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Introduction: Post-kala-azar dermal leishmaniasis (PKDL) arises as a dermal complication following a visceral
leishmaniasis (VL) infection. Current treatment options for PKDL are unsatisfactory, and there is a knowledge
gap regarding the distribution of antileishmanial compounds within human skin. The present study investigated
the skin distribution of miltefosine in PKDL patients, with the aim to improve the understanding of the pharma-
cokinetics at the skin target site in PKDL.

Methods: Fifty-two PKDL patients underwent treatment with liposomal amphotericin B (20 mg/kg) plus milte-
fosine (allometric dosing) for 21 days. Plasma concentrations of miltefosine were measured on study days 8, 15,
22 and 30, while a punch skin biopsy was taken on day 22. A physiologically based pharmacokinetic (PBPK) mod-
el was developed to evaluate the distribution of miltefosine into the skin.

Results: Following the allometric weight-based dosing regimen, median miltefosine concentrations on day 22
were 43.73 ug/g (IQR: 21.94-60.65 pg/qg) in skin and 33.29 pg/mL (IQR: 25.9-42.58 pg/mL) in plasma. The me-
dian individual concentration ratio of skin to plasma was 1.19 (IQR: 0.79-1.9). In 87% (45/52) of patients, skin
exposure was above the suggested ECgg PK target of 10.6 mg/L associated with in vitro susceptibility.
Simulations indicated that the residence time of miltefosine in the skin would be more than 2-fold longer
than in plasma, estimated by a mean residence time of 604 versus 266 hours, respectively.

Conclusion: This study provides the first accurate measurements of miltefosine penetration into the skin, dem-
onstrating substantial exposure and prolonged retention of miltefosine within the skin. These findings support
the use of miltefosine in cutaneous manifestations of leishmaniasis. In combination with parasitological and
clinical data, these results are critical for the future optimization of combination therapies with miltefosine in
the treatment of PKDL.
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Introduction

Leishmaniasis is an infectious disease caused by the protozoan
parasite Leishmania, transmitted by sand flies. By primarily af-
fecting the poorest populations, leishmaniasis remains one of
the most neglected tropical diseases.’ The most common clinical
presentation of the disease, which affects up to 1 million people
per year, is cutaneous leishmaniasis (CL), leading to skin ulcers
and lesions at the site of infection.” The most severe form of
leishmaniasis is visceral leishmaniasis (VL) or kala-azar.? VL af-
fects internal organs and is lethal within months without ad-
equate treatment. In addition, some patients who have
previously been treated for VL develop post-kala-azar dermal
leishmaniasis (PKDL) months or years after treatment. Clinical
manifestations of PKDL include skin rash in the form of macular,
nodular or mixed lesions.*> In South Asia, PKDL develops in 5%-
10% of VL patients within an average of 2 years after VL treat-
ment, with the macular form predominating.” As Leishmania
parasites reside in the skin, sand flies feeding on PKDL patients
may become infected and further transmit the parasite.®’
Therefore, patients with chronic PKDL could serve as reservoirs
for VL transmission, emphasizing the public health role of treating
these patients.

Miltefosine is the first, and still the only, oral agent available
for the treatment of leishmaniasis. It is an alkylphosphocholine
compound, consisting of a long alkyl chain and a polar phospho-
choline head group.® Owing to its chemical structure, with a long
hydrophobic tail, miltefosine has a high affinity for lipid rafts and
can incorporate into the lipid bilayers of cell membranes without
disrupting the membrane itself.>'° With respect to pharmacokin-
etics (PK), miltefosine is slowly absorbed from the gastrointes-
tinal tract, with reported saturable absorption in both
preclinical and clinical studies.***? In addition, plasma clearance
is low, with elimination half-lives estimated at 7-30 days.® Owing
to these PK properties, miltefosine accumulates in plasma until
the end of treatment.'*

