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Staphylococcus aureus is a Gram-positive bacterial pathogen displaying very diverse lifestyles 
(Figure 1). This bacterium is asymptomatically carried by about 30% of the human population 1 but, 
when given the opportunity, it is capable of invading and infecting most sites of the human body 2. Of 
note, S. aureus can thrive and survive both outside and inside host cells 3,4, within biofilms in wounds 
or on implanted medical devices 5,6, within the host bloodstream 2,7, or seriously resource-deprived 
niches, such as the skin and anterior nares 1,8. Moreover, outside the human body S. aureus persists 
well for long periods of time both on wet and dry surfaces of diverse materials 9,10. Since natural 
exposure to S. aureus does not elicit effective immunity against subsequent challenges, infections 
have to be controlled with antibiotics. Worryingly, an alarming increase of antibiotic resistance in S. 
aureus, highlighted by methicillin-resistant S. aureus (MRSA), imposes an urgent need for 
development of novel anti-staphylococcal treatments 11,12. Active immunization through vaccination 
or passive immunization with anti-staphylococcal antibodies are, in principle, attractive approaches to 
protect susceptible individuals against bacterial infections. Unfortunately, effective immunotherapies 
against S. aureus infections remain yet to be developed, and the depressing lack of success in this area 
of research has underscored the importance of better understanding the staphylococcal host-pathogen 
interactions. This focuses attention on the host immune responses against S. aureus on the one hand, 
and the successful immune evasion by S. aureus on the other hand 13,14. 

 

 

 

 

 

 

 

 
Figure 1. Staphylococcus aureus colonies and cells  
The activity of S. aureus secreted hemolysins that cause the lysis of blood cells can be observed as transparent 
halos surrounding colonies of this bacterium on blood agar plates (left panel). Binding of fluorescently labeled 
antibodies to IgG-binding proteins, such as Protein A and Sbi, which are displayed on the bacterial cell surface can 
be observed as a green coating on S. aureus cells upon fluorescence microscopy (right panel).  

 

The S. aureus proteome 

Studies on the full set of proteins expressed from the S. aureus genome, the proteome, is key to 
understanding the staphylococcal physiology and responses - in terms of virulence and immune 
evasion - to its surroundings. Based on the cellular localization, the proteome of S. aureus can be 
divided into different sub-proteomes (Figure 2). Proteins exposed at the surface, the surface proteome 
or surfacome, are especially interesting due to their major roles in host colonization and immune 
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subversion, and their potential accessibility to host immune defenses 15–17. The potential use of the S. 
aureus surface proteome as an attractive target for immune protection has been proposed before 13,18–

20. Depending on their cellular location and binding characteristics, at least four classes of cell 
surface-associated proteins can be distinguished: membrane proteins, lipoproteins, covalently bound 
and non-covalently cell wall-bound proteins 15. While there are relatively few reports on human 
immune responses to membrane proteins 21 and lipoproteins 22,23 of S. aureus, immune responses 
against covalently cell wall-attached proteins and secreted virulence factors have been studied quite 
extensively 13,24. Recently, attention has also been paid to immune responses against non-covalently 
anchored cell wall proteins 25,26, which are mostly involved in adhesion, toxin activity and immune 
evasion 15,25,26.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 2. Subproteomes of S. aureus 
 

Investigating the surface proteome 

Several strategies have been implemented to predict and study the composition of the S. aureus 
surface proteome. Proteomics studies have shown that a good portion of the predicted S. aureus 
proteins are actually expressed, with many of them being detected on the bacterial cell surface 27–29. 
Additional evidence for protein localization to the cell surface has been obtained from studies on the 
host immune responses against the respective proteins, as the induction of an immune response 
necessarily follows from the expression and presentation of antigenic surface proteins to the host 
immune system 30. As an introduction to the research described in this thesis, a compendium of the 
available literature reporting the composition of the S. aureus surface proteome was generated, with 
particular focus on non-covalently cell wall-bound proteins and the respective human immune 
responses. The gathered evidence of expression and immune availability of S. aureus surface antigens 
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may represent a useful guideline for the future design and evaluation of efforts towards the 
development of vaccines that provide effective protection against S. aureus infections. 

Protein location prediction 

Nowadays, studies on bacterial protein localization usually include the application of predictive 
software tools 43,44. A broad variety of tools is available for this task, most notable PSORTb 31 and 
LocateP 41 (Table 1 and Figure 3). However, for the compendium of proteins presented in Table 2, 
prediction of subcellular localization was accomplished with LocateP 41 and Inmembrane 43 as these 
two bioinformatic tools aggregate several different prediction tools 35–37,45–49 that, arguably, provide 
detailed and accurate predictions of protein subcellular location and potential cell surface exposure. 

Experimental assessment of the cell surface proteome 

Several strategies have been devised to identify the proteins actually presented on the bacterial cell 
surface 19,50. Such identification strategies can be roughly categorized by the methods used to address 
surface proteins, as summarized in Figure 4. All approaches involve the removal of secreted proteins 
by centrifugation and washing of the cells with an appropriate buffer that minimizes cell lysis 51–57. 
Next, surface proteins may be extracted from the collected cells by biochemical means, like digestion 
of the cell wall with lysostaphin 58,59, the disruption of protein-cell wall interactions with LiCl or 
KSCN 26,58, protein denaturation with urea 60, or the digestion of exposed surface protein segments 
with trypsin 29,61–65. Selective strategies to label cell surface proteins mostly involve chemical cross-
linking with a membrane-impermeable biotinylated reagent 27–29,66, followed by selective enrichment 
with streptavidin and/or direct detection. The actual identification of extracted or cleft bacterial 
surface proteins is usually performed by one- or two-dimensional gel-electrophoresis followed by 
mass spectrometry (MS) of protein bands/spots, or liquid chromatography of liberated peptides 
directly followed by MS analysis in gel-free approaches 19.  

Experimental determination of bacterial proteomes is usually carried out following in vitro culturing 
of bacteria. Despite every effort taken to mimic the in vivo expression conditions, this does not 
automatically allow the conclusion that the identified proteins are actually expressed in vivo. By 
measuring host immune responses elicited against expressed bacterial surface antigens, evidence for 
in vivo bacterial protein expression, along with a measure of the antigenic potential of the respective 
protein, can be obtained. Accordingly, several investigations have included the use of human sera to 
assess immune responses against S. aureus surface proteins revealing their in vivo expression and 
antigenic potential 26,52,57,59,67–73. 

The S. aureus cell surface proteome 

To provide an overview of identified S. aureus cell surface proteins, relevant publicly available 
articles reporting on the S. aureus cell surface and/or secreted proteomes were collected, along with 
additional articles reporting on human immunoglobulin G (IgG) responses against particular S. aureus 
proteins. Only articles from which identifiable protein data could be extracted were included. In order 
to facilitate comparisons of the diverse reported results, protein identifiers corresponding to the 
reference strain S. aureus N315 were used. Furthermore, reported protein identifiers from other S. 
aureus strains were collected from the articles and used to retrieve the respective amino acid  
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Table 1. Commonly used surface location prediction software 
PSORTb v3.0 31 Allows prediction of protein subcellular location (SCL) for all prokaryotes. 

[www.psort.org/psortb] 
Proteome Analyst 
v.3.0 32 

Subcellular localization and high-level function prediction using machine learning 
technologies. [pa.wishartlab.com] 

CELLO 33 Prediction of subcellular location based on a multi-class support vector machine 
classification system. [cello.life.nctu.edu.tw] 

HMMER 34 Biosequence analysis using profile hidden Markov models (HMM) to detect known 
surface sequence motifs. [hmmer.org] 

LipoP 35 Uses HMM to predict lipoproteins and signal peptides in bacteria. 
[www.cbs.dtu.dk/services/LipoP] 

SignalP 36 Predicts traditional N-terminal signal peptides in both prokaryotic and eukaryotic proteins. 
[www.cbs.dtu.dk/services/SignalP] 

TMHMM 37 Prediction of transmembrane helices in proteins. [www.cbs.dtu.dk/services/TMHMM-2.0] 
MEMSAT3 38 Transmembrane protein topology prediction. [bioinf.cs.ucl.ac.uk/psipred/?memsatsvm=1] 
NClassG+ 39 A sequence-based classifier for identifying non-classically secreted Gram-positive 

bacterial proteins. [www.biolisi.unal.edu.co/web-servers/nclassgpositive] 
Gpos-mPLoc 40 Subcellular localization of Gram-positive bacterial proteins by using gene ontology, 

functional domains and sequential evolution. [www.csbio.sjtu.edu.cn/bioinf/Gpos-multi] 
LocateP-DB 41 Database of precomputed Gram-positive genomic protein subcellular localization 

predictions. [www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py] 
CoBaltDB 42 Database of prokaryotic subcellular localization predictions that integrates the prediction 

results of many general SCL predictors as well as specific signal sequence or cleavage site 
predictors. [www.umr6026.univ-rennes1.fr/english/home/research/basic/software/cobalten] 

Inmembrane 43 Prediction of cell surface proteins by Integrating results of several SCL, signal sequence, 
functional domain and topology predictors. [github.com/boscoh/inmembrane] 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3. Examples of conserved domains in a hypothetical S. aureus protein that determine 
subcellular location 
The Figure shows Pfam ID numbers (PF), and profile hidden Markov model (HMM) logos provide a compact 
graphical representation of the respective conserved amino acid sequence patterns.  
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Figure 4. Strategies used to study cell surface proteins 
 

sequences. This was achieved with tools available at NCBI 
(http://www.ncbi.nlm.nih.gov/nuccore/?report=girevhist), UniProt (http://www.uniprot.org/) and 
UniParc (http://www.uniprot.org/uniparc/). The obtained amino acid sequences were used in 
BLASTP searches to identify the corresponding homologs of S. aureus N315. Only protein homologs 
with >90% query cover were included. While most proteins retrieved from the literature had a N315 
homolog within the above range of similarity, some commonly encountered proteins with highly 
variable regions, such as EbhA, Map, Coa, Protein A and SA2285, were excluded when homology 
between the reported protein and the corresponding N315 protein fell below 90%. This potential 
problem was avoided when additional MS-identified peptide fragments were also documented in the 
consulted publications. In such cases, the Protein Information Resource website 
(http://pir.georgetown.edu) was used to retrieve the corresponding N315 proteins from peptide 
fragments. Additional information, like gene names, ordered locus names and cellular location 
predictions, was retrieved from UniProt 74, the LocateP database and by using the Inmembrane 
software tool (Table 1). A list of all 977 identified proteins was assembled (Suppl. information Table 
1) and an abridged version is presented in Table 2. 

Numerous S. aureus proteins were consistently identified throughout several surface proteome 
reports. A common observation in experimental determination of cell surface proteins was that, 
besides the predicted cell surface-associated proteins, a fairly large number of predicted cytoplasmic 
proteins was regularly identified. Previous studies have reported a lack of strict correlations between 
cytoplasmic protein abundance and extracellular levels of such proteins 53,75,76. Yet, several 
cytoplasmic proteins with an additional extracellular localization serve functions outside the bacterial 
cells. For example, this was documented for GAPDH and enolase 77–79. It is conceivable that still 
unidentified ‘non-classical’ secretion mechanisms are responsible for the liberation of some 
cytoplasmic proteins from the cells, but their possible release by cell lysis is hard to exclude as 
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bacteria are not immortal 75,80. Since experimental conditions could be causing the unwanted release 
of cytoplasmic proteins, the presence of a host immune response could provide additional support for 
in vivo release of cytoplasmic proteins. Of note, in experimental determinations of the exoproteome of 
S. aureus, where only growth medium fractions of S. aureus cultures were analyzed, known and 
predicted cytoplasmic proteins were also consistently identified. Table 2 highlights 121 cell surface-
localized proteins that were experimentally identified in at least two out of twelve publications on the 
cell surface proteome of S. aureus, and in at least one out of seven publications reporting host 
immune responses to S. aureus proteins. As cytoplasmic proteins were repeatedly identified in 
exoproteome studies, additional protein identifications from seven exoproteome articles were also 
included.  

Out of the 121 identified proteins in Table 2, 77 are predicted cytoplasmic proteins, 4 lipoproteins, 4 
cell wall-attached proteins, 12 membrane proteins and 24 secreted extracellular proteins according to 
Inmembrane predictions. IsaA and Atl were the two most commonly observed surface-associated 
proteins of S. aureus and, as such, they have been the focus of several studies 61,81–87 including three 
chapters of this thesis. Interestingly, there are two predicted cytoplasmic proteins within the top ten, 
namely enolase and the elongation factor Tu (EF-tu). Despite the absence of a secretion signal, 
enolase has been identified on the cell surface enhancing the staphylokinase-mediated activation of 
plasminogen 88 and binding to laminin, which is involved in pathogen invasion 89. In Listeria 
monocytogenes, EF-tu has been identified as a surface protein possessing the characteristics of an 
adhesion factor and showing the capacity to induce a proinflammatory response 90. It is thus likely 
that EF-tu, together with enolase and other cytoplasmic proteins, forms part of the postulated 
moonlighting proteins of S. aureus 75,76,80.  

Scope of this thesis 

S. aureus is an extremely adaptable pathogen and colonizer of the human body, which displays 
increasingly high rates of antibiotic resistance. No active or passive immunotherapies are currently 
available for clinical implementation in the protection of patients against S. aureus infections. 
Therefore, the research described in this thesis was aimed at characterizing human antibody responses 
to surface-exposed S. aureus proteins, and possible applications of anti-staphylococcal monoclonal 
antibodies. As surface-exposed and secreted proteins of S. aureus play pivotal roles in the 
colonization and subversion of the human host 91, an extensive inventory of this group of proteins that 
may include promising targets for anti-staphylococcal immune therapy 18,20 is presented in Chapter 1. 

Chapter 2 highlights human antibody responses against a group of non-covalently cell wall-bound S. 
aureus proteins. For this purpose, plasma samples from patients with the genetic blistering disease 
epidermolysis bullosa (EB) and healthy S. aureus carriers were applied. Here it is noteworthy that 
wounds of EB patients are highly colonized with S. aureus and, accordingly, these patients are more 
seriously exposed to staphylococcal antigens than healthy individuals. Ten non-covalently cell 
surface-bound proteins of S. aureus were selected by a combined bioinformatics and biochemical 
approach, recombinantly expressed, purified and tested for specific IgG responses using human 
plasma. Briefly, the results show that high exposure of EB patients to S. aureus is reflected by 
elevated IgG levels against all tested non-covalently cell wall-bound staphylococcal antigens. 
Compared to other previously investigated S. aureus proteins, the non-covalently cell wall-bound 
proteins appear to be preferred targets for the human immune system.  
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Table 2. Reported S. aureus cell surface proteins 
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x 

 
x 

 
x x x x 

  
x CYTOPLASM(non-PSE) 

Q99SN7 SA1813 
 

x 
     

x x 
    

x 
  

x x x 
 

x 
 

x SECRETED 
A0A0H3JT93 SA0620 

 
 x 

 
x 

   
x 

    
x 

   
x x x x 

 
x PSE-Cellwall 

P99101 SA0719 trxB x 
 

x 
    

x 
        

x x x x x 
 

CYTOPLASM(non-PSE) 
P99083 SA1836 groL x 

 
x x 

            
x 

 
x x x x CYTOPLASM(non-PSE) 

P99080 SA1499 tig x 
 

x 
    

x 
     

x 
  

x 
  

x 
 

x CYTOPLASM(non-PSE) 

    
         

Immunodetectionb 
      

   
Surface proteomea 

   
Exoproteomec  
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P99161 SA1177 tkt x 
 

x x 
            

x x x x 
  

CYTOPLASM(non-PSE) 
P99106 SA0375 guaB x 

 
x 

   
x 

         
x x x x 

  
CYTOPLASM(non-PSE) 

P99133 SA0729 tpiA x 
     

x 
    

x 
    

x 
  

x 
 

x CYTOPLASM(non-PSE) 
A0A0H3JMA3 

 
pycA x 

 
x x 

            
x 

  
x x 

 
CYTOPLASM(non-PSE) 

Q99V14 SA0935 ptsI x 
 

x x 
            

x 
  

x x 
 

CYTOPLASM(non-PSE) 
Q7A535 SA1553 fhs x 

 
x x 

            
x x x 

   
CYTOPLASM(non-PSE) 

Q99U74 SA1245 odhA x 
 

x x 
            

x 
   

x 
 

CYTOPLASM(non-PSE) 
P60278 SA0500 rpoB x 

  
x 

      
x 

        
x x 

 
CYTOPLASM(non-PSE) 

A0A0H3JN04 SA1549 
 

x 
 

x 
     

x 
     

x 
       

PSE-Membrane 
Q7A3D7 SA2353 ssaA1  

  
x 

   
x x 

   
x 

         
SECRETED 

Q7A5T2 SA1170 katA x 
 

x 
    

x 
        

x 
     

CYTOPLASM(non-PSE) 
P99091 SA1915 glyA x 

 
x x 

            
x 

     
CYTOPLASM(non-PSE) 

Q99W68 SA0496 rplA x 
 

x x 
            

x 
     

CYTOPLASM(non-PSE) 
Q7A774 SA0528 

 
x 

 
x 

       
x 

        
x 

  
CYTOPLASM(non-PSE) 

P63489 SA1716 gatA x 
 

x 
        

x 
          

CYTOPLASM(non-PSE) 
A0A0H3JM18 SA1360 

 
 

  
x 

     
x 

 
x 

          
CYTOPLASM(non-PSE) 

Q7A6H8 SA0819 gluD x 
  

x 
       

x 
          

CYTOPLASM(non-PSE) 
A0A0H3JQG7 SA1558 

 
x 

 
x 

        
x 

          
CYTOPLASM(non-PSE) 

P65936 SA1101 pyrH x 
 

x 
        

x 
          

CYTOPLASM(non-PSE) 
P63844 SA1098 codY x 

  
x 

       
x 

          
CYTOPLASM(non-PSE) 

A0A0H3JLR8 
 

fhuC  
  

x 
    

x 
  

x 
          

CYTOPLASM(non-PSE) 
Q7A6R5 SA0708 secA1 x 

      
x 

  
x 

           
CYTOPLASM(non-PSE) 

A0A0H3JUF7 SA1453 
 

x 
 

x 
       

x 
           

CYTOPLASM(non-PSE) 
P64230 SA2500 mnmG x 

 
x 

       
x 

           
CYTOPLASM(non-PSE) 

Q7A3S2 SA2208 hlgC  
      

x x 
    

x 
 

x x x x x 
 

x SECRETED 
A0A0H3JWB3 

 
aur  

 
x 

      
x 

  
x 

 
x 

 
x x x 

 
x x SECRETED 

Q7A6A7 SA0900 sspB  x x 
          

x 
  

x x x x 
 

x SECRETED 
P99074 SA0366 ahpC  

 
x x 

            
x x x x 

 
x CYTOPLASM(non-PSE) 

P99156 SA1438 greA  
 

x 
    

x 
     

x 
  

x 
  

x 
 

x CYTOPLASM(non-PSE) 
P99084 SA0946 pdhD x 

 
x 

             
x x x x 

  
CYTOPLASM(non-PSE) 

A0A0H3JNC7 SA1839 
 

 
  

x 
    

x 
       

x 
    

x PSE-Membrane 
P67509 SA1036 ileS x 

  
x 

            
x 

   
x 

 
CYTOPLASM(non-PSE) 

Q7A465 SA2035 rplE x 
  

x 
           

x 
     

x CYTOPLASM(non-PSE) 
P99089 SA0723 clpP x 

  
x 

            
x 

  
x 

  
CYTOPLASM(non-PSE) 

P99092 SA0545 pta x 
 

x 
             

x 
  

x 
  

CYTOPLASM(non-PSE) 
P99095 SA1150 glnA x 

 
x 

             
x 

  
x 

  
CYTOPLASM(non-PSE) 

P63334 SA1342 gnd x 
 

x 
             

x 
  

x 
  

CYTOPLASM(non-PSE) 
P63871 SA0471 cysK x 

 
x 

             
x 

    
x CYTOPLASM(non-PSE) 

A0A0H3JLI1 
 

sem  x 
         

x 
 

x 
        

SECRETED 
Q99TF4 SA1531 ald2  

  
x 

       
x 

    
x 

     
CYTOPLASM(non-PSE) 

A0A0H3JMI2 SA2142 
 

x 
       

x 
     

x 
       

MEMBRANE(non-PSE) 
A0A0H3JLC0 

 
aapA x 

       
x 

     
x 

       
MEMBRANE(non-PSE) 

A0A0H3JK12 SA0019 
 

x 
       

x 
     

x 
       

PSE-Membrane 
A0A0H3JM26 SA0775 

 
x 

         
x 

     
x 

     
CYTOPLASM(non-PSE) 

A0A0H3JLT4 SA1743 
 

 
 

x x 
            

x 
     

CYTOPLASM(non-PSE) 
A0A0H3JNP0 

 
mvaS x 

 
x 

             
x 

     
CYTOPLASM(non-PSE) 

Q7A6I1 SA0815 
 

 
  

x 
   

x 
        

x 
     

CYTOPLASM(non-PSE) 
P99099 SA0016 purA x 

 
x 

          
x 

        
CYTOPLASM(non-PSE) 

Q7A6R6 SA0707 
 

x 
      

x 
        

x 
     

CYTOPLASM(non-PSE) 
P99066 SA1359 efp  

  
x 

   
x 

        
x 

     
CYTOPLASM(non-PSE) 

P60857 SA1255 crr  
  

x 
   

x 
        

x 
     

CYTOPLASM(non-PSE) 
Q99TJ8 SA1488 valS x 

  
x 

            
x 

     
CYTOPLASM(non-PSE) 

P99159 SA0842 fabH x 
  

x 
            

x 
     

CYTOPLASM(non-PSE) 
Q99XG5 SA0006 gyrA x 

  
x 

          
x 

       
CYTOPLASM(non-PSE) 

A0A0H3JNE8 SA0182 
 

 
  

x 
    

x 
       

x 
     

CYTOPLASM(non-PSE) 
P99167 SA1517 icd x 

 
x 

          
x 

        
CYTOPLASM(non-PSE) 

P99148 SA1184 acnA x 
 

x 
             

x 
     

CYTOPLASM(non-PSE) 
A0A0H3JKF3 SA0832 

 
x 

          
x 

          
CYTOPLASM(non-PSE) 

P99100 SA0134 deoB  
  

x 
       

x 
          

CYTOPLASM(non-PSE) 
a Articles reporting S. aureus cell surface proteome identification 
b Articles reporting on human immune responses against S. aureus proteins 
c Articles reporting on the extracellular proteome 
d S. aureus N315 Ordered Locus names 
e Inmembrane protein cellular location predictions; PSE: potentially surface exposed 
f B, biotinylation; T, trypsin digestion; T*, trypsin-coated beads; L, lysostaphin digestion; S, SDS boiling; U, urea incubation; LC, LiCl incubation;  
  P, phage library screening; M, protein microarray screening; R, ribosome display library 
g Total number of proteins reported in referenced study / number of proteins included in the table  
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Chapter 3 describes a new set of Lactococcus lactis vectors that build upon a recently described 
vector set for protein expression. Several of the new vectors allow (His6)-tagging of expressed 
proteins, but also carry an N- or C-terminal AVI-tag for site-specific protein labeling with biotin. In 
another set of vectors, the (His6)-tag was replaced by the Strep-tag II, consisting of eight amino acids 
with reversible high affinity to Strep-Tactin. This tag enables one-step affinity purification or 
immobilization of heterologous proteins under mild conditions. The inclusion of additional affinity 
tags increased the available vector set utility for recombinant protein production in L. lactis and 
facilitates S. aureus studies, such as immune screenings, direct labeling and detection of secreted 
proteins. 

Chapter 4 describes a newly identified human monoclonal antibody (humAb) against the S. aureus 
staphylococcal complement inhibitor (SCIN) protein. This humAb 6D4 binds to residues 26-36 in the 
N-terminus of SCIN, which overlap with the active site region. Accordingly, 6D4 can inhibit SCIN 
activity. Of note, SCIN is usually regarded as a secreted protein, but with the aid of 6D4 it was shown 
that SCIN binds strongly to S. aureus cells in the presence of human serum. This relates to binding of 
SCIN to so-called C3 convertases. Labelling of humAb 6D4 with a fluorophore allows one-step 
detection of SCIN-producing S. aureus cells. HumAb 6D4 can, thus, potentially be used for direct 
detection of human serum-incubated S. aureus isolates that express SCIN. 

Chapter 5 describes studies on the afore-mentioned IsaA protein as a potential target for active or 
passive immunization against S. aureus. The humAb 1D9 against IsaA was previously shown to be 
partially protective against S. aureus infections in mouse models. Also, patients with EB displayed 
high IsaA-specific IgG levels that could be protective. In contrast, mice immunized with purified IsaA 
were not protected against S. aureus challenges. The experiments described in Chapter 5 were 
therefore aimed at explaining these differences in IsaA-directed immune responses. By using an 
epitope mapping approach, it was shown that 1D9 recognizes a conserved 62-residue domain in the 
N-terminus of IsaA. This region in IsaA is also targeted by potentially protective IgGs from EB 
patients. As shown by immunofluorescence microscopy, the N-terminal IsaA domain bound by 1D9 
is exposed on the S. aureus cell surface. Contrary to 1D9 and IgGs from EB patients, non-protective 
murine IgGs mostly target the C-terminus of IsaA. These findings imply that the conserved N-
terminus of IsaA could be an attractive target for anti-staphylococcal immunization. 

Chapter 6 describes a further exploration of the application potential of humAb 1D9. The results of 
this study show that 1D9 binds invariantly to S. aureus and also targets several other staphylococcal 
species. Experiments with a human post-mortem implant model and a murine infection model 
demonstrate preclinical feasibility that 1D9 labeled with a near-infrared fluorophore can be applied 
for direct optical imaging of S. aureus infections in vivo. It was also shown that 1D9 labeled with 
89Zirconium can be used for positron emission tomography imaging of an S. aureus infection in a 
mouse model. These findings represent important steps towards the clinical implementation of 
targeted imaging of staphylococcal infections with the help of humAbs like 1D9. 

Finally, Chapter 7 presents a general overview and discussion of the findings described in the 
previous chapters of this thesis, and it provides suggestions for future research. 

 

  



Chapter 1 

11 
 

References 

1. Wertheim, H. F. et al. The role of nasal carriage in Staphylococcus aureus infections. Lancet 
Infect. Dis. 5, 751–762 (2005). 

2. Tong, S. Y. C., Davis, J. S., Eichenberger, E., Holland, T. L. & Fowler, V. G. Staphylococcus 
aureus Infections: Epidemiology, Pathophysiology, Clinical Manifestations, and Management. 
Clin. Microbiol. Rev. 28, 603–661 (2015). 

3. Garcia, L. G. et al. Antibiotic activity against small-colony variants of Staphylococcus aureus: 
review of in vitro, animal and clinical data. J. Antimicrob. Chemother. dkt072 (2013). 
doi:10.1093/jac/dkt072 

4. Proctor, R. A. et al. Staphylococcus aureus Small Colony Variants (SCVs): a road map for the 
metabolic pathways involved in persistent infections. Front. Cell. Infect. Microbiol. 4, (2014). 

5. Arciola, C. R., Campoccia, D., Speziale, P., Montanaro, L. & Costerton, J. W. Biofilm formation 
in Staphylococcus implant infections. A review of molecular mechanisms and implications for 
biofilm-resistant materials. Biomaterials 33, 5967–5982 (2012). 

6. Otto, M. Staphylococcal Infections: Mechanisms of Biofilm Maturation and Detachment as 
Critical Determinants of Pathogenicity. Annu. Rev. Med. 64, 175–188 (2013). 

7. Naber, C. K. Staphylococcus aureus Bacteremia: Epidemiology, Pathophysiology, and 
Management Strategies. Clin. Infect. Dis. 48, S231–S237 (2009). 

8. Ryu, S., Song, P. I., Seo, C. H., Cheong, H. & Park, Y. Colonization and Infection of the Skin 
by S. aureus: Immune System Evasion and the Response to Cationic Antimicrobial Peptides. Int. 
J. Mol. Sci. 15, 8753–8772 (2014). 

9. Otter, J. A., Yezli, S., Salkeld, J. A. G. & French, G. L. Evidence that contaminated surfaces 
contribute to the transmission of hospital pathogens and an overview of strategies to address 
contaminated surfaces in hospital settings. Am. J. Infect. Control 41, S6–S11 (2013). 

10. Zarpellon, M. N. et al. Survival of vancomycin-intermediate Staphylococcus aureus on hospital 
surfaces. J. Hosp. Infect. 90, 347–350 (2015). 

11. Sause, W. E., Buckley, P. T., Strohl, W. R., Lynch, A. S. & Torres, V. J. Antibody-Based 
Biologics and Their Promise to Combat Staphylococcus aureus Infections. Trends Pharmacol. 
Sci. 37, 231–241 (2016). 

