CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, Jan. 2005, p. 93-100

1071-412X/05/$08.00+0  doi:10.1128/CDLI.12.1.93-100.2005

Vol. 12, No. 1

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Inhibition of Biofilm Formation by Monoclonal Antibodies against

Staphylococcus epidermidis RP62A Accumulation-
Associated Protein
Dagian Sun,' M. A. Accavitti,” and J. D. Bryers'~*

Department of Chemical Engineering, University of Connecticut, Storrs," and Center of Biomaterials, University of
Connecticut Health Center, Farmington,®> Connecticut, and Hybridoma/Phage Display
Core Facility, University of Alabama-Huntsville, Huntsville, Alabama*

Received 28 May 2004/Returned for modification 21 July 2004/Accepted 12 August 2004

Staphylococcus epidermidis expresses a 140-kDa cell wall-bound protein accumulation-associated protein
(AAP) to adhere to and accumulate as a biofilm on a surface. Potentially blocking AAP with a monoclonal
antibody (MAb) could reduce or eliminate S. epidermidis bacterial colonization of biomedical devices. Here, we
report on our efforts to (i) isolate AAP, (ii) generate MAbs against AAP, and (iii) determine the efficacy of
MAbs to inhibit S. epidermidis biofilm formation. An M7 S. epidermidis mutant, reportedly deficient in AAP
expression, was used as a negative control. Postinoculation murine sera, containing polyclonal antibodies
against AAP, were able to reduce S. epidermidis biofilm formation by 54%. Select MAbs against AAP were able
to reduce S. epidermidis by no more than 66%. Two MAb mixtures, 12C6/12A1 and 3C1/12A1, reduced S.
epidermidis accumulation up to 79 and 87%, respectively, significantly more than individual MAbs. Contrary to
a previous report, biofilm-deficient S. epidermidis mutant M7 expressed a 200-kDa protein on its cell wall that
specifically bound AAP MAbs. Peptide characterization of this M7 protein by microcapillary reversed-phase
high-pressure liquid chromatography-nanoelectrospray tandem mass spectrometry resulted in 53% homology
with AAP. Ongoing studies will elucidate the dynamic expression of AAP and the M7 200-kDa protein in order

to define their roles in biofilm formation.

Staphylococcus epidermidis is one of the most commonly
isolated bacterial pathogens in hospitals and the most frequent
cause of nosocomial infections (26, 37, 38). Compared with
Staphylococcus aureus, S. epidermidis does not produce as many
toxins and tissue-damaging exoenzymes (38), but its virulence
is related to its ability to form biofilms on inert surfaces of
implanted medical devices (21, 26, 37, 38). Within biofilms,
multilayers of S. epidermidis are embedded within extracellular
matrices comprising mainly polysaccharides that the bacteria
secrete (21). Biofilms impair the penetration of antibiotics,
negate normal immune responses, and increase the difficulty of
eradicating biofilm infections. Ultimately, infected biomedical
implants require surgical removal (38).

The traditional approach to prevent biofilm formation in
vivo is local administration of bactericidal agents (7). However,
dead bacteria could cause a strong host defense response and
severe tissue damage. Recent studies aimed at identifying the
molecular mechanisms of biofilm formation indicate that the
process is mediated by cell membrane-associated macromole-
cules (7). Antibodies generated against those membrane-
bound molecules could disrupt cell-surface and cell-cell inter-
action, thus preventing biofilm formation without killing the
bacteria (2, 3, 20, 39). Immunospecific probes including anti-
bodies and antibody fragments are promising alternative ap-
proaches to prevent bacterial colonization on biomedical im-
plants.
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The formation of an S. epidermidis biofilm can be roughly
divided into two phases: rapid primary adhesion to the syn-
thetic surface followed by biofilm accumulation (21, 26, 37, 38).
Various cell surface-associated macromolecules have been
found to be involved in both steps.

Primary attachment of S. epidermidis to unmodified polymer
surfaces is mediated by several protein and carbohydrate fac-
tors, including capsular polysaccharide adhesin (PS/A) (21,
34), S. epidermidis major autolysin AtIE (10, 11), and staphy-
lococcal surface proteins SSP-1 and SSP-2 (36). After implan-
tation, medical devices are quickly coated with an absorbed
layer of blood plasma proteins, such as fibronectin, fibrinogen,
and vitronectin. S. epidermidis cell surface factors (e.g., protein
receptors and cell wall teichoic acids) (13, 24, 28) can interact
with these absorbed proteins, mediating specific bacterial ad-
hesion to the protein-coated implants.

Once attached to the device, S. epidermidis will proliferate,
secrete extracellular products, and accumulate as multilayered
cell clusters. The extracellular polysaccharide PIA (polysaccha-
ride intercellular adhesin) has been found to be essential in
this process because PIA mediates cell-cell adhesion of prolif-
erating cells (23, 40). PIA is synthesized by the icaADBC
operon of S. epidermidis. In addition, three other gene loci
exhibit regulatory effects on PIA synthesis by influencing tran-
scription of icaADBC (22). One of these genes, named rsbU, is
a positive regulator of the alternative sigma factor o ®. Tn917
insertion into rsbU leads to a biofilm-negative phenotype (16).

