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Staphylococcus aureus infections, particularly those from methicillin-resistant strains (i.e., MRSA), are
reaching epidemic proportions, with no effective vaccine available. The vast number and transient expression
of virulence factors in the infectious course of this pathogen have made the discovery of protective antigens
particularly difficult. In addition, the divergent planktonic and biofilm modes of growth with their accompa-
nying proteomic changes also demonstrate significant hindrances to vaccine development. In this study, a
multicomponent vaccine was evaluated for its ability to clear a staphylococcal biofilm infection. Antigens
(glucosaminidase, an ABC transporter lipoprotein, a conserved hypothetical protein, and a conserved lipo-
protein) were chosen since they were found in previous studies to have upregulated and sustained expression
in a biofilm, both in vifro and in vivo. Antibodies against these antigens were first used in microscopy studies
to localize their expression in in vitro biofilms. Each of the four antigens showed heterogeneous production in
various locations within the complex biofilm community in the biofilm. Based upon these studies, the four
antigens were delivered simultaneously as a quadrivalent vaccine in order to compensate for this varied
production. In addition, antibiotic treatment was also administered to clear the remaining nonattached
planktonic cells since the vaccine antigens may have been biofilm specific. The results demonstrated that when
vaccination was coupled with vancomycin treatment in a biofilm model of chronic osteomyelitis in rabbits,
clinical and radiographic signs of infection significantly reduced by 67 and 82%, respectively, compared to
infected animals that were either treated with vancomycin or left untreated. In contrast, vaccination alone
resulted in a modest, and nonsignificant, decrease in clinical (34% reduction) and radiographic signs (9%
reduction) of infection, compared to nonvaccinated animal groups untreated or treated with vancomycin.
Lastly, MRSA biofilm infections were significantly cleared in 87.5% of vaccinated and antibiotic-treated
animals, while antibiotics or vaccine alone could not significantly clear infection compared to controls (55.6,
22.2, and 33.3% clearance rates, respectively). This approach to vaccine development may lead to the gener-

ation of vaccines against other pathogenic biofilm bacteria.

While once only a hospital-acquired pathogen, methicillin-
resistant Staphylococcus aureus (MRSA) infection has spread
to the community and is now reaching epidemic proportions. A
recent study has found that nearly 19,000 people per year die
from MRSA infections in the United States, a death toll higher
than that due to AIDS (16). In addition, up to 20% of patients
who undergo surgery acquire at least one nosocomial infection
(14), which is estimated to add $5 to $10 billion in costs to the
U.S. healthcare system. S. aureus is one of the most common
etiologic agents of these infections. These numbers of deaths,
as well as the associated healthcare costs, do not even take into
account the morbidity and mortality caused by methicillin-
sensitive S. aureus (MSSA) strains that still cause the majority
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of staphylococcal infections. Therefore, the generation of a
vaccine that is protective against S. aureus would have the
potential to significantly reduce the morbidity and mortality
associated with these infections. One of the major ways that S.
aureus is able to persist is through growth as a biofilm, which is
recalcitrant to clearance by antimicrobials, further limiting the
efficacy of currently available antibiotics. With fewer appropri-
ate means of treating the illnesses caused by this bacterium, the
prevention of disease is essential.

There have been several approaches to designing an effec-
tive S. aureus vaccine. Whole live or killed S. aureus vaccines
have proved to be largely ineffective in animal models (40).
Thus, research has focused on using purified forms of either
polysaccharide or protein from the bacterial surface. Much
research has centered on the capsular polysaccharide types 5
and 8. One such vaccine, StaphVAX, demonstrated protective
efficacy in animal models of infection; IgG produced as a result
of vaccination showed high levels of opsonophagocytosis in
vitro (10) and in a phase III clinical trial. However, protection
waned with time and by 1 year postvaccination was <30% (34).
Active or passive immunization with polysaccharide intracel-
lular adhesin (PIA), the principal exopolysaccharide compo-
nent of S. aureus and S. epidermidis biofilms, has been shown to
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TABLE 1. Primers and plasmids utilized in this study

Primer or plasmid

Sequence (5'-3") or genotype/characteristics®

Product or source

Conserved hypothetical protein
(519 bp)

Lipase (966 bp)

