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ABSTRACT

In order to determine whether reduced susceptibility or tolerance to vancomycin in
Staphylococcus aureus influences the activity of daptomycin by simulating serum
concentrations in the first 24 h of treatment in the presence of physiological concentrations of
human albumin, a computerised pharmacodynamic simulation was performed using Mueller—
Hinton broth with 4 g/dL human albumin concentrations. For daptomycin, the media was
adjusted to physiological ionised calcium concentrations by adding 100 ug/mL Ca**. Protein
binding was measured. Six S. aureus isolates were used, comprising one vancomycin-
susceptible S. aureus (VSSA), three vancomycin-tolerant strains, one heteroresistant
vancomycin-intermediate S. aureus (hVISA) and one homogeneous vancomycin-intermediate
S. aureus (VISA). Minimum inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) of daptomycin increased eight times when determined in the presence
of albumin (MICa s and MBCa g, respectively). Measured protein binding was 86.6% (Cnax) and
86.5% (Cnin) for daptomycin and 51.6% (Cmax) and 42.2% (Cnin) for vancomycin. Similar values
were obtained for fAUC/MIC (where fAUC is the area under the concentration—time curve
obtained with extrapolated concentrations using the highest protein binding rate experimentally
obtained) and AUC/MIC,_g for each antibiotic. Daptomycin showed early (<6 h) bactericidal
activity [maximal effect (Emax) >4 logio reductions in initial inocula] against all strains.
Vancomycin produced an Enax Of 2.3 logso reductions at 8 h against the VSSA and reductions
<1.8 logio for the other strains in the 8—-24 h period. Pharmacodynamic parameters were
fAUC/MBC from 8.0 to 15.6 (vancomycin) and from 56.0 to 111.6 (daptomycin) for tolerant
strains, and fAUC/MIC of 126.8 and 63.3 for vancomycin and 222.6 and 113.2 for daptomycin
against hVISA and VISA strains, respectively. Against the study strains (vancomycin-
susceptible, -tolerant, heteroresistant or intermediate), daptomycin, in contrast to vancomycin,

exhibited early bactericidal activity despite its high protein binding.
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1. Introduction

Theoretically, bacterial killing and thus eradication (the primary objective of antimicrobial
therapy) is the principal determinant of therapeutic outcome and prevention of resistance
emergence and dissemination. Despite the wide acceptance of the clinical benefits of bacterial
killing by antibiotics, the superiority of bactericidal agents has not been clearly demonstrated [1].
However, there are clinical indications where bactericidal agents are considered superior to
bacteriostatic compounds, such as endocarditis, meningitis and infections in
immunocompromised patients [2], since the speed of bactericidal activity is critical and should

be the objective of the first treatment option.

Bactericidal activity is a significant benefit of the B-lactam class, but development of resistance
in staphylococci has led to increased use of compounds with low bactericidal activity such as
vancomycin [3]. Staphylococcus aureus responded to vancomycin pressure by a series of
metabolic changes driving towards different vancomycin-resistant phenotypes and to tolerance
[4]. The most frequent resistant phenotype is the heterogeneous vancomycin-intermediate-
resistant S. aureus (hVISA) phenotype (ranging from 0% to 50% in different studies), followed
by homoresistant vancomycin-intermediate S. aureus (VISA) (10% of all vancomycin-
intermediate-resistant isolates), and with inappreciable spread of vancomycin-resistant S.
aureus strains [4-9]. Vancomycin tolerance is present in 15% of wild-type meticillin-resistant S.

aureus (MRSA) [10].

Resistance in S. aureus led to the development of new bactericidal drugs such as the
lipopeptide daptomycin, which exhibits high protein binding. It has been postulated that the
increase in the minimum inhibitory concentration (MIC) of vancomycin is associated with a rise

in MIC values of other anti-MRSA agents, including daptomycin [11]. To explore whether
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reduced susceptibility or tolerance to vancomycin influences the antibacterial activity of
daptomycin, a pharmacodynamic model simulating serum concentrations of daptomycin versus
vancomycin during the first 24 h of treatment was carried out in the presence of physiological

concentrations of human albumin.

2. Materials and methods

2.1. Strains

Six S. aureus isolates were used throughout this study, comprising one vancomycin-susceptible
S. aureus (VSSA), three vancomycin-tolerant isolates (VT-1, VT-2 and VT-3), one hVISA and

one VISA strain.

Vancomycin tolerance was defined as a minimum bactericidal concentration (MBC)/MIC ratio of
216, and heteroresistance was determined as previously described using Etest strips (AB

BIODISK, Solna, Sweden) and 2 McFarland inocula [12].

2.2. Antibiotics and susceptibility testing

Powders of known potency of daptomycin (Novartis Pharmaceuticals Co., East Hanover, NJ)
and vancomycin (Sigma-Aldrich Co., St Louis, MO) were used throughout the study. MICs and
MBCs of daptomycin and vancomycin were determined for the study strains prior to antibiotic
exposure in simulations and after the simulation process using microorganisms recovered at 24
h. In all cases, determinations were performed following Clinical and Laboratory Standards
Institute (CLSI) recommendations [13,14] in quintuplicate, and modal values were considered.
The test medium was cation-adjusted Mueller—Hinton broth (MHB) (Difco Laboratories, Detroit,

MI), supplemented with 50 pg/mL Ca?* (pH 7.2) in the case of daptomycin as suggested by the
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CLSI [13]. In addition, MICs and MBCs were determined in MHB with a final concentration of 4
g/dL human albumin (A-1653; Sigma-Aldrich) sterilised by filtration using 22 nm pore
membranes (Nalgene, Rochester, NY), supplemented with 100 ng/mL Ca?*in the case of
daptomycin [15]. MICs and MBCs were performed in triplicate and modal values were

considered.