In addition to polysaccharide controls of biofilm formation,
proteins are also important for biofilm formation. A 140-kDa
extracellular protein named accumulation-associated protein
(AAP) was shown to be essential for the accumulation of S.
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epidermidis on polymer surfaces (14). A biofilm-negative mu-
tant, S. epidermidis M7, generated from S. epidermidis RP62A
by mitomycin mutagenesis, reportedly lacks the 140-kDa pro-
tein and is unable to accumulate as a biofilm. Rabbit antiserum
raised against the AAP was shown to inhibit biofilm accumu-
lation of S. epidermidis RP62A (14). However, the means by
which the 140-kDa AAP mediated biofilm formation is still not
known.

This study reports on the development of monoclonal anti-
bodies (MADs) specific to AAP intended to biologically negate
biofilm formation and thereby inhibit S. epidermidis biofilm
formation on medical implants. Our data show that MAbs
specific to AAP and certain F(ab), fragments can inhibit the
formation of S. epidermidis biofilms. Further, we demonstrate
that mixtures of MADs specific to different epitopes on AAP
can inhibit S. epidermidis biofilms more significantly than each
MAD alone.

MATERIALS AND METHODS

Bacterial strains and culture medium. S. epidermidis RP62A and S. epidermi-
dis M7 (AAP-deficient mutant) were kindly provided by Muzaffar Hussain,
Universitat Miinster, Miinster, Germany. S. epidermidis RP62A is well known as
a strong biofilm producer (33). S. epidermidis M7 is an AAP-deficient RP62A
mutant, reported by Hussain et al. to be a biofilm-negative strain. S. epidermidis
strains were cultivated for inoculum batchwise at 37°C with 10 g of tryptic soy
broth (TSB) medium/liter. Biofilm cultures of both strains were cultivated at
37°C in chemically defined medium [7.4 ml of glycerol, 5.2 g of (NH,),SO,, 1.072
g of Na,HPO, - 7H,0, 0.544 g of KH,PO,, 20 mg of thiamine, and 10 mg of
biotin in 1 liter of Millipore water].

Preparation of secreted and cell wall proteins. AAP was isolated from an
immobilized-cell culture. S. epidermidis RP62A and M7 cultures were grown
overnight at 37°C on TSB (Sigma) agar plates. Colonies were suspended in sterile
0.9% NaCl, and the optical density at 600 nm was adjusted to 0.1. Two milliliters
of cell suspension was placed on a sterile dialysis membrane (molecular mass
cutoff [MMCO], 12 to 14 kDa) laid over a TSB agar plate. After overnight
incubation at 37°C, the mixture of extracellular products and bacteria was col-
lected and sonicated for 1 min. Supernatant was collected after the mixture was
centrifuged at 8,000 rpm for 15 min. Secreted proteins were concentrated by a
centrifugal filter device (Microcon; Millipore) with a 10-kDa MMCO. Cell wall
proteins were prepared from the bacterial pellet by digestion with lysostaphin in
30% raffinose (Sigma) (5). After a 1-h incubation at 37°C, the lysate was centri-
fuged at 13,000 rpm for 10 min and the supernatant was collected and stored at
—20°C.

Purification of AAP. Supernatant from immobilized S. epidermidis cultures
containing soluble secreted protein was concentrated by a centrifugal filter de-
vice (Microcon; Millipore) with 50-kDa MMCO. Sixty milliliters of Tris-HCI (25
mM, pH 7.8) was added to 10 ml of the concentrate, and the mixture was
concentrated to 5 ml. The concentrated extracellular proteins were purified by an
anion-exchange chromatography column (Macro-Prep High Q support; Bio-
Rad) with a linear gradient of NaCl (0 to 1 M) in Tris-HCI (25 mM, pH 7.8).
Peak fractions were tested by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE; precast Tris-HCI gel, 4 to 15% separating gel, 4%
stacking gel; Bio-Rad), and those fractions with AAP were collected and con-
centrated by a 50-kDa-MMCO centrifugal filter device.