Treatment regimens with miltefosine have been established
for CL and VL. In South Asia, the current recommended treat-
ment for PKDL is miltefosine for a long period of 12 weeks.'®
However, this long 12-week regimen, combined with potential
tolerability issues, may hinder treatment compliance. In addition,
women of childbearing age require 8 months of contraception
(during treatment and for 5 months after treatment) due to
teratogenicity.*® Recent studies have highlighted the efficacy of
liposomal amphotericin B (LAMB, AmBisome®) alone and in com-
bination with miltefosine for treating PKDL.!’~?* Therefore, the
latest clinical research in South Asia has been focused on investi-
gating shortened treatment regimens involving LAMB and milte-
fosine for PKDL.?? Owing to a lack of studies investigating
exposure-response relationships for miltefosine in the treatment
of PKDL, it is difficult to further optimize and rationalize treat-
ment. The main burden of parasite biomass in PKDL is located
in the dermis of the skin, however, no investigations have been
performed on target site exposure in the skin of any of the cur-
rently used antileishmanial drugs in the treatment of any type
of dermal leishmaniasis.?® Such PK studies are pivotal to further
optimize and rationalize treatment regimens for the various dif-
ferent clinical presentations of leishmaniasis.

In this study, we aimed to provide the first data on miltefosine
exposure in skin tissue from PKDL patients treated with miltefo-
sine, as a proxy for target site exposure at the site of parasite
infection. Furthermore, we used a physiologically based pharma-
cokinetic (PBPK) modelling approach to further elucidate miltefo-
sine PK in both skin and plasma after oral administration, as
a framework for target site tissue predictions.

Methods
Clinical studies and patient cohorts

Study in post-kala-azar dermal leishmaniasis

The clinical data originated from a non-comparative, open label, rando-
mized phase II trial, which was conducted to assess the safety and
efficacy of LAmMB monotherapy (total dose of 20 mg/kg) and LAmMB
(20 mg/kg) in combination with miltefosine (allometric dosing) in the
treatment of PKDL patients from Bangladesh (at the International
Centre for Diarrhoeal Disease Research) and India (at the Rajendra
Memorial Research Institute of Medical Sciences, Patna and the
Kala-Azar Medical Research Centre, Muzzafarpur, both in Bihar state).?*
In the combination arm, the daily oral miltefosine dose was divided in
two administrations (with food) according to a previously determined allo-
metric dose for a duration of 21 days. Miltefosine allometric dosing was cal-
culated according to patient’s weight, height and sex, and was applied to
patients weighing <30 kg.'® For patients weighing >30 kg, the allometric
dose corresponded to the conventional dose of 2.5 mg/kg/day, with a max-
imum 150 mg/day. Therefore, patients weighing >30 to 44 kg received
100 mg/day and patients >45 kg received 150 mg/day.**

Enrolment criteria included patients with confirmed PKDL by clinical
presentation and demonstration of parasites by microscopy skin smear
or quantitative PCR, with documented stable or progressive disease last-
ing longer than 4 months. The age inclusion criteria ranged from 6 to 60
years, and written informed consent from patients, or the patient’s par-
ent or guardian for children younger than 18 years, was obtained before
treatment initiation. Patients who had received treatment for PKDL in the
last 2 years were not included in this study. The study further excluded
pregnant and lactating women, women of childbearing potential who
did not agree to take effective contraception for the duration of treat-
ment and 5 months thereafter, patients with contaminant infection
such as tuberculosis or HIV, patients with a severe underlying disease
such as cardiac, renal or hepatic diseases, as well as individuals with se-
vere malnutrition.

Miltefosine K,EDTA plasma samples were collected on study days 8,
15,22 and 30, as well as at 3 months during the follow-up period. In add-
ition, on study day 22 (approximately 24 hours after the last miltefosine
dose when the maximal concentration was expected) a full thickness
punch biopsy of the skin was taken from all patients randomized to the
LAmB/miltefosine treatment group. All samples were stored and trans-
ported frozen at a minimum of —70°C, after transport to the bioanalytical
laboratory, samples were kept frozen, likewise, at a minimum of —70°C,
until analysis.

