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ABSTRACT In vitro pharmacokinetic/pharmacodynamic data of liposomal amphoter-
icin B (L-AMB) were compared with animal data from neutropenic and nonneutro-
penic models of azole-susceptible and azole-resistant invasive aspergillosis. L-AMB
was equally effective. The in vitro fCmax (maximum concentration of free drug)/MIC
ratio associated with 50% of maximal activity was 0.31 (0.29 to 0.33), similar to that
in neutropenic but not nonneutropenic mice (0.11 [0.06 to 0.20]). Simulation analysis
indicated that standard L-AMB doses (1 to 3 mg/kg) are adequate for nonneutro-
penic patients, but higher doses (7.5 to 10 mg/kg) may be required for neutropenic
patients for Aspergillus fumigatus isolates with MICs of 0.5 to 1 mg/liter.

KEYWORDS Aspergillus fumigatus, azole resistance, dose optimization, liposomal
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The pharmacodynamics (PD) of liposomal amphotericin B (L-AMB) remain rela-
tively poorly understood because of complex pharmacokinetics (PK) that im-

pede the in-depth comprehension of its exposure-response relationship (1). Al-
though high L-AMB doses up to 15 mg/kg have been used (2), in the absence of a
clinical dose-response relationship a dose of 3 mg/kg is generally recommended for
the treatment of invasive aspergillosis (IA) (1), with an end-of-treatment favorable
response of �40% for probable/proven cases (3). However, neutropenia may affect
the clinical response to L-AMB therapy (4). We therefore studied L-AMB PD in an in
vitro PK/PD model using previously published data of experimental aspergillosis in
neutropenic and nonneutropenic animal models and optimized L-AMB therapy simu-
lating human serum concentration-time profiles against azole-susceptible and azole-
resistant Aspergillus fumigatus isolates in neutropenic and nonneutropenic patients.

Two clinical A. fumigatus isolates, a wild-type strain (AZN8196) and an azole-resistant
strain harboring the TR34/L98H cyp51A mutation (V52-35) (5), with voriconazole/AMB
CLSI MICs of 0.125/0.25 and 2/0.25 mg/liter, respectively, were studied (6). The MIC of
L-AMB was 0.125 mg/liter for both isolates (6). A previously optimized two-
compartment dialysis/diffusion closed PK/PD model was used (7, 8). L-AMB was injected
in both compartments of the model every 24 h, while the external compartment was
covered with aluminum foil to minimize light exposure and placed on a heated (37°C)
magnetic stirrer. Drug levels were determined using a microbiological agar diffusion
assay as previously described (8). For the preparation of calibration standard samples,
stock solution of L-AMB was diluted 1:1 with methanol, heated for 10 min at 65°C to
disrupt the liposomes, and then diluted further in RPMI medium (serial 2-fold dilutions)
to obtain final concentrations of 8 to 0.015 mg/liter AMB (9). Internal-compartment (IC)
samples were treated similarly. Plates were incubated for 24 h, and the diameter of the
partial-growth (80%) inhibition zone (fine growth was ignored) was measured because
this endpoint gave the largest analytical sensitivity. Because of nonlinearity between
inhibition zones and L-AMB concentrations of �1 mg/liter, IC samples with expected

Citation Siopi M, Mouton JW, Pournaras S,
Meletiadis J. 2019. In vitro and in vivo exposure-
effect relationship of liposomal amphotericin B
against Aspergillus fumigatus. Antimicrob
Agents Chemother 63:e02673-18. https://doi
.org/10.1128/AAC.02673-18.

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Joseph Meletiadis,
jmeletiadis@med.uoa.gr.

Received 3 January 2019
Returned for modification 24 January 2019
Accepted 23 March 2019

Accepted manuscript posted online 8 April
2019
Published

EXPERIMENTAL THERAPEUTICS

crossm

June 2019 Volume 63 Issue 6 e02673-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

24 May 2019

https://doi.org/10.1128/AAC.02673-18
https://doi.org/10.1128/AAC.02673-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:jmeletiadis@med.uoa.gr
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02673-18&domain=pdf&date_stamp=2019-4-8
https://aac.asm.org


drug levels of �1 mg/liter were first diluted so that the measured concentration would
be in the linearity range of the assay. L-AMB was used for the drug assay to quantify all
forms of AMB released from L-AMB in the IC (e.g., on contact with fungi, natural release
during incubation, preexisting AMB in the vial of clinical formulation). However, inhi-
bition zones of pure AMB using a 100% inhibition endpoint were the same as those of
L-AMB using an 80% inhibition endpoint, although lower concentrations were detected
in the L-AMB bioassay. The area under the galactomannan index (GI)-time curve (AUCGI)
was determined as a surrogate marker of fungal growth as previously described (10). All
experiments were carried out in duplicate and were independently performed on two
different days.

