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The effects of prior vancomycin exposure on ceftaroline and daptomycin therapy against methicillin-resistant Staphylococcus
aureus (MRSA) have not been widely studied. Humanized free-drug exposures of vancomycin at 1 g every 12 h (q12h), ceftaro-
line at 600 mg q12h, and daptomycin at 10 mg/kg of body weight q24h were simulated in a 96-h in vitro pharmacodynamic
model against three MRSA isolates, including one heteroresistant vancomycin-intermediate S. aureus (hVISA) isolate and one
VISA isolate. A total of five regimens were tested: vancomycin, ceftaroline, and daptomycin alone for the entire 96 h, and then
sequential therapy with vancomycin for 48 h followed by ceftaroline or daptomycin for 48 h. Microbiological responses were
measured by the changes in log10 CFU during 96 h from baseline. Control isolates grew to 9.16 � 0.32, 9.13 � 0.14, and 8.69 �
0.28 log10 CFU for MRSA, hVISA, and VISA, respectively. Vancomycin initially achieved >3 log10 CFU reductions against the
MRSA and hVISA isolates, followed by regrowth beginning at 48 h; minimal activity was observed against VISA. The change in
96-h log10 CFU was largest for sequential therapy with vancomycin followed by ceftaroline (�5.22 � 1.2, P � 0.010 versus ceftaroline)
and for sequential therapy with vancomycin followed by ceftaroline (�3.60 � 0.6, P � 0.037 versus daptomycin), compared with dap-
tomycin (�2.24 � 1.0), vancomycin (�1.40 � 1.8), and sequential therapy with vancomycin followed by daptomycin (�1.32 � 1.0,
P > 0.5 for the last three regimens). Prior exposure of vancomycin at 1 g q12h reduced the initial microbiological response of daptomy-
cin, particularly for hVISA and VISA isolates, but did not affect the response of ceftaroline. In the scenario of poor vancomycin re-
sponse for high-inoculum MRSA infection, a ceftaroline-containing regimen may be preferred.

Staphylococcus aureus is one of the most common causes of
bloodstream infections, which are associated with increased

mortality, lengths of stay, and health care-related costs (1). When
methicillin-resistant S. aureus (MRSA) is suspected as the cause of
the bloodstream infection, vancomycin is typically considered the
first-line treatment and is often the initial antibiotic that patients
receive upon arriving at an emergency department or when con-
tracting the infection in a hospital. However, recent studies have
suggested an increase in vancomycin MICs, making it increasingly
difficult to successfully treat MRSA bloodstream infections with
vancomycin based on the increasing drug exposures required (2–
4). Reduced vancomycin susceptibility has been associated with
increased rates of treatment failure and mortality, particularly in
patients with S. aureus bacteremia. In addition to reduced suscep-
tibilities, difficulties with providing adequate dosing while mini-
mizing toxicity and the burdens of monitoring trough levels and
obtaining optimal pharmacodynamic targets with vancomycin re-
main constant challenges.

Given the difficulties with vancomycin, other antimicrobials,
such as daptomycin, linezolid, and telavancin, are sometimes used
to treat MRSA infections when patients are not ideal candidates
for vancomycin or have persistent infections despite treatment
with vancomycin (1, 5). These agents can be particularly useful
when treating less susceptible strains, such as heteroresistant van-
comycin-intermediate S. aureus (hVISA) and VISA (6). Notably,
daptomycin, a lipopeptide antibiotic with bactericidal activity
against many Gram-positive organisms, has been approved for
treating MRSA bacteremia and is often the first agent selected in
the scenario of persistent infections in a patient receiving vanco-
mycin (7). However, there are some studies that have suggested
cross-resistance between vancomycin and daptomycin (8, 9). Cef-

taroline fosamil is a cephalosporin with a broad spectrum of
Gram-negative and Gram-positive activity, including against
MRSA, due to its enhanced binding affinity to penicillin-binding
protein (PBP) 2a. Ceftaroline displays potent in vitro activity
against S. aureus strains with reduced vancomycin and daptomy-
cin susceptibility (10) and has demonstrated bactericidal activity
against MRSA in an in vivo rabbit endocarditis model (11). Cef-
taroline fosamil has also been successfully used to treat some pa-
tients with endocarditis and bacteremia (12). With the increased
awareness of MRSA persistence during treatment with vancomy-
cin, newer therapies, such as daptomycin and ceftaroline fosamil,
are often used, and the effect of prior vancomycin use on these
therapies is unknown. Therefore, we evaluated human simulated
regimens of vancomycin, daptomycin, and ceftaroline against var-
ious MRSA isolates, including hVISA and VISA strains, with the
goal of studying the effects of prior vancomycin exposure on these
other antimicrobial options.

