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Stellingen behorende bij het proefschrift: 

Host Response against Biomaterials 
The role in the pathogenesis of biomaterial-associated infections 

1. Wisselingen in de "host-defense", geinduceerd door een geïmplanteerd 
biomateriaal, is een essentieel proces in de Pathogenese van biomateriaal-
geassocieerde infecties 

(dit proefschrift) 

2. Biocompatibiliteit zou getest moeten worden in aanwezigheid van bacteriën of 
bacteriele celwand componenten, zowel in vitro als in experimentele in vivo modellen 

(dit proefschrift) 

3. Een gereduceerde bacteriele adherentie aan een biomateriaal in vitro verteld ons 
niets over de infectiegevoeligheid in vivo 

(dit proefschrift) 

4. Nieuwe preventieve strategieën voor en behandeling van een biomateriaal-
geassocieerde infectie moeten gezocht worden in immunomodulatie 

(dit proefschrift) 

5. Zonder gedwongen opportunisme geen proefschrift 

6. Het aanprijzen van antibioticum-gecoate catheters door wetenschappers is 
gebaseerd op marktkoopliedenlogica 

7. Een succesvol wetenschapper is tevens een succesvol etaleur 



8. De belangrijkste intelligentie nodig voor het schrijven van een proefschrift is 
logistieke intelligentie 

9. De echte wetenschap begint pas 's avonds thuis, zittend in een warm bad 

10. De wereld wordt groter naarmate men meer reist 

Jaap Jan Boelens 
Amsterdam, 2 december 1999 
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Soms sta je voor een grootse beklimming, 
'n tocht die alles gaat vergen. Je hebt gewikt 
en gewogen, je hebt gekeken naar de berg en 
de problemen die je wachten, en het is nog 
donker en doodstil. Daar sta je dan, in je eentje, 
onder aan die berg, en opeens wéét je dat het 
gaat lukken. 

(Joe Simpson, Dit Schimmenspel) 
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vertrouwen in mij had 



Contents 

page 

Chapter 1 General Introduction 13 

Chapter 2 Antibacterial activity of antibiotic-soaked polyvinylpyrrolidone- 21 

grafted silicon elastomer hydrocephalus shunts 

(Submitted for Publication) 

Chapter 3 Subcutaneous Abscess Formation around Catheters Induced by Viable 29 

and Non-Viable Staphylococcus epidermidis as Well as by Small 

Amounts of Bacterial Cell Wall Components 

(Accepted for publication in the Journal of Biomedical Materials Research) 

Chapter 4 Enhanced Susceptibility to Subcutaneous Abscess Formation and 41 

persistent Infection around Catheters is Associated with a Protracted 

Interleukin-lfi Production and Delayed Foreign Body Response in 

Mice 

(Submitted for Publication) 

Chapter 5 Biomaterial-Induced Survival of Staphylococcus epidermidis in 67 

Macrophages 

(Submitted for Publication) 

Chapter 6 Interleukin (IL)-1 Receptor Type I Gene-Deficient Mice are Less 91 

Susceptible to Catheter-Associated Staphylococcus epidermidis 

Infection 

(Submitted for Publication) 

Chapter 7 Interferon-^ protects against biomaterial-associated Staphylococcus 107 

epidermidis infection in mice 

(Accepted for publication in The Journal of Infectious Diseases) 



page 

Chapter 8 General Discussion 117 

Chapter 9 Summary 135 

Chapter 10 Samenvatting (niet ingewijden) 139 

Dankwoord 145 

Curriculum Vitae 147 

List of Publications 149 





Chapter 1 

General Introduction 





General Introduction 

The implantation or insertion of biomedical devices, such as artificial heart valves, hips and 

knees, vascular prostheses and catheters, is virtually indispensable in modern medicine. 

Devices may be utilized briefly or intermittently (e.g. intravenous catheters) for months to 

years (e.g. intra-uterine devices), or permanently (e.g. artificial heart valves and hips). A 

serious problem, however, associated with the use of these so-called biomaterials is the 

occurrence of bacterial infections. Frequencies of infection vary from 0.1-1% for intraocular 

lenses to more than 20% for catheters used in chronic ambulant peritoneal dialysis (CAPD; 

figure 1) [1,2]. Infection causes considerable morbidity and mortality [1,2] because 

biomaterial-associated infections (BAI) are rather resistant to the host defense and to 

antibiotic therapy. Therefore removal of an infected biomaterial is often required [1-4], 

Central venous catheters : 4-12% 
Heamodialysis: 5-36% 

Breast Implant: 2-3% 

CAPD catheters: 
< 20% 

Penile prosthesis: 1-5% 

Knee: 1.3-2.9% 

Intraocular lens: 0.1-1% 

CSF-shunt 1.5-15% 

Heart valve: 
early: 3% 
Late : 1 - 2.5% 

Pacemaker: 1-7% 

Aorta-illiacal grafts: 0.6-1.5% 

Hip: 0.5-1.3% 

Femuro-popliteal grafts: 2-7% 

Figure 1. Overview of the frequencies of infections associated with the various biomedical implants 

used in humans. Data derived from Seifert H, Jansen B, Farr BM. Catheter-related Infections, Marcel Dekker 

New York, 1997; First Edition 

The staphylococci, especially Staphylococcus epidermidis cause more infections associated 

with almost each type of device than any other microbial species; S. epidermidis accounts for 

40-75% of the infections and Staphylococcus aureus for 10 to 20% (table 1). Less frequently 

yeasts, coryneforms, other gram-positive bacteria and various gram-negative bacteria are the 

causative organisms of BAI [1-3]. Gram-negative bacteria, such as Enterobacteriaceae and 

Pseudomonas are only a predominant cause of infection associated with urinary catheters or 

genitourinary implants, this probably due to the location of the implanted biomaterial [1-3]. 

13 



Chapter 1 

The ability of S. epidermidis to cause BAI is remarkable. Normally S. epidermidis lives in 

balanced harmony with the human host on the skin and on the mucosa of the upper respiratory 

tract as part of the microflora, and rarely causes infections other than BAI, except in 

immunocompromised patients [4-7]. Furthermore, the number of microorganisms present in 

the implantation site or on the surface of the device before implantation/insertion is very 

small, suggesting that the presence of the biomaterial itself predisposes for infection [8-10]. In 

contrast, S. aureus also residing in the skin and mucosal microflora of carriers is a common 

cause of various infections, both in patients with impaired host defense and in healthy 

immunocompotent persons. 

Table 1. Frequency of microorganisms isolated trom rntected 
biomaterials. 

Organism Frequency (%) 

Staphylococcus epidermidis 40-75 

Staphylococcus aureus 10-20 
Yeasts 5-10 
Enterococci/streptococcci 2-5 
Coryneform/diftroide species 2-5 
Gram negative species 2-5 
Miscellaneous organisms 1-3 

For effective prevention a basic understanding of the underlying mechanisms leading to BAI 

is essential. The pathogenesis of BAI, however, is poorly understood. Enhancement of the 

susceptibility to infections due to the presence of a biomaterial in humans was described for 

the first time by Elek en Conen more than 4 decades ago [11]. Also in various animal studies 

a 1,000 to 100,000 fold reduction of the infection dose of S. aureus and S. epidermidis were 

observed in the presence of a biomaterial [12-15]. It is assumed that the adherence of bacteria 

to the biomaterial, is the initial step in the pathogenesis [2]. Slime production by bacteria and 

so-called "adhesins" (e.g. polysaccharide adhesin (PS/A) and polysaccharide intercellular 

adhesin (PIA)) seem to play a role in the adherence of bacteria to biomaterial surfaces 

[16,17]. Bacteria may adhere directly to the biomaterial or to the biomaterial covered with 

absorbed host proteins [1,3]. Shortly after implantation or insertion various host proteins, e.g. 

fibrinogen, fibrinonectin, trombospondin and albumine, adhere to the implanted biomaterial 

[18-20]. Some host proteins e.g. fibrinogen and fibronectin promote, whereas others, e.g. 

albumine, inhibit the adherence of bacteria [18-22]. Furthermore, blood platelets deposited on 

the biomaterial surface promote the adherence as well [23]. Once microorganisms adhere to 

the biomaterial, production of extracellular substances by bacteria (slime, glycocalix), and the 

involvement of host proteins (e.g. host proteins, blood platelets) lead to formation of a 

compact matrix (biofilm) at the biomaterial surface [5,24-28]. This biofilm, is assumed to 

contribute to the (localized) persistence of bacteria. Various studies demonstrated that bacteria 

14 



General Introduction 

embedded in biofilms have an enhanced resistance to host defense mechanisms and 

antibiotics [25,26,29-36]. 

During the last decades various strategies have been employed in the prevention of BAI, such 

as the use of strict protocols for preoperative skin preparation and postoperative wound care 

to reduce the risk for contamination of the wound and biomaterial and the use of systemic 

antibiotics perioperative prophylaxis. Additionally, regarding bacterial adherence as an 

essential step in the pathogenesis of BAI, the use of biomaterials with the ability to reduce 

bacterial adherence appeared to be a very attractive approach to prevent. Therefore, surface-

modified biomaterials and biomaterials impregnated/coated with antiseptic agents or 

antimicrobial(s) have been developed [37,38]. Alternatively, catheters may be soaked in 

antibiotic solutions prior to their insertion [39]. Although promising results regarding 

inhibition of bacterial adherence and duration of antibacterial activity of such novel 

biomaterials are often found in vitro, the use of such biomaterials did not always result in a 

reduced infection rate in vivo [40,41]. This suggests that there are other factors, such as 

alterations in the host defense mechanisms due to an implanted biomaterial, may be important 

in the pathogenesis of BAI. 

The implantation of either biomaterial provokes an inflammatory response [42,43]. At the 

host cellular level, the foreign body reaction starts as an acute inflammatory response, 

histologically characterized by recruitment of polymorphonuclear cells (PMN), followed by 

mononuclear cells and macrophages (figure 2). In later stages, macrophages may fuse to 

become polynucleated foreign body giant cells [42,43]. It should be noted that the intensity 

and timeframe of duration of this foreign body response is largely dependent on the size, 

shape, and chemical and physical properties of the implanted material [3,44]. Cytokines 

excreted by inflammatory cells in the vicinity of an implanted biomaterial are the most 

important modulators of the foreign body response. 

" Acute Chronic • Granulation Tissue " 
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Figure 2. The normal foreign body reaction to implanted biomaterials. (reproduced from J.M. Anderson, 

Trans Am Soc Artif Intern Organs 1988; 34: 101-107 
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Chapter 1 

Little is known regarding the role of various cytokines in the inflammatory response to 

biomaterial. In vitro, however, the cytokine induction in predominantly leukocytes exposed to 

biomaterials have been studied extensively [45-49]. In these studies the induction of the pro

inflammatory cytokines interleukin (IL)-l, IL-6 and tumor necrosis factor-a was found, 

suggesting that a proinflammatory environment may surround an implanted biomaterial [45-

49]. Furthermore, these studies showed that the various biomaterials differed significantly in 

their cytokine inducing properties if lipopolysaccharide (LPS), a major cell wall component of 

gram-negative bacteria, was present. This indicates that the presence of bacteria or bacterial 

cell wall in the vicinity of an implanted biomaterial can modulate or even enhance the 

inflammatory host response. 

Alterations in the host defense due to the implanted biomaterial have been suggested 

frequently. In a tissue cage model complement-mediated opsonic activity was substantially 

reduced in the presence of biomaterials [15,50]. PMNs had decreased bactericidal activity in 

comparison to PMNs from peripheral blood or peritoneal exudate, and the PMNs from tissue 

cages had defective oxidative metabolism and granulocyte enzyme content [15,50]. Similar 

impairment of the bactericidal capacity of PMNs has been described if PMNs were exposed to 

non-phagocytosable surfaces [51-56]. Despite the high number of PMNs in the vicinity of an 

implanted biomaterial, PMNs are apparently not capable of sufficient host defense [51-56]. 

Also for mononuclear cells, impaired killing functions are described. In experimental animal 

models as well as in clinical series, MHC class II antigen (la) expression on mononuclear 

cells [57], which is associated with low lysosomal activity, was suppressed around infected 

biomaterials. Suppressed la expression may result in decreased intracellular bacterial killing 

[57]. 

Hence, the pathogenic mechanism of BAI is a multifactorial process influenced by the 

properties of the material, host proteins, presence of bacteria with different virulence 

properties, bacterial components, and alterations in host defense. In the prevention of BAI all 

efforts are focussed on inhibiting the bacterial adherence, however, reversal of induced 

impaired host defense mechanisms in the vicinity of an implanted biomaterial may be an 

interesting approach as well. For this approach, the role of the various cytokines in the host 

response against implanted biomaterials, has to be studied. 

The scope and outline of this thesis. 
Whereas the range of biomaterial applications increases continuously, high frequencies of 
infection associated with the use of these materials are found. The pathogenesis of these 
biomaterial-associated infections is poorly understood. A predominant role is attributed to the 
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General Introduction 

initial bacterial adherence as the first step in BAI, although alterations in host defense 

mechanisms in the vicinity of an implanted biomaterial have been frequently suggested. 

Therefore, the aim of this thesis is to obtain insight into the role of the host response against 

biomaterials in the pathogenesis of BAI. Especially the role of the various cytokines involved 

is studied. Insight in the role of cytokines may lead to immunomodulating strategies to 

prevent and treat BAL 

The second chapter of this thesis discusses the antibacterial activity over time of two clinically 

used hydrocephalus shunts soaked in solutions of various antibiotics and antibiotic 

combinations. The unexpected incompatibility reaction around a novel surface-modified 

hydrocephalus shunt, the enhanced inflammatory tissue response in the presence of (non-) 

viable bacteria and bacterial cell wall components are described in chapter 3. The possible 

implications for biocompatibility-testing protocols are also discussed. Chapter 4 describes the 

over time cytokine profiles around the two biomaterials which were discussed in chapter 2 

and 3. It was shown that bacteria as well as their components are able to modulate the host 

defense, making the tissue in the vicinity of an implanted biomaterial more prone to infection. 

In chapter 5 intracellular survival of S. epidermidis in macrophages was found, which may be 

a pivotal process in the pathogenesis of BAL The results in chapter 6 and 7 show that through 

immunomodulation, BAI in mice can be prevented. Finally, in chapter 8, the work of the 

preceding chapters and that of others is reviewed and discussed. 
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Antibacterial activity of antibiotic-soaked shunts 

ABSTRACT 

Antimicrobial-hydrocephalus shunts may reduce shunt-associated infections (SAI). The 

duration of the antibacterial activity of shunts, made from conventional silicon elastomer (SE) 

or from SE grafted with the hydrogel polyvinylpyrrolidone (SEpvp), soaked in various 

antibiotics was assessed in vitro. For any antibiotic or combination, SEpvp remained 

antibacterially active, based on an arbitrary-breakpoint (aBP), for longer periods than SE. 

Bacterial adherence on either shunt was prevented during the antibacterial active period. 

Thus, aBP is a good indicator to predict the capacity of antimicrobial-shunts to prevent 

bacterial colonization in vitro. Hydrogel-grafting of shunts may have potential in preventing 

SAI. 

INTRODUCTION 

Infection of an implanted hydrocephalus shunt is a major problem in neurosurgery. The 

frequency of hydrocephalus shunt-associated infections (SAI) is on average 10%. SAI is 

predominantly caused by Staphylococcus epidermidis (40 to 75%) [1]. 

The initial step in the pathogenesis of SAI is assumed to be the adherence of bacteria [1]. To 

prevent infection, a surface modified silicon elastomer, the polyvinylpyrrolidone-grafted 

silicon elastomer (SEpvp) was introduced. As polyvinylpyrrolidone is a hydrogel, SEpvp may 

take up more antibiotic when soaked in an antibiotic solution, revealing longer antibacterial 

activity and longer prevention of bacterial adherence, than conventional silicon elastomer 

(SE) shunts [2]. We studied in vitro antibacterial activity over time of SEpvp and SE soaked 

in solutions of various antibiotic(s) (combinations) and the correlation with bacterial 

adherence. 

METHODS 

Antibiotics. Solutions of antibiotics containing maximum soluble concentrations were prepared in sterile 

distilled water [3]. Antibiotics used were gentamicin (600 mg/mL; Centrafarm, Etten-Leur, the Netherlands), 

teicoplanin (135 mg/mL; Yamanouchi, Leiderdorp, the Netherlands), minocycline (100 mg/mL; Lederle, 

Hoofddorp, the Netherlands), flucloxacillm (650 mg/mL; SmithKline Beecham, Rijswijk, the Netherlands) and 

vancomycin (200 mg/mL; Eli Lilly, Nieuwegein, the Netherlands). Of each of these antibiotic solutions seven 

serial 2-fold dilutions were prepared. Rifampicin (60 mg/mL; Yamanouchi) was dissolved and serially 2-fold 

diluted in the solvent provided by the manufacturer (water and polysorbate81). 

Preparation of shunt segments. Shunts of SE and SEpvp (Bioglide TM), with a diameter of 2.5 mm and a wall 

thickness of 0.6 mm, were obtained from Medtronic PS Medical, Goleta, CA, USA. Segments, cut under aseptic 

conditions, were soaked in the antibiotic solutions for 15 min, subsequently rinsed twice with phosphate buffered 
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saline (PBS) and dried in a laminar flow cabinet for 10 min. In all experiments saline-soaked SE and SEpvp 

were used as controls. 

Bacterial strains. Two clinical slime-producing isolates, S. epidermidis AMC1 and Staphylococcus capitis 

AMC2 were used [4]. Strain AMC1 was highly susceptible to rifampicin, teicoplanin, minocyclin and 

vancomycin, and strain AMC 2 to rifampicin, gentamicin, and flucloxacillin. Strain AMC1 was used to 

determine the antibacterial activity of SE and SEpvp soaked in rifampicin, teicoplanin, minocyclin, vancomycin, 

rifampicin+teicoplanin, rifampicin+minocyclin and rifampicin+vancomycin. Strain AMC2 was used to 

determine antibacterial activity of SE and SEpvp soaked in gentamicin, flucloxacillin and 

rifampicin+gentamicin. 

Preincubation of antibiotic-soaked shunt segments in agar, serum or subcutaneously in rabbit. Using a pair of 

tweezers, 5 mm long antibiotic-soaked (ab)-SE and ab-SEpvp segments were placed into 2.5 mm diameter holes, 

punched in a 5 mm thick 1% (w/v) Iso-sensitest agar plate (Oxoid, Hampshire, UK). In addition, rifampicin-

soaked segments were immersed in 40 mL human serum (60 mL bottles) and placed on a rotary-shaker (30 rpm; 

37°C) or were implanted in rabbit subcutaneous tissue (4 new Zealand whites; 2-3 months old and weighing 

2500-3000 g; Harlan, Horst, the Netherlands). Segments were removed from either environment after 0, 3, 9, 24, 

48, 72, 96 or 120 h and tested for antibacterial activity. 

Antibacterial activity of antibiotic-soaked shunt segments. Antibacterial activity of segments was assessed by 

an agar diffusion test on Iso-sensitest agar plates (15 cm; Oxoid). The bacterial inoculum was prepared according 

to NCCLS-standards (Kirby-Bauer) [5]. Sets of 5 SE and SEpvp segments, soaked in the same antibiotic solution 

from the same preincubation environment, were incubated overnight (37°C) on one plate. Inhibition zones were 

measured in mm (mean±SD mm). Antibacterial activity of SE and SEpvp based on an arbitrary zone breakpoint 

(aBP) for antibacterial activity was compared. The duration of high antibacterial activity is defined as the period 

of preincubation in either environment after which the segments still produce inhibition zones equal to or larger 

than the aBP. The aBP derived from the NCCLS zone breakpoint for susceptibility of coagulase-negative 

staphylococci using the disc diffusion method [5], was corrected for the difference in diameter between 

antibiotic discs (9 mm; r=4.5 mm) and shunts (2.5 mm; r=1.25 mm). For example the NCCLS BP for rifampicin 

discs is 23mm (r=11.5 mm), and the calculated aBP for rifampicin-soaked shunts is 21.4 mm (10.7 mm). This 

aBP is calculated as follows, 7t.(r aBP)2 = jt.(ll.S)2 - 7i.(4.5)2 + 7t.(1.25)2 = 356.8. Consequently, the r for aBP is 

10.7 mm, and the diameter is 21.4 mm. The aBP diameters for rifampicin, flucloxacillin, gentamicin and 

minocycline were 21.4 mm, and for vancomycin and teicoplanin 12 mm. 

Bacterial adherence to ab-SE and ab-SEpvp. An inoculum of 108 cfu / mL Trypticase Soy Broth (TSB; Difco, 

Detroit, MI, USA) was prepared. TSB was used to mimic a protein rich environment. After various 

preincubation periods in agar, 10 cm long SE and SEpvp segments were exposed to the inoculum in 100 mL 

TSB for 3 h (37°C). Subsequently, segments were rinsed twice with PBS, the middle 3 cm was sonicated in a 

tube containing 3 mL of PBS (Bransonic ® B-2200 E4, 47KHz, 205 watts, 30s) to dislodge the adherent 

bacteria. The 3 mL of PBS was quantitatively cultured (meardrSD cfu / cm). Statistical analysis was performed 

by student t test. 
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RESULTS 

Antibacterial activity of either shunt showed a high initial decrease during the first 3-9 h, 

followed by a more gradual decrease. For each antibiotic, SEpvp had longer high antibacterial 

activity than the SE. Shunts soaked in solutions containing the maximum soluble antibiotic 

concentrations, had the longest duration of high antibacterial activity. Table 1 shows the 

estimated duration of high antibacterial activity of shunts soaked in the maximum soluble 

concentration. SE and SEpvp soaked in the highest dilution (1:64) of the antibiotics had no 

high antibacterial activity, except segments soaked in rifampicin (2 h and 24 h), teicoplanin (0 

h and 2 h) or vancomycin (1 h and 1 h). Only for SEpvp soaked in the combination of 

rifampicin+teicoplanin an increase in the duration of high antibacterial activity (84 h) was 

observed compared to rifampicin or teicoplanin alone. 

Table 1. Estimated periods of high antibacterial activity (zone of inhibition >aBP; see methods) and 

timepoints of first bacterial adherence to SE and SEpvp soaked in antibiotic solutions of maximum soluble 

concentration. Duringthe period of high antibacterial activity, no bacterial adherence occurred on SE or SEpvp. 

Period (h) of high Timepoint (h) of first 
antibacterial bacterial 

Material soaked SE SEpvp SE SEpvp 

Saline 0 0 0 0 
Minocycline 0 2 nd1 nd 
Flucloxacillin 1 2 0 0 
Vancomycin 6 20 nd nd 
Gentamicin 8 30 24 48 
Teicoplanin 3 50 24 72 
Rifampicin 12 60 24 72 
Rif/Genta 6 40 nd nd 
Rif/Vanco 18 48 nd nd 
Rif/Mino 10 60 nd nd 
Rif/Teico 32 84 48 96 

' not determined 

The adherence of bacteria on saline-soaked SEpvp was significantly lower (PO.001) than on 

saline-soaked SE (Table 2). Bacterial adherence on ab-SEpvp occurred significantly less and 

significantly later for all antibiotics tested compared to SE (table 2). Only on SE and SEpvp 

having zones of inhibition larger than the aBP, no bacterial adherence occurred (table 1). 

Rifampicin-soaked SE and SEpvp removed from agar and from rabbit subcutaneous tissue 

had a similar duration of high antibacterial activity. By contrast, SE and SEpvp immersed in 

serum had less antibacterial activity, namely 4 h and 12 h, respectively. 
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Table 2. Number of cfu/cm of S. epidermidis AMC1 or 5. capitis AMC2 adherent to SE and SEpvp. 

Segments soaked in solutions of maximal soluble concentration of various antibiotics, preincubated in agar for 

different periods, removed and subsequently placed in TSB containing 108 cfu /mL for 3 h. 

No. of cfu / cm (mean ± SD) on shunts after placement in agar 

Material soaked Oh 24h 48h 72h 96h 120h 

SEpvp saline3 

saline b 

flucloxacillin a 

2468 + 312 
2108 ±200 

10±6 250±112 
teicoplanin b 0 0 0 50 + 16 850+127 
rifampicin b 0 0 0 3 + 3 433 + 38 
rifampicin + 0 0 0 0 50 ±7 1811 +350 
teicoplaninb 

SE saline a 

salineb 
17888 ±2000 
21000 ±1300 

flucloxacillin a 960 ±181 15000 ±1200 
teicoplanin b 0 2300 ± 421 5200 ± 543 
rifampicin b 0 2401 ±297 5137 ± 1150 
rifampicin + 0 0 19± 7 4578 ±117 
teicoplanin b 

a exposed to strain S.capitis AMC2; " exposed to strain S.epidermidis AMC1 

DISCUSSION 

The present study shows that, (i) grafting of SE with the hydrogel polyvinylpyrrolidone, 

enhances the antimicrobial potential, (ii) aBP is a good indicator to predict bacterial 

colonization in vitro and, (iii) agar can be regarded as a good model environment to study the 

antibacterial activity of rifampicin-soaked shunts implanted subcutaneously. 

Grafting of SE with polyvinylpyrrolidone prolonged the antibacterial active period of either 

ab-SEpvp shunt compared to the ab-SE. Sherertz et al reported that chlorhexidine-coated 

catheters producing zones of inhibition with a diameter of more than 15 mm for S. aureus 

prevented subcutaneous catheter-associated infection in rabbits [6]. This 15 mm zone size has 

been used as a breakpoint to predict in vivo efficacy of antimicrobial shunts, regardless of the 

antibiotic and the test organism used [7]. The aBP, derived from the NCCLS breakpoints for 

antibiotic susceptibility, taking bacterial species and antibiotics used into account, seems to be 

a good indicator to predict in vitro adherence of antibacterial active shunts. 

