

isolation of Nuc-His6, from the supernatant fraction of a culture of L. lactis 

PA1001 (pNG400::nuc::his6), HisLink beads were added for 1 h at 4°C under 

shaking conditions after which HisLink beads were collected. For isolation of 

LytM-His6 cells of L. lactis PA1001 (pPA180::lytM::his6) were harvested and 

disrupted in binding buffer using a Sonicator S-4000. Purification was 

performed with Mag beads (GE Healthcare, Uppsala, Sweden) for 1.5 h under 

shaking conditions at 4°C. Elution of Nuc-His6 and LytM-His6 was done with 

binding buffer containing 500 mM imidazole. The flow-through, wash and 

elution fractions were analyzed by LDS-PAGE. Protein samples were mixed with 

LDS buffer and incubated at 95°C for 10 min, separated by LDS-PAGE using 

precast 10% NuPage gels (Life Technologies, Bleiswijk, the Netherlands) and 

stained with Simply Blue™ Safe Stain (Life Technologies). 

The fractions containing the purified His-tagged proteins of IsaA-His6, LytM-

His6, Nuc-His6 or His6-pro-Atl were pooled and dialyzed (G2-Float-A-Lyzer, 

Spectrum Europe BV, Breda, the Netherlands) against PBS and concentrated 

with the Speedvac Concentrator Plus (Eppendorf Nederland BV, Nijmegen, the 

Netherlands). 

Protein concentrations were determined with the DC Protein Assay (Bio-Rad, 

Veenendaal, the Netherlands) according to the instructions of the supplier, 

using Bovine Serum Albumin (Sigma-Aldrich, Zwijndrecht, the Netherlands) as a 

standard, or with the Nanodrop ND-1000 (Thermo Fisher Scientific, 

Wilmington, Delaware USA) using the extinction coefficient calculated for each 

of the proteins. 

PSMα1-4 were synthesized as described previously (19), with the addition of a 

GGG-Lys(ε-biotin). The peptides were mixed in a 1:1:1:1 molar ratio, and 

incubated in PBS in a stoichiometric ratio to avidin (Thermo Fisher Scientific 

Inc., Rockford, USA). 
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Human plasma 

Whole blood donations from EB patients were collected under the approval of 

the medical ethics committee of the University Medical Center Groningen 

(approval no. NL27471,042,09) upon written informed patient consent, and 

with adherence to the Helsinki Guidelines (26). The Independent Ethics 

Committee of the Foundation ‘Evaluation of Ethics in Biomedical Research’ 

(Assen, the Netherlands), approved the protocol for blood donations from 

healthy volunteers. This protocol is registered by QPS Groningen (code 04132-

CS011). The required written informed consent was obtained from all EB 

patients and healthy volunteers included in the present studies. 

 

Protein detection and activity assays 

For Western blot analyses, proteins separated by LDS-PAGE were blotted onto 

a nitrocellulose membrane (Protran, Schleicher & Schuell BioScience, Dassel, 

Germany). Immunodetection was performed using anti-His-tag antibodies 

(Invitrogen, Life Technologies) and rabbit polyclonal antibodies raised against 

the amidase or glucosaminidase domains of Atl (gift from Motoyuki Sugai, 

Hiroshima University, Japan (35)). Dilutions (1:1000) of the collected human 

plasma (26) were used to detect the IgG responses against IsaA-His6, LytM-His6 

and Nuc-His6. Equal amounts of the three proteins were loaded on the gel and 

after blotting strips of the blot were incubated with the different plasma 

samples. Bound primary antibodies were visualized using specific fluorescently 

labeled secondary antibodies (IRDye 800 CW, Li-Cor Biosciences, Lincoln, USA). 

Membranes were scanned for fluorescence at 800 nm using the Odyssey 

Infrared Imaging System (Li-Cor Biosciences, Nebraska, USA). 

To show expression of the PSMα1-4 peptides by S. aureus isolates P and 

USA300, both strains were tested for the ability to spread on tryptic soy soft 

agar (TSA) plates (0.24% agar). From an overnight culture, an aliquot of 2 μL 

was spotted in the middle of a TSA plate, which was then incubated overnight 

at 37°C. The spreading assay was performed as described (19,36). 

Peptidoglycan hydrolase activity of IsaA-His6 and LytM-His6 was detected by a 

zymogram staining technique using SDS-polyacrylamide (12.5%) gels containing 

0.1% (w/v) autoclaved cell wall fragments of S. aureus RN4220 isolated as 

described previously (37). After electrophoresis, the gels were gently shaken at 
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room temperature for 24 h in three to five changes of 100 mL of 25 mM Tris-

HCl (pH 6.0) containing 1% (v/v) Triton X-100 for protein renaturation. 

 

Pepscan analysis 

To determine whether regions of the S. aureus PSMα1-4 peptides were 

recognized by human IgGs, libraries of linear 15-mer peptides were synthesized 

with an overlap on solid support (Pepscan), as previously described (38). The 

peptide libraries were probed with heat-inactivated human sera, in a dilution of 

1:1000, with goat-anti-human-HRP conjugate (SouthernBiotech, Birmingham, 

USA) as a secondary antibody, and developed with 2,2'-azino-bis (3)-

ethylbenzothiazoline-6-sulphonic acid (Sigma-Aldrich). A charge-coupled device 

camera was used to register absorbance at 405 nm. For every single Pepscan 

dataset, the data were normalized to the average signal intensity of the 

analysis. Furthermore, the signals for every single protein were normalized to 

the median of the corresponding protein. In addition the standard deviations of 

the normalized data sets were calculated for each protein. Peptides with a 

signal exceeding the median plus twice the standard deviation and normalized 

signal intensity higher than three were regarded as being immunogenic 

domains. 

 

Animals 

Specified pathogen-free female BALB/cBYJ mice were obtained from Charles 

River (Saint-Germain-sur-l’Arbresle, France). Mice were housed in individually 

ventilated cages, 3–4 mice per cage. Animals were 11–13 weeks old at the day 

of infection, and were given food and water ad libitum. All animal experiments 

were performed in accordance with the rules laid down in the Dutch Animal 

Experimentation Act and the EU Animal Directive 2010/63/EU (permit number: 

EMC2694). 

 

Immunization procedure 

Purified Nuc-His6, LytM-His6, IsaA-His6, His6-pro-Atl, and PSMα1-4 were 

emulsified 1:1 with TiterMax Gold adjuvant (Sigma-Aldrich). Mice were 

immunized subcutaneously in the flank with 100 μL formulated vaccine on days 

-70 (5 μg of each antigen), days -42, and -14 (25 μg of each antigen). PSMα1-4 

was considered as a single antigen, and therefore a total of 5 or 25 μg of this 
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1:1:1:1 mixture was used per immunization. Control mice received 100 μL PBS 

emulsified with adjuvant. Mice were randomly allocated to either the vaccine 

or the placebo group. At days -71 and -1, blood was withdrawn from the tail 

artery. Sera were examined by ELISA for IgG titers with specific antigen-binding 

activity. 

 

ELISA 

ELISA plates (Greiner Bio-One B.V, Alphen aan den Rijn, the Netherlands) were 

coated with 250 ng of the antigens in coating buffer (0.05 M carbonate-

bicarbonate, pH 9.6–9.8) and incubated for three days at 4°C. The plates were 

blocked for 45 min at 37°C in coating buffer with 2.5% milk powder (Oxoid, 

Hampshire, UK). After washing, serial twofold dilutions of the sera were made 

in PBS containing 0.05% Tween-20 (PBST) and incubated for 2 h at 37°C. After 

washing with PBST, the plates were incubated with GaM/IgG-HRP 

(SouthernBiotech) (1:5000 in PBST) for 90 min at 37°C. Finally, the peroxidase 

reaction was visualized using o-phenylene-diamine (Sigma-Aldrich) for 30 min 

at room temperature. The reaction was stopped by adding 2 M H2SO4. The 

plates were measured at 492 nm in a plate reader (Biotek Powerwave XS2, 

Beun de Ronde, Abcoude, the Netherlands). 

 

Infection model of S. aureus bacteremia 

Immunized mice (n = 8 per group) were challenged on day 0 by intravenous 

inoculation of 100 μL of S. aureus isolate P (3 × 105 CFU) or S. aureus USA300 (6 

× 105 CFU) as described previously (39). Discomfort and animal survival rate 

over 14 days after infection were monitored. For discomfort score, clinical signs 

of illness in each mouse were evaluated at least twice daily as described before 

(39). Mice were scored -1 directly after bacterial inoculation. Mice with bad fur 

were scored -2. Mice with bad fur and hunched back were scored -3. Mice with 

bad fur and hunched back and that were instable were scored -4. These mice 

showed severe signs of illness and were euthanized by CO2 exposure. At day 14 

after infection in surviving mice, S. aureus load in blood, lungs, spleen, liver and 

kidneys was determined. Mice were sacrificed by CO2 exposure and 

exsanguinated by cardiac puncture. Blood was collected in a vial containing 

Lithium Heparin (Sarstedt, Etten-Leur, the Netherlands). Organs were removed 

aseptically and homogenized using a gentleMACS™ Dissociator (Miltenyi Biotec, 
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Leiden, the Netherlands) in 2 mL of saline. CFUs of (un-)diluted blood and organ 

homogenates were determined after overnight growth on trypticase soy agar 

with 5% sheep blood (Becton Dickinson). 

 

Infection model of S. aureus skin infection 

Immunized mice (n = 4 per group) were challenged on day 0 by intradermal 

inoculation of S. aureus isolate P. The method of induction of S. aureus skin 

infection in mice was adapted from Brown et al. (40). In short, the lower back 

of the mice was shaved and cleaned with 70% ethanol under general 

anesthesia after using a mixture of medetomidine (Sedator®, 0.5 mg/kg; 

Eurovet Animal Health, Bladel, the Netherlands), midazolam (Midazolam, 5 

mg/kg; Actavis, Baarn, the Netherlands) and fentanyl (Fentanyl, 0.05 mg/kg; 

Hameln Pharmaceuticals, Hameln, Germany). S. aureus isolate P (3 × 107 CFU) 

was injected intradermally (50 μL). The mice were antagonized using a mixture 

of atipamezole (Antisedan®, 2.5 mg/kg; Orion Corporation, Espoo, Finland), 

flumazenil (Flumazenil, 0.5 mg/kg; Pharmachemie, Haarlem, the Netherlands) 

and naloxon (Naloxon, 1.2 mg/kg; Orpha-Devel Handels und Vertriebs, 

Purkersdorf, Germany). Anesthetic and antagonistic agents were administered 

intraperitoneally, in a total volume of 175 and 250 μL, respectively. Animal 

body weight and lesion size over 7 days after infection were monitored. Lesions 

were measured with a caliper. Lesion size was calculated by using the formula 

A = π(L × W)/2, where L is length and W is width of the lesion (41). At day 7 

after infection, mice were sacrificed by CO2 exposure. A circular area (diameter 

14 mm) of the skin lesion was removed aseptically and homogenized using a 

gentleMACT™ Dissociator in 2 mL saline. Serial dilutions of skin homogenates 

were cultured on phenol-red mannitol salt agar (Becton Dickinson). Culture 

plates were incubated at 35°C for 48 h and at room temperature for 5 days. 

Identification of S. aureus was based upon colony morphology on the PHMA. 

Suspected colonies were cultured overnight on trypticase soy agar with 5% 

sheep blood (Becton Dickinson). A latex agglutination test (Staph Plus Latex; 

DiaMondial, Vienna, Austria) was then performed. The primary outcome 

measure was a reduction in S. aureus load in the skin lesion, secondary 

outcome measures were animal body weight and skin lesion size over time. 
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Statistical analysis 

The Mann-Whitney U test was used to compare median differences in bacterial 

load in different groups. The log rank test was used to determine statistical 

differences in animal survival rate between groups. Correlations between IgG 

titers and time-to-death were assessed using Pearson’s correlation coefficient. 

GraphPad Prism 5 for Windows (GraphPad Software Inc., La Jolla, CA) was used 

for these statistical analyses. Quade’s rank analysis of covariance was used to 

compare discomfort score, skin lesion size and body weight in different groups 

over time. These statistical analyses were performed using the Statistical 

Package of Social Sciences version 17.0 for Windows (SPSS Inc., Chicago, IL). P-

values < 0.05 were considered to be statistically significant. 

 

Results 

 

Isolation and purification of S. aureus antigens 

In a recent study on epitope mapping of surface proteins of S. aureus, the N-

terminal propeptide of Atl (pro-Atl) was shown to be cell surface exposed (our 

unpublished observations). Therefore, this protein domain was chosen as a 

candidate target for the screening of human antibodies against S. aureus. After 

cloning, the His6-pro-Atl fusion protein was produced by L. lactis and expression 

and secretion of the peptide was proven by comparing the cell and growth 

medium fractions of nisin-induced and non-induced cultures using LDS-PAGE 

analysis as previously described (34) (data not shown). Western detection 

confirmed that this recombinant protein contained the His-tag needed for its 

isolation (data not shown). 

The S. aureus antigen IsaA-His6 was isolated from E. coli, whereas LytM-His6, 

Nuc-His6, and His6-pro-Atl were isolated from L. lactis to avoid possible cloning, 

degradation and expression problems (34). The isolated and purified His-tagged 

proteins were verified using LDS-PAGE and subsequent protein staining (Fig. 1). 

Using zymographic analysis it was shown that purified LytM-His6 and IsaA-His6 

had retained their enzymatic peptidoglycan-degrading activity while Nuc-His6 

was still able to hydrolyze DNA (34). The individual and pooled synthetic 

PSMα1-4 peptides were shown to facilitate the spreading motility of a non-

motile S. aureus strain that cannot produce these peptides (36), indicating that 

they are biologically active (19). These data show that the antigens were 
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successfully isolated or synthesized and that the IsaA-His6, LytM-His6, and Nuc-

His6 fusions had retained their enzymatic activities. 

 

Production of antigens by S. aureus isolate P and USA300 

To show the production of the selected antigens by the S. aureus isolates P 

(MSSA) and USA300 (MRSA) that were used in the in vivo studies, different 

protein detection methods were used. For S. aureus USA300 all antigens used 

in this study had been identified in earlier (proteomics) studies (Table 2). Also 

for the S. aureus isolate P, most of the antigens were identified by proteomics 

in earlier studies (Table 2). Expression of the Atl protein by S. aureus isolate P 

was detected using specific polyclonal antibodies as mentioned in the Materials 

and Methods (data not shown). As pro-Atl is the propeptide of the autolysin 

Atl, which was detected by proteomic studies, pro-Atl was concluded to be 

expressed by both S. aureus strains (our unpublished observations). The 

expression of the PSMα1-4 peptides has been detected indirectly by using a 

plate assay in which cells of S. aureus isolates P or USA300 showed a spreading 

phenotype on a soft agar plate, indicating that both strains produce the PSM 

peptides (Table 2, data not shown). These data show that all antigens used in 

this study are produced and secreted by S. aureus isolates P and USA300. 

 

 

Figure 1. LDS-PAGE detection of the purified and dialyzed S. aureus antigens. Fifteen µg of 

LytM-His6 (1), Nuc-His6 (2), IsaA-His6 (3) or His6-pro-Atl (4) was loaded. The molecular weight 

of marker proteins is indicated (in kDa). 
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Table 2. Proteins and peptides used in this study. 

 

Detection of IgG responses against the selected antigens in EB patients 

To assess the IgG responses against IsaA-His6, LytM-His6 and Nuc-His6, 

immunodetection was performed using sera of healthy donors and EB patients 

(Fig. 2). From this analysis it is clear that EB patients have, on average, a higher 

although variable IgG response against all three proteins in comparison to the 

healthy donors. The Atl propeptide was shown to be recognized by antibodies 

present in sera of EB patients (our unpublished observations). 

  

Figure 2. Western detection of immune responses against the antigens IsaA-His6, LytM-His6 

and Nuc-His6. Sera of healthy volunteers (T7-1 till T7-6) and EB patients (EB51, 15, 01, 11, 09, 

55) were used. 

Table 2. Proteins and peptides used in this study 

Name NCBI number / sequence* Function Identification antigen in Production Mw (dD) PI 

   isolate P USA300    

IsaA-His6 SA2356 (N315) Transglycosylase (1) (2) E. coli 22.7 6.3 

Nuc-His6 SA0746 (N315) Thermonuclease (1) (3) L. lactis 20.1 9.7 

LytM-His6 SA0265 (N315) Glycyl-glycine endopeptidase (1) (3) L. lactis 33.1 6.4 

His6-pro-Atl USA300HOU_0997 (USA300) Propeptide autolysin Atl Western (5) (1) L. lactis 19.4 7.9 

PSMα1 MGIIAGIIKVIKSLIEQFTGKGGGGK$# Spreading/Toxin Spreading (6) (2)/(4) Synthetic 3.07 10.5 

PSMα2 MGIIAGIIKFIKGLIEKFTGKGGGGK$# Spreading/Toxin Spreading (6) (2)/(4) Synthetic 3.09 10.7 

PSMα3 MEFVAKLFKFFKDLLGKFLGNNGGGGK$# Spreading/Toxin Spreading (6) (2)/(4) Synthetic 3.41 10.4 

PSMα4 MAIVGTIIKIIKAIIDIFAKGGGGK$# Spreading/Toxin Spreading (6) (2)/(4) Synthetic 2.98 10.6 

* the sequences GGK$# stand for the addition of the GGG-Lys(ε-biotin) to each of the peptides 

(1) Identified by proteomics13 

(2) Identified by proteomics14 

(3) Identified by proteomics24 

(4) Identified using spreading assay16 

(5) Detection of Atl using specific antibodies (see Materials and methods) 

(6) Spreading as determined by plate assay (results not shown)  
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As the PSMα1 has previously been shown to be exposed on the cell surface of 

S. aureus, we included the PSMα1, α2, α3, and α4 in an epitope mapping 

approach using the PepScan technology (38). This analysis showed that 5 out of 

7 EB patients have an above average titer of IgGs against the peptides tested 

(Fig. 3). Three out of 7 plasma samples from EB patients showed a very high 

reactivity against the N-terminal regions of the PSMα1, α2, and α3 peptides. 

These results show that besides the IsaA-His6, LytM-His6 and Nuc-His6 proteins, 

the PSM peptides are also well recognized by the humoral immune system. 

 

 

Figure 3. Heatmap of anti-PSMα1-4 reactivity. Plot of IgG responses from sera of volunteers 

(T7-1 till T7-4) and EB patients (EB01, 09, 51, 11, 15, 53, 02) against the N- (1 to 15) and C- (7 

to 21) terminal parts of the PSMα1-4 peptides. Colors represent a gradient of reactivity 

against the various peptides (green is low and red is high). Peptides with a signal exceeding 

the median plus twice the standard deviation are boxed. 

  

Immunization with an octa-valent mixture of S. aureus antigens does not 

reduce bacterial load in mice with S. aureus isolate P bacteremia 

Groups of mice were immunized by subcutaneous injection with 5 μg of 

purified IsaA-His6, LytM-His6, Nuc-His6, His6-pro-Atl, and PSMα1-4 each, 

emulsified in TiterMax Gold adjuvant on day -70. On days -42 and -14, they 

were boosted with this mixture containing 25 μg of each purified antigen. 

Blood samples were collected before and after immunization, and specific 

serum IgG levels were determined by ELISA, demonstrating that these antigens 

generated humoral immune responses to immunization (Fig. 4). The response 

against His6-pro-Atl was on average 10-fold lower compared to the other 4 

antigens. 
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Figure 4. IgG titers in serum of mice after immunization with the octa-valent mixture. Mice 

(n=20) were immunized subcutaneously with the mixture containing IsaA-His6, LytM-His6, 

Nuc-His6, His6-pro-Atl, and PSMα1-4 at days -70 (5 μg of each antigen), days -42, and -14 (25 

μg of each antigen). IgG titers on day -1 were assessed. Each symbol represents a single 

mouse. Median values are indicated by horizontal lines. 

