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The clinical utility of the echinocandins is potentially compromised by the emergence of drug resistance. We
investigated whether Candida albicans with amino acid substitutions at position Ser645 in Fks1 can be treated
with either a conventional or an elevated dosage of micafungin. We studied Candida albicans (wild-type SC5314;
MIC, 0.06 mg/liter) and four fksI mutants (one FKSI/fks1 heterozygote mutant [MIC, 0.5 mg/liter] and three
Jks1/fkes1 homozygous mutants [MICs for all, 2 mg/liter]) with a variety of amino acid substitutions at Ser645.
The pharmacokinetic and pharmacodynamic relationships were characterized in a persistently neutropenic
murine model of disseminated candidiasis. A mathematical model was fitted to all pharmacokinetic and
pharmacodynamic data. This mathematical model was then used to “humanize” the murine pharmacokinetics,
and the predicted antifungal effect was determined. The estimated maximal rate of growth and ultimate fungal
densities in the kidney for each of the strains were similar. The administration of micafungin at 1 mg/kg of body
weight to the wild type resulted in moderate antifungal activity, whereas the administration of 5 and 20 mg/kg
resulted in rapid fungicidal activity. In contrast, the FKS1/fks heterozygote was killed only with 20 mg/kg, and
the homozygous fksI mutants failed to respond to any dosage. The bridging study revealed that human dosages
of 100 and 400 mg/day were active only against the wild type, with no activity against either the heterozygote
or the homozygote mutants. Ser645 Fks1 Candida albicans mutants cannot be treated with either conventional

or elevated dosages of micafungin and should be deemed resistant.

Disseminated candidiasis is a syndrome that is associated
with significant morbidity and mortality (10). Micafungin is an
echinocandin agent that exhibits rapid candidacidal activity
and is effective for the treatment of patients with disseminated
candidiasis (12, 16). In common with other members of this
class, micafungin has a wide therapeutic index, with little evi-
dence of clinically significant toxicity (7). The currently li-
censed dosage is 100 to 150 mg/day in adults, but dosages as
high as 8 mg/kg of body weight/day have been safely adminis-
tered to adults (21). Furthermore, dosages as high as 15 mg/kg
have been administered to neonates without untoward effects
(22).

Resistance to the echinocandins is increasingly described.
This usually follows prolonged administration and clinically
manifests as breakthrough infection (20). The majority of
breakthrough isolates have elevated echinocandin MICs and
amino acid substitutions in well-defined portions of the Fks
subunits of glucan synthase (Fks1) (1, 3, 17, 20). Given the
wide therapeutic index of all the three echinocandin agents
and the increased frequency of breakthrough isolates, a clini-
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cally relevant question is whether higher human drug expo-
sures can be used to successfully treat these Fkslmutants.

We investigated whether Fks1 mutants can be treated with
micafungin by using a well-validated murine model of dissem-
inated candidiasis. We studied the micafungin exposure-re-
sponse relationships of four Ser645 Fksl Candida albicans
mutants. The experimental data were described using mathe-
matical models, and the results were bridged from mice to
humans. Our results suggest that amino acid substitutions at
position 645 in glucan synthase cannot be successfully treated
with micafungin.

MATERIALS AND METHODS

Strains of Candida albicans, MICs, and sequencing of FKSI. The wild-type
strain of Candida albicans was the well-characterized isolate SC5314. The Fksl
mutants of SC5314 used in this study and the conditions used to construct them
have been described elsewhere (4). Briefly, the heterozygous mutant Al5
(T1933C heterozygous; S645/S645P) was selected by serial passage on medium
containing anidulafungin (0.5 mg/liter). C. albicans 20S (C1934T homozygous;
Ser645F), 22S (C1934A homozygous Ser645Y), and 36S (T1933C homozygous
Ser645P) were all selected using caspofungin containing yeast extract-peptone-
dextrose (YPD) medium (8 mg/liter). The MICs were determined using both
Clinical Laboratory Sciences Institute (CLSI) (5) and European Committee for
Antimicrobial Susceptibility Testing (EUCAST) (8) methodologies in three sep-
arate independent experiments.

