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The Staphylococcus aureus MSCRAMM (microbial surface components recognizing adhesive matrix mole-
cules) protein clumping factor A (CIfA) has been shown to be a critical virulence factor in several experimental
models of infection. This report describes the generation, characterization, and in vivo evaluation of a murine
monoclonal antibody (MAb) against CIfA. Flow cytometric analysis revealed that MAb 12-9 recognized CIfA
protein expressed by all of the clinical S. aureus strains obtained from a variety of sources. In assays measuring
whole-cell S. aureus binding to human fibrinogen, MAb 12-9 inhibited S. aureus binding by over 90% and
displaced up to 35% of the previously adherent S. aureus bacteria. Furthermore, a single infusion of MAb 12-9
was protective against an intravenous challenge with a methicillin-resistant strain of S. aureus in a murine
sepsis model (P < 0.0001). These data suggest that anti-CIfA MAb 12-9 should be further investigated as a
novel immunotherapy for the treatment and prevention of life-threatening S. aureus infections.

Staphylococcus aureus is an important pathogen that contin-
ues to cause a significant number of community-acquired (30)
and nosocomial infections (39) worldwide. The sophisticated
interplay between the host and bacterium is still not completely
understood; however, successful colonization is presumed to
be the defining event leading to initiation of an infection.
MSCRAMM (microbial surface components recognizing ad-
hesive matrix molecules) proteins are a family of cell surface
adhesins that recognize and specifically bind to distinct extra-
cellular components of host tissues or to serum-conditioned
implanted biomaterials such as catheters, artificial joints, and
vascular grafts (14, 33). Once S. aureus has successfully ad-
hered to and colonized host tissues, expression of specific
genes is altered, contributing to a phenotype that is more
resistant to eradication by antibiotics (7). Therefore, interven-
tion that impacts early events in the infectious process may
lead to a beneficial clinical outcome.

The dramatic increase in methicillin-resistant bacteria, cou-
pled with the recent emergence of vancomycin-resistant iso-
lates (3), has accelerated and broadened the interest in devel-
oping novel therapeutics against S. aureus. MSCRAMM
proteins provide an excellent target for immunological attack
by antibodies. Antibodies against MSCRAMM proteins exhibit
at least two biological properties. Initially, the highly specific
antibodies prevent microbial adherence (6, 22, 27, 38, 49), as
well as recolonization of host tissues or biomaterials. Secondly,
the increased level of MSCRAMM protein antibodies bound
to the bacterial cell wall facilitates rapid clearance of the or-
ganism through opsonophagocytosis (32, 40).

Clumping factor A (CIfA) is an MSCRAMM protein ex-
pressed by S. aureus that promotes binding of fibrinogen and

* Corresponding author. Mailing address: Inhibitex, Inc., 1165 Sanc-
tuary Parkway, Suite 400, Alpharetta, GA 30004. Phone: (678) 746-
1144. Fax: (678) 336-1214. E-mail: jpatti@inhibitex.com.

6864

fibrin to the bacterial cell surface (23, 25). CIfA is the prototype
of a recently identified multigene family of cell surface proteins
characterized by a common domain composed of a unique serine-
aspartate repeat (17, 31). McDevitt and colleagues (23) originally
cloned the gene encoding the fibrinogen-binding protein and
showed that the clf4 gene encodes a 933-amino-acid polypeptide
that contains structural features characteristic of many cell sur-
face-associated proteins from gram-positive bacteria, including a
typical cell wall attachment region comprising an LPXTG motif,
a hydrophobic transmembrane sequence, and a positively charged
C terminus. The fibrinogen-binding domain of CIfA has been
localized to a 218-residue segment within region A (22). Initially
recognized for its role in fibrinogen binding, CIfA has recently
been shown to mediate direct binding to human platelets (4, 44).
The biological role of CIfA has been evaluated in experimental
animal models of septic arthritis (16) and infective endocarditis
(29, 48). In both models, isogenic mutants unable to express CIfA
exhibited significantly reduced infectivity compared to comple-
mented strains. These data were further corroborated by studies
in which the clf4 gene was cloned into a shuttle vector and
expressed on the surface of Streptococcus gordonii (48) and Lac-
tococcus lactis (37). The expression of clfA by the carrier strains
conferred a significant increase in their ability to cause endocar-
ditis in a rat model. In addition to studies involving genetic ma-
nipulation of the clf4 gene, passive-immunization studies of mice
with anti-CIfA antibodies have shown protection against S. aureus
septic arthritis and sepsis-induced death (16). Taken together,
these data indicate that CIfA is a valid target for the development
of novel immunotherapeutic agents.