ABC transporter lipoprotein
(860 bp)

Primers
5'SA0037 ATGAATACAATCAAAACTACGAAA
3'SA0037 CTTCTCATCGTCATCTGATTTCAAAATCCATTTTTGA
5'Lipase ACTCTAGGTCTCACTCCCATCTGAAACAACATTATGACCAAAT
3'Lipase ATGGTAGGTCTCATATCATAAAGGATTTAACGGTAATTCATTACT
5'SA0688 ATGGTAGGTCTCACTCCGATAAGTCAAATGGCAAACTAAAAGT
3'SA0688 ATGGTAGGTCTCATATCATTTCATGCTTCCGTGTACAGTT

5'Glucosaminidase
3'Glucosaminidase

ATGGTAGGTCTCACTCCGCTTATACTGTTACTAAACCACAAAC
ATGGTAGGTCTCATATCATTTATATTGTGGGATGTCGAAGTATT

Glucosaminidase (1,443 bp)

Hypothetical lipoprotein (683 bp)

5'SA0486 ACTCTAGGTCTCACTCCAAAGAAGATTCAAAAGAAGAACAAAT
3'SA0486 ATGGTAGGTCTCATATCAGCTATCTTCATCAGACGGCCCA
Plasmids

pBAD-Thio/TOPO
expression of PCR product
pASK-IBA14
expression of PCR product

4,454 bp; pUC ori, Amp", pBAD promoter, for arabinose-inducible

3,001 bp; pUC ori, Amp", tetA promoter, for tetracycline-inducible

Invitrogen Life Technologies

IBA, Géttingen, Germany

¢ Bsal sites are underlined in the primer sequences. Amp*, ampicillin resistance.

be protective against S. aureus infection in a kidney infection
model (25). However, recent research has illustrated that only
one component of PIA is immunogenic, and responses to this
antigen are variable (22). Deacetylation of PNAG, as well as
conjugation to diphtheria toxin as a carrier protein, does help
increase protection levels (23). However, not all clinical iso-
lates of either S. aureus or S. epidermidis produce PIA (11, 27,
28, 31), making the relevance of such a vaccine questionable.

Protein-based vaccines have focused mainly on the micro-
bial-surface-component-recognizing adhesive matrix mole-
cules (MSCRAMM) subset of cell wall-associated proteins.
Individual component vaccines consisting of clumping factor A
(CIfA), CIfB, iron-regulated surface determinant B (IsdB), and
fibronectin-binding protein (FnBBP) have all been tested. Re-
combinant CIfA was shown to be only partially protective when
used in an animal model of septic arthritis (15). CIfA is also
being investigated as a DNA vaccine candidate in mice and
cattle. However, while injection of plasmid containing c/fA
increased clearance in a mastitis model, protection was not
generated against infection in an intraperitoneal challenge (6).
Immunization with rCIfB led to lessened colonization of mu-
rine nares by S. aureus (33). Vaccination with IsdB led to
increased survival rates of 20 to 40% in a murine sepsis model
(18). A fusion protein consisting of the binding regions of Cna
(collagen binding protein) and FnBP showed some protection
in a mouse intraperitoneal model (41).

The vaccines discussed above have several limitations, in-
cluding incomplete protection and the differential expression
of the component proteins among S. aureus isolates (26, 32).
Use of a multicomponent vaccine has shown promise in pro-
moting significant protection against S. aureus infection. When
IsdA and IsdB, as well as SdrD and SdrE, were combined into
a single vaccine, complete protection was afforded in a mouse
renal abscess model, with bacterial levels being reduced below
levels of detection and a lack of clinical signs of disease (37).

Even with the advancements being made in this field, the
vast majority of research focuses on protection from acute,
plankton-associated S. aureus infection. Also, the studies dis-

cussed above all make use of non-biofilm animal models of
infection. Because we (4) and others (2, 29) have shown that
gene expression and protein production between the two states
of biofilm and planktonic modes of growth differ greatly, the
vaccine candidates that prevent infection in acute, plankton-
associated models (for example, sepsis, intraperitoneal infec-
tion, and renal abscess models) may not be effective against
biofilm infections such as osteomyelitis, endocarditis, or pros-
thetic implant infections.

