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Although amphotericin B-azole combination therapy has traditionally been questioned due to potential antagonistic interac-
tions, it is often used successfully to treat refractory invasive aspergillosis. So far, pharmacodynamic (PD) interactions have been
assessed with conventional in vitro tests, which do not mimic human serum concentrations and animal models using limited
doses. We therefore simulated the human serum concentration profiles of amphotericin B and voriconazole in an in vitro dialy-
sis/diffusion closed pharmacokinetic-pharmacodynamic (PK-PD) model and studied the pharmacodynamic interactions against
an azole-resistant and an azole-susceptible Aspergillus fumigatus isolate, using Bliss independence and canonical mixture re-
sponse surface analyses. Amphotericin B dosing regimens with the drug administered every 24 h (q24h) were combined with
voriconazole q12h dosing regimens. In vitro PK-PD combination data were then combined with human PK data by using Monte
Carlo analysis. The target attainment rate and the serum concentration/MIC ratio were calculated for isolates with different
MICs. Synergy (20 to 31%) was observed at low amphotericin B-high voriconazole exposures, whereas antagonism (—6 to
—16%) was found at high amphotericin B-low voriconazole exposures for both isolates. Combination therapy resulted in 17 to
48% higher target attainment rates than those of monotherapy regimens for isolates with voriconazole/amphotericin B MICs of
1 to 4 mg/liter. Optimal activity was found for combination regimens with a 1.1 total minimum concentration of drug in serum
(#C in)/MIC ratio for voriconazole and a 0.5 total maximum concentration of drug in serum (¢C,,,,,)/MIC ratio for amphotericin
B, whereas the equally effective monotherapy regimens required a voriconazole ¢C,,;,/MIC ratio of 1.8 and an amphotericin B
tC,,../MIC ratio of 2.8. Amphotericin B-voriconazole combination regimens were more effective than monotherapy regimens.
Therapeutic drug monitoring can be employed to optimize antifungal combination therapy with low-dose (=0.6 mg/kg) ampho-

tericin B-based combination regimens against resistant isolates for minimal toxicity.

I nvasive aspergillosis is a serious life-threatening complication in
immunocompromised patients. The main pathogen is Aspergil-
lus fumigatus (1). The poor prognosis, the unsatisfactory response
to first-line treatment, and the emergence of resistance among
clinical isolates have raised interest in the use of combination ther-
apy as an alternative therapeutic approach in an attempt to in-
crease antifungal efficacy, particularly against difficult-to-treat in-
fections (2). The combined use of antifungal compounds that
belong to different pharmacological classes and possess different
mechanisms of action is an attractive approach. Combination an-
tifungal therapy may increase the extent and rate of pathogen
killing even in difficult-to-treat anatomical sites of infections,
lower the risk of acquired resistance, shorten the recovery time,
reduce undesirable side effects by using smaller drug doses, over-
come the problem of subtherapeutic drug levels, and expand the
antifungal spectrum to cover mixed infections (3). However, there
are risks which may outweigh the value of combination therapy
and limit its use, such as a reduced efficacy due to antagonistic
interactions, increasing toxicity with the use of both drugs, and the
higher cost of treatment, especially when new compounds are
combined (4).

The use of an amphotericin B (AMB)-azole combination has
traditionally been questioned due to potential antagonistic inter-
actions, as azoles inhibit the biosynthetic pathway of the main
sterol of the cell membrane, ergosterol, which is involved in the
action of amphotericin B (5). However, successful treatment was
reported in several individual cases and in a retrospective case
series study which concluded that a polyene-azole combination is

July 2015 Volume 59 Number 7

Antimicrobial Agents and Chemotherapy

not clinically antagonistic (6). Furthermore, preclinical studies
showed various interactions, ranging from synergy to antagonism,
depending on the technical and analytical methodology used for
in vitro testing (7) and on the neutropenic status, mode of infec-
tion, doses, administration route, and time of dosing in animal
models (8). Animal models show significant differences from hu-
mans in the pharmacokinetics (PK) of antifungal agents (distri-
bution, protein binding, and concentration-time profiles) and the
pathophysiology of fungal infections (9), while conventional in
vitro combination testing using the microdilution checkerboard
method does not simulate the changing serum concentration pro-
files of drugs in combination. In vitro pharmacokinetic-pharma-
codynamic (PK-PD) models may help in the study of pharmaco-
dynamic interactions of combination therapy regimens at
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clinically relevant drug exposures and allow researchers to infer
useful conclusions about the benefit of combination therapy (10).

We recently developed an in vitro dialysis/diffusion closed
PK-PD model that reliably simulated AMB and voriconazole
(VOR) pharmacokinetics in human serum and correlated with
in vivo outcomes observed in animal models and clinical trials
(11, 12). We therefore applied this model to simulate the hu-
man serum pharmacokinetics of amphotericin B and voricona-
zole administered concomitantly, at the standard dosages of 1
mg/kg of body weight and 4 mg/kg of body weight, respectively,
and to study the pharmacodynamic interactions against azole-
susceptible and -resistant Aspergillus fumigatus. Target serum
levels of combination therapy regimens were determined for
isolates with different MICs, opening a new field of therapeutic
drug monitoring and optimization of combination antifungal
therapy.

MATERIALS AND METHODS

Test organism. Two isolates with different susceptibilities to voricona-
zole and amphotericin B were tested: the azole-susceptible A. fumigatus
strain NIH 4215 (ATCC no. MYA-3626), with amphotericin B/vori-
conazole CLSI MICs of 1/0.5 mg/liter (called strain AFM4215 in this
study); and the azole-resistant A. fumigatus strain v5235, with ampho-
tericin B/voriconazole CLSI MICs of 0.25/2 mg/liter (called strain
AFM5235 in this study). The isolates were stored in normal saline with
10% glycerol at —70°C until the study was performed. Prior to testing,
they were revived by subculturing twice onto Sabouraud dextrose agar
(SDA; bioMérieux) at 30°C for 5 to 7 days. Each inoculum was pre-
pared in sterile saline with 1% Tween 20, conidia were counted on a
Neubauer hemacytometer in order to obtain a final concentration of
10° CFU/ml, and the count of the inoculum was affirmed each time by
culturing serial dilutions on SDA plates.

