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Telavancin displays potent in vitro and in vivo activity against methicillin-resistant Staphylococcus aureus
(MRSA), including strains with reduced susceptibility to vancomycin. We compared the efficacies of telavancin
and vancomycin against MRSA strains with vancomycin MICs of >1 �g/ml in a neutropenic murine lung
infection model. Thirteen clinical MRSA isolates (7 vancomycin-susceptible, 2 vancomycin-heteroresistant
[hVISA], and 4 vancomycin-intermediate [VISA] isolates) were tested after 24 h, and 7 isolates (1 hVISA and
4 VISA isolates) were tested after 48 h of exposure. Mice were administered subcutaneous doses of telavancin
at 40 mg/kg of body weight every 12 h (q12h) or of vancomycin at 110 mg/kg q12h; doses were designed to
simulate the area under the concentration-time curve for the free, unbound fraction of drug (fAUC) observed
for humans given telavancin at 10 mg/kg q24h or vancomycin at 1 g q12h. Efficacy was expressed as the 24- or
48-h change in lung bacterial density from pretreatment counts. At dose initiation, the mean bacterial load was
6.16 � 0.26 log10 CFU/ml, which increased by averages of 1.26 � 0.55 and 1.74 � 0.68 log in untreated mice
after 24 and 48 h, respectively. At both time points, similar CFU reductions were noted for telavancin and
vancomycin against MRSA, with vancomycin MICs of <2 �g/ml. Both drugs were similarly efficacious after 24
and 48 h of treatment against the hVISA strains tested. Against VISA isolates, telavancin reduced bacterial
burdens significantly more than vancomycin for 1 of 4 isolates after 24 h and for 3 of 4 isolates after 48 h. These
data support the potential utility of telavancin for the treatment of MRSA pneumonia caused by pathogens
with reduced susceptibility to vancomycin.

Over the course of the last 15 years, methicillin resistance
among Staphylococcus aureus strains has increased steadily.
Recent surveys report methicillin-resistant S. aureus (MRSA)
rates of upwards of 50% for hospitalized patients with staph-
ylococcal infections and upwards of 60% for patients in inten-
sive care units (27). Considering that S. aureus accounts for 20
to 30% of hospital-acquired pneumonia cases, MRSA is a
clinically important pathogen to consider in empirically choos-
ing a regimen to treat pneumonia (22, 33).

Vancomycin has long been regarded as the drug of choice
for the treatment of MRSA infections. Current practice guide-
lines for the treatment of health care-associated pneumonia
recommend vancomycin as a first-line therapy (2). Despite its
being a first-line recommendation, studies evaluating the clin-
ical success of vancomycin treatment in patients with MRSA
pneumonia have observed failure in 45% to 77% of patients
(15, 24). One possible explanation could be the recently
reported vancomycin MIC creep detected among S. aureus
strains (32). Over the last decade, an increase in vancomycin
MICs has been noted by some centers, despite values staying
within the Clinical and Laboratory Standards Institute (CLSI)-
defined susceptibility range of �2 �g/ml (6). Among selected
patients with MRSA bacteremia treated with vancomycin,
Sakoulas and colleagues found significantly more treatment

failures for patients infected with isolates possessing vancomy-
cin MICs of 1 to 2 �g/ml (90.5%) than for those infected with
isolates with vancomycin MICs of �0.5 �g/ml (44.4%) (31).

In addition to MIC creep, another explanation for vancomycin
failures is the increasing appearance of vancomycin-intermediate
S. aureus (VISA) and heterogeneous vancomycin-intermediate S.
aureus (hVISA) strains (3). The simultaneous increases in fre-
quency of these isolates are expected, as hVISA isolates are
thought to be the strains immediately preceding VISA in its
evolution (12). The parent strains of hVISA have vancomycin
MICs ranging from 1 to 4 �g/ml. However, when these strains are
subjected to increasing concentrations of vancomycin, a subpopu-
lation of resistant clones develops, with MICs of at least 8 �g/ml
(21).

