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9General introduction

Introduction

Biomaterial-associated infection: magnitude of the problem. Over the past 

decades, the use of medical devices such as catheters, artificial heart valves, 

prosthetic joints and other implants has grown significantly 1. 

 Despite the advancements in device design, surgical procedures, and 

surgical wound and catheter care, infection is still a frequent complication of the use 

of these devices. Such infections generally are difficult to treat, and treatment failure 

may lead to removal of the device. This obviously is very inconvenient for the patient 

and increases hospital costs. The costs for treating a device-associated infection 

can be 5-7 times the initial cost of the implantation 2. Table 1 gives an overview of 

device-associated infections.

Table 1: Overview of device use and device-associated infections in the US; adapted from 2. 

As devices are manufactured of biocompatible materials, they are often designated 

as “biomaterials”, and their infection as “biomaterial-associated infection”. Different 
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10 Chapter 1

microorganisms have been isolated from infected biomaterials, but Staphylococcus 

epidermidis is the most frequently cultured species 3-9. Table 2 provides an overview 

of the most important microorganisms involved in biomaterial-associated infections.

Table 2: Microorganisms associated with biomaterial infections 10-12.

Of all coagulase-negative staphylococci, S. epidermidis is by far the most often 

isolated species (80% of all CoNS). Therefore, the remainder of this review will focus 

on S. epidermidis.

Pathogenesis of biomaterial-associated infection: the biofilm hypothesis. 
Experiments performed in the late 1950’s to investigate foreign body-associated 

infection caused by Staphylococcus aureus, showed that the dose of S. aureus

required to produce purulent infection in healthy volunteers was much 

lower in the presence of a suture thread, than in the absence of any foreign 

material 13. Similarly, in the absence of a biomaterial implant the bacterial inoculum 

required to achieve an infection with S. epidermidis in animal models is very large, 

whereas in the presence of an implant much smaller inocula will cause infection 14.

Numerous studies over the past decades indicate that biomaterial-associated 

infections are caused by bacterial strains that form a biofilm which covers the surface 

of the biomaterial. Biofilms, complex aggregations of bacteria, bacterial products and 

host components, are formed in 2 steps. First, individual bacterial cells attach rapidly 

to the biomaterial surface; this is followed by a prolonged accumulation phase in 

which bacteria proliferate, adhere to each other and to the biomaterial, and produce 

extracellular components. The major extracellular component of staphylococcal 

biofilms has been identified as the polysaccharide intercellular adhesin (PIA) 15-18. 

The genes responsible for the production of PIA are found in the intercellular adhesin 

(ica) locus, and comprise the icaR (regulator) and icaADBC (biosynthesis) genes. 
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11General introduction

Deletion of the ica locus abrogates the capacity to form PIA, and most strains without 

this locus do not form biofilms. The accumulation-associated protein (Aap) is (partly) 

responsible for the second phase in biofilm formation: the accumulation phase. In 

this phase the bacteria proliferate and accumulate, forming multilayered clusters of 

cells which are embedded in extracellular material. Several strains devoid of the ica 

locus are capable of forming biofilms through their Aap proteins 19.

Biomaterial-associated infections are studied in experimental animal 

models. In mice and rats the biomaterial is often implanted subcutaneously. Most 

studies concentrate on the biofilm as a virulence factor, and on the genes, proteins 

and polysaccharides involved in its formation. For example, studies comparing a 

fibrinogen-binding protein (Fbe)-deficient mutant 20 and a polysaccharide intercellular 

adhesin/hemagglutinin (PIA/HA)-negative mutant 21 with the respective wild type 

bacterial strains, showed that the wild type strains cause bacteraemia and metastatic 

disease, whereas the infection rate is lower with mutant stains 20,21. In a recent study 

on an agr mutant of S. epidermidis, an opposite effect was noted. In a rabbit model, 

where medical tubing was implanted subcutaneously on the dorsum, this mutant 

had a higher capacity to colonize the implants than the wild type strain 22 . Although 

not emphasized by the authors, the wild-type strain survived in higher numbers in 

the tissue surrounding the implant. Thus, the deletion of agr significantly increased 

success in the biofilm-associated colonization of indwelling devices, but the presence 

of agr seems to be important for tissue colonization.

Table 3 presents an overview of components of Staphylococcus epidermidis 

and their presumed functions in biofilm formation and in other ways to contribute to 

virulence and survival of the bacteria in the host (adapted from Queck and Otto 23).

Tissue as a possible niche for bacteria. In addition to providing a surface for 

adherence and biofilm formation, the foreign body also reduces local efficacy of 

immune function. In guinea pigs with subcutaneously implanted tissue cages 

containing a biomaterial, local polymorphonuclear leukocytes (PMN’s) show 

impaired function, such as low phagocytic and bactericidal activities 24,25. This 

local impairment of the immune system contributes to bacterial survival. In 

previous studies from our laboratory in a mouse experimental BAI model it was 

shown that the biofilm indeed is not the only site where infecting bacteria are found.
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12 Chapter 1

Table 3: Bacterial components of S. epidermidis and their presumed functions.

In rabbit and mouse models of BAI, segments of non-coated and polyvinylpyrrolidone 

(pvp)-coated silicon elastomer (SE) catheters were subcutaneously implanted. 

In vitro, the pvp coating reduced adherence of S. epidermidis. Contrary to what 

was expected, abscess formation occurred in rabbits and mice carrying SEpvp 

catheter segments, whereas hardly any abscess formation was observed around 

SE catheters, even after challenge with very large inocula. Abscess formation was 

also observed when bacteria were pre-grown on the segments prior to insertion, 

and when a preparation of heat-killed bacteria or purified peptidoglycan was injected 

along the implant 26. Over time, the numbers of cfu in the tissue were significantly 

higher in the SEpvp-implanted group, and the bacteria persisted for up to 60 days 14. 

It appeared that around SEpvp a strong and protracted pro-inflammatory response 

occurred, which delayed the normal foreign body response and caused a reduced 

clearance of the infection.

 Around another biomaterial, pvp-coated polyamide (PApvp) quite a different, 

relatively anti-inflammatory response was observed. In the tissue surrounding these 

implants S. epidermidis were seen intracellularly inside macrophages and the bacteria 
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13General introduction

increased in numbers over time, whereas around SEpvp lower levels of intracellular 

persistence were observed 27. These studies indicate that in the presence of a foreign 

body, the peri-implant tissue becomes susceptible for bacterial colonization.

Since the tissue around SEpvp showed a protracted pro-inflammatory 

response with persistently elevated IL-1 levels, wild type and IL-1 receptor knock-

out mice were compared to assess whether the elevated levels of IL-1 were causally 

related to the increased susceptibility to infection. The wild type mice were more 

susceptible to abscess formation and contained significantly higher numbers of 

S. epidermidis cfu in the tissue after 14 days 14. IL-1 receptor knockout mice had 

no abscess formation and a reduced susceptibility to S. epidermidis infections. 

Therefore, in the case of “pro-inflammatory” biomaterials, inhibition of the local IL-1 

activity may be beneficial to the outcome of BAI. Interestingly, like in the wild type 

mice, the bacteria that survived in the infected IL-1 receptor knockout mice were 

found more often in the peri-implant tissue than on the implant.

Mice carrying PApvp, which showed many bacteria surviving in macrophages 

in the peri-implant tissue, did not have increased IFN-γ levels after infection. To 

assess whether this lack of IFN-γ caused the intracellular survival, mice were treated 

with IFN-γ. This resulted in decreased intracellular and extracellular persistence of 

bacteria around the implants, indicating that IFN-γ might be beneficial for prevention 

of biomaterial-associated infection around materials which provoke a relatively 

anti-inflammatory response in presence of bacteria 28. Most likely IFN-γ acted by 

activating the macrophages, which is important to kill and remove the bacteria from 

the tissue.

In addition to the studies in animal models, several studies focussing on patient 

materials have pointed to the surrounding tissue as a possible niche for infecting 

bacteria. In a study on failed breast implants, the tissue surrounding the implants was 

culture positive whereas the implants themselves yielded negative cultures 29. Also in 

orthopaedic joint infection peri-implant tissue may contain bacteria.  Routine hospital 

culturing of samples from tissue surrounding failed implants showed bacterial growth 

in 41% of 22 cases. After prolonged culturing of tissue samples (incubated for 7 days 

at 37°C aerobically and anaerobically) the frequency of positive cultures increased 

to 64% 30. These results combined with the extensive animal experimental data from 

our laboratory suggest that the tissue surrounding implanted devices is an as yet not 

well recognized niche for infecting bacteria, and warrants further investigation.
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14 Chapter 1

Antibiotic treatment of biomaterial-associated infection. Biomaterial-associated 

infections are notoriously difficult to treat, and require high dosage and prolonged 

treatment periods. This has been attributed to the local impaired immune response and 

to the relatively poor penetration of antibiotics into the biofilms on the biomaterial, and 

to a dormant state of the bacteria 31,32. The biofilm appears to increase the resistance 

of the bacteria to antibiotics 31,32. A second possibility is that bacteria reside in the 

surrounding tissue, in for example macrophages, and that this may contribute to the 

low effectivity of the antibiotics. Therefore, it would be very interesting to investigate 

the antibiotic activity against the bacteria residing in tissue.

Antibiotics to treat infections by biofilm bacteria. Up to now, antibiotic strategies 

to prevent or treat biomaterial-associated infection are generally based on the 

assumption that the infecting bacteria are present in biofilms. The antibiotics to treat 

these infections are specifically chosen for their propensity to penetrate in the biofilm 

and reach the bacteria herein.

Rifampicin for instance, has a low molecular weight and is only slightly 

soluble in water. It penetrates well and has good bactericidal activity in biofilms 
33. Vancomycin has a higher molecular weight and is highly water soluble, and for 

optimal killing activity of vancomycin, bacterial growth is required. Rifampicin and 

vancomycin are often used in combination in the treatment of biomaterial-associated 

infections.

However, in vitro the combination of vancomycin and rifampicin failed to 

eradicate S. epidermidis in biofilms after 72 h of incubation 34. In rabbits implanted 

with polyethylene discs covered with a biofilm of S. epidermidis, systemic vancomycin 

reduced the numbers of viable bacteria on the disks within 48 h. There was no further 

reduction after 72 h with vancomycin only 35. Combinations of rifampicin, vancomycin 

and fusidic acid were most active against staphylococcal biofilms 36. Both linezolid and 

vancomycin, used as single agent, effectively reduced the numbers of S. epidermidis 

present on catheters as compared to controls in an in vitro pharmacodynamic 

model of gram-positive catheter-related bacteraemia; however neither was able to 

completely sterilize the colonized catheters 37. In S. epidermidis infected vascular 

grafts tested in vitro, rifampicin was the most effective antibiotic, at concentrations 

of 4 times the MIC (minimal inhibitory concentration). At concentration higher than 

4 times the MIC, S. epidermidis rapidly developed resistance 38. Thus, the use of 
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15General introduction

rifampicin as single agent should be avoided and for effective treatment of bacteria 

in biofilms combination with another antibiotic is advised.

Antibiotics to combat tissue-residing bacteria. As infecting bacteria may 

reside in tissue surrounding implants, even inside macrophages, antibiotics used 

to treat biomaterial-associated infection should penetrate the tissue and act 

intracellularly. Vancomycin is frequently used in experimental studies investigating 

biomaterial-associated infection, and is commonly used in the clinic. In a BAI 

model rats were implanted with a vascular graft on the dorsal side which was 

infected with S. epidermidis. In one group vancomycin was delivered locally from 

glycerylmonostearate implants containing vancomycin, and another group received 

intramuscular vancomycin injections. None of the animals in the implant group, who 

had vancomycin delivered locally during the entire period of the experiment showed 

evidence of infection by S. epidermidis, but intramuscular injections of vancomycin 

failed to clear infection in 4/6 rats 39. Since vancomycin does not penetrate cells, the 

antibiotic presumably acted on the bacteria before they were able to “find shelter” 

within host cells in the tissue. This apparently was only possible when vancomycin 

was delivered locally and for prolonged periods, and not when systemic injections 

were given. In a rat study, the animals were implanted subcutaneously with either 

sterile Dacron or ePTFE grafts and received local or systemic antibiotic prophylaxis. 

Only a combination of topical rifampicin and systemic vancomycin inhibited S. 

epidermidis growth completely 40. In a rabbit model where a stainless steel screw 

was placed into the femur, vancomycin nor minocycline was effective when used as 

single agent in eradicating an established S. epidermidis infection of this orthopaedic 

device; however, a combination of rifampicin and vancomycin was significantly more 

effective than vancomycin alone in eradicating the infection 41. As vancomycin does 

not penetrate intracellularly 42, vancomycin may not have reached bacteria present 

within cells in the tissue surrounding the implants, whereas it did kill bacteria present 

between cells in the tissue. A combination of antibiotics which kill bacteria in biofilms 

as well as within tissue and intracellularly may therefore be required for effective 

treatment of biomaterial-associated infection.

Rifampicin shows excellent penetration into tissue. A 90% cure rate has been 

reported in patients with prosthetic valve endocarditis caused by methicillin-resistant 

S. epidermidis when rifampicin was combined with vancomycin compared to a 
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16 Chapter 1

cure rate of 50% when treated with vancomycin alone 43. Zimmerli et al. have used 

antibiotic regimens of ciprofloxacin with or without rifampicin to treat infections of hip 

prostheses. A combination with rifampicin increased the cure-rate significantly 44. 

It would be interesting to test this regime in experimental biomaterial-infection 

models, and to assess whether bacteria on the implants as well as in the peri-implant 

tissue are eradicated.

Antibodies to prevent or treat biomaterial-associated infection. As antibiotic 

therapy of biomaterial-associated infections is hampered by biofilm formation and 

tissue colonization by the bacteria, and as antibiotic resistance is an increasing 

problem, methods for prevention of these infection other than by antibiotic prophylaxis 

are highly desired. The use of anti-staphylococcal antibodies might be such a method. 

Currently available antibodies are predominantly directed against polysaccharide 

antigens. Table 4 presents an overview of targeted antigens of S. epidermidis and 

the activity of their respective antibodies in vitro and in vivo.

Table 4: Overview of targeted antigens of S. epidermidis.
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17General introduction

Below, the major antigens used for active and passive immunization are discussed 

in more detail.

20kDa PS polysaccharide and capsular polysaccharide adhesin; 20 kDa PS and 

PS/A. Biofilm formation consists of two important steps, adherence and accumulation. 

During the accumulation phase multilayered cell clusters are formed which are 

surrounded by a slimy matrix. This slimy matrix is thought to play a crucial role 

in biomaterial-associated infections. The 20kDa PS (polysaccharide) is part of this 

matrix, and is organized in such a way that it is exposed at the surface of the cell, 

accessible to antibodies 63. Polyclonal antisera against this 20-kDa polysaccharide 

show high specificity in recognizing the major surface antigenic determinants of slime-

producing S. epidermidis strains, and antibodies against this major polysaccharide 

are also found in human serum 62.

Active and passive immunization in a rabbit model of endocarditis with the 

capsular polysaccharide adhesin (PS/A), or with anti-PS/A, respectively,  provides 

protection against bacteraemia and endocarditis 60. In a bacterial keratitis model, 

rabbits actively immunized with 20-kDa PS or passively immunized with antibodies 

against 20-kDa PS show less corneal damage, and are significantly better protected 

against S. epidermidis keratitis 61.

Poly-N-acetylglucosamine; PNAG. Poly-N-acetylglucosamine (PNAG) is involved in 

intercellular adhesion and therefore is also referred to as polysaccharide intercellular 

adhesin. It is the main component of extracellular slime. High molecular weight 

isoforms of PNAG are highly immunogenic when injected into mice and rabbits, and 

anti-PNAG antibodies can mediate opsonophagocytic killing of S. epidermidis and S. 

aureus 64. PNAG is produced within the biofilm matrix and must be anchored to the 

bacterial cell to contribute to biofilm formation. As PNAG is also secreted from the 

bacterial cell surface, it may act as a decoy by binding potentially opsonic antibodies 

away from the cell 55,57.

 In a guinea pig model of BAI, the anti-PNAG IgG antibody titres in sera of 

the animals challenged with S. epidermidis were significantly higher than those in 

sera of the control group. Therefore PNAG apparently is produced by the bacteria in 

vivo, and is accessible for host immune recognition 58. Indeed, in animal models IgG 

antibody titers against PNAG are correlated with protection against infection 64.  However, 
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no studies have been performed in which the influence of passive immunization 

with PNAG antibodies on biomaterial infection, particular with respect to peri-implant 

tissue colonization, was investigated.

Accumulation-associated protein; Aap. Biofilm formation by a polysaccharide-

independent mechanism of S. epidermidis, mediated by the accumulation-associated 

protein (Aap) has been identified. Aap is present on the cell wall of S. epidermidis 

grown in suspension and in biofilms 51. The proteolytic processing of Aap is responsible 

for a biofilm-positive phenotype 19. In vitro, monoclonal antibodies raised against S. 

epidermidis Aap specifically bind Aap and partially inhibit biofilm formation. Banner et 

al. describe the presence of localized tufts of fibrillar appendages on a subpopulation 

of cells of S. epidermidis and report that the fibrils are comprised of Aap 65. These 

data indicate that Aap is present on the cell surface and may be an interesting target 

for antibodies.

Fibrinogen binding protein; Fbe. The fibrinogen binding protein (Fbe) is a 119-kDa 

protein present on the surface of S. epidermidis. Anti-Fbe antibodies opsonize and 

increase phagocytosis of S. epidermidis in vitro 46. Pretreatment of S. epidermidis 

with antibodies against Fbe also significantly reduced their adherence to catheters 

which had a natural coating of host plasma proteins and other components, since 

they were either retrieved from rats at 24 h after subcutaneous implantation, or 

from patients who had undergone intravenous injections through these catheters 
45. The adherence-blocking effect was more pronounced for catheters coated only 

by fibrinogen in vitro, indicating that fibrinogen absorption to the surfaces might be 

crucial in biomaterial-associated infections 45 and that antibodies inhibiting binding of 

bacteria to fibrinogen might help prevent such infections.

Lipoteichoic acid; LTA. The teichoic acids and lipoteichoic acid (LTA), along with 

peptidoglycan are major components of the cell wall of gram-positive bacteria. LTA 

is a major membrane-associated amphiphilic molecule and can be considered a 

virulence factor that has an important role in infections and in postinfectious sequelae 

caused by gram-positive bacteria 66. The lipid moiety of LTA has a central role in the 

adherence of S. epidermidis to fibrin-platelet clots 53. In vitro, pretreatment of S. 

epidermidis with anti-LTA antibodies reduces adherence of these bacteria to fibrin-
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19General introduction

platelet clots. Healthy individuals have low serum levels of IgG against lipid S, a short 

chain length form of LTA. Higher levels of IgG against lipid S have been detected 

in serum from patients with central venous catheter-related sepsis and infection of 

orthopaedic prostheses 54.

 Anti-LTA antibodies have not yet been tested in animal models of foreign 

body infection. It would be very interesting to investigate whether anti-LTA is able 

to reduce adherence of S. epidermidis to implanted biomaterials and to prevent 

infection of the biomaterials as well as of the peri-implant tissue.

Intravenous immunoglobulin; IVIG. Intravenous immunoglobulin (IVIG) preparations 

contain a wide variety of antibodies to pathogens and foreign antigens 67, and 

are therefore used to treat patients with autoimmune and systemic inflammatory 

disorders. The stability of IVIG preparations and their IgG titers vary,  depending on 

the number of donors (up to 11-fold difference in titer for certain pathogens between 

different preparations) 68. Preparations with high titers of opsonic antibodies offer 

better protective effects in animal models of infection. IVIG with ≥ 90% opsonic activity 

promotes S. epidermidis clearance from blood in rats, and significantly enhances 

survival of the rats when compared with lots with ≤ 50% opsonic activity 69.

The major staphylococcal antigen targeted by the antibodies in IVIG 

preparations is considered to be the 20 kDa PS. The amount of 20-kDa PS specific 

antibodies in different IVIG preparations varies, and this may be associated with 

variation in protective activity. Despite this variation, several studies in humans 

did show a protective effect of IVIG preparations. In low birth weight preterm 

neonates who received high titer (> 200 antibody units/ml of the 20-kDaPS) IVIG 

preparations as a prophylactic agent, the rate of bacteraemia due to slime-producing 

S. epidermidis was considerably lower compared to the control group who did not 

receive treatment 70. In patients with primary immunodeficiencies, different IVIG 

preparations containing different immunoglobulin subclasses were tested, and 

provided the patients with sufficient amounts of antibodies to protect them against 

gram positive and gram negative bacterial infection 71. IVIG preparations thus seem 

to have perspective in preventing infections in patients with primary or secondary 

immunodeficiencies associated with defective antibody production or in low birth 

weight preterm neonates.
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Commercial development. Different companies are currently in the process of 

developing vaccines and immunoglobulin preparations for prevention and treatment 

of staphylococcal infections and some products have reached phase III clinical 

trails. StaphVAX (a Staphylococcus aureus polysaccharide conjugate vaccine) and 

INH-A21 (an intravenous immunoglobulin preparation from donors with high titers 

of antistaphylococcal antibodies) were unsuccessfull in phase III trials. In response 

to the failure of StaphVAX, the production of Altastaph (an anti-Staphylococcus 

aureus immunoglobulin targeting the capsular polysaccharide) was suspended. 