 

 

Mice were challenged at day 0 with mild S. aureus isolate P bacteremia (n = 8 

immunized mice, n = 8 placebo-immunized mice), and animal discomfort and 

survival rate over 14 days after infection were monitored. At day 14, surviving 

mice were sacrificed, and blood and organs were removed for assessment of 

the bacterial load. In placebo-immunized mice, discomfort increased, while 

animal survival declined over time. At day 14, 6 out of 8 placebo-immunized 

mice were still alive. S. aureus load in kidneys of these mice was high, while 

bacterial load in lungs and liver was low, and blood and spleen were culture 

negative (Fig. 5). 
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Figure 5. Bacterial load in immunized mice with S. aureus isolate P bacteremia. Mice (n=8) 

were immunized with the octa-valent vaccine containing IsaA-His6, LytM-His6, Nuc-His6, His6-

pro-Atl, and PSMα1-4, or with placebo. Animals were infected by intravenous inoculation of 

S. aureus isolate P (3 x 105 cfu). At day 14, surviving mice were sacrificed and quantitative 

cultures of blood, lungs, spleen, liver, and kidneys were performed. Each symbol represents 

a single mouse. Median values are indicated by horizontal lines. Statistically significant 

differences in S. aureus load were not observed (P > 0.05; Mann-Whitney U test). 

 

Compared to placebo-immunized animals, immunization with the octa-valent 

antigen mixture did not reduce the S. aureus load in blood, lungs, spleen, liver, 

and kidneys (Fig. 5). Furthermore, discomfort score and animal survival rate 

over 14 days did not differ between immunized and placebo-immunized mice 

(data not shown). 
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Immunization with an octa-valent S. aureus antigen mixture is not protective 

against mortality due to S. aureus USA300 bacteremia in mice 

To assess whether the lack of protective effect of immunization with the octa-

valent mixture was S. aureus strain-dependent, we included a lethal mouse 

model of MRSA bacteremia as well. As immunized mice showed excellent IgG 

titers, the immunization schedule was not adapted. In this model, mice were 

challenged with severe S. aureus USA300 bacteremia (n = 8 immunized mice, n 

= 8 placebo-immunized mice), and animal discomfort and survival rate over 14 

days after infection were monitored. In placebo-immunized mice, discomfort 

increased, while animal survival declined gradually over time, and at day 9, all 

placebo-immunized mice had died (Fig. 6). 

 
Figure 6. Survival of immunized mice with S. aureus USA300 bacteremia. Mice (n=8) were 

immunized with the octa-valent vaccine containing IsaA-His6, LytM-His6, Nuc-His6, His6-pro-

Atl, and PSMα1-4, or with placebo. Animals were infected by intravenous inoculation of S. 

aureus USA300 (6 x 105 cfu), and were monitored for 14 days. A statistically significant 

differencein animal survival rate was not observed (P > 0.05; log rank test). 

 

In this model of severe MRSA bacteremia, immunization with the octa-valent 

mixture containing IsaA-His6, LytM-His6, Nuc-His6, His6-pro-Atl, and PSMα1-4 

did not protect against mortality due S. aureus USA300 bacteremia (Fig. 6). 

Furthermore, the discomfort score over 14 days was not reduced, and higher 

IgG levels did not correlate with increased time-to-death of mice (data not 

shown). 
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Immunization with an octa-valent S. aureus antigen mixture does not protect 

against S. aureus isolate P skin infection 

Absence of protection of the octa-valent mixture in S. aureus bacteremia does 

not exclude a possible (lack of) protection in other types of S. aureus infections. 

To assess whether this antigen mixture elicits a protective immune response 

against S. aureus skin infection, immunized mice were challenged with S. 

aureus isolate P via the intradermal route (n = 4 immunized mice, n = 4 

placebo-immunized mice). Animal body weight and lesion size over 7 days after 

infection were monitored. At day 7, mice were sacrificed and the S. aureus load 

in skin lesions was assessed. In placebo-immunized mice, body weight loss over 

7 days was minor, with a maximum of 6.5%. Size of the skin lesion increased 

over time until 2.8–5.2 cm2 at day 7. At this time point, median S. aureus load 

in the skin lesion was 2 × 108 CFU/cm2 (Fig. 7). 

Compared to placebo-immunized mice, immunization with the octa-valent 

antigen mixture did not limit the body weight loss over time (Fig. 7A), while size 

of the skin lesion was reduced in immunized mice (Fig. 7B). S. aureus load in 

skin lesions at day 7 was not reduced in immunized mice (Fig. 7C). As reduction 

of the bacterial load in the skin lesion was our primary outcome measure, we 

concluded that immunization with the octa-valent S. aureus antigen mixture 

did not protect against S. aureus isolate P skin infection. 
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Figure 7. Course of infection in immunized mice with S. aureus isolate P skin infection. 

Mice (n=4) were immunized with the octa-valent vaccine containing IsaA-His6, LytM-His6, 

Nuc-His6, His6-pro-Atl, and PSMα1-4, or with placebo. Animals were infected by intradermal 

inoculation of S. aureus isolate P (3 × 107 CFU), and were monitored for 7 days. (A) Animal 

body weight over time after S. aureus skin infection was not affected by vaccination (P > 

0.05; Quade’s rank analysis of covariance). (B) Lesion size was significantly reduced by 

vaccination, as indicated by the asterisk (P = 0.005; Quade’s rank analysis of covariance). (C) 

S. aureus load in the skin lesion at day 7 was not reduced by vaccination (P > 0.05; Mann-

Whitney U test).   
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Discussion 

 

In view of the high mortality rates of S. aureus infections (42–45), the 

emergence of antibiotic-resistant S. aureus strains (6) and the lack of new 

antimicrobials in the development pipeline (8), alternative treatment strategies 

for S. aureus infections are urgently needed. One approach is treatment 

through immunization targeting S. aureus antigens. This may be an interesting 

substitute for or additive to the currently used antibiotics. A role of certain 

anti-staphylococcal antibodies in protection against S. aureus infection-related 

death is suggested by a number of studies in humans (14,26,46,47). Next to 

these suggestions from clinical studies, a number of studies in S. aureus-

infected experimental animals showed protective effects of active or passive 

immunization. Notwithstanding these promising results obtained in 

experimental animals, no efficacy of immunization is observed in clinical 

studies (9–11). 

The lack of protective capacity of anti-staphylococcal immunization may be 

explained by, for example, a lack of power of several clinical studies (12,13), the 

limited number of S. aureus antigens targeted in these studies (mostly one or 

two), or the S. aureus infection studied (mostly bacteremia/sepsis). In addition, 

the apparent lack of success of immunization targeting for example CP5 and 

CP8 (48,49), IsdB (50), or ClfA (51) in S. aureus-infected patients may be related 

to the choice of targets for immunization. Therefore, in the present study, we 

selected S. aureus antigens that are accessible for antibodies based on 

proteomic analysis of exoproteomes of S. aureus (15) and a proteolytic shaving 

approach of S. aureus (17). This strategy resulted in the selection of IsaA, LytM, 

Nuc, pro-Atl, and PSMα1-4 as targets for active immunization. Previous studies 

showed that these eight S. aureus antigens are immunogenic in humans 

(14,26,29,30), and may therefore be applicable in the clinical setting. 

Moreover, monoclonal antibodies against IsaA enhance the killing of S. aureus 

in whole blood samples from healthy subjects and patients prone to 

staphylococcal infections (52), and passive immunization with these 

monoclonal antibodies can lead to protection against S. aureus infections in 

mice (28,53).  

Using the hosts L. lactis and E. coli, all selected S. aureus antigens (IsaA, LytM, 

Nuc, and pro-Atl) were successfully isolated. No major degradation products 
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were observed after isolation, and IsaA-His6, LytM-His6, and Nuc-His6 fusion 

proteins were all biologically active after purification, indicating they had 

retained their natural conformation. In addition, these three fusion proteins as 

well as the PSMα1-4 peptides were well recognized by IgG present in plasma of 

healthy volunteers and EB patients. These results indicate that His-tagged 

fusions did not affect binding of IgG to these antigens. In addition, in a previous 

study, it has been shown that the Atl propeptide is recognized by antibodies 

present in sera of EB patients (our unpublished data). 

The potentially protective capacity of immunization was evaluated in mice 

immunized with a mixture of IsaA, LytM, Nuc, pro-Atl and PSMα1-4. In the use 

of an octa-valent antigen cocktail we followed the approach of Stranger-Jones 

et al. (54), who immunized mice with IsdA, IsdB, SdrD, and SdrE, either in a 

combination or individually. They observed that single antigen immunization 

elicited no or only very modest protection against S. aureus abscess formation 

or S. aureus lethal challenge, whereas immunization with the cocktail 

completely protected in both S. aureus infections. In addition, Bagnoli et al. 

proposed a model in which vaccine efficacy is gained via antibodies that 

directly inhibit bacterial viability and/or toxicity, via antibodies to mediate 

opsonophagocytosis, and via cell-mediated immunity to stimulate recruitment 

of phagocytes at the site of infection (55). For this purpose, multiple S. aureus 

antigens with different functions should be targeted. In the present study 

immunization of mice with the octa-valent antigen mixture of IsaA, LytM, Nuc, 

pro-Atl and PSMα1-4 resulted in detectable IgG responses against all eight 

antigens. Although anti-pro-Atl levels were slightly lower, all observed IgG 

levels were in the expected range (54,56). This observation indicated that all 

antigens were recognized well by the immune system of the mice. 

After the final booster immunization, mice were infected with S. aureus. 

Clinically relevant models were used: mild bacteremia by S. aureus isolate P 

(MSSA), lethal bacteremia by S. aureus USA300 (MRSA), and transient S. aureus 

isolate P skin infection. It was shown that active immunization with the octa-

valent mixture of IsaA-His6, LytM-His6, Nuc-His6, His6-pro-Atl, and PSMα1-4, 

although resulting in high anti-staphylococcal IgG levels, did not protect mice 

against mild S. aureus isolate P bacteremia, severe S. aureus USA300 

bacteremia, or S. aureus isolate P skin infection.The lack of protection by active 

immunization with the octa-valent S. aureus antigen mixture in our mouse 
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infection experiments may be related to the study design or the presumed role 

of anti-staphylococcal antibodies in protection against these S. aureus 

infections. Regarding the study design, the S. aureus isolates used and the type 

of S. aureus infections studied are clinically relevant (15,31,32). Other 

investigators used these infection models as well, and demonstrated that 

active or passive immunization targeting S. aureus antigens can lead to 

protection in mice (9–11). In addition, both S. aureus strains produced all eight 

S. aureus antigens. It should be noted that preclinical animal models of S. 

aureus infection do not fully mimic the natural S. aureus infection process in 

humans due to various differences among which differences in host cell 

proteins such as hemoglobin (57) and the requirement for high bacterial 

inocula (58) in the non-human host. Despite these limitations of experimental 

animal models, we conclude that failure to show protective activity upon active 

immunization can presumably not be explained by the choice of S. aureus 

strains or the choice of infection models. As the observed differences between 

immunized mice and placebo-immunized mice were not significant, not even 

borderline, increasing the group sizes will probably not result in significant 

differences. Therefore, this cannot clarify the failure of immunization in our in 

vivo models. 

A more plausible explanation for the lack of protection of the octa-valent 

antigen mixture in the present study may be related to the presumed role of 

anti-staphylococcal antibodies in protection against S. aureus infection. 

Although previous studies suggested a role of anti-staphylococcal antibodies in 

protection against death in S. aureus carriers (14,26,46,47,56,59), their role 

may be overestimated. Possibly, IgG against IsaA-His6, LytM-His6, Nuc-His6, His6-

pro-Atl, and PSMα1-4, or anti-staphylococcal IgG in general, has no or only a 

limited role in protection against S. aureus infections. It may be conceivable 

that antibodies against S. aureus antigens in humans are just a result of prior 

exposure in carriers and non-carriers, via S. aureus colonization or previous 

(sub)clinical S. aureus infection, while their protective capacity is limited. 

Previous exposure to S. aureus in carriers may also result in improved cellular 

immunity, which could also protect against S. aureus infection-related death, as 

was already suggested by Joshi et al. (60). Beside this, the production of 

virulence factors such as toxins and immune evasion proteins by S. aureus 

(61,62) might overwhelm the generated humoral immune response. Another 
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reason for the failure of the octa-valent antigen mixture to protect mice against 

S. aureus infection might be related to a potential immunosuppression induced 

by one of the antigens in the cocktail. As other combinations of S. aureus 

antigens were not tested, conclusions in this respect cannot be drawn. 

Although passive immunization with monoclonal antibodies against IsaA 

protected mice against S. aureus infection (28,53), in the present study no 

protection was obtained after active immunization with a mixture including 

IsaA. A possible explanation for this discrepancy may be related to insufficient 

binding of polyclonal antibodies induced by active immunization to relevant 

epitopes of IsaA in order to provide protection against S. aureus infection, in 

contrast to the monoclonal antibodies administered by passive immunization, 

clearly binding to relevant epitopes of IsaA. 

In conclusion, active immunization with an octa-valent mixture containing IsaA-

His6, LytM-His6, Nuc-His6, His6-pro-Atl and the PMSα1–4 peptides does not 

protect mice against S. aureus bacteremia and S. aureus skin infection. The 

observations suggest that these polyclonal anti-staphylococcal antibodies do 

not provide protection against S. aureus infection. Consequence of the present 

study should not be abandoning of research focusing on immunization in S. 

aureus infections, as other investigators obtained promising results in this 

respect. Instead, future research should focus on novel treatment strategies 

combining immunization with antibiotic treatment and/or cytokine 

administration. 
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Abstract 

 

Due to substantial therapy failure and the emergence of antibiotic-resistant 

Staphylococcus aureus strains, alternatives for antibiotic treatment of S. aureus 

infections are urgently needed. Passive immunization using S. aureus-specific 

monoclonal antibodies (mAb) could be such an alternative to prevent and treat 

severe S. aureus infections. The invariantly expressed immunodominant 

staphylococcal antigen A (IsaA) is a promising target for passive immunization. 

Here we report the development of the human anti-IsaA IgG1 mAb 1D9, which 

was shown to bind to all 26 S. aureus isolates tested. These included both 

methicillin-susceptible and methicillin-resistant S. aureus (MSSA and MRSA, 

respectively). Immune complexes consisting of IsaA and 1D9 stimulated human 

as well as murine neutrophils to generate an oxidative burst. In a murine 

bacteremia model, the prophylactic treatment with a single dose of 5 mg/kg 

1D9 improved the survival of mice challenged with S. aureus isolate P (MSSA) 

significantly, while therapeutic treatment with the same dose did not influence 

animal survival. Neither prophylactic nor therapeutic treatment with 5 mg/kg 

1D9 resulted in improved survival of mice with S. aureus USA300 (MRSA) 

bacteremia. Importantly, our studies show that healthy S. aureus carriers elicit 

an immune response which is sufficient to generate protective mAbs against 

invariant staphylococcal surface antigens. Human mAb 1D9, possibly 

conjugated to for example another antibody, antibiotics, cytokines or 

chemokines, may be valuable to fight S. aureus infections in patients. 
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Introduction 

 

Staphylococcus aureus represents a major burden for public health, particularly 

in health care settings. This pathogen produces multiple virulence factors, 

which facilitate the colonization of susceptible hosts and can lead to serious 

infections, such as surgical wound infection and pneumonia (1,2). Life-

threatening invasive diseases, such as sepsis, endocarditis, osteomyelitis and 

meningitis, can arise when S. aureus enters the blood stream. The risk of 

intravascular and systemic infection by S. aureus increases when the first line 

barrier in host defense is disrupted by surgery, intravascular catheters, 

implants, mucosal damage or trauma. Antibiotic-resistant variants of S. aureus, 

such as methicillin-resistant S. aureus (MRSA), are frequently encountered in 

hospitals, and lead to significantly increased mortality and length of stay for 

patients (3,4). In recent years, a spread of resistant staphylococci has also been 

observed outside health care settings, due to community-acquired MRSA (5). 

Therefore, there is a major need to develop novel long-lasting anti-

staphylococcal therapies to enhance, or even replace the currently applied 

therapies. Given the fact that antibiotic-resistant S. aureus strains typically 

emerge within the first years after the introduction of novel antibiotics (5), 

there is a critical need for alternative antimicrobial intervention strategies. 

Passive immunization with human(ized) monoclonal antibodies (mAbs) seems a 

highly attractive alternative for treatment with antibiotics. Several anti-

staphylococcal mAbs have shown efficacy in animal models as well as safety in 

phase I clinical trials (6). Nevertheless, efficacy of passive immunization in 

phase II or III clinical trials is not yet observed. The bacterial targets of these 

antibodies were selected based on accessibility for antibody therapy and, in 

some cases, a role in bacterial virulence. However, none of these mAbs was 

designed to neutralize targets present on all S. aureus strains, the so-called 

conserved antigens, and at the same time targeting bacterial factors essential 

for bacterial growth and virulence. 

Using a combination of proteomics, genomics, bioinformatics and 

immunological approaches, we identified conserved immunogenic 

determinants of relevant S. aureus isolates, of which the immunodominant 

staphylococcal antigen A (IsaA) is one example. IsaA is a conserved protein that 

is invariably produced by all S. aureus isolates tested so far (7). Notably, IsaA is 



Chapter 5 

108 
 

a non-covalently cell wall-bound lytic transglycosylase (8-10), which is co-

regulated with the glycylglycine endopeptidase LytM (11). Based on its role in 

cell wall growth and division and the invariant expression in a wide range of S. 

aureus isolates, IsaA can be regarded as a standard cellular housekeeping 

protein. Surface-exposed protein domains of IsaA of clinically relevant S. aureus 

isolates have been identified by gel-free proteomics (12). In humans, IsaA is 

highly immunogenic, and S. aureus-infected patients have increased anti-IsaA 

IgG levels (8,13-15). Whether the high anti-staphylococcal antibody titers 

protect against severe invasive S. aureus infections remains to be shown. 

However, this is well conceivable since a murine mAb targeting IsaA described 

by Lorenz et al (16). was shown to be protective in mouse models of catheter-

related S. aureus infection and S. aureus sepsis. Altogether, these findings 

suggested that IsaA is an interesting target for passive immunization. 

In the present study, we have generated a fully human mAb with specificity 

against IsaA by single-cell PCR cloning of the IgG genes from IsaA-specific B cells 

donated by S. aureus carriers. This mAb was characterized ex vivo and its 

potential efficacy to protect mice against S. aureus infection was assessed in a 

bacteremia model. The results show that our approach to generate human 

mAbs targeting conserved staphylococcal surface proteins works and that it has 

the potential to develop a novel-class therapy to treat S. aureus infections. 

 

Materials and methods 

 

Bacteria 

The studies included the sequenced S. aureus isolates Mu50, MW2, N315, COL, 

8325-4, MRSA252, MSSA476, USA300 and Newman, and 16 clinical isolates (A, 

C, E-F, M-X) that were previously analyzed by proteomics (7). Recombinant 

strains lacking IgG-binding proteins included S. aureus NewmanΔspaΔsbi (17) 

and SH1000Δspa (18). The S. aureus isolates P (MSSA) and USA300 (MRSA) 

were used in animal experiments. The S. aureus USA300 strain used in the 

present study is a clinical isolate of the USA300 pulsed-field gel electrophoresis 

type (data not shown), and is referred to as ‘S. aureus USA300’. 
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Selection of blood donors 

Healthy nasal S. aureus carriers were selected as potential donors for 

protective human antibodies via assessment of left and right anterior nares 

samples using transswabs (MWE, Corsham, England) as described earlier (15). 