2.3. In vitro kinetic model

A one-compartment dynamic model was used to expose bacteria to changing study drug
concentrations [16]. The system is represented by three connected flasks: (i) a fresh medium
reservoir containing MHB supplemented with physiological concentrations of albumin (4 g/dL);
(i) a central flask with multiple ports for addition and removal of broth, delivery of antibiotic and
collection of bacterial and antibiotic samples, containing media plus bacterial culture; and (iii) a
waste compartment. In simulations with daptomycin, the media was adjusted to physiological

ionised calcium concentrations by adding 100 pg/mL Ca?* [15].

Antibiotics were infused into the central flask at time 0. Exponential decay of the antibiotic
concentration was achieved by a continuous dilution—elimination process using computerised
peristaltic pumps (Masterflex; Cole-Parmer Instrument Co., Chicago, IL) at a rate of 0.1 mL/min.
The volume of distribution (Vg) of vancomycin (52 mL) and daptomycin (67 mL) was calculated
using a fixed flow (F) of 0.1 mL/min by the expression V4 = F/Ke, where K¢ is the elimination
constant, to simulate the half-lives of vancomycin [17] and daptomycin [18] in humans. The
same flow rate for media removal allowed a constant volume all over the simulation. The entire
system was maintained in an incubator at 37 °C during the simulation process with magnetic stir

bars in the media to allow for continuous mixing.
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2.4. Kinetic simulations

The pharmacokinetic profiles in serum after 1000 mg vancomycin [17] twice daily and 6 mg/kg
daptomycin [18] once daily were simulated over 24 h. Target pharmacokinetic parameters
[17,18] were: maximum concentration in serum (Cmax), 40.0 pg/mL, minimum concentration in
serum (Cmin) = 9.9 ng/mL and half-life (ty2) = 6 h for vancomycin; and Cyax = 86.4 ug/mL, Cuin =
9.1 ug/mL and ty,, = 7.8 h for daptomycin. Using these target parameters, the estimated target

area under the concentration—time curve (AUC) in the pharmacokinetic approximation was

AUC_12 = 259.1 mg h/L for vancomycin and AUCy_»4 = 856.1 mg h/L for daptomycin.

2.5. Measurement of albumin and calcium concentrations

In each simulation, albumin and calcium concentrations were measured at 0, 12 and 24 h using
the Arsenazo Il method (BioSystems, Barcelona, Spain) for total calcium and the AU2700
system (Olympus Diagnostics, Barcelona, Spain) for ionised calcium concentrations. Albumin

concentrations were determined by the bromcresol green method [19].

2.6. Measurement of protein binding in Mueller—Hinton broth supplemented with physiological
concentrations of albumin (4 g/dL)

Protein binding was measured by an ultrafiltration method as described by Craig and Suh [20].
Antibiotics were added at concentrations equal to Crax and Cpin. A 1 mL aliquot of each sample
was transferred to a centrifugal system device (Centrifree®; Amicon Bioseparations, Millipore,
Tullagreen, Ireland) and was centrifuged at 1200 x g for 12 min at room temperature in a
Beckman fixed-angle rotor centrifuge (model L8-55; Beckman Instruments, Fullerton, CA).

Antibiotic concentrations in pre-filtered samples and in ultrafiltrates recovered in the
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polyethylene filtrate cups were measured by bioassay (see below). Percentages of antibiotics

bound to proteins in the media were calculated using the expression:

{[(antibiotic in pre-filtered samples) — (antibiotic in ultrafiltrated samples)]/(antibiotic in pre-

filtered samples)} x 100

Protein binding studies were conducted in triplicate for each drug concentration examined.

2.7. Measurement of antibacterial effect

Each antibiotic—bacteria pair simulation was performed in triplicate. Colonies from an overnight
culture were allowed to grow in MHB to a density of ca. 1 x 10® colony-forming units (CFU)/mL
as measured by an ultraviolet spectrophotometer (Hitachi U-1100, Hitachi, Tokyo, Japan). A
1:10 dilution of this bacterial suspension was added into the central flask and was incubated for
30 min to allow the microorganism to adapt to the medium. Initial inocula in all simulations
ranged between 7.1 x 10° and 1.9 x 10" CFU/mL. Samples (0.15 mL) were collected at 0, 1, 2,
4,6, 8, 10, 12 and 24 h, serially diluted in 0.9% sodium chloride and spiral seeded (Wasp II;
Don Whitley, Shipley, UK) onto Mueller—Hinton agar supplemented with 5% sheep blood (MHA)
(bioMérieux, Madrid, Spain). When the antibiotic residual concentration was estimated to be
higher than the MIC, diluted samples were vacuum filtered through 0.45 um membranes (S-Pak
membrane filters; Millipore) to avoid the carry-over effect, and filters were plated onto MHA.
MHA plates seeded or containing filters were incubated at 37 °C for 24 h and colony counts
were determined using a colony counter (EC2; AES Chemunex, Bruz Cedex, France). The limit
of detection was 20 CFU/mL. Differences between initial inocula and colony counts at the