Study in cutaneous leishmaniasis

Previous PK data from a study in CL patients were used to enable the de-
velopment of the miltefosine PBPK model, as the PK data from the PKDL
trial lacked plasma samples to accurately estimate drug absorption.
Thirty-one Dutch military personnel who were infected with CL
(Leishmania major) and were otherwise systemically healthy were in-
cluded in the present analysis. A population PK analysis of this trial has
been previously reported.?® Plasma samples were obtained at 2, 4 and
6 hours after the first dose on the first day of treatment, then weekly
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during the treatment on an outpatient basis, as well as for 5 months of
follow up.?®

Quantification of miltefosine concentrations

In plasma

Miltefosine was quantified in K,EDTA plasma by LC-MS/MS in both
studies, previously validated with the lowest limit of quantification of 4
and 10 ng/mL for the CL and PKDL studies, respectively.® Samples from
the PKDL study were measured at the bioanalytical laboratory of
Lambda Therapeutic Research, in Ahmedabad, India. Samples from the
CL study were measured at the bioanalytical laboratory of the Antoni
van Leeuwenhoek Hospital/Netherlands Cancer Institute in Amsterdam.
Both laboratories used the same methodology in terms of sample prepar-
ation techniques, following a technology transfer. Separate validations
were performed locally following FDA/EMA guidelines to ensure compar-
ability of the data.

In skin

Collected biopsies were stored at —70°C and transported on dry ice to the
bioanalytical laboratory of the Antoni van Leeuwenhoek Hospital/
Netherlands Cancer Institute in Amsterdam. Miltefosine was quantified
in skin by LC-MS/MS. Detailed bioanalytical assay development and
validation were reported in a previous publication.?’” The validated
concentration range for a standardized 15 mg skin biopsy sample was
4-1000 ng/mL, converted into pg/g miltefosine in skin biopsy using the
mass of each individual human skin tissue sample.

PBPK model development

This work used middle-out strategies to facilitate PBPK model develop-
ment. First, the PBPK model was developed based on databases contain-
ing drug-specific, system-specific parameters, and in vitro and preclinical
data for miltefosine PK. Next, clinical data were used to optimize the
model parameters.

Software

PBPK modelling was performed using the Open System Pharmacology
Suite including the modelling software PK-Sim® and MoBi® (Open
Systems  Pharmacology Suite v.9.1, https://www.open-systems-
pharmacology.org). Graphical evaluation and statistical analyses were
performed in R and R Studio (v.3.6.3 and 3.4.3).%8

Miltefosine PBPK model building

Firstly, the miltefosine drug model was built using drug physicochemical
properties. The model was informed by the data available on the pro-
cesses of absorption, distribution, metabolism and elimination. The litera-
ture was reviewed through the PubMed database to collect drug-specific
parameter values. In the case of multiple values being identified for a par-
ameter, either a range of values was tested on the model or, when that
was not possible, each value was tested for its ability to result in a simu-
lation that adequately fitted the observed data. Parameters were identi-
fied by minimization of the residuals between observed data and
corresponding simulation output, adopting the optimization functionality
and the Levenberg-Marquardt algorithm included in PK-Sim®.

Second, a full body PBPK model was built for miltefosine, adopting the
generic model for small molecules within the PK-Sim® software. This is a
full body PBPK model accommodating 15 different organs with rich infor-
mation regarding the volumes, blood flow rates, metabolism etc.?® Each
of these organs further consists of compartments representing the plas-
ma, interstitial and intracellular space. To further improve model per-
formance, drug-related parameters were further optimized to align
with PK data from two clinical studies of miltefosine PK in CL and PKDL

patients. Parameters were identified by minimization of the residuals be-
tween observed data and corresponding simulation output, adopting the
optimization functionality and the Levenberg-Marquardt algorithm included
in PK-Sim®. Using the pooled miltefosine plasma concentration data, distri-
bution and elimination were parametrized by optimizing parameters such as
lipophilicity, specific intestinal permeability (transcellular) and specific drug
clearance (normalized to the enzyme concentration of 1 umol/L). In add-
ition, since miltefosine has a long hydrophobic chain, it is expected to be in-
corporated into the cell membrane, and subsequently enter the cell. This
non-specific binding was accommodated in the model by including a non-
specific binding partner located at the cell membrane. MoBi® was then
used to facilitate simulation output representative of the clinical reference
skin concentration measurements by creating an observer to trace the con-
centration of the drug sequestered in the cell membrane, while conserving
drug mass balance within the original PBPK model. The binding of miltefo-
sine within the cell membrane was mimicked by inclusion of a non-specific
binding partner, defined by an equilibrium constant K4 and a dissociation
constant ks The value of K4 was fixed at 1 pmol/L, while ko and the refer-
ence concentration of this non-specific binding partner were determined
based on the miltefosine concentrations measured in plasma and the skin
biopsies, and was subsequently applied to other organs. Given the consist-
ency of the membrane binding process across all organs, the same Ky and
kofs were used assuming the same affinity throughout. Relative expressions
of this binding partner in each organ were scaled by the volumes of these
organs and blood flow rates.