S. aureus identification was based on colony morphology after growth on blood 

agar with 5% sheep blood, Gram staining, catalase test and Pastorex Staph Plus 

test (Biorad, Veenendaal, the Netherlands). 

 

Isolation and immunodetection of IsaA 

The isaA gene was PCR-amplified from chromosomal DNA of S. aureus 

NCTC8325 using the primers 

IsaAHis.fw(AGGCACTCACCATGGGAGCTGAAGTAAACGTTGATCAAG) and 

IsaAHis.rev (GTGATGTCGAATTCCGAATCCCCAAGCACCTAAACCTTG).  

The resulting PCR product specified IsaA with a C-terminal hexa-histidine tag 

(IsaA-His6). This fragment was cleaved with the restriction enzymes NcoI and 

HindIII (restriction sites are underlined in the primer sequences) and ligated 

into these sites of plasmid pET24d (Novagen), resulting in plasmid pET24dIsaA. 

For IsaA production, an overnight culture of E. coli BL21DE3 (pET24dIsaA) was 

diluted 1:100 in fresh Lysogeny Broth (BD). Four hours after induction of IsaA 

production with 1 mM isopropyl-β-D-thiogalactopyranoside, cells were 

harvested, resuspended in binding buffer (20 mM sodium phosphate buffer, 

0.5 M NaCl, 30 mM imidazole, pH 7.3) with 6 M urea, and disrupted in a French 

Pressure cell (Thermo Scientific) chilled on ice. Cleared lysate was mixed with 

His Mag Sepharose™ Ni magnetic beads (GE Healthcare) and the IsaA-His6 

protein was isolated and purified according to the instructions of the supplier. 

Pooled fractions containing the purified IsaA-His6 were dialyzed against PBS. 

Cell and supernatant fractions from overnight cultures of S. aureus SH1000Δspa 

were prepared as described before (17). Protein samples were separated using 

NuPAGE gels (Life Technologies) according to the manufacturer’s instructions 

and proteins were transferred to a Protran nitrocellulose membrane 

(Whatman) by semi-dry blotting (75 minutes at 1 mA/cm2). Membranes were 

incubated with specific rabbit antibodies against IsaA (kindly provided by N. 

Sakata [9]) or with the human mAb. After incubation with IRDye 800 goat anti-

rabbit (IsaA) or IRDye 800 goat anti-human IgG antibodies respectively, the 
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signals were detected using the Odyssey system (LI-COR Biosciences, Bad 

Homburg, Germany). 

 

Production and selection of human monoclonal antibody  

Blood was donated by nasal S. aureus carriers. The Independent Ethics 

Committee of the Foundation ‘Evaluation of Ethics in Biomedical Research’ 

approved the protocol for blood donation. The protocol is registered by QPS 

Groningen (code 04132-CS011). All volunteers provided their written informed 

consent. 

Human monoclonal IgG1 antibodies were generated using the mCHR protocol 

(molecular Cloning of the Human Response). Human peripheral blood cells 

were separated by Ficoll centrifugation and B lymphocytes were isolated using 

the EasySep HumanB cell enrichment procedure (Stemcell technologies, 

Grenoble,France). Next, IsaA-specific memory B cells were enriched on aMoFlo 

cell sorter (DakoCytomation, Glostrup, Denmark) by selecting for biotinylated 

recombinant IsaA, CD27 and CD19. Selected B cells were incubated on CD40L-

expressing 3T6-cells, similar as described in patent US 787415 B2 (19) in 

thepresence of IL-2 and IL-21, and after 7 days the supernatant was tested for 

antibodies against IsaA. The human monoclonal IQNPA (22) was used as 

isotype control mAb. Positive wells were transferred on ELISPOT plates for 2 

days. Cells were transferred back to 96-well plates in the presence of 

MegaCD40L (Enzo Life Sciences, Antwerpen, Belgium), IL-2 and IL-21, and 

ELISPOT plates were analyzed for spots of anti-IsaA B lymphocytes. Finally, cells 

from ELISPOT-positive wells were single cell sorted and monoclonal antibodies 

(IgG1) were cloned after single-cell PCR and expressed with HEK293 cells as 

described (20,21) with minor modifications. We purified mAbs using protein A 

agarose beads and finally tested them for binding to rIsaA by ELISA as 

described below. 

 

Antigen ELISA 

ELISA plates were coated with IsaA-His6 (100 or 250 ng/well) or PA (100 

ng/well), diluted in carbonate coating buffer (71 mM NaHCO3, 29 mM Na2CO3, 

pH 9.6). Plates were blocked for 1 hour at 37°C with PBS containing 1% BSA. 

Purified plasma or antibodies were used in a titration range starting at 20 or 

1000 ng/mL. Binding of antibodies was monitored by addition of goat or rabbit 
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anti-human-HRP, diluted in PBS with 0.05% Tween-20 (PBST) and 5% FCS and 

incubated for 1 hour at 37°C. Between each step, the wells were washed 3 

times with PBST. Reaction was visualized with TMB substrate (Kem-en-Tec 

Diagnostics) and stopped by H2SO4. The plates were read with the Magellan 2 

program of an ELISA reader, which was set on 450 nm absorbance and a 

reference filter of 620 nm. Samples were determined positive if the OD450 was > 

3 times the OD450 of PBS 1x (plasma of donors) or supernatant from B cells 

cultivated in Linolea complete medium (i.e. IMDM containing BSA, insulin, 

ethanolamine and β-mercaptoethanol). To check for aspecific antibody binding, 

the samples were also tested on a plate coated with 4% BSA. 

 

S. aureus whole cell ELISA 

Bacteria were grown overnight in HEPES-buffered IMDM without phenol red 

(Life Technologies), diluted in fresh medium, and subsequently cultured until 

the mid-exponential growth phase (OD660 ~ 0.5). Bacteria were washed with 

PBS and stored at -20°C. ELISA plates were coated with 5 x 106 cfu per well in 

PBS for 18 hours at 4°C. Plates were blocked first with 4% BSA in PBST and 

subsequently with 100 µg/mL normal guinea pig IgG (Jackson ImmunoResearch 

Laboratories) in PBST containing 1% BSA to block surface expressed IgG Fc-

binding proteins of S. aureus. Binding of biotinylated human mAbs was 

detected with HRP-labeled streptavidin (Dako) and visualized with TMB 

substrate as above. 

 

Animals 

Specified pathogen-free female BALB/cBYJ mice were obtained from Charles 

River (Saint-Germain-sur-l’Arbresle, France). Animals were 11-13 weeks old at 

the day of infection, and were given food and water ad libitum. 

The animal experimental protocols adhered to the rules laid down in the Dutch 

Animal Experimentation Act and the EU Animal Directive 2010/63/EU. 

 

Effect of 1D9 on S. aureus growth 

Bacteria were grown overnight in IMDM or MHB (Oxoid, Cambridge, UK), 

diluted 1:50 in fresh medium and mixed with an equal volume of buffer or 

human mAbs with or without additional 10% mouse serum. Wells were loaded 

with 200 µL of this mixture and incubated with shaking for 18 hours at 37°C in a 
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BioScreen C growth analyzer (Oy Growth Curves Ab Ltd, Helsinki, Finland). 

OD600 was measured every 15 minutes. 

 

Isolation of neutrophils 

Human neutrophils were isolated from heparinized blood of healthy volunteers 

as described (23). Murine neutrophils were isolated from bone marrow of 

uninfected mice. Therefore, the femur and tibia of both hind legs were 

prepared, flushed with HBSS (Life Technologies) containing 0.1% HSA, 15 mM 

EDTA, and 25 mM HEPES, and residual erythrocytes were lysed with ice cold 

water. To enrich for neutrophils, cells were loaded onto a discontinuous Percoll 

(GE Healthcare) gradient of 81% and 62.5% and centrifuged for 30 minutes at 

1,500 x g without brake. Cells were recovered from the band formed between 

the 62.5% and 81% layer, washed and resuspended in RPMI/HSA. Cell purity 

was determined by specific staining with PE-labeled rat anti-Ly-6G (Gr-1) mAb 

(Life Technologies) and flow cytometry (FACSCalibur; BD) (purity 75-85%). 

 

Quantitative determination of neutrophil activation and oxidative burst 

The immune complex (IC) induced oxidative burst of neutrophils was 

determined by luminol-enhanced chemiluminescence. White microplates 

(Cliniplate; Thermo Scientific) were coated with 5 µg/mL HSA or IsaA-His6 in 50 

µL of 0.1 M carbonate buffer (pH 9.6) for 1 hour at 37°C. After washing with 

PBS, wells were blocked with 10% FCS and subsequently incubated with 

antibodies in PBS/1% FCS, for HSA with 1 µg/mL rabbit anti-HSA (Sigma Aldrich) 

or normal rabbit IgG (Jackson ImmunoResearch Laboratories), for IsaA-His6 with 

3 µg/mL 1D9 or IQNPA. After a final wash with PBS, 100 µL HBSS/0.1% HSA 

containing 150 µM luminol was added and the plate was loaded into a 

CentroLB 960 microplate luminometer (Berthold Technologies). The reaction 

was initiated by the addition of 50 µL neutrophils in HBSS/HSA at 1.25 x 106 

cells/mL for human and 5 x 106 cells/mL for murine neutrophils, respectively. 

Oxidative burst was continuously recorded for 30 minutes at 37°C and 

expressed as relative light units. 

 

Phagocytosis assay 

S. aureus isolate P and USA300 were labeled with 100 µg/mL FITC for 1 hour at 

4°C, washed with RPMI/HSA and stored at -20°C. Phagocytosis with human or 
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mouse neutrophils was performed as described (24), but extended to 30 

minutes for murine neutrophils and including normal mouse serum. Bacteria to 

cell ratio was 10:1 (MOI 10). 

 

IsaA expression by S. aureus isolates P and USA300 

For detection of IsaA expression by S. aureus isolates P and USA300, strains 

were grown in BHI (BD) and stored as described in ‘S. aureus whole cell ELISA’. 

Around 105 cfu of bacteria were inoculated in BHI, IMDM, or serum of 

BALB/cBYJ mice (Charles River). Culture samples were collected 6 and 24 hours 

after inoculation. Cfu’s of (un)diluted suspensions were determined after 

overnight growth at 35°C on blood agar with 5% sheep blood. Cell fractions 

were prepared and analyzed by Western blotting and immunodetection as 

described in ‘Isolation and immunodetection of IsaA’. 

 

Infection model of S. aureus bacteremia 

For assessment of the efficacy of 1D9 in protection against death due to S. 

aureus bacteremia, mice were treated intravenously (i.v.) with either 1D9 (5 

mg/kg in a volume of 100 µL) or saline (n=12 per group). S. aureus bacteremia 

was induced as described before (25), using inocula of 2-4 x 105 cfu for S. 

aureus isolate P or 4-7 x 105 cfu for S. aureus USA300. Three hours before or 

after induction of bacteremia, 1D9 was administered. Discomfort and animal 

survival rate over 14 days after infection was monitored as described before 

(25). 

For characterization of the early course of bacteremia, the bacterial load in 

blood, lungs, spleen, liver, and kidneys was assessed at 1, 6, or 24 hours after 

infection (n=4 per time point) as described (25). 

For determination of 1D9 serum levels over time, mice were treated i.v. with 

1D9 (5 mg/kg in a volume of 100 µL). Three hours after treatment, bacteremia 

was induced by either S. aureus isolate P or USA300 (n=3 per group). 

Uninfected mice were included as well. Blood was withdrawn from the tail 

artery of infected mice at 1, 6, and 24 hours after infection and collected in a 

Microvette® CB300 capillary tube (Sarstedt). Sera were prepared and stored at -

80°C. Serum levels of 1D9 were determined by antigen ELISA as described 

above. 
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Statistical analysis 

For comparison of cfu counts in blood and organs of infected mice, cfu counts 

were log10 transformed before analysis. The t test was used for comparison of 

cfu counts in mice with S. aureus isolate P bacteremia and mice with USA300 

bacteremia (IBM SPSS Statistics version 20; IBM Corporation). As multiple 

comparisons were made, a Bonferroni correction was applied. As a result, P-

values < 0.003 were considered statistically significant. 

Mean cfu counts at 1, 6, and 24 hours were compared using one-way ANOVA 

(IBM SPSS Statistics version 20). The log rank test was used to determine 

statistical differences in animal survival rates (GraphPad Prism 5 for Windows; 

GraphPad Software Inc.). Differences were considered statistically significant 

when two-sided P-values were <0.05. 

 

Results 

 

Donor selection and generation of antibodies 

Six volunteers were identified as nasal S. aureus carriers, of which five had 

significant IgG levels for IsaA (Figure 1A). Of the latter group, donor T7-1 also 

tested positive for PA, which was used as a control (Figure 1B). Material from 

this donor was not used to prevent collection of high-binding non-specific 

antibodies. Blood from the remaining four donors was tested for the presence 

of monoclonal IsaA-specific B cells. In this case, only donor T7-5 tested positive 

as judged from an ELISPOT analysis after selection of IsaA-binding B 

lymphocytes. Human mAbs were generated, and six of these were found to 

bind purified IsaA-His6. Only one monoclonal, named “1D9”, was positive for 

IsaA-His6 and negative for the control antigens (Figure 1C and D). As shown by 

Western blotting, the human mAb 1D9 was equally effective in binding the cell-

associated and secreted forms of native IsaA as an IsaA-specific polyclonal 

control antibody from rabbit (Figure 1E). 
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Fig. 1. Donor selection and generation of human monoclonal antibody 1D9 specific for IsaA 

and S. aureus. (A, B) Serum IgG levels against IsaA-His6 or PA in 6 nasal S. aureus carriers. (C, 

D) Concentration-dependent binding of 1D9 and isotype control antibody (IQNPA) to IsaA-

His6 or BSA. (E) Binding of 1D9 to native and IsaA-His6. Western blot analysis of native IsaA in 

cell (cell) and supernatant (sup) fractions of S. aureus SH1000Δspa and purified IsaA-His6 

using human mAb 1D9 (left panel) or rabbit polyclonal anti-IsaA (right panel). For data in 

panels A-D, 3 independent experiments were performed. Representative curves are shown. 

 



Chapter 5 

116 
 

Binding of 1D9 to S. aureus 

After the generation of the human anti-IsaA mAb 1D9, we assessed whether 

this mAb was able to bind to S. aureus as well. To check for interference of 

binding of 1D9 via the Fc-region to protein A and Sbi, S. aureus 

NewmanΔspaΔsbi was included. 1D9 bound concentration-dependent to S. 

aureus isolate P, USA300, Newman wild-type and NewmanΔspaΔsbi (Figure 

2A). 

 

 

 
Fig. 2. Binding of 1D9 to S. aureus in whole cell ELISA assay. Plates were coated with cells of 

various S. aureus strains harvested at mid-exponential growth. Biotinylated 1D9 or the 

isotype control antibody IQNPA was added. Absorption values (at 450 nm) are plotted 

relative to binding of 1000 ng/mL 1D9 to S. aureus NewmanΔspaΔsbi. Experiments were 

performed in triplicate. Mean ± SD is shown. (A) Concentration-dependent binding of 1D9 to 

S. aureus NewmanΔspaΔsbi, Newman wild-type (WT), isolate P, or MRSA USA300. (B) 

Concentration-dependent binding of isotype control antibody IQNPA to S. aureus 

NewmanΔspaΔsbi, Newman wild-type (WT), isolate P, or USA300. (C) Binding of 100 ng/mL 

1D9 to S. aureus NewmanΔspaΔsbi, various clinical S. aureus isolates including S. aureus 

isolate P, or the sequenced S. aureus strains Mu50, MW2, N315, COL, 8325-4, MRSA252, 

MSSA476, USA300 and Newman wild-type (WT). (D) Binding of 100 ng/mL isotype control 

antibody IQNPA to S. aureus NewmanΔspaΔsbi, various clinical S. aureus isolates including S. 

aureus isolate P, or various sequenced S. aureus strains as specified for panel C. 



     A human monoclonal antibody targeting antigen IsaA   

117 
  

Binding of control mAb IQNPA to S. aureus isolate P and USA300 was low, but 

considerable to Newman wild-type despite blocking surface expressed IgG Fc-

binding proteins with non-related guinea pig IgG (Figure 2B). In addition, 1D9 

bound to 9 sequenced and 16 defined clinical S. aureus isolates, including both 

MSSA and MRSA isolates (Figure 2C). Binding of IQNPA (100 ng/mL) was 

relatively low for most strains (Figure 2D). 

 

Lack of effect of 1D9 on multiplication of S. aureus  

Although binding of 1D9 to S. aureus was clearly detected, the addition of up to 

30 µg/mL of 1D9 to S. aureus isolate P neither affected its multiplication in 

MHB nor in IMDM (data not shown). Serum supplementation up to 10% did not 

change the normal growth of S. aureus isolate P, neither with nor without the 

addition of 1D9. 

 

Activation of human and murine neutrophils by 1D9 

To explore the potential Fcγ receptor (FcγR) stimulation of human mAb 1D9 for 

both human and murine cells, isolated neutrophils were challenged with 

IsaA/1D9 or HSA/rabbit-anti-HSA immune complexes (IC) to generate an 

oxidative burst. The luminol-enhanced chemiluminescence was properly 

initiated with both control IC and IsaA/1D9 IC (Figure 3). Omission of either 

antigen or specific IgG or exchange with isotype control IgG did not activate the 

oxidative burst. This shows that IC containing the human mAb 1D9 can 

specifically interact with the FcγRs that are expressed on the surface of human 

and murine neutrophils. 

 

Lack of effect of 1D9 on the phagocytosis of S. aureus by human and murine 

neutrophils 

As expected, normal human serum was found to be an efficient opsonin source 

for phagocytosis of S. aureus isolate P (Figure 4) and USA300 (data not shown) 

by human neutrophils. Inactivation of the complement system by heating 

diminished the potency, but phagocytosis was still promoted. Normal mouse 

serum promoted phagocytosis of S. aureus isolate P and USA300 as well, but 

required an intact complement system. The autologous combination of murine 

neutrophils and mouse serum resulted in the most efficient phagocytosis 

observed in the present experiments. However, in all combinations tested, 1D9 
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(10 μg/mL) did not initiate or improve phagocytosis with either human or 

murine neutrophils. 

 

 

 

Fig. 3. Activation of human or murine neutrophils by 1D9. Plates were coated with 5 μg/mL 

HSA (A, C) or IsaA (B, D), blocked with 10% fetal calf serum and incubated with 1 or 3 μg/mL 

rabbit anti-HSA or 1D9, respectively. Control antibodies were normal rabbit IgG or human 

mAb IQNPA. Neutrophils (human neutrophils (A, B) 1.25 x 106 cells/mL, murine neutrophils 

(C, D) 5x106 cells/mL) were added to initiate the reaction. Oxidative burst was measured for 

30 min at 37°C. RLU, relative light units. Three independent experiments were performed. 

Representative curves are shown. 