For all in vivo experiments, organisms were subcultured from beads stored at
minus 80°C on Sabouraud dextrose agar (Oxoid, Basingstoke, United Kingdom)
and incubated at 37°C for 48 h. Subsequently, strains were subcultured in Sab-
ouraud dextrose broth (Oxoid, Basingstoke, United Kingdom) and incubated at



3076 SLATER ET AL.

37°C for 16 h on an orbital shaker. Organisms were washed twice in phosphate-
buffered saline (PBS). The inoculum was prepared using a hemocytometer with
progressive dilution in PBS. The final inoculum was verified by quantitative
culture on Sabouraud agar (Oxoid, Basingstoke, United Kingdom).

The Candida FKS1 gene was sequenced in the hot-spot regions by the Sanger
methodology using a CEQ 8000 Beckman Coulter genetic analysis system, as
previously described (15). Briefly, fungal genomic DNA was extracted from
overnight cultures grown in YPD medium using a Q-Biogene FastDNA kit
(Irvine, CA).

The FKSI gene was amplified and sequenced using Candida albicans Fksl
primers flanking the Fks1 hot-spot regions with primers F2426 (CATTGCTGT
GGCCACTTTAG), R2919 (GATTTCCATTTCCGTGGTAGC), F4590 (TAC
TATGGTCATCCAGGTTTCC), and R4954 (GGTCAAATCAGTGAAAAC
CG). The sequences obtained were edited with the BioEdit program (Ibis
Therapeutics, Carlsbad, CA) and aligned with the FKSI gene sequence of Can-
dida albicans (GenBank accession number XM_716336) using ClustalW software
(http://www.clustal.org/).

Drug. The clinical formulation of micafungin was a gift from Astellas Pharma.
The drug was reconstituted in 0.9% sodium chloride to produce a stock solution
of 5 mg/ml. This stock was further diluted in 0.9% sodium chloride to produce
the final desired concentrations for treatment. All dosages were administered
intraperitoneally (i.p.) in a 0.25-ml volume.

Murine models of disseminated candidiasis. All experiments were performed
under United Kingdom Home Office project license 40/3101 and approved by the
University of Manchester Ethics Committee. Male CD1 mice (Charles River
Ltd., Kent, United Kingdom) weighing 22 to 24 g were used. Both pharmacoki-
netic-pharmacodynamic (PK-PD) and survival models were performed. Mice
were housed in vented HEPA-filtered cages, and food and water were provided
ad libitum. All mice received cyclophosphamide (Sigma, Poole, United King-
dom) at 200 mg/kg of body weight i.p. on day minus 3 relative to the day of
infection. Previous studies in our laboratory have shown that this results in
neutropenia for 5 to 6 days (data not shown). The target fungal inoculum for all
strains was 1.6 X 10* organisms/mouse, which was administered intravenously in
0.2 ml of PBS.

Pharmacokinetic and pharmacodynamic experiments. A serial sacrifice design
was used to characterize the pharmacokinetics and pharmacodynamics of mica-
fungin. Treatment was initiated at 5 h postinoculation and was given every
subsequent 24 h thereafter. Cohorts of mice received micafungin at 0.1, 1, 5, and
20 mg/kg i.p. at 5, 29, and 53 h postinoculation. For the pharmacokinetic exper-
iments, blood was obtained by terminal cardiac puncture using heparinized
syringes. Samples were drawn throughout the second and third dosing intervals.
Samples were centrifuged at 15,000 X g for 3 min, and the plasma was stored at
minus 80°C prior to analysis. The tissue pharmacokinetics were simultaneously
determined at the primary infection site in the kidney. Kidneys were harvested at
the time of killing, placed in 1 ml PBS, homogenized, and then stored at minus
80°C prior to analysis. Groups of 4 mice were used for each dose-time point
combination. For the pharmacodynamic experiments, the kidneys were har-
vested, homogenized in PBS, and plated to Sabouraud dextrose agar. Plates were
incubated for 48 h at 37°C, after which quantitative counts were enumerated.