Antifungal drugs and medium. Laboratory-grade standard powders
of amphotericin B (MP Biomedicals, LLC, Solon, OH) and voriconazole
(Pfizer Inc., Groton, CT) were dissolved in sterile dimethyl sulfoxide
(DMSO) (Carlo Erba Reactifs-SDS, Val de Reuil, France), and stock so-
lutions were stored at —70°C until the day of the experiment. The me-
dium used throughout was RPMI 1640 medium (with L-glutamine, with-
out bicarbonate) (AppliChem, Darmstadt, Germany) buffered to pH 7.0
with 0.165 M MOPS (morpholinepropanesulfonic acid) (AppliChem,
Darmstadt, Germany) and supplemented with 100 mg/liter chloram-
phenicol (AppliChem, Darmstadt, Germany).

In vitro PK-PD model. A previously optimized two-compartment
PK-PD dialysis/diffusion closed model was used (11, 13). The model con-
sists of an external compartment (EC) comprised of a conical flask con-
nected to a peristaltic pump and an internal compartment (IC) comprised
of a 10-ml semipermeable cellulose dialysis tube (Spectra/Por Float-A-
Lyzer G2; Spectrum Laboratories Inc., Breda, The Netherlands) inocu-
lated with a conidial suspension. The in vitro system has been adapted to
accommodate two drugs with different half-lives, thus enabling the study
of drug combinations. Repeated samplings of 200 pl were made from the
IC and stored at —70°C until the drug concentrations (100 pl) and galac-
tomannan (GM) levels (100 pl) were determined.

In vitro pharmacokinetics. Voriconazole and conventional ampho-
tericin B serum concentration-time profiles were simulated in the in vitro
PK-PD model, with a half-life of 6 h for voriconazole and half-lives of 2 h
and 12 h for the alpha and beta elimination phases, respectively, of am-
photericin B. Twenty-one different combination regimens, including
monotherapies and a drug-free control, were investigated to simulate var-
ious maximum concentrations of the free, unbound fraction of drug in
serum (fC,,,,,) for voriconazole and amphotericin B (7.2, 3.4, 1.7, 0.8, and
0.4 mg/liter and 2.4, 0.6, 0.3, 0.1, 0.05, 0.025, and 0.012 mg/liter, respec-
tively). For the azole-resistant AFM5235 strain, selected combinations
were tested, with voriconazole fC,, ., values of 14, 7, and 3.4 mg/liter and
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amphotericin B fC, ., values of 0.3, 0.1, and 0.05 mg/liter. The time-
concentration profiles included the profiles observed in human serum
with standard voriconazole and amphotericin B dosing regimens of 4
mg/kg and 1 mg/kg, respectively, and were expanded to cover high con-
centrations that will help to characterize the full exposure-effect relation-
ship. After inoculation of the IC with Aspergillus conidia, voriconazole
and amphotericin B were injected into both compartments of the model
alone and in combination every 12 h and 24 h, respectively. The EC was
covered with aluminum foil in order to minimize light exposure and
placed on a heated magnetic stirrer (37°C) for 72 h. At the beginning of,
during, and at the end of each experiment, the temperature and flow rate
were measured to ensure that they were at the expected values. Drug levels
were measured using microbiological agar diffusion assays as previously
described (11, 12). A concentration-time curve was generated for each
simulated dose and analyzed by nonlinear regression analysis, using one-
and two-compartment models for voriconazole and amphotericin B,
respectively, as described by the equations C, = C, X e * *  and
C, = C,xe %Xt + C,Xe %!, where C, (dependent variable) is the con-
centration of drug at a given time ¢ (independent variable), C, is the
concentration of the drug at 0 h, C, and C, are the maximum concentra-
tions for the alpha and beta phases, respectively, e is the physical constant
2.718, and k is the rate of drug removal. The half-life was calculated using
the equation t,,, = 0.693/k and compared with the respective values ob-
served for human serum. Finally, the area under the dosing interval (7)
time-free drug concentration curve (fAUCT) was calculated for each sim-
ulated dosage by applying the trapezoidal rule. For each simulated dose of
amphotericin B and voriconazole, the fC, . /MIC and fAUC/MIC ratios,
respectively, were calculated.

In vitro pharmacodynamics. To estimate fungal growth and the
antifungal effect of each monotherapy and combination dosing regi-
men, 100-pl aliquots from inoculated dialysis tubes were sampled at
regular intervals for up to 72 h. The GM index levels were determined
in the 100-pl samples after adding 200- .l saline to reach a final volume
of 300 pl using a commercially available sandwich enzyme-linked im-
munoassay (Platelia Aspergillus EIA; Bio-Rad Laboratories), and a GM
index-time profile was constructed. Moreover, the area under the GM
index curve (AUC;) was determined as a surrogate marker of fungal
growth, as previously described (14). The percentage of growth inhibition
at each dose was calculated as follows: 1 — AUCg; pr/AUCg; > Where
AUC, py is the AUC; at a certain dose for drug monotherapies and their
combination, whereas AUC; g is the AUC; of the drug-free control.

Time-kill assays. In order to verify the observed in vitro interactions,
conidial suspensions (10> CFU/ml) of AFM4215 were incubated at 37°C
for 72 h in 50 ml of RPMI medium containing voriconazole or ampho-
tericin B alone or the respective combination regimens at the fC, ., values
used in the in vitro PK-PD model experiments. Because amphotericin B
degrades over time, reaching a 30% loss within 24 h, amphotericin B was
added to the test tubes every 24 h in order to compensate for this loss.
Drug levels were measured over the 72-h period by using the above-de-
scribed bioassays. At regular time points, the % viable conidia was calcu-
lated microscopically as the % germinated conidia. At high drug concen-
trations where no germinated conidia were present, the % viable conidia
was calculated using CFU counts after subculture of 250 wl on SDA plates
and incubation at 37°C for 48 h in duplicate. The lower limit of detection
was 4 CFU/ml, whereas average fungal loads as low as 12 CFU/ml could be
detected reproducibly, with an average coefficient of variation of 50% (35
to 70%).