This report describes the identification, characterization, and in
vivo evaluation of a murine monoclonal antibody (MAD) against
CIfA. MAbs were selected on the basis of their ability to inhibit
CIfA binding to fibrinogen, their kinetic profile, and their in vivo
activity. A panel of more than 2,000 clones against CIfA was
initially generated, and on the basis of affinity for CIfA and potent
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inhibitory activity, one MADb, designated 12-9, was selected for
further study. The data presented here demonstrate that MAb
12-9 provides protection against a heterologous S. aureus chal-
lenge in a mouse model of sepsis and also possesses the desired
biochemical characteristics of a MAD that could lead to a novel
therapy for the prevention and treatment of life-threatening S.
aureus infections.

MATERIALS AND METHODS

CIfA protein expression. By PCR, the A domain of clfA4 (CIf40, representing
amino acids 40 to 559) or an N-terminal truncated version (CIf33, representing
amino acids 221 to 550) was amplified from S. aureus Newman genomic DNA
and subcloned into Escherichia coli expression vector pQE-30 (Qiagen, Valencia,
Calif.) for the expression of a recombinant fusion protein containing an N-
terminal six-histidine-residue tag as described previously (24). The concentration
of purified CIfA protein was analyzed with a bicinchoninic acid assay (Pierce
Biochem., Rockford, Ill.). Protein purity was assessed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis, and endotoxin levels were analyzed by
Limulus amebocyte lysate assay (Charles River, Wilmington, Mass.).

Mice and immunizations. Female BALB/c mice, 4 to 6 weeks old, were
purchased from Taconic (Germantown, N.Y.). Mice received a subcutaneous
primary injection of 50 pg of rCIfA(221-550) or rCIfA(40-559) emulsified in
complete Freund’s adjuvant (Sigma, St. Louis, Mo.). Fourteen days postinjec-
tion, mice received an intravenous (i.v.) injection of 10 pg of rCIfA(221-550) or
rCIfA(40-559) in phosphate-buffered saline (PBS). Three days post i.v. injection,
mice were sacrificed by CO, asphyxiation and spleens were removed for cell
fusion. All mice were maintained in accordance with National Institutes of
Health animal husbandry standards.

MAD production. Lymphocytes prepared from each spleen were fused to an
SP2/0-Agl4 (ATCC 1581) myeloma cell line and subsequently plated in hypoxan-
thine-aminopterin-thymidine selection medium. Polyethylene glycol-induced cell fu-
sion, subsequent plating, and feeding were all performed in accordance with the
production-of-MAbs protocol in Current Protocols in Immunology (51). Resulting
hybridomas were screened 14 days following fusion by enzyme-linked immunosor-
bent assay (ELISA) for antibody recognition of rCIfA(40-559) as described below.
Five independent fusions were conducted to generate the panel of CIfA clones.

ELISA. Antibody supernatants that had an optical density at 405 nm that was
three or more times the background (medium alone) were considered positive.
ELISA-positive clones were kept for further study by expansion into 24-well
tissue culture plates and subsequent single-cell cloning.

Measurement of MAb binding by BIAcore. Surface plasmon resonance (BIA-
core 3000; BIAcore, Piscataway, N.J.) was used to test ELISA-positive clones for
the ability to bind to rCIfA(40-559) and for the ability to inhibit the interaction
between rCIfA(40-559) and human fibrinogen (Enzyme Research Lab, South
Bend, Ind.). Throughout the analysis, the flow rate remained constant at 20
pl/min. Briefly, a rabbit anti-mouse Fcy antibody was amine coupled to a CM5
chip (BIAcore). Test supernatants were run over the Fcy chip to allow binding
of the test antibody via the Fc region. At time zero, rCIfA(40-559) at a concen-
tration of 30 pg/ml was injected over the chip for 3 min, followed by 2 min of
dissociation, at which time a 100-ug/ml solution of human fibrinogen in HEPES-
buffered saline (BIAcore) was run over the Fcy complex. The first phase of the
analysis measured the relative association and disassociation kinetics of the
interaction, while the second phase of the reaction was used to determine the
inhibitory activity of the captured MADb.

Antibody scale-up and purification. Each single-cell cloned hybridoma was
grown in 7 liters of Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum (HyClone, Logan, Utah), 1 mM sodium pyruvate (Sigma), and 2
mM L-glutamine (Sigma) in a 10-liter spinner flask within a humidified 37°C,
10% CO, incubator. Hybridoma supernatants were harvested by centrifugation
at 4°C and (2,620 X g and kept at —20°C until purification.