Clinically, poor outcomes have been reported for both VISA
and hVISA infections treated with vancomycin (21). In one
study, hVISA-infected bacteremia patients were shown to have
a significantly longer length of hospital stay, to have a greater
proportion of high-bacterial-load infections, and to more com-
monly fail vancomycin therapy than those with vancomycin-
susceptible MRSA infections (5). For this reason, it is neces-
sary to characterize other treatment options not only for
MRSA but also for the increasingly prevalent hVISA and
VISA isolates.

The recently approved lipoglycopeptide telavancin is the
newest option for the treatment of resistant S. aureus. In vitro
studies of telavancin demonstrated potent activity against
a number of Gram-positive organisms, including MRSA,
hVISA, and VISA (7, 8, 18). A murine lung infection model of
human simulated exposures of telavancin and vancomycin
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showed an increased efficacy of telavancin against a single
MRSA isolate (28). Similar results were noted against an
hVISA and 2 VISA isolates in a murine bacteremia model
(10). The present study was designed to merge these two find-
ings by comparing the efficacies of human simulated exposures
to telavancin and vancomycin against a number of MRSA
isolates, including hVISA and VISA isolates, in a murine lung
infection model.

(These data were presented in part at the 49th Interscience
Conference on Antimicrobial Agents and Chemotherapy.)

MATERIALS AND METHODS

Antimicrobials. Telavancin for injection (Theravance Inc., San Francisco, CA)
was used for all in vivo analyses, and analytic-grade vancomycin powder (Sigma-
Aldrich, St. Louis, MO) was used for both in vitro and in vivo studies. The entire
contents of the telavancin vial was reconstituted with 0.9% sodium chloride as
recommended by the manufacturer and served as the stock solution for dilution
to the desired dosing concentration. Based on the supplied potency, vancomycin
powder was weighed in a quantity sufficient to achieve the required concentra-
tion and reconstituted with normal saline immediately prior to use. Antibiotic
solutions were stored at 4°C, protected from light, and discarded after 48 h.

Bacterial isolates. A total of 13 clinical MRSA isolates were used in this
analysis. These included five hospital-associated MRSA (HA-MRSA), two com-
munity-associated MRSA (CA-MRSA), two hVISA, and four VISA isolates.
The HA-MRSA isolates consisted of isolate 56 (MRSA-494) (13), isolate 152
(USA100, staphylococcal cassette chromosome mec element type II [SCCmec
II], Panton-Valentine leukocidin [PVL] negative), and clinically obtained isolates
336, 360, and 412. Both CA-MRSA strains were confirmed to be USA300 and
SCCmec IV strains. Isolate 145 is PVL positive, while isolate 156 is PVL nega-
tive. The hVISA isolates utilized were isolate 38 (Mu3) and the population
analysis profiling-confirmed clinical isolate 443. The VISA isolates included
previously published clinical isolates 435 and 440 (30), as well as isolates 453
(NRS23) and 454 (NRS404). MICs of telavancin, vancomycin, and a number of
commonly used antimicrobials were determined in triplicate for each isolate by
broth microdilution assay using dry-form panels (Sensititre; Trek Diagnostics,
Cleveland, OH), and the modal MICs are reported. Isolates were maintained in
double-strength skim milk (BD Biosciences, Sparks, MD) at �80°C. Each isolate
was subcultured twice on Trypticase soy agar with 5% sheep blood (BD Bio-
sciences) and grown at 35°C prior to use in all experiments.