Due to these disappointing results, it remains to be seen whether novel antibody 

preparations will be marketed. This demonstrates the difficulty in preparing an 

effective antistaphylococcal preparation for passive or active vaccination 72,73.

Aim of the thesis. As biomaterial-associated infections are a major problem in 

modern medicine, and S. epidermidis is usually associated with these infections, it is 

important to gain more insight in the pathogenesis of these infections and to assess 

the efficacy of different antimicrobial agents to prevent or treat these infections. 

The aim of this thesis is to investigate the pathogenesis of biomaterial-associated 

infections, with emphasis on the presence and role of S. epidermidis in the peri-

implant tissue. In the second chapter we study the kinetics of colonization of implants, 

as well as peri-implant tissue, with two S. epidermidis strains, two biomaterials, and 

two mouse strains, C57BL/6 and BALB/c. The third chapter describes the influence 

of an antibiotic regime consisting of vancomycin / rifampicin on biomaterial as well as 

tissue colonization in the mouse BAI model. To our knowledge, antibodies have not 

been tested in vivo in presence of a biomaterial. Therefore, in the fourth chapter the 

mouse model is used to assess the effect of two monoclonal antibodies on biomaterial-

associated infections. The fifth chapter describes a new technique to demonstrate 

the presence and location of viable bacteria in peri-implant tissue. The technique 

is based on application of 5-bromo-2-deoxyuridine (BrdU), a synthetic thymidine 

analogue which is incorporated into newly synthesized DNA during replication and 

DNA repair. In chapter 6 we investigate whether also in humans tissue surrounding 

a foreign body is a reservoir for bacteria associated with biomaterial-associated 

infection. To this purpose, we examined catheters and peri-catheter tissue obtained 

from deceased patients at autopsy. In chapter 7, finally, the general implications of 

our findings are discussed.
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ABSTRACT

Biomaterial-associated infections (BAI), which are predominantly caused by 

Staphylococcus epidermidis, are a significant problem in modern medicine. Biofilm 

formation is considered the pivotal element in the pathogenesis, but in previous 

mouse studies we retrieved S. epidermidis from peri-implant tissue. To assess the 

kinetics and generality of tissue colonization, we investigated BAI using two S. 

epidermidis strains, two biomaterials, and two mouse strains. With small inocula all 

implants were culture negative, whereas surrounding tissues were positive. When 

higher doses were used, tissues were culture positive more often than implants, with 

higher numbers of cfu. This was true for the different biomaterials tested, for both S. 

epidermidis strains, at different times, and for both mouse strains. S. epidermidis co-

localized with host cells at a distance that was >10 cell layers from the biomaterial-

tissue interface. We concluded that in mouse experimental BAI S. epidermidis peri-

implant tissue colonization is more important than biofilm formation.

INTRODUCTION

Infections of indwelling medical devices, mainly caused by Staphylococcus 

epidermidis and other coagulase-negative staphylococci, are a major problem in 

modern medicine 1-4.

The formation of a biofilm consisting of bacteria, bacterial products, and 

host proteins on the biomaterial surface 5,6 is considered a pivotal element in the 

pathogenesis of these biomaterial-associated infections (BAI) 2,5,7. Biofilm formation 

involves direct adherence of S. epidermidis to the biomaterial surface through autolysin  

AtlE 5,8 and to deposited host proteins by fibronectin-binding 9 and fibrinogen-binding 
10 proteins. Subsequent accumulation is attributed to polysaccharide intercellular 

adhesin, elaborated by the products of the icaADBC genes 11,12, and to accumulation-

associated protein 13,14.

Mutation of either S. epidermidis atlE 15 or icaABC 11,15 results in a biofilm-

negative phenotype in vitro and strongly reduces the numbers of cfu retrieved from 

implants in animal models 15,16. However, several studies have failed to demonstrate 

a requirement for the ica biofilm genes for virulence in experimental BAI 17,18, and 
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between 40 and 75% of clinical S. epidermidis isolates lack one or more of the 

biofilm genes 8,19-21. This suggests that biofilm formation is not the only mechanism 

underlying BAI.

As the presence of a biomaterial reduces the efficacy of the local host immune 

response 22-24, bacteria may not be cleared from peri-implant tissue 25,26. Therefore, 

we studied the kinetics of colonization of implants, as well as peri-implant tissue, 

with two S. epidermidis strains, two biomaterials, and two mouse strains, C57BL/6 

and BALB/c. Our data show that colonization of tissues surrounding implants by S. 

epidermidis is a general phenomenon, which may be an important element in the 

pathogenesis of BAI that has been overlooked previously.

MATERIALS AND METHODS

Animals. Animal experiments were approved by the Animal Ethical Committee of 

the University of Amsterdam. Specific-pathogen-free C57BL/6 and BALB/c female 

mice that were 6 to 8 weeks old and weighed 15 to 20 g were used (Harlan, Horst, 

The Netherlands). These mouse strains were chosen because they favor the 

development of Th1- and Th2-type inflammatory responses, respectively 27. Mice 

were housed in a pathogen-free environment and were provided with sterile food 

and water. After surgery mice were housed singly in individually ventilated cages.

Biomaterials. Catheters of silicon elastomer grafted with poly(vinylpyrrolidone) 

hydrogel (SEpvp) (Medtronic PS Medical, Goleta, CA) (used for hydrocephalus 

shunts) and of polyamide grafted with poly(vinylpyrrolidone) (PApvp) (experimental 

biomaterial) 26 with an external diameter of 2.5 mm and a wall thickness of 0.6 mm 

were used. SEpvp and PApvp were chosen as model biomaterials because they 

induce different grades of inflammation in C57BL/6 mice infected with S. epidermidis 

RP62a; SEpvp provokes a strong proinflammatory response 25, and PApvp provokes 

only a mild proinflammatory response 26.

S. epidermidis strains. S. epidermidis RP62a (= ATCC 35984), a well-studied BAI 

strain 25,26,28-30, and S. epidermidis clinical isolate AMC5 were used. Both strains 

were capable of producing slime, as determined by the method of Christensen et al. 
29, and δ-toxin, as determined by the method of Hebert and Hancock 31, and were 
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positive for the icaA, atlE, aap, and sarA genes as determined by PCR. The primers 

used for icaA, atlE, and aap were the primers described by Vandecasteele et al. 32. 

SarA was detected using primers sarA_d (AGCAAATGCTACATTGCTAATTC) and 

sarA_r (ATTTGCTTCTGTGATACGGTTG). The MICs of antibiotics for strains RP62a 

and AMC5 (as determined by E tests) were as follows: rifampicin, < 0.016 and < 

0.016 µg/ml, respectively; teicoplanin, 3 and 1.5 µg/ml, respectively; gentamicin, 

8 and 0.125 µg/ml, respectively; and vancomycin, 4 and 4 µg/ml, respectively. The 

following antibiotic tablets were used for antibiogram analysis of challenge bacteria 

and cfu recovered from the model: spectinomycin (200 µg), penicillin low (5 µg), 

chloramphenicol (60 µg), vancomycin (5 µg), erythromycin (78 µg), rifampicin (30 µg), 

minocycline (80 µg), and gentamicin (40 µg). RP62a is resistant to spectinomycin 

and erythromycin. The AMC5 strain is susceptible to all antibiotics tested.

Inoculum preparation. Thirty milliliters of tryptic soy broth inoculated with the S. 

epidermidis test strain was incubated for 4 h at 37°C on a rotary shaker at 120 

rpm. The culture was centrifuged at 2,200xg for 10 min, and the pelleted bacteria 

were washed twice with 30 ml of pyrogen-free 0.9% NaCl (saline) (Fresenius Kabi, 

Sévres, France). Suspensions containing 4x106 to 4x109 cfu per ml were prepared 

based on the optical density at 620 nm.

Mouse biomaterial-associated infection model. Mouse BAI studies were 

performed as described previously 25,28. In short, mice anesthetized with a mixture 

of 1 ml fentanylcitrate, 1 ml midazalam, and 2 ml distilled water received 1-cm-long 

subcutaneous implants in a laminar flow cabinet. The incisions were closed with a 

single stitch. Inocula (25 µl) were injected along the implants with a repetitive injector 

(Stepper model 4001-025; Tridak Division, Brookfield, CT).

Mice were anesthetized with FFM mixture between 5 and 21 days after 

challenge, and standardized biopsies (diameter, 12 mm) of biomaterial implants 

with subcutaneous tissue and skin were taken. The right side biopsy was used for 

quantitative culture. The left side biopsy was cut into two halves; one half was used 

for quantitative culture, and the other half was used for histology. Cardiac puncture 

was performed to collect blood and terminate the mice. The time intervals between 

challenge and termination of mice in the different experiments were matched but 

were not always identical due to variation in the availability of operating rooms in the 
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animal facility. The catheter segments were rinsed twice to remove bacteria loosely 

associated with the implant and placed in sterile tubes containing 500 µl of saline. 

The tubes were sonicated for 30 s in a water bath sonicator (Bransonic B-2200 E4) to 

dislodge adherent bacteria for quantitative culture. The segment itself was placed in 

80 ml of Brewer Tween (BT) thioglycolate broth at 37°C for 2 to 14 days to detect low 

numbers of bacteria or bacteria released from host cells lysed by the Tween. If the 

BT culture was positive and plate cultures were negative, the biomaterial segment 

was considered to have had 5 adherent cfu.

The tissue samples were weighed, a volume of saline corresponding to four 

times the weight of each sample (range, 50 to 300 mg) was added, the samples 

were homogenized on ice (model 985-370 Tissue Tearor; Biospec Products, 

Bartlesville, OK), and quantitative cultures were grown. In addition, 0.1 volume of 

the homogenate was cultured in 80 ml BT for 2 to 14 days at 37°C. If the BT culture 

was positive and plate cultures were negative, the total homogenate was considered 

to have contained 10 cfu. Positive BT cultures were streaked on blood agar plates 

and incubated at 37°C. Cultured bacteria were analyzed by the Gram stain and 

antibiogram methods. In all cases reisolated bacteria had the same antibiograms as 

the challenge strain.

Blood culture. Twenty-five microliters of blood was cultured in 80 ml of BT for up to 

14 days at 37°C. Blood cultures were negative for all samples.

Histological examination. Biopsies were fixed in formaldehyde, embedded in 

plastic (methylmethacrylate / buthylmethacrylate; Merck Schuchart, Hohenbrunn, 

Germany), and 3- to 5-µm sections were cut at different levels. These sections 

were stained with hematoxylin and eosin or with Gram stain and examined by light 

microscopy.

Statistics. The Fisher’s exact test was used to test the significance of differences in 

the frequencies of positive cultures of biopsies and biomaterial implants from different 

groups of mice. Differences in numbers of cfu were analyzed with the Mann-Whitney 

test. For both tests, a P value of < 0.05 was considered significant.
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RESULTS AND DISCUSSION

Experimental BAI due to S. epidermidis RP62a in C57BL/6 mice with SEpvp 

implants. Our experimental BAI model was based on the model of Christensen et 

al. 33 and required relatively high doses of S. epidermidis (106 to 1010 cfu) to achieve 

infection 28,33-35. In the original model only the explanted biomaterials were cultured. 

We cultured both the biomaterial implants and peri-implant tissue samples 25,26. After 

5 days there was a dose-dependent increase in the frequency of positive cultures 

for implant samples from mice challenged with 5x106 cfu or more, but even at the 

highest inoculum dose (1x108 cfu) not all implanted biomaterial segments were 

positive (Figure 1A). As observed for the implants, the frequency of culture-positive 

tissue samples increased with the inoculum dose (Figure 1A). However, cultures of 

tissue samples were culture positive more often than the corresponding implants 

for all inoculum sizes between 1x106 and 5x107 cfu (P < 0.05) and contained higher 

numbers of cfu (P < 0.05) (Figure 1B). Biopsies from mice challenged with 1x108 cfu 

were all culture positive, and the numbers of cfu were much higher than the numbers 

of cfu obtained for the corresponding implants (P = 0.0002) (Figure 1B).

Persistence of S. epidermidis RP62a around SEpvp in experimental BAI. At 5 

or 14 days after challenge cultures of SEpvp implants from mice challenged with 

2x106 cfu were all negative. In contrast, at 5 days all tissue biopsies were culture 

positive. At 14 days a liquid culture for one tissue sample was positive. Implants from 

mice challenged with 1x107 cfu and sacrificed after 5 days were all culture negative, 

but after 14 days 3/12 implants were culture positive (difference not significant). At 

5 days as well as 14 days, more tissue samples than corresponding implants (P < 

0.003) were culture positive, with higher numbers of cfu at 14 days (P = 0.0046) 

(Figure 1C). Thus, S. epidermidis RP62a persisted in peri-implant tissue rather than 

on the implant itself.

Experimental BAI due to S. epidermidis AMC5 in C57BL/6 mice with SEpvp or 

PApvp implants. For mice carrying SEpvp implants, as well as for mice with PApvp 

implants, we chose conditions expected to yield approximately 50 to 90% culture-

positive tissue samples (Figure 1) 26. At the early time point (10 days) 67% of the 

tissues, but none of the implants, of mice carrying SEpvp implants and challenged 
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with 3x106 cfu of S. epidermidis AMC5 were culture positive (P = 0.0013) (Figure 

2A). Even with an inoculum of 3x107 cfu not more than 25% of the implants yielded 

growth, whereas all tissue biopsies were culture positive (P = 0.0003). The tissue 

biopsies yielded significantly higher numbers of cfu than the implants yielded for 

both inocula tested (Figure 2A). In mice carrying PApvp implants challenged with 

3x106 cfu, 92% of the tissues and 25% of the implants yielded positive cultures 

after 8 days (P = 0.003), and the numbers of cfu cultured from the tissues were 

significantly higher (Figure 2B). After challenge with 3x107 cfu, 42% of the implants 

and 67% of the tissues were culture positive after 8 days (difference not significant), 

and the numbers of cfu retrieved were similar.

At the late time point, after 18 days, low numbers of SEpvp implants were 

culture positive, and the numbers of cfu were low (Figure 2A). The corresponding 

tissue samples yielded 50% positive cultures, which was a 50% decrease compared 

with the day 10 value (P = 0.0137). Tissue colonization around SEpvp and tissue 

colonization around PApvp at the late time point were similar, but higher numbers 

of cfu were retrieved from PApvp implants than from SEpvp implants (P = 0.0253) 

(Figure 2A and B). Thus, like strain RP62a, strain AMC5 was able to colonize and 

persist in peri-implant tissue around different biomaterials.

 Clinical S. epidermidis isolates differ in the capacity to colonize implants 

in experimental BAI 35. S. epidermidis RP62a and AMC5 showed similar levels 

of implant colonization. Both strains colonized the tissue more avidly than they 

colonized the implants. The physicochemical characteristics of biomaterials may 

also influence the susceptibility to infection in vivo 36 either due to differences in 

adherence of the bacteria or due to differences in the nature of the foreign body 

response or the immune response provoked by the presence of the biomaterial 37,38. 

Despite the differences in the inflammatory response known to be induced around 

SEpvp and PApvp during infection 25,26, tissue colonization around these materials 

was very similar.

Figure 1 (p.37): Percentages of culture-positive samples (A) and numbers of cfu cultured from 

tissue biopsies (T) and biomaterial implants (BM) from C57BL/6 mice with SEpvp implants at 5 

days after challenge with graded inocula (B) and at 5 and 14 days after challenge with 2x106 and 

1x107 cfu (C) of S. epidermidis RP62a. The frequencies of positive cultures are indicated at the 

top. An asterisk indicates that the P value is < 0.05. Samples that were positive as determined 

by liquid broth culture but negative as determined by plate culture are indicated by open circles.
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Figure 2: Frequencies of positive samples and numbers of cfu cultured from tissue biopsies (T) 

and biomaterial implants (BM) from C57BL/6 mice with SEpvp implants sacrificed at 10 and 18 

days (A) and from mice with PApvp implants sacrificed at 8 and 15 days (B) after challenge with 

3x106 and 3x107 cfu of S. epidermidis AMC5. The frequencies of positive cultures are indicated at 

the top. An asterisk indicates that the P value is < 0.05. Samples that were positive as determined 

by liquid broth culture but negative as determined by plate culture are indicated by open circles.
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Experimental BAI due to S. epidermidis RP62a in BALB/c mice with SEpvp 

implants. Since BALB/c mice are reported to be more susceptible to bacterial 

infection than C57BL/6 mice 39,40, we used small S. epidermidis RP62a inocula (1x104, 

1x105, and 1x106 cfu). The mice were sacrificed 8 days after challenge. As observed 

for the C57BL/6 mice, the level of tissue colonization around the SEpvp implants 

was dependent on inoculum size and was higher than the level of colonization of the 

implants themselves after challenge with 1x105 and 1x106 cfu (Figure 3A and B).

To assess bacterial persistence, BALB/c mice were challenged with an 

inoculum containing 1x106 cfu of S. epidermidis RP62a and sacrificed 6, 14, or 21 

days later. The numbers of culture-positive implants and surrounding tissues and the 

numbers of cfu retrieved from implants, as well as from tissues, decreased over time 

(Figure 3C and D). The peri-implant tissues were more often culture positive than 

the implants, but the difference was not significant. However, after 14 days RP62a 

was cultured from 44% of the tissue samples from BALB/c mice and from only 8% 

of the samples from C57BL/6 mice challenged with a similar inoculum (P < 0.05). 

Thus, BALB/c mice were more susceptible than C57BL/6 mice to persistent tissue 

colonization by S. epidermidis RP62a. This is in accordance with the higher susceptibility 

of BALB/c mice to infection by other bacteria 27,41,42, particularly pathogens residing 

in cells or tissues 41. This might be related to the Th2 predominance in these mice.

Histology. To investigate where the bacteria were located, we selected biopsies 

for histology which had yielded high numbers of cfu and were expected to contain 

sufficient bacteria for microscopic analysis. Sections were collected from different 

levels in the biopsies. The images in Figure 4 are representative of the biopsies 

examined from mice challenged with S. epidermidis AMC5 and RP62a.

 

Figure 4 shows Gram-stained sections (Figure 4A to D) and hematoxylin- and eosin-

stained sections (Figure 4E) of peri-implant tissue from C57BL/6 mice 8 days after 

implantation of SEpvp and challenge with 1x107 cfu of strain AMC5. Fibroblasts, 

lymphocytes, and granulocytes were present in the peri-implant tissue, indicating 

that there was severe inflammation (Figure 4E). Bacteria were co-localized with cells 

in the tissue with the morphology of macrophages at a distance that was 10 to 20 

cell layers from the biomaterial-tissue interface (Figure 4C and D). No bacteria were 

visible at the biomaterial-tissue interface (Figure 4A and B), where a biofilm would 

have been localized.
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Figure 3: Frequencies of positive samples (A and C) and numbers of cfu (B and D) cultured 

from tissue biopsies (T) and biomaterial implants (BM) from BALB/c mice with SEpvp implants 

at 8 days after challenge with 1x104, 1x105, and 1x106 cfu S. epidermidis RP62a (A and B) and 

at 6, 14, and 21 days after challenge with 1x106 cfu S. epidermidis RP62a (C and D). An 

asterisk indicates that the P value is < 0.05. Samples that were positive as determined by 

liquid broth culture but negative as determined by plate culture are indicated by open circles.
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In the tissue of mice carrying PApvp implants and challenged with 3x107 cfu of 

S. epidermidis  AMC5, signs of active inflammation were observed 8 days after 

challenge (Figure 4F to J). Fibroblasts, neutrophils, monocytes, and plasma cells 

were present (Figure 4J). At the tissue-implant interface no bacteria were observed 

(Figure 4F and G), but large numbers of gram-positive cocci co-localized with cells in 

peri-implant tissue that was > 30 cell layers from the implant (Figure 4H and I). Under 

conditions that compromise the intracellular microbicidal mechanisms, S. epidermidis 

survives intracellularly in various types of phagocytic cells 34,43. Our results imply that 

the presence of the implants indeed compromised the local immunity, providing S. 

epidermidis with a niche in the peri-implant tissue.

To assess whether our findings with the mouse model are relevant for the 

human situation, we recently collected central venous catheters and surrounding 

tissue from deceased patients. We cultured bacteria more often from the peri-

catheter tissue than from the catheters and the numbers of bacteria were higher, 

and we also cultured bacteria from tissue not directly bordering the catheters 44. 

These findings support the hypothesis that peri-implant tissue is a niche for bacteria 

causing persistent biomaterial-associated infections in humans and imply that the 

mouse model is a proper model for studying these infections.

Our findings may have important implications for patients with an implanted 

biomedical device. If S. epidermidis is indeed able to survive and replicate in peri-

implant tissue in humans and possibly intracellularly, antibiotic treatment protocols 

might need adjustment. S. epidermidis BAI is often treated with vancomycin, but 

vancomycin has relatively poor tissue penetration 45 and is inefficient in reaching 

intracellular bacteria 46. When vancomycin rifampicin combinations are used for 

therapy, S. epidermidis in tissue or even inside host cells is reached and affected 

predominantly only by the rifampicin. As S. epidermidis readily develops resistance 

to rifampicin monotherapy 47, the use of a second antibiotic with good tissue and host 

cell penetration may be warranted.