The same immunosuppression, fungal inoculum, and treatment regimen were
used for the survival study. Groups of mice (n = 10 per group) were infected with
the wild type and each of the four mutants. All mice received micafungin at 20
mg/kg/day i.p. for 3 doses and then observed. Survival over the experimental
period was modeled using a Kaplan-Meier method.

Measurement of micafungin in plasma and kidneys. Micafungin concentra-
tions in both plasma and kidney tissue were measured using high-performance
liquid chromatography (HPLC; Shimadzu Prominence, Shimadzu, Milton
Keynes, United Kingdom). Forty microliters of extracted sample was injected
onto a Hypersil BDS C,g 5-um column (250 by 4.6 mm; Thermo Fisher Scientific,
Loughborough, United Kingdom). A standard curve encompassing 0.05 to 25
mg/liter was constructed in either plasma or kidney homogenate from stock
solutions of pure micafungin powder at 1,000 mg/liter in ethanol (Fisher Scien-
tific, Loughborough, United Kingdom). The internal standard was anidulafungin
(0.1 mg/liter). A gradient method was used with initial concentrations of 70%
0.02 M potassium dihydrogen phosphate and 30% acetonitrile (Fisher Scientific,
Loughborough, United Kingdom), changing to 30% and 70%, respectively, over
12 min, with an overall run time of 16 min. A flow rate of 1 ml/min was used.
Micafungin and the internal standard were detected using fluorescence with
excitation at 273 nm and emission at 464 nm and eluted after 10 and 13.4 min,
respectively. For plasma and kidney, the coefficient of variation was <10% over
the concentration range 0.05 to 25 mg/liter. The limit of detection was 0.05
mg/liter. The intra- and interday variations were <10%.
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Mathematical modeling. The pharmacokinetic and pharmacodynamic data
were comodeled using a population methodology with the Big version of the
program nonparametric adaptive grid (BIG NPAG) (13). The same structural
model was fitted to the data from the wild-type and data from the heterozygous
mutant (A15). Because the exposure-response relationships for the three mu-
tants (36S, 20S, and 22S) were comparable, a single mathematical model was
fitted to the pooled data from these strains. The structural mathematical model
used for these analyses consisted of the following five ordinary differential equa-
tions:

dX,/dt = R(1) — K, X, 1)

AXofdt = — (ke + kg + SCLIV.) - Xy + K, - X, + ke Xy + ke Xy (2)

dX/dt = kg~ X; — ke - X, 3)
AXfdt = ky Xy — kpe* X, o)
ANJdt = Ky [1 — (NJPOPypx)] - N (52)
1 = XViaa (X Vi)™ + Cs) (5b)

- Kkmux ° ()(3/I/kid)HA/(‘)(;’r/l/kid)HA + C5U/¢HA) : N (SC)

where X, X,, X3, and X, are the amounts of micafungin (in milligrams) in the
peritoneum, serum, kidney, and peripheral compartment, respectively. R(1) is
the amount of drug administered to the peritoneum; SCL is the clearance; V, and
Viia are the volumes of the central compartment and kidney, respectively; K, is
the first-order rate constant connecting the peritoneum with the central com-
partment; K, and K. are the first-order rate constants connecting the central
and peripheral compartments; and K, and K, . are the first-order rate constants
connecting the central compartment and kidney. N is the density (number of
organisms/gram kidney) of Candida albicans; Kgpmayx is the growth constant de-
scribing maximal growth; POPy s x is the theoretical maximum C. albicans bur-
den in the kidney; H, is the sigmoidicity constant for the drug effect on C.
albicans growth; Cs, is the concentration of micafungin in the kidney required
to produce a 50% effect on the maximal rate of growth; K ..., is the maximal rate
of micafungin-induced kill; H,_is the sigmoidicity constant for the drug effect on
C. albicans kill; and Cs, is the concentration of micafungin in the kidney that
produces half-maximal killing.

