
Antibodies to PhnD Inhibit Staphylococcal Biofilms

Hubert Lam, Augustus Kesselly, Svetlana Stegalkina, Harry Kleanthous, Jeremy A. Yethon

Sanofi Pasteur, Cambridge, Massachusetts, USA

Biofilm formation on central lines or peripheral catheters is a serious threat to patient well-being. Contaminated vascular de-
vices can act as a nidus for bloodstream infection and systemic pathogen dissemination. Staphylococcal biofilms are the most
common cause of central-line-associated bloodstream infections, and antibiotic resistance makes them difficult to treat. As an
alternative to antibiotic intervention, we sought to identify anti-staphylococcal biofilm targets for the development of a vaccine
or antibody prophylactic. A screening strategy was devised using a microfluidic system to test antibody-mediated biofilm inhibi-
tion under biologically relevant conditions of shear flow. Affinity-purified polyclonal antibodies to target antigen PhnD inhib-
ited both Staphylococcus epidermidis and S. aureus biofilms. PhnD-specific antibodies blocked biofilm development at the ini-
tial attachment and aggregation stages, and deletion of phnD inhibited normal biofilm formation. We further adapted our
microfluidic biofilm system to monitor the interaction of human neutrophils with staphylococcal biofilms and demonstrated
that PhnD-specific antibodies also serve as opsonins to enhance neutrophil binding, motility, and biofilm engulfment. These
data support the identification of PhnD as a lead target for biofilm intervention strategies performed either by vaccination or
through passive administration of antibodies.

The Centers for Disease Control and Prevention estimates that
�41,000 cases of central-line associated bloodstream infection

(CLABSI) occurred in United States hospitals in 2009, with a sim-
ilar number in outpatient hemodialysis centers (�37,000 cases in
2008) (1). In addition to the significant patient morbidity associ-
ated with these infections, direct medical costs are approximately
$20,000 per occurrence (2, 3). As such, prevention of CLABSI has
been declared a United States health care priority (4). The inci-
dence of CLABSI in hospital intensive care units has gone down in
recent years relative to its baseline measurement in 2001 (1), pri-
marily due to implementation of evidence-based best practices for
the insertion and maintenance of central lines (5). However, the
combined burden of infection in intensive care units, inpatient
wards, and outpatient hemodialysis centers is still unacceptably
high. Given the continuing medical need, our goal is to develop a
new vaccine or monoclonal antibody product to advance preven-
tion efforts.

Data from the National Healthcare Safety Network show that
coagulase-negative staphylococci are the leading cause of CLABSI
(20.5%), followed by Staphylococcus aureus (12.3%) and then En-
terococcus faecalis (8.8%) (6). S. epidermidis is the most clinically
relevant species among the coagulase-negative staphylococci, ac-
counting for �70% of catheter-related infections within the
group (7, 8). Therefore, we focused on S. epidermidis for our stud-
ies but maintained an emphasis on targets conserved across the
entire genus.

S. epidermidis is normally a harmless commensal found in
abundance on skin and mucous membranes. Its success as an
opportunistic pathogen causing CLABSI is due primarily to its
ability to colonize and form biofilms on catheters, which subse-
quently act as a nidus for systemic dissemination (reviewed in
references 9 and 10). Biofilms are communities of individual cells
held together by a secreted matrix of proteins, polysaccharides,
and extracellular DNA. The matrix protects ensconced bacteria
from environmental stresses such as host defenses and antibiotics;
as a result, biofilms are very difficult to treat, and clinical guide-
lines for CLABSI generally call for catheter removal in addition to

antibiotic therapy (11). Since biofilms are integral to the establish-
ment of staphylococcal CLABSI, we focused our intervention ef-
fort on this essential virulence factor.

In this report, we describe the identification and characteriza-
tion of an anti-staphylococcal biofilm target for vaccination or
passive antibody prophylaxis. Traditional biofilm assays using mi-
crotiter plates (12) are not suitable for modeling CLABSI because
static conditions cannot reproduce the fluid dynamics of the in
vivo milieu. For example, the circulation of blood around vascular
catheters exerts shear flow forces on developing biofilms, replen-
ishes nutrients, and removes bacterial waste products and signal-
ing molecules—none of which are reproduced by the microtiter
plate method. Therefore, we developed a biofilm model using a
flow-based live cell imaging system (BioFlux 1000; Fluxion) (13,
14) and performed quantitative comparisons among new and pre-
viously described targets using time-lapse video microscopy for
longitudinal monitoring of the complete biofilm development cy-
cle. This flow-based assay was further adapted to assess potential
host-pathogen interactions via the introduction of freshly isolated
human neutrophils to the system. Based on the accumulated data,
staphylococcal protein PhnD is presented as a leading candidate
for antibody-mediated biofilm inhibition strategies for the pre-
vention of CLABSI.
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MATERIALS AND METHODS
Strains, media, and growth conditions. See Table S1 in the supplemental
material for a detailed list of strains and plasmids. S. epidermidis, S. aureus,
S. haemolyticus, and S. hominis were grown at 30°C or 37°C in tryptic soy
broth (TSB). Plasmids were transformed into staphylococci by the use of
a published protocol (15). In brief, staphylococci were grown in basic
medium to the mid-exponential phase, washed 4 times, and then resus-
pended in 10% (vol/vol) glycerol at a cell concentration of 1E10 CFU/ml.
The resulting competent cells were incubated with 3 �g of plasmid DNA
and then subjected to electroporation at 2.5 kV, 200 �, and 25 �F. After 2
h of incubation in TSB at 30°C, transformants were selected with the
appropriate antibiotics (Sigma-Aldrich), which were used at the following
concentrations: kanamycin at 50 �g/ml, trimethoprim at 10 �g/ml, eryth-
romycin at 10 �g/ml, and ampicillin at 100 �g/ml.

