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A Novel Approach Utilizing Biofilm Time-Kill Curves To Assess the
Bactericidal Activity of Ceftaroline Combinations against Biofilm-
Producing Methicillin-Resistant Staphylococcus aureus
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Medical device infections frequently require combination therapy. Beta-lactams combined with glycopeptides/lipopeptides are
bactericidal against methicillin-resistant Staphylococcus aureus (MRSA). Novel macrowell kill-curve methods tested synergy
between ceftaroline or cefazolin plus daptomycin, vancomycin, or rifampin against biofilm-producing MRSA. Ceftaroline com-
binations demonstrated the most pronounced bacterial reductions. Ceftaroline demonstrated greatest kill with daptomycin
(4.02 % 0.59 log, , CFU/cm?), compared to combination with vancomycin (3.36 % 0.35 log,, CFU/cm?) or rifampin (2.68 % 0.61
log,, CFU/cm?). These data suggest that beta-lactam combinations are useful against MRSA biofilms.

Staphylococcus aureus is the most common cause of hospital-
acquired infections and the second leading cause of catheter-
related bloodstream infections (1, 2). Biofilm-associated medical
device infections (MDIs) represent a serious health care issue due
to increased morbidity, mortality up to 25%, and additional costs
ranging from $1,000 to $50,000 per event depending on severity
(3,4).

Increased rates of treatment failure in MDIs are attributed, in
part, to biofilm formation on the prosthetic material (5). Biofilm-
embedded cells exhibit phenotypes of decreased susceptibility to
most antimicrobials than those of less-dense planktonic cells (6).
Lack of antimicrobial penetration into the biofilm matrix, differ-
ences in metabolic activity of bacterial cells between the different
biofilm layers, and drug resistance in biofilm-embedded cells are
thought to play a significant role in reduced antimicrobial re-
sponse and subsequent treatment failure (7, 8). The most com-
mon approach to overcoming biofilm-mediated nonsusceptibility
is combination therapy (9, 10). Rifampin is frequently combined
with standard therapy for the management of staphylococcal
MDIs, due to its ability to penetrate biofilm and its activity against
both dividing and stationary cells (11-13). Despite the routine use
of combination therapy, MDIs continue to be associated with
poor clinical response.

Ceftaroline is a broad-spectrum cephalosporin that demon-
strates potent activity against S. aureus, including methicillin-re-
sistant S. aureus (MRSA). Ceftaroline has demonstrated synergy
with vancomycin and daptomycin, with new data suggesting that
ceftaroline may be more active against daptomycin-nonsuscep-
tible S. aureus (DNS) and vancomycin-intermediate S. aureus
(VISA) than against vancomycin-susceptible S. aureus (VSSA)
due to the “seesaw effect” (14, 15). Additionally, ceftaroline may
decrease the attraction of biofilm cells to prosthetic materials due
to an alteration in cell membrane charge (16, 17). Prosthetic ma-
terials such as polystyrene and glass have slightly negative surface
charges (16). Ceftaroline appears to lower cell surface charge (17),
and this change in net surface charge may potentially decrease the
attraction of biofilm-producing organisms to prosthetic material.
Additionally, the lower cell surface charge favors increased dapto-
mycin binding but also appears to demonstrate a cell wall thinning
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effect, potentially allowing for improved vancomycin binding.
Therefore, we evaluated the activity of ceftaroline, alone and in
combination, for synergy against biofilm-producing MRSA. Ce-
fazolin combinations were analyzed as a comparator to determine
if the potential synergy was related to the seesaw effect or the
inherent MRSA activity of ceftaroline.

MIC determinations by broth microdilution (BMD) per CLSI
guidelines and biofilm MIC (BMIC) determinations per the Cal-
gary method were performed on 20 clinical MRSA bloodstream
isolates against ceftaroline, daptomycin, cefazolin, vancomycin,
and rifampin (18, 19). For susceptibility profiles, see Table 1. Dap-
tomycin (Cubist Pharmaceuticals, Lexington, MA) and cefazolin,
vancomycin, and rifampin (Sigma Chemical Company, St. Louis,
MO) were purchased commercially. Ceftaroline powder was pro-
vided by Forest Laboratories (New York, NY). Strains were proven
to produce biofilm by biofilm quantification techniques utilizing
well-described biofilm-forming (NRSA101 and ATCC 35556)
and non-biofilm-forming (ATCC 12228) strains as previously de-
scribed (20, 21).

