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ABSTRACT

Staphylococcus aureus is a very versatile and adaptable microorganism. It can potentially 

infect virtually any host tissue. Given the appropriate conditions it can become a life-

threatening pathogen, or a commensal colonizer of the nose. Extensive antibiotic use for 

infection control facilitated the rise of antibiotic resistance, stressing the need for alternate 

forms of control. Vaccine efforts in other pathogens have proved successful, but so far S.  

aureus candidate vaccines have not been as effective. Here we review S. aureus factors 

involved in pathogenesis that could help develop a successful vaccine, like host nasal 

colonization and immune evasion factors. An effective multicomponent vaccine could 

incorporate antigenic fragments from several S. aureus proteins, preferably involved in 

colonization, immune evasion and/or toxicity.

KEYWORDS: S. aureus, Vaccine, Nasal colonization, Immune evasion.

INTRODUCTION

Staphylococcus aureus is a natural inhabitant of mammalian skin and certain mucous 

epithelia. It is an opportunistic pathogen and has the ability to infect virtually every tissue 

in the body of animals and humans, especially those at risk of infection like wounds, or 

with diminished immunological protection like secretory glandular tissue (28).  It is a very 

versatile and adaptable organism; it can become pathogenic causing bacteremia or establish 

a commensal relationship in humans without causing overt disease, as is the case in nasal 
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colonization. However, given the appropriate conditions each and every strain of S. aureus 

can become a life-threatening pathogen (29).

Infection control usually requires antibiotics; however, their extensive use has facilitated 

the emergence of strains with antibiotic resistance (21). Resistance to methicillin and 

vancomycin has been observed in recent years in hospital and community acquired S. 

aureus infections (5, 44). Methicillin resistance in S. aureus is mediated by the acquisition 

of an exogenous gene, mecA, that encodes a ß-lactam-resistant penicillin-binding protein 

(PBP), termed PBP 2a (or PBP2') (22). There are two known types of vancomycin 

resistance, complete (vancomycin-resistant S. aureus, VRSA) and intermediate resistance 

(vancomycin intermediate resistant S. aureus, VISA). The VRSA resistance is mediated via 

the apparent acquisition of the vanA gene that allows synthesis of modified peptidoglycan 

precursors with decreased affinity for vancomycin. In VISA, genetic mutations that result 

in production of a much thicker cell wall makes it very difficult for vancomycin to enter the 

cell (10).

In this review we will present a summary of S. aureus nasal colonization and immune 

evasion mechanisms used to overcome host responses, as well as strategies used in vaccine 

design. Based in this information, we then suggest desirable characteristics that future 

vaccine candidates may incorporate in their design. 

Nasal colonization
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The association between S. aureus nasal carriage and staphylococcal disease was first 

reported by Danbolt in 1931 (45), which numerous studies confirmed afterwards (48, 53, 

54). Several studies including historical medical controls have reported great reductions of 

surgical site infections in patients pre-treated to remove S. aureus from their noses -nasal 

decolonization- (7, 25). Although nasal carriage is one of the most important risk factors for 

nosocomial and surgical site infections, randomized controlled trials have failed to confirm 

a significant reduction in infection rates after nasal decolonization (24). Therefore, 

clearance of nasal S. aureus is not a completely effective method for infection control. It is 

possible that after nasal clearance, S. aureus that reside in other parts of the body are the 

source of infection. S. aureus cells can survive for months on many types of surface (26), 

and propagate from there through the hands of the patient (or relatives or caregivers) to the 

site of infection, or even back to the nasal niche by nose picking (52).