The advantages of a hydrogel-coating of shunts are that clinicians can choose a specific 

antibiotic or antibiotic combination, and that the antibiotic(s) will be released from the shunt 

after 4-5 d. It should be noted that the duration of antibacterial activity in the proximal end 

(ventricle), and in the lumen of the shunt might be shorter, due to flow of CSF. Although 
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much longer periods of in vitro antibiotic-release of shunts coated with antibiotics are 

reported [8-10], such shunts have some disadvantages. Firstly, when a patient is allergic to the 

antibiotic in or on the shunt, or when a high resistance rate against the antibiotic coated on the 

shunt in the hospital exists, the shunt cannot be used. A second disadvantage, although not yet 

described, is the risk of the emergence of resistance against the antibiotic in or on the shunt 

since subinhibitory antibiotic levels in the antibiotic-gradient around the implanted shunt are 

present for long periods (weeks). The soaking of SEpvp shunts in the maximum soluble 

antibiotic concentration will probably not lead to toxic effects. The obtained inhibition zones 

are smaller than those associated with toxic effects of various antibiotics [7]. In addition, the 

inflammatory tissue reaction around ab-SE and ab-SEpvp in rabbit subcutaneous tissue and 

around saline-soaked segments was similar (data not shown). 

Since it is assumed that SAI originates from contamination during insertion of the catheter or 

shortly thereafter,1 antimicrobial-shunts should release the antibiotic during the first few days 

after implantation. Therefore, the use of the SEpvp shunt may contribute to the prevention of 

SAI. 
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Catheter-induced abscess formation 

ABSTRACT 

The use of catheters is often complicated by infection, mainly due to Staphylococcus 

epidermidis. Recently, a novel polyvinylpyrrolidone-grafted silicon elastomer catheter 

(SEpvp) was introduced. In vitro less bacteria adhered to SEpvp than to conventional silicon 

elastomer catheters (SE). The frequency of S. epidermidis infection associated with SEpvp 

and SE was assessed in a rabbit model. Unexpectedly, injection of low numbers of S. 

epidermidis along subcutaneously inserted SEpvp induced abscesses. No abscesses were seen 

around SE, even when very high numbers of S. epidermidis were injected. This bio-

incompatibility reaction observed around SEpvp was host independent, bacterial strain 

independent and independent of the way of inoculation. Abscesses were also induced by non

viable S. epidermidis and by bacterial cell wall components. As these incompatibility 

reactions were not observed in absence of bacteria, biocompatibility testing should include 

experiments in which the inflammatory effects of the combination of catheter and (non-) 

viable bacteria are tested. 

INTRODUCTION 

The use of catheters for intravascular, intracranial and intraperitoneal applications has become 

a common procedure over the last four decades. More than 50% of all hospitalized patients 

receive a catheter. Catheterization using an initially sterile catheter may however quickly be 

complicated by infection. 

The majority, 40 to 75%, of catheter-associated infections (CAI) are caused by the relatively 

avirulent coagulase-negative staphylococci, especially Staphylococcus epidermidis. It is 

assumed that bacterial adherence is the initial step in the pathogenesis of CAI [1,2]. To 

prevent CAI novel catheters are being developed with modified surfaces or with coatings of 

(an) antimicrobial(s) to reduce bacterial adherence [3-6]. Recently, a novel catheter of silicon 

elastomer grafted with a polyvinylpyrrolidone hydrogel, designated as SEpvp in this study, 

was introduced (Bioglide TM, Medtronic PS Medical, Goleta CA, USA.). This SEpvp tubing 

is used for manufacturing intravascular catheters and cerebrospinal fluid shunts. We observed 

that the adherence of S. epidermidis on SEpvp in vitro was significantly lower than on 

conventional silicon elastomer catheters (SE) [7]. In addition, SEpvp soaked in antibiotic 

solutions had antibacterial activity for longer periods than the conventional silicon elastomer 

(SE) soaked in the same antibiotic solutions [7]. To evaluate whether the susceptibility of SE 

and SEpvp catheters to infection also differed, we assessed the frequency of S. epidermidis 

infection associated with subcutaneously inserted SE and SEpvp in a rabbit model. 
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Unexpectedly, injection of a bacterial inoculum containing low numbers of S. epidermidis 

along subcutaneously inserted SEpvp segments induced abscesses. As this unexpected 

incompatibility might have general implications for biocompatibility testing, we further 

assessed the combined effect of catheter materials and bacteria or bacterial components in 

different animal studies. 

MATERIAL AND METHODS 

Animals. Female New Zealand white rabbits, 2-3 months old and weighing 2500 - 3000 g, and female specified 

pathogen-free C57bl6 mice, 6-8 weeks old and weighing 15-20 g were used. All animals were housed in 

individual cages, in a pathogen free environment and provided with sterile food and water. 

Catheters. Catheters of conventional silicone elastomer (SE) and polyvinylpyrrolidone-grafted silicone 

elastomer (Bioglide TM), designated as SEpvp in this study, with a diameter of 2.5 mm and a wall thickness of 

0.6 mm were obtained from Medtronic PS Medical, Goleta CA, USA. One and five cm long SE and SEpvp 

segments were cut under aseptic conditions in a laminar flow cabinet, and stored in sterile petri dishes until use. 

Bacteria. Two isolates from patients with CAI, Staphylococcus epidermidis RP62a (ATCC 35984) and S. 

epidermidis AMC3, were used. Both isolates were capable of producing slime, as determined according to 

Christensen et al.[8,9], MIC values (ug/mL) of strain RP62a determined by standard E-test were for rifampicin 

<0.016, teicoplanin 0.19, gentamicin 256, minocyclin <0.016 and vancomycin 1.5. MIC values (ug/mL) of 

strain AMC 3 were for rifampicin 0.016, teicoplanin 0.125, gentamicin 0.032, minocyclin 0.032, flucloxacillin 

0.38 and vancomycin 0.75. Antibiotic susceptibilities were used to confirm the identity of colonies cultured from 

catheter segment and tissue homogenates (see below). 

Inoculum. Two ml of an overnight culture of strain RP62a or AMC3 in Trypticase Soy Broth (TSB; Difco, 

Detroit, MI, USA), were inoculated into 100 mL TSB. After incubation for 5 h at 37°C, 50 mL of the culture was 

centrifuged at 2200 x g for 10 min. The pelleted bacteria were washed twice with 50 mL endotoxin-free sterile 

isotonic saline. After the final centrifugation, the pellet was resuspended in endotoxin-free sterile isotonic saline 

and optical density at 620 nm was measured. The suspension was diluted with endotoxin-free isotonic saline, 

based on an established relationship between bacterial concentration and optical density at 620 nm. In rabbits 

inocula of lOOuL containing 10, 102, 103, 104, 105, 106, 107, 108 and 10' cm of S. epidermidis RP62a were used. 

In mice inocula of 25 uL containing 102, 10", 106, 108 and 10'° cfu of S. epidermidis strain RP62a and of strain 

AMC3 were used. 

Heat-killed bacteria. A bacterial suspension containing 10'° cfu/mL of S. epidermidis RP62a prepared as 

described above was placed in a waterbath of 80°C for 30 min to kill the bacteria. One hunderd uL of this 

suspension was surface plated to verify killing of the bacteria. The suspension was 10-fold serially diluted in 

endotoxin-free sterile isotonic saline. Heat-killed 5. epidermidis RP62a doses equivalent to 103, 106 and 109 cfu 

were tested in rabbits. 

Peptidoglycan (PG) andLipopolysaccharide (LPS). Lyophilized PG prepared from S. epidermidis strain 354 

according to the method of Peterson [10], containing less than 2 pg of endotoxin [11-13], was a generous gift of 

dr A. Fleer, Utrecht Medical Center, the Netherlands. Four hundred ug of PG was suspended in 1 mL endotoxin-

free sterile isotonic saline, sonicated on ice three times at 30,000 Hz for 10 s (sonifier B12; Branson, Danbury, 
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Conn.), and stored at -20°C. Before use, aliquots of this stock suspension were sonicated again as described 

above and serially 10-fold diluted in endotoxin-free sterile isotonic saline. 

LPS from E. coli strain 0111:B4 (Sigma, St. Louis, MO, USA) was dissolved in endotoxin-free sterile isotonic 

saline (2 mg/mL), sonicated on ice as described for PG, and serially 10-fold diluted. Ten, 0.1 and 0.001 ug PG or 

LPS were tested in mice. 

Catheter implantation. Rabbits were anesthetized with 1 mL of a combination of ketamine (80 mg/mL) and 

xylazine (20 mg/mL) administered intramuscularly. Surgery was performed in a laminar flow cabinet. The back 

of the rabbits was shaved and prepared with 2% Chlorhexidine. On the right and left side 5 incisions were made 2 

cm lateral to the spine. Subsequently, 5 SE and 5 SEpvp catheter segments with a length of 5 cm were 

subcutaneously inserted in the right and left side incisions, respectively. For this purpose a segment-injector was 

developed which allowed accurate insertion without unnecessary tissue damage. The proximal end of the 

catheters was secured subcutaneously and the incisions were closed with a single 0/4 vicryl stitch. 

Mice were anesthetized with an FFM-mix (1 mL of hypnorm®, 1 mL of midazalam® and 2 mL distilled water; 

0.07 mL/lOg body weight) administered intraperitoneally. Surgery was performed in a laminar flow cabinet. The 

back of the mice was shaved and prepared with 2% Chlorhexidine. On each side an incision of 0.3 cm was made 

0.5 cm lateral to the spine. Subsequently one SE and one SEpvp catheter segment with a length of 1 cm were 

inserted subcutaneously in the left and right side incision, respectively, using a segment injector. The incisions 

were closed with a single 0/6 vicryl stitch. 

Challenge with viable or heat-killed S. epidermidis or with PG or LPS preparation. Viable S. epidermidis, heat-

killed S. epidermidis, PG or LPS preparations were injected subcutaneously along the inserted SE and SEpvp 

segments. In rabbits, the inocula or preparations of heat-killed S. epidermidis were injected in a 0.1 mL volume 

via a tuberculine syringe and needle. In mice, the inocula or preparations were injected in a 0.025 mL volume 

using a repetitive pipette (Stepper, model 4001-025, Tridak division, Brookfield, CT, USA). Control groups of 

rabbits and mice with implanted SE and SEpvp segments were injected with endotoxin-free isotonic saline. 

Control groups of rabbits and mice without implanted segments were injected subcutaneously lateral to the spine 

with the bacterial inocula, with heat-killed S. epidermidis preparations or with bacterial cell wall component 

preparations. AU inocula, heat-killed S. epidermidis preparations, bacterial cell wall component preparations and 

controls were tested in four mice. 

Implantation of catheters pre-exposed to S. epidermidis. In addition to bacterial challenge of sterile catheter 

segments after implantation, we pre-exposed catheter segments to S. epidermidis RP62a prior to their insertion. 

A bacterial suspension of 106 or 108 cfu/mL in endotoxin-free sterile isotonic saline in a 50 mL bottle was 

prepared as described above. Both ends of 10 cm long SE and SEpvp segments were fixed in the cap of the 

bottle, and the segment was submersed in the bacterial suspension. This way the bacteria could only adhere on 

the outer surface of the catheter segments. After 3 h at 37°C the segments were removed from the suspension, 

but not detached from the cap. They were rinsed twice with phosphate buffered saline (PBS; 8.1 mM Na2HP04, 

1.5 mM KH2P04, 140 mM NaCl; pH 7.2) to remove non-adherent bacteria. From the central 6 cm part, one cm 

long segments were cut. Three of these segments were implanted subcutaneously in mice. Each of the other 3 

segments was placed in 1 mL PBS and sonicated for 30 sec in a waterbath sonicator (Bransonic ® B-2200 E4, 

47KHz, 205 W) to dislodge the adherent bacteria. The number of cfu was determined by quantitative culture (as 

described below), and the average number was considered to be equal to the number of S. epidermidis RP62a 

adherent on the inserted segments. 
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Termination of animals and sample collection. Unless indicated otherwise, rabbits were terminated by injection 

of 1 mL euthanasate®, and mice by cervical dislocation after 14days. Mice with implanted SE or SEpvp 

segments with adherent S. epidermidis were terminated at 5 days. This was done to assess differences in numbers 

of bacteria adherent onto SE and SEpvp in vivo. Terminated rabbits and mice were placed in a laminar flow 

cabinet and fixed on a sterile polypropyleen plate. A dorsal midline incision was made, from the cervical to 

lumbal area. Subsequently the skin and subcutaneous tissue on both sides were separated from the muscle fascia 

up to the flank. The insertion sites were inspected for purulence and standardized biopsies of 12 mm in diameter, 

containing skin, subcutaneous tissue and the inserted catheter segment, were collected using a specifically 

developed tissue sampler. Half of the numbers of biopsies obtained from SE and from SEpvp insertion sites, 

were placed in 10% buffered formaldehyde (pH 7.3). From the remaining biopsies, the catheter segment was 

separated from the tissue. Each catheter segment was washed twice with PBS to remove non-adherent bacteria 

and placed in a tube containing 1 mL of PBS. The tissue was placed in another tube and a volume of endotoxin-

free isotonic saline corresponding to 4 times the weight was added. The weight of the tissue samples varied 

between 125 and 160 p.g. 

Quantitative culture of SE and SEpvp catheter segments removed from subcutaneous tissue. The tubes 

containing the SE or SEpvp segments removed from subcutaneous tissue in 1 mL PBS were sonicated for 30 sec 

in a waterbath sonicator (Bransonic ®, B-2200 E4) to dislodge adherent bacteria. The numbers of viable S. 

epidermidis were assessed by quantitative culture of serial 10-fold dilutions of the PBS. Six aliquots of 10 uL of 

each dilution were spotted onto a blood agar plate. The remaining undiluted suspension was stored at 4°C. After 

overnight incubation at 37°C of the blood agar plates, colonies were microscopically counted. When no growth 

was observed on the blood agar plates, the stored suspension was centrifuged (2200 x g, 10 min) and the pellet 

was «suspended in 100 uL PBS and plated on a blood agar plate. In addition, the sonicated segments were 

cultured in 80 mL thioglycolate broth (Tb), consisting of 3% (w/v) thioglycolate containing 0.03% (w/v) 

polyanetholesulfonic acid, IM NaOH and 0.5% Tween 80, at 37°C for 72 hours. For statistical purposes, it was 

assumed that one cfu per 1 cm catheter segment had been present when no growth occurred on the blood agar 

plates and the catheter segment incubated in Tb was culture-positive. The number of adherent S. epidermidis is 

expressed as number of cfu / cm catheter segment. Antibiograms were made of the cultured bacteria. 

Quantitative culture of tissue homogenates. The tubes containing the tissue samples of SE and SEpvp insertion 

sites from the mice were homogenized at 4°C (Tissue Tearer, model 985-370, Biospec products, Bartelsville, 

OK, USA). After each homogenation the homogenizer was carefully cleaned, disinfected with subsequent 

washings of 4% (w/v) sodium hypochloride and 70% ethanol, and rinsed with endotoxin-free sterile isotonic 

saline. The homogenates were quantitatively cultured. Three aliquots of 100 uL of each homogenate was surface 

plated on 3 blood agar plates which were incubated at 37°C. Colonies were counted the next day. Another 100 

uL was cultured in 80 mL of Tb at 37°C. These cultures were visually inspected for growth after 72 hours. For 

statistical purposes, it was assumed that one cm per 100 uL homogenate had been present when no growth 

occurred on the blood agar plates and the homogenate incubated in Tb was culture-positive. The number of 

adherent S. epidermidis is expressed as number of cfu / biopsy. Antibiograms were made of the cultured bacteria. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in plastic, 

methylmethacrylaat / buthylmethacrylaat (MMA / MBA; Merck Schuchart, Hohenbrunn, Germany), sectioned, 

and stained with hematoxylin-eosin. Slides were inspected for the presence of abscesses at the tissue-catheter 

interface. Abscesses were defined as an accumulation of polymorphonuclear leukocytes (PMNs) with necrotic 

burdens, surrounded by inflamed tissue. 
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Data analysis. The significance of differences between the frequencies of categorical variables was determined 

using the x-square or Fisher's exact tests. P< 0.05 was considered to be statistically significant. 

RESULTS 

Subcutaneous abscess formation associated with catheters challenged with S. epidermidis 

RP62a in rabbit. SE and SEpvp segments implanted subcutaneously in rabbits were 

challenged with various inocula of S. epidermidis RP62a, and evaluated after 14 d. 

SE SEpvp 

Figure 1. Macroscopic evaluation of SE and SEpvp catheter segments 14 days after insertion and 

injection with 106 cfu of S. epidermidis in rabbits. The arrow indicates a SEpvp-associated abscess; 

magnification X 4. 

Macroscopically and upon histological examination no abscesses were seen around SE 

segments, except around one, inoculated with the highest inoculum (109 cfu). Around all 

subcutaneously inserted SEpvp segments with bacterial inocula of 1000 cfu and more, 

abscesses had developed along the inserted catheter (figures 1,2). Around 3 of the 4 SEpvp 

segments with inocula of 100 cfu abscesses were present. From none of the SE and SEpvp 

segments challenged with upto 109 cfu S. epidermidis RP62a was cultured. In tissue around 

SE and SEpvp catheter segments which was injected with saline, no abscess formation was 

seen at visual inspection, nor upon histological examination. Subcutaneous injection of the 

bacterial inocula in the absence of implanted segments did not induce abscesses either. So, 

injection of S. epidermidis in tissue around SEpvp caused abscesses, but no bacteria were 

cultured from the implanted segments. 
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Figure 2. Frequency of macroscopically observed subcutaneous abscesses in rabbits around SE and 

SEpvp catheter segments 14 days after insertion and injection of S. epidermidis RP62a along these segments. 

Subcutaneous abscess formation associated with catheters challenged with heat-killed S. 

epidermidis RP62a in rabbit. Since no bacteria were cultured from the SEpvp segments with 

abscesses, we examined whether viable S. epidermidis RP62a were required to cause abscess 

formation. Doses of heat-killed S. epidermidis RP62a equivalent to 103, 10 and 10 cfu were 

injected along subcutaneously inserted SE and SEpvp segments and insertion sites were 

inspected after 14 d. Abscesses had developed around each of the 12 SEpvp segments, and 

around none of the 12 SE segments (figure 3). Cultures of SE and SEpvp segments removed 

from subcutaneous tissue were negative. Apparently, abscess induction did not require live 

bacteria, and was induced by the combined presence of SEpvp and bacterial components in 

rabbits. 
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Figure 3. Frequency of subcutaneous abscesses around SE and SEpvp catheter segments in rabbits 14 

days after insertion and injection of heat-killed S. epidermidis RP62a along the segments. 

Subcutaneous abscess formation and persistent infection associated with catheters challenged 

with S. epidermidis RP62a in mice. The observed abscess formation around SEpvp in the 

presence of viable and non-viable S. epidermidis RP62a might be specific for the rabbit. 

Therefore, the experiments were repeated and extended in mice. In addition to the catheter 

segments, homogenates from tissue surrounding the segments in this second animal host were 

also quantitatively cultured. Results similar to those in rabbits were obtained. Abscess 

formation around SEpvp occurred after injection of much lower inocula than around SE 

(figure 4). From tissue homogenates of SEpvp insertion sites S. epidermidis could be cultured 
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after 14 d when inocula of 106 cfu and more had been injected. In contrast, S. epidermidis was 

recovered from tissue homogenates of SE insertion sites only when inocula of 1010 cfu had 

been used (figure 4). Only two of the four culture-positive tissues were associated with an 

abscess. No adherent S. epidermidis were cultured from subcutaneously implanted SE and 

SEpvp segments challenged with upto 108 cfu of S. epidermidis (figure 4). SE as well as 

SEpvp segments along which 1010 cfu had been injected were all culture positive. All colonies 

had the same antibiogram as S. epidermidis RP62a. This indicates that the observed abscess 

formation around SEpvp is host independent. 
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Figure 4. A) Frequency of subcutaneous abscesses in mice around SE and SEpvp catheter segments 14 

days after insertion and injection of S. epidermidis RP62a along these segments. B) Number of persisting cfu of 

S. epidermidis in tissue around SE and SEpvp segments 14 days after inoculation. C) Number of adherent S. 

epidermidis on SE and SEpvp segments 14 days after inoculation. 

Histological examination. In the control rabbits as well as mice, the inflammatory response 

around SE segments was similar to that around SEpvp segments. In rabbit and mice, 

abscesses were observed around SEpvp, but not around SE segments challenged with low 

numbers of viable or non-viable S. epidermidis. When low numbers (< 104 cfu) of S. 

epidermidis were injected along SEpvp the abscesses were sterile, when higher numbers (>106 

cfu) of S. epidermidis were injected, bacteria were cultured from tissue surrounding the 

segments. Histological examination revealed no differences between sterile and non-sterile 
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abscesses. The size of the abscesses however increased with increasing concentrations of live 

or dead bacteria. Figure 5 shows the gross sections of tissue bordering subcutaneous catheter 

segments in mice 14 d after insertion and injection of either saline or of bacterial inocula 

ranging from 102 to 1010 cfu of S. epidermidis RP62a. 

Figure 5. Gross sections of tissue bordering subcutaneously inserted SE and SEpvp catheter segments 14 

days after implantation in mice, and injection of endotoxin-free isotonic saline or 102, 10 and 10 cfu of S. 

epidermidis RP62a, respectively. Haematoxylin-eosin stain; magnification X 100. Abscess formation is indicated 

by asterisk (*). The polyvinylpyrrolidone-grafting can be seen as a thin, purple-stained line, indicated by an open 
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Subcutaneous abscess formation and persistent infection associated with catheters challenged 

with S. epidermidis AMC3 in mice. The observed abscess formation could also be specific for 

the test strain S. epidermidis RP62a. Therefore experiments were repeated using S. 

epidermidis strain AMC3. As with strain RP62a abscess formation was present in tissue 

around SEpvp segments challenged with bacterial inocula much lower than those needed to 

cause abscesses around SE (figure 6). S. epidermidis was cultured from tissue homogenates of 

Epvp insertion sites inoculated with 106 cfu and more, and from SE insertion sites only when 

inoculated with 101 cfu (figure 6). Only two of the four culture-positive SE tissues showed 

abscess formation. Adherent S. epidermidis were cultured from the SE and SEpvp catheter 

segments after inoculation with 1010 cfu (figure 6). All colonies had the same antibiogram as 

S. epidermidis AMC3. This indicates that the observed abscess formation around SEpvp is 

bacterial strain independent. 
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Figure 6. A) Frequency of subcutaneous abscesses in mice around SE and SEpvp catheter segments 14 

days after insertion and injection of S. epidermidis AMC3 along these segments. B) Number of persisting cfu of 

S. epidermidis AMC3 in tissue around SE and SEpvp segments 14 d after inoculation. C) Numbers of adherent S. 

epidermidis AMC3 on SE and SEpvp segments 14 d after inoculation. 

Subcutaneous abscess formation and persistent infection associated with catheters with 

adherent S. epidermidis RP62a in mice. We pre-exposed SE and SEpvp segments for 3 hours 

to suspensions of S. epidermidis RP62a containing 106 or 10 cfu/mL endotoxin-free sterile 
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isotonic saline. The number of adherent bacteria on the segments after incubation in either 

suspension was similar (figure 7). On SEpvp approximately 90% less bacteria adhered than 

on SE (figure 7). Adherence was independent on the bacterial concentration of the suspension. 

Mice were terminated after 5 d. The tissue responses around SE and SEpvp segments with 

adherent S. epidermidis were similar to those observed around segments with bacteria 

delivered by injection. Around SE no abscess formation was seen, and all SE segments and all 

SE tissue homogenates were culture negative. Around all SEpvp segments, either pre-exposed 

to 10 or 10 cfu/mL, abscesses were observed. Three of the 4 homogenates of tissue around 

the SEpvp segments pre-exposed to 106 cfu/mL of S. epidermidis and 2 of 4 homogenates 

from tissue around SEpvp pre-exposed to 10s cfu/mL were cultured positive (figure 7). Two 

of the 4 SEpvp segments pre-exposed to 106 cfu/mL, and 2 of the 4 SEpvp segments pre-

exposed to 10 cfu/mL were culture positive 5 d after insertion (figure 7). All colonies had the 

same antibiogram as S. epidermidis RP62a. This indicates that the observed abscess formation 

around SEpvp is way of inoculum delivery independent. 
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Figure 7. A) Frequency 
of subcutaneous abscesses in 
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S. epidermidis RP62a 5 days 
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Subcutaneous abscess formation associated with catheters challenged with PG or LPS, in the 

mouse model. We observed abscess formation around SEpvp challenged with heat-killed S. 

epidermidis in rabbit. As isolated bacterial cell wall components have also been shown to 

induce inflammatory responses [10-14], we investigated whether abscess formation around 

SEpvp could be induced by such bacterial cell wall components. Various amounts of PG or 

LPS were injected along subcutaneously inserted catheter segments. Induction of abscess 

formation around SEpvp required at least 10,000-fold lower amounts of PG and LPS than 

around SE (figure 8). Cultures from catheter segments and tissue homogenates were negative. 
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Figure 8. Frequency of subcutaneous abscesses in mice around SE and SEpvp catheter segments 14 days 

after insertion of the and injection of peptidoglycan (A) or LPS (B) along these segments. 