Equation 1 describes the flux of micafungin out of the peritoneum (where it
has been injected), equation 2 describes the rate of change of micafungin in the
central compartment (plasma), equation 3 describes the rate of change of mica-
fungin in the kidney, equation 4 describes the rate of change of micafungin in the
peripheral compartment (i.e., everything other than the blood and the kidney),
and equation 5 describes the rate of change of fungal burden in the kidney that
contains terms describing the capacity-limited growth of Candida (equation 5a),
the drug-associated suppression of growth (equation 5b), and the drug-associ-
ated fungal kill (equation 5c).

The area under the concentration-time curve (AUC) in plasma and kidney was
calculated using integration after implementation of the mathematical model in
the program ADAPT (version 5) (6). The extent of penetration of micafungin
into the kidney relative to plasma was expressed as a ratio.

Humanization of murine pharmacokinetics. To further place the experimental
results in a clinical context, the murine pharmacokinetics were humanized. The
simulation module of the pharmacokinetic program ADAPT (version 5) (6) was
used to construct a dosing regimen in mice (in silico) that resulted in a concen-
tration-time profile that approximated the mean concentration-time profile of a
human receiving 100 mg/day (the currently used clinical regimen). The popula-
tion pharmacokinetic model for micafungin in adult patients of Gumbo et al. (11)
was used to define the mean concentration-time profile for micafungin in the
population. The mean parameter vector and their associated variances were
inserted into subroutine PRIOR of ADAPT (version 5) (6). A 5,000-patient
simulation was then performed to identify the 2.5th and 97.5th centiles of the
population.

RESULTS

Isolates: MICs and genotype. The MICs for the wild type
and the Fks1 mutants determined using CLSI and EUCAST
methodologies are summarized in Table 1. The heterozygous
isolate had an MIC (0.5 mg/liter) that was intermediate be-
tween the MICs of the wild type (0.06 mg/liter) and each of the



VoL. 55, 2011

TABLE 1. Strains used in this study

Mode (range) MIC (mg/liter) by method
Isolate

Genotype

CLSI EUCAST

SC5314 0.06 (0.016-0.06) 0.03 (<0.015-0.03) Wild type

Al5 0.5 (0.25-2) 1(0.125-1) T1933C heterozygote
36S 1(1-2) 2(1-2) T1933C homozygote
228 2(1-2) 2(1-2) C1934A homozygote
20S 1(1-2) 2(1-2) C1934T homozygote

homozygous mutants (2 mg/liter). The MICs for isolates ob-
tained from the kidneys of treated mice after treatment were
not different from those prior to inoculation. Sequencing of
both hot-spot regions of the FKSI gene confirmed that the
recovered strain had the same genotype as that used for inoc-
ulation, thereby excluding the possibility of inadvertent mixing
of strains, superinfection with an unrelated Candida strain, or
the occurrence of progressive mutational events.

Pharmacokinetics and pharmacodynamics. The estimates
for the mean parameter values and the standard deviation
from the mathematical model are detailed in Table 2. The fit of
the mathematical model to each of the data sets was highly
acceptable, with observed-predicted values that were all >99%
after the Bayesian step. Each model was associated with satis-
factory measures of precision and bias.

The concentrations of micafungin in the kidney were slightly
lower than those in serum (Fig. 1). The AUC,;4ey/AUC, 55ma
ratio determined in the third dosing interval from the mathe-
matical model fitted to the wild-type strain was 67.8%. Fur-
thermore, the mathematical model showed that micafungin
tracked rapidly into and out of the kidney with no evidence of
hysteresis, as has previously been described with caspofungin
(14) (Fig. 1).