Longitudinal studies distinguish at least three nasal carriage patterns in healthy individuals: 

persistent carriage (about 20%), intermittent carriage (30%), and non-carriage (50%) (14, 

47, 54). Persistent carriers have higher single-strain S. aureus loads (their "persistent 

strain") and higher risk of developing staphylococcal infections (34), while intermittent 

carriers may carry different strains over time (14, 47). Furthermore, after inoculation with a 

mix of S. aureus strains, non-carriers quickly eliminate all strains, whereas persistent 

carriers eliminate all strains except for their "persistent strain" when it was present in the 

inoculation mix (33). It is important to notice that non-carriers who become infected from 

exogenous S. aureus strains have a four-fold increased mortality rate compared with S. 
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aureus nasal carriers (53). The host immune response that kept non-carriers noses free from 

S. aureus is not effective enough to prevent other S. aureus infections.

Recently, a study of anti-staphylococcal antibodies profile showed that levels of IgG and 

IgA against 17 different S. aureus antigens were equal in intermittent carriers and non-

carriers but not in persistent carriers. This suggests there are only 2 types of nasal carriers: 

persistent and non-persistent carriers (46). 

Nasal carriage patterns are most likely determined by host and bacterial factors. No relation 

has been observed between carriage rate and seasonality, temperature, or relative humidity 

(30, 31, 54). Genetic studies have shown that a simple Mendelian trait probably does not 

explain host carrier states (1, 3, 36). However, there are observed differences in bacterial 

attachment to the nasal epithelia of carriers and non-carriers that suggest host factors 

(genetic and/or environmental) can determine carrier state (2). Personal environmental 

factors probably have a larger influence: carrier states are usually shared among household 

members and most mothers carry the same strain as their children (36), suggesting that 

close contact helps adaptation of the pathogen to its host. Even the anatomy of the nose 

may influence carrier state (9, 38).

In summary, the existence of non-carriers suggest that there is an immune host response, 

and probably some genetic host factors as well, that is effective in preventing S. aureus 

colonization. Even in carriers, there is a balance between host and pathogen that allows 

only a specific strain to colonize and prevents colonization from other strains. However, 

this balance is lost when S. aureus manages to thwart host defenses and invades the host. It 
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is likely that genetic changes in the strain are partly responsible for the newly developed 

abilities of the strain to overcome the host immune response (20), probably aided by host 

changes, like wounds or diminished immune defenses, that facilitate infective processes. 

It may be possible to elicit an immune response through vaccination that allows the host to 

defend against invading bacteria, one that mimics the immune response of non-carriers. 

Studies in host immune responses have identified S. aureus molecules that react strongly to 

sera of non-carriers. Identified molecules are usually involved in immune evasion and 

colonization mechanisms by S. aureus (13, 49).

Immune evasion

Usually after host internalization, a microorganism and its products are taken up by 

macrophages and other antigen-presenting cells and transported to lymph nodes, where B 

cells are stimulated to differentiate and secrete antibodies that neutralize toxins and 

promote more efficient phagocytosis of bacterial cells. Antibodies to S. aureus antigens can 

be detected in all humans, and titers usually rise after infection (13, 16, 40). However, these 

antibodies and immunological memory seem to be inadequate to prevent subsequent 

infections, which reflect the great capacity of S. aureus to compromise immune responses.

S. aureus has an impressive number of immune evasion factors to overcome host defense 

mechanisms (11, 17). It is important to notice that many of these factors have multiple, 

often redundant roles: if one of them is rendered inactive through mutation or antibody 

targeting, its function can still be carried away by another redundant factor (Figure 1). 
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After the physical barrier of the skin is breached and the bacterium starts to grow inside the 

host, the innate immune response is activated (50). S. aureus is particularly adept in 

evading innate host defense, as evidenced by the abundance of mechanisms that the 

bacterium uses to evade killing by phagocytes (17). 

Complement activation is part of the innate immune response, and S. aureus has several 

bacterial products that interfere with its function by (i) the recruitment or mimicking of 

complement regulators, (ii) the modulation or inhibition of complement proteins by direct 

interactions, and (iii) the inactivation by enzymatic degradation (27). Phagocyte function is 

also altered by S. aureus, expressed S. aureus molecules can block phagocyte receptor 

function. Bacteria may hide from recognition by producing protective coats, such as 

capsular polysaccharide or biofilm. After ingestion by professional or non-professional 

phagocytic cells, the bacteria use mechanisms to decrease the efficiency of antimicrobial 

mechanisms and to survive killing mechanisms. Intracellular persistence provides a 

protective niche from professional phagocytes and extracellular antibiotics, and can 