DISCUSSION 

In this study we aimed to assess the frequency of S. epidermidis infection associated with SE 

and SEpvp catheter segments. SE and SEpvp are two almost identical catheter materials. Both 

catheters are made of silicon elastomer. The only difference is the polyvinylpyrrolidone-

grafting present on de SEpvp catheter. Unexpectedly, around subcutaneously inserted SEpvp 

segments, and not around SE segments, abscesses were induced when viable or non-viable S. 

epidermidis were injected along the inserted SEpvp segments. This SEpvp-associated abscess 

induction was not host specific, not bacterial strain specific, and could also by induced by the 

bacterial cell wall components peptidoglycan or lipopolysaccharide. When an S. epidermidis 

inoculum was applied by pre-exposure of SE and SEpvp-segments to bacteria, abscesses were 

also observed around SEpvp, and not around SE. In conclusion, in the presence of small 

numbers of S. epidermidis or of bacterial cell wall components, the novel SEpvp catheter 

shows characteristics of a bio-in-compatibility reaction. 
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It is unclear why SEpvp caused this response. Silicon elastomers as well as the hydrogel 

polyvinylpyrrolidone are regarded biocompatible products and both are often used in modern 

medicine. Silicon elastomer is regularly used in biomedical implants like hydrocephalus 

shunts, breast implants, and long-term intravascular catheters. Polyvinylpyrrolidone has been 

used extensively as a plasma expander during the second world war and is nowadays used in 

povidone-jodium and as a carrier in drug formulations [15]. Several reports do however 

indicate that polyvinylpyrrolidone can cause a mild inflammatory response [15]. Prolonged 

use of soluble polyvinylpyrrolidone as plasma expander was associated with increased risk of 

liver granuloma in man [16], and polyvinylpyrrolidone is used to induce sterile inflammation 

and granulopoiesis in a rat model of leucocytosis [17-19]. Cross-linked polyvinylpyrrolidone 

applied as a vitreous substitute in the rabbit eye induced influx of inflammatory cells [20]. In 

NMR studies on compounds eluted from SEpvp catheters in water, low amounts of 

polyvinylpyrrolidone were observed (not shown). Based on the reported results listed above, 

it might be speculated that such released polyvinylpyrrolidone induces a mild inflammatory 

response which per se does not trigger abscess formation. In combination with live or dead 

bacteria, which by themselves induce a low level inflammatory response as well, the 

cumulative level of inflammation may be enhanced and sufficiently high to induce the abscess 

formation and persistent infection. 

Elek and Conen showed that silk sutures facilitated subcutaneous infection due to S. aureus in 

men [21]. In the presence of the sutures as few as 102 cfu of S. aureus caused infection and 

induced abscess formation, whereas without sutures 106 cfu of S. aureus were required [21]. 

Similar results were obtained in several animal studies [22-25]. It was concluded that 

biomaterials enhanced susceptibility to infection, and that bacteria were required to induce 

abscesses. The present study extends these observations. Histologically, no abscess formation, 

nor differences in inflammation were seen around SE and SEpvp in the absence of bacteria. 

When low dose inocula were injected along SEpvp segments abscesses were induced, while 

segment and tissue cultures were negative, indicating that non-viable bacteria still can 

modulate the inflammatory environment. This was confirmed in the experiments using dead 

bacteria or their bacterial cell wall components, PG and LPS. When challenged with 106 cfu 

or higher, the induced abscesses and the tissues surrounding the SEpvp were culture positive, 

indicating that the enhanced inflammation was beneficial for bacterial survival. Only around 

SE challenged with 1010 cfu a low level of bacterial persistence was observed, while no 

abscesses were seen. This persistence was probably due to the very high inoculum bacteria 

used. Apparently, SEpvp in combination with bacteria or bacterial components primed for the 

induction of abscesses and persistent infection. 
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Abscess formation is the result of massive PMN influx, presumably orchestrated by the 

production of pro-inflammatory cytokines in the tissue. Enhancement of the inflammatory 

response around biomaterials in presence of bacteria or bacterial components is probably not 

restricted to SEpvp. Several in vitro studies showed that in human monocytes or macrophages 

exposed to biomaterials cytokine production is induced [26-31]. However, detectable levels of 

cytokines, specifically of the pro-inflammatory cytokines interleukin-1, TNF-a and 

interleukin-6, were only found in the presence of LPS, a major cell wall component of gram 

negative bacteria. Moreover, only in the presence of LPS biomaterials differed significantly in 

their cytokine-inducing properties [26-29]. This indicates that the presence of bacteria or 

bacterial component can modulate the inflammatory tissue reaction caused by the implanted 

biomaterial. In the present study abscess formation around the inserted SEpvp segments 

hampered the effective clearance of S. epidermidis from the tissue. This may be a mechanism 

increasing susceptibility to persistent infection. Elucidation of this mechanism requires further 

investigation, for instance by assessing whether specific changes in cytokine production are 

associated with the observed abscess formations and persistent infection around SEpvp. 

Additionally, it should be noted that sterile abscesses may be potentially dangerous. In 

humans as well as in various animal studies a protracted enhanced inflammation was 

associated with increased susceptibility to infection [32-35]. Moreover, abscesses may 

complicate cure and function of various organs. 

Apparently, certain biomaterials, like SEpvp, are more prone to predispose for strong tissue 

reactivity in presence of bacteria or bacterial components than others. This may have general 

implications for testing of new biomaterials. Before a new biomedical device can be marketed 

in the U.S., it has to meet FDA (food and drug administration)-standards for biocompatibility. 

This requires testing for (i) cytotoxicity of the novel device for cultured cells in vitro and (ii) 

assessing the host response to the device in animal studies [36-39]. Biocompatibility is always 

tested in absence of bacteria or bacterial cell wall components [36,39]. As discussed above, 

biomaterials like SEpvp, which are regarded highly biocompatible based on results of such in 

vitro and in vivo tests, may cause strong incompatibility reactions in the presence of low 

numbers of bacteria or small amounts of their cell wall components. In addition, this bio-

incompatibility reaction around SEpvp was associated with persistent infection. In clinical 

practice more than 10 to 20% of implanted catheters show clinical manifestation of infection 

[1,2]. Probably much more catheters will be in contact with tissue together with bacteria or 

bacterial components, liberated due to antibiotic prophylaxis during implantation. Thus, 

bacterial components are often present around catheters in tissue, and small amounts of such 

bacterial components may dramatically increase the inflammatory responses and bacterial 

persistence around a catheter. Therefore, biocompatibility testing of new catheters should 
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include experiments in which the inflammatory effects of the combination of catheter and 
bacteria or bacterial components are tested. 
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lL-1 and catheter-associated infection 

ABSTRACT 

In a mouse model of catheter-associated infection (CAI) we previously observed strong 

induction of abscesses by viable and non-viable S. epidermidis as well as by small amounts of 

bacterial cell wall components, around subcutaneously inserted PolyVinylPyrrolidone-grafted 

silicon elastomer (SEpvp) catheters. Around conventional silicon elastomer (SE) no abscesses 

developed. To elucidate the mechanism of the SEpvp enhanced abscess formation, we studied 

tissue cytokines and histology in relation to bacterial persistence around SEpvp and SE over 

time. We observed that around sterile SEpvp IL-Iß tissue levels increased earlier and 

remained high significantly longer than around sterile SE. In addition, around SEpvp the 

onset of a proper foreign body response, characterized by delayed foreign body giant cell 

formation and encapsulation of the catheter, was delayed. After inoculation of S. epidermidis, 

abscesses were formed around SEpvp, and not around SE. This bio-incompatibility reaction 

around subcutaneously inserted SEpvp was associated with persistence of S. epidermidis in 

tissue around SEpvp up to 60 d whereas around SE S. epidermidis disappeared after 2 d. 

Apparently, the stronger inflammatory environment around sterile SEpvp, characterized by 

higher IL-Iß levels, stronger inflammation and a delayed onset of a foreign body reactions, 

predisposed for abscess formation and persistent infection due to S. epidermidis. 

INTRODUCTION 

Before their use in humans is allowed, it must be shown that newly developed biomaterials, 

including catheters are biocompatible. Biocompatibility of a biomaterial is tested by assessing 

cytotoxicity to cultured cells and by assessing the host response to the biomaterial in animal 

studies using appropriate model systems [1,2]. Despite these strict criteria the use of 

biomaterials in humans remains associated with a variety of bio-incompatibility reactions, 

such as clotting, leaching, surface alterations, allergic reactions, shear, enhanced leukocyte 

activation and enhanced susceptibility to infection [3,4]. 

Infection of intravascular, intracranial and intraperitoneal catheters, is most frequently due to 

Staphylococcus epidermidis. It is assumed that bacterial adherence is the initial step in the 

pathogenesis of these catheter-associated infection (CAI) [5,6]. To prevent CAI novel 

catheters are being developed with modified surfaces or with coatings of (an) antimicrobial(s) 

agent(s) to reduce bacterial adherence [7-9]. A novel silicon elastomer catheter with a 

modified surface was recently introduced. We reported that in contrast to conventional silicon 

elastomer, the polyvinylpyrrolidone-grafted silicon elastomer catheter (SEpvp; Bioglide TM, 

Medtronic PS Medical, Goleta CA), in presence of low numbers of S. epidermidis, induced 
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abscesses and persistent infection in rabbits and mice [10]. Abscesses were also induced by 

non-viable bacteria and by bacterial cell wall components [10]. In absence of bacteria or 

bacterial cell wall components, however, the tissue inflammatory reaction around both 

catheters was histologically not different, two weeks after implantation. This implied that 

SEpvp, and not SE, predisposed for abscess formation in the presence of bacteria. 

Irrespective of their chemical composition biomaterials induce an inflammatory reaction [11-

14]. Exposure of human monocytes or leukocytes to biomaterials in vitro induces the 

production of various cytokines [15-19]. Therefore it has been suggested that the differences 

in cytokine inducing properties between biomaterials, including catheter materials may 

determine potential bio-incompatibility. 

In the present study we therefore sought to determine whether specific changes in local 

cytokine production and in the foreign body tissue reaction around subcutaneously inserted 

SEpvp catheters in mice are associated with abscess formation and persistent infection around 

such catheters. 

MATERIALS AND METHODS 

Animals. In total 176 female C57bl6 mice, 6-8 weeks old and weighing 15-20 g, divided into 7 groups of 24 

mice and one saline control group of 8 mice, were used. All animals were housed in individual cages, in a 

pathogen free environment and provided with sterile food and water. 

Catheter segments. Catheters of conventional silicone elastomer (SE) and polyvinylpyrrolidone-grafted silicone 

elastomer (Bioglide TM), designated as SEpvp in this study, with a diameter of 2.5 mm and a wall thickness of 

0.6 mm were obtained from Medtronic PS Medical, Goleta CA. One cm long segments of SE and SEpvp, cut 

from either catheter under aseptic conditions in a laminar flow cabinet were stored in sterile petri dishes. 

Bacterial strain. The clinical isolate Staphylococcus epidermidis strain RP62a (ATCC 35984) was used. This 

strain is capable of producing slime, determined according to Christensen et al. [20,21]. MIC values (ug/mL) of 

strain RP62a determined by standard E-test, were for rifampicin <0.016, teicoplanin 0.19, gentamicin 256, 

minocyclin O.016 and vancomycin 1.5. Antibiotic susceptibilities were used to confirm the identity of bacteria 

cultured from catheter segments and tissue homogenates. 

Preparation of the bacterial inoculum. To study the differences in the reactions around SE and SEpvp, a 

bacterial inoculum of 106 cm was used. We previously described that in mice, injection of 106 cfu along 

subcutaneously implanted SEpvp, induced macroscopic abscess formation and infection, whereas around SE 

neither abscess formation nor infection was seen [10]. Two mL of an overnight culture of strain RP62a in 

Trypticase Soy Broth (TSB; Difco, Detroit, MI) was inoculated into 100 mL TSB. After incubation at 37°C for 

5 hours, 50 mL of this culture were centrifuged at 2200 x g for 10 min, and the pelleted bacteria were washed 

twice with 50 mL pyrogen free isotonic saline. After the final centrifugation, the pellet was resuspended in 

pyrogen free isotonic saline and optical density at 620 nm was measured. The inoculum was prepared by diluting 
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the suspension with pyrogen free isotonic saline, based on an established relationship between bacterial 

concentration and optical density at 620 nm. 

Subcutaneous catheter implantation and administration of the bacterial inoculum. Mice were anesthetized with 

an FFM-mix (1 mL of hypnorm®, 1 mL of midazalam® and 2 niL of distilled water; 0.07 mL/lOg body weight), 

administered intraperitoneally, and placed in a laminar flow cabinet. The back of the mice was shaved and 

prepared with 2% (w/v) Chlorhexidine in ethanol. 

In two groups of mice SE catheter segments, and in 2 groups of mice SEpvp segments were implanted. On each 

side an incision (0.3 cm) was made 0.5 cm lateral to the spine. Subsequently, 1 cm long SE or SEpvp catheter 

segments were inserted subcutaneously. The incisions were closed with a single 0/6 vicryl stitch. Two groups of 

mice were sham operated (sham controls). 

One group of mice with implanted SE segments and one group with implanted SEpvp, received the inoculum 

delivered subcutaneously along the inserted segments, in a 0.025mL volume using a repetitive pipette (Stepper, 

model 4001-025, Tridak division, Brookfield, CT). Implant controls were groups of mice with implanted SE or 

SEpvp segments, that received a saline injection. The two sham control groups received an injection of the 

bacterial inoculum or an injection of saline in the subcutaneous wound, respectively. In addition the remaining 

group of 24 mice, which had not been subjected to surgery, received the bacterial inoculum (injection control). 

The group of 8 mice received a subcutaneous saline injection only (saline control). 

Sample collection. Mice in the saline control group were terminated and evaluated 14 days after injection. After 

1 h, 6 h, 2 d, 5 d, 14 d or 60 d four mice of each of the other groups were anaesthetised with an FFM-mix, 

administered intraperitoneally, and subsequently terminated by cardiac puncture. Terminated mice were placed 

in a laminar flow cabinet and fixed on a sterile polypropylene plate. A dorsal midline incision was made from 

the cervical to lumbal area. Subsequently the skin and subcutaneous tissue were separated from the muscle 

fascia, up to the flank on both sides. The implantation sites were inspected for purulence and standardised 

biopsies (<j> 12mm) were taken from the implantation sites using a specially developed tissue sampler. Each 

single biopsy included skin, subcutaneous tissue and inserted segment. 

The right side biopsy from each mouse was placed in 10% buffered formaldehyde (pH 7.3) for histological 

examination. From the left side biopsy, the catheter segment (if present) was separated from the tissue. Each 

catheter segment was washed twice with phosphate buffered saline (PBS; 8.1 mM Na2HP04, 1.5 mM KH2P04, 

140 mM NaCl; pH 7.2) and placed in a sterile tube containing 1 mL of PBS. Each tissue sample was placed in 

tube, weighed, and a volume of pyrogen free isotonic saline corresponding to 4 times the weight was added. The 

weight of the tissue samples varied between 125 and 160 mg. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in plastic, 

methylmethacrylaat / buthylmethacrylaat (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with 

hematoxylin-eosin. Slides were examined for 6 histological features characteristic for tissue reactions after 

implantation of a foreign body [22]. These were (i) infiltration of inflammatory cells, polymorphonuclear (PMN) 

or mononuclear cells, (ii) presence of purulence, deposition of leukocytes with necrotic burdens, (iii) foreign 

body giant cell formation, (iv) neovascularization, (v) fibrosis, characterized by inflammatory cells, fibroblast 

and newly formed collagen and (vi) encapsulation of the foreign body. Sections were scored independently by 

three of us (JJ Boelens, JL Murk and JJ Weening), using a scale of 0 to 3, indicative for the grade of appearance 

of each feature. A feature was scored "0", when it was not observed. Consequently, a feature was scored "3" 
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when it was maximally present. At the moment of judgement none of the investigators knew which sample 

originated from which mice. The scales were based on slides previously obtained from tissue samples taken from 

subcutaneously inserted SE or SEpvp segments in mice which received bacterial inocula ranging from 0 (saline 

injection) to 1010 cfu of S. epidermidis RP62a, along the inserts [10]. 

Quantitative culture of SE and SEpvp catheter segments. The tubes containing SE and SEpvp segments in 1 mL 

PBS were sonicated for 30 sec in a waterbath sonicator (Bransonic ®, B-2200 E4, 47KHz, 205 W) to dislogde 

adherent bacteria. The number of viable S. epidermidis was assessed by quantitative culture of serial 10-fold 

dilutions of the PBS. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate which was 

incubated overnight at 37°C. The remaining suspension was stored at 4°C. When no growth was observed on the 

blood agar plates, the stored suspension was centrifuged (2200 x g, 10min) and the pellet was resuspended in 

100 14.L PBS and plated on a blood agar plate. In addition, the sonicated segments were cultured in 80 mL 

thioglycolate broth consisting of 3% (w/v) thioglycolate containing 0.03% (w/v) polyanetholesulfonic acid, IM 

NaOH and 0.5% Tween 80, for 72 hours at 37°C. For statistical purposes, it was assumed that one cfu per 1 cm 

catheter segment had been present in case no growth occurred on the blood agar plates and the catheter segment 

incubated in the broth was culture-positive. The number of adherent S. epidermidis RP62a is expressed as cfu / 

catheter segment (1 cm). 

Quantitative culture of the homogenate. Tubes containing the tissue sample in pyrogen free isotonic saline were 

homogenized at 4°C with a tissue homogenizer (Tissue Tearer, model 985-370, Biospec products, Bartlesville, 

OK). After each homogenization the homogenizer was carefully cleaned, disinfected by subsequently washing in 

4% (w/v) sodium hypochloride, 70% alcohol, and rinsed with pyrogen free isotonic saline. Fifty uL of the 

homogenates was quantitatively cultured. The homogenates were serially 10-fold diluted and 6 aliquots of 10 uL 

of each dilution were spotted on a blood agar plate, which was incubated overnight at 37°C. In addition, 50 uL 

of the homogenate was cultured in 80 mL thioglycolate broth for 72 hours at 37°C. For statistical purposes it was 

assumed that one cfu per 50 uL had been present in case no growth occurred on the blood agar plates and the 

homogenate aliquot incubated in the broth was culture-positive. The number of persisting S. epidermidis RP62a 

is expressed as cfu / biopsy. 

Cytokine assays of the homogenates. The total homogenates, reduced by 100 uL for the quantitative culture, 

were diluted in 1 volume of lysis buffer [23] containing 1 % Triton X-100, 150 mM NaCl, 30 mM Tris, 2 mM 

CaCl2, 2 mM MgCl2, 0.2% aprotin and 0.2% leupeptin, pH 7.40 and incubated on ice for 1 h. Subsequently, the 

lysed homogenates were centrifuged at 130,000 x g for 15 min at 4 °C to remove cell debris. The cell-free 

supernatants were frozen at -80 °C, thawed, centrifuged at 5000 x g to remove macro-aggregates and stored in 

aliquots of 35 uL at-80 °C until use. Levels interleukin (IL)-Iß (R&D systems, Minneapolis, MN, USA) IL-6 

(Pharmingen, SanDiego, CA, USA), IL-10 (R&D systems), tumor necrosis factor (TNF)-oc (Pharmingen) and 

interferon (IFN)-y (R&D systems) were measured by commercially available ELISA-kits, and expressed as 

picograms per mL homogenate. 

Statistical analysis. All values are expressed as Mean ± Std.Error. Two sample comparisons were made by 

analysis of variance (ANOVA). Comparisons over time between cytokine levels of groups by ANOVA in a 

general linear model - general factorial. P<0.05 was considered significant. 
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RESULTS 

Inspection of the challenge sites. Mice in which SE segments had been implanted, challenged 

with S. epidermidis as well as mice in the implant control groups, sham control groups and 

injection control group showed no macroscopic abnormalities. In contrast, around SEpvp 

segments challenged with 106 cfu S. epidermidis abscesses were seen, after 2 d up to 60 d 

(figure 1). At 60 d, purulence was only present inside the SEpvp catheter segment and not 

around the insert. 

.. "-">_'%s; v ... '." ".-*.; -.'« ' •"*"-. '„'••'. Figure 1. Gross section of tissue bordering a subcutaneously 

'•' -•'-;••• '.»;.: ~.;,.**,•"..-* * '.- '1" "'"'*•* inserted SEpvp catheter segment challenged with S. 

^^"»^*VÊJè*' * r '•• '< ; . ' : . " '"'' '" epidermidis RP62a during implantation. 14 days after 

'> "**''4t 4 i * ** ' • ; •• implantation. Haematoxylin-eosin stain; magnification X 100. 

Abscess formation is indicated by asterisk (*). The 

polyvinylpyrrolidone-grafting can be seen as a thin, purple-

stained line, indicated by an open arrow. 

Culture of bacteria adherent on SE and SEpvp segments. SEpvp segments were significantly 

more often culture positive for S. epidermidis RP62a than SE segments (15 of 24 vs. 6 of 24, 

PO.05). At 1 h, 6 h and at 2 d after implantation two out of 4 SE segments were culture 

positive. All SE segments were culture negative at 5 up to 60 d. In contrast all SEpvp (12 of 

12) segments were culture positive up to 2 d, and at 5 d and 14 d, 2 of 4 and 1 of 4 SEpvp 

segment were culture positive (figure 2a). The cultured S. epidermidis had the same 

antibiogram as strain RP62a. 

Quantitative culture of the homogenates prepared from the tissue samples. At 1 h and 6 h no 

differences in colony counts were noted between the 4 groups that had received a bacterial 

inoculum. At 1 h, almost the entire inoculum of approximately 106 cfii was recovered from all 

tissue samples. At 48 h significantly more colonies were counted from tissue surrounding 

SEpvp catheter segments (17,000 ± 1,400 cfu) than from the tissue surrounding SE segments 

(1,100 ± 400 cfu; P<0.001; figure 2b), or from the tissue of the sham operated mice 

challenged with the inoculum (100 ± 80 cfu) and from mice receiving the inoculum injection 

only (10 ± 10 cfu). Although the numbers of cfu decreased at 5 d, 14 d and 60 d all tissues 

(12/12) surrounding the SEpvp segments were still culture-positive. Tissues surrounding SE, 

the sham and injection control were culture-negative at these time points. The cultured S. 

epidermidis had the same antibiogram as strain RP62a. No colonies were cultured from the 

tissue samples of mice injected with saline. Summarizing, in tissue around SEpvp S. 

epidermidis RP62a persisted up to 60 d whereas in the other groups tested S. epidermidis 

RP62a disappeared after 2 d. 
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Figure 2. A) Numbers of cfu of S. epidermidis in tissue around subcutaneously inserted SE and SEpvp 

catheter segments challenged with 106 cfu of S. epidermidis RP62a along these segments, in tissue of sham 

operated mice challenged with the same inoculum and in tissue of mice who received the inoculum injection 

only, at various time points. B) Number of adherent cfu of S. epidermidis on SE and SEpvp segments at various 

time points after inoculation. 

Inflammatory and foreign body response by histological examination. Generally, the 

implantation of a catheter results in injury, initiation of the inflammatory response (acute and 

chronic) and finally in a foreign body reaction, characterized by foreign body giant cell 

(FBGC) formation around the implant after approximately 4 d, and encapsulation after 

approximately 10 d [22]. Six features characteristic for tissue reactions following the 

implantation of a foreign body were scored independently by three authors. The mean scores 

for four of the six features at each time point are shown in figure 3. 

Infiltration (figure 3A and 4A) is indicative for an acute or chronic inflammation. In control 

mice only a slight infiltration was seen at 2 and 5 d. Histologically no difference in infiltration 

was seen between tissue around SE in the presence or the absence of S. epidermidis at any of 

the 6 time points. Maximum infiltration was seen at 5 d. Around SEpvp in the absence of S. 

epidermidis, maximal infiltration was seen at 2 d. In the presence of S. epidermidis, maximal 

infiltration was already seen at 2 d and the infiltration remained more intense until 60 d. 

Apparently, subcutaneously inserted SEpvp induced higher influx of inflammatory cells than 

SE, especially during the first weeks after insertion. Injection of S. epidermidis along 

subcutaneously inserted SEpvp induced an enhancement of influx of inflammatory cells 

compared to SEpvp challenged with saline. 

Purulence (data not shown) was seen only in tissue around SEpvp injected with 10 cfu of S. 

epidermidis at 2, 5 and 14 d. At 60 d purulence was present in the lumen of the SEpvp 

segments, only. 
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Figure 3. Scales of four of the six histological features characteristic for tissue reactions after 

implantation of a foreign body. Scale values ranges between 0 to 3, indicative for the grade of appearance of 

each feature. A) Infiltration; B) Giant Cell Formation; C) Fibrosis; and D) Encapsulation. 
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Figure 4. Mean scores of the blind examination of sections of tissue around SE and SEpvp in presence 

and absence of S. epidermidis. Each section was scored by three independent investigators for 4 of the 6 

histological features characteristic for tissue reactions after implantation of a foreign body, A) Infiltration; B) 

Giant Cell Formation; C) Fibrosis; and D) Encapsulation. 

Foreign Body Giant Cell (FBGC) formation (figures 3B and 4B) is indicative for a normal 

progression of the foreign body response. At 5 d after subcutaneous implantation of SE, 

FBGC formation was observed either in the absence or presence of S. epidermidis. In contrast, 

around SEpvp only a few FBGC were seen at 14 d both in the presence and in the absence of 

S. epidermidis. Apparently, subcutaneous implantation of SEpvp was associated with delayed 

FBGC formation irrespective of the presence of S. epidermidis. 

Fibrosis (figures 3C and 4C) is indicative for chronic inflammation. Fibrosis was not seen 

before 5 d, neither around SE nor around SEpvp. At 5 d up to 60 d, fibrosis around SEpvp 
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was found twice much as around SE, whether or not S. epidermidis was present. Thus, 

subcutaneous implantation of SEpvp induced a higher level of fibrosis than SE. 

Neovascularization (data not shown) is a second feature indicative for chronic inflammation. 

Neovascularization was not seen before 5 d, neither around SE nor around SEpvp. No 

difference in neovascularization was seen around SE and SEpvp in absence of S. epidermidis. 

Five and 14 d after challenge with S. epidermidis more neovascularization was observed 

around SEpvp than around SE. 

Encapsulation (figure 3D and 4D) of the catheter segment is indicative for the final stage of a 

normal foreign body response. Capsule formation was seen around SE in presence or absence 

of S. epidermidis at 14 d and a thicker capsule was present at 60 d. In contrast, no capsule 

formation was seen around SEpvp, in the presence or the absence of S. epidermidis, before 60 

d. Apparently, implantation of SEpvp is associated with a delayed encapsulation of the SEpvp 

catheter irrespective of the presence of S. epidermidis. 

Thus, histologically a higher influx of inflammatory cells and a delay in the onset of the 

foreign body response is observed in tissue around SEpvp, compared to tissue around SE. 

This was even more pronounced in the presence of S. epidermidis. 

