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ABSTRACT VL-2397, a novel, systemic antifungal agent, has potent in vitro and in
vivo fungicidal activity against Aspergillus species. Plasma concentrations from a
phase 1 study were used to construct a population pharmacokinetic (PPK) model for
VL-2397. Healthy subjects aged 18 to 55 years received single doses of VL-2397,
ranging from 3 to 1,200 mg, multiple daily doses of 300, 600, or 1,200 mg for 7 days,
or 300 mg three times/day for 7 days followed by 600 mg daily for 21 days. Plasma
samples were collected throughout the dosing intervals. Sixty-six subjects provided
1,908 concentrations. Drug concentrations over time were increased less than dose
proportionally for doses above 30 mg. Dose-normalized concentrations plotted over
time did not overlap. A 3-compartment nonlinear saturable binding model fit the
data well. Clearance increased with dose, and mean values ranged from 0.4 liters/h
at 3 mg to 8.5 liters/h at 1,200 mg. Mean volume in the central compartment ranged
from 4.8 to 6.9 liters across doses. In the first 24 h, once-daily dosing results in a
rapid decrease in concentrations by hour 16 to approximately 1 mg/liter, regardless
of dose, with slow clearance over time. Administration of 300 mg every 8 h achieved
concentrations above 1 mg/liter over an entire 24-h period. There was a significant
relationship between body surface area and clearance. The data suggest that VL-
2397 has nonlinear saturable binding kinetics. Protein binding is the likely primary
source of the nonlinearity. The PPK model can now be used to optimize dosing by
bridging the kinetics to efficacious pharmacodynamic targets.

KEYWORDS VL-2397, aspergillosis, nonlinear kinetics, population pharmacokinetics,
saturable binding kinetics

Invasive aspergillosis (IA) is a rapidly life-threatening fungal disease (1). There has
been a progressive expansion of anti-Aspergillus agents in recent years. Nevertheless,

suboptimal therapeutic outcomes are still relatively common and result at least in part
from antifungal drug resistance, drug toxicity, drug-drug interactions, and pharmaco-
kinetic (PK) variability (2, 3). Hence, there is an urgent need to develop new antifungal
agents with novel mechanisms of action (MOA).

VL-2397 is a natural product isolated from Acremonium persicinum (strain MF-
347833) that exhibits potent in vitro and in vivo activity against medically important
Aspergillus species (4, 5). VL-2397 is a hexapeptide with a molecular weight of 915.4 Da
(5). The complex structure resembles ferrichrome, which is a siderophore that chelates
iron via the siderophore transporter Sit1 (Fig. 1). The intracellular target that is ulti-
mately responsible for antifungal activity is not known (5, 6). Mammalian cells do not
utilize the Sit1 siderophore transporter (7), which is one potential explanation for
differential activity in fungi and animals.
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VL-2397 is a polar molecule having a hydropathy value of �7.6. It is formulated in
D5W at 1.2 mg/ml, which is below the maximum solubility concentration of 1.5 mg/ml.
Mass balance studies in rats showed that �95% of a VL-2397 dose of 8 mg/kg of body
weight could be recovered unmetabolized in the urine and feces 168 h after adminis-
tration. The kidney was the major organ of accumulation, with no significant accumu-
lation observed in the brain.

VL-2397 demonstrates rapid (within the first 2 to 4 h) and potent in vitro fungicidal
activity (MIC90 values of �2 mg/liter) against Aspergillus fumigatus (including triazole-
resistant A. fumigatus), A. terreus, A. flavus, A. nidulans, Candida glabrata, C. kefyr,
Cryptococcus neoformans, and Trichosporon asahii. The agent demonstrates limited in
vitro activity (MIC90 values of �8 mg/liter) against Fusarium solani and does not appear
to be active (MIC90 values of �16 mg/liter) against A. niger, Candida spp. (with the
exception of C. glabrata and C. keyfr), Mucorales, Scedosporium apiospermum, and
Fonsecaea pedrosoi. Live cell imaging suggests that VL-2397 causes arrest of hyphal
elongation (6). VL-2397 causes dose-dependent prolongation of survival and reduction
in fungal burden in the lung of immunocompromised mice with invasive pulmonary
aspergillosis (8).