Pharmacodynamic drug interaction analysis. In order to assess the
nature of in vitro interactions between voriconazole and amphotericin B,
the data were analyzed using the Bliss independence model (15). Bliss
independence is described by the equation E;, = E, X Ej for a certain
combination of two drugs, where E, and Ej, are the % fungal growth at x
dose of drug A and y dose of drug B alone, respectively, and E, is the
expected % fungal growth of a noninteractive (independent) theoretical
combination of the drugs. The difference (AE = E;, — Eqpg) between
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the expected and the experimentally observed (Eqgs) % growth values
describes the interaction of each combination of concentrations of the
two drugs. If AE was >0 (E;yp > Egps), then Bliss synergy was assigned,
whereas if AE was <0 (E;yp, < Egpg), Bliss antagonism was assigned. In
any other case, Bliss independence was claimed. For each combination,
the AE value was calculated, its statistical significance was determined by
Student’s ¢ test (P < 0.05), and the interaction was assessed as described
above (16).

Response surface modeling. The exposure response surface of all
voriconazole-amphotericin B combinations was modeled using the pre-
viously described modified canonical mixture nonlinear global response
surface E,,, -based model (17), which is described by the following set of

equations.
E= (Epax = B) X (U/Us)"/[1 + (U/Usp)™"] + B (1)

where E is the % growth corresponding to the total amount of units (U) of
a given combination. U is the total number of units (U ;3 + Uyog) for
any combination, where U, ;5 and Uy, are the potency units, calculated
as (fC,,. /MIC)/ELs, opp and (fAUC/MIC)/EL, yogs With El5, opp and
Els, vor being the exposure indices fC, ., /MIC and fAUC/MIC associ-
ated with 50% growth for amphotericin B and voriconazole, respectively.
For each combination, the relative potency units x of amphotericin B and
yofvoriconazole, calculated as U ,;5/U and Uy, /U, respectively, ranged
from 0 to 1 and, by definition, x + y = 1. E, ., is the maximum % growth
in the absence of any drug, and B is the minimum % growth for infinite
drug concentrations, given by the following equation:

B = ag)x + agyy + byoxy + cipxy(x — y) (2)
Us,, is the total amount of potency units producing 50% of E, ., — Band is
given by the following equation:
logUs = apx + apyy + bpxy + cpoxy(x = y) (3)
m is the slope and is given by the following equation:
M= ag X + Ay + Xy + cmpxy(x — y) (4)

Equations 2, 3, and 4 are full cubic canonical mixture polynomials
which describe B, logUs,, and m as functions of x and y. The coeffi-
cients a, b, and ¢ are model parameters for B (ag,, ag,> bg;,> and cg;,),
M (Ay,1> Amas D1 and ¢,,15), and Ug, (ap,, dp,» Uiy and cgpy,) and
were estimated from the data by regression analysis. In contrast to B,
logUs,, and m, E,,,, was not modeled as a function of x and y, because
all drugs at very low concentrations resulted in 100% growth. Because
the logarithms of the potency units were used, equation 1 was trans-
formed to the following:

E= (Epa — B)/[1 + 10C08Y50" gD ] 4 g (5)

Equation 5 together with equations 2, 3, and 4 was used to fit the global
model to the % fungal growth by using the nonlinear platform of
JMP5.0.1 software and was weighted with the inverse of the standard
deviation (SD) (SAS Institute, Cary, NC). The a,,,, a,,,, ap;, and ap,
values were set to the slopes and calculated from the individual exposure-
effect relationships of amphotericin B and voriconazole alone, whereas
the ay, and ag, values were set to 0, since there was no growth at high
exposures of amphotericin B and voriconazole alone. The goodness of fit
was checked with a variety of diagnostic parameters, such as R values,
analysis of variance, a lack-of-fit test, residual and leverage plot analysis, a
correlation matrix, and the standard errors of parameters. Parameters
with coefficients not statistically significantly different from 0 were re-
moved from the final model. Simpler models with fewer parameters were
compared statistically to complex models with more parameters by using
the F test. A P value of <0.05 indicates that the complex model had a
significantly better fit than the simpler model.

Monte Carlo simulation. In order to bridge the in vitro data with
human PK data, Monte Carlo simulation analysis was performed using
the normal random number generator function of Excel (MS Office 2007)
for 10,000 patients infected with A. fumigatus isolates with MICs of vori-
conazole and amphotericin B ranging from 0.25 to 4 mg/liter and treated
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with the standard intravenous dosage of 4 mg/kg of voriconazole twice
daily, 1 mg/kg of amphotericin B once daily, or both of them as a combi-
nation therapy regimen. For amphotericin B, this dosage resulted in a
steady-state total maximum concentration in human serum (tC,,,) of
2.83 = 1.17 mg/liter (18), which corresponds to a free maximum concen-
tration (fC,,,) of 0.14 = 0.06 mg/liter, based on the 95% protein binding
rate of amphotericin B previously found at this concentration (19). Be-
cause of the concentration-dependent protein binding of amphotericin B,
the protein binding rate at tC,,,. >5 mg/liter is >96% (19). For voricona-
zole, this dosage corresponded to a total tfAUC,_,, of 50.40 * 41.8 mg -
h/liter (20), while the fAUC,_,, was calculated on the basis of the 0.42
unbound fraction of voriconazole in human serum and was 21.2 = 17.6
mg - h/liter. We assumed that there was no pharmacokinetic interaction
between polyenes and azoles, as previously found (16). In order to esti-
mate the % fungal growth for each of the 10,000 simulated patients treated
with either the monotherapy regimens or the combination therapy regi-
mens, the above-described response surface model was used. The input
parameters for each simulated patient were the fC, /MIC ratio for am-
photericin B and the fAUC/MIC ratio for voriconazole, and the output
parameter was the % fungal growth for each particular patient. The % of
patients with <50% estimated fungal growth was calculated for each MIC
of amphotericin B and voriconazole alone and in combination. The
PK-PD target corresponding to 50% growth was previously found to be
associated with 6-week survival for voriconazole (11) and amphotericin B
(12), using the same in vitro PK-PD model.