promote recrudescent infection (19). S. aureus often produce toxins that lyse phagocytes 

and superantigen toxins that overstimulate the immune system (11, 17). The tight control of 

expression is also essential for pathogenesis. The expression of toxins, colonization and 

immune evasion factors is controlled by complex regulatory networks that include the 

quorum-sensing agr system, transcriptional regulators of the sar family, the two-

component regulatory systems ArlRS and SaeRS, and the alternative sigma factor SigB 
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(35). A more detailed review of S. aureus molecules that contribute to immune evasion or 

alter host immune function is presented elsewhere (11, 17).

Vaccine designs.

Is a S. aureus vaccine feasible? This is not a question with an easy answer. Recovery from 

a S. aureus infection does not appear to confer immunity against subsequent infections, 

which cast doubts in the feasibility of generating a better protective immune response than 

the one induced after natural infection. However, work in the prevention of bovine mastitis 

(32) showed a 50-70% protection level when using killed bacteria combined with α- and β-

toxin toxoids, indicating that it may be possible to generate an immune response with an 

improved level of protection. Since it is not appropriate to use whole killed S. aureus 

vaccine preparations in humans, alternatives have to be found. 

Several reviews covering vaccine development have been published (12, 39, 42). 

Concisely, the few vaccine candidates that have advanced to clinical trials have failed to 

show positive results, even after having shown excellent results in animal models of 

infection. Lessons learned in other pathogens might not be transferable to S. aureus. For 

example, vaccines based in capsular polysaccharides of other bacterial pathogens have 

proven successful (15, 18), whereas in S. aureus failed to show protection (43). Important 

efforts are directed towards creating staphylococcal subunit vaccines (39), although one 

could argue that a vaccine carrying only one bacterial factor as immunogen might not work 

due to the ample role redundancy of S. aureus molecules (Figure 1). 
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Another approach consists of letting the human immune response choose the best target for 

vaccination (8, 13, 49, 51). Sera of carriers vs. non-carriers, or healthy vs. infected human 

subjects is probed against a library of expressed S. aureus proteins, with the idea of identify 

potential targets already recognized by a "good" human immune response to be used as 

candidate vaccines. This approach has its strength in that bacterial proteins recognized by 

human sera with a high antibody titer and opsonic activity against S. aureus in vitro, are 

more likely to perform better as vaccine components than bacterial proteins not recognized. 

Its weakness resides in that selected targets are only as effective as the antibodies used to 

select them. The fact that non-carriers that successfully fend off S. aureus from colonizing 

their noses can still become severely ill from a S. aureus infection means their antibodies 

are not completely capable of excluding S. aureus under all conditions.

There is also the possibility that an identified S. aureus candidate antigen in its fully 

functional state is poorly antigenic, resulting in few or no induced antibodies in the host. 

Mice immunized with fibronectin-binding protein (FnBP) were able to resist an S. aureus 

infection challenge (6, 41), but were unable to block binding of FnBP to host fibronectin. It 

was found that native FnBP is poorly immunogenic, but after binding to fibronectin, the 

FnBP-fibronectin complex is actually immunogenic (37). Therefore, induced antibodies 

were actually recognizing the FnBP-fibronectin complex instead of preventing its binding. 

It was later found that biologically inactive FnBP fragments were actually capable of 

inducing antibodies that could recognize native FnBP and prevent its binding to fibronectin, 

therefore being better immunogens than native FnBP (4, 23) (Figure 2).
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Therefore, it is possible that an effective vaccine could incorporate antigenic fragments 

from several S. aureus proteins, a multicomponent vaccine, preferably involved in 

colonization, immune evasion and/or toxicity (Table 1). These antigenic fragments would 

be biologically inactive proteins that could still induce protective antibodies. The absence 

of biologically active antigens can increase safety and the targeting of multiple S. aureus 

proteins at once decreases the chances of S. aureus immune evasion.