A first-in-human phase I clinical trial with VL-2397 (VL2397-101) has been completed
and is described elsewhere. Here, we describe the population PK (PPK) of VL-2397 in
normal healthy subjects. These data and population PK models provide one of the
critical steps for defining safe and effective regimens for patients with IA.

RESULTS
Study population. Sixty-six healthy subjects from 11 cohorts contributed data for

analysis. The median age, body mass index (BMI), and body surface area (BSA) were
43 years (range, 21 to 55 years), 26.7 kg/m2 (range, 20.1 to 30 kg/m2), and 1.85 m2

(range, 1.52 to 2.43 m2), respectively. The majority of patients were male (44; 66.7%)
and Caucasian (53; 80%). All subjects completed the dosing schedules as planned
except for 2 subjects from multiple-ascending-dose (MAD) cohort 10 (1,200 mg), who
were discontinued early due to adverse events after 1 and 2 dosages, respectively.

Assessment of plasma concentrations versus time. A total of 1,908 plasma
concentrations were collected. The drug concentrations over time did not increase
proportionally with dose. Figure 2 shows plots of the first 24 h for cohorts 1 to 11 in the
first 24 h on both a linear and semilogarithmic scale. Within the first 16 h, the concen-
trations for the once-daily doses were at or below 1 mg/liter and remained at this level
through the rest of the dosing interval. This suggested a rapid and saturable distribu-
tion phase. Figure 3 shows the plasma concentration versus time for each patient after
normalizing each by the daily dose. There was minimal overlap of these plots, sug-
gesting nonlinearity, especially above dosages of 30 mg per day.

Population pharmacokinetic modeling. A nonlinear saturable binding model with
3 compartments fit the data well. The structural model is illustrated in Fig. 4. Visual
inspection of the observed versus posterior predicted concentrations after the Bayesian
step was acceptable. The coefficient of determination (r2) was 0.987 with a slope of 1.01

FIG 1 Chemical structure of VL-2397. Abbreviations: C, carbon; O, oxygen; H, hydrogen; N, nitrogen; Al,
aluminum.
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FIG 2 VL-2397 plasma concentration versus time over the first 24 h after dosing for all cohorts on a linear
(upper) and semilogarithmic (lower) scale. Mean values (�standard deviations [SD]) for each time point at
each dosage level are represented by the symbols and bars above and below each symbol. Milligram doses
are represented in the graph. MD, multiple dose; TID, dosing three times a day; QD, once-daily dosing.
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FIG 3 Dose-normalized plasma concentration versus time by cohort. (Upper) Dose-normalized
concentrations over the first 24 h for cohorts 1 to 11. (Middle) Dose-normalized concentrations over time

(Continued on next page)
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(95% confidence interval [CI], 1 to 1.01) for the linear regression of the observed versus
predicted mean concentrations (Fig. 5). Measures of bias and imprecision were also
acceptable (�0.124 and 1.04, respectively). Individual plots for the observed-predicted
concentrations over time showed reasonable predictions by the model. The final
estimates of the model parameters are summarized in Table 1. The area under the
plasma concentration-time curve (AUC) for each dose cohort is summarized in Table 2.
As illustrated by the dose-normalized plots, AUC did not increase in a proportional
manner. Clearance increased with dose, and mean values ranged from 0.4 liters/h at
3 mg to 8.5 liters/h at 1,200 mg. Mean volume in the central compartment ranged from
4.8 to 6.9 liters across doses.