After susceptibility determination, a previously undescribed,
novel biofilm time-kill method was used to evaluate synergy
against biofilm-embedded organisms. Three randomly selected
representative strains (R6242, R6246, and R6911) were evaluated
in duplicate. Briefly, 3-mm borosilicate beads were placed in 10%
glucose-supplemented tryptic soy broth (GSTSB) inoculated with
the test organism and incubated at 35°C, allowing for biofilm for-
mation (22). After 24 h of incubation, GSTSB was aspirated and
the beads were placed into macrowells containing Mueller-Hin-
ton broth supplemented with 50 mg/liter of calcium due to the
calcium-dependent mechanism of daptomycin (23). Antimicro-
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TABLE 1 Broth microdilution and biofilm MICs*

MIC (mg/liter) of drug:
CPT DAP CFZ RIF VAN

Strain® BMD Biofilm BMD Biofilm BMD Biofilm BMD Biofilm BMD Biofilm
6242 1 2 0.25 8 16 >64 <0.0625 >64 0.5 8
6246 1 2 0.125 2 >64 >64 <0.0625 >64 1 2
6911* 1 2 2 4 >64 >64 >32 >64 2 8
5657 1 2 0.125 4 >64 >64 <0.0625 >64 1 8
5253 1 1 1 8 32 >64 <0.0625 >64 2 16
5255 1 2 0.125 8 16 >64 <0.0625 >64 0.5 16
5849* 1 2 0.25 8 16 >64 <0.0625 >64 0.5 8
5993 2 2 2 8 64 >64 >32 >64 4 4
5995 0.5 0.5 4 16 64 >64 0.5 64 4 32
5998 1 2 1 >64 >64 2 >64 4 8
6000 0.25 0.5 4 8 32 >64 8 >64 4 16
6012* 1 1 0.25 2 64 >64 <0.0625 2 0.5 2
6067* 0.5 0.5 4 16 >64 >64 4 >64 2 4
6072% 1 1 4 16 64 >64 4 8 1 2
6184* 0.5 1 0.5 4 16 >64 <0.0625 16 0.5 8
6212* 2 2 2 2 >64 >64 <0.0625 32 1 2
6232 1 2 0.5 8 >64 >64 <0.0625 >64 1 8
6235 2 2 0.125 8 >64 >64 <0.0625 >64 1 4
6240 0.5 2 0.25 8 16 >64 <0.0625 >64 1 8
6299 0.25 0.25 0.5 2 16 >64 <0.0625 >64 4 8

@ Abbreviations: CPT, ceftaroline; DAP, daptomycin; CFZ, cefazolin; RIF, rifampin; VAN, vancomycin.
b All strain designations begin with “R.” Asterisks indicate isolates proven to be heterogeneous VISA by modified population analysis.

