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ABSTRACT 
The present work aims to study the antibody responses against Staphylococcus aureus in health and in deep 
infections and is composed of six papers. 
We developed a sandwich enzyme immuno assay (EIA) with a detection limit for α-toxin at nanograms 
levels. This method is applicable to measure α-toxin in culture supernatants and in human fluids. The assay 
is simple, reproducible and performed within 6 hours. We determined the presence of α-toxin in serum 
samples and homologous strains from 41 patients with septicaemia due to Staphylococcus aureus. We 
detected α-toxin in 22% (6/27) of the sera taken on admission from patients whith symptoms presented for 
~7 days. In all, α-toxin  was found in 20 % (8/41) serum samples taken on admission. In seven of these eight 
samples low antibody titres were also noted. 57 % of the patients ( 20/35) showed a positive antibody 
response to the toxin when followed up for >14 days from the onset of illness. Combination of antigen and 
antibody detection increased the diagnostic sensitivity to 52 % in early serum samples. 
The subsequent studies are based on 2 prospective studies performed in Sweden with aproximately 10 years 
in between. We use EIA method to measure the antibody response. 
The clinical material for the first prospective study was collected during 1988-1991 at the Department of 
Infectious Diseases, Örebro University Hospital. 240 consecutive samples from 63 patients suffering S. 
aureus septicaemia were collected. 
We studied the antibody response during disease against three antigens: -toxin, teichoic acid, and lipase. 
A considerable individual variation in the response to the different antigens was noted, as was a good 
correlation between clinical course of the disease and the antibody response, indicating the possible use of 
serology for monitoring disease and recovery. Antibody levels against -toxin measured in the EIA 
correlated with the -toxin neutralizing activity of the patient sera. Patients with initially low antibody levels 
displayed a poorer antibody response during the disease than those with higher antibody levels; this 
phenomenon was observed with the three antigens -toxin, teichoic acid, and lipase, but was most 
pronounced with -toxin (p < 0.001). Furthermore, initially low antibody levels were associated with the 
development of complicated septicaemia (11 out of 13 patients). These latter observations point at the 
significance of low antibody levels in staphylococcal disease. We also analyzed levels of antibodies against 
clumping factor A (Clf-A) and extracellular fibrinogen binding protein (Efb), antigens belonging to the 
group of fibrinogen binding proteins. No correlation was seen between levels against these antigens 
indicating that measured antibodies were produced independently. Antibody levels against Efb were 
significantly lower in the acute sera than in sera from healthy individuals (p = 0.002). This difference may 
reflect that individuals with lower antibody levels against Efb are more prone to develop deep 
staphylococcal infections. 
Sample collection for the second prospective study was performed from 2003 to 2005 at the Clinic of 
Infectious Diseases in Skövde, comprised 218 samples from 96 patients, collected at the time of diagnosis, 
after completed antibiotic treatment and one month after the end of treatment.  
We investigated the antibody response against the five previously described antigens and furthermore 
included three more antigens, enterotoxin A (SEA), Toxic Shock Syndrome Toxin 1(TSST), and Scalded 
Skin Syndrome toxin (SSS).  We found a correlation between patient strains’ agr-group, PFGE-group, -
toxin production and patient initial antibody levels. Patients with fatal outcome displayed lower initial 
antibody levels to all antigens and significantly to teichoic acid, lipase, SEA, and SSS. In episodes with 
complicated bacteraemia, significantly lower levels to teichoic acid and lipase were registered in the initial 
sample. 
We analysed the antibody levels in 151 healthy individuals with matched ages as to give reference values to 
sepsis patients. Eleven antigens were analysed including three new antigens: Clumping factor B (Clf-B), 
bone sialoprotein-binding (Bsp) protein and Extracellular adherence protein (Eap). We found great 
individual variations in antibody levels, both in young and elder individuals. Occurrence of S. aureus in the 
nares at time of sampling was correlated to higher antibody levels, specially against the extracellular 
proteins -toxin, lipase, SEA, TSS-1, and SSS . Elderly individuals over 65 y showed slightly lower 
antibody levels. Certain individuals were more prone to produce or not to produce antibodies than others, 
and certain extracellular proteins were more often inducing high IgG levels. 
Conclusions. Analysis of the antibody levels in S. aureus septicaemia showed a variation between patients 
and between different antigens both in disease and in health. Low antibody levels may have a prognostic 
value. Healthy colonized individuals show higher antibody levels against extracellular proteins, alpha-toxin, 
lipase, SEA, TSS-1, SSS. The serological diagnosis can be improved through the use of more than one 
antigen in a combinatory analysis and serological analysis in the future may be important for monitoring the 
diseases. It may also be crucial for monitoring the use of passive and active immune therapy against S. 
aureus invasive disease.      
     ISBN 978-91-7409-841-9
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1 INTRODUCTION 

1.1 GENERALITIES 

In 1878 Robert Koch described for the first time staphylococci in human pus and in 1884 

Alexander Ogston suggested the name Staphylococcus from Homeric Greek ”staphyle” 

(= grape), referring to the arrangement of the bacterial cells into irregular clusters.  

Rosenbach 1884 described two differently pigmented yellow and white colonies and 

proposed the nomenclature Staphylococcus aureus and Staphylococcus albus, later named 

Staphylococcus epidermidis.  

Staphylococci are Gram+ cocci, nonmotile, non-spore forming, about 1 m in diameter, 

characteristically dividing in more than one plane to form grape-like clusters. They are 

facultative anaerobes. S. aureus grows optimally under aerobic conditions, at 

temperatures between 15-45oC and in NaCl concentrations up to 15 %; their doubling 

time (mean generation time) can be as short as 20 min. 

Staphylococcus aureus is a member of the genus Staphylococcus and belongs to the 

phylogenetic group of Gram positive bacteria with DNA of a low G+C (guanine + 

cytosine) content (30 to 39 mol %)(Wilkinson 1997). 

Staphylococci constitute part of the indigenous flora of the human skin and of certain 

mucous membranes and are found in most human environments. This fact provides 

indirect evidence of long time co-existence with mammals, allowing a complex 

adaptation. 

1.2 LABORATORY IDENTIFICATION  

The morphological appearance on conventional culture media, like blood agar, provides 

good information for primary identification of Staphylococci, since Staphylococci 

produce opaque white to yellow colonies 2 mm to 3 mm in diameter, usually surrounded 

by a zone of haemolysis. They are catalase positive in contrast to Streptococci (catalase 

degrades H2O2 into O2 and H2O). Catalase is an important virulence factor because H2O2 

is bactericidal and its degradation diminishes the ability of neutrophils to kill the bacterial 

cell. 

The clinical laboratory most commonly differentiates S. aureus from other 

Staphylococcal species by the coagulase test, which separates S. aureus from the two 

other medically important staphylococcal human pathogens, S. epidermidis and S. 

saprophyticus. Additional tests are mannitol fermentation and the deoxyribonuclease 

test. S. aureus converts mannitol into acidic compounds, detected by a drop in pH. S. 
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aureus degrades DNA as to make it soluble in an acid environment, detected by a 

clearing zone around the colony(Wilkinson 1997; Murray, Rosenthal et al. 2009). 

1.3 EPIDEMIOLOGY 

Staphylococcus aureus bacteraemia (SAB) is a common problem all over the world, 

associated with high morbidity and mortality rates. SAB is associated with significant 

mortality and with complications, such as infective endocarditis (IE) vertebral 

osteomyelitis and recurrent infection. SAB is furthermore associated with complications 

such as infective endocarditis (IE). Furthermore, SAB is associated with high mortality 

rates among hospital inpatients (18,8% )(EARSS 2008). 

In Sweden, S. aureus bacteraemia (SAB) is not a mandatory reportable disease. 

However, one can estimate the incident rate based on EARSS (European Antimicrobial 

Resistance Surveillance System) report to 2 195 cases/year (EARSS 2008). 

The frequency of complications from S. aureus bacteraemia is high, ranging from 11 to 

53 %.  

Studies on the economical impact of S. aureus infections in New York hospitals showed 

that S. aureus associated hospitalisations resulted approximately in doubling the length 

of stay, number of deaths and medical costs of typical hospitalisations (Rubin, 

Harrington et al. 1999). 

1.4 MRSA  

In spite of the fact that Staphylococci were discovered and described more than a 

century ago and that effective antibiotics have been used for more than 40 years, 

Staphylococci continue to be a major cause of human disease, not only in hospitalised 

individuals, but also to be a common cause of bacterial infections in the community . 

All over the world in poor and developed countries alike, S. aureus is the leading cause 

of bacterial infection involving the bloodstream, lower respiratory tract, skin and soft 

tissues. 

Since the emergency of penicillinase producing S. aureus in the middle of the forties, 

the prevalence of such strains have increased dramatically. Several “epidemic waves” of 

antibiotic resistant S. aureus have occurred since then. Infections both in hospital and in 

the community were caused primarily by one clone known as phage type 80/81 during 

the middle of last century.This pandemic infection declined after the introduction of 

methicillin in 1959. In the lapse of 2 years the appearance of S. aureus methicillin 

resistance was reported (MRSA) and the spread worldwide in most hospitals was a fact. 

In USA approximately 60 % of all staphylococcal infections in the intensive care unit 
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are caused by MRSA (Rice 2006). The mortality rate associated with invasive MRSA is 

approximately 20 %. It is the leading cause of death by a single infectious agent 

(DeLeo, Diep et al. 2009). The rapid emergence of community associated MRSA (CA-

MRSA) infections is one of the most alarming events in the history of infectious 

diseases. It was first reported in western Australia in the 1990s and spread worldwide in 

recent years. S. aureus infections can occur in healthy individuals outside the risk 

groups. The prevalence of MRSA is steadily increasing, particularly in children and 

young adults.  

Occasionally animals get colonized or incidentally infected with human strains. 

Recently, the emergence of new MRSA strains within the animal kingdom was 

reported, particularly in pigs, causing human infections (Murphy, Reid-Smith et al. 

2009).  

The mecA gene, which encodes for PBP2a, is carried on a mobile genetic element 

known as the staphylococcal chromosomal cassette (SCC) mec. There are 5 types of 

SCCmec, designated I–V, which differ in size and the presence of additional resistance 

genes. Health care-associated MRSA (HA-MRSA) strains contain predominantly 

SCCmecl-III, whereas CA-MRSA typically carries SCC mec l-IV, which is smaller and 

lacks the additional antibiotic resistance elements. Apparently, a smaller genetic 

element impacts less fitness costs to the organism, and concomitantly CA-MRSA has 

faster growth rates than HA-MRSA. A high percentage of CA-MRSA carries genes for 

Panton-Valentine leukocidin, a cytotoxin causing leukocyte destruction and tissue 

necrosis. It is frequently used as a diagnostic marker for MRSA (Rice 2006; DeLeo, 

Diep et al. 2009). Recently the EARSS (European Antimicrobial Resistance 

Surveillance System) reported for the first time a decreasing instead of an increasing 

trend of MRSA in a study from 1999-2008. It seems that in Europe the situation has 

stabilised in contrast to previous years, in which low endemic countries showed 

consistently increasing trends. The MRSA proportion of invasive S. aureus isolates in 

Scandinavian countries is less than 5 %, on the other hand in Europe the proportion is 

still above 10 % in 24 countries and above 25 % in 11 countries. The highest problem 

remains in Mediterranean countries, with Malta and Portugal having more than 

50%.(EARSS 2008; Naber, Baddour et al. 2009). 

