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Amajor challenge in the management of device-related infections (DRIs) involving microbial

biofilms derives from the rapid coating of implanted biomaterials by host-derived glycopro-

teins and other macromolecules. The performance of modified biomaterial surfaces that limit

bacterial colonisation under laboratory conditions is difficult to predict in this in vivo milieu.

Biofilms formed by staphylococci have for many decades been recognised as the most frequent

cause of biofilm-associated infections with Staphylococcus epidermidis and Staphylococcus

aureus being the two main species of staphylococci associated with DRI. Advances in our

understanding of staphylococcal biofilm mechanisms have made one fact clear: namely, that

this important pathogen has adopted the mantra "to stick to surfaces at all costs" and employs a

remarkable array of adherence mechanisms to achieve this goal. Here we will review these

diverse biofilm mechanisms, raise questions about why such redundancy exists, and outline

potential implications for the development of new biofilm-targeted therapeutics.

What Are the Mechanisms of Biofilm Used by Staphylococci?

From the earliest identification of poly-N-acetylglucosamine (PNAG)/polysaccharide intercel-

lular adhesin (PIA) as a first known mediator of Staphylococcus epidermidis biofilm formation

(reviewed in [1]), interest in this important virulence determinant has led to the discovery of

multiple biofilm mechanisms in S. epidermidis and S. aureus. The LPXTG-cell wall-anchored

biofilm-associated protein (BAP) in bovine mastitis S. aureus isolates [2], the accumulation-

associated protein (Aap) in S. epidermidis [3], and the fibronectin binding proteins (FnBPs) in

human methicillin-resistant S. aureus (MRSA) isolates [4] were among the first PIA/PNAG-

independent biofilm mechanisms to be described. Other protein adhesins include the cell wall-

anchored clumping factor A (ClfA), cell wall-anchored clumping factor B (ClfB), S. aureus sur-

face protein G (SasG), S. aureus surface protein C (SasC), Staphylococcus aureus protein A

(Spa), and S. epidermidis surface protein C (SesC), as well as the cell surface extracellular matrix

binding protein (Embp) and extracellular adherence protein (Eap) (reviewed in [5]). Release of

extracellular DNA following lysis mediated by the major autolysin contributes to biofilm devel-

opment in both species [6,7]. Lysis-dependent release of cytoplasmic proteins has also been

implicated in the biofilm phenotype [8]. Protein adhesins and extracellular DNA (eDNA) are

in turn susceptible to protease and nuclease degradation, which can modulate biofilm develop-

ment, architecture, and release [9]. The small-peptide toxins, termed the phenol-soluble modu-

lins (PSMs), have surfactant qualities that regulate biofilm maturation and dissemination [10].

PSMs can also aggregate into amyloid structures that enhance biofilm formation [11], building
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on previously described roles for extracellular amyloid fibres in biofilm formation in other bac-

teria [11]. Surface charge influenced by wall teichoic acid composition also impacts staphylo-

coccal cell interactions with surfaces and the initiation of biofilm formation [12]. Clearly

staphylococci possess an array of biofilm mechanisms (Fig 1), and significant progress has

been made over the last number of years in our understanding of the complexity of the various

stages involved in staphylococcal biofilm attachment, formation, regulation, and disassembly.

Application of this knowledge base and future studies will investigate how interactions between

different adhesins influence the biofilm phenotype and the pathogenesis of biofilm-associated

infections. Such interactions remain largely unexplored, but studies in a number of bacteria

have shown interactions between eDNA and other matrix components such as polysaccharide

and amyloid [13–15]. In S. aureus, interactions between extracellular DNA, amyloid fibres

[16], and beta toxin [17] or between PIA/PNAG and teichoic acids [18] have also been

reported.

How Does S. aureus Exploit the Host Machinery to Build a “Biofilm
Shield”?