Murine lung infection model. This study was reviewed and approved by the
Hartford Hospital Institutional Animal Care and Use Committee. Pathogen-free
female BALB/c mice weighing approximately 20 g were acquired from Harlan
Sprague-Dawley, Inc. (Indianapolis, IN), and utilized throughout these experi-
ments. Animals were maintained and used in accordance with National Research
Council recommendations and were provided food and water ad libitum. The
murine lung infection model used in this analysis has been described previously
(16, 19). Briefly, mice were rendered neutropenic by intraperitoneal injections
with 100 and 250 mg/kg of body weight of cyclophosphamide (Cytoxan; Bristol-
Myers Squibb, Princeton, NJ) given 1 and 4 days prior to inoculation, respec-
tively. Six hours prior to the initiation of antimicrobial therapy, isoflurane-
anesthetized mice were held upright and inoculated with 0.05 ml of a 107-CFU
suspension of the infecting MRSA isolate in 3% mucin (Sigma-Aldrich, St.
Louis, MO). Inocula were administered directly into the buccal cavity of the
mice, and their nares were blocked to induce aspiration. Mice with lung infec-
tions were used for all pharmacodynamic and pharmacokinetic analyses.

Dosing regimen determination. The pharmacokinetics of telavancin in mice
have been described previously (28). In the previous study, a dose of 40 mg/kg
given subcutaneously every 12 h (q12h) resulted in a similar free drug exposure
profile in mice to that for a daily 10-mg/kg dose in humans. Assuming respective
protein binding values of 93% and 96% for mice and humans, respectively, the
areas under the concentration-time curve for the free, unbound fraction of drug
(fAUC) reported for these doses were 52.3 �g � h/liter and 44.3 �g � h/liter,
respectively (28). As such, a 40-mg/kg dose of telavancin given every 12 h was
used throughout this analysis to simulate human exposures.

A number of recently published studies have conducted pharmacokinetic anal-
yses of vancomycin in mice to determine doses that approximate the exposure
profile for humans given 1 g every 12 h. The final doses purported by the various
studies have ranged from 110 to 180 mg/kg given subcutaneously every 12 h (11,
20, 28). Given this variability, we conducted pharmacokinetic studies of infected
mice to confirm the proper dose selection. The fAUC we targeted for these

studies was 208 �g � h/liter, which corresponds with the reported total AUC (454
�g � h/liter) for humans with normal renal function administered 1 g every 12 h
(1, 9). Calculations of free drug profiles for mice and humans were done by
assuming 30% and 54% protein binding, respectively (1, 14, 20). For confirma-
tory pharmacokinetic studies, mice were dosed with a single dose of 110 mg/kg,
and groups of 6 mice were euthanized at 3 time points throughout the dosing
interval. Blood samples were taken via cardiac puncture, and sera were stored at
�80°C until analysis. Vancomycin concentrations were analyzed with a colori-
metric enzymatic assay (Roche Diagnostic Corporation, Indianapolis, IN) by a
spectrophotometric detection method (Cobas c501; Roche Diagnostics Corpo-
ration, Indianapolis, IN). The assay was linear for vancomycin concentrations
ranging from 1.7 to 80 �g/ml. The AUC for the observed regimen was calculated
using the trapezoidal rule.

Efficacy determination. For each of the 13 S. aureus isolates, groups of 12 mice
were administered human simulated exposures of telavancin or vancomycin
beginning 6 h after the initiation of infection; all doses were administered as
0.2-ml subcutaneous injections. To serve as control animals, an additional group
of 12 mice was administered normal saline at the same volume, route, and
frequency as the treatment regimens. One set of experiments ended after 24 h
(all 13 isolates), and another ended after 48 h (7 of 13 isolates); 6 mice were
harvested from each group at both time points (i.e., telavancin treatment, van-
comycin treatment, and control groups). The harvesting procedure began with
euthanasia by CO2 exposure followed by cervical dislocation. After sacrifice, all
of the lobes of the lungs were removed and homogenized in 5 ml of normal
saline. Serial dilutions of the lung homogenate were plated on Trypticase soy
agar with 5% sheep blood for CFU determination. In addition to the above-
mentioned treatment and control groups, another group of 6 infected, untreated
mice were harvested at the initiation of dosing (i.e., 0-h control group). Efficacy,
designated the change in bacterial density, was calculated as the change in log10

bacterial CFU/ml obtained for treated mice after 24 and 48 h compared to that
obtained for the 0-h control animals. A comparison of the efficacies of telavancin
and vancomycin against each isolate was made by using the Student t test or the
Mann-Whitney U test if data were not normally distributed. A P value of �0.05
was defined a priori as statistically significant.