Therapeutic drug monitoring. The required human serum levels
necessary to attain the clinically relevant in vitro exposure index El;,
were calculated in relation to the MIC of the infecting isolate. For that
purpose, the fC, . values for amphotericin B and the fC,;,, values for
voriconazole in monotherapy and combination therapy regimens were
determined for isolates with MICs ranging from 0.25 mg/liter to 4
mg/liter for both drugs by using equation 5, after determining the
best-fit parameters that described the entire exposure-effect surface.
Total drug concentrations (tC,,,, of amphotericin B and ¢C,;,, of vori-
conazole) were calculated on the basis of 95% and 58% protein bind-
ing rates, respectively (9, 19).

Statistical analysis. All data were analyzed using the statistics software
package GraphPad Prism, version 5.0, for Windows (GraphPad Software,
San Diego, CA). All experiments were carried out in duplicate and were
independently performed on two different days with individually pre-
pared inocula.

RESULTS

Pharmacokinetic analysis. The in vitro model simulated steady-
state human serum pharmacokinetics well. In particular, the ini-
tial fC,,,., values for both drugs in the IC were close to the target
values (maximum deviation, 18%), with average half-lives of 5.5
to 6.7 h for voriconazole and 0.2 to 1 h and 6 to 8 h for the
amphotericin B alpha and beta phases, respectively. Representa-
tive time-concentration profiles for both monotherapies are de-
picted in Fig. 1. Voriconazole dosages resulted in a mean fC,,,./
fCoin ratio of 4.1 (range, 3.3 to 5.2) and a mean fC,,./fAUC,_,,
ratio of 6.1 (range, 5.4 to 6.6). Similarly, the mean amphotericin B
fCrrax/fCrnin ratio was 8 (range, 5 to 11), and the mean fC, ./
fAUC,_,, ratio was 5.3 (range, 4.8 to 6.2).

Pharmacodynamic analysis. After 72 h of incubation, both
drugs alone completely inhibited fungal growth of AFM4215 and
AFM5234 at simulated doses with voriconazole fC, ., values of

=3.5 and 14 mg/liter, respectively, and amphotericin B fC, ., val-
ues of =0.3 mg/liter (Fig. 2). The GM index-time curves for se-
lected combination dosing regimens with inhibitory and nonin-
hibitory doses of amphotericin B and voriconazole are shown in
Fig. 3. For some combinations, the GM index was lower than those

for both monotherapy regimens (Fig. 3, left graphs), whereas for
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FIG 1 Representative time-concentration profiles for simulated human once-daily dosing regimens of amphotericin B and twice-daily dosing regimens of
voriconazole in an in vitro PK-PD model with target C,,,,, values of 2.4 and 1.7 mg/liter, respectively. Data represent drug levels in the internal compartment of
the in vitro model (solid lines) and the respective target values observed in human serum (broken lines).

others, the GM index was higher than that for the most effective  graphs). These GM index levels increased over time after the end
monotherapy regimen (Fig. 3, right graphs) or similar to those for ~ of the experiment, when drugs were not added to the in vitro
other monotherapy dosing regimens (not shown). Note that for model, in a dose-dependent pattern (Fig. 4). This dose depen-
some combinations, low GM indexes were observed (Fig. 3, right ~ dency was confirmed in time-kill studies. Combination regimens
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FIG 2 Invitro pharmacodynamics of amphotericin B (top graphs) and voriconazole (bottom graphs) against the azole-susceptible A. fumigatus isolate AFM4215
(right graphs) and the azole-resistant A. fumigatus isolate AFM5235 (left graphs).

3976 aac.asm.org Antimicrobial Agents and Chemotherapy July 2015 Volume 59 Number 7


http://aac.asm.org

Azole-resistant AFM5235
Bliss synergy= 26%

101
< -o— Drug-free control
3 8 . . - AMB fCmax=0.05 mg/L
‘e VOR fCmax=3.5 mg/L
g -e- AMB+VOR
g
E
o
k3]
)
©
(U]

0 12 24 36 48 60 72
Time (h)
Azole-susceptible AFM4215
Bliss synergy = 27%

101
x -e— Drug-free control
§ 8- — s e  -o AMB fCmax=0.025 mg/L
= VOR fCmax=1.7 mg/L
g 61 -e- AMB+VOR
:
s 4
g
w 2] B °
(U] -

op=acpo--poe

0 12 24 36 48 60 72
t (hours)

Optimizing Antifungal Combination Therapy

Azole-resistant AFM5235
Bliss antagonism=-9%

104
9 -o— Drug-free control
< s _ -o- AMB fCmax=0.3 mg/L
£ - —e
e VOR fCmax=14 mg/L
g 9 -e- AMB+VOR
£
5
g
w 2
o P °
P PP L
0 =% s T v T d
0 12 24 36 48 60 72
Time (h)
Azole-susceptible AFM4215
Bliss antagonism =-13%
5 Drug-free control
§ AMB fCmax=0.3 mg/L
= VOR fCmax=3.5 mg/L
s - AMB+VOR
§
£
o
S
o
©
(U]

time (hours)

FIG 3 Synergistic (left graphs) and antagonistic (right graphs) interactions of amphotericin B-voriconazole combinations against the azole-susceptible A.
fumigatus strain AFM4215 (bottom graphs) and the azole-resistant A. fumigatus strain AFM5235 (top graphs). The fC, ., and the Bliss interaction are shown for

each combination regimen.

with higher GM index levels in the in vitro model had higher
percentages of viable conidia than regimens with lower GM index
levels (Fig. 4).

