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Abstract

In patients with implant-associated osteomyelitis, formation of bacterial biofilms on osteosynthesis materials
or endoprosthetic devices is considered the “common cause of persistent infection”. As we showed previously for
Staphylococcus aureus or S. epidermidis implant infection, activation of the local host response with infiltration
of phagocytic cells and release of bactericidal and potentially cytotoxic entities, as well as production of pro-
inflammatory and osteolysis-inducing cytokines contributes greatly to the persistence of the infection and the ensuing
tissue damage with bone degradation. In this study we addressed the question, how phagocytic cells, particularly
neutrophils, recognise bacterial biofilms. We found that the protein fraction of the biofilm extracellular substance
(EPS) activated neutrophils: up-regulation of defence-relevant functions, among others increased surface expression
of the adhesion proteins CD11b and CD66b was seen, as was production of oxygen-radicals. Subsequently, we
identified the bacterial heat-shock protein GroEL as a likely candidate: GroEL is present in the EPS; depletion of
GroEL from the EPS reduced neutrophil activation, culture of neutrophils with recombinant GroEL up-regulated
CD11b and CD66b surface expression, and induced oxygen radical production. According to the literature GroEL
and its human homologue heat shock protein (HSP)60 may bind to different surface receptors, including toll-like
receptor (TLR)4 and scavenger receptors. Under our experimental conditions, the TLR4 pathway appeared to be
crucial for the EPS-induced up-regulation of CD11b and CD66b, but not for induction of oxygen-radical production;
suggesting involvement of additional receptors. In conclusion, we identified within the bacterial biofilm the bacterial

heat-shock protein GroEL as an activator of the local innate immune response.
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Introduction

Host-defence against bacteria is well studied and there is abundant
literature on the activation and the activity of neutrophils as “first line
defence” [1,2]. In most studies, free-swimming, so-called “planktonic”
bacteria were used. The seminal work of Costerton and co-workers,
however, revealed that this is not the only, and may not even be the
preferred life-style of bacteria [3]. Rather, bacteria form communities,
the so-called bacterial biofilms. Biofilm formation contributes to the
pathogenicity of bacterial infection, especially by opportunists, and is
considered as the “common cause of persistent infection [3-5].

A characteristic feature of biofilms is the production of an
extracellular matrix, also known as Extracellular Polymeric Substance
(EPS), a hydrated polymer, which is apparent as “slime” or “film”. EPS
serves as a scaffold for the three-dimensional structure of the biofilm; it
protects the bacteria against environmental stress, facilitates horizontal
gene transfers, and sequesters nutrients from the surroundings [6]. In
addition, EPS might protect bacteria also against predators — protozoan
grazers — or in the case of infection, against cells of the host defence
[7,8].

The EPS varies widely among bacteria species, but also within
one species; different environmental or culture conditions affect the
biofilm. The major constituents — aside from water — are complex
carbohydrates, proteins, and DNA. In staphylococci specifically, poly
N-acetyl (1-6) B-glucosamine (a.k.a. PIA or PNAG) has been identified
a crucial component, as has extracellular DNA [9-11]. Moreover,
proteins have been identified in the EPS, some differentially expressed
in biofilms compared to the planktonic counterpart [12-14].

In our previous work, we analysed the host response to

staphylococcus biofilms. The prototype for biofilm-infection, the
implant-associated osteomyelitis, was found to be associated with
a profound local host response, characterised by infiltration of
neutrophils, monocytes and T lymphocytes, and by the generation of
proinflammatory cytokines [15-18]. Moreover, the pro-inflammatory
environment induced the generation of bone-degrading osteoclasts
[19].