RESULTS

In vitro potency. The phenotypic profile for each of the S.
aureus isolates utilized is shown in Table 1. MICs of telavancin
were 1 to 2 dilutions lower than those of vancomycin across the
range of vancomycin MICs.

Pharmacokinetics. Confirmatory pharmacokinetic studies of
a single dose of vancomycin (110 mg/kg) revealed an area
under the concentration-time curve from 0 to 12 h (AUC0–12)
of 139.8 �g � h/liter. When single-dose data were extrapolated
to a 24-h dosing interval (i.e., 110 mg/kg every 12 h) and
protein binding was accounted for, this dosing regimen re-
sulted in a free drug exposure level (195.7 �g � h/liter) very
similar to that for humans given 1 g every 12 h (208 �g � h/
liter). Accordingly, all pharmacodynamic analyses of vancomy-
cin were conducting using a regimen of 110 mg/kg every 12 h.

In vivo efficacy. At dose initiation, the mean bacterial density
was 6.16 � 0.26 log10 CFU/ml, which increased by an average
of 1.26 � 0.55 log in untreated mice after 24 h and an average
of 1.74 � 0.68 log in untreated mice after 48 h. The results for
the 24-h efficacy studies of telavancin and vancomycin against
all 13 isolates are shown in Fig. 1. After 24 h, the efficacies of
human simulated telavancin and vancomycin exposures were
similar against all isolates except for VISA 435, for which
telavancin treatment resulted in statistically greater reductions
in CFU than did vancomycin (P � 0.002). The efficacy results
for the 7 isolates tested after 48 h of treatment are shown in
Fig. 2. At this time point, CFU reductions by telavancin were
statistically greater against 3 of the 4 VISA isolates (for isolate
440, P � 0.007; for isolate 453, P � 0.001; and for isolate 454,

5116 CRANDON ET AL. ANTIMICROB. AGENTS CHEMOTHER.



P � 0.003) than those with vancomycin, while efficacies were
similar for all other isolates.

DISCUSSION

Telavancin is the most recent addition to the antimicrobial
armamentarium for Gram-positive infections. As a result of its
dual mechanism of action, telavancin exhibits increased in vitro
potency relative to that of vancomycin against MRSA. This
enhanced potency may prove increasingly more significant as
vancomycin-nonsusceptible MRSA strains continue to emerge.
In the present analysis, we compared the efficacies of human
simulated exposures of telavancin and vancomycin against a
number of these emergent strains in a mouse lung infection
model. We found telavancin to be more efficacious against 1 of
13 isolates after 24 h of treatment and against 3 of 7 isolates

after 48 h of treatment, while telavancin and vancomycin effi-
cacies were similar for the remaining isolates.

In considering the results of the 24-h studies, human simu-
lated exposures of telavancin resulted in at least a 1-log reduc-
tion in bacterial density against MRSA isolates with telavancin
MICs of �0.5 �g/ml and a �0.5-log reduction against hVISA
and VISA isolates with a MIC of 1 �g/ml. While an exposure-
response target has yet to be identified for telavancin in lung
infection, by assuming an fAUC of 52.3 �g � h/liter for the
human simulated regimen, it can be extrapolated from our
study that, in general, fAUC/MIC ratios of 208, 104, and 52
resulted in approximately 2-, 1-, and 0.5-log reductions in bac-
terial density, respectively. Interestingly, for the two hVISA
isolates with a telavancin MIC of 0.5 �g/ml, telavancin efficacy
against one resulted in a �1-log decrease, while the other

TABLE 1. MICs of various antimicrobials for the 13 S. aureus isolates utilized in the lung infection model