1.5 DISEASES 

S. aureus cause disease in the host either by producing pyogenic inflammations or by 

producing toxins. The spectrum of the infections is wide ranging from superficial skin 
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infections to life-threatening septicaemia and endocarditis. Diseases due to the actions 

of extracellular toxins range from food poisoning, scalded skin syndrome (SSSS) to 

toxic shock syndrome (TSS).  

 
 

1.5.1 Staphylococcus aureus bacteraemia (SAB) 

SAB a common problem all over the world, associated with high morbidity and 

mortality rates. Furthermore, SAB is associated with high mortality rates among 

hospital inpatients (18.8 % ) and it is the second most prevalent diagnosis among 

outpatients with bacteraemia (14.9 %) (Naber, Baddour et al. 2009). 

The clinical manifestations are similar both in temperate and in tropical countries, but 

the mortality rates seems to be higher in tropical countries such as Thailand  with 44 % 

and Australia, New Zeeland with 20.6 % compared to Sweden 19,1% (Jacobsson, 

Dashti et al. 2007; Nickerson, Hongsuwan et al. 2009; Turnidge, Kotsanas et al. 2009). 

S. aureus bacteraemia (SAB) might lead to complicated sepsis, endocarditis, bone and 

recurrent joint infections and/or metastatic seeding. These metastatic abscesses occur by 

the spread of bacteria from the original site. In SAB the establishment of metastatic 

seeding is estimated to occur in 31% of the cases and common tissues to become infected 

are bone, kidney and lung (Lowy 1998). 

 In 2003 Fowler published  the results of a consecutive analysis of a series of 724 

patients with SAB, showing that 246 patients (34%) developed metastatic infections, 89 

patients (12 %) received the diagnosis of endocarditis, and after 12 weeks, 157 patients 

had died (mortality rate of 22 %) (Fowler, Olsen et al. 2003). 
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1.5.2 Table 1 adapted from Lowy (1998) 

Common illnesses caused by Staphylococcus aureus 
 

Skin and Soft Tissue Infections  
   Folliculitis 

  Furuncle, carbuncle 
  Cellulitis 
  Impetigo 
  Mastitis 
  Surgical wound infections 
  Hidradenitis suppurativa 
 

Musculoskeletal Infections  
   Septic arthritis 

  Osteomyelitis 
  Pyomyositis 
  Psoas abscess 
 

Bacteraemia and 
Complications 

 

   Sepsis, septic shock 
  Metastatic foci of infection (kidney, joints, bone, lung) 
  Infective endocarditis 
  Injection drug use associated 
  Native-valve 
  Prosthetic-valve 
  Nosocomial 
 

Respiratory Tract Infections  
   Ventilator-associated or nosocomial pneumonia 

  Septic pulmonary emboli 
  Postviral pneumonia (e.g., influenza) 
  Empyema 

Device-Related Infections   (e.g., intravascular catheters, prosthetic joints) 
Toxin-Mediated Illnesses     
   Toxic shock syndrome 

  Food poisoning 
  Staphylococcal scalded-skin syndrome 
 

Invasive Infections Associated 
with Community-Acquired 
MRSA 

 

   Necrotizing fasciitis 
  Waterhouse-Friderichsen syndrome 
  Necrotizing pneumonia 
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1.5.3 Infective endocarditis 

S. aureus is the only cause of endocarditis in individuals with structurally normal heart 

valves. The incidence of infective endocarditis is 30 per million individuals per year, and 

despite major advances in diagnosis and treatment, infective endocarditis (IE) remains a 

disease with high morbidity, and with a mortality of 20 to 30 % .(Westphal, PLicht et al. 

2009). One cause of the high mortality of infective endocarditis is the long latency from 

the onset of symptoms to the definitive diagnosis of IE and the initiation of appropriate 

treatment. An early diagnosis allowing initiation of directed antimicrobial treatment may 

decrease the complication and mortality rates in this condition.(Fowler, Sanders et al. 

1999).Watkin and co-workers propose the use of serological assays to more effectively 

establish the diagnosis of staphylococcal IE.(Watkin, Lang et al. 2006)  

1.5.4 Osteomyelitis and arthritis 

These infections may arise either by haematogenous spread from a distant infectious 

focus such as those associated with a diabetic or vascular ulcer, surgery or trauma. S. 

aureus is common cause of these diseases, especially in children with vertebral 

osteomyelitis. The epidemiology of S. aureus bone and joint infections has changed in 

recent years and there is a fall in paediatric cases. In parallel with the fall in incidence in 

the paediatric age group, the number of patients aged over 50 years increased as a 

consequence of increased use of prosthetic joints. Adult osteomyelitis may occur at any 

site, but infection of the vertebral column is becoming more common (De Boeck 2005).  

1.5.5 Toxin-Mediated Diseases 

Staphylococcal enterotoxins are a group of closely related protein toxins that cause 

gastroenteritis as a result of food poisoning. In these cases, the food usually becomes 

contaminated by bacteria during preparation and after improper treatment, such as storage 

at room temperature, enterotoxins are formed. In staphylococcal food poisoning vomiting 

is typically more prominent than diarrhoea. Enterotoxins act as superantigens and 

stimulate the release of large amounts of interleukins (IL-1, IL-2).  It is postulated, that 

the prominent vomiting is a result of the cytokine release from lymphoid cells, and these 

cytokines stimulate the enteric nervous system and activate the vomiting centre in the 

brain.  

Staphylococcal toxic shock syndrome was recognized in the early 1980:s. The clinical 

manifestations of the syndrome are fever, hypotension, a diffuse, macular, sunburn-like 

rash that goes on to desquamate; and involvement of three or more of the following 

organs: liver, kidney, gastrointestinal tract, central nervous system, muscle, or blood 

(Frazer and Proft 2008).  
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1.6 STAPHYLOCOCCUS AUREUS - THE BACTERIUM 

1.6.1 Structure 

1.6.1.1 Capsule and slime layer  

The outer cell layer of S. aureus is composed of a polysaccharide capsule and a slime 

layer. Eleven capsular serotypes have been described; serotypes 1 and 2 correspond to a 

thick capsule while the rest are described as microcapsules. Serotypes 5 and 8 are 

associated with the majority of infections and most of the MRSA isolates belong to type 

5. The capsule protects the bacteria by masking surface antigens, thereby inhibiting 

phagocytosis. The slime layer is a water soluble film composed of monosaccharides, 

proteins, and small peptides, produced by most staphylococci. Production of slime 

depends on genetic factors and the growth conditions. The slime layer helps the bacteria 

to bind to tissues and foreign bodies such as catheters, prosthetic valves etc. (particularly 

important to S epidermidis) (Wilkinson 1997). 

1.6.1.2 Cell wall 

The staphylococcal cell wall consists mainly of peptidoglycan (50 % by weight), which 

is essential for the bacteria’s structure. Peptidoglycan is formed by alternating subunits 

of N-acetylglucosamine and N-acetylmuramic acid with 1,4 β-linkages. The 

peptidoglycan chains are cross-linked by tetrapeptide chains bound  to N-acetylmuramic 

acid, and a pentaglycine  bridge specific for S. aureus. Ribitol teichoic acid is covalently 

bound to the peptidoglycan. These are the major constituents of the cell wall. 

Peptidoglycan has an endotoxin-like activity like stimulating release of cytokines from 

macrophages, activating complement, and inducing aggregation of platelets (Sherris and 

Plode 1990). 

1.6.1.3 Surface proteins 

S. aureus possesses a wide variety of surface proteins, most of which are covalently 

attached to the cell wall peptidoglycan.  These present a common feature that include a 

secretory signal sequence at the N-terminal, and a C-terminal located LPTXTG motif 

followed by hydrophobic residues and a positively charged tail (cell wall anchoring 

region), that retain the protein within the membrane.  

Examples of covalently bound surface proteins.  

 Protein A was identified in 1958 and constitutes the prototype of cell wall 

proteins that bind immunoglobulins. Recent studies revealed other functions 

such as a role in the pathogenesis of endovascular diseases. Protein A binds and 

inactivates the glycoprotein von Willebrand factor, which mediates platelet 

adhesion at sites of endothelial damage (Foster and McDevitt 1994). 
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 The fibronectin-binding proteins (FnbpA and FnbpB) contribute to the ability 

of the bacterium to bind to fibronectin (Fn). Also, FnbpA can bind to fibrinogen 

(Fg). The function of Fnbp is more complicated than merely mediating the 

binding to Fn. E.g. Fnbp may influence the internalisation into non professional 

phagocytes, such as keratinocytes, endothelial cells, and epithelial cells (Boden 

1994). 

 The Sdr family of proteins are surface proteins characterised by the presence of 

a domain containing extensive Ser-Asp dipeptide repeats. The proteins Clf-A 

and Clf-B are among the most studied members of this family. 

 The collagen adhesin (Cna) promote the adherence of S. aureus to collagen and 

has been shown to be a virulence factor in experimental models of septic 

arthritis and osteomyelitis. 

 The iron-regulated surface determinant proteins IsdA, IsdB, IsdC, and 

IsdH have been proposed to be involved in the uptake of haem-iron across the 

cellular envelope through binding to one or more iron containing proteins such 

as transferrin, haemin or haemoglobin. All four proteins are specifically 

produced under conditions of iron limitation (Foster and McDevitt 1994).  

 Toxins. S. aureus produces various toxins that can be classified on the basis of 

their mechanisms of action: cytotoxins, pyrogenic-toxin-superantigens and 

exfoliative toxins. It was demonstrated that anti-toxin antibodies are protective 

against toxic shock syndrome (TSS) and scalded skin syndrome (SSSS). The 

pathogenesis of these toxins will be discussed later.  

1.6.1.4 Enzymes 

Staphylococci produce various extracellular enzymes such as proteases, lipase, and 

hyaluronidase. These enzymes damage the surrounding tissues and consequently may 

help the spread of bacteria to surrounding tissues, although their role in pathogenesis is 

still not well understood. 

β-lactamase may inactivate β-lactam antibiotics, such as penicillin and cephalosporins. 