Production ofTNF-a, IL-1Ç>, IL-6, IFN-y and IL-10. TNF-a (figure 5) was detectable in saline 

control mice (subcutaneous saline injection; 160 ± 59 pg/mL homogenate). In biopsies 

obtained from the sham control mice challenged with S. epidermidis or from mice receiving 

the subcutaneous injection of the inoculum only, levels were three to fivefold at lh and 6 h 

(PO.05). In absence of S. epidermidis, significantly higher TNF-a levels were measured 

along inserted SE or SEpvp segments than in tissue from sham controls and injection controls 

at 5 d. Injection of S. epidermidis along inserted SE or SEpvp segments was associated with a 

marked increase in TNF-a concentrations, with highest TNF-a levels after 1 h (1,334+522 

and 1,265±230 pg/mL for SE and SEpvp, respectively). Up to 5 d, TNF-a levels were 

significantly higher (P<0.001) around SE and SEpvp than those of the sham controls and 

injection controls groups. At 14 d and 60 d levels of TNF-a in biopsies from all groups, were 

similar to saline control levels. No significant difference between SE and SEpvp irrespective 

of the presence of S. epidermidis was found. 

IL-Iß (figure 6) was detectable in saline control mice (subcutaneous saline injection; 192 ± 70 

pg / mL homogenate). In biopsies obtained from sham control mice challenged with either S. 

epidermidis or saline, or from mice receiving the subcutaneous injection of the inoculum 

only, levels were marginally increased at 1 h and 6 h (nonsignificant). Tissue around sterile 

SE and SEpvp segments, injected with saline, had markedly increased IL-Iß concentrations 

compared to the sham controls and injection control groups. The highest IL-lß biopsy levels 

around SE and SEpvp were measured after 5 d (618+142 and 626±81 pg/mL, respectively). 
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Figure 5. A) Over time production of TNF-a in tissue surrounding the subcutaneously implanted SE 

and SEpvp catheter segments and in tissue of the control groups (sham operated mice and injection only) in 

presence or absence of S. epidermidis (sep). B) Detailed representation of over time production of TNF-a 

(Mean ± Std.Error) in tissue surrounding the subcutaneously implanted SE and SEpvp catheter segments in 

the absence and presence of S. epidermidis. 
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Figure 6. A) Over time production of IL-Iß in tissue surrounding the subcutaneously implanted SE 

and SEpvp catheter segments and in tissue of the control groups (sham operated mice and injection only) in 

presence or absence op S. epidermidis (sep). B) Detailed representation of over time production of IL-lß 

(Mean + Std.Error) in tissue surrounding the subcutaneously implanted SE and SEpvp catheter segments in 

the absence and presence of S. epidermidis. Significant differences between SE and SEpvp at the individual 

time points are indicated by an asterisk (*), and significant differences between over time levels are indicated 

by an open arrow. 
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Figure 7. A) Over time production of IL-6 in tissue surrounding the subcutaneously implanted SE 

and SEpvp catheter segments and in tissue of the control groups (sham operated mice and injection only) 

in presence or absence op 5. epidermidis (sep). B) Detailed representation of over time production of IL-6 

(Mean + Std.Error) in tissue surrounding the subcutaneously implanted SE and SEpvp catheter segments 

in the absence and presence of S. epidermidis. 
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Figure 8. A) Over time production of IFN-y in tissue surrounding the subcutaneously implanted SE 

and SEpvp catheter segments and in tissue of the control groups (sham operated mice and injection only) in 

presence or absence op S. epidermidis (sep). B) Detailed representation of over time production of IFN-y 

(Mean ± Std.Error) in tissue surrounding the subcutaneously implanted SE and SEpvp catheter segments in 

the absence and presence of 5. epidermidis. 
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Levels of IL-Iß around SE gradually decreased to saline control levels, but levels around 

SEpvp remained higher than around SE at 14 and 60 d (P<0.05). Injection of S. epidermidis 

along SE or SEpvp segments was associated with marked increase in IL-Iß concentrations, 

with the highest IL-Iß biopsy levels after 2 d, being 766+312 and 1,202±115 pg/mL, 

respectively (P=0.086). Levels of IL-lß around SE challenged with S. epidermidis gradually 

decreased to control levels, but levels around SEpvp levels remained significantly higher than 

SE upto 60 d (P=0.016). The injection of S. epidermidis along SE or SEpvp was associated 

with higher IL-lß level profiles over time (P=0.021; PO.0001, respectively) than injection of 

saline along SE or SEpvp. The injection of S. epidermidis along the subcutaneously inserted 

SEpvp segments was associated with significantly higher IL-lß levels than injection of S. 

epidermidis along the subcutaneously inserted SE segments. Apparently, the administration of 

S. epidermidis enhances the induction of IL-lß. 

IL-6 (figure 7) was detectable in saline control mice (subcutaneous saline injection; 87±58 

pg/mL homogenate). In biopsies obtained from sham control mice, challenged with either S. 

epidermidis or injected with saline, or from mice receiving the subcutaneous injection of the 

inoculum only, IL-6 levels were marginally increased at 1 h and 6 h (nonsignificant). 

Injection of either S. epidermidis or saline along SE or SEpvp segments was associated with 

significantly higher over time IL-6 concentrations than observed in the sham controls and 

injection groups (PO.05). The highest IL-6 biopsy levels around SE and SEpvp were 

measured after 5 d (564±275 and 676+202 pg/mL, respectively). No significant difference 

was found in IL-6 induction between subcutaneously inserted SE and SEpvp segments either 

in presence or absence of S. epidermidis. Apparently, implantation of a catheter (SE or 

SEpvp) is associated with local production of IL-6, but the levels were independent of the 

presence of bacteria or of the catheter-type. 

IFN-y (figure 8) was detectable in saline control (subcutaneous saline injection) mice (406 ± 

230 pg/mL homogenate). In biopsies obtained from all groups, levels were higher than saline 

control levels at lh and 6 h (P<0.05). At 2 d IFN-y levels were similar to saline control levels 

in all groups. At 5 d, in mice with SE or SEpvp segments, IFN-y concentrations were again 

significantly higher in comparison to those of the sham controls and injection control groups 

(PO.05), irrespective of the injection of S. epidermidis. No significant difference in IFN-y 

induction between subcutaneously inserted SE and SEpvp segments either in presence or 

absence of S. epidermidis was measured at any time point. Apparently, implantation of a 

catheter (SE or SEpvp) induces local production of IFN-y, but the level of induction is not 

related to the presence of bacteria or to the catheter-type. 

IL-10 (data not shown) was detectable in saline control (subcutaneous saline injection) mice 

(36 ± 36 pg/mL homogenate). Between the biopsies obtained from all groups no significant 

differences in IL-10 induction were observed, neither in presence nor absence of S. 

epidermidis. 
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DISCUSSION 

In the present study, we used SE and SEpvp as model biomaterials to investigate specific 

changes in tissue parameters, that might predispose for abscess formation and infection 

around SEpvp. Subcutaneous implantation of a sterile SEpvp catheter segment was associated 

with IL-Iß tissue levels that increased earlier and remained high significantly longer than 

around sterile SE. In addition the onset of a foreign body reaction was delayed. Injection of S. 

epidermidis along the subcutaneously implanted SEpvp segments was associated with a more 

pronounced and protracted tissue IL-Iß production, abscess formation and persistence of S. 

epidermidis in tissue around SEpvp up to 60 d. The earlier IL-Iß production and delayed 

onset of the foreign body reaction around sterile SEpvp could be predisposing factors for the 

induction of abscesses and persistent infection around such catheters. 

No difference in the host response around sterile SE and SEpvp catheter segments was 

observed 2 months after implantation. At earlier time points, however, differences were 

present, characterized by stronger inflammation, delayed onset of FBGC formation and 

delayed onset of encapsulation after SEpvp implantation. Subcutaneous introduction of S. 

epidermidis along SE and SEpvp segments during implantation was associated with even 

more pronounced differences between SE and SEpvp. Injection of S. epidermidis along SE 

did not affect the host response, while around SEpvp segments a stronger and prolonged 

inflammation, associated with purulence, was seen. Apparently, the stronger inflammatory 

reaction around sterile SEpvp, predisposes for abscess formation and persistent infection of S. 

epidermidis. These histological differences are associated with sustained IL-Iß levels around 

SEpvp. 

Enhancement of the inflammatory response in presence of bacteria is probably not restricted 

to SEpvp. Exposure of human monocytes or PMNs to biomaterials in vitro induced the 

production of the pro-inflammatory cytokines interleukin (IL)-Iß, tumor necrosis factor 

(TNF)-ot and IL-6 [16,17,19,24]. Differences in inducing properties between various 

biomaterials became apparent only in presence of lipopolysaccharide (LPS), a major cell wall 

component of gram negative bacteria [16,17,19,24]. This implies that, in a material dependent 

way, the combined presence of an implanted biomaterial and bacteria or bacterial components 

can modulate the inflammatory tissue reaction. 

Implantation of sterile SE or SEpvp catheter segments induced a bimodal production of TNF-

a, IL-6 and IFN-y. The first peak could well be caused by the operation itself, since in 

biopsies of sham operated mice this peak, although lower, was observed as well. The second 

peak at five days was not seen in sham control and injection control animals and should 
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therefore be attributed to the reaction to the implanted catheters. Administration of S. 

epidermidis along SE and SEpvp induced higher over time TNF-oc and IFN-y levels than the 

corresponding implant controls, but no differences between SE and SEpvp were found. In 

contrast, IL-Iß production around sterile SEpvp increased earlier, and levels remained 

elevated for a longer period than around SE, as judged from the recorded values at 2 d and 14 

d, respectively. Differences in IL-Iß production were more pronounced after injection of S. 

epidermidis along the implanted catheter segments, resulting in significantly higher local IL-

lß production over time than around SE challenged with S. epidermidis. This protracted 

increased IL-lß production in presence of S. epidermidis was associated with abscess 

formation and persistent infection around SEpvp. The earlier IL-lß production around sterile 

SEpvp could be a predisposing factor in the induction of abscess formation and persistent 

infection around such catheters. The putative role of IL-lß in abscess formation and the 

induced persistent infection could be tested using IL-lß-deficient mice or in IL-1 Receptor 

Type I deficient mice. 

S. epidermidis persisted around subcutaneously inserted SEpvp up to 60 d. It is difficult to 

interpret the role of persistence of bacteria in the observed abscess formation, because non

viable bacteria also induced such abscesses [10]. We did not include inoculation with non

viable bacteria along implanted catheter segments in our present study. Persistence of bacteria 

can be dangerous, because it can result in clinical signs of late onset infection. Ten out of the 

12 SEpvp catheter segments were culture negative from 5 up to 60 d whereas the tissue 

surrounding the segments were culture positive. It is unclear what the niche is in which the 

bacteria persisted. The bacteria could reside in the purulent exudate, extracellularly in the 

subcutaneous tissue or intracellularly in phagocytes or other cell types. The number of S. 

epidermidis cultured from the tissue did not increase over time. This could indicate an 

equilibrium between microbial persistence and the immune response. When the balance is 

tipped in favor of the pathogen at a later time point bacterial persistence can cause disease. 

That alterations in the host defense in the vicinity of implanted catheters play a role in the 

pathogenesis has been suggested before [12-14,25]. The niche of bacterial persisting in tissue 

surrounding catheters like SEpvp, should therefore be investigated. 

Our experiments showed that 2 months after implantation no differences in histology and 

cytokine production due to SE and SEpvp implants were observed. At earlier time points 

differences were clearly present, and were even more pronounced in presence of S. 

epidermidis. Evaluation of novel biomaterials should therefore also take place in this period, 

and not only after several months as performed in the current biocompatibility testing 

protocols. Biomaterials like SEpvp, which can be regarded as biocompatible in the absence of 

bacteria, can enhance the inflammatory reaction in presence of bacteria or bacterial cell wall 
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components, resulting in abscess formation and associated persistent infection up to 60 d. 

These results support our suggestion that biocompatibility testing should include experiments 

in which the effect of bacteria and / or bacterial cell wall components on the inflammatory 

tissue reaction is tested [10]. A model should be developed in which parameters, like IL-Iß 

and delayed foreign body reaction in this study, should be sought which are predictive for bio-

incompatibility reactions. Such a model can also be useful in the development of novel 

biomaterials with low tissue reactivity. 
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S. epidermidis in pericatheter macrophages 

ABSTRACT 

Biomaterial surfaces may be modified to reduce bacterial adhesion. The susceptibility in mice 

to Staphylococcus epidermidis infection of the commonly used catheter materials, silicon 

elastomer (SE), polyamide (PA) and their surface modified polyvinylpyrrolidone-grafted 

derivatives, SEpvp and PApvp, respectively, was assessed. Abscesses developed around 

SEpvp. Around SE, PA and PApvp no signs of infection were observed, though mice carrying 

PApvp developed septicemia after 14 - 21 days. S. epidermidis was cultured from the tissue 

surrounding PApvp. Cells around PApvp, containing large numbers of bacteria, were 

identified as macrophages using irnmunohistochemistry and electron-microscopy. This 

persistence of intracellular bacteria was also observed around SEpvp, SE and PA, albeit to a 

lesser extent. The cytokine profiles around the four materials were different. Implanted 

biomaterial induces an inflammatory response favorable to the persistence of S. epidermidis. 

Intracellular persistence of bacteria inside macrophages may be a pivotal process in the 

pathogenesis of biomaterial-associated infection. 

INTRODUCTION 

A serious problem associated with the use of biomaterials is the occurrence of bacterial 

infections. The majority of biomaterial-associated infections (BAI), 40 to 75%, is caused by 

the relatively non-pathogenic coagulase-negative staphylococci, especially Staphylococcus 

epidermidis [1,2]. 

In 1957 Elek en Conen were the first to report that susceptibility to bacterial infection was 

significantly enhanced by the presence of a foreign body material [3]. This was confirmed in 

animal studies [4-7]. The mechanism underlying this enhancement of susceptibility to 

infection is still incompletely understood. The pathogenesis of biomaterial-associated 

infections (BAI) is a complex process with various contributing factors such as bacterial 

virulence, physico-chemical properties of the biomaterial and alterations in the host defense. 

Adhesion of bacteria to the biomaterial is regarded as the initial step [1,2,8-15]. Subsequently, 

production of extracellular substances by the adherent bacteria (slime, glycocalix) and 

attachment of host factors (e.g. blood and tissue proteins, platelets) leads to the formation of a 

compact matrix, a biofilm, on the catheter surface. Bacteria embedded in the biofilm are less 

susceptible to host defense mechanisms and to antibiotics [16-23]. In addition, the presence of 

a foreign body has been shown to affect the host defense, e.g. by reducing phagocytic and 

bactericidal capacity of polymorphonuclear leucocytes (PMNs) [7,24-27] as well as by 

reducing the cellular immunity [28]. 
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Biomaterial surfaces may be modified to reduce bacterial adhesion. One possible modification 

is grafting of the surface with the hydrogel polyvinylpyrrolidone (pvp). This provides the 

surface with a hydrophilic character, which is expected to reduce bacterial adhesion and 

subsequent surface colonization [29]. In this study we aimed to assess susceptibility to 

Staphylococcus epidermidis infection of 2 types of commonly used catheter materials, silicon 

elastomer (SE) and polyamide (PA), and their pvp-grafted derivatives (SEpvp and PApvp, 

respectively), in a previously described mouse model [30,31]. 

Whereas the unmodified SE and PA catheters had a low susceptibility to infection, pvp 

grafting increased this susceptibility. Furthermore, the nature of the infectious process around 

the PVP grafted catheters varied with the catheter material. Around SEpvp abscesses and 

persistent infection developed, whereas around PApvp high numbers of S. epidermidis were 

present in the pericatheter tissue while signs of inflammation around the implanted PApvp 

were absent. We therefore aimed to gain insight into the pathogenic process around the 

modified materials; (i) by localizing the niche of the surviving S. epidermidis in tissue 

surrounding the subcutaneously implanted catheter segments, and (ii) to determine whether 

specific changes in cytokine production in the pericatheter tissue are associated with the 

enhanced susceptibility. 

MATERIAL AND METHODS 

Animals. In total 264 specified pathogen free female C57BL6 mice, 6-8 weeks old and weighing 15-20 g were 

used. All animals were housed in individual cages, in a pathogen-free environment and provided with sterile 

food and water. 

Catheters. Four different catheters were used, polyamide (PA), a novel catheter polyvinylpyrrolidone (pvp)-

grafted polyamide (PApvp, see below), conventional silicon elastomer (SE), and pvp-grafted SE catheters 

(SEpvp). The PApvp catheters were manufactured at the Center for Biomaterials Research, University of 

Maastricht, the Netherlands. The grafting, consisting of a copolymer of N-vinylpyrrolidone and 2-(4-

azidobenzoyl)-oxo-ethylmethacrylate in a molar ratio of 100:2.5 [32], was applied to thoroughly washed PA 

tubing with a diameter of 2.5 mm and a wall thickness of 0.6 mm by repeated dipping. Subsequently, the tubings 

were irradiated for 20 min with a Philips HPA 1000 high power lamp (Philips Lightning, Eindhoven, The 

Netherlands). The tubings were washed with propanol-2 and water (each 2 times 30 min, ultrasonic bath), dried 

on air and autoclaved. The SE and SEpvp catheters, which are clinically used, were obtained from Medtronic PS 

Medical, Goleta, CA. Segments of the catheters were cut under aseptic conditions in a laminar flow cabinet and 

stored in sterile petri dishes until use. 

Characterization of catheter surface characteristics. Physico-chemical characterization of PA, PApvp, SE, and 

SEpvp relied on two different techniques: (i), dynamic contact angle measurements according the Wilhelmy 

method [33]; (ii), X-ray photoelectron spectroscopy (XPS). 

70 



S. epidermidis in pericatheter macrophages 

Preparation of Staphylococcus epidermidis inocula. S. epidermidis RP62a (ATCC 35984) was used. This strain 

is capable of producing slime, as determined according to Christensen et al. [10,34], and is 

polysaccharide/adhesin (PS/A) and polysaccharide intercellular adhesin (PIA)-positive [35,36], MIC values 

(ug/mL) of strain RP62a determined by standard E-test were for rifampicin O.016, teicoplanin 0.19, gentamicin 

256, minocyclin <0.016 and vancomycin 1.5. Antibiotic susceptibilities were used to confirm the identity of 

colonies cultured from catheter segments and tissue homogenates (see below). 

For inoculum preparation, two mL of an overnight culture of S. epidermidis strain RP62a in Trypticase Soy 

Broth (TSB; Difco, Detroit, MI) were inoculated into 100 mL of TSB. After incubation at 37°C for 5 h, 50 mL 

of the culture was centrifuged at 2200 x g for 10 min. The pelleted bacteria were washed twice with 50 mL 

pyrogen-free sterile isotonic saline. For in vitro adherence assays the bacteria were resuspended in TSB, and was 

measured. The suspension was diluted to 108 cfu/mL, based on an established relationship between bacterial 

concentration and optical density at 620nm (A620). For mouse challenge experiments pelleted bacteria were 

resuspended in pyrogen-free sterile isotonic saline, the A620 was measured, and the suspension was diluted with 

pyrogen-free sterile isotonic saline to prepare the various inoculum suspensions. 

In vitro adhesion ofS. epidermidis RP62a on PA, PApvp, SE and SEpvp segments. PA, PApvp, SE and SEpvp 

segments with a length of 10 cm were soaked in 100 mL TSB containing 10s cfu/mL S. epidermidis RP62a. 

After 3 h of incubation at 37°C, the segments were rinsed twice with PBS. The middle 3 cm of each segment 

was cut out and transferred into a bottle containing 3 mL of PBS, which was sonicated (Bransonic ® B-2200 

E4, 47KHz, 205 watts) for 30 s to dislodge the adherent bacteria from the segment. Numbers of cfu in the 

resulting suspension were assessed by quantitative culture. The sonication procedure effectively removed the 

adherent bacteria from the catheters as judged from scanning electron microscopic inspection of sonicated 

catheters, and did not affect bacterial viability. 

Subcutaneous catheter implantation. A murine model, as modified from Christensen et al [30,31] was used. 

Mice were anaesthetized with FFM-mix (hypnorm® 1 mL, midazalam® 1 mL distilled water 2 mL; 0.07 

mL/lOg body weight) administered intraperitoneally. Surgery was performed in a laminar flow cabinet. The back 

of the mice was shaved and prepared with 2% Chlorhexidine in ethanol. On each side an incision (0.3 cm) was 

made 0.5 cm lateral to the spine. Subsequently either PA, PApvp, SE or SEpvp catheter segments with a length 

of 1 cm were inserted subcutaneously on both sides. Each mice received two segments of a single catheter type. 

The incisions were closed with a single 0/6 vicryl stitch. 

Determination of infection dose. To determine the infection dose for the four catheter materials, 5 groups of 24 

mice each were used. Four experimental groups had either PA, PApvp, SE, or SEpvp catheter segments 

implanted. The fifth group received inoculum or saline injections only. Bacterial inocula of 102, 10", 106, or 10 

cfu in 25 uL pyrogen-free isotonic saline, or saline (25 uL) were injected subcutaneously along the inserted 

segments, using a repetitive pipette (Stepper, model 4001-025, Tridak division, Brookfield, CT). 

Development of infection over time. For the experiments studying bacterial persistence and the inflammatory 

reaction over time 144 mice were used. These mice either received PApvp, SE, or SEpvp catheter segments, 

were sham operated, or were left untreated to serve as inoculum controls. Mice of these 5 groups either were 

injected with an inoculum of 106 cfu S. epidermidis in 25 uL pyrogen-free isotonic saline, or saline alone 

subcutaneously along the inserted segments. The sham operated mice received injections in the subcutaneous 

wounds, and the inoculum controls in the subcutaneous tissue lateral to the spine. Mice were terminated at 2, 5, 
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9, 14 or 60 d after the start of the experiment. All inoculum-catheter combinations and all controls were tested in 

quadruplicate, for each time point. In addition, 8 untreated mice were used as controls (baseline controls). 

Termination of animals and sample collection. Mice were anesthetized with FFM-mix administered 

intraperitoneally, terminated by cardiac puncture, and blood was collected. In a laminar flow cabinet, the skin 

and subcutaneous tissue were separated from the muscle fascia up to the flank on both sides. The implantation 

sites were inspected for inflammation, characterized by redness around the implanted segments, and for abscess 

formation. Subsequently, standardized biopsies of 12 mm in diameter containing skin, subcutaneous tissue and 

the catheter segment were taken using a specifically developed tissue sampler. From tissue bordering the catheter 

segment in the right side biopsies, a smaller biopsy with a diameter of 3 mm was taken and placed in 

paraformaldehyde (4%), for transmission electron microscopical examination. The remainder of the 12 mm 

biopsies was placed in 10% buffered formaldehyde (pH 7.3). 

The left side biopsies were used for quantitative culture of bacteria adherent to the catheter segment as well as 

bacteria residing in the tissue, and to assess cytokine levels. The catheter segments were separated from the 

tissue, washed twice with phosphate buffered saline (PBS; 8.1 mM Na2HPO„, 1.5 mM KH2P04, 140 raM NaCl; 

pH 7.2), placed in sterile tubes containing 1 mL of PBS, and processed for quantitative culture (see below). 

The tissue samples, as well as the liver, spleen, lungs and kidneys were individually placed in 6 mL tubes and 

weighed. The tissue samples weighed 125-160 mg, the livers 600-700 mg, the spleens 60-100 mg, the lungs 80-

100 mg and the kidneys 300-350 mg. A volume of pyrogen-free isotonic saline corresponding to 4 times the 

weight of the specimens was added, and they were homogenised at 4°C (Tissue Tearer, model 985-370, Biospec 

products, Bartlesville, OK). After each homogenisation the homogeniser was carefully cleaned, disinfected with 

subsequent washings of 4% (w/v) sodium hypochlorite and 70% ethanol, and rinsed with pyrogen-free isotonic 

saline. 

Quantitative culture of PA, PApvp, SE and SEpvp segments. The tubes containing a PA, PApvp, SE or SEpvp 

segment in 1 mL PBS were sonicated for 30 sec in a waterbath sonicator (Bransonic ®, B-2200 E4, 47KHz, 205 

W) to dislodge adherent bacteria. The number of adherent S. epidermidis was assessed by quantitative culture of 

serial 10-fold dilutions of the PBS. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate. The 

remaining suspension was stored at 4°C. When no growth was observed on the blood agar plates after overnight 

incubation at 37°C, the stored suspension was centrifuged (2200 x g, 10 min) and the pellet was resuspended in 

100 uL PBS and plated on a blood agar plate. The sonicated segments were placed in 80 mL thioglycolate broth 

(Tb), consisting of 3% (w/v) thioglycolate, 0.03% (w/v) polyanetholesulfonic acid, IM NaOH and 0.5% Tween 

80, and incubated for 72 hours at 37°C. For statistical purposes, it was assumed that one cfu per 1 cm catheter 

segment had been present in case no growth occurred on the blood agar plates and the catheter segment 

incubated in the broth was culture-positive. The number of adherent S. epidermidis RP62a is expressed as cfu / 

cm catheter segment. Antibiograms were made from the cultured bacteria. 

Quantitative culture of tissue biopsy and organ homogenates, and of blood. Fifty uL aliquots of the 

homogenates offne implantation site biopsies and of the collected organs, or 100 uL of blood, were serially 10-

fold diluted with PBS. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate, which was 

incubated overnight at 37°C. In addition, aliquots of the implantation site homogenates (50 uL), of the organ 

homogenates (100 uL) and of blood (50 uL) were cultured in 80 mL Tb for 72 hours at 37°C. For statistical 

purposes, it was assumed that one cfu per 50 uL of biopsy homogenate, per 100 uL of organ homogenate, or per 

50 uL of blood had been present in case no growth occurred on the blood agar plates and the broth culture was 
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positive. Numbers of persisting S. epidermidis RP62a are expressed as cfu / biopsy or organ, or cfu / mL of 

blood. Antibiograms were made from the cultured bacteria. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in methylmethacrylate / 

buthylmethacrylate (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with hematoxylin-eosin. 