different time points {[(CFU/mL at time 0 — CFU/mL at each sampling time) x 100]/CFU/mL at
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time 0} were calculated and expressed as percentage of reduction. Times to obtain 90% (Tgo),
99% (Tg99) and 99.9% (Tg9.99) reductions were determined. Maximal effect (Enax) was
considered the maximal reduction of initial inocula. Antibacterial activity was also studied as in
previous studies [21,22] by determining the area under the bacterial count—time curve (AUBC)
(log10 CFU x h/mL) as a measure of global killing along the experimental time (AUBCg_»4) and
also along 12 h (dosing interval for vancomycin) (AUBCy-12). AUBCs were calculated by the
trapezoidal rule using the program GraphPad Prism 5.02 (GraphPad Software, San Diego, CA).
Bacterial growth curves of the five strains in antibiotic-free simulations were used as controls.
Differences between the growth curve used as control and the killing curve of bacteria exposed

to antibiotics over 12 h and 24 h were determined (ABBCy_12 and ABBCy_24; l0g10 CFU x h/mL).

2.8. Population analysis profile (PAP)

A PAP [23] was performed in simulations with and without antibiotics at O (pre-exposure), 6, 12
and 24 h post exposure. Samples were spiral plated onto antibiotic-free MHA and onto
Columbia agar containing daptomycin and vancomycin concentrations equal to 2x, 4x, 8x, 16x
and 32x MIC in order to quantify possible resistant subpopulations. Plates were incubated for 48

h at 37 °C.

2.9. Pharmacokinetic and pharmacodynamic analysis

Antibiotic concentrations in the system were measured along the dosing interval (12 h for
vancomycin and 24 h for daptomycin). To this aim, additional aliquots (0.15 mL) were taken at
15minand 1, 2, 4, 6, 8, 10, 12 and 24 h. All samples were stored at —50 °C until use.
Concentrations were determined in triplicate by bioassay [24] using Micrococcus luteus ATCC

9341 as the indicator organism for daptomycin [25] and Bacillus subtilis ATCC 6633 for
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vancomycin [26]. Standards and dilutions were prepared in the same broth employed in the
pharmacokinetic simulation (lineal concentrations from 0.5 ug/mL to 32 ug/mL for daptomycin
and from 4 pug/mL to 64 ug/mL for vancomycin). The limit of detection was 0.5 pug/mL for
daptomycin and 4 ug/mL for vancomycin. Intraday and interday coefficients of variation were,
respectively, 0.68% and 0.68% for a concentration of 20.0 ug/mL vancomycin and 4.71% and

4.68% for a concentration of 20.0 ug/mL daptomycin.

Antimicrobial concentrations were analysed by a non-compartmental approach (model 201)
using WinNonlin® Professional program (Pharsight Corp., Mountain View, CA). Concentration at
time 0 (Cy) was estimated by back-extrapolation from the first two concentration values. Total
and extrapolated free drug concentrations were analysed. Free concentrations (f) were
calculated adjusting by protein binding rates obtained in the media with Cp,ax for Co and AUC,
and with Cpin for Ciast (Where Cioqt is the concentration at 12 h for vancomycin and at 24 h for
daptomycin). AUCs were calculated by the log-linear trapezoidal rule. In the case of
vancomycin, AUCy_o4was 2 x AUCy_12. FAUC was obtained with extrapolated concentrations
using the highest protein binding rate experimentally obtained. Ratios of AUCy_24/MIC were
calculated using MIC values determined in media without albumin (AUCy_24/MIC and fAUCy-

24/MIC) and with albumin (AUCg_4 /MICag).

2.10. Statistical analysis

Differences in AUBCs and ABBCs between experimental arms were explored using analysis of
variance (ANOVA) with the Tukey’s test for multiple comparisons and two-tail t-test,

respectively. Owing to multiple comparisons, P < 0.001 was considered significant.
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3. Results

Table 1 shows MICs and MBCs determined both in media with aloumin (MICa g and MBCaig)
and without albumin (MIC and MBC). In the case of vancomycin, the MBC:MIC ratio was 32 for
the three vancomycin-tolerant strains, whilst the MIC had the same value as the MBC for hVISA
and VISA strains. MICs and MBCs exhibited similar values (+ one dilution) with and without
albumin. In the case of daptomycin, the MBC:MIC ratio was always <2, both in determinations
with and without albumin. In the presence of albumin, MICs and MBCs increased three dilutions

(except two MBC values that increased only two dilutions).

Measured mean total and free calcium concentrations were, respectively, 87.7 + 7.6 ug/mL and
50.4 £ 3.7 pg/mL in simulations with daptomycin and 46.7 £ 5.5 pg/mL and 24.4 + 2.2 ung/mL in
those with vancomycin. Mean albumin concentrations in simulations with daptomycin and
vancomycin were, respectively, 4.1 + 0.3 g/dL and 4.3 + 0.2 g/dL at 0 and 3.8 + 0.3 g/dL and 3.8
+ 0.2 g/dL at 24 h. Measured protein binding was 86.6% (Cmax) and 86.5% (Cn,n) for daptomycin

and 51.6% (Cnax) and 42.2% (Cmin) for vancomycin.