Inoculation of the wild-type strain resulted in an estimated
initial density of 1,262 (log;, CFU/g 3.10) organisms/g kidney.
There was logarithmic growth throughout the experimental
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FIG. 1. Simulated concentration-time profiles of micafungin in the
kidney (broken line) and serum (solid line) for mice receiving 5 mg/kg
every 24 h.

period, with an estimated maximum rate of growth (i.e., Ky
see mathematical model and Table 2) of 0.11 log units per hour
and a final density of log,, CFU/g 6.01 (Fig. 2A). The admin-
istration of micafungin at 0.1 mg/kg had no appreciable anti-
fungal effect (data not shown), whereas the administration of 1
mg/kg had a moderate antifungal effect (Fig. 2B). In contrast,
the administration of 5 and 20 mg/kg resulted in rapid fungi-
cidal activity, with the attainment of a near maximal effect at
the end of the first dosing interval.

Inoculation of the heterozygous mutant resulted in an esti-
mated initial density of 74.01 (log,, CFU/g 1.87) CFU/g kidney
(Fig. 3A), which was slightly lower than that of the wild type
(see above). The estimated maximum rate of growth was 0.14
log unit per hour, which was comparable to that of the wild
type. The fungal density at the end of the experiment was log,,
CFU/g 5.34, which was less than that of the wild type. The
antifungal effect of micafungin against the heterozygote was
different from that against the wild type. While there was no
discernible antifungal effect following administration of 0.1

TABLE 2. Means and standard deviations for parameter values from mathematical model for wild-type and isogenic mutants

Wild type Heterozygous mutant” Homozygous mutants®
Parameter

Mean SD4 Mean SD Mean SD
K, (h™1 13.23 5.21 14.11 8.35 23.22 4.28
SCL (liter/h) 0.0005 0.0002 0.0004 0.0003 0.0005 0.0003
V., (liter) 0.0029 0.0002 0.006 0.006 0.0079 0.004
K, (hfl) 5.20 5.36 12.22 10.98 5.00 11.01
K. (h™h 33.15 6.66 25.78 9.83 27.98 10.80
K (h’l) 31.82 5.14 24.41 8.36 17.71 5.34
K. (h™1 19.46 7.71 14.71 7.96 25.7 541
Viia (liter) 0.007 0.0053 0.01 0.008 0.006 0.002
Kymax (log;y CFU/g/h) 0.11 0.038 0.14 0.043 0.133 0.028
H, 3.70 2.00 4.23 1.90 4.38 2.50
Csog (mg/liter) 1.54 0.26 21.74 12.20 52.66 33.36
POPy»x (CFU/g) 1,230,960 2,003,520 231,528 225,722 179,371 108,849
Kimax (log;o CFU/g/h) 0.118 0.028 0.128 0.05 0.15 0.044
H, 3.08 1.27 3.65 2.34 4.66 2.66
Csoy (mg/liter) 2.01 1.14 28.81 14.39 42.06 26.57
Initial condition® (CFU/g) 1,262 821.6 74.01 21.75 134.08 166.36

¢ Initial condition, fungal burden at the time of systemic drug administration.
> The heterozygous mutant is A15.

¢ The homozygous mutants include 36S, 22S, and 22S.

4 SD, standard deviation.
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FIG. 2. Effect of micafungin on the density of Candida albicans SC5314 wild type in the kidneys of mice as a function of time. (A) Controls;
(B) micafungin at 1 mg/kg administered at 5, 29, and 53 h; (C) micafungin at 5 mg/kg administered at 5, 29, and 53 h; (D) micafungin at 20 mg/kg
administered at 5, 29, and 53 h. Data are means * SDs. The solid line is the fit of the population mathematical model.

(data not shown), 1, or 5 mg/kg compared with that against
untreated controls (Fig. 3B and C), the administration of 20
mg/kg resulted in rapid fungicidal activity (Fig. 3D).

Inoculation of the homozygous mutants resulted in an initial
estimated fungal density in the kidney of log,, CFU/g 2.13
(Fig. 4A). All 3 mutants exhibited logarithmic growth, with
some tailing of growth toward the end of the experimental
period and an overall estimated maximal rate of growth of 0.13
log unit per hour. The estimated fungal burden after 77 h was
log,, CFU/g 5.23 (Fig. 4A), which was comparable to that of
the heterozygote but lower than that of the wild type. There
was no demonstrable antifungal effect for micafungin following
administration of 0.1 mg/kg (data not shown) or 1 or 5 mg/kg
(Fig. 4B and C) against any of the three homozygous mutants,
but there was marginal activity following the administration of
20 mg/kg/day (Fig. 4D).