To purify the MADbs, supernatants were passed through 0.2-pm-pore-size fil-
ters and the immunoglobulin G (IgG) was affinity purified by protein G chro-
matography. The MAbs were eluted with 0.1 M glycine, pH 2.7, and immediately
neutralized with 1/10 volume of 2 M Tris, pH 8.0. Samples containing antibody,
as assessed by SDS-polyacrylamide gel electrophoresis, were pooled, and the
purified IgG was dialyzed against 10 mM NaH,PO,-0.15 M NaCl-0.001%
Tween 80, pH 7.4. The purified antibody was concentrated with Amicon ultra-
filtration units and stored at 4°C.

ELISA-based inhibition assays. Immulon 2-HB high-binding 96-well microti-
ter plates were coated with 1 pg of rCIfA(40-559) per ml in 1X PBS, pH 7.4, and
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incubated overnight at 4°C. Eighteen hours later, the plates were washed and
blocked with a 1% bovine serum albumin (BSA) solution for 1 h. Purified
antibodies (anti-CIfA IgG1 MAbs 12-9, 15EC6, and 35-052 and isotype control
MAb CRL-1771) were diluted in 1X PBS-0.05% Tween 20-0.1% BSA. Plates
were washed, and twofold serial dilutions of purified antibodies were performed
across the plate starting from 10 pg/ml. Plates were incubated with purified MAb
for 1 h at room temperature. Following incubation with antibody, 20 g of
human fibrinogen per ml was added, the plates were incubated for 1 h at 37°C
and washed, and a 1:4,000 dilution of goat anti-fibrinogen-horseradish peroxi-
dase (Abcam Ltd., Cambridge, United Kingdom) in 1X PBS-0.05% Tween
20-0.1% BSA was added. Following incubation for 1 h at room temperature,
plates were washed and a 1:1 2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)
(ABTS)-H,0, substrate mixture (KPL, Gaithersburg, Md.) was added. Plates
then incubated for 10 min at room temperature, the reaction was stopped by
addition of 10% SDS, and absorbance was read at 405 nm with a SpectraMax 190
Plate Reader (Molecular Devices Corp., Sunnyvale, Calif.). All data were ana-
lyzed with SOFTmax Pro v.3.1.2. software (Molecular Devices Corp.).

Bacterial strains. Twenty-six S. aureus strains, representing both community-
acquired and hospital-acquired isolates and representing different clonal com-
plexes (10), were received from John Minogue (John Radcliffe Hospital, Oxford,
United Kingdom). Strains 560 (SAL1), 203 (SAL2), 451 (SALA4), 206 (SALS),
and 397 (SALG6) (5) were received from Michael Gilmore (University of Okla-
homa Health Sciences Center). Clinical isolates 49, 189, 203, and 4046 were
received from Brad Allen (Indiana University School of Medicine). Methicillin-
resistant S. aureus (MRSA) strain 67-0 was received from Arnold Bayer (Harbor-
UCLA), and Newman wild-type (WT) and mutant strains (23) were received
from Timothy Foster (Trinity College, Dublin, Ireland).

Flow cytometry. MADb 12-9 or IgG1 isotype control MAb CRL-1771 was added
to appropriate tubes containing the appropriate bacterial solution, vortexed, and
incubated on ice for 30 min. Following incubation, the tubes were centrifuged
and the supernatant was decanted, resuspended, and then washed twice more by
centrifugation. After the final wash, the bacterial pellets were resuspended in a
dilution of phycoerythrin-conjugated F(ab’), fragment and incubated on ice. The
bacteria were washed twice with buffer, transferred to analysis tubes, and then
stored on ice until analysis with a Becton Dickinson FACScalibur flow cytometer.
The labeled cell suspensions were aspirated through the flow cytometer, and a
fluorescence emission measurement (excitation wavelength, 488 nm; emission
wavelength, 570 nm) was performed in which at least 10,000 events were col-
lected and analyzed with the Cell Quest software provided with the flow cytom-
eter. Aggregates and debris were omitted from the analysis by gating populations
on the basis of the light scatter signal. A marker region was established for each
strain to include less than 10% of the gated events as positive for CRL-1771
(serving as an isotype-matched negative control). The established region was
used to determine percent positive events for the 12-9 MAD for each strain. In all
cases, the background fluorescence recorded with bacteria with F(ab’), goat
anti-mouse IgG-phycoerythrin alone was less than that obtained for CRL-1771.