Fig. 1 shows target and experimentally obtained concentrations (mean + standard deviation)
over 12 h for vancomycin and over 24 h for daptomycin. Mean experimental t;, was 6.0 £ 0.4 h
for vancomycin and 7.8 £ 0.3 h for daptomycin. Mean Ciasi12 nywas 9.9 + 0.9 pg/mL for
vancomycin and mean Ciasi24 ny Was 9.62 + 1.4 ug/mL for daptomycin. Table 2 shows per-strain
pharmacokinetic/pharmacodynamic parameters calculated with experimentally measured
concentrations. Whilst values of AUCy_»4 of daptomycin were ca. 40% higher than those of

vancomycin, fAUC,_,4 were ca. 50% lower for daptomycin.
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Globally, values of fAUC,_»4/MIC were similar to those of AUC_24/MICx.g, and both parameters
showed equal or one-half lower values than the classical parameter AUC(_»4/MIC for

vancomycin and eight times lower values for daptomycin.

Mean initial inocula ranged from 6.87 to 7.20 logio CFU/mL and colony counts in antibiotic-free
simulations increased to 8.70-8.82 logi;o CFU/mL at 12 h and to 8.71-9.10 log;o CFU/mL at 24

h.

Table 3 includes key parameters showing the activity obtained with both antibiotics. Reductions
in initial inocula at 12 h ranged from 1.0 to 1.9 logio CFU/mL with vancomycin and from 3.6 to
5.4 logio CFU/mL with daptomycin. At 24 h for the susceptible and tolerant strains initial inocula
reductions ranged from absence of reduction to reductions of 1.8 log;o CFU/mL with
vancomycin, and from 2.0 to 4.0 log;o CFU/mL with daptomycin. For hVISA and VISA,
reductions at 24 h ranged from 0.5 to 0.8 logip CFU/mL with vancomycin and from 1.5 to 1.9
logio CFU/mL with daptomycin. As shown in Table 3, bactericidal activity (=3 logio reduction)
was not obtained with vancomycin along the experimental time (24 h), but was achieved with
daptomycin at times <6 h. Reductions in initial inocula at 24 h were 294% for all strains with
daptomycin, without significant reductions for vancomycin against VT-2, hVISA and VISA
strains. As shown in Table 3, re-growth occurred at 24 h compared with 12 h (the two last
colony count time points) with daptomycin (for all tolerant, hVISA and VISA strains) and with
vancomycin (for VT-2, hVISA and VISA), since initial inocula reductions at 24 h were lower than
those at 12 h. MICs of vancomycin and daptomycin determined for microorganisms recovered
after the simulation process showed values equal to those determined prior to antibiotic
exposure, and the PAPs performed showed absence of growth in plates with concentrations of

vancomycin or daptomycin 22x MIC.
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Fig. 2 shows AUBCs at 12 h and 24 h for control, vancomycin and daptomycin simulations. At
12 h, mean AUBCs were ca. 83 CFU/mL x h in antibiotic-free simulations (controls), >55
CFU/mL x h for vancomycin and <30 CFU/mL x h for daptomycin. At 24 h, mean values were
ca. 172 CFU/mL x h for controls, ca. 110 CFU/mL x h for vancomycin and ranged from 19.5 to
63.1 CFU/mL x h for daptomycin. Vancomycin and daptomycin produced a decrease in control
AUBCs of 39.7% and 83.4%, respectively for VSSA. Against vancomycin-tolerant strains,
decreases ranged from 26.5% to 36.1% for vancomycin and from 63.5% to 88.7% for
daptomycin. Lastly, decreases were ca. 35% for vancomycin and ca. 73% for daptomycin
against the hVISA and VISA strains. With all strains, significant higher activity (lower AUBCS)

were found at 12 h and 24 h for daptomycin versus vancomycin (Fig. 2).

When exploring antibacterial activity by means of ABBCs (Table 3), significantly (P < 0.001)
higher activity (higher ABBCs) was found with daptomycin at 12 h and at 24 h for all strains

(except for the VSSA strain).

4. Discussion

Early bactericidal activity has been considered a critical factor in the treatment of infections such
as sepsis, endocarditis, meningitis or infections in immunocompromised patients in hospitals [2].
In this sense, a classical study showed significant higher mortality in meticillin-susceptible S.
aureus bacteraemia treated with vancomycin (47%; 8/17 patients) versus cloxacillin (0%; 0/10
patients), attributable to the slow bactericidal activity of vancomycin despite the susceptibility of
the isolates [27]. Based on this, the current study focused on the first 24 h of treatment, and

serum concentrations obtained after initial doses of 6 mg/kg daptomycin once daily versus 1 g
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vancomycin twice daily were simulated in the pharmacodynamic model, in contrast to other
studies simulating steady-state concentrations [28]. Considering the high protein binding of
daptomycin, the speed and magnitude of its bactericidal activity versus vancomycin against S.

aureus was explored in the presence of physiological aloumin concentrations.

Of the six strains used in this study, three exhibited vancomycin tolerance, one heteroresistance
and one was vancomycin-intermediate resistant. All but one (nhon-susceptible, MIC = 4 ug/mL)
were at the limit of susceptibility for vancomycin (1-2 pug/mL). In the case of daptomycin, three
strains were at the limit of susceptibility (1 png/mL) and one was resistant (2 ug/mL). Although
the strains in this study could not represent most common isolates nowadays, it should be noted
that gradual increases in vancomycin MIC values are being reported, with current MICgy values
(MIC for 90% of the organisms) of 1-2 ug/mL [29,30]. Despite MIC values of 1-2 ug/mL being
within the susceptible range according to the current CLSI breakpoint (2 ug/mL), they have
been related to heteroresistance, tolerance and clinical failures [31-33]. For all these reasons,

these types of strains represent the battlefield for bactericidal antibiotic testing.