Previous work in our laboratory identified several cell wall
and membrane-associated proteins that are immunogenic dur-
ing S. aureus biofilm infection and whose genes are upregu-
lated during biofilm growth (4). In the present work, recombi-
nant forms of four of these proteins were combined in a
quadrivalent vaccine and tested for their ability to provide
protection against challenge with an S. aureus biofilm infection
that is normally recalcitrant to antimicrobial clearance. An
antibiotic, while not effective against biofilm communities, was
also used in conjunction with vaccination for the clearance of
any remaining planktonic staphylococci. The quadrivalent vac-
cine with antibiotic therapy was effective in clearing the infec-
tion, while either vaccination or antibiotic treatment alone
were not. This study is the first to acknowledge, and overcome,
the differences of protein expression within biofilms and, as
such, suggests a possible alternative in rational vaccine design
for other biofilm-mediated infections.

MATERIALS AND METHODS

Bacterial strains. MRSA strain MRSA-M2 was isolated from a patient with
osteomyelitis at the University of Texas Medical Branch. Escherichia coli TOP10
and BL21 cells were utilized for protein production experiments.

Cloning, expression, and purification of proteins. Candidate antigens selected
in Brady et al. (4) were amplified using the primers listed in Table 1. The PCR
products were cloned into pBAD-Thio/TOPO (SACOL0037) or pASK-IBA14
(SACOL0486, SACOL0688, and glucosaminidase), transformed into TOP10
E. coli, and sequenced. The clones were then expressed using either arabinose
induction (SACOLO0037) or anhydrotetracycline induction (all others).
SACOLO0037 was purified via nickel affinity chromatography, while all other
antigens were purified by using Strep-Tactin Superflow columns (IBA, Gottin-
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FIG. 1. Radiographic differences between infected and uninfected tibias. (Panels 1A to 1E) Left tibiae are shown exhibiting radiologic scores
of 0 in a representative animal (1A), with increasing scores being shown to a maximum radiologic score of 4 in a representative control animal (1E)
where arrows designate areas of S. aureus injection sites. In each panel, the right (noninoculated) tibiae are also shown and serve as internal
controls for scoring. (Panel 2) Expanded view of a radiographic image of an infected (left) tibia demonstrating areas of abscess, marrow and bone
disruption, and periosteal elevation in an infected tibia compared to an uninfected tibia (right). For complete descriptions of the scoring
parameters, please refer to Table 2 and the supplemental materials and methods.

gen, Germany). The purity was confirmed by resolving each protein on SDS-15%
PAGE, and quantities were determined by using BCA (Pierce, Rockford, IL).

Evaluation of antigen expression in S. aureus biofilms in vitro. Purified pro-
teins were used to develop polyclonal antibodies through a commercial source
(Lampire, Inc., Everett, PA). Antibodies were purified from the serum and
used to probe 14-day-old S. aureus biofilms grown in vitro as described
previously (4, 5).

Vaccination of animals. To prepare the purified recombinant proteins for
vaccination, the appropriate amounts of SA0037, SA0486, SA0688, and gluco-
saminidase were combined. Because we noticed faint extraneous bands in our
SA0037 preparation following purification on the Probond column, we took a
further step of resolving rSA0037 using SDS-PAGE and cutting out the proper
band. This band was then resuspended in 250 pl of phosphate-buffered saline
(PBS), homogenized, and the mixture was used to rehydrate the trichloroacetic
acid precipitation. The rehydrated protein was combined with an equal volume
of Titermax Gold adjuvant (Titermax USA, Norcross, GA) and mixed via son-
ication.

Eight-week-old female New Zealand White rabbits (2-3 kg each) were used in
the present study. All procedures were performed as per humane criteria set
forth by University of Maryland Baltimore Animal Care and Use Committee.
Animals were divided at random into groups. Groups received glucosaminidase,
the quadrivalent vaccine, or PBS as a control. For the initial testing of gluco-
saminidase alone or the quadrivalent vaccine, animals were immunized with 10
g of each antigen intramuscularly at days 0, 10, and 20, with challenge following
on day 30. In all of the remaining other vaccine studies, animals were immunized
with either 75 ug each of antigen intramuscularly, or the PBS control, at days 0
and 10. Antibody titers to vaccine antigens were measured by enzyme-linked
immunosorbent assay (see supplemental materials and methods). Titers against
antigens increased 10 days after vaccination and continued to rise until day 35
(see supplemental material and Table S1).