Parallel-plate flow chamber and video microscopy system. The details of the
parallel-plate flow chamber, the protein-coating procedure, and the video mi-
croscopy system have been previously described (20, 26, 28). Fibrinogen was used
to coat the glass slide at room temperature to yield a final concentration of 9.8
= 0.9 pg/em ™2

Detachment assay procedure. To begin the detachment assay, the cell suspen-
sion was passed through the flow field at a shear rate of 300 s~ ' until approximately
five cells attached per field of view. The flow was then stopped, and cells were
allowed to settle to the fibrinogen surface for approximately 4 to 5 min, when 30 to
40 cells attached per frame. The percent surface coverage by the attached cells was
less than 1% in all cases. PBS buffer was then passed through the system for 3 min
at a shear rate of 300 s~ ! to remove unattached cells. Finally, the antibody solution
(concentrations of 0.006 to 0.047 wmol/liter) was passed through the flow field at the
desired shear rates (100, 300, and 1,000 s’l) for 10 min. These shear rates corre-
spond to shear stresses in the range of 0.70 to 16 dynes cm ™2 Images were acquired
every minute for 10 min. The number of cells attached per frame was determined
with NIH Image. Control experiments consisted of passing PBS or an irrelevant
isotype-matched mouse antibody (CRL-1771) in place of the MAD solution for the
10 min at the desired shear rate. All detachment assays were run in triplicate, and the
values reported represent the mean and standard error of the mean. Analysis of
variance was used to determine statistical significance at a confidence level of 95%
(a0 = 0.05).

In vivo sepsis study. MRSA clinical isolate 67-0 (cIfA™ clfB™ fub™) bacterial
cells were taken from a frozen glycerol stock, inoculated onto a single blood agar
plate, and grown for 24 h at 37°C. Numerous blood agar plates were inoculated
from this plate and incubated overnight. The bacteria were then collected,
washed three times with PBS, and resuspended in freezing medium. The bacte-
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rial stock was aliquoted, snap-frozen in an ethanol-dry-ice bath, and placed in a
—80°C freezer. On the day of injection, aliquots were thawed, combined into one
tube, vortexed, and diluted to the appropriate concentration. The final concen-
tration of organisms was calculated by plating on blood agar.

Female BALB/c mice, 5 to 6 weeks of age, were purchased from Taconic. Mice
were allowed to acclimate for at least 7 days, randomized, and assigned to treatment
groups with stratified body weights. All mice were placed on a 12-h light-dark cycle
under the required husbandry standards found in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. In the first experiment, on day —1,
mice (30 per group) were treated intraperitoneally with 0.3 mg of purified MAb 12-9
or MAD 35-052. On day 0, the mice were challenged with 2.0 X 107 CFU of MRSA
67-0 cells by a single i.v. injection (0.1 ml) via the tail vein. All animals were followed
for 14 to 15 days, at which point all remaining mice were sacrificed. The second
animal experiment was conducted as previously described, except that noninhibiting
MAD 15EC6 was used as a test agent. In addition, S. aureus strain Newman (clfA™
clfB* fnb*) was used as the challenge organism.

Statistical analysis. Statistical evaluation of survival studies was carried out by
Kaplan-Meier analysis. Means and standard deviations were calculated (Mi-
crosoft Excel) and survival data were analyzed with GraphPad’s Prism Version 3
statistical analysis software. Determination of significance was conducted with a
two-tailed log rank test (Mantel-Haenszel test). P < 0.05 was considered to be
statistically significant.

RESULTS

Characterization of CIfA MAbs. Hybridomas from the
spleen fusions were first screened by ELISA for binding to
rCIfA(40-559). As a secondary screen, hybridoma clones were
analyzed for high-affinity interaction with CIfA by BIAcore.
Antibodies that were BIAcore positive were selected and sin-
gle cell cloned by limiting dilution regardless of their ability to
inhibit fibrinogen binding to CIfA. Antibodies from single-cell
clones were isotyped with a mouse immunoglobulin isotyping
cytometric bead array kit (BD Pharmingen). All of the MAbs
described in this study were determined to be of the IgGl
subclass (data not shown). Through the use of this selection
strategy, we were able to screen thousands of hybridoma clones
and quickly identify hybridomas of interest for scale-up and
further study.