Penicillin binding proteins (PBP) are enzymes located in the cytoplasmic cell membrane 

and are involved in the peptidoglycan assembly. A novel  
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Table 2.  Major virulence factors and regulators in Staphylococcus aureus 

Product Gene name Location 
Exoenzymes 
Staphylocoagulase coa   
Triacylglycerol lipase lip   
Lipase geh   
Serine V8 protease sspA   
Thermonuclease nuc   
Serine proteases spl(s)‡ νSaβ 
Staphylokinase sak  Prophage 
Hyaluronidase hysA   
Aureolysin aur   
Toxins 
α-Hemolysin hly   
β-Hemolysin hlb   
δ-Hemolysin hld   
Leukotoxins lukD,E  νSaβ 
Leukocidins lukF,M  SaPI 
Panton-Valentine leukocidin lukS,F-PV  SaPI 
Toxic shock syndrome toxin 1 tst  SaPI 
γ-Hemolysin components hlgA,B,C   
Enterotoxins seA-F(s)‡ νSaβ§ 
exfoliative toxins eta,etb   
Adhesins 
Extracellular matrix binding proteins ebhA,B   
Elastin-binding protein ebpS   
Fibronectin-binding proteins fnbA,B   
Intercellular adhesion proteins icaA,B,C,D   
Collagen adhesin precursor cna   
Clumping factors clfA,B   
Others 
ProteinA spa   
Lipoproteins lpl(s)‡ νSaα 
Iron uptake Isd isdA-G,srtB   
Two-component regulatory systems 
Accessory gene regulator agrA,B,C,D   
S. aureus exoprotein expression regulator saeS,R   
SarA protein family 
Staphylococcal accessory reg A sarA   
Staphylococcal accessory reg R sarR   
Repressor of toxins rot   
‡ (s) indicates it is a gene cluster rather than a single gene. 
 § Most enterotoxin genes are located in νSaβ, but some enterotoxin genes, such as sea, 
seg2, sek2, sel, sec3, are located in prophages and SaPIs.  
 ¶νSaα and νSaβ are two genomic islands. Except those located in genomic islands, 
prophages, and pathogenicity islands (SaPIs), other virulence factors and regulators are 
located in the core genome. Table adapted from Ye Feng, (Feng Y , Chen CJ  et al. 2008).  
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penicillin binding protein PBP´2 with low affinity to β–lactam antibotics prevents the 

drug to inhibit the cell wall synthesis and thus is responsible for staphylococcal 

resistance to penicillins and cephalosporins (EARSS 2008). 

1.6.2 The Staphylococcus aureus genome 

The entire genomes for numerous S. aureus strains have been sequenced. Three 

characteristics are worth to be mentioned:  

 a high similarity among the strains on the nucleotide level 

 acquisition of a relative large amount of genetic information by horizontal 

transfer from other species 

 presence of unique “pathogenicity”  or ”genomic“ islands - mobile genetic 

elements containing clusters of  enterotoxin- and exotoxin genes or antimicrobial 

resistance determinants. These islands may carry mecA, the responsible gene for 

methicillin resistance (Lowy 1998). 

1.7 STAPHYLOCOCCUS AUREUS - THE PATHOGEN  

Staphylococcus aureus is primarily an extracellular pathogen. Understanding the 

pathogenicity of S. aureus comes from numerous studies that define the roles of the 

extracellular factors both separately and collectively. This view is supported by the 

existence of a regulatory mechanism that governs the expression of surface proteins and 

extracellularly secreted products. 

S. aureus virulence expression is dependent upon a regulatory mechanism composed of 

two interacting systems, agr (accessory gene regulator) and sar (staphylococcal 

accessory regulator). 

1.7.1 The agr locus 

 The agr locus encodes a two-component signal transduction system that responds to 

cell density and it controls the expression of at least 25 different virulence factors. 

When bacteria are few in numbers, adherence factors are expressed. Only after the 

formation of a focal infection does the need for tissue degradation arise (Arvidson and 

Tegmark 2001) . The system in S. aureus is based on quorum sensing, meaning that 

high bacterial cell density leads to activation of expression of extracellular toxins and 

enzymes facilitating tissue degradation. The sar locus has been shown to regulate 

several staphylococcal virulence genes by modulating the activity of agr, but also via 

agr-independent mechanisms. The importance of the agr expression has been 

demonstrated in a variety of experimental animal infections; e.g. agr mutants show 
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attenuated virulence in experimental skin abscesses, endocarditis, septic arthritis and 

osteomyelitis(Yarwood and Schlievert 2003).  

Differences in the agr locus sequence allowed the classification of S. aureus strains in 4 

major groups. 

Some authors have proposed a correlation between agr groups and disease, e.g. Ben 

Ayed found an association between agr group III strains and non invasive infections, 

while agr group I was associated with invasive infections, especially bacteremia (Ben 

Ayed, Boutiba-Ben Boubaker et al. 2006). Jarroud et al. found a relationship between 

several toxin mediated diseases and agr group IV strains  (Jarraud, Mougel et al. 2002) 

One can question, how the concerted action of these virulence determinants and their 

regulators lead to infection and disease. All studies indicate that attachment and growth 

precede the production of most exotoxins. This finding suggests that sepsis due to 

staphylococcal infections is not the result of a general disseminated contamination in the 

bloodstream, but it is rather the result of a focal infection, in which growing bacteria 

reach a cell density sufficient to lower the local pH, to deplete available nutrients and to 

produce degradating enzymes. This allows pore forming invasins and 

immunomodulators to produce the symptoms associated with disease (Projan and 

Novick 1997).  

Based upon their presumed roles in the infective process, some authors have divided the 

staphylococcal extracellular products into three main groups:  

1. Attachment  

Factors involved in attaching the bacteria to cells or extracellular matrices. 

2. Evasion of host defence 

Factors that prevent or reduce phagocytosis or complement activation, or interfere 

with the function of specific anti-staphylococcal antibodies, or both. 

3. Invasion/tissue penetration 

Factors that specifically attack host cells, and factors that degrade components of 

extracellular matrices and cell debris. 

1.8 VIRULENCE FACTORS USED AS ANTIGENS IN THE PRESENT 

STUDIES 

In the present study we used 11 antigens, most of them known as virulence factors.  
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1.8.1 -toxin 

This protein is a 33 kDa water-soluble extracellular polypeptide produced by almost all 

strains of clinical isolates (Söderquist 1995). -toxin is considered to be an important 

pathogenic factor but the exact mechanism of action is still unknown. It is toxic, having 

membrane damaging effect on various types of mammalian cells and animals. -toxin is 

highly haemolytic to rabbit erythrocytes, 1000 fold higher than to human erythrocytes 

(Möllby 1983).  

It has been shown that -toxin affect the biological activity of human serum proteins 

important in the host response. Serum pre-treated with -toxin showed a reduced 

opsonic activity and was associated with complement consumption via the classic 

pathway. Also, the levels of C3 and C9 were reduced in proportion to the amount of 

toxin added. This effect was a result of the depletion of 95% of C2 in the serum. -toxin 

acts also as a chemotaxinogen for polymorphonuclear leukocytes (PMN) leading to the 

activation of human serum(Curtis, Gemmel et al. 1982). Human monocytes are highly 

susceptible to damage by -toxin. -toxin induced rapid processing and secretion of 

interleukin-1 when the interleukin precursor had accumulated intracellularly in the 

monocytes. -toxin might thus act in synergy with various stimuli that trigger 

interleukin-1 (IL-1) synthesis to accelerate and increase release of the cytotoxin (Bhakdi 

and Tranum-Jensen 1991).  

1.8.2 Teichoic acid (TA) 

The cell wall contains two major structures: the teichoic acid and the peptidoglycan 

accounting together for 90 % of the cell wall weight (Oeding 1978). 

The cell wall teichoic acid is a poly-ribitol teichoic acid, a water-soluble polymer 

composed of ribitol residues, with either - or -N-acetylglucosamine residues, linked 

by phosphodiester bridges. The chain length of S. aureus teichoic acid varies from 7 to 

36 units (Oeding 1978). Teichoic acids provide a negative charge to the cell surface and 

play a role in the acquisition and localisation of metal ions. Cell wall teichoic acid has 

not only important structural functions but also a number of biological activities. It has 

been shown that teichoic acid is part of the S. aureus phage receptor site. Teichoic acid 

binds specifically to fibronectin on the surface of host cells and to sub-endothelial cells 

mediating adherence of the organism and contributing to the initiation of infection 

(Projan and Novick 1997). 
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Fig1: Teichoic acid isolated from the cell walls of Staphylococcus aureus H.R, N-acetylglucosamine; 

Ala, D-alanine.(13) 

Studies on cell walls of strains isolated from human infections showed that 97 out of 

100 strains contained ribitol teichoic acid in their cell walls. Furthermore, it has also 

been shown that -linked N-acetyl glucosamine was the predominant variant produced 

by most strains (Nagel, Sheagren et al. 1977). 

Teichoic acid is the major surface antigen of staphylococci. The N-acetylglucosaminyl-

ribitol residue was found to be the serological determinant. Purified teichoic acid 

behaves as a hapten, but it is a good immunogen when using whole bacteria or isolated 

cells walls for immunisation (Dziarski 1985). 

In the laboratory, the occurrence of ribitol teichoic acid in the cell wall has been used as 

a criterion for identification of S. aureus. 

1.8.3 Lipase 

S. aureus is one of the few bacterial species that produce an extracellular lipase. Lipase 

production is determined by a chromosomal structural gene, and is not plasmid 

mediated. The role of lipase in vivo remains unknown, but it is believed that among 

other functions lipase constitutes an invasive factor. The lipase production differs 

depending on the source of the isolate. It has been shown that strains isolated from deep 

or subcutaneous infections generally show a higher lipase production in vitro, compared 

to strains isolated from superficial locations (Rollof, Hedstrom et al. 1987). 

The increased lipase production of strains from deep infections can be related to a 

nutritive function of the enzyme, allowing the utilisation of the energy from fat in the 

environment. 

Lipase can also affect the host immunological system through the hydrolysis of the 

VLDL (very low-density lipoprotein) triglycerides, which are present in all body fluids. 

The release of free fatty acids can then affect the immunological system (Kötting, 

Jurgens et al. 1985).   Lipase interferes with human granulocyte functions in vitro. 

Lipase in itself is strongly chemotactic since preincubation of human granulocytes with 
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low concentrations of lipase enhanced the directed movement of the cells, while 

preincubation with higher concentrations diminished the effect, and at a high 

concentration (12 g/ml) the cells were almost immobilised. These properties were not 

only due to the enzymatic activity, since the effects were partially retained after heat 

inactivation of the lipase (Rollof, Braconier et al. 1988). An indirect evidence of the 

production of lipase in vivo was given by a study which analysed the antibody response 

against lipase during severe staphylococcal infections (Tyski, Colque-Navarro et al. 

1991). Two S. aureus variants of lipase (43 and 44 kDa) from strain TEN5 was purified 

and characterised. Antibodies raised against the variants exhibited a partial cross- 

reaction (Rollof, Braconier et al. 1988). 

1.8.4 Fibrinogen binding proteins 

Gram positive bacteria express surface proteins, which contribute to virulence by 

promoting adherence to host cells and/or tissue components and by binding soluble 

plasma components such as albumin or immunoglobulins. Binding of host proteins to 

the bacterial surface mask the bacteria and allows them to escape from the immune 

responses including the phagocytosis. The most well characterised proteins from this 

group are protein A, fibronectin-binding protein, collagen-binding protein, and 

fibrinogen binding proteins. 5 different fibrinogen-binding proteins (FgBps) from S. 

aureus have been described, implying a high complexity in the interaction between 

fibrinogen and S. aureus. In the present study two fibrinogen-binding proteins have 

been used (Foster and McDevitt 1994). 