Slides were examined for 5 histological features characteristic for tissue reactions after implantation of a foreign 

body [37], These were (i) infiltration of inflammatory cells, PMNs or mononuclear cells, (ii) presence of 

purulence, deposition of leukocytes with necrotic burdens, (iii) foreign body giant cell formation, (iv) fibrosis, 

characterized by inflammatory cells, fibroblasts and newly formed collagen, and (v) encapsulation of the foreign 

body. Sections were scored independently by three investigators (JJ Boelens, JL Murk and JJ Weening) using a 

scale of 0 (feature absent) to 3 (feature maximally present), indicative for the grade of appearance of each 

feature. At the moment of judgement none of the investigators knew which sample originated from which mice. 

In addition gram-stained slides were made and inspected for gram-positive cocci in the tissue surrounding the 

subcutaneously inserted catheter segments. A scale, ranging from 0 to 3, indicative for the grade of presence of 

gram-positive cocci was made. The number of gram-positive cocci present along the entire (1 cm) segment was 

estimated by counting the number of gram-positive cocci in two transverse sections with a thickness of 3 um, 

obtained from 2 levels in the embedded biopsy at least 1 mm apart. The mean number of bacteria in both 

sections was multiplied with 3333,3, in order to estimate the total number of bacteria in the tissue surrounding 

the 1 cm long segment. In the histological scale, grades 1 to 3 correspond to estimated numbers of 104-105, 106-

107, and 108-10'° of gram stained bacterial cells per biopsy, respectively. 

Transmission Electron Microscopical (TEM) examination. The 3 mm biopsies fixed in paraformaldehyde (4%) 

were dehydrated, and embedded in LX-112 resin according to standard methods. Areas of interest were selected 

on the basis of toluidine-stained light microscopic sections, and processed for ultrastructural examination. 

Macrophage immunohistochemistry. To assess whether cells containing intracellular bacteria (see results) were 

macrophages, part of the experiments was repeated and biopsies obtained as previously described were snap-

frozen in liquid nitrogen. Immunohistochemical staining with antibody F4/80, recognizing a murine pan-

macrophage marker [38,39], was performed as described previously [40], Briefly, 6 urn cryosections thaw-

mounted on slides, were fixed with fresh acetone containing 0.02% H202 to inhibit endogenous peroxidase 

activity. In order to detect and to neutralize residual endogenous peroxidase activity sections were treated with 4-

Cl-1-Naphthol, resulting in a dark-blue background staining. After washing with PBS/Tween, sections were 

incubated overnight with the primary antibody F4/80 (rat anti-mouse), followed by rabbit anti-rat peroxidase 

labeled IgG (DAKO, Glostrup, Danmark). 3-Amino-9-ethylcarbazole (AEC: Sigma, St. Louis, MO) was used to 

detect the peroxidase activity of this conjugate, resulting in a bright red precipitate. Sections were counter-

stained with haematoxilin for 10 seconds and mounted in Kaiser's glycerin-gelatin. 

Cytokine assays of the implantation site tissue homogenates. The implantation site biopsy homogenates, 

reduced by 100 uL which was used for quantitative culture, were diluted in 1 volume lysis buffer containing 1% 

Triton X-100, 150 mM NaCl, 30 mM Tris HCl, 2 mM CaCl2, 2 mM MgCl2, 0.2% aprotin and 0.2% leupeptin, 

pH 7.4 [41], and incubated on ice for 1 h. Subsequently, the homogenates were centrifuged at 130,000 x g for 15 

min at 4°C to remove cell debris. The cell-free supematants were frozen at -80 °C, thawed, centrifuged at 5000 x 

g to remove macro-aggregates, and stored in aliquots of 35 uL at -80°C until use. Interleukin (IL)-lß (R&D 

systems, Minneapolis, MN), IL-6 (Pharmingen, San Diego, CA), IL-10 (R&D systems), Tumor necrosis factor 
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(TNF)-a (Pharmingen) and interferon (IFN)-y (R&D systems) were measured using commercially available 

ELISA-kits. Cytokine levels are expressed as picograms (pg) per mL homogenate. 

Statistical analysis. All values are expressed as Mean ± Std.Error. Two sample comparisons were made by 

analysis of variance (ANOVA) and comparisons between over time cytokine levels of groups by ANOVA in a 

general linear model - general factorial. P<0.05 was considered significant. 

RESULTS 

Surface characteristics of PA, PApvp, SE and SEpvp catheters. The contact angle mea

surements yielded a receding contact angle of 45° ± 6° for PA, and 24° ± 5° for PApvp. The 

receding contact angles for SE and SEpvp were 38° ± 4° and 24° ± 4°, respectively. These data 

show that a hydrophilic coating is present on PApvp and SEpvp. 

The XPS spectra clearly revealed the purity of the four materials. The spectra of PA and 

PApvp were highly similar. Pvp is composed of nitrogen, carbon, and hydrogen, and these 

elements are also present in PA. In addition, the pvp grafting most likely is thinner than the 

surface layer of PA measured by XPS. Angle-resolved XPS, by which a thinner surface layer 

can be analyzed, could not be used since this method is only feasible for flat surfaces and our 

catheter materials were cylindrical. The XPS results however do not exclude the presence of a 

thin pvp grafting at the surface of PApvp. The XPS spectra of SE and SEpvp differed as 

follows. An Nls line was characteristic for the SEpvp spectrum (399.8 eV), indicating the 

presence of a pvp grafting. Nitrogen signals were absent in the SE spectrum. 

Adhesion of S. epidermidis RP62a on PA, PApvp, SE and SEpvp segments in vitro. The 

catheter materials grafted with the pvp hydrogel in vitro had significantly lower numbers of 

adherent bacteria than the non-grafted catheters. The pvp grafting reduced the bacterial 

adherence from 16,111 ± 6,123 cfu per cm on PA to 2,188 ± 512 cfu per cm on PApvp 

catheter segments (PO.001), and from 21,121 ± 2,000 cfu per cm on SE to 2,468 ± 312 cfu 

per cm on SEpvp catheter segments (PO.001). 

Inoculum size and infection associated with subcutaneously inserted PA, PApvp, SE and 

SEpvp. The infection dose of S. epidermidis for PA, PApvp, SE, and SEpvp was assessed, by 

challenging mice with 102, 104, 106 and 10s cfu. At 14 d after challenge no purulence or other 

signs of inflammation were observed macroscopically around PA, PApvp and SE segments. 

In contrast, around subcutaneously inserted SEpvp segments challenged with bacterial inocula 

of 10 cfu or higher, purulence had developed along the inserted catheter (figure 1). Mice 

carrying PA, PApvp, SE or SEpvp segments having received a saline injection, did not 
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develop signs of inflammation around the segments. Subcutaneous injection of the various 

bacterial inocula in mice without implanted segments did not induce purulence or other signs 

of inflammation either (not shown). 

Large numbers of S. epidermidis (3500 cfu / biopsy) were cultured from tissue homogenates 

of PApvp implantation sites challenged with 106 or 108 cfu. From the corresponding PApvp 

segments, mean numbers of 900 and 800 cfu / cm were cultured, respectively (figure 1). 

Conversely, only the PA pericatheter tissue of mice challenged with 108 cfu was culture 

positive, and only 2 of the 4 explanted segments yielded growth of low numbers of S. 

epidermidis. Homogenates of tissue from SE implantation sites as well as the explanted 

segments were culture negative, except for one of tissue challenged with 10 cfu (figure 1). 

Homogenates of SEpvp pericatheter tissue challenged with 106 or 108 cfu S. epidermidis 

contained low numbers of bacteria, since only broth cultures were positive (figure 1). The 

explanted segments were all culture negative. No S. epidermidis was cultured from the 

homogenates of any of the mice which only received an injection of the various inocula (not 

shown). In all cases bacteria cultured from tissue or catheter segments had the same 

antibiogram as S. epidermidis RP62a. 
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Figure 1. Frequency of subcutaneous abscesses along the inserted catheter segments (A), number of cfu 

of S. epidermidis RP62a cultured from insertion site homogenates (B) and number of adherent cfu of S. 

epidermidis RP62a cultured from subcutaneous implantation of PA, PApvp, SE and SEpvp (C) at 14 d after 

challenge with various inocula of S. epidermidis RP62a. There were 4 mice per group tested. 
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Development of infection over time. We subsequently studied the persistence of S. epidermidis 

around PApvp, SE and SEpvp in mice challenged with 106 cfu over time up to 60 d. Since the 

bacteriological and histological findings (not shown) from PA and SE were very similar, and 

the SE catheter is clinically used, we excluded the PA catheter material from these subsequent 

experiments. Around PApvp and SE, macroscopically no purulence or other signs of 

inflammation were seen at any time point. Around SEpvp segments purulence was present at 

all time points (figure 2). At 60 d purulence was observed only inside the SEpvp catheter 

segment and not around the inserted segment. 

At 2 d significantly more S. epidermidis (PO.001) were cultured from the tissue homogenates 

of PApvp and SEpvp implantation sites (27,300 ± 24,000 and 17,000 ± 1,400, respectively) 

than from those of SE implantation sites (1,100 ± 400; figure 2). From all PApvp and SEpvp 

segments adherent bacteria were cultured. The quantitative cultures of SE segments were all 

negative, and the broth culture of only 1 segment was positive (figure 2). 

At 5, 9, and 14 d all tissue homogenates of PApvp implantation sites were culture positive. 

The mean numbers of cfu per biopsy ranged from 260 at 5 d up to 3,500 at 14 d (figure 2). 

Three of the 4 S. epidermidis challenged mice with subcutaneously implanted PApvp, which 

were to be terminated at 60 d, developed sepsis between 14 and 21 d. These mice were 

terminated and were evaluated as a separate group ("septic mice"). They had mean numbers 

of cfu per biopsy ranging from 2,352 to 3,567. The fourth mouse of this group was terminated 

after 60 d, and 900 cfu were cultured from the biopsy of this mouse. From 14 of the 16 

subcutaneously inserted PApvp segments removed from day 5 to 60, adherent S. epidermidis 

were cultured, ranging from 260 to 800 cfu/cm (days 5 and 14, respectively; figure 2). 

At 5, 9, 14, and 60 d the homogenates of the SE pericatheter tissue, as well as the explanted 

segments were all culture negative. Of the 12 SEpvp pericatheter tissue homogenates of 5, 14 

and 60 d, only the broth cultures were positive. At 5 d, the broth cultures of 2 out of 4 SEpvp 

segments were positive (figure 2). All SEpvp segments removed at 14 and 60 d were culture-

negative. In all cases, the bacteria cultured from tissues or segments had the same antibiogram 

as S. epidermidis RP62a. 

Thus, around PApvp no abscesses were observed, but high numbers of bacteria persisted on 

the catheter segment and in the pericatheter tissue. On and around SE almost no persisting S. 

epidermidis were found, not even at the highest inoculum dose. Around SEpvp abscesses 

were induced, and low numbers of bacteria persisted in the pericatheter tissue, whereas no 

adherent bacteria could be cultured at the later time points (5 - 60 d). 
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Figure 2. Frequency of subcutaneous abscesses along the inserted catheter segments (A), number of cfu 

of S. epidermidis RP62a cultured from insertion site homogenates (B) and number of adherent S. epidermidis 

RP62a cultured from subcutaneous implantation of PApvp, SE and SEpvp (C) at various time points after 

challenge with 106 cfu S. epidermidis RP62a. There were 4 mice per group tested at each time point. Three of 4 

mice with PApvp to be terminated at 60 d became terminally ill between 14 and 21 d due to sepsis. They are 

represented as "septic mice". ND = not determined. 

Dissemination of S. epidermidis to blood and organs. Blood and organ cultures from mice 

with implanted SE or SEpvp segments showed no growth. Although the quantitative cultures 

of blood or organ homogenates from mice with PApvp segments were negative, qualitative 

blood cultures were positive in 4 of the 20 mice, one terminated at 9 d, one at 14 d and two in 

the "septic mice" group. The broth cultures of the spleen from 3 of these 4 mice, one 

terminated at 9 d, one at 14 d and one in the "septic mice" group, were also positive. The 

bacteria cultured had the same antibiogram as S. epidermidis RP62a. Apparently, S. 

epidermidis RP62a persisting in the pericatheter tissue around PApvp were capable of causing 

bacteremia. 

Histological examination of the inflammatory and foreign body response over time. Five 

histological features characteristic for the tissue inflammatory response following the 

implantation of a foreign body were scored independently and blind by 3 investigators. The 

mean scores for four of the five histological features at each time point are shown in figure 3. 

Variation of scores between investigators was always maximally 0.5 scale units. 
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Figure 3. The mean scores of infiltration, foreign body giant cells, fibrosis and encapsualtion, four 

features, characteristic for the implantation of a foreign body, at various time points after subcutaneous 

implantation of PApvp, SE or SEpvp, challenged with saline or 106 cfu S. epidermidis RP62a. There were 4 

mice per group tested at each time point; D Saline • S. epidermidis ;ND = not determined 

Up to 14 days the foreign body inflammatory response around PApvp and SE, characterized 

by the grade of infiltration, fibrosis, foreign body giant cell (FBGC) formation and 

encapsulation was similar, irrespective of the presence of S. epidermidis (figure 3). In mice 

with implanted PApvp which became septic, FBGC formation was increased compared to that 

in mice terminated at 14 d. In contrast, around SE, FBGC formation had decreased to a low 

level at 60 d. Around SEpvp the inflammatory response was stronger than around PApvp and 

SE at all time points. Infiltration and fibrosis around SEpvp were scored higher than around 

PApvp and SE at all time points, and FBGC formation and encapsulation around SEpvp were 

delayed, irrespective of the presence of S. epidermidis. These findings indicate that an 

apparently normal foreign body reaction follows implantation of SE, and that tissue around 
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SEpvp had a prolonged and intensified inflammatory status. Around PApvp a normal foreign 

body reaction was seen up to 14 d, irrespective of the presence of S. epidermidis. In presence 

of S. epidermidis, however, a high FBGC score was found in septic mice, while around sterile 

PApvp the score decreased after 14 d. It should be noted that the infiltration observed in the 

pericatheter tissue at 2 d consisted of a mixed population of PMNs and macrophages, while at 

5 d and later the infiltration predominantly consisted of macrophages for around either 

catheter material. 

Intracellular presence of S. epidermidis in macrophages. In gram-stained tissue sections of 

mice with subcutaneously inserted PApvp challenged with 106 cfu of S. epidermidis, large 

numbers of gram-positive cocci were seen (figure 4A-D). Almost all gram-stained cocci were 

located intracellularly and their numbers increased over time. In tissue of mice terminated at 5 

d less infected cells and less cocci per cell were present (figure 4A,B) in comparison to tissue 

section from septic mice (figure 4C,D). 

Figure 4. Gross 

sections of subcutaneously 

implanted catheter segments 

challenged with S. epidermidis, 

gram-stained. Tissue 

surrounding a PApvp catheter 

segment challenge with 106 cfu 

of S. epidermidis at 5 days, 

magnified x 100 (A) and x 500 

(B). Tissue surrounding a 

PApvp catheter segment 

challenge with 106 cfu of S. 

epidermidis in septic mice, 

magnified x 100 (C) and x 500 

(D). Figure 4 E (x 100) and F 

(x 500) shows that the cells 

containing the gram-positive 

cocci could be stained with the 

pan macrophage marker 

monoclonal antibody F4/80, 

indicating that these cells were 

tissue macrophages. Tissue 

surrounding an SEpvp catheter 

segment challenge with 106 cfu 

of S. epidermidis at 14 d, 

magnified x 100 (G), and 

tissue surrounding a SE 

catheter challenge with 10s cfu 

of S. epidermidis segment at 14 

d(H). 
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The cells containing the gram-positive cocci were stained with the pan macrophage marker 

monoclonal antibody F4/80, indicating that these cells were tissue macrophages (figure E,F). 

The number of gram-positive cocci observed in tissue surrounding PApvp increased over 

time. In some macrophages several hundreds of gram-stained cocci were observed within the 

thin section (figure 4C,D). As the histology suggested that much more bacteria were present 

in tissue surrounding the PApvp than were cultured from the corresponding tissue 

homogenate, we estimated the number of bacteria present in tissue surrounding PApvp, based 

on counts in the microscopic slides. The estimated number of S. epidermidis increased from 

10 cocci per biopsy on 2 and 5 d, to values of 1010 individual cocci per biopsy in mice which 

became septic after 14 - 21 d (figure 4A-D; table 1). Around SEpvp low levels of intracellular 

bacterial persistence in macrophages were seen at 5, 14 and 60 d (figure 4G). All broth 

cultures at these time-points were positive. In contrast, in sections of tissue around SE and PA 

challenged with 106 cfu, no gram-positive cocci were seen and the corresponding 

homogenates were culture negative. However, in sections obtained from samples of tissue 

around SE injected with 108 cfu, intracellular cocci were observed (figure 4H), and one of the 

4 quantitative cultures of tissue surrounding SE was positive. Also in the pericatheter tissue 

around PA challenged with 108 cfu, intracellular cocci were observed (not shown). The tissue 

cultures were positive. 

Table 1 ; Score for presence of S. epidermidis 
in tissue surrounding the 3 biomaterials 

Time Material 
point PApvp SE SEpvp 

2d 1.5 0 0 
5d 1.5 0 0 
9d 2 0 0.5 
14d 2 0 0.5 
septic 3(n=3) 
60d 1.5(n=1) 0 0.5 

Electron microscopy. Coccoid bacteria were located in vacuoles within the macrophages, and 

showed different morphologies (figure 5). Some bacteria appeared in rounded structures, 

about 0.5 u.m in diameter and consisting of a single cell-wall with moderately electron-dense 

contents, apparently representing viable bacteria. We also observed apparently non-viable 

bacteria, as was evident from the presence of various signs of degeneration like loss of the 

spherical shape, fragmentation of the cell wall, and rarefaction of the contents. In the bacteria 

that appeared viable at the time of fixation, the cell wall had often formed a complete or a 

partial septum, indicating cell division. 
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Figure 5. Transmission 

electron microscopy of 

macrophages in tissue 

surrounding PApvp at 14 days 

after subcutaneous implantation 

challenged with 106 cfu S. 

epidermidis RP62a. Cytoplasm 

appears to contain numerous 

coccoid bacteria, part of which 

seem viable (V) and others 

exhibiting signs of degeneration 

indicating that they are non

viable (NV; see text). Note 

several bacteria having complete 

septa, indication cell division. 

Bar represents 0,5 um. 

Induction of TNF-a, IL-lß, IL-6, IFN-y and IL-10. In mice with subcutaneously implanted 

SE or SEpvp catheter segments, over time TNF-a, IL-Iß, IL-6 and IFN-y tissue levels were 

elevated compared to sham and baseline controls. Only levels of IL-Iß differed between SE 

and SEpvp. Levels of IL-Iß around sterile SEpvp were elevated earlier (t = 2d) and remained 

higher up to 14 d than around sterile SE. In tissue around SEpvp challenged with S. 

epidermidis, the IL-Iß profiles were significantly higher than around SE challenged with S. 

epidermidis. We concluded that the abscess formation around SEpvp challenged with S. 

epidermidis was associated with an enhanced IL-Iß production resulting in a protracted 

inflammatory status of the tissue. 

In tissue surrounding PApvp injected with saline, no increase in the levels of TNF-a, IL-lß, 

IL-6, IFN-y or IL-10 was found (figure 6) in comparison to baseline control levels. When S. 

epidermidis was injected along the subcutaneously inserted PApvp segments, TNF-a, IL-6 

and IFN-y levels were not increased either. Local IL-lß production over time was 

significantly (P<0.05) increased in comparison to the levels in the baseline controls and 

PApvp implant controls (figure 6). This indicates that the intracellular survival of S. 

epidermidis in macrophages is associated with IL-lß production in tissue surrounding PApvp. 

In tissue around SE and SEpvp either injected with saline or S. epidermidis the IFN-y levels 

were increased at day 5 compared to those at day 2, and to those of the baseline controls. In 
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tissue around PApvp such an IFN-y increase was not observed. Local IL-10 production was 

not upregulated at day 2 and day 5, but from day 9 levels were significantly higher than the 

baseline control levels (P=0.018). In septic mice, TNF-a production was 100-fold higher than 

levels in control mice, as well as the levels of the other cytokines tested (P=0.000; figure 6). 

The sham and injection control groups did not show elevated levels of any of the tested 

cytokines in comparison with the baseline control levels (not shown). 
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Figure 6. Mean (+ Std.Error) insertion site concentrations of TNF-a, IL-Iß, IL-6, IFN-y and IL-10 at 

various time points after subcutaneous implantation of PApvp, SE or SEpvp, challenged with saline or 10 cfu S. 

epidermidis RP62a. N = 4 mice per group at each time point. *, PO.05 for differences at indicated time point. 

=>, PO.05 for difference in over time profile between groups. ND = not determined. 
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DISCUSSION 

Surface modification by polyvinylpyrrolidone (pvp) grafting of polyamide (PA) and silicon 

elastomer (SE) catheters increased the hydrophilicity of their surface, as judged from receding 

contact angle measurements, and reduced the number of adherent S. epidermidis in vitro. 

Despite this, these pvp-grafted catheters when implanted subcutaneously in mice were more 

susceptible to S. epidermidis infection than the non-modified catheters. Furthermore, the 

nature of the infectious process strongly differed for SEpvp and PApvp. Around SEpvp 

abundant abscess formation was observed, with low numbers of bacteria persisting up to 60 

days. Around PApvp high numbers of S. epidermidis persisted within macrophages in the 

pericatheter tissue, whilst purulence or other macroscopic sign of inflammation were absent. 

Three lines of evidence indicate that the S. epidermidis inside the macrophages were viable, 

(i) they were cultured in large numbers from the tissue homogenates, (ii) they appeared as 

gram-positive cocci after gram staining of sections, and as electron dense cocci in TEM, and 

(iii) the number of intracellular cocci, as well as the number of infected macrophages 

increased over time. Although different levels of persistence of S. epidermidis in macrophages 

were observed around the 4 biomaterials, biomaterial-induced intracellular persistence of S. 

epidermidis in macrophages as such seems to be a general process. Apparently the local host 

defense was compromised due to the presence of the biomaterials, resulting in deficient 

intracellular killing by macrophages. 

A reduced cellular immunity characterized by suppressed MHC class II protein expression in 

peri-biomaterial macrophages around infected perigrafts was described recently [28]. Our 

study is the first to describe intracellular persistence of bacteria in macrophages as a possible 

cause of biomaterial-associated infection (BAI). Other studies have focussed on alterations in 

the host defense earlier after implantation of a biomaterial [7,24-26,42-44]. Complement-

mediated opsonic activity was substantially reduced in tissue fluid surrounding implanted 

tissue cages containing biomaterials, and PMNs harvested from these tissue cages had 

decreased bactericidal activity [7], presumably due to defective oxidative metabolism and 

granulocyte enzyme content [27]. Similar impairment of the bactericidal capacity has been 

described for PMNs exposed to non-phagocytosable surfaces [24-26,42,44-46]. Results from 

the present study also suggest biomaterial-associated PMN ineffectivity. Around SEpvp a 

strong inflammatory response was noted, and in presence of S. epidermidis abscesses 

developed. Despite the high influx of PMNs around SEpvp the bacteria were not cleared up to 

60 d, indicating that SEpvp biomaterial may induce PMN dysfunction. In contrast, around 

infected PApvp and SE no excessive PMN infiltration was observed. Remarkably, in the 

tissue around PApvp large numbers of cocci were observed inside tissue macrophages. 

Around SE, bacteria were only present inside macrophages after challenge with high dose 

83 



Chapter 5 

inocula. It may be that also around PApvp PMN effectivity was affected, allowing initial 

colonization of tissue around the catheter segments. Intracellular survival inside macrophages 

around biomaterials however, may be more important for BAI than reduction of PMN 

functionality, since macrophages have a much longer life span than PMNs. It should be noted 

that these observations may be different for different strains or species of microbes. 

In normal foreign body reactions, FBGC and associated granulomatous tissue are formed 4 

days after implantation, increase up to approximately 14 days and subsequently gradually 

disappear [37]. This pattern was indeed observed around SE, our reference material for a 

normal foreign body response. Around sterile PApvp, FBGC formation reduced after 14 d but 

remained high up to 60 d. In presence of S. epidermidis the layer containing FBGC and 

associated granulomatous tissue around the segments was increased in size, and was 

associated with high numbers of gram-positive cocci inside macrophages. Similarly, 

persistence of pathogens causing intracellular infections like Mycobacterium tuberculosis, M. 

leprae and various fungi inside macrophages is associated with granulomatous lesions, 

characterized by macrophage-epithiloid cells and FBGC [47]. 

Granuloma formation in infections due to intracellular pathogens is associated with the 

production of proinflammatory cytokines [44,48-50]. Accordingly, the survival of 

staphylococci in tissue surrounding PApvp was associated with production of IL-Iß. Only in 

the presence of S. epidermidis, the anti-inflammatory cytokine IL-10 was upregulated at 9 d 

and at later time points. IL-10 downregulates macrophages, and is assumed to be associated 

with enhanced progression of intracellular infections [41,50-54]. The upregulation of IL-10 

was indeed associated with an increase in the number of infected macrophages and an 

increase in the number of gram-positive cocci per macrophage. The low level of IFN-y, a 

potent macrophage activator [55], around PApvp is in line with the apparently deficient 

macrophage intracellular killing. Also around SEpvp bacterial persistence was associated with 

sustained IL-Iß production, but in contrast to PApvp, IL-1 was produced around sterile 

SEpvp as well. This is in accordance with the findings that exaggerated and protracted IL-1 

production can prime for intracellular- and extracellular persistence [56]. Apparently, the 

combined presence of a biomaterial and S. epidermidis induces inflammatory responses which 

are favorable for these relatively non-pathogenic bacteria to survive. 