CONCLUSSION

A successful vaccination protocol could greatly contribute to S. aureus infection control, 

providing a much needed relief in reliance of antibiotic therapy alone. Also, advances in the 

field will help develop effective passive immunization protocols, which are useful in cases 

were prophylactic vaccination is not possible. Much work is still needed, but the field has 

greatly progressed lately, with a growing number of research groups working in S. aureus 

vaccine development, as observed after a Pubmed search in S. aureus vaccines 

(http://www.ncbi.nlm.nih.gov/sites/entrez/ access date: July 2009). It is likely that S.  

aureus infection control can be achieved soon.
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Table 1. Possible targets for vaccine development

aaa Autolysin / adhesin from S. aureus
atl S. aureus autolysin
aur Zinc metalloproteinase aureolysin, Aur
bbp Bone sialo-protein binding protein
cap5 / cap8  Capsular polysaccharide 
chp Chemotaxis inhibitory protein of S. aureus
clfA, ClfB Clumping factor A and B
can Collagen binding protein
coa Staphyloccocal coagulase
crtM, crtN Carotenoid pigment, staphyloxanthin
dltc DltC, from Dlt operon, DltABCD 
eap Extracellular adherence protein
ebh extracellular matrix (ECM) binding protein homologue
ebps Elastin binding protein
ecb Extracellular complementbinding protein
efb Extracellular fibrinogenbinding protein
emp Extracellular matrix protein-binding protein
fbpa Fibrinogen binding protein 
fnbA, fnbB Fibronectin-binding proteins A and B
hla, hly Alpha-hemolysin (α-hemolysin)
hld Delta-hemolysin
hlgA, hlgB, hlgC Gamma-hemolysin subunits A, B, and C 
icaD, icaB, icaC Polysaccharide intercellular adhesin, PIA
isdA, isdB Iron-regulated surface determinants of S aureus,
lukS-PV, lukF-PV Leukocidin S-PV and F-PV, Panton Valentine leukocidin
lukD, lukE Leukocidin D and E 
mprF Multiple peptide resistance factor
pls plasmin sensitive protein PLS
psm Phenol-soluble modulinlike peptides
rap RANIII activating protein
sak Staphylokinase 
sasg S. aureus surface protein G
sbi IgG-binding protein
scn Staphylococcal inhibitor of complement
sea, seb, secn, sed, see, seg, Staphylococcal enterotoxins
    seh, sei, sej, sek, sel, sep
spa Protein A 
ssl5 Staphylococcal superantigen-like 5, SSL5
ssl7 Staphylococcal superantigen-like 7, SSL7
tst Toxic shock syndrome toxin-1, TSST1
vnbp Vibronectin binding protein
vwbp Von Willebrand factor binding protein
eno α-enolase, Laminin binding protein 
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ecb

chp

spa

sak

eap

fnbpA,B

emp

clfA,B

C3 Complement

C5 Complement

Immunoglobulins

Lymphocyte activation

cationic defensins

plasminogen

Prothrombin 

Fibronectin 

Fibrinogen

Elastin

Vitronectin

Keratin 

Fibrin 

Figures:

Figure 1. Redundancy in S. aureus. Expressed products of S. aureus genes involved in 

pathogenicity, colonization and/or immune evasion usually interact with several targets. 

Additionally, host factors are usually targeted by different bacterial factors. Redundancy 

assures infection processes can continue even when some bacterial factors are neutralized 

by host responses or vaccination
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native FnBP 
immunization

antibodies bind 
FnBP-Fn complex

X

FnBP fragment 
immunization

antibodies prevent 
FnBP-Fn complex
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Figure 2. Immunization with FnBP. Immunization with native FnBP induces antibodies 

that fail to prevent binding of FnBP to Fn, by failing to recognize native FnBP; but 

recognizes the FnBP-Fn complex. Immunization with biologically inactive FnBP fragments 

induces antibodies effective in preventing binding of FnBP to Fn, by recognizing native 

FnBP and failing to bind the FnBP-Fn complex.

13

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

13

N
at

ur
e 

P
re

ce
di

ng
s 

: h
dl

:1
01

01
/n

pr
e.