In vitro studies with biofilms from staphylococci species
revealed activation of neutrophils by the biofilm, particularly with
regard to phagocytosis [20,21]. Of note, activation occurred in the
absence of opsonising antibodies, quite in contrast to phagocytosis
of planktonic bacteria, which requires opsonisation with IgG [22].
Apparently, neutrophils recognise constituents of the extracellular
polymeric substance (EPS), a notion that was supported by data by
others, describing various effects of the bacteria-surrounding “slime”
[23,24]. There is the notion that these substances interfere with the
host response, thus rendering the bacteria insensitive to host defence
mechanisms [25]. However, in a previous study, we demonstrated
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that neutrophils were activated by EPS extracted from Staphylococcus
epidermidis biofilms, seen as release of lactoferrin and up-regulation of
the activation-associated adherence proteins CD11b/CD18 and of CD66
[26]. These data suggested the presence of activating entities within the
EPS. The aim of the present study was to identify activating entities in
the EPS of S. epidermidis. We focussed on S. epidermidis because it is
a major pathogen in implant-associated osteomyelitis and because it is
known to induce massive neutrophil activation. Furthermore, we chose
a strain that was known to form biofilms [27] [26]. We found that the
EPS contained the bacterial heat shock protein GroEL; moreover, we
found evidence that GroEL modulated neutrophil functions in a Toll-
like receptor (TLR)4-dependent manner.

Material and Methods

Generation of S. epidermidis biofilms and extraction of EPS

Generation of S. epidermidis biofilms and extraction of EPS
S. epidermidis (strain RP64A; purchased from ATCC, No.35984,
Manassas, VA, USA) was added to 1.5 L of pre-warmed Trypticase
Soy Broth (TSB) to reach a final concentration of 3 x10° CFU/mL,
then transferred to 30 polysterol dishes (Nunc 150 x 20, Thermo Fisher
Scientific, Roskilde, Denmark) with a final volume of 50 mL per dish.
After incubation for 2 days at 37°C without shaking, the medium was
removed and the remaining biofilm was scrapped off. The following
treatment was adapted from Liu and Fang [28]: per 10 mL of slime,
60 uL of 37 % formaldehyde was added and mixed for 1h at 4°C,
followed by the addition of 4 mL 1 M NaCl and mixing for another 3
hours at 4°C. The resulting suspension was then centrifuged (Sorvall
5B Plus) for 15 min (18000 rpm at 4°C). The pellet was discarded,
the supernatant filtrated (Millex Syringe-driven Filter Unit 0.22 um,
Merck Milipore Ltd, Tullagreen, Ireland) and then dialysed overnight
against Milipore water at 4'C (membrane cut off 3600 Da; Spectrum
Labs, Rancho Dominguez, CA, USA). The water was replaced and the
isolated EPS was again dialysed for another 3 hours, then concentrated
using Vivaspin 20 (Sartorius Stedim Biotech, Géttingen, Germany) to
a final volume of 4 mL and frozen at -20°C until use.

Limulus assay and adsorption of lipopolysaccharides (LPS)

The assay was performed using a Pierce LAL Chromogenic
Endotoxin Quantitation Kit (Thermo Scientific, Bonn, Germany)
following the instructions provided by the manufacturer. The
adsorption of LPS was accomplished using Pierce High Capacity
Endotoxin Removal Spin Column following the instructions provided
but adjusting the incubation time to 2 hours in order to maximize LPS-
removal.

Digestion of EPS with trypsin and precipitation with
trichloroacetic acid (TCA)

Trypsin (40 uL of 2.5% w/v, Gibco, Life technologies, Carlsbad,
California, USA) was added to 100 uL isolated EPS and incubated for
1 hour at 37°C. To stop the digestion, 300 pL aprotinin (5-10 TIU /mL;
from bovine lung, Sigma- Aldrich (Taufkirchen, Germany) were added.
The result of trypsin digestion was assessed by SDS-PAGE (see below).
For protein precipitation, 30% TCA was added to 8 mL isolated EPS
to reach a final concentration of 5% TCA. The mixture was incubated
on ice for 10 min, followed by centrifugation for 15 min (15000 rpm
at 4°C). The pellet was resuspended in water, and dialysed against
phosphate-buffered saline.

Separation of EPS extracts by gelfiltration on Sephadex-G-75

For size exclusion chromatography a glass column (Besta Technik,
Wilhelmsfeld, Germany; 90 cm with 0.9 cm internal diameter) was
filled with Sephadex 75 (Sigma-Aldrich), equilibrated with TRIS-buffer
(100 mM TRIS; pH=7.5, 50 mM KCl). Of the extracted EPS, 2.5 mL
were applied; the flow-rate was set to 2.5 mL/min and fractions of 2.5
mL volume were collected. Exclusion volume and size distribution were
estimated using a Gel Filtration Molecular Weight Markers Kit (Sigma-
Aldrich).