MATERIALS AND METHODS
Bacterial strains and susceptibility testing. Three clinical MRSA isolates
with different phenotypic vancomycin profiles (1 vancomycin suscepti-
ble, 1 hVISA, and 1 VISA) were used. Vancomycin, daptomycin, and
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ceftaroline MICs were determined by broth microdilution using cation-
adjusted Mueller-Hinton broth (CAMHB; Becton, Dickinson and Com-
pany, Sparks, MD) in accordance with Clinical and Laboratory Standards
Institute (CLSI) recommendations (13). MIC calculations were per-
formed in triplicate, and the modal MICs were reported. The phenotypic
profiles are listed in Table 1. All isolates were susceptible to ceftaroline and
daptomycin.

Antibiotics. Vancomycin (lot 7601063; expiration, December 2013;
Pfizer Injectables) and daptomycin (lot ALTZ000; expiration, November
2013; Cubist Pharmaceuticals) clinical powder for injection were ob-
tained from the Department of Pharmacy at Hartford Hospital in Hart-
ford, CT. Analytical grade ceftaroline (lot FMD-CEF-051), the active
component of ceftaroline fosamil, was provided by Forest Laboratories,
Inc. (Jersey City, NJ).

Simulated drug exposures. Free-drug concentrations for vancomycin
at 1 g every 12 h (q12h), daptomycin at 10 mg/kg of body weight q24h, and
ceftaroline-fosamil at 600 mg q12h were simulated in the in vitro experi-
ments. Protein binding of 50%, 90%, and 20% were used for vancomycin,
daptomycin, and ceftaroline, respectively, to derive free-drug exposures
(14–16). The free-drug target area under the concentration-time curve
from 0 to 12 h (AUC0 –12) for vancomycin was 105 �g · h/ml with a target
half-life of 9 h (17). Although the half-life of vancomycin is approximately
6 h in patients with normal renal function, the half-life simulated here was
extended to achieve this specific AUC and maintain a free-drug trough
concentration of 5 �g/ml. These vancomycin exposures were deliberately
targeted to permit regrowth by 48 h in an effort to best simulate a clinical
scenario in which a relevant human vancomycin exposure is not effective
and will ultimately require a switch to another antibiotic. A high dose of
daptomycin was selected based on current guidelines that recommend a
dose of 10 mg/kg for patients with persistent bacteremia despite treatment
with vancomycin (5). The free-drug target AUC0 –24 for daptomycin was
108 �g · h/ml with a target half-life of 8 h (14). The target time that the free
drug concentration remains above the MIC (fT�MIC) for ceftaroline at
an MIC of 1 �g/ml was 60% with a target half-life of 2.6 h and a free peak
concentration of 17.04 �g/ml (15, 18). A total of five treatment regimens
were evaluated in the in vitro model: single-drug therapy with (i) vanco-
mycin at 1 g q12h for 96 h (VAN), (ii) ceftaroline at 600 mg q12h for 96 h
(CPT), and (iii) daptomycin at 10 mg/kg q24h for 96 h (DAP), and then
sequential drug therapy with (iv) vancomycin at 1 g q12h for 48 h followed
by ceftaroline at 600 mg q12h for 48 h (VAN-CPT), and (v) vancomycin at
1 g q12h for 48 h followed by daptomycin at 10 mg/kg q24h for 48 h
(VAN-DAP).