The differential activity of micafungin against the wild type
and the heterozygous and homozygous mutants can be further
appreciated from the mean parameter estimates for Csg,
which is the concentration of micafungin in the kidney result-
ing in a half-maximal rate of cell kill (Table 2). The individual
Bayesian estimates from the various strains are displayed using
box plots (Fig. 5).

Humanization of murine pharmacokinetics. A regimen ad-
ministered to mice that simulated the mean concentration-
time profile for humans receiving 100 mg (Fig. 6A) who were
also infected with the wild type resulted in suppression of
fungal growth (Fig. 6B). In contrast, however, the same hu-
manized regimen, when administered to the heterozygote and
the homozygous mutants, did not result in any predicted clin-
ical antifungal activity (Fig. 6C and D, respectively). A regimen
administered to mice that simulated the mean concentration-
time profile for humans receiving 400 mg (Fig. 7A) and in-
fected with the wild type resulted in rapid fungicidal activity.
The same humanized regimen had no effect on humans in-
fected with the heterozygote or homozygous mutants (Fig. 7C
and D, respectively).

Survival. The survival of mice infected with the various C.
albicans strains and treated for 3 dosages of micafungin at 20
mg/kg is shown in Fig. 8. There was 100% survival of mice
infected with the wild type for at least 14 days postinoculation.
In contrast, there was a statistically significant decline in the
fraction of surviving mice infected with the mutant strains. The
rates of survival of mice infected with isolates 36S, 22S, and
20S (homozygous mutants) and treated with three dosages of
20 mg/kg i.p. were 10, 50, and 60%, respectively. The survival
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FIG. 3. Effect of micafungin on the density of Candida albicans SC5313 A15 heterozygous mutant in the kidneys of mice as a function of time.
(A) Controls; (B) micafungin at 1 mg/kg administered at 5, 29, and 53 h; (C) micafungin at 5 mg/kg administered at 5, 29, and 53 h; (D) micafungin
at 20 mg/kg administered at 5, 29, and 53 h. Data are means = SDs. The solid line is the fit of the population mathematical model.

of mice infected with isolate Al5 (heterozygous mutant)
treated with three dosages of 20 mg/kg i.p. was 50%.

DISCUSSION

The echinocandins are first-line agents for the treatment of
disseminated candidiasis (15). Their fungicidal activity, paucity
of drug interactions, and wide therapeutic index facilitate their
use in critically ill patients with this disease. Increasingly, how-
ever, there are reports of isolates with reduced echinocandin
susceptibility, which usually occurs in the context of prolonged
therapy and at sites where drug penetration may be compro-
mised (e.g., esophagus, respiratory tract, and abdomen) (20).
Under these circumstances, cross-resistance between other
echinocandin agents is frequently observed (2).

The molecular mechanism of reduced susceptibility for the
majority of isolates has been defined and is related to nonsyn-
onymous nucleotide substitutions in the gene FKSI, which
encodes the putative echinocandin target, Fksl (17). Amino
acid substitutions occur in two well-defined areas within the
target protein: (i) hot spot 1, which is an 8-amino-acid region
between Phe641 and Asp648, and (ii) hot spot 2, at amino acid
positions 1345 to 1365 (17). The in vitro echinocandin expo-
sure-response relationships can be defined using partially pu-
rified glucan synthase with tritiated substrate (17). The con-

centration of drug that produces half-maximal inhibition of
enzyme activity (50% effective concentration [ECs]) in glucan
synthase assays from Fks1 mutants is several orders of magni-
tude higher than that for the wild type (17). Importantly, how-
ever, the enzyme complex can still be ultimately inhibited by
high drug concentrations (17). Because the echinocandins have
such wide therapeutic ratios, a clinically relevant question is
whether any Fks1 mutant can be treated with either a conven-
tional or an elevated dosage of drug.