1.8.5 Bone-sialoprotein binding protein (Bbp)  

 Bbp is a 97 kDa protein found in S. aureus strains that cause osteomyelitis and septic 

arthritis. This protein belongs to the Sdr-family (page 10) that comprises several 

microbial components that recognize adhesive matrix molecules and contain five 

different domains named A-E. Bbp is composed by an A and a B domain with 76 % and 

96 % identity with SdrE domains. Bone-sialoprotein (Bsp) is found in high 

concentrations in the osteoid, the newly formed bone tissue of growing bone, and is the 

most common site for osteomyelitis. Patients with bone and joint infections show serum 

IgG against a Bbp fusion protein. Lately, Persson et al. has reported the possible use of 

a serological assay with Bsp for discriminating cases of osteomyelitis from soft tissue 

infections in diabetic foot ulcers (Foster and McDevitt 1994; Ryden, Tung et al. 1997; 

Tung, Guss et al. 2000; Persson, Johansson et al. 2009).  
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1.8.6 Extracellular binding protein (Efb) 

Efb is an extracellular 15.6 kDa protein; thus it binds to fibrinogen but does not 

participate in bacterial adherence to fibrinogen or fibrin. Efb binds and inhibits 

complement factor C3b and C3d, blocks opsono-phagocytosis, binds to platelets, and 

blocks fibrinogen-induced platelet aggregation (Shannon, Uekotter et al. 2006).  Efb 

appears to be constitutively produced by all S. aureus strains so far investigated (Boden 

1994). Studies on the incidence of the fibrinogen binding protein and the fib gene 

among human clinical isolates of S. aureus and among other staphylococcal species 

from animals showed that the fib gene was unique to S. aureus and highly conserved at 

the nucleotide level. In an animal infection model (mouse mastitis) immunisation with 

Efb gave protection. Furthermore, Efb was shown to play a role in the pathogenesis of 

wound infections in rats. (Mamo, Boden et al. 1994; Palma, Nozohoor et al. 1996; 

Palma 1999 )  

1.8.7 Extracellular adherence protein (Eap)  

 Eap is a highly cationic protein with a variable Mw between 60-70 kD. Eap is present 

in 97 % of clinical isolates with a broad repertoire of binding interactions to host 

extracellular matrix. Eap has a tendency to multimerization, and interacts with host 

adhesive proteins such as vitronectin, fibrinogen, collagen, and osteoporin. Eap blocks 

neutrophil and T-cell recruitment, interacts specifically with ICAM-1 in endothelial 

cells, blocks neutrophil migration through the endothelium, inhibits T cell proliferation, 

and inhibits delayed-type hypersensitivity interactions. In animal models using the 

purified Eap or Eap-positive versus isogenic Eap-deficients strains, the protein Eap was 

found to inhibit wound healing (Chavakis, Hussain et al. 2002; Haggar, Shannon et al. 

2005) 

1.8.8 Clumping factor A and B (Clf-A) and (Clf-B)  

Clf-A and Clf-B are cell surface associated proteins with structural similarities to 

fibrinogen binding proteins. Clf is also known as the S. aureus fibrinogen receptor 

(McDevitt, Francois et al. 1994). Both proteins, but Clf-A in particular, mediate binding 

to and promote aggregation of platelets. The same molecular processes were observed 

as the cause of endocarditis in an experimental model in rat (Moreillon, Entenza et al. 

1995). Clf-A has a relevance in staphylococcal arthritis and inhibition of macrophage 

phagocytosis. Clf-B increases the adhesion of S. aureus to desquamated nasal epithelial 

cells and also plays an important role in successful nasal colonization. Thus, both Clf:s 

are considered as virulence factors in S. aureus (Moreillon, Entenza et al. 1995; Dryla, 

Prustomersky et al. 2005; Clarke and Foster 2006; Wertheim, Walsh et al. 2008). 
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1.8.9 Enterotoxins (SE) 

There are more than twenty different SE’s described to date with varying amino acid 

sequences but common conformations; most of them show similar structures and 

sequences and present a cystine loop probably involved in the emetic activity. All SE 

toxins are highly resistant against proteolysis and heat. The enterotoxin encoding genes 

are found not exclusively on the chromosome, but also in different mobile elements. 

E.g. sea is carried by a family of temperate phages and the sec bovine gene is found in a 

pathogenic island (Thomas, Chou et al. 2007). Enterotoxins are classical superantigens, 

i.e. very low amounts (picomolar concentrations) of SE bind to major histocompatibility 

complex class II and activate T-cell subsets in an unspecific way. Activated T-cells 

vigorously proliferate and release proinflammatory cytokines plus chemokines that can 

elicit fever, hypotension, and other ailments which may lead to lethal shock (Parsonnet, 

Goering et al. 2008). 

1.9 HOST RESPONSE 

1.9.1 Innate immune response  

The innate immune response consists of three main effector mechanisms: antimicrobial 

peptides, complement system and phagocytes. Their action enable an efficient killing of 

the bacteria. The first step of this process is the recognition of the pathogen by recognition 

molecules (receptor family that recognises common bacterial motifs) known as the Toll-

like (TLR’s ) receptors localised mainly in monocytes/macrophages. For S. aureus the 

involvement of TLR-2 with the peptidoglycan and lipoteichoic acid components has been 

reported (Shaykhiev, Behr et al. 2008). Once the bacteria are recognised, the coordinate 

action of the antimicrobial peptides begins. The defensins (in proper concentrations) can 

kill the bacteria in seconds to minutes by lysing the cellmenbrane. Other antimicrobial 

peptides are amidases and lysozyme (Foster and McDevitt 1994).  

The complement system can be activated by 3 different pathways, the classical, the lectin 

and the alternative. These pathways differ in their mode of initiation but they merge to 

one central step towards the formation of C3 convertase. The C3 convertase cleaves the 

C3 component producing the release of a small chemo-attractant molecule, C3a, and also 

a deposition of C3b on the microbial surface, crucial for efficient uptake by phagocytes. 

C5 convertase cleaves C5 producing the C5a important chemo-attractant that together 

with C3a attract neutrophils to the site of infections (Rooijakkers, van Kessel et al. 2005). 

These PMN’s can be considered as the cornerstone of the host defence against S. aureus 

infection (Roitt 1988) 
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Fig 2: Processes involved in uptake of Staphylococci by PMN leukocytes (from ref 27) 

 

PMNs are highly specialised cells with important functions in the defence process and 

are able to perform specialised activities such as chemotaxis, migration, adhesion, 

phagocytosis and intracellular killing. Many different cells secrete cytokines, which act 

as a kind of signal molecules for the communication between cells and mediate the 

immune and inflammatory processes. Some of these molecules are produced in the early 

phase of host defence, such as IL-1 /, IL-6 and TNF- that induce an increase of 

adhesion molecules on endothelial cells, promoting access of neutrophils to the tissues. 

At the same time mononuclear cells produce IL-8, IL-10 and Il-12 promoting the cell 

migration through the endothelial cell layer into the tissues (chemotaxis).  Bacteria 

become opsonised when their surface is coated with antibodies and/or complement 

factors (IgG and activated C3b) to be recognised by the PMNs. The role of complement 

in the first stage of the host defence is to provide opsonins. The phagocytic cells 

recognise bacteria only if they are opsonized. Until this moment the bacterial growth is 

uninhibited and the macrophage uptake of bacteria results in fragments, which stimulate 

the specific immune response or acquired immune response. Figure 2. 

The ability of the bacteria to cause disease is based on their capacity to evade 

recognition and elimination by the innate host defence (Adlam and Easmon 1983; Roitt 

1988)  S. aureus express several factors that compromise the defence action of the 

neutrophils and macrophages. A good example is CHIPS (chemotaxis inhibitory 

protein) that can bind effectively to both the formylpeptide receptor and the C5a 

receptor och PMN’s. Eap interferes with neutrophil chemotaxis and extravasation. 

CHIPS and Eap will act in concert to inhibit neutrophil recruitment to the site of S. 

aureus infection (van Wamel, Rooijakkers et al. 2006). 
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1.9.2 Acquired immune response 

The specific immune response consists of the humoral immune response (B-

lymphocytes and plasma cells) and the cellular immune response. There is little clinical 

evidence that the cell mediated immunity has a significant function in the defence 

against staphylococcal infections. 

The humoral immunity, however, may mediate an antimicrobial function through three 

major mechanisms: neutralisation of toxins and all other virulence factors, inhibition of 

microbial attachment and opsonisation. It is believed that opsonisation is specially 

important, since it is a requirement for an effective phagocytosis (Verhoef 1997). 

1.9.3 Staphylococcal vaccines and immunotherapy 

Efforts have been made for many years to develop a S. aureus vaccine, efforts that have 

been intensified the last decade. In spite of the great advances in the knowledge on S. 

aureus pathogenicity and virulence factors, there are still many unanswered questions 

regarding the immune response to S. aureus infections. Many investigators argue 

whether at all immunity to S. aureus exists (Schaffer and Lee 2009). Problems are 

many, e.g. the used animal models to test candidate vaccines are imperfect, e.g. 

requiring large S. aureus inoculates to establish an infection. Another problem is the 

target population that primarily needs a vaccine, such as haemodialysis patients and 

prematures, i.e. groups on which it is quite difficult to evaluate vaccines in an effective 

and safe way (Deresinski 2006). The only vaccine candidate tried at the phase III level 

is Staph VAX, which is based upon S. aureus capsular polysaccharides CP5 and CP8 

conjugated to nontoxic recombinant exotoxin A from Pseudomonas aeruginosa,  failed 

in the clinical testing. One can speculate that the reason of this failure is that the vaccine 

was only mono-component, containing a single virulence determinant. Investigators 

have claimed that a multi-component vaccine will be essential, as has been found with 

other bacteria, e.g the Streptococcus equis multi-component vaccine  that contains seven 

different  proteins (Guss, Flock et al. 2009). The actual situation on immuno-

prophylaxis against S. aureus is summarized in Table 3. 
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Table 3. 

Present situation of immuno-prophylactic approaches against S. aureus infections*. 

Target Product 
Corporate 
sponsor 

status 

 
Active immunization 
 
S.aureus capsular poly-
saccharide CP5 and CP8 

Staph VAX  

S. aureus 

conjugate 

 
Nabi 

 
Phase 3 
failed 

IsdB V710(0657) ® 

 
Merck Phase 2 in 

progress 
 
Passive immunization 
 
Clumping factor 
ClfA,selected IVIG 

INH-A21 
(Veronate) 

Inhibitex 
Phase 3 
failed 

 
ClfA (mAb) 

Tefibazumab 
(Aurexis) 

Inhibitex 
Phase 2  
completed 

Antibodies to CP5 and 
CP8 

Altastaph Nabi 
Phase 2  
Completed 

Antibodies to ATP-
bindning cassette 
transporter 

Aurograb Neutec 
Phase 3 
Completed 

Lipoteichoic acid (mAb) Pagibaximab Biosysnexus 
Phase 2  
completed 

*Modified from (Schaffer and Lee 2009). 
 