20
10

.4
59

8.
1 

: P
os

te
d 

30
 J

un
 2

01
0



REFERENCES:

1. Aly, R.; Maibach, H.I.; Shinefield, H.R.; Mandel, A.D. (1974). Staphylococcus aureus carriage in twins. Am. J.  
Dis. Child., 127, 486–88.

2. Aly, R.; Shinefield, H.R.; Strauss, W.G.; Maibach, H.I. (1977). Bacterial adherence to nasal mucosal cells. Infect.  
Immun., 17, 546–549.

3. Bogaert, D.; van Belkum, A.; Sluijter, M.; Luijendijk, A.; de Groot, R.; Rümke, H.C.; Verbrugh, H.A.; Hermans, 
P.W. (2004). Colonisation by Streptococcus pneumoniae and Staphylococcus aureus in healthy children. Lancet, 
363, 1871–72.

4. Brennan, F.R.; Jones, T.D.; Longstaff, M.; Chapman, S.; Bellaby, T.; Smith, H.; Xu, F.; Hamilton, W.D.; Flock, 
J.I. (1999). Immunogenicity of peptides derived from a fibronectin-binding protein of S. aureus expressed on two 
different plant viruses. Vaccine, 17, 1846–1857.

5. CDC. (1996). National Nosocomial Infections Surveillance report, data summary from October 1986--April 1996, 
issued May 1996. Am. J. Infect. Control, 24, 380–388.

6. Ciborowski, P.; Flock, J.I.; Wadstrom, T. (1992). Immunological response to a Staphylococcus aureus fibronectin-
binding protein. J. Med. Microbiol., 37, 376–381.

7. Cimochowski, G.E.; Harostock, M.D.; Brown, R.; Bernardi, M.; Alonzo, N.; Coyle, K. (2001). Intranasal 
mupirocin reduces sternal wound infection after open heart surgery in diabetics and nondiabetics. Ann. Thorac.  
Surg., 71, 1572–1578.

8. Clarke, S.R.; Brummell, K.J.; Horsburgh, M.J.; McDowell, P.W.; Mohamad, S.A.; Stapleton, M.R.; Acevedo, J.; 
Read, R.C.; Day, N.P.; Peacock, S.J.; Mond, J.J.; Kokai-Kun, J.F.; Foster, S.J. (2006). Identification of in vivo-
expressed antigens of Staphylococcus aureus and their use in vaccinations for protection against nasal carriage. J.  
Infect. Dis., 193, 1098–108.

9. Cole, A.M.; Tahk, S.; Oren, A.; Yoshioka, D.; Kim, Y.H.; Park, A.; Ganz, T. (2001). Determinants of 
Staphylococcus aureus nasal carriage. Clin. Diagn. Lab. Immunol., 8, 1064–69.

10. Cui, L.; Iwamoto, A.; Lian, J.Q.; Neoh, H.M.; Maruyama, T.; Horikawa, Y.; Hiramatsu, K. (2006). Novel 
mechanism of antibiotic resistance originating in vancomycin-intermediate Staphylococcus aureus. Antimicrob.  
Agents Chemother., 50, 428–38.

11. DeLeo, F.R.; Diep, B.A.; Otto, M. (2009). Host defense and pathogenesis in Staphylococcus aureus infections. 
Infect. Dis. Clin. North Am., 23, 17-34.

12. Deresinski, S. (2006). Antistaphylococcal vaccines and immunoglobulins: current status and future prospects. 
Drugs, 66, 1797–1806.

13. Dryla, A.; Prustomersky, S.; Gelbmann, D.; Hanner, M.; Bettinger, E.; Kocsis, B.; Kustos, T.; Henics, T.; Meinke, 
A.; Nagy, E. (2005). Comparison of antibody repertoires against Staphylococcus aureus in healthy individuals and 
in acutely infected patients. Clin. Diagn. Lab. Immunol., 12, 387-398.

14. Eriksen, N.H.; Espersen, F.; Rosdahl, V.T.; Jensen, K. (1995). Carriage of Staphylococcus aureus among 104 
healthy persons during a 19-month period. Epidemiol. Infect., 115, 51–60.