In vitro pharmacodynamic model. A one-compartment in vitro che-
mostat model was used for all experiments, as previously described (19).
Briefly, each experiment consisted of three independent models (two exper-
imental treatment models and one growth control model), which ran simul-
taneously for each isolate. The models were placed in a 37°C water bath for
optimal temperature control. Magnetic stir bars were utilized to ensure ade-
quate mixing of the contents of each model. A starting inoculum of 108

CFU/ml was used and prepared as previously described in order to simulate
the high inoculum observed in bacteremia (19). Models were filled with brain
heart infusion (BHI) broth (Becton, Dickinson and Company, Sparks, MD)
and inoculated. For experiments with daptomycin, broth was supplemented
with 50 mg/liter of calcium chloride (20). Previous experiments in our lab
observed no difference in growth characteristics or MICs between BHI and

CAMHB (data not shown). Antibiotic administration was started after 0.5 h
of inoculation. Fresh broth was supplied via a peristaltic pump (Masterflex
L/S model 7524-40; Cole-Palmer Instrument Company), which was set to
achieve the human simulated half-life of the antimicrobial being tested. Each
experiment was conducted for 96 h, and treatment models were performed in
duplicate to ensure reproducibility.

Samples were obtained from each of the models at various time points
throughout the 96-h experiment and were serially diluted in normal saline
to assess changes in bacterial density over time. Aliquots were taken from
each diluted sample and plated onto BHI agar plates and incubated at
37°C for 18 to 24 h for quantitative culture. Time-kill curves were con-
structed by plotting the log10 CFU/ml against time. The lower limit of
detection for bacterial density was 1.7 log10 CFU/ml.

Antibiotic concentration determination. To confirm drug concen-
trations, broth samples were simultaneously taken with bacterial density
and assayed for vancomycin, daptomycin, and ceftaroline concentrations
to ensure that the target exposures were achieved. All samples were im-
mediately frozen and stored at �80°C until analysis. Daptomycin concen-
trations were determined by using a validated high-performance liquid
chromatography (HPLC) method at the Center for Anti-Infective Re-
search & Development, as described previously (21). Vancomycin con-
centrations were determined in the Hartford Hospital Clinical Laboratory
with a clinically available fluorescence polarization immunoassay (FPIA)
(Roche Diagnostic Corporation, Indianapolis, IN) by using a spectropho-
tometric detection method (Cobas c501; Roche Diagnostics Corporation,
Indianapolis, IN). Ceftaroline samples were analyzed by Eurofins Medi-
net, Inc. (Chantilly, VA) using a validated liquid chromatography-tan-
dem mass spectrometry (LC/MS-MS) assay.

Resistance. The presence of resistant subpopulations was conducted
by population analysis profiles (PAPs). Bacterial suspensions were plated
on drug-containing BHI plates at 48 and 96 h and incubated for 48 h at
37°C. Vancomycin drug-containing plates with concentrations of 1, 2, 4,
and 8 �g/ml were used for the hVISA and MRSA isolates, and concentra-
tions of 8, 12, and 16 �g/ml were used for the VISA isolate. Ceftaroline
drug-containing plates with concentrations of 0.5, 1, 2, 4, and 8 �g/ml and
daptomycin drug-containing plates with concentrations of 0.5, 1, 2, 4, 8,
and 16 �g/ml were used for all the isolates. Agar for daptomycin drug-
containing plates was supplemented with 30 mg/liter of calcium chloride
as previously described, as this concentration permitted the identification
of a less susceptible population (8). The lower limit of quantification was
1.7 log10 CFU/ml. Additionally, organisms from quantitative culture
plates at 48 and 96 h were frozen for broth microdilution MIC testing at
the end of the experiment. Organisms were subcultured twice, and MICs
were determined in triplicate by broth microdilution in accordance with
CLSI methodology (13).

Statistics. Changes in log10 CFU at 48 and 96 h were compared by
analysis of variance with the Student-Newman-Keuls method for multiple
comparisons. An a priori P value of �0.05 was considered statistically
significant.

RESULTS
Pharmacokinetic analysis. Targeted and confirmed exposures for
each of the regimens are presented in Table 2. Confirmed concen-
trations, half-lives, and pharmacodynamic exposures were within
13% of the target with the exception of daptomycin; the observed
daptomycin AUC exposure in the model was found to be 41%
greater than the target AUC. This is a result of a modestly longer
observed half-life than what was targeted.