Assessment of covariates. Figures 6 and 7 illustrate the relationship of age, weight,
BMI, and BSA to clearance and volume, respectively. The only covariate relationship
found to be significant was BSA on clearance. Clearance decreased with increasing BSA
(95% confidence interval for the slope was �10.19 to �1.61) (Fig. 6). There was no
relationship between sex and race on clearance or volume (P � 0.5).

DISCUSSION

VL-2397 is a systemic antifungal agent that is being developed for the treatment of
invasive aspergillosis. This compound is one of the few agents in development with a
novel mechanism of action that may have the potential to overcome some of the
limitations of currently licensed agents. Noncompartmental analysis of the phar-
macokinetic data in this study revealed that VL-2397 exhibited nonlinear pharma-
cokinetics (P. Mammen, D. Armas, F. Hughes, A. Hopkins, C. Fisher, P. Resch, D.
Rusalov, S. Sullivan, L. Smith, unpublished data).

Early in vitro studies using equilibrium dialysis suggested nonlinear protein binding
is responsible for the nonlinear pharmacokinetics of VL-2397 (unpublished data).
Zinc-alpha-glycoprotein is the primary protein VL-2397 binds to, and the studies

FIG 3 Legend (Continued)
for the single-dose cohorts 1 to 7. (Lower) Dose-normalized concentrations over time for the multiple-
dose cohorts (8 to 11). Mean values (�SD) for each time point at each dosage level are represented by
the symbols and bars above and below each symbol. (Milligram doses are represented in the graph. MD,
multiple dose.)

FIG 4 Illustration of structural PPK nonlinear saturable binding model. Structural illustration of the
population PK model. Boxes represent the plasma compartments (1 is central, 2 and 3 are peripheral).
The circle represents the binding compartment. Arrows demonstrate the flow of drug through the
compartments and elimination. Abbreviations: CL, clearance; V, volume in the central compartment; Kcp,
Kcp, Kpc, Kcf, and Kfc, rate constants for drug moving from the different compartments (c, central; p,
peripheral; f, third compartment); Kon and Koff, rate constants of association and dissociation; Rtot,
maximum binding; Kdeg, rate constant regulating clearance from the binding compartment.
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showed that the binding decreases as concentrations increase. This insight and the
visual inspection of the raw data led to development of a saturable binding compart-
ment and empirically splitting the total drug concentration into free and bound
compartments. The saturable binding model that was used was derived from modifi-
cations of standard Michaelis-Menten terms and target-mediated drug disposition
models (9). While this model did result in a significant improvement in the goodness of
fit, it did not adequately describe the terminal phase of elimination where there was
considerable overprediction of the observed concentrations. To account for this defi-
ciency, a degradation component was added to the binding compartment to represent
proteolytic loss of drug. The addition of this loss component improved model predic-

FIG 5 Observed versus posterior predicted plasma concentration values for individual subjects. Observed
versus posterior predicted concentrations (milligrams/liter) from the final model after the Bayesian step
(r2 � 0.987, slope � 1.01 [95% CI, 1.00 to 1.01], intercept � �0.0304 [95% CI, �0.0217 to 0.0825]). The
dotted line is the line of unity where observed concentrations equal predicted concentrations.

TABLE 1 Median posterior parameter estimates for the best modela

Parameter Mean Population SD Median Range

CL/F (liters/h) 5.56 3.57 6.80 0.25–9.95
V (liters) 6.68 2.58 6.10 3.50–14.80
Kcp (h�1) 2.31 1.75 2.45 0.025–4.98
Kpc (h�1) 2.86 1.83 2.68 0.04–5.97
Kon (h�1) 0.57 � 10�6 0.44 � 10�6 0.35 � 10�6 0.008 � 10�6–1.49 � 10�6