Simulations

Several simulations were performed based on virtual patient populations
representative of the patient cohorts of the clinical data included. For
each of the simulations, the miltefosine dosing regimen of the corre-
sponding clinical study was used. For this purpose, virtual populations
of individuals were created, using the built-in population algorithm in
PK-Sim® and based on the population characteristics for the respective
studies. System-dependent parameters, such as age, weight, height, or-
gan weights, blood flow rates, tissue composition etc., were varied using
the algorithm implemented in PK-Sim®.3% Simulations of miltefosine in
plasma and skin were used for the final parameter identification step.
Finally, the optimized PBPK model was used to simulate PK profiles of mil-
tefosine in the spleen and liver.

Results

Patients and data

In total, PK data of 52 patients were available from the PKDL study.
The details of patient demographics, as well as the dosing of milte-
fosine, are provided in Table 1. A total of 273 miltefosine plasma
concentrations and 52 skin biopsies were available for this analysis.

Observed skin penetration of miltefosine and comparison
with exposure in plasma

The miltefosine concentrations that were measured in the skin
biopsies collected represent a combination of intracellular and
interstitial concentrations, as extracellular miltefosine and der-
mal blood were washed off during the sample preparation.
Observed miltefosine concentrations in the skin and plasma are
presented in Figure 1.

Median miltefosine concentration in the skin on day 22 was
43.73 pg/g (IQR: 21.94-60.65 pg/g) while the median concentra-
tion in plasma at the same time point was 33.29 pg/mL (IQR:
25.9-42.58 pg/mL). High interindividual variability (IIV) in
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Table 1. Patient demographics and the dosing of miltefosine in patients
with PKDL included in the PBPK model development

Table 2. Summary of miltefosine drug model parameters used in PBPK
simulations

Parameter Median value [IQR] Parameter Value Unit
Study site Bangladesh India Physiochemical parameter
Total number of patients 14 38 Molecular weight 407.58 g/mol
Age (years) 31.5[13.8, 38.0] 19.5[15.0,31.0] Fraction unbound in plasma (Fu) 0.03
Weight (kg) 43.5[38.3, 54.0] 45.0 [40.0, 50.8]  pKj (acid) 2
Height (cm) 161 [152, 164] 152 [146, 160] pKq (base) 7.2
Male (n, %) 9 (64.3%) 15 (39.5%) Aqueous diffusion coefficient 2.9%107% cm?/min
Dose (mg/kg/day) 2.27 [1.89-2.60] 2.16 [1.87-2.39]  Solubility (at reference pH) 2.5(7.2) mg/mL
Baseline PKDL lesion score

(no. of squares on the pK,, acid dissociation constant.

manikin)®
Nodular or papular lesions 0 [0, 4.75] 1.50 [0, 9.50]

Macular lesions 25.5[6.00, 135] 182 [82.8, 284]

9PKDL lesions were quantified clinically using a trial specific diagram.?
The distribution of the lesions were plotted in squares on a manikin, cor-
responding to the affected areas.

1201

904

604

Miltefosine concentrations on day 22

30 1

P[asmal (ug/mi) Skin Eug/g)

Figure 1. Observed miltefosine concentrations in plasma and skin after
21-day treatment with an allometric weight-based dosing regimen.
Individual patient measurements for both plasma and skin are paired
by individual lines.

concentrations of miltefosine was observed for both skin and
plasma (coefficient of variation percentages of 65.9% and
39.5%, respectively). The median individual concentration ratio
of skin to plasma was 1.19 (IQR: 0.79-1.9). In total, 17 patients
had a ratio of skin to plasma <1, while 35 had a ratio >1.
Individual plasma and skin miltefosine concentrations collected
at the same time point exhibited a moderate degree of correl-
ation with a correlation coefficient of 0.53. The median miltefo-
sine skin concentrations in patients defined as responders at
the 12-month follow-up visit was 48.7 pug/g (IQR: 20-71.9 pg/
g), whereas for non-responders this was 42 pg/g (IQR: 28.8-
58.5 pg/q), which was not significantly different (P=0.8).