To construct the 1457 �phnD strain, pHL008 was transformed into
strain 1457 with selection on erythromycin at 30°C to select for the repli-
cation-competent plasmid. Transformants were then shifted to the re-
strictive temperature (42°C) to force chromosomal integration of pHL008
at the phnD locus. Single clones were screened for sensitivity to erythro-
mycin and resistance to trimethoprim as a marker for the allele exchange.
Positive clones were confirmed by PCR and Western analysis.

Plasmid construction. The pHL007 fluorescent reporter plasmid was
constructed by fusing 500 bp of the ftsA 5= untranslated region (constitu-
tive promoter) to the coding sequence for a red fluorescence protein that
was codon optimized for expression in S. epidermidis (GenScript, Piscat-
away, NJ). This fragment was cloned into pUC19 via SalI-EcoRI. The
resulting construct was then cut and ligated into the PstI site of pE194.

The pHL008 allele exchange vector was constructed by cloning dhfr
(conferring trimethoprim resistance) between 800 bp of upstream DNA
and 800 bp of downstream DNA flanking phnD. This cassette was cloned
into pUC19 as an EcoRI-PstI fragment. The resulting construct was
cloned into the PstI site of pROJ6448.

Expression plasmids were constructed for the designated amino acids
of each protein as follows: PhnD/SERP2286 (amino acids 21 to 318),
SesC/SERP2264 (amino acids 34 to 649), GapA/SERP0442 (amino acids 1
to 336), and EmbP/SERP1011 (amino acids 6599 to 7340). The appropri-
ate nucleotide sequences were amplified by PCR from RP62A chromo-
somal DNA and cloned into pET-30 Ek/LIC according to the manufac-
turer’s instructions for expression with an N-terminal His tag (Novagen).
Complete plasmid sequences are available upon request.

Antigen expression and purification and generation of antibodies.
Proteins were expressed in Escherichia coli BL21(DE3) using Overnight
Express Autoinduction System 1 (EMD Millipore), per the manufactur-
er’s protocol. For Aap/SERP2398, a 20-amino-acid peptide (PGKPGVK
NPDTGEVVTPPVD) was synthesized for immunization (GenScript),
based on its published identification as an antibiofilm epitope (16). Ex-
pression cultures were harvested by centrifugation, and cell pellets were
stored at �80°C.

Recombinant His-tagged proteins were purified from the soluble frac-
tion under native conditions using Ni Sepharose High Performance resin
(GE Healthcare Life Sciences). Cells were thawed and resuspended in Ni
Sepharose binding buffer (20 mM sodium phosphate, 0.3 to 0.5 M NaCl,
10% glycerol, 30 mM imidazole, pH 7 to 8) with EDTA-free protease
inhibitor tablets (Roche). Cell disruption was performed by two passages
through a microfluidizer at 18,000 lb/in2 on ice. The resulting lysate was
clarified from insoluble material by centrifugation at 30,000 to 45,000 � g
for 40 to 60 min at 4°C followed by filtration through a 0.22-�m-pore-size
filter prior to column binding. Ni Sepharose binding buffer with 0.05%
Tween 80 was used to wash bound protein to ensure endotoxin removal
followed by extensive washing with binding buffer alone. Protein was
eluted by a linear imidazole gradient (30 to 250 mM) in binding buffer.
When purity was 	95% or endotoxin levels were �1 endotoxin unit/�g,
additional purification procedures—including the use of hydrophobic
interaction chromatography (HiTrap Phenyl HP resin) and/or ion ex-
change chromatography (HiTrap Q HP resin) with buffer systems recom-

mended by GE Healthcare Life Sciences—were employed. Purified pro-
teins were dialyzed against phosphate-buffered saline (PBS)–10% glycerol
and then sterilized by passage through a 0.22-�m-pore-size filter. The
purity and stability of purified proteins were analyzed by SDS-PAGE and
Western blot analyses. Endotoxin levels were estimated by the use of En-
dosafe PTS cartridges with an Endosafe portable test system.

Affinity-purified recombinant protein or keyhole limpet hemocyanin-
conjugated Aap peptide was used to generate rabbit antisera using a 10-
week immunization protocol (GenScript). Antigen-specific antibodies
were affinity purified from the harvested sera using the purified proteins
or peptide (GenScript). All antibodies were dialyzed into PBS and brought
to a standard working concentration of 10 mg/ml. Affinity-purified rabbit
anti-rat IgG antibody (R3756; Sigma-Aldrich) was used as an irrelevant
control antibody in most experiments.

