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In vivo pharmacokinetic/pharmacodynamic characterization for numerous antibacterial compounds has had
a significant impact upon optimal dosing regimen design and the development of in vivo susceptibility
breakpoints. More recently, similar characterization has been undertaken for antifungal drug classes. Very
little is known of these pharmacodynamic relationships for the new echinocandin class of compounds. We
utilized a neutropenic murine model of disseminated candidiasis to describe the time course antifungal activity
of HMR 3270, a new glucan synthase inhibitor. Single-dose in vivo time kill studies with four 16-fold escalating
doses demonstrated concentration-dependent killing when drug levels in serum were more than four times the
MIC. Postantifungal effects were dose dependent, ranging from 8 to 80 h duration. Multiple dosing regimen
studies utilized six total doses, four dosing intervals, and a treatment duration of 6 days. Shortening the dosing
interval from every 144 h (q144h) to q36h resulted in a fourfold rise in the dose necessary to achieve a net
fungistatic effect. The peak/MIC ratio most strongly correlated with treatment outcomes (peak/MIC ratio, R2

� 98%; ratio of the area under the concentration-time curve from 0 to 24 h to the MIC, R2 � 79%, percentage
of time above the MIC, R2 � 61%). Studies were also conducted with five additional Candida albicans isolates
to determine if a similar peak/MIC ratio was associated with efficacy. In vivo concentration-dependent killing
was similarly observed in studies with each of the additional isolates. The peak/MIC ratio necessary to produce
efficacy was relatively similar among the strains studied (P � 0.42). The peak/MIC ratio (mean � standard
deviation) necessary to achieve a fungistatic effect was 3.72 � 1.84, and the ratio necessary to achieve maximal
killing was near 10.

The incidence of invasive fungal infections continues to rise
(11, 14). Despite advances in antifungal therapy, rates of mor-
bidity and mortality remain high. HMR 3270 is one of a new
class of echinocandin antifungal compounds. These lipopep-
tide compounds act by inhibiting the synthesis of (1,3)-�-glu-
can, leading to cell wall damage (12, 20). This class of drug has
been shown to possess a broad antifungal spectrum and po-
tency in vitro and in vivo (1, 12, 15, 16, 17, 18, 19, 20, 24, 29; P.
Warn, A. Sharp, G. Morrissey, and D. Denning, Abstr. 41st
Intersci. Conf. Antimicrob. Agents Chemother., abstr. J1617,
2001; C. B. Moore and D. W. Denning, Abstr. 41st Intersci.
Conf. Antimicrob. Agents Chemother., abstr. F2147, 2001).

The study of antimicrobial pharmacodynamics provides in-
sight into the link between drug exposures, in vitro suscepti-
bility, and treatment efficacy (7, 10). It has become common for
these studies with antibacterial drugs to impact dosing regimen
design for clinical trials and to impact the development of
susceptibility breakpoints (5, 9, 13, 26). Similar pharmacody-
namic characterizations have been undertaken with several
antifungal compounds (2, 3, 4). The correlation between this
information in experimental models and available clinical trial
analysis suggests these pharmacodynamic predictions could
play a similar role in the development of new antifungal drugs
(2, 22, 30; C. J. Clancy, C. A. Kauffman, A. Morris, M. L.
Nguyen, D. C. Tanner, D. R. Snydman, V. L. Yu, and M. H.
Nguyen, Prog. Abstr. 36th Annu. Meet. Infect. Dis. Soc. Am.,

abstr. 98, p. 93, 1998). The present studies have been designed
to characterize these in vivo pharmacodynamic relationships
for a new glucan synthase inhibitor, HMR 3270. We are hope-
ful this information can be utilized for future clinical develop-
ment of this and other antifungal compounds.

MATERIALS AND METHODS

Organisms. Six clinical isolates of Candida albicans (designated K-1, 580,
98-17, 98-234, 2438, and 2183) were utilized. C. albicans K-1 and 580 were clinical
isolates from systemic candidiasis. The other isolates were mucosal isolates.
Isolates 2438 and 2183 were kindly provided by Lopez-Ribot et al. (23). The
organisms were maintained, subcultured, and quantified on Sabouraud dextrose
agar (SDA) plates (Difco Laboratories, Detroit, Mich.). Twenty-four hours prior
to study, organisms were subcultured at 35°C.