Polyclonal antibodies and MAbs. All polyclonal antibodies and MAbs were
raised at the University of Alabama-Huntsville Hybridoma/Phage Display Core
Resource Facility. Polyclonal antibodies and MAbs against purified AAP were
raised in mice. Primary immunization consisted of 100 ng of AAP emulsified in
complete Freund’s adjuvant injected subcutaneously over the rear femur. On day
14, mice were given a second injection consisting of 50 wg of AAP emulsified in
incomplete Freund’s adjuvant (IFA) injected in a similar manner. Thirty days
after primary injection, antisera were obtained by tail bleeding and examined for
anti-AAP activity by enzyme-linked immunosorbent assay (ELISA) and Western
blotting. Mice exhibiting positive serum titers were given a booster injection of 50
g of AAP in IFA. Five days after the final injection, mice were sacrificed and
popliteal lymph node cells were fused with P3X63-Ag8.653 myeloma cells. Hy-
bridoma culture supernatants were screened for activity for AAP by ELISA and
biofilm inhibition assay (see below). MAb 12C6 (immunoglobulin G2a [IgG2a]),
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MAD 12A1 (IgG3), and MAD 3C1 (IgM) were selected to be cloned by limited
dilution. MAbs were purified by passage over Gamma Bind Plus Sepharose
(Pharmacia) and then eluted with glycine-HCI buffer, pH 3.0, and quickly neu-
tralized with 1.0 M Tris-HCI buffer, pH 9.0. F(ab’), fragments of MAb 12C6
were prepared by digesting the MAb with immobilized pepsin (Pierce) for 6 h at
37°C. Any undigested MAb was removed by passage through a protein A affinity
column (Pierce), and the digested Fc portions were separated from the F(ab),
fragment by passage through a 50-kDa-MMCO centrifugal filter.

Indirect protein ELISA. Reactivities of the various antibodies against AAP
immobilized on inert surfaces were quantified by indirect protein ELISA. Each
well of a 96-well ELISA plate was exposed to 200 ng of purified AAP in 50 mM
sodium carbonate buffer (pH 9.6) at room temperature overnight. After three
washes with 0.05% Tween 20 in phosphate-buffered saline (PBST), the plate was
blocked by 2% bovine serum albumin (BSA) in PBS for 1 h at 37°C. Either MAbs
or F(ab’), fragments (1 ng/ml to 10 pug/ml) were added to a well and incubated
for 3 h at 37°C. After three washes with PBST, a 1:2,500 dilution of goat
anti-mouse IgG plus IgM (heavy and light chains) conjugated to alkaline phos-
phatase (Pierce) in PBST was added to each well and allowed to react with the
bound MADbs or F(ab'), fragments for 2 h at 37°C. The substrate tablet p-
nitrophenylphosphate disodium salt (PNPP) was dissolved in diethanolamine
substrate buffer (Pierce) right before usage. Wells were then washed again, and
100 wl of PNPP substrate solution was added to each well. The color reaction was
stopped by 1 M NaOH, and the optical density was read at 405 nm.

Competitive ELISA. Reactivity of antibodies against soluble AAP was tested
by competitive ELISA. Each well of a 96-well plate was coated with AAP and
blocked with BSA as described above. Various concentrations of AAP (4.8 ng/ml
to 20 wg/ml) were mixed with 100-ng/ml MAbs. The mixtures were then added to
each well, and the plate was incubated at 37°C for 3 h. After three washes, bound
MADs were detected by goat anti-mouse IgG plus IgM (heavy and light chains)
conjugated to alkaline phosphatase and PNPP as described for the indirect
protein ELISA. The inhibition percentage was calculated from the formula
(A405, positive Auos. anr)/(Aaos, positive ~ Aaos, negalive) X 100%, where A 495 is the
optical density reading at 405 nm.

Double-sandwich ELISA. A double-sandwich ELISA method was used to
verify that the various selected MAbs bound specifically to different epitopes of
AAP. Each well of 96-well ELISA plate was exposed to 100 ng of purified MAb
(the capture MAD) at room temperature overnight. After the plates were washed
with PBST and blocked by BSA as described above, various concentrations of
AAP (1 ng/ml to 10 wg/ml) were added to individual wells and wells were
incubated for 3 h at 37°C. After three washes with PBST, a second MAb (the
detection MAD) labeled with biotin was added to each well and allowed to react
with the bound AAP for 2 h at 37°C. The bound biotin-labeled MAb was
detected by streptavidin-alkaline phosphatase and PNPP. The binding of the
detection MAb suggests that it does not bind to the same epitope as the capture
MAD.

SDS-PAGE and Western blotting. Extracellular proteins and cell wall proteins
of S. epidermidis RP62A and S. epidermidis M7 were separated on 6% separating
gel and transferred to a polyvinylidene difluoride (PVDF) membrane for 2 h.
The membrane was blocked by 5% skim milk in PBS overnight and then probed
with MAbs (100 ng/ml) and F(ab’), fragments (200 ng/ml) for 1 h. After the
membrane was washed, the bound MAD or F(ab’), fragments were detected by
goat anti-mouse IgG (heavy and light chains)-horseradish peroxidase (1:10,000)
and ECL chemiluminescence reagent.