12. Stryjewski, M. E. & Corey, G. R. Methicillin-Resistant Staphylococcus aureus: An Evolving 
Pathogen. Clin. Infect. Dis. 58, S10–S19 (2014). 

13. Foster, T. J., Geoghegan, J. A., Ganesh, V. K. & Höök, M. Adhesion, invasion and evasion: the 
many functions of the surface proteins of Staphylococcus aureus. Nat. Rev. Microbiol. 12, 49–
62 (2014). 

14. Pozzi, C. et al. Phagocyte subsets and lymphocyte clonal deletion behind ineffective immune 
response to Staphylococcus aureus. FEMS Microbiol. Rev. 39, 750–763 (2015). 

15. Dreisbach, A., van Dijl, J. M. & Buist, G. The cell surface proteome of Staphylococcus aureus. 
PROTEOMICS 11, 3154–3168 (2011). 

16. Kim, H. K., Thammavongsa, V., Schneewind, O. & Missiakas, D. Recurrent infections and 
immune evasion strategies of Staphylococcus aureus. Curr. Opin. Microbiol. 15, 92–99 (2012). 

17. Zecconi, A. & Scali, F. Staphylococcus aureus virulence factors in evasion from innate immune 
defenses in human and animal diseases. Immunol. Lett. 150, 12–22 (2013). 



General introduction and scope 

12 
 

18. Holtfreter, S., Kolata, J. & Bröker, B. M. Towards the immune proteome of Staphylococcus 
aureus – The anti-S. aureus antibody response. Int. J. Med. Microbiol. 300, 176–192 (2010). 

19. Otto, A., van Dijl, J. M., Hecker, M. & Becher, D. The Staphylococcus aureus proteome. Int. J. 
Med. Microbiol. 304, 110–120 (2014). 

20. Sibbald, M. J. J. B. et al. Mapping the Pathways to Staphylococcal Pathogenesis by 
Comparative Secretomics. Microbiol. Mol. Biol. Rev. 70, 755–788 (2006). 

21. Wolff, S., Hahne, H., Hecker, M. & Becher, D. Complementary Analysis of the Vegetative 
Membrane Proteome of the Human Pathogen Staphylococcus aureus. Mol. Cell. Proteomics 7, 
1460–1468 (2008). 

22. Schmaler, M., Jann, N. J., Götz, F. & Landmann, R. Staphylococcal lipoproteins and their role 
in bacterial survival in mice. Int. J. Med. Microbiol. 300, 155–160 (2010). 

23. Sievers, S. et al. Changing the phospholipid composition of Staphylococcus aureus causes 
distinct changes in membrane proteome and membrane-sensory regulators. PROTEOMICS 10, 
1685–1693 (2010). 

24. Geoghegan, J. A. & Foster, T. J. Cell Wall-Anchored Surface Proteins of Staphylococcus 
aureus: Many Proteins, Multiple Functions. Curr. Top. Microbiol. Immunol. (2015). 
doi:10.1007/82_2015_5002 

25. Chhatwal, G. S. Anchorless adhesins and invasins of Gram-positive bacteria: a new class of 
virulence factors. Trends Microbiol. 10, 205–208 (2002). 

26. Glowalla, E., Tosetti, B., Krönke, M. & Krut, O. Proteomics-Based Identification of Anchorless 
Cell Wall Proteins as Vaccine Candidates against Staphylococcus aureus. Infect. Immun. 77, 
2719–2729 (2009). 

27. Becher, D. et al. A Proteomic View of an Important Human Pathogen – Towards the 
Quantification of the Entire Staphylococcus aureus Proteome. PLoS ONE 4, e8176 (2009). 

28. Hempel, K. et al. Quantitative Cell Surface Proteome Profiling for SigB-Dependent Protein 
Expression in the Human Pathogen Staphylococcus aureus via Biotinylation Approach. J. 
Proteome Res. 9, 1579–1590 (2010). 

29. Hempel, K., Herbst, F.-A., Moche, M., Hecker, M. & Becher, D. Quantitative Proteomic View 
on Secreted, Cell Surface-Associated, and Cytoplasmic Proteins of the Methicillin-Resistant 
Human Pathogen Staphylococcus aureus under Iron-Limited Conditions. J. Proteome Res. 10, 
1657–1666 (2011). 

30. Bröker, B. M. & van Belkum, A. Immune proteomics of Staphylococcus aureus. PROTEOMICS 
11, 3221–3231 (2011). 

31. Yu, N. Y. et al. PSORTb 3.0: improved protein subcellular localization prediction with refined 
localization subcategories and predictive capabilities for all prokaryotes. Bioinformatics 26, 
1608–1615 (2010). 

32. Lu, Z. et al. Predicting subcellular localization of proteins using machine-learned classifiers. 
Bioinformatics 20, 547–556 (2004). 

33. Yu, C.-S., Chen, Y.-C., Lu, C.-H. & Hwang, J.-K. Prediction of protein subcellular localization. 
Proteins Struct. Funct. Bioinforma. 64, 643–651 (2006). 

34. Eddy, S. R. Accelerated Profile HMM Searches. PLOS Comput Biol 7, e1002195 (2011). 

35. Juncker, A. S. et al. Prediction of lipoprotein signal peptides in Gram-negative bacteria. Protein 
Sci. 12, 1652–1662 (2003). 



Chapter 1 

13 
 

36. Petersen, T. N., Brunak, S., von Heijne, G. & Nielsen, H. SignalP 4.0: discriminating signal 
peptides from transmembrane regions. Nat. Methods 8, 785–786 (2011). 

37. Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. L. Predicting transmembrane 
protein topology with a hidden markov model: application to complete genomes1. J. Mol. Biol. 
305, 567–580 (2001). 

38. Jones, D. T. Improving the accuracy of transmembrane protein topology prediction using 
evolutionary information. Bioinformatics 23, 538–544 (2007). 

39. Restrepo-Montoya, D., Pino, C., Nino, L. F., Patarroyo, M. E. & Patarroyo, M. A. NClassG+: A 
classifier for non-classically secreted Gram-positive bacterial proteins. BMC Bioinformatics 12, 
21 (2011). 

40. Shen, H.-B. & Chou, K.-C. Gpos-mPLoc: a top-down approach to improve the quality of 
predicting subcellular localization of Gram-positive bacterial proteins. Protein Pept. Lett. 16, 
1478–1484 (2009). 

41. Zhou, M., Boekhorst, J., Francke, C. & Siezen, R. J. LocateP: Genome-scale subcellular-
location predictor for bacterial proteins. BMC Bioinformatics 9, 173 (2008). 

42. Goudenège, D., Avner, S., Lucchetti-Miganeh, C. & Barloy-Hubler, F. CoBaltDB: Complete 
bacterial and archaeal orfeomes subcellular localization database and associated resources. BMC 
Microbiol. 10, 88 (2010). 

43. Perry, A. J. & Ho, B. K. Inmembrane, a bioinformatic workflow for annotation of bacterial cell-
surface proteomes. Source Code Biol. Med. 8, 9 (2013). 

44. Dhillon, B. K., Yu, N. Y. & Brinkman, F. S. L. in Immunomic Discovery of Adjuvants and 
Candidate Subunit Vaccines (eds. Flower, D. R. & Perrie, Y.) 105–115 (Springer New York, 
2013). doi:10.1007/978-1-4614-5070-2_6 

45. Hiller, K., Grote, A., Scheer, M., Münch, R. & Jahn, D. PrediSi: prediction of signal peptides 
and their cleavage positions. Nucleic Acids Res. 32, W375–W379 (2004). 

46. Jong, A. de, Hijum, S. A. F. T. van, Bijlsma, J. J. E., Kok, J. & Kuipers, O. P. BAGEL: a web-
based bacteriocin genome mining tool. Nucleic Acids Res. 34, W273–W279 (2006). 

47. Käll, L., Krogh, A. & Sonnhammer, E. L. L. An HMM posterior decoder for sequence feature 
prediction that includes homology information. Bioinformatics 21, i251–i257 (2005). 

48. Rose, R. W., Brüser, T., Kissinger, J. C. & Pohlschröder, M. Adaptation of protein secretion to 
extremely high-salt conditions by extensive use of the twin-arginine translocation pathway. Mol. 
Microbiol. 45, 943–950 (2002). 

49. Tjalsma, H. & van Dijl, J. M. Proteomics-based consensus prediction of protein retention in a 
bacterial membrane. PROTEOMICS 5, 4472–4482 (2005). 

50. Olaya-Abril, A., Jiménez-Munguía, I., Gómez-Gascón, L. & Rodríguez-Ortega, M. J. 
Surfomics: Shaving live organisms for a fast proteomic identification of surface proteins. J. 
Proteomics 97, 164–176 (2014). 

51. Enany, S. et al. Extensive proteomic profiling of the secretome of European community 
acquired methicillin resistant Staphylococcus aureus clone. Peptides 37, 128–137 (2012). 

52. Kolata, J. et al. Distinctive patterns in the human antibody response to Staphylococcus aureus 
bacteremia in carriers and non-carriers. PROTEOMICS 11, 3914–3927 (2011). 

53. Pasztor, L. et al. Staphylococcal Major Autolysin (Atl) Is Involved in Excretion of Cytoplasmic 
Proteins. J. Biol. Chem. 285, 36794–36803 (2010). 



General introduction and scope 

14 
 

54. Ravipaty, S. & Reilly, J. P. Comprehensive Characterization of Methicillin-resistant 
Staphylococcus aureus subsp. aureus COL Secretome by Two-dimensional Liquid 
Chromatography and Mass Spectrometry. Mol. Cell. Proteomics 9, 1898–1919 (2010). 

55. Rogasch, K. et al. Influence of the Two-Component System SaeRS on Global Gene Expression 
in Two Different Staphylococcus aureus Strains. J. Bacteriol. 188, 7742–7758 (2006). 

56. Ziebandt, A.-K. et al. The influence of agr and σB in growth phase dependent regulation of 
virulence factors in Staphylococcus aureus. PROTEOMICS 4, 3034–3047 (2004). 

57. Ziebandt, A.-K. et al. Proteomics uncovers extreme heterogeneity in the Staphylococcus aureus 
exoproteome due to genomic plasticity and variant gene regulation. PROTEOMICS 10, 1634–
1644 (2010). 

58. Nandakumar, R., Nandakumar, M. P., Marten, M. R. & Ross, J. M. Proteome Analysis of 
Membrane and Cell Wall Associated Proteins from Staphylococcus aureus. J. Proteome Res. 4, 
250–257 (2005). 

59. Vytvytska, O. et al. Identification of vaccine candidate antigens of Staphylococcus aureus by 
serological proteome analysis. PROTEOMICS 2, 580–590 (2002). 

60. Liu, X., Hu, Y., Pai, P.-J., Chen, D. & Lam, H. Label-Free Quantitative Proteomics Analysis of 
Antibiotic Response in Staphylococcus aureus to Oxacillin. J. Proteome Res. 13, 1223–1233 
(2014). 

61. Dreisbach, A. et al. Profiling the surfacome of Staphylococcus aureus. PROTEOMICS 10, 
3082–3096 (2010). 

62. Dreisbach, A. et al. Surface shaving as a versatile tool to profile global interactions between 
human serum proteins and the Staphylococcus aureus cell surface. PROTEOMICS 11, 2921–
2930 (2011). 

63. Solis, N., Larsen, M. R. & Cordwell, S. J. Improved accuracy of cell surface shaving proteomics 
in Staphylococcus aureus using a false-positive control. PROTEOMICS 10, 2037–2049 (2010). 

64. Solis, N. et al. Staphylococcus aureus Surface Proteins Involved in Adaptation to Oxacillin 
Identified Using a Novel Cell Shaving Approach. J. Proteome Res. 13, 2954–2972 (2014). 

65. Ventura, C. L. et al. Identification of a Novel Staphylococcus aureus Two-Component 
Leukotoxin Using Cell Surface Proteomics. PLOS ONE 5, e11634 (2010). 

66. Gatlin, C. L. et al. Proteomic profiling of cell envelope-associated proteins from Staphylococcus 
aureus. PROTEOMICS 6, 1530–1549 (2006). 

67. Clarke, S. R. et al. Identification of In Vivo–Expressed Antigens of Staphylococcus aureus and 
Their Use in Vaccinations for Protection against Nasal Carriage. J. Infect. Dis. 193, 1098–1108 
(2006). 

68. Dryla, A. et al. Comparison of Antibody Repertoires against Staphylococcus aureus in Healthy 
Individuals and in Acutely Infected Patients. Clin. Diagn. Lab. Immunol. 12, 387–398 (2005). 

69. Etz, H. et al. Identification of in vivo expressed vaccine candidate antigens from Staphylococcus 
aureus. Proc. Natl. Acad. Sci. 99, 6573–6578 (2002). 

70. Jacobsson, G., Colque-Navarro, P., Gustafsson, E., Andersson, R. & Möllby, R. Antibody 
responses in patients with invasive Staphylococcus aureus infections. Eur. J. Clin. Microbiol. 
Infect. Dis. 29, 715–725 (2010). 

71. Kloppot, P. et al. Microarray-based identification of human antibodies against Staphylococcus 
aureus antigens. PROTEOMICS – Clin. Appl. 9, 1003–1011 (2015). 



Chapter 1 

15 
 

72. Meinke, A., Henics, T., Hanner, M., Minh, D. B. & Nagy, E. Antigenome technology: a novel 
approach for the selection of bacterial vaccine candidate antigens. Vaccine 23, 2035–2041 
(2005). 

73. Weichhart, T. et al. Functional Selection of Vaccine Candidate Peptides from Staphylococcus 
aureus Whole-Genome Expression Libraries In Vitro. Infect. Immun. 71, 4633–4641 (2003). 

74. Consortium, T. U. UniProt: a hub for protein information. Nucleic Acids Res. gku989 (2014). 
doi:10.1093/nar/gku989 

75. Ebner, P. et al. Excretion of cytoplasmic proteins (ECP) in Staphylococcus aureus. Mol. 
Microbiol. 97, 775–789 (2015). 

76. Ebner, P. et al. Excreted Cytoplasmic Proteins Contribute to Pathogenicity in Staphylococcus 
aureus. Infect. Immun. 84, 1672–1681 (2016). 

77. Henderson, B. & Martin, A. in Between Pathogenicity and Commensalism (eds. Dobrindt, U., 
Hacker, J. H. & Svanborg, C.) 155–213 (Springer Berlin Heidelberg, 2011). 
doi:10.1007/82_2011_188 

78. Pancholi, V. & Fischetti, V. A. Glyceraldehyde-3-phosphate dehydrogenase on the surface of 
group A streptococci is also an ADP-ribosylating enzyme. Proc. Natl. Acad. Sci. U. S. A. 90, 
8154–8158 (1993). 

79. Pancholi, V. & Fischetti, V. A. α-Enolase, a Novel Strong Plasmin(ogen) Binding Protein on the 
Surface of Pathogenic Streptococci. J. Biol. Chem. 273, 14503–14515 (1998). 

80. Wang, G. et al. How are the Non-classically Secreted Bacterial Proteins Released into the 
Extracellular Milieu? Curr. Microbiol. 67, 688–695 (2013). 

81. Biswas, R. et al. Activity of the major staphylococcal autolysin Atl. FEMS Microbiol. Lett. 259, 
260–268 (2006). 

82. Lorenz, U. et al. Human antibody response during sepsis against targets expressed by methicillin 
resistant Staphylococcus aureus. FEMS Immunol. Med. Microbiol. 29, 145–153 (2000). 

83. Oesterreich, B. et al. Characterization of the biological anti-staphylococcal functionality of 
hUK-66 IgG1, a humanized monoclonal antibody as substantial component for an 
immunotherapeutic approach. Hum. Vaccines Immunother. 10, 926–937 (2014). 

84. Sakata, N. & Mukai, T. Production profile of the soluble lytic transglycosylase homologue in 
Staphylococcus aureus during bacterial proliferation. FEMS Immunol. Med. Microbiol. 49, 288–
295 (2007). 

85. Sakata, N., Terakubo, S. & Mukai, T. Subcellular Location of the Soluble Lytic 
Transglycosylase Homologue in Staphylococcus aureus. Curr. Microbiol. 50, 47–51 (2005). 

86. Stapleton, M. R. et al. Characterization of IsaA and SceD, Two Putative Lytic 
Transglycosylases of Staphylococcus aureus. J. Bacteriol. 189, 7316–7325 (2007). 

87. Zoll, S. et al. Ligand-Binding Properties and Conformational Dynamics of Autolysin Repeat 
Domains in Staphylococcal Cell Wall Recognition. J. Bacteriol. 194, 3789–3802 (2012). 

88. Mölkänen, T., Tyynelä, J., Helin, J., Kalkkinen, N. & Kuusela, P. Enhanced activation of bound 
plasminogen on Staphylococcus aureus by staphylokinase. FEBS Lett. 517, 72–78 (2002). 

89. Carneiro, C. R. W., Postol, E., Nomizo, R., Reis, L. F. L. & Brentani, R. R. Identification of 
enolase as a laminin-binding protein on the surface of Staphylococcus aureus. Microbes Infect. 
6, 604–608 (2004). 



General introduction and scope 

16 
 

90. Schaumburg, J. et al. The cell wall subproteome of Listeria monocytogenes. PROTEOMICS 4, 
2991–3006 (2004). 

91. Nizet, V. Understanding how leading bacterial pathogens subvert innate immunity to reveal 
novel therapeutic targets. J. Allergy Clin. Immunol. 120, 13–22 (2007). 

 

 



 

17 
 

 

 

 

 

 

Chapter 2 
 

 

Human antibody responses against non-
covalently cell wall-bound Staphylococcus 

aureus proteins 
 

Francisco Romero Pastrana, Jolanda Neef, Dennis G.A.M. Koedijk, Douwe de Graaf, José Duipmans, 
Marcel F. Jonkman, Susanne Engelmann, Jan Maarten van Dijl and Girbe Buist 

 

 

 

 

 

 

 

 

Submitted for publication 

 



Cell wall-bound staphylococcal antigens 

18 
 

Abstract 
Human antibody responses to pathogens, like Staphylococcus aureus, are important indicators for in 
vivo expression and immunogenicity of particular bacterial components. Accordingly, comparing the 
antibody responses to S. aureus components may serve to predict their potential applicability as 
antigens for vaccination. The present study was specifically aimed at assessing immunoglobulin G 
(IgG) responses elicited by non-covalently cell surface-bound proteins of S. aureus, which have thus 
far received relatively little attention. To this end, we applied plasma samples from patients with the 
genetic blistering disease epidermolysis bullosa (EB) and healthy S. aureus carriers. Of note, wounds 
of EB patients are highly colonized with S. aureus and accordingly these patients are more seriously 
exposed to staphylococcal antigens than healthy individuals. Ten non-covalently cell surface-bound 
proteins of S. aureus, namely Atl, Eap, Efb, EMP, IsaA, LukG, LukH, SA0710, Sle1 and SsaA2, were 
selected by a combined bioinformatics and biochemical approach. These antigens were recombinantly 
expressed, purified and tested for specific IgG responses using human plasma. Here we show that the 
high exposure of EB patients to S. aureus is mirrored by elevated IgG levels against all tested non-
covalently cell wall-bound staphylococcal antigens. This implies that these proteins on the S. aureus 
cell surface are prime targets for the human immune system. 
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Introduction 

Staphylococcus aureus is a Gram-positive bacterial pathogen that colonizes about one third of the 
healthy human population 1 2. The pathology caused by S. aureus may range from mild skin infections 
to life-threatening bacteremia 3. Current treatment of S. aureus infections relies on antibiotics, but the 
emergence of highly drug-resistant lineages 4 has reignited the interest in alternative treatment 
options, including passive and active immunization 5–9. 
Surface-exposed and secreted proteins of S. aureus play pivotal roles in the colonization and 
subversion of the human host 3. Accordingly, such proteins have been considered as possible antigens 
for vaccination against S. aureus infections 10,11. However, the previous efforts to develop a vaccine 
against S. aureus have met with little success, as exemplified by trials based on capsular 
polysaccharides or important virulence factors, such as fibronectin binding protein (FnBP), collagen 
binding protein (CnBP), or clumping factor A (ClfA) 7,10,12,13. Most likely, this relates to the broad 
spectrum of virulence and immune evasion factors that S. aureus employs to thrive and survive in the 
human host. Therefore, it has been suggested that potentially successful vaccines need to address 
multiple staphylococcal virulence factors and defense mechanisms 7,13,14. 

The S. aureus genome encodes about 2700 proteins, from which about 120 have been observed more 
than once in the extracellular and cell surface proteomes 11,15,16. Diverse proteomics-based approaches 
have helped to elucidate the antibody responses against S. aureus 10, highlighting the potential 
antigenicity of less-studied non-covalent cell wall-associated proteins 17,18. These include proteins 
with specific cell wall-binding domains, ‘secretable expanded repertoire adhesive molecules’ 
(SERAMs) and typical cytoplasmic proteins that are bound to the cell wall through as yet undefined 
mechanisms 19. Members of this group are tissue adhesins, toxins and immune evasion factors. 
Therefore, these proteins might be attractive targets for vaccination, provided that they are 
immunogenic. Recent reports have shown high immune responses against some members of this 
group, including IsaA, Efb and Atl 20–23. Yet, in animal models it was shown that antibodies against 
these antigens provide only limited protection against challenges with S. aureus 8,24,25. 

Healthy immune-competent individuals display differing antibody responses to a vast array of  S. 
aureus antigens, possibly reflecting their history of close encounters with multiple different S. aureus 
lineages 2 26. Anti-staphylococcal antibody levels can increase strongly during bacteremia 2,27, and it 
has been proposed that continuous exposure to different staphylococcal antigens might improve the 
effectiveness of the immune response 26. Patients with the genetic blistering disease epidermolysis 
bullosa (EB) develop wounds that are highly susceptible to S. aureus colonization. Especially the 
chronic wounds of EB patients contain several different types of S. aureus 28–31, and this seems to be 
reflected in the anti-staphylococcal immunoglobulin G (IgG) levels in their plasma and blister fluid 
22,32. Remarkably, S. aureus bacteremia is infrequently observed in adult EB patients, suggesting that 
their anti-staphylococcal immune responses may be protective against invasive S. aureus infections 22. 

The aim of the present project was to assess to what extent non-covalently cell wall-bound proteins of 
S. aureus are immunogenic and whether the respective IgG titers are elevated in plasma samples from 
EB patients. Based on bioinformatics and data from our previous proteomics analysis of the S. aureus 
surfacome 33, 10 non-covalently cell wall-bound proteins of S. aureus were selected, produced in 
Lactococcus lactis, and purified. The purified proteins were used to assess specific IgG levels in 
plasma samples from EB patients and healthy volunteers.  
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Materials and Methods 

Bacterial strains, plasmids and growth conditions 

Strains and plasmids used in this study are listed in Table 1. L. lactis strains were grown at 30ºC in 
M17 broth (Oxoid Limited, Hampshire, UK) supplemented with 0.5% glucose (wt/vol) (GM17). 
When necessary the medium was supplemented with chloramphenicol (5µg/ml) or erythromycin 
(5µg/ml) for plasmid selection. S. aureus strains were grown at 37ºC, 250 rpm in Tryptone Soy Broth 
(TSB; Oxoid). E. coli strain MC1061 was grown at 37ºC, 250 rpm in Lysogeny broth (LB; Becton 
Dickinson, Breda, The Netherlands). When necessary, the medium was supplemented with ampicillin 
(100µg/ml) for plasmid selection. 

Isolation of S. aureus cell wall fragments 

Cell wall fragments (CWFs) from S. aureus were isolated as described previously34. In short, S. 
aureus Newman cells were collected by centrifugation, glass-beads were added (0.1 µm beads, 
Biospec Products, Bartlesville, USA), and cells were disrupted for 2 minutes in a Precellys 24 
homogenizer (Bertin Technologies, Saint Quentin en Yvelines Cedex, France). The resulting CWFs 
were collected by centrifugation and boiled at 96°C for 10 min in 4% sodium dodecyl sulphate. This 
step was repeated twice. CWFs were subsequently washed six times with Phosphate Buffered Saline 
(PBS) and stored at -20°C until further use. 

Identification of non-covalently cell surface-bound proteins 

Non-covalently cell wall-bound proteins of S. aureus were identified by using the amino acid 
sequences of known domains for non-covalent cell wall-binding (i.e. PROSITE PS51780, PS51782, 
PS51781, PS51109) in BLAST searches against the sequenced S. aureus Newman strain. The actual 
identification of expressed non-covalently cell wall-bound proteins was accomplished as 
schematically represented in Figure 1A. Upon overnight culturing in TSB, S. aureus Newman cells 
were incubated with 2 M potassium thiocyanate (KSCN) for 5 min leading to the release of non-
covalently cell wall-bound proteins. Liberated non-covalently cell wall-bound proteins in the soluble 
fraction were either TCA-precipitated or dialyzed against PBS using a 3,500 Molecular weight cut-off 
(MWCO) membrane (Spectrum laboratories Inc. USA) as described before 38. Secreted proteins 
present in S. aureus Newman growth medium fractions were also collected, either by TCA 
precipitation or dialysis of the spent growth medium against PBS. Dialyzed non-covalently cell wall-
bound proteins were added to prepared S. aureus CWFs and incubated for 5 min at 4°C unless stated 
otherwise. CWFs containing non-covalently bound proteins were washed with PBS and non-
covalently cell wall-bound proteins were released into the supernatant fraction by incubation with 2M 
KSCN as described above. Released proteins were collected either by TCA precipitation or dialyzed 
overnight against demineralized water. Released proteins and cell pellets were separated by lithium 
dodecyl sulphate (LDS) - PAGE and the respective gels were stained with SimplyBlue SafeStain 
(Life Technologies, Grand Island, NY. USA). Protein bands were cut from the gels (Fig. 1B) and 
identified by Mass Spectrometry (MS) as described previously 41. 

Expression of non-covalently cell wall-bound proteins in L. lactis 

PCR was performed with the Pwo DNA polymerase (Roche Diagnostics, Woerden, The Netherlands), 
using chromosomal DNA of S. aureus NCTC 8325 as template. Primers listed in Table 2 were 
designed to amplify gene sequences without the region coding for the natural secretion signals and 
with 5' end extensions for ligase-independent cloning (LIC) 39. Briefly, SwaI-digested pRE-USP 
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plasmid and PCR fragments were treated with T4 DNA polymerase (20°C, 20 min; 75°C, 20 min; 
Roche Diagnostics) before incubation for 5 min at room temperature (3:1 vector:insert). Z-Competent 
E. coli MC1061 cells (Zymo Research, Orange, CA, USA) were transformed with the plasmid:vector 
mixtures. Correct plasmids were confirmed by DNA sequencing (Eurofins DNA, Germany). For 
cloning in L. lactis, Vector Backbone Exchange was performed by mixing ~ 300 ng of pERL vector 
with ~ 300 ng of the pRE-USP harboring the gene of interest, both digested with SfiI (New England 
Biolabs, Ipswich, UK). Ligation was performed using T4 DNA Ligase (New England Biolabs) and 
the resulting vector was introduced into electrocompetent L. lactis PA1001 42. For insertion of genes 
into plasmid pNG4210, primers (Table 2) were designed to amplify the respective sequences without 
the region coding for the natural secretion signals and with 5' end extensions encoding BamHI 
(forward) or NotI (reverse) restriction sites. Briefly, digested PCR products and linearized plasmid 
were separated by agarose gel electrophoresis, and selected DNA fragments were gel-extracted and 
purified. Ligation of digested plasmid and PCR fragments was performed using T4 DNA ligase and 
the resulting plasmid was introduced into electrocompetent L. lactis PA1001 as described before 40. 
For the expression of cloned genes, L. lactis cultures were induced in the exponential phase of growth 
(0.5 O.D. at 600nm) by the addition of nisin (final concentration 3 ng/ml, Sigma-Aldrich, St. Luis, 
MO). After 4 h or overnight culturing, the cells were separated from the growth medium by 
centrifugation. Proteins in the nisin-induced growth medium fractions were precipitated with TCA 
(10% W/V) and resuspended in LDS gel loading buffer (Life Technologies). Cells in LDS sample 
buffer were disrupted with 0.1 µm glass beads in a Precellys 24 homogenizer. Both cellular and 
growth medium fractions were analyzed by LDS-PAGE (Life Technologies) and proteins were either 
visualized using protein staining with the SimplyBlue SafeStain (Life Technologies), or by blotting 
onto nitrocellulose membranes (Protan nitrocellulose transfer paper, Whatman, Germany) and 
subsequent immunodetection. For immunodetection, mouse anti-his tag primary antibodies (Life 
Technologies) and fluorescently labeled secondary antibodies (goat anti-mouse IRDye 800 CW, LI-
COR Biosciences, Lincoln, NE. USA) were used. Antibody binding was visualized with an Odyssey 
infrared imaging system (LI-COR Biosciences).  

