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Passive protection, the administration of antibodies to prevent infection, has garnered significant interest in recent years as a
potential prophylactic countermeasure to decrease the prevalence of hospital-acquired infections. Pili, polymerized protein
structures covalently anchored to the peptidoglycan wall of many Gram-positive pathogens, are ideal targets for antibody inter-
vention, given their importance in establishing infection and their accessibility to antibody interactions. In this work, we dem-
onstrated that a monoclonal antibody to the major component of Enterococcus faecalis pili, EbpC, labels polymerized pilus
structures, diminishes biofilm formation, and significantly prevents the establishment of a rat endocarditis infection. The effec-
tiveness of this anti-EbpC monoclonal provides strong evidence in support of its potential as a preventative. In addition, after
radiolabeling, this monoclonal identified the site of enterococcal infection, providing a rare example of molecularly specific im-
aging of an established bacterial infection and demonstrating the versatility of this agent for use in future diagnostic and thera-
peutic applications.

Enterococci, once regarded as commensal organisms of intesti-
nal origin with minimal clinical importance, have emerged as

significant nosocomial pathogens causing endocarditis as well as
bloodstream, wound, and urinary tract infections (1, 2). Recent
data cite enterococci as accounting for 12% of all hospital infec-
tions, becoming the second most commonly isolated nosocomial
pathogen behind staphylococci (3). The endocarditis and biofilm-
associated pili (Ebp) of Enterococcus faecalis have been extensively
studied for their role as virulence factors important for establish-
ing infection. As with all orthologous pilus structures in other
Gram-positive pathogens, including Corynebacterium diphthe-
riae, Actinomyces naeslundii, Streptococcus pyogenes (group A
streptococcus [GAS]), Streptococcus agalactiae (group B strepto-
coccus [GBS]), and Streptococcus pneumoniae (4), the Ebp pili are
terminally anchored to the peptidoglycan surface of the bacte-
rium, allowing pili to readily interact with the external environ-
ment (5). EbpA, EbpB, and EbpC are the three structural pilin
components which make up the pilus unit, with EbpC being the
major component of the shaft (6, 7).

As its name suggests, the presence of Ebp has been associated
with enterococcal infection, specifically, with the ability of entero-
cocci to form a biofilm or establish endocarditis infection. Bio-
films, surface-adherent cells covered in a matrix of polysaccharide,
DNA, and/or protein, provide protection for the microbe, making
them more resistant to the immune response or antimicrobial
attack. However, high-titer antibody responses to all three pro-
teins of the Ebp have been found in patients with E. faecalis endo-
carditis, demonstrating that pili are readily expressed at some
point during infection and can be recognized by the host immune
system (8). Biofilms are associated with native valve endocarditis,
in addition to assisting with the establishment of infection on
artificial surfaces of a number of medical devices, such as catheters
and artificial heart valves (9). In endocarditis, enterococci either
adhere to the heart’s valve or inner endothelial lining directly or
adhere to a sterile platelet/thrombin vegetation to establish infec-
tion. The resulting infection is a cumulative attachment of mi-
crobes, fibrin, platelets, and other host cells to the infection site,

which results in significant patient mortality. Adherence assays
have demonstrated that disruption of the ebpA, ebpB, or ebpC gene
(6) or deletion of genes which regulate the expression of Ebp (10)
inhibits the ability of E. faecalis to establish a biofilm on a polysty-
rene surface. Furthermore, disruption of ebp genes has been
shown to significantly reduce the ability of E. faecalis to form veg-
etations in a rat endocarditis model, which provides direct evi-
dence of the importance of the pili in endocarditis (6). As with
many gene disruption experiments in microbes evaluating their
effect on pathogenicity, a logical next and often more challenging
step is to identify an agent which, upon administration, can sim-
ilarly cause attenuation.