Flow-based biofilm inhibition assays. A BioFlux 1000 system (Flux-
ion) with a Nikon Eclipse Ti-S microscope and temperature-controlled
housing was used for all imaging experiments. Automated microscopy
and image processing were performed with BioFlux Montage software.

For experiments performed in prophylactic mode, BioFlux 48-well
plates (Fluxion) (catalog no. 910-0047), allowing up to 24 individual
treatment conditions, were primed with TSB plus the indicated concen-
tration of antibody from the outlet well at a shear setting of 2 dyn/cm2 for
10 min. Cultures of S. epidermidis or S. aureus were grown to the mid-log
phase, briefly sonicated using a low power output to break up clumps, and
normalized to an optical density at 600 nm (OD600) of 0.15. Bacteria were
preincubated with the indicated concentration of antibody for 25 min at
room temperature. For specificity of inhibition experiments, purified
PhnD antigen or bovine serum albumin (BSA) (Sigma-Aldrich) was
added to the priming medium and bacterial preincubation step at 20
�g/ml. Bacteria were seeded from the outlet well into the channel and
viewing window at a shear setting of 2 dyn/cm2 for 3 s. After 1 h of
incubation at 30°C or 37°C (as specified in the figure legend), TSB with the
indicated concentration of antibody was flowed from the inlet well at a
shear setting of 0.4 dyn/cm2 for the duration of the experiment. Images
were automatically acquired every 20 min at multiple stage positions with
bright-field illumination; images were also acquired in the red channel
(86013v2 tetramethylrhodamine isothiocyanate [TRITC] filter set;
Chroma, Bellows Falls, VT) using a 200-ms exposure time when strain
1457-FL was used. The background-corrected average pixel intensity per
image was used to quantify biofilm formation for different antibody treat-
ments.

For experiments performed in early therapeutic mode, the protocol
was identical to that described above, except that BioFlux plates were
primed using TSB without antibodies, and bacteria were not preincubated
with antibodies prior to seeding. Under these conditions, bacteria were
allowed to undergo initial attachment to the channel surface without an-
tibody interference.

For experiments performed with human neutrophils, BioFlux 48-well
plates were primed with TSB at a shear setting of 2 dyn/cm2 for 10 min.
Bacterial cultures were grown to the late log phase, briefly sonicated at a
low power output to break up clumps, and normalized to an OD600 of 0.8.
S. epidermidis 1457 was seeded from the outlet well into the channel and
viewing window at a shear setting of 2 dyn/cm2 for 3 s. After 30 min of
incubation at 37°C, TSB was flowed from inlet well at a shear setting of 0.4
dyn/cm2 for 3.5 h to allow the establishment of biofilm. During the incu-
bation period, polymorphonuclear leukocytes (PMNs [primarily neutro-
phils]) were purified from freshly drawn, EDTA-treated human blood
(Research Blood Components, Brighton, MA). Density fractionation of
PMNs was performed using Polymorphprep (Axis-Shield, Oslo, Norway)
according to the manufacturer’s instructions. Contaminating red blood
cells were lysed with ACK lysis buffer (Lonza) for 45 s, and PMNs were
then washed four times with Dulbecco’s modified Eagle’s medium
(DMEM)-F12 medium (Invitrogen) and enumerated using a Vicell coun-
ter. The preparation was adjusted to 1E6 viable cells/ml. TSB from the
inlet well (used for the establishment of biofilm) was then replaced with
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PMNs in DMEM-F12 suspension. PMNs were flowed at a shear setting of
0.2 dyn/cm2, and images were acquired at 2-min intervals under bright-
field illumination conditions.

For experiments performed with human plasma, BioFlux 48-well
plates were primed with Tris-buffered saline (TBS; 20 mM Tris [pH 6.8],
150 mM NaCl) plus 200 �g/ml of antibody from the outlet well at a shear
setting of 2 dyn/cm2 for 10 min. Cultures of S. epidermidis strain 1457-FL
were grown to the mid-log phase in TSB and then harvested by low-speed
centrifugation, resuspended in an equal volume of filtered (0.45 �m pore
size) 100% human plasma (Innovative Research, Novi, MI), and grown
for an additional 3 h. The bacteria were harvested by low-speed centrifu-
gation and then resuspended in TBS and briefly sonicated at a low power
output to break up clumps and finally normalized to an OD600 of 0.5.
Bacteria were preincubated with 200 �g/ml of anti-PhnD or control an-
tibody for 20 min at room temperature. Seeding was performed in TBS at
a shear setting of 2 dyn/cm2 for 3 s. After incubation for 1 h at 37°C, 100%
human plasma with the indicated concentration of antibody was flowed
from the inlet well at a shear setting of 0.1 dyn/cm2 for the duration of the
experiment (using 1.4 cP as the viscosity of human plasma at 37°C). Im-
ages were automatically acquired every 20 min at multiple stage positions
(86013v2 TRITC filter set; Chroma, Bellows Falls, VT) using a 200-ms
exposure time. The background-corrected average pixel intensity per im-
age was used to quantify biofilm formation for different antibody treat-
ments.