 
In former Sovjet Union, especially in Russia, other strategies were, and still are, used to 

approach Staphylococcal immuno-prophylaxis. Since 1960 they use anti-staphylococcal 

hyperimmune plasma and/or immunoglobulin as prophylaxis against and as treatment in 

sepsis and pneumonias caused by antibiotic resistant S. aureus. It is claimed that the use 

of plasma and immunoglobulin preparations reduce mortality in the suppurative septic 

conditions by a factor of 2-4, but unfortunately is has not been possible to make 

categorical conclusions on the efficacy of these preparations based upon the so far 

presented studies and reports (Kelly 2000). 

1.10 INDICATORS OF INFECTION 

1.10.1 Non-specific indicators of infection 

Acute phase proteins (APPs) are proteins in patients’ serum that usually increase by 50 

%, e.g. complement components, ferritin, alpha-1-antitrypsin, and fibrinogen. 

Haptoglobin may increase by 200 to 400 %.  
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1.10.2 C-reactive protein   

CRP is distinctive among APPs because it is usually present in low concentrations (1 g 

/ml), but it can increase drastically. The highest CRP levels are found in patients with 

bacterial infections (> 100 g/ml). This information has made CRP an important 

parameter in clinical practise as an indicator for severe infections and as an indicator to 

differentiate from viral infections. The classic non-specific indicator of inflammation is 

the erythrocyte sedimentation rate, but CRP increase more drastically and decrease 

sooner upon resolution of the infectious process (James 1990). Lately the use of Il-6 

levels as an acute infection indicator has been suggested, since Il-6 values changes 

precede CRP values (Soderquist, Sundqvist et al. 1995) .  

1.10.3 Blood culture 

In most laboratories, the used criterion of a true positive culture is “growth in more than 

one bottle” or “growth in more than one culture set”. The number of positive sets, each 

representing a separate venipuncture, out of the total number of sets obtained is a more 

important criterion than the number of positive bottles. The interpretation of blood 

cultures is an important tool in septicaemia diagnosis and it has been suggested that an 

improvement of the prognosis could be achieved by more competent interpretation of 

positive blood cultures, thus yielding an earlier S. aureus diagnosis permitting earlier 

initiation of anti-staphylococcal therapy (Bryan 1989). 

1.10.4 Bacteriological laboratory diagnosis 

In S. aureus deep infections the bacteriological diagnosis comes from the demonstration 

of bacteria in the specimen, using traditional laboratory methods. These are e.g. Gram 

staining, growth in selective and differential media such as phenyl-, mannitol- or DNA 

plates. However, in many cases these procedures will fail because of e.g. patients’ prior 

antibiotic treatments or difficulties in obtaining relevant samples from deep-seated 

abscesses. 

1.10.5 Serological diagnosis 

Traditionally, the confirmation of suspected infections by serology request two serum 

specimens: the first as soon as possible after the onset of disease and another 1 to 2 

weeks thereafter. The samples are named acute and convalescent sample. For accurate 

test interpretation these samples should be tested simultaneously. An increase in titre of 

the convalescent sample compared to that of the acute sample is considered to be 

indicative of an active infection. In many cases only one sample is available. In these 

cases the interpretation is not longer obvious, since practically all healthy individuals 
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have been in contact with S. aureus, thus showing antibody titres against different S. 

aureus antigens.  

1.11 THE IMPORTANCE OF S. AUREUS CARRIAGE  

Humans and several animal species are natural reservoirs of S. aureus. The anterior 

nares area is the most consistent area of the body from which S. aureus is recovered. 

Nasal carriage has been defined as persistent when two consecutive nasal cultures taken 

approximately weekly are positive (>103 cfu), and as intermittent when only one of two 

cultures is positive, or when both cultures show low numbers of cfu (Nouwen, Ott et al. 

2004). Lately, van Balkum found a relation between nasal carriage, antibody profile and 

the risk of infection, where intermittent carriers and noncarriers carried the same risk 

(van Belkum, Verkaik et al. 2009). Twenty percent of the population is persistently 

colonized with S. aureus, and another 40 % are intermittently colonized (Wertheim, 

Melles et al. 2005; Jacobsson 2009). The carriage of S. aureus has been identified as a 

risk factor for development of deep infections. High colonization rates are found among 

insulin dependent diabetics, HIV-infected patients and patients undergoing 

haemodialysis (Lowy 1998). 

 It has been reported that nasal carriage is a predictor of staphylococcal infection, i.e. 

carriage triples the chance to develop S. aureus bacteraemia (Wertheim, Vos et al. 2004). 

A substantial proportion of cases of S. aureus bacteraemia appears to be of endogenous 

origin, since the infecting bacteria originate from the nasal mucosa in 80-86 % (von Eiff, 

Becker et al. 2001). Also local treatment is increasingly more difficult due to the capacity 

of this bacterium to develop multidrug resistance. Mupirocin has been proved to be 

efficacious in eliminating S. aureus nasal carriage in healthy volunteers (Doebbeling, 

Breneman et al. 1993), but lately a dramatic increase in the incidence of mupirocin 

resistance has been reported (Coates, Bax et al. 2009). 
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2 AIMS OF THE STUDY 
 

 To determine the antibody response to alpha-toxin and to determine the alpha-toxin in    

serum as evidence of in vivo production. 

 

 To analyse the antibody response against S. aureus  antigens in patients suffering from 

deep infections  

 

 To analyse relations between clinical course and initial antibody levels 

 

 To study the IgG levels against S. aureus antigens in a cohort of healthy individuals   

 

 To create basic knowledge on the antibody response to improve future serological 

diagnosis, prognosis and immune therapy. 
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3 MATERIALS AND METHODS 

3.1 CLINICAL MATERIAL 

The clinical material analysed in the present work is based on 2 prospective studies on 

deep staphylococcal infections performed in Sweden during 1988-1991 and during 

2003- 2005. 

3.1.1 Study 1 

This study was performed at the Department of Infectious Diseases at the Örebro 

University  Hospital (papers II, III, IV). 

Characteristics of the studied material are described somewhere else (Söderquist, 1995). 

Clinical criteria for selection. Shortly, patients that showed on admission clinical signs 

of septicaemia such as fever  38.5 °C, shaking chills, tachypnea, tachycardia, 

hypotension, leukocytosis, and/or elevated CRP were included. The diagnosis of S. 

aureus septicaemia was verified by at least two positive blood cultures performed by the 

use of the Bactec 660 HP system (Becton Dickinson, USA).  

Complicated septicaemia was defined as a clinical course with septicaemic metastasis, 

e.g. acute osteomyelitis, septic arthritis or extensive abscesses. Uncomplicated 

septicaemia was defined as septicaemia without detectable infectious foci. Endocarditis 

was defined according to the strict case definition given by von Reyn (von Reyn, Levy et 

al. 1981).  

The median age was 10-71 years (range 10-91 years), 59% were men. 

Serum samples were taken on admittance, 3 days later and thereafter once a week as long 

as the patients were followed. Serum samples and strains isolated from the blood culture 

were stored at -70 °C until assayed.  

In paper II, we measured alpha-toxin antigen and the antibody levels in patient sera in 41 

septicaemic patients. The included patients had not been treated with antibiotics against 

the symptoms before admission and 27 of these patients were admitted < 7 days after 

onset of disease. 

In paper III, in order to simplify the analysis of the antibody response, the time of serum 

sampling after onset of disease was categorised into four intervals, namely 0-7 days ( 

n=50 ), 8-14 days ( n=47 ), 15-30 days ( n=37 ), and >30 days ( n=18 ). 

The antibody response against the 3 antigens alpha-toxin, lipase and teichoic acid was 

analysed.  

Besides the standard cut off values obtained earlier in healthy individuals, two groups of 

patients were used as control material. The first group were patients with septicaemia 
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caused by other species than S. aureus, such as Streptococcus pneumoniae (n= 9), 

Escherichia coli (n=6), S. epidermidis (n=2), Klebsiella pneumoniae, K. oxytoca, 

Enterobacter cloacae and Bacteroides fragilis (n=1 each). In total 70 serum samples were 

analysed. The second group was composed by 21 febrile patients with clinical signs 

suggesting of septicaemia without positive blood cultures. In total 49 samples. 

In paper IV we investigated the antibody levels against Clf and Efb in 43 septicaemic 

patients from the material described in paper III. We also included serum samples (n = 

72) from healthy controls aged from 21 to 68 years (mean 49 years) for the determination 

of antibody levels in a normal population.  

3.1.2 Study 2 

Collection of clinical samples and inclusion criteria  are described earlier (Jacobsson, 

Dashti et al. 2007).  In general, the selection criteria were similar to the study 1. Samples 

were collected at the time of diagnosis (n=96), after completed antibiotic treatment (n=76) 

and in convalescence one month after the end of treatment (n=51). In paper V we 

included, beside the five antigens used in study 1, three more antigens: enterotoxin A , 

Toxic Shock Syndrome Toxin 1, and Scalded Skin Syndrome toxin, thus the antibody 

levels against 8 different antigens were determined in the 123 serum samples available. 

Furthermore, we included single serum samples from 115 healthy individuals with 

matched ages to be used as reference to the sepsis patients. Patient samples and the S. 

aureus strains isolated from the blood cultures were stored at -70oC until assayed.  

In paper VI we analysed the serum samples collected from 115 healthy individuals as 

reference material for paper V on invasive S. aureus infections. These individuals were 

screened for nasal carriage of S. aureus according to standard laboratory procedures. We 

included another 36 samples from younger blood donors in order to compensate the 

skewed age distribution. The gender distribution was 60 % men and 29 % were of the 

ages 15-35 years, 21 % 35-65 years, and 49 % 65-90 years. We analysed the antibody 

levels against eleven antigens (Table 4). 

3.2 ELISA:S 

In Paper I we described a sandwich ELISA developed for detection of -toxin antigen in 

patient sera and broth culture supernatants. An anti--toxin rabbit serum was used as 

catcher antibody and a mouse monoclonal antibody as the detecting antibody. 

An indirect ELISA for serum IgG detection was used in papers II, III, IV, V and VI. 

Antibody detection was performed with the help of alkaline phosphatase conjugated pig 
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or goat anti-human IgG and the reaction was developed with P-nitro phenyl phosphate as 

substrate.  

3.2.1 Calculation models 

In papers II and III we applied a traditional model, the RELATIVE ELISA TITRE, 

defined as the serum absorbance value multiplied by the serum dilution factor at a time 

point when controls reached a previously determined value.  

In papers IV, V and VI we used a calculation model (UNREF) based on the titration of 

the sample resulting in a dilution curve, which is related to a similar dilution curve 

obtained by the titration of the reference serum. The result was calculated in relation to 

the reference serum, which was considered to have 1 000 Units at the applicable 

comparable concentration. (Reizenstein, Hallander et al. 1995). The results were thus 

expressed as serum antibody levels in these arbitrary units, different for each antigen. 

3.2.2 Interpretation of ELISA results 

In spite of the use of different calculations models, the same concept was used for 

definition of a positive serology:  

  HIGH TITRE (LEVEL): antibodies that reach levels above the age-related cut-off level 

obtained with healthy individuals. 