Table 1 Bacterial strains and plasmids used in this study 
Strain or plasmid Relevant phenotype(s) or genotype(s) Reference 
Strains   
L. lactis PA1001 MG1363 pepN::nisRK, allows nisin-inducible expression, ΔacmA ΔhtrA 35 
E. coli MC1061 araD139 Δ(araA-leu)7697 ΔlacX74 galK16 galE15(GalS) λ- e14- mcrA0 relA1 

rpsL150(strR) spoT1 mcrB1 hsdR2 
(Novagen, 

Madison, Wis) 
S. aureus NCTC 8325  Propagating strain for typing phage 47 36 
S. aureus Newman NCTC 8178 clinical isolate 37 
S. aureus Newman 
Δspa Δsbi 

S. aureus Newman spa sbi mutant 38 

Plasmids   
pRE-USPnlic ampR; camR; pRExLIC fused with E. coli pBR322 replicon 39 
pERL eryR; pERL fused with pSH71 replicon 39 
pNG4210 camR pNG400 derivative, containing BamHI/EcoRI-XbaI/NotI, his6 followed by a stop codon 40 
pNZ:LIC:efb Fusion of pRE-USPnlic with pERL containing efb (SAOUHSC_01114, aa  30 – 165) This study 
pNZ:LIC:eap Fusion of pRE-USPnlic with pERL containing eap (SAOUHSC_02161, aa  31 - 584) This study 
pNZ:LIC:sle1 Fusion of pRE-USPnlic with pERL containing sle1 (SAOUHSC_00427, aa  26 - 334) This study 
pNZ:LIC:sa0710 Fusion of pRE-USPnlic with pERL containing sa0710 (SAOUHSC_00773, aa  25 - 279) This study 
pNZ:LIC:atl1 Fusion of pRE-USPnlic with pERL containing atl1 (SAOUHSC_00994, aa  199 - 775) This study 
pNZ:LIC:atl2 Fusion of pRE-USPnlic with pERL containing atl2 (SAOUHSC_00994, aa  776 - 1256) This study 
pNG4210:lukG pNG4210 containing lukG with C-terminal his6 (SAOUHSC_02241, aa  30 - 338) This study 
pNG4210:lukH pNG4210 containing lukH with C-terminal his6 (SAOUHSC_02243, aa  33 - 351) This study 
pNG4210:ssaA2 pNG4210 containing ssaA2 with C-terminal his6 (SAOUHSC_02571, aa  28 - 267) This study 
pNG4210:emp pNG4210 containing emp with C-terminal his6 (SAOUHSC_00816, aa  27 - 340) This study 
pNG4210-ftsL pNG4210 containing ftsL with C-terminal his6 (USA300HOU_1120, aa  66 - 133) 40 
ampR, ampicillin resistance gene; camR, chloramphenicol resistance gene; eryR, erythromycin resistance gene; PnisA, nisin-inducible 
promoter; usp45ss, signal sequence of usp45  
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Table 2. Primer sequences used in this study 
Primer 5' → 3' nucleotide sequence a R.E. 
efb.fw ATGGTGAGAATTTATATTTTCAAGGTAGCGAAGGATACGGTCCAAG  
efb.rev TGGGAGGGTGGGATTTTCATTATTTAACTAATCCTTGTTTTAATACATTATC  
eap.fw ATGGTGAGAATTTATATTTTCAAGGTGCAGCTAAGCCATTAGATAAATC  
eap.rev TGGGAGGGTGGGATTTTCATTATTTATTTTTTTTTGATTTAGTGTATTG  
sle1.fw ATGGTGAGAATTTATATTTTCAAGGTGCTACAACTCACACAGTAAAAC  
sle1.rev TGGGAGGGTGGGATTTTCATTAGTGAATATATCTATAATTATTTACTTGGT  
sa0710.fw ATGGTGAGAATTTATATTTTCAAGGTCAACAACATGGCACACAAG  
sa0710.rev TGGGAGGGTGGGATTTTCATTAGTGGATGTAATTATATTTTCCTG  
atl(1).fw ATGGTGAGAATTTATATTTTCAAGGTGCTTCAGCACAACCAAG  
atl(1).rev TGGGAGGGTGGGATTTTCATTATTTTACAGCTGTTTTTGG  
atl(2).fw ATGGTGAGAATTTATATTTTCAAGGTGCTTATACTGTTACTAAACCACAAAC  
atl(2).rev TGGGAGGGTGGGATTTTCATTATTTATATTGTGGGATGTCG  
lukG.fw ATATGGATCCAAGATTAATTCTGAAATCAAACAAGTTTCTG BamHI 
lukG.rev ATATGCGGCCGCTTTCTTTTCATTATCATTAAGTACTTTTAC NotI 
lukH.fw ATATGGATCCGACTCTCAAGACCAAAATAAGAAAG BamHI 
lukH.rev ATATGCGGCCGCTCCTTCTTTATAAGGTTTATTGTCATC NotI 
ssaA2.fw ATATGGATCCTCTGAGCAAGATAACTACGGTTATAATCC BamHI 
ssaA2.rev ATATGCGGCCGCGTGAATGAAGTTATAACCAGCAGCTTGG NotI 
emp.fw ATATGGATCCTCAGTGACAGAGAGTGTTGAC BamHI 
emp.rev ATATGCGGCCGCTACTCGTGGTGCTGGTAAG NotI 
a LIC cloning sequences / restriction sites are underlined 
 
Protein purification and activity measurements 

When expressed proteins remained cell-associated, they were liberated from the cells either with 2M 
KSCN or 6M urea, as required. Next, the protein-containing soluble fractions were separated from the 
cell fraction by centrifugation. Subsequently, his-tagged proteins were purified from the respective 
supernatant fractions using the HisLink Protein Purification resin (Promega Corporation, Madison, 
WI. USA), in the absence or presence of either 2M KSCN or 6M urea. The HisLink binding and 
washing buffer was composed of 0.1 M HEPES 7.5 pH, 0.5 M NaCl and 10mM imidazole. The 
elution buffers were essentially the same, but contained 200 mM or 400 mM imidazole. The IsaA and 
FtsL proteins were purified as described previously.40 43.  

Rebinding of isolated proteins to S. aureus cells 

Overnight growth cultures of S. aureus Newman ΔspaΔsbi were resuspended to 1 optical density 
measured at 600 nm in 800 µl of PBS (pH 7) or 50mM sodium acetate (pH 5) and incubated with 1-3 
µg of histidine-tagged fusion proteins for 10 min. After incubation, cell pellets and supernatants were 
processed as described before and localization of tagged proteins was assessed by LDS-PAGE and 
Western blotting as described above.  

Enzyme-linked immunosorbent assay (ELISA) 

ELISA plates were coated overnight at 4°C with histidine-tagged fusion proteins (100ng/well) diluted 
in carbonate coating buffer (50 mM sodium carbonate, pH 9.6) 8. Subsequently, the plates were 
blocked with PBS containing 5% skim milk. Patient and healthy control plasma samples were 
processed as previously described 22. Serial dilutions of plasma (1000- to 2,000,000-fold) were 
prepared in PBS-Tween 20/5% skim milk. Specific anti-human IgG secondary antibodies coupled to 
horseradish peroxidase (dilution 1:8,000; Southern Biotechnology, Birmingham, AL) were used 
according to the manufacturer's recommendations. Horseradish peroxidase activity was quantified by 
measuring the hydrolysis of the substrate (O-Phenylenediamine, Sigma-Aldrich) at OD492 in a plate 
reader (Biotek Powerwave XS2, USA). Titers were calculated in arbitrary units (AU) through 
extrapolation using linear regression for data points from known dilutions giving OD492 values 
between 0.1 and 1.0. All calculated R2 linear regression values (Pearson product moment correlation 
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coefficient) were above 0.98. IgG titers in plasma samples of EB patients were averaged and 
normalized by adjusting the averaged IgG titers in the control plasma samples of healthy volunteers to 
a single arbitrary level (AU=10) and adjusting accordingly the averages for the EB patient samples. In 
brief, obtained EB and control averages were multiplied by a numeric factor that resulted in the 
average of all controls equal to 10 AU. After plotting normalized values, the differences in the 
average IgG levels measured for plasma samples from EB patients and healthy control individuals 
were compared for the different analyzed proteins. 

Ethics statements 

Blood donations from EB patients were collected with approval of the medical ethics committee of 
the University Medical Center Groningen (approval no. NL27471,042,09) after written informed 
patient consent and adhering to the Helsinki Guidelines 22. The written informed consent was 
obtained from all patients and healthy volunteers included in this study.  

Results and Discussion 

Selection of non-covalently cell wall-bound proteins  

To pinpoint a panel of non-covalently cell wall-bound proteins of S. aureus, we performed an 
extensive bioinformatics analysis using the genome sequence of S. aureus strain Newman and, in 
addition, we surveyed the results of our previous analysis of the cell surface proteome of this S. 
aureus strain 33. The results are summarized in Table 3. Specifically, the bioinformatics approach 
identified several SERAMS, in particular the extracellular adhesive protein Eap, the extracellular 
matrix protein Emp, the extracellular fibrinogen-binding protein Efb, and coagulase 44. Furthermore, 
we retrieved all known S. aureus Newman proteins containing the conserved cell wall-binding 
domains LysM (PROSITE: PS51782) 45,46, GW (PROSITE: PS51780) 47,48, SH3B (PROSITE: 
PS51781) 46,49 and G5 (PROSITE: PS51109) 50. Except for the amidase from phage phiNM2 and the 
transmembrane protein EbpS, all other identified proteins carried a predicted signal peptide for export 
from the cytoplasm (indicated as S in Table 3). Of note, Eap, Atl, IsaA, SsaA2, Sle1, LukG and LukH 
have also previously been identified as non-covalently cell wall-bound proteins 18,33,51,52. Further, Sle1 
was shown to be localized in the vicinity of the S. aureus cross-wall 51, while Atl was found to be 
preferably bound to the septal region 52.  

In order to detect the actually produced non-covalently cell wall-bound proteins of S. aureus 
Newman, we extracted these proteins with the chaotrope KSCN from the staphylococcal cells, 
reattached them to isolated S. aureus cell wall fragments, and re-extracted the proteins with KSCN 
(schematically represented in Fig. 1A). The proteins thus obtained were separated by LDS-PAGE. 
Eight dominant bands were detected, excised from the gel and identified by MS (Fig. 1B). The 
identifiers and characteristics of the identified proteins are summarized in Table 3. 

For our further studies on human antibody responses against non-covalently cell wall-bound proteins 
of S. aureus, we made a selection of 10 representative proteins. The inclusion criteria for these 10 
proteins were identification by bioinformatics and/or biochemical analysis. Exclusion criteria were a 
lack of identification in previous biochemical or proteomics analyses 33, the absence of a predicted 
signal peptide, the presence of an LPxTG motif for covalent cell wall binding, and known IgG-
binding properties that would interfere with our further analyses. The domain structure of the selected 
proteins, highlighting domains potentially involved in cell wall binding, is represented in Figure 2. It 
should be noted that Atl is synthesized in a pre-pro-form which, upon export, is cleaved into two 
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moieties with an amidase domain (here termed Atl1) and a glucosamidase domain (here termed Atl2). 
Accordingly, the Atl2 moiety of Atl does not have its own signal peptide for export from the 
cytoplasm.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1. Identification of non-covalently cell wall-bound S. aureus proteins  
(A) Schematic representation of the experimental set-up for identification of non-covalently cell wall-bound 
proteins. S. aureus cells were first separated from the growth medium by centrifugation (spin). Pelleted S. aureus 
cells were treated with KSCN to release the non-covalently cell wall-bound proteins. KSCN-extracted proteins 
were re-bound to cell wall fragments (CWF) and, subsequently, released again by KSCN incubation. Upon 
centrifugation, the resulting pellet and supernatant fractions were analyzed by LDS-PAGE (B). Upon Simply Blue 
safe staining of the gel, protein bands were excised and identified by MS as indicated.  

Cloning, production and isolation of non-covalently cell wall-bound proteins in L. lactis 

Genes for the selected non-covalently cell wall-bound proteins of S. aureus were cloned into nisin-
inducible expression vectors and introduced into L. lactis strain PA1001 for expression. In the case of 
Atl, the Atl1 and Atl2 moieties were expressed separately, each being secreted with the lactococcal 
Usp45 signal peptide. Of note, the L. lactis PA1001 strain lacks the genes for the major extracellular 
protease HtrA and the autolysin AcmA, which minimizes proteolysis and cell lysis, respectively 35,43. 
Next, expression of the cloned genes was induced with nisin and the subcellular localization of the 
respective S. aureus proteins was determined. To this end, cells were separated from the growth 
medium by centrifugation and the respective fractions were analyzed by LDS-PAGE and Western 
blotting using anti-His6 antibodies. As expected, all proteins were largely cell wall-bound (data not 
shown). By incubation of the cells with 2M KSCN (Efb, Eap and Atl1) or 6M urea (all seven other 
proteins), the expressed proteins were released, consistent with disruption of their non-covalent 
interactions with the cell wall. Upon centrifugation, the released proteins were purified from the 
resulting supernatant fractions using Ni-NTA agarose beads, and their potential to re-bind to cells of   
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Table 3. Identified non covalently cell surface-bound proteins 
Uniprot ID Gene names AA Se Protein name 

Proteins with known conserved non covalently cell wall binding domains 
LysM (PS51782)a   
A6QH29 NWMN_1389 ebpS 486  Elastin-binding protein EbpS 
A0A0H3K686 NWMN_0055 spa 520 S Immunoglobulin G binding protein A 
A0A0H3K6S5 NWMN_0724 SA0710c 279 S Uncharacterized protein 
A0A0H3K7F5 NWMN_0634  265 S Secretory antigen SsaA-like protein 
A0A0H3KAZ4 NWMN_0429 sle1d 334 S N-acetylmuramoyl-L-alanine amidase AAA 
A0A0H3KG37 NWMN_1157 lytN 383 S Cell-wall hydrolase LytN 
GW (PS51780)a   
A0A0H3K7X7 NWMN_0922 atl 1256 S Bifunctional autolysin 
SH3B (PS51781)a   
A0A0H3K875 NWMN_1039 481  Phage amidase [Bacteriophage phiNM2] 
A0A0H3K8J7  NWMN_1534 291 S Probable cell wall amidase LytH 
G5 (PS51109)a   
A0A0H3KAI3 NWMN_2392 1501 S Uncharacterized protein 

Identified by surfacome profiling  
A0A0H3K7X7 NWMN_0922 atl 1256 S Bifunctional autolysin 
A6QIG7 NWMN_1877 chp 149 S Chemotaxis inhibitory protein precursor 
A0A0H3KA75 NWMN_0166 coa 636 S Coagulase 
A6QF98 NWMN_0758 empd 340 S Extracellular matrix protein-binding protein emp 

 A0A0H3KF27 NWMN_2399 fnbA 741 S Fibronectin binding protein A 
A0A0H3K6R0 NWMN_0687  646 S Lipoteichoic acid synthase 
A6QK59 NWMN_2469 isaA 233 S Probable transglycosylase IsaA precursor 
A6QJQ7 NWMN_2317 sbi 436 S Immunoglobulin-binding protein sbi precursor 
A0A0H3KCA1 NWMN_1066  109 S Uncharacterized protein Ehp 
A0A0H3K6X4 NWMN_0362  203 S Uncharacterized protein 
A0A0H3KET4 NWMN_0585  168 S Uncharacterized protein 
A0A0H3K7N7 NWMN_0757  508 S Secreted von Willebrand factor-binding protein 
A0A0H3KEG7 NWMN_2199 ssaA2d 267 S Secretory antigen SsaA 

LDS-PAGE: Gel band MS  
1b A6QIG2 NWMN_1872 eapd 584 S 65 kDa membrane protein precursor 
 A6QDC3 NWMN_0083 deoB  392  Phosphopentomutase 
2 A6QG68 NWMN_1078 argF 333  Ornithine carbamoyltransferase 
3 A6QIG2 NWMN_1872 eapd 584 S 65 kDa membrane protein precursor 
4 A6QJQ7 NWMN_2317 sbi 436 S Immunoglobulin-binding protein Sbi precursor 
5 A0A0H3KHT5 NWMN_1928 lukHd 351 S Leukocidin/hemolysin toxin family S subunit 
6 A6QF98 NWMN_0758 empd 340 S Extracellular matrix protein-binding protein Emp 

  A0A0H3K9N1 NWMN_1927 lukGd 338 S Leukocidin/hemolysin toxin family F subunit 
7 A0A0H3K5Z1 NWMN_0249 held 296 S 5'-nucleotidase, lipoprotein e(P4) family protein 
 A0A0H3KIY0 NWMN_2444 85  Uncharacterized protein 
8 A6QG59 NWMN_1069 efbd 165 S Fibrinogen-binding protein precursor 
a PROSITE ID of Motif; b Extracted band number from LDS-PAGE; c Gene locus of NWMN_0724 homolog in S. aureus N315, 
used instead of gene name; d Used gene name from homologous protein when none was found in the original Uniprot record; Se 
Secretion signal predicted by SignalP and/or reported in Uniprot.   
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Figure 2. Motif composition of non-covalently cell wall-bound proteins of S. aureus  
The proteins shown are: the extracellular adherence protein Eap (SAOUHSC_02161); the bifunctional autolysin 
Atl (SAOUHSC_00994), of which the Atl1 (N-acetylmuramoyl-L-alanine amidase) and Atl2 (Endo-beta-N-
acetylglucosaminidase) domains were separately expressed; the CHAP and LysM domain-containing protein 
SA0710 (SAOUHSC_00773); the N-acetylmuramoyl-L-alanine amidase Sle1 (SAOUHSC_00427); the 
staphylococcal secretory antigen SsaA2 (SAOUHSC_02571); the gamma-hemolysin subunit B LukG 
(SAOUHSC_02241); the leukocidin LukH (SAOUHSC_02243); the probable transglycosylase IsaA (SA2356); 
the fibrinogen-binding protein Efb (SAOUHSC_01114); and the extracellular matrix protein-binding protein Emp 
(SAOUHSC_00816). Sig, signal peptide; MAP, MAP repeat profile (PROSITE: PS51223); amidase, N-
acetylmuramoyl-L-alanine amidase (Pfam: PF01510); glucosaminidase, endo-beta-N-acetylglucosaminidase 
(Pfam: PF01832); GW, GW domain profile (PROSITE: PS51780); LysM, LysM domain profile 
(PROSITE:PS51782); CHAP, CHAP domain profile (PROSITE: PS50911); Leuk, Leukocidin/Hemolysin toxin 
family (Pfam: PF07968); NCD, N-terminal conserved domain; SLT, Transglycosylase SLT domain (Pfam: 
PF01464); Efb_c, extracellular fibrinogen binding protein C terminal (Pfam: PF12199); Fg, fibrinogen-binding 
motifs 53. The green line represents amino acid residues selected for cloning and expression. 
 

 

 

 

 

 

 

 

Figure 3. Binding of purified non-covalently cell wall-bound proteins to S. aureus cells  
Non-covalently cell wall-bound proteins were expressed in L. lactis and their binding to whole cells of S. aureus 
was assessed upon incubation at pH 7, or pH 5 in the case of Efb as indicated. P, cell pellet fraction; S, supernatant 
fraction.   
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S. aureus Newman Δspa Δsbi was confirmed (Fig. 3; data not shown for IsaA). Notably, Efb did not 
re-bind to S. aureus cells under the standard assay conditions (pH 7), but its binding to the cells could 
be demonstrated at a lowered pH of 5 (Fig. 3). Altogether, these findings imply that the purified 
proteins have retained their cell wall-binding capabilities. Of note, the cell wall binding of SA0710 
has not been experimentally verified so far, despite the fact that this protein has a LysM domain. 

Human IgG responses against non-covalently cell wall-bound proteins of S. aureus 

To assess whether EB patients and healthy volunteers mount immune responses against the selected 
non-covalently cell wall-bound proteins of S. aureus, we applied an ELISA approach. The membrane 
protein FtsL was included in this analysis as a control, because it is surface-exposed, but not bound to 
the cell wall 33. As shown in Figure 4A, all investigated human plasma samples contained IgGs 
against all investigated proteins. Importantly, the levels of IgGs against non-covalently cell wall-
bound proteins in plasma samples from EB patients were, on average, markedly higher than those 
from healthy carriers. In this respect, the largest differences were observed for Eap, Atl2 and IsaA, 
and the smallest for Sle1 and Emp. Only, the FtsL-specific IgG levels in plasma samples from EB 
patients and healthy volunteers did not differ significantly. In this respect it should be noted that for 
many, but not all, S. aureus antigens elevated IgG levels were previously observed in plasma from EB 
patients 22,32. For example, no significant differences in IgG levels were previously observed for the 
ClfA, ClfB and IsdH proteins bound to the staphylococcal cell wall.  

We further inspected the overall IgG responses to all non-covalently cell wall-bound proteins per 
plasma sample, excluding FtsL. As shown in Figure 4B, the normalized average IgG levels against 
the eleven remaining S. aureus antigens were higher for the eight plasma samples from EB patients 
than for the six healthy volunteers. Further, the carriage of multiple S. aureus strains by EB patients 
correlated with higher normalized average IgG levels (Fig. 4B). Thus, the highest normalized average 
IgG levels were observed for patients EB01 and EB51 who, respectively, carried 7 and 4 different S. 
aureus strains at 3 time points of sampling.  

During S. aureus colonization and invasion, immune-competent individuals may rapidly mount 
antibody responses to a large panel of antigens. The antibody response profiles of individuals usually 
reflects the history of previous encounters with S. aureus 26. Accordingly, they may change after 
every new encounter 2, which could explain the strong variations in the profiles observed for different 
individuals 32,54,55. Importantly, this was previously shown to even be the case upon controlled nasal 
inoculation of healthy human volunteers with S. aureus 56.  

In previous studies, we have reported that patients with EB develop wounds that are highly 
susceptible to S. aureus colonization 22,28–31. Accordingly, it was shown that these patients mounted 
significantly higher immune responses against S. aureus antigens than healthy carriers 22,32. In these 
studies, compared to healthy control individuals, elevated IgG levels were observed in plasmas of EB 
patients for three out of eleven tested cell wall-associated antigens (i.e. Efb, IsaA and IsdA), and for 
seven out of seventeen tested secreted antigens. Minor differences were observed for IgG responses 
against secreted superantigens 22. In the present study, we show that EB patients carry significantly 
increased IgG levels against all eleven tested antigens that are non-covalently bound to the S. aureus 
cell wall, including Efb and IsaA. This highlights the strong immunogenicity of these antigens 
compared to other staphylococcal antigens that are covalently bound to the cell wall or secreted into 
the host environment. When IgG levels were compared for EB patients carrying multiple S. aureus 
types versus EB patients carrying only one S. aureus type, significant differences were observed for 4 
out of 10 tested antigens, again including Efb and IsaA 22. This general difference upon colonization  
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Figure 4. Binding of human IgGs to purified non-covalently cell wall-bound S. aureus proteins  
Levels of IgGs specific for purified cell wall-bound S. aureus proteins were compared by ELISA using plasma 
samples of patients with EB (red bullets) or healthy S. aureus carriers (blue bullets). (A) Normalized IgG titers in 
different plasma samples plotted per purified S. aureus antigen. (B) Normalized IgG titers in different plasma 
samples plotted per EB patient and healthy carrier. In brief, obtained EB and control averages were multiplied by a 
numeric factor that resulted in the average of all controls equal to 10 AU. After plotting normalized values, the 
differences in the average IgG levels measured for plasma samples from EB patients and healthy control 
individuals were compared for the different analyzed proteins (isolates/tests). Per patient, the number of S. aureus 
types identified per number of sampling time points are indicated in parentheses 22,29,31. Sa, S. aureus.  
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with multiple S. aureus types was also observed in the present study, supporting the view that patients 
exposed to different S. aureus types are challenged with more staphylococcal antigens than patients 
carrying only one S. aureus type. Additionally, EB patients showed a much larger variation in IgG 
levels against S. aureus antigens than healthy carrier controls, which could perhaps relate to their S. 
aureus contact history, which was previously shown to be variable over time 22,29,31.  

The species S. aureus is known to display high genomic plasticity. Although, the genes for some 
virulence factors are almost invariantly (Efb, Eap, Emp) or frequently (Eap, Atl, IsaA, LukG, LukH, 
SsaA2, Sle1) present in S. aureus isolates, their identity and expression levels can show substantial 
inter-strain variations 2,16,19,33,57,58. This diversity could be behind variation in the host immune 
responses to S. aureus. Our results with Eap and Efb, which present large inter lineage sequence 
variation 58, showed a large difference and highly variable immune response in IgG titers in EB 
patients compared to healthy carriers. Interestingly, previous reports showed either lower levels of 
anti-Eap and Efb antibodies in patients 55,59,60, or the opposite higher levels in infected patients and 
healthy S. aureus carriers 27,54,61,62. Still, higher titers against Atl 63,64 and IsaA 22,23,63 in S. aureus 
infected and colonized patient sera have been previously reported, in agreement with our own results. 

In the context of our present study, it is noteworthy that except for very severe cases, patients with EB 
appear to suffer infrequently from invasive staphylococcal disease, especially if one considers their 
high rates of colonization with S. aureus 32. This has led to the proposal that the elevated levels of 
anti-staphylococcal IgGs could potentially be protective. Importantly, none of the patients who 
participated in this and our previous studies was treated for S. aureus bacteremia in the 5 years prior 
to donating the investigated plasma samples. Additional support for the idea that high anti-
staphylococcal IgG levels in EB patients could be protective comes from studies with monoclonal 
antibodies against IsaA, showing protection against S. aureus infections in murine S. aureus infection 
models 8,9,65. At present it is not clear whether these findings for anti-IsaA antibodies can be 
extrapolated to other non-covalently cell wall-bound proteins. This idea is tempting in view of the 
present results, but it has to be noted that vaccination studies in murine models with an octa-valent 
vaccine, including Atl and IsaA, did not lead to protection against S. aureus challenges 20. 

Conclusion 

In the present study, we assessed the immunogenicity of ten non-covalently cell surface-bound 
proteins of S. aureus, using plasma samples from patients with EB and healthy volunteers. Surface-
exposed and secreted proteins of S. aureus have previously been studied for potential vaccine targets 
10,11. However, while most studies focused on covalently cell wall-bound proteins, the less-studied 
non-covalently cell wall-bound proteins could also be promising vaccine targets 18. Therefore, we 
applied a combined bioinformatics and biochemical approach to select ten non-covalently cell wall-
bound proteins of S. aureus for further analyses. These included Eap, Efb, EMP, IsaA, LukG, LukH, 
SA0710, Sle1 and SsaA2, as well as two separated domains of Atl. These potential antigens were 
expressed in L. lactis, purified and tested for antigenicity using human plasma samples. Remarkably, 
our present results show that the high exposure of EB patients to S. aureus was mirrored by 
significantly elevated IgG levels against all tested non-covalently cell wall-bound antigens, 
suggesting that these are prime targets for the human immune system. 
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Abstract 
The Gram-positive bacterium Lactococcus lactis is a useful host for extracellular protein production. 
A main advantage of L. lactis over other bacterial expression systems is that lactococcal cells display 
low levels of autolysis and proteolysis. Previously, we developed a set of vectors for nisin-inducible 
extracellular production of N- or C-terminally hexa-histidine (His6)-tagged proteins. The present 
study was aimed at expanding our portfolio of L. lactis expression vectors for protein purification and 
site-specific labeling. Specifically, we present two new groups of vectors allowing N- or C-terminal 
provision of proteins with Strep- or AVI-tags. Vectors for AVI-tagging encode an additional His6-tag 
for protein purification. Another set of vectors allows removal of N-terminal Strep- or His6-tags from 
expressed proteins with the tobacco etch virus protease. Two possible applications of the developed 
vectors are presented. First, we show that Strep-tagged LytM of Staphylococcus aureus in the growth 
medium of L. lactis can be directly bound to microtiter plates coated with an affinity reagent, and 
used for enzyme-linked immunosorbent assays. Second, we show that the AVI-tagged Sle1 protein 
from S. aureus as produced in L. lactis can be directly biotinylated and fluorescently labeled. The 
fluorescently labeled Sle1 was successfully applied for S. aureus re-binding studies, allowing 
subcellular localization by fluorescence microscopy. In conclusion, we have developed a set of 
expression vectors that enhance the versatility of L. lactis as a system for production of proteins with 
tags that can be used for affinity purification and site-specific protein labeling. 
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Introduction 

The Gram-positive bacterium Lactococcus lactis is known to be a suitable host for the expression and 
secretion of heterologous proteins 1. In most L. lactis expression systems, the production of proteins is 
induced using the nisin-inducible (NICE) system. Here the expression of a target gene is directed by 
the nisA promoter, which is activated in the presence of the food-grade lantibiotic nisin that activates 
the NisRK two-component regulatory system 2,3. Recently, a set of vectors suitable for inducible 
extracellular protein production of N- or C-terminally hexa-histidine (His6)-tagged proteins was 
published 4. The His6-tagged proteins were secreted via the Sec secretion machinery using the signal 
peptide of the lactococcal protein Usp45.  