Given the huge success of recombinant IgG monoclonal anti-
body (MAb) therapy in cancer and inflammatory/autoimmune
disease (11, 12) and the increasing battle against the emergence of
multiantibiotic-resistant bacteria, the use of MAb drugs for pas-
sive protection against Gram-positive nosocomial pathogens has
gained considerable interest in recent years (13–20). We have pre-
viously described a panel of MAbs against the major pilin protein
EbpC, from which MAb 69 was selected on the basis of its affinity
to recombinant EbpC antigen and its ability to recognize surface-
displayed EbpC (10). Here we demonstrate the ability of this MAb
to bind to the polymer structure of the pili, functionally inhibit the
establishment of E. faecalis adhesion in vitro, prevent endocarditis
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infection in vivo, and, using positron emission tomography (PET)
molecular imaging studies of infected animals, validate that MAb
69 directly targets and recognizes pili at the site of endocarditis
infection. These results identify Ebp to be a viable MAb target for
preventing infection by E. faecalis. In addition, we demonstrate
that our MAb localizes to the established infection. Such localiza-
tion may provide a means to readily monitor drug treatment in
animal models of established infection and could ultimately allow
identification (via imaging) and, possibly, treatment of patient
populations through MAb therapy or MAb-targeted payload de-
livery.

MATERIALS AND METHODS
Materials and strains. The bacterial strains used in this study included E.
faecalis strains OG1RF (wild type) and OG1RF �ebpABC, which have
been previously described (6, 10). Recombinant EbpC (rEbpC) protein
was produced as previously described (9).

TEM and immunogold labeling. Transmission electron microscopy
(TEM) experiments were carried out as previously described (21). Briefly,
overnight-cultured OG1RF was inoculated into 20 ml brain heart infusion
(BHI) broth (Gibco) at a starting optical density at 600 nm (OD600) of
0.05 and harvested at mid-log phase. One OD600 equivalent of cells was
washed once with 0.1 M NaCl before being resuspended in 1 ml phos-
phate-buffered saline (PBS). Immunogold labeling was performed using
anti-EbpC MAb 69 (10 �g/ml) (10), followed by 12-nm-diameter gold
bead-conjugated donkey anti-mouse IgG (1:20; catalog no. 115-205-071;
Jackson ImmunoResearch Laboratories), using previously described
methods (22). Samples were viewed in a JEOL 1400 transmission electron
microscope.

In vitro biofilm inhibition assay. Biofilm procedures were carried out
as previously described (10). OG1RF cells cultured overnight in tryptic
soy broth containing 0.25% glucose (TSBG) were diluted 1:100 in TSBG
with serial dilutions of anti-EbpC MAb 69 or control IgG (mouse gamma
globulin; catalog no. 015-000-002; Jackson ImmunoResearch Laborato-
ries) in polystyrene 96-well microtiter plates for 24 h at 37°C. The mouse
gamma globulin utilized as the control IgG was dialyzed in PBS and eval-
uated to confirm minimal cross-reactivity to E. faecalis surface antigens by
flow cytometry (data not shown). Plates were washed with PBS, fixed with
Bouin’s fixative, and stained with 1% crystal violet (CV). The CV-stained
cells were solubilized with 80:20 ethanol-acetone, and absorbance values
were determined via a Multiskan EX plate reader and 595-nm filter.

Rat experimental endocarditis model. Aortic valve endocarditis was
produced in rats by following our previously published methods (6, 23,
24). Briefly, male Sprague-Dawley rats (weight, �200 g) were used for
induction of endocarditis by placement (while the rats were under 2.5%
isoflurane anesthesia) through a small incision of a sterile polyethylene
catheter, which was advanced �4 cm into the left ventricle. The catheter
was heat sealed and left in place during the course of passive protection
and molecular imaging experiments.

Passive protection of infected animals. For passive immunization,
rats were injected intravenously (i.v.) through the tail vein with 2 mg/kg of
body weight of MAb 69 or control IgG at 24 h postcatheterization and 1 h
prior to bacterial inoculation. At 25 h postcatheterization, the animals
were inoculated (i.v. in the tail vein) using �9 � 107 CFU/rat of E. faecalis
OG1RF bacteria (an inoculum that represented a dose greater than or
equal to the 75% infectious dose [ID75] premixed in saline) grown in brain
heart infusion plus 40% serum (BHIS), and the animals were euthanized
at 24 h postinfection. Two independent experiments (n � 15 each) were
performed, and the results of the two experiments were combined.

Molecular imaging of MAb 69 targeting in infected animals. For mo-
lecular imaging of MAb 69 targeting in infected animals, the route of
bacterial inoculation in rats was intracardiac (via catheter), and the inoc-
ulum was administered approximately 15 min after catheter placement.
Animals were inoculated with 1 � 107 CFU/rat of E. faecalis OG1RF

grown in BHIS. Animals were divided into two groups that received (i)
radiolabeled MAb 69 to EbpC or (ii) a previously described radiolabeled
control MAb (25) which demonstrated no reactivity to E. faecalis surface
antigens (data not shown). In addition, each agent was administered to
one catheterized/noninfected rat to control for binding to the catheter or
the site of catheter damage.