15. Eskola, J.; Käyhty, H.; Takala, A.K.; Peltola, H.; Rönnberg, P.R.; Kela, E.; Pekkanen, E.; McVerry, P.H.; Mäkelä 
PH. (1990). A randomized, prospective field trial of a conjugate vaccine in the protection of infants and young 
children against invasive Haemophilus influenzae type b disease. N. Engl. J. Med., 323, 1381–1387.

16. Etz, H.; Minh, D.B.; Henics, T.; Dryla, A.; Winkler, B.; Triska, C.; Boyd, A.P.; Söllner, J.; Schmidt, W.; von 
Ahsen, U.; Buschle, M.; Gill, S.R.; Kolonay, J.; Khalak, H.; Fraser, C.M.; von Gabain, A.; Nagy, E.; Meinke, A. 
(2002). Identification of in vivo expressed vaccine candidate antigens from Staphylococcus aureus. Proc. Natl.  
Acad. Sci. USA, 99, 6573–6578.

17. Foster, T.J. (2005). Immune Evasion by Staphylococci. Nat. Rev. Microbiol., 3, 948-58.

18. Gardner, P. (2006). Clinical practice. Prevention of meningococcal disease. N. Engl. J. Med., 355, 1466–1473.

14

300

301
302

303
304

305
306
307

308
309
310

311
312

313
314

315
316
317

318
319
320
321

322
323

324
325
326

327
328

329
330

331
332
333

334
335

336
337
338

339
340
341
342

343

344

14

N
at

ur
e 

P
re

ce
di

ng
s 

: h
dl

:1
01

01
/n

pr
e.

20
10

.4
59

8.
1 

: P
os

te
d 

30
 J

un
 2

01
0



19. Garzoni, C.; Kelley, W.L. (2009). Staphylococcus aureus: new evidence for intracellular persistence. Trends 
Microbiol., 17, 59-65.

20. Goerke, C.; Matias y Papenberg, S.; Dasbach, S.; Dietz, K.; Ziebach, R.; Kahl, B.C.; Wolz, C. (2004). Increased 
frequency of genomic alterations in Staphylococcus aureus during chronic infection is in part due to phage 
mobilization. J. Infect. Dis., 189, 724-734.

21. Goossens, H.; Ferech, M.; Vander Stichele, R.; Elseviers, M. (2005). Outpatient antibiotic use in Europe and 
association with resistance: a cross-national database study. Lancet, 365, 579–587.

22. Hiramatsu, K.; Cui, L.; Kuroda, M.; Ito, T. (2001). The emergence and evolution of methicillin-resistant 
Staphylococcus aureus. Trends Microbiol., 9, 486-493.

23. Huesca, M.; Sun, Q.; Peralta, R.; Shivji, G.M.; Sauder, D.N.; McGavin, M.J. (2000). Synthetic peptide 
immunogens elicit polyclonal and monoclonal antibodies specific for linear epitopes in the D motifs of 
Staphylococcus aureus fibronectin-binding protein, which are composed of amino acids that are essential for 
fibronectin binding. Infect. Immun., 68, 1156-1163.

24. Kalmeijer, M.D.; Coertjens, H.; van Nieuwland-Bollen, P.M.; Bogaers-Hofman, D.; de Baere, G.A.; Stuurman, 
A.; van Belkum, A.; Kluytmans, J.A. (2002). Surgical site infections in orthopedic surgery: the effect of mupirocin 
nasal ointment in a double-blind, randomized, placebo-controlled study. Clin. Infect. Dis., 35, 353–358.

25. Kluytmans, J.A.; Mouton, J.W.; VandenBergh, M.F.; Manders, M.J.; Maat, A.P.; Wagenvoort, J.H.; Michel, M.F.; 
Verbrugh, H.A. (1996). Reduction of surgical-site infections in cardiothoracic surgery by elimination of nasal 
carriage of Staphylococcus aureus. Infect. Control Hosp. Epidemiol., 17, 780–785.

26. Kramer, A.; Schwebke, I.; Kampf, G. (2006). How long do nosocomial pathogens persist on inanimate surfaces? 
A systematic review. BMC Infect. Dis., 6, 130.