Mass spectrometry. Amino acid sequence analysis was carried out to compare
the homology between the wild-type RP62A’s AAP and a 200-kDa protein
discovered on the cell wall of the M7 mutant. The amino acid sequence of the
200-kDa protein isolated from S. epidermidis M7 was analyzed by tandem mass
spectrometry. Sequence analysis was performed at the Harvard Microchemistry
Facility by microcapillary reversed-phase high-pressure liquid chromatography—
nanoelectrospray tandem mass spectrometry (wWLC/MS/MS) on a ThermoFinni-
gan LCQ DECA XP quadrupole ion trap mass spectrometer. Resultant MS/MS
spectra were correlated with known amino acid sequences by using the algorithm
Sequenst, developed at the University of Washington (9), and programs devel-
oped at the Harvard University Microchemistry Facility.

Biofilm inhibition assay. The amount of biofilm formed was determined by a
semiquantitive microtiter plate method. S. epidermidis RP62A, grown on a TSB
agar plate, was suspended in chemically defined media and mixed with either
MAbs or F(ab'), fragments. The mixture was added to each well of a 96-well
tissue culture plate and incubated at 37°C for 24 h. After three washes with PBS,
any remaining biofilm was stained with safranin O dye for 1 min and washed with
PBS again. Optical density at 492 nm was determined with a 96-well plate
spectrometer reader. S. epidermidis RP62A without antibodies was the positive
control, and S. epidermidis M7 without antibodies was the negative control.
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FIG. 1. Coomassie blue-stained 7.5% Tris-HCI polyacrylamide gel.
Lanes: A, extracellular proteins of S. epidermidis RP62A (sessile
growth); B, extracellular proteins of S. epidermidis M7 (sessile growth);
C, cell wall protein of S. epidermidis RP62A (sessile growth); D, cell
wall protein of S. epidermidis M7 (sessile growth). Arrow, 200-kDa
protein; E, molecular weight markers.

Percent inhibition of biofilm accumulation was determined from the formula
(A492, positive A492, amibody)/(A492, positive A492, negalive) X 100%.

RESULTS

As reported by Hussain et al. (14), the parent strain S.
epidermidis RP62A produces a 140-kDa extracellular protein
(AAP), which is not produced by the biofilm-negative mutant
M?7. We have confirmed that the AAP is not only secreted into
extracellular fluids by biofilm-bound cells but also resides on
bacterial cell walls (Fig. 1, lanes A and C). Although mutant
M7 does not produce AAP, it does produce a 200-kDa protein,
which is not present in S. epidermidis RP62A but which binds
to selected MAbs against AAP (see below). AAP was purified
by low-pressure anion-exchange chromatography, and frac-
tions were eluted by a linear gradient of NaCl in Tris-HCI
buffer. The purity of AAP was confirmed by SDS-PAGE with
silver stain. No minor band was visible, only the 140-kDa major
band (data not shown).

Antiserum reactivity with AAP was tested by ELISA and
Western blotting. ELISA results show that antiserum reacts
with the AAP. The titer was only 1:2,560 (antiserum titer was
defined as the highest serum dilution resulting in 10% of max-
imum optical density). In a Western blot assay, a 1:750 dilution
of antiserum revealed a 140-kDa band, indicating that the
antiserum specifically recognized the AAP (data not shown;
available upon request). Biofilm formation was reduced by
54% by a 1:40 dilution of the antiserum.

After repeated immunization, hybridoma cells were pro-
duced (University of Alabama-Huntsville) by cell fusion be-
tween mouse spleen cells and a myeloma cell line. Hybridoma
cell media were screened by protein ELISA first. The 25 hy-
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TABLE 1. Biofilm inhibition by hybridoma media before and after
protein L purification

Biofilm inhibition (%)

Hybridoma

Before After
purification purification
12C6 548 3.0 424+ 43
12A1 563 3.2 40.6 £ 6.3
3A5 528 =21 477+ 1.7
3C1 509 = 1.0 43234
Hybridoma media 43.6 =34 6.5+ 04

bridoma supernatants with a positive response in ELISA were
screened by the biofilm inhibition assay. The negative control
for these two assays was stock hybridoma medium. Although
stock hybridoma medium did not react with AAP, as shown in
ELISA, it inhibited biofilm formation by ~44% at 24 h (data
available upon request). Supplemented with bovine serum, the
hybridoma medium contains bovine IgG and complement mol-
ecules, which may inhibit biofilm formation (15, 29, 35). To
eliminate this background biofilm inhibition by the hybridoma
medium, hybridoma supernatant containing MAbs was puri-
fied prior to use by passage through a protein L spin column.
Protein L, which specifically binds to the «k light chain of im-
munoglobulins, can distinguish between bovine and mouse
IgG. After purification, background biofilm inhibition by hy-
bridoma medium alone was dramatically reduced from 44 to
6.5%. Once the four MAbs in hybridoma supernatants that
exhibited the highest biofilm inhibition capacity were purified
by the protein L spin column, they maintained their antibiofilm
activity (Table 1).