Production of osteomyelitis. Animals were challenged 10 days following the
last vaccination with intratibial inoculation of MRSA-M2 as described previously
(21). All procedures were performed as per humane criteria set forth by Uni-
versity of Maryland Baltimore Animal Care and Use Committee. The infection
was allowed to progress for 14 days, at which time the animals were evaluated
and euthanized for the first study with glucosaminidase alone and the quadriva-
lent vaccine. In the subsequent study for testing the adjunctive effects of anti-
microbial therapy, animals were either left alone or treated for 14 days via a twice
daily subcutaneous injection of vancomycin (40 mg/kg) as previously described
(20).

Analysis of vaccine efficacy. Vaccine efficacy was evaluated in three ways. At 14
days following MRSA inoculation into the tibia, rabbits were monitored for
clinical signs of infection (i.e., non-weight bearing on the affected leg). Animals
were then anesthetized and radiographically examined to determine the radio-
logic score of osteomyelitis, according to Fig. 1 and described previously (21).
Scores were evaluated as shown in Table 2. Rabbits were then sacrificed by an
intravenous injection of sodium pentobarbital. Both tibias were removed, dis-
sected free of all soft tissue, and processed for bacterial cultures. Using a 5.0-mm,
single-action rongeur, the bones were split into small pieces, and the marrow was
removed. The whole bone was then pulverized, combined with the marrow, and
suspended in 3 ml of sterile 0.85% saline per g of tissue. Tenfold serial dilutions
were performed in triplicate and spotted onto a tryptic soy agar blood plate
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Infected Uninfected

Intramedullary
Abscess

Marrow/Bone:

Disruption

Periosteal
Elevation

supplemented with oxacillin (40 pwg/ml) to determine the presence or absence of
S. aureus in the bone tissue. The CFU per gram of bone were then calculated
after overnight incubation of the plates at 37°C. For more details concerning
rabbit tibial culture, refer to the supplemental materials and methods.

Statistical analysis. The statistical significance between experimental groups
and controls, as well as between the various experimental groups, was calculated
by using a Student ¢ test for radiologic and CFU data and the Fisher exact test
for clinical symptoms and infection clearance rates. A P value of =0.05 was
considered statistically significant, while P values between 0.1 and 0.005 were
considered to show a trend.

RESULTS

Biofilm upregulated immunogens are produced heteroge-
neously within the biofilm. Differential protein production
within the biofilm may allow certain portions of the biofilm
to escape immune recognition and clearance. Therefore, we
chose to study a subset of candidate antigens. We used IgG
samples from animals vaccinated against individual antigens,
with confocal immunofluorescence microscopy on S. aureus
biofilms grown in vitro, to determine the relative areas of
production a number of other biofilm upregulated antigens,
glucosaminidase, SA0317 (lipase), SA0486 (a hypothetical
lipoprotein), SA0037 (a conserved hypothetical protein of
unknown function), SA0688 (an ABC transporter lipoprotein),
and SA. As seen in previous studies (5), there was heteroge-
neous production of proteins within the biofilm community
(Fig. 2). IgG against each antigen (with the exception of lipase)
appear to bind to S. aureus biofilms differently. Although anti-
glucosaminidase and anti-SA0688 IgGs bind to individual mi-
crocolonies, anti-SA0486 IgG reacts with smaller bacterial
flocs within the entire biofilm, and anti-SA0037 IgG binds to
individual cells within microcolonies. In addition, lipase, which

TABLE 2. Radiographic staging guidelines

Radiological Characteristics of infected bone
score
0 Normal, no lytic changes around needle stick

Lytic changes around the needle stick, <5%
disruption of normal bone architecture

24 s 5-15% disruption of normal bone architecture

15-40% disruption of normal bone architecture

>40% disruption of normal bone architecture
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FIG. 2. Biofilm-upregulated immunogens are produced heterogeneously. Immunofluorescence microscopy was performed using IgG antibodies
against biofilm upregulated immunogens, followed by goat anti-rabbit F(ab"), secondary antibody (red, top panels) and SYTO-9 stain to visualize
the entire biofilm (green, center panels; merge, bottom panels). (A) Glucosaminidase; (B) SA0037; (C) SA0486; (D) SA0688; (E) lipase, a secreted
protein not found in large quantities within the biofilm (negative control). Magnification bars, 20 pm.