Radiolabeling and characterization of imaging agents. 1,4,7,10-Tet-
raazacyclododecane-N,N=,N�,N�-tetraacetic acid (DOTA) conjugation
was performed by reacting 1 mg of MAb 69 or the control murine anti-
body with a 20-fold molar excess of DOTA–N-hydroxysuccinimide
(NHS) (Macrocyclics, Dallas, TX) in sodium phosphate dibasic buffer
(0.1 M, pH 8.5). The reaction mixture was kept at 4°C and stirred for 4 h
or overnight. The resulting immunoconjugates were purified with a Zeba
spin desalting column, collected in PBS, and stored at 	80°C. The num-
ber of DOTA moieties per MAb molecule was calculated according to
standardized methods (26), and potency enzyme-linked immunosorbent
assay (ELISAs) were used to verify that the chemical modifications did not
significantly alter biological activity. Radiolabeling with 64Cu was per-
formed as previously described (27). Briefly, 37 MBq of 64Cu was added to
100 �g of each immunoconjugate in 0.1 M sodium acetate (pH 6), and the
mixture was heated at 40°C for 1 h. Reactions were quenched with EDTA
and purified with Zeba spin desalting columns. Labeling efficiency and
purity were determined to be 
85% by radio-thin-layer chromatography
(radio-TLC) using an AR-2000 scanner (Bioscan). Radiochemical purity
was 
95%, as shown by radio-high-pressure liquid chromatography
analysis with a TSK gel G3000SW (5 �m) column and a mobile phase of
90% buffer A (0.1 M sodium phosphate buffer [pH 7.3]) and 10% buffer
B (CH3CN) (isocratic) at a flow rate of 1 ml/min. Radiolabeling and char-
acterization of the control MAb were performed using identical proce-
dures.

To confirm the biological activity of the prepared imaging agents,
ELISA-based potency experiments were performed. ELISA procedures
utilizing rEbpC and recombinant human cell adhesion molecule/Fc
(rHuEpCAM/Fc) have been previously described (25). Briefly, rEbpC or
rHuEpCAM/Fc was coated onto Microlon 600 ELISA plates (Greiner Bio-
One). After a brief blocking step, the samples were applied at the concen-
trations indicated below. Following the primary antibody binding, goat
anti-mouse IgG (Fc) horseradish peroxidase (HRP)-labeled secondary
antibody was added to detect bound mouse IgG. Tetramethylbenzidine
(TMB) substrate was used to develop the HRP. Absorbance values were
determined via a Multiskan EX plate reader and 450-nm filter. For inves-
tigative purposes in the ELISA evaluation, mock radiolabeling procedures
were performed as described above without the addition of the 64Cu iso-
tope.

PET/CT imaging. All animal studies were performed in accordance
with the standards of the University of Texas Health Science Center—
Houston (Houston, TX), Department of Comparative Medicine, and the
Center for Molecular Imaging after review and approval of the protocol by
the Institutional Animal Care and Use Committee or Animal Welfare
Committee, respectively. For all imaging procedures, rats were anesthe-
tized with 1% isoflurane. Animals received 5.5 to 7.4 MBq (normalized to
40 �g/rat) of either 64Cu-DOTA-MAb 69 or 64Cu-DOTA-control MAb
via the tail vein, and PET/computed tomography (CT) imaging was per-
formed on a Siemens Inveon �PET/CT scanner (Siemens Medical, Knox-
ville, TN) using instrument parameters described elsewhere (28). Images
were acquired 24 h after radiotracer injection to allow sufficient clearance
of radioactivity from background tissues. Region-of-interest (ROI) anal-
ysis was then conducted using the vendor software package to quantify
radiotracer accumulation in the infection site and selected organs.

Posteuthanasia procedures. After euthanasia, hearts were aseptically
removed from all euthanized animals. The aortic valve vegetations were
excised, weighed, and homogenized in 1 ml of saline, and dilutions were
plated onto Enterococcosel agar (BD) supplemented with rifampin (100
�g/ml) for selection of inoculated E. faecalis strain OG1RF. Rats with
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sterile cultures of undiluted vegetation homogenates (�1 ml) were con-
sidered to have had no induction of endocarditis.