Detection of GroEL by Laser scan microscopy

Biofilms were prepared as described above on glass cover slips
(Labtech Chamber slides, Nunc) and fixated with paraformaldehyde
(4%, 15 min, 37°C). Bacteria were stained with SytoBC green (Molecular
Probes, Eugene, Or, USA)(1:10000 in phosphate buffered saline (PBS),
1 h, room temperature), and GroEL was visualised using anti-GroEL
(Enzo Life Science Loerrach, Germany)(2 ug in PBS, supplemented
with bovine serum albumin (BSA), 2 %, over night at 4°C) followed
by anti-mouse IgG-Cy3 (Dianova, Hamburg, Germany; 1:400 in PBS/2
% BSA,1 h, room temperature). After mounting in Mowiol (Sigma),
images were viewed by laser scan microscopy (Nikon). Images were
taken at 40x.

SDS-PAGE and Western blotting

A Lammli system was used with 9 or 12 % bisacrylamid-gels.
Of EPS extracts, 25 uL were mixed with 5 pL 5x loading buffer and
incubated at 95°C for 10 min. Then 25 pL of the sample were applied.
After separation, the samples were blotted to a PVDF membrane
(Millipore, Eschborn, Germany). Anti-GroEL was added overnight,
as secondary antibody peroxidase-labelled anti-mouse IgG (Jackson
Immuno Research, Pennsylvania, USA) was used. The reaction was
visualized with ECL Prime Western Blot Detection Reagent (GE
Healthcare, Buckinghamshire, UK).

Isolation of neutrophils

Peripheral blood from healthy human volunteers was obtained
and neutrophils were isolated by centrifugation on PolymorphPrep™
(Axis-Shield PoC AS, Oslo, Norway) which yielded an 85-95% pure
population. Neutrophils were then suspended in Hanks balanced salt
solution (HBSS) with 0.5% bovine serum albumin (Sigma-Aldrich).
The local ethic committee approved the use of peripheral blood from
healthy individuals for the study (S-163/2007/2014); informed consent
was obtained from the volunteers, and the institutional guidelines were
observed.

Functional assay with neutrophils

Up-regulation of CD11b and CD66b: To heparinized blood 5-10%
EPS (v/v), EPS fractions or recombinant GroEL (5ug) was given,
followed by incubation for 30 min. CD11b and CD66b expression was
measured by cytofluorometry. Alternatively, isolated neutrophils (10°
neutrophils/100 uL) were used. Directly labelled antibody to CD11b
(FITC) or CD66b (FITC) (both obtained from Beckman Coulter,
Krefeld, Germany) were used and for comparison isotypic mouse IgG
-FITC (BD Bioscience Pharmingen, San Jose, CA, USA). The samples
were analysed using FACSCalibur (Becton Dickinson,Heidelberg,
Germany) and Cell Quest Pro software (Version 4.0.2, Becton
Dickinson). For the inhibition assays, isolated PMN were incubated
with antibodies to either TLR-2 (Biozol,Eching,Germany) or TLR-4
(AbD Serotec,Puchheim,Germany) or mouse IgG. One to two pg of the
antibody were added to the PMN 10 min prior to stimulation with EPS.
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AsTLR-inhibitor Pepinh-MYD inhibitory peptide (InvivoGen,Toulouse
France) was used in a final concentration of 25uM.

Generation of oxygen radicals

Two methods were used. (1) Isolated neutrophils (2x10%/mL)
were suspended in 400 pL cytochrome C (1 mg/mL, Sigma-Aldrich)
and co-cultivated with EPS (5 % v/v), phorbol 12-myristate 13-acetate
(PMA 1 pg/ml, Sigma-Aldrich), lipopolysaccharide (LPS, Salmonella
enterica serotype minnesota 1pg/ ml, equivalent to 5 endotoxin units,
Sigma-Aldrich) or recombinant GroEL (Enzo Life Sciences). Following
incubation for 30 min at 37°C, the cells were removed by centrifugation
and reduced cytochrome C was measured at 550 nm. The values are
given as difference in extinction (AE) between unstimulated cells and
stimulated cells; (2) Whole blood was used and the “Phagoburst” test
reagent kit from Glyoctope Biotechnology (Heidelberg, Germany)
performed following the instructions provided.