Antifungal agent. HMR 3270 was obtained as a powder from Aventis Phar-
maceuticals (Romainville, France). The powder was stored desiccated at �4°C.
Drug solutions were prepared on the day of study by dissolving the powder in
0.85% sterile physiologic NaCl (vol/vol). Subsequent drug dilutions were per-
formed with 0.85% NaCl (vol/vol).

In vitro susceptibility testing. MICs were determined using a broth microdi-
lution modification of the NCCLS M27-A method (25). The MIC was defined as
the lowest concentration that produced an optically clear well. Determinations
were performed in duplicate on at least two separate occasions.

Animals. Six-week-old ICR/Swiss specific-pathogen-free female mice weighing
23 to 27 g were used for all studies (Harlan Sprague-Dawley, Madison, Wis.).
Animals were maintained in accordance with the American Association for
Accreditation of Laboratory Animal Care criteria (27). All animal studies were
approved by the Animal Research Committee of the William S. Middleton
Memorial VA Hospital.

Infection model. Mice were rendered neutropenic (polymorphonuclear leuko-
cytes � 100/mm3) by injecting cyclophosphamide (Mead Johnson Pharmaceuti-
cals, Evansville, Ind.) intraperitoneally 4 days (150 mg/kg of body weight) before
infection, 1 day (100 mg/kg) before infection, and 2 days (100 mg/kg) after
infection. Absolute white blood cell and neutrophil counts were monitored every
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48 h throughout the period of study with a Coulter counter and peripheral blood
smears. Neutrophil counts remained at or below 100/mm3 throughout the entire
study.

Organisms were subcultured on SDA 24 h prior to infection. Inoculum was
prepared by placing three to five colonies into 5 ml of sterile pyrogen-free 0.9%
saline warmed to 35°C. The final inoculum was adjusted to 0.6 transmittance at
530 nm. Fungal counts of the inoculum determined by viable counts on SDA
were 106 CFU/ml.

Disseminated infection with the Candida organisms was achieved by injection
of 0.1 ml of inoculum via the lateral tail vein 2 h prior to start of drug therapy.
At the end of the study period animals were sacrificed by CO2 asphyxiation. After
sacrifice the kidneys of each mouse were immediately removed and placed in
sterile 0.9% saline at 4°C. Homogenate was then serially diluted 1:10, and
aliquots were plated on SDA for viable fungal colony counts after incubation for
24 h at 35°C. The lower limit of detection is 100 CFU/ml. Results were expressed
as the mean number of CFU/kidneys for two mice (four kidneys).

Pharmacokinetics. Single-dose pharmacokinetics of HMR 3270 were deter-
mined in individual neutropenic infected ICR/Swiss mice following intraperitoneal
doses of 4 and 16 mg/kg administered in 0.2-ml volumes. At each dose examined,
groups of four mice were sampled by intracardiac puncture, and serum was pooled
at each time point. Mice were anesthetized with halothane prior to sampling and
euthanized with CO2 immediately afterwards. Drug levels were determined at seven
time points over 84 h. The first samples were collected 1 h after drug administration.
Subsequent samples were collected at 4- to 24-h intervals. The pooled blood was
placed in 1.5-ml tubes (Fisher Scientific) and immediately centrifuged (model MB
centrifuge; International Equipment Co.) at 10,000 � g for 5 min. The serum was
subsequently removed and stored at �80°C. Serum drug levels were determined by
high-performance liquid chromatography assay at Aventis Pharmaceuticals. The
interday precision of the assay was between �13 and �1.4%, with a coefficient of
variation of 6.4%. The lower level of detection for this assay was 0.04 mg/liter.
Pharmacokinetic constants including elimination half-life and C0 were calculated via
nonlinear least-squares techniques (MINSQ; Micromath Inc., Salt Lake City, Utah).
The area under the concentration-time curve (AUC) was calculated by the trape-
zoidal rule. For doses for which no kinetics were determined, pharmacokinetic
parameters were extrapolated from the values obtained in the actual studies.