Data analysis. Since the entire vegetation (homogenized in 1 ml of
saline and dilutions) was plated, vegetations yielding no growth were
scored as sterile and were assigned the value of 1 CFU/vegetation for
statistical purposes. Comparison of the results between the bacterial cul-
tures obtained with the MAb 69 treatment group and the control IgG
treatment group was done by the Mann-Whitney Wilcoxon unpaired test
using Prism for Windows (version 4.00; GraphPad Software). The bacte-
rial densities (geometric mean log10 number of CFU) in the vegetations
were compared. Overall, differences were considered significant at P levels
of �0.05 by use of two-tailed significance levels.

RESULTS
A high-affinity monoclonal antibody targeting the major pilin
subunit of E. faecalis EbpC densely labels the bacterial surface
and extruding pilus structures, as seen in electron microscopy.
It has been previously shown that the loss of pilin polymerization
significantly impacts biofilm formation and infectivity in E. faeca-
lis, demonstrating an important functional role for the pilus fiber
in the establishment of infection (6, 29). Although we have previ-
ously demonstrated by ELISA that MAb 69 recognizes recombi-
nant EbpC monomer and that MAb 69 can readily label in vitro-
grown E. faecalis cells in all phases of growth via flow cytometry
(10), this did not determine whether the antibody was interacting
with polymerized EbpC extending from the cell wall since both the
monomer and polymer are present on the bacterial surface (7).
Given that extended pilus structures may be of importance when
considering targeting EbpC antigen efficiently with MAb, we eval-
uated the ability to MAb 69 to bind the pilin polymer by electron
microscopy (EM). As shown in Fig. 1, the cell surface and ex-
tended pilin structures were readily made visible by use of an MAb
69/secondary antibody gold bead conjugate, suggesting that the
polymer form of EbpC is indeed recognized by this MAb.

Anti-pilin MAb prevents E. faecalis adherence in a biofilm
adhesion assay. Utilizing an established polystyrene biofilm assay
in which E. faecalis endocarditis isolates have been shown to pro-
duce biofilm significantly more often and to a greater degree than
nonendocarditis isolates (30) and in which disruption of EbpC
significantly impacts biofilm formation, we evaluated the ability of
MAb 69 to prevent establishment of biofilm in an in vitro micro-
well assay. Our results demonstrated a clear dose-dependent inhi-
bition of the formation of enterococcal biofilm, with significant

inhibition occurring at MAb 69 concentrations as low as 10 ng/ml
compared to the inhibition found for cells incubated with control
IgG evaluated using the same concentrations (Fig. 2).

i.v. administration of anti-pilin monoclonal antibody pro-
vides passive protection against E. faecalis endocarditis. To test
whether MAb 69 could prevent the establishment of infection in
vivo, we utilized an established infective endocarditis model. MAb
69 (2 mg/kg) was administered 1 h prior to E. faecalis challenge. As
seen in Fig. 3, whereas 9/10 rats given control IgG developed en-

FIG 1 Detection of E. faecalis EbpC on the cell surface by immunoelectron
microscopy. Anti-EbpC MAb-probed OG1RF cells grown in BHI were immu-
nogold labeled, negatively stained with 1% uranyl acetate, and viewed by trans-
mission electron microscopy.

FIG 2 Inhibition of in vitro biofilm formation. Inhibition was achieved by
diluting an overnight culture of the wild-type OG1RF strain into 96-well poly-
styrene plates in the presence of either MAb 69 or control mouse IgG in trip-
licate wells. Static conditions were maintained for a 24-h period before crystal
violet staining. The plotted data represent the average of triplicate wells and are
representative of 3 independent experiments.

FIG 3 EbpC MAb protection against E. faecalis OG1RF infection in a rat
endocarditis model.
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docarditis, only 3/10 given MAb 69 did so. This demonstrated that
significant protection against the establishment of endocarditis
was achieved in rats surveyed at 48 h postchallenge compared to
that achieved in rats receiving a similarly administered IgG con-
trol.