Figure 4 (p.42): Gram-stained (A to D and F to I) and hematoxylin- and eosin-stained (E and 

J) sections of peri-implant tissue from C57BL/6 mice with SEpvp implants (A to E) challenged 

with 1x107 cfu of S. epidermidis AMC5 and with PApvp implants (F to J) challenged with 3x107 

cfu of S. epidermidis AMC5 and sacrificed after 8 days. The arrows in panels A and F indicate 

the biomaterial-tissue interface, and the arrows in panels D and I indicate bacteria. 
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CONCLUSION

In our mouse BAI model, peri-implant tissue proved to be a major niche for S. 

epidermidis. After challenge with low doses, S. epidermidis was recovered only from 

the peri-implant tissue and not from the implants themselves. At higher challenge 

doses, bacteria were found in association with the biomaterial, but higher numbers 

of cfu were cultured from the surrounding tissue. Moreover, bacteria persisted longer 

in the tissue than on the biomaterial implants. This was observed for two strains of S. 

epidermidis, RP62a and AMC5, for two different biomaterials, SEpvp and PApvp, and 

in two different mouse genetic backgrounds, C57BL/6 and BALB/c. Thus, contrary 

to the general contention, the biomaterial implant itself was not the major site of 

colonization, but S. epidermidis resided predominantly in the peri-implant tissue.
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ABSTRACT

Infections associated with implanted biomedical devices (BAI) are predominantly 

caused by Staphylococcus epidermidis. We previously observed in murine 

experimental BAI that S. epidermidis persists in peri-implant tissue rather than on 

the implanted biomaterial itself (Boelens et al., J Infect Dis 2000; 181: 1337–49; 

Broekhuizen et al., Infect Immun 2007; 75: 1129–36). To investigate the efficacy 

of rifampicin / vancomycin to clear S. epidermidis from implants and peri-implant 

tissues, mice with two implants were challenged with 1x107 cfu S. epidermidis per 

implant and received daily injections of rifampicin (25 mg/kg) and vancomycin (50 

mg/kg). On the day of termination, implants and peri-implant tissue were collected 

and processed for culture and histology. After 1 and 8 days, implants of control mice 

were culture positive in 14/18 and 5/16 cases, respectively, and tissue biopsies were 

all culture positive. In the antibiotic-treated mice, bacteria were recovered from only 

1/18 and 1/16 implants after 1 and 8 days, respectively, whereas the tissues were 

culture positive in 14/18 and 7/16 biopsies, respectively. In microscopy, bacteria were 

seen in the tissue at a distance of several cell layers from the tissue-implant interface, 

colocalized with host cells. Thus, although a regimen of rifampicin / vancomycin 

sterilized the implants, S. epidermidis persisted in peri-implant tissue, which might 

be an as yet unrecognized reservoir in the pathogenesis of BAI.

INTRODUCTION

Infections associated with inserted or implanted biomaterial devices are a frequently 

occurring problem in modern medicine. Extensive antibiotic treatment is usually 

required, and the biomedical device often needs to be removed, increasing hospital 

stay and costs 1,2. Staphylococcus epidermidis, commensal bacteria of the skin, 

are the predominant cause of these biomaterial-associated infections (BAI) 3. The 

bacteria adhere to the biomaterial surface and produce extracellular polysaccharides 

(formerly designated as slime) and form, together with host proteins, a biofilm on 

the implanted device 4-6. Bacteria in such a biofilm have a reduced susceptibility to 

antimicrobial agents 7-10. BAI are usually treated with vancomycin, often in combination 

with rifampicin 11. Vancomycin is known to penetrate biofilms and effectively reduce 
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the numbers of bacteria 12,13. Despite this, vancomycin treatment still may have a 

relatively high rate of failure 14. This might be explained in part by low metabolic 

activity of bacteria in the biofilm 15.

In previous studies, we showed that S. epidermidis is also found in the 

tissues surrounding the implant both in an experimental animal model 16-19 and in 

humans 20,21. Thus, peri-implant tissue may well be a niche for S. epidermidis, where 

the bacteria are not effectively killed by routine antibiotic regimens designed to act 

on bacteria within biofilms. To test this hypothesis, we investigated the efficacy of 

rifampicin combined with vancomycin to clear S. epidermidis from implants as well 

as from the peri-implant tissue in our experimental BAI mouse model.

MATERIALS AND METHODS

Animals. All animal experiments were approved by the Animal Ethical Committee 

of the University of Amsterdam. Specified pathogen-free C57Bl/6 female mice, 6–8 

weeks old and weighing 15–20 g, were used (Harlan, Horst, The Netherlands). All 

animals were housed in a pathogen-free environment and were provided with sterile 

food and water. After the surgical procedure, the animals were housed singly, in 

individually ventilated cages. 

Biomaterials. Segments of polyvinylpyrrolidone-grafted Silicon Elastomer (SEpvp) 

catheters (Medtronic PS Medical, Goleta, CA) with a diameter of 2.5 mm, a wall 

thickness of 0.6 mm, and 1 cm in length were used 16-19. Catheter segments were 

sectioned in a laminar flow cabinet and sterilized for 30 min under UV-light. Sterile 

gloves were used throughout the procedure.

S. epidermidis strain. The study was performed with S. epidermidis strain 

AMC5, a clinical isolate causing persistent infection in the mouse model 19. AMC5 

produces slime, as determined by the method of Christensen et al. 22, δ-toxin as 

determined according to Hebert and Hancock 23 and is positive for the biofilm-

associated icaA, atlE, sarA, and aap genes by PCR. Primers for icaA, atlE, and aap 

were according to Vandecasteele et al. 24 SarA was detected using primers sarA_d 

(AGCAAATGCTACATTGCTAATTC) and sarA_r (ATTTGCTTCTGTGATACGGTTG). 

MIC values (µg/ml) according to standard E-test (AB Biodisk N.A. Inc, Solna, 
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Sweden) of strain AMC5 were: rifampicin < 0.016, teicoplanin < 1.5, gentamicin 

0.125, and vancomycin 4. Antibiograms were made to identify the reisolated bacteria 

and to determine possible subtle changes in antibiotic susceptibility. The following 

antibiotic tablets were used for antibiograms of challenge bacteria and colony-

forming units (cfu) recovered from the mice: spectinomycin (200 µg), penicillin low 

(5 µg), chloramphenicol (60 µg), vancomycin (5 µg), erythromycin (78 µg), rifampicin 

(30 µg), minocyclin (80 µg), and gentamicin (40 µg). The challenge strain was 

susceptible to all antibiotics tested.

Inoculum preparation. Fifty milliliter of a logarithmic culture of S. epidermidis AMC5 

in Tryptic Soy Broth (TSB) was centrifuged at 2200xg for 10 min. The pelleted bacteria 

were washed twice with 30 ml of pyrogen-free NaCl 0.9% (saline) (Fresenius Kabi, 

Sévres, France) and resuspended in 5 ml saline. The optical density at 620 nm was 

measured and an inoculum suspension containing 4x108 cfu/ml saline was prepared 

based on this OD620.

Antibiotic regimen. An antibiotic regimen of 25 mg/kg rifampicin (Rifadin, Aventis, 

Hoevelaken, The Netherlands) and 50 mg/kg vancomycin (Vancomycin 500, Abbott 

bv, Hoofdddorp, The Netherlands) daily was chosen 25-27. On the basis of an average 

body weight of the mice of 20 g, 0.5 ml of an antibiotic solution of 2 mg/ml vancomycin 

+ 1 mg/ml rifampicin in 0.9% NaCl was injected intraperitoneally (i.p.). Control mice 

received injections of 0.5 ml of 0.9% NaCl.

Mouse BAI model. Mouse BAI studies were performed as described earlier 17,19,28. 

In brief, 36 mice were anesthetized with FFM-mix (1 ml of Hypnorm [fentanylcitrate 

{Fluanisone}], 1 ml of Midazalam, and 2 ml of distilled water) (0.07 ml 10 g of body 

weight) and given an intraperitoneal injection of rifampicin / vancomycin, or saline. 

Thirty minutes later, an SEpvp catheter segment was inserted subcutaneously at 

each side of the back and the incisions were closed with a single stitch. Subsequently, 

a bacterial inoculum of 107 cfu in 25 µl saline was injected along each implant, and 

mice received daily injections of antibiotics or saline (control mice) until the day of 

termination.

Two groups of nine mice (one control and one antibiotic- treated group) were 

sacrificed after 1 day, and 2 groups at 8 days after challenge. Mice were anesthetized 
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with FFM-mix, and a standardized biopsy of 12 mm in diameter was taken from each 

implantation site comprising the implant with surrounding tissue 17. The right side 

biopsy was used for quantitative culture; the left side biopsy was cut in two halves, 

one for quantitative culture, and one for histology. Cardiac puncture was performed 

to collect blood and terminate the mice.

The implants were rinsed and subsequently sonicated for 30 s in 500 µl 

saline. The sonicate was cultured quantitatively by plating 6 droplets of 10 µl of the 

neat sonicate (detection limit of 8 cfu) and of 10-fold serial dilutions. The implant 

itself was cultured in 80 ml of liquid Brewer Tween broth (BT), containing 3% (w/v) 

thioglycolate, 0.03% (w/v) polyanetholesulfonic acid, and 0.5% Tween 80, adjusted 

to pH 7.6 with 1M NaOH, for up to 14 days at 37°C. When the plate cultures were 

negative and the liquid culture was positive, the segments for statistical purposes 

were defined to have had 5 adherent cfu. The tissue samples were homogenized 

and quantitatively cultured. In addition, 1/10 volume of the homogenate was cultured 

in 80 ml BT for up to 14 days at 37°C. If the BT culture was positive and the plate 

cultures were negative, the total homogenate was considered to have contained 10 

cfu, since one tenth of the homogenate had been cultured. Positive BT cultures of 

any of the implants or tissue samples were streaked on blood agar plates, which 

were incubated overnight at 37°C.

Assessment of staphylocidal activity of antibiotics in tissue homogenates. To 

test whether the tissue homogenates contained staphylocidal antibiotic levels, 10 µl 

drops of undiluted and 10-fold diluted homogenates of the tissue of antibiotic-treated 

and control mice sacrificed at day 1 were spotted on plates inoculated with the 

challenge strain S. epidermidis AMC5. Plates were inspected for growth inhibition 

after incubation for 24 h at 37°C.

Blood culture. Twenty-five microliters of blood were added to 80 ml BT broth and 

cultured for up to 14 days at 37°C.

Histological examination. Biopsies were fixed in formaldehyde, embedded in 

plastic (methylmethacrylate / buthylmethacrylate; Merck Schuchart, Hohenbrunn, 

Germany), and 3–5 µm sections were cut from different levels in the biopsies. 

These sections were hematoxylin-eosin (HE) or Gram stained and examined by light 
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microscopy.

Immunohistochemical staining to specifically detect S. epidermidis was 

performed on selected slides using monoclonal antibodies raised against S. 

epidermidis lipoteichoic acid (anti-LTA; QED, Bioscience, San Diego, CA). Sections 

were deplastified and cooked, incubated with 3.5 µg/ml anti-LTA for 60 min, rinsed 

three times with PBS, and incubated for 30 min with an IgG1-specific horse 

radish peroxidase-conjugated secondary antibody (Immuno-Vision Technologies, 

Brisbane, CA). Peroxidase activity was detected using 3,3-DiAmino Benzidine 

tetrachloridestaining. The slides were counterstained with hematoxylin.

Statistics. The Fisher’s exact test was used to assess significances in differences 

in the frequencies of positive cultures of the biopsies and biomaterial implants from 

different groups of mice. Differences in numbers of cfu were analyzed with the Mann-

Whitney test. For both tests, p < 0.05 was considered significant.

RESULTS

Effect of rifampicin / vancomycin on biomaterial and tissue colonization by

S. epidermidis AMC5. After 1 day, 14/18 (78%) of biomaterial implant cultures, 

and all cultures of peri-implant tissues in the control group, were positive (Figure 1). 

In the antibiotic treated mice, all except one biomaterial segment yielded negative 

cultures. Although the antibiotic treatment had significantly decreased the numbers 

of cfu in peri-implant tissues when compared to the control group (p ≤ 0.0001), still 

78% of these tissues were positive.

After 8 days, 31% of the biomaterial implants and all of the tissue biopsies 

in the control group yielded positive cultures (Figure 1). Compared to day 1, only the 

culture positive implants had decreased in numbers (p < 0.05), whereas all the tissues 

remained positive. Most of the implants of the antibiotic treated mice were sterile 

(6% culture positive), but still 44% of the tissue biopsies yielded positive cultures. 

Thus, as in the control mice, S. epidermidis persisted in the peri-implant tissue of the 

antibiotic-treated mice, although the numbers of cfu had decreased when compared 

to day 1. In both the control and antibiotic treated groups, the tissues contained 

higher numbers of cfu than the corresponding biomaterial implants at 1 as well as 8 

days (p < 0.05). Blood cultures were negative for all samples.
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Figure 1: Effect of rifampicin / vancomycin on biomaterial and tissue colonization by S. 

epidermidis AMC5. Frequencies of positive cultures and numbers of cfu recovered from tissue 

biopsies (T) and biomaterial implants (BM) of C57Bl/6 mice, at 1 and 8 days after challenge 

with 1x107 cfu of S. epidermidis AMC5 are indicated. Frequencies of positive cultures are 

given above the lanes. Antibiotic injections (25 mg/kg rifampicin and 50 mg/kg vancomycin) 

were given daily until the day of sacrifice. An asterisk indicates p < 0.05. Samples with positive 

liquid broth cultures, but negative plate cultures are represented by open dots.

Antibiotics in peri-implant tissue. To assess staphylocidal activity present in peri-

implant tissue after intraperitoneal injection of rifampicin / vancomycin, the tissue 

homogenates of antibiotic-treated and control mice were spotted on plates inoculated 

with the challenge strain S. epidermidis AMC5. The undiluted tissue homogenates 

of the antibiotic-treated mice produced inhibition zones of 16–19 mm in diameter, 

indicating the presence of bactericidal levels of antibiotics in the tissue. The tissue 

homogenates of the control mice did not inhibit, but rather stimulated the growth of 

the bacteria (Figure 2).
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Figure 2: Influence of peri-implant tissue homogenates of antibiotic-treated (upper panels) or 

control mice (lower panels) on growth of S. epidermidis AMC5. Aliquots of 10 µl of undiluted 

(1) or 10-fold diluted homogenates (0.1) were spotted on BA plates inoculated with a lawn of S. 

epidermidis AMC5. Dark zones indicate growth inhibition due to the presence of antibiotics in 

the homogenates of the antibiotic-treated mice (upper panels). The undiluted homogenates of 

the control mice did not inhibit, but stimulated growth (lower panels). Results for homogenates 

of two mice representative for all homogenates from each group are shown.

Antibiotic susceptibility of S. epidermidis. Bacteria retrieved from biomaterial 

implants and tissues were tested for antibiotic resistance. In all cases single colonies 

of the reisolated bacteria had the same antibiogram as the challenge strain. No 

resistance to rifampicin or vancomycin was observed for S. epidermidis reisolated 

after 1 or 8 days. Moreover, as the zones of inhibition around the antibiotic disks for 

isolates from control and antibiotic-treated mice (range 46–52 and 18–22 mm zone 

diameter for rifampicin and vancomycin, respectively) were almost identical to those 

of the inoculum suspension (48–50 and 21 mm zone diameter for rifampicin and 

vancomycin, respectively), the antibiotic regimen apparently had not selected for 

isolates with decreased susceptibility.

Histopathology. S. epidermidis were predominantly cultured from the tissue biopsies 

surrounding the biomaterial implant rather than from the implants themselves, even 

after 8 days of antibiotic treatment. To investigate the localization of these bacteria, 

we analyzed biopsies from the various groups of mice by microscopy, on sections 
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collected from different levels in the biopsies. In samples that had yielded only low 

numbers of cfu, no bacteria were observed neither in the tissue nor at the tissue-

implant interface (not shown). In samples that had yielded higher numbers of cfu 

(control mice sacrificed at 8 days; Figure 3), gram-positive bacteria were seen in the 

tissue but not at the interface between tissue and biomaterial (Figure 3C, D). These 

samples were further analyzed by immunohistochemistry using anti-LTA, confirming 

the presence of bacteria in co-localization with a dense infiltrate of phagocytic and 

other inflammatory host cells (Figure 3E, F). Since high numbers of cfu were cultured 

from these tissue biopsies, we assume that at least a considerable number of these 

tissue-residing bacteria were viable.

DISCUSSION

Despite rifampicin / vancomycin treatment, S. epidermidis survived in peri-implant 

tissue in our experimental BAI mouse model. After 1 day, the rifampicin / vancomycin 

regimen had cleared the bacteria from the biomaterial implants but not from the 

peri-implant tissue. After 8 days none but one implant yielded positive cultures, but 

still 44% of the peri-implant tissue specimens were positive, with 25% of all samples 

yielding high numbers of S. epidermidis cfu. Histology showed high numbers of 

bacteria colocalized with cells, especially in the control group after 8 days. Hardly 

any bacteria were seen at the interface between tissue and biomaterial implants.

 The survival of S. epidermidis in peri-implant tissue was not due to low 

tissue levels of antibiotics, since tissue homogenates of 1 day antibiotic-treated 

mice strongly inhibited the growth of the test strain on plates inoculated with a 

lawn of these bacteria. Resistance to the antibiotics used might have been another 

explanation for the observed survival of S. epidermidis in the peri-implant tissue. 

Rifampicin resistance occurs rapidly because of point mutations in the gene encoding 

the β-subunit of the bacterial RNA polymerase 29 which alter the target site and 

decrease the binding affinity for rifampicin 30,31. Resistance can develop even when 

high concentrations of rifampicin are used 32. However, development of resistance 

is reduced when this antibiotic is used in combination with vancomycin 26,33-35. Our 

results are in agreement with the latter studies, as all bacteria recovered from the 

mice were still fully susceptible to both antibiotics. This indicates that the bacteria 

most likely survived in the tissue since they were not reached by the antibiotics, 
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Figure 3: Implant-tissue interface sections and peri-implant tissue of control mice sacrificed at 
8 days. Hematoxylin eosin (A, B), Gram (C, D), anti-LTA (E), and anti-LTA control (F)-stained 
sections of implant-tissue interface (arrow) (A, C, E, F) and peri-implant tissue (B, D, E, F) of 
C57Bl/6 mice with implanted SEpvp, challenged with 1x107 cfu of S. epidermidis AMC5 and 
sacrificed 8 days later. The anti-LTA control staining (F) consisted of the anti-LTA staining 
procedure without the anti-LTA antibody step. The figures are representative for sections 
in different levels in the biopsies examined. Magnification x150. (A) and (B) reveal dense 
inflammatory infiltrates composed of neutrophils, plasmacells, lymphocytes, and histiocytes. 
In (A), close to the implant (left) multinucleated giant cells can also be seen, as a reaction to the 
foreign material. Gram staining shows accumulation of gram-positive bacteria in macrophages 
not bordering the implant, especially in (D), as confirmed by immunohistochemistry (E); 
negative staining in control (F).
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or that they were present in a dormant state such as the so-called small colony 

variants, which are less responsive to antibiotic treatment 36.

Vancomycin is one of the recommended therapies to treat BAIs 37-39 with 

or without the addition of rifampicin. Vancomycin penetrates tissues poorly 40 

and rifampicin penetrates well in tissues but is reported to be less effective in 

killing intracellular staphylococci 41. In accordance with our earlier studies 16,17,19,28 

S. epidermidis was predominantly found in the peri-implant tissue and even 

localized within host cells, thus likely not effectively targeted by either vancomycin 

or rifampicin. This would explain the high frequency of positive BT cultures of these 

tissues, since the host tissue and cells are lysed by the Tween present in the BT 

broth, liberating the bacteria. Thus, our results suggest that the peri-implant tissue 

plays an important role in the pathogenesis of BAIs, and that the presence of S. 

epidermidis in this tissue and within host cells may explain the reduced efficacy 

of the antibiotic regimen of rifampicin and vancomycin. A possible lowered 

level of metabolic activity of these bacteria may also contribute to their survival.

Bacterial peri-implant tissue colonization has not yet systematically been 

investigated in humans, but several studies indicate that this may be an important 

and as yet generally overlooked phenomenon. In a study on subclinical infection of 

breast implants, 77% (17/22) of the silicone implants cultured using an extended 

protocol yielded positive cultures, but also 20% (8/40) of the peri-implant capsules 

yielded growth 42. In one case the capsular tissue was culture positive whereas the 

implant did not yield growth. Similarly, 27/47 (57%) specimens of perivalvular tissue 

from prosthetic valve endocarditis patients yielded S. epidermidis 43. It cannot be 

excluded that the tissue in these studies was infected due to bacterial migration 

from the implant into the surrounding tissue, or due to the used excision procedure. 

To more systematically investigate whether peri-implant tissue colonization occurs 

in humans, we have recently collected central venous catheters and surrounding 

tissue from deceased patients using a carefully controlled excision procedure. 

We retrieved bacteria from the tissue in more cases, and at higher numbers than 

from the corresponding catheters, and also from tissue not directly bordering the 

catheters 20,21, supporting a role of peri-implant tissue as a niche for bacteria causing 

BAI.