Exposure-effect relationships. For amphotericin B, the
fC ax/ MIC relationship followed a sigmoid pattern (R* = 0.99)
with an El5, (95% confidence interval [CI]) of 0.137 (0.130 to
0.144), while for voriconazole, the fAUC,_,,/MIC relationship
followed a sigmoid curve (R* = 0.99) with an EI,, (95% CI) of
18 (16-20) for both the azole-susceptible and the azole-resis-
tant isolate (Fig. 5). These values are similar to those previously
determined using the same model with more isolates, indicat-
ing the excellent interexperimental reproducibility of the in

GM index and conidial viability
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vitro model (11, 12). The exposure-effect surface for all com-
bination regimens is shown in Fig. 6A. The surface is concave at
intermediate drug exposures, whereas it is convex at higher
drug exposures. The final model that describes the entire exposure-

effect surface is as follows: E (100 37xy)/{1 +
10[log(X+y+2412xy(x—y))—10g (UAMB+UVOR]X(—6.3x—2.7y—1&9xy)} + 37xy.

The reduced model with only five coefficients, namely, by, =
37 + 3.7, ¢, = 212 2 091, 4, = —6.8 * 2.9,a,, = —2.7 +
0.39,and b,,,;, = —18.9 = 7.9 (data are means =* standard errors
of the means [SEM]), described the entire response surface well
(Fig. 6A) (R* = 0.97). When the full model was compared with the

drug-free control, 100% viability at 24h

VOR 1.7mg/L+AMB 0.1mg/L, 60-67% viability at 24h

VOR 3.4mg/L+AMB 0.1mg/L, 52-59% viability at 24h
VOR 1.7mg/L+AMB 0.3mg/L, 38-48% viability at 24h
VOR 1.7mg/L+AMB 0.6mg/L, 25-29% viability at 24h

FIG 4 Dose-dependent nature of Bliss antagonism based on galactomannan (GM) index-time curves for the in vitro PK-PD model and % viable conidia at 24
h in time-kill studies against the azole-susceptible A. fumigatus strain AFM4215. Monotherapy regimens suppressed galactomannan production and killed

Aspergillus conidia more than combination regimens did.
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FIG 5 Invitro exposure-effect relationships of amphotericin B (left graph) and voriconazole (right graph) in an in vitro PK-PD model simulating human serum

concentrations. The lines for the exposure-effect relationship represent the regression lines obtained with the E

reduced model, the P value of the F test was 0.88, indicating that
the full model is not significantly better than the simple model.
The coefficients of variations of most parameters were <20%, and
most differences between predicted and observed values were
<10%. The prediction of the model was very close to the growth
observed for the azole-resistant isolate AFM5235 (r* = 0.97), with
<5% differences between predicted and observed values. For ex-
ample, for the combinations of voriconazole/amphotericin B with
fCinax values of 7/0.05 and 7/0.3 mg/liter, the model predicted
8.5% and 6.3% fungal growth, respectively, and it observed 10.9%
and 2.5% fungal growth, respectively.

Pharmacodynamic interactions. Most combination regimens
exerted antagonistic effects (mean, —10%; range, —6 to —16%).
These interactions were mainly observed at high drug exposures,
with voriconazole fAUC,,_,,/MIC ratios of =20.86 and amphoter-
icin B fC,,,/MIC ratios of =0.1, as shown in Fig. 6B. Synergy
(mean, 26%; range, 20 to 31%) was observed for a narrow range of
drug exposures, corresponding to voriconazole fAUC,_,,/MIC
ratios of 8.6 to 20.86 and amphotericin B fC,,,./MIC ratios of 0.05
to 0.1, whereas at lower drug exposures, with amphotericin B
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model. Error bars represent SD.
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fCrax/ MIC ratios of <0.05 and voriconazole fAUC,_,,/MIC ra-
tios of <8.6, antagonism (—12 to —15%) was found. Representa-
tive GM index-time curves for synergistic and antagonistic com-
binations are shown in Fig. 3. The antagonistic interactions were
found for combinations where the monotherapy regimens
were effective alone, with no galactomannan production, but
where galactomannan production was observed when the drugs
were combined (Fig. 3, right graphs). The synergistic interactions
were observed for combinations where neither of the mono-
therapy regimens was able to fully suppress galactomannan pro-
duction (Fig. 3, left graphs). Concentration-dependent interac-
tions were confirmed with time-kill studies (Fig. 7). For the
synergistic combination of AMB at 0.05 mg/liter and VOR at 0.8
mg/liter, the % viable conidia was lower than those for both
monotherapy regimens at all time points (Fig. 7A). For the antag-
onistic combination of AMB at 0.1 mg/liter and VOR at 3.4 mg/
liter, the % viable conidia of the combination regimen was higher
than that of the most effective monotherapy regimen of voricona-
zole at all time points (Fig. 7C). For the independent combination
of AMB at 0.6 mg/liter and VOR at 1.7 mg/liter, the % viable

B Bliss Interaction surface

% Bliss interactions

Amphotericin B

fCmax/MIC
Voriconazole

fAUCq 1,/MIC

FIG 6 Response surface (A) and interaction surface based on Bliss independence analysis (B) for the combination of amphotericin B plus voriconazole against
A. fumigatus AFM4215 in an in vitro PK-PD model simulating human serum concentration-time profiles. Arrows indicate clinically achievable drug exposures

in serum for isolates with MICs of 0.25 to 4 mg/liter.
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Bliss independent combination
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FIG 7 Time-kill curves for selected amphotericin B-voriconazole combinations which were Bliss synergistic, independent, and antagonistic against the azole-
susceptible A. fumigatus AFM4215 isolate in the in vitro model. Error bars represent SD.

conidia was similar to those for the combination and mono-
therapy regimens (Fig. 7B).

The concentration-dependent interactions shown in Fig. 6B
were observed within the drug-exposure range achieved in human
serum. In order to calculate the net effect of such complex inter-
actions and to determine which patients will benefit from combi-
nation therapy with standard dosing regimens of amphotericin B
and voriconazole for isolates commonly implicated in these infec-
tions, we performed a Monte Carlo analysis.

Monte Carlo analysis. The results of Monte Carlo analysis of the
monotherapy and combination regimens are shown in Table 1.