Antibacterial results. The average bacterial starting inocula
for the MRSA (isolate 412), hVISA (isolate 449), and VISA (isolate
454) isolates were 8.6 � 0.15, 8.5 � 0.07, and 8.5 � 0.18 log10

CFU/ml, respectively. Control models grew to 9.16 � 0.32, 9.13 �
0.14, and 8.69 � 0.28 log10 CFU/ml for MRSA, hVISA, and VISA,
respectively. Time-kill curves for all treatment regimens against

TABLE 1 MICs of MRSA strains selected for use in the in vitro
pharmacodynamic model

Isolate no. (phenotypic
classification)

MIC (�g/ml)

Vancomycin Ceftaroline Daptomycin

412 (MRSA) 2 1 0.5
449 (hVISA) 2 1 0.5
454 (VISA) 8 1 1
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each isolate are shown in Fig. 1A to F. Overall, greater bacterial
reductions were observed against the MRSA isolate with all regi-
mens tested than with the hVISA and VISA isolates.

By 48 h, all regimens that began with VAN (i.e., VAN, VAN-
CPT, and VAN-DAP) had similar levels of regrowth (P � 0.05).
The CPT and DAP regimens had the greatest reductions in CFU at
48 h (Fig. 1), so statistically, the largest reductions in the 48-h CFU
were observed in the following order: CPT � DAP � VAN-
CPT � VAN-DAP � VAN � control.

The log10 CFU/ml results at 96 h are provided in Table 3 for
each isolate and collectively. Sequential therapy with vancomycin
followed by ceftaroline showed a greater reduction in CFU at 96 h
than that with all the other regimens tested. Ceftaroline therapy
for 96 h displayed greater reductions than daptomycin therapy for
96 h (P � 0.037). At 96 h, there were no differences between VAN
and daptomycin or sequential therapy with vancomycin followed
by daptomycin (i.e., VAN-CPT � CPT � DAP � VAN-DAP �
VAN � control) (Fig. 1; Table 3).

Resistance. During the PAP experiments, no resistance was ob-
served at 48 h for any of the regimens. At 96 h, no additional vanco-
mycin-resistant subpopulations were observed for VAN-containing
regimens against hVISA and VISA relative to those of the control. No
resistance was observed on ceftaroline-containing plates in any of the
experiments, and no resistance was observed on daptomycin-con-
taining plates against MRSA and hVISA. For daptomycin at 96 h
against the VISA isolate, resistant subpopulations were identified up
to a daptomycin concentration of 16 �g/ml during the DAP and
VAN-DAP experiments. However, traditional broth microdilution
MIC results from 48 and 96 h demonstrated no changes from base-
line for any of the isolates (Table 1).

DISCUSSION

In situations where vancomycin is not performing optimally,
therapy is often discontinued in favor of other available antibiotics
with activity against MRSA. Other than the presence of cross-
resistance between vancomycin and other lipopeptides in certain
scenarios, the potential effects of prior therapy with vancomycin
on newer antibiotics have not been well studied. In this in vitro
pharmacodynamic experiment, prior therapy with vancomycin
had no effect on ceftaroline reductions of CFU at 96 h. In contrast,
sequential therapy with vancomycin followed by daptomycin di-
minished the initial bactericidal reductions observed when dapto-
mycin was studied as a single-drug regimen.

In this study, three S. aureus isolates (1 MRSA, 1 hVISA, and 1
VISA) were tested. Clinical isolates with a vancomycin MIC of 2

�g/ml were chosen for the hVISA and MRSA, as this is considered
a risk factor for poor vancomycin response. Notably, when these
isolates were exposed to a low but clinically relevant dose of van-
comycin at 1 g every 12 h, it was anticipated that regrowth would
ultimately be observed against these MRSA, hVISA, and VISA
isolates (2). Furthermore, in order to be able to uniformly assess
the efficacy of these regimens, all the isolates were susceptible to
daptomycin and ceftaroline. Daptomycin provided the greatest
amount of initial killing (�5-log reductions); however, ceftaro-
line had more sustained activity, with little observed regrowth
over the 96-h experiment (Fig. 1A, C, and E) against these three
isolates. This is consistent with a number of other in vitro experi-
ments in the literature (22–24).