The His6-tag is one of the most widely used tags as, in principle, it allows efficient one-step 
purification of tagged proteins by metal affinity chromatography 5. However, this tag can have several 
drawbacks. For example, there may be many contaminating proteins 6, and the His6-tag may lead to 
protein dimerization 7, instability or degradation of tagged proteins 8. Also, His6-tags may interfere 
with ligand or substrate binding 9. Therefore, the use of alternative protein tags could increase the 
chances of obtaining efficient protein production and purification and, at the same time, provide 
opportunities for direct labeling applications. For the isolation or labeling of expressed proteins 
several tags have been used in L. lactis, such as the Strep-tag 10, Flag-tag 11, Myc-tag 12–14 and AVI-
tag 15. Only for the last two tags, secretion of heterologous tagged proteins was demonstrated in L. 
lactis. 

The Strep-tag II system is based on an 8 amino acid peptide tag (WSHPQFEK) with reversible high 
affinity to Strep-Tactin (an engineered form of streptavidin). It is derived from the well-known 
extremely high-affinity binding of biotin to streptavidin 16.  The short, biologically inert and 
proteolytically stable peptide tag allows purification of biologically active Strep-tagged fusion 
proteins under mild conditions 17. Cytoplasmic expression of a C-terminal Strep-tag fusion in L. lactis 
using the NICE system was shown for the LmrR protein 10.  

The AVI-tag system involves a 15 amino acid peptide (GLNDIFEAQKIEWHE) recognized by the 
biotin ligase BirA that catalyzes the amide linkage between biotin and the lysine residue in the AVI-
tag peptide 18. Production in L. lactis of secreted staphylococcal proteins with an N-terminal AVI-tag 
for site-specific labeling with biotin has been reported recently 15.  

The present study was aimed at expanding our portfolio of L. lactis expression vectors. Specifically, 
we constructed two vector sets by introducing sequences encoding N- or C-terminal AVI- or Strep-
tags. The functionality of these vectors was demonstrated by expressing and secreting the tagged 
staphylococcal proteins LytM and Sle1. The produced secreted proteins were used for rapid immune 
screening, and direct labeling for detection of localized binding on staphylococcal cells, respectively.  

Materials and Methods 

Bacterial strains and growth conditions 

Strains and plasmids are listed in Table 1. L. lactis strains were grown in M17 broth (Oxoid Limited, 
Hampshire, United Kingdom) at 30ºC either as standing cultures, or by shaking (250 rpm). The M17 
broth was supplemented with 0.5% or 2% glucose (w/v) (GM17), as indicated. When necessary, the 
medium was supplemented with chloramphenicol (5 µg/ml). The S. aureus strains USA300 and 
NCTC8325 were grown overnight at 37ºC, 250 rpm in Tryptone Soy Broth (TSB; Oxoid Limited).  
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General molecular biology 

Enzymes and buffers were obtained from New England Biolabs (NEB, Ipswich, USA). Genomic 
DNA of S. aureus USA300, used as template for all PCR reactions, was isolated with the Genelute 
bacterial genomic DNA kit (Sigma-Aldrich, Zwijndrecht, The Netherlands) according to the 
manufacturer’s protocol with minor modifications as described before 15. PCR reactions were 
performed with a Bio-Rad C1000 Thermal cycler (Bio-Rad Laboratories, Richmond, CA). Primers 
used in this study, shown in Table 2, were obtained from Eurogentec (Maastricht, The Netherlands). 
The Taq (Life Technologies, Bleiswijk, The Netherlands) and Phusion Hot Start II (Thermo Fisher 
Scientific, Wilmington, Delaware USA) polymerases were used according to the manufacturer’s 
protocols. PCR products were purified using the High Pure PCR purification kit (Analytic Jena, Jena, 
Germany). Ligations with T4 DNA ligase and DNA restriction endonuclease digestions were 
performed following the manufacturer's protocols (NEB). Plasmids from L. lactis cells were extracted 
using the innuPREP Plasmid Mini Kit (Analytik Jena) with the following modifications: cell pellets 
were resuspended in solution A with lysozyme (2 mg/ml, Sigma-Aldrich) and incubated 10 min at 
55ºC. Further DNA purification and concentration were performed with the DNA Clean & 
Concentrator-5 (Zymo Research, Irvine, CA. USA). The Silica Bead DNA Gel Extraction Kit 
(Thermo Fisher Scientific) was used for DNA isolation from agarose gels. 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 before 19. 

 
Table 1 Bacterial strains and plasmids used in this study 
Strain or plasmid Relevant phenotype(s) or genotype(s) Reference 
Strains   
L. lactis PA1001 MG1363 pepN::nisRK, allows nisin inducible expression, ΔacmA ΔhtrA 12 
S. aureus USA300 Community-acquired MRSA isolate 20 
S. aureus NCTC8325 Restriction-deficient derivative of NCTC 8325; cured of all known prophages 21 
Plasmids   
pNG4110 CmR, containing PnisA, SSusp45, N-term His6, MCS 4 
pNG4111 CmR, containing PnisA, SSusp45, N-term His6, TEV-site, MCS 4 
pNG4210 CmR, containing PnisA, SSusp45, MCS, C-term His6 4 
pNG4110S pNG4110 derivative with Strep-Tag II replacing His6 tag This study 
pNG4111S pNG4111 derivative with Strep-Tag II replacing His6 tag This study 
pNG4210S pNG4210 derivative with Strep-Tag II replacing His6 tag This study 
pNG4110A pNG4110 derivative with a C-term AVI-tag This study 
pNG4111A pNG4111 derivative with a C-term AVI-tag This study 
pNG4210A pNG4210 derivative with N-term AVI-tag This study 
pNG4110-lytM pNG4110 expressing mature LytM fused to SSusp45 and N-term His6 This study 
pNG4111- lytM pNG4111 expressing mature LytM fused to SSusp45, N-term His6 and TEV-site This study 
pNG4210- lytM pNG4210 expressing mature LytM fused to SSusp45 and C-term His6 This study 
pNG4110S- lytM pNG4110S expressing mature LytM fused to SSusp45 and N-term Strep-Tag II This study 
pNG4111S- lytM pNG4111S expressing mature LytM fused to SSusp45, N-term Strep-Tag II and TEV-site This study 
pNG4210S- lytM pNG4210S expressing mature LytM fused to SSusp45 and C-term Strep-Tag II This study 
pNG4110A- lytM pNG4110A expressing mature LytM fused to SSusp45, N-term His6 and C-term AVI-tag This study 
pNG4111A- lytM pNG4111A expressing mature LytM fused to SSusp45, N-term His6, TEV-site, C-term AVI-tag This study 
pNG4210A- lytM pNG4210A expressing mature LytM fused to SSusp45, C-term His6 and N-term AVI-tag This study 
pNG4110-sle1 pNG4110 expressing mature Sle1 fused to SSusp45 and N-term His6 This study 
pNG4110- sle1 pNG4111 expressing mature Sle1 fused to SSusp45, N-term His6 and TEV-site This study 
pNG4111- sle1 pNG4210 expressing mature Sle1 fused to SSusp45 and C-term His6 This study 
pNG4210- sle1 pNG4110S expressing mature Sle1fused to SSusp45 and N-term Strep-Tag II This study 
pNG4110S- sle1 pNG4111S expressing mature Sle1fused to SSusp45, N-term Strep-Tag II and TEV-site This study 
pNG4111S- sle1 pNG4210S expressing mature Sle1fused to SSusp45 and C-term Strep-Tag II This study 
pNG4210S- sle1 pNG4110A expressing mature Sle1fused to SSusp45, N-term His6 and C-term AVI-tag This study 
pNG4110A- sle1 pNG4111A expressing mature Sle1fused to SSusp45, N-term His6 , TEV-site, C-term AVI-tag This study 
pNG4111A- sle1 pNG4210A expressing mature Sle1 fused to SSusp45, C-term His6 and N-term AVI-tag This study 
CmR, chloramphenicol resistance gene; PnisA, nisin-inducible promoter; His6, hexahistidine-tag; SSusp45, signal sequence of usp45; 
TEV-site; cleavage site for Tobacco Etch Virus protease. MCS, multiple cloning site 
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Table 2. Primers used for the construction of the expression vectors 
Primer 5' → 3' nucleotide sequence a R.E. 

StrepTag.For CAATGATTTCGTTCGAAGGAACTAC BstBI 
Strep110.Rev   ATATGGATCCTTTCTCGAACTGCGGGTGGCTCCACATGGAGTTTGTGTCAGCGTAAAC  BamHI 
Strep111.Rev   ATATGGATCCCTGGAAGTACAGGTTCTCTTTCTCGAACTGCGGGTGGCTCC  BamHI 
Strep210.Rev   ATATAAGCTTTTATTTCTCGAACTGCGGGTGGCTCCATGCGGCCGCCTCGAGGAATTCG  HindIII 
StrepPCR.Rev CTCGAACTGCGGGTGGCTCC  
AVI-tagNotI.fw  GGCCGCCATGAGTGGTTTAAACGATATTTTCGAGGCTCAGAAAATCGAATGGCACGAATAAATCC  
AVI-tagNotI.rev  GGCCGGATTTATTCGTGCCATTCGATTTTCTGAGCCTCGAAAATATCGTTTAAACCACTCATGGC  
AVI-tagBamHI.fw  GATCGCCCATGAGTGGTTTAAACGATATTTTCGAGGCTCAGAAAATCGAATGGCACGAAATCATGG  
AVI-tagBamHI.rev  GATCCCATGATTTCGTGCCATTCGATTTTCTGAGCCTCGAAAATATCGTTTAAACCACTCATGGGC  
SleI.F1 ATATGGATCCGCTACAACTCACACAGTAAAAC BamHI 
SleI.R1 ATATGCGGCCGCGTGAATATATCTATAATTATTTACTTGGT NotI 
SleI.R2 ATATGCGGCCGCTTAGTGAATATATCTATAATTATTTACTTGGT NotI 
LytM.F1 ATATGGATCCATGGGAGCAGAAACGACAAACACCC BamHI 
LytM.R1 ATATGCGGCCGCTCTACTTTGCAAGTATGACGTTGGG NotI 
LytM.R2 ATATGCGGCCGCTTATCTACTTTGCAAGTATGACGTTGGG NotI 
a Restriction site underlined, stop codon in bold, NotI/BamHI-compatible overhangs in italics 
 
Construction of expression vectors 

An overall schematic representation of constructed vectors is shown in Fig. 1. The His6-tag present in 
plasmids pNG4110, pNG4111 and pNG4210 was replaced by the Strep-tag II resulting in the 
plasmids pNG4110S, pNG4111S and pNG4210S, respectively. For the construction of plasmid 
pNG4110S, a PCR fragment was generated using the primers StrepTag.For and Strep110.Rev using 
plasmid pNG4110 as a template. The PCR product was digested with BstBI and BamHI and ligated to 
linearized plasmid pNG4110, digested with the same enzymes. The same approach was used to 
replace the His6-tag to obtain plasmids pNG4111S and pNG4210S using specific primers indicated in 
Table 2. Insertion of the AVI-tag in plasmids pNG4110, pNG4111 and pNG4210 resulted in plasmids 
pNG4110A, pNG4111A and pNG4210A, respectively. For the construction of plasmid pNG4110A 
and pNG4111A, primers AVI-tagNotI.fw and AVI-tagNotI.rev were annealed to obtain a double 
stranded DNA fragment with NotI-compatible sticky ends, which was ligated to the NotI-linearized 
plasmids pNG4110 and pNG4111. In the same manner primers AVI-tagBamHI.fw and AVI-
tagBamHI.rev were annealed and ligated to the BamHI-linearized plasmid pNG4210, resulting in 
plasmid pNG4210A. To construct lytM and sle1-expressing plasmids, PCR products amplified from 
S. aureus USA300 genomic DNA with primers indicated in Table 2 were digested with BamHI and 
NotI, and ligated to BamHI/NotI-linearized vectors. Primer combinations using a reverse primer with 
a stop codon (F1/R2) were used to amplify fragments for ligation to plasmids pNG4110, pNG4111, 
pNG4110S and pNG4111S, and primer combinations without a stop codon in the reverse primer 
(F1/R1) were used to amplify fragments for ligation into plasmids pNG4210, pNG4210S, 
pNG4110A, pNG4111A and pNG4210A.  

Protein expression, purification and detection 

For protein expression lactococcal cultures were induced in the exponential phase of growth at an 
optical density at 600 nm (OD600) of 0.5 by the addition of nisin (final concentration 3 ng/ml; Sigma-
Aldrich, St. Luis, MO), and harvested after overnight incubation. Cells were then separated from the 
growth medium by centrifugation. Nisin-induced culture supernatants were precipitated with 10% 
TCA and resuspended in LDS sample buffer (Life Technologies, Grand Island, NY. USA). The 
respective cells were disrupted with 0.1 µm glass beads in LDS sample buffer (Biospec Products, 
Bartlesville, USA) in a Precellys 24 homogenizer (Bertin Technologies, Saint Quentin en Yvelines 
Cedex, France). Secreted and cellular proteins were analyzed by LDS-PAGE using NuPAGE gels 
(Life Technologies). Proteins were either visualized using Simply Blue Safe Staining (Life 
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Technologies), or by Western blotting on nitrocellulose membranes (Protan nitrocellulose transfer 
paper. Whatman, Germany) using mouse anti-His6-tag (Life Technologies), anti-Strep tag II (Iba 
Lifesciences, Germany) or anti-AVI-tag (Genscript, Piscataway, USA) primary antibodies. 
Fluorescent secondary antibodies (goat anti-mouse IRDye 800 CW, LI-COR Biosciences, Lincoln, 
NE. USA) were used for visualization of bound primary antibodies with an Odyssey Infrared Imaging 
System (LI-COR Biosciences). Expressed Strep-tag II proteins were purified from growth medium 
fractions (adjusted to pH 8 with NaOH) using a Strep-Tactin Sepharose 50% suspension following the 
manufacturer's protocol (Iba Lifesciences). AVI-tagged Sle1 proteins in cell fractions (Sle1-AVI 
pellets) were washed twice with phosphate-buffered saline (PBS) and labeled directly with biotin 
using the BirA biotin ligase (Avidity, Aurora, CO. USA). Cell pellets were then washed twice with 
PBS and incubated with 0.1 mg Cy3-streptavidin (GE Healthcare Europe, Germany) in PBS for 30 
min. After two washes with PBS, pellets were incubated in 6M urea for 10 min and cell-bound Cy3-
Sle1 released to the supernatant was collected after centrifugation. To observe possible non-specific 
binding of Cy3-streptavidin to biotinylated native L. lactis proteins, Sle1-AVI pellets were washed 
twice with PBS, and incubated with 0.1 mg Cy3-streptavidin in 6M urea for 10 min. After 
centrifugation the supernatant was collected and used as Cy3 negative control supernatant. 

Enzyme-linked immunosorbent assays (ELISA) 

Strep-tactin-coated microtiter plates (8-well strips, Iba Lifesciences) were incubated for 1 hour at 
room temperature with nisin-induced filter-sterilized growth medium samples (100 µl/well, adjusted 
to pH 8 with NaOH) containing LytM Strep-tag II fusion proteins. Serial dilutions of previously 
collected human plasma samples (500–2,000,000) were made in PBS-Tween 20/5% skim milk. The 
plasma samples used were obtained from a patient with epidermolysis bullosa (EB01) and a healthy 
control volunteer (Control 02) as previously described 22. Specific anti-human IgG secondary 
antibodies coupled to horseradish peroxidase (dilution 1:2,000, Southern Biotechnology, 
Birmingham, AL) were used according to the manufacturer recommendations. Horseradish 
peroxidase activity was quantified by measuring the hydrolysis of the substrate (O-Phenylenediamine, 
Sigma-Aldrich) at an optical density of 492 nm (OD492) in a plate reader (Biotek Powerwave XS2, 
USA). Titers were expressed in arbitrary units (AU) obtained by calculating in Excel the extrapolated 
initial absorbance at serum dilution 1:1 (titer), using a linear regression equation adjusted through the 
data points of dilutions with measured OD495 readings between 1.0 and 0.1 (SLOPE(sample OD 
readings data set, serum dilution factor data set)+ INTERCEPT(sample OD readings data set, serum 
dilution factor data set)), with all R2 (Pearson product moment correlation coefficient) values > 0.98. 
Estimated titers of duplicates were averaged. 

Microscopy 

S. aureus NCTC8325 was grown overnight in TSB and used to inoculate fresh medium (1:50) in the 
morning. This culture was then grown until the mid-exponential phase. When an OD600 of 1.0 was 
reached, 1 ml of bacterial culture was collected, washed twice with PBS and incubated in 1.5 ml of 
PBS containing 1.5 µg (30 µl) of Cy3-Sle1 or Cy3 control supernatant for 1 h at room temperature. 
After washing three times with PBS, cells were spotted onto polylysine-coated glass slides. 
Microscopic images were recorded using a Leica DM5500B epifluorescence microscope equipped 
with Cy3 filter block and a Leica DFC365FX camera using a 63x objective (Leica Microsystems BV, 
The Netherlands). The presence of Sle1 was assayed using rabbit anti-Sle1 antibodies (originally 
referred to as anti-Aaa antibodies) at a 1:500 dilution using an earlier described protocol 23. The anti-
Sle1/Aaa antibodies were kindly provided by Christine Heilmann 24. Secondary Oregon Green anti-
rabbit antibodies (Molecular Probes) were used at a dilution of 1:850.  
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Ethics statements 

Plasma from an epidermolysis bullosa patient and a healthy volunteer was collected under the 
approval of the medical ethics committee of the University Medical Center Groningen (approval no. 
NL27471,042,09) upon written informed consent, and with adherence to the Helsinki Guidelines22. 
The necessary written informed consent was obtained from both plasma donors. 

Results 

Development of vectors for the secretion of Strep- or AVI-tagged proteins from L. lactis 

In order to express and secrete AVI-tag or Strep-tag fusion proteins from L. lactis the vector set 
pNG4110/111/210 was modified as depicted in Fig. 1. In a previous study these vectors were 
successfully used for the extracytoplasmic production and purification of heterologous His6-tagged 
proteins 4. The His6-tag-encoding sequences in the vectors pNG4110/111/210 were replaced by the 
Strep-tag-encoding sequence, generating the vectors pNG4110S/111S/210S (Fig. 1C). Respectively, 
these vectors can be used to express proteins with N-terminal, N-terminal and TEV-cleavable, or C-
terminal Strep-tags. Further, the AVI-tag-encoding sequence was added in the vectors 
pNG4110/111/210, respectively generating vectors pNG4110A/111A/210A, which contain both the 
His6-tag- and AVI-tag-encoding sequences (Fig. 1D). All constructed vectors were found to be 
structurally stable in L. lactis PA1001. With respect to usage of the AVI-tag, it is noteworthy that 
BLAST analysis with the AVI-tag amino acid sequence showed that none of the genes of L. lactis 
NZ9000 (i.e. the parental strain of PA1001) encodes proteins with similarity to the AVI-tag. This 
renders false-positive biotinylation of L. lactis proteins by the BirA enzyme unlikely. 

Production of Strep- or AVI-tagged fusions of the staphylococcal proteins LytM and Sle1 

To test our newly constructed ‘third-generation’ vector set for protein production in L. lactis, genes 
encoding the naturally exported S. aureus proteins LytM and Sle1 were cloned into all of these 
vectors. The resulting plasmids were then introduced and expressed in L. lactis PA1001. This strain 
lacks the gene for the major peptidoglycan hydrolase AcmA, due to which cells do not lyse during 
and after growth. Further, the PA1001 strain displays reduced proteolytic activity due to deletion of 
the htrA gene 15. After induced expression, all fusion proteins were produced as demonstrated by 
LDS-PAGE, where the respective proteins showed a mobility that matched their expected sizes (Fig. 
2).  

LytM fusion proteins were observed mainly in the growth medium fractions, but their expression 
levels varied. While LytM expression appeared slightly higher from plasmid pNG4210 (C-terminal 
His6-tag) and lower from pNG4111 (N-terminal His6-tag and TEV site), the opposite effect was 
observed for the expression of the AVI-tagged variants as expressed from the plasmids pNG4210A 
and pNG4111A (Fig. 2A). This could suggest that the tag position influences the expression and/or 
secretion efficiency of the fusion products.  

Sle1 consist of a C-terminal CHAP domain (PF05257), which is responsible for peptidoglycan 
hydrolysis, plus three N-terminal LysM domains (PF01476) that are responsible for non-covalent cell 
wall binding 25,26. Accordingly, all Sle1 fusions proteins were detected in the cell fractions upon nisin-
induced expression. Release of Sle1 from the collected cells was achieved by incubation with 6M 
urea (Fig. 2B). The urea-released Sle1 was effectively recovered by centrifugation. Of note, upon 
LDS-PAGE and Simply blue staining, no detectable amounts of proteins other than Sle1 were 
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observed in the respective supernatant fraction. As was observed for the LytM fusion proteins, the 
expression levels of Sle1 fusion proteins varied depending on the position of the tag. In the case of 
Sle1 with an N-terminal AVI-tag, hybridizing bands with apparently lower molecular weight were 
detected upon expression from vectors pNG4110A and pNG4111A (Fig. 2B). Most likely, these 
relate to degradation products of the respective Sle1 fusions. In all other cases, Sle1 was apparently 
stably produced. These data show that all fusion products could be produced form the newly 
constructed vector sets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the expression cassettes used in this study  
(A) Representation of the secretion signal peptides (ss) and mature regions (26-316 and 26-334) of the S. aureus 
proteins LytM and Sle1, respectively. (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). (C) Expression cassettes of the L. lactis pNG-vectors, encoding an N-terminal Strep-tag II 
(pNG4110S), a C-terminal Strep-tag II (pNG4210S), or a TEV-removable (TEV) N-terminal Strep-tag II 
(pNG4111S). (D) Expression cassettes of the L. lactis pNG-vectors, encoding an N-terminal His6-tag and a C-
terminal AVI-tag (pNG4110A), a C-terminal His6-tag and a N-terminal AVI-tag (pNG4210A), or a TEV-
removable (TEV) N-terminal His6-tag (pNG4111A) and a C-terminal AVI-tag. Positions of the restriction enzyme 
cleavage sites BamHI (B) and NotI (N), the TEV protease cleavage site (TEV), N-terminal or C-terminal His6-tag 
(h6), Strep-tag II (ST) and AVI-tag (AVI) are indicated. ssu, signal sequence of the gene for the secreted 
lactococcal protein Usp45. *, stop codon.  
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Figure 2. Expression of various tagged derivatives of the S. aureus LytM and Sle1 proteins 
Detection of LytM (A) and Sle1 (B) expression in L. lactis by LDS-PAGE and subsequent Simply blue staining 
(upper panels) or Western blotting (lower panels) using antibodies against different tags (α-His6-tag, α-Strep-tag, 
α-Avi-tag). Expression from different vectors is indicated as follows: H0, pNG4110; H1, pNG4111; H2, 
pNG4210; S0, pNG4110S; S1, pNG4111S; S2, pNG4210S; A0, pNG4110A; A1, pNG4111A; and A2, 
pNG4210A. Lanes loaded with cell or growth medium fractions are indicated. Urea, supernatant fraction obtained 
after incubation of cells with 6M urea and centrifugation. Molecular weights of marker proteins are indicated on 
the left, and the positions of LytM and Sle1 fusion proteins or the major secreted protein of L. lactis (Usp45) are 
indicated on the right. 
 

Application of Strep-tagged LytM in an ELISA  

To test the application potential of secreted Strep-tagged staphylococcal proteins for the detection of 
specific human antibodies, we applied an ELISA approach. To this end, the Strep-tagged LytM fusion 
protein was bound to Strep-tactin-coated microwell plates. Specifically, nisin-induced culture 
supernatants of pNG4110S-lytM were added to microtiter plate wells coated with Strep-tactin. The 
plates were subsequently washed and ELISA was performed using plasma from an epidermolysis 
bullosa patient (EB01) and an age-matched healthy control individual (Control 2), both of which had 
been previously described 22. The results as presented in Fig. 3 show that the EB01 plasma contained 
a substantially higher level of anti-LytM IgG (2177.5 AU) than the Control 2 plasma (237 AU), 
which is in full agreement with our previous observations. This shows that Strep-tagged fusions of S. 
aureus proteins expressed and secreted in L. lactis can be directly recovered from growth medium 
fractions and used for ELISA.  

Use of the AVI-tag to assess localized Sle1-binding to S. aureus cells 

A Sle1 fusion protein with an N-terminal His6-tag and a C-terminal AVI-tag was obtained upon 
expression from pNG4110A-sle1. Of note, this fusion protein fractionated with the expressing cells 
(Fig. 2B). To assess whether the cell-associated AVI-tagged Sle1 can be directly labeled with biotin, 
the producing L. lactis cells were collected and incubated with biotin and the BirA ligase. 
Subsequently, the cells were washed and incubated with Cy3-streptavidin. The resulting Cy3-Sle1 
was released from the L. lactis cells by incubation with 6M urea. Lastly, upon centrifugation, the 
supernatant fraction containing Cy3-Sle1 was diluted 50-fold and added to S. aureus NCTC8325 
cells. Fluorescence microscopy showed that Cy3-labeled Sle1 bound locally on the surface of S. 
aureus NCTC8325 cells with a preference for the septal region (Fig. 4A). Similar hotspots for binding 
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were observed when using Sle1-specific antibodies in combination with a secondary Oregon green-
labeled antibody (Fig. 4B). In this case, a S. aureus Δspa Δsbi double mutant strain was used for the 
immunodetection in order to avoid Fc-specific IgG-binding by Protein A and Sbi. Of note, a possible 
interference by Protein A and Sbi is not an issue when using the Cy3-labeled AVI-tagged Sle1 fusion 
protein. To control for possible Cy3-labeling of biotinylated native L. lactis proteins, L. lactis cells 
expressing the AVI-tagged Sle1 fusion protein were incubated as described above, but in  the absence 
of the BirA ligase. Upon extraction of the AVI-tagged Sle1 from the L. lactis cells and subsequent 
incubation with S. aureus NCTC8325 cells, no labeling of the staphylococcal cells was observed (Fig. 
4C). This shows that an AVI-tagged protein produced in L. lactis can be effectively labeled with 
biotin and Cy3-streptavidin for further applications.  

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3. ELISA of strep-tagged LytM using human plasma 
Strep-tagged LytM was bound to a Strep-tactin 96-well microtiter plate by applying growth medium fractions of L. 
lactis pNG4110S-lytM. Upon washing of the plate, ELISA was performed using the human plasma samples EB01 
and Control 2 as indicated. Regression equations, trend lines (black) and R2 errors are indicated 
 

 

 

 
 
 
 
 
Figure 4. Binding of AVI-tagged Cy3-labeled Sle1 to S. aureus NCTC8325 cells 
(A) Fluorescence microscopy of S. aureus NCTC8325 cells upon incubation with AVI-tagged Cy3-labeled Sle1. 
(B) Incubation of S. aureus cells with Sle1-specific antibodies. (C) Negative control of cells incubated with non-
biotinylated and therefore not fluorescently labeled AVI-tagged Sle1  
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Discussion 

In this study we describe a third-generation set of cloning vectors for the expression and secretion of 
differently tagged heterologous protein from L. lactis. These vectors enable isolation of proteins 
under mild conditions using Strep-tag fusions or site-specific labeling with biotin using AVI-tag 
fusions. For both types of tags, N-terminal, C-terminal or TEV-protease cleavable C-terminal fusion 
proteins can be produced. A secreted Strep-tag fusion of the staphylococcal protein LytM was 
successfully used for rapid immune screening using human sera. An AVI-tagged variant of the 
staphylococcal Sle1 protein was site-specifically labeled and used for detection of localized binding 
on staphylococcal cells. 

The combination of nisin-inducible expression using the L. lactis PA1001 strain allowed for 
controlled stable overnight expression of all fusion proteins. As expected based on the autolysin- and 
protease-deficiency of the PA1001 strain, no autolysis was detectable for any of the fusion protein-
expressing derivative strains, and product degradation appears to be negligible. Only a minor possible 
degradation product of AVI-tagged Sle1 proteins was detectable upon overnight expression. This is in 
agreement with earlier reports from this strain where a possible involvement of cytoplasmic or 
intramembrane proteases was invoked in residual product degradation 4. 