In vivo time kill and postantifungal effect. Infection in neutropenic mice was
produced as described above. Two hours after infection with C. albicans K-1, mice
were treated with single intraperitoneal doses of HMR 3270 (0.25, 0.5, 1.0, and 4.0
mg/kg). Groups of two treated and control mice were sacrificed at each sampling
time, with intervals ranging from 1 to 2 h for the first 6 h for the time kill study and
every 6 to 24 h thereafter for remainder of the study period to determine the
postantifungal effect (PAFE). Growth with the two lower doses was monitored for
72 and 120 h. The two highest doses were monitored for 144 h to determine if the
organisms would recover from the effect of drug treatment. Control growth was
determined over 24 h at five sampling times. Kidneys were removed at each time
point and processed immediately for CFU determination. The time that serum levels
of HMR 3270 remained above the MIC for the organism following the four doses
was calculated from the pharmacokinetic data. The postantibiotic effect (PAE) was
calculated by determining the time it took for controls to increase 1 log10 CFU/
kidneys (C) and subtracting this from the amount of time it took organisms from the
treated animals to grow 1 log10 CFU/kidney (T) after drug levels in serum fell below
the MIC for the organism: PAE � T � C (8, 31).

Pharmacodynamic parameter determination. Neutropenic mice were infected
with C. albicans K-1 2 h prior to start of therapy. Twenty-four dosing regimens
were chosen to minimize the interdependence among the three pharmacody-
namic parameters studied and also to observe the complete dose response
relationship. Groups of two mice were treated for 144 h with dosing regimens of
HMR 3270 using fourfold-increasing total doses administered at dosing intervals
of every 36 h (q36h), q48h, q72h, and q144h. Total doses ranged from 0.125 to
4.00 mg/kg/144 h. Drug was administered in 0.2-ml volumes. Mice were sacrificed
after 144 h of therapy, and kidneys were removed for CFU determination as
described above. Untreated control mice were sacrificed just before treatment
and at the end of the experiment. Efficacy was defined as the change in log10

CFU/kidneys over the 144-h treatment period and was calculated by subtracting
the mean log10 CFU/kidneys in untreated control mice after 144 h from the mean
number of CFU from kidneys of two mice at the end of therapy.

Pharmacodynamic parameter magnitude determination. Studies similar to
those described above were performed with five addition strains of C. albicans
(98-17, 98-234, 2438, 580, and 2183). Attempts were made to choose organisms
with various susceptibilities to HMR 3270. However, we were unable to identify
organisms for which there were various MICs in our stock of organisms. The
group of organisms utilized included both fluconazole-susceptible, fluconazole-
susceptible dose-dependent, and fluconazole-resistant strains. Dosing studies

were designed to vary the magnitude of the pharmacodynamic parameters. The
total dose varied from 0.08 to 5.30 mg/kg. Doses were fractionated into three
doses (q48h) for the 6-day study period. Groups of two mice were again used for
each dosing regimen. At the end of the study, mice were euthanized and kidneys
were immediately processed for CFU determination.

Data analysis. A sigmoid dose-effect model was used to measure the in vivo
potency of HMR 3270. The model is derived from the Hill equation: E � (Emax

� DN)/(ED50
N � DN), where E is the observed effect (change in log10 CFU/

kidneys compared with untreated controls at 144 h), D is the cumulative 144-h
dose, Emax is the maximum effect, ED50 is the dose required to achieve 50% of
Emax, and N is the slope of the dose-effect relationship. The correlation between
efficacy and each of the three parameters studied was determined by nonlinear
least-squares multivariate regression analysis (Sigma Stat; Jandel Scientific Soft-
ware, San Rafael, Calif.). The coefficient of determination (R2) was used to
estimate the percent of variance in the change of log10 CFU/kidneys over the
treatment period for the different dosing regimens that could be attributed to
each of the pharmacodynamic parameters.