Peri-implant tissue colonization is not unique for the biomaterial SEpvp 

used in the present study. In mice, tissue survival of S. epidermidis occurs even 
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more pronounced around pvp-coated polyamide, and somewhat less around non-

coated silicon elastomer and polyamide 16. Vuong et al. reported colonization by S. 

epidermidis of tissue surrounding Tygon silicone tubing implanted subcutaneously 

in rabbits 44. In our study on deceased patients (see above), we observed bacterial 

colonization of tissue around catheters manufactured of different biomaterials 20,21. 

As the physicochemical characteristics of the biomaterial may influence the level of 

bacterial tissue colonization 16 a novel focus of biomaterials research may be the 

development of biomaterials, which prevent or reduce bacterial colonization of peri-

implant tissue.

Our results imply that an optimal treatment regimen for BAI should include 

antibiotics that penetrate biofilms as well as peri-implant tissue, which act intracellularly, 

and also eradicate bacteria in reduced metabolic state such as the small colony 

variants. Possible new antibiotic combinations such as linezolid, vancomycin, and 

levofloxacin 45 or quinupristin/dalfopristin combined with levofloxacin or doxycycline 46 

significantly reduced staphylococcal infections of subcutaneously implanted Dacron 

prostheses in rats. Tissue survival of the bacteria was however not investigated in 

these studies. Linezolid has excellent oral bioavailability and tissue penetration 37,47 

and therefore certainly holds promise for eradication of peri-implant tissue-residing 

bacteria. Since the presence of a foreign body such as a biomedical device reduces 

local immunity 48 an additional approach might be immunostimulation by for example 

interferon-g18 either alone or in combination with antibiotics.

CONCLUSION

We conclude that S. epidermidis in peri-implant tissue are not eradicated by an 

antibiotic regimen of rifampicin / vancomycin, which does effectively eliminate 

bacteria from the implant surface. This indicates that the peri-implant tissue is 

a hitherto unrecognized niche where S. epidermidis can persist even in spite of 

antimicrobial treatment.
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ABSTRACT

Biomaterial-associated infection (BAI) is a major problem in modern medicine, and 

is often caused by Staphylococcus epidermidis. We aimed to raise monoclonal 

antibodies (mAbs) against major surface protein antigens of S. epidermidis, and to 

assess their possible protective activity in experimental BAI. Mice were vaccinated 

with a cell wall protein preparation of S. epidermidis. A highly immunodominant antigen 

was identified as Accumulation-associated protein (Aap). Mabs against Aap and 

against surface-exposed lipoteichoic acid (LTA) were used for passive immunization 

of mice in experimental biomaterial-associated infection. Neither anti-Aap nor anti-

LTA mAbs showed protection. Either with or without antibodies, tissue surrounding the 

implants was more often culture positive than the implants themselves, but bacterial 

adherence to the implants was significantly increased in mice injected with anti-LTA. 

In vitro, anti-Aap and anti-LTA did show binding to S. epidermidis, but no opsonic 

activity was observed. We conclude that antibodies against S. epidermidis LTA or 

Aap showed no opsonic activity and did not protect mice against BAI. Moreover, 

the increase in binding to implanted biomaterial suggests that passive immunization 

may increase the risk for BAI.

INTRODUCTION

Staphylococcus epidermidis, commensal bacteria of the skin, are the predominant 

cause of BAI 1. These infections increase morbidity and costs of care, and may even 

require removal of the implanted device 2,3. The pathogenesis of these infections 
1,4,5 includes the formation of biofilms consisting of bacteria, bacterial products and 

host proteins and cells on the biomaterial surface 5,6. Biofilm formation starts with 

direct adherence of S. epidermidis to the biomaterial through autolysin AtlE 5,7 and 

to deposited host proteins such as fibronectin and fibrinogen, through fibronectin-

binding 8 and fibrinogen-binding protein 9, respectively. Subsequently a biofilm 

accumulates, involving polysaccharide intercellular adhesin (PIA) 10 and the fibrillar 

accumulation-associated protein (Aap) 11-13.

Previously we have shown that in addition to biofilm formation S. epidermidis 

persists in peri-implant tissue in mice, even inside macrophages 14-16. This is true 
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for different biomaterials, mouse strains and S. epidermidis strains 14,16. The tissue-

residing bacteria are more resistant to antibiotics than adherent bacteria 17. Moreover, 

tissue surrounding biomaterials also is a niche for bacteria in humans, as we recently 

assessed by culture and immunohistology in a study on catheters and surrounding 

tissue from deceased patients 18.

To prevent BAI, passive immunization may be applied. Antibodies developed 

until now mostly are directed against polysaccharide antigens 19-21. The aim of the 

present investigation was to raise antibodies against S. epidermidis major surface 

protein antigens and test their possible protective activity in a mouse BAI model.

MATERIALS AND METHODS

S. epidermidis strain. The study was performed with S. epidermidis strain 

AMC5, a clinical isolate causing persistent biomaterial-associated infection in 

our mouse BAI model 16. AMC5 produces slime, as determined by the method of 

Christensen et al. 22, δ-toxin as determined according to Hebert and Hancock 23 

and is positive for the biofilm-associated icaA, atlE, sarA and Aap genes by PCR. 

Primers for icaA, atlE and Aap were according to Vandecasteele et al. 24. SarA was 

detected using primers sarA_d (AGCAAATGCTACATTGCTAATTC) and sarA_r 

(ATTTGCTTCTGTGATACGGTTG). MIC values (µg/ml) according to standard E-test 

(AB Biodisk N.A.Inc, Solna, Sweden) were: rifampicin < 0.016, teicoplanin < 1.5, 

gentamicin 0.125, and vancomycin 4. Antibiotic tablets were used for antibiograms 

of challenge bacteria and cfu recovered from the mice 16,17, the challenge strain was 

susceptible to all antibiotics tested.

S. epidermidis cell wall protein preparations for immunization. Bacteria were 

cultured overnight on tryptic soy agar (TSA; Oxoid, Badhoevedorp, The Netherlands) 

plates supplemented with 1 mM EDDA to provide iron-limiting conditions expected to 

induce expression of proteins also expressed in patients. Bacteria were harvested 

in 30% (w/v) raffinose in 10 mM Tris buffer pH 8.0. PMSF (final conc. 5 mM), 

benzamidine (final conc. 10 mM) and lysostaphin (Sigma; final conc. 1 µg/ml) were 

added and the suspension was incubated at 37oC for 1 h. The supernatant containing 

the cell surface proteins was harvested by centrifugation at 8000 rpm for 15 min at 

4oC, passed through a 0.2 µm filter and concentrated by ultrafiltration using a 5 

PS Corine_Final20090105m.indd   72 05-01-2009   14:59:00



73Antibodies increase adherence of S. epidermidis to biomaterial

kDa cutoff membrane (Vivaflow 200, Sartorius, Epsom Surrey, United Kingdom). 

To obtain antigen preparations with differing composition, the concentrated surface 

protein preparation was applied to a monoQ anion exchange column in 20 mM Tris 

pH 8.6 (buffer A) and protein was eluted with a gradient of 10 mM Tris 1M NaCl pH 

8.6 (buffer B). Pools of fractions A-E (Figure 1) of 16 separate chromatographic runs 

were prepared, dialyzed against PBS and stored at -20oC.

Polyclonal and monoclonal antibodies. Each of the cell surface protein fractions 

A-E (Figure 1) obtained after ion exchange chromatography was used to immunize 

BALB/c mice. Polyclonal sera were tested for reactivity with S. epidermidis total cell 

wall protein preparations in Western Blots. Based on the antibody responses 5 mice 

were chosen for fusion of their B-cells to produce mAbs. Monoclonal antibodies 

against S. epidermidis lipoteichoic acid (LTA) (IgG1) were from QED Biosciences Inc. 

(Autogen Bioclear, Calne, Wiltshire, UK), and isotype control mouse IgG1 and IgG2b 

from BD Biosciences (Breda, The Netherlands), and IgG2a from DAKO (Heverlee, 

Belgium).

SDS-PAGE and Western blot. SDS-PAGE gels (15%, BioRad, Hertfordshire, United 

Kingdom) were run for 4 h and blotted onto nitrocellulose overnight at 10 V and 50 

mA. Blots were blocked with 1% bovine serum albumine (BSA), and incubated with 

mouse sera (diluted 1:10.000 in PBS) or mAbs (final concentration of 4 µg/ml). Bound 

antibodies were detected using alkaline phosphatase-conjugated goat-anti-mouse 

IgG (Sigma, Steinheim, Germany), and NBT/BCIP (nitroblue tetrazoliumchloride/5-

Bromo-4-chloro-3-indolyl phosphate) (Promega, Leiden, The Netherlands) as the 

substrate.

Identification of immunodominant protein. The 175 kDa protein recognized by 

antibodies in Western blots was excised from Coomassie-stained SDS-PAGE gels 

run in parallel. The protein in the gel band was denatured, carboxymethylated and 

subjected to in-gel tryptic digestion. The resulting peptides were extracted from the 

gel and purified using a C18 cartidge. The peptide-containing fractions were analysed 

by Delayed Extraction-Matrix Assisted Laser Desorption Ionisation-Time of Flight 

(DE-MALDI-TOF) mass spectrometry. Some of the peptides were also subjected to 

sequencing using Nanospray-MS/MS.
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Whole cell ELISA. S. epidermidis cultured on TSA plates were harvested in Dulbecco’s 

PBS (Gibco Invitrogen, Breda, The Netherlands), centrifuged, and resuspended in 

Dulbecco’s PBS to an optical density at 620 nm wavelength (OD
620

) of 3.0. Microtiter 

plates (Nunc-Immuno Maxisorb; Nunc, Roskilde, Denmark) were incubated with 50 

µl of this suspension per well for 4 h at 4oC, to allow adherence of the bacteria. Then, 

the plates were washed three times with PBS containing 0.05% Tween 20 (PBS-

Tween) and the bacteria were killed and fixed overnight under UV light in a laminar 

flow cabinet. The plates were blocked with PBS containing 3% (w/v) BSA for 1 h at 

37oC, and washed 3 times with PBS-Tween. Doubling dilutions of primary antibody 

(100 µl) were added, plates were incubated for 1 h at 37°C, washed 3 times with 

PBS-Tween, and incubated with 100 µl of alkaline phosphatase-conjugated goat-

anti-mouse IgG for 1 h at 37°C. Then, plates were washed 4 times with PBS-Tween, 

developed with 100 µl Fast P-nitro Phosphatase substrate (Sigma) for 30 min at 

37oC, and the OD at 405 nm was measured.

Mouse biomaterial-associated infection model. Mouse BAI studies were 

approved by the Animal Ethical Committee of the University of Amsterdam, and 

were performed as described earlier 15,16,25. In brief, specified pathogen-free C57Bl/6 

female mice (Harlan, Horst, The Netherlands) were anesthetized with FFM-mix (1 

ml fentanylcitrate, 1 ml midazalam, and 2 ml distilled water) and a one cm long 

polyvinylpyrrolidone-grafted Silicon Elastomer (SEpvp, 2.5 mm diameter, wall 

thickness 0.6 mm; Medtronic PS Medical, Goleta, CA, USA) catheter segment was 

inserted subcutaneously at each side of the back. The incisions were closed with a 

stitch 14-16,26. A single dose (25 or 50 µl) of antibody or saline was injected alongside 

each catheter segment.

 Fifty ml of a logarithmic culture of S. epidermidis AMC5 in TSB was 

centrifuged at 2200xg for 10 min. The pelleted bacteria were washed twice with 30ml 

pyrogen-free NaCl 0.9% (saline) (Fresenius Kabi, Sévres, France) and resuspended. 

The optical density at 620 nm was measured and inoculum suspensions containing 

1.2x109 or 4x108 cfu/ml saline were prepared based on this OD
620.

 Thirty minutes after injection of the antibody, the bacterial inoculum of 3x107 

(anti-LTA experiment) or 1x107 (anti-Aap experiment) cfu in 25 µl saline was injected 

along the implants. The anti-LTA experiment was set up as 3 groups of 6 mice; one 

group received a saline injection (control group). The second and 3rd group received 
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an anti-LTA injection (40 µg / 25 µl), and in the 3rd group this anti-LTA injection was 

repeated after 3 days. For the anti-Aap experiment 9 mice received an anti-Aap 

injection (325 µg / 50 µl), and 9 mice a saline injection (50 µl, control group).

 All mice were sacrificed 8 days after challenge. Mice were anesthetized with 

FFM-mix, and a standardized biopsy of 12 mm in diameter was taken from each 

implantation site comprising the implant with surrounding tissue 15-17. The right side 

biopsy was used for quantitative culture; the left side biopsy was cut in two halves, 

1 for quantitative culture, and 1 for histology. Cardiac puncture was performed to 

collect blood and terminate the mice.

The implants were rinsed and subsequently sonicated for 30 s in 500 µl saline. 

The sonicate was cultured quantitatively by plating 6 droplets of 10 µl of the 

undiluted sonicate (detection limit of 8 cfu) and of ten-fold serial dilutions. The implant 

itself was cultured in 80 ml of liquid Brewer Tween broth (BT), containing 3% (w/v) 

thioglycolate, 0.03% (w/v) polyanetholesulfonic acid, and 0.5% Tween 80, 

adjusted to pH 7.6 with 1M NaOH, for upto 14 days at 37°C. When plate cultures were 

negative, while the corresponding liquid culture was positive, we defined the im-

plants to have been colonized with 5 cfu. The tissue samples were homogenized 

and cultured quantitatively. In addition, 1/10 volume of the homogenate was cultured 

in 80 ml BT for upto 14 days at 37°C. If the BT culture was positive and the plate 

cultures were negative, the total homogenate was considered to have contained 

10 cfu, since one tenth of the homogenate had been cultured. Positive BT cultures 

of any of the implants or tissue samples were streaked on blood agar plates which 

were incubated overnight at 37°C.

Opsonophagocytosis. HL60 cells (a human granulocyte cell-line; ATCC CCL-240) 

were grown in complete RPMI medium without phenol red with 20% FBS (both 

from Gibco Invitrogen). Cells were centrifuged at 160xg for 7 min, resuspended 

in RPMI with N,N-dimethylformamide (100 mM) and incubated for 6 days to allow 

differentiation into polymorphonuclear leucocytes (PMN’s). S. epidermidis grown in 

TSB to midlog fase, were harvested by centrifugation at 4000xg for 5 min, washed 

in 0.1M NaHCO
3
 and resuspended in 5 ml of this solution. Twentyfive µl of 10 mg 5- 

(6-) carboxyfluorescein succinimidyl ester (FAM-SE; Molecular Probes, Leiden, The 

Netherlands) per ml dimethylsulfoxide was added, and the mixture was incubated 
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for 1 h at 37oC in a 5% CO
2 
atmosphere. The labeled bacteria were washed 5 times 

with opsonization buffer (10 ml Hanks balanced salt solution with Ca2+ and Mg2+ 

containing 0.2% BSA). The bacteria were diluted to 4x107 cfu/ml opsonization buffer 

and kept on ice.

Opsonophagocytosis assay. Aliquots of 20 µl of labeled bacterial suspension were 

incubated shaking with 10 µl sera or antibodies at 37oC for 30min. Ten µl of rabbit 

complement (Harlan, Loughborough, UK) was added and incubation was continued 

for 15 min at 37oC. This was followed by addition of 40 µl of differentiated HL60 cells 

(105 cells) and the mixture was incubated shaking for 25 min at 37oC. The reaction 

was stopped by placing the mixture on ice. After addition of a volume of 160 µl 

opsonization buffer, the opsonophagocytosis was assessed by FACS analysis and 

quantified as the percentage of FL1- positive HL60 cells.

Assessment of antibody binding. To verify antibody binding to the bacteria, S. 

epidermidis inocula were prepared as described for opsonophagocytosis. Anti-LTA 

was labeled with Zenon-alexa-488 using the Zenon Mouse IgG labeling kit, and 

anti-Aap with the alexa-488 fluor mAb labeling kit (Molecular Probes, Leiden, The 

Netherlands), according to the manufacturer’s protocols. S. epidermidis samples were 

incubated with 0.6 µg of labeled antibody for 30 min at room temperature shielded 

from light, and analysed by FACS (FACS-calibur, BD, Breda, The Netherlands).

Statistics. Fisher’s exact test was used to assess significances in differences in 

the frequencies of positive cultures of the biopsies and biomaterial implants from 

different groups of mice. Differences in numbers of cfu were analyzed with the Mann-

Whitney test. For both tests, P < 0.05 was considered significant.

RESULTS

Production of antibodies against S. epidermidis AMC5 outer surface proteins.

Cell wall protein fractions A-E obtained from strain AMC5 (Figure 1A) were used to 

immunize Balb/c mice and the resulting sera were tested against fractions A-E in 

Western blots. All sera recognized a protein with an apparent molecular weight (MW) 

of 175 kDa present in different amounts in each of the fractions A-E (Figure 1B).
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Figure 1: Antibodies against S. epidermidis AMC5 outer surface proteins. A; fractionation of 

concentrated outer surface protein preparation by MonoQ anion exchange chromatography. 

Fractions A-E of 16 separate chromatographic runs were pooled and used to immunize 

Balb/c mice. B; western blots of sera from mice immunized with fractions A-E (α-fraction A-E) 

tested against the cell wall protein fractions A-E. C; reaction of 15 monoclonal antibodies 

obtained from hybridoma’s of B-cells from immunized mice. Twenty-one of 27 hybridoma’s of 

mice immunized with either of the S. epidermidis protein fractions A-E produced antibodies 

recognizing a protein with an apparent molecular weight of 175 kDa.
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Figure 1C shows the reaction of 15 mAbs obtained from hybridoma’s of B-cells from 

immunized mice. Twenty-one out of 27 hybridoma’s of mice immunized with the S. 

epidermidis protein fractions A-E, produced antibodies recognizing a protein with 

an apparent MW of 175 kDa which was also recognized by the polyclonal sera. 

Peptide mass fingerprinting identified this protein as the Accumulation-associated 

protein Aap. Aap was a highly immunodominant protein, since even cell wall protein 

preparations depleted of Aap predominantly induced anti-Aap antibodies in 13/15 

mice (data not shown). We therefore continued our experiments using the anti-Aap 

antibodies MS1-34, MS1-47 and MS2-89 (Figure 1), designated as anti-Aap1, 2 and 

3, respectively. 

Whole cell ELISA using mAbs against S. epidermidis AMC5. A whole cell ELISA 

was performed to test the antigen-binding activity of anti-Aap1 (IgG2a), 2 (IgG2a) 

and 3 (IgG2b), anti-LTA (IgG1), and of isotype control antibodies. Anti-Aap1, 2 and 

3 showed similar dose-response curves, and showed significant binding at approxi-
mately 4-fold lower concentrations than anti-LTA (Figure 2). 

Figure 2: Antigen-binding activity of anti-Aap1, 2, 3 and anti-LTA in a bacterial whole-cell ELISA.

The signal of anti-LTA continued to increase with increasing antibody concentration, 

whereas all 3 anti-Aap antibodies reached a maximum level of binding at approximately 

0.4 mg/ml antibody, possibly indicating saturation. Control IgG1, IgG2a and IgG2b 

showed no binding, indicating that the binding of the anti-Aap and anti-LTA antibodies 

to S. epidermidis immobilized to the microtitre plates was specific.
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Effect of anti-LTA and anti-Aap-1 on colonization of biomaterial and sur-

rounding tissue by S. epidermidis AMC5. The effect of anti-LTA and anti-Aap on 

tissue colonization as well as on in vivo biomaterial adherence in our mouse BAI 

model was investigated in 2 separate experiments. In the anti-LTA experiment mice 

received either a single injection of 40 µg of the antibody prior to injection of the 

bacterial inoculum, or one injection prior to challenge and a repeat injection after 

3 days. Controls received a saline injection prior to bacterial challenge. After 8 days, all 

12 tissue samples of each group were culture positive. In the control group 5/12 of the 

implants were culture-positive, versus 10/12 and 11/12 (p = 0.03 versus control group) 

of the implants of the anti-LTA single and repeat injection groups, respectively (Figure 3).

Figure 3: Effect of anti-LTA (A) and anti-Aap-1 (B) on biomaterial and tissue colonization by 
S. epidermidis AMC5. Frequencies of positive cultures and numbers of cfu recovered from 
tissue biopsies (T) and biomaterial implants (BM) of C57Bl/6 mice, 8 days after challenge with 
3x107 and 1x107 cfu of S. epidermidis AMC5 are indicated. Frequencies of positive cultures 
are given above the lanes. * indicates p < 0.05.
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Since no protection was seen in the anti-LTA experiments at the concen-

trations used, we gave the mice a higher concentration of antibody in the 

experiment with anti-Aap1, in a larger volume. In anti-Aap1-injected mice 16/18 

tissue samples yielded growth compared to 10/16 in the control group. The control 

group only yielded one culture-positive implant, whereas in the anti-Aap1 group 6 

implants with bacterial growth were recovered (P = 0.09, NS) (Figure 3).

 Tissues contained higher numbers of cfu than the corresponding biomaterial 

implants in all groups at 8 days (P < 0.05), and higher frequencies of colonization 

were also observed for the anti-Aap experiment. Blood cultures were negative for all 
samples.