The in vitro PK/PD model was evaluated using the previously published in vivo
results of nonneutropenic and neutropenic murine models of disseminated aspergil-
losis (11, 12), where mice were infected with the two A. fumigatus strains used in the
present study and treated intravenously with seven 4-fold-increasing L-AMB doses of
0.004 to 16 mg/kg once daily for 14 days. Based on previous PK studies in neutropenic
CD-1 mice, intravenous 10 and 3 mg/kg L-AMB resulted in peak serum total concen-
trations (tCmaxs) of 47.1 and 15.7 mg/liter, respectively, indicating a 1:5 dose:tCmax ratio
for this dose range (9). The same ratio was used for nonneutropenic mice because
neutropenia does not affect L-AMB PK (13). Thus, 4-fold-increasing L-AMB tCmaxs of 0.02
to 80 mg/liter were targeted in the in vitro PK/PD model simulating the biphasic
time-concentration profile observed in mouse serum (9, 14). The in vitro exposure-
response relationship (percentage growth inhibition versus fCmax [maximum concentration
of free drug]/MIC) after 72 h of incubation was compared with the in vivo exposure-
response curve (percentage survival versus fCmax/MIC) after 14 days of treatment using the
extra sum-of-squares F test. Survival data were normalized to span from 0% survival in
drug-free controls to 100%. The in vivo fCmax was calculated on the basis of the unbound
fraction (fu) of AMB in human serum (15). Total AMB in serum of L-AMB-treated subjects was
largely liposome associated in steady state, and the percentage of protein binding (PB) of
nonliposomal AMB was concentration dependent, following the equation PB � 95.3% �

(99.5% � 95.3%) � (1 � e0.11 · total AMB) with a maximum fu the limit of AMB water solubility
of �0.8 mg/liter (15). Data were analyzed using nonlinear regression analysis based on the
sigmoidal Emax (maximum effect) model with variable slope described previously (7, 8) with
GraphPad Prism 7.0 (GraphPad Software, San Diego, CA). Exposure indices associated with
20% (EI20), 50% (EI50), and 80% (EI80) of maximal activity were also estimated.

To bridge the in vitro data with human PK, Monte Carlo simulation analysis was
performed using the Normal random number generator function of Excel spreadsheet
(MS Office 2007) for 5.000 patients treated with the standard intravenous dosage of
3 mg/kg of L-AMB once daily. In particular, this dosage resulted in a steady-state
mean � standard deviation (SD) tCmax in human plasma of 21.87 � 12.47 mg/liter,
which corresponds to an fCmax of 0.19 � 0.11 mg/liter based on concentration-
dependent fu of L-AMB in human serum estimated as described above (15, 16). The
probability of target attainment (PTA) was calculated for isolates with AMB MICs of 0.03
to 8 mg/liter. In order to find which are the most clinically relevant EIs, the cumulative
fractional responses (CFRs) were estimated for a previously published AMB MIC distri-
bution of clinical A. fumigatus isolates, with an MIC range of 0.03 to 8 mg/liter and 70%
of isolates having MICs of 0.5 to 1 mg/liter (17), and for the standard L-AMB dose of
3 mg/kg previously used for the primary therapy of probable/proven IA in a random-
ized trial (3). The PTA using the best EI was then calculated for A. fumigatus isolates,
with CLSI AMB MICs ranging from 0.008 to 8 mg/liter and for L-AMB doses of 1, 3, 5, 7.5,
and 10 mg/kg with steady-state tCmax � SD (fu; fCmax � SD) of �10.94 � 6.24 (1.7%;
0.19 � 0.11), 21.87 � 12.47 (0.86%; 0.19 � 0.11), �43.74 � 24.94 (0.53%; 0.23 � 13, as-
suming close to linear PK for this dose range), 115.1 � 104.9 (0.5%; 0.56 � 0.52), and
164.7 � 119.7 (0.5%; 0.82 � 0.60) mg/liter, respectively (2, 18). To account for adverse
events (nephrotoxicity and hypokalemia) that may cause discontinuation of L-AMB
therapy and worsen clinical outcome, adjusted PTA (adjPTA) and CFR (adjCFR) were
calculated as PTA � PTA � % patients with adverse events and CFR � CFR � % patients
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with adverse events, respectively, where the percentage of adverse events was �2%,
15%, 20%, 25%, and 30% for 1, 3, 5, 7.5, and 10 mg/kg, respectively (2, 4, 19). In addition,
the percentage of patients with fCmax higher than the plasma solubility of AMB
(�0.8 mg/liter) (15), indicating unnecessary exposure, was calculated for each L-AMB
dose.