Hybridoma 12C6 (IgG2a) was chosen to be cloned and MAb
MADb 12C6 was purified by a protein G chromatography col-
umn. The reactivity of purified MAb 12C6 against AAP was
confirmed by both indirect protein ELISA (Fig. 2) and com-
petitive ELISA (Fig. 3). Results of indirect ELISA show that
purified MAb 12C6 binds to AAP immobilized on a polymer
surface in a dose-response fashion. Results of competitive
ELISA confirm the highly sensitive MAb-specific binding to
the AAP antigen in free solution.

Antigenic specificity of MAb 12C6 was also verified by West-
ern blot assay (Fig. 4). Secreted proteins and cell wall proteins
of both S. epidermidis RP62A and M7 were separated by 6%
polyacrylamide gel and transferred to a PVDF membrane.
Proteins on the PVDF membrane were probed by MAb 12C6.
As anticipated, MAb 12C6 bound to the 140-kDa protein band
in both the secreted and cell wall proteins of the S. epidermidis
RP62A. Also, as anticipated, no 140-kDa protein was detected
in S. epidermidis M7 cultures. However, unexpectedly MAb
12C6 reacted with a 200-kDa protein both secreted into super-
natant and bound to the cell wall of the M7 biofilm-deficient
mutant. MAb 12C6 also weakly reacted with a 150-kDa cell
wall-bound protein on M7. One explanation for MADb reactivity
could be the nonspecific binding of MAb 12C6 to the 200-kDa
protein and other M7 cell wall proteins (Fig. 4, lane D). Many
surface proteins (e.g., protein G) of S. aureus and S. epidermi-
dis are able to nonspecifically bind immunoglobulins by way of
IgG’s Fc portion.

To distinguish whether the binding of MAb 12C6 to the M7
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FIG. 2. Indirect protein ELISA of MAb 12C6 with 140-kDa AAP.
A 96-well ELISA plate was coated with AAP. MAb 12C6 was added to
each well and incubated for 3 h at 37°C. Bound MAb were detected
with alkaline phosphatase-conjugated goat anti-mouse IgG. [, MAb
12C6; m, MAD 1934 (an irrelevant MAb against fibronectin).

200-kDa protein is specific binding through antigen binding
sites or nonspecific through the Fc fragment, F(ab’), fragments
of MAbs were produced by pepsin digestion. F(ab’), fragments
are MAbs with their Fc portions removed. Undigested MAbs
were separated from F(ab’), fragments by a protein A column,
and small fragments of Fc protein were removed by passage
through a 50-kDa-MMCO ultrafiltration unit. The purity of
the F(ab’), fragments was verified by SDS-PAGE, indicating

120
100 4
80 4
Mab
binding ., |
Inhibition o
(%)
40 4
20 -
0 T T T
1 10 100 1000 10000

Competitor (AAP) concenration (ng/ml )

FIG. 3. Competitive ELISA. Each well of a 96-well plate was
coated with 200 ng of AAP. Various concentrations of AAP (4.8 ng/ml
to 20 pg/ml were mixed with 100 ng of MAb 12C6/ml. The mixtures
were added to each well, and the plate was incubated at 37°C for 3 h.
Bound MAb were detected with alkaline phosphatase-conjugated goat
anti-mouse IgG and PNPP. MAb binding inhibition is defined in the
text.
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FIG. 4. Western blot of extracellular proteins and cell wall protein
from S. epidermidis RP62A and M7 probed with MAb 12C6. Lane A,
extracellular proteins from RP62A; lane B, cell wall protein of RP62A,;
lane C, extracellular proteins from M7; lane D, cell wall protein from
M7.

that no heavy-chain Fc portions remained. In a Western blot
assay, both secreted and cell wall proteins from S. epidermidis
RP62A and M7 were again probed with a F(ab’), fragment of
MAD 12C6. F(ab'), fragments bind strongly to a single 140-
kDa band in secreted and cell wall proteins of S. epidermidis
RP62A, which indicates that F(ab’), fragments maintain their
antigen-recognizing ability after losing the Fc portion (Fig. 5,
lanes A and B). Further, bands extraneous to the 140-kDa
band in Fig. 4, lanes A and B, are not seen in Fig. 5, lanes A
and B, suggesting that MAb binding to those proteins through
the Fc portion was nonspecific. Although they did not produce
strong bands, F(ab"), fragments did bind faintly to both se-
creted and cell wall-bound 200-kDa proteins (Fig. 5, lanes C
and D). Results confirmed that the binding of MAb 12C6 to
the 200-kDa protein is specific through antigen binding sites.
Again, bands other than the 200-kDa band that reacted with
MAD in Fig. 4, lanes C and D, are missing in Fig. 5.