Figure 4: Effect of antibodies on complement-mediated opsonophagocytosis. A, fluorescently 
labeled bacteria were opsonized with increasing concentrations of sera. The opsonized bacte-
ria were then incubated with the human granulocyte cell-line HL-60 and opsonophagocytosis 
was assessed by FACS analysis. The percentage of fluorescent phagocytic cells at each 
antibody concentration is plotted in the graph. B, alexa-488-labeled anti-LTA and anti-Aap-1 
mAbs efficiently bound to S. epidermidis AMC5 cells (filled histograms). Open histograms, 
controls without antibody. Results are representative of three independent experiments. 
The fluorescence intensity of bacteria with bound anti-Aap-1 is relatively low due to indirect 
labeling of the antibody with Zenon.

Effect of antibodies on complement-mediated opsonophagocytosis. Since 

bacteria persisted in the mice despite antibody immunization, we assessed the 

opsonic capacity of anti-LTA and anti-Aap1 in vitro. FAM-SE-labeled S. epidermidis 

AMC5 bacteria were opsonized with different concentrations of anti-Aap1, anti-LTA 

or pooled human serum (expected to contain anti-S. epidermidis antibodies) and 

subsequently incubated with the HL-60 cell-line.
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 Opsonization by heat inactivated pooled human serum (HI-PHS) resulted 

in a serum concentration-dependent uptake of labeled bacteria by the HL-60 cells 

(Figure 4). Anti-Aap, anti-LTA and mouse preimmune (PI) serum did not show any 

opsonic activity. To assess whether the lack of opsonic activity might be due to a 

lack of binding of the antibodies to the bacteria, fluorescently labeled anti-LTA and 

anti-Aap1 were applied to S. epidermidis AMC5 and the bacteria were analysed by 

FACS. The clear shift in FL1 fluorescence (Figure 4B) showed that the antibodies did 

bind to the bacterial cells in suspension.

DISCUSSION

Aap appeared to be a highly immunodominant S. epidermidis protein, but antibodies 

against Aap were not opsonic and did not protect against mouse experimental 

BAI. Antibodies against LTA did not protect either, and even significantly increased 

bacterial colonization of SEpvp catheter segments, indicating a possible risk of 

passive immunization in presence of biomaterial.

To induce a maximum diversity of antibodies, mice were vaccinated with 

S. epidermidis cell wall proteins separated in different fractions. Even when Aap 

was depleted the antibodies induced were mostly Aap-specific. Aap is a surface-

exposed protein of S. epidermidis, present in the form of fibrils covering the bacterial 

cell surface 13. Although after depletion Aap was not detected on SDS-Page gels, 

fragments of the protein carrying antigenic sequences not efficiently removed, may 

have accounted for the observed antibody response.

Earlier studies 27 suggest that the Aap protein may also be immunodominant 

when whole bacteria are used as the antigen. These investigators obtained only 

2 specific antibodies from mice vaccinated with S. epidermidis whole cells, one 

recognizing a 220 kDa protein, and one recognizing this same protein band, and 

also a band of 160-180 kDa apparent MW. Full length Aap is 220 kDa in size, and 

is processed to 180 and 140 kDa forms, the latter considered responsible for biofilm 

formation 12. It is therefore tempting to speculate that these antibodies recognize 

Aap.

 The Aap gene is expressed in vivo in rat experimental BAI 24, and is highly 

prevalent in S. epidermidis isolated from patients with various BAI 28. Assuming 

that also in patients the bacteria express Aap and display Aap as a fibrillar protein 
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extending from the surface 13, one might expect that antibodies to Aap are present in 

sera of patients recovered from infection. Pourmand et al. 29 probed a bacteriophage 

lambda expression library of S. epidermidis 138 in Escherichia coli with sera of 

patients recovered from staphylococcal infection. They did not identify Aap or other 

surface proteins as antigens, but this may have been due to low efficiency of cloning 

of genes encoding staphylococcal surface proteins and/or of their expression in E. 

coli 29.

 Using an ELISA screen, Bowden et al. 30 detected high levels of anti-Aap 

antibodies in sera of only 2/25 patients recovered from an S. epidermidis infection, 

but their approach may have failed to detect anti-Aap antibodies. The Aap protein 

contains an N-terminal A region followed by a variable number of B-repeats and 

smaller C-repeats, and a C-terminal peptidoglycan-binding region 12. The A-region 

needs to be removed by proteases in order for Aap to function as an intercellular 

adhesin 12. It is therefore possible that antibodies would predominantly be elicited 

against other parts of Aap than the A-region. As Bowden only used a recombinant 

A-region fragment from one specific S. epidermidis strain as antigen, anti-Aap 

antibodies present in the sera may not have been detected 30. In addition, surface-

exposed proteins such as fibronectin-binding in S. aureus (FnB; 31) and fibrinogen-

binding protein in S. epidermidis (Fbe; 32) display antigenic variation. The C-repeat 

regions of the Aap gene have sufficient genetic variation to allow strain typing 32, and 

it may well be that such variation also exists in the B-region-encoding sequence of 

Aap, resulting in antigenic variation in B-repeat epitopes. Therefore, Aap of multiple 

strains should be used as antigen to screen for the presence of anti-Aap antibodies 

in patient sera.

 In our study anti-Aap antibodies did not protect mice, nor did they enhance 

opsonophagocytosis. In vitro, the antibodies effectively bound whole S. epidermidis 

cells. We applied amounts of antibody to the mice similar to those of other antibodies  

confering protection in mouse infection models not involving biomaterials 21,33-35. 

Possibly, the anti-Aap antibodies were not accessible for FC-receptors of phagocytic 

cells.

 Sun et al. 36 demonstrated that the Aap not only resides on the bacterial 

cell wall, but is also secreted into extracellular fluids. As we showed that Aap 

is immunodominant, and antibodies induced against Aap are not protective, 

expression and shedding of Aap may be a way of S. epidermidis to divert the 
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humoral response by inducing mass production of antibodies that do not contribute 

to opsonophagocytosis.

 Anti-Aap and anti-LTA antibodies not only failed to provide protection against 

S. epidermidis experimental BAI, but they increased binding of the bacteria to the 

implanted SEpvp segments. The mechanism for this enhancement of binding is still 

elusive. A direct binding effect is unlikely, since the anti-Aap and anti-LTA antibodies 

did not influence adherence of S. epidermidis to SEpvp in vitro (not shown). In vivo, 

biomaterials are covered with many host components and cells, to which bacteria 

may directly or indirectly adhere. S. aureus, for instance, binds to blood platelets 

deposited onto biomaterial surfaces through soluble fibrin 37,38. Similarly, antibodies 

may function as bridging molecules attaching S. epidermidis indirectly to biomaterial 

surfaces, e.g. by binding to deposited complement components, or to Fc-receptors 

of attached host cells or cell residues. This adherence-enhancing effect of antibodies 

has until now gone unnoticed, since most passive immunization studies have been 

performed in animal models without biomaterials 21,33-35,39-41.

Our anti-LTA antibody did not protect against infection, and enhanced in vivo 

binding of S. epidermidis. LTA is also the target for a humanized mouse chimeric 

mAb in development for clinical use (Pagibaximab) 42. Pagibaximab is reported to 

recognize a large selection of coagulase-negative staphylococcal clinical isolates, 

to be opsonic in vitro, to prevent infection in several animal models, and to be safe 

for humans in a phase II trial 42. The Pagibaximab studies have not been published 

in experimental detail, but to our knowledge, no experiments involving biomaterials 

have been reported. It will be highly relevant to assess the influence of Pagibaximab 

on in vivo colonization of biomaterials.

Thus, antibodies may increase rather than reduce binding of S. epidermidis 

to biomaterials in vivo. Although this may depend on the nature of the biomaterial, 

bacterial strain, and the antibody used, our results indicate a possible risk associated 

with the use of such antibodies in clinical applications.
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ABSTRACT

Infection of biomedical devices is characterized by biofilm formation and colonization 

of surrounding tissue by the causative pathogens 1. To investigate whether bacteria 

detected microscopically in tissue surrounding infected devices were viable, we 

used BrdU, a nucleotide analogue that is incorporated into bacterial DNA and can 

be detected with antibodies. Human infected tissue was obtained from patients with 

intravascular devices, after their death, and from mice with experimental biomaterial 

infection. Preliminary experiments showed that Staphylococcus epidermidis stained 

with anti-BrdU antibodies could be discriminated from eukaryotic cells. By BrdU 

and antibody staining bacteria could be clearly visualized in the tissue surrounding 

intravascular devices in deceased patients. With this staining technique, relapse of 

infection could be visualized in mice challenged with a low dose of S. epidermidis, and 

treated with dexamethasone between 14 and 21 days after challenge to suppress 

immunity. This confirms and extends our previous findings that peri-catheter tissue 

is a reservoir for bacteria in biomaterial-associated infection. The pathogenesis 

of the infection and temporo-spatial distribution of viable, dividing bacteria can 

now be studied at the microscopic level by immunolabelling with BrdU and BrdU 

antibodies.

INTRODUCTION

Biomaterial-associated infections (BAI) are a common and serious problem in 

modern medicine. Infection necessitates extensive antimicrobial treatment and 

may eventually lead to removal or replacement of the device. This causes morbidity 

and mortality, and increases hospital costs considerably 2,3. Bacteria causing these 

infections can be present on the implanted material and form a biofilm 4-6, but are 

also found in the tissue surrounding it 1,7-9. Previously we have shown that in a mouse 

model of BAI bacteria are present in higher numbers in the tissue surrounding the 

implanted material than on the biomaterial itself 7-11. In the tissue the bacteria are 

associated with host inflammatory cells and are found in large numbers within 

macrophages 7, which suggests that these macrophages allow intracellular survival 

and possibly replication of the bacteria. In mice, tissue-residing Staphylococcus 

epidermidis persist despite rifampicin / vancomycin treatment 8, whereas the 
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antibiotics do clear the bacteria from the implanted biomaterials. We also detected 

viable bacteria in samples of tissue surrounding catheters retrieved from deceased 

patients 1. The tissue surrounding foreign bodies must be considered a novel niche 

for bacteria causing BAI.

The aim of our study was to investigate the spatiotemporal characteristics 

of the development of the infection at the microscopic level, by labelling viable 

bacteria in the tissues. Available methods to detect and localize bacteria include 

plate and liquid broth culture 12,13, various molecular diagnostic techniques (PCR, RT-

PCR) 14-16 and gram-staining, whereas to visualize bacteria, methods such as green 

fluorescent protein (GFP) expression 17,18 or bioluminescent markers 19-21, in situ 

hybridization with probes for RNA or DNA 22,23, live/dead fluorescent staining 24 and 

immunohistochemistry 7 have been used. None of these methods, however, allows a 

timed start of labelling of viable cells combined with microscopic detection. A suitable 

method may be labelling with 5-bromo-2-deoxyuridine (BrdU). BrdU is a synthetic 

thymidine analogue which is incorporated into newly synthesized DNA during DNA 

replication and repair. BrdU has been used extensively to study eukaryotic cell 

proliferation and other cellular functions 19,25-28, and also for detection of replicating 

bacteria in marine 29,30 and soil samples 31-33. It is readily incorporated by Escherichia 

coli in broth culture 34,35. In the present study we applied BrdU labelling to investigate 

the viability of S. epidermidis in peri-catheter tissue of deceased patients, and on 

implants and surrounding tissue in a BAI mouse model.

MATERIALS AND METHODS

S. epidermidis strains and inoculum preparation. Staphylococcus epidermidis 

RP62a (ATCC 35984) was used in the experimental mouse model. RP62a harbours 

the biofilm-associated icaA, atlE, aap and sarA genes, and produces polysaccharide 

Intercellular Adhesin (PIA) and δ-toxin 9. MIC values (µg/ml) according to standard 

E-test of strain RP62a were: rifampicin < 0.016, teicoplanin 3, gentamicin 8, and 

vancomycin 4. Bacteria retrieved after challenge of mice were always checked for 

susceptibility to these antibiotics. The bacterial inocula were prepared by inoculating 

Tryptic Soy Broth (TSB) with 25 µl of thawed S. epidermidis RP62a or Escherichia 

coli ML35 suspension from frozen stocks, and incubation for 4-5 h at 37oC. After 

centrifugation and washing of the bacterial pellet with saline, suspensions containing 
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approximately 4x108 colony forming units (cfu) per ml saline were prepared based 

on the OD
620

 11.

To assess BrdU incorporation in vitro, 150 µl of the bacterial suspension 

was added to 3 ml TSB containing 10 µM BrdU and 33 nM thymidine, and incubated 

for 2 h at 37oC. Thymidine was added to suppress thymidilate synthase 34. Ten µl 

of this suspension was added to an epoxy-coated glass slide and treated for light 

microscopic detection of BrdU as described below.

Opsonophagocytosis of S. epidermidis RP62a by HL-60 cells. HL60 cells 

(a human granulocyte cell-line; ATCC CCL-240) were grown in complete RPMI 

medium without phenol red with 20% FBS (both from Gibco Invitrogen). Cells were 

centrifuged at 160xg for 7 min, resuspended in RPMI with N,N-dimethylformamide 

(100 mM) and incubated for 6 days to allow differentiation into polymorphonuclear 

leucocytes (PMN’s) 36. At day 4 BrdU and thymidine were added to the culture to final 

concentrations of 10 µM and 33 nM respectively, to allow the cells to incorporate 

BrdU during the last 2 days of incubation. S. epidermidis was cultured in TSB with 

10 µM BrdU  and 33 nM thymidine for 4 h. Twenty µl of this bacterial suspension was 

opsonized with 10 µl 0.05% inactivated pooled human serum for 30 min at 37°C. Ten 

µl of rabbit complement (Harlan, Horst, The Netherlands) and 40 µl of differentiated 

HL60 cells were added to the bacterial suspension, and the mixture was incubated 

shaking for 25 min at 37°C. Phagocytosis was stopped by placing the mixtures on 

ice.

The assay was performed with HL60 cells in the presence and absence of 

S. epidermidis (1x107 cfu) and with and without the addition of BrdU. Fourty µl of the 

samples were transferred to epoxy-coated slides, fixed with 2% paraformaldehyde 

(Merck, Schuchart, Hohenbrunn, Germany), and stained for detection of BrdU as 

described below. Sections were counterstained with haematoxylin and inspected by 

light microscopy.

Catheters and surrounding tissue from deceased patients. Tissue samples of 

deceased patients were obtained in a study described previously 1. The need for 

review by the Institutional Review Board of studies involving deceased patients 

was waived by the Dutch Central Committee involving Human Subjects (CCMO), 

provided that informed consent for autopsy and removal and preserving of tissues 
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for scientific research was given by the next of kin, in accordance with Dutch law.

Catheters with surrounding tissue were explanted from the corpses as 

described 1. In brief, with a carefully controlled procedure a biopsy was excised 

(approximately 2-3 cm in diameter and 4-8 cm in length), which contained a catheter 

segment with its subcutaneous and deeper surrounding tissue. Sample processing 

was performed in a laminar flow cabinet, where the tissue was briefly homogenized. 

To 100 µl of the homogenate 50 µl TSB was added with BrdU and thymidine at final 

concentrations of 10 µM and 33 nM, respectively, and the mixture was incubated 

shaking o/n at 37°C. The remainder of the homogenate was processed further for 

quantitative culture 1. After overnight incubation the samples from patients with 

positive cultures were used to prepare slides for BrdU detection. Ten µl of sample 

was transferred to epoxy-coated slides, fixed with 2% paraformaldehyde and stained 

for light detection of BrdU as described below.

BrdU incorporation in S. epidermidis bacteria in a mouse BAI model. Mouse 

BAI studies were approved by the Animal Ethical Committee of the University of 

Amsterdam and were performed as described earlier 7-11. In a pilot experiment, 4 

mice were anesthetized with FFM-mix (1 ml fentanylcitrate, 1 ml midazalam, and 

2 ml distilled water) and a 1 cm long polyvinylpyrrolidone-grafted Silicon Elastomer 

(SEpvp, 2.5 mm diameter, wall thickness 0.6 mm: Medtronic PS Medical, Goleta, CA, 

USA) catheter segment was implanted subcutaneously on each side of the back. The 

incisions were closed with a single stitch (vicryl 6/0) and the bacterial inoculum (1x107 

cfu in 25 µl saline) was injected subcutaneously along the implanted segments with 

a repetitive injector (Stepper, model 4001-025, Tridak division, Brookfield, CT). On 

day 2, two mice were injected with 50 µl 10 µM BrdU / 33 nM thymidine, and 2 mice 

with 50 µl 0.9% NaCl injection subcutaneously along each implanted segment. One 

BrdU-injected and one control mouse was sacrificed after 4 h, whereas the other two 

were sacrificed after 24 h as described below.

 Subsequently, three groups of 9 mice anesthetized with FFM-mix received 

SEpvp catheter segments as described above and a bacterial inoculum of 1x106 cfu 

in 25 µl saline was injected alongside each implanted segment. Previous studies 

showed that after infection with this inoculum size only small numbers of bacteria are 

cultured from the mice after 14 days 11. When such bacteria are dividing in situ, they 

should incorporate BrdU, and should be detectable after immunostaining for BrdU.
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We hypothesized that treatment of mice with the immunosuppressive agent 

dexamethasone starting 14 days after challenge might result in reactivation or relapse 

of the infection, and that multiplying bacteria would incorporate BrdU. Therefore, 

one group of 9 mice was sacrificed after 14 days, to determine the number of cfu 

present at this time point of the experiment. The other two groups of mice received 

subcutaneous 50 µl BrdU / thymidine injections at the implantation sites every 2 

days between day 14 and day 21. One of these groups received daily intraperitoneal 

injections of dexamethasone (3 mg/kg) and the control group daily saline injections.

At day 21 mice were sacrificed under full anesthesia. Prior to cardiac punction 

a standardized biopsy of 12 mm in diameter was taken from each implantation site, 

comprising the implant with surrounding tissue. The right side biopsy was used for 

quantitative culture; the left side biopsy was cut in 2 halves, 1 for quantitative culture 

and 1 for histology. The implants were rinsed and then sonicated for 30 s in 500 

µl saline. The sonicate was cultured quantitatively by plating 6 aliquots of 10 µl of 

the undiluted sonicate (detection limit of 5 cfu) and of ten-fold serial dilutions of the 

sonicate. The implant itself was placed in 80 ml liquid Brewer Tween broth (BT; 3% 

(w/v) thioglycolate broth containing 0.03% (w/v) polyanetholesulfonic acid, and 0.5% 

Tween 80, adjusted to pH 7.6 with 1M NaOH). Cultures were incubated for up to 

14 days at 37°C. When plate cultures were negative while the corresponding BT 

culture was positive, we considered the implants to have been colonized with 5 cfu 

of bacteria. The tissue samples were homogenized and cultured quantitatively. In 

addition, 1/10 volume of the homogenate was cultured in 80 ml BT for up to 14 days 

at 37°C. If this BT culture was positive and the plate cultures were negative, the total 

homogenate was considered to have contained 10 cfu of bacteria, since one tenth 

of the homogenate had been cultured. Positive BT cultures of any of the implants or 

tissue samples were streaked on blood agar plates which were incubated overnight 

at 37°C. Twenty-five microliters of blood was cultured in 80 ml of BT for up to 14 days 

at 37°C. Blood cultures were negative for all samples.

For histological confirmation of the microbiological findings, mouse tissue biopsies 

were fixed in formaldehyde and embedded in plastic (methylmethacrylate/ buthyl-

methacrylate (MMA/BMA); Merck Schuchart, Hohenbrunn, Germany). Sections of 5 

µm were cut with a microtome, transferred to microscopic slides, deplastified, fixed 

in paraformaldehyde and rinsed with Tris / HCl buffer [50 mM, pH 7.4] for 15 min.
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BrdU staining for light microscopy. The BrdU detection kit (BD Biosciences) was 

used according to the manufacturer’s protocol. Briefly, slides were incubated in 

fixation and diluent buffer (BrdU detection kit, BD Biosciences), for membrane 

permeabilization, followed by an incubation in 10 µl 3% H
2
O

2
 and RetrievAgen 

A working solution (BrdU detection kit, BD Biosciences) at 89oC. Slides were 

cooled to room temperature, rinsed and incubated with anti-BrdU-biotin for 1 h, and 

subsequently with streptavidine-HRP for 30 min. Bound antibodies were 

visualized with 3,3’ Diaminobenzidine (DAB) substrate and slides were inspected by 

light microscopy for characteristic dark brown staining. This procedure was also 

performed with Escherichia coli strain ML35 34,35, and with UV-killed S. epidermidis 

strain RP62a, as positive 34,35 and negative controls, respectively. Sections were 

counter-stained with hematoxylin-eosin (HE) or gram stained.

Staining for fluorescence microscopy. BrdU detection was performed as described 

above, with anti-BrdU-alexa-488. Sections were also stained with anti-Lipoteichoic 

Acid (anti-LTA; QED, Bioscience Ltd. San Diego, CA, USA) 8 or by a combination of 

anti-BrdU and anti-LTA. Anti-LTA was labeled with a Zenon-alexa-fluor-488 mouse 

IgG1 labeling kit (Invitrogen-Molecular Probes, Breda, The Netherlands), or covalently 

linked with alexa-568 (Invitrogen-Molecular Probes), according to the manufacturer’s 

protocols. The labeled antibodies were applied to the slides at a concentration of 2.5 

µg/ml and slides were incubated for 60 min at room temperature.

For combined staining slides were incubated for 1 h with anti-LTA-alexa-568, 

rinsed and incubated for 10 min with RetrieveAgen solution in a 89°C waterbath. 