The ability of S. aureus to survive in human blood is facilitated by production of coagulase

(Coa), which is up-regulated in vivo by the two-component system SaeRS. In the clinical labo-

ratory, Coa or staphylocoagulase production is routinely used to differentiate between S. aureus

isolates and the coagulase-negative staphylococci. Whereas the contribution of surface pro-

teins, secreted and lysis-derived proteins, polysaccharide, and eDNA adhesins, is influenced by

strain background, the production of Coa, which we recently reported plays a critical role in

biofilm formation under physiologically relevant conditions, is universal for all S. aureus

strains. Upon maturation, like other biofilm types, the fibrin-shielded biofilms exhibit

increased resistance to antimicrobial drugs.

Fig 1. Major mechanisms of biofilm expressed by S. aureus. (A) Polysaccharide-type biofilm is dependent of expression of PIA/PNAG by intracellular
adhesion operon (icaADBC)-carrying strains and is common in methicillin-sensitive S. aureus isolates. (B) Surface proteins such as BAP, the FnBPs, and
SasG/Aapmediate direct cell-to-cell contact during biofilm accumulation. Cytoplasmic proteins and eDNA released following cell lysis can also act as
components of the biofilm matrix. (C) Coagulase-mediated conversion of fibrinogen (Fg) into fibrin, which is recruited into a biofilm scaffold that can be
dispersed by plasmin produced following staphylokinase-mediated activation of plasminogen. (D) Phenol-soluble modules have surfactant qualities that
can promote biofilm dispersal but can also accumulate as amyloid aggregates that promote biofilm accumulation.

doi:10.1371/journal.ppat.1005671.g001
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Coa binds to host prothrombin forming active staphylothrombin complexes that convert

soluble monomeric fibrinogen (Fg) into self-polymerizing insoluble fibrin, which is then

recruited by S. aureus to form the biofilm scaffold [19]. A similar mechanism of fibrin scaffold

production is attributed to vonWillebrand factor-binding protein (vWbp), a second Coa

expressed by S. aureus. Upon maturation, like other biofilm types, the fibrin-shielded biofilms

exhibit increased resistance to antimicrobial drugs [20]. Coa-mediated biofilm formation is

clearly dependent on the bacterial cell making contact with Fg as evidenced by the significant

role of the Fg-binding surface protein ClfA in this phenotype under high shear [20]. Other

microbial surface components recognizing matrix molecules are likely to contribute to adhe-

sion in static or low shear environments. The physiological importance of fibrin-promoted

staphylococcal accumulation is further evidenced in abscess formation [21], joint infections, in

which antibiotic-resistant, fibrin-embedded bacterial agglomerations in human synovial fluid

are a major virulence determinant [22], and in S. aureus catheter-related infections, which are

dependent on the production of fibrin by Coa or vWbp [23]. These studies support a growing

body of literature revealing the importance of the fibrin shield protecting S. aureus from uptake

by phagocytic cells and survival in the infection milieu [19,24–26].

Why Does S. aureus Retain the Capacity to Express Multiple
Apparently Redundant Biofilm Mechanisms?

Given that S. aureus is highly unlikely to have retained the capacity to express multiple biofilm

phenotypes when just one would suffice, it seems reasonable to suggest that these environmen-

tally regulated biofilm mechanisms are niche-specific and may play overlapping roles in both

colonisation and biofilm formation. On the skin where NaCl concentrations are relatively high

and water availability is low, production of PIA/PNAG may serve primarily to trap water with

its role in intercellular adherence a secondary function. Similarly, up-regulation of FnBP

expression in host niches where the pH is more acidic (e.g., urinary tract, vagina, mouth, and

skin) appear to favour a biofilm mechanism that also promotes bacterial adherence to extracel-

lular matrix proteins such as fibronectin, Fg, and elastin. Indeed, this general hypothesis may

also extend to all surface proteins as well as the autolysin-mediated release of cytoplasmic pro-

teins [8] and extracellular DNA with adherence properties [7]. Physiological levels of Zn2+,

which can be elevated at infection sites, play an important role in promoting Aap/SasG-depen-

dent intercellular adhesion, perhaps in part by altering the cell surface via interactions with

negatively charged teichoic acids [27]. On the other hand, the regulation of proteinaceous bio-

films by bacterial and host proteases may reflect both a bacterial dispersal mechanism and a

host response to infections involving protein adhesin-mediated biofilms.