Labelling of EPS and binding to neutrophils

EPS was labelled with biotin using EZ-Link Sulfo-NHS-Biotin
(Thermo Scientific) following the protocol provided, and the samples
were dialysed (membrane cut-off 3600 Dalton, Spectrum Labs, Rancho
Dominguez, CA, USA) against phosphate buffered saline (PBS)
overnight. Uptake of labelled EPS was determined by cytofluorometry
following incubation of isolated neutrophils with EPS for 30 min at 4°C.
Bound EPS-biotin was detected by streptavidin-FITC (BD Bioscience
Pharmingen, San Jose, CA, USA).

Depletion of GroEL from EPS

The antibody to GroEL and for comparison IgG were coupled
covalently to Protein A-Agarose beads according to the protocol
supplied by the manufacturer (Cell Signalling, Danvers, Massachusetts).
EPS was incubated over night with the beads, then the supernatant was
harvested and used for cell stimulation. The residual beads were washed
extensively with PBS, then eluted with 1 M glycin buffer pH 3.0 and the
eluate was subjected to Western blotting with an antibody to GroEL.

Results

Extraction of EPS and activation of neutrophils

S. epidermidis were cultivated under conditions leading to biofilm
formation. Extraction of EPS from 1.79 square meters biofilm yielded on
average 44.9 mg of protein. SDS PAGE revealed numerous bands with
molecular weights ranging from 10 to 150 kD (Figure 1).Before testing
functional activity; extracts were adsorbed to an endotoxin removal
spin column to exclude effects of contaminating LPS. When added to
whole blood, EPS up-regulated expression of CD11b and CD66b on
PMN, and enhanced the reactive oxygen production occurring after
phagocytosis of E. coli. Essentially a similar up-regulation was seen
with isolated neutrophils (Figures 2A-2E). The response of PMN to EPS
varied among individuals, but in all, an up-regulation of was seen. Of
note, in concentrations of up to 1 pg, neither LPS nor lipoteichoic acid
(LTA) induced up-regulation of CD11b or CD66b, or induced oxygen
radical production (data not shown).

Digestion of the EPS with trypsin resulted in a reduction of
high molecular weight proteins, as seen in SDS-PAGE (Figure 1);
concomitantly, the capacity to up-regulate CD11b expression and
to induce oxygen radical production was reduced (42 % and 71.1
%,respectively; mean of three experiments) (Figure 3). Following
precipitation of proteins by TCA, the activating entity was found

chiefly in the resuspended pellet, indicating that protein(s) within the
EPS activated neutrophils. Gelfiltration revealed the presence of the
activating entity/ies in the area of 60 kDa to 80 kDa (Figure 4).

Antibodies to TLR4 modulate the EPS-mediated stimulation
of neutrophils

When EPS was labelled with biotin, uptake by neutrophils was seen,
which could be inhibited by unlabelled EPS (Figure 5A), suggesting
the presence of a surface receptor. To gain information on the putative
receptor involved, the effect of antibodies directed to a variety of PMN
surface receptors possibly mediating the EPS-induced activation was
tested. Among those, an antibody to TLR4 inhibited the EPS-induced
up-regulation of CD11b (Figure 5B)(Table 1). Up-regulation of CD66b
was also reduced (35% when 1pug of the antibody was used, and 55%
with 2ug of the antibody). In line with these data, the TLR-2/4 inhibitor
Pepinh-MYD reduced the EPS-mediated up-regulation of CD11b and
CD66.

In contrast, antibodies to either TLR2 or TLR4 did not inhibit the
EPS-induced oxygen radical production.