 

IsaA expression by S. aureus isolates P and USA300 

To estimate the production of IsaA by the S. aureus isolates P and USA300 in 

different media and at different stages of growth, both were grown in BHI, 

IMDM, or pooled serum from BALB/c mice. The expression of IsaA was more or 

less identical during growth in IMDM, mouse serum (Figure 5) or BHI (data not 

shown). In addition to the IsaA-specific band, a protein A band was observed 

due to the aspecific binding of IgG. After 24 hours of growth in mouse serum, a 

much high er expression of protein A was observed in S. aureus USA300 than in 

isolate P. 
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Fig. 4. Phagocytosis of S. aureus isolate P by human (A) and mouse (B) neutrophils. Serial 

dilutions of normal human pooled serum (HPS) or normal mouse pooled serum (MPS), with 

or without (Δ) complement (inactivated by heating), were mixed with 1D9 (10 μg/mL). S. 

aureus isolate P, labeled with FITC, was added and preincubated with sera. Subsequently, 

human or murine neutrophils (bacteria to cell ratio 10:1) were added and incubated for 15 

(human) or 30 (mouse) min on a shaking platform at 37°C. The number of cells containing 

fluorescent bacteria (positive cells) was determined using flow cytometry. Experiments were 

performed in triplicate. Mean ± SD is shown. 

 

  
 

Fig. 5. IsaA expression by S. aureus isolate P and S. aureus USA300. Both strains were 

grown in IMDM (I) or mouse serum (S) and after 6 or 24 h culture samples were taken. Equal 

amounts of cellular proteins collected from each culture at the indicated time points were 

loaded based on the determined number of CFU as described in the Materials and Methods. 

As a positive control for immunodetection, isolated IsaA-His6 was loaded in lane C. Bands 

specific for IsaA or the staphylococcal protein A are marked with arrows. 
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Fig. 6. S. aureus counts in blood and organs from mice with S. aureus bacteremia.  

Mice (4 per group) were infected with 2-4×105 CFU of S. aureus isolate P (open bars) or with 

4-7×105 CFU of S. aureus USA300 (black bars), by intravenous inoculation, and were 

sacrificed at indicated time points. Quantitative cultures of blood and organs were 

performed. Mean and SD are shown. Asterisks indicate statistically significant differences in 

CFU counts between mice with similar infection (one-way ANOVA, P < 0.05). Triangles 

indicate statistically significant differences in CFU counts between mice with S. aureus isolate 

P bacteremia and mice with S. aureus USA300 bacteremia (t test, P < 0.003). 
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Early course of S. aureus bacteremia in mice 

To study the course of S. aureus isolate P or USA300 bacteremia, the bacterial 

load in blood and organs of infected mice sacrificed at various time points was 

determined (Figure 6). In both infections, ~99% of the staphylococci had 

disappeared from blood already after 1 hour. The bacterial load in spleen and 

liver decreased within the first 24 hours after infection, while the S. aureus 

numbers in the kidneys increased. Only in mice with S. aureus USA300 

bacteremia, staphylococcal load in blood and lungs decreased. At 1 hour after 

infection, the bacterial load in blood, spleen, liver, and kidneys was higher in 

mice with S. aureus USA300 bacteremia than in mice with isolate P bacteremia. 

 

Course of serum 1D9 levels over time 

Mice were treated i.v. with 5 mg/kg 1D9. Three hours later, bacteremia was 

induced by either S. aureus isolate P or USA300. Antibody levels at 1, 6, and 24 

hours were assessed (Figure 7). In uninfected mice, serum 1D9 levels remained 

stable during 24 hours. In infected mice, the mean 1D9 titers showed a log 

reduction compared to uninfected mice. Although variability in 1D9 titers 

between individual mice was observed, these levels were stable during 24 

hours. No differences in 1D9 titers were observed between mice with either S. 

aureus isolate P or USA300 bacteremia. 

 

 
 

Fig. 7. Course of serum 1D9 levels over time. Mice (3 per group) were treated intravenously 

with 5 mg/kg 1D9. Three hours later, bacteremia was induced by either S. aureus isolate P or 

S. aureus USA300. Uninfected mice were included as well. At indicated time points after 

infection, serum levels of human mAb 1D9 were assessed using ELISA plates coated with 250 

ng of purified IsaA per well. Mean and SD are shown. 
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Protective effect of 1D9 in mice with S. aureus bacteremia 

The in vivo efficacy of 1D9 was assessed in the murine model of S. aureus 

bacteremia caused by either S. aureus isolate P or USA300. Mice were treated 

i.v. with 1D9 or a placebo. Saline was used for the placebo treatment, as pilot 

experiments showed that survival of saline-treated mice was comparable to 

that of mice treated with IQNPA (5 mg/kg, data not shown). Survival of 

placebo-treated mice declined gradually over 14 days. Of the mice with S. 

aureus isolate P bacteremia, 25-42% survived the study period, while 17-42% of 

the mice with S. aureus USA300 bacteremia survived. After this time period, no 

changes in animal survival were observed. Survival rate of placebo-treated mice 

was comparable in all groups. Prophylactic treatment with 5 mg/kg 1D9 

resulted in increased time to death and a significantly improved survival rate of 

mice infected with S. aureus isolate P (P = 0.0057; Figure 8A). In contrast, 

prophylactic treatment with 5 mg/kg 1D9 did not result in an improvement in 

the survival rate of mice infected with S. aureus USA300 (P > 0.05; Figure 8C). 

Therapeutic treatment with 5 mg/kg 1D9 did not improve the survival rate of 

mice with S. aureus isolate P or USA300 bacteremia (Figure 8B and D). 
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Fig. 8. Efficacy of 1D9 in mice with S. aureus bacteremia. Mice (12 per group) were infected 

with 2-4×105 CFU of S. aureus isolate P or with 4-7×105 CFU of S. aureus USA300, by 

intravenous inoculation. Animals were treated intravenously with 1D9 (5 mg/kg) or placebo 

(saline) 3 h before (A, C) or 3 h after (B, D) infection. Animal survival was monitored for 14 

days. The significance of protection compared to that for animals receiving placebo was 

measured with the log rank test. 

 

 

Discussion 

 

The present study describes the generation of a fully human monoclonal IgG1 

antibody directed against the conserved S. aureus antigen IsaA. In the used 

mCHR protocol (20,21), B lymphocytes were enriched for IsaA-binding B cells 

and subsequently cloned. This resulted in one mAb, 1D9, that did bind 

specifically to both purified and native IsaA-His6 as well as to a broad panel of 

26 clinical S. aureus isolates, including MSSA and MRSA strains among which S. 
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aureus isolate P (MSSA) and USA300 (MRSA), the strains used for further 

experiments ex vivo and in vivo. 

Although 1D9 bound to all 26 MSSA and MRSA strains studied, the strains 

differed in binding capacity. This likely reflect variations in the expression of 

IsaA as previously shown (7), which may impact on the bacterial surface display 

of IsaA. Binding of the isotype control human mAb IQNPA to the S. aureus 

strains also varied, probably reflecting variations in expression of protein A and 

Sbi upon growth on IMDM. ‘Aspecific’ binding of 1D9 by protein A and Sbi can 

be considered as low, as binding of 1D9 to S. aureus NewmanΔspaΔsbi was only 

slightly lower compared to its binding to Newman wild-type. Notably, the 

expression of protein A by S. aureus USA300 turned out to be much higher 

compared to isolate P upon 24 hours of growth in mouse serum. This suggests 

that the protein A-mediated IgG binding of S. aureus may be different under 

different growth conditions, which underscores the importance of selecting the 

most appropriate in vitro assay and culture conditions for predicting the in vivo 

efficacy. 

Despite binding of 1D9 to IsaA and a broad panel of S. aureus strains grown in 

IMDM, 1D9 at a concentration of 10 μg/mL did not result in enhanced 

opsonophagocytosis of S. aureus isolate P or USA300 by human or murine 

neutrophils ex vivo. In a study of Kelly-Quintos et al., opsonophagocytic activity 

of human mAbs targeting PNAG was assessed using human neutrophils (26). 

They used mAb concentrations ranging from 25-1.5 μg/mL, and a concentration 

of 12 μg/mL resulted in maximum opsonophagocytic activity in most cases. 

Nevertheless, IsaA-1D9 IC did stimulate the FcγR on human and murine 

neutrophils as measured by the generation of an oxidative burst, indicating 

that the human mAb 1D9 binds to the FcγR on murine neutrophils. However, it 

is important to bear in mind that the absence of enhanced opsonophagocytosis 

of S. aureus by neutrophils ex vivo does not exclude the possibility that 

enhanced opsonophagocytosis occurs in vivo. 

Our results on the ex vivo characterization of the human anti-IsaA mAb 1D9 are 

in line with data obtained with UK-66P (16) and hUK-66 (27), murine and 

humanized anti-IsaA mAbs, respectively. These mAbs also bound to different S. 

aureus isolates, and, in the presence of S. aureus, activated murine neutrophils. 

Moreover, incubation of S. aureus with UK-66P or hUK-66 resulted in enhanced 
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bacterial killing in neutrophils. In the presence of UK-66P, uptake of S. aureus 

by neutrophils was not enhanced. 

The efficacy of 1D9 was assessed in our murine bacteremia model caused by S. 

aureus isolate P (MSSA) or USA300 (MRSA). S. aureus isolate P is a community-

acquired strain recovered from the blood of a septic patient (7), and S. aureus 

USA300 is one of the most frequent causes of community-acquired infections 

in the United States (28). A prophylactic 1D9 dose of 5 mg/kg resulted in a 

significantly improved animal survival rate in S. aureus isolate P bacteremia, but 

was not protective in USA300 bacteremia. Therapeutic treatment with 1D9 at 

the same dose was not effective in both infection models. As we observed that 

at 3 hours after i.v. inoculation S. aureus had multiplied and disseminated to 

the lungs, spleen, liver and kidneys, while mice were still bacteremic, a possible 

explanation for therapeutic failure of this single 1D9 dose might be an 

insufficient bioavailability of 1D9 to reach S. aureus which had already 

multiplied and disseminated to the organs to induce protection. 

Although 1D9 at a dose of 5 mg/kg protected mice from death due to S. aureus 

isolate P bacteremia, no protective efficacy was observed in USA300 

bacteremia. This difference in efficacy cannot be explained by differences in 

the volume of distribution for 1D9, as 1D9 titers in mice with S. aureus isolate P 

and mice with USA300 bacteremia were comparable. As IsaA protein sequence 

is conserved among S. aureus strains, differences in epitope structure are 

unlikely, and cannot explain the difference of efficacy in the two infection 

models. Uneven IsaA expression levels can also not clarify this difference in 

efficacy, as both in chemically defined culture media and in mouse serum IsaA 

expression by these S. aureus strains was comparable. Regarding S. aureus 

USA300, surface exposure of IsaA had also been shown before by surface 

shaving using trypsin and subsequent proteomic analysis (12). However, 

substantial differences in protein A expression were observed when these S. 

aureus strains were cultured in mouse serum. The presence of higher amounts 

of protein A on S. aureus USA300 may lead to higher levels of ‘aspecific’ 1D9 

binding and, consequently, to an increased survival of this strain due to more 

effective evasion of the host immune response (29). Other 1D9 doses, or 

treatment combining 1D9 and a control antibody blocking protein A and Sbi 

may overcome this problem. It cannot be excluded that another dosing 

schedule of 1D9 could positively influence the outcome of infection. The 
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addition of control antibody was not included in this study, and further 

experiments in this respect are needed. In addition, studies including S. aureus 

isogenic mutant strains lacking spa and/or sbi may further elucidate the 

differences in protective capacity of 1D9. 

Lorenz et al. (16) also demonstrated the prophylactic activity of their murine 

anti-IsaA mAb UK-66P in a murine S. aureus sepsis model caused by S. aureus 

MA12 (MSSA) or USA300 (MRSA). Explanations for the discrepancy between 

their observations and our data may be the different dosing schedules of mAbs, 

being 2 doses at start of infection and 24 hours later (16) and 1 dose at 3 hours 

before infection (present study). Also, the evaluation periods to assess 

protective capacity were different, being 8 days (16) and 14 days (present 

study). An evaluation period of 8 days in the present study would not have 

changed our conclusions. 

As the in vivo prophylactic efficacy of 1D9 in S. aureus isolate P bacteremia 

cannot be correlated to enhanced ex vivo phagocytosis of S. aureus by 

neutrophils or inhibition of S. aureus multiplication, alternative explanations for 

the protective effect of 1D9 have to be considered. For example, other 

phagocytes such as macrophages and monocytes could play a role in the 1D9-

mediated protection. Furthermore, a protective effect through a non-classical 

mechanism as proposed by Pancari et al. (30) may be relevant. They showed 

that protection conferred by their human anti-IsdB mAb was dependent on 

complement, phagocytes and lymphocytes rather than on Fc functionality, 

classical complement activation or direct inhibition of growth. In addition, 

although 1D9 did not improve phagocytosis ex vivo, this does not exclude the 

possibility that enhanced phagocytosis occurs in vivo. 

In contrast to animal studies showing the prophylactic efficacy of passive 

immunization in S. aureus infections, studies performed in humans were not 

yet promising (31-36). The lack of efficacy of passive immunization in humans 

with S. aureus infections might partly be explained by the choice of the antigen 

targets that were selected for the production of antibodies in these studies, not 

being invariably conserved antigens present on the surface of all S. aureus 

strains. 

The results of the present study show that our approach to clone IgG targeting 

conserved staphylococcal surface proteins from S. aureus carriers is feasible. In 

addition to cloning protective mAbs from infected or vaccinated donors 
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(37,38), using the mCHR protocol it is possible to clone protective mAbs from 

healthy S. aureus carriers without history of infection or vaccination. 

In conclusion, the mCHR protocol used in the present study allows the 

generation of fully human mAbs against invariably expressed targets on the 

surface of S. aureus. Importantly, such mAbs can be cloned directly from 

selected B cells donated by healthy nasal S. aureus carriers. The human anti-

IsaA mAb 1D9 thus generated was shown to be effective in prophylactic 

treatment of mice with S. aureus isolate P (MSSA) bacteremia. These data are 

consistent with the results obtained by Lorenz et al. (16) and Oesterreich et al. 

(27) using murine and humanized anti-IsaA mAbs, respectively. The protective 

capacity of human mAb 1D9 as shown in the present study, opens new ways to 

investigate the efficacy of 1D9, possibly conjugated to for example another 

antibody, antibiotics, cytokines or chemokines, in a clinical study to fight S. 

aureus infections. 
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Abstract 

 

The immunodominant staphylococcal antigen A (IsaA) is a potential target for 

active or passive immunization against the important human pathogen 

Staphylococcus aureus. Consistent with this view, monoclonal antibodies 

against IsaA were previously shown to be protective against S. aureus 

infections in mouse models. Further, patients with the genetic blistering 

disease epidermolysis bullosa (EB) displayed high IsaA-specific IgG levels that 

are potentially protective. Yet, mice actively immunized with IsaA were not 

protected against S. aureus infection. The present study was aimed at 

explaining these differences in IsaA-specific immune responses. By epitope 

mapping, we show that the protective human monoclonal antibody (humAb) 

1D9 recognizes a conserved 62-residue N-terminal domain of IsaA. The same 

region of IsaA is recognized by potentially protective IgGs in EB patient sera. 

Further, we show by immunofluorescence microscopy that this N-terminal IsaA 

domain is exposed on the S. aureus cell surface. In contrast to the protective 

humAb 1D9 and IgGs from EB patients, the non-protective IgGs from mice 

immunized with IsaA were shown to predominantly bind the C-terminal 

domain of IsaA. Altogether, these observations focus attention on the N-

terminal region of IsaA as a potential target for immunization against S. aureus.   
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Introduction 

Staphylococcus aureus can cause a wide variety of diseases and has a strong 

tendency of developing resistance against multiple antibiotics. Methicillin-

Resistant S. aureus (MRSA)- associated infections are becoming increasingly 

harder to treat. Therefore, a renewed focus on the development of alternative 

means of treatment has arisen. Whereas many infectious diseases are 

nowadays controlled through vaccination, S. aureus immunity has proven hard 

to achieve with vaccines 1-4. As an alternative to the active immunization 

against S. aureus with vaccines, passive immunization with monoclonal 

antibodies specifically targeting S. aureus is currently explored 5–10. 

Invariantly expressed cell surface-exposed proteins are attractive potential 

targets for immunization, due to their high accessibility to the human immune 

system 11. This focused attention on the immunodominant S. aureus antigen A 

(IsaA). The IsaA protein was first described in the year 2000 as an antigen 

recognized by IgGs from patients with sepsis caused by MRSA 12. Subsequent, 

proteomic analyses of the S. aureus exoproteome revealed that the IsaA 

protein was invariantly produced by all investigated isolates of this pathogen 
13,14. More specifically, IsaA is a non-covalently cell wall attached protein that is 

both exposed to the cell surface and secreted 12,15,16. The IsaA protein has a 

putative soluble lytic transglycosylase domain at the C-terminus, indicating a 

role in peptidoglycan turnover and cell wall hydrolysis 16,17. Interestingly, this C-

terminal active site domain is exposed to the staphylococcal cell surface while 

the precise localization of the N-terminal domain was so far not known 11,17. 

Further, IsaA was localized to the septal region of dividing cells, suggesting its 

involvement in cell growth, separation and survival 15. In addition to its 

potential role in cell division, IsaA was shown to be involved in biofilm 

formation 16,18,19. 

The immunodominant nature of IsaA was confirmed by different studies 

showing that both IgG1 and IgG4 against this protein are present in sera from a 

wide range of healthy human individuals and patients 12,20–23. Interestingly, 

healthy S. aureus carriers showed significantly higher IgG levels against IsaA 

than non-carriers 21. Furthermore, patients with the genetic blistering disease 

epidermolysis bullosa (EB), who are highly colonized with S. aureus, displayed 

very high IgG responses against IsaA 22. Since the skin barrier of EB patients 

provides only limited protection against S. aureus, the latter finding suggested 
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that the anti-IsaA antibodies could be protective against serious S. aureus 

infections. In turn, these findings indicated that IsaA could be a suitable target 

for passive immunization. This view is supported by passive immunization 

experiments in animal studies. Firstly, a murine monoclonal antibody (mAb) 

targeting IsaA was shown to be protective in mouse models of catheter-related 

S. aureus infection 6, and a humanized form of this mAb mediated bacterial 

killing in blood samples from high risk patients 7. In another study, we showed 

that a fully human monoclonal antibody (humAb) against IsaA (designated 1D9) 

improved the survival of mice challenged with a clinical S. aureus isolate 5. 

Intriguingly, several immunization studies in animals also revealed high 

immune responses against IsaA 24–27. Nonetheless, no protection against S. 

aureus infection was observed in these immunized animals. This raised the 

question why certain monoclonal antibodies against IsaA, such as 1D9, are at 

least partially protective against S. aureus infection, while high anti-IsaA IgG 

levels raised by animal immunization were not protective. The present study 

was aimed at explaining this difference by assessing the IsaA epitopes 

recognized by the apparently protective and non-protective antibodies. Briefly, 

the results show that potentially protective antibodies recognize a different 

epitope in IsaA than the non-protective antibodies. 

 

Materials and Methods 

 

Bioinformatics 

BLAST searches were performed with default search parameters (Program 

BLASTP 2.3.0+, 28,29; word size 6; expect value 10; hitlist size 1000; gapcosts 

11,1; matrix BLOSUM62; filter string F; genetic code 1; window size 40; 

threshold 21; composition-based stats 2) against the NCBI Protein Reference 

Sequences Database (refseq_protein; posted date: December 7, 2015 10:23 

AM). Pfam sequence searches (http://pfam.xfam.org/search) were performed 

with default options: use E-value 1.0 cut-off 30. Multiple sequence alignments 

were performed using COBALT 31 with default parameters (alignment 

parameters: gap penalties -11,-1; end-gap penalties -5,-1; CDD Parameters: Use 

RPS BLAST on; Blast E-value 0.003; find conserved columns and recompute on; 

query clustering parameters: use query clusters on; word size 4; max cluster 

distance 0.8; alphabet regular). Visualizations of HMM logos (representing both 
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sequence alignments and profile hidden Markov models) were obtained using 

Skylign (http://skylign.org, 32) with the following parameters: alphabet: AA; 

letter height: information content above background; alignment processing: 

HMM - remove mostly-empty columns. Predicted protein masses (kDa) and 

isoelectric points (pI) were obtained using the Expasy compute pI/Mw tool 

(web.expasy.org/compute_pi/). Data from Western blots were quantified by 

ImageJ software (available via http://rsbweb.nih.gov/ij/). 