The mechanisms by which PApvp and SEpvp affect the immune response are unknown. As 

judged from contact angle measurements, the pvp-grafting rendered PApvp and SEpvp 

equally hydrophilic, and significantly increased hydrophylicity compared to that of 

unmodified PA and SE, respectively. In vitro adherence tests showed that presence of the 
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pvp-grafting irrespective of the biomaterial used, significantly decreased the number of 

adherent S. epidermidis. So, neither physicochemical surface characteristics, nor in vitro 

adherence were predictive for the in vivo findings. Further studies have to be performed to 

delineate biomaterial characteristics responsible for the dysregulation of cytokine and tissue 

responses associated with enhancement of infection. 

In many cases, BAI become apparent months or even years after placement. Tissue 

macrophages may well be the niche for S. epidermidis to survive in tissue around implanted 

biomaterials. Clinical signs may develop when certain physical conditions of the patients 

disturb the balance between the bacteria and the host response in favor of the bacterium. This 

can eventually lead to BAI and sepsis. To our knowledge, our model of mice with implanted 

PApvp segments is the first model for biomaterial-associated S. epidermidis sepsis. It can be 

used to evaluate treatment of BAI. In addition, the role of the individual cytokines, and 

associated cell types in the pathogenesis of BAI can be assessed in this mouse model, using 

either wild type, or specific cytokine gene-deficient mice. Such studies can provide novel 

strategies to prevent BAI by immunomodulation of the tissue surrounding the biomaterial. 
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Role ofIL-1 in biomaterial-associated infection 

ABSTRACT 

Elevated concentrations of interleukin (IL)-l were found in tissue surrounding biomaterials 

infected with Staphylococcus epidermidis. To determine the role of IL-1 in biomaterial-

associated infection (BAI), IL-1 receptor type I deficient (IL-1R-/-) and wild-type mice 

received subcutaneous implants of silicon elastomer (SE) or polyvinylpyrrolidone-grafted SE 

(SEpvp), combined with an injection of 106 cfu S. epidermidis or sterile saline. Neither mouse 

strain was susceptible to BAI around SE. IL-1R-/- mice had a no abscess formation and a 

reduced susceptibility to persistent S. epidermidis-infection associated with SEpvp. The 

foreign body response, characterized by giant-cell formation and encapsulation, was delayed 

around SEpvp in wild-type mice but not in IL-1R-/- mice. This coincided with enhanced local 

IL-4 production in IL-1R-/- mice. These data suggest that inhibition of local IL-1 activity may 

be beneficial for the outcome of BAI. 

INTRODUCTION 

A variety of biomaterials such as prosthetic heart valves, artificial joints and catheters are 

used with increasing frequency in diagnostic and therapeutic procedures of modern medicine. 

The use of such biomaterials has undoubtedly led to medical progress for the benefit of many 

patients. On the other hand, implantation of an initially sterile biomaterial may quickly be 

complicated by infection. The majority of biomaterial-associated infections (BAI), 40 to 75%, 

is caused by the relatively non-pathogenic coagulase-negative staphylococci, especially 

Staphylococcus epidermidis [1,2]. 

The pathogenesis of BAI is still poorly understood. It is assumed that the adherence of 

bacteria to the implanted biomaterial is the initial step in the pathogenesis of BAI [1,2]. To 

prevent BAI, novel materials are being developed with modified surfaces or with coatings of 

(an) antimicrobial(s) agent(s) to reduce bacterial adherence [3-5]. Adherence is however not 

the only important factor in the pathogenesis. Alterations in the host response in the vicinity 

of the implanted biomaterial have frequently been suggested to play a role in the pathogenesis 

[6-9]. 

Implanted biomaterials always induce an inflammatory reaction, but the intensity may vary, 

depending on the chemical composition of the material. Exposure of human monocytes or 

granulocytes to biomaterials in vitro induced the production of various cytokines [10-14]. It 

was assumed that increased cytokine production might be associated with bio-incompatibility 

reactions, such as enhanced leukocyte activation and enhanced susceptibility to infection. We 
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previously described that subcutaneous implantation of sterile polyvinylpyrrolidone-grafted 

silicon elastomer (SEpvp) catheter segments was associated with an earlier and more 

sustained increase in interleukin (IL)-Iß levels in surrounding tissue than implantation of 

sterile conventional silicon elastomer (SE) catheter segments in mice. Injection of S. 

epidermidis along the subcutaneously implanted SEpvp segments caused an even more 

pronounced and protracted local IL-Iß production, with subcutaneous abscesses and with 

persistent infection up to 60 d. 

IL-la and IL-Iß are potent pro-inflammatory cytokines that have been implicated as 

important mediators in the pathogenesis of a variety of immunological and infectious diseases 

[15]. IL-1 exerts biological effects by an interaction with the type IIL-1 receptor (IL-1R). At 

present, the role of IL-1 in the pathogenesis of BAI due to S. epidermidis is unknown. 

Therefore, in the present study, we evaluated the susceptibility of IL-1R gene deficient (IL-

1R-/-) mice to BAI caused by S. epidermidis. 

MATERIAL AND METHODS 

Animals. In total 80 specified pathogen free IL-1R -/- mice, back-crossed six times to C57BL/6 background, and 

C57BL/6 wild-type mice, 6-8 weeks old and weighing 15-20 g, were used. IL-1R -/- mice [16] were kindly 

provided by Immunex Co (Seattle, WA) and bred in our animal facility. Wild-type C57BL/6 mice were from 

Harlan, Horst, the Netherlands. IL-1R -/- and wild-type mice were age-, weight-, and sex-matched, housed in 

individual cages in a pathogen free environment and provided with sterile food and water. 

Catheter segments. Catheters of conventional silicone elastomer (SE) and polyvinylpyrrolidone-grafted silicone 

elastomer (SEpvp; Bioglide TM), with a diameter of 2.5 mm and a wall thickness of 0.6 mm were obtained from 

Medtronic PS Medical, Goleta, CA. One cm long segments of SE and SEpvp, cut from either catheter under 

aseptic conditions in a laminar flow cabinet were stored in sterile petri dishes. 

Bacterial strain. The clinical isolate Staphylococcus epidermidis strain RP62a (ATCC 35984) was used. This 

strain is capable of producing slime, determined according to Christensen et al. [17-19], MIC values (ug/ml) of 

strain RP62a determined by standard E-test, were for rifampicin O.016, teicoplanin 0.19, gentamicin 256, 

minocyclin <0.016 and vancomycin 1.5. Antibiotic susceptibilities were used to confirm the identity of bacteria 

cultured from catheter segments and tissue homogenates. 

Preparation of the bacterial inoculum. An inoculum of 106 cfu of S. epidermidis RP62a was used. We 

previously demonstrated that in mice injected with this inoculum along subcutaneously implanted SEpvp, 

macroscopic abscesses formation and persistent infection was induced, while around SE neither abscess 

formation nor infection were observed [20], Two ml of an overnight culture of strain RP62a in Trypticase Soy 

Broth (TSB; Difco, Detroit, MI) was inoculated into 100 ml fresh TSB. After incubation at 37°C for 5 hours, 50 

ml of this culture were centrifuged at 2200 x g for 10 min, and the pelleted bacteria were washed twice with 50 

ml pyrogen-free isotonic saline. After the final centrifugation, the pellet was resuspended in pyrogen-free 

isotonic saline and optical density at 620 nm was measured. The inoculum of 10 cru was prepared by 
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Subcutaneous catheter implantation and administration of the bacterial inoculum. Mice were anesthetized with 

an FFM-mix (1 mL of hypnorm®, 1 mL of midazalam® and 2 mL of distilled water; 0.07 mL/lOg body weight), 

administered intraperitoneally, and placed in a laminar flow cabinet. The back of the mice was shaved and 

prepared with 2% (w/v) Chlorhexidine. On each side an incision (0.3 cm) was made 0.5 cm lateral to the spine. 

Subsequently, 1 cm long SE or SEpvp catheter segments were inserted subcutaneously. IL-1R -/- and wild-type 

mice received either 2 SE or 2 SEpvp segments. The incisions were closed with a single 0/6 vicryl stitch. Mice 

with implanted SE or SEpvp segments were injected with the inoculum subcutaneously along the inserted 

segments in a 25uL volume using a repetitive pipette (Stepper, model 4001-025, Tridak division, Brookfield, 

CT). Four IL-1R -/- mice and 4 wild-type mice received a subcutaneous injection of saline only, on both sides of 

the spine (saline controls). 

Sample collection. Mice in the saline control group were sacrificed and evaluated 14 days after injection. After 

2 d, 5 d or 14 d, six mice of each of the experimental groups were anaesthetised with an FFM-mix administered 

intraperitoneally, and subsequently terminated by cardiac puncture. Terminated mice were placed in a laminar 

flow cabinet and fixed on a sterile polypropylene plate. A dorsal midline incision was made from the cervical to 

the lumbal area. Subsequently, the skin and subcutaneous tissue were separated from the muscle fascia, up to the 

flank on both sides. The implantation sites were inspected for purulence and standardised biopsies (<() 12mm) 

were taken from the implantation sites using a specially developed tissue sampler. Each single biopsy included 

skin, subcutaneous tissue and the inserted segment. 

The right side biopsy from each mouse was placed in 10% buffered formaldehyde (pH 7.3) for histological 

examination. From the left side biopsy, the catheter segment was separated from the tissue, washed twice with 

phosphate buffered saline (PBS; 8.1 mM Na2HPO„, 1.5 mM KH2P04, 140 mM NaCl; pH 7.2) and placed in a 

sterile tube containing 1 mL of PBS. The tissue sample was placed in a tube, weighed, and a volume of pyrogen-

free isotonic saline corresponding to 4 times the weight was added. The weight of the tissue samples varied 

between 125 and 160 mg. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in plastic, 

mefhylmefhacrylaat / butylmethacrylaat (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with 

hematoxylin-eosin (HE). Slides were examined for 5 histological features characteristic for tissue reactions after 

implantation of a foreign body [21]. These were (i) infiltration of inflammatory cells, polymorphonuclear (PMN) 

or mononuclear cells, (ii) presence of purulence, deposition of leukocytes with necrotic burdens, (iii) foreign 

body giant cell formation, (iv) fibrosis, characterized by inflammatory cells, fibroblast and newly formed 

collagen and (v) encapsulation of the foreign body. Sections were scored independently by three of us (JJ 

Boelens, JL Murk and JJ Weening), using a scale of 0 to 3, indicative for the grade of appearance of each 

feature. A feature was scored "0", when it was not observed; a feature was scored "3" when it was maximally 

present. At the moment of judgement none of the investigators knew which sample originated from which 

mouse. The scales were based on inspection of slides previously obtained from tissue samples taken from 

subcutaneously inserted SE or SEpvp segments in mice which received bacterial inocula ranging from 0 (saline 

injection) to 1010 cfu of S. epidermidis RP62a, along the inserts [20], 

Quantitative culture of SE and SEpvp catheter segments. The tubes containing SE and SEpvp segments in 1 

mL PBS were sonicated for 30 sec in a waterbath sonicator (Bransonic ®, B-2200 E4, 47KHz, 205 W) to 

dislogde adherent bacteria. The number of viable S. epidermidis was assessed by quantitative culture of serial 

10-fold dilutions of this PBS sonicate. Six aliquots of 10 uL of each dilution were spotted on a blood agar plate 
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which was incubated overnight at 37°C. The remaining suspension was stored at 4°C. When no growth was 

observed on the blood agar plates, the stored suspension was centrifuged (2200 x g, 10min) and the pellet was 

resuspended in 100 pX PBS and plated on blood agar. In addition, the sonicated segments were cultured in 80 ml 

modified thioglycolate broth consisting of 3% (w/v) thioglycolate containing 0.03% (w/v) polyanetholesulfonic 

acid, IM NaOH and 0.5% Tween 80, for 72 hours at 37°C. For statistical purposes, it was assumed that one cfu 

per 1 cm catheter segment had been present in case no growth occurred on the blood agar plates and the catheter 

segment incubated in the broth was culture-positive. The number of adherent S. epidermidis RP62a is expressed 

as number of cfu / catheter segment (1 cm). 

Quantitative culture of the homogenates. Tubes containing the tissue sample in pyrogen-free isotonic saline were 

homogenized on ice with a tissue homogenizer (Tissue Tearer, model 985-370, Biospec products, Bartlesville, 

OK). After each homogenization the homogenizer was carefully cleaned, disinfected by subsequently washing in 

4% (w/v) sodium hypochloride, 70% alcohol, and rinsed with pyrogen-free isotonic saline. Seventy pL of the 

homogenates was serially 10-fold diluted and 6 aliquots of 10 p.L of undiluted homogenate and of each dilution 

were spotted on a blood agar plate, which was incubated overnight at 37°C. In addition, 50 pL of the 

homogenate was cultured in 80 ml thioglycolate broth for 72 hours at 37°C. For statistical purposes it was 

assumed that one cfu per 50 pL had been present in case no growth occurred on the blood agar plates and the 

homogenate aliquot incubated in the broth was culture-positive. The number of persisting S. epidermidis RP62a 

is expressed as number of cfu / biopsy 

Cytokine assays of the homogenates. The total homogenates, reduced by 120 uL for the quantitative culture, 

were diluted in 1 volume of lysis buffer [22] containing 1 % Triton X-100, 150 mM NaCl, 30 mJVI Tris, 2 mM 

CaCl2, 2 mM MgCl2, 0.2% aprotin and 0.2% leupeptin, pH 7.40, and incubated on ice for 1 h. Subsequently, the 

lysed homogenates were centrifuged at 130,000 x g for 15 min at 4 °C to remove cell debris. The cell-free 

supernatants were frozen at -80 °C, thawed, centrifuged at 5000 x g to remove macro-aggregates and stored in 

aliquots of 35 pL at -80 °C until use. Levels of interleukin (IL)-lß (R&D systems, Minneapolis, MN), IL-la 

(R&D systems) and IL-4 (R&D systems) were measured by commercially available ELISA-kits, and expressed 

as picograms (pg) per mL homogenate. 

Statistical analysis. All values are expressed as Mean ± Std.Error. Two sample comparisons were made by 

analysis of variance (ANOVA) and comparisons between over time cytokine levels of groups by ANOVA in a 

general linear model - general factorial. The significance of differences between the frequencies of categorical 

variables was determined using the x-square test. P<0.05 was considered significant. 

RESULTS 

Development of biomaterial-associated infection. In the saline control mice no abscess 

formation was seen. In wild-type mice abscess formation, after injection of 10 cfu of S. 

epidermidis, was observed around SEpvp at all time points tested, but not around SE 

segments. In contrast, IL-1R-/- mice abscesses were found neither around SE nor around 

SEpvp segments at any time point after inoculation with S. epidermidis (figure 1 A). 
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In wild-type mice, at 2 d significantly more colonies were cultured from tissue surrounding 

SEpvp catheter segments (1,400 ± 1,200 cfu/biopsy) than from the tissue surrounding SE 

segments (180 ± 140 cfu/biopsy; PO.01; figure IB). Although the numbers of cfu decreased 

at 5 d and 14 d in all tissues (12/12) surrounding the SEpvp segments, these tissues remained 

culture-positive. Tissues surrounding SE were culture-negative at 5 d and 14 d (figure IB). 

Like in wild-type mice, in IL-1R-/- mice significantly more colonies were cultured from 

tissues surrounding SEpvp (2,200 ± 1,200 cfu/biopsy) than from tissues surrounding SE (800 

± 900 cfu/biopsy; PO.05) at 2 d, and at 5 d all tissue homogenates surrounding SEpvp were 

positive while all tissue homogenates surrounding SE were negative. At 14 d however, 5 out 

of 6 tissue homogenates from SEpvp implantation sites were culture-negative in IL-1R-/-

mice. Thus, significantly less (P<0.05) tissues were culture-positive in IL-1R-/- than in wild-

type mice around SEpvp at 14 d. The cultured S. epidermidis had the same antibiogram as 

strain RP62a. No colonies were cultured from the tissue samples of mice injected with saline. 

A SE SEpvp 
1 0 0 T 

0) 

-5-8 7 5 ' 
- 8 50--

ro 25 - -

0--

D Wild-type 

• IL-1R-/-

0/6 0/6 0/6 0/6 0/6 0/6 6/6 0/6 6/6 0/6 6/6 0/6 

a. 
o 

IL-1R-/-

10 j o Wild-type 

10 4 -

10: 

io24-

10 
o -

o 
- o o 
oo 

oo 

m m « 

| | 

o o 

ocxo 

6 0 T O Wild-type 

40-- • IL-1R-/-

20--

i l o t 
0— KQmjM 

2 

J- ooco« oo • o 
nnoQ a£ci 

5 14 5 14 2 

Period of insertion (à) 
Figure 1. Frequency of subcutaneous abscesses along the inserted catheter segments in wild-type mice 

and IL-1R-/- mice (A), number of cfu of S. epidermidis RP62a cultured from the implantation site homogenates 

(B) and number of adherent cfu of S. epidermidis RP62a cultured from subcutaneously implanted SE and SEpvp 

(C) 2d, 5d and 14d after implantation and subcutaneous challenge with 106 cm of S. epidermidis RP62a. N = 6 

mice per group per time point. * PO.05. 

SEpvp segments implanted in wild-type mice were significantly more often culture- positive 

for S. epidermidis RP62a than SE segments (7 of 18 vs. 1 of 18; P=0.01; figure 1C). In IL-1R-
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I- mice similar results were obtained (8 of 18 vs. 3 of 18; P=0.02). The cultured S. epidermidis 

had the same antibiogram as strain RP62a. In wild-type mice tissues surrounding SE and 

SEpvp (7/18 and 18/18, respectively) were significantly more often culture-positive than the 

corresponding segments (1/18 and 7/18, respectively; P<0.05). Similarly, in IL-1-/- mice 

tissues surrounding SE and SEpvp (10/18 and 13/18, respectively) were significantly more 

often culture positive than the corresponding segments (3/18 and 8/18, respectively; PO.05). 

This indicates persistence of S. epidermidis in tissue rather than on the catheter surface. 

Hence, using an inoculum of 106 cfu of S. epidermidis, in IL-1R-/- mice neither abscess 

formation nor persistent infection associated with SEpvp was induced, while wild-type mice 

were highly susceptible to SEpvp-associated abscess formation and infection. Bacteria 

persisted in the tissue rather than adherent on the catheter segment. 

Histological examination of the inflammatory and foreign body reaction. Five histological 

features characteristic for the tissue inflammatory and foreign body response following the 

implantation of a foreign body were scored independently by 3 investigators who were 

blinded for the origin of the samples. The mean scores for these histological features at each 

time point are shown in figure 2. Variation of scores between investigators was always 

maximally 0.5 scale units. 
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Figure 3. Gross sections, HE-stained, of subcutaneously implanted catheter segments in wild-type and 

IL-1R-/- mice 14 d after subcutaneous challenge with S. epidermidis; $ indicates abscess formation, # indicates 

the giant cell formation, * indicates the thickness of the capsule. 

The foreign body response around SE implanted in IL-1R-/- mice and wild-type mice showed 

only small differences (figures 2,3). In contrast, around SEpvp, the foreign body response was 

dramatically different in wild-type mice and in IL-1R-/- mice (figures 2,3). In wild-type mice, 

a prolonged and intensified inflammatory status was observed around SEpvp, characterized 

by the presence of purulence and a very strong infiltration up to 14 d, by strong fibrosis, and 

by delayed giant cell formation and delayed encapsulation of the foreign body. In contrast, 

around SEpvp implanted in IL-1R-/- mice, no purulence was present, a mild inflammation, 

weak fibrosis and a normal development of the foreign body reaction was observed, 

characterized by a layer containing giant cells bordering the implant at 5 d and presence of a 

fibrous capsule at 14 d (figures 2,3). 

Hence, around SEpvp implanted in IL-1R-/- mice challenged with S. epidermidis a "normal" 

foreign body reaction, similar to that around SE implanted in wild-type mice challenged with 

S. epidermidis, was observed. 

Induction oflL-lÇi, IL-la, andIL-4. IL-lß was detectable at low levels in saline control wild-

type and IL1R-/- mice (figure 4). In wild-type mice, injected with S. epidermidis significantly 

higher IL-lß levels were found in tissue surrounding SEpvp segments than in tissue 

surrounding SE (pO.Ol for the over time IL-lß profile). In IL-1R-/- mice at 2d, significantly 

higher IL-lß levels were found in tissue surrounding the implanted SE (1,624 ± 529 vs 545 ± 

211; p=0.002) and in tissue surrounding SEpvp (5,069 ± 2,478 vs. 1,418 ± 763; p =0.007), 
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than in wild-type mice. At later time points no differences in IL-Iß levels between wild-type 

and IL-1R-/- were detected around SEpvp segments. In tissues surrounding SE in wild-type 

and IL-1R-/-, IL-lß levels were equal at 5d, but at 14 d levels in IL-1R-/- mice were higher 

again (pO.Ol). 

IL-la was detectable in saline control wild-type and IL-1R-/- mice (figure 4). In mice 

inoculated with S. epidermidis, IL-la levels around the implanted SE and SEpvp segments 

increased up to 5 d and remained elevated up to 14 d. No differences were found between IL-

l a levels in tissues surrounding SE and SEpvp, nor in tissues from wild-type and IL-1R-/-

mice. 

IL-4 was detectable in saline control wild-type and IL-1R-/- mice (figure 4). In wild-type 

mice injected with S. epidermidis, IL-4 levels were increased in tissue around SE after 5d, 

whereas in tissue surrounding SEpvp no increase was found. The over time IL-4 profile in 

tissue surrounding SE was significantly higher (p=0.025; figure 4) than in tissue surrounding 

SEpvp. In tissues surrounding either SE or SEpvp segments from IL-1R-/- mice significantly 

higher levels of IL-4 were detected than in wild-type mice (both p<0.01; figure 4). 
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DISCUSSION 

Recently, we found sustained IL-lß production in murine tissues surrounding subcutaneously 

implanted biomaterials infected with S. epidermidis [23]. In the present study, we sought to 

determine the role of this locally produced IL-1 in the pathogenesis of BAI. We first extended 
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our previous findings, showing that not only IL-1 ß, but also IL-la concentrations are elevated 

in tissues around infected biomaterials. Moreover, we demonstrated that IL-1R-/- mice had no 

abscess formation and were less susceptible to persistent S. epidermidis infection associated 

with SEpvp catheters than wild-type mice. The foreign body reaction around SEpvp was 

delayed in wild-type mice but not in IL-1R-/- mice. These data suggest that IL-1 plays a 

detrimental role in this experimental model for BAI. 

The IL-1 family consists of two agonist ligands, the potent pro-inflammatory cytokines IL-la 

and IL-lß, and an antagonist ligand, IL-1 receptor antagonist. IL-la and IL-lß induce cellular 

effects by binding to the type IIL-1R. The type IIIL-1R has no signaling properties but acts 

as a "decoy" receptor [15,24,25]. Hence, mice deficient for the IL-1R type I are incapable of 

responding to either IL-la or IL-lß [16]. The IL-1 family regulates a number of 

immunological, physiological and patho-physiological responses. 

IL-1 has an important role in the host response against bacterial infections [15,26]. However, 

IL-1 action is tightly regulated and there seems to be a delicate balance between the beneficial 

local activity of IL-1 and potentially harmful excessive local or systemic IL-1 activity. Indeed, 

blockage of IL-1 activity resulted in increased susceptibility to infection [27-30]. On the other 

hand, protracted and/or systemic production of IL-1 is involved in a variety of inflammatory 

diseases, such as rheumatic or septic arthritis, pancreatitis and septic shock [15,26,26]. 

Blocking IL-1 activity by administration of IL-1 receptor antagonist reduced tissue damage in 

experimental arthritis [31-34] and pancreatitis [35-37], and reduced mortality in experimental 

septic shock models [38-40]. Additionally, IL-1 is assumed to have a role in bio-

incompatibility [10-13,23]. In the present study, the enhanced and protracted inflammatory 

response due to the combined effect of SEpvp and S. epidermidis observed in wild-type mice, 

was strongly attenuated in IL-1R-/- mice. These latter mice did not show abscess formation 

and were not susceptible to persistent S. epidermidis infection associated with SEpvp. The 

exaggerated and protracted local IL-1 response around SEpvp in wild-type mice, resulting in 

abscess formation and delay of the "normal" foreign body reaction, apparently was beneficial 

for survival of the relatively a-virulent S. epidermidis. 

S. epidermidis was cultured from the tissue homogenates and not from the implanted catheter 

segment. This is in contradiction with the contention that the adherence to and growth on the 

biomaterial surface of bacteria are of decisive importance in the pathogenesis of BAI [1,2]. 

The bacterial survival in the present study could have been associated with the abscess 

[41,42] along the subcutaneously implanted SEpvp segment, rather than with adherence to the 

catheter surface. Alternatively, exaggerated and protracted local inflammation, as observed in 

wild-type mice carrying SEpvp segments, may compromise the resolution of an infection by 
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priming for intracellular and extracellular growth of bacteria exceeding the clearance ability 

of the host [43] [44]. 

In tissues surrounding SE and SEpvp the IL-Iß production was dramatically higher in IL-1R-

/- than in wild-type mice. Similarly, in a model of acute pancreatitis, [35-37], IL-1R-/- mice 

had higher IL-Iß levels than wild-type mice, suggesting that a negative feedback loop exists 

between IL-1R and IL-lß production. It should be noted, however, that IL-la concentrations 

were not increased in IL-1R-/- mice. Therefore, further studies are warranted to dissect the 

mechanism involved in elevating tissue IL-lß levels during BAI in IL-1R-/- mice. 

The increased and protracted IL-lß levels around SEpvp implanted in wild-type mice, were 

associated with a reduction in IL-4 production and a delay in foreign body reaction, 

characterized by a delay in the FBGC formation and encapsulation. Conversely, when IL-1 

activity was blocked, an increase in IL-4 production around SEpvp and a layer of FBGC was 

present at 5 d, similar to that observed in wild-type mice around SE. Similar histological 

results were obtained from mice with implanted SE or SEpvp segments injected with saline 

(data not shown). This suggests, that IL-4 plays a role in macrophage fusion and the onset of a 

foreign body reaction in vivo, and confirms the relevance of similar data obtained by others in 

vitro [45-49]. In addition, the enhanced production of IL-4 in IL-1R-/- mice, also found in a 

leishmanias infection model [50], suggests a role for IL-1 in the down-regulation of IL-4 

responses in vivo. 