Effect of the heat shock protein GroEL on neutrophils

The heat shock protein HSP60 was described as a ligand for TLR4,
as was its capacity to activate PMN [29,30]. Because the bacterial heat
shock protein GroEL also binds to TLR4 [31], and shares sequence
homologies with the human protein its presence in the EPS was
tested as well as its effects on PMN. By Western blotting and laser
scan microscopy GroEL was detected in the EPS (Figure 6). The latter
shows GroEL in association with bacteria, but the majority appears
to be deposited at the periphery (Fig.6B). Depletion of GroEL by
immunoadsorption reduced the capacity of the residual EPS to induce
CDI11b; and commercially available recombinant protein GroEL
induced both, oxygen radical production and up-regulation of CD11b
and CD66bD (Figure 7).

Discussion

Bacteria-host interactions are dependent on and controlled
by mutual recognition. In the course of evolution, host cells have
developed a wide array of defence mechanisms, including barriers,
bactericidal substances, and receptors recognising bacterial entities.
Conversely, bacteria generate virulence factors to overcome host
defence, among them the formation of biofilms. There are numerous
observations indicating that bacteria in biofilms are protected against
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Figure 1: SDS-Page of extracted EPS: EPS contains numerous proteins with
different apparent molecular weight (left lane); part of which are susceptible
to cleavage by trypsin. Proteins after digestion with trypsin are shown in the
second lane. After precipitation of proteins by trichloroacetic acid (TCA) the
majority of proteins remained in the pellet (3. lane), and some were in the
supernatant (4. lane).
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Figure 2: Up-regulation of CD11b and CD66b: By cytofluorometry up-regulation of CD11b (A) and CD66bb (B) on neutrophils stimulated by EPS was determined
(thick line: CD11b or CD66b, respectively, after exposure to EPS; thin line: constitutive expression). C shows the summary of data for 9 individuals (each symbol
represents one individual). D EPS induced oxygen radical production, and increased production following stimulation with E. coli (measured in a whole blood assay);
E Induction of oxygen radical production in isolated cells (in D and E data of different individuals are summarised).
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Figure 3: Digestion of EPS with trypsin: A After digestion of EPS with trypsin, CD11b up-regulation was reduced (left panel; thick line: CD11b expression following
exposure to intact EPS; thin line: trypsin-digested EPS) B Oxygen radical production induced by EPS (thick line) or digested EPS (thin line).
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Figure 4: Gelfiltration of EPS on Sephadex-G-75: The activating entity within the EPS was detected as up-regulation of CD11b (black bars) and CD66b (open bars).
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the EPS-induced up-regulation of CD11b (thick line: cells with EPS; thin line: cells preincubated with anti-TLR4).

Inhibition of CD11b up-regulation
(mean of 4 experiments) (in %)

anti-TLR2 1.8
anti-TLR4 52.5
mouse IgG 5.5
TLR inhibitor 100

Table 1: Antibodies to TLR and TLR inhibit or reduce the EPS-induced up-regulation of CD11b expression.
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Figure 6: Detection of GroEL in EPS: A Western blotting revealed the
presence of the bacterial heat shock protein GroEL in the EPS. B By laser scan
microscopy GroEL (stained in red) was seen in the bacteria (small arrows),
but mostly associated with the surrounding EPS (large arrows). Bacteria are
shown in green.

the host defence, and that biofilm formation is the underlying cause
of persistent infections, and chronic inflammatory disease [4,32-35].
Indeed, when studying the prototype of biofilm infection, the implant-
associated osteomyelitis, activation of host defence cells was seen with
massive infiltration of phagocytic cells into the infected site, and the
local generation of proinflammatory cytokines [18,19,36].
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In vitro studies with staphylococci biofilms showed that indeed
phagocytic cells, particularly neutrophils, are activated after contact
with biofilms, and that phagocytosis occurs, also in the absence of
opsonising antibodies or complement, the latter quite in contrast to
planktonic bacteria [22]. The implication is that bacteria in biofilms
are not entirely protected against the attack from neutrophils [26,27]
.Moreover, the biofilm apparently contains entities that activate
neutrophils. Previous studies described that extracts of S. epidermidis
biofilms activated neutrophils, and prompted the present study with the
aim to identify the activating entity.