Immunoblotting. S. epidermidis, S. aureus, S. haemolyticus, and S.
hominis strains were grown to the mid-log phase and normalized to an
OD600 of 1.0 to ensure equal loading. Whole-cell lysates were separated by
SDS-PAGE using NuPAGE Novex 4% to 12% Bis-Tris gels (Invitrogen).
Proteins were transferred onto nitrocellulose using an iBlot apparatus
according to the manufacturer’s instructions (Invitrogen) and probed for
PhnD using affinity-purified rabbit antibodies (1/2,000) and a donkey
anti-rabbit secondary antibody conjugated to alkaline phosphatase.

RESULTS
Identifying antibodies with antibiofilm activity. Since antibod-
ies cannot penetrate a bacterial cell, their targets must be exter-
nally accessible. Therefore, publically available bioinformatic
tools (expasy.org) were used to identify surface proteins of S. epi-
dermidis as potential candidates for antibody-mediated biofilm
inhibition. Predicted surface proteins were prioritized based on
homology across the entire genus. The highest-ranking candidates
were cloned and expressed in E. coli and then purified and used to
generate hyperimmune sera in rabbits. Sera were affinity purified
to obtain antigen-specific antibodies, and the resulting antibodies
were screened for antibiofilm activity in vitro (Fig. 1A).

An important consideration for modeling nosocomial biofilm
infections in vitro is to account for the effects of fluid dynamics in
vivo; for example, blood flowing around an indwelling catheter
exerts significant shear flow on a developing biofilm. Therefore, to
mimic conditions that catheter-bound staphylococci encounter in
the human circulatory system, biofilms were grown under condi-
tions of flow and imaged by time-lapse microscopy using a Flux-
ion BioFlux 1000 system (Fig. 1B). This automated, fully inte-
grated platform uses a multiwell plate format to allow sufficient
throughput for screening (input and output wells are linked by
microfluidic flow channels). A schematic of the assay modeling
prophylactic administration of antibodies for biofilm inhibition is
shown in Fig. 1C.

When grown in the presence of nonspecific control antibody,
S. epidermidis 1457 attaches to the microfluidic flow channel and
forms a robust biofilm (Fig. 2A; see also Movie S1 in the supple-
mental material). Test antibodies were screened for biofilm inhi-
bition at a concentration of 200 �g/ml. Many candidates had no

effect (data not shown), but antibodies to PhnD (SERP2286; an-
notated as a phosphonate ABC transporter substrate binding pro-
tein) strongly inhibited bacterial attachment and subsequent bio-
film formation (Fig. 2A; see also Movie S1). The antibiofilm
activity of the PhnD antibodies was dose dependent at from 5 to
100 �g/ml (Fig. 2B). To ensure that biofilm inhibition was specific
to the PhnD target, the experiment was repeated in the presence of
exogenous purified PhnD to bind and sequester PhnD-specific

FIG 1 Overview of approach to identify biofilm-inhibiting antibodies. (A)
High-level strategy for the identification of targets. (B) Schematic of the flow-
based system for monitoring biofilm development. The BioFlux Controller
applies pneumatic pressure to the inlet well which drives media at a defined
flow rate over the attached bacteria in the microscope viewing window. (C)
Diagram of the assay for biofilm inhibition, in which antibodies are present
throughout (model for prophylactic intervention). Biofilm formation is mon-
itored for the duration of the experiment. Wavy arrows indicate the direction
of flow.
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antibodies. Antibiofilm activity was lost in the presence of exoge-
nous PhnD, whereas the addition of an irrelevant control protein
(BSA) had no effect on inhibition (Fig. 2C). PhnD antibodies also
showed antibiofilm activity in the microtiter plate assay based on
endpoint staining with crystal violet (see Fig. S1). Of note, plank-
tonic growth experiments were also performed in the presence or
absence of PhnD antibody and showed no effect, suggesting that
antibodies do not inhibit biofilm development through inhibition
of S. epidermidis growth (data not shown).

Quantifying antibiofilm activity. A fluorescent reporter strain
of S. epidermidis (1457-FL) was constructed to enable a quantita-
tive readout for antibiofilm activity. The reporter strain was com-
parable to its parent with respect to growth kinetics and biofilm
development and showed a strong correlation between fluores-

cent signal intensity and cell number (data not shown). Treatment
with PhnD antibodies at 100 �g/ml inhibited surface attachment
and biofilm development of 1457-FL (Fig. 3A; see also Movie S2 in
the supplemental material), and the endpoint reduction in fluo-
rescent signal was 93% versus the control.