 

Bacterial strains and growth conditions 

Bacterial strains and plasmids that were used in this study are listed in Table 1. 

 

Table 1. Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant phenotype(s) or genotype(s) Source or 

reference 

Strains   

L. lactis PA1001 MG1363 pepN::nisRK allows nisin-inducible 

expression, ΔacmA ΔhtrA 

45 

S. aureus NCTC8325-4 NCTC8325 cured of ϕ11, ϕ12, and ϕ13 46 

S. aureus isolate P Community-acquired MSSA strain from blood of a 

septic patient 

14 

S. aureus MA12 ΔisaA S. aureus MA12 isaA mutant 6 

E. coli BL21DE3 Allows IPTG-inducible expression of PT7 Novagen 

S. aureus Newman 

ΔspaΔsbi 

spa sbi mutant 35 

S. aureus isolates 

 D, E, F, G, H 

Community- and hospital acquired clinical isolates 

collected in the UMCG over a 4.5-year period  

14 

Plasmids   

pET24d::isaA::his6 KanR, pET24d containing isaA with C-terminal his6  33 

pNG4110 CmR, pNG400, containing PnisA, SSusp45, his6, 

BamHI/EcoRI-XbaI/NotI cloning sites 

47 

pNG4210 pNG400 containing BamHI/EcoRI-XbaI/NotI cloning 

sites, his6  

47 

pNG4110::isaA pNG4110 encoding residues 30-233 a from S. 

aureus NCTC8325 IsaA 

This study 

pNG4110:: isaA-N pNG4110 encoding residues 30-145 from IsaA This study 
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KanR, kanamycin resistance gene; CmR, chloramphenicol resistance gene; PT7, IPTG 

inducible T7-promoter; PnisA, nisin inducible promoter; his6, 6 histidine-tag; SSusp45, signal 

sequence of usp45.; a position of amino acid residues (aa) in IsaA sequence of S. aureus 

NCTC8325 (YP_501340). 

 

Staphylococcal strains were grown at 37ºC, 250 rpm in Tryptone Soy Broth 

(TSB; Oxoid, Hampshire, UK). L. lactis strains were grown at 30ºC in M17 broth 

(Oxoid Limited) or on M17 plates with 1.5 % agar and 0.5% glucose (w/v), 

supplemented with chloramphenicol (5µg/ml) for plasmid selection. For in vivo 

studies the S. aureus clinical isolate P 14 was grown in Brain Heart Infusion broth 

(BHI; Becton Dickinson, Breda, The Netherlands). 

 

Construction of expression plasmids for the production of IsaA and its 

derivatives 

PCR primers for the construction of IsaA protein-expressing plasmids are shown 

in Table 2. DNA was isolated with the Genelute bacterial genomic DNA kit 

(Sigma-Aldrich, Zwijndrecht, The Netherlands). PCR was performed with the 

Phusion Hot Start II polymerase (Thermo Fisher Scientific, Wilmington, 

Delaware USA) using genomic DNA of S. aureus NCTC8325 as a template as 

described before 33. The PCR fragments purified using the High Pure PCR 

purification kit (Analytic Jena, Jena, Germany) were cleft with BamHI and NotI 

restriction enzymes (New England Biolabs, Ipswich, USA) and ligated to 

BamHI/NotI-linearized vector DNA using T4 DNA Ligase (New England Biolabs). 

pNG4110:: isaA-N1 pNG4110 encoding residues 30-91 from IsaA This study 

pNG4110:: isaA-N2 pNG4110 encoding residues 92-145 from IsaA This study 

pNG4110:: isaA-C pNG4110 encoding residues 146-233 from IsaA This study 

pNG4110::isaA-C1 pNG4110 encoding residues 146-189 from IsaA This study 

pNG4110::isaA-C2 pNG4110 encoding residues 190-233 from IsaA This study 

pNG4210::isaA pNG4210 encoding residues 30-233 from IsaA This study 

pNG4210::isaA-N pNG4210 encoding residues 30-145 from IsaA This study 

pNG4210::isaA-N1 pNG4210 encoding residues 30-91 from IsaA This study 

pNG4210::isaA-N2 pNG4210 encoding residues 92-145 from IsaA This study 

pNG4210::isaA-C pNG4210 encoding residues 146-233 from IsaA This study 

pNG4210::isaA-C1 pNG4210 encoding residues 146-189 from IsaA This study 

pNG4210::isaA-C2 pNG4210 encoding residues 190-233 from IsaA This study 
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Of note, PCR products obtained with primer combinations including a reverse 

primer with a stop codon (F1/R2) were inserted into plasmids pNG4110, and 

PCR products obtained with reverse primers lacking a stop codon (F1/R1) were 

inserted into plasmid pNG4210. The resulting plasmids were transferred to 

electrocompetent L. lactis PA1001 as described before 34. All plasmids were 

verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany). 

 

Table 2. Primers used in PCR to produce isaA gene fragments. 

Primer b Sequence (5' > 3') a Restriction 

site 

N1-F ATATGGATCCGCTGAAGTAAACGTTGATCAAG BamHI  

N2-R1 ATATGCGGCCGCTGAACTTGAAGTAGTTGAAGTGCTGTAG NotI 

N2-F ATATGGATCCGCTGGTTTCTCAAACGTTGC BamHI 

N2-R2 ATATGCGGCCGCttaTGAACTTGAAGTAGTTGAAGTGCTGTAG NotI 

C1-F ATATGGATCCGTGAGATTAAGCAATGGTAATACTG BamHI 

C1-R1 ATATGCGGCCGCATTTACTTGACCATTTGATTCAC NotI 

C2-F ATATGGATCCGCTTACAACCCATCAGGTGCTTCAG BamHI 

C1-R2 ATATGCGGCCGCttaATTTACTTGACCATTTGATTCAC NotI 

N1-R1 ATATGCGGCCGCAGTTTGACCATTAGCTGCTTCATAG NotI 

C2-R1 ATATGCGGCCGCGAATCCCCAAGCACCTAAACCTTG NotI 

N1-R2 ATATGCGGCCGCttaAGTTTGACCATTAGCTGCTTCATAG NotI 

C2-R2 ATATGCGGCCGCttaGAATCCCCAAGCACCTAAACCTTG NotI 

 

a Restriction site underlined, stop codon in lower case and bold; b Forward (F) and reverse 

(R1/R2) primer sequences are shown. 
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HumAb production and labeling 

The humAb 1D9 directed against S. aureus IsaA was produced as described 

before 5. Briefly, Expi293 cells were transiently transfected with plasmids 

encoding the H and K fragments of 1D9 (Expi293 Expression System, Life 

Technologies). Secreted 1D9 antibodies were isolated from the cell culture 

medium by Protein A column purification (HiTrap Protein A HP, GE Lifesciences) 

followed by desalting (HiTrap Desalting, GE Lifesciences) according to the 

manufacturer’s protocol. F(ab’)2 nanobodies derived from 1D9 were produced 

using the FragIT kit (Genovis, Sweden) following the manufacturer’s protocol. 

The complete 1D9 antibody or the respective F(ab’)2 nanobodies were labeled 

with IRDye 800CW (LI-COR Biosciences, Bad Homburg, Germany) by incubation 

with 20µg of this dye per mg of protein in PBS (pH 8.5, 2 h, room temperature). 

The labeled antibodies were isolated and desalted as described above, and 

they were stored in the dark at 4°C. 

 

Protein expression, purification and detection of IsaA and its subdomains 

The production and isolation of IsaA-His6 from E. coli BL21DE3 

(pET24d::isaA::his6) was performed as described previously 5. Expression of IsaA 

and its derivatives in L. lactis PA1001 was induced with nisin (3 ng/ml, Sigma-

Aldrich, St. Luis, MO) at an Optical Density at 600 nm (OD600) of ~0.5. After 

continued overnight incubation at 30ºC, cells were separated from the growth 

medium by centrifugation. Protein samples from both fractions were prepared 

as described before 33. All proteins obtained were analyzed by LDS-PAGE 

(NuPAGE gels, Life Technologies), and visualized either by protein staining 

(Simply BlueTM Safe Staining, Life Technologies) or by Western blotting on 

nitrocellulose membranes (Protan nitrocellulose transfer paper, Whatman, 

Germany). Immunodetection of particular proteins was achieved with the 

following antibodies or sera: mouse anti-His tag (Life Technologies), rabbit anti-

IsaA (kindly provided by N. Sakata 15), sera from mice immunized with IsaA, 

rabbit anti-SceD (kindly provided by S. Foster 16) or the IRDye 800CW-labeled 

1D9 anti-IsaA humAb 5. The binding of unlabeled antibodies was visualized with 

fluorescently labeled goat anti-human, goat anti-mouse or donkey anti-rabbit 

IRDye 800 CW-labeled secondary antibodies (LI-COR Biosciences, Lincoln, NE. 

USA), using the Odyssey Infrared Imaging System (LI-COR Biosciences). 
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Cell wall extraction and binding experiments 

Crude cell wall extracts were obtained from overnight cultures of S. aureus 

MA12 ΔisaA or S. aureus Newman ΔspaΔsbi. To this end, cell pellets were 

resuspended in demineralized water with 0.1 µm glass beads (Biospec 

Products, Bartlesville, USA) and disrupted in a Precellys 24 homogenizer (Bertin 

Technologies, France), followed by centrifugation at 4000 rpm for 6 min. 

Recovered supernatants were centrifuged for 15 min at 14000 rpm and pellets 

containing crude cell wall extracts were resuspended in demineralized water 

and stored at 4ºC. Non-covalently bound cell wall proteins were extracted from 

S. aureus Newman ΔspaΔsbi cells by a 10 min incubation with 1 M KSCN as 

described previously 35. 

Growth medium fractions of overnight nisin-induced cultures expressing IsaA 

protein fragments were precipitated with 10% TCA. The resulting protein 

pellets were resuspended in 4-fold diluted phosphate buffered saline with 0.1% 

Tween 20 (PBS-T), and proteins were analyzed by LDS-PAGE. For rebinding 

experiments, crude cell wall extracts were incubated with IsaA protein 

fragments (obtained as described above) at room temperature for 10 min and, 

thereafter, the binding of the IsaA fragments was assessed by LDS-PAGE and 

Western blotting. 

 

Near Infrared Microscopy 

Aliquots of 1 ml of bacterial cultures (OD600 of 1) in TSB were collected, washed 

twice with PBS, and resuspended in 1 ml of PBS. Next, ~1010 cells thus obtained 

were incubated with 0.65 mg/ml IRDye 800CW-labeled 1D9 or 1D9 F(ab’)2 for 1 

h at room temperature. After washing 3 times with PBS, cells were spotted on 

poly-L-lysine-coated glass slides (Sigma Aldrich) and inspected using a Leica 

DM5500B epifluorescence microscope equipped with an 800 nm filter block. 

Images were captured with a Leica DFC365FX camera using a 63x objective 

(Leica Microsystems BV, The Netherlands). 

 

Epitope mapping with peptide arrays 

To determine which epitopes of S. aureus IsaA were recognized by the 

investigated anti-IsaA IgGs, libraries of linear 15-mer IsaA-specific peptides 

were synthesized with an overlap on a solid support (Pepscan), as previously 

described 36,37. Next, the peptide libraries were probed with heat-inactivated 
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mouse sera, humAb 1D9, or rabbit anti-IsaA in a dilution of 1:1000. Bound IsaA-

specific antibodies were detected with a secondary HRP-conjugated antibody 

(Southern Biotech, Birmingham, USA) and 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (Sigma-Aldrich). A charge-coupled 

device camera was used to record the absorbance at 405 nm. 

 

Immunization of mice with IsaA 

Specified pathogen-free female BALB/cBYJ mice were obtained from Charles 

River (Saint-Germain-sur-l’Arbresle, France). Mice were treated and selected as 

described previously 26. Purified IsaA-His6 was emulsified 1:1 with TiterMax 

Gold adjuvant (Sigma-Aldrich). Mice were immunized subcutaneously in the 

flank with 100 μL formulated vaccine on days -28, -21, and -14 (25 μg of 

antigen). Control mice received 100 μL PBS emulsified with adjuvant. At day -1, 

blood was withdrawn from the tail artery. Sera were examined by ELISA using 

ELISA plates (Greiner Bio-One B.V, Alphen aan den Rijn, the Netherlands), 

coating, blocking, hybridization and detection procedures as described 

previously 26. Immunized mice (n = 6 immunized mice, n = 11 placebo-

immunized mice) were challenged on day 0 by intravenous inoculation of 100 

μL of S. aureus isolate P (3 × 105 CFU) as described previously 26. Discomfort and 

animal survival rate over 14 days after infection were monitored. For 

discomfort score, clinical signs of illness in each mouse were evaluated at least 

twice daily as described before 26. 

 

Ethics statements 

Blood donations from EB patients were collected under the approval of the 

medical ethics committee of the University Medical Center Groningen 

(approval no. NL27471,042,09) upon written informed patient consent, and 

with adherence to the Helsinki Guidelines 22. The required written informed 

consent was obtained from all EB patients and healthy volunteers included in 

the present studies. All animal experiments were performed in accordance with 

the rules laid down in the Dutch Animal Experimentation Act and the EU Animal 

Directive 2010/63/EU (permit number: EMC2694). 
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Results 

 

IsaA contains 2 conserved domains 

As a first approach towards the identification of antigenic epitopes in IsaA, we 

performed a bioinformatics analysis of the domain structure of this protein. 

Inspection of the amino acid sequence of IsaA using Pfam only showed the 

presence of the known soluble lytic transglycosylase domain (SLT, pfam01464) 

in the C-terminus (Fig. 1B). Subsequent BLASTP searches against the NCBI 

Protein Reference Sequences Database using the N-terminus of IsaA (residues 

30-145) revealed another conserved domain ranging from residues 30 to 84. A 

following Position-Specific iterated BLAST search with this region of IsaA 

showed that this domain is exclusively present in the N-termini of 391 proteins, 

primarily the IsaA and SceD proteins from S. aureus and other staphylococcal 

species (Fig. 1A and Fig. 2). In what follows, we refer to this N-terminal 

conserved domain as the NCD domain of IsaA. 

 
Figure 1. Schematic representation of IsaA subdomains, their separate expression and 

immunodetection. 
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A. The N-terminal conserved domain (NCD) of IsaA (residues 30-84) as identified by BLASTP 

searches with the N-terminal region of IsaA (residues 30-145; see also Fig. 2). 

B. The mature IsaA, its N-terminal (IsaA-N, IsaA-N1, IsaA-N2) or C-terminal (IsaA-C, IsaA-C1, 

IsaA-C2) fragments were expressed in L. lactis PA1001 and secreted as N-terminal or C-

terminal His-tag fusions using the lactococcal signal peptide of Usp45 (spu). The C-terminal 

part of IsaA contains a soluble lytic transglycosylase (SLT) domain (pfam01464). In the 

schematic representations of the expression vectors pNG4110 and pNG4210, used to 

produce IsaA or its subdomains, the positions of the cleavage sites for the restriction 

enzymes BamHI (B) and NotI (N), and the N-terminal or C-terminal His-tags (h6) are indicated. 

Molecular weights (kDa) of IsaA and its subdomains and their isoelectric points (pI) are 

indicated. sp, IsaA signal peptide; *: stop codon provided within the expression vectors 

pNG4110 and pNG4210. 

C. LDS-PAGE analysis of growth medium fractions of nisin-induced L. lactis cultures producing 

the C-terminally His-tagged IsaA protein or IsaA fragments. The His-tagged proteins are 

visualized either by Simply Blue gel-staining, or by Western blotting with the humAb 1D9-

800CW, the polyclonal α-IsaA rabbit antibodies, or α-His-tag antibodies. Molecular weights 

(kDa) of the standard proteins are indicated on the left. 

 
Figure 2. Conserved N-terminal domain of IsaA. Conservation of amino acid residues in the 

‘N-terminal conserved domain’ (NCD) of IsaA was assessed by multiple alignment of 391 

protein reference sequences with residues 30-84 of IsaA. The alignment shows the similarity 

of the NCDs of the IsaA and SceD proteins from different staphylococcal species. Residues 

identical to the consensus sequence are marked in dark blue; residues with a positive 

Blosum62 score compared to the consensus are marked in light blue. The protein sequence 

gi numbers and the respective amino acid regions (in parentheses) are indicated. 
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IsaA is non-covalently bound to the staphylococcal cell wall 

To investigate the subcellular localization of IsaA, several experiments were 

performed. Fractionation and subsequent Western blotting analyses of S. 

aureus MA12, MA12ΔisaA and Newman ΔspaΔsbi showed that IsaA is both 

retained in the cell fraction and released into the culture medium (Fig. 3A). 

Furthermore, extraction of non-covalently cell wall-bound proteins from S. 

aureus Newman ΔspaΔsbi cells with KSCN resulted in the release of IsaA from 

the cells (Fig. 3A, lane labelled W). As KSCN is a chaotrope, the release of IsaA 

from the cells implies that this protein is associated with the cell wall through 

non-covalent cell wall interactions based on hydrogen bonds, van der Waals 

forces, or hydrophobic interactions (Fig. 3A). In contrast to IsaA, the IsaA 

paralogue SceD is mostly secreted into the growth medium by clinical S. aureus 

isolates that produce this protein (Fig. 3B). Of note, the full size 1D9-800CW 

antibody also binds to the IgG binding proteins Spa (protein A) and Sbi 

whereas, as expected, 1D9 F(ab’)2-800CW nanobodies do not bind to these 

proteins since they lack the Fc moiety needed for Spa- and Sbi-binding (Fig. 3A). 

Consistent with the Western blotting data, fluorescence microscopy showed 

that 1D9 F(ab)2-800CW binds to whole cells of the wild-type S. aureus MA12 

strain, but not to cells of S. aureus MA12 ΔisaA (Fig. 4). 
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Figure 3. Cell-associated and secreted forms of IsaA and SceD. 

A. S. aureus MA12, S. aureus MA12 ΔisaA and S. aureus Newman ΔspaΔsbi were grown 

overnight. Subsequently, cells (C) were separated from the growth medium (M) by 

centrifugation and proteins in the respective fractions were separated by LDS-PAGE. In 

addition, non-covalently cell wall-associated proteins (W) were extracted from S. aureus 

Newman ΔspaΔsbi and separated by LDS-PAGE. The presence of IsaA was subsequently 

visualized by Western blotting using humAb 1D9-800CW, hum Ab 1D9 F(ab)2-800CW or the 

polyclonal rabbit antibody α-IsaA. Molecular weights (kDa) of marker proteins are shown on 

the left and the positions of Protein A, Sbi and IsaA are indicated on the right. 

B. Cellular (C) and secreted proteins  in the growth medium (M) of the clinical S. aureus 

isolates D, E, F, G and H were separated by LDS-PAGE and detected by Western blotting using 

an α-SceD polyclonal antibody. Molecular weights (kDa) of marker proteins are shown on the 

left and the positions of protein A and SceD are indicated on the right. 
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Figure 4. Exposure of IsaA on the S. aureus cell surface. 