Isolate
MIC (�g/ml)a

VAN TLV CIP CLI DAP LZD TGC

HA-MRSA 56 (494) 1 0.5 0.5 0.25 0.5 2 0.5
HA-MRSA 152 1 0.25 0.5 0.125 0.5 2 0.25
CA-MRSA 156 1 0.5 �16 �0.5 0.5 2 0.125
CA-MRSA 145 2 0.5 8 �8 0.5 2 0.25
HA-MRSA 336 2 0.5 �16 �8 0.5 2 0.5
HA-MRSA 360 2 0.5 �16 �8 0.5 2 0.25
HA-MRSA 412 2 0.5 �16 �0.5 0.5 4 0.25
hVISA 38 (Mu3) 2 0.5 �16 �8 0.5 2 0.5
hVISA 443 2 0.5 �16 �8 0.5 2 0.25
VISA 435 4 1 �16 �0.5 0.5 2 0.25
VISA 440 (A6298) 4 1 �16 �8 1 2 0.125
VISA 453 (NRS23) 4 1 �16 �8 1 2 0.125
VISA 454 (NRS404) 4 1 �16 �0.5 1 2 0.125

a VAN, vancomycin; TLV, telavancin; CIP, ciprofloxacin; CLI, clindamycin; DAP, daptomycin; LZD, linezolid; TGC, tigecycline.

FIG. 1. Comparative efficacies of human simulated exposures of
telavancin and vancomycin against S. aureus in a murine pneumonia
model after 24 h. Data are expressed as means � standard deviations
(SD) for 6 mice per group. The asterisk indicates statistical significance
in comparing telavancin and vancomycin activities (P � 0.05).

FIG. 2. Comparative efficacies of human simulated exposures of
telavancin and vancomycin against S. aureus in a murine pneumonia
model after 48 h. Data are expressed as means � SD for 6 mice per
group. Asterisks indicate statistical significance in comparing telavan-
cin and vancomycin activities (P � 0.05).
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resulted in only a 0.25-log decrease after 24 h. In the current
analysis, we did not retest the MICs of the various isolates after
in vivo exposure to telavancin, so it cannot be confirmed that
resistance did not develop. However, given the results against
that isolate (hVISA 443) after 48 h (3-log decrease), the de-
velopment of resistance seems unlikely. Notably, a recent in
vitro resistance selection study did show an increase in telavan-
cin MICs, from 0.5 �g/ml to 2 �g/ml, for two hVISA strains,
albeit after 50 serial passages (17).

The currently recognized exposure-response target for van-
comycin derived from clinical studies of humans is a total drug
AUC/MIC ratio of 400 or a free drug target of approximately
184, assuming 54% protein binding (24, 25). With this target,
one would expect vancomycin given at 1 g q12h in a patient
with normal renal function to produce a predictable antimi-
crobial effect against isolates with MICs of �1 �g/ml (29).
However, using this human simulated regimen of vancomycin
in mice with infected lungs, we noted predictable efficacy
against isolates with vancomycin MICs of �2 �g/ml, with only
one isolate (MIC � 2 �g/ml) resulting in a �1-log decrease in
bacterial density after 24 h. While the AUC/MIC target of 400
is a total drug target, in this study we humanized exposures
based on free drug concentrations, assuming 54% protein
binding in humans and 30% binding in mice (1, 14, 20). This
approach was chosen given the observation that only unbound
drug is microbiologically active (23, 26). It should be noted that
the relationship between proteins, antimicrobials, and bacteria
is a very complex interaction that is not entirely understood,
especially for vancomycin. Specifically, a recent study evaluat-
ing in vivo protein binding in 15 patients treated with vanco-
mycin for Gram-positive infections found the percentage of
free drug to range from 12 to 100% (4). This degree of vari-
ability could certainly impact actual free drug exposures. Un-
fortunately, no study simultaneously evaluating both free drug
vancomycin concentrations and outcomes in the same patients
has been completed to date.