The fluorescent reporter was then used to compare PhnD an-
tibodies to those for other targets, including several proteins with
a known role in S. epidermidis biofilm formation: EmbP
(SERP1011), Aap (SERP2398), and SesC (SERP2264) (17–20).
Treatment with EmbP antibodies also led to a large decrease in
biofilm formation (91% reduction versus the control); however,
none of the other antibodies showed substantial effects at the end-
point (Fig. 3B). Longitudinal quantification showed that antibod-
ies to SesC caused an initial delay in biofilm establishment, but this

FIG 2 PhnD antibodies inhibit S. epidermidis biofilm formation. (A) Longitudinal monitoring of S. epidermidis 1457 biofilms grown at 37°C in the presence of
PhnD or control (rabbit anti-rat IgG) antibodies (Ab) at 200 �g/ml. (B) Dose-dependent biofilm inhibition by PhnD antibodies at 37°C. Images for each
antibody concentration were taken after 6 h and 10 h of biofilm development. (C) The antibiofilm activity of PhnD antibodies is target specific. Exogenous PhnD
protein (but not BSA) is able to absorb specific antibodies and block the antibiofilm activity. A schematic illustration is provided below the microscope images.
Scale bar, 15 �m.
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effect was eventually overwhelmed (Fig. 3C). Aap antibodies
seemed to increase biofilm formation (Fig. 3B and C); given the
repetitive structure of the Aap protein, a plausible explanation for
this biofilm enhancement is that antibodies cross-linked neigh-
boring cells and increased bacterial aggregation. Thus, antibody
binding to the cell surface is not by itself sufficient to prevent
biofilm formation, and inhibition of target function must also
play a role.

PhnD antibodies block initial attachment and early aggrega-
tion. To explore the kinetics of intervention with PhnD antibod-
ies, we introduced antibodies at different stages of biofilm devel-
opment (Fig. 4A). All previous experiments were performed in

prophylactic mode, with antibodies present throughout (Fig. 1C).
To test early therapeutic intervention, antibodies were not added
until after bacterial attachment (Fig. 4B). In this format, the assay
measures the ability of antibodies to inhibit at the aggregation
stage. Under these conditions, PhnD antibody treatment still led
to a significant decrease in biofilm development (85% endpoint
reduction versus the control) (Fig. 4C and D; see also Movie S3 in
the supplemental material). EmbP antibodies also reduced bio-
film formation (65% versus the control), whereas the remaining
antibodies either had no effect (anti-GapA and SERP0442) or led
to increased biofilm levels (anti-SesC and -Aap; Fig. 4C and D).
Intervention in the late therapeutic window was also tested by

FIG 3 Quantifying antibiofilm activity using a fluorescent reporter strain. (A) Longitudinal monitoring of S. epidermidis 1457-FL grown at 30°C in the presence
of PhnD or control (rabbit anti-rat IgG) antibodies at 100 �g/ml. Images represent results of monitoring every 3 h at between 6 and 18 h of biofilm development.
Scale bar, 20 �m. (B) Endpoint images at 20 h of 1457-FL biofilms grown at 30°C and treated with antibodies at 100 �g/ml. Scale bar, 30 �m. (C) Longitudinal
quantification of the experiment described in the panel B legend using the average pixel intensity of images captured at 20-min intervals for 20 h. A.U., arbitrary
units.
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adding antibodies to a mature biofilm (Fig. 4A), but no effect was
observed for any candidate (data not shown). Therefore, PhnD
and EmbP antibodies inhibit biofilm formation at both the initial-
attachment and early-aggregation stages of development but do
not affect maturation or dispersal. Taken together, these quanti-
tative data support the identification of PhnD as a lead target for
antibody-mediated biofilm intervention strategies.

Deletion of phnD results in defective biofilm formation. To
investigate the antibiofilm mechanism of PhnD antibodies, we
constructed a phnD knockout strain in the S. epidermidis 1457
background. While planktonic growth levels were indistinguish-
able between the parental and mutant strains (data not shown),
biofilm formation by the mutant strain was defective although not
completely abolished (Fig. 4E; see also Movie S4 in the supple-
mental material). The �phnD strain formed biofilms that were less
dense and only loosely attached to the channel surface. It is not
intuitive that PhnD antibodies should be more inhibitory to bio-
film formation than deletion of their target. One possibility is that
antibiofilm activity is a cumulative effect of both functional target
inhibition and steric interference of surface attachment by anti-
body binding.

PhnD antibodies promote phagocytosis of S. epidermidis
biofilms. In a human infection, antibodies work in concert with
other components of the immune system, often as opsonins to
promote pathogen uptake by professional phagocytes. However,
multiple studies have shown that staphylococcal biofilms impede
the normal phagocytic activity of human neutrophils (reviewed in
reference 21). Given the antibiofilm activity of PhnD antibodies,
we hypothesized that they might circumvent the matrix defense
and cooperate with neutrophils to promote biofilm clearance (Fig.
5A). To test this hypothesis, biofilms were formed and then freshly
isolated human neutrophils were introduced in the presence of
control or PhnD antibodies (all under conditions of flow). Addi-
tion of PhnD antibodies led to an immediate and marked increase
in neutrophil binding and active engulfment of the S. epidermidis
biofilm versus the control (Fig. 5B; see also Movie S5 in the sup-
plemental material). In 4 independent experiments, treatment
with PhnD antibodies increased neutrophil binding more than
8-fold versus the control. Tracking of individual neutrophils
showed that a single cell was capable of moving toward and en-
gulfing large numbers of biofilm bacteria (Fig. 5C; see also Movie
S6). These results suggest that PhnD antibodies may enhance neu-
trophil phagocytosis of staphylococcal biofilms in vivo, which
would act as a complement to their direct antibiofilm effects on
the bacteria themselves.