 A SIGNIFICANT RISE of antibody titre (level) was defined as a two-fold increase (or 

decrease in a few cases) compared to the acute phase serum sample, providing at least 

one serum titre (level) above a lower threshold value of about 100 for relative ELISA 

titres and about 120 for Units.  

 A patient was considered to show a POSITIVE SEROLOGY when a high titre (level) in 

at least one serum sample and/or a significant rise was noted. 

3.3 NEUTRALISATION TEST  

A small scale neutralisation test based on the traditional anti-staphylolysin (ASTA) 

method was developed and performed in polystyrene micro plates with purified alpha-

toxin. 
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3.4 CHARACTERISATION, TYPING AND ANALYSIS OF BACTERIAL 

ISOLATES 

3.4.1 Alpha-haemolysin (-toxin) production 

In paper III, strains were cultivated in broth on a shaker at 37oC. The supernatants 

were dispensed and titrated in micro plates, adding rabbit erythrocytes to measure the 

alpha-toxin haemolytic activity, as described previously. Interpretation of the results 

were expressed as Haemolytic Units (HU)/ml, i.e. the inverted value of the highest 

dilution producing at least 50% haemolysis (Kanclerski and Mollby 1987). 

In paper V, the haemolytic activity analysis was performed on nutrient agar plates 

containing rabbit erythrocytes and incubated at 37oC. The diameter of the haemolytic 

zone was measured and a diameter > 3 mm was considered to be positive. 

3.4.2 Typing for the agr groups and PFGE 

In paper V strains were typed for agr groups I to IV, using Polymerase Chain Reaction 

(PCR) primers as described by Peacock (Peacock, Moore et al. 2002).  

The whole genome of a strain was analysed by pulse field electrophoresis following the 

method described by Tenover and co-workers (Tenover, Arbeit et al. 1994). Visual 

interpretation of the banding pattern was performed, resulting in a cut-off of 75 % in 

the dendrogram, above which strains were considered to be closely related. 

3.4.3 tst gene detection 

In paper V strains were analysed for the presence of the tst1 gene by PCR . 

Methodology and primers were previously described by Jacobsson and co-workers  

(Jacobsson 2009). 

3.5 STATISTICAL METHODS 

Fisher’s exact test and/or Pearson Chi square test were used for analysis of differences 

in proportion. Quantitative variables were analysed with Student’s t test, and the non-

parametric method of Mann-Whitney was used for variables that were not normally 

distributed. In papers III and IV calculations were performed by the help of 

Statgraphics software, version 2.6 (STSC, Street Rockville, USA). In papers V and VI 

data were analysed using SPSS (version 11.5 and version 15) and GraphPad Prism 5. 
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4 RESULTS 

4.1 DEVELOPMENT OF A METHOD TO DETECT -TOXIN (PAPER I) AND 

DEMONSTRATION OF ANTI ALPHA-TOXIN ANTIBODIES (PAPER II) 

 

 A sandwich Elisa based upon a monoclonal antibody against -toxin was developed. 

The detection limit was 1 ng/ml (Paper I). 

 In sera, taken on admission from patients showing symptoms < 7days, alpha-toxin 

was detected in 22 % (6/27). 

 In total, on admission, -toxin was found in serum of 8 out of 41 patients. In seven of 

these eight serum samples with low antibody titres against -toxin were noted. 

 Quantitation of -toxin production by the homologous strains gave a range from 

0.24-22.4 g/ml. Thus, -toxin was detected in the supernatants of all the studied 

strains. 

 Antigen detection can complement the serological diagnosis with the help of alfa-

toxin in patient samples. The diagnostic sensitivity in early sample sera (< 7days) 

increased to 52 % when a combination of antigen and antibody detection against 

alpha-toxin was used. (Paper II) 

 

4.2  ANTIBODY RESPONSE AGAINST ALPHA-TOXIN, TEICHOIC ACID 

AND LIPASE (PAPER III) 

 
 In general, there was a considerable individual variation in the antibody response to 

the studied antigens  

 In the initial serum the antibody response against -toxin (high level) was most 

common (40 %). However, when samples were drawn between 0-30 days, a 

positive response (high level and/or rise) to teichoic acid was present in the highest 

number of the patients (60 %). 74 % of the patients showed a positive antibody 

response to at least one of the 3 antigens. 

 When cases of complicated versus uncomplicated septicaemia were compared in 8-14 

days samples, patients with complicated septicaemia showed a positive serology 

against -toxin in 14/31 (45 %) compared to 12/16 (75  %) in uncomplicated; 

against teichoic acid in 16/31 (51 %) versus 12/16 (75 %) and to lipase 15/31 (48 

%) versus 8/16 (50 %). 
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 Patients with low initial antibody levels displayed a poorer antibody response than 

those with higher initial antibody levels. This phenomenon was observed with all 

three antigens, but was most pronounced with alpha-toxin (p< 0.001) (Paper III, 

Figure 4). Furthermore, initially low antibody levels were associated with the 

development of complicated septicaemia (11out of 13 patients). 

 ELISA-titres against -toxin correlated (r =0.87) with neutralising activity of the 

patient serum in the haemolysin test. 

 

4.3 ANTIBODIES AGAINST THE CELL-BOUND CLUMPING FACTOR 

(CLF) AND AN EXTRACELLULAR FIBRINOGEN BINDING PROTEIN 

(EFB) IN SEPTICAEMIA PATIENTS AND HEALTHY INDIVIDUALS 

(PAPER IV). 

 
 Healthy individuals showed varying levels of antibodies against the two antigens.  

 No correlation was seen between serum antibody levels against Clf and Efb.  

In patient acute samples already 27 % showed positive antibody levels against Clf 

and 10% against Efb, while in convalescent samples 63 % (26/41) showed a positive 

serology against Clf and 49 % (20/41) against Efb.  

 Acute serum antibody levels against Efb in patients were significantly lower than 

levels in healthy individuals (p = 0.002). 

 The antibody response against Efb appeared to develop later in the course of disease. 

 An antibody response was most frequent against Clf in patients suffering from osteitis 

and/or septic arthritis and from endocarditis (80 % positive).  

 A possible biological effect of measured antibodies was demonstrated with the help 

of an inhibition Elisa, in which both high titre and low titre sera inhibited the 

binding of bacteria to fibrinogen. 

 

4.4 ANTIBODY RESPONSES IN PATIENTS WITH INVASIVE 

STAPHYLOCOCCUS AUREUS INFECTIONS (PAPER V) 

 
 Great variations in the antibody levels between individuals and between antigens 

were seen 

 A correlation between isolates agr group, PFGE group, alfa-toxin production and the 

initial antibody levels was observed. 

 Patients with fatal outcome displayed lower initial antibody levels to all antigens and  
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 Significantly to teichoic acid, lipase enterotoxin A and scalded skin syndrome toxin 

 Initial significantly low antibody levels against teichoic acid and lipase was 

associated with complicated bacteremia. 

 

4.5 ANTIBODY LEVELS AGAINST ELEVEN STAPHYLOCOCCUS 

AUREUS ANTIGENS IN A HEALTHYPOPULATION (PAPER VI)  

 
 Great variations in antibody levels in both young and elder healthy individuals were 

observed. 

 Occurrence of S. aureus in the nares at time of sampling was correlated to higher 

antibody levels and age over 65 y showed only slightly lower levels.  

 Certain individuals were more prone to produce/not to produce antibodies than 

others. 

 Colonised individuals showed higher antibody levels against certain extracellular 

proteins as lipase, enterotoxin A, extracellular adherence protein and toxic shock 

syndrome toxin 

 

 

 

 

 

Diversity is a constant motif in the relationship between 

Staphylococcus aureus and its human host:  

Diversity of S. aureus strains, host disposition, and sites of 

encounter as well as diversity of disease symptoms and severity. 

This constitutes a monumental challenge for research  

(Holtfreter et al, 2010). 
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5 DISCUSSION 
 
The present work is based on measuring antibodies in health and disease. 

5.1 ELISA METHODOLOGY  

Through the entire study we used ELISA methods to measure antibodies. We are aware 

of the fact that the method allows us to measure only the displayed antibodies, but is 

gives us no information about their ability to neutralize or other functional effects. The 

ideal is not only to measure the presence of antibodies, but also to determine their 

biological activities, since for the clinical judgement and diagnosis information on the 

protective capacity of the antibodies is desired (Dryla, Prustomersky et al. 2005). 

Functional assays are laborious and not easy to apply when analysing larger number of 

samples, as we performed in the present study. In same cases it is possible to find some 

relations between antibodies measured by ELISA and biological activity. In Paper III 

we found a relation between antibodies against alpha-toxin measured by ELISA and 

their neutralisation capacity measured by the neutralisation test ASTA. In paper IV we 

performed an inhibition Elisa to control whether the measured antibodies could bind to 

whole bacteria. 

Newer techniques have been reported, such as a multiple immunoassay based on the 

Luminex technology, that allows the simultaneous quantification of antibodies to 

several antigens (Verkaik, de Vogel et al. 2009). Today ELISA is still considered an 

appropriate method: ”This method (ELISA) is sensitive, extremely versatile and easy to 

handle in research and diagnostic laboratory” (Holtfreter, Kolata et al. 2010) 

5.2 ANTIBODY LEVELS IN HEALTHY INDIVIDUALS 

The study on healthy populations shows a similar picture as previously described in 

patients with infections, i.e. great individual variations, both between individuals and 

between antigens. Individuals older than 65 years showed only slightly lower levels. 

The significance of these antibodies is disputable, Dryla et al demonstrate that antibody 

levels in individuals are stable for years and are functional, and, most importantly, she 

identified antigenic proteins for which specific antibodies were missing or 

underrepresented in infected patients (Dryla, Prustomersky et al. 2005). 

 

Thirty percent of the healthy population is colonised with S. aureus in their nares. Has 

this colonisation any significance for the development of disease and for antibody 

response? 80 % of the patients developing deep infections are, in fact, infected with 
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endogenous strains and in our study we could show that presence of S. aureus in the 

nose was associated with higher antibody levels, This result has been obtained by other 

authors (Wertheim, Walsh et al. 2008; Verkaik, de Vogel et al. 2009), showing that 

carriers show higher levels of antibodies against TSST-1, SEA, Clf-A and Clf-B. 

Individuals carrying S. aureus in the nose are at higher risk than non-carrying 

individuals for developing bacteraemia, but are at lower risk of S. aureus bacteraemia-

related death (Wertheim, Vos et al. 2004) .  

5.3 ANTIBODY LEVELS IN DISEASE  

In spite that both prospective studies had different focus, there are some questions we 

can answer when comparing them, like the distribution of patients’ age. During the 10 

years since the first study, the bacteria have been in constant process of adaptation in 

the host and environment. Have the bacteria been influenced by their hard conditions, 

e.g. the antibiotic pressure? Have these conditions influenced bacterial pathogenicity? 

Has the antibody response of the host changed? Has patients’ age distribution changed? 

5.4 PATIENT AGE DISTRIBUTION 

We can see that elderly still are the most affected group in the community. In the 

Örebro study (Paper III) patients had a median age of 71 years and 59 % were male, 

while in the Skövde study (Paper V) the median was 72 years and 58 % were male. 