« 250

«150

«100

«— 75

A B c D

FIG. 5. Western blot of extracellular proteins and cell wall protein
from S. epidermidis RP62A and M7 probed with F(ab’), fragments of
MADb 12C6. Lane A, extracellular proteins from RP62A; lane B, cell
wall protein of RP62A; lane C, extracellular proteins from M7; lane D,
cell wall protein from M7.
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FIG. 6. S. epidermidis RP62A biofilm inhibition by MAb 12C6 in a
96-well polystyrene plate. Bacteria were suspended in chemically de-
fined medium containing the indicated concentrations of MAb and
incubated for 2 h at 4°C and then overnight at 37°C. Formation of the
biofilm was measured with safranin O stain. [J, F(ab"),; m, MAb 12C6.
Biofilm inhibition is defined in the text.

To further investigate the structural similarity between AAP
and the 200-kDa protein, the amino acid sequence of the
200-kDa protein was analyzed by wLC/MS/MS. The 200-kDa
protein in SDS-PAGE bands was fragmented into small
polypeptides, and MS/MS spectra of each polypeptide frag-
ment were correlated with known peptide sequence spectra.
From the layout of the peptide sequences determined, pep-
tides from the 200-kDa protein match a 100-kDa portion of the
AAP sequence. The 200-kDa segments correlated with 662
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amino acids within the 1,245-amino-acid sequence of AAP.
This result indicates that the primary structure of the 200-kDa
protein is significantly homologous to AAP and suggests that
the M7 200-kDa protein may be a dimer of a significant portion
of AAP that fails to cleave. Further characterization of the
200-kDa protein may help to indirectly reveal the biological
function of AAP.

Both the intact MAb 12C6 molecule and its F(ab’), frag-
ment inhibit S. epidermidis RP62A biofilm formation (Fig. 6).
At low concentrations, increasing the amount of either the
MAD or F(ab’), fragment increases biofilm inhibition. Once
MADb 12C6 concentration reaches 6 pg/ml, biofilm inhibition
reaches a maximum of 42%; increasing MADb bulk concentra-
tion any further does not increase biofilm inhibition. When
F(ab’), fragment concentrations reached or exceeded ~4 g/
ml, biofilm inhibition plateaued at ~30%.

Reiterating, polyclonal antibodies against AAP exhibit mod-
est biofilm inhibition ability (54%). Since polyclonal antibodies
are actually a mixture of numerous MAbs specific to different
epitopes on the AAP molecule, hypothetically the mixtures of
different MAbs should exhibit higher biofilm inhibition than
individual MAbs. Besides MAb 12C6, we cloned and purified
two additional antibodies, MAbs 12A1 (IgG3) and 3C1 (IgM).

A double-sandwich ELISA technique was used to confirm
that these three MAbs bond to different epitopes of AAP.
Basically, AAP molecules were first immobilized on the sur-
face by a “capture” antibody. The second, “detection,” anti-
body will not bind to the immobilized AAP unless the detec-
tion MAD is specific to a different epitope on AAP. Figure 7
illustrates that MAbs 12A1, 12C6, and 3C1 all bind to AAP at
different epitopes.

MADbs 12C6, 12A1, and 3C1 individually inhibit S. epidermi-
dis RP62A biofilm formation in a dosage-dependent pattern

250

150 -

Vmax
Relative Mab binding

100 -
50 4
0 | | T T — l
12C6/12C6 12C6/3C1 12C6/12A1 3C1/3C1 3C1/12A1

Capture Mab/ Detection Mab

FIG. 7. Double-sandwich ELISA. Each well of a 96-well ELISA plate was exposed to 100 ng of purified capture MAb at room temperature
overnight. AAP at 1 pg/ml was added to each well and incubated for 3 h at 37°C. After three washes with PBST, a detection antibody labeled with
biotin was added to an appropriate well and allowed to react with the bound AAP for 2 h at 37°C. Bound biotin-labeled MAb were detected with
streptavidin-alkaline phosphatase and PNPP. Other data for an AAP concentration range from 1 to 250 ng/ml are available.
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FIG. 8. S. epidermidis RP62A biofilm inhibition in a 96-well poly-
styrene plate. Bacteria were suspended in chemically defined medium
containing the indicated concentration of MADb and incubated for 2 h
at 4°C and then overnight at 37°C. Formation of the biofilm was
measured with safranin O stain. (a) Biofilm inhibition by individual
MAbs. (b) Biofilm inhibition by MAb mixtures.

(Fig. 8). The maximum percentages of biofilm inhibition by
MADbs 12C6, 12A1, and 3C1 observed were 42, 39, and 66%,
respectively. However, mixtures of MAbs 12A1 and 3C1 and of
MADbs 12C6 and 12A1 at a 1:1 mass ratio increased the inhi-
bition of S. epidermidis RP62A biofilm formation to 87 and
79%, respectively. Significantly higher biofilm inhibition was
obtained from mixtures of MADbs than from individual MAbs.
A mixture of MAbs 12C6 and 3Cl1 inhibited S. epidermidis
RP62A biofilm by only 59%, approximately the same level as
observed for the two individual components, MAb 12C6 and
MAb 3Cl1.