Miltefosine PBPK model and simulations

A summary of the model parameters used in the drug model are
given in Table 2. Simulated PK parameters are given in Table 3.
Identified parameters are in line with previous reports and are
summarized in Table 4. Skin concentrations were used to estimate
parameters for the cell membrane binding partner (Table 4). The
developed model adequately predicted typical miltefosine con-
centrations in the two compartments for which observations
were available, i.e. plasma and skin. Accumulation of the drug in
the skin exceeded concentrations in plasma, as illustrated in
Figure 2, which is in line with higher median observations of milte-
fosine in the skin than in plasma. The model-based simulations in-
dicated that the residence time of miltefosine in the skin is more
than twice longer than the residence time in blood plasma, as es-
timated by a mean residence time (MRT) for the skin of 604 hours
compared to 266 hours in plasma. The established PBPK model
can be used to derive predicted exposure of other tissues of inter-
est, which should be validated further (Figure 3). Simulated PK
parameters for the spleen and liver are further summarized in
Table 3. Last, the PK target for miltefosine in VL has been previously
suggested as the time the miltefosine concentration is above the
in vitro susceptibility ECo value of 10.6 mg/L.** Present data indi-
cate that 87% of PKDL patients had exposure in the skin above this
target value. Typical time>ECqo in the skin as simulated by the
PBPK model was 52 days (from day 2 until day 54).

Discussion

In this study, we quantified miltefosine exposure in the skin fol-
lowing an allometric weight-based dosing regimen of 21 days
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Table 3. Simulated pharmacokinetic parameters of miltefosine following
the dosing regimen used in the clinical studies

Global PK analyses

Parameter Value Unit

Vs (plasma) 690 mL/kg

V4 (plasma) 788 mL/kg

Vs (phys-chem) 633 mL/kg

Total plasma clearance 0.04 mL/min/kg
Plasma PK

Crmax 74 pmol/L

Trnax 576 hours
AUCieng 2.8x10° umolx min/L
Elimination half-life 210 hours

MRT 266 hours

Vss (plasma)/F 691 mL/kg

Skin PK

Crmax 100 pmol/L

Trnax 576 hours
AUCieng 4.8%x10° umol x min/L
Elimination half-life 211 hours

MRT 604 hours
Spleen PK

Crnax 93 pmol/L

Trnax 576 hours
AUCieng 3.6x10° umolx min/L
Elimination half-life 210 hours

MRT 265 hours

Vss (plasma)/F 545 mL/kg

Liver PK

Crmax 133 pmol/L

Trnax 576 hours
AUCteng 5.1x10° pmolx min/L
Elimination half-life 210 hours

MRT 265 hours

Vs (plasma)/F 381 mL/kg

Vs, volume at steady state; Crngx, Maximum (compartment) concentra-
tion; Tmayx, the time to reach Crax; AUCieng, area under the concentra-
tion-time curve until the end of treatment; MRT, mean residence time.

Table 4. Optimized model parameters of the full PBPK model based on
the clinical observations of miltefosine in skin and plasma

Optimized parameter Value Unit
Physiochemistry

Lipophilicity 3 log
Specific intestinal permeability 1.5 cm/min
Clspec” 3.17x1073 1/min
Cell membrane binding partner

Kq 1 (fixed) umol/L
koff 101.8 1/min
Reference concentration 56.95 umol/L

Kg, equilibrium constant; ko, dissociation constant.
“Specific clearance normalized to the enzyme concentration of 1 pmol/L.

in PKDL patients treated with a combination of LAMB and milte-
fosine therapy. Several dosing regimens have previously been
evaluated for miltefosine in the treatment of VL, such as the con-
ventional linear weight-based dosing (2.5 mg/kg/daily for 28
days) or an allometric weight-based dosing (up to 3.9 mg/kg/
day for 28 days), whereas for PKDL a considerably longer 12
weeks of miltefosine treatment is recommended in Asia. This
study provides the first evidence of miltefosine skin exposure
and target site PK in PKDL, which, together with data about para-
sitological and clinical responses to treatment, will be of crucial
value for future optimization and rationalization of miltefosine
treatment in PKDL.