A biphasic time-concentration profile of L-AMB was simulated in the in vitro model
attaining the target Cmaxs and half-life at � phase (t1/2,�, �2 h) but longer t1/2,� (�24 h).
After 72 h of incubation, galactomannan production was completely suppressed in
both isolates by L-AMB regimens of fCmaxs �0.32 mg/liter. The in vitro PK/PD relation-
ship for the two A. fumigatus isolates followed a sigmoidal pattern (R2 � 0.99), with
mean (95% confidence interval [CI]) EI20, EI50, and EI80 of 0.24 (0.22 to 0.26), 0.31 (0.29
to 0.33), and 0.40 (0.34 to 0.46) fCmax/MIC and 2.5 (2.2 to 2.8), 3.6 (3.3 to 4), and 5.3 (4.1
to 6.7) fAUC0-24/MIC, respectively. The in vitro exposure-galactomannan suppression
relationship was similar to the in vivo exposure-survival relationship of the neutropenic
animal model (R2 � 0.96) (Fig. 1). The in vitro EI50 and slope (95% CI) were 0.31 (0.29
to 0.33) and 5.4 (3.03 to 7.80), similar to the in vivo EC50 and slope of 0.33 (0.25 to 0.36)
and 2.06 (1.11 to 3.09), respectively (extra sum-of-squares F test, P � 0.77). No
differences were found in the exposure-effect relationship between the two A. fumiga-
tus isolates. The in vivo exposure-survival relationship in the nonneutropenic animal
model followed a sigmoidal pattern (R2 � 0.85), with means (95% CI) of EI20, EI50, EI80,
and slope of 0.011 (0.003 to 0.038), 0.11 (0.06 to 0.20), 1.06 (0.35 to 3.24), and 0.61 (0.35
to 0.88), respectively (Fig. 1).

Based on Monte Carlo simulation analysis, the CFRs and adjCFRs for EI80, EI50, and
EI20 were 34%, 46%, and 59% and 29%, 39%, and 50%, respectively, using the in vitro
PK/PD targets that correlated with the PK/PD targets in neutropenic mice. Thus, the CFR
and adjCFR for EI50 were better correlated with the 40% favorable response at the end
of treatment (2 weeks) of (mostly neutropenic) patients with proven/probable cases of
IA treated with 3 mg/kg of L-AMB in a large randomized clinical trial (3). The propor-
tions of neutropenic and nonneutropenic patients attaining the corresponding EI50

targets of 0.31 and 0.11 fCmax/MIC, respectively, are shown in Fig. 2. High PTAs (�80%)
were found for 1 and 3 mg/kg for isolates with MICs up to 0.25 mg/liter in neutropenic
patients and 1 mg/liter in nonneutropenic patients (Fig. 2). The PTAs increased slightly
(�16%) with the 5-mg/kg dose for both groups of patients. In neutropenic patients,
high CFRs (�81%) were found for isolates with MICs of 0.5 and 1 mg/liter, with 7.5 and
10 mg/kg, respectively. However, because of 20% and 30% adverse events with those
doses, respectively, the adjCFR reached only 60%, whereas 20% to 40% of patients will

FIG 1 In vitro and in vivo PK/PD relationship based on galactomannan suppression and survival rate of
experimental nonneutropenic (12) and neutropenic (11) murine models of aspergillosis. In vitro PK/PD
relationship was similar to in vivo PK/PD relationship in neutropenic animal model.
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be exposed to doses that cannot increase the fu of AMB because of the water-solubility
limit of 0.8 mg/liter (15). In nonneutropenic patients, the CFR was high (90% to 100%)
for all L-AMB doses, including 1 mg/kg, for which the highest adjCFR (88%) was found
compared with those at higher doses (70% to 76%).