Under iron- and nutrient-limiting conditions, which are likely to be encountered in blood,

the Coa-mediated conversion of Fg to fibrin on surfaces conditioned with plasma proteins pro-

motes a biofilm phenotype that would not be possible outside the host. Limited iron availability

in vivo also promotes expression of Embp, Eap, and PIA, which are regulated by the iron regu-

lator Fur and the SaeRS-two component system [28]. Importantly, the SaeRS system controls

Coa expression and is required for fibrin-mediated biofilm on plasma coated surfaces [20].

The physiological relevance of the Coa-mediated biofilm suggests that it is likely to play an

important role in S. aureus DRI. However, S. epidermidis and other Coa-negative staphylococci

are also a major cause of DRI despite being genetically incapable of producing fibrin-dependent

biofilms and rather use polysaccharide and protein adhesin biofilm mechanisms as described

above. Returning to the idea that different biofilm adhesins may play overlapping roles in both

colonisation and biofilm formation, it would seem likely that Coa-mediated production of

fibrin biofilms may be exploited by S. aureus for rapid colonisation of implanted devices but
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that over longer time periods, other biofilm adhesins may play increasingly important roles in

the maturation of the biofilm. Supporting this idea, we recently reported that 24-hour fibrin

biofilms were significantly more susceptible to inactivation by antibiotics than FnBP-depen-

dent biofilms of the same age but that over time, the fibrin biofilms became increasingly resis-

tant [20].

What Are the Implications of These Different Biofilm Mechanisms
for Future Therapeutics?

As noted above, comparative studies revealed that the antibiotics daptomycin, tigecycline, and

rifampicin were capable of an almost complete inactivation of 24-hour fibrin-mediated bio-

films, whereas FnBP-mediated biofilms were significantly more resistant [20]. A recent study

using an antibiotic lock model of infection showed that very high doses of these antibiotics

retained significant activity against mature three- and five-day biofilms, which is more likely to

reflect the “real-life” clinical scenario in which treatment is started following diagnosis of a DRI

[29]. Early diagnosis and intervention against biofilm-associated infections may therefore be of

significant therapeutic importance using existing antimicrobial drugs, although the need to

administer antimicrobials at many thousand times the minimum inhibitory concentration of

the organism to achieve adequate biofilm inactivation remains the major challenge.

Dispersal of biofilms by dispersin B, proteases, nucleases, or agents capable of manipulating

PSM production have been proposed to have therapeutic potential [9,30]. The isoquinoline

alkaloid berberine has been reported to prevent PSM accumulation into amyloid fibrils [31].

Similarly, the fibrin-degrading pathway of the host coagulation cascade, in which activation of

host plasminogen generates plasmin, can also be exploited to manipulate S. aureus biofilm,

offering a new therapeutic option to treat S. aureus DRI. Fibrin-mediated biofilms can be eradi-

cated by plasmin and other fibrinolytic enzymes such as nattokinase or serrapeptase [20].

Kwiecisnki et al. demonstrated that increasing levels of staphylokinase, which activates plas-

minogen, inhibited biofilm in a mouse catheter infection model [32], whereas pre-coating cath-

eter surfaces with tissue plasminogen activator also inhibited adhesion and biomass

accumulation in the same in vivo model [33]. The drug dabigatran (a pharmacological inhibi-

tor of both staphylothrombin and thrombin) inhibited fibrin-mediated biofilm by blocking the

interaction between Coa/vWbp and prothrombin both in vitro and in a murine central venous

catheter model [23]. In prosthetic joint infections, pharmacological manipulation of the PSM-

controlled interaction between PIA/PNAG and the cell surface, which contributes to the

agglomeration of fibrin-dependent, biofilm-like cell clusters, has therapeutic potential [22].