The mean 24-h fAUC/MIC ratios observed for vancomycin
exposure were 106 for the MRSA and hVISA isolates (MIC � 2
�g/ml) and 26 for the VISA isolate (MIC � 8 �g/ml). These ratios
are much lower than the targeted total drug AUC/MIC ratio of
�400, which is advocated for serious MRSA infections (3, 5). As a
result, the regrowth observed here is to be expected and is similar
to previous in vitro findings where comparable vancomycin expo-
sures were tested (22, 23). This low exposure was deliberately tar-
geted to simulate a scenario of poor vancomycin response and the
need for transition to another antibiotic. This is consistent with
studies that demonstrated that patients with infective endocarditis
and positive blood cultures after 7 days of vancomycin therapy
have a slower response to therapy and are bacteremic for a longer
period of time than patients treated with beta-lactams (25–27).
Additionally, while vancomycin has been the drug of choice for
MRSA infections for a number of years, there have been studies
that demonstrated that the ability of vancomycin to kill can be
hindered at high inocula (19, 20, 23, 28, 29).

The activity of ceftaroline observed in this study is similar to
that in a previous in vitro study by Steed and colleagues, which
showed bactericidal activity for 96 h against S. aureus isolates, with
MICs of 0.25 to 0.5, simulating a ceftaroline regimen of 600 mg
every 12 h (24). Given that the cephalosporin pharmacodynamic
target required for efficacy is around 30 to 40% in murine models,
the activity seen with this regimen is not surprising, as the
fT�MIC was 60% at an MIC of 1 �g/ml in our experiments (30).
Additionally, an in vitro hollow-fiber model conducted by Vidai-
llac and colleagues showed no differences between a ceftaroline
regimen equivalent to ceftaroline fosamil at 600 mg every 8 h and
a ceftaroline regimen every 12 h, likely due to the fact that the
fT�MIC obtained with each regimen far exceeded the cephalo-
sporin pharmacodynamic target required for efficacy (31). The
clinical use of ceftaroline fosamil at 600 mg every 8 h in the setting
of persistent bacteremia treated with vancomycin or daptomycin
resulted in favorable outcomes in a patient case series (12). Fur-
thermore, a clinical trial assessing the safety and efficacy of cef-
taroline fosamil at 600 mg every 8 h is under way (www
.clinicaltrials.gov/ct2/show/NCT01701219).

In these studies, exposure to vancomycin did not seem to affect
the activity of ceftaroline, as the initial CFU counts after ceftaroline
initiation were similar or even further reduced compared with those
after ceftaroline therapy for 96 h. These in vitro findings parallel those
in a recently published case series of six bacteremic patients effectively
treated with ceftaroline after the failure of vancomycin or daptomy-
cin therapy (12). These patients had either persistent or recurrent
bacteremia for which they had all received vancomycin therapy.
Three of the patients also had endocarditis as the source of MRSA

TABLE 2 Targeted and observed pharmacokinetics of all isolates against
each regimen

Antibiotic
regimen

Pharmacodynamic
target (AUC or
f T�MICa) Peak (�g/ml) t1/2 (h)

Target Observed Target Observed Target Observed

Vancomycin 1
g q12h

105 106.5 � 13.3 12.5 13.6 � 1.6 9.0 9.6 � 1.26

Daptomycin 10
mg/kg q24h

108 152.5 � 33.9 13.9 12.6 � 1.6 8.0 10.7 � 2.03

Ceftaroline 600
mg q12h

60 61.8 � 8.5 17.0 19.3 � 1.9 2.7 2.5 � 0.17

a Shown are the AUC (�g · h/ml) of the dosing intervals for vancomycin and
daptomycin and the fT�MIC (%) for ceftaroline.
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FIG 1 Mean bacterial densities over 96 h for single and sequential treatment regimens by isolate. (A) MRSA (isolate 412) single-treatment regimens; (B) MRSA
(isolate 412) sequential treatment regimens; (C) hVISA (isolate 449) single-treatment regimens; (D) hVISA (isolate 449) sequential treatment regimens; (E) VISA
(isolate 454) single-treatment regimens; (F) VISA (isolate 454) sequential treatment regimens. Closed diamonds, growth control; closed circles, vancomycin for
96 h; closed triangles, daptomycin for 96 h; closed squares, ceftaroline for 96 h; open triangles, vancomycin for 48 h followed by daptomycin for 48 h; open
squares, vancomycin for 48 h followed by ceftaroline for 48 h.
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bacteremia, and all three had cleared their bacteremia on ceftaroline
therapy within 48 h of switching therapy.