Koff (h�1) 21.01 � 10�6 20.25 � 10�6 10.33 � 10�6 0.35 � 10�6–49.75 � 10�6

Rtot (mol) 1.79 � 104 1.25 � 104 1.46 � 104 0.52 � 104–3.98 � 104

Kcf (h�1) 0.50 0.35 0.45 0.06–1.42
Kfc (h�1) 0.69 0.90 0.22 0.02–2.99
Kdeg (h�1) 0.010 0.010 0.010 0.0003–0.050
aAbbreviations: CL, clearance; F, bioavailability; V, volume in the central compartment; Kcp, Kpc, Kcf, and Kfc,
rate constants for drug moving from the different compartments (c, central; p, peripheral; f, third
compartment); Kon and Koff, rate constants of association and dissociation; Rtot, maximum binding; Kdeg, rate
constant regulating clearance from the binding compartment.
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tions. The binding compartment at this stage is hypothetical and needs to be further
confirmed by in vitro binding assays.

In the future, it will be important to better understand the mechanism of the
nonlinearity. This will be especially important for utilizing the PPK model for further
dose selection in phase 2 and 3 clinical studies. An in-depth understanding of protein
binding in the preclinical models of invasive fungal infections will also be important to
ensure bridging studies are appropriately designed and interpreted.

In this study, no significant relationship was found between age, weight, and BMI
and clearance or volume. However, this was a phase 1 study, and variability in these
covariates may have been too small to assess any impact on the PK. Further studies will
be required to reassess these conclusions.

In conclusion, in this phase 1 study in healthy volunteers, VL-2397 demonstrated
nonlinear saturable binding kinetics. Protein binding is likely the primary source of the
nonlinearity. A saturable binding model best described the data. BSA was the only
covariate with a significant relationship to clearance. The PPK model can now be used
to optimize dosing by bridging the kinetics to efficacious pharmacodynamic targets.

MATERIALS AND METHODS
Study design. The study design is described in detail elsewhere (unpublished data). An intravenous

formulation of VL-2397 was used. The regimens are summarized in Table 3. Healthy adults in single-
ascending-dose (SAD) cohorts 1 to 7 received a single dose of VL-2397 ranging from 3 mg to 1,200 mg.
Subjects in MAD cohorts 8 to 10 received dosages of 300, 600, and 1,200 mg once daily for 7 days, while
cohort 11 received 300 mg every 8 h for 7 days followed by 600 mg every 24 h for the next 21 days.
Infusion times varied with each regimen and ranged from 6 to 240 min.

Pharmacokinetic sampling. Plasma samples from the subjects in single-dose cohorts 1 to 7
occurred predose (within 60 min prior to the start of the infusion), midway through the infusion, at the
end of the infusion, and 15 and 30 min and 1, 2, 3, 4, 6, 8, 12, 24, and 36 to 48 h relative to the start of
the infusion. Additional follow-up samples were drawn on days 5 and 11.

Plasma samples from the subjects in MAD cohorts 8 to 10 occurred predose (within 60 min prior to
the start of the infusion), midway through the infusion, at the end of the infusion, and 15 and 30 min and
1, 2, 3, 4, 6, 8, 12, and 24 h (prior to day 2 dosing) relative to the start of the infusion on day 1. During
the 7-day dosing period, plasma samples were collected predose on days 3, 4, 5, and 6. On day 7, samples
were collected predose, midway through the infusion, at the end of the infusion, and 15 and 30 min and
1, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h relative to the end of the infusion. Follow-up plasma samples were also
collected on days 11 and 17.