Slides were allowed to cool to room temperature in approximately 20 min, rinsed 

and then incubated for 1 h with anti-BrdU-alexa-488 in a humid chamber. All slides 

were mounted with 15 µl vectashield hard set mounting medium containing DAPI 

(Brunswig Chemie, H1500) to visualize DNA, and inspected using a Leica SP2 

confocal microscope (Leica, Rijswijk, the Netherlands).

RESULTS

BrdU incorporation and detection in S. epidermidis RP62a in vitro and after 

opsonophagocytosis by HL-60 cells. To determine whether BrdU incorporation 
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takes place in S. epidermidis, strain RP62a bacteria were incubated with BrdU for 

two hours, and incorporation of BrdU was investigated by immunomicroscopy with 

anti-BrdU-HRP. A positive signal (brown staining of the bacteria) was observed only 

when bacteria had been grown in the presence of BrdU, and anti-BrdU was used 

in the staining procedure (Table 1). No staining was observed when heat-killed S. 

epidermidis were used. E. coli, the positive control, also was stained due to BrdU 

incorporation. These results show that viable S. epidermidis were able to incorporate 

BrdU, while killed S. epidermidis did not, and that immunohistochemical detection 

was possible.

Table 1: Labelling of S. epidermidis with BrdU. Bacteria were incubated with or without BrdU 

for 4 h, and slides were treated with or without anti-BrdU-biotin, incubated with streptavidin-

HRP and DAB-substrate. Brown stained bacteria were positive for incorporation of BrdU. As a 

control, slides were gram stained, to verify presence of bacteria on the slides.

Subsequently, S. epidermidis RP62a grown in the presence of BrdU was stained 

with both anti-LTA-Zenon-alexa-594 and anti-BrdU-alexa-488. Slides were inspected 

by confocal microscopy. The confocal image showed fluorescently labelled bacteria 

due to anti-BrdU (green, Figure 1A) and anti-LTA (red, Figure 1B) binding, with DNA 

stained blue due to the presence of DAPI in the mounting medium (Figure 1C). In the 

overlay (Figure 1D) all colours merged, showing that the bacteria had incorporated 

BrdU. Bacteria incubated without BrdU only showed red and blue fluorescence (not 

shown). 

Due to the heating step required to denature the DNA in order to make it accessible 

for anti-BrdU, the anti-LTA signal was rather weak and had to be amplified. As this 

most likely was due to dissociation of the anti-LTA-Zenon-alexa-594 complex, anti-

LTA covalently coupled to alexa-568 was used in further experiments.
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Figure 1: Confocal image of S. epidermidis RP62A grown with BrdU, stained with anti-BrdU 

alexa-488 (green signal, 1A) and anti-LTA-Zenon alexa-594 (red signal, 1B). DNA is stained 

blue by the DAPI included in the Vectashield mounting medium (blue signal, 1C). An overlay 

of all the fluorescence channels (1D) clearly shows full overlap of all signals.

As eukaryotic cells also incorporate BrdU into their DNA, we examined whether 

replicating S. epidermidis could be identified when they were incubated with HL60 

cells. HL60 cells were grown in presence and absence of bacteria, and of BrdU. 

Both BrdU-labeled HL60 cells and BrdU labeled bacteria were detected when 

incubated with anti-BrdU and streptavidine-HRP (Table 2) and bacteria could be well 

discriminated from the host cell nuclei (not shown).
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Table 2: Opsonophagocytosis results; HL60 cells and bacteria were incubated with or with-

out BrdU and detection with anti-BrdU-biotin and streptavidine-HRP and visualized by DAB 

substrate.

Figure 2: Microscopic analysis of homogenate of the peri-catheter tissue of a deceased patient. 

Homogenates were incubated o/n with BrdU, and BrdU incorporation was investigated by 

immunomicroscopy. Brown staining indicates the presence of bacteria that have incorporated 

BrdU (arrowheads).
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Bacterial presence and growth in homogenates of tissue surrounding 

catheters from deceased patients. Catheter and surrounding tissue removed 

under axenic conditions from deceased patients were separated. Tissue 

segments were homogenized briefly to allow BrdU penetration while preserving most 

of the tissue cell structures. Under light immunomicroscopy, slides prepared from 

homogenates after overnight incubation with BrdU showed positively stained cocci 

(Figure 2, arrowheads, representative for both patients), proving that BrdU had been 

incorporated and that bacteria had replicated in situ during the overnight incubation. 

The remainder of the tissue was not stained, showing that no aspecific binding had 

taken place and that bacteria could clearly be discriminated in these ex vivo tissue 

homogenates.

BrdU incorporation by S. epidermidis in experimental BAI. Sections were 

prepared of mouse biopsies which had received either BrdU or saline at 3 days after 

challenge, and which were sacrificed one day later. Alternating slides were stained 

by gram and fluorescent staining. Gram-positive stained bacteria were seen both at 

the biomaterial-tissue interface and within the tissue surrounding the implants, often 

in association with cells (Figure 3A-C). In confocal microscopy slides, stained with 

anti-BrdU-alexa-488 and anti-LTA-alexa-568, showed particles stained green and 

red, respectively (Figure 3D and E), which in overlay were yellow (Figure 3F), thus 

confirming the presence of bacteria which had replicated within the host tissue.

Incorporation of BrdU by S. epidermidis in vivo after immunosuppression of 

mice with dexamethasone. Next we assessed whether S. epidermidis were still 

viable and able to replicate 14 to 21 days after inoculation in the mouse BAI model, 

and whether replication would be enhanced if the mice were immunosuppressed by 

dexamethasone treatment. Twenty-seven mice carrying biomaterial implants were 

challenged with S. epidermidis. After 14 days 9 mice were sacrificed to determine 

the level of colonization prior to the start of dexamethasone administration. Nine of 

the 18 tissue biopsies yielded growth, whereas only 1 of the 18 implants was culture 

positive (Figure 4). Between 14 and 21 days the remaining 18 mice received BrdU 

injections and either dexamethasone or saline injections. In the group of 9 mice that 

had received BrdU as well as dexamethasone injections, 10 of 18 tissue biopsies 

and 2 of 18 biomaterial segments yielded bacterial growth after 21 days. In the 
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control group, which had received BrdU and saline, 16 of 18 tissue biopsies and 1 of 

18 biomaterial segments yielded growth.

Figure 3: Microscopic analysis of biopsies of mice with experimental biomaterial-associated 

infection injected with BrdU. A-C: Gram staining of representative sections of biopsies from 

mice sacrificed at 4 and 24 h after bacterial challenge. D-E: Confocal microscopy image of a 

mouse biopsy slide stained with anti-BrdU (3D) and anti-LTA (3E); 3F is an overlay of 3D and 3E.
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In all groups the tissue biopsies were significantly more often culture positive than 

the corresponding biomaterial segments. Dexamethasone did not significantly 

influence the frequency of culture positive tissue biopsies and biomaterial segments 

compared to controls receiving saline (Figure 4, 21 days), but the numbers of cfu 

in the tissue had increased significantly compared to the numbers at day 14 (p = 

0.007), when dexamethasone and BrdU administration were started. The number 

of positive cultures of the mice treated with BrdU and saline had also increased 

compared to the number at 14 days (p = 0.03).

Figure 4: Effect of Dexamethasone on biomaterial and tissue colonization by S. epidermidis 
RP62a in the mouse model. Frequencies of positive cultures and numbers of cfu recovered 
from tissue biopsies (T) and biomaterial implants (BM) of C57Bl/6 mice, 14 and 21 days 
after challenge with 1x107 cfu of S. epidermidis RP62a are indicated. Frequencies of positive 
cultures are given above the lanes. * indicates p < 0.05.

In microscopic slides of biopsies of the mice sacrificed after 14 days, gram-positive 

bacteria were observed in the tissue (not shown). Positive staining for BrdU was 

observed in samples of both groups that had received BrdU injections (Figure 5). 
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This showed that BrdU allows detection of replicating S. epidermidis in our mouse 

model. Moreover, the results show that S. epidermidis present in tissue surrounding 

implants had replicated between 14 and 21 days after challenge.

Figure 5: Light microscopy of biopsy slides of mice which received subcutaneous BrdU injections 

(top figures); with one group which additionally received intraperitoneal dexamethasone 

injections (bottom figures). BrdU incorporation is shown by the brown staining.

DISCUSSION

We previously showed that S. epidermidis is present in high numbers in tissue 

surrounding implants in experimental biomaterial-associated infection in mice 7-11 as 

well as around catheters in deceased patients 1. In the present study, we assessed 

whether S. epidermidis is able to replicate within the tissue surrounding an implant. 

The BrdU technique was used to label replicating bacteria in vitro as well as in vivo. 
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These replicating bacteria were identified by different immunomicroscopic techniques. 

In mice, colonization of tissue surrounding implants by S. epidermidis increased 

between 14 and 21 days after challenge when BrdU was given in combination with 

dexamethasone, but also when it was combined with saline. This indicates that 

the bacteria were able to replicate while residing within the tissue surrounding the 

biomaterial implants.

Studies with BrdU have mainly been performed on eukaryotic cells 19,25-28 

and marine 29,30 and soil bacteria 31-33. To our knowledge this is the first study where 

BrdU incorporation is used to detect replicating S. epidermidis. In line with our earlier 

studies, S. epidermidis was mainly found in the tissue surrounding implants, more 

then on the implants themselves 7-9. Previously, S. epidermidis has been detected by 

fluorescence microscopy 37,38, detection of green fluorescent protein expressed in the 

bacteria 17,18, bacterial luminescence 20,21, PCR 14-16 and culture techniques 12,13. Using 

these methods either the presence or the location of bacteria can be determined, but 

not whether they are able to replicate at a certain place and time during infection. 

Using BrdU, the start of incorporation can be timed and bacteria can be detected at 

cellular levels by microscopy.

In order to assess whether BrdU-incorporating bacteria could also 

be identified in host cells and tissues, we first assessed that BrdU-labelled S. 

epidermidis could be discriminated from BrdU-labelled HL60 cells. Subsequently, we 

investigated peri-catheter tissue of deceased patients. We previously investigated 

whether peri-catheter tissue is an additional niche for bacteria potentially causing 

catheter-associated infections 1. In that study, catheters and surrounding tissue were 

excised from deceased patients under axenic conditions, quantitatively cultured and 

examined by histology and immunohistochemistry. In 26% of the cases, the peri-

catheter tissue samples were positive in culture, whereas the corresponding catheter 

samples yielded lower numbers of bacteria or were culture negative. This indicates 

that the tissue surrounding these biomedical devices forms a niche for bacteria. 

In the present study, we detected BrdU incorporation in bacteria within tissue 

from deceased patients from the study described above. This showed that viable 

bacteria present in the tissue can be identified with this approach. Furthermore, this 

is additional evidence that the tissue surrounding implants is indeed an important 

niche for bacteria.

To assess viability of S. epidermidis in the mouse BAI model after 14 days, 
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and the potential infection-enhancing effects of local immune suppression when 

bacterial numbers are low, we challenged mice with a small inoculum of 1x106 cfu S. 

epidermidis RP62a. As shown earlier 9,11, after 14 days only few bacteria persisted 
11. This was considered the optimal starting point to suppress the immune system 

in order to reactivate the infection. In addition to BrdU, dexamethasone, a potent 

immunosuppressor 39 was therefore administered, while control mice received BrdU 

and saline. No significant differences in bacterial culture results were recorded in 

the mice treated with BrdU and saline compared to mice treated with BrdU and 

dexamethasone. There was however a significant increase in numbers of cfu in the 

BrdU with dexamethasone group, and in the frequency of culture positive samples 

in the BrdU with saline group, respectively, compared to the group sacrificed at 

14 days. Confocal microscopy of tissue biopsies clearly showed double labelled 

bacteria which were positive for both LTA and BrdU, an indication that the bacteria 

had replicated.

Van Diepen et al. 40 used gamma irradiation to reactivate Salmonella enterica 

serovar Typhimurium infection in a mouse intestinal infection model, at a time point 

when bacteria were undetectable by culture. After total body irradiation the numbers 

of bacteria in liver and spleen increased to numbers similar to those in the primary 

infection, indicating that by γ-irradiation, assumed to cause immunosuppression, 

reactivation of a Salmonella infection can take place. In our study we aimed to cause 

immune suppression with dexamethasone in order to reactivate the infection. We 

expected that the infection would not relapse in the mice that were treated with BrdU 

and saline injections. To the best of our knowledge BrdU has not been reported to 

suppress immune function. However, in the mice receiving BrdU and dexamethasone 

as well as in the mice receiving BrdU and saline, increase in bacterial colonization 

occurred between day 14 to day 21. This may be due to the fact that numbers of S. 

epidermidis cfu in peri-implant tissue increase over time after 14 days, as we have 

observed previously 7. It can however not be ruled out that both dexamethasone and 

BrdU exerted an immune suppressive effect, which may have induced the relapse 

of the infection.

Although not many studies have focussed on colonization of tissue surrounding 

biomedical implants in patients, there is accumulating evidence supporting a role 

for the peri-implant tissue as a niche for bacteria. Virden et al. investigated tissue 
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surrounding breast implants and were able to culture bacteria from the tissue of 

a patient while the implant itself was culture negative 41. In cases of infected hip 

prostheses bacteria were observed within fibroblasts in the bone tissue surrounding 

the metal prosthesis 42. As bacteria are present and able to replicate in the tissue 

and therefore are not all removed by removal of the infected device, the tissue may 

be a reservoir for reinfection. After removal of infected hip prostheses, prolonged 

antibiotic treatment is often required before a novel prosthesis can be placed with 

relatively low risk of relapse of the infection 43. A role of tissue as a reservoir may 

apply for other biomedical devices as well, and warrants detailed investigation of 

tissue around retrieved infected devices.

 In conclusion, we developed a method to detect replicating bacteria at 

microscopic level in animal models of BAI by application of BrdU. Our study shows 

that S. epidermidis is able to replicate in peri-implant tissue in mice at 14 to 21 days 

after infection with a small inoculum of S. epidermidis, and that bacteria present in 

peri-catheter tissue of deceased ICU patients can also replicate. This confirms and 

extends our previous findings that peri-catheter tissue is a reservoir for bacteria in 

biomaterial-associated infection.
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ABSTRACT

Objective: To investigate whether peri-catheter tissue is an additional niche for 

bacteria potentially causing catheter-associated infections in humans.

Design: Postmortem patient study.

Setting: Intensive care unit, autopsy room, and microbiological laboratory in a 

university hospital.

Patients: Eighteen deceased patients from whom 35 catheters plus surrounding 

tissues were collected.

Interventions: Under axenic conditions catheters and surrounding tissue were excised 

from deceased intensive care unit patients. The excised parts of the catheters and 

samples of surrounding tissue were quantitatively cultured and bacteria identified, 

and tissue histology/immunohistochemistry was performed.

Measurements and main results: Nine of the 35 (26%) peri-catheter tissue samples 

tested were highly culture positive. The corresponding catheter segments were culture 

negative or yielded only low numbers of bacteria. Bacteria cultured from different 

sites of the catheter and surrounding tissues almost all were coagulase-negative 

staphylococci (predominantly Staphylococcus epidermidis) and Enterococcus 

faecalis. In histology, bacteria were seen in tissue, intercellularly and associated 

with host phagocytes.

Conclusions: Tissue surrounding biomedical devices forms a niche for bacteria. 

This is an as yet nonrecognized element in the pathogenesis of catheter-associated 

infections, with possible consequences for strategies of prevention and treatment of 

these infections. 

INTRODUCTION

In modern medicine biomaterial-associated infections, such as infections of 

prosthetic devices and catheters, have become a significant problem, with incidence 

of infection ranging between 3% and 7% for central venous catheters 1. These 

infections are mostly caused by coagulase-negative staphylococci, in particular by 

Staphylococcus epidermidis 2-5. They often require extensive antibiotic treatment and 

in a considerable number of cases removal of the catheter.
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The major hypothesis for the pathogenesis of these infections is that the bacteria 

adhere to the biomaterial, produce large amounts of exopolysaccharides, and thereby 

form a biofilm on the surface of the material 2,6-8. Bacteria within these biofilms are 

not reached by host phagocytes and are not effectively cleared by antibiotics 9,10. In 

S. epidermidis experimental biomaterial-associated infection (BAI) in mice, however, 

only low numbers of bacteria are recovered from the implants themselves, but high 

numbers are present in the tissue surrounding the implant (peri-implant tissue) 11,12. 

This is the case in different mouse strains, infected with different S. epidermidis 

strains, and around biomaterials with different physicochemical characteristics 11-14. 

Similarly, S. epidermidis is recovered from peri-implant tissue in rabbit experimental 

BAI 15.

To investigate whether tissue around implanted biomaterials might be 

an as yet unrecognized niche for bacteria with the capacity to cause biomaterial-

associated infection in humans, we investigated whether bacteria were present in 

tissues surrounding central venous catheter and arterial catheters with no apparent 

signs of infection. To this purpose, central venous catheters and/or arterial catheters 

and surrounding tissues excised at autopsy from patients who died in the intensive 

care unit were analyzed by culture and histology.

PATIENTS AND METHODS

Patients and catheters. The central venous catheter and surrounding tissue (peri-

catheter tissue) were excised from deceased adult patients from the intensive 

care unit of the Academic Medical Center in Amsterdam, The Netherlands, who 

were elected for autopsy. The need for review by the Institutional Review Board of 

studies involving deceased patients was waived by the Dutch Central Committee 

involving Human Subjects (CCMO), provided that informed consent for autopsy 

and removal and preserving of tissues for scientific research was given by the 

next of kin, in accordance with Dutch law. Such informed consent was given by 

the next of kin. Patients diagnosed with human immunodeficiency virus/acquired 

immununodeficiency syndrome were excluded. Tissue samples and catheters were 

excised as soon as possible after the patient had died, before the actual autopsy. 

Excised catheters were all nontunneled catheters of the following types: chlorohexidine 

acetate and silver sulfazidinecoated trilumen and quad-lumen catheters (both 
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polyurethane) from Arrow International (Reading PA), and non-coated arterial sheet 

(polyurethane; Arrow), arterial lines (polyvinylchloride [PVC] and polycarbonate; 

Edwards Lifesciences, Irvine CA), continuous veno-venous hemofiltration catheters 

(CVVH, PVC; Edwards Lifesciences, Harleysville PA, USA), Swan-Ganz catheters 

(PVC; Edwards Lifesciences, Irvine CA), and an intra-aortic balloon pump sheet 

(IABP) (polyurethane; Arrow).

Controlled excision procedure. Peripheral blood was collected from the vena 

femoralis after careful skin disinfection with iodine, to assess bacteremia. An open 

blood agar plate was placed on the abdomen of the deceased patient for the 

entire duration of the excision procedure, as a control for contamination from the 

environment. Under axenic conditions the catheter dressing was removed, and the 

skin under the dressing was swabbed for culture before and after disinfection with 

iodine solution. The skin around the catheter was removed using a sterile scalpel 

and placed on ice. A swab was taken from the subcutaneous tissue now exposed, 

avoiding contact with the remaining skin. The wound was spread with a sterile self-

retaining skin retractor and the catheter and surrounding tissue were excised with 

a new sterile scalpel. The tissue biopsy excised (approximately 2–3 cm in diameter 

and 4–8 cm in length) contained subcutaneous and deeper tissue surrounding the 

catheter. The blood vessel was not part of the biopsy. When possible, the entire 

catheter was retracted together with the excised tissue, as shown in Figure 1. All 

collected materials and swabs were placed in sterile containers and kept on ice to 

be processed and cultured shortly after the excision procedure. After the excision the 

defect was closed.

Sample processing and culture. All steps in the sample processing were performed 

in a laminar flow cabinet. Sterile gloves were used throughout. About 50 µl of peripheral 

blood was streaked on blood agar plates, and 50 µl was cultured in Brewer Tween 

broth (BT), containing 3% (w/v) thioglycolate, 0.03% (w/v) polyanetholesulfonic acid, 

and 0.5% Tween 80, adjusted to pH 7.6 with 1M NaOH. Swabs were streaked on 

blood agar plates for culture. The biopsies were cut in slices of 1 cm perpendicular 

to the skin surface. Alternating slices were cultured to assess bacterial colonization 

in spatially separated samples, i.e., the 2nd, 4th, and 6th level slices were not cultured 

(Figure 1). The 2nd level slices were used for histologic examination (see below). For 
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culture, the slices were cut in pieces of approximately 1 cm3. The catheter segments 

were carefully separated from the tissue and rolled on blood agar plates, according 

to the roll-plate method 16. Subsequently, they were placed in 1.5 ml vials containing 

500 µl saline and sonicated for 30 seconds. The sonicate and 10-fold serial dilutions 

in saline were cultured on blood agar plates (quantitative culture). The segment itself 

was placed in Brewer Tween. The Tween in the Brewer Tween broth lyses cells, 

allowing intracellular bacteria to grow 12.

Figure 1: Culture results from the nine catheters of eight patients with culture-positive catheter 

segments and biopsies of the surrounding tissue. Before excision of the catheter and the 

surrounding tissue, the skin was removed and cultured separately. The excised tissue biopsy 

(approximately 2–3 cm in diameter and 4–8 cm in length) contained subcutaneous and deeper 

tissue surrounding the catheter, but did not include the catheterized blood vessel. Alternating 

biopsy levels were cultured, in order to avoid culturing of contacting samples. The numbers 1 

or 3 indicate the levels of the samples in the biopsies referred to as 1st or 3rd level in the text. 