FIG 4 Assessing biofilm inhibition by antibodies added postattachment. (A)
Biofilm development cycle. Possible antibody intervention points include the
following: prophylactic (prior to bacterial attachment), early therapeutic (be-
fore intercellular aggregation), and late therapeutic (after biofilm establish-
ment and maturation). (B) Diagram of the assay for biofilm inhibition, in
which antibodies are introduced postattachment (model for early therapeutic
intervention). Biofilm formation is monitored for the duration of the experi-
ment. Wavy arrows indicate the direction of flow. (C) Endpoint images at 18 h
of 1457-FL grown at 30°C and treated with antibodies postattachment at 100
�g/ml. Scale bar, 30 �m. (D) Longitudinal quantification of the experiment
described in the panel C legend using average pixel intensity of images cap-
tured at 20-min intervals for 18 h. (E) Deletion of phnD results in defective
biofilm formation. Biofilms of S. epidermidis 1457 and its isogenic �phnD
mutant were grown under conditions of flow at 30°C. Images represent biofilm
development after 2, 10, and 18 h. Scale bar, 25 �m.
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PhnD antibodies are active against biofilms with different
matrix compositions. Strains of S. epidermidis can differ signifi-
cantly in biofilm phenotype. For example, the ica operon that
codes for production of the matrix polysaccharide PNAG (poly-

N-acetylglucosamine) is present only in a subset of clinical isolates
(22–24). Since the properties of PNAG-positive and -negative bio-
films are distinct, we wanted to test the antibiofilm activity of
PhnD antibodies in both backgrounds. We identified a suitable

FIG 5 PhnD antibodies enhance neutrophil phagocytosis of S. epidermidis biofilms. (A) Diagram of the opsonophagocytosis assay on preformed biofilms under
conditions of flow. (B) Neutrophils exhibit increased binding, motility, and engulfment of biofilms in the presence of PhnD antibody versus the control (rabbit
anti-rat IgG; both antibodies at 5 �g/ml). Images were taken at 0, 20, 100, and 180 min after introduction of neutrophils. Scale bar, 20 �m. (C) Tracking the
antibiofilm activity of an individual neutrophil in the presence of PhnD antibodies. (Top) A single neutrophil (arrow) is capable of moving toward and engulfing
large numbers of biofilm bacteria. (Bottom) Schematic representation of top panels to highlight the individual neutrophil (colored purple) and its path (red line)
as it engulfs biofilm. Other neutrophils in the field of view are depicted in green. Scale bar, 10 �m.
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PNAG-negative clinical isolate (S. epidermidis 7291) by screening
for the presence of the ica locus. Strain 7291 was able to form
biofilms under flow conditions (Fig. 6A, top), but its biofilms did
not appear as dense or firmly attached as those formed by 1457.
Once again, treatment with PhnD antibodies dramatically inhib-
ited biofilm formation (Fig. 6A, bottom). This result suggests that
the antibiofilm activity of PhnD antibodies is independent of the
matrix, which implies coverage against a broad range of clinically
relevant S. epidermidis strains.

PhnD conservation and cross-species biofilm inhibition of S.
aureus. PhnD is a well-conserved (�75% identity) protein across
all coagulase-negative staphylococci and S. aureus. Western blot-
ting with polyclonal antibodies generated to PhnD from S. epider-
midis showed cross-reactivity with its homologs from S. aureus
(MRSA252), S. haemolyticus (SM 131), and S. hominis (R22) (Fig.
6B). To look at cross-species inhibition of biofilms, antibodies
generated to PhnD from S. epidermidis were tested against S. au-
reus strain Lowenstein (a capsule-positive strain); strong antibio-
film activity was observed (Fig. 6C). These results suggest that

PhnD antibody intervention strategies could be effective against
many species of biofilm-forming staphylococci.

PhnD antibodies inhibit biofilms grown in plasma. Biofilm
formation is a regulated process that depends on environmen-
tal conditions. Likewise, bacterial gene expression patterns are
subject to the medium in which cells are grown. In order to
validate the biological relevance of PhnD as a target for the
prevention of CLABSI, we tested the prophylactic effect of
PhnD antibodies against biofilms grown in human plasma.
Briefly, S. epidermidis 1457-FL grown in rich media was subcul-
tured into 100% human plasma and grown for 3 h prior to seed-
ing. In general, biofilms grown in human plasma developed more
slowly and were less stable than those established using rich media.
Although the dynamic range of the assay was reduced versus stan-
dard conditions, antibodies to PhnD still showed a clear antibio-
film effect versus the control (Fig. 7; see also Movie S7 in the
supplemental material). These results demonstrate that PhnD an-
tibodies are effective at inhibiting staphylococcal biofilms under
conditions of growth and gene expression very similar to the in
vivo milieu conditions.