Plasma sampling for MAD cohort 11 occurred on day 1 predose, midway into the infusion, at the end
of the infusion, and 3, 7, 8, 11, 15, 16, and 19 h relative to the end of the first infusion. The 7- and 8-h
time points were immediately before and after the administration of the second dose on day 1. The 15-
and 16-h time points were immediately before and after the administration of the third dose on day 1.
Additional samples were drawn prior to the first infusion on days 2 through 6. A 24-h PK profile (predose,
at the end of the infusion, and 3, 7, 8, 11, 15, 16, and 19 h relative to the end of the first infusion on day
7) was also collected. After day 7, single samples were drawn prior to the infusion on days 8 to 10, 15,
and 22. A 48-h profile (predose, midway into the infusion, at the end of the infusion, and at 15 and 30

TABLE 2 AUC values (SD) estimated from the PPK for each dose cohorta

Cohort and dosing regimen
AUC∞

(mg·h/liter)
AUC0–24

(mg·h/liter) (day 1)
AUC144–168

b

(mg·h/liter)

Single dose
1 (3 mg) 27.1 (4.2)
2 (10 mg) 70.1 (7.6)
3 (30 mg) 80.8 (24.9)
4 (100 mg) 83.6 (28.8)
5 (300 mg) 104.3 (12.8)
6 (600 mg) 150.6 (17.7)
7 (1,200 mg) 236.0 (46.7)

Multiple dose
8 (300 mg) 319.9 (26.5) 133.1 (6.3)
9 (600 mg) 711.2 (104.5) 206.1 (24.9)
10 (1,200 mg) 1,352.1 (801.6) 302.6 (17.7)
11 (day 1 to 7, 300 mg every 8 h;

day 8 to 28, 600 mg every 24 h)
856.51 (120.0) 1,237.2 (127.0)

aValues are given as means (SD).
bAUC144 –168 is only applicable to the multiple-dose cohorts (8, 9, 10, and 11).
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min and 1, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h relative to the end of the day 28 infusion) was also collected.
Additional plasma samples were drawn on days 32 and 38.

Bioanalytical analysis. VL-2397 plasma concentrations were determined using high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). The analysis was performed by
MicroConstants (San Diego, CA, USA). VL-2397 was detected in human plasma samples with VL-2397 I.S.
(internal standard) and sodium heparin (anticoagulant) precipitated using acetonitrile. Samples were
vortexed and centrifuged. The supernatant was transferred to a clean tube and evaporated under
nitrogen. The residue was reconstituted, and an aliquot was analyzed by reverse-phase HPLC using a
Restek Allure biphenyl column. The mobile phase was nebulized using heated nitrogen in a Z-spray
source/interface set to electrospray positive ionization mode. The ionized compounds were detected

FIG 6 Linear regression analysis to describe the relationship of clearance and age (upper left), weight (upper right), BMI (lower left), and BSA (lower right).
(Upper left) CL versus age: slope of �0.03 [95% CI, �0.12 to 0.07], r2 � 0.005, P � 0.59. (Upper right) CL versus weight: slope of �0.07 [95% CI, �0.14 to 0.0002],
r2 � 0.06, P � 0.05. (Lower left) CL versus BMI: slope of 0.08 [95% CI, �0.28 to 0.43], r2 � 0.003, P � 0.66. (Lower right) CL versus BSA: slope of �5.9 [95%,
CI �10.2 to �1.6], r2 � 0.12, P � 0.008.
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using MS/MS. The dynamic range of the assay was 0.002 to 1 mg/liter. The lower limit of quantification
(LLOQ) was 0.002 mg/liter. The interday precision was below the acceptance criteria (�15%) and ranged
from 4.93 to 7.24%. The interday accuracy was below the acceptance criteria (��15%), ranging from
�1.83 to 0.50%. The average intraday precision was below �15%; however, the range in percent
covariation for the LLOQ ranged from 2.6 to 36.5%. The intraday accuracy passed (��20%) at a range
of �12.0 to 14.0%.

PPK modeling. The plasma concentrations for each cohort were plotted versus time to evaluate the
concentration-time profiles for each regimen. To assess for the presence of nonlinearity, the plasma
concentrations for each patient were normalized by the daily dose.