To allow a more meaningful comparison of potency among the dosing regi-
mens studied we calculated the dose required to produce a fungistatic dose or no
net growth over 144 h compared to numbers at the start of therapy. If the doses
needed to achieve these benchmarks increased significantly as the dosing interval
was lengthened from q36h through q144h regimens, the duration of the time that
drug levels in serum remained above the MIC was the parameter predictive of
efficacy. On the other hand, if the doses necessary to reach these outcomes
decreased with dosing interval lengthening, then the parameter associated with
these outcomes would be the peak serum level. If the doses remained similar
independent of changes in the dosing interval, then the AUC would be predictive
of efficacy.

The static dose was determined for the q48h dosing regimen for each of the six
strains. The magnitude of the pharmacodynamic parameter predictive of the
efficacy of HMR 3270 was then calculated for each of the six organisms studied
to determine if a similar parameter magnitude was associated with efficacy as
determined by these indices. The significance of differences among these values
was determined by analysis of variance (Sigma Stat; Jandel Scientific Software).
A two-tailed P of �0.05 was considered to be statistically significant.

RESULTS

In vitro susceptibility testing. There was no variation in the
MICs for the six C. albicans organisms studied (MICs, 0.50
�g/ml).

Pharmacokinetics. The serum time course of HMR 3270 in
infected neutropenic mice following intraperitoneal doses of 4
and 16 mg/kg are shown in Fig. 1. Peak levels in serum and the
AUC increased in a linear fashion with dose escalation. Peak
levels were achieved within 2 h for each of the doses and
ranged from 8.6 � 0.30 to 35.4 �2.0 mg/liter (means � stan-
dard deviations). The elimination half-life did not change sig-
nificantly with the doses studied, ranging from 22.1 to 23.2 h.
The AUC, as determined by the trapezoidal rule, ranged from
286 to 970 mg � h/liter with the lowest and highest doses, re-
spectively.

In vivo PAE. Following tail vein inoculation of 106 CFU/ml,
growth of Candida organisms in the kidneys of untreated mice
increased 2.31 � 0.34 log10 CFU/kidneys over 24 h. Control
growth of 1 log10 CFU/kidneys in untreated mice was achieved
in 11.2 h. No drug carryover was observed in treatment groups.
Based upon the above pharmacokinetics, the four doses of
HMR 3270 studied (0.25, 0.50, 1.0, and 4.0 mg/kg) would
produce serum drug levels above the MIC for the Candida
organism (0.50 �g/liter) for 4, 26, 48, and 92 h, respectively.
Treatment with the two highest doses produced peak levels 4-
and 16-fold greater than the MIC and resulted in a concentra-
tion-dependent reduction in colony counts when compared
with numbers at the start of therapy of 0.67 and 1.82, respec-
tively. The lower doses produced peak levels at or slightly
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below the MIC and resulted in little or no net organism killing.
Growth curves for both the control group as well as those
following the single doses of HMR 3270 are shown in Fig. 2
(left panel). HMR 3270 suppressed regrowth of organisms at
each of the four doses studied in a dose-dependent fashion.
Although the lower doses did not produce significant killing,
they did inhibit organism regrowth with PAEs around 8 h (Fig.
2, right panel). The two higher doses significantly prolonged

the time for organism recovery with PAEs exceeding the pe-
riod of observation. The calculated PAEs with doses of 1 and
4 mg/kg were 	52 and 	81 h, respectively.

Pharmacodynamic parameter determination. At the start of
therapy fungal burdens in kidneys were 4.15 � 0.15 log10 CFU/
kidneys. After 144 h the organisms grew 3.79 � 0.31 log10

CFU/kidneys in untreated mice, resulting in death in each of
the control mice. Drug carryover was not observed in any of
the samples. Escalating doses of HMR 3270 produced signifi-
cant net killing (0.47 to 1.10 log10 CFU/kidneys) compared to
the inoculum in control animals at the start of therapy as was
observed in the time kill studies. The dose-response curves for
each of the four dosing intervals are shown in Fig. 3. As the
dosing interval was shortened the dose-response curves shifted
to the right indicating less efficacy. The dose necessary to
produce a net static effect decreased more than fourfold with
widely spaced dosing.