More than 83% target attainment was observed for combination
regimens for isolates with voriconazole MICs of =0.25 mg/liter
and amphotericin B MICs of =0.5 mg/liter (Table 1, underlined
data). Combination therapy against these isolates marginally
(<10%) increased the % target attainment of monotherapy regi-
mens. For isolates with voriconazole/amphotericin B MICs of 0.5
to 1/1 mg/liter and 0.5/2 to 4 mg/liter, combination therapy re-
sulted in 75 to 87% target attainment rates, whereas the corre-
sponding rates for monotherapy regimens were 41 to 72% (Table
1, data shown in bold). For isolates with voriconazole/amphoter-
icin B MICs of =4/=2 mg/liter, the % target attainment rate was

TABLE 1 PK-PD target attainment rates associated with 6-week survival in 10,000 simulated patients infected with A. fumigatus isolates with
various MICs of voriconazole and amphotericin B and treated with 1 mg/kg amphotericin B or 4 mg/kg voriconazole monotherapy or combination

therapy”
T i %) for isol ith vori le MIC of:
Drug and MIC Target attainment rate (%) for arget attainment rate (%) for isolates with voriconazole MIC o
(mg/liter) AMB alone 0.25 mg/liter 0.5 mg/liter 1 mg/liter 2 mg/liter 4 mg/liter
VOR alone 80 72 49 9 0
Amphotericin B
0.25 97 100 99 9 98 97
0.5 90 98 98 97 94 91
1 41 90 87 82 69 48
2 0 84 76 69 41 6
4 0 83 75 66 31 1

“ Underlining indicates isolates for which the % target attainment was =83% for combination therapy regimens and marginally (<10%) higher than those for monotherapy
regimens. Bold values indicate isolates for which the % target attainment was 75 to 87% for combination therapy regimens and up to 4 to 33% higher than those for monotherapy
regimens. Shading indicates isolates for which the % target attainment was =6% for combination therapy regimens.
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Els, isobologram for serum levels
of combination therapy

Voriconazole tCmin/MIC
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Amphotericin B tCmax/MIC

FIG 8 Isobologram for total serum level/MIC ratios for voriconazole and
amphotericin B in combination that attain the PK/PD target EI5,. Concave
(white circle) and convex (black circle) parts of the curve represent synergistic
and antagonistic interactions, respectively. However, any set of values are
equally effective. The gray circles represent the serum level/MIC ratios for
drugs alone, and the white circle represents the combination with the lowest
drug concentrations, corresponding to a voriconazole tC, ;. /MIC ratio of 1.1

min’

and an amphotericin B tC,,, /MIC ratio of 0.5, considering 58% and 95%
protein binding, respectively, or to a voriconazole fC, ;,/MIC ratio of 0.46 and
an amphotericin B fC, . /MIC ratio of 0.025. For amphotericin B fC, ., >0.1

mg/liter, tC,,,,, should be calculated using protein binding rates >96% de-

pending on the concentration of fC,.,,, as previously described (19).

very low (=6%) for both monotherapy and combination therapy
regimens (Table 1, shaded cells). For the remaining isolates, with
voriconazole/amphotericin B MICs of 1 to 2/2 to 4 mg/liter and 2
to 4/1 mg/liter, although most combination regimens resulted in
17 to 48% higher target attainment rates than those for the corre-
sponding monotherapy regimens, the % target attainment for
these isolates was <70% (Table 1, nonhighlighted cells). This in-
dicates that therapeutic drug monitoring will be required for these
isolates, since only a subset of patients (31% to 69%) will benefit
from combination therapy.

Therapeutic drug monitoring. The serum concentration/
MIC ratios for amphotericin B and voriconazole required for
combination therapy to attain the El5, are shown in the isobolo-
gram in Fig. 8. A specific isolate could be treated efficiently with
high concentrations of each drug alone (gray circles) or any set of
serum levels of both drugs depicted by the line of the isobologram.

The lowest concentrations that could be targeted without reduc-
ing efficacy were 1.1 tC,,;,/MIC for voriconazole and 0.5 tC,, ../
MIC for amphotericin B (Fig. 8, white circle). Low voriconazole
serum concentration/MIC ratios should be avoided because of the
potential antagonistic interactions with amphotericin B, in which
case higher amphotericin B concentrations would be required to
produce the same effect as that with monotherapy regimens (black
circle). The target voriconazole and amphotericin B serum levels
required to attain the El are presented in Table 2 for isolates with
different MICs.

Voriconazole tC,,,;, values of >5.5 mg/liter and amphotericin
B tC,,. values of >1 mg/liter should be avoided because of toxic-
ity problems (Table 2, shaded numbers) (21, 22). Thus, combina-
tion therapy may reduce toxicity associated with monotherapy
regimens employed for the treatment of isolates with amphoteri-
cin B MICs of =0.5 mg/liter and voriconazole MICs of =4 mg/
liter. Targeting the concentrations presented in Table 2, the El5,
can be attained for isolates with amphotericin B and voriconazole
MICs of up to 2 and 4 mg/liter, respectively, without significant
toxicity, considering that there is no toxicological interaction be-
tween amphotericin B and voriconazole. Although there are no
clinical trials addressing the toxicological interaction between
polyenes and azoles, safety data from case reports do not indicate
increased adverse events in patients treated with these combina-
tions (23-25).

DISCUSSION

Concentration-dependent interactions were found for simulated
serum concentration-time profiles of amphotericin B and vori-
conazole administered concomitantly. Synergy was observed at
low amphotericin B-high voriconazole exposures, and antago-
nism was seen at high amphotericin B-low voriconazole expo-
sures. By bridging in vitro PK-PD combination data with human
pharmacokinetics, the combination of standard doses of vori-
conazole (4 mg/kg) and amphotericin B (1 mg/kg) resulted in
higher target attainment rates than those for monotherapy regi-
mens, particularly for isolates with voriconazole/amphotericin B
MICs of 1 to 4 mg/liter. The pharmacodynamic target was at-
tained for combination regimens with serum concentration/MIC
ratios of 1.1 tC,,;,/MIC for voriconazole and 0.5 tC,,,./MIC for
amphotericin B, whereas the equally effective monotherapy regi-