A clinical study set an AUC/MIC value 2350 (total drug) for vancomycin in predicting clinical
efficacy [32]. In the present study, values >350 were obtained with daptomycin for all strains
and with vancomycin for those strains susceptible to vancomycin (VSSA and tolerant strains),
but not for the hVISA or VISA strains. However, when protein binding is considered by using
fAUC_o4 instead of total AUC_»4 (pharmacokinetic perspective), or MICa g instead of MIC (in
vitro testing perspective), lower values were obtained. Interestingly, fAUCy_24/MIC and AUC,-
24/IMIC, g Were similar, with values of ca. 270 for vancomycin and ca. 430 for daptomycin for the

VSSA strain, from ca. 250 to ca. 525 for vancomycin and from ca. 50 to ca. 120 for daptomycin
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for the vancomycin-tolerant strains, and from ca. 60 to ca. 130 for vancomycin and from ca. 100

to ca. 225 for daptomycin for the hVISA and VISA strains.

In this study, daptomycin showed early (<6 h) bactericidal activity (>4 logio reductions in initial
inocula) against all strains, maintained for at least 12 h, with the fAUC/MIC obtained (simulating
the first 24 h of treatment) for all strains greater than the value (49.8 £ 19.2) linked to a 3 log
drop in a previous study [34], but lower in the case of VT-1, VT-3 and VISA strains than the one

required in another study (>175) [35].

In contrast, vancomycin was not bactericidal (not achieving 23 logio reductions) and produced
only a reduction in initial inocula of 99% (2 logip) at 8 h against the vancomycin-susceptible non-
tolerant strain, with maximal reductions against the tolerant, heteroresistant or intermediate-
resistant strains of 1.4-1.8 log;o CFU/mL. In the case of tolerant strains, AUC/MIC values for
vancomycin were 2350; however, since tolerance implies by definition a dichotomy between
MIC and MBC values (MBC/MIC = 32), probably the ratio AUC/MBC would be more predictive
of antimicrobial activity as in studies with different drugs and bacteria [36]. In this sense,
fAUC/MBC values for vancomycin ranging from 8.0 to 15.6 for the tolerant strains might be an

explanation of its low reduction of initial inocula.

Focusing on hVISA and VISA strains, fAUC/MIC values greater for daptomycin (222.6 and
113.2, respectively) than for vancomycin (126.8 and 63.3, respectively) were associated with
reductions of >5.6 logyo at 2 h with daptomycin (where the heteroresistance phenomenon does
not occur) and of 1.4-1.8 log;o at 8—10 h with vancomycin, with non-significant initial inocula

reduction (0.5-0.8 logo) for vancomycin at 24 h.
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It should be noted that despite the achievement (daptomycin) or not (vancomycin) of
bactericidal activity, slight re-growth was observed at 24 h versus 12 h with daptomycin and
vancomycin. This re-growth was not related to emergence of resistance since MICs and MBCs
determined after the simulation process showed values equal to those determined prior to
antibiotic exposure, and the PAP showed absence of growth in plates with concentrations =22x
MIC. To explore further the significance of this re-growth, a single 36-h simulation was
performed with the strain showing the highest re-growth with daptomycin (hVISA) and it was
observed that this re-growth was suppressed after the second daptomycin dose (data not
shown). This re-growth phenomenon, previously reported by other authors [34,37] and not
associated with the emergence of resistance when there are high AUC/MIC ratios [34], also
occurred (when comparing Enax and reductions at 24 h) with both antibiotics and the VSSA
strain (non-tolerant, non-heteroresistant) for which daptomycin bactericidal activity was

maintained over 24 h, but was never achieved with vancomycin.

In the present study, using a dynamic approach (simulating in vivo changing concentrations
over time) focused on the first 24 h of therapy (assessing early activity), daptomycin showed
rapid bactericidal activity against vancomycin-tolerant, heteroresistant or non-susceptible S.
aureus, despite the presence of a physiological albumin concentration and its high protein
binding. In contrast, vancomycin exhibited a bacteriostatic profile or tolerant profile (if tolerance
is defined as <90% killing in the first 6 h) [38]. The bactericidal activity demonstrated by
daptomycin may be important since tolerance and heteroresistance in vancomycin-susceptible
strains may have clinical implications as a decrement in the clinical response in bacteraemia
[31,39], more so when these phenomena are not reflected in MIC values and thus are not

evident for clinicians [40].

Page 15 of 28



Funding

This study was supported in part by an unrestricted grant from Novartis Pharma AG (Basel,

Switzerland).
Competing interests
RC was an employee of Novartis Pharmaceuticals Corp. (East Hanover, NJ) at the time the

study was carried out. All other authors declare no competing interests.

Ethical approval

Not required.

Page 16 of 28



References

[1] Pankey GA, Sabath LD. Clinical relevance of bacteriostatic versus bactericidal mechanisms
of action in the treatment of Gram-positive bacterial infections. Clin Infect Dis 2004;38:864—
70.

[2] Jones RN. Key considerations in the treatment of complicated staphylococcal infections. Clin
Microbiol Infect 2008;14(Suppl 2):3-9.

[3] Alder J, Eisenstein B. The advantage of bactericidal drugs in the treatment of infection. Curr
Infect Dis Rep 2004;6:251-3.

[4] French GL. Bactericidal agents in the treatment of MRSA infections—the potential role of
daptomycin. J Antimicrob Chemother 2006;58:1107-17.