Although the in vitro model was validated using animal data from a model of
disseminated aspergillosis rather than a model of pulmonary aspergillosis, which is the
most frequent clinical entity, previous studies have shown that the efficacy of L-AMB is
similar in these two models, reaching maximal efficacy at �10 mg/kg daily (20, 21). The
in vitro exposure-response relationship was very similar to the in vivo exposure-
response relationship in neutropenic mice (Fig. 2), validating the link between in vitro
L-AMB concentrations measured with the bioassay and the in vivo free concentration-
dependent fu of AMB calculated based on the total (mainly liposomal in steady state)
AMB in serum. However, more complex PK phenomena (dose-dependent tissue distri-
bution, concentration-dependent tissue binding, time-dependent tissue accumulation,
equilibrium among the different AMB forms in interstitial fluid) cannot be excluded.

In vivo, AMB is present as liposome-associated, protein-bound, and free drug, and it
is believed that liposome-associated AMB serves as a pool of the other forms of AMB
but can also exert antifungal activity by delivering AMB directly to fungal cell mem-
branes (1). The biologically active drug is the free drug together with the AMB released
on L-AMB contact with fungi, and this might have been the AMB concentration that
was measured with bioassay and exerted its antifungal activity in the in vitro model.
This may explain the 2-fold-lower MICs of L-AMB compared with MICs of AMB of the
isolates in the present study. However, because of spatial and diffusion restrictions in
vivo, the free fu of AMB that diffuses from blood and is released from tissue L-AMB to
interstitial fluid is probably exerting the most direct antifungal activity (15). L-AMB in
tissues may serve as delivery system that sequesters AMB in interstitial fluid rather than
directly into cell membrane of fungi. Indeed immunohistochemistry staining showed
that L-AMB was found locally at the sites of infection in the brain but not in close
proximity to fungal hyphae (22). In addition, peak L-AMB concentrations in tissue are

FIG 2 Probabilities of target attainment of liposomal amphotericin B (L-AMB) monotherapy for A. fumigatus isolates with different CLSI
AMB MICs and different L-AMB doses in simulated neutropenic and nonneutropenic patients (top). Cumulated fractional response
(CFR) adjusted based on adverse events (adjCFR) in simulated neutropenic and nonneutropenic patients (bottom).
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usually only 10% of serum concentrations in mouse lung and kidney after i.p. treat-
ment, although accumulation does occur, with tissue trough levels being twice the
serum trough levels after 5 days of i.v. treatment (9, 14). Tissue binding of L-AMB in
mouse lung, kidney, and liver was estimated to be 1% to 10% (14). In human lungs,
autopsy studies showed similar levels (16 h after the last dose on day 10) (23) compared
with previously reported serum trough concentrations with the standard dose (16).
However, in those studies, tissue homogenates were used where blood and tissue
compartments were mixed. Although the bioavailable AMB concentration in tissues
(i.e., fu and liposome-associated AMB that reach the fungus in interstitial space) is not
known, the low PK/PD index found in the present study and the low response rates
found in clinical trials and animal models with the standard dose cannot be explained
by the high total or liposome-associated AMB concentration in blood or tissues.
Therefore, free AMB is pharmacodynamically more important than total L-AMB con-
centration, particularly in deep-tissue fungal infections like invasive aspergillosis.

The in vitro PK/PD index for L-AMB is higher than the corresponding index for
conventional AMB (C-AMB) previously found in the same model (0.31 versus 0.15) (24),
indicating that higher L-AMB than C-AMB concentrations are required for the same
effect. A similar observation was found in an in vitro static model of human alveoli and
in animal models, indicating that some of the active compound is locked in the
liposome, rendering it inert (25, 26). Interestingly, the PK/PD index of L-AMB deter-
mined in the present study (tCmax/MIC, 31, taking into account the �1% fu) was similar
to the PK/PD index determined in the static model (tCmax/MIC, 31.04) in the alveolar
compartment where conidia were inoculated and drug diffused into it from the
endovascular compartment via the endothelial/alveolar cell lines. This further supports
our hypothesis that the in vitro model assesses the PD of bioactive diffusible AMB.
C-AMB reaches higher free-drug AMB concentrations than L-AMB on a milligram-per-
kilogram basis, but its dose-limited nephrotoxicity does not allow for increasing C-AMB
doses �1 mg/kg, whereas up to 15 mg/kg of L-AMB has been used with significant
toxicity (�20%), observed at doses of �5 mg/kg (2).