Depending on the complexity of biofilms formed in vivo, a combination of biofilm dispersal

agents may be necessary. However, because dispersal agents may seed bacteria to other organs,

such therapies would need to be used in combination with systemic antimicrobial drugs. Nev-

ertheless, degradation of the biofilm matrix represents a promising therapeutic approach both

for prevention and eradication of biofilms. Collectively, these data underscore the importance

of future studies to determine which biofilm mechanism (or combination of mechanisms) is

deployed by staphylococci in human DRIs and the susceptibility of in vivo-formed biofilms to

antimicrobial therapy.

The important role for fibrin shields in staphylococcal virulence, generally [19,24–26], and

biofilm-associated infections, specifically, opens up the possibility that active and passive

immunization strategies targeting Coa may also represent an effective anti-biofilm strategy. A

recent study has shown that monoclonal antibodies raised against the Fg-binding R domain at

the C-terminus of Coa marked the fibrin shield for phagocytic killing, protected mice from

MRSA sepsis, and enhanced opsonophagocytic killing of MRSA in blood samples from healthy
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human volunteers [19]. PNAG also shows considerable potential as a vaccine candidate

(reviewed in [34]), and a combination vaccine targeting Coa, PNAG, and other biofilm adhe-

sins may also help prevent DRIs. Continued progress in understanding the mechanisms of

staphylococcal biofilm and their relevance in different host niches is needed to augment and

expand current antimicrobial treatment for these significant infections.

References
1. O'Gara JP. ica and beyond: biofilm mechanisms and regulation in Staphylococcus epidermidis and

Staphylococcus aureus. FEMSMicrobiol Lett. 2007; 270(2):179–88. PMID: 17419768

2. Cucarella C, Solano C, Valle J, Amorena B, Lasa I, Penades JR. Bap, a Staphylococcus aureus sur-
face protein involved in biofilm formation. J Bacteriol. 2001; 183(9):2888–96. PMID: 11292810

3. Rohde H, Burdelski C, Bartscht K, Hussain M, Buck F, Horstkotte MA, et al. Induction of Staphylococ-
cus epidermidis biofilm formation via proteolytic processing of the accumulation-associated protein by
staphylococcal and host proteases. Mol Microbiol. 2005; 55(6):1883–95. PMID: 15752207

4. O'Neill E, Pozzi C, Houston P, Humphreys H, Robinson DA, Loughman A, et al. A novel Staphylococ-
cus aureus biofilm phenotype mediated by the fibronectin-binding proteins, FnBPA and FnBPB. J Bac-
teriol. 2008; 190(11):3835–50. doi: 10.1128/JB.00167-08 PMID: 18375547

5. Foster TJ, Geoghegan JA, Ganesh VK, Hook M. Adhesion, invasion and evasion: the many functions
of the surface proteins of Staphylococcus aureus. Nature Reviews Microbiology. 2014; 12(1):49–62.
doi: 10.1038/nrmicro3161 PMID: 24336184

6. Heilmann C, Hussain M, Peters G, Gotz F. Evidence for autolysin-mediated primary attachment of
Staphylococcus epidermidis to a polystyrene surface. Molecular Microbiology. 1997; 24(5):1013–24.
PMID: 9220008

7. Houston P, Rowe SE, Pozzi C, Waters EM, O'Gara JP. Essential role for the major autolysin in the fibro-
nectin-binding protein-mediated Staphylococcus aureus biofilm phenotype. Infect Immun. 2011; 79
(3):1153–65. doi: 10.1128/IAI.00364-10 PMID: 21189325

8. Foulston L, Elsholz AKW, DeFrancesco AS, Losick R. The Extracellular Matrix of Staphylococcus
aureus Biofilms Comprises Cytoplasmic Proteins That Associate with the Cell Surface in Response to
Decreasing pH. Mbio. 2014; 5(5).