Measurements of human immune responses against S. aureus LytM were previously performed by 
ELISA 27 and Luminex bead-based flow cytometry 22. In both cases, the analyses involved the 
purification of His6-tagged LytM and subsequent binding of the purified protein to ELISA plates or 
Luminex beads. As shown in our present study, expression of LytM with a Strep-tag obviates the 
purification step as Strep-tagged LytM secreted by L. lactis can be directly applied to Strep-tactin-
coated microplate wells for LytM immobilization on the plates. Importantly, the recorded human IgG 
binding by immobilized LytM matched well with the previously published data, where it was shown 
that plasma samples from S. aureus-colonized epidermolysis bullosa patients contained significantly 
higher levels of anti-LytM IgGs than plasma samples from healthy control individuals 22,28.  

Previously, the microscopic detection of non-covalently cell wall-bound S. aureus proteins has been 
performed in various different ways, including immunofluorescence with labeled antibodies 29, in 
frame fusions to fluorescent proteins like mCherry 30 or GFP 14, or re-binding of purified proteins that 
had been randomly labeled with fluorophores 31. Of note, such approaches may have certain 
drawbacks. In particular, in immunofluorescence microscopy, the presence of the IgG-binding 
proteins Spa (protein A) and Sbi results in an Fc-dependent off-target signal. This can be overcome 
by using spa sbi mutant strains, but it precludes analyses with clinical S. aureus isolates. The use of 
in-frame fusions between a protein of interest and fluorescent proteins, may be hampered by low 
signal intensities due to low expression levels, possible misfolding of the fluorescent protein, or 
incompatibilities with the protein secretion machinery. Further, random labeling of proteins used in 
re-binding studies can potentially interfere with the binding function of the protein. Our present 
results show that the AVI-tag allows for direct labeling of AVI-tagged Sle1 protein with Cy3-
streptavidin. The resulting fluorescently marked Sle1 protein could then be used for re-binding studies 
with staphylococcal cells. Previously, Frankel and Schneewind 30 used mCherry fused to Sle1 for S. 
aureus cell wall-binding studies to demonstrate the septal binding of Sle1. In our present approach, 
the previously observed preferential septal binding of Sle1 was clearly reproduced, indicating that the 
AVI-tag can be used as an alternative to in-frame fusions with fluorescent proteins. Of note, with the 
AVI-tagged Sle1, we also obtained possible evidence for additional sites of localized binding to S. 
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aureus (Fig. 3A). The latter observation deserves further investigations, to identify the direct or 
indirect nature of the respective interactions and their possible biological relevance. 

In conclusion, we have developed a set of third generation expression vectors that enhance the 
versatility of L. lactis as a system for the production of proteins carrying tags that can be used for 
affinity purification and site-specific protein labeling. 
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Abstract 
Staphylococcus aureus is a serious public health burden causing a wide variety of infections. Earlier 
detection of such infections could result in faster and more directed therapies that also prevent 
resistance development. Human monoclonal antibodies (humAbs) are promising tools for diagnosis 
and therapy owing to their relatively straightforward synthesis, long history of safe clinical use and 
high target specificity. Here we show that the humAb 6D4, which was obtained from a random screen 
of B-cells producing antibodies that bind to whole cells of S. aureus, targets the staphylococcal 
complement inhibitor (SCIN). The epitope recognized by 6D4 was localized to residues 26 to 36 in 
the N-terminus of SCIN, which overlap with the active site. Accordingly, 6D4 can inhibit SCIN 
activity as demonstrated through the analysis of C3b deposition on S. aureus cells and complement-
induced lysis of rabbit erythrocytes. Importantly, while SCIN is generally regarded as a secreted 
virulence factor, 6D4 allowed detection of strongly increased SCIN binding to S. aureus cells upon 
exposure to human serum, relating to the known binding of SCIN to C3 convertases deposited on the 
staphylococcal cell surface. Lastly, we show that labelling of humAb 6D4 with a near-infrared 
fluorophore allows one-step detection of SCIN-producing S. aureus cells. Together, our findings 
show that the newly described humAb 6D4 specifically recognizes S. aureus SCIN, which can 
potentially be used for detection of human serum-incubated S. aureus strains expressing SCIN. 
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Introduction 

Staphylococcus aureus is a highly adaptable and dangerous Gram-positive bacterial pathogen that is 
asymptomatically carried by about one-third of the human population. S. aureus can cause a wide 
variety of infections due to its extensive arsenal of virulence factors 1. A subset of these virulence 
factors target the human immune system by blocking chemotaxis of phagocytes, complement 
activation, oxidative killing or phagocytic uptake. Alternatively, they may redirect host defenses, such 
as fibrin formation or formation of neutrophil extracellular traps to favor pathogen replication 2. Thus, 
the response of S. aureus to the human immune system is highly flexible, allowing survival in the 
host's hostile environment 3. Due to its adaptability S. aureus has also become resistant to a broad 
spectrum of antibiotics 4, and nowadays the drug-resistant lineages of S. aureus represent a serious 
public health burden 2,5. This applies in particular to methicillin- resistant S. aureus (MRSA), which 
causes significantly increased morbidity and mortality worldwide 6,7. Vancomycin has been the drug 
of choice to treat MRSA infections, but strains have emerged that display reduced vancomycin 
susceptibility 8. This implies that there is an urgent need for new and reliable approaches to prevent 
and treat infections by drug-resistant staphylococci. 

Immune therapies against S. aureus infections have been explored as a treatment alternative to 
antibiotics. While active immunization could potentially prevent the onset of S. aureus infections, 
passive immunization could be applied to treat acute or current infections. While the use of pooled 
human sera does not seem to be very effective 9,10, passive immunization with monoclonal antibodies, 
preferably human monoclonal antibodies (humAbs), is an attractive alternative option. Importantly, 
humAbs have a high specificity, their synthesis is relatively straightforward, and they have a long 
history of safe use 11,12. However, despite recent successes in animal models 13–15, the efficacy of 
passive immunization with humAbs has not yet been confirmed in clinical trials 11. 

Wounds of patients with the genetic blistering disease epidermolysis bullosa (EB) are highly 
susceptible to bacterial colonization 16. In a study by van der Kooi-Pol et al., it was documented that 
essentially all investigated EB patients with chronic wounds were heavily colonized with S. aureus 17. 
Interestingly, it was noted that these patients did not frequently suffer from S. aureus bacteraemia, 
despite the impaired barrier function of the skin. Compared to healthy individuals, the plasma of EB 
patients contained significantly higher IgG1 and IgG4 levels, suggesting a potentially protective 
effect of anti-staphylococcal antibodies against invasive staphylococcal infections 18,19. In a recent 
project, we therefore collected B-cells from donors with EB and applied them to develop of a set of 
fully human monoclonal antibodies against molecules exposed on the cell surface of S. aureus 13–15. 
The present study was aimed at the characterization of one of these humAbs referred to as 6D4. In 
brief, our results show that the humAb 6D4 binds specifically to the staphylococcal complement 
inhibitor (SCIN), thereby inhibiting its activity. Furthermore, using 6D4, we show that cell surface 
binding of SCIN is enhanced in the presence of human serum. 

Materials and Methods 

Strains and growth conditions 

Strains used in this study are listed in Table 1. E. coli Rosetta Gami (DE3) pLysS strains (Novagen, 
Merck Biosciences Darmstadt, Germany) carrying prSETB-derived plasmids with the genes encoding 
for SCIN, OrfD or the respective chimeric constructs have been previously described 20. E. coli 
Rosetta gami strains were grown overnight in Lysogeny Broth (LB, Becton Dickinson, Breda, The 
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Netherlands) at 37°C under vigorous agitation (250 rpm), in the presence of ampicillin (50 μg/ml) and 
chloramphenicol (34 μg/ml) for plasmid selection. All staphylococcal strains were cultured overnight 
in TSB (Oxoid Limited, Hampshire, UK) at 37°C under vigorous agitation (250 rpm), unless 
otherwise specified. L. lactis strains were grown at 30°C in M17 broth (Oxoid Limited), or on plates 
containing 1.5% agar and 0.5% glucose (wt/vol), supplemented with chloramphenicol (5 μg/ml) for 
plasmid selection. 

Sample preparation, SDS/LDS-PAGE, Western blotting and Immunodetection 

For the production of chimera of SCIN and the homologous OrfD protein of unknown function 
overnight cultures of previously described E. coli Rosetta gami strains 20 were diluted to an optical 
density at 600nm (OD600 ) of 0.1. Chimeric protein production was induced at an OD600 of ~0.5 by the 
addition of 1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG). After 4 h of continued cultivation, 
cells were collected by centrifugation, and the SCIN-OrfD chimeras produced by these cells were 
separated by SDS-PAGE as previously described 20. The replacement of SCIN residues with 
corresponding OrfD residues is detailed in Figure 2 and the corresponding legend. 

For the preparation of LDS-PAGE samples, S. aureus cells collected by centrifugation were disrupted 
with 0.1 μm glass beads (Biospec Products, Bartlesville, USA) in a Precellys 24 homogenizer (Bertin 
Technologies, France), and resuspended in LDS sample buffer (Life Technologies). Growth medium 
fractions were prepared for LDS-PAGE as described before 1. Proteins were separated on NuPAGE 
gels (Life Technologies) and either visualized by Simply Blue Safe Staining (Life Technologies) 1 or 
Western blotting using either mouse anti-His tag (Life Technologies), IRDye 800CW-labelled humAb 
6D4, or IRDye 800CW-labelled secondary goat anti-human or goat anti-mouse antibodies (LI-COR 
Biosciences). Bound antibodies were visualized using an Odyssey Infrared Imaging System (LI-COR 
Biosciences). 

Expression of Staphylococcal SCIN and CHIPS proteins in L. lactis 

Primers used for cloning are described in Table 2. DNA amplification was carried out using Fusion 
Hot start High-Fidelity DNA polymerase according the instructions of the supplier 
(Thermoscientific). Bacterial chromosomal DNA was isolated using the ZR BAC DNA Miniprep Kit 
(Zymo Reasearch Corporation, USA) following the manufacturer's protocol. Primer pairs Scin-
up/Scin-low used for detection of scn, the gene encoding SCIN, were used as previously described 31. 
Cloning of the PCR-amplified scn and chp genes was carried out by Not1 and BamH1 (New England 
Biolabs) cleavage followed by ligation to NotI/BamHI cleft plasmid pNG4210 33. Ligated mixtures 
were used to transform electrocompetent L. lactis PA1001 as described 34. All constructs thus 
obtained were verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany). 

The production of secreted SCIN and CHIPS in exponentially growing (~0.5 OD600 ) cultures of L. 
lactis was induced by the addition of nisin (3 ng/ml, Sigma-Aldrich, St. Luis, MO). Growth medium 
fractions were harvested after overnight incubation at 30°C, and proteins in these fractions were 
analyzed by LDS-PAGE, Simply Blue Safe Staining, or Western blotting as described above. 

S. aureus incubation in human sera 

Cells of S. aureus Newman ΔspaΔsbi were collected from the growth medium by centrifugation at 
14.000 rpm for 2 min. The supernatant fraction, containing secreted SCIN, was collected. Next, the 
collected cells were resuspended and incubated with 20% human serum in HBS (Hepes Buffered 
Saline; 20mM Hepes, 140 mM NaCl) plus 5 mM CaCl2 and 2.5 mM MgCl2 for 30 min to coat the 
bacteria with C3B and allow for the formation of C3 convertases. Subsequently, the cells were 



Chapter 4 

53 
 

incubated in PBS at 37°C for 30 min to dissociate surface-bound C2a/Bb. Where appropriate, the 
collected S. aureus supernatant was added to the C3 convertase-covered bacteria to allow binding of 
SCIN to the surface-attached C3 convertase. The protocol for blood donations from healthy 
volunteers was approved by the Independent Ethics Committee of the Foundation 'Evaluation of 
Ethics in Biomedical Research' (Assen, the Netherlands). This protocol is registered by QPS 
Groningen (code 04132-CS011). The required written consent was obtained for all donors included in 
the present studies. 

Table 1. Strains and plasmids used in this study 

CmR chloramphenicol resistance gene, PT7 IPTG inducible T7-promoter, PnisA nisin-inducible promoter, his6 6x histidine tag, SSusp45 
signal sequence of usp45, MCS multiple cloning site 
 
Table 2. Primers used for detection or cloning of scn and chp genes 
Primer 5' → 3' nucleotide sequence a R.E. 

Scn F ATATGGATCCACAAGCTTGCCAACATCGAATGAATATC BamHI 
Scn R ATATGCGGCCGCATATTTACTTTTTAGTGCTTCGTCAATTTC NotI 
Chp F ATATGGATCCTTTACTTTTGAACCGTTTCCTACAAATG BamHI 
Chp R ATATGCGGCCGCGTATGCATATTCATTAGTTTTTC NotI 
Scin-up  AGTCTTTTGACTTAAGAGC  
Scin-low  GTTTTAGCATCACCACTAGTA   
a restriction enzyme sites are underlined in the nucleotide sequences. 
 
Detection of SCIN bound to whole cells of S. aureus 

S. aureus isolates were grown overnight in TSB, diluted 1:100 in fresh medium and cultured until the 
mid-exponential growth phase (OD600 ∼0.5). Next, the cells were coated with complement by adding 
serum (end concentration 20%) and incubation was continued for 30 min. After this incubation, the 
bacteria were washed with phosphate-buffered saline (PBS). High-binding ELISA plates for 
fluorescence measurements (Greiner Bio-one) were coated with 5 × 106 colony forming units (CFU) 

Strain or plasmid Relevant phenotype(s) or genotype(s) Reference 
S. aureus Newman NCTC 8178 clinical isolate 21 
S. aureus Newman ΔspaΔsbi spa sbi mutant 22 
S. aureus USA300 Community-acquired MRSA isolate 23 
S. aureus SH1000 Δspa::kan rsbU+, agr+; replacement of spa by kanamycin resistance marker (KanR) 1 
S. aureus N315 Hospital-acquired MRSA isolate 24 
S. aureus NCTC8325 ΔpknB NCTC8325 (wild-type, 11-bp deletion in rsbU) containing  pknB deletion  25 
S. aureus NCTC8325 ΔpknB 
ΔΦ13 

NCTC8325 ΔpknB that had lost the phage 13 26 

S. aureus  NCTC8325 Δspa 
Δsbi 

spa sbi mutant 23 

S. aureus NCTC8325-4 Prophage cured and restriction-deficient derivative of NCTC 8325 27 
S. aureus Mu50 Hospital-acquired vancomycin resistant isolate 24 
S. aureus MW2 Community-acquired MRSA isolate 28 
S. aureus COL Early hospital-acquired MRSA isolate 29 
S. aureus MRSA252 Hospital-acquired MRSA isolate 30 
S. aureus MSSA476 Community-acquired methicillin sensitive isolate 30 
S. aureus isolates A-J and L-
Y 

Community- and hospital-acquired clinical isolates collected during a 4.5-year 
period in the UMCG from 19 patients with different clinical symptoms (for 
detailed strain descriptions see reference) 

31 

S. haemolyticus Opportunistic pathogen clinical strain from UMCG This study 
S. hominis Human commensal strain obtained from UMCG This study 
E. coli Rosetta gami (DE3) 
pLysS 

DE3 lysogen contains T7 polymerase upon IPTG induction. (Novagen) 

L. lactis PA1001 MG1363 pepN::nisRK, ΔacmA ΔhtrA 32 
   
Plasmids   
pNG4210 CmR, containing PnisA, SSusp45, BamHI/EcoRI-XbaI/NotI cloning sites, and his6  33 
pNG4210::scn pNG4210 containing scn with C-terminal his6 This study 
pNG4210::chp pNG4210 containing chp with C-terminal his6 This study 
prSETB::scn/orfD  Vectors for expression of chimeric SCIN/OrfD fusions 20 
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per well in PBS for 18 h at 4°C. Plates were blocked with 4% BSA in PBS with 0.05% Tween-20 
(PBST). Surface-bound IgG Fc-binding proteins of S. aureus (i.e. Spa and Sbi) were saturated with 
100 μg/mL normal rabbit immunoglobulin fraction (DAKO) in PBST containing 1% BSA. The 
humAb 6D4 was labelled with IRDye 800CW (LI-COR Biosciences, Bad Homburg, Germany) by 
incubation for 2 hours with 20 μg of IRDye 800CW per mg of protein in PBS (pH 8.5). The mix was 
desalted following the manufacturer's instructions with a PD minitrap G-25 desalting column (GE 
Healthcare, Germany). The resulting 6D4-800CW was stored in the dark at 4°C. To quantify the 
binding of 6D4-800CW to serum-incubated whole cells with added SCIN, the plates were incubated 
with 300 ng/mL 6D4-800CW in PBS for 30 min, washed thrice with PBS and scanned with the 
Odyssey infrared imaging system (LiCor Biosciences) for fluorescence at 800 nm. 

Fluorescence microscopy 

Overnight cultures in TSB were diluted to an OD600 of 10. Untreated samples were taken from the 
overnight culture. Convertase-covered cell samples were obtained as described above. Cells were 
collected by centrifugation at 14.000 rpm for 2 min and washed with PBS. The washed cells were 
incubated with the 6D4- 800CW (3000 ng/mL in PBS) for 30 min. After the incubation, the cells 
were collected by centrifugation at 14,000 rpm for 2 min and washed with PBS. Next, cells were 
spotted on a glass slide for microscopy, and a cover slip was mounted and sealed. Fluorescence 
microscopy was performed 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). 

Determination of C3b deposition on S. aureus cells 

Cells of S. aureus Newman ΔspaΔsbi were collected as described above, and 5 × 107 CFU/ml were 
incubated with 5% pooled normal human serum in HBS plus 5 mM CaCl2 , 2.5 mM MgCl2 and 0.1% 
human serum albumin for 30 min at 37°C while shaken at 700 rpm. Different concentrations SCIN 
(0-4 μg/ml) were preincubated with the purified humAb 6D4 (10 μg/ml), with the control human anti-
DNP IgG1 (10 μg/ml, Genmab, Utrecht), or with HBS buffer for 10 min at room temperature prior to 
mixing with the serum. Bacteria were washed by centrifugation and incubated with 1 μg/ml anti-C3b 
mAb (Quidel Corp.) for 30 min at 4°C followed by APC-labeled Goat-anti-Mouse-Ig (BD 
Biosciences). Samples were fixed with 1% paraformaldehyde (Polysciences) and analysed on a 
FACSVerse flow cytometer (BD Biosciences). Data are expressed relative to the mean fluorescence 
value of bacteria incubated in serum only 35. 

The alternative pathway hemolytic assay 

Washed rabbit erythrocytes at 1 × 108 c/ml (Biotrading) were incubated with 5% pooled normal 
human serum in HBS plus 10 mM MgCl2 and 10 mM EGTA for 60 min at 37°C while shaken at 600 
rpm. Different concentrations SCIN were preincubated with purified humAb 6D4 (10 μg/ml), with the 
control human anti- DNP IgG1 (10 μg/ml, Genmab, Utrecht), or with HBS-buffer plus 10 mM MgCl2 
and 10 mM EGTA for 10 min at room temperature before mixing with serum. Erythrocytes were 
pelleted and the absorbance of supernatants at 450 nm was measured. Data are expressed relative to 
the mean value measured for erythrocytes incubated with serum only, which was set to 1 36. 
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Results 

Identification of a human monoclonal antibody that targets the staphylococcal complement 
inhibitor SCIN 

The humAb 6D4 was identified from a random screen of B-cells producing antibodies that bind to 
whole cells of S. aureus. Consequently, the actual target of 6D4 was initially not known. To identify 
the antigen recognized by 6D4, immunoprecipitation experiments were performed. However, the 
subsequent Mass Spectrometric analysis of precipitated proteins yielded no conclusive identification 
of the respective antigen (not shown). As an alternative approach towards target identification, we 
performed a Western blotting analysis on cells and growth medium fractions of different S. aureus 
isolates. As expected, 6D4 bound to the immunoglobulin-binding proteins Spa (also known as protein 
A) and Sbi (Fig. 1A). In addition, 6D4 was found to bind a protein of 10-15 kDa that was present both 
in the cell and growth medium fractions of S. aureus NCTC8325, its derivative NCTC8325 
(ΔspaΔsbi) and NCTC8325 (ΔpknB) (Fig. 1, A and B). The respective signal was however absent 
from samples of S. aureus NCTC8325 (ΔpknBΔΦ13) (Fig. 1B) and S. aureus SH1000 (not shown). 
The latter strains both lack the phage 13 (Φ13) 37. This suggested that the antigen recognized by 6D4 
was most likely an exported protein of 10-15 kDa encoded by Φ13. Indeed, Φ13 encodes two 
proteins, SCIN (13 kDa) and the Chemotaxis Inhibitory Protein of S. aureus (CHIPS; 17 kDa), which 
are known to be exported from the cytoplasm to the extracellular milieu. 

To test whether 6D4 binds to SCIN or CHIPS, the respective genes were cloned and expressed with a 
His-tag in Lactococcus lactis strain PA1001. As shown by Western blotting with anti His-tag 
antibodies both SCIN and CHIPS were expressed and secreted by L. lactis upon induction with nisin 
(Fig. 1C). Importantly, the humAb 6D4 was found to bind specifically to SCIN (Fig. 1D). We 
considered this an important observation as SCIN is a potent inhibitor of the human complement 
system 35,36,38. 

 

Figure 1. Identification of 
SCIN as target of humAb 
6D4  
Western blot analysis using 
humAb 6D4 on proteins from 
cell pellet (P) and growth 
medium fractions 
(supernatant; S) of the S. 
aureus (Sa) strains 
NCTC8325 and NCTC8325 
ΔspaΔsbi (A), and the growth 
medium fractions of strains 
NCTC8325 ΔpknB and 
NCTC8325 ΔpknB ΔΦ13 (B). 
Western blot analysis of the 
growth medium fractions of L. 
lactis pNG4210::scn or 
pNG4210::chips secreting the 
SCIN or CHIPS proteins, 
respectively, using anti-His-
tag antibodies (C), or humAb 
6D4 (D). Molecular weights 
(kDa) of marker proteins are 
indicated next to panel A.  
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Figure 2. HumAb 6D4 binds to the C-terminal part of the first α-helix of SCIN  
Proteins from E. coli Rosetta Gami expressing SCIN-OrfD chimera were separated using SDS-PAGE. The 
expressed chimera of SCIN and OrfD are schematically presented (A). The three helices (α1, α2 and α3) and the 
active site region of SCIN (in grey shading) are indicated. SCIN residues (grey) were exchanged with 
corresponding residues from OrfD (black). Exchanged residues (in parentheses) are: CH-N (1-13), CH-C (83-85), 
CH-α1 N (1-25), CH-α1 C (26-36), CH-α2 N (37-48), CH-α2 C (49-58), CH-α3 N (59-72), CH-α3 C (73-86), CH-
α1 CA (26-30), CH-α1 CB (31-36), CH-α2 NA (37-42), and CH-α2 NB (43-48). Gels were stained with simply 
blue to verify protein production (B), and the produced proteins were specifically detected by immunoblotting 
with an anti-His-antibody (C) or the humAb 6D4-800CW (D). The positions of molecular weight marker proteins 
(kDa) are shown next to the gel and Western blot images. 
 

HumAb 6D4 binds to the active site of SCIN 

To identify the specific SCIN epitope recognized by 6D4, we applied a set of previously constructed 
Escherichia coli Rosetta gami strains expressing IPTG-inducible His-tagged chimera of SCIN and its 
S. aureus homologue OrfD 20. The structure of these chimera is schematically represented in Fig. 2A, 
showing the relative positions of the three α-helices (α1, α2, and α3), the N- and C-termini, and the 
active site of SCIN. Of note, the OrfD protein has no identified biological activity  20, and our humAb 
6D4 does not bind to the full-size OrfD (Fig. 2D). All SCIN-OrfD fusion proteins were expressed 
upon IPTG induction, as shown by SDS-PAGE and Simply blue straining (Fig. 2B) or by 
immunodetection with anti-His tag antibodies (Fig. 2C), and all detected fusion proteins were of the 
expected size (Fig. 2, B and C). To assess the binding of 6D4 to the different SCIN-OrfD chimera, 
this humAb was labelled with the near-infrared fluorophore IRDye 800CW. In Western blotting 
analyses, the resulting 6D4-800CW facilitated the direct detection of SCIN at 800 nm equally well as 
the indirect detection of bound 6D4 with a secondary IRDye 800CW-labelled antibody at 800 nm 
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(results not shown). As shown in Figure 2D, 6D4-800CW bound to most SCIN-OrfD chimera. 
However, the 6D4-800CW did not bind the CH-α1-CA fusion, while the CH-α1-C and CH-α1-CB 
fusions were barely bound (Fig. 2D). These findings imply that the epitope recognized by 6D4 is 
located within the C-terminal half of the first α-helix of the SCIN protein, within amino acid residues 
26 to 36. Importantly, these residues overlap with the active site of the SCIN protein 20. 

HumAb 6D4 specifically binds the S. aureus SCIN protein 

To verify the specificity of 6D4 for S. aureus, we performed a BLAST analysis using the NCBI 
protein database to identify other bacteria containing SCIN-encoding genes. This showed that the 
presence of SCIN was restricted to S. aureus, and that proteins with limited sequence similarity to 
SCIN were encoded by the genomes of only few other Staphylococcus species, including S. argenteus 
(61% identity from 89% query cover, GenBank: CDR22445.1), S. hominis (53% identity from 73% 
query cover, GenBank: EEK11996.1) and S. haemolyticus (57% identity from 74% query cover, 
GenBank: CPM70056.1). In none of these SCIN homologues was the epitope recognized by 6D4 (i.e. 
residues 26 to 36) fully conserved. This was confirmed by Western blotting analyses, where 6D4-
800CW showed no binding to proteins from S. hominis or S. haemolyticus, while clear binding to the 
SCIN proteins of different sequenced S. aureus strains was detected (Fig. 3A). Of note, our BLAST 
analysis indicated that S. aureus COL does not contain the scn gene encoding SCIN and, consistent 
with this finding, 6D4-800CW did not bind to any protein of S. aureus COL (Fig. 3A). 

 

 

 

 

 

 

 

Figure 3. Binding of the humAb 6D4 to SCIN produced by different laboratory strains and 
clinical isolates of S. aureus  
Western blotting analysis using humAb 6D4-800CW to detect SCIN in the cell pellet (P) or growth medium (S) 
fractions of S. hominis, S. haemolyticus and the S. aureus strains Newman, USA300, Mu50, MW2, N315, COL, 
NCTC8325-4, MRSA252 and MSSA476 (A), or in the growth medium fractions (supernatant) of 24 clinical S. 
aureus isolates named A-J and L-Y (B). Molecular weights (kDa) of marker proteins are indicated to the left of 
panels A and B. Loading of comparable amounts of proteins was confirmed by Simply Blue staining (not shown). 
 

SCIN is detectable in most clinical S. aureus isolates 

To explore the production of SCIN by clinical isolates of S. aureus, this was assessed with 6D4-
800CW in a set of 24 clinical S. aureus isolates from the University Medical Center Groningen of 
which 22 were previously shown by PCR to carry the scn gene 31. Intriguingly, Western blotting with 
6D4-800CW revealed the presence of SCIN in 23 of the 24 tested isolates (Fig. 3B), including isolate 
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G which had tested negative for scn in the previous PCR analysis. In contrast, isolate T which had 
also tested negative for scn in the previous PCR also tested negative in the Western blotting with 
6D4-800CW. A renewed PCR using scn-specific primers showed that the scn gene was indeed 
present in isolate G (data not shown), which is consistent with the detection of SCIN with 6D4-
800CW in this isolate. Altogether, these results show that humAb 6D4 labelled with IRDye 800CW 
can be applied for the specific identification of clinical S. aureus isolates expressing SCIN. 

Serum incubation increases binding of SCIN to S. aureus cells 

The S. aureus SCIN protein specifically inhibits the human complement system, one of the most 
important components of the innate immune system 20,39–42. This is achieved through the binding of 
SCIN to the C3b moiety of human C3 convertases on the bacterial surface, leading to their 
stabilization in a catalytically inactive form and preventing enhanced conversion of C3 into C3b as 
part of the so-called 'alternative pathway' in innate immunity. In addition, SCIN promotes the 
formation of inactive convertase dimers that preclude C3b binding by the complement receptor of 
phagocytic cells 40,43. Because the C3 convertases are key initiators in the complement activation 
cascades, effector functions such as C3b-mediated phagocytosis and C5a-mediated cell recruitment 
are effectively prevented by SCIN 20,35,36,40–43. 