MAb 69 targets established endocarditis infection in vivo, as
shown using PET molecular imaging. Having shown robust la-
beling for electron microscopy studies and flow cytometry evalu-
ation (10), we next sought to address whether EbpC could be
recognized by in vivo imaging after an infection was established.
We conjugated an average of 6.5 DOTA moieties to MAb 69 for
chelation of 64Cu and demonstrated via ELISA that conjugation
and the radiolabeling conditions had a minimal impact on MAb
binding to rEbpC (Fig. 4). To increase the likelihood of obtaining
an infection that could be detected by PET, our initial study uti-
lized a bacterial inoculum of 1 � 108 CFU/rat and allowed 72 h for
establishment of infection. Of the six rats challenged, four died
prior to imaging at this inoculum dosage. However, the remaining
two rats tolerated the challenge and provided preliminary results
to suggest that visualization of the localized infection using radio-
labeled MAb 69 was feasible. As shown in Fig. S1 in the supple-
mental material, injection of 64Cu-DOTA-MAb 69 allowed visu-
alization of infection with a signal correlating to the site of
infection 6 times that of the background signal of heart tissue. No
other thoracic tissues exhibited notable uptake. Conversely, the
control imaging agent did not localize to the infection site and was
at background levels in the imaging field of view. Building on these
preliminary results, seven additional rats were catheterized and
challenged with approximately 10-fold less E. faecalis, or 1 � 107

CFU/rat. At 48 h postinfection, four rats received radiolabeled
MAb 69 and three received radiolabeled control MAb. In addi-
tion, two rats that were catheterized but that were not infected
with E. faecalis received radiolabeled agent to test for nonspecific
targeting to the site of catheter damage. Evaluation of rats at 72 h
postinfection demonstrated that of the four infected rats which
received MAb 69, two had focal uptake of labeled MAb 69 in the

region of the heart that correlated with the site of infection (Fig.
5A2 and A3). Quantification of the PET signal originating from
the entire infected region in these rats gave mean percent infec-
tious dose (ID)/g values of 1.4 and 2.9 for infections with 3.7 � 106

and 1 � 107 CFU, respectively, with corresponding infection/
muscle ratios of 13 and 12.9. Further examination of the infected
area revealed regions with a maximum percent ID/g value of 19.2
in the rat with the largest amount of infection. Analysis of the
other two rats, one with no CFU, despite receiving a challenge
(Fig. 5C), and one with 2 � 106 CFU, the smallest amount of any
animal evaluated (Fig. 5A1), revealed no discernible PET signal at
the infection site, with the latter result suggesting a possible limit
in the number of CFU for PET detection. This result was com-
pared to that for highly infected rats which received control MAb
agent and showed no signs of labeled MAb uptake (Fig. 5B1 to B3).
In addition, control animals receiving no bacterial challenge dem-
onstrated no radiolabeled MAb agent uptake at the site of cathe-
terization (Fig. 5D and E), demonstrating the specificity of MAb
69 to E. faecalis infection and not to host tissue damage. The three-
dimensional PET/CT image of the rat with the largest number of
CFU clearly delineated the infection site and showed a low back-
ground signal in other tissues (Fig. 6).

DISCUSSION

With the increased prevalence of antibiotic resistance of bacterial
nosocomial infections within hospitals and health care facilities
and few new antibiotics on the horizon, new approaches for pre-
vention, such as vaccines, are needed. Unfortunately, the popula-
tions which require protection from these opportunistic infec-
tions are often the least able to mount an effective immune
response, making active immunization a less viable option (13).
Many at-risk patients are immunocompromised as a result of che-
motherapy, underlying diseases, surgical treatments, and/or ad-
vanced age. This population is large and rapidly growing in num-
ber due to increasing life spans and the increased use of implanted
foreign bodies and organ transplantation, the latter of which re-

FIG 4 Imaging agent potency ELISA. MAbs underwent DOTA conjugation via NHS chemistry and subsequent mock labeling conditions without the addition
of 64Cu. To ascertain the effects of MAb labeling on the ability to bind selected targets, corresponding proteins were coated on ELISA wells and allowed to react
with MAbs at the indicated concentrations. The bound MAbs were visualized with HRP-labeled secondary antibodies, followed by color development with TMB
substrate. The results for triplicate wells were averaged and plotted. (A) MAb 69; (B) isotype-matched control MAb 7.
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quires immunosuppressive drugs. Active vaccination also does
little to help those individuals who are at immediate risk of infec-
tion, as in patients undergoing emergency surgery or premature
neonates, where time constraints prevent a robust vaccine re-
sponse for protection (18).