9. Lister JL, Horswill AR. Staphylococcus aureus biofilms: recent developments in biofilm dispersal. Front
Cell Infect Microbiol. 2014; 4:178. doi: 10.3389/fcimb.2014.00178 PMID: 25566513

10. Wang R, Khan BA, Cheung GY, Bach TH, Jameson-Lee M, Kong KF, et al. Staphylococcus epidermi-
dis surfactant peptides promote biofilm maturation and dissemination of biofilm-associated infection in
mice. J Clin Invest. 2011; 121(1):238–48. doi: 10.1172/JCI42520 PMID: 21135501

11. Schwartz K, Syed AK, Stephenson RE, Rickard AH, Boles BR. Functional amyloids composed of phe-
nol soluble modulins stabilize Staphylococcus aureus biofilms. PLoS Pathog. 2012; 8(6):e1002744.
doi: 10.1371/journal.ppat.1002744 PMID: 22685403

12. Gross M, Cramton SE, Gotz F, Peschel A. Key role of teichoic acid net charge in Staphylococcus
aureus colonization of artificial surfaces. Infect Immun. 2001; 69(5):3423–6. PMID: 11292767

13. HuW, Li L, Sharma S, Wang J, McHardy I, Lux R, et al. DNA builds and strengthens the extracellular
matrix in Myxococcus xanthus biofilms by interacting with exopolysaccharides. PLoS ONE. 2012; 7
(12):e51905. doi: 10.1371/journal.pone.0051905 PMID: 23300576

14. Fernandez-Tresguerres ME, de la Espina SM, Gasset-Rosa F, Giraldo R. A DNA-promoted amyloid
proteinopathy in Escherichia coli. Mol Microbiol. 2010; 77(6):1456–69. doi: 10.1111/j.1365-2958.2010.
07299.x PMID: 20662778

15. Wang S, Liu X, Liu H, Zhang L, Guo Y, Yu S, et al. The exopolysaccharide Psl-eDNA interaction
enables the formation of a biofilm skeleton in Pseudomonas aeruginosa. Environ Microbiol Rep. 2015;
7(2):330–40. doi: 10.1111/1758-2229.12252 PMID: 25472701

16. Schwartz K, Ganesan M, Payne DE, Solomon MJ, Boles BR. Extracellular DNA facilitates the formation
of functional amyloids in Staphylococcus aureus biofilms. Mol Microbiol. 2016; 99(1):123–34. doi: 10.
1111/mmi.13219 PMID: 26365835

17. Huseby MJ, Kruse AC, Digre J, Kohler PL, Vocke JA, Mann EE, et al. Beta toxin catalyzes formation of
nucleoprotein matrix in staphylococcal biofilms. Proc Natl Acad Sci U S A. 2010; 107(32):14407–12.
doi: 10.1073/pnas.0911032107 PMID: 20660751

18. Formosa-Dague C, Feuillie C, Beaussart A, Derclaye S, Kucharikova S, Lasa I, et al. Sticky Matrix:
Adhesion Mechanism of the Staphylococcal Polysaccharide Intercellular Adhesin. ACS Nano. 2016;
10(3):3443–52. doi: 10.1021/acsnano.5b07515 PMID: 26908275

PLOS Pathogens | DOI:10.1371/journal.ppat.1005671 July 21, 2016 5 / 6

http://www.ncbi.nlm.nih.gov/pubmed/17419768
http://www.ncbi.nlm.nih.gov/pubmed/11292810
http://www.ncbi.nlm.nih.gov/pubmed/15752207
http://dx.doi.org/10.1128/JB.00167-08
http://www.ncbi.nlm.nih.gov/pubmed/18375547
http://dx.doi.org/10.1038/nrmicro3161
http://www.ncbi.nlm.nih.gov/pubmed/24336184
http://www.ncbi.nlm.nih.gov/pubmed/9220008
http://dx.doi.org/10.1128/IAI.00364-10
http://www.ncbi.nlm.nih.gov/pubmed/21189325
http://dx.doi.org/10.3389/fcimb.2014.00178
http://www.ncbi.nlm.nih.gov/pubmed/25566513
http://dx.doi.org/10.1172/JCI42520
http://www.ncbi.nlm.nih.gov/pubmed/21135501
http://dx.doi.org/10.1371/journal.ppat.1002744
http://www.ncbi.nlm.nih.gov/pubmed/22685403
http://www.ncbi.nlm.nih.gov/pubmed/11292767
http://dx.doi.org/10.1371/journal.pone.0051905
http://www.ncbi.nlm.nih.gov/pubmed/23300576
http://dx.doi.org/10.1111/j.1365-2958.2010.07299.x
http://dx.doi.org/10.1111/j.1365-2958.2010.07299.x
http://www.ncbi.nlm.nih.gov/pubmed/20662778
http://dx.doi.org/10.1111/1758-2229.12252
http://www.ncbi.nlm.nih.gov/pubmed/25472701
http://dx.doi.org/10.1111/mmi.13219
http://dx.doi.org/10.1111/mmi.13219
http://www.ncbi.nlm.nih.gov/pubmed/26365835
http://dx.doi.org/10.1073/pnas.0911032107
http://www.ncbi.nlm.nih.gov/pubmed/20660751
http://dx.doi.org/10.1021/acsnano.5b07515
http://www.ncbi.nlm.nih.gov/pubmed/26908275