TABLE 2 Target total serum levels for therapeutic drug monitoring of voriconazole-amphotericin B combination therapy in relation to the MIC of

the infecting isolate®

Amphotericin B 1C,

Amphotericin B tC,

' nax/VoTiconazole tC,.,;." for isolates with a voriconazole MIC of:

a
max /

Drug and MIC (mg/liter) voriconazole tC, ;" 0.25 mg/liter 0.5 mg/liter 1 mg/liter 2 mg/liter 4 mg/liter 8 mg/liter
Voriconazole 0/0.45 0/0.9 0/1.8 0/3.6 0/7.2 0/14.4
Amphotericin B

0.25 0.7/0 0.125/0.275 0.125/0.55 0.125/1.1 0.125/2.2 0.125/4.4 0.125/8.8

0.5 1.4/0 0.25/0.275 0.25/0.55 0.25/1.1 0.25/2.2 0.25/4.4 0.25/8.8

1 2.8/0 0.5/0.275 0.5/0.55 0.5/1.1 0.5/2.2 0.5/4.4 0.5/8.8

2 9.3/0 1/0.275 1/0.55 1/1.1 1/2.2 1/4.4 1/8.8

4 >10/0 2/0.275 2/0.55 2/1.1 2/2.2 2/4.4 2/8.8

“The tC,,,, value was calculated by dividing fC

max DY 0.05, 0.03, and 0.01, the free fractions of amphotericin B at tC,,, <5, 5 to 10, and >10 mg/liter concentrations, respectively

(19). Amphotericin B trough levels can be calculated by dividing the tC,,,;,, by 8, since the tC,,,,,/trough ratio found in the present and other clinical studies is approximately 8.

b The tC,,,;,, value was calculated by dividing fC,,;, by 0.42, the free fraction of voriconazole.

¢ Underlined numbers correspond to concentrations associated with toxicity. The first row and column correspond to target values of voriconazole and amphotericin B

monotherapy regimens, respectively.
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mens required a voriconazole ¢tC,;,/MIC ratio of 1.8 and an am-
photericin B ¢tC,,,,,/MIC ratio of 2.8. These approximately 2- and
6-fold reductions in the PK-PD parameters of voriconazole and
amphotericin B, respectively, when combined, allowed attain-
ment of the El;, for isolates with voriconazole/amphotericin B
MICs of up to 4/2 mg/liter with lower concentrations than those
required for monotherapy regimens to efficiently treat the same
isolates, thus minimizing toxicity. Consequently, therapeutic
drug monitoring of antifungal combination therapy can be em-
ployed in order to increase its efficacy, using Fig. 8 as a guidance
chart. Because the MIC of the pathogen is usually not known,
combination therapy can be optimized using local epidemiologi-
cal MIC data, and predictions can be made using the MIC,,, cov-
ering most A. fumigatus isolates.

The concentration-dependent nature of amphotericin B-azole
interactions is supported by the mechanisms of action of the com-
ponent drugs. Voriconazole inhibits ergosterol biosynthesis by
blocking the C,,-alpha-demethylation of lanosterol, resulting in
depletion of ergosterol from the cell membrane (26). Amphoter-
icin B interacts with ergosterol of the cell membrane and, at high
concentrations (>0.1 mg/liter), forms transmembrane aqueous
pores, causing an increase in the permeability of the membrane,
rapid leakage of cytoplasmic components, and, eventually, cell
death (27), whereas at lower concentrations (<0.1 mg/liter), am-
photericin B interacts with phospholipids of the cell membrane
without the direct involvement of sterol molecules strongly influ-
encing the membrane environment (28, 29). The action of am-
photericin B at low concentrations may provide greater access to
azoles in the intracellular space, leading to increased inhibition of
the enzymes of ergosterol biosynthesis (30). Thus, the polyene-
azole synergistic interactions at low concentrations of amphoter-
icin B can be interpreted as a consequence of increased inflow
and/or ineffective outflow of the azole. Since ergosterol is not in-
volved in this step, the inhibition of its biosynthesis by the azole
does not antagonize the action of the polyene. In contrast, at high
concentrations of amphotericin B, where hydrophilic pores are
created, the presence of ergosterol is important. Thus, at these
concentrations, the azole antagonizes the action of the polyene by
depleting ergosterol from the fungal membrane. This dual mode
of action was previously described for Leishmania spp. (31),
whereas the concentration-dependent interaction of amphoteri-
cin B and an azole was previously found for Aspergillus fumigatus
(32). Although in the latter study weak synergistic and strong an-
tagonistic interactions were found using the standard microdilu-
tion checkerboard technique, with constant drug concentrations
over time, in the present study the synergistic interactions were
stronger than the antagonistic ones, indicating an enhancement of
synergy and diminishment of antagonism at clinically relevant
drug concentrations.

The in vivo interaction of amphotericin B-azole combination
therapy in animal models of invasive aspergillosis showed mainly
indifferent or antagonistic interactions (33). However, most ex-
periments were carried out with various azoles and using a narrow
range of (usually high) doses of amphotericin B which are associ-
ated with antagonism, as found in the present study. Regarding
amphotericin B-voriconazole combination, in two models of in-
vasive pulmonary aspergillosis, in guinea pigs and mice, no statis-
tically significant difference was found in survival rates between
monotherapy and combination therapy (34, 35). A possible expla-
nation is that the high doses of amphotericin B resulted in in-
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creased drug levels, which, according to the results of the present
in vitro study, are associated with independent or weakly antago-
nistic interactions. In a recent study, the combination of voricona-
zole with a suboptimal dose (0.3 mg/kg) of amphotericin B im-
proved the efficacy (100% mouse survival) of the respective
monotherapies in a murine model of Aspergillus fumigatus infec-
tion (36). The combination of voriconazole with a subtherapeutic
dose (1 mg/kg), but not a higher dose (10 mg/kg), of liposomal
amphotericin B resulted in increased effectiveness (100% survival
and significant reductions of fungal burdens in the kidneys and
brain) compared to monotherapy in a murine model of central
nervous system aspergillosis (37). In both the latter studies, am-
photericin B was used at suboptimal doses, resulting in low am-
photericin B concentrations which are associated with synergistic
interactions, as we found in the present report. Although sequen-
tial therapy with amphotericin B followed by voriconazole may
resemble concomitant combination therapy with low doses of
amphotericin B and standard doses of voriconazole because of the
long half-life of amphotericin B, the investigation of these inter-
actions requires another experimental design.