27. Lambris, J.D.; Ricklin, D.; Geisbrecht, B.V. (2008). Complement evasion by human pathogens. Nat. Rev.  
Microbiol., 6, 132-142.

28. Lowry, F.D. (1998). Staphylococcus aureus infections. N. Engl. J. Med., 339, 520–532.

29. Melles, D.C.; Gorkink, R.F.; Boelens, H.A.; Snijders, S.V.; Peeters, J.K.; Moorhouse, M.J.; van der Spek, P.J.; van 
Leeuwen, W.B.; Simons, G.; Verbrugh, H.A.; van Belkum, A. (2004). Natural population dynamics and expansion 
of pathogenic clones of Staphylococcus aureus. J. Clin. Invest., 114, 1732–1740

30. Miles, A.A.; Williams, R.E.O.; Clayton-Cooper, B. (1944). The carriage of Staphylococcus (pyogenes) aureus in 
man and its relation to wound infection. J. Pathol. Bacteriol., 56, 513–524.

31. Noble, W.C.; Williams, R.E.; Jevons, M.P., Shooter, R.A. (1964). Some aspects of nasal carriage of staphylococci. 
J. Clin. Pathol., 17, 79–83.

32. Nordhaug, M.L.; Nesse, L.L.; Norcross, N.L.; Gudding, R. (1994). A field trial with an experimental vaccine 
against staphylococcus aureus mastitis in cattle. 1. Clinical parameters. J. Dairy Sci., 77, 1267-1275.

33. Nouwen, J.; Boelens, H.; van Belkum, A., Verbrugh, H. (2004). Human factor in Staphylococcus aureus nasal 
carriage. Infect. Immun., 72, 6685–6688.

34. Nouwen, J.L.; Fieren, M.W.; Snijders, S.; Verbrugh, H.A.; van Belkum, A. (2005). Persistent (not intermittent) 
nasal carriage of Staphylococcus aureus is the determinant of CPD-related infections. Kidney Int., 67, 1084–1092.

35. Novick, R.P. (2003). Autoinduction and signal transduction in the regulation of staphylococcal virulence. Mol.  
Microbiol., 48, 1429-1449.

36. Peacock, S.J.; Justice, A.; Griffiths, D.; de Silva, G.D.; Kantzanou, M.N.; Crook, D.; Sleeman, K.; Day, N.P. 
(2003). Determinants of acquisition and carriage of Staphylococcus aureus in infancy. J. Clin. Microbiol., 41, 
5718–5725.

37. Penkett, C.J.; Redfield, C.; Jones, J.A.; Dodd, I.; Hubbard, J.; Smith, R.A.; Smith, L.J.; Dobson, C.M. (1998). 
Structural and dynamical characterization of a biologically active unfolded fibronectin-binding protein from 
Staphylococcus aureus. Biochemistry, 37, 17054-17067.

15

345
346

347
348
349

350
351

352
353

354
355
356
357

358
359
360

361
362
363

364
365

366
367

368

369
370
371

372
373

374
375

376
377

378
379

380
381

382
383

384
385
386

387
388
389

15

N
at

ur
e 

P
re

ce
di

ng
s 

: h
dl

:1
01

01
/n

pr
e.

20
10

.4
59

8.
1 

: P
os

te
d 

30
 J

un
 2

01
0



38. Peschel, A. (2002). How do bacteria resist human antimicrobial peptides? Trends Microbiol., 10, 179–186.

39. Projan, S.J.; Nesin, M.; Dunman, P.M. (2006). Staphylococcal vaccines and immunotherapy: to dream the 
impossible dream?. Curr. Opin. Pharmacol., 6, 473–479.

40. Roche, F.M.; Massey, R.; Peacock, S.J.; Day, N.P.; Visai, L.; Speziale, P.; Lam, A.; Pallen, M.; Foster, T.J. 
(2003). Characterization of novel LPXTG containing proteins of Staphylococcus aureus identified from genome 
sequences. Microbiology, 149, 643–654.