From the Western blotting analyses shown in Figures 1 and 3, it was evident that SCIN is mostly 
detectable in growth medium fractions, and only to minor extent in the cell fractions when cells are 
grown in Tryptic Soy Broth (TSB). The latter is consistent with the previously documented finding 
that SCIN binds to the C3 convertases, which are formed on the S. aureus cell wall after initial C3b 
deposition 39. Therefore, we hypothesized that SCIN is likely more abundant in the cell fraction when 
cell wall-attached C3b is present. To verify this idea, S. aureus Newman ΔspaΔsbi cells were covered 
with C3b through incubation in human sera and, subsequently, these cells were incubated in the 
presence or absence of added SCIN. As reflected by 6D4-800CW binding upon Western blotting, 
cells not incubated in serum displayed low levels of SCIN, whereas the respective supernatant 
fractions yielded a high signal due to the presence of SCIN (Fig. 4). Similarly, the serum-incubated 
samples without added SCIN showed a low signal in both the cell- and the respective supernatant 
fractions. In contrast, the serum-incubated samples with added SCIN showed a high SCIN-specific 
signal in the cell fraction and a lowered signal in the supernatant fraction (Fig. 4). These results show 
that the enhanced SCIN binding to the S. aureus cell wall due to the deposition of C3b and C3 
convertases is readily detectable with the 6D4-800CW humAb. 

 

Figure 4. Binding of SCIN to S. aureus cells 
increases upon incubation in serum  
Western blotting analysis of S. aureus Newman 
ΔspaΔsbi cells collected by centrifugation (P) and 
growth medium fractions (S) using 6D4-800CW. 
The presence or absence of C3 convertases due to 
serum incubation, and the addition or absence of 
SCIN are indicated with + or -, respectively. 
 

A plate assay was used to assess whether whole S. aureus cells could be detected after incubation 
with human sera using 6D4-800CW. Indeed, 6D4-800CW was found to bind concentration-
dependently to the S. aureus clinical isolate P, and the strains USA300, Newman wild-type and 
Newman ∆spa∆sbi (Fig. 5A). In this assay binding of 6D4 to Spa and Sbi via the Fc-region was 
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blocked by the addition of unrelated rabbit IgG, and effective blocking was confirmed with a control 
His-tag-specific rabbit antibody (α-his-tag; Fig. 5A). Importantly, 6D4-800CW allowed the detection 
of cell-bound SCIN in 19 of 24 clinical S. aureus isolates tested (Fig. 5B) Here it is noteworthy that 5 
isolates showed no enhanced binding of SCIN, including four scn-proficient isolates and the isolate T 
lacking the scn gene. Furthermore, 6D4-800CW allowed detection of cell-bound SCIN for 8 of 9 
sequenced S. aureus strains, where only the COL strain that lacks the scn gene yielded no signal (Fig. 
5B). Binding of the α-his-tag control antibody was low for all strains due to blocking with an 
unrelated rabbit IgG (Fig. 5B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5. Binding of the humAb 6D4 to whole cells of S. aureus  
Plates were coated with whole cells of various S. aureus clinical isolates or laboratory strains harvested from 
cultures in the mid-exponential growth phase where the growth medium was supplemented with human serum. 
6D4-800CW was used for the detection of cell-bound SCIN, and an α-his-tag antibody was used as a negative 
control. Fluorescence readings at 800 nm are plotted relative to the binding of 6D4-800CW to S. aureus Newman 
∆spa∆sbi. All measurements were performed in triplicate and the mean ± standard error (error bars) is shown. (A) 
concentration-dependent binding of 6D4-800CW to S. aureus Newman ∆spa∆sbi, Newman wild-type (wt), the 
clinical S. aureus isolate P, or the MRSA strain USA300 is indicated in in black symbols; the lack of binding of 
the α-his-tag control antibody to S. aureus Newman ∆spa∆sbi, Newman wild-type (wt), isolate P, or USA300 is 
shown in grey symbols. (B) Binding of 6D4-800CW to S. aureus Newman ∆spa∆sbi, various clinical S. aureus 
isolates and the sequenced S. aureus strains USA300, Mu50, MW2, N315, COL, 8325-4, MRSA252, MSSA476, 
Newman wild-type (WT) and Newman ∆spa∆sbi is indicated with black bars; binding of 100 ng/mL isotype 
control antibody IQNPA to the S. aureus clinical isolates and sequenced S. aureus strains as specified is indicated 
with white bars.  
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Direct detection of SCIN bound to the surface of S. aureus cells 

For direct detection of SCIN bound to the surface of S. aureus cells, samples of S. aureus Newman 
ΔspaΔsbi were prepared and spotted onto glass slides for fluorescence microscopy at 800 nm. S. 
aureus cells grown under standard culturing conditions and incubated with 6D4-800CW displayed 
almost no fluorescence and individual cells could not be distinguished (Fig. 6, A and B). Further, cells 
incubated in serum, but lacking added SCIN, showed no fluorescent signal at all (Fig. 6, C and D). 
Importantly however, serum-incubated cells with added SCIN showed a strongly enhanced 
fluorescent signal at 800 nm (Fig. 6, E and F). Here individual cells were detectable, though it is 
noteworthy that not all cells appeared to be fluorescently tagged. Taken together, these observations 
show that S. aureus cells incubated with human serum have a high potency for binding of SCIN, most 
likely due to the deposition of C3b and C3 convertases, which can be detected with IRDye 800CW-
labelled 6D4 humAb. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Serum-incubated S. aureus cells display elevated levels of SCIN binding  
Phase contrast (panels A, C, E) and subsequent fluorescence microscopy at 800 nm (panels B, D, F) of cells of S. 
aureus Newman ΔspaΔsbi collected from an overnight culture. Specifically, the panels show cells from the 
overnight culture (A, B), cells treated with serum but without the addition of SCIN (C, D), and cells treated with 
serum and added SCIN (E, F). Cell-bound SCIN was detected using 6D4-800CW.  
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Impact of 6D4 on SCIN activity 

Since the humAb 6D4 binds to the active site of SCIN, we asked the question how this antibody 
impacts on the deposition of C3b on the S. aureus cell surface. To this end, we employed an essay 
where increasing amounts of SCIN were pretreated with 6D4, prior to mixing with human serum. As 
controls, the SCIN protein was mock-treated with buffer or a control IgG prior to mixing with serum. 
Next, S. aureus Newman ΔspaΔsbi cells were incubated for 30 min with the serum containing SCIN 
(with or without 6D4 pretreatment), after which the presence of C3b on the staphylococcal cell 
surface was measured by flow cytometry. As shown in Figure 7A, in this assay the preincubation of 
SCIN with humAb 6D4 resulted in a relative deposition of C3b on the S. aureus cells close to 1, 
which represents the maximal C3b deposition upon incubation with serum. In contrast, the C3b 
deposition was inhibited by SCIN in the absence of 6D4. These findings imply that 6D4 can interfere 
with the deposition of C3b on the S. aureus cells. 

 

 

 

 

 

 

 

 
 
Figure 7. Impact of humAb 6D4 on SCIN activity  
(A) C3b deposition on S. aureus Newman ΔspaΔsbi cells upon preincubation of SCIN with humAb 6D4 (■). C3b 
deposition was monitored by flow cytometry. As a negative control, SCIN was preincubated with buffer (♦), or 
control IgG (▲). Each data point represents the mean ± standard error (error bars) of three independent 
experiments. (B) Reduced SCIN-mediated protection of rabbit erythrocytes against lysis by complement upon 
incubation of SCIN with humAb 6D4 (■). Hemolysis was quantified by pelleting of erythrocytes and subsequent 
measurement of the absorbance of supernatants at 450 nm. As a control, SCIN was preincubated with buffer (♦), 
or control IgG (▲). Each data point represents the mean ± standard error (error bars) of two separate experiments. 
 

An alternative possibility to measure the impact of 6D4 on SCIN activity is provided by the fact that 
complement causes the lysis of rabbit erythrocytes, and that this hemolysis can be inhibited by SCIN. 
To assess whether SCIN-mediated inhibition of the alternative pathway's hemolytic activity can be 
suppressed by 6D4, we pre-treated increasing amounts of SCIN with 6D4, prior to mixing with 
human serum and erythrocytes. As a negative control, the SCIN protein was either mock-treated with 
buffer or a control IgG prior to mixing with serum and erythrocytes. Next, the erythrocytes were 
incubated for 60 min with the human serum containing SCIN (with or without 6D4 pre-treatment), 
after which the erythrocytes were pelleted and the absorbance of supernatants at 450 nm was 
measured to assess the erythrocyte lysis. As shown in Figure 7B, the preincubation of SCIN with 6D4 
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significantly reduced the protective effect of SCIN with respect to erythrocyte lysis, as compared to 
SCIN preincubated with the control IgG or with buffer. These observations fully support the view that 
the activity of SCIN can be inhibited by the humAb 6D4. 

Discussion 

In this study, we show that the humAb 6D4 binds to the first α-helix of the staphylococcal 
complement inhibitor SCIN, which covers part of this protein's active site domain. Consistent with 
this finding, 6D4 interferes with the activity of SCIN, as shown through the analysis of C3b 
deposition on S. aureus cells and suppression of the protective effect of SCIN in the alternative 
pathway-mediated hemolysis of rabbit erythrocytes. Furthermore, we show that 6D4 labelled with the 
near-infrared fluorophore IRDye 800CW can be readily used to visualize the production and 
subcellular localization of SCIN by S. aureus. 

The analysis of publicly available bacterial genome sequences suggests that the scn gene is specific 
for S. aureus isolates causing infections in humans. While sequenced S. hominis and S. haemolyticus 
strains contain genes with some sequence similarity to the S. aureus scn gene, the tested S. hominis 
and S. haemolyticus strains did not bind humAb 6D4. This underpins the conclusion that this humAb 
is highly specific for S. aureus SCIN, and suggests that it will bind preferentially to isolates 
associated with infections in humans. Previous studies have reported that SCIN may be present in 
90% of all clinical S. aureus isolates and that it is expressed in vivo 20,35,36,38. Consistent with this 
view, we observed that, from a panel of 33 tested S. aureus isolates, only two did not express SCIN. 

SCIN is a potent antigen that evokes high antibody titres in S. aureus-colonized individuals 18,44,45. 
Under the in vitro conditions used for culturing S. aureus in this study, the clearest SCIN signals were 
obtained for growth medium fractions, while the signals in the respective S. aureus cell fractions were 
relatively low. On the other hand, our present findings show that SCIN was effectively recruited to 
the S. aureus cell surface when this bacterium was exposed to human serum. This phenomenon was 
also clearly evident at the single cell level by fluorescence microscopy. The observed redistribution of 
SCIN is consistent with the fact that SCIN binds to the C3b moiety of C3 convertases upon their 
deposition on the bacterial cell surface 46. This puts emphasis on the extensive interactions between S. 
aureus and its human host, which are underestimated under the generally applied in vitro culturing 
conditions. Indeed this view is confirmed by a previous study showing that S. aureus cells bind a 
variety of human proteins to their cell surface upon incubation in plasma 47. Of note, when serum-
incubated clinical S. aureus isolates and lab strains were tested for enhanced binding of SCIN using 
6D4-800CW, only 4 out of 34 investigated strains remained undetectable, which suggests that they 
only bind small amounts of SCIN. Notably, our Western blotting analyses show that these strains 
produce relatively low amounts of SCIN, which might not be sufficient to distinguish the SCIN-
specific signal from the background signal in a whole cell plate reader-based approach. Of note, upon 
fluorescence microscopy, not all S. aureus cells appeared to bind equal amounts of 6D4-800CW, 
suggesting that there may be cell-to-cell differences in the formation of C3 convertases, the binding of 
SCIN or the binding of 6D4-800CW. 

In conclusion, in the present study we present a humAb that binds to the active site of the S. aureus 
SCIN protein, especially residues 26-36. While the humAb 6D4 does interfere with the activity of 
SCIN, it seems rather unlikely that it can be applied in antistaphylococcal therapy since SCIN-
deficient variants of S. aureus can also cause infections. Importantly however, the IRDye 800CW-
labelled version of this humAb (i.e. 6D4-800CW) can be applied to specifically detect S. aureus 
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isolates that express SCIN, an important virulence factor that allows S. aureus to effectively evade the 
human complement system. A completely novel finding is that SCIN binding to the staphylococcal 
cell-surface is substantially enhanced in the presence of human serum. Since SCIN production is 
associated in particular with S. aureus isolates that caused infections in humans, our SCIN-specific 
antibody may find potential future applications in the identification of S. aureus lineages with a high 
potential for causing infections. This could not only involve diagnostic tests, but also in vivo imaging 
approaches for which proof-of-principle was recently obtained using vancomycin labelled with the 
IRDye 800CW 48–50. 
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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 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. 
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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 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. 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 Supplementary 
Table 1. 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 36. 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). 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 38. All plasmids were verified by sequencing (Eurofins MWG Operon, 
Ebersberg, Germany). 

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 
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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. 

Table 1. Bacterial strains and plasmids used in this study 
Strain or plasmid Relevant phenotype(s) or genotype(s) Reference 
Strains   
L. lactis PA1001 MG1363 pepN::nisRK allows nisin-inducible expression, ΔacmA ΔhtrA 33 
S. aureus NCTC8325-4 NCTC8325 cured of ϕ11, ϕ12, and ϕ13 34 
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  36 
pNG4110 CmR, pNG400, containing PnisA, SSusp45, his6, BamHI/EcoRI-XbaI/NotI cloning sites 37 
pNG4210 pNG400 containing BamHI/EcoRI-XbaI/NotI cloning sites, his6  37 
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 
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 
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) 

Table 2. Primers used to produce isaA gene fragments 
Primer 5' → 3' nucleotide sequence a R.E. 

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 bold, NotI/BamHI-compatible overhangs in italics 
 
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 
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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 36. 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). 

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 39,40. Next, the peptide libraries were probed with heat-inactivated 
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 
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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).  

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 Supplemental Fig. 1). In what follows, we refer to this N-
terminal conserved domain as the NCD domain of IsaA. 
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Figure 1. Schematic representation of IsaA subdomains, their separate expression and 
immunodetection  
(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 Supplementary Fig. 1). (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.  
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Figure 2. 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. 
 

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. 2A). 
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. 2A, 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. 2A). 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. 2B). 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. 2A). Consistent with the Western blotting data, 
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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. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 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. 4A). The localization of these fragments was not affected by the 
presence 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. 
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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. 4A).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 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. (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 4B, 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 
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performed also in the absence of cell wall extract. As shown in Figure 4C, 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.  

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 39,40, 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. 5). 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 5. 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 (Supplementary Figs. 2 and 3). 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 6 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. 6).     

 

 

 

 
 
Figure 6. 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 
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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 17,41–43. 
As it is known that most peptidoglycan hydrolases are composed of a catalytic site domain and a cell 
wall binding domain 44, 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 45,46, 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 47, 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.  

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.  
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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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Supplementary Figures 

Figure S1 - S3 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Supplementary Figure 1. 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. 
 

 

 

 

 
 
 
Supplementary Figure 2. 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 are indicated by a 
horizontal line.   
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Supplementary Figure 3. 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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Abstract 
Staphylococcus aureus infections are a major threat in healthcare, requiring adequate early-stage 
diagnosis and treatment. This calls for novel diagnostic tools that allow noninvasive in vivo detection 
of staphylococci. Here we investigated a novel fully-human monoclonal antibody 1D9 that 
specifically targets the immunodominant staphylococcal antigen A (IsaA). We show that 1D9 binds 
invariantly to S. aureus cells and may further target other staphylococcal species. Importantly, using a 
human post-mortem implant model and an in vivo murine skin infection model, preclinical feasibility 
was demonstrated for 1D9 labeled with the near-infrared fluorophore IRDye800CW to be applied for 
direct optical imaging of in vivo S. aureus infections. Additionally, 89Zirconium-labeled 1D9 could be 
used for positron emission tomography imaging of an in vivo S. aureus thigh infection model. Our 
findings pave the way towards clinical implementation of targeted imaging of staphylococcal 
infections using the human monoclonal antibody 1D9. 
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Introduction 

The rapid and accurate diagnosis of a bacterial infection is important for the initiation of appropriate 
medical and surgical management. Traditional diagnostic approaches involve microbiological 
techniques, histologic staining and, more recently, molecular techniques. However, these approaches 
require sampling of infected tissues, which involves invasive procedures that add cost and potential 
morbidity, as uninfected tissue or implants are exposed to bacteria from the skin microbiota and 
surgical environment. Also, culture-based diagnostic approaches are inherently fraught with issues of 
sampling error and contamination. Since current diagnostic tests often take days to deliver results, 
antibiotic therapy is frequently started empirically, and this can lead to inadequate or incorrect 
treatment, contributing to worse clinical outcomes. The problems with current diagnosis of infection 
are particularly relevant for infections caused by Staphylococcus aureus, which is responsible for the 
majority of skin and soft tissue infections, as well as invasive and life-threatening infections, such as 
cellulitis, pneumonia, osteomyelitis and bacteremia 1. S. aureus is also a common cause of medical 
device and implant-related infections, which are exceedingly difficult to treat because the bacteria 
form biofilms on the foreign materials that inhibit the efficacy of antibiotics. Rapid detection and 
treatment prior to the seeding of implants and establishment of biofilm is essential. Moreover, the 
widespread emergence of methicillin-resistant S. aureus (MRSA) strains, which are resistant to 
multiple antibiotics 2,3, is causing substantial delays in starting adequate antibiotics coverage. This 
highlights the need for faster, more sensitive and noninvasive diagnostic alternatives than are 
currently available.  

Current noninvasive imaging modalities used to localize infection foci include computed tomography, 
positron emission tomography (PET) with fluorine-18-fluorodeoxyglucose, and magnetic resonance 
imaging. However, these approaches cannot accurately differentiate between infected tissue and 
sterile inflammation. Therefore, there have been intense efforts to develop more targeted imaging 
techniques by using bacteria-specific tracers, which typically consist of a targeting moiety with 
affinity for bacteria conjugated to an imaging agent for optical, optoacoustic or PET imaging 4,5. 
Promising tracers have combined antibodies, antibiotics, antimicrobial peptides, metabolizable 
compounds or particular ligands with attached fluorophores or radioisotopes 4,6–8. However, the vast 
majority of these tracers has been designed to detect infections caused by a broad spectrum of 
bacterial species, while relatively few studies have explored species-specific tracers 9–12. 

We have recently provided proof-of-principle for the use of antibiotic-based targeting probes labeled 
with near-infrared (NIR) fluorophores for optical and optoacoustic imaging, demonstrating preclinical 
detection of S. aureus infections 5,13. However, antibiotics generally lack the ability to identify 
specific bacterial species as most have broad affinity, binding indiscriminately to Gram-positive 
and/or Gram-negative bacteria. Species-specific tracers offer the potential to not only identify the 
presence of an infection, but to define the causative organism, thereby providing an actionable 
diagnosis that could guide targeted antibiotic therapy. This is especially relevant to invasive S. aureus 
infections, such as necrotizing pneumonia and endocarditis, or difficult-to-treat biofilm-related 
infections. Such targets for staphylococcal-specific imaging might include proteins exposed on the 
bacterial cell surface14–16. A well-conserved surface protein of S. aureus is the immunodominant 
staphylococcal antigen A (IsaA) 17–21. In a previous study, we developed a fully human monoclonal 
antibody (humAb) against IsaA, which was partially protective against S. aureus infections in mouse 
models 22. In the present study we investigated the target specificity of this anti-IsaA humAb, named 
1D9, using an extensive panel of different staphylococcal isolates, and explored the feasibility of 
using 1D9 conjugated with the NIR fluorophore IRDye 800CW or the PET tracer 89Zr as an S. 
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aureus-specific tracer in a human post-mortem infection model and in in vivo mouse models of 
S. aureus infection.  

Materials and Methods 

Bioinformatics 

BLAST searches (BLASTP 2.3.0+, 23,24) were performed with default search parameters (Program 
blastp; 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 NCBI 
Protein Reference Sequences Database (refseq_protein, Posted date: Dec 7, 2015 10:23 AM). 
Predicted protein kDa and pI were obtained using Expasy compute pI/Mw tool 
(web.expasy.org/compute_pi/). 

Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 1. Different staphylococcal species 
were identified using the Microflex MALDI-TOF MS system and the Biotyper 3.0 software (Bruker 
Daltonik, GmbH, Bremen, Germany) as described before 25. Staphylococcal strains were grown at 
37ºC, 250 rpm in Tryptone Soy Broth (TSB, Oxoid), or on Blood Agar (BA) plates with 5% sheep 
blood (Mediaproducts BV, Groningen, the Netherlands). Staphylococcal cell cultures were harvested 
after overnight incubation. Escherichia coli Xen14 was streaked onto Lysogeny Broth (LB) agar (BD 
Biosciences, Sparks, MD) and single colonies were inoculated in LB broth and grown overnight at 
37°C in a shaking incubator at 250 rpm. Lactococcus lactis PA1001 was grown at 30ºC in M17 broth 
(Oxoid Limited, Hampshire, UK) supplemented with 2% glucose (wt/vol) (i.e. GM17). Growth media 
were supplemented with chloramphenicol for plasmid selection (5µg/ml for pNG4110 and 10µg/ml 
for pLux). For S. aureus and E. coli, mid-logarithmic phase bacteria were obtained after 2 h 
subculturing of a 1:50 dilution of the overnight culture. Bacterial cells were pelleted and washed 3 
times with PBS. Bacterial concentrations were estimated by measuring the absorbance at 600 nm 
(A600). Colony forming units (CFUs) were verified by plating dilutions of the inoculum. 

Bacterial transformation with pLux 

Plasmid pLux (pbp2-pro) from S. aureus ALC2906 41 was isolated and introduced by electroporation 
into S. aureus SH1000 and MS001 as reported before 43,44. Bioluminescent colonies were visualized 
with the PerkinElmer IVIS Lumina II (Waltham, MA). 

Protein expression, purification and detection 

Plasmid pNG4110::isaA was constructed by PCR amplification of the isaA gene with primers 5’- 
atatggatccgctgaagtaaacgttgatcaag-3’ and 5’- atatgcggccgcttagaatccccaagcacctaaaccttg-3’ and 
subsequent cloning of the amplified fragment in pNG4110 42. Production and expression of His6-
tagged IsaA from plasmid pNG4110::isaA was performed essentially as described before 42. Bacterial 
culture supernatants were precipitated with 10% TCA and resuspended in LDS sample buffer (Life 
Technologies, Grand Island, NY. USA), cells were disrupted with 0.1 µm glass beads (Biospec 
Products, Bartlesville, USA) in a Precellys 24 homogenizer (Bertin Technologies, France), and 
liberated proteins were resuspended in Lithium Dodecyl Sulphate (LDS) sample buffer. Samples were 
analyzed by LDS-PAGE (NuPAGE gels, Life Technologies) and proteins were either visualized by 
protein staining (Simply Blue Safe Staining, Life Technologies) or by blotting onto nitrocellulose 
membranes (Protan nitrocellulose transfer paper, Whatman, Germany) and subsequent 
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immunodetection using mouse anti-His-tag antibodies (Life Technologies) or IRDye 800CW-labeled 
1D9 antibody. Fluorescent secondary goat anti-human or goat anti-mouse IRDye 800 CW antibodies 
(LI-COR Biosciences, Lincoln, NE. USA) were used when needed. Antibody binding was visualized 
using an Odyssey Infrared Imaging System (LI-COR Biosciences). 

Table 1. Bacterial strains and plasmids used in this study 
Strain or plasmid Relevant phenotype(s) or genotype(s) Reference 
Strains   
L. lactis PA1001 MG1363 pepN::nisRK, , ΔacmA ΔhtrA 26 
E. coli DH5α λ- φ80dlacΖΔΜ15 Δ(lacZYA-argF)U169 recA1 endA hsdR17(rk- mk-

)supE44 thi-1 gyrA relA1 
Novagen, Madison 

WI, USA 
E. coli Xen14 E. coli WS2572 with a stable chromosomal copy of Photorhabdus 

luminescens lux operon 

27 

S. aureus SH1000 Wild type (rsbU+) 28 
S. aureus MS001 SH1000 isaA::tet Tcr 19 
S. aureus SH1000 lux S. aureus SH1000 pLux(pbp2-pro)  This study 
S. aureus MS001 lux S. aureus MS001 pLux(pbp2-pro) This study 
S. aureus SAP231 NRS384 with integrated P. luminescens lux operon 29 
B. subtilis 168 trpC2 Laboratory collection 
S. aureus NCTC8325-4 NCTC8325 cured of ϕ11, ϕ12, and ϕ13 30 
S. aureus Newman NCTC 8178 clinical isolate 31 
S. aureus Newman Δspa S. aureus Newman spa mutant 32 
S. aureus Newman Δspa-Δsbi S. aureus Newman spa sbi mutant 33 
S. aureus USA300 Community-acquired MRSA isolate 34 
S. aureus Mu50 Clinical MRSA with complete annotated sequence 35 
S. aureus MW2 Community-acquired MRSA, USA400 36 
S. aureus N315 Hospital-acquired MRSA 35 
S. aureus COL methicillin-resistant clinical isolate 37 
S. aureus MRSA252 UK hospital-acquired methicillin-resistant strain 38 
S. epidermidis ATCC 35984 slime-producing strain, catheter-associated sepsis 39 
S. epidermidis1457 Biofilm-positive laboratory strain 40 
S. epidermidis A UMCG-MolBac collection This study 
S. epidermidis B UMCG-MolBac collection This study 
S. lugdunensis UMCG-MolBac collection This study 
S. haemolyticus UMCG-MolBac collection This study 
S. hominis A UMCG-MolBac collection This study 
S. hominis B UMCG-MolBac collection This study 
S. saprophyticus UMCG-MolBac collection This study 
S. pettenkoferi UMCG-MolBac collection This study 
S. capitis UMCG-MolBac collection This study 
S. warneri UMCG-MolBac collection This study 
S. pasteuri UMCG-MolBac collection This study 
S. caprae UMCG-MolBac collection This study 
Plasmids   
pLux(pbp2-pro) pSK236 containing penicillin-binding protein 2 (pbp2) promoter fused to 

the modified luxABCDE from Photorhabdus luminescens 

41 

pNG4110 pNG400 containing his6, BamHI/NotI cloning sites 42 
pNG4110::isaA pNG4110 containing S. aureus NCTC8325-4 isaA (30-233a) This study 
his6, 6 Histidine-tag; a position of amino acid residues (AA) in isaA sequence of S. aureus NCTC8325 (YP_501340) 

Antibody production and labeling 

The human monoclonal antibody 1D9 directed against the S. aureus secreted protein IsaA was 
produced as described before 22 by transient transfection of Expi293F cells (Life Technologies) with 
plasmids encoding the H and K fragments of 1D9. Expressed 1D9 antibodies were isolated from cell 
culture supernatants by Protein A column purification (HiTrap Protein A HP, GE Life sciences) 
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followed by column desalting (HiTrap Desalting, GE Life sciences). For 1D9 labeling with IRDye 
800CW (LI-COR Biosciences), purified antibody was dissolved in PBS, pH 8.5, and incubated with 
20 µg of dye per mg of protein for 2 h at room temperature45. Subsequently the labeled 1D9 antibody 
was desalted using a PD minitrap G-25 desalting column (GE Life sciences). 

Human post-mortem implant model 

Overnight grown Staphylococcus cultures in TSB (5x108 CFU) were collected, washed twice with 
PBS, resuspended in 100 µl of PBS, and incubated with 5µg of 1D9-800CW. Upon 20 min incubation 
at room temperature, cells were washed twice with PBS and resuspended in 100 µl of PBS. Of this 
suspension with fluorescently labeled cells, 50 µl aliquots were spotted on filter paper strips 
(Whatman), and placed inside sealed plastic wrapping. The spotted strips were implanted subdermal 
on the tibia of a human cadaver and the skin was subsequently sutured (Ethilon 3-0, Ethicon 
Somerville, NJ, USA). Imaging was performed using an intraoperative clinical multispectral 
fluorescence camera (eXplorer Air, SurgVision BV, 't Harde, the Netherlands). Fluorescence signals 
were collected 0.5 sec (before implantation) and 0.2 sec (during implantation) with low binning and 
excitation/emission wavelengths of 740/845 nm.  

Mouse model for bacterial skin infection or inflammation 

Six to eight weeks old C57BL/6 female mice were used in all experiments. All mouse colonies were 
maintained in autoclaved cages under specific-pathogen-free conditions. Mice were shaved on the 
flanks and back, and mid-logarithmic growth phase S. aureus SH1000 lux and ∆isaA S. aureus 
MS001 lux (5x 107 CFUs in 100 μl of sterile saline) were each injected intradermally into opposite 
flanks of each mouse (n=7 performed over 3 independent experiments) using a 27-gauge insulin 
syringe as previously described 46. In a second group of mice, E. coli (Xen14) (5x 107 CFUs in 100 μl 
of sterile saline) and lipopolysaccharide (LPS; 1 mg/kg in 100 μl of sterile saline) were injected 
intradermal into opposite flanks of each mouse (n=4 performed over 1 experiment). In a third group 
of mice, E. coli (Xen14) (1x 108 CFUs in 100 μl of sterile saline) and S. aureus SAP231 (1x 107 
CFUs in 100 μl of sterile saline) were each injected intradermal into opposite flanks of the same 
mouse (n=5 performed over 1 experiment). 