Bacteria retrieved from 1st and 3rd level biopsies were further analyzed (Table 1). For patient 1, 

the 1st level cultured is one layer deeper in the tissue compared with the other patients. The 
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2nd biopsy level tissue (not indicated) was subjected to histologic examination. FL, left arteria 

femoralis or left vena femoralis; FR, right vena femoralis. Samples with ≥ 5 colony-forming 

units (cfu) were defined as culture positive (see text).

The tissue samples were weighed (weights ranged from 100 to 900 mg) and a volume 

of saline corresponding to two times the weight was added. Then tissue samples 

were homogenized (Tissue Tearor, model 985–370, Biospec products, Bartlesville, 

UK) and cultured quantitatively on blood agar plates. About 50 µl of homogenate 

was cultured in Brewer Tween liquid broth. All cultures were incubated at 37°C until 

growth was visible, in most cases after 1 or 2 days; if no growth occurred, they were 

discarded after 14 days.

Identification of microorganisms. Microbiological identification was performed 

by routine methods. In addition 16S rDNA sequencing was performed with primers 

pf515 and p13b 17. rDNA sequences were analyzed using the BLAST algorithm 18 [at 

www.ncbi.nlm.nih.gov/blast and http://rdp.cme.msu.edu]. For further identification 

of selected coagulase-negative staphylococci and enterococci, API Staph and API 

Strep tests (BioMerieux, Lyon, France), respectively, were used.

Histology and immunohistochemistry. For histologic confirmation of the 

microbiological findings, the 2nd level slices of the biopsies (see above) were fixed 

in formaldehyde and embedded in plastic (methylmethacrylate / buthylmethacrylate; 

Merck Schuchart, Hohenbrunn, Germany). The samples from six representative 

biopsies were selected, and 3-5 µm sections were cut at different depths. These 

sections were stained with hematoxylin-eosin (H-E) and examined by light 

microscopy.

Immunohistochemical staining to detect S. epidermidis and other gram-

positive bacteria was performed on selected slides using monoclonal antibodies 

against Staphylococcus epidermidis lipoteichoic acid (anti-LTA; QED, Bioscience Ltd. 

San Diego, CA) 12. This antibody recognizes S. epidermidis, Staphylococcus aureus, 

and Enterococcus faecalis in tissue sections (not shown). Sections were deplastified, 

fixed by incubation in 2% paraformaldehyde for 15 mins, rinsed with excess demi 

water, and cooked in an autoclave pan for 20 mins in 10 mM Tris EDTA buffer. For light 

microscopic immunohistology, the sections were incubated with 3.5 µg/mL anti-LTA 
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for 60 min at room temperature, rinsed three times with phosphate buffered saline, 

and incubated for 30 min with an IgG1-specific horseradish peroxidase-conjugated 

secondary antibody (ImmunoVision Technologies, Brisbane, CA). Peroxidase activity 

was detected using 3,3-diamino benzidine tetrachloride staining. The slides were 

counterstained with hematoxylin. For fluorescence microscopy, the section was 

deplastified, fixed and cooked as described above, incubated in sodiumborohydride 

solution (1 mg/mL) to reduce autofluorescence, and rinsed with phosphate buffered 

saline. The anti-LTA antibody was labeled using a Zenon-alexa-488 fluor mouse 

IgG1 labeling kit (Invitrogen-Molecular Probes, Breda, The Netherlands) according 

to the manufacturer’s protocol and applied to the sections at a concentration of 2.5 

µg/mL. After 60 min incubation and rinsing in phosphate buffered saline, sections 

were inspected with a Leica DMRA Fluorescence microscope (Leica, Rijswijk, The 

Netherlands).

Statistics. Differences in numbers of colony-forming units (cfu) were analyzed with 

the Mann-Whitney test. p < 0.05 was considered significant.

RESULTS

Patients and catheters. A total of 35 catheters were excised from 18 patients, 12 

male and 6 female. The patients were cooled at 4°C as soon as possible after death 

(median 2 h 55 min, range 2–6 h) and prepared for autopsy within a mean period of 

22 h (median 18 h, range 4–63 h) after death (Table 1). With the exception of one 

patient, all patients were sampled within 42 h after death, and all before opening of 

the chest for autopsy. The femoral vein was the preferred location for the catheters 

(66%), followed by the subclavian vein (31%) and the jugular vein (3%). Thirteen tri-

lumen, 1 quatro-lumen, 1 arterial sheet, 5 arterial lines, 11 catheters for venovenous 

hemofiltration, 2 Swan Ganz catheters, and 2 intra-aortic balloon pump catheters 

had been used. These catheters had been in place for a mean period of 133 h 

(median 127, range 4–432 h) at the time of death.
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Table 1 

PS Corine_Final20090105m.indd   119 05-01-2009   14:59:30



120 Chapter 6

Table 1 (p.119): Summary of the cultures of samples from the 8 patients with culture positive 

tissue biopsies and catheter segments. Pt, patient; time to 4°C, period between death and 

cooling of the corps to 4°C; time to sampling: period between death and excision of catheter 

and surrounding tissue; Cath. site, catheter site; FL, left arteria femoralis or left vena femoralis; 

FR, right vena femoralis; SL, left vena subclavia; SR, right vena subclavia; ND, not done; 

CVVH, continuous venovenous hemofiltration catheters; IABP, intra-aortic balloon pump 

sheet, cfu, colony-forming units; Pos, positive; Neg, negative. Peripheral blood cultures were 

all negative (< 5 cfu), as were ante-mortem blood cultures at 1 week before death.

Controlled excision procedure. Table 2 summarizes the culture results for the 

samples obtained by the excision procedure. The control agar plate placed on 

the abdomen during the excision procedure never yielded more than 5 cfu of the 

same colony type. Therefore, 5 cfu of the same colony type was set as the cut-off 

for culture-positivity for all samples. The peripheral blood culture was positive in 

one patient, but the cultures of catheters and tissues of this patient were negative. 

No positive antemortem blood cultures had been reported for any of the patients. 

Before disinfection, the skin under the catheter dressings was culture-positive in 

47% of cases, and disinfection was effective for all but one catheter site. Forty-one 

percent of the homogenates of skin biopsies were culture positive. The swabs of 

the subcutaneous tissue yielded growth in five patients, whereas in two patients 

the swab was negative while the skin and underlying tissue yielded growth (Tables 

1 and 2). Culture positive tissue of the 1st as well as of the 3rd level in the biopsies 

contained higher numbers of cfu than the corresponding catheter segments (Table 

1, Figure 2).

Culture positive catheters and peri-catheter tissue. Femoral and subclavian 

catheters had been in place for a mean period of 141 h (median 110, range 26-432 h) 

and 127 h (median 127, range 4–283 h), respectively (not significant [NS]). Eight of 23 

(35%) femoral vein catheters or surrounding tissues were colonized, versus 1 (9%) 

of 11 subclavian catheters (NS). Thirteen of the 35 catheters were antimicrobially 

coated, being five femoral and eight subclavian catheters. Two of these 13 catheters 

and their surrounding tissues (15%) yielded positive cultures, versus 8 of 22 (36%) 

of the noncoated catheters and 9 of 22 (41%) of their surrounding tissues (NS).
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Table 2: Culture results of samples from all 18 patients. Numbers of the different samples 

analyzed are not identical since not all samples were available from each patient.

Culture positive catheters and peri-catheter tissue. Femoral and subclavian 

catheters had been in place for a mean period of 141 h (median 110, range 26-432 h) 

and 127 h (median 127, range 4–283 h), respectively (not significant [NS]). Eight of 23 

(35%) femoral vein catheters or surrounding tissues were colonized, versus 1 (9%) 

of 11 subclavian catheters (NS). Thirteen of the 35 catheters were antimicrobially 

coated, being five femoral and eight subclavian catheters. Two of these 13 catheters 

and their surrounding tissues (15%) yielded positive cultures, versus 8 of 22 (36%) 

of the non-coated catheters and 9 of 22 (41%) of their surrounding tissues (NS).

Bacterial species retrieved from catheters and surrounding tissue. Bacteria 

retrieved from different locations (skin biopsy, subcutaneous swab, peri-catheter 

tissue, or catheter) almost all were coagulase-negative staphylococci (predominantly 

S. epidermidis) or E. faecalis (Table 1). Five explanted tissue / catheter biopsies 

from four patients yielded both S. epidermidis and E. faecalis, in the case of the 

femoral catheter of patient two combined with Proteus mirabilis. Patients 5, 6, and 

7 mainly had S. epidermidis in the tissue biopsies and on their catheter segments. 

Two patients had S. epidermidis on the catheter segments but enterococci in the 

surrounding tissue.

Localization of bacteria. Bacteria were retrieved from the tissues of nine catheter 

sites of eight patients. In six of these patients additional catheters were present, from 
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which all samples were negative, indicating that bacterial colonization was restricted 

to only one site. In general, large numbers of bacteria were cultured from tissue 

biopsies and only low numbers, if any, from the corresponding catheter segments 

(Figures 1, 2, and Table 1). Bacteria were also cultured from parts of the biopsies not 

bordering the catheters (Figure 1). Tip cultures of three patients were positive (Table 

1, Figure 2).

The skin biopsies of patients 1, 2, 3, 5, 7, and 8 contained large numbers of 

bacteria (≥ 103 cfu) of the same species as cultured from the subcutaneous tissue, 

predominantly S. epidermidis and E. faecalis (Table 1). The subcutaneous tissue 

swabs yielded no bacteria (patient 4 and 6) or only relatively low numbers of bacteria 

(patients 2, 3, 5, and 8). In patient 7, the subcutaneous swab yielded > 103 bacteria, 

but the subcutaneous tissue samples, including those from the deeper tissue (3rd level 

biopsy, Table 1, Figure 1), contained very high numbers of bacteria. Apparently, in 

this patient both the skin and the subcutaneous tissue were highly colonized. Patient 

1 had two femoral lines. The 1st and 3rd level tissue biopsies and catheter segments 

of the left femoral catheter (patient 1) yielded S. epidermidis and E. faecalis. Even 

though no blood cultures and no skin biopsy cultures were available from this patient, 

the high numbers of bacteria cultured from the tissue strongly suggest that the tissue 

must have been colonized. The right femoral catheter of this patient yielded S. aureus 

and E. faecalis in the 1st level tissue biopsy and S. epidermidis and E. faecalis in the 

3rd level. From the catheter segments, S. epidermidis and E. faecalis were retrieved, 

with S. epidermidis also being present on the catheter tip.

Bacteria were cultured from tissue samples bordering, but also in large 

numbers from samples not bordering, the catheters (Figure 1). Of the 1st level 

biopsies, most samples with positive tissue cultures also had culture positive 

catheters. For the 3rd level biopsies, in two of nine cases, only the tissue was culture 

positive (Figure 2; ≥ 5 cfu), and in another three cases, the numbers of cfu cultured 

from the catheter segments was between 5 and 15 cfu. In seven of nine cases, the 

subcutaneous tissue from the 3rd level biopsy contained ≥ 103 cfu (Table 1).

Histology. Sections of the tissue surrounding catheters showed fibrin depositions 

directly adjacent to the catheter, extravasations of erythrocytes indicating small 

hematomas and a mild inflammatory response characterized by the presence of 

sparse neutrophils (aspecific acute inflammatory response; see Figure 3A). 
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Figure 2: Numbers of colony-forming units (cfu) cultured from catheters (cfu / segment) and 

tissue biopsies (cfu / surrounding tissue). The horizontal lines represent the median values. 

The dotted line indicates the cut-off for culture positivity (5 cfu). *p < 0.05.

In several cases there was an additional early reparative response of ingrowth 

of young (swollen) fibroblasts. Immunolabeling with anti-LTA antibodies showed 

positive staining of coccoid structures with the size of bacteria (1–2 µm diameter) 

either intracytoplasm in inflammatory cells or in the interstitium (Figure 3B–D). This 

was confirmed by immunofluorescence microscopy using fluorescently labeled anti-

LTA antibodies (Figure 3E–H). Of the inspected samples from patients 1 (right), 3, 

5, 6, 7, and 8 (Figure 1), each of one or two inspected sections were positive in 

immunofluorescence.
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Figure 3: Histology and localization of bacteria within sections from the second level (Figure 

1) of the biopsies of culture-positive patients. A, hematoxylin and eosin-stained section of 

tissue bordering catheter. Catheter-tissue interface (open arrowhead), fibrin depositions (pink, 

adjacent to catheter), erythrocytes (red cells), and polymorphonuclear phagocytes (purple 

cells) are visible; B–D, light microscopy of anti-LTA-labeled sections of tissue of patient 1 (B, 

C) and patient 3 (D) showing bacteria (arrowheads) associated with host phagocytes (B, C), 

or in the interstitium (D); E–H, immunofluorescent detection of bacteria using Zenon-Alexa 

Fluor 488-labeled anti-LTA antibodies. Since LTA is present in the bacterial cell wall, bacteria 

in most cases show a characteristic circular labeling. Host cells and tissue structure are partly 

visible due to autofluorescence, as judged from control slides without antibody (not shown); 

E, S. epidermidis bacteria from a liquid broth culture, spotted directly on a microscopic slide 

(positive control); F, patient 1 femoralis right; G, patient 5; and H, patient 7. Bars represent 

10 µm.

DISCUSSION

We describe a study in which we removed both catheters and surrounding 

subcutaneous tissues of deceased intensive care unit patients. Nine of 35 catheters 

and surrounding tissue were culture-positive, and the tissue was more highly 

colonized than the catheters themselves. Bacteria cultured were identified as 

coagulase-negative staphylococci, predominantly S. epidermidis, and enterococci. 

In histology and immunohistochemistry, we detected bacteria within the tissue of the 

patients, in several cases associated with host phagocytic cells.

Three catheter tip cultures yielded growth, but there had been no clinical 
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signs of catheter-related bloodstream infections before death, and antemortem 

blood cultures had been negative. Such culture positivity of catheter tips in the 

absence of clinical infection has been reported before 19-21. Five peri-catheter tissue 

cultures were positive, whereas the catheter tip cultures were negative, indicating 

that catheter tip culture results did not correlate with presence of bacteria within the 

subcutaneous tissue.

Less than half of the cultures of the skin surrounding the catheter insertion 

site after removal of the wound dressing and before disinfection were positive. This 

is not different from what is described by Bouza et al. 22 and indicates that skin 

colonization was not unusually high in our group of deceased patients.

The number of samples we retrieved did not allow stratification for catheter 

type, implantation site, or duration of catheterization. Despite this, a few remarks 

can be made. Studies on the efficacy of antimicrobially coated catheters to prevent 

catheter-related bloodstream infection show conflicting results 23-27. Thirty-seven 

percent of the catheters in our study were antimicrobially coated. The non-coated 

catheters and their surrounding tissue were more often culture-positive than the 

coated catheters (36% versus 15%, NS). This suggests a possible contribution of the 

antimicrobial coating of the catheters to reduction of colonization, although it cannot 

be ruled out that the antiseptics of the coating might have suppressed the growth of 

bacteria in the roll-plate assay 28.

In line with other reports 29,30 femoral catheters were more often culture 

positive (35%) than subclavian catheters (9%). No difference in levels of catheter 

or tissue colonization was found for catheters that had been in situ for different 

periods.

Our excision procedure involved cutting through skin that may have contained 

bacteria. We therefore applied a highly stringent procedure of first removing the skin, 

spreading the wound, and subsequently excising the subcutaneous tissue sample 

with a new sterile scalpel, carefully avoiding to contact the remaining skin. This 

way, only a very small proportion of the numbers of bacteria present within the skin 

were expected to be introduced into the underlying tissue. Indeed, the swabs taken 

after removal of the skin and before excision of the biopsy yielded low numbers of 

bacteria in all but one case. In this latter case, both the skin and the underlying tissue 

contained high numbers of bacteria. The biopsies yielded higher numbers of bacteria 

than cultured from the entire skin tissue sample, implying that these bacteria must 
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have been present within the subcutaneous tissue before excision, and were not 

introduced during the sampling. We did not perform control excisions from areas of 

the body without inserted catheters in all patients. However, all tissue samples from 

control excisions from the groin area of three patients, sites where no catheter had 

been inserted, were culture negative (not shown).

Immunochemistry with anti-LTA antibodies that recognize the gram-positive 

bacterial species cultured from the patients showed bacteria within the tissue, 

proving that these bacteria had not been introduced during sampling. This was 

observed in all of the six patient samples analyzed. Moreover, bacteria were also 

seen in association with host phagocytes, indicating that these bacteria must have 

been present antemortem, and that the host immune system had responded to their 

presence in the tissue.

The bacterial colonization of a patient may change after death. The value 

of postmortem microbiological findings has been evaluated in the expert review 

“Cumitech Postmortem Microbiology” of the American Society for Microbiology, 

which aims to provide consensus recommendations regarding this specific area of 

clinical microbiology 31. According to this Cumitech, the risk of obtaining false-positive 

postmortem culture results is low, provided that the body temperature is lowered to 

4°C within the first hours after death, and if autopsy is performed within 48 h and 

samples are obtained before manipulation of the gastrointestinal tract 31-35. For all 

our patients except one (autopsy at 63 h postmortem, but cooled within 6 h), these 

criteria were met. Moreover, in addition to the culture-positive catheter / surrounding 

tissue, all except patient 1 had at least one catheter / surrounding tissue that was 

culture-negative, indicating that no generalized postmortem bacterial growth had 

occurred.

Bacterial species cultured from the skin, subcutaneous tissue, and catheter 

segments were predominantly S. epidermidis and E. faecalis. E. faecalis is reported 

as the second most prevalent bacterial species in catheter and other medical device-

related infections, after S. epidermidis and other coagulase-negative staphylococci 
36-39. Mixed populations of both species simultaneously adhering to catheters have 

been reported previously 22,30,38-40, but colonization of surrounding tissues has to the 

best of our knowledge never been reported before.

Bacterial growth in tissue surrounding inserted or implanted medical 

devices has not been the subject of many studies yet. Virden et al. 41 analyzed 
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tissues surrounding breast implants, which had been removed because of infectious   

complications. S. epidermidis was the species most often cultured and was also 

cultured from tissue surrounding a culture-negative implant. These data are in line 

with our observations in mice 11-14 and with our present study. Apparently, bacteria 

such as S. epidermidis and E. faecalis are capable of colonizing tissue in the vicinity 

of an inserted or implanted foreign body, presumably due to local impairment of 

the host immune function 11,13,42,43. Survival in tissue may also depend on virulence 

(genes) of the colonizing bacterial species. The virulence gene regulator system agr 

(accessory gene regulator) in S. epidermidis seems required for survival in tissues, 

since agr mutants are less capable of surviving in rabbit peri-implant tissue than are 

wild type S. epidermidis 15.

The presence of high numbers of bacteria in subcutaneous tissue at catheter 

insertion sites may partially explain the relatively high frequency of infection when 

catheters are inserted at or in the vicinity of former catheter tunnels, for instance by 

exchange over a guidewire 44-46, and underline that repeated catheter insertion at the 

same site should be avoided.
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General discussion

Overall conclusion. The formation of a biofilm by bacteria on biomaterial implants 

is generally regarded as the pivolal element in the pathogenesis of biomaterial-

associated infections (BAI). Other important factors involved in BAI are the 

dysregulation of the local immune system due to the presence of a foreign body and 

bacteria and bacterial components. A major issue is the difficult treatment of these 

infections. The aim of this thesis was to obtain more insight in the pathogenesis of 

BAI, by investigating the relative importance of colonization of the biomaterial and the 

surrounding tissue. The results provide strong evidence that the tissue surrounding 

implants is a very (maybe even more) important niche for bacteria to reside and to 

“hide” from the host immune system, and protects bacteria from being reached by 

antibiotics and antibodies.

Biomaterial-associated infections are studied in in vitro and in vivo models. 

The advantage of in vivo models is the presence of a complete humoral and cellular 

immune system. In case of BAI, the local immune system is dysregulated, facilitating 

the establishment of an infection around the implants. Opportunistic pathogens, such 

as Staphylococcus epidermidis, may take advantage of the impaired host defence 

around the implanted biomaterial. In our studies, catheter segments were implanted 

on the back of C57Bl/6 mice and alongside the implants different challenge doses of 

S. epidermidis were injected. We observed that the bacteria were more often found 

in the tissue surrounding the implant; bacteria colonized the implant itself only when 

larger inocula were used. Bacteria persisted in the tissue for longer periods than on the 

implant itself. This was observed in different mouse strains, with different biomaterials 

and with different strains of S. epidermidis 1. Treating mice with dexamethasone and 

/ or BrdU between 14 and 21 days after challenge showed a relapse in the infection, 

indicating that bacteria were still present at 21 days after challenge, even though 

after 14 days they were almost undetectable. As more bacteria were retrieved from 

the peri-implant tissue than from the implant itself, it is likely that tissue rather than 

the implant, was the bacterial “hiding place” and therefore the source of the relapse 

of the infection 2.

In order to assess whether the findings in the mouse model were representative 

for the situation in humans, catheters and surrounding tissue obtained from deceased 

patients of the ICU in the Amsterdam Medical Centre were studied. Indeed, also in 
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these human samples bacteria (predominantly S. epidermidis and / or E. faecalis) 

were retrieved in higher numbers from the peri-implant tissue than from the catheters 
3. To our knowledge this is the first study in which the tissue surrounding biomaterials 

is shown to be a niche for bacteria in BAI.