Phase contrast (left panels) and near-infrared fluorescence (right panels) microscopic images 

of overnight cultured S. aureus cells treated with 1D9 F(ab)2-800CW. Top panels, S. aureus 

MA12 ΔisaA cells; bottom panels wild-type (wt) S. aureus MA12 cells. 

 

To further investigate the potential of IsaA for cell wall binding, the mature 

protein and its N- and C-terminal fragments were expressed in L. lactis using 

vectors pNG4110 and pNG4210 as schematically represented in Figure 1B. 

Specifically, this resulted in the nisin-inducible production of: the N-terminal 

conserved domain (N; residues 30-145), the N-terminal sub-domains N1 

(residues 30-91) and N2 (residues 92-145), the C-terminal domain with the SLT 

active site domain, (C; residues 146-233), and the C-terminal fragments C1 

(residues 146-189) and C2 (residues 190-233). These fragments were expressed 

either with a C-terminal His-tag or with an N-terminal His-tag. Further, all His-

tagged fragments were attached to an N-terminal signal peptide, allowing their 

facile purification from the growth medium of L. lactis (Fig. 1C, simply blue 

staining panel and Western blot panel with α-His-tag antibodies). Of note, for 

unknown reasons the N and N2 fragments of IsaA had a lower mobility on LDS-

PAGE than expected based on their molecular weight. Analysis of the cell and 

growth medium fractions of the L. lactis cultures expressing the different 

fragments or the full-size IsaA protein showed that mature IsaA and the N, N1 

and C fragments can be detected both in the cell and growth medium fractions 

(Fig. 5A). The localization of these fragments was not affected by the presence 
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of the His-tag at the N- or C-termini. In case of the N1 fragments most of the 

protein was present in the cell fraction, suggesting that this IsaA moiety is of 

particular relevance for cell association. Conversely, relatively low amounts of 

the C fragment were localized to the cell fraction. Importantly, the N2, C1 and 

C2 fragments were exclusively detected in the growth medium fraction, 

suggesting that they have no important role in cell association (Fig. 5A). 

 

 
 

Figure 5. Cell wall association of IsaA-derived protein fragments. 

A. IsaA, its N-terminal (IsaA-N, IsaA-N1, IsaA-N2) and C-terminal (IsaA-C, IsaA-C1, IsaA-C2) 

fragments were expressed in L. lactis PA1001 with the Usp45 signal peptide for export from 

the cytoplasm and an N-terminal (←) or C-terminal (→) His-tag (see Fig. 1B). Next, cells (C) 

were separated from the growth medium (M) by centrifugation and the presence of full-size 

IsaA or its fragments in the respective fractions was analyzed by Western blotting using α-

IsaA polyclonal rabbit antibodies. 
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B. The rebinding potential of secreted IsaA or IsaA-derived fragments to the S. aureus cell 

wall was assessed using full-size IsaA or IsaA-derived fragments (as described in A) and crude 

cell wall extracts from S. aureus MA12 ΔisaA as described in the Materials and Methods 

section. Upon incubation for 10 min, the cell walls were pelleted by centrifugation and 

proteins in the pelleted cell wall (W) and supernatant (S) fractions were analyzed by LDS-

PAGE and Simply blue staining (upper panels) or Western blotting using α-IsaA polyclonal 

rabbit antibodies (lower panels). 

C. As a control, IsaA was incubated without the crude cell wall extract from S. aureus MA12 

ΔisaA and upon incubation centrifuged. Pellet and supernatant fractions were processed as 

described in B.  

The molecular weights (kDa) of marker proteins are indicated on the left. 

 

As the above cell association analysis was performed with the heterologous 

organism L. lactis, a cell wall rebinding analysis was performed using crude cell 

wall preparations of S. aureus MA12 ΔisaA to verify the cell wall binding 

capabilities of IsaA. This approach is based on the notion that non-covalently 

cell wall-bound proteins that have been released into the growth medium can 

in principle rebind to the S. aureus cell wall. In these experiments, we focused 

on S. aureus cell wall rebinding of the full-size IsaA, or the N or C fragments of 

IsaA, as purified from the growth medium of L. lactis. Upon incubation with the 

cell wall preparations, the cell walls were pelleted and the presence of IsaA 

(fragments) in the pellet and supernatant fractions was assessed by Western 

blotting. As shown in Figure 5B, the full-size IsaA and the N fragment were 

capable of rebinding to the S. aureus cell wall, albeit that rebinding of the N 

fragment was less effective depending on the position of the His-tag. In 

contrast, the C fragment of IsaA did not rebind to the S. aureus cell wall. For 

control, the assay was performed also in the absence of cell wall extract. As 

shown in Figure 5C, hardly any IsaA was pelleted in the absence of cell wall 

extract (simply blue panel), although a relatively small amount of pelleted IsaA 

was detectable by Western blotting (α-IsaA panel). The latter probably 

represents a small amount of aggregated IsaA or IsaA bound to the tube. 

Altogether, the present observations show that IsaA has a modular structure 

composed of a conserved N-terminal domain and an active site domain in the 

C-terminus. Both domains are involved in effective binding of full-size IsaA to 

the S. aureus cell wall, albeit that the N-terminal domain can also bind to the 

cell wall in absence of the C-terminal domain. 
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HumAb 1D9 binds to the NCD domain of IsaA 

The potentially different functions of the N and C domains of IsaA in cell wall 

binding and transglycosylase activity raised the question, which epitope(s) in 

IsaA need(s) to be recognized for a protective antibody response? As a first 

approach to answer this question, we assessed the binding site of our humAb 

1D9 in IsaA using the different fragments of this protein expressed in L. lactis. 

As demonstrated by Western blotting, humAb 1D9 labeled with IRDye800CW 

binds effectively to the IsaA fragments N and N1, but not to the fragments N2, 

C, C1 and C2 (Fig. 1C). This shows that the epitope recognized by 1D9 resides 

within the first 62 residues of the mature IsaA protein. By contrast, all tested 

fragments of IsaA were bound by the polyclonal antibodies (α-IsaA) raised in a 

rabbit 15 (Fig. 1C). To further narrow down the epitope recognized by 1D9, we 

applied the PepScan technology 36,37, where antibody binding to an array with 

linear 15-mer peptides representing the entire IsaA protein was tested. 

Unexpectedly, 1D9 did not bind to this array (not shown), while the polyclonal 

rabbit α-IsaA antibodies did bind to the array (Fig. 6). In fact, the profile of 

polyclonal α-IsaA binding to the peptide array mirrored the results obtained by 

Western blotting, where the N, N1, N2, C, C1 and C2 fragments of IsaA were all 

shown to bind the polyclonal antibodies (Fig. 1C). Taken together, these 

findings show that humAb 1D9 binds to an epitope within the conserved NCD 

domain of IsaA, and that this epitope is not represented in the array of linear 

15-mer peptides. The latter finding suggests that 1D9 binding to IsaA relates to 

a feature with a particular secondary or tertiary structure. 

 
Figure 6. Antibody reactivity against IsaA epitopes measured by pepscan-ELISA. 

Bar chart with relative fluorescence signals as detected upon binding of α-IsaA polyclonal 

rabbit antibodies to 15-mer peptides with 14 residue overlap. The peptides are ordered on 

the x-axis according to the position of their N-terminal residue in the overall IsaA amino acid 

sequence. The relative positions of the IsaA fragments N1, N2, C1 and C2 are indicated. The 

y-axis shows the OD (in AU). 
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Distinction of IsaA epitopes recognized by human sera and sera from IsaA-

immunized mice 

Our previous mouse immunization study with an octavalent anti-S. aureus 

vaccine including IsaA showed that antibodies against IsaA were not protective 
26. This previous conclusion was verified by immunizing mice with IsaA only, 

which showed that high IsaA-specific IgG titers did not protect mice against a 

challenge with the S. aureus isolate P (Figs. 7 and 8). To determine whether the 

IsaA epitopes recognized by potentially protective IsaA-specific IgGs from six EB 

patients, and six non-protective IsaA-specific IgGs from immunized mice are 

similar or different, we employed a Western blotting approach. The results in 

Figure 9 show that all tested sera of mice and men contained IgGs recognizing 

the full-size IsaA and the IsaA fragment N. All sera from mice contained IgGs 

recognizing fragment C, whereas this was significantly less common for the sera 

from EB patients. None of the tested sera contained IgGs recognizing fragment 

C2, and only two of the tested mouse sera contained IgGs recognizing fragment 

C1. Intriguingly, a distinguishing feature of the EB patient sera was that, with 

exception of the EB patient serum 51, all contained significant levels of IgGs 

against the N1 fragment (between ~22 to 41% of the total signal). Overall, this 

suggests that the IsaA-specific IgGs of EB patients preferentially recognize the 

N1 fragment of IsaA, similar to the protective humAb 1D9, whereas the non-

protective IsaA-specific IgGs of immunized mice preferentially recognize the C 

fragment of IsaA (Fig. 9). 
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Figure 7. IgG titers in sera of mice immunized with IsaA. Six mice were immunized 

subcutaneously with IsaA-His6 at days -28, -21 and -14 (25 μg), and 11 mice were placebo 

immunized following the same schedule. The IsaA-specific IgG titers on day -1 were assessed 

by ELISA. Each symbol represents a single mouse. The median values is indicated by a 

horizontal line.  

 

 

 
Figure 8. Survival of immunized mice with S. aureus isolate P bacteremia. Mice immunized 

with IsaA (▲, n = 6) or placebo-immunized mice (●, n = 11) were infected with the clinical S. 

aureus isolate P by intravenous injection of 3 × 105 colony-forming units (CFU). 

Subsequently, the infected mice were monitored for 14 days. No statistically significant 

difference in animal survival rates was observed (P > 0.05; log rank test). 
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Figure 9. Differential binding of human and murine IgGs to IsaA-derived fragments. 

Proteins in the growth medium fractions of L. lactis PA1001 producing the full-size IsaA or N-

terminal (N, N1, N2) or C-terminal (C, C1, C2) fragments of IsaA were separated by LDS-PAGE. 

Next, a Western blotting analysis was performed using sera from EB patients (EB01, EB09, 

EB11, EB15, EB51 and EB55) or sera from the mice immunized with IsaA (M31, M32, M33, 

M34, M35 and M36). The molecular weights (kDa) of marker proteins are indicated on the 

left. The intensities of detected bands were assessed with ImageJ, and the relative intensity 

for each band is indicated below each blot as the percentage of the total intensity 

determined for full-size IsaA plus the N-terminal (N, N1, N2) and C-terminal (C, C1, C2) 

fragments. 

 

Discussion 

 

The aim of this study was to localize immunogenic epitopes in the IsaA protein 

of S. aureus and to correlate the recognition of these epitopes by particular 

IgGs to protection against S. aureus infection. The results show that potentially 

protective IsaA-specific human IgGs predominantly target a conserved N-

terminal domain in IsaA, while non-protective IsaA-specific murine IgGs 

predominantly target the conserved C-terminal domain of IsaA. 

Previous studies have shown that the C-terminal part of IsaA contains a soluble 

lytic transglycosylase (SLT) domain (Pfam 06737) that is conserved also in the 

SceD protein of S. aureus. This SLT domain is able to cleave peptidoglycan, and 

impacts on the clumping and separation of S. aureus cells 16. In contrast, a 

possible function of the N-terminal region of IsaA was so far not known. Of 

note, our present data show that this N-terminal region contains a domain 

(NCD) that is well conserved in the IsaA and SceD proteins of a wide range of 

Staphylococcus species. Using proteomics approaches, it was previously shown 

that IsaA and SceD both are non-covalently cell wall-bound proteins 17,38–40. As 
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it is known that most peptidoglycan hydrolases are composed of a catalytic site 

domain and a cell wall binding domain 41, we hypothesized that the NCD 

domain could contribute to cell wall binding. Indeed, separate expression of 

the different regions of IsaA showed that the N-region, which includes the NCD 

domain, has affinity for cell walls of S. aureus and L. lactis. In contrast, the C-

terminal region does apparently not bind cell walls by itself. Yet, the highest 

levels of cell wall binding were observed for the intact IsaA protein, indicating 

that both the N- and C-regions are involved in cell wall binding with a 

potentially more prominent contribution from the N-region. It should be noted, 

however, that a substantial portion of IsaA is secreted into the growth medium, 

and this is also the case for SceD. Consistent with the observed cell wall binding 

of IsaA, we did observe localization of this protein to the S. aureus cell surface 

using an immunofluorescence microscopy approach. Of note, this involved an 

IRDye 800CW-labeled F(ab)2 fragment of the humAb 1D9, which binds to the 

N1 subdomain of IsaA. Together, these observations imply that the N-domain 

of IsaA is exposed on the S. aureus cell surface, where it is accessible to IgG. 

Intriguingly, our present results show that sera of patients with the genetic 

blistering disease EB contain IgGs that predominantly target the N-domain of 

IsaA. Chronic wounds of these patients are heavily colonized with S. aureus 
42,43, which was previously shown to elicit IgG levels against S. aureus proteins 

that were much higher than the IgG levels against the respective proteins in 

healthy volunteers 22. The highest IgG levels were detected against the IsaA 

protein, leading to the view that these IgGs could be protective against S. 

aureus infections 22. This view is supported by the fact that EB patients rarely 

suffer from invasive S. aureus infections despite the high-level colonization of 

their wounds 44, and by the observation that monoclonal antibodies against 

IsaA (i.e. 1D9 and UK-66) can be protective against S. aureus infection in mouse 

models 5–7. Of note, our present study also shows that that the protective 

humAb 1D9 also recognizes the N-domain of IsaA. In contrast to our findings 

with the sera of EB patients, the immunization of mice with purified IsaA did 

not elicit the production of IgGs that protect against S. aureus infection. In this 

case, the IsaA-specific IgGs predominantly recognized the C-terminal region of 

IsaA as shown in our present study. Together, these observations imply that 

IgGs against the C-terminal region of IsaA do not effectively protect against S. 

aureus infection. 
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A key question that remains to be answered is why does there appear to be a 

bias towards IgGs specific for the N-terminal region of IsaA in EB patient sera, 

and a bias towards IgGs specific for the C-terminal region in immunized mice? 

Our present studies show that the N-terminal region of IsaA is exposed on the 

cell surface of S. aureus, which might suggest that this domain is better 

exposed to the human immune system than the C-terminal region of IsaA. Yet, 

our previous proteomics study, where S. aureus cells were shaved with trypsin 

that was immobilized on agarose beads, clearly showed that also the C-

terminus of IsaA is exposed to the S. aureus cell surface 11,17. This makes a 

differential exposure of the N- and C-terminal regions of IsaA on the S. aureus 

cell surface a less likely explanation for the observed differences in the IgG 

specificities from mice and men. An alternative explanation could be that the 

immunogenicity of the N- and C-terminal domains of IsaA is different, 

depending on whether the immune system is challenged with IsaA attached to 

the S. aureus cell surface or with soluble IsaA. Conceivably, such a difference 

could relate to conformational differences in the respective domains when 

they are associated with the cell or secreted into the growth medium. 

 

Conclusion 

Altogether, our present study shows that the immune responses to IsaA are 

very different in the investigated mouse and human sera. In particular, the 

results seem to suggest that IgGs against the N-terminal domain of IsaA are 

potentially protective against S. aureus infection. This focuses attention on the 

N-terminal region of IsaA as a potential component in a future vaccine against 

the important human pathogen S. aureus. 
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Chapter 7 

 

                              Summary and future perspectives 

 

For the general human population, carriage of the Gram-positive bacterium 

Staphylococcus aureus is not associated with symptoms of disease. In fact, over 

time about 60% of the population is probably intermittently carrying this 

bacterium. However, upon invasion of the human body, it becomes evident 

that S. aureus is actually a serious pathogen that can cause many different 

diseases. Such infections are frequently difficult to treat, due to the emergence 

and spread of highly antibiotic resistant lineages in hospitals and the 

community. Therefore, new options for prevention and therapy of 

staphylococcal infections need to be developed and implemented in clinical 

practice. Over the past decades, many studies have attempted to develop 

active or passive immunization approaches with the aim to protect frail 

individuals against S. aureus infections. Although some studies using small 

laboratory animals were apparently successful, to this date no effective vaccine 

for human use has successfully passed the stage of clinical trials. It is currently 

debated why exactly it is so hard to develop effective immunization approaches 

against S. aureus, but it is tempting to speculate that this relates primarily to 

the fact that, for ethical reasons, early-stage preclinical studies can only be 

performed in laboratory animals and, secondly, to the types of antigens that 

have been selected for these preclinical studies in animals. In the studies 

described in the present thesis, different approaches for active and passive 

immunization were explored in which it was attempted to overcome the 

limitations of animal models by comparing immune responses in ‘mice and 

men’. In addition, a passive immunization approach was explored, which was 

based on the cloning of a human antibody that recognizes a surface protein of 

S. aureus – the immunodominant staphylococcal antigen A (IsaA) - that is 

invariantly expressed by this pathogen. Although these investigations have not 

yet led to prophylactic or therapeutic approaches that are ready for the clinic, 

several potentially valuable insights were obtained that may pave the way 

towards the development of antistaphylococcal immunotherapy. 
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For the studies presented in this thesis, the focus was on a number of 

peptidoglycan hydrolases as potential targets for active and/or passive 

immunization. These peptidoglycan hydrolases were selected as potential 

targets, because various  proteomic studies have shown that these (i) enzymes 

are invariantly expressed by all investigated clinical S. aureus isolates, (ii) that 

they are capable of eliciting an immune response in humans, and (iii) that they 

have a role in staphylococcal virulence (Chapter 1). Importantly, peptidoglycan 

hydrolases are intrinsically exposed on the bacterial cell surface, which renders 

them readily accessible to antibodies produced by the human immune system. 

This would then lead to opsonization and subsequent clearance of the bacteria 

by the phagocytic cells of the human immune system. Based on different 

criteria, especially invariant and high expression, special attention was 

attributed to the peptidoglycan hydrolases named Atl, LytM and IsaA. 

However, in addition to these peptidoglycan hydrolases, also several other 

known virulence factors of S. aureus, specifically Nuc and the four phenol-

soluble modulins α1-4, which are both immunogenic and invariantly produced 

by all tested isolates, were included in some of the present analyses. 

Eventually, IsaA was selected as the main focus of the present studies, because 

(i) it is the S. aureus protein that elicits the highest antibody responses in 

humans, (ii) it was possible to produce this protein in ample amounts for 

immunization studies and (iii) it was possible to develop a fully human 

monoclonal antibody against IsaA. 

 

Chapters 2 and 3 describe a novel pipeline for the expression and purification 

of tagged surface-exposed and secreted antigens from S. aureus. Specifically, 

this involved the use of the Gram-positive bacterium Lactococcus lactis as a 

host for inducible antigen expression. The development of this host and a set of 

specific cloning vectors was needed, because it turned out to be difficult to use 

the frequently applied expression host Escherichia coli for this purpose. In 

doing so, invariant staphylococcal proteins, such as LytM, Aly, SA2097, IsaA, 

SA0620 and Nuc, were successfully produced and isolated. The L. lactis 

expression system also allowed the addition of various tags to the produced 

antigens, especially the His6 and AVI-tags that can be applied for metal affinity 

purification, biotinylation and localization of the expressed antigens. A 

comparison between the intracellular or secretory production of the His6-
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tagged antigens showed that, with the exception of SA0620, higher yields were 

obtained when the antigens were secreted. This was achieved by fusing the 

antigens to the signal peptide of the major secreted protein Usp45 of L. lactis. 