We must keep in mind the effect of age on humoral immunity; the effects on the B-cell 

repertoire and development effect more the quality than quantity (Weksler 2000) 

meaning that our results can be biased by this phenomenon. 

5.5 ISOLATE CHARACTERISTICS. 

The alpha-toxin production in vitro. In the Örebro study all the strains displayed 

haemolytic activity and the alpha-toxin production was approximately 1µg/ml in vitro. 

In the Skövde study only 60 % of the isolates showed alpha toxin production in vitro 

(Gustafsson, pers. comm.). Alpha-toxin production has been reported at frequencies of 

25-90 % in various isolate collections. One can speculate that in a way the patient’s 

antibody response reflect this difference in alpha-toxin production, since in the Örebro 

material the antibody response against alpha-toxin was 56 % and in the Skövde 

material only 35%. 

 

In the Skövde study it was possible to analyse patients’ isolates more in detail and we 

found a significant relation between agr group I and II and high production of alpha-

toxin. Low initial antibody levels were associated with agr group III (p=0.001). Other 
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authors have also associated the agr group with presence of certain kinds of disease, 

e.g. agr groups I, II and III with TSS (Ben Ayed, Boutiba-Ben Boubaker et al. 2006).  

Relations between isolates’ TSST-1 toxin production performed in the Örebro material 

(Kanclerski, Soderquist et al. 1996) and the presence of the tst-1gene in the Skövde 

material. In both clinical materials isolates showed similar trends (Kanclerski, 

Soderquist et al. 1996). In Örebro`s material 19 % of the isolates produced the toxin, 

while 17 % of the strains carried the tst1 gene in the Skövde material. In both studies a 

good correlation was found between isolates and antibody response.  

 

Furthermore in the Skövde material it was possible to associate the presence of the tst1 

gene carriage with agr group III and among patients a correlation between agr groupIII 

and higher antibody levels against TSST-1. Our results agree with the observation that 

strains carrying tst  gene have some geographical relation, since our finding are in 

agreement with the 18 % positive for TSST-1 reported by Christenson and others 

(Christensson and Hedstrom 1985; Kanclerski, Soderquist et al. 1996; Nagao, Okamoto 

et al. 2009). 

5.6 PATIENT ANTIBODY LEVELS  

In both studies great variations in the antibody levels between individuals and between 

antigens were observed, similar results have been reported previously (Julander, 

Granstrom et al. 1983; Christensson, Boutonnier et al. 1991; Colque-Navarro, Palma et 

al. 2000; Dryla, Prustomersky et al. 2005).  The relation between S. aureus and the host 

is very complex.  

Lately the strain diversities of S. aureus have been considered to constitute a 

remarkable degree of variability. The whole genome sequencing of 13 strains showed 

that two strains may differ in up to 20 % of their genetic composition and that these 

variations include most surface associated genes in the core variable genome as well as 

a great number of virulence and resistance factors, most of which were encoded on 

mobile elements (Holtfreter, Bauer et al. 2004; Lindsay and Holden 2004; Baba, Bae et 

al. 2008). Most studies have been done on antigens expressed in vitro but little is 

known about the expression of antigens in vivo, E.g. poly-N-succinyl beta-1-

6glucosamine (PNSG) is synthesised by S. aureus as a surface polysaccharide during 

human and animal infections, but few strains express PNSG in vitro, although all 

strains analysed carried the necessary genes for the synthesis of PNSG. The use of in 
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vivo-expressed antigens may also be one alternative to improve the serological 

diagnosis (McKenney, Pouliot et al. 1999). 

 

5.7 LOW (INITIAL) ANTIBODY LEVELS 

One of the most interesting observations in this work is the relation between initial 

levels and the course of the disease. Low levels were associated with complicated 

bacteraemia in paper III and in paper V they were associated with fatal outcome (Table 

5). In paper IV there were lower mean levels of antibodies against Efb in the acute 

serum of septic patients compared to the healthy population. 

 

Table 5 
Initial antibody levels presented as relative risk for different clinical outcomes (Table 4, 
paper V) 

(Five antigens are shown, n= 96) 
 

 
 

Antibody 
level 

28 day mortality 
(n=10) 

Severe sepsis 
n=28 

Compl. 
bacteraemia 

n=32 
Antigen  RR (95% CI)* RR RR (95% CI) 
TA Low 4.1(1.3-13.3) 1.6 2.2 (1.3-3.9) 

AT Low 1.5 0.6 1.6 

Lipase Low 4.3 (1.3-13.1) 1.1 2.1 (1.2-3.7) 

SEA Low 3.6 (1.1-11.9 1.2 0.8 (0.4-1.6) 

SSS Low 13.2 (1.7- 99.7) 1.7 0.9 (0.5-1.6) 

High 0.2 (0.1-0.9) 0.9 1.0 (0.5-1.7) 
Any of 8 
antigen Low 3.0 0.8 1.2 

* RR = Relative risk; CI = Confidence Interval 
 
 
The fatal outcome and the association with low antibody levels have been reported 

previously but only for TSST (Christensson and Hedstrom 1985). In our studies we 

could observe low levels not only against TSST, but also against SEA and SSS. 

Christensson and co-workers reported that patients suffering from TSS had no 

measurable antibodies against TSST. Patients suffering from chronic mandibulitis  had 

lower antibody levels against teichoic acid (Nordin, Wannfors et al. 1995). Other 

authors described opposite results, e.g. Verbrugh more frequently found high antibody 

levels against alpha-toxin, teichoic acid and peptidoglycan in patients suffering from 

complicated septicaemia (Verbrugh, Peters et al. 1986). Low antibody levels can be 
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associated with elderly patients and this probably results in a weak humoral immunity, 

as commented previously (Weksler 2000). It is not possible to state that low antibody 

levels are a direct cause to a poorer outcome of the patient, but such findings constitute 

important information for patient treatments in the future. 

 

Another important observation in paper V is that patients with previous invasive 

infections had a trend of lower risk of fatal outcome and that their initial antibody levels 

against alpha-toxin was high in 83 % as compared with 31 % in patients without 

previous infection. This observation is in accordance with the report of Routsalainen, 

who more often found high initial antibody levels against alpha-toxin, measured by 

ASTA, among drug abusers without endocarditis than with endocarditis (44 % vs. 6 %) 

(Ruotsalainen, Karden-Lilja et al. 2008).  

5.8 THE ANTIGENS AND SEROLOGICAL DIAGNOSIS 

The use of serology for diagnosis of S. aureus deep infections is not a new idea, since 

already in 1901 Neisser and Wechsberg published studies on S. aureus serology, 

describing the anti-staphylolysin test (ASTA ) (Neisser and Wechsberg 1901),.  During 

the past years many different methods as ASTA, immunodiffusion, RIA, EIA, etc. and 

many different antigens have been used (Wheat, Kohler et al. 1978; Herzog, Wood et 

al. 1984). Sweden has a long tradition in the use of serology for diagnosis of S. aureus 

infections (Packalén and Bergqvist 1947). The neutralisation test ASTA (anti-

staphylolysin test) is the only serological test for S. aureus that has an international 

reference serum available for all laboratories in Europe. Newer technologies for 

serology testing are coming, e.g.the Multiplex Immunoassay based on Luminex 

technology (Verkaik, de Vogel et al. 2009). 

5.8.1 Many different antigens and individual responses 

Data presented in this work show that during infection S. aureus express different 

virulence factors and the patient is exposed to a number of antigens. This fact 

counteracts the development of a single-antigen-serological-test for diagnostic use. 

Examples of these variations are shown in Figure 2, paper III for three antigens in six 

patients and in Figure 5 (below) for five antigens in two patients.  
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Fig 5A: Antibody responses against five antigens in a patient with septicaemia 

 

Patient A in Figure 5a showed initially low antibody levels, but responded very 

effectively to the five antigens with the exception of -toxin. Only against Efb the 

antibody levels remained high for more than 80 days, while the other levels decreased 

with time. 
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Fig 5B: Antibody response against five antigens in a patient with septicaemia 
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Patient B (Figure 5B), on the other hand, showed initially relatively high antibody 

levels against all five antigens, but still responded with increased levels during disease. 

Antibody levels against alpha-toxin and lipase appears to peak later than those against 

the other three antigens. This patient suffered a second incident of staphylococcal 

infection after more than 110 days.  

From these data it is evident that only one antigen would not be sufficient for clinical 

diagnosis of deep staphylococcal infections. The use of a serological assay with more 

than one relevant antigen increases the sensitivity of the assay.  

5.9 HOW CAN SEROLOGICAL DIAGNOSIS BE IMPROVED? 

5.9.1 Antigen detection 

A possibility to complement the serology of today is the addition of serum antigen 

detection. The isolation of the pathogen can be difficult due to previous antibiotic 

treatment or to the nature of the lesion. Furthermore, the antibody response will take 

some days to develop. In many patients the disease may develop into a fulminate 

sepsis very rapidly and require immediate treatment. 

Some experiments to measure S. aureus’ antigens in body fluids in infected rabbits 

and humans have been performed (Wheat, Kohler et al. 1978; Wheat, Kohler et al. 

1979; Espersen, Wheat et al. 1988). Detection of S. aureus in serum samples present 

some difficulties not observed in some other bacterial infections, namely the fact that 

healthy individuals have comparatively high levels of circulating antibodies against 

various S. aureus antigens. These antibodies may produce antigen-antibody immune 

complexes that mask the presence of circulating antigens (Tabbarah, Wheat et al. 

1980). E.g. -toxin can be neutralised by circulating antibodies, and also by human 

plasma low-density lipoproteins (Julander, Granstrom et al. 1983). In paper II we 

showed that in vitro all sepsis and human control strains produced measurable 

amounts of -toxin (Nozohoor, Heimdahl et al. 1998). This finding makes -toxin a 

good candidate for antigen detection. In fact, we could detect antigen in some 

patients’ serum samples and it was more often detected in patients with low IgG titres 

against -toxin than in those with high titres (PaperII). These observations are of 

value for further improvement of the laboratory diagnosis, using better and more 

sensitive techniques than ELISA. E.g. PCR, to detect the presence of staphylococcal 

DNA or maybe m-RNA for S. aureus adhesins, which are produced in the early phase 

of infection. Besides, fibrinogen binding proteins show a highly conserved gene that 

is strictly species specific (Boden 1994). 
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5.9.2 Antigens in serology 

To achieve the best information antibody determination can provide, the number and 

the selection of antigens is crucial. Regarding the number of antigens, it is obvious that 

the use of one antigen is not recommended. We could show that increasing the number 

of antigens would increase the sensitivity of the assay up to a certain level and 

thereafter the sensitivity does not increase further (Figure 6).  

 

Figure 6 

Percent of convalescent patient sera with positive serology from septic 
patients as measured against eight antigens 
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The solution might be to create a more specific serological diagnostic assay, more 

directed to the kind of patient and the clinical question. I propose to use a serological 

diagnosis based on a set of 2-3 core antigens, such as teichoic acid, lipase, and alpha-

toxin, complemented with 1 or 2 antigens more directed to the kind of patient. E.g. the 

complementing antigens could be related with bacterial attachment, as Clf , Eap in the 

case of patients with prosthetic devices, or could be Bbp (Persson, Johansson et al. 