Passive protection through antibody administration is an al-
ternative to active immunization, given the often suboptimal pa-
tient conditions for generating a protective immune response.
MAbs targeting protein toxins have demonstrated success in a
range of bacterial infections, including infections caused by Clos-
tridium difficile (31), Bacillus anthracis (32, 33), and Shiga toxin-
producing Escherichia coli (STEC) (34, 35), whereby blocking the
toxin action prevented pathogenesis. However, targeting the bac-
terium itself, with its complex pathogenesis, has been a significant
hurdle for immunoprevention. For enterococci, only a few surface
antigens have been evaluated as targets of passively administered
antibodies (19, 23, 36, 37). Of relevance to our work, Schlievert et
al. (37) demonstrated that Fab fragments of polyclonal IgG from
rabbits immunized with the surface virulence factor aggregation
substance reduced E. faecalis vegetation in a rabbit endocarditis
model. For this particular target, however, active immunization
experiments and in vitro evaluation suggested that whole IgG, due
to its bivalent nature, encouraged aggregation and actually in-
creased the pathogenesis of enterococcal endocarditis by increas-
ing vegetation size (37).

Antibody-mediated passive protection against bacterial infec-
tion has been studied in numerous Gram-positive pathogens (13,
17, 18, 38). Given the multitude of protein virulence factors,
which are often associated with the cell surface, that are at the
disposal of Gram-positive pathogens, it is not surprising that one
strategy that pharmaceutical companies have pursued has been
polyclonal preparations of antibodies. These pooled human im-
munoglobulin preparations from immunized volunteers or do-
nors with high titers of antibodies against certain virulence factors
have had limited success and have been plagued by a lack of batch-
to-batch consistency and a lack of detailed knowledge of anti-
body-antigen specificity or the specific epitopes targeted. Many of
these issues can be overcome by the use of defined monoclonal
antibodies, where a detailed understanding of epitope specificity

FIG 5 Coronal PET/CT images of rats with endocarditis obtained 24 h after radiotracer injection. (A) Three rats (A1 to A3) with established infections imaged
with 64Cu-DOTA-MAb 69; (B) three rats (B1 to B3) with established infections imaged with 64Cu-DOTA-control MAb 7; (C) a challenged rat without an
established infection imaged with 64Cu-DOTA-MAb 69; (D) a catheterized but not challenged rat imaged with 64Cu-DOTA-control MAb 7; (E) a catheterized
but not challenged rat imaged with 64Cu-DOTA-MAb 69. The size of the E. faecalis population in rats with established infection was measured by postmortem
analysis, and the number of CFU is noted on each image.

FIG 6 PET/CT image of endocarditis at 72 h postinfection in a rat infected
with E. faecalis obtained using 64Cu-DOTA MAb 69.
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and affinity can be surmised. As seen in the exploding field of
monoclonal antibody cancer therapies, targeting of multiple
epitopes or multiple antigens per target cell (39) may provide a
means in the future to overcome the complexities and redundan-
cies of bacterial virulence mechanisms (20).

Despite their success in cancer and treatment of inflammatory
disease, only one monoclonal against an infectious disease, palivi-
zumab (Synagis), has been approved to date. It targets the respi-
ratory syncytial virus (RSV) in neonates (40). Failure of a passive
immunization strategy against Gram-positive pathogens (14, 18)
has been blamed on not only the multifactorial nature of patho-
genesis but also a lack of understanding of the target proteome
during infection and how this modulates the interaction between
host and microbe (18). A better understanding of how these op-
portunistic pathogens utilize and regulate a number of virulence
factors important for pathogenesis should identify potential op-
portunities to prevent infection. Over the last decade, basic re-
search into the structure and function of Gram-positive bacterial
pili has laid the groundwork for exploring pili as a target for pre-
vention and therapy. Covalently linked to and extending from the
cell wall surface, pili are an attractive target for antibody-mediated
prevention, and recent investigations have evaluated the effective-
ness of pilus-based vaccines against S. agalactiae, S. pyogenes, and
S. pneumoniae, demonstrating significant levels of protection in
multiple animal models (4).