BIAcore analysis was subsequently used to assess whether
the CIfA MADs could inhibit CIfA binding to immobilized
fibrinogen. BIAcore was also used to determine antibody bind-
ing kinetics. Figure 1 shows the binding characteristics of two
CIfA MAbs, 12-9 and 15EC6. Both MAbs effectively bound
rCIfA(40-559), as shown by an increase in the number of res-
onance units (RU) during the CIfA association phase (points B
to C) and demonstrated a slow disassociation phase (points C
to D). Binding of fibrinogen to the antibody-CIfA complex was
shown by the increase in the number of RU from point D to
point E upon the injection of fibrinogen. While fibrinogen
clearly bound to the 1SEC6-CIfA complex (with a difference of
800 RU), the binding of fibrinogen was significantly inhibited
in the case of the 12-9-CIfA complex (with a difference of 200
RU), suggesting that MAb 12-9 recognizes a site on CIfA that
is involved in fibrinogen binding. In addition, kinetic analysis
for MAb 12-9 interaction with CIfA demonstrated an apparent
k,of 1.99 X 10°M~'s 'and ak, of 4.18 X 10~*s~!, while K,
was calculated to be 2.10 X 107'° M.

Functional characterization of MAb 12-9. MAb 12-9 was
chosen for further characterization on the basis of its ability to
inhibit fibrinogen binding to CIfA. Figure 2 demonstrates the
ability of MADb 12-9 to inhibit fibrinogen binding to CIfA,
compared to 15EC6, a CIfA MAD that previously showed no
inhibition by BIAcore analysis. While the IgG1 murine isotype
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FIG. 1. Characterization of protein interactions by BIAcore. The
binding characteristics of anti-CIfA MAbs 12-9 (solid line) and 15EC6
(broken line) compared to those of buffer alone (dotted line) were
studied by BIAcore. The progressive real-time analysis begins at time
point A, when the MADb of interest was adsorbed to the chip via rabbit
anti-mouse Fcy antibody binding. At time point B, rCIfA(40-559) was
injected over the chip. Point C represents the termination of the CIfA
injection over the chip. Point D represents the initial injection of
fibrinogen over the MAb-CIfA complex, while point E represents the
termination of the fibrinogen injection over the chip.

control CRL-1771 (American Type Culture Collection) and
15EC6 showed little inhibition, 12-9 completely inhibited fi-
brinogen binding to CIfA, yielding a calculated 50% inhibitory
concentration of 0.21 pg/ml. In comparison, CRL-1771 and
15EC6 never achieved 50% inhibition within the antibody con-
centration range tested in this study.

Surface recognition of CIfA by MAb 12-9 among a panel of
S. aureus strains. The ability of MAb 12-9 to recognize the
native CIfA protein was analyzed by flow cytometry. Twenty-
one S. aureus isolates, including representatives of 11 different
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FIG. 2. Antibody-dependent inhibition of fibrinogen binding to
rCIfA(40-559). Anti-CIfA MAbs 12-9 (filled triangles) and 15EC6
(filled circles) were tested at various concentrations (0 to 10 wg/ml) for
the ability to inhibit human fibrinogen binding to rCIfA(40-559) com-
pared to that of isotype control CRL-1771 (open circles). Data are
representative of at least three independent experiments.
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TABLE 1. Recognition of native cell surface expression of CIfA by
MAD 12-9 among a panel of S. aureus isolates

Positively staining cells (%)

Strai Sequence Clonal
train

type complex  \Ah CRL-1771  MAb 129
476 1 1 0.17 95.01
451 5 2 0.19 81.57
315 8 3 0.68 92.88
837 12 4 0.27 70.84
207 15 5 4.05 92.80
160 34 7 0.70 97.31
16 25 8 0.66 83.58
959 34 9 8.99 94.11
96 47 10 0.88 92.00
863 20 11 0.79 70.84
150 09 14 1.25 48.79
MRSA 67-0 ND* ND 1.25 60.97
560 SAL1 ND ND 6.64 58.27
203 SAL2 ND ND 2.45 88.42
451 SAL4 ND ND 2.48 67.07
206 SALS ND ND 2.88 74.27
397 SAL6 ND ND 0.52 96.04
Newman WT ND ND 8.82 33.21
Newman spa::kan ND ND 5.85 71.8
Newman clfA::emr ND ND 1.98 1.71

“ND, not determined.