is secreted by S. aureus in a biofilm mode of growth, serves as
a negative control. Because this enzyme is produced and re-
leased into the flowing media, IgGs against lipase did not bind
to the biofilm. Thus, it was evident that these antigens are not
expressed homogeneously throughout the biofilm and that an-
tibodies to a single antigen may not provide adequate immu-
nological recognition of the biofilm, leaving some areas that
were not recognized and thus persist. Therefore, we further
tested a single component and quadrivalent vaccine in subse-
quent studies (see below).

Vaccination with a single biofilm antigen or quadrivalent
vaccine. In previous work we identified 22 cell wall and mem-
brane-associated immunogens that were upregulated during
biofilm growth (4). Among these antigens, autolysin (AtlA)
was one of the most immunoreactive. Because of its reported
role in biofilm formation (3) and its upregulation during early
biofilm growth (when an immune response could theoretically
eradicate the biofilm), we chose to test a component of auto-
lysin alone and a combined quadrivalent set of biofilm upregu-
lated antigens as potential vaccines. The quadrivalent vaccine
included SA0486, SA0037, SA0688, and glucosaminidase. We
chose these antigens because we showed in earlier work (4)
that they are cell wall associated, biofilm upregulated, and
immunogenic in rabbits. Purified recombinant glucosaminidase
(one of the two protein components of AtlA) or the quadrivalent
vaccine was injected into rabbits (two doses of 10 pg of each
antigen, 10 days apart), and then animals were challenged using a

tibial osteomyelitis infection. This vaccination did not lead to
significant differences in bacteriological signs of infection com-
pared to PBS-vaccinated controls but did yield significantly lower
radiological scores (Table 3 and Fig. 3).

The failure of the single and quadrivalent vaccine alone to
promote effective bacterial clearance may have been due to the
inability of the immune system to clear planktonic cells, since
the antigen was a biofilm upregulated protein. Although the
single antigen (i.e., glucosaminidase) and the quadrivalent vac-
cine showed similar clinical and radiological reductions in in-
fection, we did not test this single antigen in subsequent studies
for a number of reasons. First, there have been a number of
generated, as well as naturally spontaneous, mutants arising in
this particular gene (12, 13, 38). Therefore, a vaccine com-

TABLE 3. Radiological and clinical vaccine scores for
glucosaminidase and quadrivalent vaccines

Parameter Glucosaminidase  Quadrivalent PBS control
No. of rabbits 4 5 7
Mean radiological score” 0.37* 1.10* 2.71
Rabbits (%) showing 0 0 57
clinical signs of
infection
No. of rabbits cleared 1 0 0

¢, P < 0.05 glucosaminidase versus PBS control and quadrivalent versus PBS
control.
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FIG. 3. Vaccination with the single antigen glucosaminidase and
the quadrivalent vaccine. The mean CFU/gram of bone are shown for
PBS controls, glucosaminidase-vaccinated (Gluco) and quadrivalent-
vaccinated groups. Animals were vaccinated with three doses of the
quadrivalent vaccine (10 pg of each) or PBS.

posed of this single component may be short-lived in useful-
ness due to null mutant infecting strains that could escape
clearance by the immune response. Also, the well-described
heterogeneous antigenic nature of biofilms in our studies and
many others supports the idea that a multicomponent vaccine
may be needed for protection against biofilm-mediated disease
(1, 5, 36). Lastly, a multivalent vaccine strategy is a standard
method in many currently approved vaccines, including the
pneumococcus and the acellular pertussis component of the
DTaP vaccine (1, 17, 19).