The relationships between microbiologic effect and each of
the pharmacodynamic parameters—percent of time above
MIC, AUC/MIC ratio, and peak/MIC ratio—are shown in Fig.
4. The data that regressed with the peak level in relation to the
MIC had the strongest relationship, with an R2 of 98% (AUC/
MIC, R2 � 79%; percentage of time above the MIC, R2 �
61%). The AUC in relation to the MIC appeared slightly more
important than the time above MIC.

Correlation of the magnitude of the pharmacodynamic pa-
rameter with efficacy. Each of the six C. albicans strains grew
well in the animals. At the start of therapy the kidneys had
between 3.91 � 0.06 and 4.26 � 0.17 log10 CFU/kidneys. The
range of organism growth in the control animals was 2.46 �
0.28 to 4.07 � 0.26 log10 CFU/kidneys (mean 3.26 � 0.56 log10

CFU/kidneys). The relationship between the HMR 3270 peak/
MIC ratios and efficacy with the six strains is displayed in Fig.
5. The efficacies were very similar for the peak/MIC ratios

FIG. 1. Serum HMR 3270 concentrations after administration of
intraperitoneal doses of 4 and 16 mg/kg in neutropenic infected mice.
Each symbol represents the geometric mean � standard deviation
(error bars) of the levels in the sera of four mice.

FIG. 2. (Left panel) In vivo PAE following HMR 3270 doses of
0.25, 0.5, 1, and 4 mg/kg against C. albicans K-1 in neutropenic infected
mice. Each symbol represents the mean � standard deviation (error
bars) for two mice. The widths of the horizontal bars represent the
time that serum levels exceeded the MIC. (Right panel) In vivo time
kill following HMR 3270 doses of 0.25, 0.5, 1, and 4 mg/kg against C.
albicans K-1 in neutropenic infected mice. Each symbol represents the
mean � standard deviation (error bars) for two mice.
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corresponding to each strain (R2 � 84%). The peak/MIC ratios
(Table 1) necessary to achieve a net static effect was around 3
(mean � SD � 3.72 � 1.84). Maximal organism killing was
observed with ratios near 10.

DISCUSSION

The antimicrobial effect of increasing drug concentrations
and the presence or absence of PAFEs defines the time course
activity of antifungal drugs. For drugs such as the polyenes,

studies have demonstrated enhanced organism killing with
higher drug concentrations and prolonged persistent or post-
antifungal effects (4, 15). For drugs displaying this pattern of
activity the peak/MIC ratio has most often been the pharma-
cokinetic/pharmacodynamic (PK/PD) parameter predictive of
efficacy (4, 6, 7).

The in vivo time course of antifungal activity of the new
cyclic lipopeptide antifungal compounds has not described the
time course adequately. These drugs inhibit the synthesis of
1,3-�-glucan of the fungal cell wall (12, 20). This class of
compounds exhibits a broad antifungal spectrum with particu-
lar potency against Candida species (1, 12, 15, 16, 17, 18, 19, 24,

FIG. 3. Relationship between the total dose and the change in log10
CFU per kidney over the 6-day treatment period for HMR 3270
administered at different dosing intervals in a neutropenic murine
model of disseminated candidiasis. Each total dose level was fraction-
ated for each of the dosing intervals. Each symbol represents data for
two mice. The dashed horizontal line represents the number of CFU at
the start of therapy. SD, the static dose; 95% confidence intervals are
given in parentheses.

FIG. 4. Relationship between the time above the MIC, the AUC/MIC ratio, the peak/MIC ratio, and the change in log10 CFU per kidney after
6 days of treatment. Each symbol represents data for two mice. The dashed horizontal line represents the number of CFU at the start of therapy.