In vivo fluorescence and bioluminescence imaging  

At 24 h after skin infection or 1 h after LPS injection, 1D9-800CW (2.5 mg/kg in 100µl sterile saline 
warmed to 37° C) was injected retro-orbitally. In vivo fluorescence and bioluminescence imaging was 
performed with PerkinElmer IVIS Lumina III before infection (day -2), 1 h after infection (day -1), 
immediately before antibody injection (day 0), and then 2, 4, and 8 h after antibody probe 
administration and daily thereafter for 1 week. Fluorescence signals were collected at 0.5 sec with 
medium binning and excitation/emission wavelengths of 740/845 nm. Bioluminescence signals were 
collected for 60 sec with medium binning. The fluorescent (total radiant efficiency 
[photons/s]/[mW/cm2]) and bioluminescent signals (total radiance [photons/s]) were measured with a 
1.2 × 1.2 cm region of interest (ROI) centered over the site of skin infection/inflammation. Organs 
were harvested from an additional mouse on day 2 to assess tissue/organ distribution of the antibody 
probe.  

Radiolabeling of 1D9 with 89Zr 

Mild conjugation was used to modify the 1D9 antibody with a radiometal chelate. p-SCN-Bn-
Deferoxamine (DFO) was purchased from Macrocyclics (Dallas, TX) and buffer reagents were from 
Sigma-Aldrich (St. Louis, MO) unless otherwise stated. To antibody in 0.1M HEPES, pH 8.5, three 
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times was added 10 µL of DFO in DMSO (233.3 µM) followed by mixing, to a final DFO:antibody 
ratio of 7:1. The reagents were mixed at room temperature 30-60 min. Excess unreacted DFO was 
removed by centrifugation using Amicon Ultra 0.5 mL Centrifugal Filters Ultracel 50K Regenerated 
Cellulose 50,000 NMWL (EMD Millipore, Billerica, MA). 89Zr oxalate was obtained from the 
Mallinckrodt Institute of Radiology, Washington University Medical School, St. Louis, MO. To 89Zr 
was added an excess of 1 M oxalic acid. 0.1M Na2CO3 was added slowly to balance solution pH to 7-
7.5. 89Zr was added to the DFO-conjugated antibody and mixed at room temperature for 40 min. To 
chelate unbound 89Zr, 50 mM EDTA, pH 5 was added and removed by centrifugation using sterile 
saline in Amicon Ultra 0.5 mL Centrifugal Filters. Instant thin layer chromatography (ITLC) was 
performed using silica impregnated filter paper (Pall Corporation). The ITLC was run in 50 mM 
EDTA, pH 5, and subsequently imaged and quantified using the Phosphorimager and the AutoQuant 
software package, respectively (Packard). 

Nuclear and X-ray imaging 

The dedicated microPET R4 system (Concorde Microsystems Inc.) was used to acquire PET scans. 
List-mode data were acquired using a gamma-ray energy window of 350 to 750 keV and a 
coincidence timing window of 6 ns. PET imaging data were corrected for detector non-uniformity, 
dead time, random coincidences, and physical decay. For all static images, scan time was between 10 
and 20 min. Data were sorted into 3D histograms by Fourier rebinning, and transverse images were 
reconstructed using a maximum a priori algorithm to a 128 × 128 × 63 (0.845 mm × 0.845 mm × 
1.2115 mm) matrix. Datasets were analyzed using ASIPro VM microPET analysis software (Siemens 
Preclinical Solutions, Knoxville, TN). Volumes of interest (VOIs) were manually defined around the 
areas of bacteria injection and the injected activity per gram was calculated. An empirically 
determined system calibration factor for mice was used to convert voxel count rates to activity 
concentrations (in µCi per mL of tissue). Figures were generated using Amira (version 5.0; FEI, 
Hillsboro, OR, USA). Directly after PET scanning, while in the same position, planar X-ray images of 
the mice were acquired using the Faxitron MX-20-DC12 digital X-ray imaging system (Faxitron 
Bioptics, LLC, Tucson, AZ). 

Statistical Analysis 

Fluorescence imaging data were analyzed with GraphPad Prism (La Jolla, CA) and compared using a 
1-tailed Student’s t-test. Values of P<0.05 were considered significant. All PET imaging data are 
expressed as mean ± S.E.M. Data were subjected to the Holm-Sidak method, with alpha = 0.05 and 
the assumption that all rows are sampled from populations with the same scatter using Prism 
(GraphPad, La Jolla, CA). P-values <0.05 were considered significant. 

Ethics statement 

Post-mortem experiments were conducted according to institutional guidelines with prior approval 
from the scientific review committee of the Skills Center of the University Medical Center 
Groningen, the Netherlands. All individuals involved in the human post-mortem studies have 
provided informed written consent for the use of their bodies for scientific research and teaching. All 
animals were handled in strict accordance with good animal practice as defined in the federal 
regulations as set forth in the written Assurance of Compliance with PHS Policy to the United States 
Department of Health and Human Services (Assurance No. A3079-01) and Regulations of the Animal 
Welfare Act of the United States Department of Agriculture (USDA registration #23-R-0023). All 
animal work was approved by the Johns Hopkins University Animal Care and Use Committee 
(ACUC Protocol No. MO15M421) and the animal care program at the Johns Hopkins School of 
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Medicine is fully accredited by the Association for Assessment and Accreditation of Laboratory 
Animal Care International. 

Results and Discussion 

High target sensitivity of humAb 1D9 for S. aureus 

A key feature of an effective targeting moiety for the specific detection of an infecting pathogen is the 
ability to bind to the vast majority of different clinically related isolates. A BLASTP analysis 
indicated that the isaA gene was present in all of the 1912 different S. aureus isolates for which 
sequences are available, with respective IsaA proteins showing at least 98% amino acid sequence 
similarity. In addition, the isaA gene was found to be conserved in several other staphylococcal 
species. When S. aureus isolates were excluded from the BLASTP results, significant hits with at 
least 60% similarity at the amino acid sequence level were obtained for S. epidermidis (145), S. 
argenteus (6), S. warneri (5), S. schweitzeri (3), S. simiae (2), and S. haemolyticus (1). Additional 
identified staphylococcal species with lower similarity scores (<60%) for IsaA included S. caprae, S. 
delphini, S. hominis, S. intermedius, S. lugdunensis, S. microti, S. pasteuri, S. pseudintermedius, S. 
schleiferi, S. schweitzeri, and S. simulans. These findings suggest that the respective species produce 
IsaA proteins that may be detectable with 1D9. To confirm these results, Western blotting analysis 
was performed with 1D9. 1D9 detected IsaA production in well-described MRSA strains, including 
USA300, Mu50, MW2, N315, COL and MRSA252 (Fig. 1A). IsaA production was also detected with 
1D9 in the laboratory strain NCTC8325-4 as well as additional clinical S. aureus isolates from the 
University Medical Center Groningen (isolates A-Y; Fig. 1A,B). Of note, IsaA was always detected 
in the cell fraction and in most (but not all) growth medium fractions. To control for any off-target 
binding of 1D9 to different S. aureus proteins known to bind to the Fc portion of human IgG1 (i.e., 
protein A [Spa] and Sbi)15, cell and medium fractions from S. aureus Newman wild-type and Δspa or 
Δspa Δsbi mutant derivatives were tested for 1D9 binding. 1D9 bound to IsaA irrespective of the 
presence of Spa and Sbi (Fig. 1C). From a test panel of other Staphylococcus species, IsaA-specific 
signals were observed for two out of four S. epidermidis isolates, two tested S. hominis isolates, as 
well as an isolate of S. pettenkoferi and S. caprae (Fig. 1C). IsaA expression was not detected in S. 
lugdunensis, S. haemolyticus, S. capitis, S. warneri and S. pasteuri, nor in Bacillus subtilis 168 or 
Escherichia coli DH5α controls (Fig. 1C). As expected, no IsaA signal was detectable in the cell and 
growth medium fractions of an isaA deletion mutant (Fig. 1D). Taken together, these findings imply 
that 1D9 can be used to specifically detect cells of the vast majority of S. aureus isolates plus a 
number of additional clinically-applicable staphylococcal species.  

Imaging of 1D9-800CW labeled bacteria in a human post-mortem implant model 

The ability of ID9 to provide in vivo detection of S. aureus was first assessed in a post-mortem model 
where bacteria were implanted subdermally on the tibia of a human cadaver with subsequent skin 
closure13. To enable NIR imaging, 1D9 was conjugated to the fluorophore IRDye 800CW, and the 
resulting 1D9-800CW complex was added to wild-type S. aureus bacteria. To assess the contribution 
of IgG-binding proteins Spa and Sbi to the signal, S. aureus mutant strains lacking both spa and sbi 
(Δspa Δsbi) were also probed with 1D9-800CW. We additionally included a S. aureus mutant strain 
lacking isaA (ΔisaA) and S. epidermidis 1457 that are both negative for binding 1D9 (Fig. 1). All cells 
incubated with 1D9-800CW were thoroughly washed in phosphate-buffered saline (PBS) and spotted 
in equal amounts (2.5 x 108 CFU) onto a Whatman filter paper. NIR images of the filter paper were 
recorded prior to and during implantation in the post-mortem model. As shown in Figure 2, the 
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strongest NIR signal was observed for wild-type S. aureus. A slightly lower signal was observed for 
the Δspa Δsbi double mutant, indicating that 1D9-800CW binding to IgG-binding proteins 
contributed minimally to the observed signal. In comparison, the signal observed for the isaA mutant 
cells was significantly lower, confirming that Spa and Sbi bind relatively minor amounts of 1D9-
800CW compared to IsaA. Minimal signal was detectable for S. epidermidis 1457, which is consistent 
with the Western blotting data in Figure 1C. Importantly, the signal from the 1D9-800CW bound to 
wild-type cells was clearly detectable upon implantation and suturing of the skin, providing proof-of-
principle that 1D9 can be used for detection of subdermal S. aureus infections in humans.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Invariant IsaA expression in S. aureus  
Detection of IsaA production in (A) sequenced S. aureus strains and (B) 25 clinical S. aureus isolates (A - Y) by 
Western blotting and immunodetection with 1D9-800CW. (C) Western blotting analysis for IsaA detection in spa 
and spa sbi mutants of S. aureus Newman, E. coli DH5α, B. subtilis 168 and several different staphylococcal 
species. Left panel, immunodetection of IsaA with unlabeled 1D9 and a secondary IRDye800CW-labeled goat 
anti-human antibody; right panel immunodetection with 1D9-800CW. Purified His6-IsaA was used as a control. 
(D) Western blotting analysis to verify the absence of IsaA production in S. aureus MS001 (ΔisaA) using 1D9-
800CW for immunodetection. C, cell fraction; M, growth medium fraction. The positions of molecular weight 
markers are indicated on the left, and the positions of IsaA, an IsaA degradation product (*), Protein A and Sbi are 
indicated on the right.  
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Figure 2. Human post-mortem implant model  
Near-infrared fluorescent imaging of S. aureus MS001 (ΔisaA), 
S. aureus SH1000 (wt), S. aureus Newman Δspa Δsbi (Δspa 
Δsbi) and S. epidermidis 1457 cells probed with 1D9-800CW 
and spotted on filter paper. Visible light and fluorescence 
images were recorded prior to and during surgical implantation 
onto the distal tibia of a human post-mortem leg. 
 

Noninvasive in vivo fluorescent imaging of S. aureus infection with 1D9-800CW 

To validate the potential use of 1D9-800CW for specific in vivo imaging of S. aureus infections, a 
murine skin infection and inflammation model was used. In a first group of mice, opposite flanks of 
each mouse were inoculated intradermally with a bioluminescent wild-type S. aureus SH1000 strain 
(wt) and the isogenic isaA mutant MS001 (ΔisaA). In parallel, a group of control mice were 
inoculated in opposite flanks with bioluminescent E. coli Xen14 (Ec) and lipopolysaccharide (LPS) to 
evaluate any off-target accumulation at a site of either an infection caused by a bacterium that does 
not espress IsaA or sterile inflammation. One day post-inoculation, 2.5 mg/kg 1D9-800CW was 
administered intravenously. Fluorescence and bioluminescence were recorded one day prior to 
inoculation (t-2), one hour after inoculation (t-1), immediately before 1D9-800CW administration (t0), 
at 2/4/8 h after administration, and daily thereafter (t1-7) (Fig. 3). From day 1 onwards, significantly 
higher fluorescent signal was localized in the flanks of mice infected with the wt S. aureus strain 
compared to the ΔisaA mutant (P<0.01), E. coli Xen14 (P<0.0001), or LPS (P<0.001) (Fig. 3A,B). 
The significant difference observed for the wt and ΔisaA S. aureus strains implies that, similar to the 
post-mortem model (Fig. 2), 1D9-800CW binds to the IsaA target rather than the IgG Fc-binding 
proteins Spa and Sbi. Importantly, the stronger fluorescence signals observed for the S. aureus 
isolates compared to the fluorescence signals elicited by E. coli Xen14 or LPS show that 1D9-800CW 
is specific for S. aureus, and that S. aureus infection overall can be distinguished from other causative 
infections or LPS-induced sterile inflammation. However, an early peak of fluorescence observed for 
mice inoculated with LPS indicates that 1D9-800CW does accumulate at early time points at the site 
of sterile inflammation, possibly due to the Enhanced Permeability and Retention (EPR) effect 
resulting from inflammation (Fig. 3B). This effect was not observed when the mice were inoculated 
with E. coli, suggesting that LPS induced a stronger inflammatory response than E. coli. Importantly, 
the signal became more specific from 2 days onwards. Further, the bioluminescence signals of the 
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three bacterial strains were not significantly different (Fig. 3C,D), showing that differences in 
fluorescence signal was due to specificity for S. aureus rather than the bacterial inoculum. All 
bioluminescent signals decreased over time, indicative of reduced growth and/or bacterial clearance 
13. In addition, culturing of infected mouse tissue showed that some S. aureus CFU had lost the pLux 
plasmid, which was used to make the bacteria bioluminescent (data not shown). Harvested organs on 
day 2 showed that fluorescence was mostly concentrated in the liver, with no appreciable signals in 
the spleen, kidneys, bladder or heart (Fig. 3E), which is consistent with the known clearance of 
antibodies by the liver.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3. In vivo IsaA-specific optical imaging of S. aureus infection with 1D9-800CW  
Mice were inoculated on opposite flanks, either with bioluminescent S. aureus SH1000 (wt) and S. aureus MS001 
(∆isaA), or with E. coli Xen14 (Ec) and LPS (t-1). Control images were recorded 1 day prior to inoculation (t-2). 
One day post inoculation (t0), 2.5 mg/kg of 1D9-800CW was administered intravenously and images were 
subsequently recorded at different time points as indicated. (A) NIR fluorescence images of representative mice 
were collected with excitation/emission wavelengths of 740/845 nm. (B) Mean total radiant efficiency 
(photons/s)/(mW/cm2) ± s.e.m. of the in vivo fluorescent signals. (C) Bioluminescence images of representative 
mice. (D) Mean total flux (photons/sec) ± s.e.m. (logarithmic scale) of in vivo bioluminescent signals. (E) 
Representative NIR fluorescence images of different organs collected on day 2 for assessment of 1D9-800CW 
accumulation. In panels B and D, variations are indicated with error bars and statistically significant differences 
with different symbols for each curve (* = P<0.05; † = P<0.01; ‡ = P<0.001).  
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Since the above set of experiments involved two groups of mice inoculated in parallel, an independent 
experiment was performed where opposite flanks of the same mice were inoculated intradermally 
with bioluminescent community-acquired MRSA strain (SAP231) and E. coli Xen14. In both of these 
bacterial strains, the lux genes for bioluminescence are stably integrated into the chromosome and are 
thus present in all progeny. Similar to the prior experiment, the fluorescent signals of 1D9-800CW 
were higher at the site of the S. aureus infection compared with the E. coli infection (Fig. 4A, B), 
showing the specificity of 1D9-800CW for S. aureus. Likewise, the bioluminescent signals of the 
infecting bacteria both decreased over time (Fig. 4C,D), suggesting reduced bacterial growth and/or 
clearance. A noteworthy observation was that the 1D9-800CW signal relating to S. aureus infection 
was highly stable over 7 days, which is in line with known antibody half-lifes of ~2 weeks. This 
implies that this particular probe can be used over several days upon administration, which is a clear 
advantage for potential clinical applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Distinction of S. aureus and E. coli infection by optical imaging with 1D9-800CW. 
To distinguish between a community-acquired MRSA and E. coli infection by optical imaging with 1D9-800CW, 
mice were inoculated on opposite flanks with bioluminescent S. aureus SAP231 (SAP) and E. coli Xen14 (Ec) as 
described for Figure 3. Images were recorded at different time points pre and post intravenous administration of 
2.5 mg/kg 1D9-800CW. (A) NIR fluorescence images of representative mice were collected with 
excitation/emission wavelengths of 740/845 nm. (B) Mean total radiant efficiency (photons/s)/(mW/cm2) ± s.e.m. 
of the in vivo fluorescent signals. (C) Bioluminescence images of representative mice. (D) Mean total flux 
(photons/sec) ± s.e.m. (logarithmic scale) of in vivo bioluminescent signals. In panels B and D, variations are 
indicated with error bars and statistically significant differences with different symbols for each curve (* = P<0.05; 
† = P<0.01; ‡ = P<0.001).   
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Previously, we have shown that the antibiotic vancomycin labeled with IRDye800CW (i.e., vanco-
800CW) also allows for highly specific noninvasive in vivo detection of infecting staphylococci. 
However, vanco-800CW detects a broad spectrum of Gram-positive bacteria 13. In contrast, a positive 
signal obtained with 1D9-800CW is diagnostic for potentially virulent staphylococci and invasive 
MRSA infections. 

Noninvasive in vivo PET imaging of S. aureus infection with 89Zr-1D9 

NIR fluorescence imaging of infection is appealing due to its speed, noninvasiveness and high 
resolution. In addition, it does not involve the use of radioactive isotopes, which makes it less 
expensive and more flexible than PET or single-photon emission computed tomography imaging, as 
well as circumventing the burden of ionizing radiation 4. Despite these advantages, one major 
drawback of NIR fluorescent imaging is the limited signal penetration through tissue, which is about 
1 cm due to light absorption and scatter 4. For these reasons, we also explored the possibility of 
applying 1D9 to whole-body PET imaging to see if this modality would allow the high-sensitivity 
delineation of deeper-seated infections with clinical significance. Thus, 1D9 was labeled with 89Zr, 
which has a half-life of 78.4 h. Similar to the experiments shown in Figure 3A, B, opposite flanks of 
each mouse were inoculated with wt S. aureus SH1000 and the isogenic isaA mutant MS001 (ΔisaA). 
At 1 day post-infection, 0.7 mg/kg of 89Zr-1D9 was administered and PET images were recorded on 
days 3, 5, and 7. As shown in Figure 5A, B, 89Zr-1D9 revealed a specific accumulation at the site of 
infection, with a significantly higher intensity for the infection caused by wild-type S. aureus 
compared to the infection by IsaA-deficient S. aureus. Statistically significant differences between the 
specific and control infections were detected for 3 days. However, due to the limited half-life of 89Zr, 
imaging was only possible for up to 7 days.  

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5. In vivo IsaA-specific PET imaging of S. aureus infection with 89Zr-1D9.  
For in vivo IsaA-specific PET imaging of S. aureus infection with 89Zr-1D9, mice were inoculated on opposite 
flanks with either S. aureus SH1000 (wt) or S. aureus MS001 (∆isaA) as described for Figure 3 (t-1). One day post 
inoculation (t0), 0.7 mg/kg 89Zr-1D9 was administered intravenously and images were subsequently recorded at 
different time points as indicated. (A) PET images of representative mice [arrows = wt infection; arrowheads = 
∆isaA infection; * = knee joint; & = heart]. (B) PET total activity (µCi) at the site of infection. In panel B, 
variations are indicated with error bars and statistically significant differences with an asterisk (* = P<0.05). 
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Conclusion 

Here we present the humAb 1D9 as a highly specific probe for both fluorescence and PET imaging of 
staphylococcal infections. The high specificity of 1D9 is demonstrated by longitudinal measurements 
in mouse infection models with extensive controls, in particular recombinant IsaA-deficient S. aureus, 
the Gram-negative bacterium E. coli and purified LPS. Thus, off-target accumulation of 1D9 at sites 
of inflammation and infection, e.g. due to increased blood flow and vascular permeability, may be 
ruled out. We consider it important that 1D9 is compatible with PET imaging modalities, because this 
may permit a faster introduction into the clinic as PET facilities are widely available in hospitals 
around the globe. Further, our experiments suggest the feasibility of 1D9 applications in optoacoustic 
imaging, which has a significantly better tissue penetration (> 8 cm) than light (~1 cm). 

The need for rapid noninvasive modalities for infection imaging is highlighted by recent publications 
on a variety of probes that, together, allow in vivo detection of a broad spectrum of pathogens. For 
instance, these include probes based on antibiotics 4,47, maltodextrin 48, prothrombin 49, 
oligonucleotides 50, the bacteriophage M13 12,51, and concanavalin A 52. In this study, the 1D9 probe 
was evaluated as a novel and alternative antibody-based probe with high target specificity for S. 
aureus. 1D9 labeled with the NIR fluorophore IRDye800CW could be used to continuously monitor 
infecting bacteria over a period of at least 7 days using in vivo fluorescence imaging. For the imaging 
of deeper-seated infections, 1D9 labeled with 89Zr can can be used in conjunction with whole-body 
PET imaging. We therefore conclude that the humAb 1D9 provides new targeted and specific 
diagnostic imaging tracers for clinically-relevant S. aureus infections.  
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The intimate relationship between humans and the pathogen Staphylococcus aureus dates back a long 
time in evolution. The earliest description of S. aureus was recorded in 1882 by the Scottish surgeon 
Sir Alexander Ogston. At the time, he described S. aureus cells detected in the pus of acute abscesses 
as micrococci growing sometimes in clusters and sometimes in chains 1. The close and long-term 
relationship between S. aureus and the human host is clearly reflected by the staphylococcal virulence 
factors that specifically target human immune responses and that have no or limited activity in other 
organisms. These include the Panton-Valentine Leukocidin (PVL)2, γ-hemolysin CB (HlgCB)3, 
Enterotoxin A (SEA) 4, the staphylococcal complement inhibitor (SCIN) 5, the chemotaxis inhibitory 
protein (CHIPS) 6 and the staphylokinase (Sak) 7. The intimate relationship between S. aureus and the 
human host is also mirrored by the ubiquitous presence of S. aureus in humans. In the large majority 
of cases, the S. aureus carriage is asymptomatic but, when the primary human defenses are breached, 
S. aureus is capable of colonizing and infecting virtually any site of the human body, inside 8 and 
outside 9. Unfortunately, the long co-existence has also taught S. aureus how to effectively evade the 
human immune defenses, resulting in very high mortality rates from S. aureus bacteremia before the 
introduction of antibiotic therapy 10. The recent alarming increase of antibiotic resistance in S. aureus, 
and especially the rise of methicillin-resistant S. aureus (MRSA), now threatens to bring back the old-
time high mortality rates. Consequently, there is a pressing need to develop novel prophylactic or 
therapeutic treatments against S. aureus infections as alternatives to antibiotics therapy 11,12. 

This thesis reports on human antibody responses to surface-exposed S. aureus proteins, and possible 
diagnostic applications of anti-staphylococcal monoclonal antibodies. As previous active 
immunization efforts have failed to bring an effective S. aureus vaccine to the clinic, it is very 
important to better understand the host-pathogen interactions that contribute to vaccine failure, the 
success of S. aureus as a pathogen, and its effective escape from immune control 13,14.  Most humans 
are exposed to S. aureus early in life: more than 70% of newborn babies have at least one positive 
nasal culture with S aureus 15. Later on, about a third of the healthy adult individuals are S. aureus 
carriers 9,16. Underneath this high prevalence of S. aureus on the human body lies a highly diverse 
immune response, the shape of which is influenced by exposure history, differences in the S. aureus 
strains that have been encountered, genetic determinants of the host, and environmental factors 9,16–21. 
Despite the fact that anti-staphylococcal antibody levels increase strongly during bacteremia 16,19, the 
S. aureus-induced immune response still fails to provide significant protection against subsequent 
infections. However, it is possible that a continuous exposure to staphylococcal antigens might 
improve the effectiveness of the immune response 17. Remarkably, S. aureus bacteremia is 
infrequently observed in older patients with the blistering disease epidermolysis bullosa (EB), despite 
high S. aureus colonization rates in their (chronic) wounds. This suggests that the high anti-
staphylococcal IgG levels in these patients, due to continuous exposure to multiple strains, may be 
protective against invasive S. aureus infections 22–26. If so, this would argue that active immunization 
of healthy individuals with appropriate antigens may indeed elicit an immune response similar to the 
one observed in EB patients that provides effective protection against S. aureus infections. Several 
studies, including the ones described in this thesis, have already studied the EB patients’ immune 
responses to evaluate the antigenicity of several S. aureus proteins 23,26.  The importance of these 
patients’ immune responses to S. aureus was the incentive for the research described in all 
experimental chapters of this thesis. Chapter 2 describes the immune responses against surface-
exposed S. aureus proteins, indicating their potential for use as vaccine antigens. Chapter 3 
exemplifies the use of plasma from an EB patient for rapid antigen screening. Chapter 4 reports on a 
newly identified human monoclonal antibody (humAb) cloned form B-cells donated by an EB patient, 
which binds to the S. aureus SCIN protein. In Chapter 5, EB patient IgGs and the recently described 
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anti-IsaA humAb 1D9 are shown to preferentially bind the N-terminus of the immunodominant 
staphylococcal antigen A (IsaA). Interestingly, 1D9 was found to target a 62 amino acid N-terminal 
region of the mature IsaA protein. Finally, in Chapter 6 the application potential of 1D9 in the in vivo 
detection of S. aureus infections is highlighted.   

Surface-exposed and secreted proteins of S. aureus have previously been studied as potential vaccine 
targets 27,28. While most studies focused on covalently cell wall-anchored proteins of S. aureus, less-
studied non-covalently cell wall-bound proteins are also promising candidate vaccine targets 29, with 
two of these proteins, IsaA and Atl, being the most often found surface-associated proteins (Chapter 
1). Using a combined bioinformatics and proteomics approach, a set of non-covalently cell wall-
bound proteins was identified, which included both newly identified and previously reported surface 
proteins. Subsequently, the antibody responses in plasma from selected EB patients and healthy 
volunteers were measured (Chapter 2). This led to several interesting observations. 1) For all tested 
non-covalently cell wall-bound proteins, on average, significantly higher antibody responses were 
observed in plasma samples from EB patients compared to plasma samples from the healthy carrier 
controls. The highest antibody levels were observed when patients were colonized by multiple S. 
aureus strains. 2) There was a large inter-patient variation in the levels of antibodies against particular 
non-covalently cell wall-bound proteins. 3) There was large variation in the antibody responses from 
the same EB patient against different antigens. In other words, while all EB patients showed high 
immune responses against non-covalently cell wall-bound proteins, there was no individual antigen 
with a high immune response in all patients, and there were no patient sera with a consistently high 
antibody titer to all antigens. Of note, only a small portion of all potential non-covalently cell wall-
bound proteins have been studied for potential human antibody responses. Further research should 
therefore help to elucidate the group of antigens that can elicit consistently high immune responses in 
a majority of EB patients. This patient group is of particular interest, as their immune responses to S. 
aureus can potentially uncover antibody profiles that may guide approaches for eliciting protective 
immune responses by active immunization (Figure 1).  

To probe the immune response of EB patients against a specific antigen, it is usually necessary to first 
generate the antigen in purified form. Chapter 3 presents an expanded set of Lactococcus lactis 
vectors that facilitates the production and purification of differentially tagged and secreted proteins 
from the culture medium. Proteins tagged with the Strep-tag can be affinity-purified or immobilized 
in one step. The Avi- and His6-tag constructs enable the production and purification of proteins that 
have been site-specifically labeled with biotin. Expression of strep-tag labeled and secreted L. lactis 
proteins has not been described before. The addition of this third-generation vector set to the currently 
available arsenal for cloning and expression of S. aureus antigens will, most likely, be useful for 
future research efforts. 