Vaccination with biofilm-upregulated antigens, and subse-
quent antibiotic therapy, leads to clearance of biofilm infec-
tion. The ultimate goal of complete bacterial clearance was not
realized with the single antigen and quadrivalent vaccine. Be-
cause there was an obvious, albeit statistically insignificant
trend to reduced infection upon challenge with the quadriva-
lent vaccine, we hypothesized that vaccination with these bio-
film upregulated antigens may reduce the number of bacterial
cells with a biofilm phenotype. As a result, the bacterial pop-
ulations remaining in the vaccinated group postchallenge may
be due to the planktonic subset of S. aureus within the tibia not
being effectively cleared by the host immune response. Plank-
tonic S. aureus cells possess a number of immuno-avoidance
strategies, including protein A, leukotoxins, an antiphagocytic
capsule, and the recently described phenol soluble modulins
and nitric oxide-inducible lactate dehydrogenase system (30,
39) that enable persistence. However, they are sensitive to
effective antimicrobial agents compared to their biofilm-em-
bedded counterparts. To this end, at 14 days after challenge we
treated both vaccinated and nonvaccinated animals with 40 mg
of vancomycin/kg twice daily for 10 days and compared the
efficacy of the dual treatment to untreated and unvaccinated,
vaccinated but untreated, and unvaccinated but treated con-
trols. As in the studies described above, the vaccine alone
group showed no significant effect on infection clearance or
concentrations of bacteria in the tibia (Fig. 4B). However, both
the vancomycin alone group and the group treated with van-
comycin therapy following vaccination with the quadrivalent
vaccine were able to significantly reduce bacterial counts in the
affected tibia (P < 0.05) (Table 4 and Fig. 4). When clearance
rates were observed, vaccination and antibiotic treatment af-
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FIG. 4. Vaccination with quadrivalent vaccine and adjunctive van-
comycin treatment. (A) Animals vaccinated with PBS only (column 1),
PBS and subsequent treatment with vancomycin (column 2), the quad-
rivalent vaccine only (column 3), or the vaccine plus vancomycin (col-
umn 4). The mean = the standard error of the mean for CFU/gram of
bone is shown for each group. *, Significant difference from group 1,
the PBS control (P < 0.05, Student ¢ test). (B) Animals in each group
that were completely cleared of infection. *, Significant difference
from group 1, the PBS control (P < 0.05, Fisher exact test).

forded only this group significantly lower rates, as well as
scores for clinical and radiological signs of disease (P < 0.05)
(Table 4 and Fig. 4). Thus, this combination therapy is able to
abrogate all signs of S. aureus osteomyelitis infection and, in
the rare case clearance is not achieved, bacterial levels (as well
as severity of disease) are markedly decreased. Therefore, the
combined use of a prophylactic, biofilm-directed vaccine, plus
antibiotic treatment aimed at planktonic growth, leads to the
prevention of biofilm-mediated osteomyelitis infection in a
rabbit model.

TABLE 4. Radiological and clinical scores for quadrivalent vaccine
with vancomycin therapy

Group 2 Group 4
Parameter Group 1 (PBSP+ G’rou'p 3 (VaCCiIII)C +
(PBS) . (vaccine) .
vancomycin) vancomycin)
No. of rabbits 9 9 9 8
Mean radiological score 23 2.1 2.0 0.4*
Rabbits (%) with 100 100 66 38*
clinical signs of
infection
No. of rabbits cleared 3 5 2 7*

“x, P < 0.05 of vaccine plus vancomycin group 4 versus PBS control group 1.
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DISCUSSION

S. aureus has re-emerged as a major human pathogen, and
there are currently no vaccines that afford consistent, long-
term protection against S. aureus infections. While infections,
particularly those with MRSA, are often nosocomial in origin,
community acquired infections associated with this microbial
species have reached epidemic levels. One of the ways in which
S. aureus is able to persist in the host and remain recalcitrant
to clearance by the immune system or antibiotics is through a
biofilm mode of growth. Therefore, the need for an effective
vaccine and/or treatment modality that could prevent the es-
tablishment of biofilm-mediated chronic infections by S. aureus
is necessary. This study is the first to demonstrate protection
against biofilm-associated infection through the use of a mul-
ticomponent vaccine and subsequent antibiotic therapy. When
administered to New Zealand White rabbits, the combination
of biofilm-directed vaccination and antibiotic treatment was
able to significantly lessen the radiological and clinical signs of
infection, and afforded complete clearance to 87.5% of ani-
mals, reducing bacterial loads overall by over 3 logs.