19. Thomer L, Emolo C, Thammavongsa V, Kim HK, McAdowME, YuW, et al. Antibodies against a
secreted product of S. aureus trigger phagocytic killing. J Exp Med. 2016; 213(3):293–301. doi: 10.
1084/jem.20150074 PMID: 26880578

20. Zapotoczna M, McCarthy H, Rudkin JK, O'Gara JP, O'Neill E. An Essential Role for Coagulase in
Staphylococcus aureus Biofilm Development Reveals New Therapeutic Possibilities for Device-
Related Infections. J Infect Dis. 2015; 212(12):1883–93. doi: 10.1093/infdis/jiv319 PMID: 26044292

21. Kobayashi SD, Malachowa N, DeLeo FR. Pathogenesis of Staphylococcus aureus abscesses. Am J
Pathol. 2015; 185(6):1518–27. doi: 10.1016/j.ajpath.2014.11.030 PMID: 25749135

22. Dastgheyb SS, Villaruz AE, Le KY, Tan VY, Duong AC, Chatterjee SS, et al. Role of Phenol-Soluble
Modulins in Formation of Staphylococcus aureus Biofilms in Synovial Fluid. Infect Immun. 2015; 83
(7):2966–75. doi: 10.1128/IAI.00394-15 PMID: 25964472

23. Vanassche T, Peetermans M, Van Aelst LN, PeetermansWE, Verhaegen J, Missiakas DM, et al. The
role of staphylothrombin-mediated fibrin deposition in catheter-related Staphylococcus aureus infec-
tions. The Journal of infectious diseases. 2013; 208(1):92–100. doi: 10.1093/infdis/jit130 PMID:
23532100

24. Cheng AG, McAdowM, Kim HK, Bae T, Missiakas DM, Schneewind O. Contribution of coagulases
towards Staphylococcus aureus disease and protective immunity. PLoS Pathog. 2010; 6(8):e1001036.
doi: 10.1371/journal.ppat.1001036 PMID: 20700445

25. Guggenberger C, Wolz C, Morrissey JA, Heesemann J. Two distinct coagulase-dependent barriers
protect Staphylococcus aureus from neutrophils in a three dimensional in vitro infection model. PLoS
Pathog. 2012; 8(1):e1002434. doi: 10.1371/journal.ppat.1002434 PMID: 22253592

26. McAdowM, Kim HK, Dedent AC, Hendrickx AP, Schneewind O, Missiakas DM. Preventing Staphylo-
coccus aureus sepsis through the inhibition of its agglutination in blood. PLoS Pathog. 2011; 7(10):
e1002307. doi: 10.1371/journal.ppat.1002307 PMID: 22028651

27. Formosa-Dague C, Speziale P, Foster TJ, Geoghegan JA, Dufrene YF. Zinc-dependent mechanical
properties of Staphylococcus aureus biofilm-forming surface protein SasG. P Natl Acad Sci USA. 2016;
113(2):410–5.