[5] Howe RA, Monk A, Wootton M, Walsh TR, Enright MC. Vancomycin susceptibility within
methicillin-resistant Staphylococcus aureus lineages. Emerg Infect Dis 2004;10:855-7.

[6] Khosrovaneh A, Riederer K, Saeed S, Tabriz MS, Shah AR, Hanna MM, et al. Frequency of
reduced vancomycin susceptibility and heterogeneous subpopulation in persistent or
recurrent methicillin-resistant Staphylococcus aureus bacteremia. Clin Infect Dis
2004;38:1328-30.

[7] Lentino JR, Narita M, Yu VL. New antimicrobial agents as therapy for resistant Gram-
positive cocci. Eur J Clin Microbiol Infect Dis 2008;27:3—-15.

[8] Liu C, Chambers HF. Staphylococcus aureus with heterogeneous resistance to vancomycin:
epidemiology, clinical significance, and critical assessment of diagnostic methods.
Antimicrob Agents Chemother 2003;47:3040-5.

[9] Tenover FC, Moellering RC Jr. The rationale for revising the Clinical and Laboratory
Standards Institute vancomycin minimal inhibitory concentration interpretive criteria for

Staphylococcus aureus. Clin Infect Dis 2007;44:1208-15.

Page 17 of 28


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tabriz%20MS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shah%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hanna%20MM%22%5BAuthor%5D

[10] Jones RN. Microbiological features of vancomycin in the 21st century: minimum inhibitory
concentration creep, bactericidal/static activity, and applied breakpoints to predict clinical
outcomes or detect resistant strains. Clin Infect Dis 2006;42(Suppl 1):S13-24.

[11] Patel N, Lubanski P, Ferro S, Bonafede M, Harrington S, Evans A, et al. Correlation
between vancomycin MIC values and those of other agents against Gram-positive bacteria
among patients with bloodstream infections caused by methicillin-resistant Staphylococcus
aureus. Antimicrob Agents Chemother 2009;53:5141-4.

[12] Walsh TR, Bolmstrom A, Qwarnstrém A, Ho P, Wootton M, Howe RA, et al. Evaluation of
current methods for detection of staphylococci with reduced susceptibility to glycopeptides. J
Clin Microbiol 2001;39:2439-44.

[13] Clinical and Laboratory Standards Institute. Methods for dilution antimicrobial
susceptibility tests for bacteria that grow aerobically; approved standard. 7th ed. Document
M7-A7. Wayne, PA: CLSI; 2006.

[14] National Committee for Clinical Laboratory Standards. Methods for determining
bactericidal activity of antimicrobial agents: approved guideline. Document M26-A. Wayne,
PA: NCCLS; 1999.

[15] Hanberger H, Nilsson LE, Maller R, Isaksson B. Pharmacodynamics of daptomycin and
vancomycin on Enterococcus faecalis and Staphylococcus aureus demonstrated by studies
of initial killing and postantibiotic effect and influence of Ca®* and albumin on these drugs.
Antimicrob Agents Chemother 1991;35:1710-6.

[16] Grasso S, Meinardi G, de Carneri |, Tamassia V. New in vitro model to study the effect of
antibiotic concentration and rate of elimination on antibacterial activity. Antimicrob Agents

Chemother 1978;13:570-6.

Page 18 of 28


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bonafede%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harrington%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Evans%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ho%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wootton%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Howe%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Isaksson%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tamassia%20V%22%5BAuthor%5D

[17] Rybak MJ, Bailey EM, Lamp KC, Kaatz GW. Pharmacokinetics and bactericidal rates of
daptomycin and vancomycin in intravenous drug abusers being treated for Gram-positive
endocarditis and bacteremia. Antimicrob Agents Chemother 1992;36:1109-14.

[18] Dvorchik BH, Brazier D, DeBruin MF, Arbeit RD. Daptomycin pharmacokinetics and
safety following administration of escalating doses once daily to healthy subjects. Antimicrob
Agents Chemother 2003;47:1318-23.

[19] Doumas BT, Watson WA, Biggs HG. Albumin standards and the measurement of serum
albumin with bromcresol green. Clin Chim Acta 1971;31:87-96.

[20] Craig WA, Suh B. Protein binding and the antimicrobial effects: methods for the
determination of protein binding. In: Lorian V, editor. Antibiotics in laboratory medicine. 3rd
ed. Philadelphia, PA: Williams and Wilkins, 1991. p. 367-402.

[21] Firsov AA, Saverino D, Ruble M, Gilbert D, Manzano B, Medeiros AA, et al. Predictors of
effect of ampicillin—sulbactam against TEM-1 B-lactamase-producing Escherichia coli in an in
vitro dynamic model: enzyme activity versus MIC. Antimicrob Agents Chemother
1996;40:734-8.

[22] White R, Friedrich L, Burgess D, Warkentin D, Bosso J. Comparative in vitro
pharmacodynamics of imipenem and meropenem against Pseudomonas aeruginosa.
Antimicrob Agents Chemother 1996;40:904-8.

[23] MacGowan AP, Rogers CA, Holt HA, Bowker KE. Activities of moxifloxacin against, and
emergence of resistance in, Streptococcus pneumoniae and Pseudomonas aeruginosa in an
in vitro pharmacokinetic model. Antimicrob Agents Chemother 2003;47:1088-95.

[24] Andrews JM. Microbiological assays. In: Reeves DS, Wise R, Andrews JM, White LO,

editors. Clinical antimicrobial assays. Oxford, UK: Oxford University Press; 1999. p. 35-44.