DISCUSSION

Accumulation of S. epidermidis at a surface and production
of extracellular polysaccharide can lead to the formation of
dense biofilm on polymer surfaces. The success of S. epidermi-
dis as a pathogen is mainly attributed to its biofilm formation
ability. Compared to S. aureus, S. epidermidis does not produce
as much bacterial toxin and tissue-damaging exoenzymes (37,
38). Planktonic S. epidermidis usually does not cause infection
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unless the host is immunocompromised (immunosuppressive
therapy, AIDS, or premature birth). Traditional antibiotic
treatment of S. epidermidis biofilm faces an increasing chal-
lenge of antibiotic-resistant strains (37). Should antibiotic
treatment be successful in killing the adherent bacteria, the
debris of dead bacteria could still cause an inflammatory re-
sponse around a biomedical implant, thus possibly damaging
the surrounding tissue (30). Methods interrupting S. epidermi-
dis adhesion and accumulation will keep the bacteria in less-
virulent planktonic phase and reduce the risk of foreign-body-
related infection. Thus, antibodies targeting S. epidermidis
adhesion and biofilm formation factors have potential as ther-
apeutic agents against infections of biomedical implants.

Several recent studies showed that pooled human immuno-
globulins reduce bacterial adhesion on biomaterials. Rediske
et al. (31) reports that a 25-mg/ml human immunoglobulin
solution reduced Pseudomonas aeruginosa adhesion on contact
lenses from 1.5 X 10° CFU/lens to 4.4 X 10° CFU/lens. Poel-
stra et al. (29) also reports that pooled human immunoglobu-
lins significantly reduce adhesion of Pseudomonas aeruginosa
in a parallel-plate flow cell study. After preopsonizing Pseudo-
monas aeruginosa with 0.2% (wt/wt) pooled antibodies, initial
deposition rates and surface growth rates were reduced 53 and
54%, respectively. Interestingly, the initial bacterial deposition
rate and surface growth rate were decreased to only 28 and
39%, respectively, once the Pseudomonas aeruginosa-specific
IgGs were removed from the IgG pool (29). Results indicate
that specific and nonspecific adsorption of antibodies to a
bacterial surface can inhibit adhesion. Because the human
antibodies in these other studies were not specific to biofilm-
associated molecules, inhibition of bacterial adhesion was
achieved only when the antibody concentration was extremely
high. Limited supply of human immunoglobulins would affect
their potential as a therapeutic reagent for bacterial infection.
Their low avidity and the requirement for high concentrations
would also preclude pooled IgGs from being dispensed directly
from the medical device itself. However, the efficacy of mixed
MAD epitope blocking could be greatly improved by generat-
ing bivalent or trivalent single-chain “dia-” or “tribodies” (12,
17). The elegance of such single-chain multivalent antibodies is
that their size is greatly reduced compared to that of MAbs,
they contain no Fc portion, and their binding avidity is in-
creased. Such small binding molecules could be realistically
dispensed directly from the biomaterial in a sustained- or con-
trolled-release manner (18).

During the bacterial biofilm formation process, both cell-
surface interaction and cell-cell adherence are regulated by
various cell surface factors. MADbs targeting those factors in-
hibit bacterial adhesion and accumulation far more efficiently
than the same concentration of pooled immunoglobulins.
Leininger et al. raised three MADbs against filamentous hem-
agglutinin, which is a major Bordetella pertussis cell membrane
adhesin. The ability of B. pertussis to adhere to the CHO cell
monolayers was reduced 48% by 0.1 mg of MAb/ml (20). Pei
and Flock (27) report that an S. epidermidis surface-located
fibrinogen binding protein, termed Fbe, mediates bacterial ad-
herence to a fibrinogen-coated surface in vitro. Antibodies
against Fbe reduced bacterial adhesion on a fibrinogen-coated
surface in vitro by 80% and subcutaneously in implanted cath-
eters in rats by 50%.
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Because MAbs were mostly of murine origin, administration
in humans will lead to a host defense response against those
MAbs, which would diminish their therapeutic effect (1, 32).
The level of immune response is associated with the dose of
MADs (32). We have demonstrated that selected MAbs and
their mixtures both inhibit S. epidermidis biofilm formation in
a dosage-dependent manner in a very low concentration range.
Mixtures of MAbs 12C6 and 12A1 exhibit biofilm inhibition
activity at a concentration as low as 0.2 pg/ml. At 25 pg/ml, the
MADb mixture inhibits S. epidermidis biofilm formation by
~80%. Low MADb concentrations or use of F(ab"), fragments
(omitting the immunogenic Fc portions) could reduce the risk
of host defense response and tissue damage. Although a mix-
ture of MAbs 12C6 and 3C1 exhibited higher biofilm inhibition
(87%), in vivo usage of MAb 3C1 could pose a potential
problem since it is an IgM isotype. IgMs are more likely than
IgG to generate immune complexes and activate the comple-
ment system (15). The alternative approach to reduce the
immunogenicity of MAbs would be to remove the Fc portion
or create single-chain antibodies discussed above. Schroff et al.
have reported that little or no anti-mouse IgG was detected in
patients that received F(ab’), fragments of mouse IgG, in
contrast to what was found for patients receiving the whole
molecule of IgG (32). Our study showed that F(ab’), frag-
ments of MAb 12C6 inhibit S. epidermidis biofilm by 32% at 4.0
pg/ml. With the advantage of low immunogenicity, F(ab’),
12C6 alone, or in mixture of other F(ab’), fragments, has the
potential for biofilm inhibition in vivo.