clonal genotype complexes (10), five highly prevalent phyloge-
netic S. aureus lineages (SALs) (5), and one clinical MRSA
isolate were tested for reactivity against MAbs 12-9 and CRL-
1771 (an isotype control). S. aureus Newman WT (from which
the clfA gene was isolated), an S. aureus Newman CIfA knock-
out strain (Newman clf4::emr), and an S. aureus Newman pro-
tein A knockout strain (Newman spa::kan) served as controls
in these studies. Table 1 shows that MAb 12-9 binds the surface
of every bacterial strain tested, with the exception of the S.
aureus CIfA knockout strain. These data demonstrate that the
epitope within CIfA that MAb 12-9 recognizes is highly con-
served throughout clinically relevant S. aureus strains. Inter-
estingly, other CIfA MAbs previously identified, but not char-
acterized in depth, recognized only a subset of the strains
represented in Table 1 (data not shown).
Antibody-dependent inhibition of adhesion at various shear
rates. To measure the functional significance of inhibiting fi-
brinogen binding to CIfA expressed on the surface of S. aureus,
we measured the dynamic binding and attachment of whole
cells to fibrinogen-coated glass with a parallel-plate flow cham-
ber. S. aureus Newman WT cells adhered to the fibrinogen-
coated glass at shear rates of 100 to 1,000 s~ " (Fig. 3). Inter-
estingly, the number of attached cells was uniform between
shear rates of 300 and 2,300 s~ ' (data not shown). This con-
stant adhesion rate at high rates of shear (300 to 2,300 s~ ')
indicates that S. aureus binding to fibrinogen is not shear sen-
sitive in the physiologic shear stress range. Inhibition of S.
aureus Newman WT cell adherence to fibrinogen was demon-
strated by preincubation with MAbs as shown in Fig. 3. It is
important to note that the Newman CIfA knockout strain dem-
onstrated a drastically reduced binding rate (<20 cells/min -
mm?; Fig. 3; CIfA™). While the binding rate of the Newman
WT strain incubated with 12-9 is slightly higher than that of the
Newman CIfA knockout strain, studies have shown there was
no statistically significant difference between the adhesion
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FIG. 3. Inhibition of adhesion by preincubation of the bacterial
suspension with a MAb at a concentration of 5 pg/ml and shear rates
of 100, 300, and 1,000 s~!. Data are representative of at least three
independent experiments.

rates of these groups when MAb 12-9 was tested at a saturating
concentration of 10 pug/ml (data not shown). These data sup-
port previous studies demonstrating that while CIfA plays a
primary role in enhancing adhesion to fibrinogen-coated sur-
faces, it also increases the strength of the binding event (11). In
this study, MAb 12-9 significantly inhibited the adhesion of S.
aureus in the parallel-plate flow chamber assay, while MADb
15EC6, an antibody that binds to CIfA but does not inhibit
CIfA binding to fibrinogen (Fig. 1 and 2), resulted in activity
similar to that obtained with the isotype control, CRL-1771.
The ability of MAb 12-9 to detach adherent S. aureus cells was
also determined at various shear rates in the parallel-plate flow
chamber assay, as shown in Fig. 4. In these experiments, MAb
12-9 detached 7, 32, and 17% of the bound S. aureus cells at
shear rates of 100, 300, and 1,000 s, respectively. In contrast,
MADs 15EC6 and CRL-1771 failed to detach significant num-

40
35 e
30 —
25 |——
20 o —
15 Ty S
10 {——
51 WL

g BRE

Newman WT Newman WT Newman WT Newman WT
alone +CRL-1771 +15EC6 +12-9

FIG. 4. Newman destabilization experiments at an antibody con-
centration of 5 pg/ml and shear rates of 100, 300, and 1,000 s~'. S.
aureus Newman WT alone was below the limit of detection. Data are
representative of at least three independent experiments.
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FIG. 5. Prophylaxis in a murine model of S. aureus-induced sepsis.
(A) The biological activity of MAbs 12-9 and 35-052 was studied in a
mouse septicemia model with MRSA strain 67-0. Percent survival of mice
(n = 30) after treatment with anti-CIfA MAb 12-9 (dotted line) or 35-052
(solid line) is shown. *, P < 0.0001. (B) The biological impact of inhibiting
fibrinogen binding to S. aureus was evaluated with MAbs 12-9 (n = 29)
and 15EC6 (n = 30). Mice were challenged iv. with S. aureus strain
Newman. Percent survival of mice after treatment with anti-CIfA MAbs
12-9 (dotted line) and 15SEC6 (solid line) is shown. *, P < (.006.

bers (<3%) of adherent S. aureus cells (Fig. 4). Interestingly,
less bacterial detachment was seen at the 1,000-s ! flow rate,
perhaps because the time of contact between the destabilizing
antibody, MAD 12-9, and the target adhesin was insufficient in
the flow field at the elevated shear rate.