Miltefosine concentrations in the skin were highly variable be-
tween patients, which has also been observed for miltefosine in
plasma in various studies.’*** Empirical PK modelling could
not be used to further characterize the skin PK of miltefosine,
since skin concentration measurements were only available at
a single time point. Therefore, we applied more advanced meth-
ods of PBPK modelling using drug- and system-specific informa-
tion to further predict skin PK. Furthermore, this approach
allowed us to characterize target site PK (e.g. MRT), parameters
that could not otherwise be derived from a single observation.

In this study, 87% of patients achieved the PK target in the
skin, in line with previous evaluations of the allometric weight-
based dosing regimen in plasma,**** suggesting that this dosing
regimen achieves sufficient target exposure of the parasites in
skin tissue, also after 21 days. Since the target was defined based
on the concentration of miltefosine required to induce intracellu-
lar susceptibility of Leishmania donovani, it could be assumed
that such exposure would be sufficient to kill the same parasite
localized within the dermis for PKDL patients. Extrapolation of
these findings to other cutaneous forms of leishmaniasis such
as CL remains difficult due to differences in susceptibility of the
causative parasite species (e.g. an ECsg value of 11.82 mg/L for
L. majorin CL),** as well as pathophysiological and morphological
differences of the lesions potentially affecting target site
accumulation.

Owing to the invasive nature of the biopsy sampling method
and concerns about flare-up of the skin infection when sampled,
sampling of the lesion area itself was not considered possible and
led to a minimal sampling schedule of one sample per patient.
Therefore, assessing drug exposure between infected and non-
infected skin was not feasible in this clinical trial. This precluded
feasibility of a longitudinal individual patient evaluation of target
exposure attainment over time. Given the high correlation ob-
served between the miltefosine plasma and skin concentrations,
plasma concentrations could potentially serve as a surrogate
marker for skin target concentrations. However, caution is war-
ranted due to the large between-subject variability in the con-
centration ratio of skin to plasma.

We also developed a PBPK model for miltefosine, used to pre-
dict concentrations in the organs known to be affected by
Leishmania parasites. Using the skin concentrations and pooled
plasma concentration data, we were able to inform the PBPK
model and introduce a cell membrane binding partner to re-
present the membrane binding capacity. It is expected that this
cell membrane binding property is not tissue specific for miltefo-
sine. The mechanism of miltefosine binding to membranes
would be similar for all cell types, thus the extent of membrane
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Figure 2. Observed and simulated miltefosine concentrations in plasma and skin tissue. Red dots represent observed concentrations in plasma and
the red line represents a model simulation of miltefosine in plasma. Green dots represent observed miltefosine concentrations in the skin and the
green line illustrates the simulated skin concentration based on the PBPK model. Shaded areas indicate 95% CI of the mean. This figure appears in
colour in the online version of JAC and in black and white in the print version of JAC.
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Figure 3. Model-based simulations of miltefosine pharmacokinetics in various organs following allometric weight-based dosing regimen in duration of
21 days. Blue line shows the liver; red line, plasma; green line, skin and the grey line, the spleen. This figure appears in colour in the online version of JAC
and in black and white in the print version of JAC.
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binding would be related to the number of cells in any compart-
ment. Nonetheless, in having limited data to validate this model,
further simulated exposures in spleen and liver should be inter-
preted with caution. The PBPK model-based predicted concentra-
tion-time curve in the skin suggests that typical target
attainment (T>ECqy0) after this 21-day regimen is twice as high
(52 days) as the previously reported T>ECqq values in plasma
of VL patients treated for 28 days (24-27 days)."***

In conclusion, we demonstrated that miltefosine penetrates
extensively into the skin after oral administration and that skin
concentrations are potentially high enough to exert activity on
the dermal parasites in PKDL. This study bridges the knowledge
gap about miltefosine disposition in human skin and provides a
promising start for future optimization of miltefosine in the treat-
ment of PKDL. The PBPK model allows for the prediction of milte-
fosine concentrations in various other affected organ tissues
such as the spleen and liver in VL, which are complicated to sam-
ple and collect in patients. This study highlights the feasibility,
significance and importance of studying target site PK in skin tis-
sue of PKDL patients in a clinical trial context, and we recommend
its implementation in future clinical trials on dermal forms of
leishmaniasis such as PKDL and CL. In future studies, the insights
and extrapolations from the model developed in this study could
prove valuable for characterizing miltefosine exposure and the
associated parasite clearance response in specific organs or
tissues.
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