Further improvements were achieved by deleting the gene for the extracellular 

protease HtrA of L. lactis, which reduced product degradation, and by deleting 

the gene for the autolysin AcmA, which reduced cell lysis and the shedding of 

cellular components into the growth medium. Thus, by introducing merely two 

mutations it became much easier to purify the secreted His6-tagged 

staphylococcal antigens and, in fact, this was possible in a one-step procedure. 

Importantly, the purified LytM, Aly, Nuc, ClfB and SagA (i.e. SA2100) proteins 

retained their biological activity, indicating that these heterologously produced 

proteins were correctly folded. As shown in Chapter 3 for the S. aureus IsdB 

protein, even a post-translational modification such as phosphorylation is 

conserved in L. lactis, albeit that the heterologously produced IsdB was 

phosphorylated on an alternative Tyr residue. 

Even though it can be concluded that the developed L. lactis expression system 

as described in Chapters 2 and 3 is highly suited for the production of 

staphylococcal antigens, there is still some room for further improvements. In 

the first place, despite the deletion of the L. lactis htrA gene, there was still 

some degradation detectable for antigens such as SA0620, SA2100 and pro-Atl 

(Chapter 3). Fortunately, this was overcome by moving the His6-tag from the C-

terminus to the N-terminus of the heterologously produced antigens. At 

present, it is not known which proteases are responsible for this residual 

degradative activity and it is even not clear whether it occurs in the cytoplasm, 

membrane or cell wall of L. lactis. Clearly, this will require further detailed 

studies, possibly involving the elimination of known quality control proteases, 

such as ClpP or FtsH. A second potential problem is the observed incomplete 

secretion of certain staphylococcal antigens, such as SA0620. This may relate to 

possible incompatibility with the Sec machinery of L. lactis, the presence of 

hydrophobic or charged residues exposed on the protein surface, or the 

presence of particular cell wall-binding domains. Such features might preclude 

effective membrane translocation, or they might cause retention of a 

staphylococcal antigen in the membrane or cell wall of L. lactis, thereby setting 

limits to effective secretory production. 
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To assess whether it is possible to vaccinate against S. aureus infections by 

using invariantly produced cell surface-exposed antigens of this pathogen, an 

octa-valent antigen mixture was created as described in Chapter 4. This antigen 

mixture consisted of the IsaA, pro-Atl, LytM and Nuc proteins produced in L. 

lactis plus the four chemically synthesized phenol-soluble modulins α 1-4 

(PSMα1-4). The PSMs were chemically synthesized because they are relatively 

small peptides and, at the time of the study, it was not yet known how exactly 

they are secreted by S. aureus. Of note, sera from patients with the genetic 

blistering disease epidermolysis bullosa (EB) contained high IgG levels against 

all eight included antigens, which is probably due to the fact that these patients 

are continuously challenged with S. aureus as their chronic wounds are heavily 

colonized by different lineages of this pathogen. This suggested that a mixture 

of these eight antigens might be a good candidate vaccine. Indeed, 

subcutaneous immunization of BALB/cBYJ mice led to high IgG responses 

against the eight applied antigens. However, the produced antibodies did not 

protect mice against S. aureus bacteremia or skin infections. There are several 

possible reasons for this lack of protection conceivable, including the applied 

animal study design, the role of antibodies in the protection against 

staphylococcal infections, or the antigens that were used for immunization. An 

important factor might be that, during an S. aureus infection in humans, the 

staphylococcal antigens are presented to the human immune system in a 

rather different manner than during the immunization of mice with the purified 

antigens. In particular, the antigens as presented on the S. aureus cell surface 

might expose different epitopes than when these antigens are presented as 

soluble recombinant or chemically synthesized proteins in the context of an 

adjuvant. On the other hand, the eight antigens used for the immunization of 

mice are also released into the extracellular environment of S. aureus, so this 

cannot be the only explanation for the observed lack of protection upon 

immunization. Another conceivable explanation is that antibodies against 

staphylococcal antigens provide less protection against infections than is often 

assumed. However, the finding that monoclonal antibodies against S. aureus 

antigens, IsaA in particular, as described by the team of Knut Ohlsen at the 

University of Würzburg and as described in Chapter 5 of this thesis, argues 

against a lack of protective effects of anti-staphylococcal antibodies. As to the 

antigens themselves, as they were used in the immunization study described in 
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Chapter 4, a few additional possibilities remain why they failed to elicit a 

protective response. Firstly, one or more of them might somehow suppress the 

murine immune system. This could for example be the case for the four PSMα’s 

included in the octa-valent antigen mix, since they are known to be toxic for 

immune cells. Secondly, although the antigens produced in L. lactis appear to 

be correctly folded, they may differ in detail from the authentic antigens 

produced by S. aureus. For example, IsaA , pro-Atl, LytM and Nuc were 

produced with a C-terminal His6-tag, which would alter the C-terminus of these 

antigens. This could then lead to an aberrant or at least ineffective epitope 

recognition by the murine immune system. Evidence for this idea might be 

deduced from the studies presented in Chapter 6 of this thesis as discussed 

below. Lastly, as shown in Chapter 3, there may be differences in post-

translational modifications, such as phosphorylation, of particular antigens 

produced by the native host S. aureus or the heterologous expression host L. 

lactis. Future vaccination studies should definitely take these different options 

into consideration and, in particular, the removal of the tags used for antigen 

purification should be considered. In fact, with this in mind, a vector encoding a 

tobacco etch virus protease cleavage site allowing removal of the N-terminal 

His6-tag has already been developed (Chapter 3). 

 

Based on literature and proteome studies the peptidoglycan hydrolase IsaA 

was identified as a candidate antigen to be targeted in a passive immunization 

approach with a fully human monoclonal antibody (humAb). In particular, a 

previous study by the group of Ohlsen had reported the isolation of a murine 

mAb targeting IsaA. This murine mAb as well as a humanized derivative were 

shown to be protective in mouse models of catheter-related S. aureus infection 

and S. aureus sepsis. In Chapter 5 the identification and production of the fully 

human anti-IsaA IgG1 humAb 1D9 is described. This humAb was shown to bind 

to both purified IsaA and native IsaA expressed by 26 different clinical S.  

aureus isolates, including MSSA and MRSA strains. Importantly, in a murine 

bacteremia model, a significantly improved survival (25-42%) of mice 

challenged with the clinical S. aureus isolate P (MSSA) was observed when 

humAb 1D9 was provided prophylactically. When mice were challenged with 

the notorious MRSA strain USA300, 17-42% improved survival of the mice was 

observed but, unfortunately, this difference was not statistically significant. 
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Also, no enhanced survival was observed when 1D9 was applied therapeutically 

upon infection with either S. aureus isolate P or USA300. Different possible 

explanations can be entertained for the apparently limited protection provided 

by passive immunization with humAb 1D9. One aspect to be considered in the 

prophylactic application of 1D9 is that S. aureus USA300 produced much higher 

amounts of the IgG-binding protein A than the S. aureus isolate P, which may 

have resulted in the evasion of 1D9-mediated protection by the USA300 strain 

due to the capture of this antibody by its Fc domain. As the IsaA amino acid 

sequence is highly conserved among S. aureus strains, strain-specific 

differences in the epitope structure of the IsaA proteins of USA300 and isolate 

P are a less likely explanation, but in absence of the genome sequence of 

isolate P this possibility cannot be excluded as yet. A possible explanation for 

the lack of effect of 1D9 in the investigated therapeutic setting could be an 

insufficient bioavailability of this humAb. At the time point at which 1D9 was 

administered to the mice, both S. aureus isolate P and USA300 had already 

multiplied and disseminated to different organs, potentially allowing the 

bacterial cells to escape from 1D9-mediated elimination. At the present stage, 

it is only possible to speculate about the reasons why 1D9 did not provide 

protection in all settings tested. Clearly, further experiments with variations in 

the dosage and timing of 1D9 administration will be needed to clarify its full 

potential for prophylactic or therapeutic applications in the protection of 

patients against S. aureus infections. Yet, the fact that this humAb does provide 

protection in at least one setting suggests that it is in principle possible to apply 

1D9 for antistaphylococcal therapy, if only in combination with a classical 

antibiotic or other specific monoclonal antibodies directed against invariant 

antigens of S. aureus. 

 

The active and passive immunization approaches described in chapters 4 and 5 

are in line with published studies indicating that, in principle, it should be 

possible to use such immunization approaches to protect against or cure S. 

aureus infections. In this context, IsaA has presented itself as a particularly 

promising target, because it is the most immunogenic S. aureus protein in 

humans that we know today, and because monoclonal antibodies against IsaA 

were found to be at least partially protective against S. aureus in murine 

infection models. Yet, active immunization of mice with IsaA did not elicit 
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protective antibody responses. The latter observation was puzzling, and it 

suggested that there might perhaps be differences in the recognition of 

particular IsaA epitopes that could either lead to the generation of protective 

or non-protective antibodies. This idea was investigated in the studies 

described in chapter 6 of this thesis, which showed that there are indeed 

important differences in the recognition of IsaA by potentially protective and 

non-protective antibodies. In particular, the partially protective humAb 1D9 

was found to bind to an epitope in the N-region of IsaA which was also 

recognized by presumably protective anti-IsaA antibodies of patients with the 

genetic blistering disease EB. In contrast, the non-protective antibodies in sera 

from mice immunized with IsaA were shown to bind predominantly to the C-

terminal region of IsaA. Together, these observations seem to suggest that the 

N-terminal region of IsaA should be targeted in active or passive immunization 

approaches in order to achieve protection against S. aureus infections. 

 

In conclusion, the present PhD research describes a pipeline that can be 

applied for the development of potential active or passive immunization 

approaches to protect frail individuals against infections with S. aureus. 

Compared to the originally conceived pipeline as presented in Chapter 1 of this 

thesis, several possible routes have become less attractive, while two 

converging lines of experimentation have emerged as the most promising 

options. This is schematically represented in Figure 1. For the development of 

both passive and active immunization approaches, it is probably best to start 

with blood donations from patients whose immune system has been heavily 

challenged by S. aureus on the one end, and with a proteomics analysis for the 

identification of invariantly expressed S. aureus epitopes on the other end. 

These lines converge in the mapping of epitopes recognized by potentially 

protective antibodies in the donated blood samples. As exemplified in chapter 

6, such an epitope mapping analysis will require the recombinant production of 

the respective antigens, or fragments thereof, and the toolbox described in 

chapters 2 and 3 can be implemented for this purpose. For active immunization 

approaches, the recombinantly produced antigens can then directly be applied 

for testing in animal studies as exemplified in chapter 4, whereas the same 

antigens can also be used for the selection of the humAbs that are to be used 

for passive immunization approaches as exemplified in chapter 5. Notably, at 
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the present stage this approach is still somewhat hypothetical, but the good 

news is that it can now be tested in a relatively straightforward manner. 

 

 
 

Figure 1. Schematic representation of the simplified pipeline for development and testing 

of passive and active immunization strategies against S. aureus infections. 

A. Route for the development of an active immunization strategy. Identification of 

invariant surface-exposed antigens from S. aureus isolates from healthy carriers or infected 

patients can be achieved by proteomics. Subsequently, several of such antigens or fragments 

thereof may be produced in a L. lactis-based expression system for the mapping of epitopes 

that are recognized by potentially protective antibodies from donors who have been heavily 

challenged by S. aureus colonization or infection. Lastly, the most appropriate purified 

recombinant antigens need to be tested, individually or in combination, for their potential 

applicability in active immunization against S. aureus infection using different mouse models. 

B. Route for the development of a passive immunization strategy. B-cells producing 

potentially protective antibodies need to be isolated from blood donations from individuals 

who have been ‘naturally’ challenged by S. aureus colonization or infection. Subsequently, 

the isolated B-cells need to be screened for production of IgGs binding to antigens identified 

through the epitope mapping analysis described under A. The respective IgGs then need to 

be cloned and tested for protection against S. aureus infection in appropriate animal models. 
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     Chapter 8 

  Nederlandse samenvatting (voor de leek) 

 

In een recent rapport van de Wereldgezondheidsorganisatie (WHO, 2016) 

verscheen het volgende bericht: “Infecties met antibioticaresistente microben 

zijn naar verwachting de nummer één doodsoorzaak in 2050”. In de afgelopen 

jaren zijn geen baanbrekende nieuwe antibiotica op de markt gebracht voor de 

eventuele bestrijding van deze resistente bacteriën. Om in de toekomst het 

hoofd te kunnen bieden aan de steeds resistenter wordende bacteriën, zullen 

we volgens het WHO-advies een hoge urgentie moeten geven aan de 

ontwikkeling van nieuwe alternatieve therapieën. 

 

Momenteel is de Meticilline-Resistente Staphylococcus aureus (MRSA) 

ingedeeld op de 5e plaats  van  de WHO-prioriteitenlijst voor de ontwikkeling 

van nieuwe antimicrobiële therapieën.  De MRSA bacterie is een notoire 

ziekteverwekker die ook wel bekend staat als ‘ziekenhuisbacterie’. 

Staphylococcus aureus (in het kort S. aureus) is echter een bacterie die bij 20-30 

% van de mensen als commensaal hoofdzakelijk op de huid en/of in de 

neusholten aanwezig is. Ook verschillende diersoorten, zoals varkens en 

koeien, dragen Staphylococcus stammen bij zich. In de meeste gevallen zal het 

dragen van deze bacterie asymptomatisch verlopen, maar als de bacterie 

eenmaal door een beschadigde huid in het lichaam dringt of zelfs in de 

bloedbaan terecht komt kan hij ernstige infecties veroorzaken. Pas dan toont 

de stafylokok zijn ware karakter. Bekende betrekkelijk milde infecties zijn onder 

andere de steenpuist (furunkel), krentenbaard (impetigo), borstklierontsteking 

(mastitis) en huidontsteking (cellulitis). De meer ernstige vormen, de invasieve 

infecties, zijn longontsteking (pneumoniae), bloedbaaninfecties (sepsis), 

ontstekingen van de hartkleppen (endocarditis) en beenmergontstekingen 

(osteomyelitis). Deze infecties zijn vaak moeilijk te behandelen, zowel in de 

humane als in de veterinaire geneeskunde, vanwege de ontwikkeling en 

verspreiding van zeer antibiotica-resistente stammen. 

 

https://nl.wikipedia.org/wiki/Huid
https://nl.wikipedia.org/wiki/Neus
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Vóór het antibioticatijdperk was de overlevingskans van S. aureus 

geïnfecteerde patiënten zeer laag, maar dit verbeterde spectaculair met de 

ontdekking en ontwikkeling van antibiotica in de jaren ’40 -’50 van de vorige 

eeuw. Door de introductie en het grootschalig gebruik van antibiotica zoals 

penicilline (1942), meticilline (1960) en vancomycine (2002) kregen we ook te 

maken met een geheel ander aspect namelijk: de resistentie van de bacterie 

tegen antibiotica. De S. aureus bacterie bleek in staat te zijn zich te wapenen 

tegen deze antibiotica. Een van de meest bekende resistente bacteriën is de 

voornoemde ziekenhuisbacterie MRSA. Daarom moeten nieuwe middelen voor 

preventie en behandeling van stafylokokkeninfecties worden ontwikkeld, die in 

de praktijk toegepast kunnen worden. Immunotherapie is een klassiek 

alternatief voor het gebruik van antibiotica. Actieve of passieve 

immunisatiestrategieën worden dan ook met name beschouwd als goede 

opties ter voorkoming of behandeling van infecties met S. aureus. Onder een 

actieve immunisatie (vaccinatie), wordt verstaan: het opwekken van een 

immuunrespons na blootstelling aan een antigeen* of een geïnactiveerd of 

verzwakt pathogeen. Dit kan leiden tot een langdurige en soms permanente 

bescherming. Bij passieve immunisatie krijgt een persoon specifieke 

antilichamen (ook bekend als antistoffen) toegediend ter bescherming tegen 

een pathogeen. In tegenstelling tot de actieve immunisatie geeft de passieve 

immunisatie slechts voor een korte tijd bescherming, doordat de toegediende 

antilichamen door het lichaam afgebroken en uitgescheiden worden. 

 

In de afgelopen decennia zijn vele pogingen ondernomen om actieve of 

passieve immunisatiestrategieën te  ontwikkelen ter bescherming tegen S. 

aureus infecties. Tot op heden is dat slechts gedeeltelijk gelukt. Uit de studies 

met verschillende diermodellen blijkt, dat vaccinatie of behandeling met 

antilichamen met wisselend succes kan worden toegepast bij S. aureus 

infecties. Een effectief vaccin, dat alle preklinische fasen met succes heeft 

doorlopen, is er echter nog steeds niet. De vraag is of dit te maken heeft met 

het gekozen diermodel en/of met de geselecteerde eiwitten en andere 

antigenen die voor de immunisaties gebruikt zijn.  

 

Dit proefschrift gaat over de verschillende mogelijke benaderingen voor actieve 

en passieve immunisatie tegen S. aureus en de beperkingen van een 
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muismodel om deze te onderzoeken. Daarom zijn de immuunreacties tegen S. 

aureus in muizen en mensen vergeleken. Tevens is een humaan antilichaam 

geïsoleerd, dat specifiek bindt aan het oppervlak van de  S. aureus bacterie. Dit 

eiwit, genaamd IsaA, is gebruikt in een passieve immunisatiestudie. Dit heeft 

nog niet geleid tot een profylactische* of therapeutische* benadering, die 

binnen de kliniek toepasbaar is. Het onderzoek verstrekt echter wel 

waardevolle nieuwe inzichten in de mogelijke redenen waarom het zo moeilijk 

is om een effectieve anti-stafylokokken immunotherapie te ontwikkelen. Met 

de verkregen gegevens kan hier heel gericht verder onderzoek naar gedaan 

worden. 

 

De focus in dit proefschrift was gericht op een aantal specifieke 

peptidoglycaanhydrolasen* als potentiële aangrijpingspunten voor actieve 

en/of passieve immunisaties. Deze enzymen werden geselecteerd, omdat uit 

verschillende eiwitstudies naar voren is gekomen dat: 1. deze enzymen altijd 

aanwezig zijn in alle door ons onderzochte klinische S. aureus isolaten; 2. ze in 

staat zijn een immuunrespons op te wekken in de mens en 3. ze een rol spelen 

bij de virulentie van stafylokokken (hoofdstuk 1). Belangrijk hierbij is dat de 

peptidoglycaanhydrolasen beschikbaar zijn op het bacteriële celoppervlak, 

waardoor ze gemakkelijk toegankelijk zijn voor antilichamen. Vervolgens 

kunnen fagocyten die onderdeel uitmaken van het immuunsysteem de bacterie 

verder opruimen. 

Meerdere peptidoglycaanhydrolasen bleken geschikte kandidaten te zijn voor 

immunisatie-experimenten. Hierbij is met name voor het IsaA-eiwit gekozen, 

omdat dit eiwit de hoogste immuunrespons liet zien in onze patiëntengroep, in 

voldoende mate te produceren bleek én vanwege de mogelijkheid om een 

volledig menselijk monoklonaal antilichaam* tegen IsaA te isoleren en te 

produceren. 