The fact that the MADs tested here would have any effect on
biofilm formation suggests that AAP instigates S. epidermidis
biofilms through some type of receptor-ligand binding interac-
tion. Since our results show that individual MADbs only partially
blocked the function of AAP, we then studied the effect of
MAD combinations on S. epidermidis biofilm formation. None
of the three MADs alone inhibited S. epidermidis biofilm for-
mation more than 66%. We speculate that either AAP has
multiple binding sites for its yet unknown target ligand or the
binding epitopes on AAP for the MAbs are not close to the
unknown ligand binding site(s). As a consequence, regardless
of the MAb concentration, AAP is still able to partially func-
tion.

However, two out of three MAb combinations significantly
improved S. epidermidis biofilm inhibition. Mixtures 12C6/
12A1 and 3C1/12A1 reduced S. epidermidis biofilm formation
by 79 and 87%, respectively; significantly higher inhibition than
that produced by any MAb individually. While the binding of
MAD 12A1 alone inhibits S. epidermidis biofilm formation by
only 39%, its addition to either MAb 12C6 or MAb 3Cl1 in-
creases S. epidermidis biofilm inhibition to 79 and 87%, respec-
tively. This might suggest that MAb 12A1 may bind close to the
ligand-binding active site(s) of AAP but alone is insufficient to
affect significant inhibition. However, upon the binding of the
second MAD (either 12C6 or 3C1), there is perhaps a confor-
mational change in AAP that allows bound MAb 12A1 to
block the active site on AAP. There is sufficient precedent
indicating that antigens and antibodies can significantly change
their molecular conformation upon binding (4, 6, 8, 19, 25).
The MADb mixture 12C6/3C1 did not inhibit S. epidermidis
biofilm formation any more than MAb 3C1 alone. Conceptu-
ally, MADb 12C6 and MAb 3C1 may bind to AAP at epitopes
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that are close to each other and yet distant from the unknown
ligand-binding site; as a consequence their mutual binding
provides no additive benefit.

In the report by Hussain et al., AAP was isolated from an
extracellular protein mixture (14). We discovered that AAP is
both secreted into extracellular fluid and expressed on the S.
epidermidis cell wall. The amino acid sequence of AAP showed
the presence of a common Staphylococcus cell wall protein
anchor sequence, LPXTG, which confirms that AAP is co-
valently bound to the S. epidermidis cell. Hussain et al. also
reported that the AAP is not expressed by S. epidermidis
RP62A in planktonic growth (14). However, we found that
AAP is present on the cell wall of S. epidermidis RP62A grown
in suspension but is not secreted (data not shown). The pres-
ence of AAP in extracellular fluid is observed only during
biofilm formation.

The mechanism by which AAP mediates S. epidermidis
RP62A biofilm formation is still not clear. Hussain speculated
that AAP is involved with bacterial accumulation instead of
primary adhesion because the biofilm-negative mutant S. epi-
dermidis M7 maintains an adhesion ability (14). Although S.
epidermidis M7 does not produce AAP, it expresses a 200-kDa
protein on its cell wall and secretes it into extracellular fluids.
ELISA and Western blotting showed that all three MAbs de-
veloped against AAP (MAbs 12C6, 12A1, and 3C1) and F(ab),
fragments of MAb 12C6 cross-react with the 200-kDa protein.
pLC/MS/MS characterization of the 200-kDa protein showed
that peptides from the 200-kDa protein matched a 100-kDa
portion of the AAP sequence.

In conclusion, we confirm that MAbs 12C6, 12A1, and 3C1
raised against S. epidermidis AAP specifically bind to AAP and
partially inhibit its role in biofilm formation. Meanwhile,
F(ab"), fragments of MAb 12C6 maintained AAP binding and
biofilm inhibition ability after Fc portions are removed. A
“cocktail” of MAbs recognizing different epitopes of AAP sig-
nificantly decreased the biofilm formation compare to appli-
cations of individual MAbs. Mixtures of MAbs and F(ab’),
fragments appear to have promising potential as therapeutic
reagents for the prevention of S. epidermidis infection. How-
ever, it is still unclear how AAP is actually involved in biofilm
formation. Further studies of AAP expression, both on the
bacterial surface and in extracellular fluid, during the biofilm
accumulation process are in progress to reveal the function of
AAP.
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