Given the absence of a controlled clinical trial evaluating the
efficacy of amphotericin B-azole combination for the treatment of
invasive aspergillosis, the only available clinical data are derived
mainly from retrospective studies and case reports. In a retrospec-
tive study of patients treated with lipid formulations of amphoter-
icin B alone or with itraconazole, the response to amphotericin B
alone (10%) was not significantly higher than that to combination
therapy (0%) (38). The combination of standard dosages of lipid
formulations of amphotericin B and itraconazole may have re-
sulted in high amphotericin B concentrations, which are associ-
ated with independent or weakly antagonistic interactions based
on the present study, assuming that the pharmacodynamic inter-
actions with lipid formulations of amphotericin B are the same as
those with conventional amphotericin B. In contrast, in another
retrospective study with patients treated with conventional am-
photericin B alone or with itraconazole, 82% of patients who re-
ceived combination therapy were cured or showed improvement,
compared to 50% of those who received only amphotericin B (23).
Since in the latter study most patients in the combination arm
completed therapy with itraconazole alone, it is very likely that the
low amphotericin B concentrations that persist in serum after dis-
continuation of amphotericin B therapy (39) interacted synergis-
tically with the azole, as found in the present study. Interestingly,
the Monte Carlo simulation analysis showed a similar increase in
the target attainment rate (41% for amphotericin B monotherapy
versus 87% for combination therapy) for frequently observed iso-
lates with amphotericin B and voriconazole MICs of 1 and 0.5
mg/liter, respectively. Although individual cases do not provide
information on the nature of an interaction, successful outcomes
have been reported for patients treated with liposomal amphoter-
icin B and voriconazole (24, 25, 40).

The only randomized clinical trial of amphotericin B-azole
combination therapy was against candidemia, and it showed an
improved treatment success with an amphotericin B-fluconazole
combination using a lower-than-standard dose of conventional
amphotericin B (0.6 mg/kg) (41). Monte Carlo analysis also
showed an improvement of the target attainment rate for ampho-
tericin B-voriconazole combination therapy against aspergillosis
in the present study. The validity of this approach was recently
shown for amphotericin B and voriconazole monotherapies
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against aspergillosis (11, 12). The target values of 1.8 X MIC for
trough levels of voriconazole and 2.8 X MIC for amphotericin B
peak concentrations for maximal activity observed in the present
study were indeed found to be associated with maximal efficacy of
monotherapy regimens in clinical and animal studies (42,43). The
latter target values are reduced 2- and 6-fold, respectively, in com-
bination therapy, minimizing the potential for toxicity, particu-
larly for amphotericin B, whose toxicity often results in discontin-
uation of therapy. Although the exposure-effect relationship of
amphotericin B nephrotoxicity is not well defined, dosing regi-
mens with a tC,,,, of 1.5 mg/liter were associated with significant
increases of creatinemia (>18 mg/liter) and drug discontinuation
(36%) compared to dosing regimens with a tC,,, of 1 mg/liter, for
which no discontinuation was observed in HIV-infected patients
(22). Similar and higher rates of nephrotoxicity have been re-
ported for doses of 0.6 to 1 mg/kg, which usually result in serum
total C,,, values of >1 mg/liter (39, 44). Amphotericin B neph-
rotoxicity (>30%) was found to be associated with total doses of
>(.5 g after a mean duration of therapy of 14 days, which corre-
sponds to a daily dose of >0.6 mg/kg (45). Thus, atotal C,,, of >1
mg/liter should be avoided because of the associated significant
toxicity. Combination therapy can achieve this target for isolates
with amphotericin B and voriconazole MICs of up to 2 and 4
mg/liter, respectively, as opposed to amphotericin B mono-
therapy, which can be used to treat isolates with MICs of up to 0.25
mg/liter with minimal toxicity (Table 2).

Patients treated with the standard doses of amphotericin B and
voriconazole usually have low voriconazole exposures and high
amphotericin B exposures. Based on the present findings, these
exposures will result in independent and weakly antagonistic in-
teractions. The latter may not be clinically significant because they
are of alow magnitude (<<10% Bliss antagonism) (Fig. 6) and will
require a small increase of amphotericin B exposure, from 2.8 to
2.9 tC,,../MIC (Fig. 7), to compensate for the loss of antifungal
efficacy due to antagonism. Thus, for combinations with low vori-
conazole and high amphotericin B exposures, the effect will be
similar to the effect of amphotericin B monotherapy. The low-
grade antagonism at the low voriconazole-high amphotericin B
exposures that are usually observed in patients, together with the
high-grade synergy at high voriconazole-low amphotericin B ex-
posures that are seldom found in patients treated with standard
doses of amphotericin B-voriconazole combination therapy, may
result in a net improved treatment success, in agreement with the
higher target attainment rates for combination therapy regimens
than for monotherapy regimens found in the present study.

This balance between antagonism and synergy could be shifted
toward synergy by therapeutic drug monitoring of amphotericin
B and voriconazole to attain 0.5 tC,;,/MIC and 1.1 ¢tC,,,./MIC
ratios in serum, respectively. Considering that low-dose (=0.3
mg/kg) amphotericin B regimens can reach tC,,,,s of up to 0.6
mg/liter (46) and were safely and effectively used for prophylaxis
of transplant patients (47, 48), these ratios can be obtained with
low doses of amphotericin B in combination with the standard
dose of voriconazole (4 mg/kg). The latter combination regimen
will be associated with a reduced nephrotoxicity and can be used
to treat isolates with amphotericin B/voriconazole MICs of up to
1/4 mg/liter, whereas for isolates with MICs of up to 2/4 mg/liter,
ahigher dose (0.6 mg/kg) should be combined with standard vori-
conazole doses, although this gives an increased risk for toxicity. A
pilot clinical study with close monitoring of serum levels could test
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the low-dose amphotericin B-based combination regimens in or-
der to show whether they are safe and effective and offer an alter-
native therapeutic approach against A. fumigatus isolates, includ-
ing resistant isolates.
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