 

In hoofdstuk 2 en 3 zijn nieuwe strategieën voor de expressie en isolatie van 

eiwitten beschreven. Over het algemeen werd veelal gebruik gemaakt van de 

gastheer Escherichia coli, maar dat resulteerde in  verschillende nadelen, zoals 

een lage productieopbrengst en het ontstaan van ingekapselde eiwitten en 

afbraakproducten van het eiwit. Om deze nadelen te omzeilen, is overgestapt 

op de alternatieve expressiegastheer Lactococcus lactis, een bacterie die 
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gebruikt wordt voor het maken van kaas . Het gebruikte expressiesysteem 

heeft diverse voordelen boven dat van  E. coli. De eiwitten bleken in het L. 

lactis systeem gemakkelijk te produceren te zijn en vertoonden bovendien 

weinig afbraak. Ook werden de eiwitten overwegend in het medium 

uitgescheiden en behielden ze hun natuurlijke activiteit. Verder is het een veilig 

systeem en biedt het diverse andere mogelijkheden. Zo kan een zogenaamde 

His6-tag* aan de uiteinden van het eiwit gekoppeld worden. Dit heeft als groot 

voordeel dat het geproduceerde eiwit gemakkelijk is te zuiveren via een 

chromatografische methode. Door het genetisch aanpassen van de lactococcus 

bacterie is het gelukt om de zuiverheid van de geproduceerde eiwitten te 

vergroten. Met behulp van het L. Lactis expressiesysteem werden diverse S. 

aureus peptidoglycaanhydrolasen, zoals IsaA, LytM, Atl en het eiwit Nuc 

geproduceerd. Deze eiwitten en vier chemisch gesynthetiseerde eiwitten 

(PSMα1-4*) werden in een antigeen cocktail gebruikt om muizen te 

immuniseren (hoofdstuk 4). De keuze van deze eiwitten werd ingegeven door 

het feit, dat deze door vrijwel alle onderzochte S. aureus stammen 

geproduceerd worden, immunogeen zijn en betrokken zijn bij virulentie. Na 

immunisatie werden de muizen geïnfecteerd met een meticilline-gevoelige S. 

aureus (MSSA) stam en een meticilline-resistente S. aureus (MRSA) stam. 

Verder werd het vaccin getest in zowel een bacteriëmie* als een huidinfectie 

model. Ondanks het feit dat hoge immuunresponsen tegen de eiwitten in het 

vaccin werden gemeten, hetgeen duidde op een goede immunogeniciteit*, was  

er geen  bescherming van de muizen tegen de S. aureus infecties in vergelijking 

met een controlegroep die niet gevaccineerd was. 

 

Naast  de actieve immunisatie is ook  een passieve immunisatieaanpak getest. 

Als doeleiwit is hierbij gekozen voor het immunogene eiwit IsaA. In hoofdstuk 5 

is beschreven hoe een humaan monoklonaal antilichaam, genaamd 1D9, werd 

geïsoleerd en geproduceerd, dat specifiek bindt aan het IsaA antigeen. Ook 

reageerde 1D9 met 26  S. aureus stammen die in het verleden uit patiënten 

met  stafylokokkeninfecties waren geïsoleerd, waaronder zowel MSSA als 

MRSA. Vervolgens werd in een passieve immunisatie 1D9 getest op zijn 

beschermende werking in diverse muizenmodellen. Als 1D9 profylactisch werd 

toegediend, werd 25-42% bescherming waargenomen in het geval van een 

bacteriëmie met MSSA. Werd het 1D9 echter therapeutisch toegediend na een 
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infectie met de MSSA of MRSA stammen, dan trad er geen significante 

bescherming op. Een reden dat we bij een profylactische toepassing van 1D9 

bescherming zagen, kan zijn dat MRSA veel beter IsaA aan het celoppervlak kan 

binden dan MSSA, waardoor 1D9 wordt weggevangen en niet meer of 

onvoldoende kan werken. Een mogelijke verklaring voor het ontbreken van 

bescherming bij therapeutische toediening van 1D9 kan een onvoldoende 

biologische bereikbaarheid van de S. aureus bacteriën zijn. In dit geval hebben 

de bacteriën zich bijvoorbeeld reeds zodanig kunnen verspreiden door de 

verschillende weefsels en organen van het lichaam, dat 1D9 zijn werking niet 

meer kan doen. Om hier duidelijkheid over te krijgen, zullen meerdere 

verschillende doseringen en tijdstippen van toediening nader onderzocht 

moeten worden. Dit geldt zowel voor de profylactische als voor de 

therapeutische toediening van 1D9. Ook is het interessant om te onderzoeken 

of meerdere antilichamen, of een combinatie van een antilichaam met 

antibiotica, een mogelijke therapie kan zijn. Onze bevindingen komen overeen 

met de resultaten van eerdere studies in diermodellen, waaruit is gebleken dat 

deze immunisatiestrategieën in principe te gebruiken zijn tegen S. aureus 

infecties. IsaA lijkt dan ook de meest aangewezen kandidaat om dit nader te 

gaan onderzoeken vanwege de immunogene eigenschappen en het 

beschikbaar zijn van een monoklonaal antilichaam, dat gedeeltelijke 

bescherming vertoonde in muizenmodellen. Omdat geen bescherming bij een 

actieve immunisatie optrad kwam de vraag op of de herkenning van de 

epitopen bij actieve en passieve immunisatie wel gelijk zijn. Onder een epitoop 

wordt dat gedeelte van een eiwit verstaan, dat specifiek herkend wordt door 

een antilichaam. Een mogelijk verschil tussen de vergeleken 

immunisatiestrategieën zou dan verklaarbaar kunnen zijn door een verschil in 

epitoopherkenning. 

 

Hoofdstuk 6 beschrijft onderzoek aan antilichamen tegen S. aureus in zowel 

muizensera als patiëntensera in vergelijking met het monoklonale antilichaam 

1D9. Naast het complete IsaA-eiwit zijn verschillende IsaA-fragmenten getest. 

Deze IsaA-fragmenten werden geproduceerd, geïsoleerd en gezuiverd zoals 

beschreven in de hoofdstukken 2 en 3. Uit de geanalyseerde data bleek, dat er 

wel degelijk verschillen in epitoop herkenning zijn. Het gedeeltelijk 

beschermende 1D9 bleek voornamelijk een epitoop aan het begin van het IsaA-
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eiwit te binden, terwijl de niet beschermende antilichamen in muizensera de 

voorkeur gaven aan een epitoop aan het einde van het IsaA-eiwit. Een 

opmerkelijke waarneming was, dat mogelijk beschermende antilichamen in 

patiëntensera ook voornamelijk aan het begin van het IsaA-eiwit binden. Deze 

resultaten doen vermoeden, dat het begingebied wel eens bepalend kan zijn 

inzake IsaA-herkenning en de gedeeltelijke beschermende werking van 1D9. 

Om dit te bevestigen zullen er verdere immunisaties gedaan moeten worden 

met de diverse IsaA fragmenten en hun eventuele afgeleide monoclonale 

antilichamen in respectievelijk actieve en passieve immunisatiestudies. 

 

In hoofdstuk 7 wordt een nieuwe route beschreven die kan worden  gebruikt 

voor de ontwikkeling van potentiële actieve of passieve immunisaties. In 

hoofdstuk 1 (Fig. 2) van dit proefschrift worden eerst de verschillende 

immunisaties beschreven: route A (actieve immunisatie) en route B (passieve 

immunisatie) om vervolgens naar de epitoopherkenning te kijken. 

 

  

Hoofdstuk 1 Fig. 2: De gevolgde routes zoals beschreven in dit proefschrift: A = de actieve 

immunisatieroute, B = de passieve immunisatieroute. 
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In de nieuwe voorgestelde benadering (hoofdstuk 7, Fig.1) ligt de aandacht in 

eerste instantie bij het in kaart brengen van de epitopen die herkend worden 

en die een goede immuunrespons geven. Vervolgens wordt dan overgegaan tot 

het verkennen van de diverse immunisatie routes (A en B). 

 

Hoofdstuk 7, Fig.1: De alternatieve actieve immunisatieroute (A) en passieve 

immunisatieroute (B). 

 

Bij een actieve immunisatie (A) gaan we uit van geïdentificeerde S. aureus 

antigenen, waartegen gezonde of geïnfecteerde patiënten antilichamen 

hebben ontwikkeld. Deze antigenen worden dan geproduceerd en geïsoleerd 

volgens de methodes beschreven in de hoofdstukken 2 en 3. Vervolgens 

worden deze getest in een epitoopherkenningstest, waarna ze gebruikt worden 

voor immunisatiestudies in muizen. 

In het geval van passieve immunisatie (B) gaan we uit van de geïsoleerde B-

cellen van bloeddonaties van patiënten die gekoloniseerd of geïnfecteerd zijn 

met S. aureus. Deze worden getest op hun immuunresponsen met behulp van 

epitoopherkenning, zoals bij de actieve immunisatieroute. Met behulp van de 

geïsoleerde B-cellen worden de respectievelijke humane antilichamen 

geproduceerd en gebruikt voor immunisatiestudies in muizen. 
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Het eerst bepalen van de epitoopherkenning (rood omrande kader) kan een 

zeer belangrijke stap zijn in de ontwikkeling van een werkzame anti-

stafylokokken immuuntherapie. 

 

Verklarende woordenlijst* 

Antigeen: een molecuul dat in staat is een reactie van het afweersysteem op te 

wekken, waarbij antilichamen worden aangemaakt. 

Immunogeniciteit: het vermogen van antigenen om de aanmaak van 

antilichamen te stimuleren. 

Profylactische benadering: is het voorkomen van een infectie door van tevoren 

in te grijpen. 

Therapeutische benadering: het achteraf ingrijpen bij een infectie. 

Peptidoglycaanhydrolasen: enzymen, die de celwand van een bacterie kunnen 

afbreken. 

Virulentie: het ziekmakend vermogen van een ziekteverwekker. 

Monoklonaal antilichaam: een antilichaam dat afkomstig is van één 

geactiveerde B-lymfocyt (plasmacel). Een geactiveerde B-lymfocyt maakt 

antilichamen aan die gericht zijn tegen één epitoop op een antigeen. 

His6-tag: zes Histidine moleculen achter elkaar (His- His- His- His- His- His-

antigeen).  

Bacteriëmie : het ziekteverschijnsel waarbij bacteriën in de bloedbaan 

doordringen. 
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Dankwoord 

Vaak een stille wens, maar nu op de valreep alsnog verwezenlijkt. Op het eind 

van mijn werkzame periode nog “even toppen” geeft wel een heel speciaal 

gevoel: Een mooier eind kan ik me niet wensen, alhoewel de promotie de 

laatste maanden nog steeds niet duidelijk was. Dat zit nu eenmaal opgesloten 

in het sterrenbeeld “Weegschaal”. Dit alles is natuurlijk niet alleen mijn 

verdienste geweest, maar meer personen hebben hierin een belangrijke rol 

gespeeld. Op de eerste plaats wil ik Jan Maarten (van Dijl) bedanken voor de 

mogelijkheid om in zijn groep te mogen werken. Ik kan mij nog goed onze 

eerste ontmoeting herinneren. We kenden elkaar totaal niet en het was in de 

periode dat ik wel wilde switchen van de Virologie naar de Moleculaire 

Bacteriologie. Jij was op dat moment op zoek naar iemand die bekend was met 

eiwitzuiveringstechnieken. Deze had ik uitvoerig kunnen ontwikkelen op de 

Virologie, wat beide partijen mooi uit kwam. Je vertelde mij toen over een wat 

‘oudere’ 40-jarige vrouw, die in je groep werkte en voor een stabiele rode 

draad op de werkvloer zorgde. Je hechtte daar duidelijk waarde aan en had oog 

voor stabiliteit en continuïteit in jouw groep. Dit sprak mij natuurlijk wel aan als 

55-jarige en dus was de deal snel gesloten. Zo begon mijn start in jouw nieuwe 

researchgroep met onder andere Thijs, Mark en René: Kritische jochies hoor, 

maar met veel passie en humor! Je schonk mij vertrouwen en vrijheid, wat ik 

tot op de dag van vandaag nog steeds zeer waardeer. Het is een groot goed, 

maar kan soms ook wel eens lastig zijn. Bij financiële onderhandelingen zaten 

we nagenoeg altijd op één lijn en wij wisten ons gezamenlijk belang goed te 

verdedigen. Hier waren we beiden altijd zeer content mee: een mooie tijd! 

Gedurende al deze jaren heb ik vele succesvolle promoties mogen meemaken 

en op één van deze promoties kwam ter sprake dat mij dat ook wel leuk leek: 

borrelpraat of realiteit? Jouw reactie was toen : “Nou, dat gaan we dan maar 

doen, denk er nog maar eens over na en dan hoor ik het wel”. Dit heeft lange 

tijd in mijn hoofd rondgewaard, maar ja, die verdomde Weegschaal-

mentaliteit. Uiteindelijk is het dan nu zover en ik ben blij dat ik deze stap heb 

gemaakt. 

Het brengt me naar de tweede persoon, die in dit proces een grote rol heeft 

gespeeld: Girbe (Buist). Ik weet niet meer exact wanneer jij in beeld kwam, 

maar toen wij met elkaar onderzoek gingen doen, viel mij wel direct jouw 
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gedrevenheid en passie op voor het werk . Ook jij bezit die positieve instelling, 

die Jan Maarten heeft. Onder dit soort mensen floreer ik het beste. Jullie weten 

de mensen op een goede manier te triggeren. Bovendien begreep jij heel goed 

mijn situatie en dat voelde vertrouwd. Je was voor mij een mentale steun, die 

ik juist toen nodig had, zeker als het werk weer eens tegen zat. Je wist er dan 

weer een mooie positieve draai aan te geven en dan kon ik weer verder. 

Bedankt dan ook voor alle steun, die ik bij tijd en wijle op diverse gebieden 

even nodig had. Je hebt vele uren aan mij besteed: super, en hartelijk dank! 

Verder wil ik ook graag Prof. dr. Collin R. Harwood, Prof. dr. Jan Kok en Prof. dr. 

Gooitzen M. van Dam hartelijk bedanken voor het plaatsnemen in de 

leescommissie en het beoordelen van mijn proefschrift. 

Natuurlijk gaat mijn dank ook uit naar mijn paranimfen Rense (Rozeboom) en 

Jolanda (Neef). 

Ja, Rense, jou ken ik al heel wat jaren, namelijk vanaf de analistenschool. We 

hebben samen vele leuke dingen gedaan en het is misschien verstandig hier op 

papier er niet over uit te weiden, maar één ding weet ik zeker en dat wil ik hier 

wel kwijt: Onze vakantie in Italië zal ik nooit vergeten. Deze was uniek in zijn 

soort!! Verder was het in vele opzichten bijzonder om elkaars kamergenoot te 

zijn. Ik bedank je voor de tijd dat we als collega’s de kamer deelden en niet 

alleen als collega, maar ook als vriend. 

Ook mijn andere paranimf, Jolanda, wil ik bedanken voor de tijd die we 

samengewerkt hebben. Het was een stimulans voor mij om jouw passie voor 

het werk te ervaren. Je bezit een fijne werkmentaliteit, die ik zeer waardeer. Je 

hebt hart voor de zaak, bent lekker positief en sociaal. Ook op de cursus 

Operationeel Leidinggeven die we gezamenlijk volgden, kijk ik met genoegen 

terug. Buiten het zakelijke aspect hebben we elkaar toen ook beter 

moreel/sociaal leren kennen, wat ik heel bijzonder en aangenaam vond. Dank 

je nog wel voor je openhartigheid en toegankelijkheid. Daarnaast wens ik je 

nog veel succes nu en in de toekomst. 

Ook alle andere medewerkers tijdens deze 10-jarige periode wil ik van harte 

bedanken voor hun support qua werkzaamheden. Dit geldt zowel voor de 

Molbac-medewerkers (te veel om hier allemaal persoonlijk te bedanken), de 

mensen van de administratie (Ank en Carolien), de mediabereiding (Guido en 

Bert) en Rudy voor zijn ICT-ondersteuning. Ook aan de lab-uitjes, die gehouden 
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werden, heb ik zeer dierbare herinneringen. Of het nu regende (bromfietsrace) 

of mooi weer was (hindernisbaan en roeien), het maakte allemaal niets uit. 

Plezier was er alom en het eten smaakte na zo’n dag extra lekker. Het was altijd 

weer bijzonder om met zo’n diverse groep activiteiten te mogen delen. Vooral 

van de sinterklaasavonden heb ik genoten; speciaal de laatste ronde. Grote 

hilariteit om de meest maffe presentjes, die gretig van persoon wisselden en 

niet te vergeten de héérlijke buitenlandse gerechten. Allemaal hartelijk 

bedankt! 

Al met al heb ik een mooie, nuttige en stimulerende tijd gehad bij de Molbac-

groep en ik ben dankbaar dat ik mijn werkperiode zo positief mag afsluiten. 

Iedereen veel succes en het ga jullie goed. 

Alvorens af te sluiten: Henriette, ik wil je bedanken voor jouw steun en geduld 

die je het laatste jaar hebt moeten opbrengen met zo’n man, die dan weer dit 

en dan weer dat wilde: Weegschaaltje! Je moest er eerst nog even aan wennen 

tot je er achter kwam, dat het toch wel serieus was. Je hebt het fantastisch 

opgepikt en je geschikt in de nieuwe situatie. Ook ik heb mijn ups en downs 

duidelijk gehad en ik was niet in staat deze altijd voor jou verborgen te houden. 

Gelukkig hebben we geen behang maar gestucte muren, waar je minder 

gemakkelijk iemand achter kunt plakken, maar je kon er tegen! Super bedankt 

voor je begrip. Wat ik ook zo kon waarderen, is dat ik gewoon lekker kon 

doorwerken en daarna heerlijk kon aanschuiven om weer te genieten van je 

smakelijk bereide maaltijden: wat een weelde! 

Nog even en dan is de klus geklaard en hebben we de tijd aan onszelf: dan gaan 

we samen nog vele leuke dingen ondernemen! Ik hou van je, bedankt en een 

vette kus. 
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Dennis Koedijk is op 30 september 1951 geboren te Sneek. Rond 1960, tijdens 

zijn lagere schoolperiode, is hij verhuisd naar Groningen. Hier heeft hij zijn 

middelbare schoolopleidingen afgerond (respectievelijk de MULO en het VWO), 

gevolgd door een HBO-opleiding Chemie aan de Analistenschool. Deze 

opleidingsperiode werd in 1974 afgesloten. Na zijn militaire dienst is hij gaan 

werken bij de Rijksuniversiteit Groningen, in eerste instantie bij de afdeling 

Radiopathologie en vervolgens bij de afdeling Medische Microbiologie in de 

onderzoeksgroep Virologie. Gedurende deze periode heeft hij zich verder 

bekwaamd in, onder andere, de zuivering van eiwitten. Verder werden  diverse 

congressen in binnen- en buitenland bijgewoond, waarbij hij presentaties over 

zijn onderzoek heeft gegeven. In 2007 is hij overgestapt naar de 

onderzoeksgroep Moleculaire Bacteriologie onder leiding van Prof. Jan 

Maarten van Dijl. Hier heeft hij zijn onderzoek aan eiwitten kunnen 

voortzetten, hetgeen uiteindelijk heeft geresulteerd in het onderhavige 

proefschrift. 

 

Dennis Koedijk was born on 30 September 1951 in Sneek, the Netherlands. 

Around 1960, while he was attending primary school, he moved to Groningen. 

Subsequently, he attended secondary (MULO, VWO) and professional 

education (HBO-chemistry). He completed his education in 1974. Following his 

military service, he started working at the University of Groningen, first in the 

Department of Radiopathology and later in the Virology research group of the 

Department of Medical Microbiology. During the latter period he specialized in 

protein purification and the development of monoclonal antibodies. He 

attended several national and international conferences where he gave oral 

presentations. In 2007, he joined the Molecular Bacteriology research group of 

Prof. Jan Maarten van Dijl. Here he continued studying proteins, which has 

resulted in the present PhD thesis.  
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