We and others have improved our understanding of Ebp pilus
assembly and expression and evaluated the role of pili as an en-
terococcal virulence factor (6, 7, 10, 41, 42). Here we extend these
findings by demonstrating that an IgG MAb selected against the
major Ebp pilin protein of E. faecalis, EbpC, is sufficient to mark-
edly decrease the establishment of enterococcal endocarditis in-
fection in vivo, demonstrating that a high-affinity MAb targeting a
single epitope can be sufficient for protection against E. faecalis and
suggesting a future for the use of anti-pilin MAbs in MAb-based
preventatives against enterococci as well as other pilin-producing
Gram-positive pathogens. The protective dose of 2 mg/kg utilized
was equivalent to or less than the concentrations of protective
dosing utilized in previously described passive protection models
(23, 35, 43, 44) and was well below the human dose of palivizumab
of 15 mg/kg (40). By vetting EbpC as a target for monoclonal
antibody-mediated protection, we have added E. faecalis to a
growing list of Gram-positive pathogens against which monoclo-
nal antibodies have been demonstrated to offer significant passive
protection in animal models of infection. With our increasing
understanding of virulence factors and the increasing relevance of
monoclonal antibody therapy, MAbs administered for passive
protection hold significant promise as future preventatives in the
fight against many Gram-positive pathogens (45, 46).

This work also demonstrated that our MAb can specifically
target an established endocarditis infection caused by a Gram-
positive bacterium via recognition of the pilin antigen and identify
the site of infection. Although early investigations using poly-
clonals generated against Staphylococcus aureus demonstrated the
feasibility of imaging endocarditis with antibacterial antibodies
(47), the limitations of polyclonal preparations likely prevented
clinical implementation. More recently, Panizzi et al. took advan-
tage of the coagulase of S. aureus to deposit a prothrombin deriv-
ative on the bacterial vegetation for visualization of endocarditis
infection (48). Surprisingly, despite the multitude of Gram-posi-
tive bacterial surface proteins recently discovered and studied, in-

cluding many pili and other LPXTG-anchored proteins, we could
find no examples of a monoclonal antibody targeting a single pro-
tein antigen to visualize a Gram-positive bacterial infection.

Molecular targeting with the specificity and affinity of a mono-
clonal antibody could have both clinical and research utility. In
the clinic, infective endocarditis is primarily diagnosed through
the use of echocardiography and blood cultures. However, in cases
of false positives found in echocardiography when valvular abnor-
malities unrelated to the current infection are observed or when a
vegetation is present in a patient with negative blood cultures (49),
there might be potential for such imaging technology to be inves-
tigated further. The utility of live-animal imaging of bacterial in-
fection as a model system to test the efficacy of new antimicrobials
also has significant research value, allowing evaluation of different
stages of infection without sacrificing the animal. As discovery and
understanding of bacterial surface antigens and how they are reg-
ulated continue to improve (10, 50), we expect the identification
of many additional targets to which highly specific MAbs for im-
aging of bacterial infection can be applied.

Although established infections are often thought of as being
more recalcitrant to immunological recognition or antibiotic therapy
due to biofilm formation, it has previously been shown that MAbs
can penetrate biofilm. Monoclonal antibodies against poly-N-acetyl-
glucosamine (PNAG), for example, appear to traverse the biofilm
(51), only to get trapped by free antigen prior to cell interaction,
making them less effective in established infection than on planktonic
bacteria. Although the release of pili is likely upon cell death, we have
not observed proteolytic cleavage of pili, as has been seen with other
enterococcal surface antigens that we have evaluated (52). However,
whether our MAbs are actually binding surface Ebp on bacteria in the
biofilm or binding pili in the matrix is for future study. In addition,
given MAb 69’s ability to recognize the EbpC polymerized structures
distal from the bacterial surface, as evaluated by electron microscopy,
future work will address whether visualization of infection by target-
ing EbpC requires the polymerized structure or whether targeting
monomer EbpC would be sufficient.

In conclusion, this work has demonstrated that targeting a sin-
gle epitope on Gram-positive bacterial pili with a monoclonal an-
tibody can protect against in vitro biofilm formation and against in
vivo rat enterococcal infection. Excluding S. aureus, in which no
pilus structure has been identified, pili represent a prominent
structure on the surface of many Gram-positive pathogens, in-
cluding E. faecium, GBS, and GAS. Future work will evaluate the
efficacy of MAbs against the major pilin subunit of other organ-
isms, with aspirations of development of a pan-anti-pilus MAb
cocktail for nosocomial infection prevention. Demonstration that
MAbs are able to recognize pilus antigenic targets at the site of
infection may also open opportunities for MAb therapy and MAb-
targeted delivery of antimicrobials, which, in addition to endocar-
ditis, could potentially be extended to treatment of other biofilm-
associated infections caused by Gram-positive bacteria.
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