Page 19 of 28


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gilbert%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manzano%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Medeiros%20AA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Warkentin%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bosso%20J%22%5BAuthor%5D

[25] Huang V, Rybak MJ. Evaluation of daptomycin activity against Staphylococcus aureus in
an in vitro pharmacodynamic model under normal and simulated impaired renal function. J
Antimicrob Chemother 2006;57:116-21.

[26] Felmingham D. Glycopeptides: vancomycin and teicoplanin. In: Reeves DS, Wise R,
Andrews JM, White LO, editors. Clinical antimicrobial assays. Oxford, UK: Oxford University
Press; 1999. p. 137-48.

[27] Gonzalez C, Rubio M, Romero-Vivas J, Gonzalez M, Picazo JJ. Bacteremic pneumonia
due to Staphylococcus aureus: a comparison of disease caused by methicillin-resistant and
methicillin-susceptible organisms. Clin Infect Dis 1999;29:1171-7.

[28] Rose WE, Leonard SN, Rybak MJ. Evaluation of daptomycin pharmacodynamics and
resistance at various dosage regimens against Staphylococcus aureus isolates with reduced
susceptibilities to daptomycin in an in vitro pharmacodynamic model with simulated
endocardial vegetations. Antimicrob Agents Chemother 2008;52:3061-7.

[29] Picazo JJ, Betriu C, Rodriguez-Avial I, Culebras E, Gdmez M, Lépez F; Grupo VIRA.
Antimicrobial resistance surveillance: VIRA Study 2006 [in Spanish]. Enferm Infecc Microbiol
Clin 2006;24:617-28.

[30] Wang G, Hindler JF, Ward KW, Bruckner DA. Increased vancomycin MICs for
Staphylococcus aureus clinical isolates from a university hospital during a 5-year period. J
Clin Microbiol 2006;44:3883-6.

[31] Sakoulas G, Moise-Broder PA, Schentag J, Forrest A, Moellering RC Jr, Eliopoulos GM.
Relationship of MIC and bactericidal activity to efficacy of vancomycin for treatment of
methicillin-resistant Staphylococcus aureus bacteremia. J Clin Microbiol 2004;42:2398-402.

[32] Soriano A, Marco F, Martinez JA, Pisos E, Almela M, Dimova VP, et al. Influence of
vancomycin minimum inhibitory concentration on the treatment of methicillin-resistant

Staphylococcus aureus bacteremia. Clin Infect Dis 2008;46:193—-200.

Page 20 of 28


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Picazo%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Culebras%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22G%C3%B3mez%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22L%C3%B3pez%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grupo%20VIRA%22%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Forrest%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moellering%20RC%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eliopoulos%20GM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pisos%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Almela%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dimova%20VP%22%5BAuthor%5D

[33] Moise PA, Smyth DS, El-Fawal N, Robinson DA, Holden PN, Forrest A, et al.
Microbiological effects of prior vancomycin use in patients with methicillin-resistant
Staphylococcus aureus bacteraemia. J Antimicrob Chemother 2008;61:85-90.

[34] Bowker KE, Noel AR, MacGowan AP. Comparative antibacterial effects of daptomycin,
vancomycin and teicoplanin studied in an in vitro pharmacokinetic model of infection. J
Antimicrob Chemother 2009;64:1044-51.

[35] Cha R, Rybak MJ. Influence of protein binding under controlled conditions on the
bactericidal activity of daptomycin in an in vitro pharmacodynamic model. J Antimicrob
Chemother 2004;54:259-62.

[36] Rodriguez-Cerrato V, McCoig CC, Michelow IC, Ghaffar F, Jafri HS, Hardy RD, et al.
Pharmacodynamics and bactericidal activity of moxifloxacin in experimental Escherichia coli
meningitis. Antimicrob Agents Chemother 2001;45:3092-7.

[37] ChaR, Grucz Jr RG, Rybak MJ. Daptomycin dose—effect relationship against resistant
Gram-positive organisms. Antimicrob Agents Chemother 2003;47:1598-603.

[38] May J, Shannon K, King A, French G. Glycopeptide tolerance in Staphylococcus aureus.
J Antimicrob Chemother 1998;42:189-97.

[39] Safdar A, Rolston KV. Vancomycin tolerance, a potential mechanism for refractory Gram-
positive bacteremia: observational study in patients with cancer. Cancer 2006;106:1815-20.

[40] Aguilar L, Giménez MJ, Barberan J. Glycopeptide heteroresistance and tolerance in
hospital Gram-positive isolates: ‘invisible’ phenomena to the clinician with clinical

implications? [in Spanish]. Rev Esp Quimioter 2009;22:173-9.

Page 21 of 28


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20DA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holden%20PN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Forrest%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ghaffar%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jafri%20HS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hardy%20RD%22%5BAuthor%5D

Fig. 1. Mean * standard deviation target (lines) and experimental (circles) concentrations

determined in simulations with vancomycin (open circles) and daptomycin (black circles).