DISCUSSION

Our goal was to identify a vaccine or antibody candidate to pre-
vent CLABSI caused by staphylococcal biofilms (6, 25). We estab-
lished a flow-based in vitro model using a BioFlux 1000 system
(Fluxion) to screen antibodies for biofilm inhibition under con-

FIG 6 PhnD antibodies exhibit cross-reactivity and antibiofilm activity
against multiple staphylococcal strains. (A) Longitudinal development of S.
epidermidis 7291 biofilms grown at 37°C in the presence of PhnD or control
antibodies (rabbit anti-rat IgG; each at 50 �g/ml). (B) Detection of PhnD
homologs from multiple staphylococcal strains by Western immunoblotting
with antibodies generated to PhnD from S. epidermidis. (C) PhnD antibodies
inhibit S. aureus biofilm formation. Longitudinal development of S. aureus
Lowenstein biofilms grown at 37°C in the presence of PhnD or control anti-
bodies (rabbit anti-rat IgG; each at 100 �g/ml). Scale bar, 20 �m.

FIG 7 PhnD antibodies inhibit S. epidermidis biofilms grown in human
plasma. (A) Endpoint images of 1457-FL grown for 12 h at 37°C with antibod-
ies as indicated. All antibodies were administered in prophylactic mode at 200
�g/ml. Scale bar, 20 �m. (B) Longitudinal quantification of the experiment
described in the panel A legend using average pixel intensity of images cap-
tured at 20-min intervals for 12 h.
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ditions that simulate the fluid dynamics of circulating blood (Fig.
1B and C and 3B). This model represents a substantial improve-
ment over standard static assays performed in microtiter plates, in
which the wells are closed environments that rapidly exhaust nu-
trients, accumulate waste products, and do not subject the bacte-
ria to shear flow forces. We further improved this model by devel-
oping a fluorescent reporter strain to allow quantitative
comparisons among antibody candidates.

In our screen, antibodies to PhnD (SERP2286, annotated as a
phosphonate ABC transporter substrate binding protein) inhib-
ited S. epidermidis biofilms in a dose-dependent manner (Fig. 2),
achieving nearly complete prevention of growth at biologically
relevant concentrations. PhnD-specific antibodies outperformed
those targeting other known surface proteins, including those
with a predicted role in biofilm formation such as SesC and Aap
(Fig. 3 and 4). Given that all targets in Fig. 3 and 4 are surface
exposed (18, 19, 26, 27), it is clear that biofilm inhibition requires
more than just antibody binding to the cell surface. In fact, abun-
dant antibody binding to highly expressed surface antigens may
induce cell aggregation and increase biofilm formation, as ob-
served for Aap (Fig. 3 and 4) and SesC (Fig. 4); this phenomenon
has been documented previously for Aap (16). Antibodies to
EmbP performed well in the prophylactic assay (Fig. 3), but
PhnD-specific antibodies were clearly superior when adminis-
tered in early therapeutic mode (Fig. 4). Of note, subdomains of
Aap and EmbP were used to generate the antibodies in our studies;
therefore, we cannot rule out the possibility that alternate regions
of the same antigens could result in antibodies with a different
activity profile.

During our time-lapse monitoring, we observed for all anti-
body candidates with antibiofilm activity that small clumps of
cells would sometimes form and then dissociate under conditions
of shear flow (see Movies S1, S2, S3, and S7 in the supplemental
material). Could the release of these clumped cells have biological
consequences? We can only speculate, but biofilm clumps disso-
ciated by antibody treatment are not expected to be equivalent to
microcolonies or emboli released by the natural dispersal mecha-
nisms that are implicated in the metastatic spread of infection
(28). Such clumps would already be coated with antibodies to
prevent their subsequent attachment at distal sites. Alternatively,
one might expect that clumped cells released by active antibody
would get filtered through the liver and trapped and destroyed by
Kupffer cells (29). Indeed, we have performed intravenous chal-
lenge of healthy mice with S. epidermidis scraped from biofilms
that had been minimally disrupted (i.e., that were still likely to
exist in clumps), and the mice very rapidly cleared all signs of
infection (data not shown).

PhnD was selected as our lead antigen for further study because
it elicited the antibodies with the strongest antibiofilm activity and
was the best-conserved (�75% identity) target among all species
in the genus. Phosphonate-binding and -uptake proteins have not
previously been described as playing a role in biofilm formation.
In E. coli, phosphonates are taken into the cell and converted to
phosphates, likely to meet nutritional requirements (30–33). It is
not known if PhnD has an analogous role in S. epidermidis. But
since phosphate-limiting conditions have been shown to suppress
biofilm development in some bacteria (34), a plausible mechanis-
tic hypothesis is that antibody binding to PhnD could lead to
phosphate starvation and trigger a dispersal mechanism for indi-
vidual bacteria to seek out a more nutritive environment. Consis-

tent with the involvement of PhnD in biofilm development, dele-
tion of phnD resulted in a strain unable to form normal biofilms
(Fig. 4E). Future mechanistic studies could focus on defining the
substrate specificity of PhnD and assessing the impact of this sub-
strate on intracellular signaling pathways and biofilm formation.