Efficacy of MAb 12-9 in a mouse model of sepsis. To eval-
uate whether anti-CIfA antibodies could protect mice against
MRSA-induced death, two separate experiments were con-
ducted. To investigate the nonspecific biological activity of
MAbs bearing IgG1 Fc domains, MAb 35-052 was compared
with MADb 12-9. MAD 35-052 binds recombinant CIfA protein,
but it does not recognize surface-expressed CIfA from S. au-
reus 67-0, as determined by flow cytometric analysis (data not
shown). Mice were pretreated by intraperitoneal injection of
MADb 12-9 or 35-052. Figure SA demonstrates significant dif-
ferences between the relative survival times of the treatment
groups. Fifty-seven percent of the mice that received MAb 12-9
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survived the bacterial challenge to day 15 (P < 0.0001; Fig.
5A). In contrast, only 10% of the mice treated with the control
MAD survived the study period.

The second study was designed to begin to assess the bio-
logical impact of inhibiting S. aureus binding to fibrinogen in an
in vivo model of S. aureus-induced death. In addition, the
efficacy of MAb 12-9 against a different strain of S. aureus
(Newman) was evaluated. With these goals in mind, MAb 12-9
(IgG1) was compared directly with MAb 15EC6 (IgG1). MAb
15EC6, which recognizes the native version of CIfA expressed
by S. aureus strain Newman (data not shown), did not inhibit
CIfA binding to fibrinogen and did not detach adherent S.
aureus in the dynamic-flow system (Fig. 3 and 4). Although the
overall survival rate of 12-9-treated mice is somewhat lower
than in the previous experiment, the MAb with inhibitory ac-
tivity provided the best protection (P = 0.006) (Fig. 5B). This
trend in the data was reproducible in at least three different
experiments. The results suggest that inhibiting fibrinogen
binding to S. aureus contributes to the overall protective effi-
cacy of MADb 12-9. To our knowledge, this is the first report of
a MADb against a cell surface protein from S. aureus that has
demonstrated significant in vivo protection.

DISCUSSION

The continued emergence of multiple-antibiotic-resistant S.
aureus isolates originating from community and nosocomial
sources necessitates the development of new approaches to the
prevention and treatment of these life-threatening infections.
The recent report of a vancomycin-resistant strain of S. aureus
from a dialysis patient in Michigan serves to accentuate this
public health problem (3). The existence of S. aureus with
limited susceptibility to vancomycin represents the potential
for infection with a virulent organism for which the therapeutic
options are severely limited (42). To date, much of industry’s
drug development efforts have focused on enhancing the po-
tency, while eliminating the side effects, of currently estab-
lished classes of antimicrobials (47). The implementation of
genomics and high-throughput screening has broached the
possibility of developing truly new classes of antimicrobials;
however, it may be several years until newly developed com-
pounds can be fully evaluated in a clinical setting. Another
viable approach is passive immunization with MAbs or poly-
clonal antibodies, in combination with antibiotics for the treat-
ment of established infections. Traditionally, these biological
approaches to the treatment and prevention of bacterial infec-
tions or sepsis have been littered with failures. Because the
biological basis of benefit in the previous studies relied on the
neutralization of potent immunomodulators that act in concert
within a complex series of pathways, the variability of the
clinical responses was considerable. In addition, the tremen-
dous heterogeneity in the patient population receiving the
early antibody-based products, such as HA-1A MAb (anti-lipid
A on lipopolysaccharide) (21, 45) or tumor necrosis factor
alpha MAb (1, 8), contributed significantly to the well-docu-
mented failures.

In contrast to bacterial sepsis, the use of antibodies to prevent
viral infections has had substantial clinical success (41). For ex-
ample, palivizumab (Synagis), a humanized MAD for the preven-
tion of serious lower respiratory tract disease caused by respira-
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tory syncytial virus (RSV) in pediatric patients, has been shown to
reduce RSV hospitalizations (19). Moreover, specific hyperim-
mune immune globulins against hepatitis B (35) or cytomegalo-
virus (46) for the prevention of infection in high-risk or exposed
patients have been used effectively for a number of years. These
data suggest that antibodies could be used successfully in the
infectious-disease arena. In fact, a recent review by Keller and
Stiehm highlighted the use of passive immunization for the pre-
vention and treatment of infectious diseases (18).

Previously, we reported that SA-IGIV, a donor-selected im-
mune globulin containing elevated levels of polyclonal anti-
bodies against CIfA, was protective in a murine model of
MRSA-mediated sepsis (16). To further validate the concept
that MSCRAMM proteins are relevant targets for the devel-
opment of antibody-based therapies, an extensive panel of
murine MAbs against CIfA were generated. The ideal charac-
teristics of a MAD for the prevention and treatment of S.
aureus infections should include specific high-affinity binding to
a conserved, surface-exposed antigen; potent inhibition of bac-
terial binding to host tissue components; and protective effi-
cacy in animal models. This report describes several assays
designed as characterization tools from which one specific
clone, designated 12-9, was selected for further study.