Several non-covalently cell wall-bound proteins of S. aureus were identified in vitro (Chapter 2). 
However, it is possible that certain secreted proteins of S. aureus also behave as non-covalently cell 
wall-bound proteins, but only under specific conditions. This is exemplified by the SCIN protein, 
which is usually found in the supernatant of S. aureus cultures. Accordingly, SCIN is generally 
regarded as an extracellular protein 5. However, SCIN behaves as a non-covalently cell wall-bound 
protein in the presence of human plasma (Chapter 4). This relates to its recruitment to staphylococcal 
cells by binding of C3 convertases. It is thus very well possible that the number of non-covalently cell 
wall-bound proteins of S. aureus is actually substantially larger under in vivo conditions than 
currently believed on the basis of in vitro culturing data. This reignites interest in the proteomics 
analysis of the S. aureus ‘corona’, which is the human and staphylococcal protein complement that is 
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recruited to the S. aureus cell surface in vivo. The composition of the corona can be approximated by 
in vitro incubation of S. aureus cells in human body fluids, such as serum30. Of note, the studies 
described in Chapter 4 made use of the anti-SCIN humAb 6D4, which was shown to inhibit the 
activity of SCIN by binding to its active site. Thus, 6D4 can be added to a growing list of specific 
anti-staphylococcal antibodies that may find use in future clinical applications. As SCIN is not 
essential for the virulence of S. aureus, an application in passive immunization is less likely, but 6D4 
may have potential for infection imaging as shown with another anti-staphylococcal humAb (1D9) in 
Chapter 6 of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Schematic representation of the development of humoral immunoglobulin responses 
against S. aureus throughout life of healthy individuals vs. EB patients 
From an early age, S. aureus (Sa) exposure drives a heterogeneous immune response in healthy individuals, which 
is characterized by relatively low anti-Sa immunoglobulin (Ig) levels. Due to their chronic wounds colonized with 
Sa and potentially recurrent bacteremia in early age, EB patients are subject to high Sa exposure, which drives a 
still heterogeneous immune response characterized by high overall anti-Sa levels to a plethora of staphylococcal 
virulence factors. During life, EB patients undergo severe Sa exposure, which elicits stronger immune responses 
that are reflected in high Ig levels against specific Sa antigens. Identification of the antigens that elicit high Ig 
levels in several EB patients provides a picture of potentially effective EB patient antibody responses. 

Passive immunization, the transfer of active humoral immunity in the form of ready-made antibodies 
for the treatment or prevention of infectious diseases, has been used for over a century 31. Previous 
reports have shown that both the recently identified anti-IsaA humAb 1D9, and another humanized 
monoclonal anti-IsaA antibody, improved the survival of mice challenged with S. aureus infections 
by passive immunization 32,33. However, active immunization of mice with an octa-valent 
staphylococcal vaccine containing IsaA did not result in protection against this pathogen, despite 
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generating a high IgG response 34. This difference may be explained by preferred binding of anti-IsaA 
IgGs in IsaA-immunized mice to the C-terminus of IsaA, while the partially protective IsaA-specific 
humAb 1D9 binds to the N-terminus of IsaA (Chapter 5). Intriguingly, also IgGs in plasma samples 
from EB patients were found to preferentially bind the N-terminal moiety of IsaA. Apart from the fact 
that this differentiated epitope recognition may just reflect that a murine immune response is not 
identical to the human immune response, these findings suggest that the initial immune response 
against an S. aureus antigen may not be the most efficient response. Instead, repeated exposure, as 
occurs naturally in EB patients due to high S. aureus colonization rates, may yield a more efficient 
immune response. Alternatively, the N-terminal domain of IsaA may not be properly presented to the 
immune system if the purified IsaA protein is used for immunization. Thus, it is conceivable that 
immunization only with the antigenic N-terminal region may be associated with a better outcome, 
perhaps also without repeated exposure. In addition, the observations presented in Chapter 5 suggest 
that future research could benefit from analyzing functional fragments of particular antigens instead 
of the full size proteins. This is exemplified in Chapter 2 for the Atl protein, where two functional 
fragments designated as Atl1 and Atl2 were separately expressed and used for screening the human 
IgG response. Such an approach will indicate the preferred (if any) binding sites of potentially 
protective IgGs in EB patient sera. 

Physical removal of infection foci may be necessary to fight staphylococcal infections. For example, 
this is the case for infections precipitated on implanted materials and medical devices 35. Several 
examples of imaging probes with broad specificity for bacteria have been published. Yet, relatively 
few studies have reported the targeted imaging of infections by a particular bacterial species 36. 
Chapter 6 describes the use of the humAb 1D9 labeled with the infrared fluorophore IRDye 800CW 
as a specific Staphylococcus-targeted imaging probe. Detection of the infrared signal crossing the 
human skin was shown, in agreement with the previously reported penetration depth of ~1 cm 37, as 
well as significant specific detection of S. aureus in a murine skin infection model. As has been 
demonstrated previously for oncological applications 38–40, the use of labeled antibodies specific for S. 
aureus antigens as probes for targeted fluorescent imaging could potentially guide and improve the 
surgical removal of infection foci, by specifically pinpointing the infected tissue or implant to be 
removed, while sparing the healthy surrounding tissue. While the use of 1D9 labeled with IRDye 
800CW or the positron emission tomography tracer 89Zirconium was enough for specific detection of 
S. aureus in murine infection models, it is conceivable that the simultaneous use of two or more 
Staphylococcus-specific antibodies, like 1D9 and 6D4, can drastically increase specificity, sensitivity 
and signal-to-background ratios in the detection of S. aureus infections. Alternatively, testing of 
additional tracers 36, for example tracers suitable for optoacoustic imaging41, could potentially 
facilitate the detection of infections seated deeper inside the body by increasing the tissue penetration 
range for detection.  

In conclusion, several potential S. aureus targets for the development of active or passive 
immunization approaches have been described, and a pipeline for targeted identification and 
development of candidate antigens has been devised (Figure 2). The effective anti-staphylococcal 
immune responses of heavily colonized EB patients, who show infrequent S. aureus bacteremia, were 
used to define the antigenic and therapeutic potential of several specific antigens. In addition, two 
promising S. aureus-specific humAbs, 1D9 and 6D4, have been described. For one of them - 1D9 - it 
was shown that significant S. aureus-specific in vivo detection of infection could be achieved in 
animal models. Future research with animal infection models should show whether these antibodies 
can be applied for the fight against S. aureus infection, either by themselves or in combination. 
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Figure 2: Schematic representation of a pipeline for vaccine target selection and evaluation  
Potential antigenic targets are identified from literature mining and by proteomic analysis of different culture 
fractions from diverse bacterial isolates under culture conditions that approximate conditions in the human host.42 
Once selected, proteinaceous antigens are expressed in L. lactis, isolated, and tested for potential human 
immunogenicity by screening with sera from S. aureus-challenged EB patients (i.e. target selection). Selected 
candidate antigens are then evaluated for efficacy in the protection against infection by active immunization in an 
animal infection model. Production and selection of human monoclonal antibodies (humAbs) against selected 
targets can be performed with the help of B-cells from EB patients. Selected humAbs can then be evaluated for 
their potential prophylactic or therapeutic use through passive immunization studies with animal infection models, 
and/or for their applicability in imaging of bacterial infections upon labeling with appropriate tracers. 
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De intieme relatie tussen de bacterie Staphylococcus aureus en de mens heeft een lange geschiedenis. 
S. aureus werd voor het eerst in 1882 beschreven door de Schotse chirurg Sir Alexander Ogston. Hij 
karakteriseerde de S. aureus bacteriën die hij geïsoleerd had uit het pus van een abces als 
microkokken die soms in klusters en soms in ketens groeiden. De interacties tussen S. aureus en de 
humane gastheer zijn het duidelijkst herkenbaar in de zogenaamde virulentiefactoren, de factoren die 
ons ziek maken. Die zijn in veel gevallen heel specifiek gericht op het immuunsysteem van de mens 
en hebben weinig of geen effect op andere organismen. De sterke band tussen S. aureus en de mens 
uit zich ook in de aanwezigheid van S. aureus op vele plekken in en op het menselijk lichaam, met 
name in de keel-neusholte, op de huid en in de haren. In de meeste gevallen is het dragerschap van S. 
aureus asymptomatisch, dat wil zeggen dat men er niet ziek van wordt. Wanneer echter onze primaire 
barrières, de huid en slijmvliezen, doorbroken worden, kan S. aureus vrijwel elke plek van ons 
lichaam bereiken en aldaar een infectie veroorzaken. In de tijd voorafgaand aan de ontdekking van 
antibiotica heeft dit geleid tot hoge sterfte onder patiënten met S. aureus infecties, vooral wanneer 
deze bacterie in het bloed terecht kwam. De recente toename in de resistentie van S. aureus tegen 
antibiotica en, in het bijzonder, de toename van de meticilline-resistente S. aureus (MRSA) dreigt nu 
te leiden tot een terugkeer naar de dagen, waarin S. aureus infecties een hoge sterfte onder patiënten 
veroorzaakten. Dit is met name een horrorscenario voor patiënten met een verzwakt immuunsysteem, 
zoals bijvoorbeeld patiënten die een orgaantransplantatie hebben ondergaan of patiënten die 
behandeld worden met cytostatica. Het is daarom noodzakelijk om nieuwe behandelmethodes voor  S. 
aureus infecties als alternatief of supplement voor antibiotica te ontwikkelen. Daarnaast is een 
vroegtijdige diagnose van dergelijke infecties noodzakelijk om ze zo effectief mogelijk te kunnen 
behandelen. 

Dit proefschrift beschrijft afweerreacties tegen eiwitten op het celoppervlak van S. aureus en het 
mogelijke gebruik van door het afweersysteem gevormde antistoffen voor de herkenning van S. 
aureus infecties. Er zijn in de afgelopen jaren meerdere vergeefse pogingen gedaan om een effectief 
vaccin tegen S. aureus te ontwikkelen. Door deze mislukkingen is het evident, dat we een beter begrip 
moeten krijgen van de interacties tussen de ziekteverwekker en zijn gastheer die bijdragen aan het 
mislukken van de ontwikkelde vaccins, het succes van S. aureus als ziekteverwekker en de manier 
waarop S. aureus steeds weer ontsnapt aan ons afweersysteem. De meeste mensen worden al vroeg in 
hun leven blootgesteld aan S. aureus. Zo blijkt meer dan 70% van de pasgeboren babies op enig 
moment drager te zijn van S. aureus. Op latere leeftijd draagt ongeveer een derde deel van de gezonde 
volwassenen S. aureus bij zich. Het dragerschap van S. aureus op het lichaam van de mens leidt tot 
zeer uiteenlopende immuunreacties, waarvan de dimensies worden bepaald door de individuele 
geschiedenis van blootstelling aan S. aureus, de zeer diverse stammen van S. aureus die de drager 
tijdens zijn leven heeft ontmoet, genetisch-bepaalde eigenschappen van de mens en diverse 
omgevingsfactoren. Ondanks het feit dat de hoeveelheid antistoffen tegen S. aureus sterk toeneemt 
tijdens een infectie blijkt dit geen afdoende bescherming te bieden tegen volgende infecties door deze 
bacterie. Het is echter wel waarschijnlijk, dat een voortdurende blootstelling aan S. aureus de 
effectiviteit van de immuunreacties tegen deze bacterie verhoogt. Zo is het bijvoorbeeld opmerkelijk, 
dat S. aureus zelden ernstige infecties veroorzaakt bij patiënten met de erfelijke blaarziekte 
epidermolysis bullosa (EB), ondanks het feit dat de chronische wonden van deze patiënten meestal 
sterk gekoloniseerd zijn door S. aureus. Dit suggereert dat de hoge antistofniveaus die deze patiënten 
tegen S. aureus aanmaken hen tot op zekere hoogte beschermen tegen ernstige infecties, maar niet 
tegen het dragerschap van de S. aureus bacterie. De verhoogde aanmaak van antistoffen is het meest 
evident als EB-patiënten drager zijn van verschillende stammen van de S. aureus bacterie. Als deze 
antistoffen inderdaad bescherming bieden tegen S. aureus infecties, dan zou dit betekenen dat actieve 
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immunisatie van gezonde personen met de juiste componenten van de S. aureus bacterie zou kunnen 
leiden tot mogelijk beschermende immuunreacties, zoals dit bij de EB-patiënten het geval lijkt te zijn. 
Meerdere studies, waaronder een aantal studies beschreven in dit proefschrift, waren daarom gericht 
op de beschrijving van de antistoffen die EB-patiënten aanmaken tegen de verschillende eiwitten die 
S. aureus produceert. Hoofdstuk 2 van dit proefschrift beschrijft de immuunreacties tegen eiwitten die 
aan het oppervlak van de S. aureus bacterie geëxponeerd zijn, waardoor ze goed zichtbaar zijn voor 
het menselijke afweersysteem. Dit geeft daarom indicaties voor hun mogelijke geschiktheid voor 
gebruik in vaccins. Hoofdstuk 3 laat zien hoe bloedplasma, gedoneerd door een EB-patiënt, toegepast 
kan worden voor een snelle screening van aangemaakte antistoffen. Hoofdstuk 4 beschrijft de analyse 
van een nieuwe gekloneerde antistof, een zogenaamd humaan monoclonaal antilichaam, die was 
verkregen van een EB-patiënt. Deze antistof met de code 6D4 bindt aan het zogenaamde SCIN eiwit 
van S. aureus, dat deze bacterie samen met een aantal andere eiwitten beschermt tegen de menselijke 
afweer. In hoofdstuk 5 wordt beschreven hoe antistoffen van EB-patiënten binden aan een ander 
veelvoorkomend S. aureus eiwit, IsaA genaamd. Eerder onderzoek had namelijk laten zien, dat 
antistoffen tegen het IsaA-eiwit, waaronder de gecloneerde antistof met de code 1D9, mogelijk 
bescherming bieden tegen S. aureus infecties. Een opmerkelijke bevinding was, dat de antistoffen van 
EB-patiënten allemaal bonden aan één deel van het IsaA ewit waaraan ook de 1D9 antistof bond. Dit 
zou er op kunnen duiden, dat antistoffen juist aan dit deel van IsaA moeten binden om bescherming te 
bieden tegen S. aureus infecties. Dit is momenteel nog een veronderstelling, maar belangrijk is dat 
deze veronderstelling goed te toetsen is in dierproeven, waarbij proefdieren met verschillende delen 
van het IsaA-eiwit separaat geïmmuniseerd worden. In het laatste experimentele hoofdstuk van dit 
proefschrift, hoofdstuk 6, wordt de mogelijke toepassing van de antistof 1D9 beschreven bij de 
detectie van S. aureus infecties. Hiertoe werd deze antistof, gemarkeerd met fluorescente of 
radioactieve molekulen, ingespoten in een proefdier met een S. aureus infectie. Vervolgens kon door 
geavanceerde beeldvormingstechnieken de ophoping van de gemarkeerde antistof op de plaats van de 
infectie zichtbaar gemaakt worden.  

Oppervlakte-eiwitten en gesecreteerde eiwitten van S. aureus zijn eerder als mogelijke componenten 
van vaccins beschreven. In de meeste eerdere studies lag de focus bij eiwitten die covalent gebonden 
zijn aan de celwand van S. aureus. De veel minder bestudeerde, niet-covalent gebonden 
celwandeiwitten zijn echter ook veelbelovende vaccin-kandidaten. Hierbij springt in het oog dat twee 
van deze eiwitten, IsaA en Atl genaamd, de meest-voorkomende eiwitten uit deze groep zijn 
(hoofdstuk 1). Met behulp van een gecombineerde bioinformatica- and proteomics-benadering werd 
een set van niet-covalent gebonden celwandeiwitten van S. aureus geïdentificeerd die zowel nieuwe 
als eerder beschreven eiwitten van deze klasse bevatte. Vervolgens werden de antistofniveaus tegen 
deze eiwitten in het bloedplasma van geselecteerde EB-patiënten en gezonde vrijwilligers gemeten 
(hoofdstuk 2). Dit leverde verschillende interessante waarnemingen op. 1) Het plasma van alle EB-
patiënten bevatte hogere antistofniveaus tegen de onderzochte eiwitten dan het plasma van gezonde 
vrijwilligers. De hoogste antistofconcentraties werden gevonden in het plasma van patiënten die 
drager waren van meerdere verschillende S. aureus stammen. 2) Er waren grote verschillen tussen 
patiënten in de antistofniveaus tegen bepaalde niet-covalent gebonden celwandeiwitten. 3) 
Individuele patiënten vertoonden zeer verschillende niveaus van antistoffen tegen de verschillende S. 
aureus eiwitten. Dit betekent dat alle onderzochte EB-patiënten hoge antistofniveaus tegen niet-
covalent gebonden celwandeiwitten van S. aureus vertoonden, maar dat niet één van deze eiwitten in 
alle patiënten tot een hoog specifiek antistof-niveau had geleid. Hierbij moet opgemerkt worden, dat 
er slechts een fractie van alle bekende, niet-covalent gebonden celwandeiwitten van S. aureus in dit 
onderzoek is meegenomen. Toekomstig onderzoek zou zich daarom moeten richten op de 
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celwandeiwitten uit deze klasse, waartegen zo veel mogelijk antistoffen in de meerderheid van de 
onderzochte EB-patiënten aantoonbaar zijn. Dit zouden dan geschikte eiwitten kunnen zijn om via 
vaccinatie hoge antistofniveaus op te wekken die wellicht beschermen tegen S. aureus infecties. De 
EB-patiëntengroep is in dit opzicht zeer interessant, omdat de immuunreacties van deze patiënten 
tegen S. aureus antistofprofielen zichtbaar kunnen maken, die als leidraad gebruikt kunnen worden 
voor het samenstellen van vaccins die bescherming tegen S. aureus infecties kunnen bieden.  

Om de immuunreacties van EB-patiënten of gezonde vrijwilligers tegen specifieke eiwitten te toetsen 
is het noodzakelijk om deze eiwitten te kunnen zuiveren. Hoofdstuk 3 beschrijft een set plasmides die 
geschikt zijn voor de productie van dergelijke eiwitten in de bacterie Lactococcus lactis en voor de 
daaropvolgende rechtstreekse zuivering van deze eiwitten uit het groeimedium. Met behulp van de 
ontwikkelde plasmides kunnen de eiwitten bijvoorbeeld voorzien worden van een Strep-tag die 
gebruikt kan worden voor de eiwitzuivering in één stap. Andere plasmides kunnen gebruikt worden 
voor de productie en zuivering van eiwitten met zogenaamde Avi- en His6-tags. Met behulp van de 
Avi-tag kunnen deze eiwitten op een specifieke positie gemarkeerd worden met biotine, waarna ze 
voor verschillende toepassingen gebruikt kunnen worden. Secretie van  Strep-tag gemarkeerde 
eiwitten door L. lactis is nog niet eerder beschreven. De toevoeging van deze set van ‘derde-generatie 
plasmides’ aan het reeds bestaande arsenaal van plasmides voor eiwitproductie in L. lactis zal 
mogelijk helpen bij toekomstige inspanningen om eiwitten van S. aureus te ontwikkelen voor 
vaccinatiedoeleinden. 

De aanwezigheid van meerdere niet-covalent gebonden celwandeiwitten van S. aureus kon 
aangetoond worden door deze bacterie in het laboratorium te kweken (hoofdstuk 2). Het is echter 
denkbaar dat bepaalde S. aureus eiwitten zich in het menselijk lichaam anders gedragen dan wanneer 
de bacterie in het laboratorium gekweekt wordt. Hoofdstuk 4 beschrijft dit fenomeen voor het 
zogenaamde SCIN eiwit, dat bij kweken in het laboratorium altijd als gesecreteerd eiwit in het 
groeimedium gevonden wordt. Dientengevolge wordt dit eiwit algemeen beschouwd als een 
gesecreteerd eiwit. SCIN gedraagt zich echter als een niet-covalent celwandgebonden eiwit in de 
aanwezigheid van humaan bloedplasma (hoofdstuk 4). Dit komt doordat humane eiwitten, de 
zogenaamde C3 convertases, aan het celoppervlak van S. aureus binden. Dit fenomeen is onderdeel 
van de cascade van aangeboren afweerreacties tegen S. aureus. Het SCIN eiwit hecht aan deze C3 
convertases, waardoor het op niet-covalente wijze aan de S. aureus cellen gebonden wordt. Het lijkt 
derhalve aannemelijk, dat in een geïnfecteerde patiënt het aantal niet-covalent gebonden 
celwandeiwitten van S. aureus aanzienlijk groter is dan tot dusver op grond van laboratoriumkweken 
vermoed werd. Dit is een reden om in de toekomst verder onderzoek te doen naar de zogenaamde 
‘corona’ van S. aureus, waamee de humane en gesecreteerde eiwitten van S. aureus bedoeld worden 
die binden aan het celoppervlak van de bacteriecellen wanneer ze het menselijk lichaam infecteren. 
De samenstelling van deze corona kan in het laboratorium onderzocht worden door S. aureus cellen te 
incuberen in humane lichaamsvloeistoffen zoals bloedplasma. Voor de studies beschreven in 
hoofdstuk 4 werd overigens gebruik gemaakt van de gekloneerde anti-SCIN antistof 6D4. Hierbij 
werd aangetoond dat deze antistof de activiteit van het SCIN eiwit remt. 6D4 kan derhalve 
toegevoegd worden aan een groeiende lijst van specifieke anti-S. aureus antistoffen die mogelijke in 
de toekomst gebruikt kunnen worden voor klinische toepassingen. Aangezien het SCIN eiwit niet 
essentieel is voor de S. aureus bacterie, lijkt een toepassing van de antistof 6D4 in passieve 
immunisatie, dat wil zeggen de toedoening van reeds geproduceerde antistoffen aan de mens om deze 
te beschermen, niet waarschijnlijk. Veeleer zou de antistof 6D4 toegepast kunnen worden om S. 
aureus infecties vroegtijdig op te sporen, gebruik makend van moderne beeldvormingstechnieken 
zoals beschreven wordt voor de antistof 1D9 in hoofdstuk 6 van dit proefschrift. 
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Passieve immunisatie wordt al meer dan een eeuw toegepast om de mens te beschermen tegen 
infectieziekten. Eerdere studies hebben laten zien, dat passieve immunisatie met zowel de anti-IsaA 
antistof 1D9 als met een andere monoklonale anti-IsaA antistof, de overlevingskansen van muizen 
geïnfecteerd met S. aureus vergrootte. Actieve immunisatie van muizen met een vaccin bestaand uit 
acht verschillende eiwitten, waaronder IsaA, resulteerde echter niet in bescherming tegen deze 
ziekteverwekker, alhoewel de muizen antistoffen tegen IsaA produceerden. Dit verschil is wellicht te 
verklaren door de waarneming, dat de antistoffen die de geïmmuniseerde muizen hadden aangemaakt, 
bonden aan het C-terminale uiteinde van IsaA, terwijl de beschermende antistof 1D9 aan de N-
terminus van IsaA bindt (hoofdstuk 5). Het is intrigerend, dat ook de antistoffen in bloedplasma van 
EB-patiënten aan het N-terminale deel van IsaA binden, wat suggereert dat deze antistoffen inderdaad 
bescherming bieden tegen S. aureus infectie. Deze resultaten onderstrepen ook, dat de 
immuunrespons van muizen niet gelijk is aan die van de mens. Verder suggereren ze, dat een eerste 
immuunreactie tegen een S. aureus eiwit niet meteen de meest effectieve reactie hoeft te zijn. 
Herhaalde blootstelling aan zo’n eiwit, zoals van nature gebeurt in de wonden van EB-patiënten door 
de hoge hoeveelheden koloniserende S. aureus bacteriën, zou wellicht kunnen leiden tot een 
effectievere immuunrespons tegen andere delen van het eiwit. Een andere mogelijke verklaring van 
de waargenomen specificiteit van de muizenantistoffen tegen het C-terminale deel van IsaA zou 
kunnen zijn, dat dit gezuiverde eiwit bij immunisatie niet op de juiste manier aan het immuunsysteem 
gepresenteerd werd. Het is daarom voorstelbaar dat immunisatie met uitsluitend het N-terminale deel 
van IsaA kan leiden tot een betere uitkomst, misschien zelfs zonder herhaalde blootstelling aan dit 
deel van het eiwit. De waarnemingen beschreven in hoofdstuk 5 suggereren tenslotte, dat toekomstig 
onderzoek wellicht gebaat zal zijn bij het gebruik van specifieke eiwitfragmenten voor immunisatie in 
plaats van het gehele eiwit. Dit idee wordt ondersteund door de resultaten verkregen met het Atl eiwit, 
zoals beschreven in hoofdstuk 2. Hierbij werden twee functionele fragmenten van het Atl eiwit, Atl1 
en Atl2 genaamd, separaat gebruikt voor het screenen van specifieke antistoffen in bloedplasma. Zo’n 
benadering kan in principe laten zien welke bindingsplaatsen geprefereerd worden door de mogelijk 
beschermende antistoffen van EB-patiënten. 

In sommige gevallen is het nodig om S. aureus infectiehaarden operatief te verwijderen. Dit is 
bijvoorbeeld het geval bij implantaatinfecties. In de afgelopen jaren zijn in de vakliteratuur meerdere 
mogelijke reagentia, zogenaamde ‘tracers’, beschreven die gebruikt kunnen worden om infecties, 
vooroorzaakt door een breed spectrum aan bacteriën, zichtbaar te maken. Daarentegen zijn er niet 
veel voorbeelden van  tracers die specifiek zijn voor een bepaalde bacteriesoort. Hoofdstuk 6  
beschrijft het gebruik van de antistof 1D9 als Staphylococcus-specifieke tracer, waarbij de antistof 
was gemarkeerd met de verbinding IRDye 800CW die bij activatie met specifiek laserlicht op zijn 
beurt infrarood licht uitzendt. Met behulp van deze tracer en een infraroodcamera kon inderdaad een 
S. aureus infectie aangetoond worden in een diermodel. Dit betekent dat gemarkeerde antistoffen, die 
specifiek aan S. aureus binden, als tracers gebruikt kunnen worden, bijvoorbeeld tijdens een operatie. 
De chirurg kan dan namelijk via een geavanceerd infraroodcamerasysteem zien waar de infectiehaard 
precies zit en deze vervolgens geheel verwijderen zonder al te veel niet geïnfecteerd weefsel mee te 
nemen. Ook dieper gelegen infecties kunnen met de 1D9 antistof zichtbaar gemaakt worden, maar 
dan is het beter om de antistof te markeren met een radioactieve stof, bijvoorbeeld 89Zirconium. 
Binding van de radioactief gemarkeerde antistof aan infecterende S. aureus bacteriën kan dan via de 
zogenaamde ‘positron emission tomography’, beter bekend als PET-scanning, zichtbaar gemaakt 
worden. Terwijl het gebruik van één antistof goed lijkt te werken in een muizenmodel is het wellicht 
nodig om twee of meer antistoffen te gebruiken bij S. aureus infecties in de mens. Wellicht kunnen de 
Staphylococcus-specifieke antistoffen 1D9 en 6D4, zoals beschreven in dit proefschrift, hiertoe 
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gebruikt worden, omdat ze tezamen de signaal-specificiteit, de gevoeligheid en de signaal-ruis 
verhouding kunnen verbeteren. In dit geval is het nodig om de antistoffen te markeren met 
fluorescente of radioactive molekulen, maar het is ook denkbaar om geheel nieuwe verbindingen te 
gebruiken die bij belichting met een laser een geluidssignaal uitzenden. Deze opto-akoestische tracers 
kunnen gebruikt worden om diep-gelegen infecties zichtbaar te maken en het mogelijk riskante 
gebruik van radioactieve verbindingen wordt daarmee vermeden.  

Samenvattend kan geconcludeerd worden, dat het onderzoek beschreven in dit proefschrift heeft 
geleid tot de identificatie van nieuwe mogelijke aangrijpingspunten op het oppervlak van S. aureus, 
die gebruikt kunnen worden om deze ziekteverwekker op te sporen en te bestrijden. Bij de bestrijding 
van S. aureus infecties zouden deze aangrijpingspunten gebruikt kunnen worden voor actieve of 
passieve immunisatiebenaderingen. Tevens bleken de hoge niveaus van S. aureus-specifieke 
antistoffen in het bloed van EB-patiënten interessante aanwijzingen te vormen voor de mogelijke 
bruikbaarheid van deze aangrijpingspunten voor de ontwikkeling van toekomstige vaccins. Tenslotte 
werden twee veelbelovende monoklonale antistoffen beschreven, 1D9 en 6D4, die specifiek aan S. 
aureus binden. Voor één van deze antistoffen, 1D9, is in een diermodel aangetoond, dat hij mogelijk 
gebruikt kan worden voor de vroegtijdige detective van S. aureus infecties. Toekomstig onderzoek zal 
moeten aantonen of deze antistoffen inderdaad individueel, tezamen of in combinatie met bestaande 
antibiotica toepasbaar zijn in de strijd tegen infecties veroorzaakt door S. aureus. 
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