A number of vaccines have been evaluated for their pro-
tective efficacy against staphylococcal infections, in particu-
lar against a primary planktonic bacteremia, pneumonia,
septic arthritis, and intraperitoneal staphylococcal infection (6,
15, 18, 24, 25, 34, 37). Although this mode of growth is impor-
tant and can often end in septicemia and death, it can be
cleared by antimicrobial therapy and may be the transient
intermediary step between inoculation and rapid dissemination
to distal sites of biofilm infection. Therefore, a long-term T-
cell-mediated memory response and antibody production
against staphylococcal antigens for this transient and antibiotic
sensitive bacteremia may take up to 10 days for full activation.
This may not be rapid enough to clear the infection prior to the
development of a secondary biofilm infection that can occur
within several days postinoculation and will resist clearance by
antimicrobial agents (35).

Because of the complicated multicellular architecture of a
biofilm, various sites within these communities can, and do,
express different proteins necessary for survival under various
respiratory conditions and areas of stress (7-9). When we
tested our single antigen and quadrivalent vaccine in our
chronic osteomyelitis model, we noted that both the clinical
and radiological signs of disease were significantly decreased in
the vaccinated group compared to controls; however, a less-
ened, but nonsignificant, number of bacteria were still found in
the bones of vaccinated animals. This suggests that the vaccine
is working against biofilm bacteria and decreasing the mani-
festations of osteomyelitis but is not clearing out all of the S.
aureus present in the bone. Previous work by our laboratory
demonstrated that antibodies against biofilm-upregulated pro-
teins could be used to study biofilm architecture in vitro (5);
here, we expanded on this work to more closely examine the
expression states of our potential vaccine candidates within an
intact biofilm. We noted that there is heterogeneous expres-
sion of each of the four candidate antigens in a mature biofilm.
This could lead to vaccine-based selection of those areas of the
biofilm that do not express the candidate antigen to persist and
spread infection. Other vaccine studies (37) have suggested a

INFECT. IMMUN.

multicomponent vaccine may afford more complete protection
against S. aureus challenge in a planktonic model of infection.

A mature biofilm is recalcitrant to clearance by both the host
immune response and antimicrobial therapies (7-9). There-
fore, use of antibiotics against a biofilm infection is generally
not effective. The benefit of a biofilm-directed vaccine would
be to generate a memory response that can be elicited quickly
upon challenge with the etiologic organism, generating a pro-
tective response that can work against early biofilm microbes
that are still in a clearable state. Because the antigens chosen
for this vaccine were those that were significantly upregulated
during biofilm growth, we postulated that the vaccine was not
effective against planktonic bacteria and, thus, the response
elicited through vaccination and subsequent challenge may not
have been sufficient to eradicate all populations. We therefore
added an antibiotic treatment arm to our study, comparing the
effectiveness of prophylactic vaccination combined with post-
challenge vancomycin therapy to vaccination alone, and also of
vancomycin treatment without prior vaccination. While vacci-
nation alone was not able to significantly decrease the levels of
S. aureus in the infected bone, both vancomycin treatment
alone and the combination of vaccination and antibiotic ther-
apy significantly reduced S. aureus numbers. Although reduc-
tions in bacterial populations are important, significantly in-
creased infection clearance rate are essential for a potential
treatment or prevention strategy since any remaining bacteria
can regrow to produce a fulminant infection. When clearance
rates were compared, only the vaccination combined with an-
tibiotic treatment was able to significantly eliminate the S.
aureus infection from the host.

This vaccine holds significant promise for those with identi-
fied risk factors for S. aureus biofilm infection. Although these
patients may still acquire the S. aureus infection, an anti-bio-
film vaccine could allow these previously untreatable infections
to be prevented by vaccination in combination with antimicro-
bial therapy, whereas the only reliable therapy at present is
surgical intervention. These data give new perspectives on
means to limit and eradiate S. aureus biofilm infections that
could help to prevent the onset of chronic disease, saving
patients from significant morbidity and mortality. As well, the
methodology used here, where the entire microbial community
is considered for its in vivo expression and differential protein
production in the various niches of the biofilm, has implica-
tions for how future biofilm vaccines should be designed. This
suggests a potential alternative in how antigens are rationally
chosen for these infections.
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