2009) to discriminate cases of osteomyelitis from soft tissue infections in patients with 

diabetic foot ulcers.  

Our studies do not include probably relevant antigens, such as staphylococcal capsules 

(5 and 8), peptidoglycan or those exposed in biofilm production. The question of the 

optimal (number of) antigens to use is therefore a difficult one. While we suggest a set 

(but not a mixture) of antigens, other authors found whole cells to constitute a good 
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choice of antigen for serological diagnosis (Christensson, Hedstrom et al. 1983; 

Christensson, Fehrenbach et al. 1985; Christensson, Boutonnier et al. 1991; Persson, 

Johansson et al. 2009). It should be kept in mind, however, that increasing the number 

of antigens diminishes the specificity, may result in an increased number of possible 

cross-reactions, and complicates standardization the test.  

5.9.3 Cut-off levels  

Another important point is the determination and consideration of the antibody levels 

in the healthy population. Traditionally the upper cut off-level has been calculated as 

the 95th percentile of antibody levels in the healthy population. This level is used to 

determine whether antibody levels in a single serum from the patient are increased 

above those of the healthy population, a question which is the most common one in 

routine diagnostic work. Thus, the values of the healthy or control population are of 

great significance and should be re-evaluated at regular intervals. They should also 

possibly be related to various geographical areas and/or socio-economical strata of 

the population. Above all, there may be considerable differences related to age and 

antigen. Julander and co-workers analysed the cut-off values for the antibody levels 

in healthy population against alpha-toxin and teichoic acid, showing that for alpha-

toxin young individuals had titres at least five-fold higher than six month aged 

children, why she proposed a common cut-off level from the age of seven years 

(Julander, Granstrom et al. 1983). On the other hand levels against teichoic acid 

showed a 20 fold increase, making it necessary to create more carefully age related 

cut off levels (Granstrom, Julander et al. 1983). 

The kinds of patients suffering from deep S. aureus infections today make us 

reconsider the meaning of low antibody levels. These could be defined as levels 

below a lower cut-off level, e.g. the 5th percentile of antibody levels in the healthy 

population. Analysis of patients with low antibody levels demand new efforts in the 

standardization of the serology, since the variation of low level sera is higher. 

Furthermore, the test conditions will probably have to be modified. 

5.9.4 The value of measuring antibody levels 

The category of patients suffering from deep infections today is different from that of 

the past, being mostly elderly and immunocompromised individuals. Thus, the 

significance of low antibody levels should be further evaluated and analysed, since this 

issue may prove to be important for the treatment of the patients, as well as for the 

development of the future antibacterial active and/or passive immunotherapy of 

staphylococcal diseases (Fattom, Schneerson et al. 1993; Lee and Pier 1997; Persson, 



 

 49

Johansson et al. 2009). In relation to low antibody levels we demonstrated in paper III 

and V that patients with initially low antibody levels were more prone to develop 

complicated sepsis. In contradiction with other authors (Dziarski 1985) we also found 

that patients suffering complicated sepsis had a more poor antibody response towards 

the three antigens. In paper IV we again observed a low level phenomenon, namely that 

the sepsis patients showed lower antibody levels against Efb in their acute phase sera 

than those of the healthy population. 

 

In another S. aureus complication, TSS, the quantification of antibodies again is 

important (Christensson and Hedstrom 1985). Patients suffering from TSS lack, or have 

very low levels of, antibodies against the TSS-Toxin (TSS-T), and patients who fail to 

produce antibodies during disease are prone to relapse. Krause suggested similar 

theories regarding the importance of antibody levels against capsule polysaccharides 5 

and 8. He postulated that these antibodies might play an important role in S. aureus 

immunity, since it was shown that they promoted phagocytosis in vitro. He also 

suggested that invasive S. aureus infections occur because the patients lack protective 

levels of these specific antibodies. Furthermore, he consequently proposed that patients, 

who are known to be at high risk of developing nosocomial staphylococcal infections, 

could be protected through passive immunisation with hyperimmune gammaglobulin 

(Krause 1991).  

 

In conclusion, our study gives information for the improvement of today’s serology, for 

the development of a possible immune therapy and for the construction of the future 

vaccine. Further studies are necessary for confirmations of our observations, in 

particular the meaning of low antibody levels and their relation with development of 

invasive Staphylococcal disease. 
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6 THESIS SUMMARY – MAIN SECTION 
 
S. aureus is a common bacterium causing infections in both hospital and communities.  

The species has a strong capacity to develop antibiotic resistance. Despite the 

availability of effective antibiotics, new medical treatment regimens are urgently 

needed. 

Immunological approaches such as vaccination and immune therapies have potentials 

for preventive and therapeutic treatment. Up till today all vaccine candidates have 

failed. The importance and involvement of circulating antibodies in protection is still 

not well understood. Knowledge about how Staphylococcal antigens are recognized by 

the immune system is still incomplete. Measuring antibodies in disease and health are 

important tools in diagnosis and for the development of immunotherapeutic 

approaches. 

The present work aimed to study the antibody response against S. aureus in health and 

in deep infections. All over the study we used an indirect enzyme immune assay (EIA) 

for the antibody detection. In the first paper we expressed the antibody levels as titres, 

based on the absorbance achieved in one serum sample dilution. In the other three 

studies we titrated the sample in 4 or 6 dilutions and correlation curves were calculated 

and compared to a standard serum given arbitrary units. These methods allowed us to 

get (semi)quantitative values permitting us to compare the values between the studies in 

a more accurate way. 

 

Alpha-toxin exerts significant pathophysiological effects and is considered as a 

virulence factor with strong immunogenicity. A method based on a sandwich enzyme 

immuno assay EIA for detection of α-toxin in strains supernatants and human fluids 

was developed with a detection limit at nanogram levels, and the assay is simple, 

reproducible and performed within 6 hours. We measured the presence of alpha-toxin 

in 41 serum samples from patients with septicaemia due to Staphylococcus aureus and 

their homologous strains.  Alpha-toxin was detected in 22% (6/27) of the sera taken on 

admission from patients whose symptoms had been present for ~7 days. In all, α -toxin 

was found in eight (19.5%) of 41 serum samples taken on admission. In seven of these 

eight samples low antibody titres were also noted. Alpha-toxin was demonstrated in the 

supernatants of all the cultured strains, at concentrations ranging from 0.25-2.4 µg mL-l 

(mean 1.14 µg mL-l). The mean toxin concentrations from the strains of the antigen-
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positive and –negative patients were 1.4 and 1.07 ug ml-l, respectively. Twenty (57%) 

of 35 patients showed a positive antibody response to the toxin when followed up for 

>14 days from the onset of illness. The use of antigen and antibody detection against 

alpha-toxin was calculated and diagnostic sensitivity in early sample sera ( < 7 days ) 

increased to 52 %. This shows that it should be possible to improve the serological 

diagnosis with the help of alpha-toxin detection in patient samples.  

The subsequent studies are based on 2 prospective studies performed in Sweden with a 

time difference of approximately 10 years.  

The clinical material to the first prospective study was collected during 1988-1991 at 

the Department of Infectious Diseases, Örebro Medical Center Hospital comprising 240 

consecutive samples from 63 patients with culture proven S. aureus septicaemia. This 

material allowed us to follow the kinetics of the antibody response against 3 well 

purified and characterized antigens: -toxin, teichoic acid, and lipase. We found a 

considerable individual variation in the response to the different antigens and in most 

cases the clinical course of the disease correlated well with the antibody response, 

indicating the possible use of serology for monitoring disease and recovery. Antibody 

levels against -toxin measured in EIA correlated with the -toxin neutralizing activity 

of the patient sera. Patients with initially low antibody levels displayed a poorer 

antibody response during the disease than those with higher antibody levels. This 

phenomenon was observed with the three antigens -toxin, teichoic acid, and lipase but 

was most pronounced with -toxin (p < 0.001). Furthermore, initially low antibody 

levels were associated with the development of a complicated septicaemia (11 out of 13 

patients). These latter observations point at the significance of low antibody levels in 

Staphylococcal disease.  

In a separate study we analysed the antibody levels against clumping factor A (Clf-A) 

and extracellular fibrinogen binding protein (Efb). The antibody response demonstrated 

these fibrinogen binding proteins were produced in vivo during deep S. aureus 

infection. No correlation was seen between levels against Clf and against Efb indicating 

that measured antibodies were produced independently and giving complementary 

information. Furthermore, antibody levels against Efb were significantly lower in the 

acute sera than in sera from healthy individuals (p = 0.002). This difference may reflect 

that individuals with lower antibody levels against Efb are more prone to develop deep 

staphylococcal infections. 
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The sample collection for the second prospective study was performed during 2003 to 

2005 at the Clinic of Infectious Diseases in Skövde  It comprised 218 samples from 96 

patients, collected at the time of diagnosis, after completed antibiotic treatment and in 

convalescence, one month after the end of treatment. In this study we included three 

more antigens, enterotoxin A (SEA), Toxic Shock Syndrome Toxin 1 (TSST), and 

Scalded Skin Syndrome toxin (SSS) and we thus measured the antibody levels against 

eight different antigens. 

Also in this study we found a great variation in the antibody levels. A correlation 

between patient strains’ agr-group, PFGE-group, alpha-toxin production and patient 

initial antibody levels was observed. Patients with fatal outcome displayed lower initial 

antibody levels to all antigens and significantly to teichoic acid, lipase, SEA, and SSS. 

In episodes with complicated bacteraemia, significantly low levels to teichoic acid and 

lipase were registered in the initial samples.  

In connection with the previous study we analysed 151 healthy individuals with 

matched ages as to give reference values to the sepsis patients. We also controlled if these 

individuals were colonized in the nares. In this material we measured the antibody 

levels against eleven antigens, i.e. another three than in the previous study: antigens 

Clumping factor B (ClfB), bone sialoprotein-binding protein (Bsp) and extracellular 

adherence protein (Eap). 

 The antibody levels in the healthy population also showed great individual variations, 

both in young and elder healthy subjects. Occurrence of S. aureus in the nares at time 

of sampling was correlated to higher antibody levels, specially against extracellular 

proteins as alpha-toxin, lipase, SEA, TSS-1, SSS. Elderly individuals over 65 y showed 

slightly lower levels. Certain individuals were more prone to produce/not to produce 

antibodies than others, and certain extracellular proteins were more often inducing high 

IgG levels. 
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Conclusions 

Analysis of the antibody levels in S. aureus septicaemia showed: 

- variations between patients and between different antigens  

- that the sensitivity of the serological diagnosis can be improved through the 

use of more than one antigen in a combinatory analysis 

- that low antibody levels may have a prognostic value  

 

Analysis of the antibody levels in healthy individuals showed: 

- variations between patients and between different antigens  

- colonized individuals (nares) show higher antibody levels against 

extracellular proteins: alpha-toxin, lipase, SEA, TSS-1, SSS. 

  

Serological analysis in the future may be important for monitoring the S. aureus 

diseases. It may also be crucial for monitoring the use of passive and active immune 

therapy against S. aureus invasive disease. 
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