The pharmacokinetic-pharmacodynamic analyses in this
study suggest that infections with the wild type can be treated
with micafungin at 100 mg/day, which is consistent with clinical
experience. In contrast, a variety of amino acid substitutions
(i.e., proline [P], phenylalanine [F], and tyrosine [Y]) for the
serine residue at position 645 within Fks1 render these strains
untreatable in the kidneys of mice even with the use of dosages
of micafungin as high as 20 mg/kg. This murine dosage corre-
sponds to a human dosage of ~1,165 mg/day, which is signif-
icantly more than the currently employed 100 to 150 mg/day
and the highest reported human dosage of 900 mg/day (21).
Our bridging study suggests that the concentrations of mica-
fungin that are required to have any antifungal effect are sig-
nificantly in excess of those used in currently approved regi-
mens. Our results suggest that Candida albicans isolates with
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FIG. 4. Effect of micafungin on the density of Candida albicans SC5314 36S, 20S, and 22S homozygous mutants in the kidneys of mice as a function
of time. (A) Controls; (B) micafungin at 1 mg/kg administered at 5, 29, and 53 h; (C) micafungin at 5 mg/kg administered at 5, 29, and 53 h;
(D) micafungin at 20 mg/kg administered at 5, 29, and 53 h. Data are means = SDs. The solid line is the fit of the population mathematical model.

amino acid substitutions in Fksl at Ser645 should be deemed
resistant and that this applies to both homozygous and
heterozygous strains.

Our results confirm a view that echinocandin breakpoints
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FIG. 5. Box-and-whisker plots for the Bayesian estimates of Cs, for
the wild type, heterozygote, and homozygous mutants. The median
(range) values for the wild type, heterozygous mutant, and homozygous
mutants are 2.14 mg/liter (0.93 to 8.63 mgl/liter), 26.24 mg/liter (5.86 to
49.99 mg/liter), and 39.46 mg/liter (13.57 to 125.87 mg/liter), respectively.

should be set to exclude the vast majority of Fks1 mutants. The
CLSI originally defined isolates with MICs of =2 mgj/liter to be
susceptible at a time when experience with resistant isolates
was relatively limited and there was a desire not to categorize
C. parapsilosis as nonsusceptible (19). More recently, concern
has been expressed that these breakpoints may be too high
because of reports that some Fks1 mutants have MICs that are
currently classified as susceptible. For example, a recent study
of both wild-type and Fks1 mutants revealed that some of these
Fks1 mutants have MICs that overlap the tail of the wild-type
distribution (i.e., have MICs that are within a mode and 2
doubling dilutions) (2). These findings have prompted CLSI to
propose a downward revision of breakpoints for all three echi-
nocandin agents, and this process is under way (see www.clsi
.org). The EUCAST committee is currently formulating echi-
nocandin breakpoints, and a final decision will be available in
the near future.

Our study also has implications for critically ill patients re-
ceiving echinocandins who have breakthrough Candida infec-
tion. An increasing clinical conundrum is the interpretation of
a Candida isolate that has grown in the context of prolonged
echinocandin therapy. While there may be a number of expla-
nations for this phenomenon (e.g., a retained infected catheter
or an unresolved deep focus of infection), the emergence of
drug resistance is an increasing concern. Our results indicate
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FIG. 6. Predicted outcomes for humans receiving micafungin at 100 mg/day who are infected with the various strains used in the murine
experiments. (A) Humanization of micafungin in the mouse. Micafungin has been administered in silico to a mouse every 12 h to simulate the mean
concentration-time profile of micafungin in the serum for humans receiving 100 mg/day. The dashed line represents the 2.5th and 97.5th centiles
for the population. (B) Predicted antifungal effect of the humanized regimen for the wild type. The broken line represents the growth in untreated
hosts. (C) Predicted antifungal effect of the humanized regimen for the heterozygous mutant. (D) Predicted antifungal effect of the humanized

regimen for the mutant strains.