As indicator for neutrophil activation, up-regulation of CD11
was determined, because it participates in adhesion, migration, and
phagocytosis, and as such is crucial for the host defence. In addition,
generation of reactive oxygen species was determined as a major means
of bacteria killing. The latter was measured in two settings: the direct
activation of isolated neutrophils or neutrophils in whole blood, and in
addition the effect of phagocytosis-induced oxygen radical production.
In the two settings, oxygen radical production was increased, as was
surface expression of CD11b and CD66b. Digestion by trypsin resulted
in loss of the activity, indicative of a protein as activating entity, an
interpretation supported by the finding that the activity could be
stimulated after precipitation by TCA. These finding ruled out poly
N-acetyl (1-6) 88-glucosamine (PIA) as an activating substance in our
setting, also LTA or LPS, the latter as a possible contaminant within the
EPS preparation.

The identification of the activating entity turned out to be difficult.
Although experiments with biotin-labelled EPS suggested the presence
of a receptor, the classical pull-down assays were not successful. A major
problem was the extensive binding of streptavidin, which we used as
a ligand for the biotin-labelled EPS, to PMN-lysates. The occurrence
of a multitude of bands in the SDS-PAGE precluded the detection of
distinct, specific bands in a reproducible manner (data not shown).
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Figure 7: Effect of recombinant GroEL on neutrophils: GroEL dose-dependently up-regulated CD11b and CD66b expression, and induced oxygen radical

production (each symbol represents an individual donor).
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We therefore resorted to another approach: the inhibition of the EPS-
induced activation by antibodies to a variety of receptors. Among those,
antibodies to TLR4 inhibited to some extend EPS-induced activation,
measured as up-regulation of CD11b and CD66b expression. TLR4 has
multiple ligands [37]. In the context of our study it was of interest that it
is also a receptor for exogenous human heat shock protein 60 (HSP60)
[38,39], and its bacterial homologue GroEL [29]. Thus, it appeared to
be a reasonable candidate, particularly since it is known that HSP60
also activates neutrophils [30]. We found now that GroEL is present in
the EPS, that depletion of GroEL by immunoadsorption reduced the
capacity of EPS to activate neutrophil, and that recombinant GroEL
activated oxygen radical production and up-regulation of CD11b and
CD66b as well.

GroEL is a highly conserved molecule and a common bacterial
antigen [40], expressed in all bacteria as a chaperone. It participates in
the bacterial stress response and in biofilm formation, and thus operates
intracellular and extracellular as well [41,42]. Hence, our interpretation
that GroEL functions as an activating entity for neutrophils is
not limited to S. epidermidis, but might apply to a wide variety of
other biofilm-forming bacteria. In that, GroEL can be regarded as a
“pathogen-associated molecular pattern” and as “danger signal” for the
host response. In line with this interpretation, the pattern-recognition
receptor TLR4 was identified as a possible receptor for GroEL.
However, as for the human homologue HSP-60 in addition to TLR4
also other receptors have been described, including CD40, CD91 and
scavenger receptor [29]; and considering that antibodies to TLR4 did
reduce CD11b/CD66b up-regulation, but not the EPS-induced oxygen
radical production, it is feasible, that other receptors are involved. This
notion could explain that the antibodies to TLR4 inhibited the EPS-
induced up-regulation only in part. On the other hand, we cannot
exclude other entities within the EPS, which in addition to GroEL may
activate neutrophils.

Conclusion

In conclusion, our data provide evidence for neutrophil activation by
one or more constituents of the extracellular polymeric substance of S.
epidermidis biofilms. Moreover, the bacteria heat shock protein GroEL
present in the EPS was identified as a potent activator of neutrophils.
Activation of neutrophils - also in the absence of antibodies - provides
a first step towards an eflicient defence against biofilm infections, and
challenge the view that biofilms escape recognition and clearance by
phagocytic cells [8]. On the other hand, in cases of insufficient clearance
- as it occurs in implant-associated osteomyelitis — activation of
neutrophils could promote the local inflammatory response, resulting
in tissue damage and eventually in bone degradation [18].
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