The PPK model was developed using nonparametric estimation using Pmetrics (v1.5.1; University of
Southern California, Los Angeles, CA, USA) (10). Inspection of the plasma concentration-time curves

FIG 7 Linear regression analysis to describe the relationship of volume and age (upper left), weight (upper right), BMI (lower left), and BSA (lower right). (Upper
left) V versus age: slope of �0.02 [95% CI, �0.09 to 0.05], r2 � 0.006, P � 0.53. (Upper right) V versus weight: slope of 0.05 [95% CI, �0.006 to 0.1], r2 � 0.05,
P � 0.08. (Lower left) V versus BMI: slope of 0.008 [95% CI, �0.25 to 0.27], r2 � 0.000, P � 0.95. (Lower right) V versus BSA: slope of 2.1 [95% CI, �1.15 to 5.42],
r2 � 0.03, P � 0.20.
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suggested multiple phases of distribution and elimination. Therefore, 2-, 3-, and 4-compartment
models were evaluated. These multicompartment linear PK models could not account for the
observed nonlinear PK.

A saturable binding compartment was used to account for the observed nonlinearity. This compart-
ment accounted for phenomena that may be responsible for the observed nonlinear PK, such as the
binding of drug to proteins, drug transporters, or the endothelium. In standard PK models, drug in the
central compartment is fully mixed and is a combination of bound and free drug. In the model fitted to
the VL-2397 data, total drug was separated into two distinct compartments. The central compartment
represents free unbound drug, while a binding compartment represents bound drug. Measured drug
concentrations are the sum of the bound and free compartments divided by the volume of the central
compartment, i.e., (X1 � X3)/V.

The PK was further complicated by the presence of a prolonged terminal elimination phase,
suggesting an elimination process that was not accounted for by clearance from the central compart-
ment. Therefore, a degradation component was added to the binding compartment that represents
irreversible loss of drug from that compartment. The mathematical formulae of the saturable binding
model are the following:

XP1 � RATEIV1 � Kcp · X1 � Kpc · X2 � �CL

V � · X1 � �Kon

106 � · ��Rtot � 104� � X3� · X1

� �Koff

106 � · X3 � Kcf · X1 � Kfc · X4 (1)

XP2 � Kcp · X1 � Kpc · X2 (2)

XP3 � �Kon

106 � · ��Rtot � 104� � X3� · X1 � �Koff

106 � � Kdeg (3)

XP4 � Kcf · X1 � Kfc · X4 (4)

where Kcp, Kpc, Kcf, and Kfc represent first-order intercompartmental rate constants (c, central; p,
peripheral 2; f, peripheral 3 compartments) with units of per hour. Kon and Koff are the constants for the
rates of association and dissociation, respectively, with units of per hour. Kon, Koff, and Rtot (maximum
binding) values are extreme numbers relative to the other rate constants; therefore, to minimize the
stiffness in the model, each constant and Rtot were divided by 106 and multiplied by 104, respectively, to
assist program estimation (11). Rtot represents the maximum binding, and units are moles. Kdeg is a
constant in the binding compartment (3), which regulates the slow turnover of the binding site and
irreversible loss of drug from that compartment.

The PK data were weighted by the inverse of the estimated assay variance. Model acceptance was
evaluated by visual inspection of the observed versus predicted concentration values before and after
the Bayesian step, the coefficient of determination (r2) from the linear regression of the observed versus
predicted values, and estimates for bias (mean weighted error) and imprecision (adjusted mean
weighted squared error).

The day 1 (24-h) area under the concentration-time curve (AUC0 –24) and day 7 (24-h) AUC144 –168 for
each subject was calculated using the Bayesian posterior parameter estimates from the final model using
the trapezoidal rule embedded within Pmetrics.

Covariate assessment and model building. Parameter estimates, clearance and volume, were
evaluated against age, sex, weight, BMI, BSA, and race to determine if one or more should be considered
for inclusion in the structural model. Each continuous covariate (age, weight, BMI, and BSA) was
evaluated by plotting the variable to the individual parameter. If the confidence interval around the slope
excluded zero, the covariate was considered significant.
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