FIG. 5. Relationship between the peak/MIC ratio and the change
in log10 CFU per kidney after 6 days of treatment for HMR 3270
against six C. albicans organisms. Each symbol represents data for two
mice. The dashed horizontal line represents the number of CFU at the
start of therapy.
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28, 29). For Candida species this activity results in rapid cell
lysis and death. Several investigations have characterized in
vitro the time course activity of this new antifungal drug class
(15, 16, 17). These studies have demonstrated that the anti-
fungal activity of these compounds is enhanced with increasing
drug concentrations. Furthermore, these investigations have
demonstrated prolonged suppression of organism growth fol-
lowing brief drug exposures (PAEs). An in vitro pattern of
activity characterized by concentration-dependent killing and
prolonged PAFE would suggest that large infrequent drug
dosing may be most efficacious.

Thus far, in vivo studies with several of glucan synthase
inhibitors have demonstrated that efficacy against a variety
fungal pathogens is enhanced with escalating drug doses (1, 18,
19, 24). However, these in vivo investigations have not charac-
terized the time course activity of these compounds. The ex-
periments presented here have examined these pharmacody-
namic relationships in an in vivo model.

Our in vivo time kill results observed significant organism
burden reductions when drug doses produced drug levels in
serum more than four times the MIC. The magnitude of this
drug concentration/MIC ratio resulted in similar killing in in
vitro investigations (15, 16, 17). The degree of in vivo killing in
our observations was enhanced with higher drug doses. The
highest serum concentration in relation to organism MIC
achieved in our single dose time kill studies was 16. In post-
antifungal observations, the duration of regrowth suppression
was also concentration dependent. PAFEs ranged from only
8 h to more than 80 h. These time course characteristics would
also suggest one of the concentration-dependent PK/PD pa-
rameters would best predict drug efficacy.

The multiple dosing regimen observations demonstrated
that large infrequent drug administration was most effective. A
fourfold-lower total drug dose was necessary to produce a net
fungistatic effect with the once-every-6-day dosing compared to
the q36h dosing regimen. As one would expect, when these
dosing regimen data were regressed with each of the three
PK/PD parameters, the strongest relationship was observed
when the peak serum level/MIC ratio was utilized. This time
course pattern of activity and PK/PD parameter relationship is
similar to that we observed with amphotericin B in this model.

We also attempted to discern the magnitude of the peak/
MIC ratio that would be necessary to achieve efficacy against
organisms with various MICs. Unfortunately, we do not pos-
sess C. albicans strains for which HMR 3270 MICs vary. The in

vitro susceptibility surveillance literature suggests that this is
not unusual (28, 29). In addition, the resistant C. albicans
isolates that have been isolated have varied significantly in
virulence in animal models which would further complicate
treatment comparisons (21). However, among the six isolates
with identical MICs studied, outcomes were similar. A net
fungistatic effect was observed with peak/MIC ratios near 3
and maximal efficacy was seen when this ratio approached ten.
These peak/MIC ratios (3 and 10) should be compared to
HMR 3270 population pharmacokinetics to help define an
appropriate dosing regimen for early clinical studies in treat-
ment of C. albicans infection. In general free-drug levels
should be utilized for PK/PD parameter magnitude compari-
sons. However, in this case we utilized total drug levels because
of the similarity of protein binding determinations across spe-
cies with the various echinocandins (J. Lowthers, personal
communication). For HMR 3270, the degree of protein bind-
ing has been 	99% for both mice and in humans.

The echinocandin activity against filamentous pathogens
such as Aspergillus species is clearly different from that ob-
served with Candida species. For these pathogens, glucan syn-
thase inhibition does slow organism growth by altering hyphal
tip structures, but does not result in organism killing. One
might thus expect a different in vivo antifungal time course
against filamentous species. Certainly one would not see con-
centration dependent killing, however, one may still observe
postantifungal or sub-MIC effects. The PK/PD parameter pre-
dictive of activity with these patterns of activity would be either
percentage of time above the MIC or AUC/MIC ratio. Even if
the PK/PD parameter predictive of treatment outcome for
these species remains the peak/MIC ratio, one might anticipate
that a different (likely higher) parameter magnitude would be
required to produce similar treatment outcomes. These impor-
tant questions should be the focus of future PK/PD investiga-
tions.
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