BIAcore provided a rapid method by which to analyze an-
tibody-binding kinetics and also to simultaneously determine
which antibodies could inhibit recombinant CIfA binding to
human fibrinogen. Of the thousands of CIfA MADs screened,
12-9 exhibited the highest affinity (K, 2.10 X 10~'° M) and the
slowest off rate (4.18 X 10~*s™1). Interestingly, MAb 12-9 also
possessed the most potent inhibitory activity. Other CIfA
MAbs that were analyzed with BIAcore often yielded mixed
binding activities, for example, a high affinity and quick off rate
or a low affinity and a slow off rate (data not shown). Addi-
tionally, these MADbs did not exhibit the same inhibitory activ-
ity as MAD 12-9. Taken together, these data suggest that the
overall in vitro potency of MAb 12-9 is attributable largely to
its binding kinetics. Similarly, in a direct comparison of MAbs
recognizing F glycoprotein from RSV, BIAcore analysis re-
vealed that MEDI-493 exhibited a higher affinity, a faster on
rate, and a slower off rate than RSHZ19 (15). Interestingly, in
subsequent phase III clinical trials with at-risk infants, the
more potent MAb, MEDI-493, exhibited superior efficacy (2).

Historically, polyclonal antibodies that have been developed
against S. aureus have been limited by their serotype specificity
(12, 13), consequently recognizing only 75 to 80% of all S.
aureus clinical isolates (43). A more attractive approach is the
selection of an antibody that could bind with high affinity to a
more significant proportion of S. aureus clinical isolates. With
this requirement in mind, a major focus of this study was the
selection of a MAD that recognized a conserved epitope ex-
pressed by different SALs, particularly virulent and antibiotic-
resistant strains. In this study, we analyzed 11 S. aureus isolates
representing all 11 clonal variants (10). In addition, other clin-
ical isolates representing methicillin-resistant SAL isolates as
described by Booth et al. (5) were studied. Because only the
ligand-binding domain of CIfA was used to generate MAb
12-9, it was important to determine that the epitope was
present in a native conformation and that the epitope was
prevalent among clinically relevant SALs. In a flow cytometry
assay, MAD 12-9 effectively recognized every S. aureus isolate
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analyzed, providing strong evidence that the native CIfA
epitope is highly conserved. These data are supportive of pre-
vious reports that indicate that the presence of the clf4 gene
(5, 34) and CIlfA-mediated fibrinogen binding (9, 36, 50) is a
trait conserved in a vast majority of S. aureus strains. While
these data may be semiquantitative in nature, it is important to
note that the flow cytometry analysis reveals the percentage of
positively staining cells at one point in the time of S. aureus
isolate cell growth. It is also important to note that the per-
centage of positively staining cells was recorded under in vitro
growth conditions, while environmental conditions in vivo may
contribute to different levels of CIfA surface expression.

Having demonstrated that MAb 12-9 was broadly reactive
among S. aureus strains and also inhibited the adherence of
whole cells to fibrinogen, we assessed the prophylactic efficacy
of this antibody in a murine model of MRSA sepsis. A single
infusion of MADb 12-9 prior to a challenge with the heterolo-
gous clinical MRSA isolate effectively protected mice against
sepsis-associated death. The prolonged protective efficacy of
MAD 12-9 is consistent with a projected half-life of approxi-
mately 150 to 200 h (data not shown). However, the ability of
a single MADb to protect against a significant i.v. challenge was
surprising given the fact that this strain also expresses a num-
ber of virulence factors.

To summarize, we have shown that MADb 12-9 provides signif-
icant protection against lethal infection by S. aureus. We hypoth-
esize that the antibody is effective because of its desirable binding
kinetics and its ability to inhibit and destabilize CIfA-fibrinogen
interactions. However, in addition to its potent inhibitory activity,
one must also take into account the contribution of enhanced
phagocytosis of S. aureus to the composite biological activity of
the MAD. In fact, flow cytometric assays with a humanized version
of MAD 12-9 indicate that the antibody specifically enhances the
uptake of CIfA-coated beads by human polymorphonuclear neu-
trophils (unpublished data). Future studies will focus on delineat-
ing the roles that inhibition of fibrinogen binding and opsonoph-
agocytosis play in the overall efficacy of the antibody. Taken
together, these studies suggest that MADb therapy may be an
efficacious approach to the treatment and prevention of life-
threatening S. aureus infections.
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