Antibodies for the prevention of CLABSI could be elicited in a
patient by either vaccination or passive administration. Vaccina-
tion requires a fully functioning immune system and sufficient
lead time to mount a response (e.g., as in planned surgeries).
However, many patients with central lines are critically ill or are
admitted to intensive care units with no advance warning; passive
antibody administration would be preferable in these circum-
stances. Since timing is a critical parameter for defining the clinical
indication, we tested our candidate antibodies at different stages
of biofilm development to establish viable intervention points.
PhnD-specific antibodies were active in both the prophylactic and
early therapeutic settings (Fig. 3 and 4) but could not disrupt
late-stage biofilms—at least, they could not do so in isolation
(data not shown). When considered in the broader context of the
patient immune system, however, our studies with human neu-
trophils predict that PhnD antibodies would also have a therapeu-
tic benefit on preformed biofilms.

Multiple studies have shown that staphylococcal biofilms are
recalcitrant to phagocytosis (reviewed in reference 21), but we
observed clearance of S. epidermidis biofilms by neutrophils in the
presence of opsonizing PhnD antibodies (Fig. 5; see also Movies
S5 and S6 in the supplemental material). Günther and coworkers
have shown phagocytosis of S. aureus biofilms under static condi-
tions (35), but to our knowledge, this is the first demonstration of
biofilm opsonophagocytosis under conditions of shear flow. Since
staphylococcal biofilms leading to CLABSI are bathed in flowing
blood, the recruitment of neutrophils in our model is highly rele-
vant to the in vivo infection: circulating neutrophils must adhere
strongly to avoid being washed away by shear flow forces. Notably,
the neutrophils recruited by PhnD antibodies were highly motile
and actively engulfed sections of preformed biofilm. While we
observed that antibodies to targets other than PhnD (e.g.,
SERP1011 and SERP2398) could mediate biofilm opsonophago-
cytosis (data not shown), it does not necessary follow that all sur-
face-binding antibodies possess this quality. For example, Cerca
and coworkers demonstrated marked differences in the op-
sonophagocytic killing of different S. epidermidis stains grown in
either the planktonic or biofilm mode using antibodies to the
PNAG surface polysaccharide (36). As such, we suggest that bio-
film-specific opsonophagocytosis is an important feature to test
empirically.

Finally, to confirm the in vivo relevance of PhnD as an antib-
iofilm target, we tested the activity of PhnD antibodies against
biofilms grown in human plasma to mimic the environment dur-
ing CLABSI (Fig. 7; see also Movie S7 in the supplemental mate-
rial). These experiments were critical because biofilm formation is
a tightly regulated process that is heavily influenced by the bacte-
rial growth medium. Biofilms formed under shear flow conditions
in 100% human plasma were less stable than those established
using standard laboratory growth media, but antibodies to PhnD
still showed a clear antibiofilm effect (Fig. 7; see also Movie S7).
Efficacy testing of PhnD antibodies in animals would be a logical
next step, but the existing rat central venous catheter models for
CLABSI (37–39) have significant limitations for evaluating vac-
cines or passive antibody administration. In particular, the route
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of bacterial challenge is a key consideration. Delivery of the chal-
lenge inoculum directly into the catheter lumen (37, 38) is not
suitable for vaccine or passive antibody studies because the bacte-
ria are protected from host humoral and cell-mediated effectors.
Likewise, intravascular injection of bacteria to achieve hematoge-
nous colonization of the external catheter surface is highly prob-
lematic because megadoses (�109 cells) of bacteria are required
(39) and it is impossible to distinguish whether the intervention is
targeting the planktonic form or the biofilm form. Further, given
that the ideal strategy is to inhibit biofilm formation at its earliest
stages, it is not practical to surgically implant catheters with pre-
formed biofilms to circumvent the catheter colonization issue.
Our conclusion is that existing animal models for CLABSI offer
limited prognostic value for assessing vaccine or antibody inter-
ventions. Further studies are needed to develop new animal mod-
els that better reflect the natural human acquisition of CLABSI. In
the interim, we suggest that a suite of flow-based studies similar to
what we have presented should be seriously considered as an al-
ternative to animal efficacy testing for this indication. Our assess-
ment of various intervention points for biofilm inhibition and the
interplay of antibodies with human neutrophils to clear existing
biofilm together offer a holistic view of how a PhnD vaccine or
antibody prophylactic might work in the context of a human in-
fection.

In conclusion, PhnD is a promising target for a vaccine or
passive antibody strategy against staphylococcal biofilms. Since it
is highly conserved, a single vaccine or monoclonal antibody
could have antibiofilm activity against the entire genus. Interest-
ingly, a phnD homolog also exists in E. faecalis, the third leading
cause of CLABSI. It is tempting to speculate that antibiofilm ac-
tivity against the top three CLABSI pathogens could be achieved
via the same target. Importantly, the tailored antibody strategies
we envision would leave a patient’s normal gastrointestinal flora
intact. Also, by targeting a virulence factor rather than bacterial
viability, we potentially avoid selective pressure that could lead to
the development of resistance (40). Given the medical need to
reduce the burden of CLABSI, a new vaccine or antibody prophy-
lactic would be an important contribution to prevention efforts.
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