28. Johnson M, Cockayne A, Morrissey JA. Iron-regulated biofilm formation in Staphylococcus aureus
Newman requires ica and the secreted protein Emp. Infection and immunity. 2008; 76(4):1756–65. doi:
10.1128/IAI.01635-07 PMID: 18268030

29. Hogan S, Zapotoczna M, Stevens NT, Humphreys H, O'Gara JP, O'Neill E. In vitro approach for identifi-
cation of the most effective agents for antimicrobial lock therapy in the treatment of intravascular cathe-
ter-related infections caused by Staphylococcus aureus. Antimicrob Agents Chemother. 2016. doi: 10.
1128/AAC.02885-15

30. Le KY, Dastgheyb S, Ho TV, Otto M. Molecular determinants of staphylococcal biofilm dispersal and
structuring. Front Cell Infect Microbiol. 2014; 4:167. doi: 10.3389/fcimb.2014.00167 PMID: 25505739

31. Chu M, Zhang MB, Liu YC, Kang JR, Chu ZY, Yin KL, et al. Role of Berberine in the Treatment of Methi-
cillin-Resistant Staphylococcus aureus Infections. Sci Rep. 2016; 6:24748. doi: 10.1038/srep24748
PMID: 27103062

32. Kwiecinski J, Peetermans M, Liesenborghs L, Na M, Bjornsdottir H, Zhu X, et al. Staphylokinase Con-
trol of Staphylococcus aureus Biofilm Formation and Detachment Through Host Plasminogen Activa-
tion. J Infect Dis. 2016; 213(1):139–48. doi: 10.1093/infdis/jiv360 PMID: 26136471

33. Kwiecinski J, Na M, Jarneborn A, Jacobsson G, Peetermans M, Verhamme P, et al. Tissue Plasmino-
gen Activator Coating on Implant Surfaces Reduces Staphylococcus aureus Biofilm Formation. Applied
and environmental microbiology. 2015; 82(1):394–401. doi: 10.1128/AEM.02803-15 PMID: 26519394

34. Skurnik D, Cywes-Bentley C, Pier GB. The exceptionally broad-based potential of active and passive
vaccination targeting the conserved microbial surface polysaccharide PNAG. Expert Rev Vaccines.
2016:1–13.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005671 July 21, 2016 6 / 6

http://dx.doi.org/10.1084/jem.20150074
http://dx.doi.org/10.1084/jem.20150074
http://www.ncbi.nlm.nih.gov/pubmed/26880578
http://dx.doi.org/10.1093/infdis/jiv319
http://www.ncbi.nlm.nih.gov/pubmed/26044292
http://dx.doi.org/10.1016/j.ajpath.2014.11.030
http://www.ncbi.nlm.nih.gov/pubmed/25749135
http://dx.doi.org/10.1128/IAI.00394-15
http://www.ncbi.nlm.nih.gov/pubmed/25964472
http://dx.doi.org/10.1093/infdis/jit130
http://www.ncbi.nlm.nih.gov/pubmed/23532100
http://dx.doi.org/10.1371/journal.ppat.1001036
http://www.ncbi.nlm.nih.gov/pubmed/20700445
http://dx.doi.org/10.1371/journal.ppat.1002434
http://www.ncbi.nlm.nih.gov/pubmed/22253592
http://dx.doi.org/10.1371/journal.ppat.1002307
http://www.ncbi.nlm.nih.gov/pubmed/22028651
http://dx.doi.org/10.1128/IAI.01635-07
http://www.ncbi.nlm.nih.gov/pubmed/18268030
http://dx.doi.org/10.1128/AAC.02885-15
http://dx.doi.org/10.1128/AAC.02885-15
http://dx.doi.org/10.3389/fcimb.2014.00167
http://www.ncbi.nlm.nih.gov/pubmed/25505739
http://dx.doi.org/10.1038/srep24748
http://www.ncbi.nlm.nih.gov/pubmed/27103062
http://dx.doi.org/10.1093/infdis/jiv360
http://www.ncbi.nlm.nih.gov/pubmed/26136471
http://dx.doi.org/10.1128/AEM.02803-15
http://www.ncbi.nlm.nih.gov/pubmed/26519394