Fig. 2. Mean areas under bacterial curves (AUBCs) (logio CFU/mL x h) at 12 h (white) and 24 h

(solid grey) in antibiotic-free (K), vancomycin (VAN) and daptomycin (DAP) simulations.
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Edited Table 1

Table 1
Vancomycin resistance phenotype of study strains, and minimum inhibitory concentrations (MICs) and minimum bactericidal

concentrations (MBCs) (ug/mL) of vancomycin and daptomycin determined in media with and without albumin

Strain  Phenotype Vancomycin Daptomycin 2
MHB MHB + albumin ® MHB MHB + albumin °
MIC MBC MICas MBCapg MIC MBC MICags MBCars
VSSA Susceptible 1 2 2 2 025 05 2 4
VT-1  Tolerant 05 16 1 16 1 1 8 8
VT-2  Tolerant 1 32 1 16 1 2 8 8
VT-3  Tolerant 1 32 2 16 2 2 16 16
hVISA Heteroresistant VISA 2 2 4 4 05 1 4 4
VISA VISA 4 4 4 4 1 2 8 16

VSSA, vancomycin-susceptible Staphylococcus aureus; VT, vancomycin-tolerant; VISA, vancomycin-intermediate S. aureus; MHB,
Mueller—Hinton broth.

2 In the case of daptomycin, MHB was supplemented with 50 ug/mL Ca?*.

® MHB + albumin = MHB containing 4 g/dL human albumin; in the case of daptomycin, MHB + albumin was supplemented with 100

ug/mL calcium.

1
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Edited Table 2

Table 2

Mean pharmacokinetic/pharmacodynamic parameters of vancomycin and daptomycin obtained with experimental data and

extrapolated to free drug using protein binding rates determined in the media used

Parameter VSSA VT-1 VT-2 VT-3 hVISA VISA
Vancomycin
Co (fCo) 39.0 (18.9) 36.7 (17.8) 42.1(20.4) 39.7 (19.2) 37.5(18.2) 37.5(18.2)
Ciast (fCiast) 10.0 (5.8) 10.8 (6.2) 9.7 (5.6) 9.4 (5.4) 9.4 (5.4) 10.9 (6.3)
AUCq 24 (AUCy24) 548.4 (265.4) 514.8 (249.2) 523.9 (253.6) 528.7 (255.9) 523.7 (253.5) 526.7 (254.9)
AUCq_24/MIC 548.4 1029.6 523.9 528.7 261.9 131.7
AUC(_24/MICa 274.2 514.8 523.9 264.4 130.9 131.7
fAUCy_24/MIC 265.4 498.4 253.6 255.9 126.8 63.7
Daptomycin
Co (fCo) 90.20 (12.09) 89.0 (11.9) 88.3 (11.8) 79.2 (10.6) 84.1 (11.3) 89.6 (12.0)
Clast (fCiast) 9.4 (1.3) 8.8 (1.2) 10.2 (1.4) 10.6 (1.4) 9.8 (1.3) 8.9 (1.2)
AUCq_»4 (FAUCo24) 841.3 (112.7) 832.7 (111.6) 876.8 (117.5) 835.0(111.9) 830.2 (111.3) 844.8 (113.2)
AUCq_4/MIC 3365.2 832.7 876.8 417.5 1660.4 844.8
AUC, 24/MICap 420.7 104.1 109.6 52.2 207.6 105.6
fAUC,_24/MIC 450.8 111.6 117.5 56.0 222.6 113.2

VSSA, vancomycin-susceptible Staphylococcus aureus; VT, vancomycin-tolerant; VISA, vancomycin-intermediate S. aureus;

hVISA, heterogeneous VISA,; Cy, concentration at time 0; f, free drug; Ciast, concentration at 12 h for vancomycin and at 24 h for

1
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daptomycin; AUCy_»4, area under the concentration—time curve from 0-24 h; MIC, minimum inhibitory concentration determined in

media without albumin; MIC.g, minimum inhibitory concentration determined in media with 4 g/dL human albumin.

2
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Edited Table 3

Table 3

Mean maximum effect (Emax; 10910 CFU/mL), time for 90%, 99% and 99.9% reduction of initial

inocula (Tgg, Teg and Tgg.g), reduction in initial inocula at 12 h (lIR 12 h; log;o CFU/mL) and at 24

h (IIR 24 h; logip CFU/mL) and area between bacterial curves (ABBC; logio CFU/mL x h)

Strain Emax Too(N) Teo(h) Teso(h) IIR12h 1IR24h ABBCoi, ABBCo o4

Vancomycin
VSSA 23 6 8 >24 19 1.8 28717 69.6+3.2
VT-1 18 8 >24 >24 1.8 1.6 23.0+£06 624+1.8
VT-2 14 12 >24 >24 14 - 19.1 £32 45.7+145
VT-3 1.8 24 >24 >24 1.0 1.8 184+16 54.0+45
hVISA 1.8 8 >24 >24 1.8 0.5 27.2+16 644+t41
VISA 14 10 >24 >24 14 0.8 205+1.6 56.0+3.7

Daptomycin
VSSA 6.0 1 1 1 4.3 4.0 77.2+26 1459+15.3
VT-1 42 1 2 6 3.6 2.0 53.6+£0.3 109.8+2.0
VT-2 56 1 1 1 5.4 3.9 76.1+26 152.7+3.2
VT-3 41 1 2 4 4.1 2.5 52.9+3.8 112.7+4.5
hVISA 56 1 1 2 3.7 1.5 73.9+27 128.8+4.8
VISA 56 1 2 2 3.8 1.9 70.5+39 1265+7.4

VSSA, vancomycin-susceptible Staphylococcus aureus; VT, vancomycin-tolerant; VISA,

vancomycin-intermediate S. aureus; hVISA, heterogeneous VISA; —, no reduction.

1
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