41. Rozalska, B.; Wadstrom, T. (1993). Protective opsonic activity of antibodies against fibronectin-binding proteins 
(FnBPs) of Staphylococcus aureus. Scand. J. Immunol., 37, 575-580.

42. Schaffer, A.C.; Lee, J.C. (2009). Staphylococcal vaccines and immunotherapies. Infect. Dis. Clin. North Am., 23, 
153-171.

43. Schaffer, A.C.; Lee, J.C. (2008). Vaccination and passive immunisation against Staphylococcus aureus. Int. J.  
Antimicrob. Agents., 32, S73.

44. Sievert, D.M.; Rudrik, J.T.; Patel, J.B.; McDonald, L.C.; Wilkins, M.J.; Hageman, J.C. (2008). Vancomycin-
resistant Staphylococcus aureus in the United States, 2002–2006. Clin. Infect. Dis., 46, 668–674.

45. Solberg, C.O. (1965). A study of carriers of Staphylococcus aureus with special regard to quantitative bacterial 
estimations. Acta Med. Scand. Suppl., 436, 1–96.

46. van Belkum, A.; Verkaik, N.J.; de Vogel, C.P.; Boelens, H.A.; Verveer, J.; Nouwen, J.L.; Verbrugh, H.A.; 
Wertheim, H.F. (2009). Reclassification of Staphylococcus aureus nasal carriage types. J. Infect. Dis., 199, 1820-
1826.

47. VandenBergh, M.F.; Yzerman, E.P.; van Belkum, A.; Boelens, H.A.; Sijmons, M.; Verbrugh, H.A. (1999). 
Follow-up of Staphylococcus aureus nasal carriage after 8 years: redefining the persistent carrier state. J. Clin.  
Microbiol., 37, 3133–3140.

48. von Eiff, C.; Becker, K.; Machka, K.; Stammer, H.; Peters, G. (2001). Nasal carriage as a source of 
Staphylococcus aureus bacteremia. N. Engl. J. Med., 344, 11–16.

49. Vytvytska, O.; Nagy, E.; Blüggel, M.; Meyer, H.E.; Kurzbauer, R.; Huber, L.A.; Klade, C.S. (2002). Identification 
of vaccine candidate antigens of Staphylococcus aureus by serological proteome analysis. Proteomics, 2, 580-590.

50. Walport, M. J. (2001). Complement. First of two parts. N. Engl. J. Med., 344, 1058–1066.

51. Weichhart, T.; Horky, M.; Söllner, J.; Gangl, S.; Henics, T.; Nagy, E.; Meinke, A.; von Gabain, A.; Fraser, C.M.; 
Gill, S.R.; Hafner, M.; von Ahsen, U. (2003). Functional selection of vaccine candidate peptides from 
Staphylococcus aureus whole-genome expression libraries in vitro. Infect. Immun., 71, 4633-4641.

52. Wertheim, H.F.; van Kleef, M.; Vos, M.C.; Ott, A.; Verbrugh, H.A.; Fokkens, W. (2006). Nose picking  and nasal 
carriage of Staphylococcus aureus. Infect. Control Hosp. Epidemiol., 27, 863-867.

53. Wertheim, H.F.; Vos, M.C.; Ott, A.; van Belkum, A.; Voss, A.; Kluytmans, J.A.; van Keulen, P.H.; 
Vandenbroucke-Grauls, C.M.; Meester, M.H.; Verbrugh, H.A. (2004). Risk and outcome of nosocomial 
Staphylococcus aureus bacteraemia in nasal carriers versus non-carriers. Lancet, 364, 703–705.

54. Williams, R.E.O. (1963). Healthy carriage of Staphylococcus aureus: its prevalence and importance. Bacteriol.  
Rev., 27, 56–71.

16

390

391
392

393
394
395

396
397

398
399

400
401

402
403

404
405

406
407
408

409
410
411

412
413

414
415

416

417
418
419

420
421

422
423
424

425
426

16

N
at

ur
e 

P
re

ce
di

ng
s 

: h
dl

:1
01

01
/n

pr
e.

20
10

.4
59

8.
1 

: P
os

te
d 

30
 J

un
 2

01
0