Implantation of SEpvp modulated the inflammatory environment in such a way that it primed 

for bio-incompatibility reactions in presence of S. epidermidis, resulting in enhanced 

leukocyte activation and persistent infection. Enhancement of the inflammatory response in 

presence of bacteria is probably not restricted to SEpvp. Exposure of human monocytes or 

polymorphonuclear cells to biomaterials in vitro induced the production of IL-lß, tumor 

necrosis factor (TNF)-a and IL-6 [10,11,13,14]. Differences in inducing properties between 

various biomaterials only became apparent in presence of lipopolysaccharide, a major cell 

wall component of gram-negative bacteria [10,11,13,14]. This implies that in a material 

dependent way, the presence of bacteria or bacterial components can modulate the 

inflammatory tissue reaction in response to the implanted biomaterial. For biocompatibilty a 

delicately balanced immune response is required. This balance apparently is strictly regulated, 

and when disturbed an inappropriately strong reaction and pathology will follow. Our in vivo 

experiments showed that IL-lß might be an important player in this bio-incompatiblity. 

In conclusion, BAI in the SEpvp model was associated with an exaggerated and protracted 

local IL-la and IL-lß response. Blocking IL-1 effects resulted in a reduced susceptibility to 
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BAI and a normal foreign body reaction, suggesting a role for high IL-1 levels in 

compromising the host by stimulating bacterial persistence, and in inhibiting IL-4 production. 

Our results suggest an important role for the host response to the various biomaterials in the 

pathogenesis of BAI, rather than for the extent of adherence of bacteria to biomaterial. Local 

inhibition of IL-1 activity may be of benefit to the host as an adjunctive therapy for infections 

associated with biomaterials. 
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IFN-y protects against biomaterial infection 

ABSTRACT 

Intracellular survival of Staphylococcus epidermidis inside macrophages, facilitated by the 

presence of a biomaterial, has been recognized as a pivotal process in the pathogenesis of 

biomaterial-associated infection (BAI). Interferon (IFN)-y is a potent activator of 

macrophages. Determined was whether subcutaneous injections of IFN-y can reverse 

macrophage-deactivation induced by implanted biomaterials. To induce a experimental BAI, 

mice received subcutaneous implants combined with an injection of 106 S. epidermidis. 

Subsequently, three groups of mice received subcutaneous injections of, 25,000 IU IFN-y 3 

times weekly, or 10,000 IU IFN-y 3 times in 2 weeks, or saline 3 times weekly (saline-

control), respectively. A fourth group received no injections (control). Segments and tissues 

of the IFNy-treated mice were significantly less (PO.05) culture-positive than those of the 

control groups. Histologically, high numbers of intracellularly persisting gram-positive cocci 

observed in control mice were absent in the IFNy-treated mice. These data indicates that IFN-

y protects against experimental BAI. 

INTRODUCTION 

The pathogenesis of biomaterial-associated infections (BAI) is poorly understood. It has been 

suggested that, besides adherence of bacteria to biomaterials, alterations in the host 

inflammatory response in the vicinity of an implanted biomaterial play a role [1]. Especially 

deficiencies in phagocytic and intracellular killing functions of polymorphonuclear cells 

(PMNs) have been studied extensively in this context [1-3]. Recently, also deficiencies in 

mononuclear phagocyte function have been reported [4]. In clinical series as well as in 

experimental animal models MHC class II antigen (la) expression on mononuclear cells, 

which is associated with low lysosomal activity, was suppressed around infected biomaterials 

[4]. Suppressed la expression may result in decreased intracellular bacterial killing. Recently, 

we reported that intracellular survival of Staphylococcus epidermidis in macrophages 

occurred around four different biomaterials, and suggested this to be a pivotal process in the 

pathogenesis of BAI [5]. 

Hence, local host defense is compromised due to the presence of the implanted biomaterials, 

resulting in macrophage deactivation and subsequent deficient intracellular killing. Host 

defense against invading pathogens is orchestrated by cytokines, of which interferon (IFN)-y 

plays a complex and central role [6]. IFN-y has many biological activities, including induction 

of MHC class II proteins on phagocytic cells, activation of mononuclear phagocytes, and 

regulation of the humoral immune response [6]. 
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We speculated that reversal of macrophage deactivation, in the vicinity of an implanted 

biomaterial, might increase the antimicrobial efficacy of the immune system, resulting in a 

better clearance of bacteria. Therefore, we tested whether subcutaneous administration of 

IFN-y could reduce the susceptibility to infection in a mouse model of biomaterial-associated 

S. epidermidis infection. 

MATERIAL AND METHODS 

Animals. In total 26 specified pathogen free female C57BL6 mice, 6-8 weeks old and weighing 15-20 g were 

used. All animals were housed in individual cages, in a pathogen-free environment and provided with sterile 

food and water. 

Catheter segments. Catheters of polyvinylpyrrolidone-coated polyamide with a diameter of 2.5 mm and a wall 

thickness of 0.6 mm were manufactured at the Center for Biomaterials Research, University of Maastricht, the 

Netherlands. One cm long segments, cut from either catheter under aseptic conditions in a laminar flow cabinet 

were stored in sterile petri dishes. 

Preparation of Staphylococcus epidermidis inocula. The slime producing S. epidermidis RP62a (ATCC 35984) 

strain was used as the challenge organism [7]. MIC values (ug/mL) of strain RP62a determined by standard E-

test were for rifampicin <0.016, teicoplanin 0.19, gentamicin 256, minocyclin <0.016 and vancomycin 1.5. 

Antibiotic susceptibilities were used to confirm the identity of colonies cultured from catheter segments and 

tissue homogenates (see below). An inoculum of 106 cfu / 25 uL was prepared by growing S. epidermidis to 

midlogarithmic phase at 37°C in Trypticase Soy Broth (TSB; Difco, Detroit, MI) and diluting the suspension 

with pyrogen-free isotonic saline, based on an established relationship between bacterial concentration and 

optical density at 620 nm. The injection of this inoculum along implanted catheter segments reproducibly 

induced a BAI in this mouse model [5]. 

Induction of a biomaterial-associated infection in mice. Mice were anesthetized with FFM-mix (hypnorm® 1 

mL, midazalam® 1 mL distilled water 2 mL; 0.07 mL/lOg body weight) administered intraperitoneally. Surgery 

was performed in a laminar flow cabinet. The back of the mice was shaved and prepared with 2% Chlorhexidine. 

On each side an incision (0.3 cm) was made 0.5 cm lateral to the spine. Subsequently catheter segments with a 

length of 1 cm were inserted subcutaneously on both sides. The incisions were closed with a single 0/6 vicryl 

stitch. Subsequently, the bacterial inoculum was injected subcutaneously along the inserted segments. 

Subcutaneous administration of IFN-y. Mice were divided into four groups. The first group (IFN1; n=6) 

received subcutaneous injections of 25uL pyrogen-free isotonic saline containing 25,000 IU carrier-free 

recombinant murine-IFN-y (rmlFN-y; R&D systems, Minneapolis, MN), 3 times weekly, the second group 

(IFN2; n=8), 10,000 IU rmIFN-y, 3 times in 2 weeks, the third group (saline-control; n=6) saline only, 3 times 

weekly, and the fourth group (control; n=6), did not receive any injection. 

Sample collection. Fourteen days after implantation mice were anaesthetised with FFM-mix, and terminated by 

cardiac puncture. Terminated mice were placed in a laminar flow cabinet and fixed on a sterile polypropylene 
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plate. A dorsal midline incision was made from the cervical to the lumbal area. Subsequently, the skin and 

subcutaneous tissue were separated from the muscle fascia, up to the flank on both sides. The implantation sites 

were inspected for purulence and standardized biopsies (<|) 12mm) were taken from the implantation sites using a 

specially developed tissue sampler. Each single biopsy included skin, subcutaneous tissue and the inserted 

segment. 

The right side biopsy from each mouse was placed in 10% buffered formaldehyde (pH 7.3) for histological 

examination. From the left side biopsy, the catheter segment was separated from the tissue, washed twice with 

phosphate buffered saline (PBS) and placed in a sterile tube containing 1 mL of PBS. Each tissue sample was 

placed in a tube, weighed, and a volume of pyrogen-free isotonic saline corresponding to 4 times the weight was 

added. The weight of the tissue samples varied between 125 and 160 mg. 

Histological examination. After fixation in formaldehyde, the biopsies were embedded in plastic, 

methylmethacrylaat / butylmethacrylaat (Merck Schuchart, Hohenbrunn, Germany), sectioned, and stained with 

hematoxylin-eosin (HE). Slides were examined for 5 histological features characteristic for tissue reactions after 

implantation of a foreign body [8]. These were (i) infiltration of inflammatory cells, polymorphonuclear (PMN) 

or mononuclear cells, (ii) presence of purulence, deposition of leukocytes with necrotic burdens, (iii) foreign 

body giant cell formation, (iv) fibrosis, characterized by inflammatory cells, fibroblast and newly formed 

collagen and (v) encapsulation of the foreign body. In addition, gram-stained slides of tissue sections were made. 

Quantitative culturing of the catheter segments and tissue homogenates. The tubes containing the segments in 1 

mL PBS were sonicated for 30 sec in a waterbath sonicator (Bransonic ®, B-2200 E4, 47KHz, 205 W) to 

dislodge adherent bacteria. Tissue samples in pyrogen-free isotonic saline were homogenized on ice with a tissue 

homogenizer (Tissue Tearer, model 985-370, Biospec products, Bartlesville, OK). The suspensions in both tubes 

were quantitatively cultured, overnight at 37°C, to determine the number of cm of S.epidermidis adherent on the 

segment and the number of cfu residing in the tissue. In addition, 50 uL of the undiluted suspension as well as 

the catheter segment were incubated in 80 mL thioglycolate broth consisting of 3% (w/v) thioglycolate 

containing 0.03% (w/v) polyanetholesulfonic acid, IM NaOH and 0.5% Tween 80, for 72 hours at 37°C. For 

statistical purposes, it was assumed that one cfu per 1 cm catheter segment or 1 cfu per biopsy had been present 

in case no growth occurred on the blood agar plates, while the catheter segment or the aliquot of the tissue 

homogenate incubated in the broth was culture-positive. The number of adherent S. epidermidis RP62a is 

expressed as cfu / catheter segment (1 cm) and the number of persisting S. epidermidis RP62a in tissue as cfu / 

biopsy. 

Data analysis. All values are expressed as Mean ± Std.Error. Two sample comparisons were made by analysis 

of variance (ANOVA). The significance of differences between the frequencies of categorical variables was 

determined using the x-square or Fisher's exact tests. P< 0.05 was considered to be statistically significant. 

RESULTS 

Infection associated with subcutaneously implanted catheter segment. At 14 d after challenge 

all mice were killed. No purulence or signs of inflammation were observed macroscopically 

around any of the catheter segments in any group. In the control and saline-control groups, all 
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6 segments (773+1,046 and 805+1,051 cfu / cm, respectively), and all 6 tissue homogenates 

(3,513+1,514 and 2,552+1,771 cfu / biopsy, respectively), were culture-positive for S. 

epidermidis (figure 1). In contrast, in the IFN1 and IFN2 groups significantly less segments (2 

out of 6 and 3 out of 8, respectively; both PO.05 vs. either control group), and significantly 

less tissue homogenates were culture-positive (1 out of 6 and 2 out of 8, respectively; both 

P<0.05 vs. either control group; figure 1). In the 3 out of 8 segments that were culture positive 

in the IFN2 group, the number of cultured cfu (121+80) was significantly lower (P<0.01) than 

in the non-injected and saline-control-groups (figure 1). All cultured colonies had the same 

antibiogram as S. epidermidis RP62a. Hence, mice treated with IFN-y were less susceptible to 

BAI due to S. epidermidis. 
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Figure 1. A) Number of cfu of S. epidermidis RP62a cultured from the implantation site homogenates in 

the control, saline-control, IFN1 (25,000 IU 3 times weekly) and IFN2 (10,000 IU 3 times in 2 weeks) groups; 

B) number of adherent cfu of S. epidermidis RP62a cultured from subcutaneously implanted catheter segments 

in these groups 14 days after implantation and subcutaneous challenge with 106 cfu of S. epidermidis RP62a. The 

horizontal line indicates the median; * PO.05. 

Histological examination of the inflammatory and foreign body response. Around the catheter 

segments in the control and saline-control groups a moderate mononuclear inflammation and 

fibrosis was observed. In addition, a thick layer containing giant cells bordering the catheter, 

associated with a granuloma was observed (figure 2). In contrast, in the IFN1 and IFN2 

groups no layer containing giant cells bordering the catheter-tissue interface, nor an associated 
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granuloma were observed. The tissue surrounding the catheter segments in the IFN1 and IFN2 
group was moderately inflamed with mainly mononuclear cells. 

Intracellular persistence ofS. epidermidis in macrophages. In the control and saline-control 

groups large numbers of macrophages containing gram-positive cocci were observed in the 

granulomatous tissue surrounding the implanted catheter segment (figure 2). In contrast, in 

the IFN1 and IFN2 group neither intracellular persistence nor extracellular persistence of 

gram-positive cocci was observed around implanted segments (figure 2). 
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Figure 2. Gross sections, HE-stained and gram-stained, of subcutaneously implanted catheter segments 

in saline-control mice and in mice receiving 25,000 IU IFN 3 times weekly 14 days after subcutaneous challenge 

with 5. epidermidis; # indicates the granuloma in tissue bordering the implant on HE-stained tissue sections; $ 

indicates the granuloma containing the gram-positive cocci intracellularly in macrophages on gram-stained tissue 

sections. The open arrows show the catheter-tissue interface. Magnification X 100. 

DISCUSSION 

Recently, we suggested intracellullar survival of bacteria in macrophages to be a pivotal 

process in the pathogenesis of BAI [5]. Since IFN-y activates mononuclear cell functions, in 

the present study we sought to determine whether subcutaneous administration of IFN-y 

reduces the susceptibility to S. epidermidis infection associated with an implanted 
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biomaterial. We found that mice injected with either a high or low dose of IFN-y are less 

susceptible to BAL The abundant amounts of intracellularly persisting gram-positive cocci 

observed in the control mice were absent in the IFN-y treated mice. 

Deficiencies in host defense due to an implanted biomaterial have often been suggested. Only 

in a few studies it was attempted to reverse this defect by immunomodulation of the host 

response. Rozalska et al demonstrated that granulocyte-macrophage colony-stimulating 

factor-coated implants reduced bacterial survival around an infected biomaterial in 

neutropenic mice, although abscess formation was not prevented [9]. Henke observed that 

suppressed MHC class II antigen expression in macrophages around infected biomaterials was 

associated with enhanced prostagandin E2 (PGE2) and IL-1 production [4]. Blocking the 

enhanced PGE2 and IL-1 production around implanted biomaterials, with indomethacin and 

anti-IL-1, respectively, increased the bacterial clearance around the infected biomaterial [4]. 

We speculated that administration of IFN-y might prevent a BAI, since we found that S. 

epidermidis was able to survive in tissue macrophages surrounding an implant. In this respect, 

it should be noted that rapid IFN-y production is a key factor in resistance of the host to 

intracellular bacterial pathogens. Mice with depleted IFN-y activity are highly susceptible to 

intracellular pathogens [6,10,11]. Similarly, patients with a disrupted IFN-y receptor are 

highly susceptible to weakly pathogenic mycobacterial species [12]. Conversely, 

administration of IFN-y to mononuclear cells infected with an intracellular pathogen promotes 

intracellular killing [13]. In addition, monocyte deactivation in septic patients could be 

restored by IFN-y treatment, resulting in decreased susceptibility to infection [14]. In the 

present model of BAI, which shows characteristics of an intracellular bacterial infection, 

deficient intracellular killing of macrophages, was reversed by scheduled subcutaneous 

injections of IFN-y. 

Histologically, intracellular bacterial infections are associated with granulomatous tissue, 

characterized by macrophage-epitheloid cells and foreign body giant cells [15]. In a normal 

foreign body reaction a very slight granulomatous tissue reaction is observed [8], but not as 

strong as observed around implanted catheter segments in control mice. Granulomatous 

inflammation is a mechanism of the host to deal with indigestible substances and intracellular 

pathogens evading intracellullar killing [15]. However, when mice were injected 

subcutaneously with IFN-y, histologically neither granulomatous inflammation nor associated 

intracellular persistence was seen in tissue bordering the implanted biomaterial. This finding 

further indicates that the local acquired immune deficiency due the presence of the implanted 

biomaterial was reversed after administration of IFN-y. 
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In conclusion, subcutaneous injections of IFN-y prevented intracellular persistence of S. 

epidermidis in the vicinity of an implanted biomaterial in mice. IFN-y may therefore be 

beneficial in the prevention of BAI. 
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General Discussion 

The use of biomaterials has been one of the most significant advances in modern medicine. A 

serious problem, however, associated with the use of all types of biomaterials, is the 

occurrence of bacterial infections causing considerable morbidity and mortality [1,2]. The 

pathogenesis of biomaterial-associated infections (BAI), a complex process with various 

contributing factors, such as bacterial virulence, physico-chemical properties of the 

biomaterial and alterations in the host defense, is poorly understood. The predominant role 

and initial step in the pathogenesis is attributed to the adherence of bacteria onto the 

biomaterial [1-3]. hi the prevention of BAI, efforts are focussed on inhibiting the bacterial 

adherence. However, alterations in the host defense in the vicinity of an implanted biomaterial 

have been suggested frequently [3-5]. Therefore, the aim of this thesis was to obtain insight 

into the role of the host response against biomaterials in the pathogenesis of BAI. In this 

general discussion, the work of the preceding chapters and that of others, regarding (i) the role 

of bacterial adherence and the supposed virulence factors in BAI, (ii) the host response to 

various materials and their influence on leukocytes, and (iii) the role of cytokines in 

modulating these responses, is reviewed and discussed. 

The adherence of S. epidermidis to biomaterials and biomaterial-associated infection. 

The essential process in the pathogenesis in BAI is assumed to be bacterial adherence, 

followed by the production of extracellular substances (slime, glycocalix) by adherent 

bacteria. This slime production, in conjunction with adherent host proteins and cells leads to a 

thick biofilm on the biomaterial surface. The biofilm is believed to facilitate bacterial 

persistence by impairing the host defense and impeding antibiotic penetration [6-9]. 

In vitro studies have demonstrated an inhibitory effect of staphylococcal slime on leukocyte 

function [10,11], suggesting that the ability to produce slime is a virulence factor for 

Staphylococcus epidermidis. However, slime is produced in vitro by only 30 - 60 % of the 

clinical S. epidermidis isolates [10-14]. Conflicting data regarding the importance of biofilm 

in the pathogenesis of BAI arose from experimental, in vitro [15] and in vivo studies; slime 

production did not correlate with the ability of S. epidermidis to cause experimental 

endocarditis [16,17]. Other possible virulence factors of S. epidermidis described are 

polysaccharide-adhesin (PS/A) and polysaccharide intercellular adhesin/hemagglutinin 

(PIA/HA), which are assumed to have a role in the initial adherence of S. epidermidis and the 

adherence of S. epidermidis to each other, respectively [18-24]. In animal models it was 
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found that PS/A or PIA/HA negative S. epidermidis mutants were less capable of causing 

infection than wild type strains [22,24-26]. However, PS/A or PIA/HA negative mutants were 

cultured from the implanted catheter segments, but in lower numbers than PS/A or PIA/HA 

producing strain. This indicates that although the implants contaminated with the PS/A or 

PIA/HA negative mutants did not show sign of a clinical infection, at least, equilibrium 

existed between pathogen and host defense. Furthermore, results from studies investigating 

the incidence of clinical isolates positive for PS/A and/or PIA/HA, have not been reported yet. 

In most studies only the bacteria adherent to the biomaterial are (quantitatively) cultured. In 

our studies we quantitatively cultured standardized biopsies taken from the implantation site 

[27-31]. We found that S. epidermidis was able to persist longer in tissue than on the 

implanted biomaterials. Around silicon elastomer (SE) and around polyvinylpyrolidone-

grafted silicon elastomer (SEpvp) the tissues remained culture-positive for weeks to months 

whereas the implanted segment was culture-negative after 2 to 5 d [27,28]. This suggests that 

not the biomaterial surface is a niche for the bacterial persistence, but the tissue surrounding 

the implanted biomaterial. In addition, the greater than 90% reduction of adherence to the 

surface of the modified SEpvp and polyvinylpyrrolidone-grafted polyamide (PApvp) in vitro 

did was not result in a reduced infection rate in vivo [27,32]. Mice with SEpvp and PApvp 

were more susceptible to BAI than mice with SE. Moreover, implantation of SE and SEpvp 

with adherent S. epidermidis showed that more SEpvp segments and tissues were culture 

positive for a significant longer period than SE, despite the fact that the number of adherent S. 

epidermidis on SEpvp was 90% lower than on SE [29,32]. Moreover, several other studies 

indicated that reduced in vitro adherence does not predict reduced infection susceptibility in 

vivo [33-35]. Data from some studies, however, did show a reduced susceptibility to BAI 

when antimicrobial-catheters were used [36-38]. The use of rifampicin / minocyclin 

impregnated or antiseptic-impregnated intravenous catheters [36,37] significantly reduces the 

risk on a catheter-associated bloodstream infection. It should be noted, that although no 

catheter-associated bloodstream infection occurred, after a average period of implantation of 6 

d, still respectively 8 % and 28 % of the above antimicrobial-catheters, were colonized. Tissue 

cultures were not performed. Although bacteria present on these novel antimicrobial-catheters 

did not cause a clinical infection, their persistence is potentially dangerous. If, the equilibrium 

existing between bacterium and the immune-defense is tipped in favor of the bacteria at a later 

time, the subclinical persistence of bacteria can cause infection. 
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Hence, we hypothesize that the ability of S. epidermidis to induce BAI is more likely due to 

an impaired host defense in the vicinity of an implanted biomaterial than due to the ability of 

S. epidermidis to adhere to biomaterial surfaces. The predominance on the skin of S. 

epidermidis strains is probably the main reason that these relatively non-pathogenic bacteria 

induce BAI. This is supported by the fact that the distribution of bacterial species causing a 

BAI is correlated with the anatomical site were the biomaterial is implanted or inserted and 

with the nursing ward where the patient is residing [1,39]. The expression of some virulence 

factor, such as slime, PS/A and PSA/HA may only partly contribute to the enhancement of 

susceptibility to infection. 

Enhanced tissue reactivity favors bacterial persistence 

Injury due to the implantation or insertion of a biomaterial and the biomaterial itself provokes 

an inflammatory response to biomaterials [3,40,41]. The intensity and duration of this foreign 

body response is largely dependent on the size, shape, chemical and physical properties of the 

implanted material [1,42]. We demonstrated in an experimental animal model that injection of 

small amounts of bacterial cell wall components in tissue surrounding an inert and approved 

biomaterial, enhanced the inflammatory reaction, resulting in abscess formation and delayed 

encapsulation of the biomaterial [27,28]. Bacterial components and dead bacteria are equally 

potent in inducing host mediators and subsequent host response as viable bacteria [43-46]. 

When, in the same model, very low numbers of S. epidermidis were injected along the 

implant the induced abscess formation was associated with persistent infection [27,28]. This 

indicates that the enhanced inflammatory environment increased the susceptibility to 

infection. Thus, novel antimicrobial-biomaterials, such as the antibiotic and/or antiseptic-

impregnated catheters, which will partly eradicate bacteria present on or around the implant, 

will leave bacterial cellular components [36,37]. An enhanced inflammatory environment, 

probably even further enhanced due to the released antibiotic [44,46-48], could arise. The 

enhanced inflammatory environment around these novel materials may be more prone to 

infection, particularly when antibiotic is not released anymore. 
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Polymorphonuclear Cells and biomaterial-associated infection. 

The function of Polymorphonuclear Cells (PMNs) in the environment of an implanted 

biomaterial has been studied extensively. Normally, neutrophils contribute to phagocytic host 

defense by ingesting and killing invading microorganisms [49-51]. Intracellular killing occurs 

as a consequence of reactive oxygen intermediates formed during phagocytosis and due to 

bioactive constituents from granules, such as myeloperoxidase and defensins. In addition, 

activated PMNs will release part of their granule content, contributing to extracellular killing 

of microorganisms [49-51]. 

Using a guinea pig model of foreign body implantation, Zimmerli et al. observed that 

complement-mediated opsonic activity in tissue fluid surrounding implanted tissue cages 

containing biomaterials was substantially reduced. PMNs harvested from these tissue cages 

had decreased bactericidal activity in comparison to PMNs from peripheral blood or 

peritoneal exudate. In addition, PMNs from tissue cages had defective oxidative metabolism 

and granulocyte enzyme content [5,52]. Similar impairment of the bactericidal capacity has 

been described for PMNs exposed to non-phagocytosable surfaces [53-59]. PMNs rapidly 

become associated with the implanted biomaterial, and under normal conditions these high 

numbers should be capable of sufficient phagocytic host defense. However, various reports 

indicate, that PMNs become activated by contact with the biomaterials, and thereby lose the 

capacity to respond to subsequent stimuli like invading microorganisms [42,55,57,60-63]. In 

addition, and probably more importantly, these biomaterial-associated PMNs induce a 

dysfunctional impaired activation of incoming fresh PMNs [5,52,63], due to the abundant 

release of defensins [54,63]. High concentrations of defensins were shown to be cytotoxic for 

eukaryotic cells and for PMNs [60,64,65]. Despite the fact that defensins contribute to create 

a hostile environment for bacteria in tissue surrounding an implanted biomaterial, the reduced 

activity of PMNs may favor bacterial persistence. 

Mononuclear cells and biomaterial-associated infection. 