that echinocandin therapy is contraindicated for Ser645 Fksl
mutants. Because the prior probability of an Fksl mutation is
much higher in an echinocandin-exposed patient, clinical mi-
crobiology laboratories require a rapid and accurate way of
determining the genotype to inform the decision on further
echinocandin therapy. This is probably best achieved by se-
quencing both hot-spot regions in Fksl. While this is techni-
cally straightforward, it may not be always possible or practical,
especially for smaller regional laboratories. In these cases,
alternative phenotypic approaches may suffice, and potential
approaches might include (i) measuring an MIC with 50%
serum (9) and (ii) testing isolates against anidulafungin using
epidemiological cutoff values until breakpoints that exclude
resistant mutants have been established (2, 18). Regardless,
there are increasing concerns that the MIC may not be a
universally reliable tool to screen for echinocandin resistance
and may not always provide correct information to guide ap-
propriate antifungal therapy for critically ill patients.

A number of additional factors deserve further discussion
and future study: (i) we studied relatively few strains, and
further preclinical and clinical studies are warranted; (ii) the
exposure-response relationships of Candida albicans isolates

with amino acid substitutions at positions other than Ser645
are not known but could be readily determined using the in
vivo-to-clinical bridging methods used in this study; in the
absence of specific experimental pharmacokinetic-pharmaco-
dynamic and/or clinical data, the most conservative approach is
to classify these isolates as resistant, but this may ultimately
prove to be too conservative; (iii) the PK-PD relationships of
the other echinocandins against Candida albicans with Fksl
substitutions need to be defined; (iv) the consequences of
analogous substitutions in Fksl in other species such as Can-
dida glabrata need to be determined; (v) the response of iso-
lates with elevated echinocandin MICs without substitutions in
Fks1 is of interest and could also be determined using the same
methods used in this study; and (vi) we used a well-validated
model of disseminated candidiasis using the fungal burden in
the kidney as the pharmacodynamic readout. We acknowledge
that the pharmacodynamic relationships may be different for
Candida infections at other sites (e.g., bloodstream and brain)
and that this could be addressed in future studies.

Finally, this study demonstrates the advantages of using
modern pharmacokinetic-pharmacodynamic modeling tech-
niques in combination with molecular microbiology to address
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FIG. 7. Predicted outcomes for humans receiving micafungin at 400 mg/day who are infected with the various strains. (A) Humanization of
micafungin in the mouse. Micafungin has been administered in silico to a mouse every 12 h to simulate the mean concentration-time profile of
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(B) Predicted antifungal effect of the humanized regimen for the wild type. The broken line represents the growth in untreated hosts. (C) Predicted
antifungal effect of the humanized regimen for the heterozygous mutant. (D) Predicted antifungal effect of the humanized regimen for the mutant

strains.

clinically relevant questions. The bridging component of our
study enables the experimental data to be firmly placed in a
clinical context. The question of echinocandin activity against
Fks1 mutants is extremely difficult to answer from clinical trial
data because of the paucity of resistant isolates and confound-
ing by other factors that may also have an impact upon clinical

100
—a—A15
5 75 ] —a— 36S
2z ™ J.—]_ ——225
% l—’ ——20S
= 9 ——SC5314
§ 20mg/kg
& 259 ?cafngln
c L) L) L} L) L] L) L)

234567551'01'1
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FIG. 8. Survival of mice infected with the wild type (SC5314) and
the Candida albicans mutant strains. All mice received three dosages
of micafungin at 20 mg/kg administered at 5, 29, and 53 h postinocu-
lation. The survival in mutants was statistically different from that in
the wild type (P < 0.05; Kruskall-Wallis test).

0o 1

outcome (e.g., age, APACHE II score, management of deep
infectious foci, and timing of initiation of therapy). Well-de-
signed clinically relevant laboratory animal models and math-
ematical modeling techniques can and should be used to in-
vestigate many remaining questions related to antifungal drug
resistance and derivation of in vitro susceptibility breakpoints.
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