Antibiotic treatment of BAI. Treatment of biomaterial-associated infections is often 

aimed at the biofilms, however it is not known whether this treatment is also effective 

against bacteria residing in the peri-implant tissue or even intracellularly within 

macrophages. When mice were given an antibiotic regime of vancomycin / rifampicin 

for 8 days, S. epidermidis were still cultured from 44% of the tissue biopsies, whereas 

almost all cultures of the biomaterials were negative 4. The antibiotics were used 

in concentrations shown to reduce bacterial counts in studies of S. aureus BAI 5,6. 

Possibly higher concentrations or a longer treatment period are required to also 

eradicate the bacteria from the tissue.

Mermel et al. 7, described vancomycin to be the preferred antimicrobial 

agent against methicillin-resistant coagulase-negative staphylococci. However, as 

vancomycin does not reach bacteria residing intracellularly in the tissue, an additional 

antibiotic which is able to penetrate cells, such as for instance rifampicin, should be 

used 8. When a regime of vancomycin / rifampicin is applied, local bacterial resistance 

to rifampicin could occur as vancomycin does not reach intracellular bacteria 9, 

resulting in a monotherapy of rifampicin. A point mutation would be sufficient for the 

bacteria to become resistant to rifampicin 10-12. In our model, no rifampicin resistance 

was detected, indicating that the inability of the antibiotics to clear all bacteria from 

the tissue was not due to resistance, but more likely to lack of sufficiently high local 

(intracellular) concentrations. New antibiotics should therefore fulfil several criteria: 

they should be able to penetrate and kill bacteria in biofilms, but at least equally 

important, they should be able to kill bacteria present in the tissue, both intracellularly 

and intercellularly. Quinupristin / dalfopristin and linezolid are able to penetrate 

into macrophages 13,14, and quinupristin / dalfopristin, ranbezolid and daptomycin 

are active against biofilms 15-19. Daptomycin may be a potential alternative drug 

therapy for multidrug-resistant gram-positive organisms 20,21 but this antimicrobial 

agent has been shown to be less active against bacteria adherent to biomaterial 

surfaces 22. Similarly, linezolid does not completely eradicate bacterial colonization 

of catheters 23. In single patient case studies, linezolid is effective against prosthetic 
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knee infection 24 and complicated ventriculo-peritoneal (VP) shunt infection caused 

by S. epidermidis 25,26. Linezolid therefore might to be an effective antibiotic against 

coagulase-negative staphylococci in BAI. However, linezolid-resistant strains are 

emerging, and this has implications for the use of linezolid as a therapeutic agent 27-

29. In the studies mentioned above, the tissue surrounding the implanted devices was 

not investigated. As shown in this thesis, the tissue is an important niche for bacteria 

associated with biomaterial infections. We propose that in future studies, the efficacy 

of novel antibiotics in clearing bacteria not only from the biomaterial, but also from 

the surrounding tissues should be investigated.

Prevention with antibodies. Prevention of biomaterial-associated infections 

might be achieved by means of vaccination or passive immunisation. In chapter 4, 

we studied the effect of antibodies that were raised against S. epidermidis major 

surface protein antigens 30. Accumulation-associated protein (Aap) was identified as 

a highly immunodominant antigen. Monoclonal antibodies against Aap and surface-

exposed lipoteichoic acid (LTA) were used for passive immunization of the mice in 

experimental BAI. No opsonophagocytosis was observed in vitro, and no decrease 

in frequency of culture positive peri-implant tissue samples, or in numbers of cfu was 

recorded when antibodies were used in the mouse model. Possibly, the antibodies 

stimulated macrophages to ingest the bacteria, but these cells were unable to kill 

the bacteria due to the presence of the implant. Thus, the antibodies may actually 

have contributed to a more rapid transport of S. epidermidis into a ‘safe heaven’ 
31. Surprisingly, an increase in binding of bacteria to the implants was seen when 

anti-LTA had been administered, whereas such enhanced binding was not observed 

in vitro, not even in the presence of serum. Therefore the increased adherence in 

vivo most likely was not due to the presence of components which were present in 

serum. Another possibility could be that the bacteria / antibody complexes bound 

to Fc-receptors on blood platelets or on other cellular components attached to the 

implant, leading to increased adherence. A monoclonal antibody to LTA has been 

shown to enhance phagocytosis and killing of S. epidermidis, and to increase 

survival of passively immunized suckling rats 32. This antibody was however not 

tested in presence of a biomaterial. To our knowledge, no antibodies have been 

tested in animal models in the presence of a biomaterial implant before; therefore 

our results indicate a possible risk associated with the use of antibodies to prevent 
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or treat biomaterial-associated infections.

Recently, a patent describing a novel vaccine based on the S. epidermidis 

PS1 conjugate was released 33. The S. epidermidis PS1 conjugate vaccine is an 

investigational vaccine in clinical development for the prevention of S. epidermidis 

infections. Opsonic antibodies were generated following PS1-rEPA vaccination. 

In vitro these antibodies induced ≥ 70% opsonic killing of S. epidermidis which 

express the PS1 antigen. Furthermore, PS1-specific IgG is effective in clearing S. 

epidermidis induced bacteremia by passive immunization, as is vaccination with 

PS1-rEPA. This vaccine was tested in a mouse bacteremia model, where high titres 

of S. epidermidis were administered. The model did not include biomaterial implants, 

and therefore it is not known whether this vaccine will also have a positive effect on 

biomaterial-associated infections caused by S. epidermidis, or whether an increase 

in bacterial binding to the implant or tissue survival will result after administration of 

this vaccine.

Implications of tissue colonization in biomaterial infections. Biomedical devices 

can roughly be separated into two categories: permanent implants and removable 

implants, such as catheters. Permanent implants need to be placed under maximally 

axenic conditions, to avoid introduction of bacteria during surgery. Infection of 

implants may have severe consequences, as this may lead to the need of their 

replacement. In case transcutaneous devices such as catheters, it is very important 

to prevent extraluminal infection. As shown in Chapter 6, bacteria are present on the 

skin, and also in high numbers in the tissue surrounding the implant 3. Replacement 

of a catheter over a guidewire might lead to a new infection as bacteria from the 

tissue could re-colonize the newly inserted catheters. In addition, measures to 

reduce colonization of the skin surrounding the catheter should be taken. Dressings 

containing chlorhexidine gluconate have proven effective in decreasing infection 

rates 34-36. Also, dressings with medical grade honey may offer great perspective 

as there is no risk of resistance development. A study in healthy volunteers showed 

that after 2 days of application of honey, the extent of forearm skin colonization was 

reduced 100-fold 37. It is therefore interesting to investigate whether medical grade 

honey will also be effective to prevent catheter-related infections.

The biomaterial used in our mouse model, polyvinylpyrrolidone-coated 

silicon elastomer (SEpvp) studies has anti-adhesive properties for bacteria in vitro 38. 
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This could partly explain the high bacterial numbers retrieved from the tissue 

surrounding this biomaterial. However, the anti-adhesive properties of SEpvp per 

se are not responsible for the survival of S. epidermidis in the peri-implant tissue, 

since no tissue survival was observed when the same material was tested in an IL-1 

R-/- mouse strain 39. In addition, survival of S. epidermidis in peri-implant tissue is not 

unique to SEpvp 40,41. In general, the effects of anti-adhesive coatings on colonization 

of biomaterials and surrounding tissue in vivo are unknown. In fact, tissue survival 

could be a problem for materials with different physicochemical characteristics. 

Therefore, the influence of these biomaterial characteristics on tissue survival 

should be considered when creating novel anti-adhesive or other biomaterials.

In the postmortem patient study described in chapter 6, 37% of the catheters 

were coated with an antimicrobial agent 3. The non-coated catheters and their 

surrounding tissue were more often culture-positive than the coated catheters 

(36% versus 15%, NS). In literature, antimicrobially coated catheters have been 

found to have reduced binding of bacteria 34,42,43. However, presence of bacteria in 

the surrounding tissue was not investigated. Due to the limited number of patients 

investigated in our study, we can only speculate that a reduction in the culture 

positivity of both the catheter and surrounding tissue was due to the antimicrobial 

coating on the catheters. As we have shown, the peri-implant tissue is an important 

niche for bacteria. Therefore, an effective antimicrobial coating for catheters or other 

devices should ideally not only prevent surface adherence of bacteria, but also their 

survival in the surrounding tissue.

In conclusion, the tissue surrounding biomaterial implants was proven 

to be an important niche for bacteria in biomaterial-associated infections. Novel 

antibiotic strategies, antibody-based strategies and biomaterial technology aimed 

at development of anti-adhesive and / or bactericidal properties of the biomaterial 

should therefore also be studied with respect to their preventive effect on tissue 

colonization.
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Summary

Biomaterial-associated infections (BAI) are a major problem in modern medicine. 

These infections are often caused by Staphylococcus epidermidis, a commensal 

skin bacterium. Chapter 1 summarizes the current views on the pathogenesis of 

these infections, and on strategies for their prevention and treatment. S. epidermidis 

is known for its capacity to form a biofilm on the medical device. This biofilm 

formation is a process consisting of 2 major steps: adherence and accumulation. 

The accumulated bacteria secrete a slime layer, which protects them from the host 

immune system, antibiotics and antibodies. The biofilm is considered the pivotal 

element in the pathogenesis of BAI. However, it has become clear that the peri-

implant tissue also may play an important role; bacteria were present in the peri-

implant tissue and were even present intracellularly in macrophages. In chapter 2, 

we have shown that viable bacteria were present in the peri-implant tissue even 

at low challenge doses, whereas they were only retrieved from the implant itself 

when very high bacterial doses were used. This was shown for two different S. 

epidermidis strains, 2 different biomaterials and 2 mouse strains with different genetic 

backgrounds. S. epidermidis co-localized with host cells at a distance that was > 

10 cell layers from the biomaterial-tissue interface. Thus, contrary to the general 

contention, the biomaterial implant itself was not the major site of colonization, but 

S. epidermidis resided predominantly in the peri-implant tissue.

As infections associated with a biomaterial are often treated with vancomycin, 

or with the combination vancomycin / rifampicin, we investigated whether this 

combination would be successful in our mouse model (chapter 3) to clear bacteria 

from the biomaterial as well as from the surrounding tissue. Mice were treated for 

1 or 8 days, and it was observed that bacteria were cleared from the implants, but 

that 44% of the tissue biopsies remained culture positive, even after 8 days of daily 

antibiotic injections. These results indicate that 8 days of vancomycin / rifampicin are 

not sufficient to completely clear the infection and that S. epidermidis can persist in 

the peri-implant tissue in spite of antimicrobial treatment.

Monoclonal antibodies were raised against major surface protein antigens of 

S. epidermidis in chapter 4. Accumulation-associated protein (Aap) was identified as a 

highly immunodominant antigen. Antibodies against Aap, together with a commercially 

available monoclonal antibody against lipoteichoic acid (LTA), were assessed for their 
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possible protective function in our mouse model. In vitro, the monoclonal antibodies 

did show binding to S. epidermidis, but in an opsonophagocytosis assay, no opsonic 

effect was observed. Likewise, no reduction in S. epidermidis infection was observed 

with anti-Aap or anti-LTA. We actually found increased bacterial adherence to the 

implants in mice that had been treated with the monoclonal antibodies. In the anti-

LTA group, the adherence to the biomaterial was significantly higher compared 

to the control group. No decrease in tissue culture-positivity was observed in the 

groups treated with antibody. These results indicate that passive immunisation with 

monoclonal antibodies may increase rather than reduce the risk for biomaterial-

associated infections.

 The results in Chapters 2-4 showed that bacteria are more often present 

in the peri-implant tissue than on the implants themselves. It was assumed that 

the bacteria present in the tissue were located in or near cells. Many techniques 

to localize and visualize bacteria are available, but none of them are suitable to 

assess whether and where bacteria in tissue at a certain time point during infection 

are still able to replicate. Therefore we devised a method based on the use of an 

immunodetectable nucleotide analogue, 5-bromo-deoxyuridine (BrdU) that is 

incorporated into the DNA of living bacteria. In chapter 5 this labelling technique 

is described. Using this technique we were able to show that bacteria present in 

peri-implant tissue at 14 days after challenge, were able to replicate. Mice also 

received intraperitoneal injections of dexamethasone, an immune suppressor. In the 

mice receiving BrdU and dexamethasone as well as in the mice receiving BrdU 

and saline, an increase in bacterial colonization, predominantly of the tissue, was 

observed. Bacteria were thus shown to survive in peri-implant tissue in the mouse 

model. Moreover, with this BrdU method viable bacteria were also detected in tissue 

surrounding catheters which were collected from deceased patients (see below). 

The pathogenesis of the infection and temporo-spatial distribution of viable, dividing 

bacteria can now be studied at the microscopic level by immunolabelling with BrdU 

and BrdU antibodies.

 Most experiments performed up to this point in the thesis involved a mouse 

experimental biomaterial-associated infection model. To investigate whether in 

humans the peri-implant tissue is of equal importance (chapter 6), peri-implant 

tissue from deceased patients elected for autopsy, was removed together with the 

biomaterial (catheters in this case) from deceased patients. Tissue and catheter 
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segments were cultured in the same way as was done previously for the mouse 

experiments. Nine of the 35 (26%) peri-catheter tissue samples tested were highly 

culture positive, whereas the corresponding catheter segments were culture 

negative or yielded low numbers of bacteria. The predominant species cultured 

was Staphylococcus epidermidis, followed by Enterococcus faecalis. In (immuno) 

microscopy, bacteria were seen associated with host phagocytes as well as between 

cells within the tissue. We therefore concluded that also in humans, the tissue 

surrounding a biomedical device in an important niche for bacteria.

The results of the studies presented in this thesis provide a new insight in the 

pathogenesis of biomaterial-associated infections: not only the biomaterial implant, 

but also the peri-implant tissue is involved in the infection.
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Samenvatting

Biomateriaal-geassocieerde infecties (BAI) zijn een groot problem in de moderne 

geneeskunde. Deze infecties worden vaak veroorzaakt door Staphylococcus 

epidermidis, een bacterie die voorkomt op de huid. Hoofdstuk 1 beschrijft de huidige 

inzichten in de pathogenese, het ziekteproces, van deze infecties en de strategieën 

om deze infecties te voorkomen en te behandelen. S. epidermidis staat bekend om zijn 

vermogen om zogenaamde “biofilms” te vormen op implantaten en catheters. Biofilm 

vorming is een proces dat bestaat uit 2 onderdelen: adherentie en accumulatie. De 

geaccumuleerde bacteriën scheiden een slijmlaag uit welke hen beschermt tegen 

cellen van het immuunsysteem, antibiotica en antilichamen. De biofilm wordt gezien 

als het belangrijkste element in de pathogenese van BAI, maar uit recent onderzoek 

van onze afdeling wordt het steeds duidelijker dat het weefsel rondom het implantaat 

of de catheter ook een belangrijke rol speelt: bacteriën worden teruggevonden in dit 

weefsel en bevinden zich zelfs intracellulair in weefselcellen.

In hoofdstuk 2 hebben we in een muismodel aangetoond dat levende 

bacteriën aanwezig waren in het weefsel, zelfs wanneer slechts lage concentraties 

bacteriën werden ingespoten, en dat bacteriën alleen van de catheter-segmenten 

gekweekt konden worden als hele hoge concentraties bacteriën ingespoten 

waren. Dit bleek het geval te zijn met 2 verschillende S. epidermidis stammen, 2 

verschillende biomaterialen en in 2 muisstammen die genetisch verschillend zijn. S. 

epidermidis werd terug gevonden in cellen op een afstand van > 10 cellagen van 

het biomateriaal-weefsel raakvlak. In tegenstelling tot wat iedereen denkt, was het 

biomateriaal zelf niet de belangrijkste lokatie van de infectie, maar bevonden de 

bacteriën zich voornamelijk in het weefsel.

Omdat infecties geassocieerd met een biomateriaal meestal worden 

behandeld met het antibioticum vancomycin of een combinatie van vancomycine 

/ rifampicine, is er onderzocht of deze combinatie ook in staat was om in ons 

muismodel zowel bacteriën die op het biomateriaal aanwezig zijn als in het weefsel 

te elimineren (hoofdstuk 3). Muizen werden gedurende 1 of 8 dagen behandeld. 

Hoewel het biomateriaal in beide gevallen bacterie-vrij bleek, werden zelfs na 8 

dagen behandeling nog steeds uit 44% van de weefsels bacteriën gekweekt. Dus, 

in dit muismodel was 8 dagen behandelen met vancomycine / rifampicine niet 
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voldoende om de infectie compleet te verwijderen, en bleek S. epidermidis stand te 

houden in het weefsel.

Om te onderzoeken of infectie zou kunnen worden voorkomen met behulp 

van antilichamen, werden tegen de belangrijkste oppervlakte eiwit antigenen van S. 

epidermidis monoclonale antilichamen opgewekt (hoofdstuk 4). Het Accumulatie-

geassocieerde eiwit (Aap) werd geïdentificeerd als een sterk immunodominant 

antigen. Een monoclonaal antilichaam tegen dit antigeen werd, naast een 

commercieel beschikbaar monoclonaal antilichaam tegen lipoteichoine zuur (LTA), 

getest op beschermende werking in ons muismodel. In vitro was er binding te zien 

tussen de antilichamen en S. epidermidis, maar in een opsonofagocytose test werd er 

geen verhoogde opname en doding van de bacteriën door de cellen geconstateerd. 

Ook in het muismodel hadden anti-Aap of anti-LTA geen beschermende werking. 

Verrassend genoeg vonden we een verhoogde adherentie van de bacteriën aan 

de catheter segmentjes in muisjes die behandeld waren met de monoclonale 

antilichamen. In de anti-LTA groep was deze adherentie significant hoger vergeleken 

met de controle groep. Bij geen van de testgroepen leidde toediening van 

antilichamen tot vermindering van aantallen postieve kweken of aantallen bacteriën 

gekweekt uit het weefsel. Deze resultaten geven aan dat passieve immunisatie met 

monclonale antilichamen een verhoogd risico zou kunnen vormen voor biomateriaal-

geassocieerde infecties.

De resultaten in hoofdstukken 2-4 hebben laten zien dat de bacteriën vaker, 

en in hogere aantallen terug te vinden zijn in het weefsel dan op het biomateriaal 

zelf. Er werd aangenomen dat de bacteriën die zich in het weefsel bevinden in of 

dichtbij cellen zitten. Er zijn veel technieken beschikbaar om bacteriën te lokaliseren 

en zichtbaar te maken, maar geen van deze technieken kan aantonen of en waar 

de bacteriën in het weefsel zitten, en of deze zich nog kunnen vermenigvuldigen. 

Om dit te kunnen onderzoeken is een methode ontwikkeld waarbij een nucleotide 

analoog, genaamd 5-bromo-deoxyuridine, BrdU, door delende bacteriën in hun DNA 

ingebouwd wordt. In hoofdstuk 5 wordt deze techniek beschreven. Met deze methode 

werd in het muismodel aangetoond dat bacteriën die na 14 dagen aanwezig waren 

in het weefsel, nog in staat waren zich te vermenigvuldigen. Om te onderzoeken 

of de infectie na 14 dagen weer kon worden geactiveerd wanneer de immuniteit 

van de muisjes werd verminderd, werden ze behandeld met dexamethasone. Als 

muisjes BrdU en dexamethasone, of BrdU en een zoutoplossing kregen, was er 
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een verhoogde bacteriële colonisatie te zien, vooral in het weefsel. Met deze BrdU 

methode konden ook levende bacteriën gedetecteerd worden in weefsel rondom 

catheters, afkomstig van overleden patiënten (zie hieronder). Met behulp van deze 

nieuwe techniek kan de pathogenese van de infectie en de verdeling van levende, 

delende bacteriën in tijd en plaats nu in microscopisch detail bestudeerd worden.

De hierboven beschreven experimenten werden uitgevoerd in een muismodel 

voor experimentele biomateriaal-geassocieerde infectie. Om te onderzoeken of ook 

bij de mens het weefsel rondom biomaterialen belangrijk is als niche voor bacteriën 

(hoofdstuk 6), zijn catheters en omliggend weefsel van overleden patiënten 

onderzocht. Het weefsel en catheter zijn op dezelfde manier onderzocht als in het 

muismodel. In negen van de 35 (26%) weefsel monsters werden grote aantallen 

bacteriën teruggevonden, terwijl er op de catheter-segmenten zelf minder bacteriën 

werden teruggevonden. Er werd voornamelijk S. epidermidis gekweekt, gevolgd door 

Enterococcus faecalis. Bij (immuno)microscopisch onderzoek werd waargenomen 

dat de bacteriën zowel tussen de cellen als geassocieerd met cellen in het weefsel 

voorkwamen. Wij concluderen dat ook in de mens het weefsel om biomateriaal heen 

een belangrijke schuilplaats vormt voor bacteriën.

De resultaten beschreven in dit proefschrift geven een nieuw inzicht in de 

pathogenese van biomateriaal-geassocieerde infecties, waarbij blijkt dat niet alleen 

het biomateriaal zelf maar ook het weefsel eromheen een belangrijke rol speelt.
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