Impairment of phagocytic and/or intracellular killing due to biomaterials has also been 

reported for monocytes and macrophages [4,66-69]. MHC class II (la) expression is an index 

for cellular immunity. Decreased 1 a expression is associated with increased susceptibility to 

infection as found in trauma patients, patients with bleeding disturbances and sepsis patients 

[70,71]. In clinical series and experimental animal models, Henke et al described a locally 
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suppressed la expression by monocytes in S. epidermidis infected perigraft fluid compared to 

the la expression by peripheral monocytes, [4,68,69]. Others described that low expression of 

la was associated with a very low lysosomal activity around collagen implanted in rat [69]. 

The la suppression around infected perigrafts, was associated with an enhanced pro

inflammatory environment [4], and with inhibition in biomaterial incorporation [72]. This 

finding matches observations in humans; biomaterials evoking strong tissue reactions 

generally have higher infection rates than biomaterials with less tissue reaction [39,73-75]. 

For instance, phlebitis associated with an intravascular catheter disposes for enhanced 

susceptibility to BAI [76-78]. Also in our mice model with implanted SEpvp, strong tissue 

reactivity was associated with delayed encapsulation of SEpvp [28]. Macrophages play an 

important role in the initiation of the encapsulation of a biomaterial [34-36]. 

We recently observed that S. epidermidis is able to persist in macrophages in mouse 

subcutaneous tissue surrounding three different biomaterials, SE, SEpvp and PApvp [29]. 

Moreover, S. epidermidis was able to survive for months in tissue surrounding these materials 

and induced bacteremia and sepsis in mice carrying the PApvp segments challenged with S. 

epidermidis, 2-3 weeks after implantation. This suggests that macrophages may be a niche for 

S. epidermidis, and that S. epidermidis intracellular survival can finally result in BAI. 

However, the number of infected macrophages and the number of persisting bacteria per cell 

depended on the type of biomaterial used. Apparently, the extent of intracellular survival is 

dependent on the physico-chemical characteristics of the biomaterial. 

Cytokines and biomaterial-associated infection. 

The difference in inflammatory reactions around various biomaterials is related to the local 

production of cytokines. The putative role of cytokines in BAI have been investigated in a 

number of in vitro and in vivo studies, discussed below. 

Cytokine responses in vitro. Several in vitro studies showed that exposure of human 

monocytes or macrophages to biomaterials induces the production of cytokines [79-85]. 

However, detectable levels of cytokines, specifically of the pro-inflammatory cytokines 

interleukin (IL)-l, tumor necrosis factor (TNF)-a and IL-6, were only found in the presence 

of lipopolysacharide (LPS), a major cell wall component of gram-negative bacteria. 
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Moreover, only in the presence of LPS, biomaterials differed significantly in their cytokine-

inducing properties. This indicates that the presence of bacteria or bacterial components can 

modulate the inflammatory tissue reaction caused by the implanted biomaterial. Pro

inflammatory cytokines are initiating the inflammatory response and are therefore suggested 

to play a role in bio-compatibility of biomaterials. Exaggerated production of pro

inflammatory cytokines may result in enhanced leukocyte activation causing bio-

incompatibility [82]. The anti-inflammatory cytokines IL-4 and IL-13 have been studied 

extensively as well. IL-4 is an anti-inflammatory cytokine and was demonstrated to induce 

macrophage fusion on biomaterial surfaces [86-91]. Also the anti-inflammatory cytokine IL-

13, was demonstrated to induce monocyte / macrophage fusion in vitro [92]. Apparently, 

these anti-inflammatory cytokines are modulating mediators in the chronic inflammatory 

response, characterized by the foreign body giant cells and encapsulation of the biomaterial. 

Cytokine responses in vivo. Little is known regarding the role of the various cytokines in the 

inflammatory response to biomaterials in vivo. Vaudaux et al demonstrated that TNF-a 

production in a tissue cage model has a role in the local host defense against bacterial 

challenge [59]. Increasing the local TNF-a concentration prevented experimental S. aureus 

infection. Henke et al described that the suppressed MHC class II antigen (la) expression by 

mononuclear cells neighboring an implanted biomaterial was associated with an enhanced 

pro-inflammatory status of the tissue, characterized by enhanced prostaglandin, especially 

prostaglandin E2 (PGE2), and IL-1 production [4]. Blocking the activity of these cytokines 

with indomethacine or anti-IL-1 respectively, prevented macrophage la suppression and 

increased the clearance of bacteria. This indicates that protracted high levels of IL-1 supports 

bacterial persistence. 

In our subcutaneous mouse model for BAI, we described the cytokine profiles of tissue 

surrounding the biomaterials SE, SEpvp and PApvp [28,29]. Although sterile implantation of 

these materials induced a "normal" foreign body reaction, the cytokine profiles of tissue 

around these biomaterials differed significantly [28,29]. None of the cytokines tested 

surrounding sterile PApvp were increased. In contrast, around SE and SEpvp a significant 

increase in the production of the pro-inflammatory cytokines IL-6, TNF-a, IFN-y and IL-Iß 

was observed. The IL-Iß levels remained elevated over time in tissue surrounding SEpvp. IL-
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10, an anti-inflammatory cytokine, was not detected around any of these 3 biomaterials. IL-4, 

another anti-inflammatory cytokine, was only produced around SE [31]. 

When, in the same mouse model low numbers of S. epidermidis were injected along the 3 

implanted materials, persistent infection was induced around SEpvp and around PApvp but 

not around SE. Histologically, the foreign body response around SE remained normal. Also 

the cytokine profile did not change significantly, compared to those around sterile SE [28]. In 

contrast, around SEpvp an enhanced inflammation associated with abscess formation and 

persistent infection was observed histologically. This was associated with exaggerated and 

protracted IL-1 production. In IL-1 receptor type I gene deficient (IL-1R-/-) mice, a situation 

in which the IL-1 activity is blocked, no abscess formation nor persistent infection occurred 

[31]. Thus, sustained IL-1 levels, and the resulting protracted inflammatory response, 

apparently supported the bacterial persistence. The finding that sustained IL-1 levels may 

impair bacterial clearance was described by others as well [93-96]. Kanangat et al described 

that high concentrations of LPS, IL-Iß, IL-6 and TNF-a stimulated intracellular growth in 

monocytes as well as extracellular growth of Staphylococcus aureus, Pseudomonas 

aeruginosa and Acinetobacter sp., which are all important nosocomial pathogens [94]. 

Various observations in humans also support a role for increased pro-inflammation in 

persistent infection; (i) patients suffering from acute respiratory distress syndrome, caused by 

acute development of diffuse lung inflammation, have persistently elevated levels of pro

inflammatory cytokines associated with an increased rate of nosocomial infections [97,98]; 

(ii) patients with long-term exposure to intravascular catheters exacerbated complications 

associated with sepsis [99]; (iii) patients who had an extracorporal circulation [100] as well as 

patients undergoing hemodialysis [101-104] with enhanced levels of circulating pro

inflammatory cytokines were highly susceptible to infection. Apparently, a threshold of 

cellular activation exists, at which phagocytic cells effectively kill ingested bacteria. 

In our mouse model of BAI we observed a remarkable inflammatory response around PApvp 

after injection of S. epidermidis [29]. Histologically a "normal" foreign body reaction was 

seen, however, large numbers of bacteria persisted in the tissue surrounding the implanted 

PApvp segment. Extended histological, immunohistochemical and electron-microscopical 

examinations demonstrated that the persisting bacteria were located intracellularly and 

associated with a granuloma [29]. The number of persisting S. epidermidis remained stable 
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during the first week, but gradually increased thereafter. During the first week the persistence 

was associated with a significant sustained increase in IL-1. The significant increase in 

persisting bacterial numbers after the first week coincided with an enhanced production of the 

anti-inflammatory cytokines IL-4 (data not shown) and IL-10 [29]. From various studies it is 

known that anti-inflammatory cytokines, such as IL-4, stimulate bacterial growth by reducing 

intracellular killing in macrophages without affecting phagocytosis [105-111]. In vivo, this 

intracellular bacterial growth stimulation is mainly seen in infections caused by intracellular 

pathogens [105,109,112,113], and is a novel observation in the pathogenesis of biomaterial-

associated infection. 

Apparently a variety of inflammatory responses can arise from the implantation of a 

biomaterial. Orchestrated interplay between cellular environment and biomaterial is required 

for proper functioning of inflammatory cells and for encapsulation in the host tissue. 

Modulation of host inflammatory response to prevent biomaterial associated infections. 

Recently, promising results were obtained from animal studies modulating the inflammatory 

response to biomaterials. Rozalska et al demonstrated that granulocyte-macrophage colony-

stimulating factor-coated implants reduced bacterial survival around an infected biomaterial 

in neutropenic mice, although abscesses remained present [114]. Henke et al found that mice 

injected with indomethacine or anti-IL-1, inhibiting and blocking the PGE2 and IL-1 activity 

respectively, were less susceptible to infection [4]. Similary, we found that mice deficient for 

the IL-1 receptor type I are less susceptible to abscess formation and persistent infection. In 

addition, mice receiving interferon (IFN)-y injections, to restore deactivated macrophages in 

the vicinity of the implanted biomaterial, were less susceptible to infection [30,31]. 

Histologically, no intracellular persistence of bacteria was observed in IFN-y treated mice, 

while abundant intracellular persistence was observed in non-treated mice. These data clearly 

demonstrate that through local immunomodulation, BAI can be prevented in mice. 

Conclusion. 

The inflammatory response arising from the implantation of a sterile biomaterial varies 

significantly. The presence of low amounts of bacterial components or low numbers of 

bacteria can enhance the inflammatory response, making some biomaterials more prone to 

infection. Alterations in the host defense in the vicinity of an implanted biomaterial 
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compromise the local host-defense, resulting in a marked increase in the pathogenic potential 

of relatively non-pathogenic bacteria, such as S. epidermidis. Not the surface of a biomaterial, 

but the surrounding tissue, especially the intracellular environment of a macrophage seems to 

be an important niche for these bacteria to persist. To circumvent the enhanced susceptibility 

to BAI, a successfully balanced immune response is required. The balance is apparently 

strictly regulated, because an appropriate response can easily convert into an inappropriate 

reaction and pathology, causing an opportunistic infection. Rather than inhibiting adherence 

through surface modification or by developing biomaterials coated with antimicrobials, 

immunomodulating the local host inflammatory response may be more effective in preventing 

BAI. 
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Summary 

Biomaterial-associated infections (BAI) are a major problem in modern medicine. The 
majority of BAI, 40 to 75%, is caused by the relatively avirulent Coagulase Negative 
Staphylococci (CoNS), particularly Staphylococcus epidermidis. 

The pathogenesis of BAI is poorly understood. The initial step in the pathogenesis of BAI is 
considered to be the adherence of bacteria onto the biomedical device. During the last decades 
various strategies have been employed in the prevention of BAI, such as the use of strict 
protocols for preoperative skin preparation and postoperative wound care to reduce the risk 
for contamination of the wound and biomaterial and the use of systemic peri-operative 
prophylaxis of antibiotics. Additionally, regarding bacterial adherence as an essential step in 
the pathogenesis of BAI, the use of biomaterials with the ability to reduce bacterial adherence 
appeared to be a very attractive preventive approach. Therefore, surface-modified 
biomaterials and biomaterials impregnated/coated with antiseptic agents or antimicrobials 
have been developed. Although promising results regarding inhibition of bacterial adherence 
and duration of antibacterial activity of such novel biomaterials are often found in vitro, the 
use of such biomaterials did not always result in a reduced infection rate in vivo. This 
suggests that there are other factors, such as alterations in the host defense mechanisms due to 
an implanted biomaterial, which may be important in the pathogenesis of BAI. Therefore, the 
aim of this thesis is to obtain insight into the role of the host response against biomaterials in 
the pathogenesis of biomaterial-associated infections (BAI; chapter 1). Especially the role of 
the various cytokines involved was studied. Insight in the role of cytokines may lead to 
immunomodulating strategies to prevent and treat BAI. 

In chapter 2 the antibacterial activity over time of two clinically used hydrocephalus shunts 

soaked in solutions of various antibiotics and antibiotic combinations is studied. One of these 

materials, polyvinylpyrrolidone-grafted Silicon Elastomer (SEpvp) was surface modified to 

make the surface more hydrophylic. The grafting of SE with the hydrogel 

polyvinylpyrrolidone make the surface more hydrophylic. It is assumed that on hydophylic 

surfaces fewer bacteria will adhere. Indeed, the experiments described in this chapter showed 

that on SEpvp fewer bacteria adhered and that SEpvp absorbs more antibiotic than the 

unmodified, Silicon Elastomer (SE). In chapter 3 we found an incompatibility reaction 

around the novel surface-modified hydrocephalus shunt SEpvp. In the presence of bacteria or 

their components abscesses developed around SEpvp, subcutaneously implanted in rabbit or 

mice. Around the unmodified SE no abscess formation was seen, even when challenged with 

very high bacterial inocula. We concluded that the combined presence of a biomaterial and 

bacteria enhances the inflammatory tissue response resulting in abscess formation and 

persistent infection. Thus, although fewer bacteria adhered onto SEpvp in vitro, this novel 

subcutaneously implanted material is more prone to infection. Therefore, biocompatibility 

testing of new catheters should include experiments in which the inflammatory effects of the 

combination of catheter and bacteria or bacterial components are tested. In chapter 4 we 
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sought to determine whether specific changes in local cytokine production were associated 

with the enhanced susceptibility to infection of SEpvp. We found sustained levels of IL-Iß in 

the peri-catheter tissue of SEpvp. In addition we showed that implantation of SEpvp was 

associated with an delay in foreign body response, characterized by a delay in formation of 

giant cells and a delay in encapsulation of SEpvp. In chapter 6 we studied the role of IL-Iß in 

the pathogenesis of biomaterial-associated infections by assessing the susceptibility of IL-1 

Receptor Type 1 gene-deficient (IL-1R-/-) mice to infection associated with SEpvp implanted 

subcutaneously in mice. We demonstrated that IL-1R-/- mice had no abscess formation and 

were less susceptible to persistent S. epidermidis infection associated with SEpvp catheters 

than wild type mice. The foreign body reaction around SEpvp was delayed in wild type mice 

but not in IL-1R-/- mice. These data suggest that IL-1 play a detrimental role in this 

experimental model for BAI. Thus, local inhibition of IL-1 activity may be of benefit to the 

host as an adjunctive therapy for infections associated with biomaterials. In chapter 5 we 

described a novel process which may be pivotal in the pathogenesis of BAI. We demonstrated 

that S. epidermidis was able to persist in pericatheter macrophages. This persistence of S. 

epidermidis in pericatheter macrophages was found around 4 out of 4 commonly used 

biomaterials. Apparently, the local host defense is compromised due to the presence of the 

implanted biomaterials, resulting in macrophage deactivation and subsequent deficient 

intracellular killing. Speculating that reversal of macrophage deactivation in the vicinity of an 

implanted biomaterial, may increase the antimicrobial efficacy of the immune system, we 

tested whether subcutaneous administration of interferon (IFN)-y could reduce the 

susceptibility to infection in a mouse model of biomaterial-associated S. epidermidis 

infection. IFN-y has many biological activities, including induction of MHC class II proteins 

on phagocytic cells, activation of mononuclear phagocytes, and regulation of the humoral 

immune response. In chapter 7 we describe the results of these experiment. Mice treated with 

scheduled IFN-y injections were less susceptible to a BAI. IFN-y may therefore be beneficial 

in the prevention of BAL 

In chapter 8 this thesis is discussed. We concluded that due to the combined presence of a 

biomaterial and bacteria, an inflammatory response is induced which is favorable to the 

survival of the relatively non-pathogenic S. epidermidis. Not the surface of a biomaterial, but 

the surrounding tissue, especially the intracellular environment of a macrophage seems to be 

an important niche for these bacteria to persist. Rather than inhibiting adherence through 

surface modification or by developing biomaterials coated with antimicrobials, 

immunomodulating the local host inflammatory response may be more effective in preventing 

BAI. 
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Samenvatting (niet ingewijden) 

Het implanteren van biomedische hulpmiddelen in de mens, zoals bijvoorbeeld hartkleppen, 

heupen, knieën, spiraaltjes en catheters, zijn tegenwoordig niet weg te denken uit de moderne 

medische wereld. Deze hulpmiddelen kunnen worden geïmplanteerd voor een kortdurende 

periode (b.v. catheters), voor middenlange periodes (b.v. spiraaltjes) of permanent (b.v. 

hartkleppen en heupen). Ondanks de enorme medische vooruitgang die het gebruik van deze 

zogenaamde biomaterialen met zich mee heeft gebracht is een biomateriaal-geassocieerde 

infectie (BAI) een ernstige complicatie. Voor b.v. hartkleppen en heupen is de 

infectiefrequentie 1-4%, maar voor b.v. catheters en hydrocephalusdrains (gebruikt in de 

behandeling van een waterhoofd) zijn frequenties tot meer dan 20 % beschreven. Deze 

infecties worden over het algemeen veroorzaakt door Staphylococcus epidermidis, een 

bacterie die in zeer grote aantallen op onze huid voorkomt, zogenaamde commensale 

bacteriën. Deze commensalen veroorzaken onder normale omstandigheden bijna nooit een 

infecties. Ondanks het vele onderzoek dat er de afgelopen decennia heeft plaatsgevonden, 

blijft de oorzaak van de toegenomen ziektemakende potentie van deze commensale bacteriën 

in aanwezigheid van een geïmplanteerd biomateriaal onduidelijk. Factoren die een rol lijken 

te spelen in de Pathogenese (ziektemakend proces) van BAI zijn; (i) de potentie van deze 

commensale bacteriën te hechten aan kunstmatige oppervlakten, (ii) en de potentie tot het 

produceren van slijm, waardoor ze onbereikbaar zouden zijn voor de afweer mechanismen 

van de gastheer en voor antibiotica, (iii) de oppervlakte eigenschappen van de verschillende 

biomaterialen en (iv) lokale veranderingen (verstoringen) in de afweermechanismen van de 

gastheer tegen bacteriën, veroorzaakt door de aanwezigheid het biomateriaal. Deze laatste nog 

onduidelijke factor vormde de aanleiding van dit proefschrift (hoofdstuk 1). Middels de 

verschillende studies opgenomen in dit proefschrift werd getracht meer inzicht te krijgen in de 

rol die veranderingen (verstoringen) in de afweermechanismen rond een geïmplanteerd 

biomateriaal hebben op de Pathogenese van BAL Tevens werd gezocht naar mogelijke nieuwe 

strategieën ter voorkoming en/of behandeling van BAL 

Omdat door velen de hechting van bacteriën aan het kunstmatige oppervlak als initiële stap in 

de Pathogenese van BAI wordt beschouwd, richten de strategieën ter voorkoming van BAI 

zich met name op het remmen van de bacteriele hechting. Dit gebeurt middels oppervlakte 

modificatie van het biomateriaal en middels binding, coating of incorporatie van een 

desinfectans of een antibioticum op/in het biomateriaal. In hoofdstuk 2 staat beschreven hoe 

we de hechting van S. epidermidis en de duur van antibacteriele activiteit van zo'n nieuw 

ontwikkeld biomateriaal, hebben gemeten in het laboratorium. Dit nieuwe biomateriaal, 

polyvinylpyrrolidone-gecoate silicone elastomer (SEpvp) ondergedompeld in een oplossing 

van een antibioticum of een combinatie van antibiotica, liet een duidelijk langere 

antibacteriele activiteit en een 90% reductie van hechting zien t.o.v. conventioneel silicone 

elastomer (SE). Mogelijk zou dit nieuwe materiaal in een experimenteel diermodel voor BAI 

of in een klinisch setting BAI kunnen voorkomen. 
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Chapter 10 

De materialen beschreven in hoofdstuk 2 werden daarom vervolgens in een dierexperimenteel 

model voor BAI op hun infectiegevoeligheid getest. Het bleek echter dat SEpvp niet infectie-

ongevoelig was maar juist zeer infectie-gevoelig was (hoofdstuk 3). Al bij zeer lage aantallen 

S. epidermidis geinjecteerd naast een geïmplanteerd stukje SEpvp werd een abscess en een 

persisterende infectie waargenomen, in zowel muizen als konijnen. SE, materiaal dat een veel 

hogere bacteriële hechting en nauwelijks antibacteriele activiteit liet zien in het laboratorium, 

bleek nauwelijks gevoelig voor infectie. Blijkbaar speelt niet alleen de bacteriële hechting, 

maar mogelijk ook de weefsel reactiviteit geinduceerd door de aanwezigheid van een 

biomateriaal in een lichaam een belangrijke rol in de Pathogenese van BAL 

Zowel de afweer tegen bacteriën als de onstekingsreactie opgewekt door de aanwezigheid van 

vreemde lichamen (zoals biomaterialen) wordt gedirigeerd door een complex systeem van 

ontstekingsmediatoren. Mogelijke fluctuaties in de productie van de meest belangrijke 

mediatoren (cytokinen genaamd) zou inzicht kunnen geven in de Pathogenese van BAI. In een 

dierexperimenteel model voor BAI, zijn we de productie van deze cytokinen gaan meten in 

het weefsel rond SEpvp en SE op verschillende tijdstippen. De gemeten cytokine profielen, 

rond zowel SEpvp als SE, in aan- en afwezigheid van S. epidermidis, staan in hoofdstuk 4 

beschreven. Opvallend was dat rond het infectie-gevoelige SEpvp, interleukine (IL)-Iß, een 

belangrijk onstekingsinitiator, sterk verhoogd werd geproduceerd tot 60 d na implantatie, 

t.o.v. IL-lß productie rond het infectie-ongevoelige SE. Opvallend was ook dat S. epidermidis 

in staat was te overleven in weefsel rond SEpvp terwijl er geen bacteriën op het oppervlak van 

het biomateriaal werden aangetroffen. Dus, verhoogde IL-1 ß levels zijn geassocieerd met BAI 

rond SEpvp. Tevens werd geconcludeerd dat niet de hechting van bacteriën aan een 

biomateriaal oppervlak de belangrijkste niche is voor bacteriële persistentie, maar het weefsel 

rond een geïmplanteerd biomateriaal. 

Omdat we wilden uitsluiten dat de polyvinylpyrrolidone coating van het SEpvp materiaal de 

oorzaak zou kunnen zijn van de verhoogde gevoeligheid voor BAI werd in hetzelfde 

experimentele muizenmodel de infectiegevoeligheid van polyvinylpyrrolidone-gecoate 

polyamide (PApvp) getest (hoofdstuk 5). Abscess formaties werden niet waargenomen, en de 

ontstekingreactie leek rustig. Toch bleek echter dat S. epidermidis in staat was om in grote 

aantallen te overleven in de omgeving van een geïmplanteerd PApvp segment. Bij verlengde 

implantatie duur werden de muizen zelfs ziek en overleden. Bestudering van het weefsel rond 

PApvp alsmede van het weefsel rond SE en SEpvp liet zien dat S. epidermidis intracellulair 

kan overleven in macrophagen (onstekingcellen). Onder normale omstandigheden nemen 

(phagocyteren) deze macrophagen bacteriën op om ze vervolgens intracellulair te kunnen 

doden. Blijkbaar is door de aanwezigheid van een biomateriaal de "intracellulaire 

killingscapaciteit" gereduceerd. Dit bracht ons tot de hypothese dat intracellulaire overleving 

in macrophagen een essensieel proces is in de Pathogenese van BAI. 
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Samenvatting (niet ingewijden) 

In hoofdstuk 6 hebben we getest of het afwezigheid van IL-Iß activiteit in de omgeving van 

SEpvp, de gevoeligheid voor BAI beinvloed. Transgene muizen die deficient waren voor de 

IL-1 receptor werden net als de wild type muizen geïnfecteerd met S. epidermidis. Deficient 

zijn voor deze receptor heeft tot gevolg dat IL-lp wel kan worden geproduceerd, maar dat 

deze niet biologisch actief kan zijn, omdat hiervoor een IL-1 receptor nodig is. De transgene 

muizen bleken niet gevoelig voor de inductie van abscess formatie en BAL Geconcludeerd 

werd dat de hoge IL-lß productie voordelig is voor bacteriële overleving. Verminderen van 

IL-lß activiteit in het weefsel rond een geïmplanteerd biomateriaal zou mogelijk kunnen 

bijdragen tot preventie en / of behandelings strategieën voor BAL 

Vervolgens werd in hoofdstuk 7 getracht de gereduceerde "intracellulaire killingscapaciteit", 

waargenomen in hoofdstuk 5, op te heffen door muizen na de inductie van een BAI te 

behandelen met interferon (IFN)-y, een ander onstekingsmediator. IFN-y is een potente 

macrophaag activator. Uit deze experimenten bleek dat muizen behandeld met IFN-y minder 

gevoelig waren voor BAI dan de controle muizen. Ook IFN-y zou mogelijk kunnen leiden tot 

nieuwe preventie en behandelings strategieën voor BAL 

Tenslotte worden in hoofdstuk 8 de resultaten samengevat en besproken. Met name het 

belang van veranderingen (verstoringen) in de afweermechanismen van de gastheer 

geïnduceerd door de aanwezigheid van een geïmplanteerd biomateriaal komen hier aan bod. 

Samengevat komt het er op neer dat niet de hechting van bacteriën maar de verandering in het 

afweermechanisme, geinduceerd door het geïmplanteerde biomateriaal, een belangrijk rol 

speelt in de Pathogenese van BAI. Door de implantatie van een biomateriaal ontstaat er een 

evenwichtsverstoring in de productie van ontstekingsmediatoren. Deze creëert vervolgens een 

gunstige omgeving voor bacteriën. De persisterende bacteriën kunnen uiteindelijk een BAI 

veroorzaken. Preventie en/of behandeling van BAI zouden zich dan ook moeten richten op 

immunomodulerende (evenwicht herstellende) therapieën, zoals b.v. het reduceren van de 

verhoogde IL-1 activiteit, middels anti-IL-1 behandeling of op het vergroten van de 

"intracellulaire killingscapaciteit" middels een IFN-y behandeling. Ook zouden biomaterialen 

gecoat of geïncorporeerd met deze middelen kunnen worden ontwikkeld: 

immunomodulerende biomaterialen. 
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