Daptomycin displayed rapid initial bactericidal killing against
all three isolates, with approximately 5-log reductions in CFU
within 8 h of therapy. The observed daptomycin exposures were
slightly higher than the targets, resulting in 24-h fAUC/MIC ratios
of 305 and 152 for MICs of 0.5 and 1 �g/ml, respectively. Despite
the establishment of a target high dose of daptomycin of 10 mg/kg
and obtaining even higher-than-targeted exposures, regrowth was
eventually observed around 48 h against all three isolates. While
some previous in vitro models showed greater and sustained CFU
reductions with daptomycin than those observed in our study, it
should be noted that some of these studies used a methodology to
simulate drug concentrations that was different than the approach
taken in the current study (22, 23). Many of these studies simu-
lated total drug concentrations with the addition of albumin to the
media, whereas we simulated free-drug concentrations directly.
Previously published in vitro studies suggested that albumin may
have the ability to enhance the activity of antimicrobials (32).

Notably, the initial rapid killing observed with daptomycin ther-
apy against all isolates was significantly blunted after exposure to van-
comycin (Fig. 1A to F). Additionally, despite initial MICs in the sus-
ceptible range, resistant subpopulations were identified for the VISA
isolate at 96 h with both daptomycin-containing regimens (DAP for
96 h and sequential therapy with VAN-DAP). When the daptomycin
MICs of the isolates collected at 96 h were retested via broth microdi-
lution, however, there were no changes from baseline, suggesting that
this observed resistance may not have been stable. In a similar study
done by Rose and colleagues to determine the effects of daptomycin
activity after vancomycin exposure, no changes in the MICs were
detected for any MRSA isolates that were treated with daptomycin
following vancomycin exposure for 4 days (33). Although increases
in daptomycin MICs for the methicillin-susceptible S. aureus
(MSSA) isolates were observed, upon further sequencing, it was
noted that these strains did not demonstrate mutations in MprF
and YycG, the amino acid substitutions believed to contribute to
daptomycin nonsusceptibility (34). Although the activity of dap-
tomycin after vancomycin exposure is not entirely clear in vitro, it
has been suggested that prior failure of vancomycin therapy is one

of the factors associated with diminished daptomycin efficacy
(35).

While in vitro pharmacodynamic models provide valuable in-
formation in assessing an exposure-response relationship, it is im-
portant to recognize some limitations when interpreting the data.
First, the in vitro chemostat system does not take into account the
bactericidal effects of an immune system, which could greatly in-
crease bacterial colony reductions; therefore, these experiments
demonstrate the worst-case scenario for the antibiotics evaluated.
In the current studies, we chose a high starting inoculum of 108

log10 CFU/ml in an attempt to simulate a more invasive S. aureus
infection; increased antibacterial effects are typically seen at lower
inocula, which may better represent less severe S. aureus infec-
tions. The 96-h experiment duration was selected to describe the
earliest portion of the antibiotic effect; however, serious S. aureus
infections are often treated for 14 days, if not longer, so the down-
stream effects on resistance development and total bacterial count
reductions are not known. Finally, although the experiments were
conducted in duplicate, only one isolate of each phenotype
(MRSA, hVISA, and VISA) was included, and interorganism vari-
ability can result in different observations. Further experiments
with additional S. aureus isolates and for extended durations
would be the next step in addressing the effect of prior vancomy-
cin exposure on ceftaroline and daptomycin activity.

To our knowledge, this is the first in vitro pharmacodynamic study
to evaluate free-drug exposures of ceftaroline and daptomycin after
prior vancomycin exposure against a high inoculum of MRSA iso-
lates. Against these isolates, prior exposure to vancomycin did not
reduce the activity of ceftaroline; it did, however, diminish the killing
profile of daptomycin, which eventually resulted in regrowth. For
serious infections caused by MRSA with a high bacterial burden, cef-
taroline therapy may be an attractive option, especially for patients
who fail vancomycin therapy. This agent deserves further attention in
clinical trials with complicated MRSA bloodstream infections.
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