bials were added at 1X the biofilm MIC for all agents unless the
biofilm MIC was greater than free physiologic peak concentra-
tions, in which case physiologic peaks were used. Beads were re-
moved with sterile forceps at 0, 4, 8, and 24 h and placed into 1 ml
of normal saline. Biofilm was recovered by three alternating 60-s
cycles of vortexing and sonication at 20 Hz. Recovered biofilm
cells were plated on tryptic soy agar and incubated for 24 h at 35°C.
Synergy was defined as a =2-log,,-CFU/cm” reduction over the
most active agent alone, and bactericidal activity was defined as a
=3-log,,-CFU/cm’ reduction from the starting inoculum (24).
Antimicrobial exposures in biofilm time-kill assessments in-
cluded ceftaroline, daptomycin, cefazolin, vancomycin, rifampin,
ceftaroline plus daptomycin, ceftaroline plus vancomycin, cef-
taroline plus rifampin, cefazolin plus daptomycin, cefazolin plus
vancomycin, and cefazolin plus rifampin. Free peak synergistic
concentrations were used for rifampin (2.1 mg/liter) and cefazolin
(37 mg/liter) simulating dosages of 300 mg and 1,000 mg, as
BMICs were higher than attainable drug concentrations. The tar-
geted starting inoculum for all strains was ~6.5 log;, CFU/cm”.
Biofilm MICs were up to 4-fold higher than BMD MICs for
daptomycin and vancomycin, up to 1-fold higher for ceftaroline,
at least 2-fold higher for cefazolin, and over 7-fold higher for ri-
fampin (Table 1). In biofilm time-kill experiments, initial killing
was seen for ceftaroline, daptomycin, vancomycin, and rifampin
againstall 3 strains within the first 4 h (Fig. 1). For all strains, single
drug exposures did not result in sustained killing, with regrowth
demonstrated within 8 h. All ceftaroline combinations produced
greater reductions in colony counts against all strains evaluated
than did cefazolin combinations (P < 0.05). Combinations of
ceftaroline-daptomycin, ceftaroline-vancomycin, and ceftaro-
line-rifampin demonstrated synergy with average * standard de-
viation values of 3.77 % 0.45, 3.37 £ 0.35, and 2.68 = 0.61 log,
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CFU/cm? reductions, respectively. Ceftaroline-rifampin was bac-
tericidal against 2 of the 3 strains over the entire experiment
(R6246 and R6911), while R6242 demonstrated regrowth at 24 h
despite having the same MICs as the other 2 strains. Bactericidal
activity was not observed with any cefazolin combination against
any strain. Synergy was observed with cefazolin-daptomycin and
cefazolin-vancomycin combinations for all strains.

Upon review of the time-kills, combination biofilm MIC de-
terminations were performed for the ceftaroline combinations to
assess consistency of synergy across numerous strains with various
susceptibilities. Cefazolin was not evaluated in BMICs due to less-
pronounced activity in biofilm time kills. Combination BMIC de-
terminations for daptomycin, vancomycin, and rifampin were
performed for all 20 strains in the presence of ceftaroline at one-
half the BMIC. In the presence of subinhibitory concentrations of
ceftaroline, BMICs for daptomycin, vancomycin, and rifampin
were 2 log,, 1 log,, and 2 log, dilutions lower than those for the
single agents, respectively. Though rifampin combinations ap-
peared to lower the MIC 2 dilutions on average, the results were
not consistent among all strains, with 9 isolates not exhibiting any
reduction in MIC. The findings from the combination MIC de-
terminations support the results observed from the time-kill
curves.

Almost 55,000 MDIs are reported annually by the Centers for
Disease Control and Prevention (1). Biofilm production is a ther-
apeutically challenging factor contributing to the complexity of
MDlIs, allowing organisms to persist despite what should be
adequate drug exposures (14, 25). Combination therapy is of-
ten employed to combat these difficult-to-treat infections (26).
Our results demonstrate that ceftaroline combinations appear ef-
ficacious at decreasing biofilm-embedded MRSA. Bactericidal ac-
tivity was observed for all strains when ceftaroline was combined
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FIG 1 In vitro time-Kkill results with combinations including cefazolin (left) and ceftaroline (right) against isolates R6242 (top), R6246 (middle), and R6911

(bottom).
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with either daptomycin or vancomycin. However, though they are
the standard of care, rifampin combinations demonstrated
slightly less activity for all strains, with regrowth noted in one
strain, warranting further clinical consideration of other combi-
nations. Cefazolin combinations appeared, overall, less efficacious
than did ceftaroline combinations, with only minimal synergistic
activity noted with daptomycin or vancomycin. Overall, combi-
nations with beta-lactams may provide additional treatment op-
tions for MDIs with embedded biofilms. However, beta-lactams
with inherent MRSA activity appear to produce a more pro-
nounced effect. Additionally, we were able to validate a novel,
inexpensive approach for testing antimicrobial activity and com-
bination synergy against biofilm-embedded organisms. Further
testing is warranted to determine the most effective regimen, dif-
ferences between other prosthetic materials, and clinical applica-
bility.
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