L-AMB was equally active against azole-resistant isolates, which align with results in
animal models (11) and clinical recommendations for treating azole-resistant aspergil-
losis (27). Monte Carlo analysis in the present study showed that 1- and 3-mg/kg doses
provide similar PTAs. With the caveat of nonlinear L-AMB PK, despite the 2-fold-higher
tCmax attained with 3- versus 1-mg/kg doses (22 versus 11 mg/liter, respectively), the
unbound AMB value was similar (�0.19 mg/liter) because of the different protein
binding (99.14% versus 98.3%, respectively). Indeed, in one of the first clinical trials of
L-AMB against IA, the 1-mg/kg L-AMB dose was equally effective to a 4-mg/kg L-AMB
dose (clinical response, 64% versus 48%; radiological response, 58 versus 54%, respec-
tively) (4). In that study, the low-dose arm had shorter neutrophil recovery time (14
versus 24 days, respectively) and lower renal toxicity (1% versus 11%, respectively),
which might influence clinical outcome. Based on the Monte Carlo analysis of the
present study using the nonneutropenic PK/PD target, the adjCFR was higher for the
1-mg/kg dose than for other doses. In neutropenic patients, higher doses up to
10 mg/kg could attain the PD target for almost all wild-type isolates.

These findings are in line with those of animal experiments, where the efficacy of
L-AMB was suboptimal in neutropenic mice with �30% 14-day survival at the standard
dose of 3 mg/kg (21) and �60% at 10 to 15 mg/kg (28), whereas 1 to 4 mg/kg L-AMB
in nonneutropenic mice resulted in 80% survival against isolates with MICs of 0.5 to
1 mg/liter (29). However, high L-AMB doses are associated with a high percentage of
adverse events that usually worsen clinical outcome and can result in drug discontin-
uation. When this toxicity was taken into account, the adjCFR increased only slightly at
high doses (up to 60% to 65%, as in animal models). Indeed, clinical trials with high
doses (�4 mg/kg) failed to show superiority over lower doses (�3 mg/kg) (3, 4). Given
the large PK variation (60% with the standard dose [16] and �76% with higher doses
[2]) and the narrow therapeutic index, high L-AMB doses may be of benefit for only a
subset of neutropenic patients with suboptimal concentrations (e.g., tCmax, �30, �15,
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and �7.5 mg/liter for isolates with MICs of 1, 0.5, and 0.25 mg/liter, respectively, based
on the findings of the present study). Finally, given the water-solubility limit of AMB at
0.8 mg/liter (15), the PK/PD target of 0.31 fCmax/MIC could not be attained for isolates
with MICs of �2 mg/liter, justifying the clinical susceptibility breakpoint for AMB and A.
fumigatus. Higher L-AMB doses would not further increase free AMB because of the
water-solubility limit, with 20% and 40% of patients treated with 7.5 and 10 mg/kg,
respectively, attaining unnecessary drug exposures. Such exposure may be necessary
for tissue compartments where L-AMB penetration is poor, e.g., in myocardium and
brain (23), although animal models of central nervous system and pulmonary infections
showed that high doses (�10 mg/kg) are not more effective (28, 30).

In conclusion, the results of the in vitro PK/PD model were comparable to the
outcomes of L-AMB therapy in vivo in a neutropenic murine model of experimental
aspergillosis and in patients with IA. Given the limited treatment options for azole-
resistant IA, our results showed that L-AMB has a role in the management of azole-
resistant A. fumigatus infections because its efficacy against the wild-type isolate and
the isolate harboring the azole resistance mechanism was similar. Simulation analysis
indicated that a lower than the standard L-AMB dose may be sufficient for nonneutro-
penic patients without difficult-to-treat infections when toxicity prohibits the use of the
standard dose or a step-down dose-reduction approach on neutrophil recovery. How-
ever, a higher-than-standard dose may be required, particularly in patients with pro-
found and prolong neutropenia infected with isolates with AMB MICs of 0.5 to
1 mg/liter when low serum L-AMB levels are expected. This hypothesis warrants further
clinical verification.
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