Despite potential confounders, the efficacy of vancomycin at
24 h against the entire VISA population and a majority of the
hVISA isolates was reduced relative to that against isolates
with lower MICs, as predicted. Given the heterogeneity of the
hVISA strains, it is possible that a 24-h dosing interval was not
long enough to induce a sufficient rise in the resistant subpopu-
lation and thus show notable effects on CFU reductions for
these isolates. For this reason, studies were extended to eval-
uate the bacterial density after 48 h of treatment.

In comparing the efficacies of telavancin and vancomycin at
48 h, it was observed that telavancin was statistically more
efficacious against 3 of the 5 hVISA and VISA isolates. Fur-
thermore, telavancin efficacy increased from 24 to 48 h against
all 7 isolates (range, �0.6 to �2.9 log10 CFU/ml), while an
additional 24 h of vancomycin treatment resulted in a decrease
in efficacy (i.e., increased bacterial density) for 2 of the 7
isolates (range, 0.3 to �2.6 log10 CFU/ml). As mentioned
above, it is possible that the extension in the amount of time
that isolates were exposed to vancomycin may have allowed
amplification of the subpopulation of resistant isolates, at least
for the hVISA strains. Future studies extending the endpoint
further may help to elucidate these findings.

Only one other study has compared the efficacies of telavan-
cin and vancomycin for the treatment of MRSA lung infection

in mice (28). Against the single MRSA isolate tested in that
study (with telavancin and vancomycin MICs of 0.5 and 1
�g/ml, respectively), human simulated doses of telavancin (40
mg/kg every 12 h) resulted in statistically greater efficacy than
did those of vancomycin (110 mg/kg every 12 h) at the end of
the dosing interval. Two different infection models were used
in that analysis. One utilized a 12-h incubation period between
inoculation and dosing and resulted in CFU reductions of 3.9
log and 1.8 log for telavancin and vancomycin, respectively,
after 36 h of dosing. The second infection model utilized a 24-h
incubation period and resulted in a 2.3-log reduction for tela-
vancin and in 0.1-log growth for vancomycin after 24 h of
dosing. Both methods represented findings quite different from
those observed for isolates with similar MICs in our study. The
mean bacterial densities at the initiation of dosing were similar
between our model and the 12-h incubation model of Reyes et
al. (i.e., 6.2 versus 6.3 log) and subsequently served as the best
comparator. The increased efficacy noted for telavancin in that
study can potentially be explained by the extra 12 h of dosing
prior to harvesting (i.e., 36 versus 24 h) and is supported by the
increase in efficacy noted with MRSA 336 in our 48-h model
(i.e., 4-log decrease). However, an explanation for the dispro-
portionate lack of vancomycin efficacy in that model is not
abundantly clear. One notable difference is that while we dosed
vancomycin subcutaneously, doses in the previous analysis
were given intravenously. Nevertheless, in light of the fact that
the efficacy of vancomycin is AUC driven (29), this difference
should have no bearing on the observed effect. Given that the
study by Reyes et al. consisted of a single observation, it is
possible that the results noted are consistent with the specific
MRSA isolate tested in that analysis, as a certain degree of
interisolate variability exists for isolates studied in vivo.

In this report, we describe the efficacy of telavancin for the
treatment of pneumonia caused by a collection of variably
resistant MRSA strains. We found that human simulated dos-
ing regimens of telavancin and vancomycin resulted in similar
efficacies against MRSA strains with vancomycin MICs of �2
�g/ml. Against hVISA strains, similar efficacies were noted for
telavancin and vancomycin after 24 h, while telavancin was
more efficacious after 48 h against one of the two strains tested.
Lastly, mean reductions in bacterial density were greater for
telavancin against all VISA strains at both 24 and 48 h and
were statistically greater against one of three strains after 24 h
and three of four strains after 48 h. As telavancin undergoes
further review by the FDA for the treatment of nosocomial
pneumonia, these data support the potential utility of telavan-
cin for the treatment of pneumonia caused by MRSA strains
with reduced susceptibility to vancomycin.
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